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few particles are expected per km2 and century, huge
ground based installations are necessary to measure sec-
ondary products generated by cosmic rays in the atmo-
sphere and the (average) mass can be estimated coarsely
only. The situation is sketched figuratively in Fig. 1.

At energies in the MeV range sophisticated silicon detec-
tors, operated in outer space, like the Ulysses HET (Simp-
son et al., 1992) or the ACE/CRIS (0.025 m2 sr) (Stone
et al., 1998) experiments can identify individual isotopes,
fully characterized by simultaneous measurements of their
energy, charge, and mass (E,Z,A). Since the particles have
to be absorbed completely in a silicon detector this tech-
nique works up to energies of a few GeV only.

In the GeV domain particles are registered with mag-
netic spectrometers on stratospheric balloons, like the
BESS instrument (Ajima et al., 2000). They are the only
detectors discussed here which are able to identify the sign
of the particles charge. All other detectors rely on the fact
that the specific ionization loss is dE/dx ! Z2, thus |Z| is
derived from the measurements. Magnet spectrometers
are the only detectors suitable to distinguish between mat-
ter and antimatter as e.g. e+ ! e!, p ! !p, or He!He. The
particle momentum is derived from the curvature of the
trajectory in a magnetic field, which limits the usage of
these detectors to energies approaching the TeV scale.

At higher energies particles are measured with balloon
borne instruments on circumpolar long duration flights
(Jones, 2005). Individual elements are identified, character-
ized by their charge and energy. |Z| is determined through
dE/dx measurements. Experimentally most challenging is
the energy measurement. In calorimeters the particles need
to be (at least partly) absorbed. The weight of a detector
with a thickness of one hadronic interaction length (ki)
and an area of 1 m2 amounts to about 1 t. Due to weight
limitations actual detectors like ATIC (Guzik et al., in
press) or CREAM (Seo et al., 2004) have to find an opti-
mum between detector aperture and energy resolution,

resulting in relatively thin detectors with a thickness of
1.7 ki (ATIC) or 0.7 ki (CREAM) only. The measurement
of transition radiation from cosmic-ray particles allows to
build large detectors with reasonable weight. The largest
cosmic-ray detector ever flown on a balloon, the TRACER
experiment (Gahbauer et al., 2004) has an aperture of
5 m2 sr. During a long duration balloon flight over Antarc-
tica (Hörandel, 2006a) and another flight from Sweden to
Alaska (Boyle, in press), up to now an exposure of
70 m2 sr d has been reached with this experiment. With
such exposures the energy spectra for individual elements
can be extended to energies exceeding 1014 eV.

To access higher energies very large exposures are neces-
sary. At present reached only in ground based experiments,
registering extensive air showers. In the TeV regime (small)
air showers are observed with imaging Čerenkov telescopes
such as the HEGRA (Aharonian et al., 1999), HESS (Hin-
ton, 2004), MAGIC (Ferenc, 2005), or VERITAS (Weekes
et al., 2002) experiments. These instruments image the tra-
jectory of an air shower in the sky with large mirrors onto a
segmented camera.

For primary particles with energies exceeding 1014 eV
the particle cascades generated in the atmosphere are large
enough to reach ground level, where the debris of the cas-
cade is registered in large arrays of particle detectors. Two
types of experiments may be distinguished: installations
measuring the longitudinal development of showers (or
the depth of the shower maximum) in the atmosphere
and apparatus measuring the density (and energy) of sec-
ondary particles at ground level.

The depth of the shower maximum is measured in two
ways. Light-integrating Čerenkov detectors like the
BLANCA (Fowler et al., 2001) or TUNKA (Gress et al.,
1999) experiments are in principle arrays of photomulti-
plier tubes with light collection cones looking upwards in
the night sky, measuring the lateral distribution of Čeren-
kov light at ground level. The depth of the shower maxi-
mum and the shower energy is derived from these
observations. Imaging telescopes as in the HiRes (Abu-
Zayyad et al., 2001a) or AUGER (Abraham et al., 2004)
experiments observe an image of the shower on the sky
through measurement of fluorescence light, emitted by
nitrogen molecules, which had been excited by air shower
particles. These experiments rely on the fact that the depth
of the shower maximum for a primary particle with mass A
relates to the depth of the maximum for proton induced
showers as

XA
max " X p

max ! X 0 lnA; #1$

where X0 = 36.7 g/cm2 is the radiation length in air (Mat-
thews, 2005; Hörandel, 2006b).

An example for an air shower array is the KASCADE-
Grande experiment (Antoni et al., 2003; Navarra et al.,
2004), covering an area of 0.5 km2. The basic idea is to
measure the electromagnetic component in an array of
unshielded scintillation detectors and the muons in scintil-
lation counters shielded by a lead and iron absorber, while
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Fig. 1. Illustrative sketch of the composition resolution achieved by
di!erent cosmic-ray detection techniques as function of energy. Over the
energy range shown the flux of cosmic rays decreases by about 30 orders of
magnitude as indicated on the right-hand scale.
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the hadronic component is measured in a large calorimeter
(Engler et al., 1999). The total number of particles at obser-
vation level is obtained through the measurement of parti-
cle densities and the integration of the lateral density
distribution (Antoni et al., 2001). The direction of air
showers is reconstructed through the measurement of the
arrival time of the shower particles in the individual detec-
tors. Measuring the electron-to-muon ratio in showers, the
mass of the primary can be inferred. A Heitler model of
hadronic showers (Hörandel, 2006b) yields the relation

Ne
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This illustrates the sensitivity of air shower experiments
to lnA. To measure the composition with a resolution of
one unit in lnA the shower maximum has to be measured
to an accuracy of about 37 g/cm2 (see (1)) or the Ne/Nl

ratio has to be determined with an relative error around
16% (see (2)). Due to the large intrinsic fluctuations in air
showers, with existing experiments at most groups of ele-
ments can be reconstructed with DlnA ! 0.8 & 1.

The exposure achieved by several experiments is shown
in Fig. 2. The integral cosmic-ray flux roughly depends on
energy as !E&2. Hence, the grey lines (!E&2) serve to com-
pare the exposure of detectors in di!erent energy regimes.
It can be recognized that the di!erent experiments, despite
of their huge di!erences in physical size, ranging from the
!300 cm2 CRIS space experiment to the !3600 km2

AUGER air shower experiment, have about equal e!ective
sizes when the decreasing cosmic-ray flux is taken into
account.

3. Propagation

The propagation of cosmic rays in the Galaxy can be
described quantitatively, taking into account energy loss,
nuclear interactions, radioactive decay, spallation produc-
tion, and production by radioactive decay, using the equa-
tion (Simpson, 1983)
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Ji(x) is the flux of species i after propagating through an
amount of matter x [g/cm2] subject to the reduction of
Ji(0), that represents the source term. The other parameters
are: dE/dx, the rate of ionization energy loss; rt

i, the total
inelastic cross section for species i; Ti, the mean lifetime
at rest for radioactive decay for species i; rij, the cross sec-
tion for production of species i from fragmentation of spe-
cies j; Tij, the mean lifetime at rest for decay of species j into
species i; NA, Avogadro’s Number; A, the mean atomic
weight of the interstellar gas; and c, the Lorentz factor.
The exact spatial distribution of the matter traversed be-
comes important only when considering radioactive iso-
topes, since the distance traversed in a time T is qbcT.

