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Abstract— The KASCADE-Grande experiment, located at the 107 AR prthar T T T
. . . - * PROTON ° KASCADE (QGSJET 01) o Akeno
site of Forschungszentrum Karlsruhe, Germany, studies casic B . AU KASCADE H ifes |
radiation in the energy range 10*eV-10°eV. The data of the ~ ;qu| ‘ e " HReel
KASCADE array (0.04km?), one essential part of KASCADE- — g drectdata o scpoe w2 . AGASA
Grande, was used to analyse the chemical composition as well ¢ u A KASCADEHe

"

as the anisotropy of the cosmic radiation in the knee region fo 10"
the energy spectrum. It was observed that the knee feature is
caused by a decrease in flux of the light primaries leading to a .
heavier composition at energies above the knee. No anisopies _ '°
were observed in the KASCADE data. The sensitive detection
area of KASCADE was enlarged to 0.5kmi by the Grande
array to gain more statistics at higher energies around 100&V
where the knee in the iron component of the cosmic radiation
is expected. First results from analysis of air showers meased
by KASCADE-Grande are presented.
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o ) o . Fig. 1. All particle cosmic ray energy spectrum and the epneagge covered
In a large part, the origin of the cosmic radiation hitting thby KASCADE-Grande.

earth is still unknown. Its energy spectrum (figure 1) can be

described by a simple power lae F~7, where a change

of the spectral index at an energy of around 3PeV froii. Other theoretic approaches predict instead a dependence
~v =~ 2.75 to v = 3.1 is one pronounced feature, causing an the atomic mass numbet, as a result of interaction
sudden drop in cosmic ray flux. The explanation of this garocesses described by particle physics involving all emrcs
called knee in the energy spectrum by cosmic ray studiesf the cosmic ray nucleus. From these models follows that the
is mandatory to solve the problem of the sources of hidtnee in the energy spectrum of iron could be the origin of
energetic cosmic rays. A popular model is, that at this gnerg possible second knee in the all particle energy spectrum.
the maximum acceleration by supernova remnants as cosmierefore, a combined study of the energy spectrum and
ray sources is reached. The maximum endigy,x x Z-R-B elemental composition is demanded to address these questio
is then a function of the chargé of the cosmic ray particle. Apart from the sources of cosmic radiation its propagatmn t
The parameters? and B refer to the size and the magnetiearth is also still uncertain and some propagation modsts al
field of the acceleration region (see e.g. [12]). Therefbee tpredict a knee in the energy spectrum. An analysis of the
knee should occur at higher energies with increasing chamgsotropy around the knee has to be performed to confirm or



exclude specific propagation models.

Il. THE KASCADE-GRANDE EXPERIMENT

Most important for the analysis presented here are the two
scintillator arrays: the KASCADE array and the Grande array
respectively. The Piccolo trigger array serves as a linlwbeh

the Grande array and the KASCADE experiment and provides

The KASCADE-Grande experiment depicted in figure 2 is @ trigger signal which is fast enough to trigger the muon

Fig. 2. Sketch of the KASCADE-Grande experiment showingdbuetribut-
ing parts.
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detectors of the central detector.

The detector array of KASCADE is structured in 16 clusters
as can be seen in figure 3. The detector stations of the 12
outer clusters house a detector for the electromagneticis w
as a detector for the muonic shower component. A separate
determination of the electromagnetic and muonic shower siz
is therefore possible on a shower to shower basis. Showers
having their core inside the central detector were of specia
interest for KASCADE to study as many shower characteris-
tics as possible. The detector stations of the inner folstets

are therefore equipped with a detector for the electromagne
air shower component only, because close to the shower core
punch-through of the electromagnetic component makes an
accurate determination of the muonic shower size impaessibl

The Grande array is made up by 37 detector stations housing a
scintillator of 10m? sensitive area. Since there is no shielding
of the detectors, they are only able to measure the charged
shower component without separation into muons and elec-
trons. In each station two types of photomultipliers arengei
operated with two different voltages. These two gain ranges
assure a dynamic range which is big enough to measure single

multiple detector setup consisting of the KASCADE expeparticles as well as high particle densities close to theveho
iment [1] (see also figure 3), the trigger array Piccolo an@KIS.
the scintillator detector array Grande [15]. The KASCADE
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Layout of the KASCADE experiment showing its subdeies [1].

