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specific energy loss
Bethe Bloch formula6 27. Passage of particles through matter
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Figure 27.2: Mean energy loss rate in liquid (bubble chamber) hydrogen,
gaseous helium, carbon, aluminum, iron, tin, and lead. Radiative effects,
relevant for muons and pions, are not included. These become significant for
muons in iron for βγ >∼ 1000, and at lower momenta for muons in higher-Z
absorbers. See Fig. 27.21.

as a function of βγ = p/Mc is shown for a variety of materials in Fig. 27.4.
The mass scaling of dE/dx and range is valid for the electronic losses described

by the Bethe-Bloch equation, but not for radiative losses, relevant only for muons
and pions.

For a particle with mass M and momentum Mβγc, Tmax is given by

Tmax =
2mec2 β2γ2

1 + 2γme/M + (me/M)2
. (27.4)

In older references [2,7] the “low-energy” approximation

February 2, 2010 15:55
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⌧spal >> ⌧e ⌧spal >> ⌧r

Leaky Box Model
for stable isotopes:
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Problem 10 Leaky Box Model
The propagation of cosmic rays through the Galaxy is described using the transport
equation
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Explain the physical meaning of the individual terms.

In the ”Leaky Box Model” the diffusion term is replaced by −Ni/τe(i), with the
escape time τe(i). Consider the state of equilibrium, i.e. ∂Ni/∂t = 0. Assume all
isotopes of an element are produced exclusively through spallation. The production
rate for isotope i is given as

Ci =
∑

j>i

pij

τj

Nj

Neglect the energy loss/energy gain of the particles. Show that for stable isotopes

−
Ni

τe(i)
+ Ci −

Ni

τspal(i)
= 0

and for radioactive isotopes with decay time τr(j)

−
Nj

τe(j)
+ Cj −

Nj

τspal(j)
−

Nj

τr(j)
= 0.

Assume τspal >> τe and τspal >> τr. Calculate the ratio of a radioactive to a stable
isotope Nj/Ni in a state of equilibrium.

Problem 11 Age of cosmic rays
The ratio of the two beryllium isotopes 7Be (stable) and 10Be (radioactive, τr(10Be) =
γτ0 = 3.9 · 106 a) in cosmic rays is given as

N(10Be)

N(7Be)
=

1
τe(7Be)

1
τe(10Be)

+ 1
τr(10Be)

C(10Be)

C(7Be)

(see also Problem 10). The ratio of the production rates is obtained from the cor-
responding cross sections as C(7Be)/C(10Be) = 6.66. The ratio N(10Be)/N(7Be) =
0.028 has been measured in cosmic rays. Assume τe = τe(7Be) = τe(10Be) and
calculate the residence time τe of cosmic rays in the Galaxy.

see reverse side!
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and 10Be (radioactive) in cosmic rays is given as

9

9

9



Chart of nuclides



„Age“ of galactic cosmic rays
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ABSTRACT
We report on abundance measurements of 10Be, 26Al, 36Cl, and 54Mn in the Galactic cosmic rays

(GCRs) using the Cosmic-Ray Isotope Spectrometer (CRIS) instrument aboard the Advanced Composi-
tion Explorer spacecraft at energies from D70 to D400 MeV nucleon~1. We also report an upper limit
on the abundance of GCR 14C. The high statistical signiÐcance of these measurements allows the energy
dependence of their relative abundances to be studied. A steady-state, leaky-box propagation model,
incorporating observations of the local interstellar medium (ISM) composition and density and recent
partial fragmentation cross section measurements, is used to interpret these abundances. Using this
model, the individual galactic conÐnement times derived using data for each species are consistent with a
unique conÐnement time value of Myr. The CRIS abundance measurements are consis-qesc \ 15.0 ^ 1.6
tent with propagation through an average ISM hydrogen number density H atomsnH \ 0.34 ^ 0.04
cm~3. The surviving fractions, f, for each radioactive species have been calculated. From predictions of
the di†usion models of Ptuskin & Soutoul, the values of f indicate an interstellar cosmic-ray di†usion
coefficient of D \ (3.5 ^ 2.0) ] 1028 cm2 s~1.
Subject headings : cosmic rays È Galaxy : general È Galaxy : halo È ISM: abundances

1. INTRODUCTION

The composition of the galactic cosmic rays (GCRs)
observed in the vicinity of Earth results from a source com-
position that has been transformed by physical processes
during transport. Consequently, the study of GCR com-
position concerns the details of cosmic-ray transport as well
as the nature of the GCR source. During transport, cosmic-
ray particles di†use through the Galaxy, traveling through
regions of varied matter density, magnetic Ðeld strength,
and fractional ionization of the interstellar medium (ISM)
and ultimately escaping the Galaxy or becoming therma-
lized in the ISM. They may undergo spallation in the ISM,
transforming a parent nucleus into lighter, daughter nuclei.
Radioactive species with half-lives smaller than the time of
GCR conÐnement in the Galaxy may experience decay in
Ñight. The steady-state abundances of these species will
depend on the amount injected by the source, if any, and the
balance between the production rate from spallation in the
ISM and loss rates from Galactic escape, decay, or nuclear
interactions during transport.

Secondary GCRs are those produced by fragmentation
during transport of the primary GCRs, which are present at
the source, and fragmentation of other secondaries. Abun-
dances of the stable secondaries indicate the average
amount of ISM material traversed during GCR propaga-
tion before escape. Because secondary radioactive cosmic-
ray species will be created and decay only during transport,

1 Now at Human Neuroimaging Facility, Department of Psychology,
University of Georgia, Athens, GA 30602 ; yanasak=arches.uga.edu.

their steady-state abundances will be sensitive to the con-
Ðnement time if their mean lifetimes are comparable to or
shorter in duration than this time (see Simpson & Garcia-
Munoz 1988 and references therein). Species with signiÐ-
cantly longer lifetimes than the GCR conÐnement time will
behave as if they were stable species ; those with lifetimes
that are signiÐcantly shorter will be sensitive to the conÐne-
ment time, but their GCR abundances will be small. Using
experimental measurements of secondary-to-primary ratios
such as B/C to determine the average amount of ISM
material traversed, the cosmic-ray conÐnement time can be
derived using the abundance of long-lived b-decay second-
ary radionuclides (for a recent review of GCR secondary
radionuclide ““ clock ÏÏ studies, see Ptuskin & Soutoul
1998b). Because the fractional abundance that survives
transport for these species depends on the loss rate by frag-
mentation in the ISM, the ISM density in a region traversed
by a radioactive species during its lifetime can also be
studied.