Abundances of stable secondary nuclei (produced dur-
ing propagation) indicate the average amount of interstel-
lar medium traversed during propagation before escape.
Because secondary radioactive cosmic-ray species will be
created and decay only during transport, their steady-state
abundances are sensitive to the confinement time if their
mean lifetimes are comparable or shorter than this time.

At low energies around 1 GeV/n the abundance of indi-
vidual elements in cosmic rays has been measured. A com-
pilation of data from various experiments is presented in
Fig. 3. The data are compared to the abundance in the
solar system. Overall, a good agreement between cosmic
rays and solar system matter can be stated. However, there
are distinguished di!erences as well, giving hints to the
acceleration and propagation processes of cosmic rays.

The elements lithium, beryllium, and boron, the ele-
ments below iron (Z = 26), and the elements below the lead
group (Z = 82) are significantly more abundant in cosmic
rays as compared to the solar system composition
(Fig. 3). This is attributed to the fact, that these elements
are produced in spallation processes of heavier elements
(fourth term in (3)) during the propagation through the
Galaxy.

Measured ratios of secondary to primary nuclei, namely
boron/carbon and (scandium + vanadium)/iron, are
shown in Fig. 4 (Yanasak et al., 2001). These ratios can
be used to estimate the matter traversed by cosmic rays
in the Galaxy (Garzia-Munoz et al., 1987). The data can
be successfully described using a Leaky Box model, assum-
ing the escape path length for particles with rigidity R and
velocity b = v/c as
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the hadronic component is measured in a large calorimeter
(Engler et al., 1999). The total number of particles at obser-
vation level is obtained through the measurement of parti-
cle densities and the integration of the lateral density
distribution (Antoni et al., 2001). The direction of air
showers is reconstructed through the measurement of the
arrival time of the shower particles in the individual detec-
tors. Measuring the electron-to-muon ratio in showers, the
mass of the primary can be inferred. A Heitler model of
hadronic showers (Hörandel, 2006b) yields the relation
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This illustrates the sensitivity of air shower experiments
to lnA. To measure the composition with a resolution of
one unit in lnA the shower maximum has to be measured
to an accuracy of about 37 g/cm2 (see (1)) or the Ne/Nl

ratio has to be determined with an relative error around
16% (see (2)). Due to the large intrinsic fluctuations in air
showers, with existing experiments at most groups of ele-
ments can be reconstructed with DlnA ! 0.8 & 1.

The exposure achieved by several experiments is shown
in Fig. 2. The integral cosmic-ray flux roughly depends on
energy as !E&2. Hence, the grey lines (!E&2) serve to com-
pare the exposure of detectors in di!erent energy regimes.
It can be recognized that the di!erent experiments, despite
of their huge di!erences in physical size, ranging from the
!300 cm2 CRIS space experiment to the !3600 km2

AUGER air shower experiment, have about equal e!ective
sizes when the decreasing cosmic-ray flux is taken into
account.

3. Propagation

The propagation of cosmic rays in the Galaxy can be
described quantitatively, taking into account energy loss,
nuclear interactions, radioactive decay, spallation produc-
tion, and production by radioactive decay, using the equa-
tion (Simpson, 1983)
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Ji(x) is the flux of species i after propagating through an
amount of matter x [g/cm2] subject to the reduction of
Ji(0), that represents the source term. The other parameters
are: dE/dx, the rate of ionization energy loss; rt

i, the total
inelastic cross section for species i; Ti, the mean lifetime
at rest for radioactive decay for species i; rij, the cross sec-
tion for production of species i from fragmentation of spe-
cies j; Tij, the mean lifetime at rest for decay of species j into
species i; NA, Avogadro’s Number; A, the mean atomic
weight of the interstellar gas; and c, the Lorentz factor.
The exact spatial distribution of the matter traversed be-
comes important only when considering radioactive iso-
topes, since the distance traversed in a time T is qbcT.

Abundances of stable secondary nuclei (produced dur-
ing propagation) indicate the average amount of interstel-
lar medium traversed during propagation before escape.
Because secondary radioactive cosmic-ray species will be
created and decay only during transport, their steady-state
abundances are sensitive to the confinement time if their
mean lifetimes are comparable or shorter than this time.

At low energies around 1 GeV/n the abundance of indi-
vidual elements in cosmic rays has been measured. A com-
pilation of data from various experiments is presented in
Fig. 3. The data are compared to the abundance in the
solar system. Overall, a good agreement between cosmic
rays and solar system matter can be stated. However, there
are distinguished di!erences as well, giving hints to the
acceleration and propagation processes of cosmic rays.

The elements lithium, beryllium, and boron, the ele-
ments below iron (Z = 26), and the elements below the lead
group (Z = 82) are significantly more abundant in cosmic
rays as compared to the solar system composition
(Fig. 3). This is attributed to the fact, that these elements
are produced in spallation processes of heavier elements
(fourth term in (3)) during the propagation through the
Galaxy.

Measured ratios of secondary to primary nuclei, namely
boron/carbon and (scandium + vanadium)/iron, are
shown in Fig. 4 (Yanasak et al., 2001). These ratios can
be used to estimate the matter traversed by cosmic rays
in the Galaxy (Garzia-Munoz et al., 1987). The data can
be successfully described using a Leaky Box model, assum-
ing the escape path length for particles with rigidity R and
velocity b = v/c as
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Fig. 7. All-particle cosmic-ray energy spectrum as obtained by direct measurements above the atmosphere by the ATIC [219,220], PROTON [221], and
RUNJOB [222] as well as results from air shower experiments. Shown are Tibet ASγ results obtained with SIBYLL 2.1 [223], KASCADE data (interpreted
with two hadronic interaction models) [224], preliminary KASCADE-Grande results [225], and Akeno data [226,33]. The measurements at high energy are
represented by HiRes-MIA [227,228], HiRes I and II [229], and Auger [169].

Fig. 8. All-particle energy spectra in the knee region. Results from direct measurements by Grigorov et al. [221], JACEE [230], RUNJOB [222], and SOKOL
[231] aswell as from the air shower experiments Akeno 1 km2 [226], BASJE-MAS [232], BLANCA [173], CASA-MIA [163], DICE [182], EAS-TOP [233], GAMMA
[234], GRAPES-3 [235], HEGRA [174], KASCADE electrons and muons interpreted with two hadronic interaction models [224], hadrons [236], and a neural
network analysis combining different shower components [237], KASCADE-Grande (prelinimary) [238], MSU [239], Mt. Norikura [240], Tibet ASγ [241]
and ASγ -III [223], as well as Tunka-25 [176].

