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Origin of the "Knee" ??Origin of the "Knee" ??

EEmaxmax  ∝∝ R R··BB··ZZ

light ➜ heavy

Supernovae ?

Maximum
energy of
accelerators ?

b Single Source Model ? (Erlykin & Wolfendale)
Monogem Ring as prime candidate (Thorsett et al., ApJL 2003)

300 pc; 105 yrs

ROSAT image

a

 Maximum energy of accelerator ? Maximum energy of accelerator ?
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Origin of the "Knee" ??Origin of the "Knee" ??

EEmaxmax  ∝∝ R R··BB··ZZ

light ➜ heavy

+ Anisotropies

 

 Leakage from Galaxy ? Leakage from Galaxy ?

Adapted from Candia et al., astro-ph/0302802

Assuming different B-field configuations
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Origin of the "Knee" ??Origin of the "Knee" ??
 Particle Physics Effect ? Particle Physics Effect ?

Graviton Radiation ?Graviton Radiation ?

D. Kazanas, A. Nicolaidis
Gen. Rel. Grav. 35, 2001

• New type of interaction at √s>2 TeV
• Interactions with massive neutrinos
• Photodisintegration by UV photons
• …
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KASCADEKASCADE
( Karlsruhe Shower Core and Array Detector )
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A513 (2003) 490A513 (2003) 490



KASCADEKASCADE
( Karlsruhe Shower Core and Array Detector )

 electron & muon identification
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KASCADE Central KASCADE Central DetectorDetector

11,000 Ionisation Chambers

J. Engler at al., NIM A427 (1999) 528



MyonMyon--Tracking DetectorTracking Detector (50 ä 5.5 m2)

Nucl. Instr. & Meth. A488 (2002) 517



particle density

arrival times
(200 x 200 m2)
E0 ~1016 eV

Single Single AirshowerAirshower
in in ee//gg--DetectorsDetectors

200 m

200 m

raw data

raw data



Single Events in Single Events in CalorimeterCalorimeter……

Hadrons (E>100 GeV)
in Shower Core

~ 10 m

Single Hadron (21 TeV)

70 Hadrons
ΣEh = 28 TeV
Eh

max = 5.3 TeV



Observables of KASCADE Observables of KASCADE per showerper shower
•• from Detector Arrayfrom Detector Array

- shower direction (θ,φ),
- shower core (x,y)
- electron size (Ne)
- muon size (Nµ

tr)
- lateral particle distr. (s,Rm)

•• from from µµ tracking Detector tracking Detector
- µ size > 800 MeV (Nµ

MTD)
- local µ-density (ρµ)
- lateral µ-distr. (sµ,Rµ)
- µ-production height (hµ)

•• from Calorimeterfrom Calorimeter
- number of hadrons with
  E > 100 GeV (Nh)
- sum of hadronic energy (ΣEh)
- enerergy of leading hadron
  (Eh

max)
- parameters of spatial hadron
  distribution (Rh, λ, …)

•• from MWPC systemfrom MWPC system
- # of µs > 2.2 GeV (Nµ

*)
- local µ-density (ρµ)
- hit pattern, ‘spottiness’

•• from trigger planefrom trigger plane
- # of µs > 490 MeV (Nµ

tp)
- local µ-density (ρµ)
- particle arrival times (τµ)
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•• Complementary Information Complementary Information
       improved sensitivity improved sensitivity

•• Redundancy Redundancy

                 understand  understand systematicssystematics



Total Total Hadronic Hadronic Energy in Shower CoreEnergy in Shower Core
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binning in binning in NNee  

p-simulationsp-simulations
should resemble datashould resemble data

binning in Nbinning in Nµµ  

          p/Fe           p/Fe simulsimul. should be. should be
          above/below data          above/below data

QGSJet QGSJet ::
 best overall description best overall description



KASCADE Data

Data

( ( NNee  , N, Nµµ  ) )  (Energy , Mass) (Energy , Mass)

CORSIKA Simulations
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KASCADE Data

Data

( ( NNee  , N, Nµµ  ) )  (Energy , Mass) (Energy , Mass)

CORSIKA Simulations

Islands of
fixed E & M

Ne

Nµ

3 PeV

100 PeV

H. Ulrich, Doct. Thesis 2003

2-dim Ne-Nµ distribution
 system of
coupled Fredholm-Equations

2-dim Ne-Nµ distribution
 system of
coupled Fredholm-Equations



Test of UnfoldingTest of Unfolding

Synthetic Synthetic input input spectraspectra
generated by assuming generated by assuming 55 diff diff. . primariesprimaries
(p, He, C, Si, Fe) and a(p, He, C, Si, Fe) and a rigidity dependent knee rigidity dependent knee

p, He, Cp, He, C Si, FeSi, Fe
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All-Particle SpectrumAll-Particle Spectrum

