
Software-Entwurf und -Qualität
Institut für Programmstrukturen und Datenorganisation1 9/22/12KIT – Universität des Landes Baden-Württemberg und 

nationales Forschungszentrum in der Helmholtz-Gemeinschaft

INSTITUTE FOR EXPERIMENTAL PARTICLE PHYSICS

www.kit.edu

Highlights from 6 years with AMS on the ISS and future
prospects for direct cosmic rays measurements

September 25th, 2017
CEA Saclay

Iris Gebauer 



  Iris Gebauer
Institute for Experimental Particle Physics 

September 25th, 2017, CEA Saclay
2

CONSTRAINTS FOR AN EXPERIMENT ON BOARD ISS May 16th  2011

May 19th  2011



  Iris Gebauer
Institute for Experimental Particle Physics 

September 25th, 2017, CEA Saclay
3

AMS-02: THE ALPHA MAGNETIC SPECTROMETER 02 

● Volume 64 m3, height 4 m

● Weight 8500 kg

● Power consumption 2500 W

● Data downlink 9 Mbps (minimum)

● Magnetic field 0.15 T (400 x Earth)

● Launch May 16th, 2011 (Endeavour)

● Data taking as of May 19th, 2011

● Construction 1999-2010 
(>3 PhD generations)

● Mission dutration: Until the end of ISS
operation (currently 2024)
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AMS: A TeV PRECISION MAGNETIC SPECTROMETER
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TODAY

Why is it interesting to measure cosmic rays?

What did we measure?

Why is this confusing us?

What do we need to measure in the future?
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GALACTIC COSMIC RAYS: SOURCE → USGALACTIC COSMIC RAYS: SOURCE → US

p

p

Acceleration of p, e-, nuclei in SNRs
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GALACTIC COSMIC RAYS: SOURCE → USGALACTIC COSMIC RAYS: SOURCE → US

p

p

Acceleration of p, e-, nuclei in SNRs
Diffusion (scattering off magnetic turbulence)
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GALACTIC COSMIC RAYS: SOURCE → USGALACTIC COSMIC RAYS: SOURCE → US

p

p

Acceleration of p, e-, nuclei in SNRs
Diffusion (scattering off magnetic turbulence)

Production of secondary particles

Secondary particles:
positrons, electrons, 
protons, antiprotons, nuclei
photons
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GALACTIC COSMIC RAYS: SOURCE → USGALACTIC COSMIC RAYS: SOURCE → US

p

p

Acceleration of p, e-, nuclei in SNRs
Diffusion (scattering off magnetic turbulence)

Production of secondary particles

Secondary particles:
positrons, electrons, 
protons, antiprotons, nuclei
photons

Energy losses + gains
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GALACTIC COSMIC RAYS: SOURCE → USGALACTIC COSMIC RAYS: SOURCE → US

p

p

Acceleration of p, e-, nuclei in SNRs
Diffusion (scattering off magnetic turbulence)

Production of secondary particles

Secondary particles:
positrons, electrons, 
protons, antiprotons, nuclei
photons

Energy losses + gains

Annihilation/decay
of dark matter:
p, p, e-, e+, γ

Such an excess of e+, p from Dark Matter annihilation 
can be measured by magnetic spectrometers like AMS
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THE SEARCH FOR DARK MATTER IN COSMIC RAYS

The antimatter component of cosmic rays (e+/p) are sensitive 
probes for dark matter....

…BUT: “collision of cosmic rays” needs to be understood.
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COMPOSITION OF COSMIC RAYS

● Protons 89%

● Helium 9%

● Heavy nuclei 1%

● Electrons 1%

● Traces of antimatter (p, e+)
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COMPOSITION OF COSMIC RAYS
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Galactic
cosmic rays

Extragalactic
cosmic rays

● Protons 89%

● Helium 9%

● Heavy nuclei 1%

● Electrons 1%

● Traces of antimatter (p, e+)
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COMPOSITION OF COSMIC RAYS

Ground-
based 
indirect 
detection

Direct 
detection
(space)

● Protons 89%

● Helium 9%

● Heavy nuclei 1%

● Electrons 1%

● Traces of antimatter (p, e+)
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SOME HIGHLIGHTS FROM AMS
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AMS MAIN DISPLAY

Cosmic rays measured as of 14 July 2017 13:59 CEDT
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ELECTRON AND POSITRON FLUX (BEFORE AMS)
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Please refer to the AMS 
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The electron and positron fluxes are 
different in their magnitude and 
energy dependence.
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POSITRON FRACTION e+/(e++e-)

An unexpected rise in the positron 
fraction could be explained by dark 
matter annihilation...