3.1. Galactic cosmic rays

Many groups have published results on the all–particle energy spectrum from indirect measurements in the knee
region (≈1015 eV). The spectra obtained are compiled in Fig. 8. The ordinate has been multiplied by E2.5

0 . The individual
measurements agree within a factor of two in the flux values and a similar shape can be recognized for all experiments
with a knee at energies of about 4 PeV. Also shown are results for the all-particle flux as obtained by direct observations
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The iron group and the ultra-heavy elements
are more pronounced in cosmic rays as compared
to the solar system. Especially the r-process ele-
ments beyond xenon (Z ! 54) are enhanced, partly
due to spallation products of the platinum and
lead nuclei (Z ! 78, 82). For the latter direct
measurements at low energies around 1 GeV/nu-
cleon yield about a factor two more abundance as
compared to the solar system and a factor of four
for the actinides thorium and uranium (Z ! 90, 92)
[66]. This has been attributed to the hypothesis
that cosmic rays are accelerated out of supernova
ejecta-enriched matter [67].

The di!erences for ultra-heavy elements be-
tween cosmic rays and solar system abundances
seen in Fig. 7 are much bigger as compared to the
measurements at energies of 1 GeV/nucleon. At
low energies the flux is strongly suppressed due to
the solar modulation, while at 1 TeV/particle the
e!ects of the heliospheric magnetic fields are al-
most negligible. Together with the enhancements
discussed before, this accounts for the di!erences
seen in Fig. 7. The overall distribution from hy-

drogen to uranium is much flatter for cosmic rays.
While the solar system abundances cover a range
of 11 decades, the cosmic-ray distribution extends
over 6 decades in flux only.

4. Indirect measurements

Many groups published results on the all-par-
ticle energy spectrum from indirect measurements.
Several experiments detect the main components
of extensive air showers most commonly the elec-
tromagnetic component, but also muons and ha-
drons are investigated. The !CCerenkov photons
produced by relativistic shower particles and the
fluorescence light of nitrogen molecules in the at-
mosphere induced by air showers are also utilized.
The detectors are located at various atmospheric
depths corresponding to altitudes from 50 m up to
4370 m.a.s.l. The experiments used in this compi-
lation and their respective measuring techniques as
well as the atmospheric overburden are listed in
Table 3.

Table 3
Air shower experiments and components measured to derive the primary energy spectrum

Experiment e l h !CC F g/cm2 Energy
shift (%)

AKENO (low energy) [73] " 1 GeV 930 )4
BLANCA [74] " " 870 4
CASA-MIA [75] " 800 MeV 870 4
DICE [76] " 800 MeV " 860 1
EAS-Top [77] " 1 GeV 820 )11
HEGRA [78] " " 790 )10
KASCADE (electrons/muons) [79] " 230 MeV 1022 )7
KASCADE (hadrons/muons) [80] 230 MeV 50 GeV 1022 )1
KASCADE (neural network) [81] " 230 MeV 1022 )8
MSU [82] " 1020 )5
Mt. Norikura [83] " 735 9
Tibet [84] " 606 )10
Tunka-13 [85] " 680 0
Yakutsk (low energy) [86] " 1020 )3

AKENO (high energy) [87] " 930 )16
Fly!s Eye [88] " 860 )3
Gauhati [89] " 1025 )5
Haverah Park [90] " 1018 )10
HiRes/MIA [91] 800 MeV " 860 )5
Yakutsk (high energy) [92] " 1 GeV " 1020 )20

e: Electromagnetic, l: muonic, h: hadronic, !CC: !CCerenkov, and F: fluorescence light. The particle thresholds are given for the muonic
and hadronic components. In addition, the atmospheric overburden (g/cm2) and the shift of the energy scale are listed.

J.R. H"oorandel / Astroparticle Physics 19 (2003) 193–220 201
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Some of the experiments present di!erent re-
sults, based on di!erent hadronic interaction
models used to interpret the data. Detailed studies
of air shower properties, especially concerning the
hadronic component, have been performed by the
KASCADE group [69,70]. Comparison to simu-
lations, using the program CORSIKA [71] with
several high energy hadronic interaction models
implemented revealed, that the QGSJET model
presently is the best model to describe air shower
data. Other groups obtained similar results (see
e.g. [72,74]). Hence, if more than one interpreta-
tion of measurements is given, the energy spectrum
derived with the QGSJET model is used.

The results of the groups are presented in Fig. 8.
The overall agreement between the experiments is
quite good, the di!erential fluxes multiplied by E2:5

agree within a factor of two. All experiments ex-
hibit a similar shape of the spectrum despite their
di!erent absolute normalization. This is remark-
able since di!erent components of air showers are
investigated by various groups at di!erent atmo-

spheric depths, i.e. di!erent types of particle in-
teractions in the atmosphere are probed and the
showers are sampled at di!erent stages of their
longitudinal development.

The all-particle spectrum obtained by direct
measurements from JACEE [47], RUNJOB [51],
SOKOL [58], and Grigorov et al. [93] agrees with
the indirect measurements in the region of overlap,
i.e. from below 100 TeV–1 PeV particle energy.

The knee at about 4 PeV is clearly recognizable
in the spectrum. Assuming this bend being caused
by the cut-o! of the proton component, the ga-
lactic component extends in the poly-gonato
model up to ZU ! 4 PeV " 0:4 EeV. The energy
spectrum multiplied by E3

0 is shown in Fig. 9 for
high energies as reported by the Fly!s Eye group.
Indeed, a change in the spectral slope around
4! 108 GeV is visible, the dashed line represents a
fit taken from the Fly!s Eye publication [88]. A
similar structure has been observed by the experi-
ments AKENO and Haverah Park, the spectral
indices obtained around 400 PeV by the three ex-

Fig. 8. All-particle energy spectra obtained from direct and indirect measurements, for references see Table 3 and text. The sum spectra
for individual elements according to the poly-gonato model are represented by the dotted line for 16Z6 28 and by the solid line for
16Z6 92. Above 108 GeV the dashed line gives the normalized average spectrum.

202 J.R. H!oorandel / Astroparticle Physics 19 (2003) 193–220

The weighted average of the normalized all-
particle spectra has been calculated, taking the er-

rors of the individual measurements into account,
the result is presented in Fig. 11 and Table 5. The

Fig. 10. Normalized all-particle energy spectra for individual experiments. The renormalization values for the energy scale and ref-
erences are given in Table 3. The sum spectra for individual elements according to the poly-gonato model are represented by the dotted
line for 16Z6 28 and by the solid line for 16Z6 92. Above 108 GeV the dashed line reflects the average spectrum.

Fig. 11. Average all-particle energy spectrum. The line through the data represents a fit of the sum spectrum for elements with
16Z6 92 according to the poly-gonato model with rigidity dependent cut-o! for (a) common cc and (b) common Dc. The dotted line
shows the spectrum for 16Z6 28. In addition, energy spectra for groups of elements are shown. Above 108 GeV the dashed line
reflects the average spectrum.

