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Extensive Air Shower
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on ground
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2 24. Cosmic rays

where E is the energy-per-nucleon (including rest mass energy) and α (≡ γ + 1) = 2.7
is the differential spectral index of the cosmic ray flux and γ is the integral spectral
index. About 79% of the primary nucleons are free protons and about 70% of the rest are
nucleons bound in helium nuclei. The fractions of the primary nuclei are nearly constant
over this energy range (possibly with small but interesting variations). Fractions of both
primary and secondary incident nuclei are listed in Table 24.1. Figure 24.1 shows the
major components for energies greater than 2 GeV/nucleon.

Figure 24.1: Major components of the primary cosmic radiation from Refs. [1–12].
The figure was created by P. Boyle and D. Muller. Color version at end of book.

The composition and energy spectra of nuclei are typically interpreted in the context
of propagation models, in which the sources of the primary cosmic radiation are located
within the galaxy [13]. The ratio of secondary to primary nuclei is observed to decrease
with increasing energy, a fact interpreted to mean that the lifetime of cosmic rays in the
galaxy decreases with energy. Measurements of radioactive “clock” isotopes in the low
energy cosmic radiation are consistent with a lifetime in the galaxy of about 15 Myr.
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4 27. Passage of particles through matter
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Fig. 27.1: Stopping power (= 〈−dE/dx〉) for positive muons in copper as a
function of βγ = p/Mc over nine orders of magnitude in momentum (12 orders
of magnitude in kinetic energy). Solid curves indicate the total stopping power.
Data below the break at βγ ≈ 0.1 are taken from ICRU 49 [4], and data
at higher energies are from Ref. 5. Vertical bands indicate boundaries between
different approximations discussed in the text. The short dotted lines labeled
“µ− ” illustrate the “Barkas effect,” the dependence of stopping power on projectile
charge at very low energies [6].

27.2.2. Stopping power at intermediate energies :
The mean rate of energy loss by moderately relativistic charged heavy particles,

M1/δx, is well-described by the “Bethe-Bloch” equation,

−
〈

dE

dx

〉
= Kz2Z

A

1
β2

[
1
2

ln
2mec2β2γ2Tmax

I2
− β2 − δ(βγ)

2

]
. (27.3)

It describes the mean rate of energy loss in the region 0.1 <∼ βγ <∼ 1000 for
intermediate-Z materials with an accuracy of a few %. At the lower limit the
projectile velocity becomes comparable to atomic electron “velocities” (Sec. 27.2.3),

February 2, 2010 15:55
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Electrons, positrons and photons
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see next lecture, electromagnetic cascades
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Extensive air showers are generated through interactions of high-energy cosmic rays impinging the

Earth’s atmosphere. A new method is described to infer the attenuation of hadrons in air showers. The

numbers of electrons and muons, registered with the scintillator array of the KASCADE experiment, are

used to estimate the energy of the shower inducing primary particle. A large hadron calorimeter is used to

measure the hadronic energy reaching observation level. The ratio of energy reaching ground level to the

energy of the primary particle is used to derive an attenuation length of hadrons in air showers. In the

energy range from 106 to 3! 107 GeV the attenuation length obtained increases from 170 to 210 g=cm2.

The experimental results are compared to predictions of simulations based on contemporary high-energy

interaction models.
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I. INTRODUCTION

Since the earliest days of cosmic-ray investigations it
has been realized that these particles provide a unique
possibility to study interactions at high energies [1,2].
Even today the energies of cosmic rays exceed the energies
achieved in man made accelerators by orders of magnitude.
Hence, in the literature many attempts are described to
extract properties of high-energy hadronic interactions
from air showers induced by cosmic rays in the atmo-
sphere. Among the most interesting quantities is the at-
tenuation length of hadrons (e.g. [3]), in theoretical
considerations closely connected to the inelastic cross
section.

In the present work, we use the energy absorbed in a
material within a certain atmospheric depth X to define an
attenuation length. In this new approach we use the number
of electrons and muons, registered with a detector array to
estimate the energy of the shower inducing primary parti-
cle E0; see (4). The energy reaching the observation level
in the form of hadrons

P
EH is measured with a hadron

calorimeter. The fraction of surviving energy in the form of
hadrons is defined as

R ¼
P

EH

E0
: (1)

The attenuation length !E is then defined as

!EH ¼ E0 exp
!
# X

!E

"
(2)

or

R ¼ exp
!
# X

!E

"
: (3)

In the literature different definitions for the attenuation
length in air showers are introduced. Frequently, the at-
tenuation length is derived from measurements of the
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M. Brüggemann,5 P. Buchholz,5 E. Cantoni,3,7 A. Chiavassa,3 F. Cossavella,2 K. Daumiller,1 V. de Souza,2,† F. Di Pierro,3

