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1:4 GV
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with d = 0.58 (Yanasak et al., 2001). The lines in Fig. 4 cor-
respond to this function with a path length at 2 GeV/n
around 13 g/cm2 decreasing to &2 g/cm2 at 100 GeV/n.

However, at high energies a path length according to (4)
decreases as kesc ! E#d and reaches extremely small values.
They should result in large anisotropies of the arrival direc-
tion of cosmic rays, not observed by experiments (Ptuskin,
1997; Hörandel et al., 2007). To sustain a suitable path
length at high energies a residual path length model has
been proposed, assuming the relation krp = [6.0 ·
(R/10 GV)#0.6 + 0.013] g/cm2 for the escape path length
(Swordy, 1995). Recent measurements of the TRACER

experiment yield an upper limit for the constant term of
0.15 g/cm2 (Müller et al., 2005).

The spallation processes during the cosmic-ray propaga-
tion influence also the shape of the spectra. Usually, it is
assumed, that the energy spectra of all elements have the
same slope, i.e. the same spectral index at the source. Tak-
ing the energy dependence of the spallation cross sections
and the path length of the particles in the Galaxy into
account, it is found that at Earth the spectra of heavy
nuclei should be flatter as compared to light elements
(Hörandel et al., 2007). For example, the spectral index
for iron nuclei should be about 0.13 smaller than the corre-
sponding value for protons. Indeed, direct measurements
indicate that the spectra of heavy elements are flatter as
compared to light elements (Hörandel, 2003a), e.g. the val-
ues for protons cp = 2.71 and iron cFe = 2.59 differ as
expected. This effect could be of importance for the propa-
gation of ultra-heavy nuclei and their possible contribution
to the all-particle spectrum to explain the second knee
around 400 PeV (Hörandel et al., 2007).

During the propagation also radioactive secondary
nuclei are produced (fifth term in (3)). Their abundance
can be used to estimate the spatial distribution of the matter
traversed or the cosmic-ray confinement time in the Galaxy
if the half-life time is comparable to the confinement time
(Garcia-Munoz et al., 1975; Simpson and Garcia-Munoz,
1988). Measuring the abundance of the isotopes 10Be (s1/2 =
1.51 · 106 yr), 26Al (s1/2 = 8.73 · 105 yr), 36Cl (s1/2 =
3.07 · 105 yr), and 54Mg (s1/2 = (6.3 ± 1.7) · 105 yr) with
the ACRE/CRIS experiment, the propagation time in the
Galaxy has been determined to be sesc = (15.6 ± 1.6) ·
106 yr (Yanasak et al., 2001).

In the Leaky Box model, the product qISMsesc is propor-
tional to the escape path length kesc = sescqISMbc. Knowing
kesc and sesc, thus allows to determine the average density
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Fig. 3. Abundance of elements in cosmic rays as function of their nuclear charge number Z at energies around 1 GeV/n, normalized to Si = 100.
Abundance for nuclei with Z 6 28 according to Simpson (1983). Heavy nuclei as measured by ARIEL 6 (Fowler et al., 1987), Fowler et al. (1977), HEAO
3 (Binns et al., 1989), SKYLAB (Shirk and Price, 1978), TIGER (Lawrence et al., 1999), TREK/MIR (Weaver and Westphal, 2001), Tueller et al. (1981),
as well as UHCRE (Donelly et al., 1999). In addition, the abundance of elements in the solar system is shown according to Lodders (2003).
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Fig. 4. Abundance ratio of boron to carbon and scandium + vanadium to
iron in cosmic rays as function of energy as measured by the ACE/CRIS
(Yanasak et al., 2001) and HEAO-3 (Engelmann et al., 1990) experiments.
The curves correspond to a Leaky Box model (4).
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Fig. 3. Abundance of elements in cosmic rays as function of their nuclear charge number Z at energies around 1 GeV/n, normalized to Si = 100.
Abundance for nuclei with Z 6 28 according to Simpson (1983). Heavy nuclei as measured by ARIEL 6 (Fowler et al., 1987), Fowler et al. (1977), HEAO
3 (Binns et al., 1989), SKYLAB (Shirk and Price, 1978), TIGER (Lawrence et al., 1999), TREK/MIR (Weaver and Westphal, 2001), Tueller et al. (1981),
as well as UHCRE (Donelly et al., 1999). In addition, the abundance of elements in the solar system is shown according to Lodders (2003).
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Fig. 4. Abundance ratio of boron to carbon and scandium + vanadium to
iron in cosmic rays as function of energy as measured by the ACE/CRIS
(Yanasak et al., 2001) and HEAO-3 (Engelmann et al., 1990) experiments.
The curves correspond to a Leaky Box model (4).
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Method: 
•Measure correlation between air shower components 
  (electromagnetic, muonic, hadronic)
•Compare to predictions of hadronic interaction models 
  for extreme assumptions (p & Fe)
air shower simulation: 
CORSIKA
detector simulation: 
GEANT 3