204 J.R. H!oorandel / Astroparticle Physics 19 (2003) 193–220

Energy scales of 
individual experiments 
can be slightly shifted 
(within their systematic 
uncertainties). This yields 
a well defined all-particle 
energy spectrum.
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dip at knee energies in the mean logarithmic mass.
The approaches by Sveshnikova (acceleration in
supernova remnants) as well as V!olk and Zirak-
ashvili (reacceleration in the galactic halo) lead
both to a twofold shape of the element spectra.
Yet, also common features can be recognized, like
the relative sharp kinks in the spectra as found by
Erlykin and Wolfendale as well as by Stanev et al.,
both models describe acceleration in supernova
remnants. The distinct shape leads in both cases to
structures in the hlnAi distribution.

The review has shown further that even similar
conceptions lead to hlnAi values covering the
whole range depicted in Fig. 4. As an example,
acceleration in supernova remnants yields hlnAi
values at the lower edge of the experimental values
(Berezhko and Ksenofontov) and also at the upper
border (Kobayakawa et al.).

Unfortunately, the experiments give no con-
clusive energy spectra for elemental groups (Figs.
1–3) and the mean logarithmic mass covers a rel-
atively wide range, see Fig. 4. Most astrophysical
informations available from air shower measure-
ments depend on the model used to describe the

interactions in the atmosphere. Hence, an inter-
pretation and evaluation of the data should be
treated with care and it is very challenging to
characterize in a quantitative way the best model
to describe the origin of the knee.

In models which introduce new type of interac-
tions in the atmosphere, like the one just discussed
by Kazanas and Nicolaidis or the approaches
by Nikolsky et al. [44] or by Petrukhin [45], the
threshold for a new type of interaction depends on
the energy per nucleon. Thus, such models ulti-
mately arrive at a mass dependent cut-o! for indi-
vidual element spectra. The investigations of the
KASCADEgroup however seem to indicate a rigid-
ity dependent cut-o! for individual elements [2–6].
Also with the phenomenological approach of the
poly-gonatomodel a rigidity dependent approach is
favored [1].

In addition, the simultaneous observations of a
knee in the electromagnetic, muonic and hadronic
component by the KASCADE group [2,46,47] yield
no major inconsistencies between the di!erent air
shower components. Therefore, a proposed new
interaction would have to ‘‘hide’’ the energy in such

Table 2
Synopsis of all models discussed

Model Author(s)

Source/Acceleration
Acceleration in SNR Berezhko and Ksenofontov [18]
Acceleration in SNR+ radio galaxies Stanev et al. [19]
Acceleration by oblique shocks Kobayakawa et al. [20]
Acceleration in variety of SNR Sveshnikova [21]
Single source model Erlykin and Wolfendale [22]
Reacceleration in the galactic wind V!olk and Zirakashvili [23]
Cannonball model Plaga [24]

Propagation/Leakage from Galaxy:
Minimum pathlength model Swordy [25]
Anomalous di!usion model Lagutin et al. [26]
Hall di!usion model Ptuskin et al. [27], Kalmykov and Pavlov [42]
Di!usion in turbulent magnetic fields Ogio and Kakimoto [28]
Di!usion and drift Roulet et al [29]

Interactions with background particles
Di!usion model + photo-disintegration Tkaczyk [30]
Interaction with neutrinos in galactic halo Dova et al. [31]
Photo-disintegration (optical and UV photons) Candia et al. [32]

New interactions in the atmosphere
Gravitons, SUSY, technicolor Kazanas and Nicolaidis [33,34]

262 J.R. H!orandel / Astroparticle Physics 21 (2004) 241–265
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Fig. 15. Cosmic-ray energy spectrum for five groups of elements as reconstructed by the KASCADE experiment using the hadronic interaction models
QGSJET 01 (left) and SIBYLL 2.1 (right) to interpret the measured data [224].

In the figure three energy ranges may be distinguished for the indirect measurements. Below about 4 × 106 GeV the
individual experiments seem to indicate a decrease of �ln A� with energy, while above this energy up to about 4 × 107 GeV
an increase with energy is exhibited. At the highest energies E � 4 × 107 GeV, again a decrease in energy can be stated.

Results of measurements of electrons, muons, and hadrons at ground level interpreted with the hadronic interaction
code QGSJET 01 are compiled in Fig. 14 (bottom). They yield a clear increase of the mean logarithmic mass as a function of
energy. There seems to be some tension between the results obtained through the observation of the average depth of the
shower maximum shown in the top panel and the values derived from particle ratios measured at ground level depicted in
the bottom panel [2,320]. In particular, at energies below the knee (E � 4× 106 GeV) the decrease of �ln A� as derived from
some Xmax measurements is not visible in the particle ratio results.

Using the latest version of QGSJET II does not change the situation qualitatively. The threefold structure of the results
obtained is about the same as usingQGSJET 01. Themain differences are the absolute �ln A� valueswhich are shifted upwards
by about 0.8 units for QGSJET II-3 with respect to QGSJET 01. Using the hadronic interaction model SIBYLL 2.1 yields about
the same values as for QGSJET II. Using lower inelastic hadronic cross sections in the QGSJET 01 code and larger values for
the elasticity of hadronic interactions, the discrepancies between Xmax measurements and particle ratios at ground level can
be reduced [320,321].

4.2. Spectra for elemental groups

In addition to themeanmass as discussed above, it is interesting to investigate the energy spectra for individual elements
or at least groups of elements.

Information on the flux of primary protons can be inferred from themeasurement of the flux of unaccompanied hadrons
at ground level. With the KASCADE hadron calorimeter, the energy spectrum of single hadrons close to sea level has been
measured in the energy range from 100 GeV up to 50 TeV [256]. Based on simulations using the CORSIKA code with the
hadronic interaction model, QGSJET 01 [124] the energy spectrum of primary hadrons in the energy range from 100 GeV to
1 PeV has been derived. Over the whole four decades, in energy it can be described by a single power law.

The KASCADE experiment used the number of electrons and muons (Eµ > 230 MeV) measured in the scintillator array
to reconstruct energy spectra for five primary elemental groups [224]. The starting point of the analysis is the correlated
frequency distribution of the number of electrons Ne and the number of muons Nµ. Unfolding algorithms were applied
to derive energy spectra for elemental groups. For the analysis, the primary particles H, He, C, Si, and Fe were chosen as
representatives for five mass groups. Details of the analysis and the used unfolding methods can be found in Ref. [224].

The spectra obtained are presented in Fig. 15. To check how the description of hadronic interactions in the atmosphere
influenced the result, the same experimental data were unfolded using two interaction models, namely QGSJET and SIBYLL.
The corresponding results are displayed in the figure. The resulting all-particle spectra for bothmodels show a knee at about
4 PeV and coincide within their statistical errors. The decrease of light elements across the knee, i.e. the occurrence of knee-
like features in the light element spectra, is revealed independently of the used simulation code, as can be seen in Fig. 15.
In contrast, the spectra of silicon and iron groups differ significantly and look quite unexpected. This can be understood by
judging the ability of the simulations to describe the data. It turns out that both interaction models fail to reproduce the
overall correlation between log10 Ne and log10 Nµ as observed in the data. In the case of QGSJET simulations, the predictions
are incompatible with the data in the low energy regime (simulations look too heavy) and for SIBYLL incompatibility occurs

Energy spectra for groups of elements, according to 
KASCADE.
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FIG. 3: Evolution of the k parameter as a function of the re-
constructed energy for experimental data compared with sim-
ulations of primary masses for the angular range 0-24!. The
error bars assign statistical as well as reconstruction uncer-
tainties of k. The line displays the chosen energy dependent
k-values for separating the mass groups, where the dashed
lines assign the uncertainty of the selection.

component already becomes reduced. Thus, electron-rich
EAS are generated preferentially by light primary nuclei
and electron-poor EAS by heavy nuclei, respectively.

