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important at the present time: 1) the acceleration of cosmic rays through diffusive
motion across shock fronts (Sec. 2); 2) the transition from cosmic rays accelerated
within our Galaxy to those that reach us from extragalactic sources (Sec. 3); 3) the
spectrum and small scale anisotropies of UHECRs (Sec. 4). We summarize in Sec.
5.
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Fig. 1. All-particle spectrum of cosmic rays as observed at the Earth (collection of data from
several experiments as in Ref. 20. The references to the experiments listed in the figure can also
be found in Ref. 20.)

2. Diffusive acceleration of cosmic rays at collisionless shocks

2.1. Non-relativistic shocks: a paradigm confronting observations

The paradigm that is generally invoked to explain the origin of the bulk of galactic
cosmic rays is based on the acceleration of particles at collisionless non-relativistic
shock waves that develop in the supersonic motion of the ejecta of supernova explo-
sions 2 (see 3 for a recent excellent review and 4 for a broader view of the subject).
Particle acceleration at similar shocks in other sources (e.g. active galaxies, radio
lobes) is often invoked to explain the origin of higher energy cosmic rays.

Building on the original idea of Fermi 5, in the 70’s a deep investigation of
stochastic acceleration in the presence of shock waves was started 6,7,8 (see 10,9,31

for reviews). The scattering of charged particles back and forth through the shock
front was shown to lead to energization of the particles. The advection of the accel-
erating particles with the fluid towards downstream infinity is responsible for the
formation of a spectrum which has the form of a power law in momentum. In the
case of strong shock waves (Mach number M ! 1) the spectrum tends asymptoti-
cally to have a spectrum ∝ E−γ with slope γ ∼ 2 6,7 a.

aHere and in the following we will use the expression slope γ of the spectrum when we refer

Emax ∝ R·B·Z
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❶ Origin of the Knee
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Figure 1. Above: X-ray image of the galaxy Pic-
tor A: a non-expanding jet extends across 360000
light years towards a hot spot at least 800000 light
years away from where the jet originates. Below:
XMM/p-n image of Pictor A in the 0.2–12 keV
energy interval, centred at the position of the left-
most spot in the upper panel, superimposed on
the radio contours of a 1.4 GHz radio VLA map.

Figure 2. The CB model of long-duration
GRBs [4]. A core-collapse SN results in a com-
pact object and a fast-rotating torus of non-
ejected fallen-back material. Matter (not shown)
abruptly accreting into the central object pro-
duces a narrowly-collimated beam of CBs, of
which only some of the “northern” ones are de-
picted. As these CBs move through the “ambient
light” surrounding the star, they Compton up-
scatter its photons to GRB energies [5].

3. The Cannonball Model

The “cannon” of the CB model is analogous
to the ones responsible for the ejecta of quasars
and microquasars. Long-duration GRBs, for in-
stance, are produced in ordinary core-collapse su-
pernovae (SNe) by jets of CBs, made of ordinary-
matter plasma, and travelling with high Lorentz
factors (LFs), γ ∼ O(103). An accretion torus is
hypothesized to be produced around the newly-
born compact object, either by stellar material
originally close to the surface of the imploding
core and left behind by the explosion-generating
outgoing shock, or by more distant stellar mat-
ter falling back after its passage [17,4]. A CB is
emitted, as observed in microquasars [15], when
part of the accretion disk falls abruptly onto the
compact object, see Fig. 2.

Do supernovae emit cannonballs? Up to last
year, there was only one case in which the data
was good enough to tell: SN1987A, the core-
collapse SN in the LMC, whose neutrino emission
was detected. Speckle interferometry measure-
ments made 30 and 38 days after the explosion
[18] did show two relativistic CBs (one of them
“superluminal”), emitted in opposite directions,
as shown in Fig. 3.

