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Observables: energy spectra - All particle energy spectrum
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Observables: rigidity spectra

Particles’Flux : intensity

per unit surface, solid In Magnetic Spectrometers

angle, time, and rigidity Number of particles CR spectra are measured as
[m2srs V]l ,' function of Rigidity
\ ¢ R=p/Z (momentum/charge)
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Charged particles make most of the cosmic particles

| Ene:hi m “ ﬁ o _Galactic magnetic f|e|d~ 0(0.1nT) .
10 10 C ) . . Cosmic'rays:

protons,:nuclei,
electrons, positrons,
. antiprotons...

photo vl ‘
e Neutrino .

PARTICLES: '
Protons "89%
nuclei He ~9%
'Nuclel Z>2~1%
electrons ~1%

ANTIPARTICLES:

Positrons~ 0.1 %
Antiprotons ~0.01 % .
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Origin of elements

Protons and Helium nuclei and maybe traces of lithium nuclei formed at the time of Big Bang.
Heavier elements are synthesized in stars
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https://svs.gsfc.nasa.gov/13873/

; Primary cosm-i.c',rays*--f -:’ g O Primary cosmic ray nuclei H, He, C, O, Ne,
- et L Mg, Si..., Fe
are synthesized in stars during their
lifetime.

e 2 They are thought to be accelerated by

e

. ::_jfl_uﬂ_, diffusing through shock waves as those

1y / ' "' generated in supernovae explosions.
5 ¢ Superniova B

" ../ explosion-

R

3

- X .1 cosmic-ray

_RAa

SuperNova . |

' Remnant - -
Ry . . o

SNR 0509-67.9m age frop Hubble/ESA/NASA

Diffusive shock acceleration produces power-law spectra R ¢



Cosmic accelerators:
the Hillas criterion

The Larmor radius for relativistic
particles of charge Ze and energy E is
given roughly as

r,. < E/(ZeB)

Thus, the energy to which a particle
can be accelerated is constrained by
the magnetic field B and the size L of

the system, as per the Hillas criterion.

This leads to the expression for
Emax~B,ZBL

where B, is the velocity of the
accelerated particles

B Magnetic field [Gauss]

1012 > [Neltron stars Emax ~ BszBL | ]
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Cosmic Accelerators piffysive shock acceleration produce power-law spectra R™Y
Supernova Remnant o

SNR0509-67.5 .
400 yea rs oId :

credit: HAP / A. Chantelauze
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Cosmi tion in the Gal
osmic-ray propagation in the Ge
Cosmic rays propagate by diffusing on the / '
irregularities of the galactic magnetic field.

~

Cosmic-ray propagation is described in term:
of a diffusion coefficient D which depen ds or
the particle’s rigidity as :

~ e ——
iy '*"

D(R) < R® =

the parameter & describes the turbulences
the galactic magnetic field

-
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Image of the galactic magnetic field as measured by the ESA’s Plai
https://www.esa.int/ESA_Multimedia/Images/2014/12/The m gr"‘
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https://www.esa.int/ESA_Multimedia/Images/2014/12/The_magnetic_field_along_the_Galactic_plane

Cosmic-ray propagation in the G
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Due to propagation effect P

CR spectra become steeper
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Elemental abundance in cosmic-rays and stars

108 Bt e ® Simpson O ARIEL6 A SKYLAB
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10 CNO & UHCRE X Tueller + Israel
108 0 —— sol. syst.

| Sc-Ti-V-Cr-Mn W A
\/ TR\ X @088
) "\/"\/\,\/ /[

b I v %
Li-Be-B . | %
1 Slelcolqdlar;ylclo?nlqllc IR?»/IS Liidl 1 L1 | | I L1 11 I L1 11 I £ 1 1 l% |

[ 4
0 10 20 30 40 50 60 70 80 90
Nuclear charge number Z

Horandel Adv. Space. Res. 41 (2008) 442-463

Relative abundance of elements (Si=100)

Lithium, Beryllium, Boron, fluorine, and phosphorus as well as elements in the sub-Fe group, are much
more abundant in cosmic rays than in the solar system: they are not direct products of cosmic-ray
sources, they are produced by spallation of primary cosmic-rays with the interstellar medium
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Secondary cosmic rays as probes of the
CR propagation mechanism

