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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.
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Energy spectra of 
main elements in 
cosmic rays



JRH, Adv. Space Res. 41 (2008) 442 

poly gonato ~Z

Kalmykov+JRH 2007

Sveshnikova++ 2003

Diffusion:

SNR acceleration:



poly gonato ~Z

Kalmykov+JRH 2007

Sveshnikova++ 2003

Diffusion:

SNR acceleration:

JRH, Adv. Space Res. 41 (2008) 442 







∂Ni

∂t
= ∇(Di∇Ni)−

∂

∂E
(biNi)− nνσiNi −

Ni

γτi
+ Qi +

�

j>i

nνσijNj +
�

j>i

Nj

γjτij

Transport equation for cosmic rays in the 
Galaxy

energy loss (Bethe Bloch)

loss through interactions 
! with ISM (spallation)

loss through radioactive decay

source term

production through spallation 
! of heavy neulcei

production through decay 
! of heavy nuclei

diffusion





„Age“ of galactic cosmic rays

10Be  10B + e-   (τ=2.4 106 a)

τ = 17*106 a

10Be 10B

e-

Residence time in Galaxy



Pathlength of 
cosmic rays

spallation

C    B + n + p

g/cm2

kesc !
26:7b g=cm2

bR
1:0 GV

! "d " bR
1:4 GV

! "#1:4 ; $4%

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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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
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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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Cosmic-ray propagation
OBERMEIER et al. COSMIC-RAY PROPAGATION AND B/C
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Figure 2: The carbon-to-oxygen abundance ratio as a func-
tion of kinetic energy per nucleon. Error bars are statis-
tical only. Previous results from HEAO [6], CRN [11],
ATIC [9], and CREAM [2] are shown for comparison.

earlier work [11, 14], but was allowed to reach an asymp-
totic, energy-independent residual value!0. The measured
spectra of the primary cosmic-ray nuclei were then fit to
this model, with ! and !0 as free parameters. Figure 1
illustrates the results.
The best fit clearly favors a surprisingly soft source spec-
trum with an index ! that could be as large as 2.4. How-
ever, the path length !0 is not strongly constrained, and the
fit cannot exclude !0 = 0. Clearly, further insight requires
direct measurements of the escape path length at high en-
ergy.
Therefore, another balloon flight of TRACER, also dis-
cussed at this conference [4], was conducted in 2006. For
this flight, major upgrades were incorporated in the de-
tector system to include measurements of the light sec-
ondary nucleus boron (Z = 5), relative to the abundance
of its primary parent nuclei carbon (Z = 6) and oxygen
(Z = 8) [8]. The resulting energy spectra for these nuclei
lead to new constraints on the source and propagation pa-
rameters. These will be discussed in the following in the
context of a Leaky-Box propagation model, and of the nu-
merical GALPROP [10] model.

2 The Leaky-Box Model

The Leaky-Box model in its simplest form describes the
differential intensity Ni of a cosmic-ray species i as

Ni =
1

!!1
esc + !!1

i

!

!

Qi

"c#
+
"

k>i

Nk

$k"i

#

, (2)
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Figure 3: The boron-to-carbon abundance ratio as a func-
tion of kinetic energy per nucleon. Error bars are statistical
(thin) and systematic (thick). Previous measurements are
shown from HEAO [6], CRN [11], ATIC [9], CREAM [2]
and AMS-01 [1]. Also shown is the parametrization
by [14] (dotted), by the GALPROP model (dashed), and
a fit to the Leaky/Box model (solid).

with the source spectrum Qi and gains by spallation of
heavier nuclei Nk with production path lengths $k"i, and
the losses through spallation in the ISM and leakage from
the Galaxy expressed with path lengths !i and !esc, re-
spectively; # is the mass density of interstellar matter. Note
that !esc depends on energy while !i depends on the mass
number A of the cosmic-ray nucleus, but is assumed to
be energy independent for relativistic energies. For purely
secondary elements, the source term Qi is zero and for the
abundant primary elements production by spallation is in-
significant. For the intensity ratio of boron to carbon, one
then obtains

NB

NC
=

$!1
"B

!!1
esc + !!1

B

, (3)

where $"B is an effective production path length also tak-
ing into account contributions from oxygen:

$!1
"B = $!1

C"B +NO(0)/NC(0) · $
!1
O"B . (4)

The spallation and production path lengths in Eq. (3) can
be evaluated using total and partial cross sections, as given
by a geometrical parametrization [5, 13, 7] and by Web-
ber et al. [12]. Therefore, the only unknown quantity in
Equation (3) is the escape path length !esc.

A. Obermeier et al., ICRC (2011)

7.2. Discussion of the Result 77
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Figure 7.4: The escape pathlength !esc as derived from the TRACER measurement with ! = 0.53 ±
0.06 and!0 = 0.31±0.55

0.31 g/cm2. The escape pathlength is defined in Eq. 7.9. The dashed lines illustrate
the 1" uncertainty range for the escape pathlength.

Using the same power-law index that fits the low-energy data, ! = 0.6, a value for the
residual pathlength !0 is found to be !0 = 0.38±0.54

0.37 g/cm2 (dashed line in Fig. 7.5). The
large uncertainty reflects not only the large statistical uncertainties of all measurements at
high energies, but also the considerable spread of the data points. Still, a non-zero residual
pathlength is again favored. This result is consistent, within the uncertainties, with the results
presented above from the TRACER instrument.

Allowing ! to vary as a free parameter, the combined fit to all data yields ! = 0.64± 0.02
and !0 = 0.7 ± 0.2 g/cm2, and is represented as the solid line in Figure 7.5. The "2 contour
map for this fit to all data is shown in Fig. 7.6. The best fit values are marked and a 1# contour
is shown.

Again, the power-law index for the propagation of cosmic rays is better constrained than
the residual pathlength. The combined data favor slightly larger values for ! than the TRACER
data alone, but are not inconsistent. A large range of possible values for !0 between 0.5 and
1.0 g/cm2 is evident and is commensurate with the range found for !0 with only TRACER
data.

A. Obermeier, PhD thesis, RU Nijmegen (2011)
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