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Fig. 3.24. The CRN detector
inside a container. The two
gas Cherenkov detectors were
operated at 1 atm with a mix-
ture of 80% N2 and 20%CO2.
The latter had been added
to suppress the fluorescence
light of N2, which would be
comparable to the Cherenkov
light in pure N2. Scintilla-
tors T1 and T2 served for
charge determination and
TOF measurements

Detector Configurations

The first application of a TRD for energy measurements was by the CRN24

detector flown on board the Space Shuttle for eight days in 1985, see
Fig. 3.23 [58]. The main components of the detector were: Two integrating
gas Cherenkov counters providing coincidence triggers, charge measurements,
and up-down discrimination by time-of-flight measurements. Figure 3.24
shows a sketch of the apparatus. The TRD consisted of six radiator lay-
ers of plastic fiber material, followed by MWPCs filled with a mixture of 25%
xenon, 15% methane, and 60% helium to measure the energy and trajectory
of the particles. The gas mixture insured an e!cient X-ray absorption of
the transition radiation by xenon while minimising the relative contribution
from the ionisation signal of the primary particle, which is small in He and
CH4. The chambers were operated at a low gas amplification with 1300 V to

24Cosmic Ray Nuclei
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Fig. 27.1: Stopping power (= !"dE/dx#) for positive muons in copper as a
function of !" = p/Mc over nine orders of magnitude in momentum (12 orders
of magnitude in kinetic energy). Solid curves indicate the total stopping power.
Data below the break at !" $ 0.1 are taken from ICRU 49 [4], and data
at higher energies are from Ref. 5. Vertical bands indicate boundaries between
di!erent approximations discussed in the text. The short dotted lines labeled
“µ! ” illustrate the “Barkas e!ect,” the dependence of stopping power on projectile
charge at very low energies [6].

27.2.2. Stopping power at intermediate energies :
The mean rate of energy loss by moderately relativistic charged heavy particles,

M1/#x, is well-described by the “Bethe-Bloch” equation,
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It describes the mean rate of energy loss in the region 0.1 <% !" <% 1000 for
intermediate-Z materials with an accuracy of a few %. At the lower limit the
projectile velocity becomes comparable to atomic electron “velocities” (Sec. 27.2.3),
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Detectors for direct measurements of 
Cosmic Rays above the atmosphere

•Silicon detector                             |Z|, A, E     isotopes
•Magnet spectrometer                     +/- Z, E     anti-particles
•Calorimeter                                         |Z|, E     elements
•Cherencov detector                           |Z|, E     elements
•Transition radiation detector            |Z|, E     elements
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most important properties:
1.energy spectra are power laws

--> non-thermal origin

2.below ~10 GV energy spectra deviate from power laws
--> solar modulation, charged particles of extra-solar 
origin (galactic origin) drift against the solar wind
towards Earth/solar system 

magnetic rigidity

3.in first approximation all elements exhibit about the 
same slope
spectral index 
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Properties of Cosmic Rays  E<1014 eV
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2 24. Cosmic rays

where E is the energy-per-nucleon (including rest mass energy) and ! (! " + 1) = 2.7
is the di!erential spectral index of the cosmic ray flux and " is the integral spectral
index. About 79% of the primary nucleons are free protons and about 70% of the rest are
nucleons bound in helium nuclei. The fractions of the primary nuclei are nearly constant
over this energy range (possibly with small but interesting variations). Fractions of both
primary and secondary incident nuclei are listed in Table 24.1. Figure 24.1 shows the
major components for energies greater than 2 GeV/nucleon.

Figure 24.1: Major components of the primary cosmic radiation from Refs. [1–12].
The figure was created by P. Boyle and D. Muller. Color version at end of book.

The composition and energy spectra of nuclei are typically interpreted in the context
of propagation models, in which the sources of the primary cosmic radiation are located
within the galaxy [13]. The ratio of secondary to primary nuclei is observed to decrease
with increasing energy, a fact interpreted to mean that the lifetime of cosmic rays in the
galaxy decreases with energy. Measurements of radioactive “clock” isotopes in the low
energy cosmic radiation are consistent with a lifetime in the galaxy of about 15 Myr.