The abundance of the clock isotope 10Be in the cosmic
rays was Ðrst deduced from satellite measurements aboard
the Interplanetary Monitoring Platform (IMP) 7 and 8
spacecraft (Garcia-Munoz, Mason, & Simpson 1975) about
25 years ago, contemporaneously with pioneering attempts
using balloon-borne instruments (e.g., Webber et al. 1977 ;
Hagen, Fisher, & Ormes 1977 ; Buffington, Orth, & Mast
1978). The ISEE 3 spacecraft was the Ðrst cosmic-ray
experiment to achieve separation of the 10Be abundance
peak in a histogram of measured particle masses
(Wiedenbeck & Greiner 1980). These earlier measurements
were interpreted using a simple ““ leaky-box ÏÏ model (LBM),
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FIG. 2.ÈMass histograms for Be (SET \ 107 MeV nucleon~1), Al (SET \ 212 MeV nucleon~1), Cl (SET \ 250 MeV nucleon~1), and Mn (SET \ 289
MeV nucleon~1). The maximum allowed zenith angles for these data are for Be and Al and for Cl and Mn. The overlying curves for Al,hmax \ 40¡ hmax \ 30¡
Cl, and Mn were obtained using maximum-likelihood Ðts, as discussed in the text. A 10] magniÐcation of the Be, Al, and Cl counts scale is shown as a light
histogram and Ðtted curve. The total number of events in the histograms are 6552 for Be, 10967 for Al, 1196 for Cl, and 2954 for Mn.

abundances were obtained by counting events in each peak.
Small corrections to the measured relative abundances
(\12% for the Be isotopes, \4% for all others) were made
to take into account isotopic di†erences in fragmentation in
the instrument, SOFT efficiency, and geometry factor for a
given energy bin. The resulting isotopic abundance ratios,
after application of these corrections, are shown in Table 2.

After calculating the isotopic abundances using Ðts to
peaks in the mass histograms, an adjustment must be made
to account for the small amount of background contribu-
tion to the secondary radionuclide abundances. This back-
ground is most likely due to two sources : spillover from
adjacent isotopes due to non-Gaussian tails and fragmenta-
tion in the material at the top of CRIS. For example, the
charge consistency criteria and multiple mass determi-
nations described above will most likely not eliminate a
GCR particle that loses a neutron in the D0.442 g cm~2
above the Si detectors. Mass histograms for some of the
more abundant elements in GCRs show evidence of small

mass peaks for radioactive species that are not present in
the GCRs because of their short half-lives (e.g., 22Na, which
decays by b`-emission in yr). An estimate of theq1@2 \ 2.6
overall background contribution was made in the following
manner. Using elements that are abundant in the GCRs
such as carbon and silicon, mass histograms were gener-
ated, and the abundance of the lightest stable GCR isotope
in each histogram was determined. Events in the mass
region below this peak, which should be only background,
were counted if they were within 3 standard deviations of 1
amu below the peak. Using this sum of background event
counts, the amount of background to be subtracted was
calculated as a percentage of the abundance for the lightest
stable isotope. A value of this percentage averaged over all
of the abundant GCR species was calculated and an uncer-
tainty was assigned to bound the range of percentages. The
amount of background subtraction applied to the second-
ary radionuclide species was of the adjacent,0.7~0.5`0.7 %
heavier peak. This adjustment is negligible for 10Be, but the



THE ASTROPHYSICAL JOURNAL, 563 :768È792, 2001 December 20
( 2001. The American Astronomical Society. All rights reserved. Printed in U.S.A.

MEASUREMENT OF THE SECONDARY RADIONUCLIDES 10Be, 26Al, 36Cl, 54Mn, AND 14C AND
IMPLICATIONS FOR THE GALACTIC COSMIC-RAY AGE

N. E. YANASAK1 AND M. E. WIEDENBECK

Jet Propulsion Laboratory, California Institute of Technology, Pasadena, CA 91109

R. A. MEWALDT, A. J. DAVIS, A. C. CUMMINGS, J. S. GEORGE, R. A. LESKE, AND E. C. STONE

California Institute of Technology, Pasadena, CA 91125

E. R. CHRISTIAN AND T. T. VON ROSENVINGE

NASA Goddard Space Flight Center, Greenbelt, MD 20771

AND

W. R. BINNS, P. L. HINK, AND M. H. ISRAEL

Washington University, St. Louis, MO 63130
Received 2000 October 6 ; accepted 2001 August 2

ABSTRACT
We report on abundance measurements of 10Be, 26Al, 36Cl, and 54Mn in the Galactic cosmic rays

(GCRs) using the Cosmic-Ray Isotope Spectrometer (CRIS) instrument aboard the Advanced Composi-
tion Explorer spacecraft at energies from D70 to D400 MeV nucleon~1. We also report an upper limit
on the abundance of GCR 14C. The high statistical signiÐcance of these measurements allows the energy
dependence of their relative abundances to be studied. A steady-state, leaky-box propagation model,
incorporating observations of the local interstellar medium (ISM) composition and density and recent
partial fragmentation cross section measurements, is used to interpret these abundances. Using this
model, the individual galactic conÐnement times derived using data for each species are consistent with a
unique conÐnement time value of Myr. The CRIS abundance measurements are consis-qesc \ 15.0 ^ 1.6
tent with propagation through an average ISM hydrogen number density H atomsnH \ 0.34 ^ 0.04
cm~3. The surviving fractions, f, for each radioactive species have been calculated. From predictions of
the di†usion models of Ptuskin & Soutoul, the values of f indicate an interstellar cosmic-ray di†usion
coefficient of D \ (3.5 ^ 2.0) ] 1028 cm2 s~1.
Subject headings : cosmic rays È Galaxy : general È Galaxy : halo È ISM: abundances

1. INTRODUCTION

The composition of the galactic cosmic rays (GCRs)
observed in the vicinity of Earth results from a source com-
position that has been transformed by physical processes
during transport. Consequently, the study of GCR com-
position concerns the details of cosmic-ray transport as well
as the nature of the GCR source. During transport, cosmic-
ray particles di†use through the Galaxy, traveling through
regions of varied matter density, magnetic Ðeld strength,
and fractional ionization of the interstellar medium (ISM)
and ultimately escaping the Galaxy or becoming therma-
lized in the ISM. They may undergo spallation in the ISM,
transforming a parent nucleus into lighter, daughter nuclei.
Radioactive species with half-lives smaller than the time of
GCR conÐnement in the Galaxy may experience decay in
Ñight. The steady-state abundances of these species will
depend on the amount injected by the source, if any, and the
balance between the production rate from spallation in the
ISM and loss rates from Galactic escape, decay, or nuclear
interactions during transport.

