Latest Results from
the Alpha Magnetic Spectrometer

on the International Space Station

12t January 2021
CERN EP Seminar

Dr. Mercedes Paniccia

University of Geneva (Switzerland)

UNIVERSITE
DE GENEVE



AMS-02: A TeV precision magnetic spectrometer

Transition Radiation Detector Time Of Flight
Identifies e*, e

Ring Imaging Cherenkov
Z,pB

Isotopic composition

Charge Z and Energy are
measured independently in
several subdetectors

Intensity = 22




AMS was built by an International
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Construction of the Silicon Tracker at University of Geneva
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Inner Tracker assembly completed, Sep. 20




AMS detector integration at CERN




AMS Calibration Tests at CERN
with different beam energy and different particles

LHC




AMS Launch May 2011
Space Shuttle Endeavour
Mission STS-134

AMS mission duration:

: L altitude 400 Km
Entire ISS lifetime (up to 2028-2030)

inclination 52°
period 92 min
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AMS Payload Operation and Control Center at CERN Prevessin
AMS Science Operation Center is also at CERN
CERN provides major computing support

So far AMS collected ~170 billion cosmic-ray events
Total expected in 2028 ~300 billion events
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https://ams02.space/
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Electron Spectrum
E Flux [GeV¥/(s sr m? GeV)]

The Origin of Cosmic positrons and electrons

Q

BEFORE AMS-02 . AMS-02 data
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Electrons and positrons spectra have totally distinct behavior:

the properties of electrons and positrons cannot be studied from (e* + e) measurements.
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Properties of Cosmic electrons

Traditionally it was assumed that the electron energy
spectrum behaves like a power law ®,- = C E~3
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Properties of Cosmic Positrons
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~ Origins of Cosmic Positrons

Astrophysical Sources: Pulsars, ...

Positrons
Pulsars

Dark Matter

Positrons

L5 / from Dark Matter
 Electrons / i

Dark Matter



Positrons from Pulsars

Pulsars produce and accelerate positrons at high energy.

However, with respect to Dark Matter: - Rotatien ax @ gamma rays .

/ L/
1. Arrival direction of positrons from" ;’\\
Pulsars should exhibit higher ' 7 \\\ |
/
/
/

anisotropy

Magnetig eI/d'Iines

15




AMS measurement of positron flux anisotropy

Sky map of positron arrival Sky map in the hypothesis of
directions in galactic coordinates isotropic positron flux

16 GeV < E <500 GeV

6 12 18
Events/pixel Expected events/pixel

No deviation from isotropy observed
Upper limit on amplitude of the dipole anisotropy of the positron flux < 0.019 at 95% CL
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Antiproton flux
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Antiproton flux
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Current uncertainties on CR modelling do not allow a definitive interpretation of the AMS data
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Antiprotons vs positrons

Above 60 GeV antiprotons exhibit a spectral shape similar to that of positrons
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Additional source or wrong calculation of secondary production?

Can constrain cosmic-ray models with measurements of cosmic-ray nuclei
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| ‘Primary CoS‘hiit' Ravs' : ;  = .' ‘:

o Primary elements,
~ protons, He, C, O, Ne, Mg, Si..., Fe nuclei
are produced

during the lifetime of stars.

They are accelerated in
supernovae explosions
and
expelled in the interstellar medium
where they propagate diffusively
through the galaxy.

" A S
.
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Flux x E*” (m?sr's' GeV"

Cosmic Ray nuclei spectra in the GeV-TeV range before AMS

Before AMS, cosmic-ray nuclei spectra in the GeV to TeV range were assumed
to have a universal
simple power law dependence on energy (or rigidity R = p/Ze): @ = CE27
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Proton flux
The proton spectrum deviates from a simple power law and hardens above 200 GV

x10°

16
214
0]
n12

c;”-10
£
~ 8
(4]

L
x 0
5
= 4
l

it '
¥ ‘r‘ 'I ! i | A i 1
'1*#%”l1;:%i#%“' “%”% 5 T T
[TH @ o | & i
Hof A4l ' B 4 + ‘%
iﬁ T \ |
AMS-01 CAPRICE94 J[
. ATIC02 CAPRICE98
Balloon CREAM-|
B BESS93 IMAX92
= BESS97 o JACEE
= + BESS98 A MASS91
o BESS99 PAMELA
[ o BESS00 ¢ RICH-II
B A~ BESS-TeV 4:- RUNJOB
— « BESS-Polar | 4 SOKOL
= BESS-Polar Il DAMPE
| | | 11 1 11 | | | | | T | | | | | 11 1 11
3
0 10 10

r\.H
—
>
O
~—
.h
7
‘n
‘T'
£
~
N
e
X
x
=
T8

10°
Kinetic Energy (GeV)