However, a straightforward analysis is hampered by
the shower-to-shower fluctuations, i.e. by the dispersion
of the muon and electromagnetic particle numbers for a
fixed primary mass and energy. In addition, cosmic rays
impinging on the atmosphere under di!erent zenith an-
gles show a varying, complicated behavior due to the non-
uniform mass and density distribution of the air. There-
fore, the absolute energy and mass scale have to be in-
ferred from comparisons of the measurements with Monte
Carlo simulations. This creates additional uncertainties,
since the physics of the relevant particle interactions is
not completely tested by man-made accelerator experi-
ments. The uncertainties imposed by the hadronic inter-
action models are more relevant for composition analy-
ses than for energy measurements. Hence, our strategy
is to separate the measured EAS in electron-poor and
electron-rich events as representatives of the heavy and
light primary mass groups, similar to the analysis pre-
sented in Ref. [1]. The shape and structures of the re-
sulting energy spectra of these individual mass groups
are much less a!ected by the di!erences of the various
hadronic interaction models than the relative abundance.

As a consequence of the considerations above, the en-
ergy and mass assignment of individual events is achieved
by using both observables Nch and Nµ, as well as their
correlation. The following equation is motivated by dis-
cussions of hadronic air showers in reference [7], with
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all-particle  (104489 events)
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FIG. 4: Reconstructed energy spectrum of the electron-poor
and electron-rich components together with the all-particle
spectrum for the angular range 0-40!. The error bars show
the statistical uncertainties; the bands assign systematic un-
certainties due to the selection of the subsamples. Fits on the
spectra and resulting slopes are also indicated.

the basic idea that the total number of secondary par-
ticles at observation level is related to the primary en-
ergy while the energy sharing between the electromagne-
tic and the hadronic (i.e. muonic) shower components is
related to the primary mass. Therefore, the primary en-
ergy log10(E) is assumed to be proportional to the shower
size log10(Nch) with a correction factor that accounts for
the mass dependence by making use of the measured ra-
tios of shower sizes log10(Nch/Nµ):

log10(E/GeV ) = [aH + (aFe ! aH) · k] · log10(Nch)

+ bH + (bFe ! bH) · k (1)

k =
log10(Nch/Nµ)! log10(Nch/Nµ)H

log10(Nch/Nµ)Fe ! log10(Nch/Nµ)H
(2)

with log10(Nch/Nµ)H,Fe = cH,Fe · log10(Nch) + dH,Fe.
The parameter k takes into account both the average dif-
ferences in the Nch/Nµ ratio among di!erent primaries
with same Nch as well as the shower to shower fluctu-
ations for events of the same primary mass. The exact
form of the equation is optimized for the experimental sit-
uation of KASCADE-Grande and the free parameters [8]
are determined by Monte Carlo simulations [16]. They
are defined independently for 5 di!erent zenith angle in-
tervals of equal exposure (the upper limits of ! are 16.7!,
24.0!, 29.9!, 35.1!, and 40.0!) to take into account the
shower attenuation. Data are combined only at the very
last stage to reconstruct the final energy spectrum. The
Nch-Nµ-correlation of individual events is incorporated
in calculating k, which serves now as mass sensitive ob-
servable. Fig. 3 shows the evolution of k as a function

A knee-like structure in the spectrum of the 
heavy component of cosmic rays
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FIG. 1: Layout of the KASCADE-Grande experiment: Shown
are the Grande array as well as the KASCADE array with its
central detector (CD) and muon tracking detector (MTD).
The shaded area marks the outer 12 clusters (16 detector
stations each) of the KASCADE array consisting of shielded
(muon array) and unshielded detectors. The inner 4 clusters
consist of unshielded detectors, only.

nent (Z > 13 up to Iron nuclei) is expected in the energy
range from 50 to about 120 PeV. So far, such a struc-
ture has not been observed experimentally. We present
measurements of extensive air showers (EAS) in the pri-
mary energy range of 1016 eV to 1018 eV performed with
KASCADE-Grande (KArlsruhe Shower Core and Array
DEtector with Grande extension) and evaluate the ele-
mental composition of the cosmic rays.
KASCADE-Grande, located at 49.1!N, 8.4!E,

110ma.s.l., consists of the Grande array with 37 stations
of 10m2 scintillation detectors each, spread over an area
of 700 ! 700m2, the original KASCADE array covering
200 ! 200m2 with unshielded and shielded detectors,
a muon tracking device, and a large calorimeter [5, 6].
This multi-detector system allows us to investigate in
detail the EAS generated by high-energy primary cosmic
rays in the atmosphere. For the present analysis, the
estimation of energy and mass of the primary particles
is based on the combined measurement of the charged
particle component by the detector array of Grande and
the muon component by the KASCADE muon array
(Fig. 1). Basic shower observables like the core position,
zenith angle, and total number of charged particles
(shower size Nch) are derived from the measurements
of the Grande stations. While the Grande detectors are
sensitive to charged particles, the muonic component is
measured independently by the shielded detectors of the
KASCADE array. 192 scintillation detectors of 3.24m2

sensitive area each are placed below an iron and lead
absorber to select muons above 230 MeV kinetic energy.
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FIG. 2: Two-dimensional distribution of the shower sizes:
charged particle number and total muon number. All qual-
ity cuts are applied. In addition, a roughly estimated energy
scale is indicated in the upper panel. The lower panel shows
a zoom to higher energies of the same observables, now cor-
rected for attenuation.

A core position resolution of 5m, a direction resolution
of 0.7!, and a resolution of the shower size of about 15%
are achieved. The total number of muons (Nµ) with a
resolution of about 25% is calculated by combining the
core position determined by the Grande array and the
muon densities measured at the KASCADE array, where
Nµ undergoes a correction for a bias in reconstruction
due to the asymmetric position of the detectors [5].