Secondary GCRs are those produced by fragmentation
during transport of the primary GCRs, which are present at
the source, and fragmentation of other secondaries. Abun-
dances of the stable secondaries indicate the average
amount of ISM material traversed during GCR propaga-
tion before escape. Because secondary radioactive cosmic-
ray species will be created and decay only during transport,

1 Now at Human Neuroimaging Facility, Department of Psychology,
University of Georgia, Athens, GA 30602 ; yanasak=arches.uga.edu.

their steady-state abundances will be sensitive to the con-
Ðnement time if their mean lifetimes are comparable to or
shorter in duration than this time (see Simpson & Garcia-
Munoz 1988 and references therein). Species with signiÐ-
cantly longer lifetimes than the GCR conÐnement time will
behave as if they were stable species ; those with lifetimes
that are signiÐcantly shorter will be sensitive to the conÐne-
ment time, but their GCR abundances will be small. Using
experimental measurements of secondary-to-primary ratios
such as B/C to determine the average amount of ISM
material traversed, the cosmic-ray conÐnement time can be
derived using the abundance of long-lived b-decay second-
ary radionuclides (for a recent review of GCR secondary
radionuclide ““ clock ÏÏ studies, see Ptuskin & Soutoul
1998b). Because the fractional abundance that survives
transport for these species depends on the loss rate by frag-
mentation in the ISM, the ISM density in a region traversed
by a radioactive species during its lifetime can also be
studied.

The abundance of the clock isotope 10Be in the cosmic
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were interpreted using a simple ““ leaky-box ÏÏ model (LBM),
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pc. This density is somewhat less than the typically assumed
total density of 1 atom cm~3 H atoms cm~3)(nH D 0.9
given for the Galactic disk, which has been used to suggest
signiÐcant propagation in a lower density halo (e.g.,
Simpson & Garcia-Munoz 1988). Although this explana-
tion is not excluded, the Galactic disk hydrogen density
result of H atoms cm~3 is in less disparity withnH D 0.47
values derived from the CRIS data H(nH \ 0.34 ^ 0.04
atoms cm~3) than are previous assumptions of HnH D 0.9
atoms cm~3, and signiÐcant halo propagation of the
GCRs may not be required to explain the cosmic-ray clock
observations.

The predicted energy dependence for all clock species is
consistent with the data to within the statistical limitations
of the observations, although the abundances of 26Al from
CRIS are also consistent with no energy dependence. Pre-
liminary results from the cosmic-ray di†usion model of
Strong & Moskalenko (1999) predict Ñatter energy depen-
dences of the clock abundance ratios less than 1 GeV
nucleon~1 than those given in our model (Fig. 7), somewhat
more consistent with 26Al but with similar consistency for
the other species. Uncertainty in the energy dependence
arising from uncertainties in the isotopic fragmentation
cross section for production may also account for an addi-
tional 10% di†erence at most in the derived ISM density at
lower energies (see Appendix B). Higher energy 10Be data

(Geier 2000) should provide a stronger test of the energy
dependence of the Galactic conÐnement of GCRs, both
because they will allow a wider range of time dilations to be
sampled and because the higher energy abundances will be
less a†ected by solar modulation.

Using the derived value of for each species, the con-oISMÐnement times calculated from the CRIS clock abundances
are presented along with previous experimental results in
Table 4 and in Figure 8. The error bars shown for the CRIS
data correspond to statistical and systematic uncertainties
whose values are presented in Tables 4 (statistical) and 5
(systematic). Taken together with the additional systematic
uncertainties presented in Table 5, the CRIS data imply a
conÐnement time of Myr. Considering only theqesc \ 15.0
large systematic uncertainty in the half-life of 54Mn
(Wuosmaa et al. 1998 ; Zaerpoor et al. 1999) in addition to
the statistical uncertainties, the conÐnement times for all
species are consistent with this mean value to within 2 stan-
dard deviations.

The conÐnement times obtained from our model calcu-
lations are comparable to recent Ulysses results with the
exception of 10Be. Although the measured abundances of
10Be from CRIS and Ulysses shown in Figure 7 and the
reported values of derived from these abundancesnISMagree, the derived conÐnement times do not. Part of this
di†erence may result from the di†erence in the average

FIG. 8.ÈConÐnement times obtained by CRIS and previous experiments. Data shown are from the references listed in the caption of Fig. 7. Uncertainties
shown with solid error bars are 1 standard deviation statistical. The average value of the conÐnement time, Myr, indicated by the CRIS dataqesc \ 15.0 ^ 1.6
for these four clock isotopes is shown as a hatched band. The dashed lines running through the CRIS data represent the uncertainty introduced from the
combined systematic uncertainties shown in Table 5. The data point plotted for the Ulysses 54Mn conÐnement time is based on the recalculation by Connell
et al. (1998) using the 54Mn decay half-life of Myr from Wuosmaa et al. (1998). Using the half-life of Myr assumed in thisT1@2(54Mn) \ 0.63 T1@2(54Mn) \ 0.68
study raises the conÐnement time from Ulysses by D1.5 Myr.
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Ft. Sumner, New Mexico
1 day 1999

McMurdo, Antarctica
10 days 2003

8 ≤ Z ≤ 26

5m2 sr  -  currently the largest cosmic-ray detector on balloons

Transition Radiation Array for Cosmic Energetic Radiation
Kiruna, Sweden
4 ½ days 2006
4 ≤ Z ≤ 26

Direct measurement of the composition of cosmic rays from 
0.5 to 10,000 GeV/amu with single elemental resolution

R
e
s
p
o
n
s
e
s
 
i
n
 
a
r
b
.
u
n
i
t
s

Lorentz factor γ

Cherenkov:
0.5 – 10 GeV/amu

(n=1.49)