Rigidity [GV]

AMS
Fit to C(

R
45 GV

V)T

22



Helium nuclei flux
The helium nuclei spectrum deviates from a simple power law and hardens above 200 GV
Helium (°*He + *He) (Z=+2)
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Carbon (Z=+6)
-. ...I v v N

50

omoP>0O0
5
(2]
=]
N,

a0

PAMELA

<
3
>
[ B .
¢ [ 1
T 30fF -
i B * ]
1 O, " edrtr s T
'E 20/ .-'(':;--q 4) + I++ % -
— ,(5>¢¢ y [ 4
:Eux B 5 A f T ]
x 10 ,g’g -
; [ Qa% = . 7]
z F o Kinetic Energy EK [GeV/n]
1 10 102 10°
Oxygen (Z=+8
s QuEen = m—
'L._| B O C2/HEAO3 -
: o :
S aof o B | E
g A TRACER
S L oo GAPROP | | . A
T 301 [ R il { J_
W f ] 1
o [ TTI % \ ]
E 20F 5 dAhoh g —
=k &7 ST PTG 1 -
oy C 3 o i
w L ¢ .
x 10 Sl =
2 F Jﬁ—“h Kinetic Energy E_[GeV/n]
R P | PR | PR |
1 10 102 10°

Flux x B [ m2s7sr (GV)"]

Carbon and Oxygen nuclei fluxes

Above 60 GV He, C and O have identical rigidity dependence
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Which is the origin of the spectral hardening?

Is the spectral hardening universal ?
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Secondary Cosmic Rays

o R s / SRR S .=+ ... Secondary cosmic rays
e Y 0t WG ' - i Be, B, F sub-Fe nuclei

'a're‘ produced by the collision of
prlmary cosmicrays, C, O, Si, ..., Fe,
; with the
- interstellar medium

ACE News Caltech
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Secondary Cosmic Rays as probes of propagation processes

The motion of cosmic rays through the ISM is modeled as diffusion of charged particles in a
turbulent magnetized medium.

o|eH d130ejen
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Secondary Cosmic Rays and origin of primary CR spectral hardening

Interpretations of the spectral hardening fall in three categories:

RY - Flux [arbitrary units]

Spectral break at injection

< R7Y

Primary CR spectrum

—y+A
xR injected by the source

x RY~6

o R~Y—6+A Primary CR spectrum
K after propagation

o R—'y—26'+A
Secondary CR spectrum
after propagation

R[GV]

¢Secondary
¢ Primary

R[GV]

RY - Flux [arbitrary units]

Propagation effect

o R7Y
Primary CR spectrum
injected by the source
o< R7Y~¢
o R~Y—6+A Primary CR spectrum
after propagation
[ R—y—zé'
- o R-Y—26+2A
Secondary CR spectrum
after propagation
RIGVI

¢Ser:ondary

¢Primary

R[GV]

RY - Flux [arbitrary units]

Local source

o« R7Y
Primary CR spectrum

injected by distant sources
o R7Y—¢
o R~Y—8+AM®) primary CR spectrum

after propagation +
Local source

o« R7Y~25
Secondary CR spectrum
after propagation

RIGVI

¢Secondary

¢Primzzry

R[GV]

Precision measurements of the individual spectra of primary and secondary CR and their ratios
can ascertain the origin of the spectral hardening.
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Light Secondary Cosmic Rays Li, Be and B fluxes

Li Flux x EZ” [ m?s-'sr (GeV/n)'"]
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Li, Be and B also exhibit a spectral hardening at ~200 GV
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Light Secondary Cosmic Rays Li, Be and B fluxes

Above 30 GV, Li, Be and B have identical spectral shape
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Light Secondary (Li, Be, B) to Primary (C,0) flux ratios

v Above 192 GV all six secondary-to-primary flux ratios hardens

—— Fit 60-192 GV
Fit 192-3300 GV
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This new observation favors the hypothesis that the observed
spectral hardening is due to a propagation effect.
CR‘.A1"..;
Rigidity R [GV] What about nuclei heavier than Oxygen?
1002100 10°210° Is the spectral hardening universal?

