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• Galactic Cosmic Rays: the standard model 

• Detection of Cosmic Rays at ground 

• The energy spectrum of Galactic Cosmic Rays 

• The knee at ≈ 4 × 1015 eV 

• Elemental composition in the knee energy region 

• Outlook to the future
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Galactic Cosmic Rays
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• CRs below 1017 eV are predominantly Galactic.


• Standard paradigm: Galactic CRs accelerated 
in SuperNova Remnants


• Galactic CRs via diffusive shock acceleration ?    
nCR ∝ E-γ (at source)


• Energy-dependent diffusion through Galaxy 
nCR ∝ E-γ-δ (observed)

Galactic Cosmic Rays

• Standard paradigm:
Galactic CRs accelerated in
supernova remnants

4 sufficient power: ⇠ 10�3
⇥ M� with

a rate of ⇠ 3 SNe per century
[Baade & Zwicky’34]

• galactic CRs via diffusive shock
acceleration?

nCR / E
�� (at source)

• energy-dependent diffusion
through Galaxy

nCR / E
���� (observed)

• arrival direction mostly isotropic

CR diffusion

source

Markus Ahlers (NBI, Copenhagen) Anisotropy of the Arrival Directions of Galactic CRs August 11, 2017 slide 2

The main open questions in the SNR paradigm are: (1) the total amount of energy channeled into relativistic 
particles; (2) the final spectrum injected into the ISM; (3) the maximum energy of accelerated particles.

• Galactic CRs are scrambled by galactic magnetic field over very long time 
➜ arrival direction mostly isotropic 

• Transition to extragalactic CRs occurs somewhere between 1017 and 1019 eV
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All-particle energy spectrum
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Knee 
2nd Knee 

Ankle 

GZK 

Galactic components A & B ? 
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Cosmic Ray detection
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Ground-based measurements
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Charge resolved energy spectra
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Until recently the paradigm was that all the primary GCR nuclei were essentially just one feature-less 
power law between a few GeV per nucleon and the “knee". 

But ATIC, CREAM, Pamela and AMS02 showed that

̣ The proton spectrum is distinctly softer than that 
of Helium (and possibly other heavy elements) at 
all energies. 


̣ Both spectra show a break and a spectral 
hardening at around a rigidity of 200 GV. 

The harder helium spectrum has the interesting consequence 
that by the time one gets to the "knee" energies it dominates 
hydrogen in the all-particle energy spectrum. 

Thus the "knee" in the all-particle spectrum is actually 
predominantly a Helium and CNO knee, and it is possible that 
the proton spectrum cuts off significantly before.

Drury, ICRC2017, arXiv:1708.08858

Deviations from simple standard model (i)
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Different power-law indices, crossing of proton and helium fluxes now well established

Should not have been a surprise: KASCADE had helium or carbon as most abundant element at knee


Cannot be explained in rigidity-dependent single source models: multiple source classes needed

CREAM

(Gaisser 2015)
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All the experimental evidences for a knee feature in the 
primary CR spectrum are of indirect kind, i.e., are based on 
the reconstruction and interpretation of EAS observables.
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EAS measurement
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1152 A Haungs et al

First interaction (usually several 10 km high)

Some of the particles 
reach the ground

Measurement of
fluorescence light

Measurement with 
scintillation counters

Measurement of low energy muons
with scintillation or tracking detectors

Measurement of high energy 
muons deep underground

Measurement of particles with
tracking detectors or calorimeters

Measurement of Cherenkov 
light with telescopes 
or wide angle pmts

Air shower evolves (particles are created
and most of them later stop or decay)

Figure 5. Sketch of EAS measurements (after [19]).

or which are able to register only a rather restricted number of observables, are no longer
operated (nlo). Motivated by advanced analysis techniques modern installations are designed
to measure simultaneously as many parameters of different EAS components as possible.

Just as one example the photo (figure 6) shows the KASCADE detector arrangement [11],
installed in Forschungszentrum Karlsruhe. The special feature of this multi-detector
experiment is the so-called central detector in the centre of the array, which consists basically
of a 300 m2 hadron calorimeter measuring various parameters of the hadronic component.
The KASCADE experiment combines the observation of the electromagnetic and muon
components with measurements of the hadronic component. Other hybrid installations
measure simultaneously with the charged particles, the Cherenkov light or, at higher energies,
the air fluorescence light.

In the following we discuss some details of various EAS features which lead to observable
quantities, to be analysed in terms of the properties of the primary inducing the EAS in the
atmosphere.

2.2.1. Charged particle component. The measurement of the charged particle component
provides the basic information in all EAS experiments. Due to the dominance of electrons
and positrons (and gamma rays) of the secondary particles of an air-shower at and after the
maximum of the development, the EAS is first of all characterized by the total number of
charged particles, called shower size Nch. Many early investigations do not sharply differentiate
between the total electron number and that of charged particles, Ne ≈ Nch. The observation

The major observables of EAS at ground are: electron-photon, muon and hadron 
components, Cherenkov photons, nitrogen fluorescence, radio emission.

With ground-based arrays we observe only the 
developed status of the EAS at the observation 
level of the detectors: sampling calorimeter 

From the observables registered there, that means 
from the total number (size) of the various particle 
components, the lateral distributions and 
eventually the arrival time profiles of the shower 
disk, we have to deduce the properties of the 
primary particle. 

̣ large shower-to-shower fluctuations 
̣ large geometric acceptance and 

high duty cycle (≈100%)

Observation of Cherenkov photons/nitrogen fluorescence allows the study of EAS longitudinal profile: 
homogeneous calorimeter

̣ low duty cycle (≈10-15%) 

̣ good energy resolution
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How to obtain the energy spectrum…
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Measure the spectrum in one observable and make a conversion to the energy spectrum      

The results are displayed as a function of the total energy per particle with the so-called ”all-particle” 
energy spectrum, i.e., as a function of the total energy per nucleus, and not per nucleon.

Problems: Monte Carlo dependency very large !! Chemical Composition ??

…in ground-based experiments ?

Strictly speaking, no air shower experiment measures the primary composition of cosmic rays.  

More than one observable is needed.... unfolding of model and composition  

Use some mass sensitive observables for the estimation of the composition and other observables 
for the energy estimation.

Because of the reduced resolution in the measurement of the primary mass, the air shower arrays 
typically separate events as “proton-like" or "iron-like", with results which critically depend on MC 
predictions.

The KASCADE experiment for the first time claimed the capability to reconstruct the energy spectra 
of 5 mass groups: p, He, CNO, MgSi, Fe.
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2D shower size distribution  

How do we measure composition at ground ?
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At least two orthogonal measurements are needed to estimate the energy and mass of the primary CR.

And a third to test hadronic interaction models.

Measuring electron and muon numbers (and their 
fluctuations) simultaneously at ground has become the 
first and most commonly employed technique applied 
to infer the cosmic ray composition from EAS data. 

Frequency of showers dependent of 2 observables  

In standard EAS experiments the lateral distributions of the particles 
are sampled by more or less regular arrangements of a large number 
of detectors which cover only a small fraction of the total area.

This sampling allows us to extrapolate the size (total particle numbers), but is an additional 
source of instrumental fluctuations which add to the large spread resulting from the inherent 
statistical fluctuations due to the stochastic shower development in the atmosphere.

sparse array

coverage factor (sensitive area/instrumented area) ≈ 10-3 - 10-2

This is especially true for muons extending to several hundred metres



G. Di Sciascio, GSSI - L'Aquila, Feb. 7,  2018

Mass discrimination
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The different approaches to investigate the elemental composition are 
commonly based on the fact that inelastic cross section of the nucleus 
of mass A is proportional to A2/3, which leads to the long interaction 
mean free path (m.f.p.) of protons and short m.f.p. of nuclei. 

Nuclei develop higher in atmosphere (smaller Xmax) 
than protons producing flatter lateral distributions.

Different first interaction atmospheric depth 
➜ different lateral distribution

proton ironE=1014 eV

Increasing the mass A
̣ More secondary particles with less energy 

➜ less electrons (after max), more µ

̣ Surviving hadrons have less energy

̣ Larger deflection angles → flatter lateral 

distributions of secondary particles

Showers by nuclei dissipate their energy faster than protons, thus having shallower (smaller) Xmax .
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Understanding fluctuations
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mean values are not precise 
enough, distributions needed !

Intrinsic shower to shower 
fluctuations limit mass resolution !

1 PeV
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ower
Monte Carlo simulationKASCADE experiment

primary energy E
primary mass A

air shower simulation
CORSIKA
QGSJet
SIBYLL

DPMJET...

detector simulation
CRES

reconstruction of air shower observables KRETA

electrons Ne , muons Nµ , hadrons Nh , lateral distributions , ...

data aquistion

comparison of measured and
simulated distributions

energy spectra, chemical composition

tests of hadronic high energy interaction models

E

Q

Q

detectors

zenith angle

shower axis

primary particle

thickness ~1m

shower core

t
ulated

clude
es of

Typical EAS analysis
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Assume
Flux, elemental composition 
hadronic & e.m. interaction models 
atmospheric parameters

Shower development 
detector response 
measurement procedures 
reconstruction

Model

Obtain Fully inclusive simulated spectra 
as they are measured

Compare Experimental data and simulations

in case of discrepancy: difficult to identify origin !
in case of agreement: is parameters combination unique ?

Perform a Consistency Check !
Find a combination of primary spectrum & composition 
and hadronic interaction for a consistent description  
of all experimental results 

Iterative process to understand CR physics and air shower development simultaneously
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Intrinsic ambiguity
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There is an intrinsic ambiguity in the interpretation of CR data. 

The ambiguity is governed by our poor understanding of two basic elements:


(a) the shower development 
(b) the composition of the primary CR spectrum, i.e., the mass number A of the primary particles 

Ultra-high energy cosmic ray extensive air showers

p

p

p

p

p

p

π
π π π

π

π

π
π

Huge coupled cascading process

Conversion of primary energy into
Electrons/ photons
Muons
Low energy hadrons

Most relevant mass-sensitive
observables are:

Depth of shower maximum
Muon content

Precise modelling is mandatory for a
cosmic ray mass measurement

ralf.ulrich@kit.edu Cosmic Ray and LHC Interactions 3

EAS analysis of  CR data ➜ Disentanglement of the threefold problem: E, A, interaction

1. the behaviour of the inelasticity K, the fraction of the primary energy converted into secondaries

2. the inelastic cross sections

Crucial for shower development 

proton ironE=1014 eV

large cross-sections

high inelasticity

large mass A

small cross-sections

low inelasticity

small mass A

short showers

long showers}
}
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The problem of the reconstruction
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E A
θ !

N(x) t(r)Xmax ρµ(r)
ρe,γ(r)

…

MonteCarlo

Reconstruction

Convolution

De-convolution

steep energy spectrum, 
mixed particle composition

What is the best estimate for 

θ, φ, E, A  

given the set of measurements

N(x), t(r), Xmax, ρµ, ρe,γ, … ?

In principle, numerical simulations can perform a 

perfect convolution  

of many inter-dependent sub-processes to one large and complex process.
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Shower Size Spectrum

15

Differential shower size spectra measured at 
different atmospheric depths by EAS-TOP.

The reconstructed total number of charged particles 
(shower size) is the main observable of EAS at ground.

6 M. Aglietta et al. / Astroparticle Physics 10 (1999) 119

Table 2
Results obtained from the fits to the spectra measured in different bins of zenith angle. The third column reports the values of γ1 obtained
from the 4-parameter independent fits at all zenith angles, showing constancy of γ1. Columns 416 show the results of the 3-parameter fits
performed with a constant value of γ1. The last column reports the slopes γ2 obtained with the fit in which a constant integral flux above
the knee is imposed.

! sec θ x (g cm−2) γ1 γ2 (1st fit) I(> Nek)× 107 (m−2 s−1 sr−1) Log(Nek) γ2 (2nd fit)

1.0011.05 835 2.56± 0.02 2.99± 0.09 (0.99± 0.2) 6.09± 0.05 3.12± 0.05
1.0511.10 880 2.55± 0.02 2.93± 0.11 (1.01± 0.3) 6.02± 0.07 2.92± 0.05
1.1011.15 920 2.55± 0.03 2.85± 0.12 (0.9.3± 0.4) 5.97± 0.08 2.87± 0.06
1.1511.20 960 2.56± 0.03 2.81± 0.16 (0.80± 0.4) 5.93± 0.14 2.76± 0.06
1.2011.25 1000 2.59± 0.03 2.91± 0.26 (0.52± 0.3) 5.95± 0.11 2.77± 0.07
1.2511.30 1040 2.55± 0.07 2.80± 0.11 (1.30± 0.6) 5.63± 0.12 2.96± 0.08
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Fig. 4. Differential shower size spectra measured at different at-
mospheric depths. The solid lines show the results of the fitting
procedure with 3 free parameters per spectrum, dashed lines those
of the procedure requiring constant integral flux above the knee.

The results of the fits of each spectrum with free
parameters, γ2, Nek and Ik, are shown in Table 2, and,
as Nek is concerned, in Fig. 5.
The shower size at the knee Nek decreases with

increasing atmospheric depth, its attenuation length is
Λk = 257± 80 g cm−2, while the intensity I(> Nek)
is constant inside experimental errors of ≈ 20%, a
hypothesis which is verified with a χ2 = 0.5/d.f.
These data support a “normal” behaviour of show-

ers at the ‘knee’ concerning the absorption in atmo-
sphere and the integral intensity at different atmo-
spheric depths (as should be for an effect occurring at
a given primary energy).
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Fig. 5. Dependence of the size value of the knee on the atmospheric
depth. Black dots show the results obtained fitting each spectrum
independently, stars (shifted of !x = 5 g cm−2) those obtained
under the physical hypothesis of a knee occurring at fixed primary
energy. The two results are compatible inside the experimental
uncertainties.

Such hypothesis has been further introduced in
the fit of the different spectra, requiring at the knee
(for different zenith angles) constant integral flux
(I(> Nek) = (IkNek)/(γ2 − 1)), and shower size
(Nek) attenuating exponentially with atmospheric
depth. In this frame the free parameters are Nek(0◦),
I(> Nek), Λk and the slopes γ2 above the knee.
The obtained values are I(> Nek) = (8.1±0.7)×

10−8 m−2 s−1 sr−1, Nek(0◦) = 106.15±0.02, and Λk =
222± 3 g cm−2, a value which is in excellent agree-
ment with the attenuation length obtained for EAS

Dependence of the size value of the 
knee on the atmospheric depth. 

The shower size at the knee Ne,k decreases with increasing atmospheric 
depth with an attenuation length

Nek(θ)= Nek(0)·exp[-X0/Λk·secθ],          Λk=257±80 g/cm2  
according to the hypothesis of a knee occurring at fixed primary energy. 

the “knee”

Integration of the Lateral Density Function  ➜  shower size 
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The ‘knee’ in the CR size spectrum
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In 1959 Kulikov &  Khristiansen 
discovered a ‘knee’ in the size 
spectrum of charged particles

In 1979 the Tien-Shan experiment 
observed a similar feature in the 

size spectrum of muons
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FIG. 1. Diagram of the hodoscope array used for the study 
of the size spectrum of EAS. •- group of 24 hodoscope coun-
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N was found with an accuracy of 10%, and X0 and 
Y0 with an accuracy of 0.5m for shower axes fall-
ing within the area S1• The errors were 15% and 
1.0 m respectively when the axis fell within the 
area Sa. 

