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Nuclear cosmic rays – what we know today

Nuclear cosmic rays are

energetic particles
[Bothe & Kolhörster, Zeitschrift für Physik

56 (1929)]

of extraterrestrial origin
[Hess, Sitzungsberichte der kaiserl.

Akademie 120 (1912)]

bombarding Earth’s
atmosphere and

producing atmospheric
particle showers
[Auger et al., Reviews of Modern Physics

11 (1939)] [Lee & Kirby, Marvel Comics (1961)]
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Energy spectrum

The cosmic-ray spectrum

extends over 12 orders of
magnitude in energy and 32 orders
of magnitude in intensity;

can be described by a simple power
law:

dN(E )

dE
∝ E−γ ;

has three major features:

1 the knee at ∼ 4.5× 1015 eV;
2 the ankle at ∼ 4× 1018 eV;
3 a cut-off at ∼ 4× 1019 eV.
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[Swordy, Space Science Reviews 99 (2001)]
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Abundances

SPALLATION

[Hörandel, Advances in Space Research 41 (2008)]

87 % hydrogen
12 % helium
1 % heavier nuclei

similar abundances to those of the solar system,
but overabundance for elements Z = 3 − 5, 20 −
25, . . .
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Spatial distribution of GCRs

NGC 4631 at 610 & 1412 MHz

[Ekers & Sancisi, A&A 54 (1977), 973]

Our Galaxy at 408 MHz

[Haslam, APOD]

radio halo (few kpc) due to cosmic rays around the galactic disc

=⇒ galactic diffusive halo
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The journey of a galactic cosmic ray

Cassiopeia A (Chandra, X-rays), youngest supernova remnant in the
Milky Way

[NASA/CXC/MIT/UMass Amherst/M.D.Stage et al.]

Sources - Acceleration

stars, supernova environ-
ments?
shock acceleration

Propagation in the interstellar
medium

diffusion on inhomogeneities
of the Galactic magnetic field
convection, reacceleration

Solar System - Detection

solar modulation,
geomagnetic cut-off
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The journey of a galactic cosmic ray

Heliosphere (artistic view)
[NASA]

Sources - Acceleration

stars, supernova environ-
ments?
shock acceleration

Propagation in the interstellar
medium

diffusion on inhomogeneities
of the Galactic magnetic field
convection, reacceleration

Solar System - Detection

solar modulation,
geomagnetic cut-off
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What are we looking for?

Secondary/primary ratios
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Primary species

Antiparticles
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FIG. 1: The antiproton energy spectrum at the top of the payload obtained in this work compared

with contemporary measurements [21–25] and theoretical calculations for a pure secondary pro-

duction of antiprotons during the propagation of cosmic rays in the galaxy. The dotted and dashed

lines indicate the upper and lower limits calculated by Donato et al. [26] for different diffusion mod-

els, including uncertainties on propagation parameters and antiproton production cross-sections,

respectively. The solid line shows the calculation by Ptuskin et al. [27] for the case of a Plain

Diffusion model.

measurements. Figure 3 shows the PAMELA antiproton-to-proton flux ratio compared with

a calculation [14] (dashed line) including both a primary antiproton component from the

annihilation of 180 GeV wino-like neutralinos and secondary antiprotons. This model, based

on the non-thermal production of dark matter in the early universe, was proposed to ex-

plain the high-energy rise in the PAMELA positron fraction [8]. As shown by the dashed

line in Figure 3, a reasonable choice of GALPROP [31] propagation parameters (dashed-

dotted line) allows a good description of PAMELA antiproton data with the inclusion of

the wino-annihilation signal. Given current uncertainties on propagation parameters, this

primary component cannot be ruled out. It has also been suggested that the PAMELA

positron data can be explained without invoking a primary component. This is possible if

7

S/P ratios: transport mechanisms

Radioactive species: halo size

Primaries species: injection mechanisms

Antiparticles: exotic contributions
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Boron/Carbon – What is happening at higher energies?
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Primary nuclei – It is getting more complicated!rigidity range of 5 to 30 GV, where solar-
modulation effects dominate. Previous measure-
ments (20–24) did not have the statistical and
systematic precision to demonstrate this decrease
in the ratio.