P. Doll,1 R. Engel,1 J. Engler,1 M. Finger,1 D. Fuhrmann,6 P. L. Ghia,7 H. J. Gils,1 R. Glasstetter,6 C. Grupen,5 A. Haungs,1

D. Heck,1 D. Hildebrand,2,‡ J. R. Hörandel,2,x T. Huege,1 P. G. Isar,1 K.-H. Kampert,6 D. Kang,2 D. Kickelbick,5

H. O. Klages,1 Y. Kolotaev,5 P. Łuczak,8 H. J. Mathes,1 H. J. Mayer,1 J. Milke,1 B. Mitrica,4 C. Morello,7 G. Navarra,3
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tions 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 con-
verted to a power law with an index of "2:7 below and
"3:1 above the knee with a rigidity dependent knee posi-
tion (3# 106 GeV for protons). The positions of the
shower axes are distributed uniformly over an area exceed-
ing the calorimeter surface by 2 m on each side. In order to
determine the signals in the individual detectors, all sec-
ondary particles at ground level are passed through a
detector simulation program using the GEANT package
[23]. In this way, the instrumental response is taken into
account and the simulated events are analyzed by the same
code as the experimental data, an important aspect to avoid
biases by pattern recognition and reconstruction
algorithms.

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 surviving
energy in the form of hadrons !EH is measured with the
hadron calorimeter. A fraction R, see (1), of hadronic
energy reaching ground level can be inferred as a function
of primary energy, as shown in Fig. 1. All error bars
represent statistical uncertainties only. Below 106 GeV
the values are affected by reconstruction efficiencies. In
particular, showers induced by heavy elements are less
likely to be registered. Therefore, values are shown only
for energies exceeding 106 GeV. Above 107 GeV the flux
of the light cosmic-ray component decreases and the com-
position becomes more and more heavy [24]. Most likely,

this causes the structures seen in the figure for energies
exceeding 107 GeV. In the energy range investigated about
0.3 to 0.8% of the primary energy reaches the observation
level in the 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 ! $ 0:25 to 0.3 [25]. With the relation R ¼ !N , 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
penetrating showers clearly dominates over the small effect
caused by the increase of the inelastic cross sections.
The two-dimensional distribution of the number of elec-

trons and muons for the measured showers is depicted in
Fig. 2. The stars represent the most probable values of the
distribution. Also simulated Ne " N0

" distributions have
been investigated for primary protons, as well as helium,
carbon, silicon, and iron-induced showers. Examples for
protons and iron are depicted in Fig. 3. The solid lines
represent fits to the most probable values represented by
the circles and squares, respectively. It turned out that the
slopes of the fits of all elements are about equal. The fitted
line for carbon, parametrized as

log 10ðNeÞ ¼ 1:34log10ðN0
"Þ " 0:15 (5)

is used in the following to divide the data into a sample
induced by ‘‘light’’ and ‘‘heavy’’ primary particles, respec-
tively. It is indicated in Figs. 2 and 3 as dashed lines. In
Fig. 3 it can be seen that (5) indeed separates the data set
into light and heavy. Almost no iron showers are above the
dashed line and only a small fraction of proton-induced
showers is below the line. Especially the most probable
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FIG. 1 (color online). Fraction of energy!EH=E0 reaching the
ground in the form of hadrons as a function of estimated primary
energy E0 for all data and for selections of light and heavy
primary particles.
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able values of the distribution are indicated by the stars; the solid
line represents a fit to this data. The dashed line represents (5).
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values for protons and iron-induced showers are clearly
above and below the dashed line, respectively.
Parametrization (5) almost coincides with the most prob-
able values of the measurements.

Applying the selection criterion (5) to the data, the
energy fraction reaching observation level is shown in
Fig. 1 as well as for light and heavy primaries. As expected
from a simple superposition model, protonlike showers
penetrate deeper into the atmosphere and transport more
energy to the observation level as compared to ironlike
showers.

B. Attenuation length

Using the energy absorbed in the atmosphere at a depth
X0, the attenuation length !E has been derived from the

measured energy fraction; see (3). The results are pre-
sented as a function of the estimated primary energy in
Fig. 4(a). Values for the complete data set as well as for the
light and heavy selections are shown. The values are
compared to results obtained from full air shower simula-
tions for primary protons and iron nuclei using the
CORSIKA program with the hadronic interaction generator
QGSJET 01. The cuts for a light and a heavy component were
applied to the proton and iron simulations in the same way
as for the measurements.
The values shown in Fig. 4 have been obtained by

applying the same (quality) cuts and reconstruction algo-
rithms to measured and simulated data. Thus, many un-
certainties are expected to cancel. For the remaining
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FIG. 4 (color online). Attenuation length !E as a function of
the estimated primary energy. The light and heavy groups in the
measurements are compared to simulations of showers induced
by primary protons and iron nuclei 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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decay length
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