Specific Ionization in 
gas:
10 – 1000 GeV/amu

TRD:
400 – several 10,000 GeV/amu

L ~ (1 – 1/n2β2) dE/dx ~ 1/β2 ln (E) TR = dE/dx + x-rays

all signals scale with Z2

Combined responses for energy measurements over 4 decades:
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TRACER Experiment -  Mc Murdo, Antarctica
flight: 12. – 26. December 2003"" ~ 40 km (3-5 g/cm2)



TRACER: propagation of cosmic rays

A. Obermeier et al., ICRC 2011

Leaky-Box Propagation

Leaky-Box Propagation Parameters
! Continuity equation:

Ni(E) =
1

Λesc(E)−1 + Λ−1
i

×
(
Qi(E)

βcρ
+

∑

k>i

Nk

λk→i

)

! Source Spectrum:
Qi(E) = ni · E−α

! Escape Path Length:

Λesc(E) = CE−δ + Λ0

! Spallation Path Length:

Λi =
m

σ(A)

Boron to Carbon ratio
NB

NC
=

λ−1
→B

Λesc(E)−1 + Λ−1
B
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spallation cross sections measured at accelerators



TRACER: propagation of cosmic rays

Leaky-Box Propagation

Analysis of 2006 Data
Propagation Index and Residual Path Length

! Fit to all B/C data.
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Result
! Propagation index:

δ = 0.64± 0.02.
! Residual path length:

Λ0 = 0.7± 0.2 g/cm2.
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Leaky Box model

GALPROP

B/C and GALPROP

! Numerical simulation of CR
transport equation.

! Diffusion model.

Propagation Parameters
! Reacceleration.
! Diffusion Index:

δ = 0.34.
! Source index:

α = 2.34.

Strong et al., Annu. Rev. Nucl. Part. S.,
2007, 57:285 kinetic Energy [GeV/amu]
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TRACER: propagation of cosmic rays

Leaky Box model GALPROP model
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7.2. Discussion of the Result 75

For boron, the source term is not applicable and therefore vanishes. The production of
boron through spallation is primarily due to carbon and oxygen. This leads to:

NB =
1

Λ−1
esc + Λ−1

s

·
[

NC

ΛC→B
+

NO

ΛO→B

]

. (7.6)

Dividing by the carbon intensity, NC , an expression for the boron-to-carbon abundance ratio
(B/C), in terms of the Leaky-Box approximation, is arrived at:

(

B

C

)

=
NB

NC
=

Λ−1
→B

Λ−1
esc + Λ−1

s

. (7.7)

Here, the production pathlength for boron is Λ−1
→B = Λ−1

C→B+Λ−1
O→B , assuming the abundances

of carbon and oxygen are equal and energy independent as can be seen from Table 6.2 or
in [5, 78]. For interstellar matter (90% H, 10% He), the numerical value is Λ→B = 26.8 g/cm2.
The spallation pathlength for boron Λs in the interstellar medium is 9.3 g/cm2. These values
have been evaluated with the cross sections reported by Webber et al. [84, 85].

The escape pathlength is assumed to follow the parametrization given in Eq. (7.3) with an
asymptotic behavior as a function of energy like:

Λesc(E) = C · E−δ + Λ0, (7.8)

with the power-law index of the escape pathlength δ and the residual pathlength Λ0 (see also
Section 1.3). The parametrization of Λesc used to fit the experimental data is thus:

Λ(R) =
26.7β

(βR)δ + (0.714 · βR)−1.4
+ Λ0 g/cm2, (7.9)

Cosmic-ray Propagation and the TRACER Measurement

Previous measurements at energies below 10 GeV/amu suggest a pathlength index δ of about
0.6 with no residual pathlength (Eq. (7.3)). The resulting parametrization of the boron-to-
carbon ratio is shown as the dotted line in Figure 7.2.

A fit to the TRACER data was conducted for Λ0 assuming δ = 0.6. The result is a value
of Λ0 = 0.77 ± 0.32 g/cm2 for the residual pathlength. This result is illustrated as the dashed
line in Fig. 7.2, indicating the good agreement of the model with the data.

However, no a-priori assumption regarding the power-law index of the escape pathlength
δ = 0.6 has to be made. Treating δ and Λ0 as free parameters in the fit, a χ2 map is produced
as shown in Figure 7.3. It can be seen that δ is well constrained and close to the originally
assumed value of 0.6, but that Λ0 is not well constrained. The range Λ0 is very wide, as it is
only sensitive to high-energy data. The resulting most probable values are δ = 0.53 ± 0.06
and Λ0 = 0.31±0.55

0.31 g/cm2. They are indicated as solid line in Fig. 7.2.
The central value for Λ0 is consistent with that reported previously by the TRACER group

on the basis of an independent analysis of the measured energy spectra of the primary ele-
ments (Chapter 3, [13]).

A propagation index of 1/3, corresponding to a Kolmogorov spectrum of magnetic irreg-
ularities in the Galaxy (see Section 1.3), is strongly disfavored within the framework of the
Leaky-Box approximation.
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Figure 3. χ2 map in the parameter space of δ vs. Λ0 for the Leaky-Box
model fit to TRACER data. The best-fit values are marked at (δ, Λ0) =
(0.53 ± 0.06, 0.31+0.55

−0.31 g cm−2) and the 1σ contour is indicated.

to the sources, and the relative elemental source abundances ni
had been obtained (Ave et al. 2009).

With the measurement of the energy spectrum of the sec-
ondary nucleus boron, and of the secondary/primary intensity
ratio, i.e., the B/C ratio, in the second balloon flight in 2006,
we now attempt to derive further detail. We use Equation (3),
which for boron does not contain a source term Qi. Introducing
an effective path length λ→B (see Equation (9)), the B/C ratio
can then be expressed as

NB

NC

= λ−1
→B

Λ−1 + Λ−1
B

. (8)

Here, we further assume that boron is produced only by
spallation of carbon and oxygen, i.e., the contributions from
the spallation of nitrogen (amounting to just ∼3% of the boron
intensity) and from nuclei with Z > 8 are ignored. Finally,
we assume that there are no significant contributions to the
intensities of carbon and oxygen from spallation of heavier
nuclei. These assumptions seem to be justified by the dominant
intensities of carbon and oxygen among the primary nuclei. The
effective production path length for boron λ→B includes both
carbon and oxygen as parent nuclei:

λ−1
→B = λ−1

C→B + NO/NC · λ−1
O→B. (9)

The ratio NO/NC refers to the intensity ratio of the parent
nuclei oxygen and carbon on top of the atmosphere. This
ratio can be taken as independent of energy and is close to
unity (Obermeier et al. 2011; Müller et al. 1991; Engelmann
et al. 1990; Ahn et al. 2008). The spallation path length ΛB in
Equation (8) is derived from a geometrical parameterization of
the cross sections (Bradt & Peters 1950; Westfall et al. 1979),
and the production path lengths λ in Equation (9) are derived
from partial cross sections determined by Webber et al. (1990).
Specifically, we use ΛB = 9.3 g cm−2 and λ→B = 26.8 g cm−2

(assuming the ISM as a mixture of 90% hydrogen and 10%
helium by number).
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Figure 4. Escape path length as a function of energy resulting from a fit to
the boron-to-carbon data of TRACER. The dotted lines indicate the uncertainty
range noted in Figure 3. The dashed lines indicate the spallation path lengths of
carbon and iron in the interstellar medium.