The axis location and the number of particles 
for each individual shower being known, it is pos-
sible to find the absolute rate of showers of a 
given size. The dimensions of the collecting area 
were different for showers of different size, being 
determined not only by the position of hodoscope 
points but also by the probability of shower detec-
tion using the chosen six-fold counter coincidence 
arrangement. 

RESULTS AND DISCUSSION 

The experimental results which are made use 
of in the present article were gathered during 285 
hours of operation of the array. The number of 
showers of a size above given value, the axes of 
which fell in the area S1 = 78 m 2 for N > 8 x 104, 
s2 = 400 m2, for N > 1.6 x 105, and Sa= 576m2, 
for still larger N (the relative position of these 
areas is shown in Fig. 1 ), used for constructing 
the spectrum, are given in the table. The proba-
bility that a shower incident upon the above areas 
was recorded by the array was greater than 95%. 

The integral size spectrum constructed from 
using the data is shown in Fig. 2. The ordinate 
represents the number of showers above certain 
size in em - 2 sec - 1 sterad-1• It was shown4 that 
the rate of showers arriving vertically per unit 
solid angle F ( N, 0 ) is related to the total F ( N) 
for the given array by 

F (N, 0) = F (N) (v + 1) /2rr, 

when the zenith angle distribution of shower axes 
incident upon the array is proportional to cos2 e, 
with v = 8. 5 
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FIG. 2. Integral size spectrum of EAS. • - measurements 
of the present experiment, o- measurements of reference 7. 

The data indicate with a high probability that a 
change in the character of the spectrum may occur 
in the investigated region N = 8 x 104 to 1.5 x 106• 
In the region N = 8 x 104 to 8 x 105 the integral 
spectrum can be approximated by a power law with 
an exponent K = 1.5 ± 0.1. For N > 8 X 105 the 
spectrum is steeper. For a quantitative deter-
mination of the exponent K in that region we used 
the data of reference 6, in which each shower was 
measured individually.* These data are also shown 
in Fig. 2. For the region N = 8 x 105 to 3 x 106 

we then obtain K = 2.2 ± 0.3. Using the results 
of reference 6, for the region N = 10 7 to 108 we 
have K = 1.5 ± 0.2.t 

The exponent of the size spectrum of EAS was 

*It should be mentioned that the lateral distribution func-
tion used in reference 6 does not differ from that used by us 
by more than 25%. 

tin reference 6 the size-spectrum exponent was determined 
for the whole range of measurements N = 8 x 105 to 108 and was 
found t 0 be X = 1.84 ± 0.15. A X 2 test shows, however, that 
the probability that the spectrum has two exponents x = 2. 2 
± 0.3 and x = 1.5 ± 0.2 is three times higher then the prob-
ability of a single exponent x = 1.84 ± 0.15. The probabili-
ties are 75 and 25% respectively. 
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The data indicate with a high probability that a 
change in the character of the spectrum may occur 
in the investigated region N = 8 x 104 to 1.5 x 106• 
In the region N = 8 x 104 to 8 x 105 the integral 
spectrum can be approximated by a power law with 
an exponent K = 1.5 ± 0.1. For N > 8 X 105 the 
spectrum is steeper. For a quantitative deter-
mination of the exponent K in that region we used 
the data of reference 6, in which each shower was 
measured individually.* These data are also shown 
in Fig. 2. For the region N = 8 x 105 to 3 x 106 

we then obtain K = 2.2 ± 0.3. Using the results 
of reference 6, for the region N = 10 7 to 108 we 
have K = 1.5 ± 0.2.t 

The exponent of the size spectrum of EAS was 

*It should be mentioned that the lateral distribution func-
tion used in reference 6 does not differ from that used by us 
by more than 25%. 

tin reference 6 the size-spectrum exponent was determined 
for the whole range of measurements N = 8 x 105 to 108 and was 
found t 0 be X = 1.84 ± 0.15. A X 2 test shows, however, that 
the probability that the spectrum has two exponents x = 2. 2 
± 0.3 and x = 1.5 ± 0.2 is three times higher then the prob-
ability of a single exponent x = 1.84 ± 0.15. The probabili-
ties are 75 and 25% respectively. 

“It is evident that the particles with E≥1016 eV may have a metagalactic origin. 
The observed spectrum is a superposition of the spectra of particles of galactic and metagalactic origin.”

Kulikov & Khristiansen, JETP 35 (1959) 441 
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The origin of the ‘knee’
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In 1961 B. Peters postulated a rigidity cutoff model.

 gyro-radius = Pc / ZeB ≡ R (rigidity) / B 
➜ Etotal (knee) ~ Z ⨉ R(knee)

If Emax depends on B then p disappear first, then He, C, O, etc

Peters cycle: systematic increase 
of < A > approaching Emax

B. Peters, Nuovo Cimento 22 (1961) 800 

<A> should begin to decrease 
again for E > 30 x Eknee

Origin and physics of the knee

45
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Conversion Size - Energy
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Figure 2. Left panel: Dependence of the electron and muon particle numbers
of EAS on the primary mass A. The error bars represent the fluctuations in the
numbers (at sea-level). Right panel: Longitudinal development of the various
particle components of proton and iron induced EAS. The simulations are done
with CORSIKA/QGSJET [32, 33].

than for protons of equal energy. Hence an EAS starts earlier in average and develops
faster in the atmosphere with increasing primary mass. In a first good approximation a
primary nucleus of mass A and energy E0 can be regarded for the shower development
as a swarm of A independent nucleons generating A superimposed independent proton
showers of the energy E0/A (superposition principle). As a consequence showers
induced by heavy primaries generate more secondary particles, each of smaller energy,
and due to the faster attenuation of the electromagnetic component with a smaller
number of electrons at the observation level (after the EAS maximum). Simultaneously
the number of muons is larger. The muons interact weakly with the atmosphere, they
are less absorbed and their decay time is long compared to pions, so that they add
up throughout the shower development. The superposition model predicts for all
additive observables power law dependences with the mass. Even if the principle is an
approximation, this dependence is sufficiently valid (Fig. 2). From statistical reasons
the fluctuations of the sum of A independent showers should be smaller than of a
shower generated by a single proton of higher energy (Fig. 2). The effect is smeared
out by the limits of the superposition model in the interaction, but it remains efficient
for mass separation in experiments. Further, surviving hadrons have less energy, and
compared to the electron or muon number the total number of hadrons in EAS is
small and they are concentrated around the shower axes. The faster development of
showers induced by heavy primaries lead additionally to larger relative angles to the
shower axes of the secondaries and flatter lateral distributions.
The atmospheric Cherenkov light, produced dominantly by relativistic electrons and
positrons is directly sensitive to the height of the shower maximum, which is more
distant from the observation level for heavier primaries (Figs. 2 and 3). Further mass

The number of electrons at shower maximum is nearly independent on the primary mass !

High Altitude > 5000 m asl !!!

Unfortunately, the experimental situation is more complicated, 
because surface detectors do not observe the number of 

electrons at shower maximum !

Why the shower size to reconstruct the primary energy ?

…and fluctuations in the max region are reduced ! 

Since heavy primaries reach their shower max at smaller 
depths than light ones, the number of electrons on ground 
is expected to be composition sensitive, with a larger 
electron number for air showers initiated by light primaries. 

Ne(E0, A) = α(A)•Eβ(A)  

where α(A) = 197.5•A−0.521,  and β(A) = 1.107•A0.035 

To recover primary energy we must assume a 
given composition but we want to measure it 

➜ degeneracy !

nd ¼ "
W"1 " h0

cs
mp c2

E
ln N
cos h

! "

ln N
; ð17Þ

where W"1 denotes the lower branch of the Lambert-W function
(see e.g. [53]). The decay energy is then given by

ep
d ¼

E
Nnd

ð18Þ

for which we find numerical values of a few tens of GeV and a slow
decrease with primary energy in agreement with the estimates of
[43]. The total number of muons produced in a shower is equal to
the number of pions with Ep ¼ ep

d and therefore

Np
l %

E
ep

d

# $b

ð19Þ

with

b¼
ln 2

3 N
ln N

; ð20Þ

where the factor 2
3 gives the approximate fraction of charged pion

secondaries. Air shower simulations predict b to be in the range
of 0.88 to 0.92 [42], corresponding to effective multiplicities from
30 to 200 in Eq. (20). It is interesting to note, that because the inter-
action length drops out in the calculation of nd (cf. Eq. (16)), the
number of muons at ground are expected to be independent of kint.

The number of electrons at shower maximum, i.e. at the point at
which the electron energies become too low to produce new parti-
cles Ee ¼ eem

c

% &
, can be estimated from the total amount of energy

in the electromagnetic cascade given by the primary energy minus
the energy in muons. Since El ¼ Nlep

d , the number of electrons is

Np
e;max ¼

E
eem

c
"

ep
d

eem
c

E
ep

d

# $b

% E
eem

c
; ð21Þ

where the last approximation can be made at high energies at
which the energy fraction transferred to muons becomes small.

Using again the superposition model and substituting E with
E0 = E/A, one obtains the following relations for nuclear primaries:

NA
e;max % A

E=A
eem

c
¼ Np

e;max ð22Þ

and

NA
l % A

E=A
ep

d

# $b

¼ Np
l;maxA1"b: ð23Þ

So, whereas the number of electrons at shower maximum gives a
good estimate of the primary energy independent of the composi-
tion, the number of muons can be used to infer the mass of the pri-
mary particle, since it grows with A1"b. Moreover, the evolution of
the muon number with energy, dNl/d ln E, is a good tracer of
changes in the primary composition. Just as in the case of the elon-
gation rate of the longitudinal development, a constant composition
gives dNl/d ln E = b and any departure from that behavior can be
interpreted as a change of the average mass of the primaries.

Unfortunately, the experimental situation is more complicated,
because surface detectors do not observe the number of electrons
at shower maximum, but at a fixed depth Xground/cosh. If the detec-
tor and shower maximum are separated by DX = Xground/cosh " X-
max, then only the attenuated number of electrons is observed with

Ne;ground % Ne;max exp "DX
K

# $
; ð24Þ

where K % 60 g/cm2 is the attenuation length of the number of
electrons after the shower maximum. Since heavy primaries reach
their shower maximum at smaller depths than light ones, the num-
ber of electrons on ground is expected to be composition sensitive

as well, with a larger electron number for air showers initiated by
light primaries. This feature is visible in Fig. 3, where Nl vs. Ne is
shown for air shower simulations at different energies for a detector
located at 800 g/cm2. As can be seen, the ln Nl-ln Ne observables are
basically rotated from the desired quantities, lnA and lnE. Due to the
steeply falling cosmic ray spectrum, this rotation causes a complica-
tion in the analysis of air shower data, because showers of equal
lnNe are enriched in light elements (cf. Section 3.1 for a description
of unfolding methods to overcome this problem). Furthermore, Eq.
(24) implies that given the Xmax fluctuations explained in the last
section, the relative fluctuations of the electron number are ex-
pected to be quite substantial,

rðNe;groundÞ
Ne;ground

% rðXmaxÞ
K

: ð25Þ

These attenuation effects can be reduced considerably by
choosing an appropriate detector site which is situated at a height
close to the shower maximum. The exponential attenuation Eq.
(24) is only valid far from the maximum, whereas in its close vicin-
ity the shower size is nearly invariant under small displacements
from the maximum (see Fig. 9 below). Since the simulations in
Fig. 3 were performed at a fixed ground depth of 800 g/cm2, the
evolution of the attenuation effect with distance to the shower
maximum can be seen indirectly: at low energies where the obser-
vation level is far from the shower maximum, the difference in the
number of electrons between proton and iron primaries is large
and diminishes while the shower maximum approaches the
ground level at higher energies.

Besides the measurement of the number of electrons and
muons, experiments with surface detectors have further means
to determine the shower age (i.e. the distance to the shower max-
imum) by studying the shape of the particle densities with respect
to the distance to the shower core. These measurements of the lat-
eral distribution as well as other additional composition sensitive
variables from ground detectors will be discussed in Section 3.1.2.

2.3. Model uncertainties

The physics of air showers is very well understood in terms of
particle transport through the atmosphere and for electromag-
netic showers it is currently believed that they can be modeled
without any significant uncertainties. In the case of hadronic
showers, however, there is a fundamental lack of theoretical
and experimental knowledge of the characteristics of hadronic
interactions (see e.g. [55,56] for recent discussions of hadronic
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which include 90% of the showers and the inset shows a detailed view at 1020 eV.

664 K.-H. Kampert, M. Unger / Astroparticle Physics 35 (2012) 660–678nd ¼ "
W"1 " h0

cs
mp c2

E
ln N
cos h

! "

ln N
; ð17Þ

where W"1 denotes the lower branch of the Lambert-W function
(see e.g. [53]). The decay energy is then given by

ep
d ¼

E
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for which we find numerical values of a few tens of GeV and a slow
decrease with primary energy in agreement with the estimates of
[43]. The total number of muons produced in a shower is equal to
the number of pions with Ep ¼ ep

d and therefore
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where the factor 2
3 gives the approximate fraction of charged pion

secondaries. Air shower simulations predict b to be in the range
of 0.88 to 0.92 [42], corresponding to effective multiplicities from
30 to 200 in Eq. (20). It is interesting to note, that because the inter-
action length drops out in the calculation of nd (cf. Eq. (16)), the
number of muons at ground are expected to be independent of kint.

The number of electrons at shower maximum, i.e. at the point at
which the electron energies become too low to produce new parti-
cles Ee ¼ eem
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, can be estimated from the total amount of energy

in the electromagnetic cascade given by the primary energy minus
the energy in muons. Since El ¼ Nlep
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where the last approximation can be made at high energies at
which the energy fraction transferred to muons becomes small.

Using again the superposition model and substituting E with
E0 = E/A, one obtains the following relations for nuclear primaries:

NA
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¼ Np
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and
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So, whereas the number of electrons at shower maximum gives a
good estimate of the primary energy independent of the composi-
tion, the number of muons can be used to infer the mass of the pri-
mary particle, since it grows with A1"b. Moreover, the evolution of
the muon number with energy, dNl/d ln E, is a good tracer of
changes in the primary composition. Just as in the case of the elon-
gation rate of the longitudinal development, a constant composition
gives dNl/d ln E = b and any departure from that behavior can be
interpreted as a change of the average mass of the primaries.

Unfortunately, the experimental situation is more complicated,
because surface detectors do not observe the number of electrons
at shower maximum, but at a fixed depth Xground/cosh. If the detec-
tor and shower maximum are separated by DX = Xground/cosh " X-
max, then only the attenuated number of electrons is observed with

Ne;ground % Ne;max exp "DX
K

# $
; ð24Þ

where K % 60 g/cm2 is the attenuation length of the number of
electrons after the shower maximum. Since heavy primaries reach
their shower maximum at smaller depths than light ones, the num-
ber of electrons on ground is expected to be composition sensitive

as well, with a larger electron number for air showers initiated by
light primaries. This feature is visible in Fig. 3, where Nl vs. Ne is
shown for air shower simulations at different energies for a detector
located at 800 g/cm2. As can be seen, the ln Nl-ln Ne observables are
basically rotated from the desired quantities, lnA and lnE. Due to the
steeply falling cosmic ray spectrum, this rotation causes a complica-
tion in the analysis of air shower data, because showers of equal
lnNe are enriched in light elements (cf. Section 3.1 for a description
of unfolding methods to overcome this problem). Furthermore, Eq.
(24) implies that given the Xmax fluctuations explained in the last
section, the relative fluctuations of the electron number are ex-
pected to be quite substantial,

rðNe;groundÞ
Ne;ground

% rðXmaxÞ
K

: ð25Þ

These attenuation effects can be reduced considerably by
choosing an appropriate detector site which is situated at a height
close to the shower maximum. The exponential attenuation Eq.
(24) is only valid far from the maximum, whereas in its close vicin-
ity the shower size is nearly invariant under small displacements
from the maximum (see Fig. 9 below). Since the simulations in
Fig. 3 were performed at a fixed ground depth of 800 g/cm2, the
evolution of the attenuation effect with distance to the shower
maximum can be seen indirectly: at low energies where the obser-
vation level is far from the shower maximum, the difference in the
number of electrons between proton and iron primaries is large
and diminishes while the shower maximum approaches the
ground level at higher energies.

