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a b s t r a c t

KASCADE-Grande is the enlargement of the KASCADE extensive air shower detector, realized to expand
the cosmic ray studies from the previous 1014–1017 eV primary energy range to 1018 eV. This is
performed by extending the area covered by the KASCADE electromagnetic array from 200!200 to
700!700m2 by means of 37 scintillator detector stations of 10m2 area each. This new array is named
Grande and provides measurements of the all-charged particle component of extensive air showers
(Nch), while the original KASCADE array particularly provides information on the muon content "Nm#.
Additional dense compact detector set-ups being sensitive to energetic hadrons and muons are used for
data consistency checks and calibration purposes. The performance of the Grande array and its
integration into the entire experimental complex is discussed. It is demonstrated that the overall
observable resolutions are adequate to meet the physical requirements of the measurements, i.e.
primary energy spectrum and elemental composition studies in the primary cosmic ray energy range of
1016–1018 eV.

& 2010 Elsevier B.V. All rights reserved.

1. Introduction

The study of high energy astrophysics, as well as of hadronic
interactions at high energies, are based on the study of the

cascades that cosmic ray (CR) primaries generate in the
atmosphere (extensive air showers, EAS).

EAS particles spread out over large areas and are usually
detected by an array of particle detectors distributed at ground
[1]. The purpose of these detectors is to provide statistical
samples of the particles in the shower disc at different locations.
The observables of interest are the electron and muon densities,
and their arrival times. The measurements of relative arrival times
of the shower particles allow us to reconstruct the arrival
direction of the cosmic rays. Integrating the observed electron
and muon densities over the total area covered by the EAS leads to
charged particle, electron, and muon shower sizes, Nch, Ne and Nm,
which are related to the energy (E0) and nuclear mass number (A)
of the primary CR particle. Therefore, the accuracies of timing
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measurements are strictly related to the resolution of the arrival
direction reconstruction, while the accuracies in the reconstruc-
tion of the charged particle, electron and muon numbers of the
shower determine the energy and mass resolutions.

The lowest energy at which individual CRs can be detected by
EAS arrays depends on the distance between neighboring detector
stations, while the highest energy depends on the overall size of
the detector array. In other words, at each energy the detector
spacing needs to be smaller than the EAS disc and the total area of
the array needs to be large enough to cover almost the entire
shower disc. Due to the steepness of the CR energy spectrum
(dN=dE0pE$g0 with g between 2.5 and 3.2, see Fig. 1), the energy
range up to which the CR energy spectrum can be measured with
statistical significance, again depends on the overall area covered
by the detector array as well as at which altitude, i.e. on which
stage of the shower development, the array is placed. On the other
hand, the resolution achieved in reconstructing the properties of
the primary CR particle essentially depends on the shower
sampling fraction, i.e. on the totally instrumented detector area
within the shower disc.

By such technique, a bending (‘‘knee’’) in the cosmic ray energy
spectrum at about 3!1015 eV has been detected [1,2] and
confirmed by many experiments (see Fig. 1). In the last decade
more sophisticated experiments could correlate the steepening of
the energy spectrum with the lightest nuclei: first bend protons,
and then, with increasing energy, helium and possibly CNO [3,4].

These findings support the general view which attributes the
knee to processes of magnetic confinement occurring either at
acceleration regions or as diffusive leakage from the Galaxy (or
both). Such processes predict that the maximum energy for a
specific primary nucleus (its knee) depends on its atomic number
Z, and therefore the steepening of the iron spectrum would occur
at about 1017 eV. Due to the steeply decreasing fluxes, such a
feature could not be observed by the existing experiments which
were optimized to operate at maximum energies slightly above
1016 eV and having an effective area of about 4!104m2.

Moreover, the energy and mass determinations require
knowledge of hadronic interaction properties at energies still
not accessible to man-made accelerators. Therefore, the shower
simulations are based on interaction models that use theoretically
guided extrapolations of data obtained at lower energies. Also, in
view of EAS arrays operating at 1019–1020 eV, such as the Pierre
Auger Observatory [5], it is of prime interest to verify the

applicability of interaction models in the energy region at and
above 1017 eV.

The extension of the CR energy range with respect to
previously operating experiments [3,4] required a growth of the
array size by at least a factor of 10 without accepting significant
losses in the detector performances. KASCADE-Grande has been
designed to meet these requirements. To reduce costs, the
previously existing KASCADE array [6] was enlarged by deploying
the former EAS-TOP electromagnetic (i.e. unshielded) detectors
next to the KASCADE site. EAS-TOP was located at mountain level.
Therefore, unshielded detectors are called detectors for the
electromagnetic EAS component. Instead, for a sea-level mounted
experiment like KASCADE the muon component can reach up to
10% of the charged particles. Therefore, unshielded detectors
measure the all-charged particle component. The total area of the
new Grande array amounts to 0.5 km2. In the present configura-
tion [7], the KASCADE complex is exploited mainly as a compact
muon detector, consisting of plastic scintillators shielded by a
layer of lead and iron. The array of unshielded detectors of
KASCADE is used as a reference measurement for the Grande
charged-particle component, while Grande provides the large
area array for measuring the charged particles of the EAS.

In the present paper we present the main properties of the
KASCADE-Grande experiment, in particular the configuration, the
calibration procedures, and the reconstruction accuracies of
Grande and of the KASCADE muon detectors. The performance
of Grande is directly verified by comparing shower properties of
events that could be independently reconstructed with both,
KASCADE and Grande measurements.