The fitting function is then given with Equation (8), with the
escape path length Λ as expressed in Equation (7). Compared
to using the high-energy form of Equation (4), this has the
advantage that data below ∼10 GeV amu−1 can be included
in the fit. The only unknown quantity in Equation (8) is the
energy dependence of the propagation path length Λ with the
parameters δ and Λ0.

We have fitted the data on the B/C ratio versus energy
as measured by TRACER to a variety of values for δ and
Λ0. A probability contour map of the fitting results is shown
in Figure 3. The best fit for the propagation index is δ =
0.53 ± 0.06 g cm−2 and is quite close to the value of 0.6 which
was used in the previous analysis of Ave et al. (2009). The
best value for the residual path length, Λ0 = 0.31+0.55

−0.31 g cm−2,
is less well defined, and still a solution with Λ0 = 0 cannot
be excluded within the present accuracy of the TRACER data
alone. The corresponding escape path length Λ together with
its uncertainties is shown in Figure 4 as a function of energy.
The figure indicates that a cosmic-ray nucleus most probably
traverses a column density of 2.5 ± 0.9 g cm−2 of matter at
an energy of 50 GeV amu−1 before escaping the Galaxy. At
1000 GeV amu−1, the path length will be between 1.6 g cm−2

and 0.28 g cm−2, with a best-fit value of 0.76 g cm−2. For
comparison, the figure also indicates the energy-independent
spallation path lengths for the primary elements carbon and
iron. The result of the fitting procedure is shown in Figure 5 as a
solid line. The fit to the TRACER data alone overshoots the low
energy data of other measurements by about 10%–20%.

To refine the fit we may attempt to use the total data set
currently available for all reported B/C ratio measurements at
high energy (see Figure 2) in the fitting routine. The result for the
propagation parameters of this analysis essentially agrees with
the analysis of the TRACER data alone, but leads to values which
are more tightly constrained: we now obtain δ = 0.64 ± 0.02
and Λ0 = 0.7 ± 0.2 g cm−2. If this is correct, it would be
the first evidence for a non-zero residual path length. However,
we feel that this conclusion must be taken with caution as the
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For boron, the source term is not applicable and therefore vanishes. The production of
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of carbon and oxygen are equal and energy independent as can be seen from Table 6.2 or
in [5, 78]. For interstellar matter (90% H, 10% He), the numerical value is Λ→B = 26.8 g/cm2.
The spallation pathlength for boron Λs in the interstellar medium is 9.3 g/cm2. These values
have been evaluated with the cross sections reported by Webber et al. [84, 85].
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Previous measurements at energies below 10 GeV/amu suggest a pathlength index δ of about
0.6 with no residual pathlength (Eq. (7.3)). The resulting parametrization of the boron-to-
carbon ratio is shown as the dotted line in Figure 7.2.

A fit to the TRACER data was conducted for Λ0 assuming δ = 0.6. The result is a value
of Λ0 = 0.77 ± 0.32 g/cm2 for the residual pathlength. This result is illustrated as the dashed
line in Fig. 7.2, indicating the good agreement of the model with the data.

However, no a-priori assumption regarding the power-law index of the escape pathlength
δ = 0.6 has to be made. Treating δ and Λ0 as free parameters in the fit, a χ2 map is produced
as shown in Figure 7.3. It can be seen that δ is well constrained and close to the originally
assumed value of 0.6, but that Λ0 is not well constrained. The range Λ0 is very wide, as it is
only sensitive to high-energy data. The resulting most probable values are δ = 0.53 ± 0.06
and Λ0 = 0.31±0.55

0.31 g/cm2. They are indicated as solid line in Fig. 7.2.
The central value for Λ0 is consistent with that reported previously by the TRACER group

on the basis of an independent analysis of the measured energy spectra of the primary ele-
ments (Chapter 3, [13]).

A propagation index of 1/3, corresponding to a Kolmogorov spectrum of magnetic irreg-
ularities in the Galaxy (see Section 1.3), is strongly disfavored within the framework of the
Leaky-Box approximation.
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The Source Spectrum

! Fit to TRACER oxygen data.
! δ = 0.64, Λ0 = 0.7 g/cm2
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Spectrum at Earth

Spectrum at Source

TRACER 2003

TRACER 2006

! Free parameter: α.
! Source spectrum: power law.

Result
! Source index:

α = 2.37± 0.12.

! Agrees with previous results.
! Model predicts spectrum at Earth
may not be a power law (Λ0).
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Cosmic-ray propagation

Radius of particle in magnetic field
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Leaky box model
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Figure 5. Energy spectra of main elements in
cosmic rays [68] and [69] (pg. 254).

support for ACCESS: the transition radiation
detector TRACER, the calorimeter ATIC, and
CREAM, combining both techniques. Unfortu-
nately, NASA did not select ACCESS for flight
neither on the ISS nor as a free-flyer, leaving the
balloon payloads as the source of new results.
All three experiments are part of the Long Du-
ration Balloon program of NASA [84], providing
circumpolar flights from McMurdo, Antarctica.
The present record holder in floating time is the
CREAM experiment with balloon flights in the
seasons 2004/5, 2005/6, and 2007/8 with flight
durations of 42, 28, and 29 days, respectively. As
can be inferred from Fig. 5 the three experiments
deliver results at the highest energies.

The abundances of elements heavier than iron
are measured with TIGER [85].