I1l. M ASS COMPOSITION ANALYSIS

KASCADE data have been used to study the elemental com-
position of the primary cosmic radiation [4]. The basic data

set for this analysis is represented by the two dimensional
shower size spectrum measured by the KASCADE array,
which is shown in figure 4. Each measured air shower enters
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Fig. 4. The two-dimensional shower size spectrum of air gmewneasured

experiment is itself a multiple detector setup and its majey KASCADE [4].
parts are an array of 252 scintillator detector stationsuam
tracking detector and a central detector.

this distribution with its measured number of electraNs



and its truncated number of muom§/". The latter number 5 10* QGSJET 01 ® proton
corresponds to the number of muons with distances betweerr, W helium
40 m and 200m from the shower core, which prevents punch- ¥ - CNO
through of the electromagnetic component close to the showe «+ 103 NEEgEg, L= * Si group
core biasing the measured muon size. Ab&@t- 10° events . . YFe group
within the zenith angle interval® — 18° enter the distribution, : i " ? i * X
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corresponding to an effective measurement time of 900 days. ¢
The main cuts for the data are: distance of shower core from
KASCADE center smaller than 91 m, shower age parameterx
of the fitted NKG function0.2 < s < 2.1, all array clusters
were activelg N, > 4.8 andlg Nf[ > 3.6. These cuts assure
a good reconstruction quality and avoid threshold effette
content of each cellN; of the spectrum can be described by
equation 1
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(1) based on the QGSJet01 model [4]. The shaded bands are estiofathe

The constant is determined by the aperture and measurirgySematic uncertainties.
time. The sum includes all primary types with ma4s The
term p4 describes the probability that a primary of mass 10*

A and energyE initiates an air shower which is measured g F SIBYLL2.1

and reconstructed with shower sizésN. and lng[‘ by 8 L

KASCADE. This probability depends on natural phenomena T 10° M aAAAAAA

like intrinsic shower fluctuations as well as on efficienads @ e in = ::0 vyy

the experiment and the shower reconstruction accuracytwhic o "e0ebbyy "a B tAy Yv¥ vy
were studied and parametrized using Monte Carlo simulation = ' vy v f O P i
performed with CORSIKA [11] 6.018 and the two high energy — 10 3 T ° i L n A
interaction models QGSJet [13] (2001 version) and SIBYLL b Lo l l i i
[9] (version 2.1). In both cases GEISHA [8] (2002 version) “ @ proton I [

has been used as low energy interaction model. The simulatio W 19 " g?\lllgm l ®
has been limited to five primary particles H, He, C, Si and % E—-— Si group

Fe as representatives for five mass groups. The integration [ Y Fegroup

over cell size and solid angle are not shown in equation 1 ‘ AL R ARRE
but are included in the analysis. The contents of all cells of 1106 107 108

the whole two-dimensional spectrum represent a system of primary energy E [GeV]
coupled first order Fredholm integral equations, which can b

solved by using of unfolding methods. The above mention&w@. 6. Spectra of elemental groups resulting from the wlifigl procedure
parametrizations of the reconstructed Monte Carlo everets §25¢d of the SIB¥LL model [4]. The shaded bands are estinuithe
used to construct the response matrix. Slight changes {

these parametrization allow to study systematic effectthef
analyis. The results of the 2-dimensional unfolding pragsed
are )éeplcted in figure 5 and 6 based on the chaspJet01 anc?j for SIBYLL at(5.7 + 1.6) PeV.

SIBYLL model, respectively. By forward folding the obtained spectra and comparing the
The results based on both interaction models show that tﬁasultmg two-dimensional size distribution with the mersl
knee in the spectrum of primary cosmic radiation is causSye significant differences caused by defficiencies of the
by a decrease in flux of the light components and that Rigl eraction models are observed. None of the used interacti
composition becomes thus heavier above the knee. Furhieer, rpodels is able to describe the measured data as can be seen
positions of the knees in the single elemental group spec&n figures 7 and 8, where the differences are shown in terms
indicate that a dependence on the chargis more probable

than a dependence on the mass numbeiThe positions of A more detailed investigation of thé N. spectra in the
the knee for both interaction models coincide within sttt region of lg V,, values with highest deviations is shown in
errors as was found by fitting a power law parametrizatidigure 9 for the solution based on the QGSJet interaction
to the all particle energy spectra based on both models. Foodel. The measured distribution is shown as points, the

QGSJet the knee position was measured4a + 0.8) PeV distribution resulting from the forward folding is shown as

of a x? test.
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e

folded elemental spectra obtained from unfolding the daaed on the
QGSJet01 model [4].
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Fig. 9. Comparison of measured electron size distributidth @GSJet based

solution for4 < lg N/ < 4.1 [4].

