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Knee(s),
transition galactic-
extragalactic

High-energy cosmic ray spectrum

air-shower measurements
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The “first knee”

G.V.Kulikov & G.B.Khristiansen, Soviet Physics 

JETP, Volume 35(8), No 3,  March 1959

measured Nch spectra, hodoscope counters in a 

20x20 m2 array

„the observed spectrum is a superposition of

the spectra of particles of galactic and 

metagalactic origin“
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KASCADE(-Grande) Timeline

Proposal

KASCADE

KASCADE-Grande

LOPES

Cosmic Revelation

Karlsruhe Air Shower 

Test Facility

CROME

KCDC

light knee

EAS GHz emission

 limit

proof-of-principle radio detection

muon production height

Xmax by radio

heavy knee

light ankle 

model tests

CORSIKA

• 61 collaborative papers in 

reviewed journals (2-3 still in queue, 

short author list papers not included)

• 57 PhD thesis

• 88 diploma/master thesis

(an)isotropy

model tests
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KASCADE measured air shower
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KASCADE: energy spectra of single mass groups 

• Energy range 100TeV – 80PeV 

• Since 1995

• Large number of observables: electrons, muons@4 thresholds, hadrons

Searched: E and A of the Cosmic Ray Particles
Given: Ne and N for each single event
➔ solve the inverse problem

- kernel function obtained by
Monte Carlo simulations

(CORSIKA)
- contains: shower
fluctuations,  efficiencies, 
reconstruction resolution

KASCADE collaboration, Astroparticle Physics 24 (2005) 1-25
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KASCADE: the rigidity knee

- same unfolding but based on different hadronic interaction models embedded in CORSIKA

KASCADE collaboration, Astrop.Phys. 24 (2005) 1 , Astrop.Phys. 31 (2009) 86

SIBYLL QGSJet

- all-particle spectrum similar 
- general structure similar: knee by light component
-relative abundances very different for different high-energy hadronic interaction models 
 but for many models: proton not the most dominant component!
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KASCADE-Grande

• Energy range: 100TeV – 1EeV

• Area: 0.5 km2

• Grande: 3710 m2 plastic scintillation detectors

• Nch + total muon number

W.D.Apel et al, Nucl.Instr. and Meth. A620 (2010) 202

log10(E) = [ap + (aFe-ap)k] log10(Nch) + bp +(bFe-bp)k

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

➔ determination of primary energy
➔ separation in “electron-rich” and “electron-poor” event 
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KASCADE-Grande Results: 2014

• steepening due to heavy primaries (3.5)

• hardening at 1017.08 eV  (5.8) in light spectrum

• slope change from  = -3.25 to  = -2.79!

KASCADE-Grande: model dependence

- Spectra of heavy primary induced events
 ➔ knee structure at the heavy component

 ➔ relative abundances different for different high-
energy hadronic interaction models 

KASCADE-Grande: results

Advances in Space Research 
53 (2014) 1456 
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KASCADE-Grande mass sensitive spectra

• Selection criteria separating heavy and light mass 
groups by attenuation correction shower size ratio: 

• 𝒚𝑪𝑰𝑪 = 𝒍𝒐𝒈𝟏𝟎(𝑵𝝁)𝑪𝑭
𝑪𝑰𝑪/ 𝒍𝒐𝒈𝟏𝟎(𝑵𝒄𝒉)

𝑪𝑰𝑪

• The 𝑦𝐶𝐼𝐶 values are model-dependent Not corrected 
for shower fluctuation yet

D.Kang; 

KASCADE-Grande: analysis method

• Energy calibration by linear fits in log-log scale for 
heavy (red) and light (blue) primary groups:

• 𝒍𝒐𝒈𝟏𝟎(𝑬𝒕𝒓𝒖𝒆/𝑮𝒆𝑽) = 𝒂 ∙ 𝐥𝐨𝐠𝟏𝟎 𝑵𝒄𝒉 + 𝒃

• Unfolding as a next step
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KASCADE-Grande Results: model differences

• Reconstructed energy spectra for heavy (Si+Fe) and light (p+He+CNO) primary mass groups
• Data selection by attenuation corrected shower size ratio 𝑁_𝑐ℎ/𝑁_𝜇
• Accounted shower-to-shower fluctuation based on the Bayesian unfolding algorithm
• Knee-like structure of heavy primaries below 1017 eV, hardening of light primaries is significant
• Only statistical uncertainties are shown, for a discussion on systematics see PoS(ICRC2023)307