PAMELA, a new space based experiment has
been launched in June 2006 and first data have
been published [86]. Main components are a mag-
net spectrometer, a time-of-flight system, an elec-
tromagnetic calorimeter, and a neutron detector.
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Figure 6. Boron-to-carbon ratio in cosmic rays
as measured by the CREAM balloon experiment
(circles) and the HEAO-3-C2 space experiment
(asterisks) [87]. The thin lines represent statisti-
cal uncertainties, the grey bands indicate system-
atic uncertainties.

PAMELA is expected to yield precise informa-
tion on electrons, positrons, cosmic-ray nuclei,
and anti-nuclei up to energies of several 100 GeV.

To distinguish between di�erent propagation
models of cosmic rays in the Galaxy it is of in-
terest to measure the ratio of secondary to pri-
mary cosmic rays, e.g. the boron-to-carbon ratio4.
Measurements indicate that propagation in the
Galaxy is energy dependent with the mean path
length � traversed decreasing with increasing en-
ergy � = �0(R/R0)�, with the rigidity R = E/z,
where E is the energy and z the charge of the
particle. Current data, up to about 100 GeV/n,
indicate a fall-o� in energy with an exponent of

4Attention should be payed to not confuse secondary cos-
mic rays, produced during the propagation process in the
Galaxy, with secondary particles, produced in air showers
inside the atmosphere.

J.R. Hörandel / Nuclear Physics B (Proc. Suppl.) 196 (2009) 341–355346

Energy spectra of 
main elements in 
cosmic rays

Particle Data Book

knee

Resolution for composition 
measurements

excellent

modest

JRH, Adv. Space Res. 41 (2008) 442
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• Average depth of shower maximum Xmax 

Simple Heitler model of (hadronic) showers

• Ne-Nµ ratio

Primary mass:

or

lg

✓
Ne

Nµ

◆
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� lnA ⇡ 0.8
ΔlnA ~ 1
àΔ Xmax ~ 36 g/cm2

àΔ (Ne/Nµ) ~ 16% in „best“ experiments
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Two dimensional shower size spectrum lg Ne vs. lg Nμ

KASCADE

derive E0 and A from Ne and Nμ data

Fredholm integral equations of 1st kind:

E0

A

T. Antoni et al., Astropart. Phys. 24 (2005) 1



T. Antoni et al., Astropart. Phys. 24 (2005) 1

KASCADE: Energy spectra for elemental groups

Knee caused by cut-off for light elements

Astrophysical interpretation limited by description 
of interactions in the atmosphere
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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 different 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 affected by the differences 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

electron-rich sample

all-particle  (104489 events)
electron-poor sample

1020

dI
/d

E 
x 

E2.
7  (m

-2
sr

-1
s-1

eV
1.

7 )

log10(E/eV)
16 16.5 1817 17.5

 = -2.95 0.05

 = -3.24 0.08
 = -2.76 0.02

 = -3.24 0.05

KASCADE-Grande

 = -3.18 0.01

10   eV17 10   eV18

1019

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 different 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 different zenith angle in-
tervals of equal exposure (the upper limits of θ 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

W.D. Apel et al, PRL 107 (2011) 171104
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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



Cosmic-ray energy spectrum
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acceleration of CRs in 
supernova remnants

extensive air showers

New particle physics in 
atmosphere

B = 3 μG

propagation through galaxy

Leakage from Galaxy:
escape probability ~ f(Z)

Interactions with background 
particles (photons, neutrinos)

Fermi acceleration
finite lifetime of shock front:

Emax ~ Z  1015 eV

CNO

mass dependent
cut-off  Ek ~ A

rigidity dependent
cut-off  Ek~ Z

JRH, Astrop. Phys. 21 (2004) 241
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Origin of the knee?
Acceleration (SNR)

.. in SNR! ! ! ! Berezhko & Ksenofontov

.. in SNR + radio galaxies! ! Stanev ..

.. in oblique shocks! ! ! Kobayakawa ..

.. in variety of SNR! ! ! Sveshnikova
Single source model!! ! Erlykin & Wolfendale
Reacceleration in galactic wind! Völk & Zirakashvili

Leakage from Galaxy
Minimum pathlength model! ! Swordy
Anomalous diffusion model! ! Lagutin ..
Hall diffusion model! ! ! Ptuskin .., Kalmykov ..
Diffusion in turbulent magnetic fields        Ogio & Kakimoto
Diffusion and drift! ! ! Roulet ..

Interaction with background particles
Diffusion model + photo-disintegration! Tkaczyk
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γ-ray bursts
Cannonball model! ! ! Plaga
Acceleration in GRB + diffusion ! Wick ..
Acceleration in GRB  Emax  ~A!! Dar ..

JRH, Astropart. Phys. 21 (2004) 241
(updated)



10

10 2

10 3

10 4

10
2

10
3

10
4

10
5

10
6

10
7

10
8

10
9

Energy E0 [GeV]

Fl
ux

 d
Φ

/d
E 0

⋅ E
0

2.
5

[m
-2

 s
r-1

 s
-1

 G
eV

1.
5 ]

✣
✣

✣ ✣
✣ ✣ ✣

✣

✣
✣

✣

✣
✣ ✣

✣
✣ ✣

✣
✣

✣ ✣

✣

Proton KASCADE QGSJET
KASCADE SIBYLL

✣   GRAPES-3 QGS
✣   GRAPES-3 SIB

KASCADE SH

EAS-TOP SH
EAS-TOP

⊕⊕⊕⊕
⊕ ⊕

⊗⊗⊗⊗⊗⊗⊗⊗⊗⊗⊗⊗⊗⊗

✡✡✡✡✡✡✡✡✡✡✡✡✡✡✡✡
✧✧ ✧✧ ✧✧✧✧✧

✧✧✧ ✧

✴
✴ ✴ ✴ ✴ ✴ ✴ ✴ ✴ ✴ ✴ ✴ ✴ ✴

✴

❉ ❉ ❉ ❉ ❉ ❉
❉

❉ ❉
❉

✦✦✦✦✦✦✦✦✦✦✦✦✦✦✦✦✦✦✦✦✦✦✦✦✦✦✦✦✦✦✦✦✦✦✦✦ ✦

⊗ AMS
✴ ATIC-2
✡ BESS
✧ CAPRICE 98
❉ CREAM2011
✦ PAMELA2011
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FIGURE 3. Energy spectrum of protons in Galactic cosmic rays as measured by the direct experiments
AMS [18], ATIC-2 [19], BESS [20], CAPRICE 98 [21], CREAM2011 [22], PAMELA2011 [23], and
RICH-II [24] and the air shower experiments GRAPES [25], EAS-TOP (electrons and muons) [26]
(unaccompanied hadrons) [27], and KASCADE (electrons and muons) [11] (unaccompanied hadrons)
[28]. Two hadronic interaction models have been used to interpret the data from the GRAPES and
KASCADE experiments. The line represents a parameterization according to the Poly Gonato model
[9].