...or new astrophysical point 
sources (e.g. pulsars).

[Phys. Rev. Lett. 110, 141102 (2013)]
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From Dark 
Matter

From 
astrophysical 
sources

From 
secondary 
production



The AMS results are in excellent agreement  
with a Dark Matter Model

AMS

The origin of the positron spectrum

Collisions of Cosmic Rays with ISM
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Preliminary Data.
Please refer to the AMS 

forthcoming publication in 
PRL.

DM model based on
J. Kopp, Phys. Rev. D 88 (2013) 076013



2024: Extend measurement to 1 TeV

 Expected in 2024

Collisions of Cosmic Rays

22

Pulsars

M = 1 TeV

     By 2024 we will be able to understand the origin of this unexpected data. 
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PULSARS vs. DARK MATTER: ANISOTROPIES

 
Cosmic ray arrival directions might carry information on their sources.

current measurement
isotropic expectation

Pulsar 
expectation

Absolute 
positrons

Pulsar Model based on D. Hooper, P. Blasi & P. D. Serpico, JCAP 0901 (2009);
K.Iota, PTP 123-4 (2010)743

Preliminary data.
Please refer to the AMS 

forthcoming publication in 
PRL.
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2 CENTS ON POSITRONS

● An additional energetic positron component has been observed by AMS.

● The origin of these positrons is unknown, possible explanations include an 
additional source (dark matter annihilation or pulsar) or local secondary 
production.

● To differentiate between these hypotheses, we need to

→ Extend the measurement to higher energies (more statistics)

→ Improve the sensitivity of anisotropy searches (more statistics)

→ Decrease the uncertainties in the transport model (measure nuclei)
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ANTIPROTONS

There is only 1 antiproton for 10,000 protons.

A percent precision experiment requires 
background rejection close to 1 in a million.
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ANTIPROTON-TO-PROTON RATIO

Phys. Rev. Lett 117, 091103 (2016)
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SPECTRA OF PROTONS AND ANTIPROTONS

p + ISM = p + …

If p are secondaries, their rigidity dependence should be 
different from p:



  Iris Gebauer
Institute for Experimental Particle Physics 

September 25th, 2017, CEA Saclay
28

SPECTRA OF PROTONS AND ANTIPROTONS

p + ISM = p + …

If p are secondaries, their rigidity dependence should be 
different from p:

at sourcefresh p

Rigidity
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SPECTRA OF PROTONS AND ANTIPROTONS
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SPECTRA OF PROTONS AND ANTIPROTONS

p + ISM = p + …
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SPECTRA OF PROTONS AND ANTIPROTONS

p + ISM = p + …
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SPECTRA OF PROTONS AND ANTIPROTONS

pp
p + ISM = p + …

If p are secondaries, their rigidity dependence should be 
different from p:

Unexpectedly p and p have the 
same rigidity dependence.



Is kappl pre amd>

The AMS data on antiprotons 
challenge the standard paradigm 
of secondary production and 
cosmic ray transport. There is 

either a new source of antiprotons

or our transport models are wrong.
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THE BORON/CARBON  RATIO

C(N,O,..)+gas → B (Be, Li,…)

The propagation parameters were extracted from pre-AMS data.

AMS B/C indicates less cosmic ray escape at higher energies.
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PRE-AMS ANTIPROTON FLUX

Based on pre-AMS B/C:
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THE BORON/CARBON  RATIO

C(N,O,..)+gas → B (Be, Li,…)

Propagation parameters tuned for AMS data.
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AMS ANTIPROTON FLUX

Based on AMS B/C:
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AMS ANTIPROTON FLUX

Based on AMS B/C and new cross-section evaluation:
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AMS ANTIPROTON FLUX
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RIGIDITY DEPENDENCE OF ELEMENTARY PARTICLES

20

3x103

p
p

e−

e+

M. Aguilar et al., Phys. Rev. Lett. 117, 091103 (2016)

expected

not expected

The rigidity dependences of e+, p, p 
are identical from 60-500 GV. 
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DO WE REALLY KNOW WERE SECONDARIES ARE PRODUCED?

P. Lipari@ICRC2017
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AMS DATA ON NUCLEI

Preliminary data.
Please refer to the AMS 

forthcoming publication in 
PRL.

The fluxes of protons, helium and 
lithium show a spectral hardening 
at ~300 GV....
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AMS DATA ON NUCLEI

Preliminary data.
Please refer to the AMS 

forthcoming publication in 
PRL.

...as do the fluxes of 
oxigen, carbon and 
nitrogen.
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TOWARDS CREAM

The CREAM balloon experiment has previously observed harder spectra in the 
TeV range. The AMS data confirm that a transition between two power laws 
occurs around 300 GV.

