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Cosmic Ray all particle energy spectrum
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KASCADE & KASCADE-Grande

Located in Karlsruhe – Germany at atmospheric depth of 1022g/cm2.          
Operated in 1993-2012
Measures electromagnetic, muonic and hadronic components of air showers
KASCADE: dense array ( 13m grid 200x200 m2) 100 TeV– 80 PeV
KASCADE-Grande: 100 TeV – 1 EeV ( 0.5 km2) (37 plastic scintillators ~ 130m grid)
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KASCADE
All particle spectrum and 5 mass group composition

Astrop.Phys. 24 (2005) 1 
Astrop.Phys. 31 (2009) 86

SIBYLL QGSJet

2-dimentional shower size:
Number of charge particles Ne vs  number of muons Nµ

unfolding

2 different
hadronic 
interaction
model
results
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K-parameter method:
electron-rich vs electron-poor separation for each shower

k = log10(Nch/Nμ)−log10(Nch/Nμ)p
log10(Nch/Nμ)Fe-log10(Nch/Nμ)p

Primary energy:
log10(E) = [ap+ (aFe-ap)k] log10(Nch)+ bp+(bFe-bp)k

KASCADE-Grande
All particle spectrum and light & heavy composition

Phys.Rev.Lett. 107 (2011) 171104 
Phys.Rev.D (R) 87 (2013) 081101
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Hadronic model 
dependence
of heavy primary events

Advances in Space Research 53 (2014) 1456
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KASCADE + KASCADE-Grande combined analysis
(in progress)

Raw spectra: detector and reconstruction efficiencies not accounted yet 
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KASCADE + KASCADE-Grande combined analysis
(in progress)

• structures confirmed
• all particle spectrum good agreement
• relative abundance of light and heavy quite different

Post-LHC models
- better agreement on light primaries,
- heavy primaries show differences 



IceCube Neutrino Telescope & 3D Cosmic Ray Detector
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Primary Cosmic Ray
interraction in stratosphere

Digital Optical Modules
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IceTop surface air shower array 
81 Stations on the surface

2 Ice Cherenkov Tanks per Station
2 Digital Optical Modules per Tank

IceTop
EM component near shower max
shower size & arrival times over 1km2

IceCube
Muonic component @ 1450m-2450m depth in ice
muon bundle energy  over 1km

Air shower detection
@ 2835m altitude (692 g/cm2)



Shower front 
from arrival times
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IceCube/IceTop Air Shower Reconstruction
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S125 : signal at r = 125m
β : slope at r = 125m
κ : fixed at 0.3

On the surface: IceTop shower size S125 , Shower core: x,y,z, Shower direction: θ,ϕ

In deep ice: Muon bundle energy loss 
dE/dX (GeV/m) and stochastic behavior
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Energy correlation of  shower size S125 and muon bundle energy loss in ice



IceTop
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IceCube/IceTop Primary Mass Composition
• 5-7-4-2 Neural Network structure maps 

5 observables to Primary Energy and Mass

• Energy spectrum directly from NN output

• Composition from fitting data in each Ereco
bin to template histograms (H,He,0,Fe) 
from NN mass output

Template example energy bin Log10(E/GeV): 7.45
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IceTop-alone spectrum with high statistics

IceCube/IceTop CR Energy Spectrum

- assumes a composition model
- uses unfolding method 

IceCube/IceTop coincidence spectrum

- mass composition independent
- results of neural net method

Comparison of spectra 
with 2 different methods 
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IceCube/IceTop Primary Mass Composition

Confirms KASCADE-Grande

- Light primary flux 
rapidly decrease until ~100 PeV
then slightly upturn to explain
Auger’s proton flux

- Heavy primary flux increases, 
Iron is most abundant  ~100 PeV
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Cosmic Ray Mass Composition