2. Experimental set-up

KASCADE-Grande is located at Forschungszentrum Karlsruhe,
Germany (49.11N, 8.41E) at 110 m a.s.l., corresponding to an
average atmospheric depth of 1022g/cm2. It consists of the basic
KASCADE complex [6], of the extension Grande, which is an array
of unshielded plastic scintillators obtained by reassembling
EAS-TOP [8] detectors, and of Piccolo, a smaller array providing
a fast trigger to all components.

The KASCADE-Grande detectors and their main characteristics
are listed in Table 1 and their layout is shown in Fig. 2. The central
detector with its hadron calorimeter and its muon detection
devices is described in Refs. [9–11] and the muon tracking
detector (MTD) in Ref. [12].

2.1. The KASCADE complex

The layout of KASCADE with its major components is shown in
Fig. 3. A detailed description can be found in Ref. [6]; here we only
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Fig. 1. The all-particle cosmic ray energy spectrum.

Table 1
The KASCADE-Grande detectors (CD%central detector; MTD%muon tracking
detector), their total sensitive area and threshold energy for vertically incident
particles.

Detector Particle Area (m2) Threshold

Grande array (plastic scintillators) Charged 370 3MeV
Piccolo array (plastic scintillators) Charged 80 3MeV
KASCADE array (liquid scint.) e=g 490 5MeV
KASCADE array (shielded pl. scint.) m 622 230MeV
Muon tracking det. MTD (streamer tubes) m 4!128 800MeV
Multi wire proportional chambers at CD m 2!129 2.4GeV
Limited streamer tubes at CD m 250 2.4GeV
Calorimeter at CD h 9!304 10–50GeV
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briefly summarize the characteristics relevant to the current
description. The KASCADE array is composed of 252 detector
stations on a square grid with 13m spacing. It is organized in 12
outer clusters of 16 stations each and 4 inner clusters of 15
stations each. The outer clusters (192 stations) are equipped with
two unshielded (e.m.) and one shielded (muon) detector unit

each. The inner clusters (60 stations) are equipped with 4 e.m.
detector units.

An e.m. detector unit consists of a 1m diameter stainless steel
cone filled with 5 cm of liquid scintillator. The scintillation light is
detected by a 3 in. photomultiplier (PMT). A muon detector unit
consists of 4 plastic scintillators of 90! 90! 3 cm3 each. The four
slabs are placed beneath the e.m. detector and a shielding of
10 cm lead and 4 cm iron entailing a threshold of about 230MeV
for vertically incident muons. The scintillation light is read out by
wavelength shifters placed along the sides of the scintillator
plates which guide the light towards four 1.5 in. PMTs.

Further muon detector systems at an underground tunnel
(MTD) and at the central detector of KASCADE allow us to
investigate the muon component of EAS above three different
threshold energies.

The basic trigger condition of KASCADE is given by the number
of fired detector stations (multiplicity) of the e.m. detectors: 20
out of 60 in the inner stations, and 10 out of 32 in the external
ones [13]. This provides full efficiency for all primaries above an
energy of 8 !1014 eV.

2.2. The Piccolo array

The purpose of the Piccolo array (see Fig. 2) is to provide a fast
trigger to KASCADE for events in which the core is located in
Grande. In such cases, the trigger signal provided by the extended
Grande would be too late to start the data acquisition for the
muon devices at the CD and the MTD of KASCADE. Piccolo consists
of eight stations placed on an octagon, at distances of 20m to each
other. Every station (see a scheme in Fig. 4) contains two modules.
Each module is made of 6 scintillator plates (300!30!3 cm3),
read out by two PMTs. The signals of groups of two scintillator
plates each (4 PMTs) are summed up to create a fast trigger signal.
The trigger condition for Piccolo is 2 out of 8 stations. The low
level processing applied ensures a fast distribution of the trigger
signal to all the detector components. Piccolo reaches 100%
efficiency over nearly the whole area of Grande for all primary
particles above 1016 eV. Thus, it guarantees full operational
efficiency of all the detector components of KASCADE over the
Grande area. The signals of the 12 PMTs of one module are
summed up to build an electronic channel carrying the
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Fig. 2. The layout of the KASCADE-Grande experiment.
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Fig. 4. Sketch of a station (two modules) of the Piccolo array. Piccolo is made of 8
such stations (see Fig. 2).
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information of the total energy deposit and the arrival time of the
first particle in the module.

2.3. The Grande array

The Grande array is composed of 37 detector stations installed
over an irregular triangular grid with an average spacing of 137 m,
thus covering an area of approximately 700 !700m2. Each
detector station includes a total of 10m2 of plastic scintillators.
This is realized by 16 individual stainless steel boxes of 1mm
wall thickness, each housing a 80!80!4 cm3 NE102A plastic
scintillator slab and a PMT. We shall call this a module. The inside
of the boxes is painted with a diffusing coating. The scintillators
are viewed from the bottom at a distance of 30 cm by a XP3462B
PMT for timing and particle density measurements (high gain
(HG) PMTs). The four central modules are equipped with an
additional PMT which is operated with a high voltage (HV) divider
optimized for high linearity even at large particle densities (low
gain (LG) PMTs). A sketch of the 16 modules of a station is
depicted in Fig. 5.