KArlsruhe Shower Core and Array DEtector

T. Antoni et al, Nucl. Instr. & Meth. A 513 (2004) 490

Simultaneous measurement of
electromagnetic, 
muonic,
hadronic
shower components



KASCADE 

Hadron calorimeter
  320 m2 x 9 layers
  liquid ionization chambers
  44 000 electronic channels
  EH > 20 GeV

Field array 200 x 200 m2

  e/γ detectors
  µ detectors Eµ > 230 MeV

J. Engler et al., Nucl. Instr. & Meth.  A 427 (1999) 528T. Antoni et al, Nucl. Instr. & Meth. A 513 (2004) 490
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Figure 2. Influence of the low-energy model used in air shower simulations. Shown is the
correlation of the hadronic energy sum !Eh and the muon number N tr

µ . To make the small
differences better visible, the relative deviation (!Eh,s −!Eh,m)/!Eh,m of the simulated (!Eh,s)
to the measured (!Eh,m) values are plotted. Results for two low-energy and two high-energy
interaction models are shown.
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Figure 3. Comparison of NEXUS 2 to the KASCADE data. On the left-hand side the correlation
between the number of hadrons Nh and the muon number N tr

µ is plotted. In addition, values for
QGSJET 98 are shown. To improve the clarity only parametrizations of the data points are plotted
for QGSJET. On the right-hand side the correlation between the hadronic energy sum !Eh and the
electron number Ne is displayed. The shaded area is the allowed range between proton and iron
for NEXUS.

(transverse momenta) and energy spectra. For all combinations of low-energy and high-energy
interaction models in table 1 all hadronic observables have been investigated for several hadron
energy thresholds in correlation to the muon, electron and hadron content of the air showers.
In the following, only few figures can be shown exemplarily. Further examples can be found
in Milke et al (2001, 2003, 2004) and Milke (2003a).

3.2.1. NEXUS. A comparison of simulation results using NEXUS 2 as high-energy interaction
model to the KASCADE data is shown in figure 3. In addition, values obtained with QGSJET
98 are drawn. Since at the same primary energy both the number of hadrons Nh and the number
of muons N tr

µ using NEXUS are about 10% smaller than for QGSJET, the correlation between

W.D. Apel et al., J. Phys. G: Nucl. Part. Phys. 34 (2007) 2581

Low-energy interaction models
E < 200 GeV

GHEISHA & FLUKA
both OK



Test of high-energy interaction models 2169

Figure 7. The lateral hadron density for muonic shower sizes corresponding to a mean primary
energy of 1.2 PeV. The threshold for hadron detection is 50 GeV. The data are compared with
simulations using VENUS (left) and SIBYLL (right), the curves represent fits according to a modified
exponential, see text.

8.2. Hadron energy distribution

The energy distribution of hadrons is shown in figure 8 for a fixed electromagnetic shower
size. Plotted is the number of hadrons in an area of 8 × 8 m2 around the shower core. As
already mentioned, in this way all showers are treated in the same manner, independent of
their point of incidence. To avoid a systematic bias the loss in statistics has to be accepted.
The number of showers reduces to about 5000. The shower size bin of 5.5 ! lg Ne < 5.75
corresponds approximately to a mean primary energy of 6 PeV. The curves represent fits to
the simulations according to exp(−( lg EH −a

b
)c). Usually, in the literature c = 1 is assumed,

however, the present data, due to their large dynamical range, yield values for c from 1.3 to
1.6. As can be inferred from the graph, all three interaction models reproduce the measured
data reasonably well, elucidating the fact that electrons closely follow the hadrons in EAS
propagation. But if the same data are classified corresponding to the muon number, again
SIBYLL seems to generate too many hadrons and thereby mimics a primary composition of
pure iron nuclei. For this reason SIBYLL will not be utilized any further. In the figure the
energy spectrum is also plotted as measured with the Maket-ANI calorimeter by Ter-Antonian
et al [15]. As already mentioned above, distributions are expected to coincide when taken at
the same electron number even if they have been measured at different altitudes. In the present
case the data have been taken at sea level and at 700 g cm2 on Mount Aragats. The energy
distributions, indeed, agree rather well with each other indicating that in both data sets the
patterns of hadrons are well recognized and the energies correctly determined.