IV. COSMIC RAY ANISOTROPY AROUND THE KNEE

%: 8 :* 14 =
- 75F 1 § The analysis of anisotropies in the arrival directions ofro@
u 2 ray particles can give hints towards their sources and their
7 10 3 propagation. Therefore, the KASCADE data taken between
E g May 1998 to October 2002 were analyzed with respect to large
6.5 § and small scale anisotropies [2], [3]. In order to study Hrge
s E 6 scale cosmic ray anisotropy, the two-dimensional distitiou
E B n of arrival directions of cosmic rays is reduced to the 1-
s5F % m_«m_® 4 dimensional right ascension distribution because of thallsm
E o B 5 amplitudes expected from theory. The resulting right asioen
sE. i} distribution was analyzed by means of the Rayleigh formalis
L L [ | ! . . . . . . .
p 45 s 55 representing a first order approximation of the distritniso
N multipole expansion. To reduce contributions to the amgés

u

Fig. 8. Comparison between the measured size distributionttze forward
folded elemental spectra obtained from unfolding the daaed on the

SIBYLL model [4].

by pseudo signals caused by variations of atmospheric groun
pressure and temperature, the data is selected carefudly an
also corrected for these influences. The data is restricted t
zenith angles below £0(corresponding to a declination band
9° < d < 89°). In this range KASCADE has an angular
resolution of 0.55 for small showers and O21for showers
with electron numbers ol N. > 6. Only sidereal days with
continous data taking and a fully efficient (100 %) KASCADE

histogram, and the contributions of the primary mass groupsray have been used. The latter requirement restrictsatze d
are shown as smooth curves. The heavy component (ironfasshowers with electron numbets N, > 4. In total, 269

supressed as many showers from light primaries are needatkreal days of continous data taking entered the analysis
to describe the right edge (large electron numbers) of tidiich has shown no significant Rayleigh amplitudes. Upper
measured distribution. This behavior can be understootidy timits of the Rayleigh amplitudes were determined which are
fact that the QGSJet model produces too many muons or &wown in figure 10. For comparison the predictions of various
few electrons. At higher energies the description of tha gt propagation models are drawn as well. The upper limits of
QGSJet improves. A similar analysis of the results based tre amplitude are in the range of 10to 1072. These limits

the SIBYLL model yields that SIBYLL seems to overestimateannot restrict predictions by a diffusion-drift model itak

the electron content or underestimate the muon number of i@ito account a more complicated magnetic field distribution
showers at higher energies. our galaxy, but constrain calculations of a more simple yeak



Wi Norikura 1990 §——r—— KASCADE data set used (4107 air showers). Neutral cos-

x 10%g © — L e e e ] - ' ) g
o H O EASTOP1%%6 95% confidence leveH mic particles are the natural candidates to point back to the
2 1S e 5 1 sources. The analysis was therefore repeated on muon-poor
T -2 . . . .
= | & Adelaide 1983 oo i { "'T’M air showers which represent candidates for gamma induced
= KASCAD T Diffugion|(H\ . . . .
E o ek box (615 alaysis) E air showers. No anisotropy has been observed with this data
p stendard leaky box..-- —4  sample, too (fig. 11). Investigating in more detail the gttac
- 0 €) plane or point source candidates like catalogized pulsars o
3 - - B | H 4
10° 7, with reace. - E supernova remnants neither showed any small scale arpgotro
A aC ]
i ] V. RECONSTRUCTION OFGRANDE DATA
10‘4*1_‘——“‘HHHH“Hx“HxH . . ..
5 5.5 6 6.5 7 7.5 The KASCADE experiment observed a shift in the position
log,, primary energy [GeV] of the knee with the primary particle group. While a knee