The station electronics located also directly in the detector
station consists of:

& two passive mixers (CAEN N169), summing up the signals of
the 16 HG and of the 4 LG PMTs, respectively;

& two analog multiplexers, allowing to select the signals of
individual PMTs (for testing and HV setting);

& a shaping-amplifier (CAEN N442) with 3 input and 4 output
channels. The inputs are: (1) sum of HG PMTs, (2) sum of LG
PMTs, and (3) signal of single PMT selected for calibration. The
amplitudes, A, of the output signals (range 0–8V, rise time of
8ms) are proportional to the charge integrated at the
respective inputs: (1) AHG%2.5mV/pC, (2) AHG!10 % 25mV=pC
(i.e. input (1) is split into two channels of different amplifica-
tion), (3) ALG%5mV/pC, and (4) ACal-Ch%50mV/pC. The
dynamic ranges, D, covered by the measurement channels
are roughly: DHG!10 % 0.03–8particles/m2, DHG%2–80par-
ticles/m2, and DLG%40–800particles/m2;

& a double threshold discriminator for triggering and timing
measurements. The thresholds are set to $12.5mV for timing
and $24mV (1/3 of m.i.p. signal) for triggering;

& thirty-two channel passive, software programmable HV divi-
ders (CAEN SY170), distributing the two high voltages received
per detector station in steps of approximately 2V individually
to the 20PMTs; and

& a microprocessor, linked by means of optical fibers to the
central processor for driving the multiplexers and the HV
dividers.

All connections to the Grande DAQ station are realized by means
of 700m cables (5 for the analog signals, 2 for high voltages, and
two optical fibers). A schematic view of the signal processing of a
detector station is presented in Fig. 6.

2.4. Grande data acquisition

The Grande data acquisition, localized in a dedicated central
container (see Fig. 2), is summarized in Fig. 7. Inputs to the
Grande DAQ are:

& the shaped detector signals and logic/timing signals from the
37 stations (for measurements and calibrations);

& the KASCADE-Grande timestamp signals (1Hz and 5MHz);
& the KASCADE-Grande trigger from the KASCADE components.

The DAQ includes the following components:

& receivers for the logic/timing signals, for shaping and adapting
for further processing;

& a coincidence logic which generates trigger signals from the
incoming logic signals of the stations whenever they fulfill the
required conditions;

& the single particle trigger logic which facilitates to select one of
the stations for on-run calibrations (single particle spectra);

& a real time clock module which creates a timestamp for the
generated trigger signals;

& four Peak-ADCs (CAEN V785: 12 bits, 32 input channels,
dynamic range 8V, 2mV LSB) which digitize the amplitudes of
the three shaped photomultiplier signals received from each
detector station;

& one TDC (CAEN V767: 20 bits, 128 input channels, dynamic
range 0.8ms, 0.78ns LSB) which measures the time differences
between logic run signals during an air shower event;

& two pattern units (CAEN V259N: 16 input channels) which
store the trigger source of the event;

& four scalers (CAEN C257) for single module trigger rate
measurements; and

& the DAQ PC, executing the online software which controls and
reads out all other devices. The PC drives optical fibers
concentrators communicating with individual stations for
selecting one of the PMTs on the calibration channel, and
programming the HV dividers.

The Grande array is organized in 18 trigger clusters overlapping
with each other. Each cluster includes seven detector stations: six
in a hexagonal shape and a central one. The data acquisition is
triggered by either a 4/7 coincidence from a cluster (4 stations in a
compact configuration, i.e. the central plus 3 neighboring stations
of the hexagon; trigger rate: ' 5Hz) or by the KASCADE central
trigger (trigger rate: ' 3:5Hz). In addition, any full 7/7 coin-
cidence (rate: ' 0:5Hz) from a cluster is transmitted also to
KASCADE for a full read-out of all detector parts forming a
KASCADE-Grande air-shower event used for further processing.
The acquisition dead time is 0.5ms.

Apart from air shower events, two additional event classes are
acquired:

& Single particle events obtained by single modules within a
detector station. With three of such events taken after every
recorded air shower for calibration purposes, this amounts to

3.4
m

3.4m

Fig. 5. Sketch of a Grande scintillator detector station illustrating the arrangement
of the 16 modules equipped with HG PMTs. The inner four ones are additionally
equipped with a second LG PMT.
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about 15000 events for each station every 6h. During the
acquisition of these events the air shower trigger is inhibited.

& Scaler data, recording the number of triggers in every second
provided by each station in single coincidence mode.

3. Calibration of Grande detectors

3.1. Single photomultiplier calibration and HV settings

The amplitude response of individual PMTs is adjusted and
checked by using the single particle events [14]. As discussed
above, the station and PMT to be calibrated are selected by means
of the optical fiber channel and the local station multiplexer. The
relative calibration between the PMTs is achieved by exploiting
the ratio R%N1/N2, where N1 denotes the number of events
observed between the channels ch0 (minimum between the noise
and the peak of the single particle distribution, see Fig. 8) and ch1,

and N2 is the number of events observed above the predeter-
mined channel ch1. The relation between the gain G of a detector
and the estimated ratio R is found to be given by DG=G%$0:27 ( R.
Using an on-line procedure, the individual HV values are then
automatically set and the R values of the 16HG PMTs are adjusted
at a level of better than 75%. The LG PMTs are adjusted by
the same procedure but at a gain about 10 times lower. The
procedure is repeated twice a year for PMT checking and gain
equalization.