CR Flux

A

Primary CR The flux ratio of secondary to

Sp_eCt_r:m primary (mother /daughter ) oc R 9
Secondary RTY measure the rigidity dependence of
checrtum the diffusion coefficient

R—y—25

Rigidity
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Galactic Cosmic-Ray propagation

Cosmic-ray sources resides mostly in the galactic thin disk.
After escaping from their sources cosmic rays propagate from the disk to the
galactic halo until escaping through the galaxy boundary

T T O T T noe B T
: : Primary Cosmic Rays . T
i ' ) p, He, C,0,Si, Fe, .. o= | !
: - : ; = |

A P S s e R 2 e o a st

: W 7 sgalactic’ ¢
S thindisk A

H ojey
dn30elesd ¥d

25000 light
1 light-year=9.5 x 10%2 km=0.3 pc ight years

700 light years

The cosmic-ray galactic halo H measures the half-height of the galactic volume filled by cosmic

rays, known also as cosmic-ray diffusive halo.
13



Cosmic-ray propagation and secondary cosmic rays

In their journey through interstellar space CRs undergo energy losses, convection in the
galactic wind, re-acceleration, and can also destroy themselves by fragmentation in collisions
with gas and dust in the interstellar medium, or by annihilation, or decay if they are unstable.
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Diffusion models based on dn‘ferent assumptions predict a Secondary/Prlmary ratio
asymptotically proportional to H/D(R)
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Searching for Dark Matter, Antimatter, and strange form of matter in

cosmic ray spectra
Signals from DM annihilation or

decay may appear in the spectra
of rare secondaries as positrons,
antiprotons, antideuterons.

B .
- -~
- . -
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. ,‘.-':' \ & . ]
. . produced frgm t?e annihilation
-/ ordecay of hypothetical Dark

'l:f ;-.' M,atter particles
oM Residual primordial antinuclei

‘ .rbm' Cete,pp . might still be present today

From astrophysical sources as
Pulsars

Strange form of matter may
produce isotopes with low

mass/charge ~0.1

:’."é P, Li, Be, B, .

Secondary CR: produced by

s S
......

,(' S° : _»QSS Ejections collisions of primary cosmic rays
. 4F-Ie (?) with the Interstellar medium
“*. Produced at the Big Bang : :
L Straveelets (7] : Need of a comprehensive CR model to
Produced in collisions of stranfe matter stars asses the background from ordinary CRs
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Cosmic-ray detection: space & balloons vs ground-based detectors

yﬁ Cosmic Rays
@100 GeV

—— 1 particle per m“ - second

CR energy spectrum extends from 100 MeV to ~10%° eV 10
Steeply falling:
flux decreases by 30 orders of magnitude from GeV to 10%° eV

Charged cosmic rays have mass. They are absorbed by the
100 km of Earth’s atmosphere (10 m of water)

Cosmic : INDIRECT DETECTION

-0
ray Ground-based detectors | 1°
charged or
photon 3 & elemental groups In A
i ‘7( air Cerenkov air shower arrays

o  Knee @10°GeV
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b4 £ |igotopes (Z,A) k) L. 4 :
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Lﬁ /\‘ radio + air-Cherenkov '\ I_ MeV GeV E 10-21 _ R«,
1A\ \ -
e F QN Energy | @10° GeV
y ‘ DIRECT DETECTION 5 Ankle
Ground-based detectors 10 26 V (1 particle per km2 — year) ¥ %
To measure their charge (including sign) and momentum —>
. . . 9 12 15 18 21
requires a magnetic spectrometer in space 10 10 10 107 ., 10

Energy (eV)

(source: Swordy — U.Chicago) credit: HAP / A. Chantelauze



The AMS-02 detector nitos:/fams02.space]

AMS is a space version of a precision detector used at accelerators designed to
meassure spectra of chaged cosmic-ray particles, antiparticles, and nuclei

Vi ” M

AMS factsheet:

300,000 electronic channels
650 processors

power consumption: 2.4 kW
dimensions: 5m x 4m x 3m
weight: 7.5 tons

AMS was constructed in Europe and Asia, _
assembled and tested at CERN (Geneva), *

with strong support from MIT, DOE,
and NASA.