Besides the measurement of the number of electrons and
muons, experiments with surface detectors have further means
to determine the shower age (i.e. the distance to the shower max-
imum) by studying the shape of the particle densities with respect
to the distance to the shower core. These measurements of the lat-
eral distribution as well as other additional composition sensitive
variables from ground detectors will be discussed in Section 3.1.2.

2.3. Model uncertainties

The physics of air showers is very well understood in terms of
particle transport through the atmosphere and for electromag-
netic showers it is currently believed that they can be modeled
without any significant uncertainties. In the case of hadronic
showers, however, there is a fundamental lack of theoretical
and experimental knowledge of the characteristics of hadronic
interactions (see e.g. [55,56] for recent discussions of hadronic
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All-particle energy spectrum
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ARGO-YBJ analog All Particle ICRC15 ID366

ARGO-YBJ analog All Particle ICRC15 ID382

ARGO-YBJ analog All Particle (Bayes)

Tibet Array All Particle - QGSJet

IceTop 73 All Particle - SIBYLL

KASCADE All Particle - QGSJet

KASCADE-Grande All Particle - QGSJet

HAWC All Particle - arXiv:1710.00890

After conversion of size in energy assuming a given elemental 
composition we obtain the all-particle energy spectrum
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The ‘knee’ in the CR energy spectrum
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We’d like CR sources 
to accelerate (at least) 

up to that energy

CR knee @ few PeV’s 
Something must 
happen here... We would like SNRs to 

be CR PeVatrons…!

Gammas from Galactic Cosmic Rays: Eγ ~ ECR/10

Hadronic emission: CR sources
PeV Cosmic Rays 

Photons > 100 TeV !
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Knee as end of Galactic population ?

21

If the “knee” is a propagation effect, the Galaxy contains “super-PeVatrons”  and the study 
of these objects requires Gamma-Ray Astronomy at Very High Energy (100 - 1000 TeV). 


➜ Strong interest in the PeV gamma ray (and neutrino) astronomy.

Understanding the origin of the "knee" is the key for a comprehensive 
theory of the origin of CRs up to the highest observed energies.

In fact, the knee is connected with the issue of 
the end of the Galactic CR spectrum and the 
transition from Galactic to extra-galactic CRs.

̣ Rigidity models can be rigidity-acceleration models 
or rigidity-confinement models

• Structure generated by propagation: ➜ we should observe a knee that is potentially dependent 
on location, because the propagation properties depend on position in the Galaxy ➜ the (main) 
Galactic CR accelerators must be capable to accelerate to much higher energy.

• Accelerator feature: maximum energy of acceleration 
➜ implies that all accelerators are similar: source property !

Expected Galactic diffuse gamma ray flux 

Unabsorbed 
flux 

Grey band: 
expected gamma 
ray flux in the 
region 
|lat| < 5° 
long =25°-100° 
 

    S.Vernetto & P.Lipari                                                                                 35th ICRC, 12-20 July 2017, Busan, Korea 

1 year LHAASO 
5 sigma 
sensitivity 
(approximate) Vernetto & Lipari: ICRC 2017
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Approaching the 'knee'

22

The standard model (mainly driven by KASCADE results):


• Knee attributed to light (proton, helium) component 


• Rigidity-dependent structure (Peters cycle): cut-offs at 
energies proportional to the nuclear charge EZ = Z × 4 PeV


• The sum of the flux of all elements with their individual cut-
offs makes up the all-particle spectrum.


• Not only does the spectrum become steeper due to such a 
cutoff but also heavier.

Determining elemental composition in the knee energy region 
is crucial to understand where Galactic CR spectrum ends 

If the mass of the knee is light according to the standard model 
➜ Galactic CR spectrum is expected to end around 1017 eV

If the composition at the knee is heavier due to CNO / MgSi 
➜ we have a problem !

p
CNO

Fe
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Understanding the origin of the knee
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Different models to explain the 
‘knee’ and different signatures…

Key elements: mass composition and anisotropy across the knee

• Acceleration in SNRs:  
finite lifetime of shock Emax = Z · 1015 eV

• Diffusion  process:
probability of escape from Galaxy = f(Z)

- Eknee ∝ Z 
- No anisotropy change 

across the knee region 
- Eknee ∝ Z 
- Anisotropy ∝ Eδ 

• Interaction with bkg particles: 
Photo-disintegration, etc.

• Change in particle interaction
-  Eknee ∝ A

Interpretation of knee in standard model ?

8
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Understanding the origin of the knee
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Different models to explain the 
‘knee’ and different signatures…

Key elements: mass composition and anisotropy across the knee

• Acceleration in SNRs:  
finite lifetime of shock Emax = Z · 1015 eV

• Diffusion  process:
probability of escape from Galaxy = f(Z)

- Eknee ∝ Z 
- No anisotropy change 

across the knee region 
- Eknee ∝ Z 
- Anisotropy ∝ Eδ 

• Interaction with bkg particles: 
Photo-disintegration, etc.

• Change in particle interaction
-  Eknee ∝ A

Interpretation of knee in standard model ?
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ences. Thus, the results give no hint to any severe problem in the
simulation or the analysis, and reaffirm the conclusions [1] drawn
from the analysis of the nearly vertical shower set: The knee is ob-
served at an energy around !5 PeV with a change of the index
Dc ! 0:4. Considering the results of the mass group spectra, in all
analyses an appearance of knee-like features in the spectra of the
light elements is ascertained. In all solutions the positions of the
knees in these spectra is shifted to higher energy with increasing
element number.

By applying the analysis to different data sets and based on dif-
ferent interaction models, it has been demonstrated that unfolding
methods are capable to reconstruct energy spectra of individual
mass groups from air shower data, in addition to the all-particle
spectrum. But still, the limiting factor of the analysis are the prop-
erties of the hadronic interaction models used and not the quality
or the understanding of the KASCADE data. Furthermore, the pro-
cedure of the KASCADE data analysis, and in future also the analy-
sis of KASCADE-Grande data measuring higher primary energies
and muons at larger distances [17], gives valuable hints for the
improvement of hadronic interaction models. The data can be con-
fidently used when improved interaction models, based on more
and extended accelerator experiments, become available.
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The knee in the all-particle spectrum is due to the bending of the light (proton) component

Since the elements carbon, silicon, and iron
stand for elemental groups, which are loosely
defined, a comparison with data from direct
measurements is not possible for these heavier
elements.

Despite the large difference between our two re-
sults they are in good agreement with the extrapo-
lations of those of balloon-borne experiments for
the proton spectrum. At present, the statistical
uncertainties of direct measurements above
1014 eV are of the same order of magnitude as
the systematic uncertainty of air shower based
analyses due to the hadronic interaction models.
Further improvement requires a more reliable the-
oretical description of high energy hadronic
interactions.

9. Summary and conclusion

Using the two-dimensional shower size spec-
trum of electron number lgNe and muon num-
ber lgN tr

l measured with KASCADE an
analysis was presented yielding energy spectra
for five primary mass groups, representing the
chemical composition of cosmic rays. For this
analysis, air shower simulations with two differ-
ent high energy hadronic interaction models
(QGSJet 01 and SIBYLL 2.1) were used. The

reconstructed all particle spectra for both simula-
tion sets coincide within the statistical and system-
atic uncertainties and are consistent with results
from other experiments. The knee is observed at
an energy around !5 PeV with a change of index
Dc ! 0.4. The situation differs quite strongly
when considering the results of the mass group
spectra. Common is the appearance of knee-
like features in the spectra of the light elements.
For both models the position of the knees in
these spectra is shifted towards higher energy
with increasing element number. A closer inspec-
tion revealed that none of the two interaction
models is capable of describing the measured
data consistently over the whole measurement
range. For the QGSJet based analysis deviations
occur at low energies whereas for the SIBYLL
based analysis the higher energies are problem-
atic.

Summarizing, it has been demonstrated that
unfolding methods are capable to reconstruct en-
ergy spectra of individual mass groups from air
shower data, in addition to the all particle spec-
trum. At present, the limiting factors of the anal-
ysis are the properties of the high energy
interaction models used and not the quality or
the understanding of the KASCADE data. The
observed discrepancies between simulations and
data have to be attributed to the models and
may give valuable information for their further
improvements.
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proton spectrum

sea level

for the spectra. This range can be considered as an
estimate for the systematic uncertainty due to the
unknown shape of the distribution tails. It should
be mentioned that the size of this systematic uncer-
tainty should, according to simulations, be consid-
erably reduced for observations close to shower
maximum (e.g. around 5000 m a.s.l.).

In Fig. 14 the unfolding result is displayed to-
gether with the estimate of the total systematic
uncertainty, shown as shaded bands. For low ener-
gies, the dominant contribution to the systematic
uncertainty is due to the tails of the distributions.

Below the knee helium is the most abundant
element, followed by protons and carbon. The en-
ergy spectra of both proton and helium show a
knee-like feature whereas for carbon no knee
structure is visible. The spectra of the heavier ele-
ments look rather unexpected, especially in the
case of iron. For energies below 10 PeV practically
no iron is present, above 20 PeV it dominates the
cosmic ray spectrum together with silicon.

7.2. Results based on SIBYLL 2.1

The outcome of the unfolding using CORS-
IKA/SIBYLL/GHEISHA for calculation of the
response matrices is presented in Fig. 15 for the
Gold algorithm and five particle types. As in
the case of the QGSJet analysis the different
unfolding methods give essentially equal results.
The estimated total systematic uncertainties at
lower energies are slightly smaller than for the
QGSJet based results due to a better description
of the measured data in the corresponding data
range, which will be discussed in Section 8.3. Each
of the spectra of the light groups (proton, helium
and CNO) shows a knee-like feature. The position
of the individual knees is shifted to higher energies
with increasing atomic number. In contrast to the
QGSJet results, carbon is the most abundant ele-
ment at energies around 1–2 PeV but helium is
again more abundant than hydrogen.
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The spectrum of silicon looks rather unex-
pected, exhibiting a knee-like structure at around
3 PeV and decreasing very steeply above. Contrary
to silicon, the iron spectrum looks very flat in this
representation with a slight change of index to c !
"2.5 above 10 PeV. This behaviour of the heavy
group spectra will be discussed in Section 8.3.

8. Discussion

8.1. All particle energy spectrum

By summing up the five mass group spectra the
all particle spectrum is obtained. It is displayed in
Fig. 16 for both solutions. The estimated statistical
uncertainties are shown by the error bars, the
shaded band represents the estimated systematic
uncertainty, due to the applied method (Gold
algorithm) and the parameterization of the tails
of the shower size distribution, for the QGSJet re-
sults only. The corresponding band for the SIB-
YLL solution is of same size and omitted here
for reasons of clarity. Tabulated values of the spec-
tra are given in Appendix B.

The knee is clearly visible for both cases. The
spectrum is fitted with the expression [32]

dJðEÞ
dE

¼ p0 & Ep2 1 þ E
p1

! "p4! "ðp3"p2Þ=p4
ð12Þ

where p1 corresponds to the knee position, p2 and
p3 are the spectral indices below and above the
knee, and p4 is a parameter describing the sharp-
ness of the knee. In the case of the QGSJet 01 solu-
tion for the knee position a value of 4.0 ± 0.8 PeV
and for the spectral indices "2.70 ± 0.01 and
"3.10 ± 0.07 were obtained. For the SIBYLL
solution the corresponding values are 5.7 ±
1.6 PeV, "2.70 ± 0.06, and "3.14 ± 0.06. In both
cases, the fit is insensitive to the value of p4 which
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Mass composition at the knee: KASCADE data
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Figure 1. Sketch of an air shower which develops over the
IceCube Neutrino Observatory. The IceTop array is close to the
shower maximum. Signals near the shower axis are dominated
by contributions from electrons and photons, which allows us
to infer the shower energy with comparably small systematic
uncertainty. Signals far from the shower axis are dominated by
hits of GeV muons. TeV muons form collimated particle bundles,
and are the only air shower particles apart from atmospheric
neutrinos which penetrate the ice shield and reach the deep
detector.

altitude of IceTop, its surface detector array. The proximity
of an array to the shower maximum significantly reduces
the systematic uncertainties in the inferred cosmic-ray
energy.

Predictions for muon densities vary in the two energy
regimes for different hadronic interaction models, as
shown in Fig. 2. For determining the cosmic-ray mass,
measurements of TeV muons are better suited, because the
model-uncertainty is smaller compared to the effect from
the primary mass. A simultaneous measurement of the
GeV and TeV muon abundance allows one to test hadronic
interaction models.

Although not discussed in this proceeding, we also
emphasize that the absence of TeV-scale muons in an
otherwise normal-looking air shower is strong evidence for
a shower produced by a PeV-scale gamma ray. Limits on
the flux of PeV gamma rays have been published [14], and
studies with more recent data are ongoing.

In the following we will summarize results obtained
with IceCube on the flux of cosmic rays, their mass
composition, and on air shower physics.

2. IceCube Neutrino Observatory
The IceCube Neutrino Observatory, shown in Fig. 3, is a
cubic-kilometer Cherenkov detector located at the South

Figure 2. Average ratio of muon spectra in air showers initiated
by proton and iron showers as a function of the muon energy.
Shown are 2 PeV air showers with a zenith angle of 60◦ simulated
using CORSIKA [9] with several different hadronic interaction
models [10– 13] to a slant depth of 1000 g.cm−2. The plot was
kindly contributed by F. Riehn.

Figure 3. The IceCube Neutrino Observatory. Charged particles
produce Cherenkov light in the clear deep ice at the South
Pole. Cherenkov light is detected by Digital Optical Modules
(DOMs) placed on 86 strings between roughly 1450 m to 2450 m
below the surface. The strings in the center are more densely
instrumented (DeepCore). The IceTop array is formed by 81
stations with two ice-filled tanks each.

Pole [15]. The main detector, IceCube, is embedded in the
Antarctic ice shelf. Its surface component, IceTop [16], is
the primary detector for cosmic-ray induced air showers.
IceCube detects charged particles via Cherenkov light
generated in the ice, which is collected and digitized by
Digital Optical Modules (DOMs). The bulk of the DOMs
are attached to 86 strings in the deep ice, with a horizontal
spacing of 125 m and a vertical spacing of 17 m. The
DeepCore sub-detector has a denser instrumentation [17].
IceTop uses the same DOMs embedded in light-tight tanks
filled with ice.

IceCube’s buried array is protected from low-energy
cosmic radiation by a 1.5 km-thick ice shield. The
protective layer imposes an energy threshold of about
0.3 TeV for particles with vertical incidence. At the
surface, 81 strings are equipped with an IceTop station.
Each station consists of two IceTop tanks separated by
11 m. Each tank contains two DOMs with different gain
settings to cover a large dynamic signal range.