A. De Rújula / Nuclear Physics B (Proc. Suppl.) 151 (2006) 23–3224

Cannon Ball Model
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important at the present time: 1) the acceleration of cosmic rays through diffusive
motion across shock fronts (Sec. 2); 2) the transition from cosmic rays accelerated
within our Galaxy to those that reach us from extragalactic sources (Sec. 3); 3) the
spectrum and small scale anisotropies of UHECRs (Sec. 4). We summarize in Sec.
5.
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Fig. 1. All-particle spectrum of cosmic rays as observed at the Earth (collection of data from
several experiments as in Ref. 20. The references to the experiments listed in the figure can also
be found in Ref. 20.)

2. Diffusive acceleration of cosmic rays at collisionless shocks

2.1. Non-relativistic shocks: a paradigm confronting observations

The paradigm that is generally invoked to explain the origin of the bulk of galactic
cosmic rays is based on the acceleration of particles at collisionless non-relativistic
shock waves that develop in the supersonic motion of the ejecta of supernova explo-
sions 2 (see 3 for a recent excellent review and 4 for a broader view of the subject).
Particle acceleration at similar shocks in other sources (e.g. active galaxies, radio
lobes) is often invoked to explain the origin of higher energy cosmic rays.

Building on the original idea of Fermi 5, in the 70’s a deep investigation of
stochastic acceleration in the presence of shock waves was started 6,7,8 (see 10,9,31

for reviews). The scattering of charged particles back and forth through the shock
front was shown to lead to energization of the particles. The advection of the accel-
erating particles with the fluid towards downstream infinity is responsible for the
formation of a spectrum which has the form of a power law in momentum. In the
case of strong shock waves (Mach number M ! 1) the spectrum tends asymptoti-
cally to have a spectrum ∝ E−γ with slope γ ∼ 2 6,7 a.

aHere and in the following we will use the expression slope γ of the spectrum when we refer
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Supernovae ?

❷ Is there a 2nd Knee ?

p CNO Fe

4

sure the longitudinal development of large air showers. After correcting for
atmospheric absorption and Cherenkov light and accounting for energy lost
to neutrinos and energetic muons, the measured shower profile can be fit-
ted and a value of Xmax determined for each shower [36]. Figure 4 shows
the average depth of shower maximum as measured by three fluorescence ex-
periments. The lines show Xmax predicted by different hadronic interaction
models [37,38]. The model dependence is not high for iron initiated showers,
but reaches about 30 g/cm2 for very high energy proton showers.

Taken together, the data show a transition from a large fraction of heavy nuclei
around 1017 eV toward the proton predictions above 1018.5 eV. Whereas the
original Fly’s Eye stereo measurements [39] suggest a mild transition toward
protons between 1017.5 and 1019 eV, the more recent HiRes/MIA prototype
data [40] data suggest that the transition begins already at 1017 eV and is
complete by 1018 eV. The uncertainty about the composition in this region is
indicative of the difficulty of the measurements compounded by uncertainties
in the hadronic interaction models used to interpret the data. Alan Watson
has given a nice review of these problems recently [41]. He points to progress
in solving them as a key to understanding the origin of the ultra-high energy
cosmic radiation.
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Fig. 5. Energy spectrum of the cosmic rays detected by the Fly’s Eye (filled cir-
cles) [35]. For extension to lower energy the spectrum measured by the Akeno de-
tector is shown with filled squares [2].

Finally we turn to the energy spectrum itself in Fig. 5. Rather than showing all
data sets as in Fig. 3, we show only the Fly’s Eye stereo data at high energy.
The stereo data consist of air showers detected simultaneously by the two
Fly’s Eye fluorescence detectors. Such events are better reconstructed and have
smaller systematic uncertainties than showers detected by a single fluorescence

12

Fe knee ?

Akeno+HiRes Data
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❸ Transition Galactic ➙ Extragalactic

Adapted from Hillas, J. Phys. G 31 (2005) R95

5

Where is the transition ? Is this the cause of the ankle?
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Measurements of EAS in the energy range  E0 = 100 TeV -  1 EeV

KASCADE-Grande
= KArlsruhe Shower Core and Array DEtector + Grande

and LOPES
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KASCADE : multi-parameter measurements