https://ams02.space/

AMS-02: A TeV precision magnetic spectrometer

Transition Radiation Detector Time Of Flight
Identifies e*, e

Ring Imaging Cherenkov —

Z’ B Particl7> ==

Isotopic composition \ ==

Charge Z and Energy are :

measured independently in
several subdetectors

——
=S
| =




AMS was built by an International [z »
Collaboration | U oF TURK. RIS russia
T : GERMANY W ITEP

= NETHERLANDS W e KURCHATOV INST.
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SJTU (Shanghai)
PORTUGAL SEU (Nanjing)
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AMS Launch May 2011 - o~ pMpigstalled onhthe;§§
Space Shuttle Endeavour = ;Lte il
Mission STS-134 S T ngination 52

AMS-02 webpage: https://ams02.space
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AMS Operations
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at CERN, Geneva

' White Sands Ground Terminal,
New Mexico
In 15 years of operation AMS collected ~270 billion cosmic-ray events



AMS provides precision, long-duration measurements of charged cosmic rays

With high accuracy, AMS measures:

particle anti-particle

Charge (Z) and charge sign
Rigidity (R=P/Z, GV)
Velocity (S=v/c)

Energy (E, GeV)
Mass M = &2
By

Flux (Nevents/(s sr m?GeV))

for all the charged cosmic
rays, e+, e-, p, and p,
and nuclei up to at least
Nickel

Matter Antimatter
e | P Fe et P He
| |
TRD % v T % v
TOF v v i v T
Tracker
+ Magnet / \ \ \ / /
SIS A RSARGEES:
ECAL //ﬂ\ % //ﬂ\ 1
Cosmic-ray Dark Matter Primordial
properties searches antimatter
searches

Thanks to its large acceptance and long-duration mission, AMS is also studying time evolution
of cosmic-ray fluxes for e+, e—, p, and p, and nuclei.
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In this talk | will focus on nuclei and isotope flux measurements with AMS

Cosmic Nuclei identification with AMS

1095_ T I I T I I 1 I I I 1 I 1 I I I I I 1 I 1 I 1 I I I 1 1 _E
He
108'5_ ’\ —g

:lllll‘ll'lflllljl

o 5 10 15 20 5
eparatlon Nuclear Charge eparatlon

between H and He between Fe and Co
is better than 1 in 10° is better than 1 in 102 24
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In-flight determination of the absolute Rigidity scale

Nucl. Instrum. Methods Phys. Res., Sect. A 869, 10 (2017)

Crucial for the accuracy of flux

measurements at the highest energies

A shift in the central tracker planes
of 0.5 microns
is sufficient to create
a momentum shift of 10% at 1 TV
and bias flux measurements.

Rigidity scale shift and its uncertainty are evaluated

from 4 independent measurements Pe*, Ee*, Pe”, Ee”

in 72 energy bins from 2 to 300 GeV.

2| '
290 e e*11<E<13 GeV
® ¢ 11<E<13 GeV
—— € parameterization
(2]
c
()]
i
10°F
11 1
s0] P E [TeV ]
L. M B BRSPS B B
-20 -10 0] 10 20 30 40

Rigidity scale is determined with an accuracy of 3% at 1 TV.
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Nuclear cross-sections measurements with AMS-02

450 O Tanihata (1985)

0O  Ableev (1985)

L1 L2-18 L9
‘ | | S 400 A Jaros (1978)
i Tl \ I 350 ™ e : e ! S
‘ Use left-to-right nuclei to 2 3
- measure the nuclear interactions 3 4567810 20 30 40 10 2x10 10

TOF in the TOF+RICH Rigidity [GV]
Nominal ISS attitude RICH 26

Crucial to accurately measure nuclei fluxes. Nucl. Phys. A 996 121712 (2020)
ISS Flying Horizontally Inelastic cross sections data available only for few target and
TRD , , rojectiles. No measurement available beyond 10 GV.
NSy TR v
Lt — Nuclei survival probabilities measured with in-flight AMS data
<i‘l ’I—l | ‘ I I 600'l- | s | | e | | B lll-
“Q = _
“q - : ]
e I Use right-to-left nuclei 550 N ]
- td'measure nuclear interactions C 4—/):
\_'_I in the TRD+TOF 500 o .
Define “beam” E E
—— —  AMS E