July 30, 2010 14:36
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The heliosphere is a shield that 
excludes >75% of the Galactic 
Cosmic Rays with >70 MeV

Mainly >70 MeV protons Termination shock
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Solar modulation of the galactic cosmic ray spectra since the
Maunder minimum
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1Dipartimento di Fisica Generale, Universit di Torino and Istituto di Cosmogeofisica, CNR, To rino, Italy
2Physical Research Laboratory, Ahmedabad, India

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Abstract. Investigations on the galactic cosmic ray (GCR) 
flux in the past centuries are important for understanding 
the heliospheric modulation effects during prolonged solar 
quiet periods like the Gleissberg minima and the Maunder 
minimum of solar activity. We inferred the GCR annual 
mean spectra on the basis of the following data: primary 
spectra of cosmic rays obtained from balloon and spacecraft 
measurements during different phases of the solar cycles # 
20-23; the Climax neutron monitor time series available 
since 1953; variation of the annual means of the coronal 
source magnetic flux as derived from the aa index available 
since 1868 and of the evolution of the Sun's large scale 
magnetic field; the sunspot number time series from 1600. 
The differential flux of the galactic cosmic ray JG(T,M) 
(particles/m2 s sr MeV) has been characterized by the 
parameter M (MeV), the energy lost by particles in 
traversing the heliosphere, which depends on the 
modulation  by the solar magnetic field. The relations 
among these data sets were extrapolated back to 1700. 
 
 
 
1 Introduction 
 
The GCR flux modulated by the solar activity and 
measured at 1 AU shows well established periodicities from 
days to decades. The 11 year cycle, in addition to the direct 
measurement of primary and secondary cosmic rays, is 
clearly shown by the cosmogenic 22Na (T½=2.6 yr) in 
meteorites which fell in the last decades (Evans et al., 1982; 
Bhandari et al., 1994; Bonino et al., 1997) and by 10Be 
measured in Greenland ice core (Beer et al., 1990). All 
these measurements show a clear anticorrelation between 
the GCR flux and the sunspot number R series.  
  A century scale modulation (Gleissberg cycle), expected 
by the R series, has been shown in the cosmogenic 44Ti 
(T½=59.2 yr) activity measured in meteorites which fell in  
the last  two  centuries (Bonino et al., 1995; 1999) and in 
the time series of 14C in tree rings (e.g. Damon and Sonett, 
1991). 
Correspondence to: G. Bonino (bonino@ph.unito.it) 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
   
The century scale modulation of GCR recorded both in 
meteorites and in terrestrial archives shows that during 
prolonged solar quiet periods, like the Gleissberg minima, 
the cosmogenic radionuclide concentrations were higher 
than during the short lasting recent decadal minima. In 
terrestrial archives these concentrations may be also 
controlled by Earth’s effects such as deposition rate 
variations of the 10Be in ice cores, carbon cycle variations 
for  14C, etc., while in meteorites, being produced in space, 
they are free from terrestrial influences. 
  We observed that the 44Ti variations from century minima 
and maxima are about four time higher than calculated on 
the basis of the GCR flux measured in the last decades and 
extrapolated in the past simply on the basis of the sunspot 
number (Bonino et al., 1995; 1999).  
  We present here a different procedure for the calculation 
of the GCR spectra based on the annual mean of the coronal 
source magnetic flux as derived from the aa index 
(Lockwood et al., 1999) and of the evolution of the Sun’s 
large scale magnetic field (Solanki et al., 2000). The 
calculated GCR flux, extrapolated back to 1700, can be 
validated with our measurements of the 44Ti activity in 
meteorites which fell in the last two centuries. 
 