=
o
>
S
2
=
(3]
o
>
=
[T
«
(=]
wc
X
o
-
-
=
o
>
S,
2
=
©
o
>
=
(T8
@
oS
uc
X
Q
[
o
=
o
>
S
2
=
(3]
o
>
=
[T
o |
(=]
U
X
Q
o

30



Heavy Primary Cosmic rays: Neon flux measurement
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Heavy Primary Cosmic rays: Magnesium flux measurement

Magnesium (Z=+12)
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Heavy Primary Cosmic rays: Silicon flux measurement

Silicon (Z=+14)
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Properties of Heavy Primary Cosmic Rays: Ne, Mg and Si

Neon and Magnesium fluxes have identical rigidity dependence above 3.5 GV.

—— =l Ne, Mg and Si fluxes have identical rigidity dependence above 86.5 GV.
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Heavy vs Light Primary Cosmic Rays: Ne, Mg, Sivs O
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[ | ] exhibit an average softening of -0.045 + 0.008
o T
§ l $Th
50.15 = - i .
< _ ]
X - i
Mg/O (] - -
g - i
',.9_. 0.2 :;. “.o""w..“x""“v‘*‘,,- delll | ) _“ — -_ _-
g [ ] s i
5 - s 4
T | O - i
0.15 -— -1 Q | i
>-0.05 |- -
wof SO - i Rigidity R[GV] i
2 MY ' 102 2x10? 10° 2x10°
5 L "“M ! TT-TT f— J
“°"5+j_.—-"' ‘ \ ] Ne, Mg, Si have distinctly (significance exceeds 50 )
. different rigidity behavior from He, C, O.
ngldlty\l? [GV]

345 10 20 102 2x102 10° 2x10°



Heavy vs Light Primary Cosmic Rays: Ne, Mg, Sivs He, C, O

Unexpected result: primary cosmic rays have at least two classes
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Very Heavy Primary cosmic rays: Iron nuclei flux
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Very Heavy vs Light primary cosmic rays: Iron vs Oxygen

Iron and Oxygen fluxes have identical rigidity dependence above 80.5 GV
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Properties of very heavy primary cosmic rays: Iron

Unexpected result: Iron belongs to the class of light primary cosmic rays, He, C and O.
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Heavy Secondary cosmic rays: Fluorine nuclei flux measurement
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Heavy vs Ligth Secondary cosmic rays: Fluorine vs Boron

Above 175 GV the rigidity dependences of the F and B fluxes are identical
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Propagation properties of heavy nuclei: light vs heavy secondary-to-primary

Traditionally the light secondary-to-primary ratio B/O (or B/C) is used to describe the
propagation properties of all cosmic rays. New AMS result:

the heavy secondary-to-primary ratio F/Si has a
F/si Dats different rigidity dependence from the lighter B/O ratio
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The propagation properties of heavy cosmic rays are different from those of light CRs.
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Helium nuclei isotopic composition measurement
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Helium isotopic composition:
secondary-to primary 3He/?He ratio
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Solar Modulation of cosmic-ray spectra

Low energy cosmic rays from the interstellar medium are “screened” by the
heliosphere, emanation of the Sun’s magnetic field in the interstellar medium

Cosmic rays (high energy)
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Connecting near-Earth space radiation with Deep Space
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The SOIar CyC|e The heliosphere changes with time following the solar cycle:

10 Interplanetary Magnetic Field
. j
The Sun has an 11-year activity cycle ﬁf "
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Solar Magnetic field: polarity reversal

At each solar maximum (every 11 years ) the polarity of the Sun’s magnetic field flips
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Generates charge-sign dependent effects on solar modulation of cosmic rays
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Observation of Fine Time Variations in Proton and Helium Fluxes
AMS Daily Proton Fluxes AMS Daily Helium Fluxes
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Detailed study of solar effects on cosmic rays are important to assess CR Local Interstellar Spectra

Space radiation measurements are crucial to model radiation hazards for human travel in space
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Observation of charge-sign dependent

heliospheric effects: e* and e~ 27-day fluxes
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Observation of fine time variations in the electron flux

AMS Daily
Electron Fluxes
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AMS flux of Protons above 100 MeV Average

Measurement of 20112018
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Measurement of near-Earth radiation

In the energy range 100 MeV to 4000 MeV over a large region, -35°< O,,< +35°, only 3He isotope exists.
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Measurement of AMS Flux of Heavy Nuclei He(Z=2) to Zinc(Z=30)
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Measurement of near-Earth Radiation

AMS Proton (Z=1) flux AMS Iron (Z=26) flux x 2000

102 103
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Conclusions
In nine years on the ISS, AMS has recorded more than 170 billion cosmic rays.

The accuracy of the AMS data is revealing unexpected features in the spectra of many

AMS will continue to collect and analyze data for the lifetime of the Space Station
because whenever a precision instrument such as AMS is used to explore the
unknown, new and exciting discoveries can be expected.