It was seen that SIBYLL encounters difficulties when the data are classified according
to muonic shower sizes. The VENUS model, on the other hand, cannot reproduce hadronic
observables convincingly well when they are binned into electron number intervals. An
example is given in figure 9. It shows the number of hadrons, i.e. the hadronic shower size
Nh, as a function of the electromagnetic shower size Ne. The experimental points match
well to the primary proton line as expected from QGSJET predictions. This phenomenon is
easily understood by the steeply falling flux spectrum and the fact that primary protons induce
larger electromagnetic sizes at observation level than heavy primaries. Hence, when grouping
in Ne bins, showers from primary protons will be enriched and we expect to predominantly
have proton showers in our sample. This fact reduces any ambiguities in the results due to
the absence of direct information on primary composition. Concerning the VENUS model,
the predicted hadron numbers are too high and the two lines which mark the region between
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Figure 8. Lateral distributions of the hadronic energy density for a muon number interval
corresponding to a primary energy of 4 PeV. On the left-hand side the absolute values are shown.
In the right graph the values are normalized to the integral of each curve to compare the shape of
the distributions. The shaded area indicates the range between proton and iron primary particles
predicted by QGSJET.

to the fourth (left graph) and sixth (right graph) data point of the correlation of the mean
values in figure 6. It is found that the shapes predicted by the different models are similar
and compatible with the shape of the measured distributions. The main difference between
the models is a shift of the distributions corresponding to differences of the mean values seen
above in the analysis of the shower size correlations.

3.2.5. Lateral distributions and energy spectra of hadrons. Besides the correlations between
different shower sizes also the lateral distributions and energy spectra of the hadrons are
measured. In case of the lateral distributions both the number density of the hadrons and
the energy density have been investigated for several hadron energy thresholds between
50 GeV and 2 TeV. It is found that all models used predict very similar shapes for the lateral
distributions of the hadrons. The predicted shapes are compatible with the measured values.
The only significant differences between the models are the absolute values for the hadron
densities corresponding to the difference in the shower size correlations shown above. This is
demonstrated in figure 8. As an example, the lateral distribution of the hadronic energy density
is shown for a muon number interval corresponding to a primary energy of 4 PeV. In the left
graph the absolute values of the energy densities are plotted. While DPMJET 2.55 and SIBYLL
2.1 predict a similar behaviour, the values for QGSJET 01 are smaller. On the right-hand side
of figure 8 the values are normalized to the integral of the curves to compare the shape of the
distributions. In this case, no significant difference between the model predictions is found.
The measured shape of the lateral distribution is well in between the curves of the models for
proton and iron primary particles. Although for the individual lateral distributions the models
are within the proton–iron range compatible with the measured data; there are inconsistencies.
For example, QGSJET requires a proton dominated composition to be compatible with the
measured values for the absolute hadron energy densities in figure 8 (left-hand side), but a
mixed composition to explain the measured shape of the lateral distributions (right graph in
figure 8). The reason of this discrepancy can be an underestimation of the hadron content or
an overestimation of the muon content of the air showers. In the latter case, smaller primary

Hadronic interaction model SIBYLL

version 1.6 version 2.1

T. Antoni et al., J. Phys. G: Nucl. Part. Phys. 25 (1999) 2161 W.D. Apel et al., J. Phys. G: Nucl. Part. Phys. 34 (2007) 2581
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KASCADE – Test of EPOS 1.6
ΣEh – Nµ

EPOS delivers not enough 
hadronic energy to the ground

W.D. Apel et al., J. Phys. G 36 (2009) 035201

J. Phys. G: Nucl. Part. Phys. 36 (2009) 035201 W D Apel et al

Figure 6. Number of electrons as a function of muons (Ne − Nµ plane). The measured two-
dimensional shower size distribution (grey shaded area) is compared to most probable values as
predicted by two interaction models for two primary species.

-1

-0.8

-0.6

-0.4

-0.2

0

0.2

0.4

3 3.25 3.5 3.75 4 4.25 4.5 4.75 5 5.25
 number of muons lg (N

tr
)

re
l. 

de
v.