could be observed in the light primary groups, the knee in the
Fig. 10. Upper limits (95%) on the large scale anisotropyedeined by heavy componentiron knee) has not been detected, yet. The
KASCADE [14]. statistics of the KASCADE data in the region of the expected
knee position at about0'” eV is too low to state the position
with an acceptable accuracy. In order to significantly insee
the number of air showers measured at this high energy, the
In order to study small scale anisotropies and possibletpotASCADE experiment has been enlarged to 0.5Koy the
sources, the northern hemisphere seen by KASCADE (dedhrande detector field, an array of 37 scintillator statiorith w
nation range 15-80°) was separated into bins with a size optl0n¥ sensitive area each.
mized by Monte Carlo calculations to give maximum sensiti\{a—\
ity to pointlike sources. The flux of cosmic radiation frontka
direction bin was compared to an artificially created ispitto

box model (see [14] and references therein).

s mentioned in section Il the determination of energy
spectra separated into different mass groups is based on the

back d. This back q quced b i téﬂeasured muon and electron numbers at ground. The detector
ackground. This background was produced by applying Wgyiong of the Grande array, however, are not equipped with

“T“e shufteling t_echm.que.m Wh'Ch ameasured air shower Wadicated muon detectors, thus a direct measurement of the
given a new arrival direction either randomly chosen from ﬂ}nuon content of air showers measured by the Grande array is
distribution of arrival directions of all measured showers not possible. This information has to be reconstructed frygus

hy taking the arrival direction of another measured air mv.vthe information of the muon detectors of the KASCADE array.

randomly chosen from the same data set. By the comparisgll, « ASCADE array offers in total 622Msensitive area
the significancg of ﬂl.JX excess Is calculated fo_r eac_h dtnepti for muons above an energy of 230 MeV and covers a radial
b!n. _The_ result|_ng_s_|gn|f|cance_s are summa_mz_ed In-a S'nqjgnge of maximal 280 m. To exclude misreconstructed showers
distribution of significances which is shown in fig. 11. having their core at the edge of the Grande array a circle with
a radius of 250 m around the center of the Grande array is
——all events chosen as fiducial area [16]. This limits the radial rangeafor
B~ MUON POOr events muon measurement by KASCADE to a core distance between
250m and 530 m. The muon number is determined from the
measured muon lateral distribution, which is described by

Pu:Nu'f(T) 2

number of bins

with

f(r)= % (:—O)p1~ <1+ %)p2~ <1+ <107jr0>)p3.

The parameter, = 320m is kept fixed as well as the
parameterpl = —0.69,p2 = —2.39 and p3 = —1.0 which
have been determined from simulated proton and iron air
N i showers of energy 16eV and 107 eV by fitting their muon
4 2 0 . 2ni ﬂcang’e o lateral distributions with the parametrization given byation

g 2 and averaging the fit results. The simulations have been
Fig. 11. Distribution of significances of the flux excess dfat showers Obtained from CORSIKA using QGSJet [13] and FLUKA
and of candidates for gamma induced air showers (muon-peorts) [3].  [6], [7] and high and low energy interaction models. In this

way, the curvature of the lateral muon distribution is not

The distribution shows no deviation from the Gaussian shaparied and only the muon number is estimated according to
which means that no point source is being observed within the, = >~ n;/ >, (f(r:)- Ai - cos(¥)). Hereinn; is the number
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=
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of muons measured at distangefrom the shower core within
the areaA;. The parametet) represents the measured zenith
angle of the air shower.
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A comparison between muon lateral distributions of recon-
structed air showers measured by the Grande array and sim-
ulated proton and iron air showers for four different energy
intervals in the zenith angle ran@é — 18° is shown in figure .
12. The lines correspond to the parametrization (egn. 2) wit 6.5pI0 <Y “loev
N, set to the measured mean muon number in each energy
interval. The data is described well in the first two energy

~

n
T
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E 10L10g, (E /GeV) range: o hydrogen 5 TR ]
> E 0 est 45 . S . . L L . L
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é 7.6-7.9 muon number lg(Nu)
c 7.3-7.6
S ! F7.0-7.3 Fig. 13. Reconstructed electron and muon number distabutieasured by
E £ KASCADE-Grande [10].
1014)0‘18 _— . . .
g statistics are the reasons that no two-dimensional umfgldi
c analysis has been performed yet.
102 Instead an energy spectrum has been determined by a 1-
Bl b b b e b Ly by | i i i i
5 o0 508908408500 so8 700 dimensional unfolding of the muon size spectrum measured by

core distance [m] the Grande array, since the muon number is most sensitive to
the primary energy. The resulting cosmic ray energy spettru

Fig. 12. Muon lateral distributions of measured and sinedaair showers iS shown in figure 14. The Grande data shown represent the
[16].