Secondly, as seen in Fig. 4, the PAMELA
data show clear deviations from a single–power-
law model. The spectrum of protons gradually
softens in the rigidity range 30 to 230 GV. In the
rigidity range 30 to 80 GV, gR30−80GV;p ¼ 2:801 T

0:007(stat) T 0:002(syst), which is lower than the
value fitted between 80 to 230 GV: gR80−230GV,p ¼
2:850 T 0:015(stat) T 0:004(syst). In the case
of helium, gR30−80GV,He ¼ 2:71 T 0:01(stat) T
0:002(syst), which is lower than gR80−230GV,He ¼

Fig. 1. Proton and helium absolute fluxes measured by
PAMELA above 1 GeV per nucleon, compared with a few of the
previous measurements (16–24). All but one of the previous
measurements (24) come from balloon-borne experiments.
Previous data up to few hundred billion electron volts per
nucleon were collected by magnetic spectrometer experiments
(20–24), whereas higher-energy data come from calorimetric
measurements. PAMELA data cover the energy range 1 GeV
to 1.2 TeV (1 to 600 GeV per nucleon for He). The fluxes are
expressed in terms of kinetic energy per nucleon, converted
from the rigidity measured in the tracker and neglecting any
contribution from less abundant deuterium (d/p ≃ 1%) (where
d is deuterium) and 3He (3He/4He ≃ 10%). Therefore, pure
proton and 4He samples are assumed. Error bars are statis-
tical and indicate 1 SD; the gray shaded areas represent the
estimated systematic uncertainty. E, kinetic energy per nucleon.
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Fig. 2. Proton (top data set) and helium (bottom data set)
fluxes measured by PAMELA in the rigidity range 1 GV to
1.2 TV. The pink shaded areas represent the estimated
systematic uncertainty. The lines represent the fit with a
single power law and the GALPROP (36) and Zatsepin (29)
models. Details of the models are presented in tables S1
and S2.
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[Adriani et al., Science 332 (2011)]
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Figure 4. Compilation of helium and heavier nuclei data. The CREAM
elemental fluxes are compared with selected previous data (Asakimori et al.
1998; Derbina et al. 2005; Zei et al. 2008; Ahn et al. 2008a; Alcaraz et al.
2000; Panov et al. 2009): CREAM-1 (filled circles), CREAM-2 (filled squares),
AMS (stars), BESS (open squares), JACEE (X), RUNJOB (inverted triangles),
HEAO-3 (asterisks), CRN (open crosses), TRACER (triangles), and ATIC-
2 (diamonds). The data for elements heavier than C were multiplied by the
indicated factors to separate their fluxes in the figure. The error bars represent
one standard deviation, which is not visible when smaller than the symbol size.

power-law fit (Ahn et al. 2009b), but the data above 200 GeV/
nucleon tend to be systematically higher than a single power-
law fit indicates. A broken power law gives a better fit to our
data. Note that the JACEE and RUNJOB experiments did not
report spectra of individual elements heavier than helium.

Considering the limited statistics, we investigated broken
power law fits with the spectral indices γ 1 and γ 2, respectively,
below and above 200 GeV/nucleon. Within the current statistics,
the fits and their significance are nearly the same for any
breakpoint in the range 200–250 GeV/nucleon. The broken
power-law fits for elements heavier than carbon were normalized
to the carbon fit. The resulting fit indices shown in Figure 5 are
γ 1 = −2.77 ± 0.03 and γ 2 = −2.56 ± 0.04, which differ by
4.2σ . The spectral index γ 1 is consistent with the low-energy
helium measurements, e.g., the AMS index of −2.74 ± 0.01,
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Figure 5. Broken power-law fit to helium and heavier nuclei data. The lines
for helium represent a power-law fit to AMS (open stars) and CREAM (filled
circles) data, respectively. Also shown are helium data from other experiments:
BESS (open squares), ATIC-2 (open diamonds), JACEE (X), and RUNJOB
(open inverted triangles). Some of the overlapping BESS and AMS data points
are not shown to achieve better clarity. The lines for C-Fe data represent a broken
power-law fit to the CREAM heavy nuclei data: carbon (open circles), oxygen
(filled squares), neon (open crosses), magnesium (open triangles), silicon (filled
diamonds), and iron (asterisks).

whereas γ 2 agrees remarkably well with our CREAM helium
index of −2.58 ± 0.02 at higher energies. We note that the
experiment-to-experiment index variations for the low-energy
data are slightly larger than their quoted fit errors, probably due
to different energy ranges for their fits and residual effects of
solar modulation.

4. DISCUSSION

An explanation for the difference between proton and helium
spectra could be that they are coming from different types
of sources or acceleration sites. For example, protons might
come mainly from the supernova explosion of a low-mass star
directly into the interstellar medium. Helium and heavier nuclei
might come mainly from the explosion of a massive star into
the atmosphere swept out by the progenitor star rather than
directly into the general interstellar medium (Biermann 1993).
The strong stellar wind of the massive star would be magnetic
and enriched by mass ejections that expose its deeper layers. The
acceleration rate could be determined at first by the magnetic
field of the progenitor’s wind, which might be significantly
higher than the magnetic field in the interstellar medium. In
this case, the resulting spectra of helium and heavier nuclei
from the wind would be harder than the spectrum of protons
originating from a low-mass star explosion into the interstellar
medium.