 
2 GCR Spectra and the solar modulation parameter 
 
Comparison of the sunspot number R with the Climax 
neutron monitor counting rate, available since 1953, shows 
an anticorrelation between the two time series. However it 
is also known that the solar modulation processes are more 
complex than a simple anticorrelation with the solar activity 
indexed by some parameter like R. The modulation is larger 
at lower GCR energies and has little influence on high 
energy particles (> 10 GeV/n). 
  The modulation of GCR as a function of position, energy 
and time in the heliosphere is a complex combination of 
different mechanism (e.g. Jokipii, 1991; Potgieter, 1993). 
Models of the inward transport of GCR have been 
successful. However, because of the complexity of the 
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modulation dynamics they do not allow to determine 
unambiguously the GCR fluxes for any solar activity cycle. 
  We have to look at a theoretical model which gives a good 
fit with the observed modulation at different energies and 
for different solar cycles. Cini Castagnoli and Lal (1980) 
adopted the force field approximate solution of the transport 
equation as given by Urch and Gleason (1972). The 
differential flux JG(T,M) (particles/m2 s sr MeV) of protons 
is given in terms of the solar modulation parameter M: 
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where T is the kinetic energy per nucleon and E0 is the rest 
energy of a nucleon. 
  Since solar cycle 20, several balloon and spacecraft 
observations of GCR protons are available. We considered 
here 29 experimental spectra  covering the time interval 
1963-1998 for our calculations. For each experiment we 
have obtained the corresponding solar modulation 
parameter M from the best fit of the experimental JG(T) 
with Eq. (1). 
  Fig. 1 shows some comparison of the fitted JG spectra with 
the experimental values, obtained in 1965 (Ormes and 
Webber 1968), 1968 (Hsieh et al., 1971), 1980 (Kroeger, 
1986), 1989 (Webber et al., 1991) and giving M =390,  600,  
820, 1080 MeV, respectively. We can observe a quite  good 
agreement between measured and calculated JG. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

3. Extrapolation of the GCR spectra 
 
In previous papers (Bhandari et al., 1989; Bonino et al., 
1995) we have calculated JG(t) over the last two centuries 
with the following procedure. The polynomial regression 
between the Climax neutron monitor count rate Nm(t) and 
the annual sunspot number, R, for the period 1953 to 1992 
was extrapolated back to 1750 from R(t). JG(t) was then 
calculated by a linear regression between Climax neutron 
monitor count rates normalized to that of January 1965 
(4291.7 counts/h*100=1) and balloons measurements of 
GCR protons during solar cycles 20 and 21. JG(t) 
extrapolated to 1750 was utilized for calculation of the 
expected activity of the cosmogenic 44Ti in meteorites by 
means of isotope production model. Although the 
calculated absolute activity may be model dependent, its 
variation is function of JG(t). We compared the calculate 
profile with the 44Ti activity measured by us in several 
chondrites which fell in the last 160 years. We observed 
that the phase of the measured profile agreed with that 
expected, but the amplitude of the secular excursions was 
about four time higher then calculated. We deduced that 
during prolonged solar minima, such as Dalton and Modern 
minima, the heliosphere admitted a higher GCR flux 
compared to that deduced from observations in the last 
decades and extrapolated in the past, solely by sunspot 
number R(t), following the procedure reported above 
(Bonino et al., 1995; 1999). 
  We evaluate here the GCR spectra in the past on the  basis 
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Fig. 1. Differential cosmic-ray spectra obtained from Eq. (1) for different values of the solar modulation 
parameter M = 390, 600, 820, 1080 MeV corresponding to the measurements performed with balloons 
or spacecrafts during 1965, 1968, 1980 and 1989 respectively. 
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of the recent evaluation of the Sun’s magnetic field since 
1700 and following the procedure reported below. 
  Lockwood et al. (1999) showed that the solar magnetic 
flux emanating through the coronal source, as derived from 
the aa geomagnetic index available since 1868, has about 
doubled in the past 100 years. Solanki et al. (2000) 
developed a model describing the long-term evolution of 
the Sun’s large-scale magnetic field, φ0, which reproduces 
the doubling of the interplanetary field and evaluated the 
evolution of φ0 since 1700. 