3.2. Timing calibration

Arrival directions are obtained from the timing between the
different stations. Since the logic/timing signal is obtained from
the analog mixer output, the arrival times of the PMT signals at
the mixer have to be equalized. This is done by using the timing of
a small scintillator moved above the 16 scintillators of the station

High Gain PMTs

Low Gain PMTs

PMT1

PMT2

PMT16

PMT17

PMT20

Analog
Mixer

Analog
Mixer

Shaping
Amplifier

Anolog HG

Logic RunDouble Thr.
Discrim.

Anolog HG10
Anolog LG

Fig. 6. Scheme of the electronics of an individual Grande detector station (only measurement channels are shown).

Fig. 7. Scheme of the Grande array data acquisition (only measurement channels are shown).
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as reference. Using calibrated signal delays, the relative timing
between the scintillators of a detector station can be adjusted to
within 1ns by this procedure. Since changes of the HV affect the
transit times of the PMTs, the delay adjustments are repeated
after such changes.

The TDC digitizes the time differences between the logic
signals from each detector station in a window of 74ms around
the trigger signal. Since the electronics of each station introduces
different delays (due to discriminators, cables, etc.), the recorded
time values have to be corrected by means of time constants
related to each detector station i in order to obtain the effective
time measurement tmeas,i%trec,i$T0,i. These constants are obtained
by assuming isotropy in the local reference coordinates of the
cosmic ray arrival directions. For such showers the average timing
difference between different modules is zero. The average of the
time differences between each pair of stations is obtained
by means of Gaussian fits to the peaks of their difference
distribution. The method has been first validated by positioning

the already quoted small scintillator, used as reference, over
different stations.

The uncertainty on the timing measurement of a station,
st,instr , is composed of several independent contributions:

(1) the uncertainty in the determination of T0, sa
t ) 1ns;

(2) the TDC resolution, sb
t ) 0:78ns;

(3) the variation of the relative trigger timing with respect to the
peak pulse for different pulse heights (walk), sc

t ) 1ns; and
(4) inhomogeneities of the timing between the 16 PMTs of a

station at the input of the mixer, sd
t ) 1ns.

Finally, the total uncertainty on the timing measured by Grande
detector stations is

st,instr %
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3.3. Calibration of energy deposition

The energy calibration provides in four steps the conversion
from the three peak-sensing ADCs to the energy deposit in the
detector:

(1) correction of non-linearities in the PMT electronics;
(2) calibration of the position of the peak of the minimum

ionizing particle (m.i.p.) distribution in the high gain channel
"HG! 10#;

(3) cross-calibration of the three amplitudes (HG! 10, HG and
LG) in their overlap ranges, in order to transfer the calibration
of the HG! 10 channel to the HG and LG ones in case the
previous ones are saturated; and

(4) conversion of the m.i.p. units to energy loss in MeV.

The non-linearities of the electronics are measured and corrected
by injecting charge pulses into the electronics input and
measuring the digitized ADC values (example see Fig. 9). These
pulses have a high precision and are controlled to have a linearity
by definition. The relative energy calibration of the most
amplified scale is obtained from a fit of the peak value of a
Landau distribution to the measured single particle spectrum
(Fig. 10) collected during data taking (about four times per day
and station). In the following we will refer to this unit as
m.i.p. (minimum ionizing particle). The three different ADC scales
are then cross-calibrated by applying linear fits in the overlap
range using air shower data (Fig. 11). Finally, the conversion from
m.i.p. to MeV is performed using detailed (CORSIKA/EGS based)
simulations of the detector response to single muons. This results
in k%8.5MeV/m.i.p.

Fig. 12 shows as an example the particle density spectrum
recorded during data taking by a single detector station. The
superposition of the three ADC scales is indicated. With this
combination of three ADC stages an overall dynamic range of
2!104 is reached.

3.3.1. Calibration accuracies
The calibration of each detector station is affected by

systematic uncertainties of different sources, which can be
summarized as follows: linearity corrections 6%, single particle
peak determination 13%, cross calibration HG vs HG! 10 6%, and
LG vs HG 7%. The total uncertainty is estimated to be about 15%
for the intermediate scale, and 17% for the higher density range.
The calibration can be checked by comparing the particle density
spectra of individual detector stations, that in fact depend only on

their relative location inside the array. In Fig. 13 simulated7 and
experimental single particle density distributions for three
detector stations are shown as an example. We observe that the
differences between different stations (flux and slope) are mainly
due to geometrical effects and are reproduced by simulations.
Such geometrical effects include differences in the density spectra
due to the position of the station (edge or inner station) distance
to the neighboring stations, and asymmetries in the trigger cluster
geometry. Also, the differences between the experimental and
simulated spectra agree on average, where their dispersion
confirms the systematic uncertainty discussed so far. We can
use such comparisons now to minimize the systematic differences
of the individual detector stations. This is performed by
introducing a correction factor that normalizes each
experimental spectrum to the simulated one at 103 events and
taking note of the accuracy of the simulation and the value of the
systematic uncertainty. This makes it possible to split the
systematic uncertainties into two terms: the first one (11%)
which is the same for all stations, and the second one depending
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7 The simulations here and in all following considerations were performed
with CORSIKA [15] using QGSJet II [16] and FLUKA [17] as hadronic interaction
models, different primaries, uniformly distributed incidences, a uniform spatial
distribution of the shower cores over a surface much larger than the Grande area,
and a power law distributed primary energy spectrum with index g%$3. Applied
trigger conditions and event selection criteria are the same as for experimental
data.