— —
intervals. For higher energies an underestimation of then‘nu% i Eﬂ%ﬁg preliminary
density on the order of 10% can be observed for distanc & E}{}@i

smaller than 200m with the parametrization used. In tt ; 10°
highest energy interval the used lateral function ovemestes

the muon density by 10%-20% at distances above 500
Investigation of higher zenith angle ranges shows thatethe ©
deviations become smaller with increasing zenith angle.

5 [m—2 5

10?
The electron number of an air shower is reconstructed te

e ﬂ#
i% @?%?#

ing into account the estimated lateral density distributiod
muons. In a negative-log-likelihood minimization core coo
dinates, arrival direction, electron number and shower a ® KASCADE-Grande
are determined using the particle densities and arrivaggim I T S | S T3 17 75
measured by the Grande detector stations. The minimizati Energy log | (E/eV)
uses a modified NKG-function [5] to describe the measurea
particle densities corrected with the muon content takemfr Fig. 14. Cosmic ray energy spectrum unfolded from the mup@ spectrum

the estimated muon lateral density distribution. measured with the Grande array compared to the energy spedtom a 2-
dimensional unfolding based on KASCADE data [16].

With the possibility to reconstruct the muon content of air

showers measured by Grande it is possible to produce the twtandard measurements of KASCADE-Grande in which both,
dimensional shower size distribution also for Grande, as cthe Grande array and the KASCADE array, respectively, took
be seen in figure 13 for the zenith angle rafge- 18°. The data simultaneously, which is mandatory to reconstruct the
dashed lines show an estimated primary energy. An analf/sisxuon content of the air showers. The spectrum shows that with
the elemental composition analog to the analysis desciibedan effective data taking time of 363 days with KASCADE-
section Il can thus be performed also for Grande shower. da@&rande the same statistics has been collected as in 10 years
Since the calibration of the KASCADE-Grande data collectathta taking with KASCADE in the energy region given by
so far is still being studied, the two-dimensional showeesi the overlap of both spectra. The statistics is however tstill
spectrum can still slightly change. This and the still tow lo small to draw conclusions about a second knee. So far no knee

dI/dEx E?

O KASCADE e+




structure is visible at higher energies in the energy spettr Investigations of the data taken by the whole KASCADE-
Grande experiment have shown, that a reconstruction of the
V1. A FADC BASED DATA ACQUISITION SYSTEM muon shower size is also possible for the showers measured
by the Grande stations lacking a separate shielded muon
In order to improve the data quality of the data taken by thgstector. This reconstruction is achieved by making use of
Grande detector stations, a Flash-ADC (FADC) based dat muon detectors of the KASCADE experiment. Measured
acquisition system [17] is currently being commissioned. lzteral density distributions are in agreement with sirtiates.
each detector station digitization electronics will betafied, A first energy spectrum has been unfolded using the muon
housing four interleaved 62.5MHz FADCs with 12 bit resogjze spectrum measured by KASCADE-Grande. The statistics
lution providing an effective sampling frequency of 250 MHzs stj|l too poor to draw conclusions about a knee at higher

While the FADCs sample the photomultiplier signals contianergies. A FADC based data acquisition system improving
nously, a comparator triggers the readout of the digitizah d the gata qualitiy is being commissioned.

from the FADC buffers, if the signal from the photomultiplie

exceeds a programmable threshold. In this way, each detecto ACKNOWLEDGMENT
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An analysis of the arrival directions of the measured air

showers with respect to large and small scale anisotropies h

been performed. To study the large scale anisotropy thé righ

ascension distribution was investigated using the Ralyleig

formalism. An upper limit of the Rayleigh amplitude has been

determined to be in the range dd—2 to 10~3. No point-like

source was found by looking for small scale anisotropies in

the KASCADE data.