- energy range 100 TeV – 80 PeV
- up to 2003: 4·107 EAS triggers
- large number of observables:

 electrons
 muons (@ 4 threshold energies)
        + tracking
 hadrons

 limited
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Antoni et al., NIM A513 (2003) 490
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KASCADE-Grande
= KArlsruhe Shower Core and Array DEtector + Grande

and LOPES

8

Key-Parameters:
• Data Taking started in 2004

• Covered E-range:      100 TeV - 1 EeV

• Instrumented area:  KASCADE 0.04 km2; Grande: 0.45 km2  

• Number of Stations: KASCADE: 252 á 3.8 m2; Grande: 37 á 10 m2

• Detected particles:   electrons (1200 m2 instrumented area)

                                    muons (1100 m2 @ E ≥ 230, 490, 800, 2400 MeV)

                                    muon tracking (150 m2 instrumented area)

                                    hadrons (≳ 80 GeV; 320 m2 instrumented area)

                                    ➵ best sampling of all EAS expts. in this E-range

• Radio Antennas (LOPES)  (☞ A. Haungs, yesterday)

8
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KASCADE : Electrons & Muons in a single event

e/γ

20 X0

µ
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Data

( Ne , Nµ )  (Energy , Mass)

CORSIKA Simulations

Ne

Nµ

3 Pe
V

100 Pe
V

2-dim Ne-Nµ distribution

 system of
coupled Fredholm-Equations

Islands of
fixed E & M
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Result of Unfolding: QGSJet01

Antoni et al., APP 24 (2005) 1

(GHEISHA 2002 for low energy interactions)

11
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Result of Unfolding: Sibyll 2.1

Antoni et al., APP 24 (2005) 1

(GHEISHA 2002 for low energy interactions)

More CNO & Iron with Sybill based unfolding

Antoni et al., APP 24 (2005) 1

12
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? E/Z or E/A ?

GQSJET               original            SYBILL

Antoni et al., APP 24 (2005) 1
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? E/Z or E/A ?

GQSJET               EHe/2            SYBILL
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? E/Z or E/A ?

GQSJET               EHe/4            SYBILL
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All-Particle Spectra
Antoni et al., APP 24 (2005) 1

QGSJet & Sibyll based
unfolding results agree well

Most experiments agree

16
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Σχ2≈2.8

SIBYLL

p

Fe

QGSJet

Σχ2≈2.8

Sensitivity to hadronic interaction models
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Main results robust against method or model:
-) knee caused by light primaries
-) positions of knee vary with primary elemental group
-) no (interaction) model can describe the data consistently 

KASCADE collaboration, Astroparticle Physics 24 (2005) 1-25, astro-ph/0505413

Sensitivity to hadronic interaction models

18
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QGSJET 01

Number of hadrons vs. number of muons

χ2 distribution

( Ne , Nµ )  Nh : Consistent Inconsistencies

Fe

p

Ne-Nµ data + QGSJet
➵ predicts too few hadrons @ low E

Investigation of Hadronic Interaction Models with the KASCADE-Grande Hadron Calorimeter 3
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Figure 2. For the simulation using QGSJET/GHEISHA a mass composition has been assumed (see text). Shown are
hadron lateral distributions (left hand side) and the correlation between hadron number Nh and muon number N

tr
µ (right

hand side). The shaded band indicates the error caused by the uncertainty of the assumed mass composition.

proton and iron as primary particles the models DPMJET 2.55, QGSJET 01, and SIBYLL 2.1 are to a large
extent compatible with the measurements of the hadronic component and its correlation with electromagnetic
and muonic particles. As example, on the left hand side of figure 1 the correlation between the most energetic
hadron Emax

h
and the number of muons N tr

µ is shown.

The influence of the low-energy interaction model is demonstrated on the right hand side of figure 1. Shown
are simulations using QGSJET as high-energy model and FLUKA and GHEISHA for low energies. The dif-
ference is caused by different number of muons predicted by the model combinations. Since FLUKA predicts
fewer muons than GHEISHA, a higher primary energy is needed for the same muon number interval. There-
fore, the hadronic energy sum is increased. Due to the energy threshold for the reconstructed hadrons of
100 GeV the hadronic component itself is not influenced by the low-energy model. In addition, results for a
SIBYLL/GHEISHA simulation are plotted. It can be seen that the difference between the high-energy models
is still larger than between different low-energy codes.