  On the basis of these new results and following basically 
our procedure reported above we have calculated the GCR 
spectra until 1700. From a linear regression between the 
Climax Nm and φ0 (since 1953) and a quadratic regression 
between the solar modulation parameter M and the 
normalized Nm* for the years of the balloon and spacecrafts 
measurements of GCR protons (covering the time interval 
1963-1998) we deduced JG(T,t). Then we extrapolated JG to 
1700 on the basis of these regressions and of φ0 given by 
Solanki et al. (2000). Fig. 2 shows JG(t) for different ΔT.     
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      clear evidence of  different 
      H and He slopes above ~ 10 GV 

O. Adriani et al., Science  332 (2011) 6025  �� First high-statistics and high-precision 
measurement over three decades in energy 

�� Deviations from  single power law (SPL):                  
Q� Spectra gradually soften in the range 

30÷230GV 
Q� Spectral hardening  @ R~235GV  

��~0.2÷0.3 
  Single power-law rejected at 98% CL 
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AMS proton flux 
(300 million events) 

[S. Haino ICRC 2015] 

AMS He flux 
(50 million events) 

Proton and He fluxes measured by AMS-02 
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The TRACER Detector

Summary of Measurements with TRACER

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

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

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

I Measurements are
statistics limited

I TRD not saturated. 1 10 10 2 10 3 10 4 10 5 10 6
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TRACER 2003

TRACER 2006

A. Obermeier et al., ApJ 752 (2012) 69



Relative abundance of elements at Earth

~ 1 GeV/n

Si = 100

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

àCosmic rays are „regular matter“, 
    accelerated to extremely high energies



4.elemental composition of cosmic rays 
~89% p
    9% He                           
    1% heavy nuclei

some remarks:
1.even-odd effect
--> due to high binding energy of ee-nuclei

2.elements Li, Be, B are more abundant in CRs
than in solar system
--> propagation in Galaxy

3.same effect for sub-Fe elements (~Ca - Fe)

4.p + He are less abundant in CRs as compared to 
solar system

}~1 GeV/n ~1% electrons/positrons
<0.1% gamma rays



Origin of the Elements

~ 1 GeV/n

Si = 100

big bang
       cosmology

stellar burning
fussion
stellar burning
fussion

stellar burning
fusion

supernova 
explosions
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5.energy density of CRs
integrate the all-particle energy spectrum
diff. flux

--> total energy flux

--> total energy density

~1 eV/cm3 energy density of cosmic rays  (in Galaxy)
comparable with e.g.:
energy density of visible star light
energy density of B-field in Galaxy 
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B = 3 µG

dI

dE


1

m2 · s · sr ·MeV

�

all-particle flux

nCR = ICR · h✏CRi


eV

m2 · s

�

✏st ⇡ 0.3
eV

cm3

✏B =
B2

2µ0 µr
= 0.22

eV

cm3



6.electrons(+positrons): ~1% of nuclear cosmic rays 
energy spectrum is steeper

reason: losses through synchrotron radiation at high 
energies

dN

dE
/ E�3.3

e

�
✓
dE

dt

◆
=

4

3
�T · c B

2

2µ0

⇣v
c

⌘2
�2

6) electrons : ~l% of unclear cosmic rays

energy spectrum is Steeper
d#te a Efi 3

reason : losses through synchrotron radiation at

high

energies

.

Longair II, 232
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32nd International Cosmic Ray Conference, Beijing 2011

Data Analysis

Events selection
Choose good single track

1 hodoscope has hits both the 
Upper and Lower TOF
Only 1 track in the Drift 
Chambers 

Require track quality
Particle Identification

TOF-β selection
|Z| = 2 selection

m = ZeR   1/β2 -1

32nd International Cosmic Ray Conference, Beijing 2011

BESS-Polar: Search for antihelium #1230
Sasaki

32nd International Cosmic Ray Conference, Beijing 2011

Search Result
Particle Identification using 
the TOF information

No antihelium candidate was found 
between -14 and -1 GV after all selection 
among 4 x 107 Helium events.

The figure below shows remaining 
events after all selections applied. 

TOF-β selection

|Z| = 2 selection
Upper TOF

|Z| = 2 selection
Lower TOF

After all 
selection

No He 
candidate

-14GV

32nd International Cosmic Ray Conference, Beijing 2011

32nd International Cosmic Ray Conference, Beijing 2011

Limit and Summary
• BESS-Polar I antihelium 
upper limit 4.4 x 10-7.

• We set the upper limit of  
9.4 x 10-8 by using the 
BESS-Polar II flight data.