The present analysis is based on 1173 days of data
taking. The cuts on the sensitive area (EAS core re-
constructed within the array) and zenith angle (< 40!),
chosen to assure best and constant reconstruction accu-
racies, result in an exposure of 2 · 1013m2·s·sr. Figure 2
displays the correlation of the two observables Nch and
Nµ. This distribution is the basis of the following anal-
ysis, since it contains all the experimental information
required for reconstructing energy and mass of the cos-
mic rays: The higher the energy of the primary cosmic
ray the larger the total particle number. The fraction
of muons of all charged particles at observation level is
characteristic for the primary mass: Showers induced by
heavy primaries start earlier in the atmosphere and the
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Fig. 9. Cosmic-ray energy spectra for four groups of elements, from top to bottom: protons, helium, CNO group, and iron group. Protons: Results from
direct measurements above the atmosphere by AMS [242], ATIC [243], BESS [244], CAPRICE [245], HEAT [246,247], IMAX [248], JACEE [249], MASS [250,
251], RUNJOB [222], RICH-II [252–254], SOKOL [231,255], and fluxes obtained from indirect measurements by KASCADE electrons and muons for two
hadronic interaction models [224] and single hadrons [256], EAS-TOP (electrons and muons) [257] and single hadrons [258], GRAPES-3 interpreted with
two hadronic interactionmodels [259], HEGRA [260], Mt. Chacaltaya [261], Mts. Fuji and Kanbala [262], Tibet burst detector (HD) [263] and ASγ (HD) [264].
Helium: Results from direct measurements above the atmosphere by ATIC [243], BESS [244], CAPRICE [245], HEAT [246,247], IMAX [248], JACEE [249],
MASS [250,251], RICH-II [252], RUNJOB [222,254], SOKOL [231,265], and fluxes obtained from indirect measurements by KASCADE electrons and muons
for two hadronic interaction models [224], GRAPES-3 interpreted with two hadronic interaction models [259], Mts. Fuji and Kanbala [262], and Tibet burst
detector (HD) [263]. CNO group: Results from direct measurements above the atmosphere by ATIC (C+O) [266], CRN (C+O) [267], TRACER (O) [268], JACEE
(CNO) [269], RUNJOB (CNO) [222], SOKOL (CNO) [231], and fluxes obtained from indirect measurements by KASCADE electrons andmuons [224], GRAPES-
3 [259], the latter two give results for two hadronic interactionmodels, and EAS-TOP [257]. Iron: Results from direct measurements above the atmosphere
by ATIC [266], CRN [267], HEAO-3 [270–272], TRACER [268] (single element resolution) and [273,247], JACEE [230], RUNJOB [222], SOKOL [231] (iron
group), as well as fluxes from indirect measurements (iron group) by EAS-TOP [257], KASCADE electrons and muons [224], GRAPES-3 [259], and H.E.S.S.
direct Cherenkov light [274]. The latter three experiments give results according to interpretations of the measured air-shower data with two hadronic
interaction models, namely QGSJET and SIBYLL. The gray solid lines indicate spectra according to the poly-gonato model [2].

energy spectra for 
individual elements/
groups of elements
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Fig. 9. Cosmic-ray energy spectra for four groups of elements, from top to bottom: protons, helium, CNO group, and iron group. Protons: Results from
direct measurements above the atmosphere by AMS [242], ATIC [243], BESS [244], CAPRICE [245], HEAT [246,247], IMAX [248], JACEE [249], MASS [250,
251], RUNJOB [222], RICH-II [252–254], SOKOL [231,255], and fluxes obtained from indirect measurements by KASCADE electrons and muons for two
hadronic interaction models [224] and single hadrons [256], EAS-TOP (electrons and muons) [257] and single hadrons [258], GRAPES-3 interpreted with
two hadronic interactionmodels [259], HEGRA [260], Mt. Chacaltaya [261], Mts. Fuji and Kanbala [262], Tibet burst detector (HD) [263] and ASγ (HD) [264].
Helium: Results from direct measurements above the atmosphere by ATIC [243], BESS [244], CAPRICE [245], HEAT [246,247], IMAX [248], JACEE [249],
MASS [250,251], RICH-II [252], RUNJOB [222,254], SOKOL [231,265], and fluxes obtained from indirect measurements by KASCADE electrons and muons
for two hadronic interaction models [224], GRAPES-3 interpreted with two hadronic interaction models [259], Mts. Fuji and Kanbala [262], and Tibet burst
detector (HD) [263]. CNO group: Results from direct measurements above the atmosphere by ATIC (C+O) [266], CRN (C+O) [267], TRACER (O) [268], JACEE
(CNO) [269], RUNJOB (CNO) [222], SOKOL (CNO) [231], and fluxes obtained from indirect measurements by KASCADE electrons andmuons [224], GRAPES-
3 [259], the latter two give results for two hadronic interactionmodels, and EAS-TOP [257]. Iron: Results from direct measurements above the atmosphere
by ATIC [266], CRN [267], HEAO-3 [270–272], TRACER [268] (single element resolution) and [273,247], JACEE [230], RUNJOB [222], SOKOL [231] (iron
group), as well as fluxes from indirect measurements (iron group) by EAS-TOP [257], KASCADE electrons and muons [224], GRAPES-3 [259], and H.E.S.S.
direct Cherenkov light [274]. The latter three experiments give results according to interpretations of the measured air-shower data with two hadronic
interaction models, namely QGSJET and SIBYLL. The gray solid lines indicate spectra according to the poly-gonato model [2].
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measured with detectors above the atmosphere and with
air shower experiments, shown in the figure as well. In
the measured spectrum some structures can be recognized,
indicating small changes in the spectral index c. The most
important are the knee at Ek ! 4.5 PeV, the second knee at
E2nd ! 400 PeV ! 92 · Ek, where the spectrum exhibits a
second steepening to c ! "3.3, and the ankle at about
4 EeV, above this energy the spectrum seems to flatten
again to c ! "2.7. To understand the origin of these
structures is expected to be a key element in understand-
ing the origin of cosmic rays.

Various scenarios to explain the knee are proposed in
the literature, for an overview see e.g. (Hörandel, 2004,
2005). The most popular approaches (maximum energy
attained and leakage), just described above, are modeled
with varying details, resulting in slightly di!erent spectra.
But, also other ideas are discussed, like the reacceleration
of particles in the galactic wind, the interaction of cos-
mic-ray particles with dense photon fields in the vicinity
of the sources, interactions with the neutrino background
assuming massive neutrinos, the acceleration of particles
in c-ray bursts, or hypothetical particle physics interactions
in the atmosphere, transporting energy in unobserved
channels, thus faking the knee feature. All scenarios result
in spectra for individual elements with a break at energies
being either proportional to the nuclear charge Z or to
the nuclear mass A which yield certain structures in the
sum spectrum. To distinguish between the di!erent models,

measurements of the (average) mass of cosmic rays as func-
tion of energy are required, or – even better – the measure-
ment of spectra of individual elements or at least elemental
groups.

5.2. Mean mass

Frequently, the ratio of the number of electrons and
muons is used to determine the mass composition, see
(2). Muons with an energy of several 100 MeV to 1 GeV
are used by the experiments CASA-MIA (Glasmacher
et al., 1999a), EAS-TOP (Aglietta et al., 2004a),
GRAPES-3 (Hayashi et al., 2005), or KASCADE. To
study systematic e!ects two hadronic interaction models
are used to interpret the data measured with GRAPES-3
and KASCADE (Antoni et al., 2005). High energy muons
detected deep below rock or antarctic ice are utilized by the
EAS-TOP/MACRO (Aglietta et al., 2004b) and SPASE/
AMANDA (Rawlins et al., 2003) experiments. Also, the
correlation between the hadronic and muonic shower com-
ponents has been investigated, e.g. by the KASCADE
experiment (Hörandel, 1998). The production height of
muons has been reconstructed by HEGRA/CRT (Bernlöhr
et al., 1998) and KASCADE (Büttner et al., 2003).