The spectral hardening observed above ∼200 GeV/nucleon
could result from a nearby isolated supernova remnant, or it
could be the effect of distributed acceleration by multiple rem-
nants embedded in a turbulent stellar association (Medina-Tanco
& Opher 1993). Most massive stars are born in associations,
and they evolve quickly enough to explode as supernovae in the
vicinity of their parent molecular cloud. The dynamic effect of

[Ahn et al., ApJ 714 (2010)]

“Hardening” in primary spectra of ∆γ ∼ 0.1 observed at ∼ 200 GeV/n
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Positron fraction – An unexplained rise at high energies
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Electron fluxes – What is the ATIC bump?
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The Alpha Magnetic Spectrometer (AMS)

Space-borne detector

Installed on the ISS since 19 May 2011
direct detection of cosmic rays

Energy range

108 to 1012 eV

Scientific goals

Measurement of:

elemental cosmic-ray fluxes (H to Fe)

isotopic cosmic-ray fluxes (1H to 10Be)

antiparticles (e+, p̄, d̄, H̄e)

strangelets [NASA]

International collaboration: 17 countries, > 50 institutes, 500 physicists

Beyond the LHC workshop Antje Putze RWTH Aachen Recent results from the AMS-02 experiment 12/29



Cosmic rays Before AMS-02 AMS-02 AMS-02 results Conclusion

AMS orbit and trigger rate
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The AMS-02 experiment

Proton-like event with E ∼ 30 GeV

[Eventdisplay by J. Wienkenhöver]

Transition Radiation
Detector:

e-p separation, |Z |

Time-of-Flight Counter:
Trigger, |Z |, β

Silicon Tracker + Permanent
magnet:

Z , R

Anti-coincidence counter:
Veto

Ring-imaging Cherenkov
Detector:

|Z |, β

Electromagnetic Calorimeter:
e-p separation, E
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Charge estimators: redundancy and complimentarity
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Fragmentation: AMS-02 is a thick detector

Carbon (Z = 6) sample at the top of AMS-02 (Tracker layer 1)
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e-p separation: the TRD estimator

PDFs pe, p from ISS data

electrons and protons

Le, p = n

√√√√ n∏
i

pe, p(dEi/dxi )

LTRD = − log
Le

Le + Lp

LTRD from ISS data

electrons and protons

rejection > 103 at 90% efficiency
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e-p separation: the ECAL estimator

rejection > 104 at 90% efficiency
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e-p separation
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Overview of AMS-02 results

First measurement presented on 3 April 2013:

positron fraction (0.5 – 350 GeV)
upper limit on dipole anisotropy parameter

Preliminary results presented at ICRC (see www.ams02.org),
systematics still under investigation:

B/C ratio (0.5 – 670 GeV/n)
Proton flux (1 GV – 1.8 TV)
Helium flux (2 GV – 3.2 TV)
Electron & positron fluxes (1 – 500 GeV & 1 – 300 GeV)
All electron (e−+e+) flux (0.5 – 700 GeV)
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Secondary-to-primary ratio: Boron-to-Carbon

Most precise data since 1980, deviation from HEAO3 for Ek > 8 GeV/n
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Primary species: proton flux

No “hardening” observed
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Primary species: proton flux daily variations

Study of solar activity

Variations up to R ∼ 20 GV
=⇒ solar modulation

Spikes around R ∼ 1 GV
=⇒ solar events on 9.8.2011, 27.1.2012, 7.3.2012, and 17.5.2012
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Primary species: helium flux

No “hardening” observed
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Antiparticles: positron fraction
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Antiparticles: electron & positron fluxes

No bump detected

“Hardening” in positron spectrum around 30 GeV observed
=⇒ systematics are still under investigation
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Antiparticles: electron + positron flux

ATIC bump not seen
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Antiparticles: positron/electron anisotropy

e+/e− show no evident pattern
dipole anisotropy parameter < 3% @ 95%CL
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Conclusion

AMS-02 has been taking cosmic-ray data for over 2 years now

Results

Most precise data of cosmic rays covering a large energy range

Secondary-to-primary ratios: B/C

Primary species: e−, p, He

Antiparticles: e+/(e− + e+), e+

Any surprises?

no “hardening” seen in p & He spectra

no bump seen in e± spectra, rising e+/(e− + e+) confirmed

“hardening” in e+ observed

Outlook – Stay tuned!

Analyses still in progress
Only 10% of total expected data recorded yet!
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