3.2 Assuming a composition in the simulations

For a more detailed test of the interaction models one has to assume a mass composition in the simulation to
compare a single simulation curve with the measured distribution. This can be done consistantly by taking a
mass composition derived from other observables using the same combination of low-energy and high-energy
models. In the following, compositions determined by an unfolding procedure of the two-dimensional lg Ne-
lg N tr

µ
spectrum [2] are used to check, if the models can describe the hadronic observables.

Results for the simulation using QGSJET/GHEISHA are shown in figure 2. On the left hand side an example
for a lateral distribution of the hadrons is plotted. The model prediction is steeper than the measured distribu-
tion. The correlation between hadron number and muon number is plotted on the right hand side. For muon
numbers lg N tr

µ < 4.7 the simulation is rather below the measurement. This is compatible with a consis-
tency check for the unfolding of the lg Ne-lg N tr

µ
spectrum, which shows that QGSJET cannot describe the

electron-muon data in this range consistantly, while for larger muon numbers (respectively primary energies)
the description becomes better. The situation for SIBYLL/GHEISHA is opposite. While for smaller primary
energies the hadronic observables as well as the electron-muon data are reproduced rather well, there are dis-
crepancies at larger muon numbers. The left panel of figure 3 shows a good agreement for measured and
simulated hadron energy spectra. The correlation between the numbers of hadrons and muons (right hand side

Milke et al, ICRC 2005

19
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µ

assuming a mass composition for the SIBYLL/GHEISHA simulation is plotted.

of figure 3) is well described by the model for small muon numbers, whereas with increasing muon number
differences between simulation and measurement arise.

4. Conclusion

Although the differences between different high-energy hadronic interaction models have become smaller dur-
ing the last years, there are still discrepancies, which influence the interpretation of extensive air shower mea-
surements significantly. Also an influence of the low-energy model used is found, even though smaller than in
case of the high-energy models. All models investigated so far are able to describe some aspects of the shower
development, but for other shower correlations or in some energy ranges deficiencies are found.
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χ2 distribution

SIBYLL 2.1

( Ne , Nµ )  Nh : Consistent Inconsistencies

Number of hadrons vs. number of muons

Ne-Nµ data + Sybill
➵ predicts too many hadrons @ high E

Milke et al, ICRC 2005
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Compare to µ-production height

Idea:
Use composition from Ne-Nµ as input and
simulate expected µ-production height and 
compare with data

21
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Showers penetrate deeper than expected
at all energies
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Model tests by muon density measurements 

model sensitive parameters:
 

Rρ
2.4/0.49   = ρµ

2.4GeV   / ρµ
0.49GeV

Rρ
2.4/0.23   = ρµ

2.4GeV   / ρµ
0.23GeV

Rρ
0.49/0.23 = ρµ

0.49GeV / ρµ
0.23GeV

Ethrµ =
230 MeV
490 MeV
2400 MeV

22



Vulcano, May 2006 Karl-Heinz Kampert – KASCADE-Grande Collaboration23

Results in terms of the muon energy spectrum in EAS: 
-deviation between measurements and predictions increases with energy
-large deviations in the width of the distributions (shower to shower fluctuations)

Model tests by muon density measurements 
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Figure 2. Mean and width of the muon density ratio distributions Rρ vs. primary energy for measurements and simulations
using QGSJet/Fluka.

lateral distributions. For the present analyses this LDF is used to estimate the densities of muons at the place
of the central detector (ρ0.23GeV

µ ). Global shower parameters like core position, arrival direction, and primary
energy are reconstructed with help of the KASCADE-Grande detector arrays. The primary energy is roughly
estimated by a combination of reconstructed shower size determined by data of the KASCADE or the Grande
array and the shower muon number determined by the KASCADE array muon detectors optimized by detailed
shower simulations. The total sample of measured EAS is further divided in “electron-rich” and “electron-
poor” showers performed by a cut along the ratio lg(Nµ)/lg(Ne), i.e. observables estimated by the arrays data
only.

