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lecture 3
Cascade equations

Gaisser chapter 5
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Extensive Air Shower
Proton 1015 eV:
on ground
106 particles
 80% photons
 18% electr./positr.
1.7% muons
0.3% hadrons

π0 np π+
π-

electromagnetic hadronic muonic
shower component

γ
γ µ-

e-

µ+

µ-

e+
e-

e- e+γ

e+
e- γ

e+

γ

e+ e- γ

e-

π+

p
π-

p n
π-

π-

p
n

n

p



Jörg R. Hörandel, APP 2018/19 �5



Jörg R. Hörandel, APP 2018/19 �6



Jörg R. Hörandel, APP 2018/19 �7



Jörg R. Hörandel, APP 2018/19 �8



Jörg R. Hörandel, APP 2018/19 �9



Jörg R. Hörandel, APP 2018/19 �10



Jörg R. Hörandel, APP 2018/19 �11

power-
law 
spectrum
air 
showers



Jörg R. Hörandel, APP 2018/19 �12

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,
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. (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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decay length
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