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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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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 different 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 λ traversed decreasing with increasing en-
ergy λ = λ0(R/R0)δ, 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-off 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



ANISOTROPY OF COSMIC RAYS AT KASCADE-GRANDE

preliminary

Figure 3: Upper limits for the Rayleigh amplitude, as obtained by a harmonic analyses of the distribution

of the right ascension of arrival directions, compared to the results of other experiments.
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Figure 4: Autocorrelation of the arrival directions of the 1000 showers of highest estimated primary energy.

The shaded area is the 2! confidence region for isotropic distributions.
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Figure 5: Significance map in equatorial coordinates. The exclusion of events more inclined than 42◦

results in the clear cut-off at declination 7◦. The grid indicates galactic coordinates, with the thick curve
representing the galactic plane.
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KASCADE & KASCADE-Grande
anisotropy upper limits

KASCADE: 200 m x 200 m, 108 events (data 1998-2002)  9 more years of data

KASCADE-Grande: ~0.5 km2 (data 2004-2007)
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The TRACER Detector

Summary of Measurements with TRACER

� Two LDB flights
� Antarctica 2003,.
� Sweden 2006.

� Ten elements
� 5 ≤ Z ≤ 26.
� Primary > 1014 eV.
� Boron > 1013 eV.

� Dashed line
� Power-law fit.
� Average exponent 2.65.

� Measurements are
statistics limited

� TRD not saturated. 1 10 10 2 10 3 10 4 10 5 10 6
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TRACER: Energy spectra for individual elements

P. Boyle et al., ICRC 2011 A. Obermeier ApJ in press, arXiv:1108.4838

TRACER 2003
TRACER 2006



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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Analysis of 2006 Data
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! Fit to all B/C data.
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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]

-110 1 10 210 310 410

B/
C 

ra
tio

-210

-110

=0.34!GALPROP with reacceleration: 
=0.3!GALPROP with reacceleration: 
=0.4!GALPROP with reacceleration: 

TRACER
HEAO
CRN
AMS-01
ATIC
CREAM

A. Obermeier for TRACER (RU Nijmegen (NL)) Galactic Propagation and the B/C ratio 15. August ’11 - 32nd ICRC, Beijing 8 / 9

GALPROP 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]

-110 1 10 210 310 410

B/
C 

ra
tio

-210

-110

=0.34!GALPROP with reacceleration: 
=0.3!GALPROP with reacceleration: 
=0.4!GALPROP with reacceleration: 

TRACER
HEAO
CRN
AMS-01
ATIC
CREAM

A. Obermeier for TRACER (RU Nijmegen (NL)) Galactic Propagation and the B/C ratio 15. August ’11 - 32nd ICRC, Beijing 8 / 9



Leaky-Box Propagation
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TRACER: propagation of cosmic rays

Leaky Box model GALPROP model

kinetic Energy [GeV/amu]
1 10 210 310 410

 e
ffe

ct
iv

e 
pr

op
ag

at
io

n 
in

de
x

-0.7

-0.6

-0.5

-0.4

-0.3

-0.2

-0.1

0

0.1

0.2
Leaky Box
GALPROP

 parameterLeaky Box 

d

dE

�
B

C

�

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.



TRACER: propagation of cosmic rays

A. Obermeier et al., ICRC 2011

Leaky-Box Propagation

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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α = 2.34GALPROP:
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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 different 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 λ traversed decreasing with increasing en-
ergy λ = λ0(R/R0)δ, 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-off 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
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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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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 different 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 λ traversed decreasing with increasing en-
ergy λ = λ0(R/R0)δ, 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-off 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.
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The all-particle energy spectrum

DATA

M. Bertaina, ECRS (2010)
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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
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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 (2001) 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
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The Elemental Composition of Galactic Cosmic Rays
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