• We set the upper limit of  
6.9x 10-8 by using all BESS 
flight data.

• This limit is two orders of 
magnitude improvement 
since our first report. 

X  1/100

32nd International Cosmic Ray Conference, Beijing 2011



Search for cosmic-ray antideuterons with 
BESS-Polar

#1259
Yoshimura

Apply the same selection as 
deuteron selection.

Box has not be fully opened 
except the BG-free region 
yet....

NO Antideuteron was found in 
rigidity below 2.5 GeV/c.

(K.E. ~ 0.62 GeV/nucleon)

p

eμ!

Rigidity (GV)

No d

Negative curvature

0.62 GeV/n



B ⇡ 3 µG

✏B =
B2

2µ0
⇡ 0.22

eV

cm3

Propagation of CRs in the interstellar medium (ISM)
objective: quantitative understanding
start with qulitative picture

ISM in galactic disc:  1 H atom/cm3

Propagation of
Cosmic Rays

in the Tutu tell a Medium

( IS M )

objective :

quantitative
understanding

stat with
qualitative

picture
,

SmegDRAIN
1

B
field

ISM in

galactic
disc

~
1 H atom km3

B ~ 3µg
⇒

Ep
=  

¥
,

x 0,2
eYcm3



what happens during propagation?

such nuclear interactions are called spallation reactions 

Li, Be, B are rare elements in the solar system
(primordial nucleosynthesis)

production during CR propagation is significant
they are produced from abundant nuclei C, N, O

what happens during propagation ?
12

C -
> Li

,
Be

,
B

• @ 3 p ,
u

,
. . ..

p of the ISM

such unclear interactions are called Spalla Lian reactions
Li

,
Be B are rare elements in the solar system

( primordial mndeosyu Hesis )

production during CR propagation is significant ,

they are produced from abundant nuclei C
,
N

,
0



Diffusion or Leaky Box model

during transport of particles through the Galaxy we have
to cosnider a number of effects
-deflection at B-fields
-energy loss through ionization
- inelastic reactions with teh ISM
-gragmentation of nuclei, spallation
- radioactive decay
-synchrotron radiation

CR particles diffuse through the Galaxy
--> diffusion model

evolution of particle density N(E,x,t) 
is described by transport equation



diffusion of ga

:
move wall → diffusion

|% At =-D . A a ¥ - density
,

At
-

area gradient

f, -

=
mass flow

\
diffusion

<÷,.#. permit time coefficient

-

'

/
[ of ]

52
current density j=ij÷ . Yy±

particle number density u =  #hA



⇒ j =-D d÷
\

@ js=-D grad n 1st law of Fote

�2� fuz + diuj  = 0 conservation of the number of
particles

0+20 ⇒ dj÷ =  - div ( - D p no ) diva = x at

=P ( D Tui ) 2nd law of Five



dNi

dt
= r(DrNi)

dNi

dt
= r(DrNi)

� @

@E
(bi ·Ni)

� n · v · �i ·Ni

� Ni

�⌧i
+Qi

+
X

j>i

n · v · �ij ·Ni

+
X

j>i

Ni

�i⌧ij

Ni are the number densities of nuclei of type “i“

diffusion

energy losses (e.g. Bethe Bloch and/or 
synchrotron losses) 

losses through inelastic scattering in the ISM

losses through radioactive decay

source term (acceleration)

production through interactions of heavy 
nuclei in the ISM

production through decay of heavy nuclei



complete solution of the diffusion equation is practically 
impossible, too many unknown parameters

therefore, simplifications are applied

diffusion coefficient D ~1028 cm2/s

A simplified model: Leaky Box model

Complete solution of He diffusion equation is practically
inn possible ,

too many unknown parameters
flee fug simplifications are applied

diffusion coefficient D ~ no28 cg?