The source of this deviation might be
→ a local cosmic ray accelerator dominating at high energies
→ a change in the energy dependence of cosmic ray escape 
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WHAT WE NEED TO MOVE ON

● Extend the positron flux measurement to higher energies (only AMS)

● Improve the sensitivity of anisotropy searches in positrons (only AMS)

● Further decrease the uncertainties in the transport model (AMS+future 
measurements)

● Improve the sensitivity of anisotropy searches in nuclei (AMS+future 
measurements) 
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THE NEAR FUTURE

Igor Moskalenko, ICRC2017

Gamma-rays

Charged 
cosmic rays
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MISSIONS AND SELECTED RESULTS
Experiment e+|e-

(present 
data)

e++e-

(energy range)
CR nuclei
(energy range)

Charge Gamma-ray Type Launch

PAMELA e+<300 GeV
e-<625 GeV

1-700 GeV
(3 TeV with cal)

1 GeV-1.2 TeV
(ext. -> 2TeV)

1-8 - SAT 2006
Jun 15

FERMI - 7 GeV -2 TeV 50 GeV-1TeV 1 200 MeV-300GeV
GRB 8 keV-35 MeV

SAT 2008
Nov 11

AMS-02 e+<500 GeV
e-<700GeV

0.5 GeV-1 TeV
(extendable)

0.5 GV-1.9 TV
(extendable)

1-26++ 1 GeV-1TeV
(calorimeter)

ISS 2011
May 16

NUCLEON - 100 GeV–3 TeV 100 GeV-1TeV 1-30 - SAT 2014
Dec 26

CALET - 1 GeV -20 TeV 10 GeV-1PeV 1-40 10 GeV-10 TeV
GRB 7-20 MeV 

ISS 2015
Aug 19

1st 
results

DAMPE - 10 GeV -10 TeV 50 GeV-500TeV 1-20 5 GeV-10 TeV SAT 2015
Dec 17

1st 
results

ISS-CREAM - 100 GeV-10 TeV 1TeV-1PeV 1-28++ - ISS 2017
Aug 14

Soon!

CSES - 3-200 MeV 30-300 MeV 1 - SAT 2017

GAMMA-
400

- 1 GeV-20 GeV 1 TeV-3 PeV 1-26 20 MeV – 1 TeV SAT 2023-25

HERD - 10(s)-104 GeV Up to PeV TBD 10(s)-104 GeV CSS 2022-25

HELIX - - <10 GeV/n light 
isotopes

- LDB proposa
l

HNS - - ~GeV/n 6-96 - SAT proposa
l

GAPS - - <1GeV/n p, D - LDB
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 ISS-CREAM IN SPACE

The Cosmic Ray Energetics And 
Mass experiment for the International 
Space Station (ISS-CREAM) was 
launched on board a SpaceX Falcon 
9 on August 14th, 2017, installed on 
the Japanese Experiment Module 
(JEM) and powered up on August 
22nd, 2017. 



Lauched Aug 14th
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CALET TOTAL e++e- SPECTRUM UP TO 1TeV (PRELIM.)

Shoji Torii,
ICRC2017

Future: 
20TeV
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CALET PROTON SPECTRUM UP TO 22 TeV (PRELIM.)

Future: 
1 PeV



  Iris Gebauer
Institute for Experimental Particle Physics 

September 25th, 2017, CEA Saclay
56

DAMPE





Expect protons and nuclei up to 100 TeV

See Chuan Yue's talk at ICRC (CRD082)

Helium: See Paolo Bernardini's talk at ICRC (CRD096)
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CONCLUSION & PERSPECTIVES

●

● AMS-02 will remain on the ISS and continue to take data until 
the end of ISS operations (2024 or beyond...) 
→ more CR species, more statistics and higher energies.... 
more surprises?

● CALET/DAMPE are releasing first data
→ calorimetric measurements of electrons and nuclei 

● ISS-CREAM is calibrating
→ calorimetric measurement of electrons and nuclei

Space offers a unique environment to study the properties of cosmic 
rays directly. Space-based measurements continue to play a key role in 
cosmic ray measurements and therefore indirect dark matter searches. 
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The most exiting objective of CR measurements is to probe the 
unknown, to search for new phenomena which we have not yet 

imagined nor had the tools to discover!
These are very exiting times for cosmic ray measurements! 

?

? ?

??
?
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The most exiting objective of CR measurements is to probe the 
unknown, to search for new phenomena which we have not yet 

imagined nor had the tools to discover!
These are very exiting times for cosmic ray measurements! 

There is no problem that can not be solved by more data.

….who will be providing charge sign information after 
AMS?
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