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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

3.7 Transition Radiation Detectors 99

CRN detector

U
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A

Fig. 3.23. The CRN detector
inside a pressurised container
on-board the space shuttle
mission, 1985
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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 efficient 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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2 24. Cosmic rays

where E is the energy-per-nucleon (including rest mass energy) and α (≡ γ + 1) = 2.7
is the differential spectral index of the cosmic ray flux and γ 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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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 

dN

dE
/ E� � ⇡ �2.7

✓
dN

dE
/ e�E

◆

Properties of Cosmic Rays  E<1014 eV

� ⇡ �2.7

R =
p · c
Z · e
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relative contribution of different elements in cosmic rays
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more recent data
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�&��&��
���������� Z]�������ZXY^���.1(-.B�����������/%�,*+.�

':	��(�+&�

      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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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

10
-22

10
-19

10
-16

10
-13

10
-10

10
-7

10
-4

10
-1

10 2

10 5

10 8

10 11

Kinetic Energy (GeV)

Fl
ux

 (m
2  s

r s
 G

eV
-1

)

B

C

O

Ne
Mg
Si

S
Ar

Ca
Fe

x 1011

x 108

x 105

x 103

x 101

x 10-1

x 10-3

x 10-5

x 10-7

x 10-10

P.J. Boyle for TRACER (UofC, EFI) New Measurements with TRACER 15. August ’11 - ICRC, Beijing (China) 11 / 11

TRACER: Energy spectra for individual elements

P. Boyle et al., ICRC 2011

TRACER 2003

TRACER 2006

A. Obermeier et al., ApJ 752 (2012) 69
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the boron-to-carbon ratio

17

‣ featureless B/C ratio 

‣ best fit compatible Kolmogorov turbulence
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Relative abundance of elements at Earth

~ 1 GeV/n

Si = 100

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

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

6) electrons : ~l% of unclear cosmic rays

energy spectrum is Steeper
d#te a Efi 3

reason : losses through synchrotron radiation at

high

energies
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also inverse Compton scattering at radiation fields and bremsstrahlung on ISM
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the flux of positrons and electrons

21

AMS Collaboration. Phys. Rev. Lett. 122 (2019) 101101
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the flux of positrons

22

AMS Collaboration. Phys. Rev. Lett. 122 (2019) 041102
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the positron excess

23

astrophysical sources (e.g. pulsars) or dark matter annihillation?

AMS Collaboration. Phys. Rev. Lett. 122 (2019) 041102
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the positron excess

24

‣ many works have claimed that the positron excess might be 
evidence for dark matter annihilation 

‣ results by HAWC (High-Altitude Water Cherenkov) Observatory 
indicate that nearby pulsars cannot explain the positron excess

HAWC Collaboration. Science 358 (2017) 911.
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anti protons hadronic interactions: 
antiprotons are produced in proton-antiproton pairs
energy threshold 7 mp
rapidly decreasing proton flux (power law)
—> peak at 2 GeV
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anti protons
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cosmic-ray anti-protons

28

Perez et al. arXiv:1904.05938

‣ ga lac t i c CR p ropaga t ion 
uncertainties are represented 
by bands 

‣ different dark-matter models 
are shown in blue, green, and 
grey
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cosmic-ray anti-protons
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AMS Collab. Phys. Rev. Lett. 117 (2016)  091103

‣ positrons, protons, and anti-protons behave similarly above ~100 GV 

‣ electrons behave differently
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cosmic-ray anti-deuterons
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Perez et al. arXiv:1904.05938

‣ ga lac t i c CR p ropaga t ion 
uncertainties are represented 
by bands 

‣ different dark-matter models 
are shown in blue, green, and 
grey
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cosmic-ray anti-helium
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‣ a handful of anti-helium candidates have been 
detected so far (He-3, He-4) 

‣ flux is very low, though
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propagation of CRs in the Galaxy
interactions with ISM (lecture 9)

CRs at the top of the 
atmosphere (lecture 
10)

CRs in the atmosphere 
(lecture 10)

CRs underground (lecture 11)
neutrino oscillations (lecture 11+12)

birth of cosmic rays
CRs: supernova remnants
neutrinos: e.g. Sun (lecture 8)

propagation of CRs in the 
Heliosphere (lecture 9)

propagation of CRs in the 
Earth magnetic field (lecture 9)

today:
Stanev, chapter 6
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Cosmic rays in the atmosphere
Stanev chapter 6

Cosmic rays interact in the atmosphere and produce secondary, tertiary, etc particles.

All these particles together create a cascade —> extensive air shower.

—> calculate the fluxes of particles in the cascade, generated by a cosmic ray with 
mass A, charge Z, and energy E.
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pseudorapidity used to describe angle of 
particle relative to beam axis

⌘ = � ln


tan

✓
✓

2

◆�

In collider experiments, 
mostly central collisions are 
explored.

Most energy flows in forward 
direction.
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Atmospheric structure
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Atmospheric structure
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Atmospheric structure
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Atmospheric structure
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Analytic approximations
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Analytic approximations - nucleons
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Analytic approximations - mesons
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Muons from meson decay
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Muons from meson decay
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Muons from meson decay
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no muon decay in (6.11)!

Muon energy spectrum on ground
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Zenith angle dependance of the muon flux
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Muon energy spectrum at ground
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Muon charge ratio
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Muon charge ratio
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Muon charge ratio
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