D.Kang; ICRC 2023
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KASCADE-Grande Results: SIBYLL 2.3d

• Sibyll 2.3d gives the lowest flux of heavy primaries
• The spectral slope of light primaries for Sibyll 2.3d changes 

smoothly below 1017 eV
• Not corrected for shower fluctuation yet

D.Kang; ICRC 2021

KASCADE-Grande: heavy primaries
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KASCADE-Grande Results: EPOS.LHC-R

• Reconstructed energy spectra for all-particle (black), heavy (red), and light (blue) primaries, based on 
EPOS.LHC-R

• Shower fluctuations have not yet been corrected
• For light primaries, EPOS.LHC-R is less dominant compared to EPOS-LHC, resulting in a slightly lower 

all-particle spectrum for EPOS.LHC-R D.Kang; COSPAR 2026
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Sven Schoo, KIT, PhD 2016
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KASCADE-Grande, combined analysis 2016

Post LHC models:
light primary interactions okay?
heavy primary interactions show differences

QGSJet-II.04 vs. EPOS-LHC vs. 

SIBYLL 2.3

• for KASCADE: additional stations at larger 
distances 

 ➔ higher energies
• for Grande: additional 252 stations  
 ➔ higher accuracy
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Sven Schoo, KIT, PhD 2016

14

KASCADE-Grande, hadronic interaction model test

• assume a composition model: H4a by Tom Gaisser     
• two selections: core located in KASCADE, core located in Grande 

   ➔ we measure “different” muons
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Data

• One model, but two selections:
 Simulations okay, but strong differences in data
 (similar result for QGSJet-II.04, EPOS-LHC, SIBYLL 2.3)
➔ Muon component not sufficiently described  
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Sven Schoo, KIT, PhD 2016

KASCADE-Grande, hadronic interaction model test

QGSJet-II.04
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Data – MC – 3 models – 3 zenith ranges

➢ Studies the local muon density  
𝜌𝜇 (𝑟) at 600 m shower core 
distance

➢ At 1016 – 1017 eV, the measured 
muon densities are more or less 
compatible with the model 
predictions

➢ At higher energies, near-vertical 
showers show a deficit of muons 
in the data relative to MC

➢ The discrepancy becomes smaller 
for more inclined showers (at 
least at larger distances)

➔ Muon component not 
sufficiently described  
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Juan-Carlos Arteaga, A.L. Colmenero Cesar, ICRC 2025

KASCADE-Grande and the Muon Puzzle



Andreas Haungs

Donghwa Kang

➢ Dipole amplitude gradually 
increases with energy from 0.2 
PeV to  33 PeV 

➢ Dipole phase evolves with 
energy, consistent with the phase 
transition near 1014 – 1015 eV

➢ Results are consistent with 
previous measurements

➢ Further work: combine KASCADE 
and IceTop for a full-sky analysis 
to better constrain systematic 
effects
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J. Turnwald (2026), Master’s thesis, KIT ] DOI: 10.5445/IR/1000192932 

KASCADE-Grande Anisotropy
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KASCADE Cosmic-ray Data Centre KCDC 
https://kcdc.iap.kit.edu
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Open Data ≠ Outreach

• as open data serves for community and the 

research field and the society

• outreach profits from open data

• KCDC is a platform for both, open data and 

outreach   

www.punch4nfdi.de

https://kcdc.iap.kit.edu/
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Physics with KCDC 
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https://arxiv.org/pdf/1909.09222.pdf

https://arxiv.org/pdf/1909.09222.pdf
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Conclusions – open points

➢ Light and heavy knee established

➢ Light ankle most probably there

➢ Difficult to compare experiments due to different observables (help by radio experiments?)

➢ Yet no conclusive result due to insufficient hadronic interaction models

➢ Continuation in improving hadronic interaction models required

➢ Still problem: absolute mass scale

➢ Confrontation of the data with astrophysical models still challenging

➢ Future: (mass dependent) Anisotropy studies 
 

➢ Future: Galactic Multi-Messenger Analyses (cosmic rays, g-rays, neutrinos)

➢ IceCube(-Gen2), TAIGA, LHAASO, GRAPES, TALE, Auger, NEVOD, HAWC, SWGO

➢ Global Data Centre for Astroparticle Physics

➢ Cross-experimental co-operation needed for Cosmic-Ray Physics in the Transition Region 

©Claus Grupen
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The Experiment Ended. The Science Continues.

Thank you!

AI-generated; prompted by Donghwa
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