  
N

h

Eh > 100 GeV

p Fe

EPOS 1.61 (FLUKA)EPOS 1.61 (FLUKA)

QGSJET 01 (FLUKA)QGSJET 01 (FLUKA)
-1

-0.75

-0.5

-0.25

0

0.25

0.5

0.75

3 3.25 3.5 3.75 4 4.25 4.5 4.75 5 5.25
 number of muons lg (N

tr
)

re
l. 

de
v.

  
ΣE

h 
[G

eV
]

Eh > 100 GeV

p Fe

EPOS 1.61 (FLUKA)EPOS 1.61 (FLUKA)

QGSJET 01 (FLUKA)QGSJET 01 (FLUKA)

Figure 7. Number of hadrons observed (left) and reconstructed hadronic energy sum (right) as a
function of the registered number of muons for proton and iron-induced showers. The predictions
of two interaction models are shown relative to the measured values.

energies, such behavior seems to be extremely unrealistic. This study illustrates that it would
be very useful to measure the energy spectra of individual elements directly up to the knee
region. Such data would be very helpful to verify the interaction codes utilized in air shower
simulations.

3.3. Hadron–muon correlations

The differences already seen in figure 3 are not directly accessible in measurements, since the
energy of the primary particle cannot be inferred directly. To check the validity of interaction
models it is therefore suitable to plot observable quantities against each other such as e.g.
the number of registered hadrons or the observed hadronic energy at the ground level as a
function of the number of muons as depicted in figure 7. Again, the model predictions are

8
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ΣEh – Nh

 energy per hadron too small
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Figure 9. Relative hadronic energy sum (
∑

Esim
h −

∑
Emeas

h )/
∑

Emeas
h (left) and relative

maximum hadron energy (right) as a function of the reconstructed number of hadrons for two
interaction models and two primary particle species.

interval as above. Again, EPOS predictions for two particle species are compared to measured
data. As for the other observables discussed, the measurements should be ‘bracketed’ by
the predictions for proton and iron-induced showers. However, the EPOS predictions exhibit
clearly different behavior. For most Eh

/
Emax

h ratios the measured values are outside the
proton–iron range given by the model.

The investigations of the energy spectra confirm the above findings that EPOS predictions
are not compatible with KASCADE data.

3.4. Hadron–hadron correlations

In the previous discussions it has already been seen that EPOS delivers less energy in the form
of hadrons to the ground level as compared to QGSJET 01. Therefore, it is an interesting
exercise to investigate also the correlations of the purely hadronic observables with each other.
Examples of such correlations are presented in figure 9, depicting the hadronic energy sum
(left) and the maximum hadron energy per shower (right). The predicted values are again
plotted relative to the measured quantities to visually magnify the differences between the
model predictions. In the figure the quantities are plotted as a function of the number of
hadrons Nh. Due to the steeply falling energy spectrum and the Nh − E0 correlation (see
figure 3) a sampling of the data in Nh intervals yields an enrichment of light particles.
Therefore, the data are expected to look very ‘proton like’. Indeed, for QGSJET the proton
predictions are very close to the ‘zero line’, i.e. to the KASCADE measurements. It should
also be mentioned that (within the error bars) the QGSJET predictions ‘bracket’ the measured
values. In contrast, the EPOS predictions for both primary species are below zero for both
observables shown in the figure. The EPOS predictions for protons are at the lower bound of
the 15% systematic uncertainty for the hadronic energy sum. Thus, they are barely compatible
with the data. However, it should be stressed that the QGSJET predictions for protons really are
at values around zero as expected. This indicates that the systematic effects might be smaller
than estimated and the EPOS predictions are not compatible with the measurements. From all
observables investigated the hadron–hadron correlations exhibit the strongest incompatibility
between the EPOS predictions and the KASCADE data.
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Figure 6. Number of electrons as a function of muons (Ne − Nµ plane). The measured two-
dimensional shower size distribution (grey shaded area) is compared to most probable values as
predicted by two interaction models for two primary species.
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energies, such behavior seems to be extremely unrealistic. This study illustrates that it would
be very useful to measure the energy spectra of individual elements directly up to the knee
region. Such data would be very helpful to verify the interaction codes utilized in air shower
simulations.