2

The CR flux  is measured with the surface signal


The mass composttion is extracted from the energy loss of TeV muons 
observed in the deep ice in coincidence with signals at the surface

energy spectrum, individual energy spectra for the elemental groups can be measured, as is
shown in Figure 5. The results are compared to alternate spectra in grey using di↵erent light
yields, which is the largest source of systematic error. Despite the large systematic uncertainties,
clear di↵erences in behavior between the four elemental groups are visible: protons and helium
turning down steeply at lower energies, and oxygen and iron maintaining a harder spectrum up
to higher energies.

Figure 5. Left: All-particle energy spectrum from the Coincidence analysis, compared to the
IceTop-alone result. The grey bound shows the uncertainty due to the unknown composition on
the energy spectrum measured by IceTop-alone. Right:Individual spectra for the four nuclear
types (protons, helium, oxygen, and iron), compared with alternate results due to systematic
uncertainty in the in-ice light yield (dark grey= -12.5%, light grey= +9.6%)

The average composition increases from the lowest energies up to ⇠100 PeV, where the slope
of the trend changes. Although systematics dominate the absolute scale of the composition
measurement, the general trends seen in Figure 5 are present in tests of systematics.
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IceCube observes an initially light composition that becomes increasingly heavy as the energy increases, 
then stabilizes around 100 PeV. 

The measurement indicates a heavier composition around 1 EeV than measurements from Auger based 
on the depth of shower maximum. 

A sudden drop in the helium and iron spectra around 6 PeV is observed, with corresponding elevated 
levels of proton and oxygen. This feature is under intense study. The most likely explanation is a 
statistical fluctuation.
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Fig. 18. 

notation 

the points represent the flux multiplied by a factor of 
E’,‘, a relative energy error between the points magnl- 
fies their apparent differences. For example, an energy 
error of 20%. when multiplied by 2.5, would account 
for the observed deviations. Random energy recon- 
struction errors are of this size in this energy range, 
improving to about IO% near IO’” eV (Section 5). It 
is notable that when the SIBYLL simulation is used in 
the KNN analysis to identify the composition, the two 
spectrado not show such an intensity difference, but do 
exhibit the same degree of steepening at a similar en- 
ergy as in this plot isee Section I? below. and [ 151). 

The spectra of the heavy and light components ap- 
pear similar below 500 TeV, at which point the lighter 
component’s spectral index steepens. The heavier 
component shows no such “knee” at that energy. 
There may be a steepening of the heavy component 
at higher energy, but the statistics are too low for 
certainty. 

Given CASA-MIA’s mass resolution and the mass 
groupings above. we estimate that the heavy compo- 
nent would exhibit a spectral change at about IO times 
the energy of the corresponding knee of the tighter 
component if the composition is distributed as in the 
JACEE results. and is experiencing cutoffs of each 
component at fixed rigidity. (See [ 15,221 for further 
details about the spectrum and energy computation. ) 

proton showers. with 

notation as in Fig. 17 

12. Use of other simulations 

The KNN analysis was also performed using a dif- 
ferent simulation, based on the SIBYLL interaction 
generator ( see Section 4). None of the results are sig- 
nificantly altered when this is done. Fig. 18 shows the 
change in composition as a function of energy and the 
energy spectra for data grouped into sets identified as 
heavy or light, as described above. The notation and 
symbols on the left side of Fig. 18 are the same as in 
Fig. 16, and those on the right are as in Fig. 17. 

The trend toward a heavier average composition 
through the knee region is again apparent, as is the 
consistency with previous direct measurements at 
lower energy. A rigidity-dependent spectral knee is 
atso strongly suggested. The energies at which all 
changes occur appears to be slightly less when the 
SIBYLL-based simulation is employed. In light of 
the uncertainties discussed above, this difference is 
likely not significant. 

13. Summary and implications 

The composition measured by CASA-MIA near 
IO” eV is consistent with direct measurements by 
other experiments. and becomes heavier through the 
knee region of the spectrum. At lOI eV, the data 
closely resemble simulated iron-induced events, in 
accord with measurements by other groups at higher 
energy. Spectra constructed separately for broad mass 
groups are consistent with cutoffs proportional to the 
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the energy spectrum determination, which strongly affect the
uncertainties in the rate of arrival, we conclude that the sim-
ulation gives good agreement with the experimental results.

As mentioned in the previous section, the present result
shows that heavier components, such as iron nuclei, become
dominant in the energy region around the knee. With our pre-
vious observations of Cerenkov radiation induced by EASs, we
observed EAS longitudinal development in the stages before
shower maximum. With the present analysis, we determined
the longitudinal development at the later stages. Nonetheless,
both measurements of the chemical composition with two
different and independent observations are consistent with each
other. Thus, we have successfully measured the whole longi-
tudinal development of EASs with the two observations and
thereby reached an estimate of the chemical composition.

The present result is consistent with the results of both
CASA-MIA and KASCADE (hadrons), but inconsistent with
those of KASCADE (electrons) and CASA-BLANCA. The
validity of our result is shown in the observed longitudinal
development curves, by comparison with the simulated curves
of the primary protons. While the calculated EAS longitudinal
development curves are dependent on the hadron interaction
model, our adopted QGSJET model shows the most rapid
development among the major models. Therefore, it is not
possible to explain our observed development curves with any
hadronic interaction model that is proton-dominant.

The present energy spectrum shows a gradual steepening
around 1015.5 eV. In this energy region, ln Ah i is more than 3
and is slowly increasing with primary energy. Our result
combined with the direct measurements of ln Ah i, shown in
Figure 7, indicates that ln Ah i is constant up to about 1014.5 eV.
Above this energy, ln Ah i increases with energy up to 1016 eV.
The factor between these two characteristic energies is about
30, and it is equal to the charge of iron, i.e., Z ¼ 26. Thus, one
possible explanation of this feature of the measured ln Ah i is
that the energy spectrum of each cosmic-ray component is
steepening at a fixed rigidity.

Using the simple assumptions of our all-particle flux and
ln Ah i, we compare our result to a composition model in
which there are five cosmic-ray components (protons, He,
CNO, Ne-Si, and Fe) that have spectral indices measured by
the RUNJOB collaboration and the spectra are steepened at
the fixed rigidity 1014.5 V. The calculated flux of each com-
ponent is added according to the relative abundances mea-
sured by SOKOL (Ivanenko et al. 1993) at 1012 eV, and the
total flux is normalized to the all-particle spectrum obtained
by SOKOL at the same energy. Moreover, we examined two
different cases for the model. In the first case, A, each spectral
index is steepened by 0.6 in energy, corresponding to the same
value in rigidity. This is expected in the case in which the
energy dependence of the diffusion coefficient dominating the
cosmic-ray propagation processes changes at a fixed rigidity.
In the second case, B, the spectral index changes, irrespective
of A, at "3.2 in energy, corresponding to the same change in
rigidity. This is expected in the case in which the dominant
acceleration process of cosmic rays is changed above the ri-
gidity. The values of 0.6 in model A and "3.2 in model B are
assumed on the basis of our measured all-particle spectrum.
The calculated spectra and the resultant ln Ah i are shown in
Figures 9 and 10, respectively. Although the calculated fluxes
in both Figures 9a and 9b are slightly less than the measured
one at 1014.7–1015.7 eV, the all-particle fluxes at the other
energy range and the predicted ln Ah i of models A and B are
consistent with present results. This suggests that iron nuclei
are the dominant component at the primary energies greater
than 1015 eV. The model predictions do not fit the measured
spectrum between 1014:7 and 1015:7 eV and result in two knees,
at 1014:7 and 1015:7 eV. Therefore, the simple models described
here are not sufficient to produce the measured spectrum and
composition.
In the report of the HEGRA CRT group (Bernlöhr et al.

1998), they suggest that the spectrum of each of the primary
components is steepened at a fixed rigidity and that the dom-
inant component at the knee energy is CNO. They also see an
increase in ln Ah i with energy. Their simple model is con-
sistent with our present result up to 1015 eV. However, the
ln Ah i in their model saturates around this energy and does
not fit our result at higher energies. The model by Hörandel
(2001), which introduces the charge-dependent cutoff energy

Fig. 9.—All-particle spectrum and the contributions of five components
calculated with model A (a) and with model B (b), compared with the spec-
trum in Fig. 7.

Fig. 10.—Predicted mean logarithmic mass ln Ah i with model A (solid line)
and model B (dashed line).
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and ultraheavy nuclear (Z ¼ 30 92) components is incon-
sistent with our result, because the model predicts that protons
are dominant at the knee.

The model of particle acceleration by oblique shocks de-
scribed by Kobayakawa et al. (1999, 2002) predicts the knee and
the gradual increase of ln Ah i with the primary’s energy be-
tween 1014 and 1016 eV without any assumption of a rigidity-
dependent cutoff. Their prediction of an increasing ln Ah i is
consistent with our result, but the predicted absolute value of
ln Ah i is smaller than our result.
In the model of Völk & Biermann (1988), cosmic rays from

1013 eV to the knee are mainly accelerated during explosions
of massive stars. Biermann (1993) develops this model further
and examines explosions of Wolf-Rayet stars. He concludes
that at the knee, the particles segregate with particle energy
according to their charge and that protons drop off first, then
the C-N-O elements, next Mg, Si, etc., and finally iron nuclei.
At the surfaces of Wolf-Rayet stars helium and heavier ele-
ments are enhanced, rather than protons. This can be attributed
effectively to the chemical composition of primary cosmic
rays. As discussed in our previous paper (Shirasaki et al.
2001), the measured ln Ah i suggests that the accelerated par-
ticle abundance must be greater than that in the stellar winds
of Wolf-Rayet stars. Since the accelerated particles are a
mixture of the stellar wind particles and ejected matter,
Biermann’s model seems to be very promising, given our
former and present results.

6. CONCLUSIONS

Using the equi-intensity method, we have obtained mean
longitudinal development curves of EASs with primary ener-
gies from 1014 to 1016 eV. In the measured atmospheric depth
range, the apparent maximum development points, which are

expected with a proton-dominant composition model, are not
found. By comparing the measured curves with those calcu-
lated from a Monte Carlo simulation, we obtained the mean
logarithmic mass, ln Ah i, as a function of the primary energy.
The measured ln Ah i increases with energy over the energy
range of 1014:5 1016 eV. This is consistent with our former
Cerenkov light observations and the measurements by some
other groups. The observed ln Ah i is consistent with the ex-
pected features of a model in which the energy spectrum of
each component is steepened at a fixed rigidity of 1014.5 V.

The present result from the cosmic-ray flux is consistent
with other experiments, and the obtained all-particle spectrum
finds a gradual steepening in the spectral index, from "2.66 to
"3.19, at 1015.5 eV. While we cannot specify any actual source
or propagation model for cosmic rays with energies above
1014 eV, the supernova acceleration model with stellar winds
and ejected matter of Wolf-Rayet stars is one plausible model
to explain our results.

Finally, we conclude that the actual model suggests that the
dominant component above 1015 eV is heavy and that the
ln Ah i increases with the energy to about 3.5 at 1016 eV.
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and ultraheavy nuclear (Z ¼ 30 92) components is incon-
sistent with our result, because the model predicts that protons
are dominant at the knee.

The model of particle acceleration by oblique shocks de-
scribed by Kobayakawa et al. (1999, 2002) predicts the knee and
the gradual increase of ln Ah i with the primary’s energy be-
tween 1014 and 1016 eV without any assumption of a rigidity-
dependent cutoff. Their prediction of an increasing ln Ah i is
consistent with our result, but the predicted absolute value of
ln Ah i is smaller than our result.
In the model of Völk & Biermann (1988), cosmic rays from

1013 eV to the knee are mainly accelerated during explosions
of massive stars. Biermann (1993) develops this model further
and examines explosions of Wolf-Rayet stars. He concludes
that at the knee, the particles segregate with particle energy
according to their charge and that protons drop off first, then
the C-N-O elements, next Mg, Si, etc., and finally iron nuclei.
At the surfaces of Wolf-Rayet stars helium and heavier ele-
ments are enhanced, rather than protons. This can be attributed
effectively to the chemical composition of primary cosmic
rays. As discussed in our previous paper (Shirasaki et al.
2001), the measured ln Ah i suggests that the accelerated par-
ticle abundance must be greater than that in the stellar winds
of Wolf-Rayet stars. Since the accelerated particles are a
mixture of the stellar wind particles and ejected matter,
Biermann’s model seems to be very promising, given our
former and present results.

6. CONCLUSIONS

Using the equi-intensity method, we have obtained mean
longitudinal development curves of EASs with primary ener-
gies from 1014 to 1016 eV. In the measured atmospheric depth
range, the apparent maximum development points, which are

expected with a proton-dominant composition model, are not
found. By comparing the measured curves with those calcu-
lated from a Monte Carlo simulation, we obtained the mean
logarithmic mass, ln Ah i, as a function of the primary energy.
The measured ln Ah i increases with energy over the energy
range of 1014:5 1016 eV. This is consistent with our former
Cerenkov light observations and the measurements by some
other groups. The observed ln Ah i is consistent with the ex-
pected features of a model in which the energy spectrum of
each component is steepened at a fixed rigidity of 1014.5 V.

The present result from the cosmic-ray flux is consistent
with other experiments, and the obtained all-particle spectrum
finds a gradual steepening in the spectral index, from "2.66 to
"3.19, at 1015.5 eV. While we cannot specify any actual source
or propagation model for cosmic rays with energies above
1014 eV, the supernova acceleration model with stellar winds
and ejected matter of Wolf-Rayet stars is one plausible model
to explain our results.

Finally, we conclude that the actual model suggests that the
dominant component above 1015 eV is heavy and that the
ln Ah i increases with the energy to about 3.5 at 1016 eV.
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the energy spectrum determination, which strongly affect the
uncertainties in the rate of arrival, we conclude that the sim-
ulation gives good agreement with the experimental results.

As mentioned in the previous section, the present result
shows that heavier components, such as iron nuclei, become
dominant in the energy region around the knee. With our pre-
vious observations of Cerenkov radiation induced by EASs, we
observed EAS longitudinal development in the stages before
shower maximum. With the present analysis, we determined
the longitudinal development at the later stages. Nonetheless,
both measurements of the chemical composition with two
different and independent observations are consistent with each
other. Thus, we have successfully measured the whole longi-
tudinal development of EASs with the two observations and
thereby reached an estimate of the chemical composition.

The present result is consistent with the results of both
CASA-MIA and KASCADE (hadrons), but inconsistent with
those of KASCADE (electrons) and CASA-BLANCA. The
validity of our result is shown in the observed longitudinal
development curves, by comparison with the simulated curves
of the primary protons. While the calculated EAS longitudinal
development curves are dependent on the hadron interaction
model, our adopted QGSJET model shows the most rapid
development among the major models. Therefore, it is not
possible to explain our observed development curves with any
hadronic interaction model that is proton-dominant.

The present energy spectrum shows a gradual steepening
around 1015.5 eV. In this energy region, ln Ah i is more than 3
and is slowly increasing with primary energy. Our result
combined with the direct measurements of ln Ah i, shown in
Figure 7, indicates that ln Ah i is constant up to about 1014.5 eV.
Above this energy, ln Ah i increases with energy up to 1016 eV.
The factor between these two characteristic energies is about
30, and it is equal to the charge of iron, i.e., Z ¼ 26. Thus, one
possible explanation of this feature of the measured ln Ah i is
that the energy spectrum of each cosmic-ray component is
steepening at a fixed rigidity.