Results from various experiments measuring electrons,
muons, and hadrons at ground level are compiled in
Fig. 9. The same experimental data are presented in the
upper and lower graphs, where they are compared to
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Fig. 8. All-particle energy spectrum of cosmic rays, the flux is multiplied by E3. Results from direct measurements by Grigorov et al. (1999), JACEE
(Asakimori et al., 1995), RUNJOB (Derbina et al., 2005), and SOKOL (Ivanenko et al., 1993) as well as from the air shower experiments AGASA (Takeda
et al., 2003), Akeno 1 km2 (Nagano et al., 1984a), and 20 km2 (Nagano et al., 1984b), AUGER (Sommers et al., 2005), BASJE-MAS (Ogio et al., 2004),
BLANCA (Fowler et al., 2001), CASA-MIA (Glasmacher et al., 1999b), DICE (Swordy and Kieda, 2000), EAS-TOP (Aglietta et al., 1999), Fly’s Eye
(Corbato et al., 1994), GRAPES-3 interpreted with two hadronic interaction models (Hayashi et al., 2005), Haverah Park (Lawrence et al., 1991) and (Ave
et al., 2003), HEGRA (Arqueros et al., 2000), HiRes–MIA (Abu-Zayyad et al., 2001a), HiRes-I (Abbasi et al., 2004), HiRes-II (Abbasi et al., 2005),
KASCADE electrons and muons interpreted with two hadronic interaction models (Antoni et al., 2005), hadrons (Hörandel et al., 1999), and a neural
network analysis combining di!erent shower components (Antoni et al., 2002), KASCADE-Grande (preliminary) (Haungs et al., in press), MSU (Fomin
et al., 1991), Mt. Norikura (Ito et al., 1997), SUGAR (Anchordoqui and Goldberg, 2004), Tibet ASc (Amenomori et al., 2000a) and ASc-III (Amenomori
et al., 2003), Tunka-25 (Chernov et al., 2006), and Yakutsk (Glushkov et al., 2003). The lines represent spectra for elemental groups (with nuclear charge
numbers Z as indicated) according to the poly-gonato model (Hörandel, 2003a). The sum of all elements (galactic) and a presumably extragalactic
component are shown as well. The dashed line indicates the average all-particle flux at high energies.
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The all-particle flux can be described as the sum of the 
spectra of individual elements.
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dip at knee energies in the mean logarithmic mass.
The approaches by Sveshnikova (acceleration in
supernova remnants) as well as V!olk and Zirak-
ashvili (reacceleration in the galactic halo) lead
both to a twofold shape of the element spectra.
Yet, also common features can be recognized, like
the relative sharp kinks in the spectra as found by
Erlykin and Wolfendale as well as by Stanev et al.,
both models describe acceleration in supernova
remnants. The distinct shape leads in both cases to
structures in the hlnAi distribution.

The review has shown further that even similar
conceptions lead to hlnAi values covering the
whole range depicted in Fig. 4. As an example,
acceleration in supernova remnants yields hlnAi
values at the lower edge of the experimental values
(Berezhko and Ksenofontov) and also at the upper
border (Kobayakawa et al.).

Unfortunately, the experiments give no con-
clusive energy spectra for elemental groups (Figs.
1–3) and the mean logarithmic mass covers a rel-
atively wide range, see Fig. 4. Most astrophysical
informations available from air shower measure-
ments depend on the model used to describe the

interactions in the atmosphere. Hence, an inter-
pretation and evaluation of the data should be
treated with care and it is very challenging to
characterize in a quantitative way the best model
to describe the origin of the knee.

In models which introduce new type of interac-
tions in the atmosphere, like the one just discussed
by Kazanas and Nicolaidis or the approaches
by Nikolsky et al. [44] or by Petrukhin [45], the
threshold for a new type of interaction depends on
the energy per nucleon. Thus, such models ulti-
mately arrive at a mass dependent cut-o! for indi-
vidual element spectra. The investigations of the
KASCADEgroup however seem to indicate a rigid-
ity dependent cut-o! for individual elements [2–6].
Also with the phenomenological approach of the
poly-gonatomodel a rigidity dependent approach is
favored [1].

In addition, the simultaneous observations of a
knee in the electromagnetic, muonic and hadronic
component by the KASCADE group [2,46,47] yield
no major inconsistencies between the di!erent air
shower components. Therefore, a proposed new
interaction would have to ‘‘hide’’ the energy in such

Table 2
Synopsis of all models discussed

Model Author(s)

Source/Acceleration
Acceleration in SNR Berezhko and Ksenofontov [18]
Acceleration in SNR+ radio galaxies Stanev et al. [19]
Acceleration by oblique shocks Kobayakawa et al. [20]
Acceleration in variety of SNR Sveshnikova [21]
Single source model Erlykin and Wolfendale [22]
Reacceleration in the galactic wind V!olk and Zirakashvili [23]
Cannonball model Plaga [24]

Propagation/Leakage from Galaxy:
Minimum pathlength model Swordy [25]
Anomalous di!usion model Lagutin et al. [26]
Hall di!usion model Ptuskin et al. [27], Kalmykov and Pavlov [42]
Di!usion in turbulent magnetic fields Ogio and Kakimoto [28]
Di!usion and drift Roulet et al [29]

Interactions with background particles
Di!usion model + photo-disintegration Tkaczyk [30]
Interaction with neutrinos in galactic halo Dova et al. [31]
Photo-disintegration (optical and UV photons) Candia et al. [32]

New interactions in the atmosphere
Gravitons, SUSY, technicolor Kazanas and Nicolaidis [33,34]

262 J.R. H!orandel / Astroparticle Physics 21 (2004) 241–265
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tion for QGSJET around 1 PeV. It may be noted as well
that for both experiments QGSJET favors a lighter compo-
sition with respect to the SIBYLL results (see Fig. 9), i.e. an
interpretation of the measured electron–muon distributions
with QGSJET yields an increased flux of protons and
helium nuclei, while on the other hand, the CNO and iron
groups are found to be less abundant in comparison to
SIBYLL (see Fig. 13).

For oxygen and iron it should be pointed out that the
spectra of the TRACER experiment (with single-element
resolution) almost reach the energy range of air shower
measurements. It is important to realize that with a next-
generation TRACER experiment overlap in energy
between direct measurements with single-element resolu-
tion and air shower arrays could be reached, which is
important for an improvement of the understanding of
hadronic interactions in the atmosphere.

The spectra according to the poly-gonato model are
indicated in the figures as solid grey lines. It can be recog-
nized that the measured values are compatible with breaks
at energies proportional to the nuclear charge
ÊZ = Z Æ 4.5 PeV.