The ratios R2.4/0.49
ρ = ρ2.40GeV

µ /ρ0.49Gev
µ , R2.4/0.23

ρ = ρ2.40GeV
µ /ρ0.23Gev

µ , and R0.49/0.23
ρ = ρ0.49GeV

µ /ρ0.23Gev
µ

are the relevant parameters for the present analyses. Due to the already available large data set measured by
the original KASCADE experiment first the analyses will be concentrated to showers in the core distance of
30 − 70 m (inside KASCADE, but not disturbed by punch-through or trigger effects at the central detector),
requiring a minimum primary energy of 1015 eV. But, the same analyses will be performed also for showers
where the global parameters are estimated with help of the Grande array. Grande measures in coincidence with
KASCADE since end of the year 2003. Fig. 1, left shows as example the measured distributions of the Rρ

parameters for the whole selected data set from KASCADE events.

3. Comparisons with simulations

A large set of CORSIKA simulations [6] have been performed using different interaction models, e.g. QGSJET
(vers. of 1998 [7]) or SIBYLL (vers.2.1 [8]), for the high-energy interactions and GHEISHA [9] and Fluka [10]
for low-energy interactions. Observation level, Earth’s magnetic field, and the particle thresholds are chosen
in accordance with the experimental situation of KASCADE-Grande as well as the simulation of the detector
responses. The simulations are performed for the zenith angular range 0◦ − 42◦ and for five primary masses:
protons, helium, oxygen, silicon, and iron nuclei. The right part of Fig. 1 shows the predictions in the muon

Haungs et al, ICRC 2005

23



Vulcano, May 2006 Karl-Heinz Kampert – KASCADE-Grande Collaboration24

Comparison with direct experiments

Systematic uncertainties in p and He spectra
comparable to uncertainties of direct measurements !
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Anisotropy: 
different astrophysical models
for the origin of the knee can be 
distinguished by their predictions
of anisotropy

• no large scale anisotropy observed

• limits in Rayleigh amplitude 

KASCADE collaboration 
Astrophysical Journal 604 (2004) 687 

Analysis of  large scale anisotropy of cosmic rays
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Point sources:  not expected at these energies, but needs to be checked.                                   
Muon poor events is a sample enriched by possible gamma induced showers.        

Search for point sources of cosmic rays

Li-Ma significances E0>1014.5eV

KASCADE collaboration 
Astrophysical Journal 608 (2004) 865 

no positive signal from point sources
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Primary photons: point directly to the source of cosmic rays
                             EAS are µ-poor, i.e. small ratio of µ to electron number

• no photon signal observed
• best limits for diffuse flux

KASCADE collaboration,
paper in preparation 
F. Feßler, ICRC 2005

Search for primary photons (diffuse Gamma-ray flux)
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What did KASCADE tell us ?

• Knee is caused by light primaries
• Knee marks a change from light ➠ heavy
• E/A vs E/Z cannot be sufficiently well separated 
• Interaction models still unsatisfactory;
   10-15 % deviations in EAS observables really
   matter ...!
• KASCADE provides important clues to interaction models
• LHC data in forward region will be highly welcome
• But still more data to come from KASCADE
• no global anisotropies observed
• no point sources observed
• upper limit on γ-flux deduced
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Towards higher Energies: KASCADE-Grande

?
• second knee ??
• transition galactic- 
  extragalactic CR ??

 measure higher 
energies !

29
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Fe-knee ~1017 eV
gal-eg transition ~1017.7 eV

Ankle due to e+e– pair production

Is there a transition galactic - extragalactic ?
If yes, where is it ?

Fe-knee ~1018 eV
Ankle = gal-eg transition

~1019 eV

Cannonball model:
Accounts for CRs of all E
(knee= elastic magnetic 

scattering)
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Figure 1. Individual spectra for the major EAS arrays (for sources of data, see [1]). Thin dashed
lines shows a smoothly falling galactic spectrum and an EG spectrum with differential slope −2.37
and their sum. The solid line is the UHECR spectrum corrected for each individual array resolution
and systematic shifts.