Interaction Cross Section O ., [mb]
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AMS measured nuclear inelastic cross-sections
which were not available from accelerator experiments

oy A L L L B I
£ 2000|= Qi Yan et al Nucl. Phys. A 996 121712 (2020) Fe N

Q L AMS Collaboration Phys. Rep. 894, 1 (2021) -

P - -
o) D S -
c - Si -
S 1500 Ne M9 _ .
o i 0 1
n _ \ -
/)]
»n - B C -
8 1000 Be AMS -
o - Lieta 0 Ableev (1985)8.9GV ]
@ - He A Jaros (1978)5.8GV -
2 500 “ —
— y 3 3 3 1 v 3 32 2 1 3o 30 3 1 o 0 30 301 3 4939 4393014349

0 5 ) 15 20 25

Charge Z of Projectile



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

1912: Discovery of Cosmic Rays

In the past 100 years,
measurements of charged cosmic
rays by balloons and satellites have
typically had 30% to 50% accuracy.

Theoretical models assumed universal
energy spectrum E27 up to the PeV
as for the all-particle spectrum.

Cosmic-ray spectra are
displayed multiplied by E2”.
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AMS is providing

measurements of cosmic

ray spectra with ~1%
accuracy

The improvement in
accuracy is providing
new insights about the
COSMOS.

5 C T T T LI
.’E: [ Lithium Z=3 * AMS3.4 Million
(3 o ----Theoretical model -
S 4 -
(] L -
6 ]
T 3F i
> L T ]
o [ K ", ]
b C KA > ]
E 2f h “ﬁ”w -
W F e, RN
x 1F IR g
x N o Tl
E A Kinetic Energy EK [GeV/n] ]
Bt 1 1 1
4x10" 1 234 10 20 10%2x10? 10%2x10°
3 | 1 T T
fal o R * AMS 1.6 Million -
<. | BerylliumZ=4 ---- Theoretical model
§ L J
8 - -
= 2 ]
o 3 J
s | —_— ]
o - ,/"” M“. ) J
£ B o" *;;f"u -
: | J LX) + -
W .'_1 # ”H{ﬁ'#... J
X - ‘p' + -1
x L (3 -
=] o H H
2 o K|net|cIEnergy EK [(IEeV/n] .
410" 1 234 10 20 10%2x10? 10°2x10°
6 T T T T
<. Boron Z=5 « AMS 4.7 Million
£ r ---- Theoretical model -
=
g B -
= ar W ]
2T Ry e ]
‘}‘2 o .’; “"‘. -
= 2} 5 "n;{;’;u. +
w L SRR
X . N
x r o b
u_=: Lo Kinetic Energy EK [GeV/n] .
Ll
0 s 1 1 1 1
410" 1 234 10 20 10%2x10? 10%2x10°

8 1 T T T
< 3 . _ « AMS 4 million ]
= - Nitrogen Z=7 ---: Theoretical model ]
N 3 A
S B
o 6 =
S { T
o af »’“W‘*”W&;;+;;-+. g .
. | g 1t H+ } + i
- [ 4 ]
X B o h
o .
x R
=] B K4 H H T
 p | NnetioEneray B (GeV L
5x10"1 234 10 20 10%2x10? 10%2x10°
(| R— oy T ——
- T . « AMS 0.3 Million
— [ Fluorine Z=9 ---- Theoretical model ]
S i ]
E 0.3 e . -
5 [ A Hy e ]
- ¥
0.2 S 1 +*H .
e [ ¥ i
= b e
W o[ S .
X B h
x - .’ -1
= - ..’ H i -
T e KinetioFnerayBfGevml L ]
410" 1 234 10 20 10%2x10? 10%x10°
(Y — S ——
% | Sodiumz=11 « AMS 0.5 Million
£ L ----Theoretical model J
206 =
St -+-++ ------- ]
T - Wt ++ b
i - '4'4“ H+++ ~~~~~ ]
0 0.4~ +++ =
o0 ¢ f 1
E I K. b ]
Sy B 0": .
w 0.2t o -
x L o J
x L
2 [ ..»*" Kinetic Energy E [GeV/n] ]
0 il PN | PN | PN |
4x10" 1 234 10 20 10%2x10? 10%x10°

29



" Primary Cosmic Rays i

Primary elements,
protons, He, C, O, Si, S, Ca,..., Fe nuclei

o 107

—h
<

ive abundances n

lative a
—t ek b
o O O
L b

PR BT T T T BT N 1
15 20
Charge number Z

: ‘E‘ner'g"y.(‘or Rigidity) spectra of primary cosmic rays.give
“information on their sources and acceleration mechanism. 30



Light primary cosmic-ray nuclei : H (protons)
The proton spectrum deviates from a simple power law

«10° and hardens above 200 GV

o 15
- . Protons Z=1

< i AMS confirmed early

> - observations from CREAM
2 oL & and PAMELA.