3.3. Hadron–muon correlations

The differences already seen in figure 3 are not directly accessible in measurements, since the
energy of the primary particle cannot be inferred directly. To check the validity of interaction
models it is therefore suitable to plot observable quantities against each other such as e.g.
the number of registered hadrons or the observed hadronic energy at the ground level as a
function of the number of muons as depicted in figure 7. Again, the model predictions are
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hadrons Nh. Due to the steeply falling energy spectrum and the Nh − E0 correlation (see
figure 3) a sampling of the data in Nh intervals yields an enrichment of light particles.
Therefore, the data are expected to look very ‘proton like’. Indeed, for QGSJET the proton
predictions are very close to the ‘zero line’, i.e. to the KASCADE measurements. It should
also be mentioned that (within the error bars) the QGSJET predictions ‘bracket’ the measured
values. In contrast, the EPOS predictions for both primary species are below zero for both
observables shown in the figure. The EPOS predictions for protons are at the lower bound of
the 15% systematic uncertainty for the hadronic energy sum. Thus, they are barely compatible
with the data. However, it should be stressed that the QGSJET predictions for protons really are
at values around zero as expected. This indicates that the systematic effects might be smaller
than estimated and the EPOS predictions are not compatible with the measurements. From all
observables investigated the hadron–hadron correlations exhibit the strongest incompatibility
between the EPOS predictions and the KASCADE data.
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dimensional shower size distribution (grey shaded area) is compared to most probable values as
predicted by two interaction models for two primary species.
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be very useful to measure the energy spectra of individual elements directly up to the knee
region. Such data would be very helpful to verify the interaction codes utilized in air shower
simulations.

3.3. Hadron–muon correlations

The differences already seen in figure 3 are not directly accessible in measurements, since the
energy of the primary particle cannot be inferred directly. To check the validity of interaction
models it is therefore suitable to plot observable quantities against each other such as e.g.
the number of registered hadrons or the observed hadronic energy at the ground level as a
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4. Summary and conclusions

Predictions of air shower simulations using the CORSIKA code with the hadronic interaction
models EPOS 1.61 and QGSJET 01 have been compared to measurements of the KASCADE
experiment. Various observables of the electromagnetic, muonic and hadronic component have
been investigated and the correlations between them have been analyzed. They have been
used to check the compatibility of the EPOS predictions with the KASCADE measurements.

The findings can be summarized as follows. The investigations of the hadronic observables
exhibit that EPOS does not deliver enough hadronic energy to the observation level and the
energy per hadron seems to be too small. In the Ne − Nµ plane the EPOS showers are
shifted to lower electron and higher muon numbers relative to QGSJET 01. When the mass
composition of cosmic rays is derived from measured values this effect leads to a relatively
light mass composition. In summary, there is a significant discrepancy between the EPOS
(version 1.61) predictions and the KASCADE data. The EPOS predictions are not compatible
with the measurements.

Most likely the incompatibility of the EPOS predictions with the KASCADE
measurements is caused by too high inelastic cross sections for hadronic interactions
implemented in the EPOS code. To illustrate this, the proton–air and neutron–carbon cross
sections as predicted by different models are displayed in figure 10. It can be recognized
that the EPOS 1.61 values mark the upper limit of the variations exhibited by the different
models. Already at moderate energies in the 100 GeV regime a clear difference between the
models is visible. In particular, the example of the neutron–carbon cross section illustrates that
even at energies accessible to today’s accelerator experiments, the models contain different
descriptions of the inelastic hadronic cross sections. According to the authors of the EPOS
code, a new version is in preparation with lower cross sections. It is expected that the
predictions of this version are in better agreement with air shower data. Further studies shall
be presented in a follow-up publication.

The results presented also underline the importance of measuring hadronic observables in
air shower experiments. They provide the most sensitive available means of investigating the
properties of hadronic interactions at very high energies and kinematical ranges to complement
accelerator experiments.
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both primary species – an unrealistic scenario.

The energy of the most energetic hadron reconstructed

at observation level is depicted in Fig. 5 for an electron

number interval corresponding to a primary energy of

about 1 to 2 PeV. Predictions of simulations according

to QGSJET II for primary protons and iron nuclei are

compared to measured values. It can be recognized that

for high maximum hadron energies the measured values

are in between the predictions for proton and iron-

induced showers. On the other hand, QGSJET II predicts

too few hadrons with low energies. A similar behavior

is observed for other electron number intervals.

In summary, the investigations reveal incompatibil-

ities in the hadron-electron correlation for the model

QGSJET II-2.

VI. ATTENUATION LENGTH

Recently, a new method to determine the attenua-

tion length of hadrons in air has been introduced, see

Ref. [13]. The energy absorbed in a material within

a certain atmospheric depth X is used to define an

attenuation length. In this new approach we use the

number of electrons Ne and muons Nµ to estimate

the energy of the shower inducing primary particle E0.

