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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 di!er as
expected. This e!ect 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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This figure shows the spiral galaxy NGC 891, seen almost edge-on, which is believed to be very similar to our Milky Way. It was 
observed at 8.4 GHz (3.6 cm wavelength) with the Effelsberg 100m telescope. The background optical image is from the CFHT 
Observatory. The "X-shaped" structure of the magnetic fields indicates the action of a galactic wind. The observed extent of the 
radio halo is limited by the large energy losses of the cosmic-ray electrons emitting at this wavelength. At lower frequencies 
(longer wavelengths) the radio waves are emitted by electrons with lower energies for which the energy lossesare smaller, so that 
larger radio halos are expected. 
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