Using the simple assumptions of our all-particle flux and
ln Ah i, we compare our result to a composition model in
which there are five cosmic-ray components (protons, He,
CNO, Ne-Si, and Fe) that have spectral indices measured by
the RUNJOB collaboration and the spectra are steepened at
the fixed rigidity 1014.5 V. The calculated flux of each com-
ponent is added according to the relative abundances mea-
sured by SOKOL (Ivanenko et al. 1993) at 1012 eV, and the
total flux is normalized to the all-particle spectrum obtained
by SOKOL at the same energy. Moreover, we examined two
different cases for the model. In the first case, A, each spectral
index is steepened by 0.6 in energy, corresponding to the same
value in rigidity. This is expected in the case in which the
energy dependence of the diffusion coefficient dominating the
cosmic-ray propagation processes changes at a fixed rigidity.
In the second case, B, the spectral index changes, irrespective
of A, at "3.2 in energy, corresponding to the same change in
rigidity. This is expected in the case in which the dominant
acceleration process of cosmic rays is changed above the ri-
gidity. The values of 0.6 in model A and "3.2 in model B are
assumed on the basis of our measured all-particle spectrum.
The calculated spectra and the resultant ln Ah i are shown in
Figures 9 and 10, respectively. Although the calculated fluxes
in both Figures 9a and 9b are slightly less than the measured
one at 1014.7–1015.7 eV, the all-particle fluxes at the other
energy range and the predicted ln Ah i of models A and B are
consistent with present results. This suggests that iron nuclei
are the dominant component at the primary energies greater
than 1015 eV. The model predictions do not fit the measured
spectrum between 1014:7 and 1015:7 eV and result in two knees,
at 1014:7 and 1015:7 eV. Therefore, the simple models described
here are not sufficient to produce the measured spectrum and
composition.
In the report of the HEGRA CRT group (Bernlöhr et al.

1998), they suggest that the spectrum of each of the primary
components is steepened at a fixed rigidity and that the dom-
inant component at the knee energy is CNO. They also see an
increase in ln Ah i with energy. Their simple model is con-
sistent with our present result up to 1015 eV. However, the
ln Ah i in their model saturates around this energy and does
not fit our result at higher energies. The model by Hörandel
(2001), which introduces the charge-dependent cutoff energy

Fig. 9.—All-particle spectrum and the contributions of five components
calculated with model A (a) and with model B (b), compared with the spec-
trum in Fig. 7.

Fig. 10.—Predicted mean logarithmic mass ln Ah i with model A (solid line)
and model B (dashed line).
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Table 2
The purity of the selected events by T < 0.4

Model Energy (eV) Purity (%)
HD PD

QGSJET 1014–1015 96.7± 0.7 97.4± 0.4
1015–1016 83.1± 1.6 86.7± 0.8

SIBYLL 1014–1015 96.2± 0.5 97.3± 0.3
1015–1016 82.8± 1.2 86.1± 0.7

SIBYLL + PD models, respectively, among which 110 events
are identical and one event belongs only to QGSJET analysis
and two events belong only to SIBYLL analysis.

5. Results and discussions

In Fig. 2, we show the measured primary cosmic-ray proton
energy spectra assuming the two interaction models (QGSJET
and SIBYLL) and two primary composition models (HD and
PD), together with the results from other experiments. As
seen in Fig. 2, the present results assuming the HD and PD
models in the simulation are in a good agreement with each
other within the statistical errors. The measured proton en-
ergy spectra can be expressed by a single power-law func-
tion of a differential form J (E)(m−2 s−1 sr−1 GeV−1) = A ×
10−13 × ( E

106 GeV )−B , where (A,B) is (4.56 ± 0.46, 3.01 ±
0.11), (4.14 ± 0.44, 3.08 ± 0.11), (3.21 ± 0.34, 3.05 ± 0.12)
and (3.24 ± 0.34, 3.08 ± 0.12) based on the QGSJET + HD,
QGSJET + PD, SIBYLL + HD and SIBYLL + PD models,
respectively, where the errors quoted are the statistical ones.
The error in the spectral index is statistics dominant, while
that in the absolute flux value is model-dependence dominant.
For the absolute flux value, the QGSJET model gives approx-
imately 30% higher flux than the SIBYLL model. This can be
mainly attributed to the difference of Feynman xF -distribution
of charged mesons between QGSJET and SIBYLL model in
the very forward region at a collision [13]. The Feynman
xF -distribution in the SIBYLL model is harder than that in the

QGSJET model in the xF > 0.2 region, so that the generation
efficiency of γ -families by the former model becomes higher
than the latter, resulting in a lower proton flux in the case of
the SIBYLL model. As compared in Fig. 2, the present results
are consistent with those obtained by the burst detectors in this
experiment within 25% [11]. This implies that the systematic
energy-scale uncertainty in our experiment is estimated to be
10% level. A solid straight line with the power index −2.74
drawn in Fig. 2 is the best fitted line for the data points in the
energy region below 1014 eV observed by recent direct mea-
surements [22], which is harder than the indices of our proton
spectra.
Thanks to its light mass, the helium component can also trig-

ger our hybrid experiment although the efficiency at 1015 eV is
about 4 times lower than the case of protons. The ANN method
is again applied to obtain the helium spectrum over the energy
1015 eV. Because of the training algorithm of ANN, it is not
possible to train the network to separate heliums from others di-
rectly, for the helium mass is between protons and other heavy
nuclei and the characteristics of the helium event is smeared
out by the fluctuation tail from the both sides. Therefore we
train the network to separate light component (proton or he-
lium) from other nuclei, by assigning 0 to light component and
1 to other nuclei. The critical value Tc to select light compo-
nent is set as 0.2 where the selection efficiency reaches to 70%
and the purity is 93% for all models. Then, the helium spectra
can be obtained by subtracting the number of protons, which
are previously obtained by proton-training, from the number of
proton + helium events. Above mentioned procedure was ap-
plied on each energy bin to obtain the energy spectra of heliums
and the result is shown in Fig. 3, where the same dependence
of the absolute intensity on the interaction models is seen as in
the case of proton spectra.
We can also estimate the fraction of the nuclei heavier than

helium in cosmic rays around the knee using the proton +
helium spectra and the all-particle energy spectrum obtained by
the Tibet air shower array [20]. Shown in Fig. 4 is the fraction
of primary cosmic rays heavier than helium nuclei assuming the

(a) (b)

Fig. 2. Energy spectra of primary cosmic-ray protons obtained by the present experiment (a) and they are compared with other experiments (b): Tibet-B.D. [9],
KASCADE [16], JACEE [17] and RUNJOB [18]. The all-particle spectra are from the experiments: PROTON satellite [19], Tibet-III [20] and AKENO [21]. For
the solid line with the power index −2.74, see the text.

≈ 500 TeV
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(1) The power index is steeper than that of all-particle spectrum 
before the knee, suggesting that the light component has the 
break point at lower energy than the knee. 


(2) The fraction of the light component to the all-particles is 
less than 30% which tells that the main component 
responsible for the knee structure is heavier than helium. 
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Fig. 3. P+He spectrum obtained by AS core observation (black
closed circle).

is about 30% as studied by Tibet, but that of central region
seems to be as large as factor 2. (Cited data: BESS (Sanuki
et al., 2000), ATIC1 (Ahn et al., 2003), ATIC2 (Wefel et al.,
2005), JACEE (Asakimori et al., 1998), RUNJOB (Derbina
et al., 2005), KASCADE (Antoni et al., 2005), TIBET-BD
(Amenomori et al., 2000b), TIBET-EC (Amenomori et al.,
2006)).
Remarkable features of the energy spectrum of light com-

ponent around 1015 eV are; (1) The power index is steeper
than that of all-particle spectrum before the knee, suggesting
that the light component has the break point at lower energy
than the knee. (2) The fraction of the light component to
the all-particles is less than 30% which tells that the main
component responsible for the knee structure is heavier than
helium.

3 Discussion

The features of the energy spectrum and primary mass com-
position obtained by Tibet experiment can be interpreted by
two scenarios of the origin of cosmic rays (Shibata et al.,
2010).
Model A : Sharp knee is caused by extra component orig-
inating from nearby source(s) as first pointed out by sin-
gle source model of (Erlykin et al., 1997). Fig. 4 shows
that the sharp knee of the all-particle spectrum can be re-
produced by adding extra component around the knee over
the global component which can be calculated as diffusive
cosmic rays originating from multiple sources. The en-
ergy spectrum of the extra component can be approximated
by /E�2exp(�E/4PeV ), which is close to the source
spectrum expected from diffusive shock acceleration (DSA)
mechanism of cosmic rays. A possible explanation of such
extra component together with the knee composition is to as-
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Fig. 4. Model A: Sharp knee is attributed to extra component
(dashed line) from nearby source. Solid red line represents sum
of the global component and the extra component.

sume nearby source(s) dominated by heavy elements such as
type Ia SNRs or pulsars.
Model B : The knee is due to the characteristics of the DSA
mechanism in which nonlinear effect plays an important role
resulting in hard source spectrum of cosmic rays near accel-
eration limit energy. Fig. 5 shows the primary mass com-
position calculated by nonlinear model in which it is as-
sumed that heavy elements are more efficiently accelerated
than light elements (Cited data: Grigorov (Grigorov et al.,
1971), SOKOL (Ivanenko et al., 1993), JACEE (Asakimori
et al., 1998), RUNJOB (Derbina et al., 2005), ATIC1 (Ahn et
al., 2003), ATIC2 (Wefel et al., 2005), CREAM1 (Seo et al.,
2005), CREAM2 (Ahn et al., 2009), TRACER (Ave et al.,
2008), HESS (Aharonian et al., 2007) ). This model predicts
the rigidity-dependent hardening of the energy spectrum be-
fore the knee and heavy elements dominate at the knee and
beyond. Recent direct observations of ATIC and CREAM
reported hardening of the energy spectrum in 1012�1014 eV
region (Panov et al., 2006; Ahn et al., 2009) and model B
seems to be favorable to account these data. It is also possi-
ble that both of models A and B contribute to the structure of
the knee.

4 New hybrid experiment (Tibet-AS+YAC+MD)

New detectors are under construction at Tibet for the study of
the cosmic-ray origin. Improved AS core array called Yan-
bajing Air shower Core detector (YAC) is going to be set up
in late 2010, which consists of 100 burst detectors with low
detection threshold for burst size, located at the center of the
AS array. Also, large area (900m2⇥4) underground muon
detectors (MD) are under construction (water Cherenkov de-
tector) as schematically shown in Fig. 6 (Amenomori et al.,
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Fig. 13 shows the fraction of primary cosmic-rays
heavier than helium nuclei assuming the QGSJET model
and the SIBYLL model, where the attached errors are

statistical ones. Our results indicate the average mass of
primary cosmic-rays increases around the knee, toward
the direction of heavy dominance. The fraction of the
nuclei heavier than helium among all cosmic-rays is greater
than 70% around the knee, and it is an increasing function
of the primary energy.

The energy spectra of the primary nuclei such as CNO
and Fe groups have been reported by KASCADE (Antoni
et al., 2004), EAS-TOP (Aglietta et al., 2004) and CASA-
BLANCA (Fowler et al., 2001), however, the results are
not conclusive yet because of their strong dependence on
the interaction models used in the analysis. We plan that
the next phase of the Tibet hybrid experiment will measure
the heavy component. A new type of air-shower core detec-
tor YAC (Yangbajing Air shower Core detector) is under
development, which aims at the explicit measurement of
the iron component. The performance of the planned appa-
ratus and its expected sensitivity to the primary cosmic-ray
composition have already been investigated (Huang et al.,
2005; Katayose et al., 2005). This new core detector array
consists of 400 YAC detectors of 0.20 m2 placed on a grid
at 3.75 m intervals as shown in Fig. 14. Each new detector
consists of lead plates, with a total thickness of 3.5 cm,
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See caption of Fig. 3 for plots labeled “BD” and “ALL”.

102

103

104

104 105 106 107 108 109

E2.
5 dJ

/d
E 

[G
eV

1.
5 m

-2
 s

ec
-1

 s
r-1

]

Primary Energy [GeV/particle]

QGSJET+HD
SIBYLL+HD

QGSJET+PD

Fig. 12. All particle spectrum measured by Tibet III array derived from
analysis using QGSJET + HD, SIBYLL + HD and QGSJET + PD
models.

 0

 0.2

 0.4

 0.6

 0.8

 1

 1.2

105 106 107 108

(A
ll−
PH

e)
/A
ll

E0  GeV

QGSJET
SIBYLL

Fig. 13. Fraction of the primary cosmic-rays heavier than helium nuclei
obtained by assuming QGSJET and SIBYLL interaction models.

Lead:3.5cm

Fe:1cm

Plastic
 50cm 40cm 1cm

3.75m

3.75m

YAC AS

20*20 detectors

Air Shower Array

Fig. 14. Schematic view of Tibet III air-shower array and YAC array.
Each YAC detector consists of lead plates and a plastic scintillator.

M. Amenomori et al. / Advances in Space Research 47 (2011) 629–639 637

Advances in Space Research 47 (2011) 629 



G. Di Sciascio, GSSI - L'Aquila, Feb. 7,  2018

Composition at the knee: Tibet ASγ
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Proton Spectrum
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Direct measurement and Tibet ASγ combined 

Proton Spectrum 
Direct measurement and Tibet combined 

(Slide from M.Shibata,Y.N.U.) 

Takita (2013)
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The ARGO-YBJ experiment
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Tibet ASγ 
ARGO 

The Yangbajing Cosmic Ray Laboratory 

Longitude: 90º 31’ 50’’ East
Latitude: 30º 06’ 38’’ North

90 km North from Lhasa (Tibet)

4300 m above sea level
∾ 600 g/cm2

INFN IHEP/CAS

ARGO-YBJ is a telescope optimized for the detection of small size air showers  
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The ARGO-YBJ layout
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Experimental Hall & Detector Layout

Vulcano Workshop 2010 G. Di Sciascio 4

Single layer of Resistive Plate Chambers (RPCs) 
with a full coverage (92% active surface) of a large area (5600 m2)

+ sampling guard ring (6700 m2 in total)

time resolution ~1-2 ns (pad)
space resolution = strip

10 Pads 
(56 x 62 cm2)
for each RPC

8 Strips 
(6.5 x 62 cm2) 

for each Pad1 CLUSTER = 12 RPCs

78 m
111 m

99
 m

74
 m

(5.7 7.6 m2)

Gas Mixture: Ar/ Iso/TFE = 15/10/75

HV = 7200 V

Central Carpet:
130 Clusters
1560 RPCs

124800 Strips
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The basic concepts
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…for an unconventional air shower detector
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Real%event%)

❖ HIGH ALTITUDE SITE                             
(YBJ - Tibet 4300 m asl - 600 g/cm2)


❖ FULL COVERAGE                                  
(RPC technology, 92% covering factor)


❖ HIGH SEGMENTATION OF THE READOUT 
(small space-time pixels)

Space pixels: 146,880 strips (7×62 cm2) 

Time  pixels: 18,360 pads (56×62 cm2)    

 … in order to

• image the shower front with unprecedented details


• get an energy threshold of a few hundreds of GeV



G. Di Sciascio, GSSI - L'Aquila, Feb. 7,  2018

Selection of p+He component by ARGO-YBJ
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• Selection of (p+He)-induced showers in ARGO-YBJ: NOT by means of an unfolding procedure after 
the measurement of electronic and muonic sizes, but on an event-by-event basis exploiting showers 
topology, i.e. the lateral distribution of charged secondary particles. 