In every model the galactic magnetic field progressively loses its trapping power as the
rigidity increases so that the mean charge of the detected galactic particles increases. Ideally,
measurements of the mass composition should be possible and these would appear to indicate
E0.5 but there is the distinct likelihood of a significant fraction of heavy nuclei in the EG beam.

Here, we start by considering the measured spectral shape and then examine the possibility
of an explanation in terms of primary protons. This is followed by an analysis of the mass
composition and its relevance to the galactic/extragalactic boundary.

2. The measured spectral shape

A number of measurements have been made over the years, using increasingly large extensive
air shower (EAS) arrays. Our earlier work [1] gave a summary and here we update the analysis.
Figure 1 gives the individual spectra. It will be noted that, when the energy range covered is

e.g. Berezinsky e.g. Wibig et al e.g. Dar & De Rújula
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KASCADE-Grande : 
multi-parameter measurements

31
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KASCADE + Grande

energy range: 
 100 TeV – 1 EeV
large area: 0.5 km2 
Grande: 37x10 m2 scintillators
Piccolo: trigger array

KASCADE-Grande : 
multi-parameter measurements

PMT
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KASCADE-Grande Trigger Efficiency

• Common events 

   (all detector components)

    measured since December 2003

• Trigger: 7 of 7 stations in one 

    of 18 hexagons 

100 % efficient

above 2·1016 eV

1016 eV
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KASCADE-Grande : Single event measurement

lateral distribution of a single 

event  measured by

KASCADE-Grande: 

E0≈2⋅1017eV, Θ=33o
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KASCADE-Grande : Observables

1) core position and angle-of-incidence  
      from Grande array data

2a) shower size (charged particles) 
 from Grande array data
2b) muon number 
  from KASCADE muon detectors
2c) muon production height

from KASCADE muon tracking detector 

3)   electron number 
 from Grande by subtraction of muon content 

4)  two dimensional size spectrum  for the analysis
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KASCADE-Grande : Reconstruction uncertainties

Monte-Carlo studies:

➪ Sufficient 
reconstruction 
accuracies for 
- core (≲ 8 m)
- direction (≲ 0.5°)
- shower size, and
- muon number (~ 8%)

Reconstruction Accuracy (Full EAS & detector MC, w/o electronics)

Cuts: A = 500 × 600m2, 0.4 < s < 1.4, NGR > 19,  θ < 18°

σ∆t
 = 2 ns
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KASCADE-Grande : lateral distributions

Averaged electron lateral distribution

Averaged muon lateral distribution per 
        - reconstructed total muon number
        - electron shower size 

Θ<18o ; core inside Grande array

Modified NKG-function 
(α=1.5, β=3.6, r0=40 m)

e µ

Glasstetter et al, ICRC 2005
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KASCADE-Grande : first analyses

Unfolding of 
2-dimensional shower size 
spectrum possible

  composition  

pre
lim

in
ary

Glasstetter et al, ICRC 2005
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KASCADE-Grande : all-particle energy spectrum

Combination of muon and 
electron number

  primary energy

 all angular bins show same 
flux in energy

 still improvements in 
systematics needed
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KASCADE-Grande: 
E-Spectrum from µ-number estimate and 1-dim unfolding 

First energy spectrum (by muon number only) 

preliminary
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KASCADE-Grande: first analyses: Anisotropies

Large scale 
anisotropy?

 Distributions of 
events in galactic 

coordinates 

Point sources?

 Angular 
differences between 

two events 
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KASCADE-Grande : Flash ADC system

• Flash-ADC system for the Grande array

with optical links and a ring buffer system
 self triggering        full signal information of the detectors
 high time resolution   intrinsic electron muon separation

 High precision data from Grande array
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Summary & Conclusions

• ‚Revival‘ of research activities in knee- & ankle region
• Comparison of data and models has become more
  quantitative; we are discussing 10-15%-effects!
• Limitations are by EAS-simulations and by data itself
• KASCADE-Grande just about to start delivering high-quality
  data from the knee up to the ankle 
• A true understanding of CRs requires:
    – origin of the knee (E/Z vs E/A)
    – answer question about Fe-knee
    – transition galactic-extragalactic
    – (astro)physics of the ankle
    – GZK-existence
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