Comp. of Expts

Comp. of int. Models



E-Spectra of Mass-GroupsE-Spectra of Mass-Groups

H. Ulrich, Doct. Thesis 2003



E-Spectra of Mass-GroupsE-Spectra of Mass-Groups

Good agreement e.g.Good agreement e.g.
to EAS-TOP & MACROto EAS-TOP & MACRO

astro-astro-phph/0305325/0305325



KASCADE Data

QGSJet vs QGSJet vs SIBYLLSIBYLL
χ2 / cell

χ2 / cell

SIBYLL

QGSJET



KASCADE Data

QGSJetQGSJet

Fe
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KASCADE Data

SIBYLLSIBYLL

Fe
p

Data Reconstr.

Fe

p

  µµ-deficit a/o electron excess in SIBYLL-deficit a/o electron excess in SIBYLL



Direct MeasurementsDirect Measurements
vs vs KASCADE-DataKASCADE-Data

p-spectra



KASCADEKASCADE  vs vs JACEE & RUNJOBJACEE & RUNJOB

ln A =
ω i ⋅ ln Ai∑
ω i∑

S. Swordy
Leaky Box

HeHe

FeFe

NN



Mass from Mass from Muon Muon Production HeightProduction Height

EASµ

µ-tracking
detector

Detector Array

Method of triangulation

Light  Heavy

C. Büttner, Doct. Thesis 2003

Light  Heavy



Compilation of Compilation of lnA lnA in Knee Regionin Knee Region
Ch-Expts

+
KASCADE

+
EAS-TOP

+
CASA-MIA

consistently heavier
but systematic shifts
consistently heavier
but systematic shifts

+
Haverah Park

S. Swordy et al., APP 2002 in press   B. Alessandro, EAS-TOP, ICRC 2001 
H. Ulrich, KASCADE, ICRC 2001     Ave et al., astro-ph/0203150

MSU
+

MSU



Conclusions so far:Conclusions so far:

•• Unfolding Method Unfolding Method(s) (s) work properlywork properly

••  Spectra Spectra ofof light  light elements show aelements show a distinct knee  distinct knee at ~ 2at ~ 2 PeV PeV
  
••  Rigidity dependent knee is favouredRigidity dependent knee is favoured,, but but......

••  Interaction Models still not Interaction Models still not satisfactorysatisfactory

••  „„OptimalOptimal““ Model to Model to describe  describe KASCADE-KASCADE-DataData::
-- Lower  Lower NNµµ at at PeV energies PeV energies
- - more more rapid rapid increase increase of of NNµµ  towards higher energiestowards higher energies
likewiselikewise,, but less favoured but less favoured::
- - Higher Higher NNee at at PeV energies PeV energies
-- more  more moderate moderate increase towards higher energiesincrease towards higher energies

 support for astrophysical interpretation of knee support for astrophysical interpretation of knee

 clues to better hadronic interaction models clues to better hadronic interaction models



Towards higher Energies:Towards higher Energies:
KASCADE-GrandeKASCADE-Grande



ExampleExample
ofof

JointJoint
EventEvent

251 KASCADE251 KASCADE
++

37 Grande Stations37 Grande Stations

E > 10E > 101717 eV eV

KASCADEKASCADE
electronselectrons

KASCADEKASCADE
muonsmuons

Grande:Grande: charged charged

particle densitiesparticle densities             arrival timesarrival times

700 m



Combined Lateral DistributionCombined Lateral Distribution

preliminary



Radio-Observations of EASRadio-Observations of EAS

Long standing question:
Are EAS observable by their radio signal ? (30-80 MHz)
 observe  observe EAS atEAS at their  their maximum, 24maximum, 24 hrs  hrs a daya day!

KASCADE-Grande KASCADE-Grande used used as aas a reference  reference andand trigger trigger

in Collab. with
H. Falcke et al.

Status:Status:
1010 antennes  antennes inin field field,,
triggered by triggered by KASCADEKASCADE



SummarySummary
••  Astrophysics Picture of KneeAstrophysics Picture of Knee
   supported   supported

••  Interaction Models improvedInteraction Models improved
      QGSJet QGSJet best but not optimumbest but not optimum

••  More More ObervablesObervables  to come

••  More DataMore Data  to come(KA-Grande)(KA-Grande)

••  New TechniquesNew Techniques  to come(Radio)(Radio)

Vital Field of Research
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