• Energy reconstruction is based on the Np8m parameter: the 
number of particle within 8 m from the shower core position. 

This truncated size is

• well correlated with primary energy

• not biased by finite detector effects

• weakly affected by shower fluctuations
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text).
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FIG. 5: Two-dimensional histogram of log10(E/TeV ) vs
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max
p8 ) for a simulated mixture of quasi-vertical (θ <

15o) H, He, CNO group and Fe nuclei, in the assumption of
Hörandel composition model. A linear fit is superimposed.

is a mass-independent estimator of the average slong
(or Xmax). Obviously shower-to-shower fluctuations2

introduce unavoidable systematics, whose effects can be
anyway quantified and taken into account. Another4

implication is that s′ from the LDF fit close to the shower
axis, together with the measurement of the truncated size6

Np8, can give information on the primary particle nature,
thus making possible the study of mass composition8

and the selection of a light-component data sample (see
below).10

B. Shower energy determination

In order to get a mass independent energy estimator,12

the information of the shower age given by the LDF fit
was used to correct the number of particles detected14

on ground to the corresponding value at the shower
maximum. As it is well known, this value would be well16

correlated with energy, independently on the primary
mass.18

As a first approximation, we can assume that the
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FIG. 6: The log10 of energy distribution corresponding to the
interval of the truncated size at maximum log10(N
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p8 ) =

[5.30, 5.38], just as an example. As shown, the distribution is
properly fitted by a Gaussian function.

shower is absorbed after its maximum in the atmosphere
following an exponential law:

N(X) = Nmax
tot · exp

[
− Xdet −Xmax

λabs

]
(3)

where the number N(X) of particles at depth X is
obtained from the number of particles at maximum
Nmax

tot , taking into account the shower maximum depth
Xmax and the absorption length in the atmosphere λabs.
It is then reasonable to apply the same absorption law to
the truncated size Np8, in order to get the corresponding
signal at maximum, Nmax

p8 . By inverting Eq.3

Nmax
p8 = Np8 · exp

[
h0 · sec(θ)−Xmax(s′)

λabs

]
(4)

where h0 is the atmospheric depth of the detection level, θ
is the zenith angle, and Xmax(s′) is the shower maximum
as estimated from the event LDF slope. Equivalently,
using Eq. 2, we obtain:

Nmax
p8 = Np8 · exp

{
3

2

h0 · sec(θ)
λabs

[
1− 1

slong(s′)

]}
(5)

which directly expresses Nmax
p8 as a function of s′,

through the longitudinal age

slong = (0.389± 0.005) · s′ + (0.678± 0.007) (6)

resulting from data in Fig.2. It is then possible to
get Nmax

p8 for each event, on the basis of the observed20

truncated size Np8 at ground and the s′ parameter LDF
fit. The value of λabs is left as a free parameter in order22

to optimize the energy reconstruction (see below).
The shower size at maximum, Nmax

tot , is only a
function of the total energy, mostly independent on
the primary nature [2]. The quantity Nmax

p8 is then
expected to be a good, and mass independent, estimator
of the primary energy. This is evident in Fig. 5,

6
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is a mass-independent estimator of the average slong
(or Xmax). Obviously shower-to-shower fluctuations2

introduce unavoidable systematics, whose effects can be
anyway quantified and taken into account. Another4

implication is that s′ from the LDF fit close to the shower
axis, together with the measurement of the truncated size6

Np8, can give information on the primary particle nature,
thus making possible the study of mass composition8

and the selection of a light-component data sample (see
below).10

B. Shower energy determination

In order to get a mass independent energy estimator,12

the information of the shower age given by the LDF fit
was used to correct the number of particles detected14

on ground to the corresponding value at the shower
maximum. As it is well known, this value would be well16

correlated with energy, independently on the primary
mass.18

As a first approximation, we can assume that the
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shower is absorbed after its maximum in the atmosphere
following an exponential law:

N(X) = Nmax
tot · exp

[
− Xdet −Xmax

λabs

]
(3)

where the number N(X) of particles at depth X is
obtained from the number of particles at maximum
Nmax

tot , taking into account the shower maximum depth
Xmax and the absorption length in the atmosphere λabs.
It is then reasonable to apply the same absorption law to
the truncated size Np8, in order to get the corresponding
signal at maximum, Nmax

p8 . By inverting Eq.3

Nmax
p8 = Np8 · exp

[
h0 · sec(θ)−Xmax(s′)

λabs

]
(4)

where h0 is the atmospheric depth of the detection level, θ
is the zenith angle, and Xmax(s′) is the shower maximum
as estimated from the event LDF slope. Equivalently,
using Eq. 2, we obtain:

Nmax
p8 = Np8 · exp

{
3

2

h0 · sec(θ)
λabs

[
1− 1

slong(s′)

]}
(5)

which directly expresses Nmax
p8 as a function of s′,

through the longitudinal age

slong = (0.389± 0.005) · s′ + (0.678± 0.007) (6)

resulting from data in Fig.2. It is then possible to
get Nmax

p8 for each event, on the basis of the observed20

truncated size Np8 at ground and the s′ parameter LDF
fit. The value of λabs is left as a free parameter in order22

to optimize the energy reconstruction (see below).
The shower size at maximum, Nmax

tot , is only a
function of the total energy, mostly independent on
the primary nature [2]. The quantity Nmax

p8 is then
expected to be a good, and mass independent, estimator
of the primary energy. This is evident in Fig. 5,
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log10(Np8) = [5.30 - 5.38]
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FIG. 7: Energy resolution as a function of the reconstructed
energy Erec for quasi-vertical events (θ < 15o), λabs =
100 g/cm2 and Hörandel model [13]. The method was
applied for E ≥ 100TeV.

FIG. 8: Energy calibration bias as a function of the
reconstructed energy Erec for quasi-vertical events (θ <
15o), λabs = 100 g/cm2 and Hörandel model [13]. The
method was applied for E ≥ 100TeV.

where a two-dimensional histogram of the Log(Nmax
p8 )

quantity versus Log(E/TeV ) is shown for a simulated
mixture of protons, He, CNO group and Fe, weighted
by the flux model proposed by Hörandel [13]. Very
similar results are obtained using other composition
models (for instance, the Gaisser-Stanev-Tilav model
[44]). Monte Carlo events have been selected with the
same quality cuts of real data and zenith angle within
15◦. The two-dimensional histogram has been divided in
Log(Nmax

p8 ) bins of 0.08. For each bin the distribution of
Log(E/TeV ) has been well fitted by a gaussian function
(see Fig. 6 for an example). The line superimposed
in Fig. 5 is a fit of the mean values of each gaussian
as a function of Log(Nmax

p8 ) Such relationship is well
described by:

Log(E/TeV ) = a · Log(Nmax
p8 ) + b (7)

with a=(0.98 ± 0.01) and b =(−2.42 ± 0.05). It is
important to note that the value of the slope a is in good2

agreement with expectations [2, 51].

The energy resolution, defined as one standard devia-4

tion of the distribution of the quantity Log(Erec/Etrue)
(being Etrue the true energy of the simulated event and6

Erec the value as reconstructed from Eq. 7), has been
evaluated at various energies. A value of 0.2 has been8

obtained at 30TeV, improving with energy, as shown in
Fig. 7, donw to 0.05 at 10PeV. Moreover, as shown in10

Fig.8, the energy reconstruction bias, defined as the dif-
ference Log(Erec/TeV ) - Log(Etrue/TeV ), stays within12

±0.05 for all energies above 30TeV.

The absorption length parameter λabs has been14

determined by optimizing the energy resolution and
bias in the whole considered energy range. The16

value λabs = 100 g/cm2 satisfies both the request of
Log(E/TeV ) resolution better than 0.2 and bias within18

±0.05 for all energies above 30TeV nad it is in agreement
with expectations and an independent ARGO-YBJ20

measurement [26].

Gain scale G4 G1
Data from 14-jul-2010 27-sep-2010

to 30-jul-2010 31-dec-2010
Live time (s) 1.14 × 106 7.14 × 106

Triggering events 8.5 × 106 5.4 × 107

Reconstructed events with 9.5 × 105 6.7 × 106

core in Afid and θ < 15◦

Events after G4/G1 fiducial cut 2.3 × 105 8.7 × 104

Events with LDF fit 2.1 × 105 8.2 × 104

p+He selection 1.3 × 105 3.7 × 104

TABLE I: Summary of data samples used in the present
analysis at each selection step (see text).

IV. THE ALL-PARTICLE ENERGY SPECTRUM22

As described in Sec.II and [33], the RPC charge
readout system has eight different and overlapping gain24

scale settings (G0,....,G7 from lower to higher gains, with
nominal shifts of a factor two) in order to explore the26

particle density range ≈(20 – 104) particles/m2. In
this paper the results obtained with two gain scales (so-28

called G1 and G4) are presented. The main information
concerning the two data samples are given in Tab.I,30

together with the number of events surviving various
steps in the analysis (see below).32

The analog system response, for each considered data
set and gain scale has been carefully calibrated by34

following the procedures fully discussed in [33, 34].
Fiducial cuts in order to ensure the operation in the36

proper linearity range for each gain scale have been
applied, namely (Log(Npeak) > 1.7 and 3 < Log(Np8) <38

5) for G4, and (Log(Npeak) > 2.7 and 4 < Log(Np8)) for
G1, where Npeak is the number of particles detected on40

the BP with the largest signal in the considered event.
The same procedure described in Sec.III was then42

applied to fit the single event LDF in the first 10 meters
around the reconstructed shower axis and get the value44

of the lateral slope parameter s′. The measured values
of s′ and Np8 were then used to reconstruct the energy46
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FIG. 9: Reconstructed energy distributions for simulated and real events for G4 (left) and G1 (right) all-particle data. Also
shown are the true energy distributions (for MC events) and the results of the unfolding procedure (for real events). Vertical
dashed lines enclose the energy regions considered for the all-particle spectrum measurements with the two gain scales.
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FIG. 10: Aperture for both G4 and G1 gain scale and for each
simulated primary particle type for the all-particle spectrum
measurement. The weighted mean obtained by using flux
parametrization given in [44] is also shown (see text).

procedure (the Bayesian algorithm as implemented in the
RooUnfold package [52]) was applied to the reconstructed2

energy distribution. The results are also given in Fig.9
for both considered data sets.4

In order to get the energy spectrum the estimation of
the aperture is then mandatory. This can be done by6

applying the full analysis procedure to simulated data
for each primary species. Results are shown in Fig.10 for8

the combination of G4 and G1 gan scale datasets. As can
be seen, above 300TeV all the primary species reached10

the efficiency plateau and therefore the aperture is mass
independent. Between 80TeV (the energy threshold12

chosen for this measurement) and 300TeV there is a
sizeable dependency on the primary mass. This can be14

overcame by assuming (only in this small energy range)
a given mass composition and taking as the aperture the16

weighted mean among the various primary species. The
result of this calculation, by using the parametrization18

given in [44], is also shown in Fig.10. Similar results,
within few percent, are obtained by the parametrization20

in [13]. Of course this introduces an unavoidable but
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FIG. 11: The all-particle energy spectrum of primary CRs
resulting from this work. The error bars and the shaded area
refer to statistical and systematic uncertainties respectively.
The parametrizations provided by [13] and [44] are also shown
for comparison.

small model dependence between in the 80-300TeV range22

that has been anyway considered in the evaluation of the
overall systematic uncertainty (see Sec.VI).24

The resulting measurements of the CR all-particle
energy spectrum is shown in Fig.11 for both G4 and26

G1 data samples. In the plot the overall systematic
uncertainty, due to hadronic interaction models, selection28

criteria, unfolding algorithms, and aperture calculation,
is shown by the shaded area (see Sec.VI for details).30

The statistical uncertainty is shown by the error bars.
As can be seen from the figure, spectra obtained by32

analyzing two different data samples with two different
gain settings, actually overlap. The two measurements34

were then properly combined, by considering the
corresponding uncertainties, in order to get the ARGO-36

YBJ all-particle spectrum shown in Fig.15. The result is
in fair agreement with the parametrizations provided by38

[13] and [44], showing evidence of a change of the spectral
index at an energy consistent with the position of the40

knee. In particular, a fit with a broken power law results

8
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Wide Field of View Cherenkov Telescopes

37

The goal: measurement of the CR energy spectrum and composition in the range 1013 - 1018 eV

Why Wide FoV Cherenkov telescopes at high altitude ?

(1) Measure EASs near maximum development points to reduce fluctuations. 

(2) Use an unbiased trigger threshold for heavy components of primaries.

(3) Low energy threshold and wide energy range (1013 → 1018 eV).

(4) Measure the electromagnetic component which is less dependent on 

hadronic interaction models than the muon component. 

(5) Good separation capability between the different masses. 

(6) Good energy resolution (≈20%).

High altitude

Cherenkov signal

Chin. Phys. C 38, 045001 (2014) 
Phys. Rev. D 92, 092005 (2015)

First example of hybrid measurement: Cherenkov telescope + EAS array (ARGO-YBJ)
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ARGO-YBJ + WFCTA
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❖ ARGO-YBJ: core reconstruction  & lateral distribution in the core region  
! mass sensitive 

❖ Cherenkov telescope: longitudinal information 
Hillas parameters  ! mass sensitive 

� ARGO-YBJ:  
              lateral distribution 

▪ In the core region Æ mass sensitive 

� Cherenkov Telescope:  
          longitudinal  information  

▪ Hillas parameter Æ mass sensitive 
 
 

▪ Better energy resolution 

Hybrid Measurement proton 
iron 

� ARGO-YBJ:  
              lateral distribution 

▪ In the core region Æ mass sensitive 

� Cherenkov Telescope:  
          longitudinal  information  

▪ Hillas parameter Æ mass sensitive 
 
 

▪ Better energy resolution 

Hybrid Measurement proton 
iron 

H&He Selection 
• Elongation of the shower image 
              L/W ~ 0.09(Rp/10m) 

2L 

2W 

• angular resolution: 0.2º


• shower core position resolution: 2 m

Phys. Rev. D 92, 092005 (2015)

‣ 4.7 m2 spherical mirror composed of 20 
hexagon-shaped segments 


‣ 256 PMTs (16 ⨉ 16 array)

‣ 40 mm Photonis hexagonal PMTs (XP3062/FL) 
‣ pixel size 1º
‣ FOV: 14º ⨉ 14º


‣ Elevation angle: 60º

A prototype of the future LHAASO telescopes has 
been operated in combination with ARGO-YBJ
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Light component (p + He) selection
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Multi-parameter Analysis 
• pL = Nmax −  1.44log10(Erec/1TeV) 
• pC = L/W −  0.091×(Rp/10m)  −  0.14log10(Erec/1TeV) 

 

 
pL>-0.91 || pC>1.3 
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Figure 6. Light component (p+He) energy spectrum of primary CRs measured by ARGO-YBJ compared with other experimental results. The
ARGO-YBJ 2012 data refer to the results published in [19] and the 2013 ones have been obtained with the full statistics.

that the Cherenkov images are fully contained in the FOV, an angular resolution better than 0.2◦ and a shower core
position resolution less than 2 m.

According to the MC simulations, the largest number of particles Nmax recorded by a RPC in an given shower is
a useful parameter to measure the particle density in the shower core region, i.e. within 3 m from the core position.
For a given energy, in showers induced by heavy nuclei Nmax is smaller than in showers induced by light particles.
Therefore, Nmax is a parameter useful to select different primary masses. In addition, Nmax is proportional to E1.44rec ,
where Erec is the shower primary energy reconstructed using the Cherenkov telescope. We can define a new parameter
pL = log10(Nmax) − 1.44 · log10(Erec/TeV) by removing the energy dependence [25].