IceCube/IceTop. The IceCube neutrino telescope at the South Pole is also a large
km2-scale detector for muons from extensive air showers, complemented by an array of
detectors on the surface (IceTop) to register the charged particles in air showers [17].
First results on the mass composition of cosmic rays have been obtained from data taken
already during the construction of the detector. The mean logarithmic mass derived
from one month of data with about half the detector is depicted in Fig. 2 (right). The
measurements clearly indicate a rising mean mass as a function of energy. Results up to
energies exceeding 1017 eV are expected soon with the full detector being operational
since 2010 and it will be interesting to see, if a trend to a lighter composition, as
discussed above, will be found as well by IceCube at energies exceeding 1017 eV.

THE COMPOSITION OF GALACTIC COSMIC RAYS

A compilation of world data from direct and indirect measurements of cosmic rays for
four elemental groups is given in Fig. 3 (protons), Fig. 4 (helium nuclei), Fig. 5 (CNO-
group nuclei), and Fig. 6 (iron-group nuclei). Here we restricted ourself to "modern"
measurements. Older data are included in previous compilations [9, 2]. The energy
is given as total energy per particle. Direct measurements above the atmosphere (on
balloons and space crafts) extend to almost 106 GeV and at higher energies air shower
measurements set in.
To guide the eye the lines represent a parameterization according to the Poly Gonato

model with a rigidity dependent cut-off and a constant ∆γ (see Ref. [9] for details) with
the following parameter range for the nuclear charge number Z: Fig. 3 protons Z = 1,
Fig. 4 helium Z = 2, Fig. 5 CNO group Z = 5−12, Fig. 6 iron group Z = 26−92.
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FIGURE 4. Energy spectrum of helium nuclei in Galactic cosmic rays as measured by the direct
experiments AMS [18], ATIC-2 [19], BESS [20], CAPRICE 98 [21], CREAM2011 [22], PAMELA2011
[23], and RICH-II [24] and the air shower experimentsGRAPES [25], and KASCADE [11]. Two hadronic
interaction models have been used to interpret the data from the GRAPES and KASCADE experiments.
The line represents a parameterization according to the Poly Gonato model [9].
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FIGURE 5. Energy spectrum of nuclei from the CNO group in Galactic cosmic rays as measured by
the direct experiments ATIC-2 [19], CREAM [22], CRN [29], HEAO-3 [30], TRACER [31] and the air
shower experiments GRAPES [25], EAS-TOP [26], KASCADE [11], and KASCADE-Grande (light) [8].
Two hadronic interaction models have been used to interpret the data from the GRAPES and KASCADE
experiments. The direct measurements have single-element resolution, i.e. measure the !ux of carbon
and oxygen nuclei. Air shower experiments can only resolve elemental groups. The line represents a
parameterization according to the Poly Gonato model [9].

These "gures re!ect the present status of our understanding of the elemental com-
position of Galactic cosmic rays. Several common features can be recognized. At low
energies, the !ux is in!uenced by magnetic "elds in the heliosphere (solar modulation).
At higher energies the spectra follow approximately a power law. Finally, at energies
exceeding 1015 eV the spectra exhibit a fall-off, which is roughly proportional to the
charge of the respective nuclei Ec ≈ Z ·4 ·1015 eV.
A closer look reveals some more properties. An often discussed issue is the spec-

tral slope of protons and helium nuclei. As can be inferred from Figs. 3 and 4, the
spectrum of helium is slightly !atter (γ = −2.64± 0.02) as compared to protons
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qP=2.21,  fP=6.95%

qHe=2.18,  fHe=0.79%

qFe=2.28,  fFe=4.9×10-3%

Results: Protons, Helium & Iron spectra

S. Thoudam, ECRS 2014, Kiel
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FIGURE 4. Energy spectrum of helium nuclei in Galactic cosmic rays as measured by the direct
experiments AMS [18], ATIC-2 [19], BESS [20], CAPRICE 98 [21], CREAM2011 [22], PAMELA2011
[23], and RICH-II [24] and the air shower experimentsGRAPES [25], and KASCADE [11]. Two hadronic
interaction models have been used to interpret the data from the GRAPES and KASCADE experiments.
The line represents a parameterization according to the Poly Gonato model [9].
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FIGURE 5. Energy spectrum of nuclei from the CNO group in Galactic cosmic rays as measured by
the direct experiments ATIC-2 [19], CREAM [22], CRN [29], HEAO-3 [30], TRACER [31] and the air
shower experiments GRAPES [25], EAS-TOP [26], KASCADE [11], and KASCADE-Grande (light) [8].
Two hadronic interaction models have been used to interpret the data from the GRAPES and KASCADE
experiments. The direct measurements have single-element resolution, i.e. measure the !ux of carbon
and oxygen nuclei. Air shower experiments can only resolve elemental groups. The line represents a
parameterization according to the Poly Gonato model [9].

These "gures re!ect the present status of our understanding of the elemental com-
position of Galactic cosmic rays. Several common features can be recognized. At low
energies, the !ux is in!uenced by magnetic "elds in the heliosphere (solar modulation).
At higher energies the spectra follow approximately a power law. Finally, at energies
exceeding 1015 eV the spectra exhibit a fall-off, which is roughly proportional to the
charge of the respective nuclei Ec ≈ Z ·4 ·1015 eV.
A closer look reveals some more properties. An often discussed issue is the spec-

tral slope of protons and helium nuclei. As can be inferred from Figs. 3 and 4, the
spectrum of helium is slightly !atter (γ = −2.64± 0.02) as compared to protons
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FIGURE 6. Energy spectrum of nuclei from the iron group in Galactic cosmic rays as measured by
the direct experiments ATIC-2 [19], CREAM [22], CRN [29], HEAO-3 [30], TRACER 2003 [31] and
2006 [32] and the air shower experiments GRAPES [25], H.E.S.S. direct !Cerenkov light [33], EAS-TOP
[26], KASCADE [11], and KASCADE-Grande (heavy) [8]. Two hadronic interaction models have been
used to interpret the data from the GRAPES and KASCADE experiments. The direct measurements have
single-element resolution, i.e. measure the "ux of iron nuclei. Air shower experiments can only resolve
elemental groups. The line represents a parameterization according to the Poly Gonato model [9].