The energy reaching the observation level in form of

hadrons
∑

EH is measured with the hadron calorimeter.

The fraction of surviving energy in form of hadrons is

defined as R =
∑

EH/E0. The attenuation length λE

is then defined as

ΣEH = E0 exp

(

−
X

λE

)

or R = exp

(

−
X

λE

)

. (1)

In contrast to methods using the electromagnetic shower

component, the present work focuses directly on mea-

surements of hadrons to derive an attenuation length for

this shower component. The values obtained are not a

priori comparable to other attenuation lengths, given in

the literature since they are based on different defini-

tions. It should be noted that the experimentally obtained

attenuation length is affected by statistical fluctuations
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KASCADE scintillator array

lg E0 ≈ 0.19 lgNe + 0.79 lgN
′
µ + 2.33. (4)

The average ground pressure during the observation time
amounts to 1004 hPa, corresponding to an average at-
mospheric column density X0=1023 g/cm2. The attenu-
ation is measured at this depth X0, the average vertical
thickness of the atmosphere above the KASCADE exper-
iment.

C. Simulations

The shower simulations were performed using COR-
SIKA [19]. Hadronic interactions at low energies were
modeled using the FLUKA code [20, 21]. High-energy
interactions were treated with QGSJET01 [22] (E >

200 GeV). Showers initiated by primary protons as well
as helium, carbon, silicon, and iron nuclei have been
simulated. The simulations covered the energy range
105−108 GeV with zenith angles in the interval 0◦−32◦.
The energy distribution of the showers followed a power
law with a spectral index of −2.0. For the analysis the
energy distribution was converted to a power law with
an index of −2.7 below and −3.1 above the knee with
a rigidity dependent knee position (3 · 106 GeV for pro-
tons). The positions of the shower axes are distributed
uniformly over an area exceeding the calorimeter surface
by 2 m on each side. In order to determine the signals in
the individual detectors, all secondary particles at ground
level are passed through a detector simulation program
using the GEANT package [23]. In this way, the instru-
mental response is taken into account and the simulated
events are analyzed by the same code as the experimen-
tal data, an important aspect to avoid biases by pattern
recognition and reconstruction algorithms.
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A. Surviving Hadronic Energy

The energy of the primary particle is estimated from
measurements of the number of electrons and muons in
the shower with the scintillator array, see (4). The sur-
viving energy in form of hadrons ΣEH is measured with
the hadron calorimeter. A fraction R, see (1) of hadronic
energy reaching ground level can be inferred as function
of primary energy, as shown in Fig. 1. All error bars rep-
resent statistical uncertainties only. Below 106 GeV the
values are affected by reconstruction efficiencies. In par-
ticular, showers induced by heavy elements are less likely
to be registered. Therefore, values are shown only for en-
ergies exceeding 106 GeV. Above 107 GeV the flux of the
light cosmic-ray component decreases and the composi-
tion becomes more and more heavy [24]. Mos likely, this
causes the structures seen in the figure for energies ex-
ceeding 107 GeV. In the energy range investigated about
0.3% to 0.8% of the primary energy reaches the observa-
tion level in form of hadrons, most of them being pions
[13].

In the energy range of interest the elasticity of pions
depends only weakly on energy and can be approximated
as ε ≈ 0.25 to 0.3 [25]. With the relation R = εN , the
average number of generations N in the shower can be
estimated and it turns out that the registered hadrons
(with energies above 50 GeV) have undergone about four
to five interactions only. This number is confirmed by full
air shower simulations.

The fraction of hadronic energy reaching observation
level increases with energy, since the effect of deeper pen-
etrating showers clearly dominates over the small effect
caused by the increase of the inelastic cross sections.
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C. Simulations

The shower simulations were performed using COR-
SIKA [19]. Hadronic interactions at low energies were
modeled using the FLUKA code [20, 21]. High-energy
interactions were treated with QGSJET01 [22] (E >