W.D. Apel et al. / Nuclear Instruments and Methods in Physics Research A 620 (2010) 202–216208



on the individual station. Such final systematic uncertainties
"sr,sys# are plotted in Fig. 14, together with the statistical and total
ones. The parameterizations of the station uncertainties are

reported in Table 2, where r is the measured particle density in
m.i.p. m$2. The statistical uncertainties "sr,sta# are dominated by
Poissonian fluctuations and the discontinuity at highest densities
is due to the smaller sensitive area of LG PMTs (1/4 of the HG
area). The total uncertainty of the energy deposit then is the

quadratic sum of these two terms: sr,tot %
!!!!!!!!!!!!!!!!!!!!!!!!!!!
s2
r,sys*s2

r,sta

q
.

3.3.2. Comparisons and checks
For three Grande stations, located inside the KASCADE array at

a distance of 6.5m to the next four KASCADE stations, it is
possible to compare the energy deposits on an event by event
basis with the ones from four surrounding KASCADE detectors.
However, because of different detector areas, thicknesses and
housings, full EAS and detector simulations need to be performed
for an adequate comparison. The distributions for data (markers)
and simulations (contour lines) shown in Fig. 15 demonstrate
good agreement between the calibrations of Grande and KASCADE
detectors. From these data relative deviations of about 15% can be
derived, which is well within the calibration uncertainties
discussed above.

Fluctuations in measurements of the energy deposit and
uncertainties in the relative calibrations can be deduced experi-
mentally by comparing the energy deposits recorded in individual
events by any two detector stations located at the same distance
(in 5m bins) from the shower axis (and therefore with intrinsic
differences limited and computable from the lateral distribu-
tion function). In Fig. 16 the RMS of the quantity "1=

!!!
2

p
# (

2"E1$E2#=E1*E2 is shown with E1 and E2 (and
/EdepS% 1=2"E1*E2#) as the two measured energy deposits.
This quantity is compared to the parametrization of the
uncertainty which includes the effect of the chosen 5m bins for
the evaluation of the observed energy deposits and the
uncertainty of the core position (see Section 5). The rather good
agreement confirms again the dominance of Poissonian
fluctuations.
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Fig. 14. Relative uncertainties of energy deposits in a detector station.

Table 2
Summary of the statistical and systematic uncertainties for the three energy-loss
scales.

Systematic Statistical

HG!10 0.07 0:32

"r ( cosy#0:51

HG 0.09 0:32

"r ( cosy#0:51

LG 0.10 0:63

"r ( cosy#0:50

The power index to the density, taken as a free parameter in the fit, is found to be
C0:5, demonstrating the dominance of the Poissonian fluctuations.
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4. Event reconstruction

Using the procedures described in the previous sections, the
TDC and ADC counts are converted into the transit times of the
shower front and the energy deposited into the scintillators. In
this section we describe the procedure which is applied to obtain
the shower parameters from these informations, namely the
arrival direction, core location, slope of the lateral distribution
function, shower size, and total EAS muon number.

4.1. Lateral energy correction function

In a first step, we convert the energy deposit in the scintillators
to the number of crossing EAS charged particles. This is performed
by applying a lateral energy correction function, LECF"r# %
DE"r#=nch, which corrects for the energy dependence of the
stopping power and the energy release originating from photon
conversion in the detector or its surroundings. Such a conversion
is obtained by means of simulations based on the CORSIKA code
that correlates the energy losses with the number of impinging
particles, where from CORSIKA particles with energies above 3
and 100MeV for electrons and muons, respectively are taken into
account. The expression of this correction function is given by
Fig. 17 and

fLECF "r# %
e"1$0:1(r# *7:51*0:02 ( r*5:5! 10$5r2*5:4! 10$8r3, rr450

fLECF "450#, r4450

(

"1#

where r is in meters and fLECF is given in MeV energy deposit per
charged particle. The structure of the function, in particular the
dip close to the shower axis is explained by the lateral
dependence of the photon to electron ratio together with the
energy distribution of these particle types. The constant value
above 450m core distance corresponds to the mean energy
deposit of a vertical incident muon, where the muon component
starts to be dominant at a distance of 300–400m. Small effects
due to the dependence on the total shower size and on the
hadronic interaction model used are neglected.

4.2. Arrival directions

The EAS arrival direction is obtained by w2 minimization of the
arrival times measured by the Grande stations with the expected
ones from the shower front structure. Stations with TDC counts

differing more than 3ms from an assumed plane shower front are
considered as uncorrelated, non-shower particles and are
discarded from the fit. The theoretical shower front and its time
spread have been obtained from CORSIKA simulations assuming
primary protons at 1017 eV and a zenith angle of 221. It can be
described by

t % 2:43 1*
r

30m

" #1:55
ns

with r being the distance to the shower core and

st % 1:43 1*
r

30m

" #1:39
ns:

The arrival time of the first particle (i.e. the shower front as
recorded by the double threshold discriminators) and its fluctua-
tions have been shown to behave approximately as: t1 % t=

!!!!
N

p

and st1 % st=
!!!!
N

p
, where N is the number of charged particles

measured in the station. Therefore, the uncertainty on the timing
measurement can be estimated given by

st %

!!!!!!!!!!!!!!!!!!!!!!!!

s2
t,instr*

s2
t

N

s

where st,instr ) 2ns is the timing accuracy of the detectors (see
Section 3.2). The w2 minimization is performed over the function:

w2
t %

X

i

"tmeas,i$t0"raxis ,y#$"zi$z0"raxis ,y##=c$t1,i"r##2

st"r#2

where raxis and y represent the shower axis coordinates with raxis
being obtained from a previous fitting of core position, tmeas,i is the
time measurement in each station, i, "zi$z0"raxis ,y##=c is the time
delay with respect to a shower plane perpendicular to the shower
axis at its crossing with the ground at time t0"raxis ,y#), and t1,i(r)
describes the time of the first particle per station using the
theoretical shower front.