(γ = −2.71±0.02). Looking closely at the proton and helium spectra, a structure might
be visible around 200 GeV. Above this energy, the spectra follow power laws, which
extend into the air-shower energy region, where ultimately a cut-off is observed. Below
about 200 GeV, both proton and helium exhibit a "bump", before the solar modulation
yields to a depression at lowest energies. This feature is sometimes referred to as "spec-
tral hardening" [22]. However, from Figs. 3 and 4 it appears as there are two cosmic-ray
components, one below 200 GeV and a second one at higher energies. It should also be
noted that the effect is very subtle and one may ask if systematic effects in the exper-
iments are understood to such a precision, in particular, since the energy corresponds
roughly to the transition between two experimental techniques: from magnet spectrom-
eters (at low energies) to calorimeters.
Looking at the CNO and iron groups, it may be noted that the recent KASCADE-

Grande data (Fig. 1, right) extend previous measurements to higher energies and a cut-
off is now also clearly visible in the iron group. Since protons and helium nuclei have
already reached their cut-off energies, the "light" component in Fig. 1, right corresponds
most likely to the CNO group. An interesting behavior can be observed for the iron
group: two hadronic interaction models (QGSJET and SIBYLL) have been used to
interpret the air shower data measured by GRAPES and KASCADE. For the interaction
model QGSJET a "dip" is visible for both experiments at energies around 106 GeV.
To derive the spectra the correlations between the number of electrons and muons in
the showers are investigated. QGSJET is not compatible with the measured distributions
around energies of 106 GeV. This yields the depression in the iron spectrum, consistently
observed by both experiments. Such a behavior has been observed earlier, for a detailed
discussion see also Ref. [11] and [12]. It might also be worth to mention that the recent
KASCADE-Grande data for the heavy/iron component are right on top of the predictions
of the Poly Gonato model (published a decade before the measurements).
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FIGURE 8. Energy spectrum of the cosmic-ray iron group. Experimental data as in Fig. 6. The lines in-
dicate spectra for models explaining the knee due to the maximum energy attained during the acceleration
process according to Sveshnikova et al. [39] (—), Berezhko et al. [40] (- - -), Stanev et al. [41] (· · ·), and
Kobayakawa et al. [42] (-·-·).
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FIGURE 9. Energy spectrum of the cosmic-ray iron group. Experimental data as in Fig. 6. The lines
indicate spectra for models explaining the knee as an effect of the propagation process according to
Hörandel & Kalmykov et al. [43] (—), Ogio et al. [44] (- - -), Roulet et al. [45] (· · ·), as well as Völk
et al. [46] (-·-·).

THE ORIGIN OF GALACTIC COSMIC RAYS

The origin of the knee in the energy spectrum is often assumed to give hints towards
the origin of Galactic cosmic rays. In the literature various scenarios are discussed as
possible origin for the knee. They can be grouped in four classes [36]: (i) the !nite
energy reached during the acceleration process (presumably in Supernova Remnants),
(ii) leakage from the Galaxy during the diffusive propagation process, (iii) interaction
with background particles during the propagation process, and (iv) new hadronic inter-
actions within the atmosphere, which transport a fraction of the energy into unobserved
channels.
The third class can most likely be excluded due to to measurements of the composition

of cosmic rays in the energy region around 1016 to 1017 eV [36]. The interactions with
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THE ORIGIN OF GALACTIC COSMIC RAYS

The origin of the knee in the energy spectrum is often assumed to give hints towards
the origin of Galactic cosmic rays. In the literature various scenarios are discussed as
possible origin for the knee. They can be grouped in four classes [36]: (i) the !nite
energy reached during the acceleration process (presumably in Supernova Remnants),
(ii) leakage from the Galaxy during the diffusive propagation process, (iii) interaction
with background particles during the propagation process, and (iv) new hadronic inter-
actions within the atmosphere, which transport a fraction of the energy into unobserved
channels.
The third class can most likely be excluded due to to measurements of the composition

of cosmic rays in the energy region around 1016 to 1017 eV [36]. The interactions with
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THE ORIGIN OF GALACTIC COSMIC RAYS

The origin of the knee in the energy spectrum is often assumed to give hints towards
the origin of Galactic cosmic rays. In the literature various scenarios are discussed as
possible origin for the knee. They can be grouped in four classes [36]: (i) the !nite
energy reached during the acceleration process (presumably in Supernova Remnants),
(ii) leakage from the Galaxy during the diffusive propagation process, (iii) interaction
with background particles during the propagation process, and (iv) new hadronic inter-
actions within the atmosphere, which transport a fraction of the energy into unobserved
channels.
The third class can most likely be excluded due to to measurements of the composition

of cosmic rays in the energy region around 1016 to 1017 eV [36]. The interactions with
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FIGURE 8. Energy spectrum of the cosmic-ray iron group. Experimental data as in Fig. 6. The lines in-
dicate spectra for models explaining the knee due to the maximum energy attained during the acceleration
process according to Sveshnikova et al. [39] (—), Berezhko et al. [40] (- - -), Stanev et al. [41] (· · ·), and
Kobayakawa et al. [42] (-·-·).
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FIGURE 9. Energy spectrum of the cosmic-ray iron group. Experimental data as in Fig. 6. The lines
indicate spectra for models explaining the knee as an effect of the propagation process according to
Hörandel & Kalmykov et al. [43] (—), Ogio et al. [44] (- - -), Roulet et al. [45] (· · ·), as well as Völk
et al. [46] (-·-·).

THE ORIGIN OF GALACTIC COSMIC RAYS

The origin of the knee in the energy spectrum is often assumed to give hints towards
the origin of Galactic cosmic rays. In the literature various scenarios are discussed as
possible origin for the knee. They can be grouped in four classes [36]: (i) the !nite
energy reached during the acceleration process (presumably in Supernova Remnants),
(ii) leakage from the Galaxy during the diffusive propagation process, (iii) interaction
with background particles during the propagation process, and (iv) new hadronic inter-
actions within the atmosphere, which transport a fraction of the energy into unobserved
channels.
The third class can most likely be excluded due to to measurements of the composition

of cosmic rays in the energy region around 1016 to 1017 eV [36]. The interactions with
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thank you! questions?