For the proton component it can be realized that the
spectrum exhibits a relatively pronounced knee. The spec-
tral index changes by Dc ! 2.1 from c1 = "2.71 at low
energies to c2 = "4.8 above the knee. A similarly strong
knee is visible for the helium component. For the iron com-
ponent no clear cut-o! is visible yet. An improvement of
the situation is expected by the KASCADE-Grande exper-
iment (Navarra et al., 2004), which is expected to unravel

the energy spectra for elemental groups up to about
1018 eV.

It is of particular interest to compare the measured spec-
tra to various astrophysical scenarios. Spectra for four
models, describing the acceleration of cosmic rays in super-
nova remnants are shown in Fig. 13. In these scenarios the
maximum energy attained during the acceleration process
is responsible for the knee in the energy spectrum. The
models make di!erent assumptions on the properties of
supernova remnants and, consequently, yield di!erent
spectra at Earth.

The calculations by Berezhko and Ksenofontov (1999)
are based on the nonlinear kinetic theory of cosmic-ray
acceleration in supernova remnants. The mechanical
energy released in a supernova explosion is found in the
kinetic energy of the expanding shell of ejected matter.
The cosmic-ray acceleration is a very e"cient process and
more than 20% of this energy is transferred to ionized par-
ticles. The resulting spectra at Earth are represented as
dashed lines in the figure.

A threefold origin of energetic cosmic rays is proposed
by Stanev et al. (1993). In their model particles are acceler-
ated at three di!erent main sites (Biermann, 1993): (1) The
explosions of normal supernovae into an approximately
homogeneous interstellar medium drive blast waves which
can accelerate protons to about 105 GeV. Particles are
accelerated continuously during the expansion of the
spherical shock-wave, with the highest particle energy
reached at the end of the Sedov phase. (2) Explosions of
stars into their former stellar wind, like that of Wolf Rayet

Fig. 13. Cosmic-ray energy spectra for four groups of elements, from top to bottom: protons, helium, CNO group, and iron group.

Protons: Results from direct measurements above the atmosphere by AMS (Alcaraz et al., 2000), ATIC (Wefel et al., 2005), BESS (Sanuki et al., 2000),
CAPRICE (Boezio et al., 2003), HEAT (Vernois et al., 2001), Ichimura et al., 1993, IMAX (Menn et al., 2000), JACEE (Asakimori et al., 1998), MASS
(Bellotti et al., 1999), Papini et al., 1993, RUNJOB (Derbina et al., 2005), RICH-II (Diehl et al., 2003), Ryan et al., 1972, Smith et al., 1973, SOKOL
(Ivanenko et al., 1993), Zatsepin et al., 1993, and fluxes obtained from indirect measurements by KASCADE electrons and muons for two hadronic
interaction models (Antoni et al., 2005) and single hadrons (Antoni et al., 2004b), EAS-TOP (electrons and muons) (Navarra et al., 2003) and single
hadrons (Aglietta et al., 2003), GRAPES-3 interpreted with two hadronic interaction models (Hayashi et al., 2005), HEGRA (Aharonian et al., 1999),
Mt. Chacaltaya (Inoue et al., 1997), Mts. Fuji and Kanbala (Huang et al., 2003), Tibet burst detector (HD) (Amenomori et al., 2000b) and ASc (HD)
(Amenomori et al., 2004).
Helium: Results from direct measurements above the atmosphere by ATIC (Wefel et al., 2005), BESS (Sanuki et al., 2000), CAPRICE (Boezio et al.,
2003), HEAT (Vernois et al., 2001), Ichimura et al. (1993), IMAX (Menn et al., 2000), JACEE (Asakimori et al., 1998), MASS (Bellotti et al., 1999),
Papini et al. (1993), RICH-II (Diehl et al., 2003), RUNJOB (Derbina et al., 2005), Smith et al. (1973), SOKOL (Ivanenko et al., 1993), Webber et al.
(1987), and fluxes obtained from indirect measurements by KASCADE electrons and muons for two hadronic interaction models (Antoni et al., 2005),
GRAPES-3 interpreted with two hadronic interaction models (Hayashi et al., 2005), Mts. Fuji and Kanbala (Huang et al., 2003), and Tibet burst detec-
tor (HD) (Amenomori et al., 2000b).
CNO group: Results from direct measurements above the atmosphere by ATIC (C + O) (Cherry, 2006), CRN (C + O) (Müller et al., 1991), TRACER
(O) (Müller et al., 2005), JACEE (CNO) (JACEE collaboration, 1999), RUNJOB (CNO) (Derbina et al., 2005), SOKOL (CNO) (Ivanenko et al.,
1993), and fluxes obtained from indirect measurements by KASCADE electrons and muons (Antoni et al., 2005), GRAPES-3 (Hayashi et al.,
2005), the latter two give results for two hadronic interaction models, and EAS-TOP (Navarra et al., 2003).
Iron: Results from direct measurements above the atmosphere by ATIC (Cherry, 2006), CRN (Müller et al., 1991), HEAO-3 (Engelmann et al., 1985),
Juliusson (1974), Minagawa (1981), TRACER (Müller et al., 2005) (single-element resolution) and Hareyama et al. (1999), Ichimura et al. (1993),
JACEE (Asakimori et al., 1995), RUNJOB (Derbina et al., 2005), SOKOL (Ivanenko et al., 1993) (iron group), as well as fluxes from indirect mea-
surements (iron group) by EAS-TOP (Navarra et al., 2003), KASCADE electrons and muons (Antoni et al., 2005), GRAPES-3 (Hayashi et al., 2005),
and HESS direct Čerenkov light (Aharonian et al., 2007). The latter three experiments give results according to interpretations with two hadronic inter-
action models.
Models: The the grey solid lines indicate spectra according to the poly-gonato model (Hörandel, 2003a).The black lines indicate spectra for models
explaining the knee due to the maximum energy attained during the acceleration process according to Sveshnikova (2003) (—), Berezhko and
Ksenofontov (1999) (- - -), Stanev et al. (1993) (# # #), and Kobayakawa et al. (2002) (-Æ-Æ-).
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Fig. 14. Cosmic-ray energy spectra for four groups of elements, from top to bottom: protons, helium, CNO group, and iron group. (Refer to note in
Fig. 13.) The grey solid lines indicate spectra according to the poly-gonato model (Hörandel, 2003a). The black lines indicate spectra for models explaining
the knee as e!ect of leakage from the Galaxy during the propagation process according to Hörandel et al. (2007) (—), Ogio and Kakimoto (2003) (- - -),
Roulet (2004) (! ! !), as well as Völk and Zirakashvili (2003) (-Æ-Æ-).
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Fig. 13.) The grey solid lines indicate spectra according to the poly-gonato model (Hörandel, 2003a). The black lines indicate spectra for models explaining
the knee as e!ect of leakage from the Galaxy during the propagation process according to Hörandel et al. (2007) (—), Ogio and Kakimoto (2003) (- - -),
Roulet (2004) (! ! !), as well as Völk and Zirakashvili (2003) (-Æ-Æ-).
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