17 simple model : Leahy Box model

freepropagation of Crs in

a closed volume ( falaxg)

QYMJ *;FFatmiyreflection
Pesola

l
Pesc ( E) constant in Ware

free propagation of CRs 
in a closed volume 
(Galaxy)

energy dependent 
escape probability
Pesc(E)
constant in time



dNi

dt
= r(DrNi)�

@

@E
(bi ·Ni)� n · v · �i ·Ni �

Ni

�⌧i
+Qi +

X

j>i

n · v · �ij ·Ni +
X

j>i

Ni

�i⌧ij

Ni

⌧esc
= � @

@E
(bi ·Ni)�

✓
n · v · �i +

1

�⌧i

◆
Ni +Qi +

X

j>i

✓
n · v · �ij +

1

�j⌧ij

◆
Nj

if we do not have significant energy losses, spallation, etc

       corresponds to the average time ththe CR particles 
spend in the volume (Galaxy)

Traversed matter/column density
in equilibrium

Ni(E) = Ni,0e
�t/⌧esc

⌧esc

dNi

dt
= 0

E>1 GeV from nuclear physicsmodel



TRACER: propagation of cosmic rays

A. Obermeier et al., ICRC 2011

Leaky-Box Propagation

Leaky-Box Propagation Parameters
! Continuity equation:

Ni(E) =
1

!esc(E)!1 + !!1
i

!
!
Qi(E)

!c"
+

"

k>i

Nk

#k"i

#

! Source Spectrum:
Qi(E) = ni · E!!

! Escape Path Length:

!esc(E) = CE!" + !0

! Spallation Path Length:

!i =
m

$(A)

Boron to Carbon ratio
NB

NC
=

#!1
"B

!esc(E)!1 + !!1
B

A. Obermeier for TRACER (RU Nijmegen (NL)) Galactic Propagation and the B/C ratio 15. August ’11 - 32nd ICRC, Beijing 3 / 9
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TRACER: propagation of cosmic rays

Leaky-Box Propagation

Analysis of 2006 Data
Propagation Index and Residual Path Length

! Fit to all B/C data.

kinetic Energy [GeV/amu]
-110 1 10 210 310 410

B/
C 

ra
tio

-210

-110

TRACER
HEAO
CRN
ATIC
CREAM
AMS-01

Leaky-Box Fit

-0.6 E! "

NB

NC
=

!!1
"B

(CE!! + !0)!1 + !!1
B

Result
! Propagation index:

" = 0.64± 0.02.
! Residual path length:

!0 = 0.7± 0.2 g/cm2.
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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:

" = 0.64± 0.02.
! Residual path length:

!0 = 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:

! = 0.34.
! Source index:

" = 2.34.

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

-110 1 10 210 310 410
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=0.34$GALPROP with reacceleration: 
=0.3$GALPROP with reacceleration: 
=0.4$GALPROP with reacceleration: 
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CRN
AMS-01
ATIC
CREAM
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GALPROP

B/C and GALPROP

! Numerical simulation of CR
transport equation.

! Diffusion model.

Propagation Parameters
! Reacceleration.
! Diffusion Index:

! = 0.34.
! Source index:
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Strong et al., Annu. Rev. Nucl. Part. S.,
2007, 57:285 kinetic Energy [GeV/amu]
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Figure 3. !2 map in the parameter space of " vs. !0 for the Leaky-Box
model fit to TRACER data. The best-fit values are marked at (", !0) =
(0.53 ± 0.06, 0.31+0.55

!0.31 g cm!2) and the 1# 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 $"B (see Equation (9)), the B/C ratio
can then be expressed as

NB

NC

= $!1
"B

!!1 + !!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 $"B includes both
carbon and oxygen as parent nuclei:

$!1
"B = $!1

C"B + NO/NC · $!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 !B 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 $ in Equation (9) are derived
from partial cross sections determined by Webber et al. (1990).
Specifically, we use !B = 9.3 g cm!2 and $"B = 26.8 g cm!2

(assuming the ISM as a mixture of 90% hydrogen and 10%
helium by number).

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

]2
es

ca
pe

 p
at

h 
le

ng
th

 [g
/c

m

-110

1

10 carbon

iron

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 ! 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 ! with the
parameters " and !0.