200 GeV). Showers initiated by primary protons as well
as helium, carbon, silicon, and iron nuclei have been
simulated. The simulations covered the energy range
105−108 GeV with zenith angles in the interval 0◦−32◦.
The energy distribution of the showers followed a power
law with a spectral index of −2.0. For the analysis the
energy distribution was converted to a power law with
an index of −2.7 below and −3.1 above the knee with
a rigidity dependent knee position (3 · 106 GeV for pro-
tons). The positions of the shower axes are distributed
uniformly over an area exceeding the calorimeter surface
by 2 m on each side. In order to determine the signals in
the individual detectors, all secondary particles at ground
level are passed through a detector simulation program
using the GEANT package [23]. In this way, the instru-
mental response is taken into account and the simulated
events are analyzed by the same code as the experimen-
tal data, an important aspect to avoid biases by pattern
recognition and reconstruction algorithms.
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level increases with energy, since the effect of deeper pen-
etrating showers clearly dominates over the small effect
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a rigidity dependent knee position (3 · 106 GeV for pro-
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average number of generations N in the shower can be
estimated and it turns out that the registered hadrons
(with energies above 50 GeV) have undergone about four
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SIKA [19]. Hadronic interactions at low energies were
modeled using the FLUKA code [20, 21]. High-energy
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200 GeV). Showers initiated by primary protons as well
as helium, carbon, silicon, and iron nuclei have been
simulated. The simulations covered the energy range
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law with a spectral index of −2.0. For the analysis the
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an index of −2.7 below and −3.1 above the knee with
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by 2 m on each side. In order to determine the signals in
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depends only weakly on energy and can be approximated
as ε ≈ 0.25 to 0.3 [25]. With the relation R = εN , the
average number of generations N in the shower can be
estimated and it turns out that the registered hadrons
(with energies above 50 GeV) have undergone about four
to five interactions only. This number is confirmed by full
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C. Simulations

The shower simulations were performed using COR-
SIKA [19]. Hadronic interactions at low energies were
modeled using the FLUKA code [20, 21]. High-energy
interactions were treated with QGSJET01 [22] (E >

200 GeV). Showers initiated by primary protons as well
as helium, carbon, silicon, and iron nuclei have been
simulated. The simulations covered the energy range
105−108 GeV with zenith angles in the interval 0◦−32◦.
The energy distribution of the showers followed a power
law with a spectral index of −2.0. For the analysis the
energy distribution was converted to a power law with
an index of −2.7 below and −3.1 above the knee with
a rigidity dependent knee position (3 · 106 GeV for pro-
tons). The positions of the shower axes are distributed
uniformly over an area exceeding the calorimeter surface
by 2 m on each side. In order to determine the signals in
the individual detectors, all secondary particles at ground
level are passed through a detector simulation program
using the GEANT package [23]. In this way, the instru-
mental response is taken into account and the simulated
events are analyzed by the same code as the experimen-
tal data, an important aspect to avoid biases by pattern
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0.3% to 0.8% of the primary energy reaches the observa-
tion level in form of hadrons, most of them being pions
[13].

In the energy range of interest the elasticity of pions
depends only weakly on energy and can be approximated
as ε ≈ 0.25 to 0.3 [25]. With the relation R = εN , the
average number of generations N in the shower can be
estimated and it turns out that the registered hadrons
(with energies above 50 GeV) have undergone about four
to five interactions only. This number is confirmed by full
air shower simulations.

The fraction of hadronic energy reaching observation
level increases with energy, since the effect of deeper pen-
etrating showers clearly dominates over the small effect
caused by the increase of the inelastic cross sections.

The two-dimensional distribution of the number of
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FIG. 1: Fraction of energy ΣEH/E0 reaching the ground in
form of hadrons as function of estimated primary energy E0

for all data and for selections of light and heavy primary par-
ticles.

KASCADE scintillator array

lg E0 ≈ 0.19 lgNe + 0.79 lgN
′
µ + 2.33. (4)

The average ground pressure during the observation time
amounts to 1004 hPa, corresponding to an average at-
mospheric column density X0=1023 g/cm2. The attenu-
ation is measured at this depth X0, the average vertical
thickness of the atmosphere above the KASCADE exper-
iment.

C. Simulations

The shower simulations were performed using COR-
SIKA [19]. Hadronic interactions at low energies were
modeled using the FLUKA code [20, 21]. High-energy
interactions were treated with QGSJET01 [22] (E >

200 GeV). Showers initiated by primary protons as well
as helium, carbon, silicon, and iron nuclei have been
simulated. The simulations covered the energy range
105−108 GeV with zenith angles in the interval 0◦−32◦.
The energy distribution of the showers followed a power
law with a spectral index of −2.0. For the analysis the
energy distribution was converted to a power law with
an index of −2.7 below and −3.1 above the knee with
a rigidity dependent knee position (3 · 106 GeV for pro-
tons). The positions of the shower axes are distributed
uniformly over an area exceeding the calorimeter surface
by 2 m on each side. In order to determine the signals in
the individual detectors, all secondary particles at ground
level are passed through a detector simulation program
using the GEANT package [23]. In this way, the instru-
mental response is taken into account and the simulated
events are analyzed by the same code as the experimen-
tal data, an important aspect to avoid biases by pattern
recognition and reconstruction algorithms.
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FIG. 2: Number of electrons and muons for measured showers
with zenith angle Θ < 18◦. The most probable values of
the distribution are indicated by the asterisks, the solid line
represents a fit to this data. The dashed line represents (5).