'|-a B n
LT i A 1 The high precision of the
g [ e Nt i AMS measurement allows
Ny 5 A O PAMELA — accurate studies of the

LU . g O CALET _

% ¥ A DAMPE shape of the proton
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AMS provides the most accurate p measurement in the energy range 1 GeV to 1.8 TeV
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Light primary cosmic-ray nuclei : Helium

AMS confirms with high accuracy earlier observations from CREAM and PAMELA:
the helium nuclei spectrum deviates from a simple power law and hardens above 200 GV
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spectral shape:

2.4 T
- 25 . 4+ Helium ]
5t '
o [ +
£ 26_— i -
o C i
"5 B
o -27F 4 -
o B A A A
»n [
28| -
" | M M M | M M PP | Pl
90 20 30 10 2x10? 10° 2x10°

Rigidity R [GV]

32



Latest AMS CR nuclei measurements
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Light primary cosmic-ray nuclei: Helium, Carbon and Oxygen

AMS observed for the first time that above 60 GV
He ,C and O have identical rigidity dependence

Flux x R [ m2s7'sr! (GV)'7]
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~27 E
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Above 200 GV He, C, and O spectra all deviate
from a single power law in. an identical way
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Traditional Understanding
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ol M M M a3 a1 M
70 102 2x10? 10°  2x10°

Which is the origin of the spectral hardening above 200 GV?
Is the spectral hardening universal ?
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Flux x EZ” [ m?s7sr (GeV/n)']

Flux x EZ” [ m?s7sr (GeV/n)'"]

AMS Ne, Mg, and Si Nuclei Flux Measurements:

AMS results are different from previous measurement both in magnitude and the energy dependence. They
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are also different from the Cosmic Ray Theory predictions.
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Heavy vs Light Primary Cosmic Rays: Ne-Mg-Si-S vs He- C-O

Flux x B [ m2s"'sr' (GV)'""]
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Ne, Mg, Si have distinctly (significance exceeds 50 ) different rigidity behavior from He, C, O.

Unexpected result:
primary cosmic rays have

rigidity dependence
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Very Heavy Primary cosmic rays: Iron nuclei flux

Iron belongs to the class of light primary cosmic rays He-C-O
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Very Heavy Prlmary cosmic rays: Iron and Nickel nuclei flux
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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 R~Y~¢

oc R~Y—96+A Primary CR spectrum
3 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 RTY
Primary CR spectrum

injected by the source
o R7Y~¢

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

o R7Y~28
L 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~26
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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Secondary Cosmic Rays

Secondary cosmic rays Li, Be, B, F, sub-Fe nuclei are produced
by collisions of primary cosmic rays, C, O, Ne, Mg, Si, S, Ca, ..., Fe, with the interstellar medium
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Rigidity (or energy) spectra of secondary cosmic rays give information on cosmic-ray propagation



Light Secondary Cosmic Rays Li, Be and B fluxes
Above 30 GV, Li, Be and B have identical spectral shape
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Secondaries and
primaries have distinctly
different spectral shapes
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Light Secondary (Li, Be, B) to Primary (O) flux ratios
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Above 192 GV all three secondary-to-primary flux ratios hardens
Average hardening A=A, — A; =0.12 +0.02, significance: 6o
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This new observation favors the hypothesis that the observed
spectral hardening is due to a propagation effect.