We have fitted the data on the B/C ratio versus energy
as measured by TRACER to a variety of values for " and
!0. A probability contour map of the fitting results is shown
in Figure 3. The best fit for the propagation index is " =
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, !0 = 0.31+0.55

!0.31 g cm!2,
is less well defined, and still a solution with !0 = 0 cannot
be excluded within the present accuracy of the TRACER data
alone. The corresponding escape path length ! 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 " = 0.64 ± 0.02
and !0 = 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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TRACER: propagation of cosmic rays

Leaky Box model

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

!!1
esc + !!1

s

·
!

NC

!C"B
+

NO

!O"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
=

!!1
"B

!!1
esc + !!1

s

. (7.7)

Here, the production pathlength for boron is !!1
"B = !!1

C"B+!!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 !"B = 26.8 g/cm2.
The spallation pathlength for boron !s 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:

!esc(E) = C · E!! + !0, (7.8)

with the power-law index of the escape pathlength ! and the residual pathlength !0 (see also
Section 1.3). The parametrization of !esc used to fit the experimental data is thus:

!(R) =
26.7"

("R)! + (0.714 · "R)!1.4
+ !0 g/cm2, (7.9)

Cosmic-ray Propagation and the TRACER Measurement

Previous measurements at energies below 10 GeV/amu suggest a pathlength index ! 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 !0 assuming ! = 0.6. The result is a value
of !0 = 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
! = 0.6 has to be made. Treating ! and !0 as free parameters in the fit, a #2 map is produced
as shown in Figure 7.3. It can be seen that ! is well constrained and close to the originally
assumed value of 0.6, but that !0 is not well constrained. The range !0 is very wide, as it is
only sensitive to high-energy data. The resulting most probable values are ! = 0.53 ± 0.06
and !0 = 0.31±0.55

0.31 g/cm2. They are indicated as solid line in Fig. 7.2.
The central value for !0 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.

path length of 
cosmic rays in 
Galaxy

A. Obermeier et al., ApJ 752 (2012) 69

g/cm2



investigating a number of species/isotopes and their 
energy dependence

rigidity

all CR species travel through the same column density 
before they escape from the Galaxy

remark: the same column density means different numbers of interactions for different 
species

) �esc = v · ⇢ · ⌧esc ⇡ 10
g

cm2

v

c

✓
4

R

◆�

R > 4 GV

�esc ⇡ 10
g

cm2
(1 GeV)

1
g

cm2
(1 TeV)

�p
int ⇡ 55

g

cm2
>> �esc

�Fe
int ⇡ 2.3

g

cm2
< �esc

R =
p · c
z · e

� ⇡ 0.6

less interactions for protons than for Fe 
nuclei
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Radioactive isotopes and “age“ of CRs
or residence time of CRs in Galaxy

use secondary radioactive isotopes from spallation 
reactions
e.g. 10Be

equilibrium between production and decay of 10Be      

                                         at production

if                 expect observed ratio of 11Be < 0.1

                                            in CRs

10Be !10 B+ �� + ⌫̄e

10Be
7Be +9 Be +11 Be

⇡ 0.1

10Be
7Be +9 Be +11 Be

⇡ 0.028

⌧ = � · ⌧0 = 3.9 · 106 a

⌧esc > ⌧0



Chart of the nuclides



⌧esc = 17 · 106 a

„Age“ of galactic cosmic rays

10Be à 10B + e-   (t  =2.4 106 a)

10Be 10B

e-

Residence time in Galaxy



=) Tesc = 17.106 a

from this
,

we can chin an
average density

5 =
t 10 glam
Votes c= 3ft o#5s

= 0,3 It atom /cm3

falaxy - haidisc
- CR

particles
spend

a significant fraction
of their Midura

time in tkfolactic
Lalo ( lower density )

CR particles spend a 
significant fraction of 
their residence time in 
the Galactic halo 
(lower density)

from this, we can derive an average density



confirmed by observations of diffuse radio emission
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confirmed by observations of diffuse radio emission

                                     synchrotron radiation

similar results with 26Al, 36Cl, 53Mn

Leaky Box model is very simple
today mostly: diffusion halo model

numerical models: e.g. GALPROP

confirmed by observations of diffuse radio emission
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for

.nu

similar sculls wife
26 Al

,
366

,

5$
Mu

.

6



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