4.3. Charged particle lateral distribution and fitting procedure

Core location, slope of lateral distribution function (‘age’ s) and
shower size (Nch) are calculated by means of a maximum
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likelihood procedure comparing the measured number of parti-
cles with the one expected from a modified NKG lateral
distribution function [18] of charged particles in EAS:

rch"r# %Nch ( fch"r# %Nch ( C"s#
r
r0

$ %s$a
1*

r
r0

$ %s$b
"2#

where Nch is the total number of charged particles at observation
level, s is the slope of the lateral distribution and r is the distance
from the shower core. The normalization factor is
C"s# %G"b$s#="2pr20 ( G"s$a*2# ( G"a*b$2s$2##. The values of
the parameters a% 1:6, b% 3:4 and r0%30m are obtained by
CORSIKA simulations including the simulations of the detector
response [19].

The maximum likelihood function is defined as

L%
Y

i

nNi

i e$ni

Ni!

Y

i

1!!!!!!
2p

p
si

e$"Ni$ni#
2=2s2

i

Y

i

Z 1

Ni

1!!!!!!
2p

p
si

e$"N$ni#
2=2s2

i dN

where Ni is the number of particles measured in station i while ni
is the expected one. The first term in the maximum likelihood
expression is used for stations with number of particles detected
Nio10, the second one is for those stations with NiZ10 (for these
stations the uncertainty of the expected number of particles is
calculated using the values of Table 2), and the third term is used
for saturated stations, giving the probability of measuring a
number of particles greater than the one corresponding to the
saturation level.

All active stations are used in the fitting procedure. For stations
having a valid TDC measurement, the number of particles is
derived from the energy deposit with the previously described
procedure. For the other stations the number of particles is set to
zero because the signal was lower than the threshold correspond-
ing to 1/3 m.i.p. The uncertainty of the particle number
considered for the fit is obtained by the calibration procedures,
i.e. the values shown in Fig. 14. As this uncertainty is large for
silent stations, they will not contribute significantly to the result.

The fit is performed following an iterative procedure:

(1) The shower parameters are estimated analytically.
(2) The core position is moved over a 7!7 grid with 8m spacing.

In each position s and Nch are fitted and the position providing
the minimum w2 is chosen as starting point.

(3) The arrival direction is reconstructed by the time fit.
(4) The lateral distribution of charged particles is fitted using

Expr. (2) with Nch and s as free parameters.
(5) The lateral distribution fit is performed with free parameters

xc and yc.
(6) Steps 3 and 4 are repeated to obtain the final values for the

arrival direction, Nch and s.
(7) Nm is obtained (see next section).

Events are selected for further analysis if they fulfill the following
conditions: (a) the highest energy deposit is recorded by a central
detector of a trigger hexagon, (b) at least 12 stations are fired (i.e.
provide a valid TDC-count), (c) the ratio between the detected and
the total reconstructed number of particles is above a given
threshold [20]. The following discussion will concentrate on
events with zenith angle yo403 and with the reconstructed
shower core inside a central fiducial area of ) 0:18km2 around
the center of the Grande array, where the efficiency is maximal
and the core distribution of triggered and reconstructed events is
uniformly distributed.

In Fig. 18 the experimental mean lateral distributions for
vertical showers "yr183# and for different shower sizes in the
range 6:0o log10"Nch#o8:0 are shown. The dashed lines represent
the lateral distribution functions (Eq. (2)) with mean Nch and
s-parameter values of the corresponding Nch bin. The lateral
distributions measured by the Grande array extend up to more
than 700m and the used lateral distribution function represents
the data well over the whole range.

4.4. Muon lateral distribution and fitting procedure

To reconstruct the lateral distribution of muons, the energy
deposits in the KASCADE muon detectors are at first converted to
particle numbers by means of a conversion function. This is done
in a similar way as for the charged particle component, but now
applied for muons only and taken into account the different
detector and absorber characteristics. The parameterization
results in

Edep
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Its functional form is depicted in Fig. 19. Again, small effects due
to the interaction model used and the dependence on the shower
size are neglected. Near the shower core "rt160m# the average
energy deposit per muon increases because of accompanying
punch through from energetic electrons, positrons and photons.
At larger radii the deposited energy per muon reaches a value of
approximately 7.6MeV, where the small increase is due to the
relativistic rise of the energy deposit because of increasing muon
energy with distance.