LATER Confirmed by DAMPE and CALET

What about heavier secondary-to-primary ratios?
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Heavy vs Ligth Secondary cosmic rays:
Fluorine vs Boron

AMS found that secondary cosmic rays also have
two classes of rigidity dependence
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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.
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Can be tested by future AMS measurements of heavier secondary-to-primary ratios as Sc/Fe and Vn/Fe .
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Four classes of primary and secondary cosmic-ray nuclei

He, oxygen, silicon, and iron are pure primary

i produced in stars; they group in two classes
» 0/5.1 . of rigidity dependencies:
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Four classes of primary and secondary cosmic-ray nuclei

Phys. Rev. Lett. 136, 241002 (2026)
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Four classes of primary and secondary cosmic-ray nuclei

The spectral shape of nuclei of mixed origin can be described by the sum of a primary
component and a secondary component proportional respectively to the oxygen and boron
spectra for nuclei lighter that oxygen, and to the silicon and fluorine spectra for heavy nuclei

from neon to calcium Phys. Rev. Lett. 136, 241002 (2026)
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Source abundances

The fraction of the primary component measures the relative amount produced at

sources of C/O, N/O, Ne/Si, Na/Si, Mg/Si, Al/Si, S/Si, Cl/Si, Ar/Si, K/Si, and Ca/Si at the
source independently of cosmic ray propagation.

Abundance Ratio AMS HEAO ULYSSES Voyager-1 ACE-CRIS
®c/®0 0.840 + 0.025| 0.80740.015 | 0.85075-0% | 0.800+0.029 | 0.760+0.029
®n/Po 0.091 4 0.002| 0.04840.012 |0.06540.006 | 0.07240.004 | 0.053+0.037
®ne/Psi  |0.823 +0.025| 0.58040.030 |0.58040.061 | 0.581+0.004 | 0.511+0.058
Bna/Ps; 0.039 = 0.003|0.03234-0.0097 [0.03240:0559 | 0.04040.003 |0.0372-0.0256
Dpe/®Psi |0.996 +0.029| 1.03840.028 |1.08040.040 | 1.11040.011 | 1.111+0.033
P a1/ Psi 0.108 £ 0.004| 0.077840.012 |0.077819 0150 [0.0966+0.0083| 0.104+0.019
®p /Dg; 0.003 = 0.001| 0.00840.003 [0.003379-9%331 0.007+0.002
dg/Ds; 0.161 4 0.005| 0.13140.009 |0.13140.002 | 0.13140.002 | 0.129+0.019
®cy/ P 0.010 £ 0.002 0.001+0.001 | 0.003+0.002
®p,/Ps; 0.022 + 0.002| 0.02240.006 |0.022-£0.012 | 0.021+0.003 | 0.019+0.020
Pk /P 0.005 £ 0.002| 0.00440.003 | 0.00370003 | 0.003+0.001
®ca/Psi |0.077 +0.003| 0.060+0.009 |0.065+0.012 | 0.065+0.004 | 0.081+0.035
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Interstellar
medium

Secondaries

Number of Protons

Isotopes in light cosmic-ray nuclei (1<Z <8)

. Primaries
. Secondaries ..
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o 1 2 3 4 5 6 7 8 9

Number of neutrons
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Measurement of CR nuclei isotopic composition with AMS

R -7

Nucleimass M = ——

By

Charge Z
from Silicon Tracker
and TOF

Rigidity R from
Silicon Tracker_

Velocity f from
TOF or RICH

The isotopic composition is extracted from mass
template fits of mass distributions in bins of E,/n

The best velocity
measurement among those
from TOF, RICH- NaF and
RICH-Aerogel is chosen to
optimize mass resolution
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Measurement of isotopic composition of light nuclei:
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Flux Ratio

AMS result on Deuterons ™"s Rev. Lett. 132, 261001 (2024)

D and 3He are both considered to be secondary Protons are primaries
cosmic rays with 4He as main progenitor D and p have both charge =1
D/*He and 3He/*He flux ratios are different D/p is constant above 13 GV
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Is this suggesting a primary component in deuterons?
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Phys. Rev. Lett. 132, 261001 (2024)

AMS result on Deuterons
Above 4.5 GV, the deuteron flux ®p is well described by the sum of a

. P S
primary component ®j, «< &, _and a secondary component &p < ®3
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Lithium isotopes (Z=+3)
Cosmic lithium contains two isotopes 6Li and 7Li
Both produced by spallation of heavier cosmic-ray nuclei with the interstellar medium

’Li might have a primary component from Big Bang nucleosynthesis or low-mass stars