III. RESULTS

A. Surviving Hadronic Energy

The energy of the primary particle is estimated from
measurements of the number of electrons and muons in
the shower with the scintillator array, see (4). The sur-
viving energy in form of hadrons ΣEH is measured with
the hadron calorimeter. A fraction R, see (1) of hadronic
energy reaching ground level can be inferred as function
of primary energy, as shown in Fig. 1. All error bars rep-
resent statistical uncertainties only. Below 106 GeV the
values are affected by reconstruction efficiencies. In par-
ticular, showers induced by heavy elements are less likely
to be registered. Therefore, values are shown only for en-
ergies exceeding 106 GeV. Above 107 GeV the flux of the
light cosmic-ray component decreases and the composi-
tion becomes more and more heavy [24]. Mos likely, this
causes the structures seen in the figure for energies ex-
ceeding 107 GeV. In the energy range investigated about
0.3% to 0.8% of the primary energy reaches the observa-
tion level in form of hadrons, most of them being pions
[13].

In the energy range of interest the elasticity of pions
depends only weakly on energy and can be approximated
as ε ≈ 0.25 to 0.3 [25]. With the relation R = εN , the
average number of generations N in the shower can be
estimated and it turns out that the registered hadrons
(with energies above 50 GeV) have undergone about four
to five interactions only. This number is confirmed by full
air shower simulations.

The fraction of hadronic energy reaching observation
level increases with energy, since the effect of deeper pen-
etrating showers clearly dominates over the small effect
caused by the increase of the inelastic cross sections.

The two-dimensional distribution of the number of
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FIG. 4: Attenuation length λE as function of estimated primary energy. The light and heavy groups in the measurements are
compared to simulations for primary protons and iron-induced showers using CORSIKA with the hadronic interaction model
QGSJET 01 (a) and a modified version with lower cross sections and higher elasticity (b, model 3a in Ref. [25]).
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FIG. 5: Attenuation length λE as function of the measured hadronic energy sum at observation level. The light and heavy
groups in the measurements are compared to simulations for primary protons and iron-induced showers using CORSIKA with
the hadronic interaction model QGSJET 01 (a) and a modified version with lower cross sections and higher elasticity (b,
model 3a in Ref. [25]).

To test this hypothesis simulations have been car-
ried out with a modified version of QGSJET01, namely
model 3a in Ref. [25]. The inelastic hadronic cross sec-
tions have been lowered, e.g. the proton-air cross section
at 106 GeV is reduced by 5% from 385 mb to 364 mb
and the elasticity has been increased by about 12%. A
similar trend to lower cross sections has been found as
well by the EAS-TOP experiment, with a value of

σ
inel
p−air = 338 ± 21(stat) ± 19(sys) − 29(sys-He) mb

at
√

s = 2 TeV (≈ 2 · 106 GeV) [10]. At the high-
est energies the lower proton-air cross section (443 mb

at 109 GeV) is compatible with recent results from the
HiRes experiment

σ
inel
p−air = 456 ± 17(stat) + 39(sys) − 11(sys) mb

at 3·109 GeV [9]. The lower cross sections have been pro-
posed originally to reduce the discrepancy in the mean
logarithmic mass derived from experiments observing
shower maximum and investigating particle distributions
at ground level [25, 26]. Applying the altered version of
QGSJET also slightly modifies the number of electrons
and muons predicted at ground level. At energies around
the knee (≈ 4·106 GeV) the number of electrons increases

σp−air − 5% at106GeV

ε + 12%

Attenuation length of hadrons in air showers
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QGSJET 01 QGSJET 01 modified with lower 
inelastic cross sections

method very sensitive to 
inelastic cross sections
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abundance of elements in cosmic rays (~1 GeV/n)

•are used for quantitative tests of hadronic interaction 
models

•are used to improve interaction models

•provide information on hadronic interactions beyond 
accelerator range

air shower data ...