For events detected by KASCADE only we reconstruct Ntr
m by

integrating the muon lateral distribution function between 40 and
200m to minimize systematic effects from the unknown shape of
the function at large core distances. This is not possible for Grande
detected EAS as the available muon detectors cover a distance
range which varies from event to event. Instead, the total number
of muons Nm in the shower disk (above the energy threshold of
230MeV) is derived from a maximum likelihood estimation
assuming the locally detected muons to fluctuate according to a
Poisson distribution:

Nrec
m %

Xk

i % 1

ni=
Xk

i % 1

"f "ri#Ai ( cos"y## "4#

with ni represents the number of particles measured at a core
distance ri in one of the k muon detectors with sensitive area Ai, y
is the zenith angle of the air shower, and f(r) is an appropriate
lateral distribution function. Here, we have chosen a lateral
distribution function based on the one proposed by Lagutin and
Raikin [22] for the electron component:

rm"r# %Nm ( fm"r# %Nm (
0:28

r20

r
r0

$ %p1

1*
r
r0

$ %p2

1*
r

10 ( r0

$ %2
 !p3

:

"5#

The parameters p1%$0.69, p2%$2.39, p3%$1.0, and r0%320m
are based on CORSIKA simulations (found to be nearly indepen-
dent of the hadronic interaction model utilized). Both proton and
iron primaries were simulated at energies of 1016 and 1017 eV and
then the average of the fits is used. Since the muon densities are
very low, except for the highest energy showers, stable fits on
shower-by-shower basis are only obtained if the shape of the

lateral distribution function is kept constant and only the muon
number Nm is taken as a fit parameter.

The measured mean muon density distribution and the lateral
distribution function of Eq. (5) with the muon number Nm set to
the reconstructed mean muon number Nrec

m (Eq. (4)) are shown in
Fig. 20. The measured densities are in general well described by
the lateral distribution function. This means a good conformity
between directly measured sizes and reconstructed ones. Only in
case of relatively small and large core distances one observes
deviations due to the fixed shape of the lateral distribution
function which does not account for the primary energy or the
zenith angle of the air shower.

In addition to the total number of muons per individual
shower the density of muons at a fixed radial distance to the
shower axis can be estimated. This density of muons is directly
measured by the KASCADE array muon detectors, where these
detectors are grouped in rings of 20m distance from the shower
axis. The sum of the signals measured by all muon stations inside
each ring is divided by the effective detection area of the stations.
Therefore, the muon density as a function of the distance from the
shower axis is measured in a very direct way and no fitting of the
lateral distribution is needed in this case.

4.5. Trigger and reconstruction efficiencies

The trigger and reconstruction efficiencies of EAS, after
applying all quality and fiducial area cuts as well as the
requirement of a successful shower size and muon number
reconstruction, are shown in Fig. 21 as a function of the simulated
total number of charged particles and the primary energy for
different primaries. They are computed by means of full
simulations of the shower development and detector response.
Efficiencies above one are due to cuts on the reconstructed core
positions, i.e. events falling outside the selected area can be
reconstructed inside. Concerning Nch, primary iron reaches earlier
the maximum efficiency, as for lower energy showers the
geometrical structure of the Grande array requires already
muons for triggering these events.
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5. Reconstruction accuracies

The reconstruction accuracies can be derived by exploiting the
fitting uncertainties obtained following the standard procedures
from the minimization program, or from comparisons with
simulations. The latter, however, covers the uncertainties with
respect to the input model, i.e. essentially the lateral distribution
function, that can be artificial. Therefore, better is the extraction
of reconstruction uncertainties from measured data, for example
by comparing the same observable extracted from different
components of one and the same experiment. In our case,
reconstructed parameters from the Grande array (i.e. not the
total number of muons as that is derived from KASCADE data) can
be compared with those from KASCADE on an event-by-event
basis. Such an analysis becomes possible for the subsample of
events that have their core location within the fiducial areas of
both arrays, and where the shower size covers the range between
the Grande full efficiency threshold, logNch45:8, and the

KASCADE highest reconstructible size, logNcho7:2. The core
location of such events is shown in Fig. 22.

The procedure is justified as the detector sampling fraction for
events detected within KASCADE is about 15 times larger than in
Grande. Therefore, the resolutions in KASCADE are expected to be
much better than in Grande so that the reconstructed observables
may be regarded as ‘‘reference’’ ones in the comparison between
the two arrays. In any case, since these results are the convolution
of Grande and KASCADE accuracies, they are considered upper
limits for the Grande array.

The core position accuracy is derived from the core difference
distribution:

dr %
!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!
"xG$xK #2*"yG$yK #2

q

where xG(yG) and xK(yK) are the x (y)-coordinates of the
reconstructed core positions for Grande and KASCADE reconstruc-
tion, respectively. The resolution is defined by the condition that
68% of the events have a deviation less than it. The core difference
distribution and the dependence of the core location accuracy
with the shower size are shown in Fig. 23. Over the common size
range, the accuracy improves from 8 to 5m.

The arrival direction accuracy is obtained from the distribution
of the angle between KASCADE and Grande reconstructed arrival
directions, being defined by 68% of the events having deviations
less than it.

da % arccos+cos"yK # ( cos"yG#*sin"yK # ( sin"yG# ( cos"fK$fG#,:

The angle distribution and the evolution of the accuracy vs
shower size are shown in Fig. 24. The accuracy has a small
dependence on the shower size Nch, with a minimum at about
Nch ) 106:4 but is basically constant at 0.81.

The total number of charged particles (Nch) reconstructed by
KASCADE and Grande are shown as scatter plot in Fig. 25. The
systematic and statistical uncertainties of the reconstructed
values of Nch have been obtained as the mean values and RMS
of the distribution (Fig. 26):

dNch %
NG
ch$NK

ch

NK
ch

: "6#

In Fig. 27 mean value and RMS of these distributions are shown as
a function of the shower size, where a relative accuracy of 10–15%
is reached.