The Cherenkov footprint of a shower can be described by the well-known Hillas parameters [26], i.e. by the width
and the length of the image. Older showers which develop higher in the atmosphere, such as iron-induced events, have
Cherenkov images more stretched, i.e. narrower and longer, with respect to younger events due to light particles which
develop deeper. Therefore, the ratio between the length and the width (L/W) of the Cherenkov image is expected to
be another good estimator of the primary elemental composition.

Elongated images can be produced, not only by different nuclei, but also by showers with the core position far
away from the telescope, or by energetic showers, due to the elongation of the cascade processes in the atmosphere.
Simulations show that the ratio of L/W is nearly proportional to the shower impact parameters Rp, the distance
between the telescope and the core position, which must be accurately measured. An accurate determination of the
shower geometry is crucial for the energy measurement. In fact, the number of photoelectrons collected in the image
recorded by the Cherenkov telescope Npe varies dramatically with the impact parameter Rp, because of the rapid
falling off of the lateral distribution of the Cherenkov light. Only an accurate measurement of the shower impact
parameters Rp, and a good reconstruction of the primary energy allow to disentangle different effects. A shower
core position resolution better than 2 m and an angular resolution better than 0.2◦, due to the high-granularity of the
ARGO-YBJ full coverage carpet, allow to reconstruct the shower primary energy with a resolution of 25%, by using
the total number of photoelectrons Npe. The uncertainty in absolute energy scale is estimated about 10%.

Therefore, in order to select the different masses we can define another new parameter pC = L/W − 0.0091 ·
(Rp/1m) − 0.14 · log10(Erec/TeV) by removing both the effects due to the shower distance and to the energy.

The values of these parameters for showers induced by different nuclei are shown in the Fig. 7. The events have
been generated assuming a -2.7 spectral index in the energy range 10 TeV – 10 PeV for all the five mass groups (p,
He, CNO, MgSi, Fe) investigated. The primary masses have been simulated in the same relative percentage. As can
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Cherenkov images more stretched, i.e. narrower and longer, with respect to younger events due to light particles which
develop deeper. Therefore, the ratio between the length and the width (L/W) of the Cherenkov image is expected to
be another good estimator of the primary elemental composition.

Elongated images can be produced, not only by different nuclei, but also by showers with the core position far
away from the telescope, or by energetic showers, due to the elongation of the cascade processes in the atmosphere.
Simulations show that the ratio of L/W is nearly proportional to the shower impact parameters Rp, the distance
between the telescope and the core position, which must be accurately measured. An accurate determination of the
shower geometry is crucial for the energy measurement. In fact, the number of photoelectrons collected in the image
recorded by the Cherenkov telescope Npe varies dramatically with the impact parameter Rp, because of the rapid
falling off of the lateral distribution of the Cherenkov light. Only an accurate measurement of the shower impact
parameters Rp, and a good reconstruction of the primary energy allow to disentangle different effects. A shower
core position resolution better than 2 m and an angular resolution better than 0.2◦, due to the high-granularity of the
ARGO-YBJ full coverage carpet, allow to reconstruct the shower primary energy with a resolution of 25%, by using
the total number of photoelectrons Npe. The uncertainty in absolute energy scale is estimated about 10%.

Therefore, in order to select the different masses we can define another new parameter pC = L/W − 0.0091 ·
(Rp/1m) − 0.14 · log10(Erec/TeV) by removing both the effects due to the shower distance and to the energy.

The values of these parameters for showers induced by different nuclei are shown in the Fig. 7. The events have
been generated assuming a -2.7 spectral index in the energy range 10 TeV – 10 PeV for all the five mass groups (p,
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that the Cherenkov images are fully contained in the FOV, an angular resolution better than 0.2◦ and a shower core
position resolution less than 2 m.

According to the MC simulations, the largest number of particles Nmax recorded by a RPC in an given shower is
a useful parameter to measure the particle density in the shower core region, i.e. within 3 m from the core position.
For a given energy, in showers induced by heavy nuclei Nmax is smaller than in showers induced by light particles.
Therefore, Nmax is a parameter useful to select different primary masses. In addition, Nmax is proportional to E1.44rec ,
where Erec is the shower primary energy reconstructed using the Cherenkov telescope. We can define a new parameter
pL = log10(Nmax) − 1.44 · log10(Erec/TeV) by removing the energy dependence [25].

The Cherenkov footprint of a shower can be described by the well-known Hillas parameters [26], i.e. by the width
and the length of the image. Older showers which develop higher in the atmosphere, such as iron-induced events, have
Cherenkov images more stretched, i.e. narrower and longer, with respect to younger events due to light particles which
develop deeper. Therefore, the ratio between the length and the width (L/W) of the Cherenkov image is expected to
be another good estimator of the primary elemental composition.

Elongated images can be produced, not only by different nuclei, but also by showers with the core position far
away from the telescope, or by energetic showers, due to the elongation of the cascade processes in the atmosphere.
Simulations show that the ratio of L/W is nearly proportional to the shower impact parameters Rp, the distance
between the telescope and the core position, which must be accurately measured. An accurate determination of the
shower geometry is crucial for the energy measurement. In fact, the number of photoelectrons collected in the image
recorded by the Cherenkov telescope Npe varies dramatically with the impact parameter Rp, because of the rapid
falling off of the lateral distribution of the Cherenkov light. Only an accurate measurement of the shower impact
parameters Rp, and a good reconstruction of the primary energy allow to disentangle different effects. A shower
core position resolution better than 2 m and an angular resolution better than 0.2◦, due to the high-granularity of the
ARGO-YBJ full coverage carpet, allow to reconstruct the shower primary energy with a resolution of 25%, by using
the total number of photoelectrons Npe. The uncertainty in absolute energy scale is estimated about 10%.

Therefore, in order to select the different masses we can define another new parameter pC = L/W − 0.0091 ·
(Rp/1m) − 0.14 · log10(Erec/TeV) by removing both the effects due to the shower distance and to the energy.
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∾170 m2 sr

∾50 m2 sr

Events for which pL  ≤ -0.91 and pC ≤ 1.3 are rejected

• Contamination of heavier component < 5 % 
• Energy resolution: ~25% constant with energy 
• Uncertainty : ~25% on flux

 
¾ The contamination of heavy nuclei is 2.3% below 700 TeV 
¾ Selecting efficiency is ~ 30% 
¾ The ratio between H and He is 1:0.39 

 
 

~50.5 m2sr 

H:He=1:0.39  
~171 m2sr 

Aperture and contamination  

Chin. Phys. C 38, 045001 (2014)
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Composition at the knee: ARGO-YBJ
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ARGO-YBJ 2015 digital (p+He) PRD91 (2015) 112017

ARGO-YBJ analog Bayes (p+He) 

ARGO/LHAASO-WFCTA hybrid (p+He) PRD92 (2015) 092005

ARGO-YBJ reports evidence for a proton knee starting at about 700 TeV

Tibet 4300 m asl
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The overall picture
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Energy spectrum above the ‘knee'
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• spectrum all-particle above the knee not a single power law 


• hardening of the spectrum above 1016eV


• steepening close to 1017eV (2.1 σ) 

• steepening due to heavy primaries (3.5 σ)


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

• light slope change from γ = -3.25 to γ = -2.79 ! 

24November, 2014 Andreas Haungs

KASCADE-Grande 
all-particle energy spectrum

• spectrum not a single 
power law
• hardening of the 
spectrum above 1016eV
• steepening close to 
1017eV  (2.1s)

~15% systematic uncertainty 
in flux (energy independent)

QGSJET II

Astroparticle Physics 36 (2012) 183

Astrop. Phys. 36 (2012) 183 

26November, 2014 Andreas Haungs

KASCADE-Grande: model dependence

Advances in Space Research 53 (2014) 1456 

- Structures of all-particle, heavy and light spectra similar 
Î knee by light component and heavy component; ankle by light component
- relative abundances different for different high-energy hadronic interaction models

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

Adv. Sp. Res. 53 (2014) 1456 

25November, 2014 Andreas Haungs

KASCADE-Grande 
energy spectra of 

mass groups

• steepening due to 
heavy primaries (3.5s)

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

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

Phys.Rev.D (R) 87 (2013) 081101
Phys.Rev.Lett. 107 (2011) 171104

heavy

light

iron knee ?
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The second ‘knee'
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Energy spectrum above the knee

18

 H. Dembinski | MPI Heidelberg | Aug 2016 10

Comparison with other experiments
PoS(ICRC2015)334

Second knee also seen by TUNKA and Telescope Array + TALE 
(not shown)Knee of heavy particles found 

Recovery of light (proton?) component
Deviation from power law established 
Second knee well confirmed in data of many experiments

PoS(ICRC2015) 334 

EPJ Web of Conferences

Figure 7. Differential primary cosmic rays (CR) energy
spectrum.

reconstructed by the data of different sub-arrays are
as follows.

An average difference between core positions is !R =
8 m for the dense part of the array of radius 450 m and
for energy E0 ≥ 1016 eV. The standard deviation of the
ratio of energies reconstructed by the data of different sub-
arrays is 8%. For energies E0 ≥ 3 · 1016 eV the average
difference between core positions is !R = 6 m, and the
standard deviation of the ratio of energies reconstructed by
the data of different sub-arrays is 4%.

For showers with core positions within a circle of
radius 800 m and energy E0 ≥ 5 · 1016 eV, the average
difference between core positions is !R = 13 m, and the
standard deviation of the ratio of energies reconstructed by
the data of different sub-arrays is 12%.

4. Energy spectrum
To construct the Tunka-133 spectrum events were selected
for zenith angles θ ≤ 45◦ with the core position inside a
circle of radius Rc ≤ 450 m for energies E0 < 5 · 1016 eV,
and a circle of radius Rc < 800 m for showers with energy
E0 ≥ 5 · 1016 eV. Comparison of the spectra for these
two effective areas showed that starting from the above
mentioned energy, spectra within the error bars are the
same, but the event statistics in the second round is 3 times
more which is essential for energies E0 ≥ 1017 eV.

The efficiency of shower selection inside a circle with
Rc ≤ 450 m reaches 100% for energies E0 ≥ 6 · 1015 eV.
The total number of events above this energy is 270.000.
About 3.000 events, selected within a circle with Rc <
800 m, have E0 ≥ 1017 eV.

The resulting differential Tunka-133 energy spectrum
is shown in Fig. 7 together with the previous spectrum
of Tunka-25 [3]. The spectrum of Tunka-133 shows a
number of features – deviations from the power law.
Moreover one can treat the picture with such a manner
that there is no power law at all, but the spectrum has a

Figure 8. Comparison of energy spectra obtained at Tunka Valley
with some other experimental results.

more complicated behaviour. The power law description
can be used for small parts of the spectrum but for not
more than half an order of magnitude. For an energy of
about 2 · 1016 eV the power law index changes from γ =
3.23 ± 0.01 to γ = 2.99 ± 0.01. This feature was first
observed in the KASCADE-Grande experiment [8]. Points
of the spectrum are consistent with such an index until
energy E0 = 5 · 1016 eV. Above this energy one notices
a single point deflecting from the power law description
to about 2 standard deviations. The energy of this point
(6.3 · 1016 eV) coincides with that for the deflecting point
observed in the GAMMA experiment [9]. Between this
point and E0 = 3 · 1017 the index is γ = 3.07 ± 0.03. The
spectrum becomes much steeper with γ = 3.34 ± 0.11
above the last point (the second “knee”).

In Fig. 8 the spectrum is compared with a number of
other experimental data. The spectra of all the experiments
shown in Fig. 8: KASCADE [10], EAS-TOP [11], Tibet
[12], HEGRA [13] – are practically indistinguishable at
the energy of the first (classical) knee.

There is agreement between the result of Tunka-133
and the spectra of GAMMA [9], KASCADE-Grande [8]
and Ice-TOP [14] in the intermediate energy range 1016–
1017 eV. It should be noted that in Fig. 8 the differences
among the spectra at E0 about 1017 eV can be eliminated
by correcting the energy by only 3%. Such an energy
shift is much smaller than the absolute accuracy of these
experiments.

For the highest energies Tunka-133 data agree with
Fly’s Eye [15], HiRes [16] and Telescope Array (TA) [17]
data, and also, to a lesser extent, with Auger [18].

The fine structure of the spectrum in the range of
1015–1017 eV does not contradict the so called rigidity
dependent model of the knee origin [19]: any single
galactic source providing the knee [20], accelerates
particles up to a limited maximal energy depending on the
charge of the nucleus Z , Emax (Z ) = Z · Emax (Z = 1). In

04002-p.4

Telescope Array Low Energy Extension (TALE) 

PoS(ICRC2015)445

TALE Fluorescence Detector Zachary Zundel, for the Telescope Array Collaboration

Figure 3: HiRes Experiment measurement of the composition of the cosmic rays. The top rail indicates the

Monte Carlo expectation for protons. The bottom rail indicated the Monte Carlo expectation for iron. The

measured values are between the two rails. [7] [8]

Figure 4: Measured spectrum of the cosmic rays for many experiments including HiRes-Mia. The left panel

showed the reported flux measurements for each experiment. The right panel shows the same measurements

where the energy scale is corrected to match that of the HiRes experiment. [7] [8]

6

• Deviation from power law established


• Second ‘knee' around 100 PeV well confirmed 
by at least 3 experiments.


• Knee of heavy component ? 

• Recovery of light (proton ?) component ?
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From galactic to extragalactic cosmic rays
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Fi#ure 2 Size of the trajectories of 7 x 1019 eV cosmic-ray nuclei in relation to the Galaxy in
a 2-#G magnetic field (assumed to be almost uniform).

implausibly constant direction over a large volume. This field could hardly
be stronger than 2 #G (rather like that in the local galactic disk); in Figure 
the typical energy of the sample is taken to be 7 x 1019 eV, and the
trajectories of protons and oxygen and iron nuclei in such a field (normal to
the diagram) are shown. Protons would clearly originate outside our
Galaxy, and the arrival direction points roughly from the Virgo cluster of
galaxies, 15-20 Mpc away (though Southern Hemisphere observers may
not be much impressed by this remark). Only if the particles were all more
highly charged nuclei and if the magnetic halo of our Galaxy extended to
several kiloparsec (as shown) could the particles originate in our Galaxy.
The evidence suggests that at least some of the particles are protons (97), but
their identification is not easy. Such an identification is of critical
importance. If they were to turn out to be entirely highly charged nuclei, we
might consider whether young pulsarlike objects could possibly be sources ;
otherwise, we have to look outside the Galaxy.

2. OBSERVATIONAL DATA

Particles of energy > 10x ~ eV are detected through the extensive cascades of
secondary particles that they generate in the atmosphere ("extensive air
showers"). These are observed by large arrays of particle detectors on the
ground. The largest of these arrays viewing the northern sky have been at
Volcano Ranch (USA), Haverah Park (England), and Yakutsk (USSR);
another array, Chacaltaya (Bolivia), operates near the equator. The
southern sky has as usual been somewhat neglected, but the observers at
Sydney (Australia) had the largest exposure of all at the highest energies. 
the effort to gather statistics on 1020 eV particles, the global exposure to
date is ~ 500 km2 yr.

www.annualreviews.org/aronline
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Figure 11. 99% CL upper limits on dipole and quadrupole amplitudes as a function of the energy. Some generic anisotropy expectations from stationary Galactic
sources distributed in the disk are also shown for various assumptions on the cosmic-ray composition. The fluctuations of the amplitudes due to the stochastic nature
of the turbulent component of the magnetic field are sampled from different simulation data sets and are shown by the bands (see the text).
(A color version of this figure is available in the online journal.)