Cosmic-ray model calculations of Li nuclei flux undershoot AMS measurement:
Hint of a primary lithium ’Li component IS
(Boschini et al 2020)
OR primary.'
7Li
uncertainties in lithium production cross-sections?
(Weinrich 2020, P. De La Torre Luque 2021,
Korsmeier & Cuoco 2021, Maurin 2022)

. Boschini et al. APJ, 2020

—-= Secondary Li LIS == Primary+Secondary Li LIS
= HelMod ¢ AMS-02(2011/08-2016/05)

10! 102
Rigidity [GV]

—
%
N
o
)
>
O
=
]
2]
o~
E
o
o~
o
X
>
=
(2]
c
o]
)
=
S
=
=
)
o
0]
b
[a]




Testing the Origin of Lithium Isotopes

i
4 PAMELA-Calorimeter \4
$ ISOMAX ¢
®m Webber et al. m
£ IMP7&8 1
¢ \oyagerl&?2

AMSO1
PAMELA-ToF
ACE-CRIS
Webber & Kish
SMILI-II

2 4 6 8
Kinetic Energy Ex/n [GeV/n]

10

Including
Primary “Li

only secondary Li

model

uncertainty

from Li

production

cross section
)



Testing the origin of Lithium isotopes
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Isotopic composition of light nuclei: Z=+4 Beryllium

Secondary cosmic-ray nuclei include several radioactive isotopes with a decay lifetime

comparable with the cosmic rays residence time in the Galaxy, such as 1°Be which decays to 10B

Diffusive E
nivn Unstable secondary i halo HI
0 clueEn : o - '
e A o O e e AT e oo e e e e R ISP PN i
& disk
| |
Stable secondary °Be + HE
Diffusive :

halo

The fraction of survived radioactive isotopes at Earth measures the CR diffusive galactic halo size H

H can be obtained :
indirectly from mother-to-daughter ratio Be/B - larger uncertainty on galactic halo size

Or more directly from the unstable-to-stable secondaries ratios °Be/°Be or °Be/’Be -> difficult to measure
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Results on Beryllium isotopes
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An upgrade of AMS to reach its original acceptance

AMS as approved AMS on ISS today AMS on ISS to 2030
due to termination of the Shuttle
Superconducting Permanent Magnet, Permanent Magnet,
Magnet 9 layers of Silicon 10 layers of Silicon
8 layers of Silicon, (to maintain the resolution), to upgrade to
Large Acceptance 1/3 of the acceptance full acceptance

New Silicon Tracker Layer LO
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AMS Upgrade

With new Tracker (Layer-0)
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AMS Upgrade

AMS LO integration at CERN May-Sep. 2025
Functional tests Silicon sensors fully integrated on plane
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AMS Upgrade with Minimal Materials Above Layer-0:
large reduction of the backgrounds

3 materials 0.005X,
New Silicon Tracker LO (above new LO)

——
materials 0.055X,
(above existing L1)

10%F |+

10°F
This will allow to measure 4t

the heavy secondary sub- 2w}
Fe elements, Sc, Ti, V,... u’J‘:‘

. . 10%F
with high accuracy ol
10%¢

15
Nuclear Charge



AMS LO with temporary installation of cupola for safe transport to metrology fa

AMS Upgrade

acility Sep 2025.
Y Z i .
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AMS Upgrade

LO at the CERN metrology measurement facility Performance tests at CERN
in October 2025 SPS proton beam JuIy 2026




Summary
Since its installation on the ISS, AMS has recorded more than 260 billion cosmic rays.

The accuracy of the AMS data is revealing new features in the GeV-TeV spectra of many different
types of cosmic ray species.

The AMS data suggests a propagation origin of spectral break in primary CR He-C-O
Still to be understood are:

* the different spectral shape of Ne-Mg-Si primary group

* the difference secondary-to-primary ratios between light and heavy nuclei Li-Be-B/O vs
TN
Recent results: Phosphorus to Ca nuclei and determination of relative source abundances
Upcoming: Be isotopes and determination of CR diffusive halo.

AMS will continue to collect and analyze data for the lifetime of the Space Station 2030.
An upgrade to reach the design acceptance (x3 current acceptance) is planned for 2027
By 2030 AMS will provide a complete inventory of CR nuclei up to Nickel.

Not shown: results on positrons, antiprotons, solar modulation see https://ams02.space/
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