Since muon numbers are only reconstructed from the
KASCADE muon detectors, its uncertainties can only be derived
from EAS simulations. Different primaries (H, He, C, Si and Fe) in
equal abundances, with an E$3 power law spectrum, zenith
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reconstructed shower size (left panel) and simulated primary energy (right panel). For a better visibility, the points for proton and iron assumption are slightly shifted.
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angles up to 401 and cores scattered over the Grande array
were considered in the simulations. The full detector response
was also simulated (GEANT [21] detector simulation) and the

usual reconstruction techniques were applied to the resulting
data. The median of the deviation of the reconstructed to the
true muon number is shown in Fig. 28, both, as a function of the
true muon number and as a function of the distance of the shower
core to the center of the KASCADE array. In the latter case,
only events with muon numbers larger than log10N

true
m Z5:0,

i.e. above the threshold for full efficiency were taken into account.
For muon numbers log10N

true
m 45:6, which corresponds to an

energy of approximately 45! 1016 eV, the deviation of the
reconstructed total muon number is smaller than 5% and almost
constant as a function of total muon number. Moreover, the
statistical error8 on an event-by-event basis decreases to about
10% in this case. The right panel of Fig. 28 shows that the
uncertainty of the reconstructed muon number increases with
increasing distance from the KASCADE center from approximately
20% at 100m to 60% at 600m. The under- or overestimation of
the local muon densities by the lateral distribution function
(cf. Section 4.4 and Fig. 20) in case of small and large core
distances results in an under- or overestimation of the total muon
number to about '$10% for small and ' *10% for larger core
distances.

Taking into account the fact that quite small particle densities
are measured across a small detection area far away from the
shower core, one can draw the conclusion, that the reconstruction
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8 The error bars represent the quantiles at 84% and at 16% and thus the central
68% distribution.
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of the total muon number works very satisfactory. Furthermore,
the features of the accuracies are well understood and open
the possibility to correct the reconstructed muon number
to the true one by application of appropriate correction functions.
Such corrections will be applied when a dedicated analysis
requires it.

6. Summary and conclusions

The Grande calibration, reconstruction procedures, dynamic
range, and accuracies are presented, together with the character-
istics of the full detector KASCADE-Grande. As an example,
we show in Fig. 29 a typical KASCADE-Grande event as
reconstructed with the described procedures. Obviously, the

event is described very well over the accessible range of core
distances.

To avoid any model dependence in the analysis of the detector
performance, EAS observables measured and reconstructed by
KASCADE and Grande independently were compared on an event
by event basis. Even though such an analysis is limited by its
nature to a small number of events (of the order of a few percent
of all reconstructed events) it provides a reliable upper limit for
the Grande detector resolution. Moreover, the comparison
demonstrates the absence of systematic deviations between the
two reconstructions (see Fig. 27). Besides providing direct
information about the resolutions of Grande and about the
compatibility of the two arrays, a general comparison of the two
EAS arrays is instructive also for an overall understanding of EAS
detectors. At this point, it is important to realize that the
properties of the two arrays are quite different. The area actually
instrumented with detectors is 370 and 490m2 in Grande and
KASCADE, respectively, while the fiducial areas sensitive for EAS
detection are 4.9 !105 and 4!104m2. Therefore, the sampling
fraction, i.e. the ratio of detector over EAS area, is 7.5!10$4 and
1.2!10$2, respectively, i.e. it differs by a factor of 15. Concerning
shower geometry reconstruction, KASCADE achieves accuracies of
0.6m in core position and 0.141 in arrival direction at Nch ) 106:2

(i.e. primary energy just above 1016 eV) [6]. The corresponding
values for Grande were shown to be about 6m and 0.81,
respectively. The shower size resolution in KASCADE is approxi-
mately 10% in Nm

9 at Nm ) 104:6, (i.e. again at a primary energy just
above 1016 eV) and 3.5% at the corresponding shower size
Nch ) 106:2. For Grande, the corresponding values are estimated
to about 20% for Nm and 10–15% for Nch. Thus, the shower size
resolution for two arrays operating at similar primary energies,
are found to scale roughly as the square root of the sampling
fraction.

As an example of a required sensitivity to composition studies
in this energy range, according to CORSIKA QGSJet II simulations,
the difference between primary protons and iron nuclei at 1016 eV
is of the order of 40% in muon number and of about 60% in shower
size. Shower fluctuations are most dominant in the shower size
and are of the order of 45% for primary protons and 25% for iron
nuclei. This shows that the achieved accuracies of the KASCADE-
Grande set-up with about 15% in Nch are for all primaries
significantly better than the contribution from the shower to
shower fluctuations. Taking into account the uncertainty of 20% in
Nm, an uncertainty of 30% is obtained for the composition sensitive
ratio Nm=Nch, which again is only a small fraction of the expected
proton-iron differences. These uncertainties, even when com-
bined with the shower to shower fluctuations, are adequate for a
significant discrimination not only of the heaviest (Fe) and
lightest (p) primaries, but also of an intermediate component
(He or CNO).

Apart from these intrinsic capabilities of the KASCADE-Grande
experiment in investigating energy spectrum, elemental
composition and cosmic ray anisotropy due to the achieved
accuracies, there is additional potential of the experiment due to
data from the muon detection devices MTD and at the CD. These
data, as well as the possibility to extract the electron shower size
from the combined charged particle and muon information, will
be helpful for cross-checks of obtained results and for validity
tests of the hadronic interaction models. The accessible primary
energy range for all these studies has a considerable overlap with
the KASCADE measurements in the lower energy range as well as
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9 Instead of Nm , KASCADE uses Ntr
m as observable. However, this difference is

not relevant for the present argument.
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with the enhancement set-ups at the Pierre Auger Observatory in
the upper energy range.
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