Table 3
Summary of the Dipolar Analysis (ℓmax = 1) Reported in Section 5.2,

Together with the Derived 99% CL Upper Limits (UL) on the Amplitudes

∆E N r δ α UL
(EeV) (%) (◦) (◦) (%)

1–2 360132 1.0 ± 0.4 − 15 ± 32 342 ± 20 1.5
2–4 88042 1.6 ± 0.8 − 46 ± 28 35 ± 30 2.8
4–8 19794 2.7 ± 2.0 − 69 ± 30 25 ± 74 5.8
>8 8364 7.5 ± 2.5 − 37 ± 21 96 ± 18 11.4

simulation of showers. Both the systematic uncertainties asso-
ciated with the different interaction models and primary masses
and the statistical uncertainties related to the procedure used to
extract g1 and g2 constitute a source of systematic uncertainties
on the anisotropy parameters.

To quantify these systematic uncertainties, we repeated the
whole chain of analysis on a large number of modified data
sets. Each modified data set is built by randomly sampling the
coefficients αP , αρ, and βρ (or g1 and g2 when dealing with
geomagnetic effects) according to the corresponding uncertain-
ties and correlations between parameters through the use of a
Gaussian probability distribution function. For each new set of
correction coefficients, new sets of anisotropy parameters are
then obtained. The rms of each resulting distribution for each
anisotropy parameter is the systematic uncertainty that we as-
sign. Results are shown in Figure 10, in terms of the dipole
and quadrupole amplitudes as a function of the energy. Bal-
anced against the statistical uncertainties in the original analysis
(shown by the bands), it is apparent that both sources of system-
atic uncertainties have a negligible impact on each reconstructed
anisotropy amplitude.

7. UPPER LIMITS AND DISCUSSION

From the analyses reported in Section 5, upper limits on
dipole and quadrupole amplitudes can be derived at 99% CL
(see Appendices C and D). All relevant results are summarized
in Tables 3 and 4. The upper limits are also shown in Figure 11
accounting for the systematic uncertainties discussed in the
previous section: in the last two energy bins, the upper limits
are quite insensitive to the systematic uncertainties because all
amplitudes lie well within the background noise.

Below we illustrate the astrophysical interest of these upper
limits by calculating the anisotropy amplitudes expected in a toy
scenario in which sources of EeV cosmic rays are stationary,

Table 4
Summary of the Quadrupolar Analysis (ℓmax = 2) Reported in Section 5.3,
Together with the Derived 99% CL Upper Limits (UL) on the Amplitudes

∆E λ+ β UL (λ+) UL (β)
(EeV) (%) (%) (%) (%)

1–2 2.0 ± 0.7 1.7 ± 0.6 3.0 2.9
2–4 5.0 ± 1.7 4.2 ± 1.3 6.3 6.1
4–8 1.6 ± 2.0 1.9 ± 1.8 10.0 9.4
>8 4.0 ± 3.4 3.9 ± 2.7 14.5 13.8

densely and uniformly distributed in the Galactic disk, and emit
particles in all directions.

Both the strength and the structure of the magnetic field in
the Galaxy, known only approximately, play a crucial role in
the propagation of cosmic rays. The field is thought to contain
a large-scale regular component and a small-scale turbulent
one, both having a local strength of a few microgauss (see,
e.g., Beck 2001). While the turbulent component dominates in
strength by a factor of a few, the regular component imprints
dominant drift motions as soon as the Larmor radius of cosmic
rays is larger than the maximal scale of the turbulences (thought
to be in the range 10–100 pc). We adopt in the following a
recent parameterization of the regular component obtained by
fitting model field geometries to Faraday rotation measures of
extragalactic radio sources and polarized synchrotron emission
(Pshirkov et al. 2011). It consists in two different components:
a disk field and a halo field. The disk field is symmetric with
respect to the Galactic plane and is described by the widely
used logarithmic spiral model with reversal direction of the
field in two different arms (the so-called BSS-model). The
halo field is anti-symmetric with respect to the Galactic plane
and purely toroidal. The detailed parameterization is given in
Pshirkov et al. (2011) (with the set of parameters reported in
Table 3). In addition to the regular component, a turbulent field
is generated according to a Kolmogorov power spectrum and is
pre-computed on a three-dimensional grid periodically repeated
in space. The size of the grid is taken as 100 pc, so as the
maximal scale of turbulences, and the strength of the turbulent
component is taken as three times the strength of the regular one.

To describe the propagation of cosmic rays with energies
E ! 1 EeV in such a magnetic field, the direct integration of
trajectories is the most appropriate tool. Performing the forward
tracking of particles from Galactic sources and recording those
particles which cross the Earth is, however, not feasible within
a reasonable computing time. So, to obtain the anisotropy of

16

(Auger, ApJ 203, 2012, 
Giacinti et al. JCAP 2012, 2015)

Simulation: sources in galactic plane

Fe

p

most natural solution ➜ ankle 

steep + hard component 

ankle ≈ 4×1018 eV 

The dipole phase is expected to change between 1017 
and 3 × 1018 eV, i.e. the energy range of the transition 
from Galactic to extragalactic CRs.

Such a behavior corresponds to the one observed, 
providing thus additional evidence for a transition from 
Galactic to extragalactic CRs in this energy region.

formation, see Ref. [41] for a recent review. Since most of
core-collapse SNe are located in superbubbles, CRs accel-
erated by individual SN remnants may be additionally
accelerated in superbubbles to energies Rmax ≃ 1 ×
1017 V [41]. As another possibility, Ref. [42] suggests that
CRs can be accelerated to ultrahigh energies at the termi-
nation shock of young pulsar winds. Note that in the early
stages when the acceleration is most effective pulsars stay in
the same OB regions, and the argument discussed applies in
this case as well. The TeV gamma-ray emission from
extended Galactic sources was studied in Ref. [43]. There
it was found that the number of extended sources detected in
Fermi data is consistent with the expected number of TeVCR
sources. The majority of these TeV gamma-ray sources was
associated with pulsars. If these gamma rays have a hadronic
origin, pulsarsmay be candidates for theGalacticCRsources.
For the case of a mixture of 60% p, 25% He, and 15% N

(red curve in Fig. 9), we obtain a good agreement with the
lnðAÞ data from PAO up to 2 × 1018 eV. While this choice
of composition is not unique, it is consistent with the results
from the recent composition study published in [7]. In
particular, Ref. [7] found the fraction of iron to be below
20% above 6 × 1017 eV. This agrees well with the results
of our model, where the Galactic flux at 6 × 1017 eV
consists purely of iron but contributes to only 15% of
the total CR flux.
In addition to fitting the above observables, we still have

to verify that the model presented here is also consistent
with the existing upper limits on the CR anisotropy. In the
diffusion approximation, the CR dipole anisotropy d is
given by d ¼ 3D∇ lnðnÞ=c. Following the same procedure
as in [20], we compute the average anisotropy and derive
the energy dependence of DðEÞ from the escape rate
as calculated previously, setting DðE=ZÞ ∝ 1=τescðE=ZÞ.
We fix the proportionality constant by requiring that
the dipole amplitude d ¼

P
kfkdk equals the dipole com-

ponent ~d observed by the EAS-TOP Collaboration at

E ¼ 1.1 × 1014 eV [13,44]. Here, k labels the groups of
nuclei we consider in the Galactic flux plus an extragalactic
component. The latter has a dipole amplitude which is
independent of its composition and which we set equal to
0.6%, as expected for the extragalactic Compton-Getting
effect [45]. The factor fk corresponds to the fraction
the component k contributes to the total CR flux, and
dk ∝ 1=τescðE=ZÞ to their individual dipole. The relatively
low value of the CR dipole measurements at TeV-PeV
energies is known as the ”CR anisotropy problem.” Some
authors have suggested that conditions of the local inter-
stellar turbulence may be the cause [46,47].
In Fig. 10, we show the resulting dipole amplitude d as a

function of energy E. As expected, the amplitude rises
below the knee as E1=3, while it increases approximately as
E0.7 until 1 × 1017 eV. At higher energies, the dipole
amplitude decreases, which is due to the fact that the
Galactic composition becomes heavier and that the extra-
galactic contribution grows. We also plot the values of ~d
observed by IceCube [14], as well as the 99% C.L. upper
limits on d⊥ from the Pierre Auger Observatory [10].
Comparing our estimate for the dipole amplitude with the
upper limits in the energy range 1017–1018 eV, we should
take into account that the approximation d ∝ 1=τescðE=ZÞ
starts to break down above E=Z ≳ 1017 eV, which leads to
a sizeable error. We conclude therefore that our prediction
is marginally consistent with these limits. The Pierre Auger
Observatory should however be able to reach a detection
of the dipole anisotropy. Let us also note that the
escape model predicts that the phase of the dipole ampli-
tude varies strongly in the energy range between 1 × 1017

and 3 × 1018 eV: This corresponds to the range where the
transition from Galactic to extragalactic CRs lies. Such a
picture is supported by current observations of the phase
of the dipole, see Refs. [10,13,14].
In summary, there are two reasons for having an early

transition, from predominantly Galactic to predominantly
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✦ A non-trivial picture of Cosmic Rays is emerging from recent data. 

✦ Many deviations from the common paradigm of power-law found

✦ None of these important features clearly understood 


✦ The most important feature is the "knee" at a few PeV: the origin of the knee is the main open 
problem in Cosmic Ray Physics. 

✦ Understanding the origin of the "knee" is the key for a comprehensive theory of the 
origin of CRs up to the highest observed energies. 


✦ In fact, the knee is connected with the issue of the end of the Galactic CR spectrum and the 
transition from Galactic to extra-galactic CRs. 


✦ Determining elemental composition at the knee is crucial to understand where Galactic CR 
spectrum ends

̣ High statistics measurement of energy spectra of different nuclei up to 1018 eV


̣ Evolution of the anisotropy across the knee separately for different primary masses


̣ Right altitude: close to the shower maximum ➜ > 4000 m asl

What’s next ?
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Outlook to the future:  LHAASO
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• 1.3 km2 array, including 5195 scintillator detectors 1 m2 each, with 15 m spacing. 

• An overlapping 1 km2 array of 1171, underground water Cherenkov tanks 36 m2 each,  with 30 m 
spacing, for muon detection (total sensitive area ≈ 42,000 m2). 

• A close-packed, surface water Cherenkov detector facility with a total area of 80,000 m2. 

• 18 wide field-of-view air Cherenkov (and fluorescence) telescopes. 

• Neutron detectors
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The LHAASO site

47

The experiment is located at 4400 m asl (600 g/cm2) in 
the Haizishan (Lakes’ Mountain) site, Sichuan province

Coordinates: 29º 21' 31’' N, 100º 08' 15’' E 

场地中心： 
29度21分30.7秒， 
                    100度08分14.65秒 
公路入口： 
29度21分32.76秒， 
                     100度07分43.03秒 
场地西边界： 
29度21分30.61秒， 
                     100度07分50.61秒 
场地东边界： 
29度21分30.68秒， 
                     100度08分38.73秒 
场地北边界： 
29度21分51.78秒， 
                     100度08分14.50秒 
场地南边界： 
29度21分9.54秒， 
                     100度08分14.73秒 
 
 

Beijing 

Chengdu 

Haizishan 

700 km to Chengdu

50 km to Daocheng City (3700 m asl, guest house)

10 km to the highest airport in the world
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Status of the experiment
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Large High-Altitude Air Shower Observatory

LHAASO status
• Approved in January 2017
• Construction already started
• Commissioning of ¼ by end 2018 – start 

operations
• Installation by end 2021 – full operation

Vannuccini - CSN2 - 10-12 Aprile 2017  

̣ The first pond (HAWC-like) will be completed by 
the end of 2017 and instrumented in 2018.


̣ 1/4 of the experiment in commissioning by the 
end of 2018 (sensitivity better than HAWC):


• 6 WFCTA telescopes 

• 22,500 m2 water Cherenkov detector 

• ≈200 muon detectors

̣ Completion of the installation in 2021.
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LHAASO: from γ-Ray Astronomy to Cosmic Rays  
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LHAASO is an experiment able of acting simultaneously 
as a Cosmic Ray Detector and a Gamma Ray Telescope 

✤  Cosmic Ray Physics (1012 → 1018 eV): precluded to Cherenkov Telescopes

• CR energy spectrum 
• Elemental composition
• Anisotropy

AMS 1012 eV

AUGERLHAASO

1018 eV

✤  Gamma-Ray Astronomy (1011 → 1015 eV): full sky continuous monitoring

• Complementary with CTA below 20 TeV, with better sensitivity at higher energies and for flaring 
emission (GRBs), unbiased all-sky survey, extended and diffuse emission.
• Searching for  PeVatrons (→ neutrino sources)

Fermi GeV CTA30 GeV 100 TeV

LHAASO

PeV

500 GeV
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LHAASO vs other EAS arrays
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✓ LHAASO will operate with a coverage similar to KASCADE (about %) over a much larger effective area.

✓ The detection area of muon detectors is about 70 times larger than KASCADE (coverage 5%) !

✓ Redundancy: different detectors to study hadronic models dependence

Open problems in Galactic Cosmic Ray Physics 7

Table 1: Characteristics of di↵erent EAS-arrays

Experiment Altitude (m) e.m. Sensitive Area Instrumented Area Coverage
(m2) (m2)

LHAASO 4410 5.2⇥103 1.3⇥106 4⇥10�3

TIBET AS� 4300 380 3.7⇥104 10�2

IceTop 2835 4.2⇥102 106 4⇥10�4

ARGO-YBJ 4300 6700 11,000 0.93 (central carpet)

KASCADE 110 5⇥102 4⇥104 1.2⇥10�2

KASCADE-Grande 110 370 5⇥105 7⇥10�4

CASA-MIA 1450 1.6⇥103 2.3⇥105 7⇥10�3

µ Sensitive Area Instrumented Area Coverage
(m2) (m2)

LHAASO 4410 4.2⇥104 106 4.4⇥10�2

TIBET AS� 4300 4.5⇥103 3.7⇥104 1.2⇥10�1

KASCADE 110 6⇥102 4⇥104 1.5⇥10�2

CASA-MIA 1450 2.5⇥103 2.3⇥105 1.1⇥10�2

and primary energy is one of the most important problem for ground-based measurement, heavely a↵ecting the
reconstruction of the CR energy spectrum.

The key point for future experiments aiming at studying the cosmic radiation is the possibility to separate,
on a event by event basis, as much as possible mass groups to measure their spectra and anisotropies. As
demonstrated in the hybrid measurement carried out with ARGO-YBJ, the array of Cherenkov telescopes will
allow the selection, with high resolution, of the main primary mass groups on an event-by-event basis, without
any unfolding procedure and the reconstruction of energy spectra with an energy resolution of the order of
20% [6]. In addition, the correlation between electromagnetic, muonic and Cherenkov components will allow
the study of the dependence upon di↵erent hadronic models thus investigating for the first time if the EAS
development is correctly described by the current simulation codes.

(✦)

(✦) Muon detector area: 4.2 x 104 m2 + 8 x 104 m2 (WCDA)


