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Primary cosmic nuclei

(H, He, C, O, Ne ..., Fe) 

are the most abundant 

component in CR.

They are produced during the 

lifetime of stars and accelerated 

by their explosion (supernovae).

2



AMS

Cosmic ray propagation is commonly modeled as a diffusion 
process due to the turbulent magnetic field:

Primary ~ source (R-a ) x propagation (R-d ) ~ R-(a+d)

Secondary ~ source (R-(a+d) ) x propagation (R-d ) ~ R-(a+2d)

Secondary/Primary ~ R-d

With the Kolmogorov turbulence model δ = -1/3 
Precise measurements of primaries and secondaries rigidity 
dependence provide key information on propagation and source 
processes

Secondary
Primary

ISM
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Galactic Cosmic-Ray Nuclei
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Measurement of Comic-Ray Nuclei
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AMS Charge Measurement of Comic-Ray 
Nuclei

Analysed
In progress
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Number of selected events 
(subtracted for backgrounds and 
corrected for bin-to-bin migration)

Flux Measurement

Φ' = ()
*)+),)△.)

Effective acceptance
(from MC, verified with data) Trigger efficiency

(>97% over entire R range for Z=6)

Collection time
(5 years, 1.23×108 s for R>30 GV)

Bin width
(68 bins between 1.9 GV 

to 3 TV for Z=6)

Isotropic flux in the 0th rigidity 
bin (1', 1' +△ 1')

Extensive studies of the systematic errors:
• Background estimations
• Acceptance and Trigger efficiency
• Rigidity resolution function
• Absolute rigidity scale 

R>1.2 4 Maximum 
geomagnetic cutoff
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Measurements of proton spectrum before 
AMS
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Latest AMS Measurements of proton 
spectrum
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AMS 2011-2018
1 billion events

Preliminary data, refer to 
upcoming AMS PRL publication

Proton  flux measured by AMS shows a deviation from a single 
power law above few hundred GV.
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AMS 2011-2018
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Preliminary data, refer to 
upcoming AMS PRL publica:on
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Before AMS: Results on Primary Cosmic Rays 
(Helium, Carbon, Oxygen)

from balloon and satellite experiments 
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Above 60 GV, the primary cosmic rays have iden8cal rigidity 
dependence. 
Same hardening as proton above 200 GV 11

Latest AMS results (2011-2018) on Primary 
Cosmic Rays He, C, O 

Preliminary data, refer to 
upcoming AMS PRL publica:on

He 90 million events
C 8.4 million events
O 7.0 million events



 [GeV/n]
K

Kinetic Energy E1 10 210 310

] 
1.

7
 (G

eV
/n

)
-1

sr-1 s
-2

 [ 
m

2.
7

K
 E´

Fl
ux

 

0

2

4

6
  

TRACER
PAMELA
Juliusson
Orth
Webber
Lezniak
HEAO3
CRN
Simon
Maehl

c) Boron

27

1 10 210 310

] 
1.

7
 (G

eV
/n

)
-1

sr-1 s
-2

 [ 
m

2.
7

K
 E´

Fl
ux

 1

2

3

4

5
 

Juliusson

Orth

Webber

Lithium

1 10 210 310

] 
1.

7
 (G

eV
/n

)
-1

sr-1 s
-2

 [ 
m

2.
7

K
 E´

Fl
ux

 

1

2

3
  

Juliusson
Orth
Webber
Lezniak
HEAO3

b) Beryllium

 [GeV/n]
K

Kinetic Energy E1 10 210 310

] 
1.

7
 (G

eV
/n

)
-1

sr-1 s
-2

 [ 
m

2.
7

K
 E´

Fl
ux

 

0

2

4

6
 AMS 

TRACER
PAMELA
Juliusson
Orth
Webber
Lezniak
HEAO3
CRN
Simon
Maehl

c) Boron
Beryllium

 [GeV/n]
K

Kinetic Energy E1 10 210 310

] 
1.

7
 (G

eV
/n

)
-1

sr-1 s
-2

 [ 
m

2.
7

K
 E´

Fl
ux

 

0

2

4

6
  

TRACER
PAMELA
Juliusson
Orth
Webber
Lezniak
HEAO3
CRN
Simon
Maehl

c) Boron
Flux Measurements of Li, Be, B before AMS
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Typically, the error on each flux is 
larger than 50% at 100 GV
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Typically, errors are larger than
50% above 50 GV for each element

Before AMS: Results on Secondary Cosmic Rays 
(Li, Be, B)



AMS results on Secondary Cosmic Rays Li, Be, B
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• Above 7 GV, Li and B have iden>cal rigidity dependence  

PRL 120, 021101 (2018)



AMS results on Secondary Cosmic Rays Li, Be, B

14

• Above 30 GV, Li and Be have identical rigidity dependence.
• Below 30 GV, difference can be due to the presence of 

radioactive 10Be isotope (T1/2= 1.4 My)

PRL 120, 021101 (2018)



Rigidity dependence of Primary and Secondary Cosmic Rays

15

• Rigidity dependences are dis5nctly different for primaries and 
secondaries. 

• Both deviate from a tradi5onal single power law above 200 GeV. 15



AMS

Fundamental questions: 
What is the propagation history of cosmic rays?
What is the origin of the break at high rigidity?

Primary ~ source (R-a) x propagation (R-d) ~ R-(a+d)

Secondary ~ source (R-(a+d)) x propagation (R-d) ~ R-(a+2d)

Secondary/Primary ~ R-d

Secondary
Primary

ISM

Galac(c Cosmic Rays

16
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Secondary/Primary flux ra2os vs rigidity

Li/C, Be/C, B/C
and 
Li/O, Be/O, B/O
ratios between 2 GV 
and 3 TV
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To investigate the 
rigidity dependence 
and the origin of the 
spectral hardening at 
high rigidity : 

RD fits for two rigidity 
intervals:
[60.3 GV–192 GV]  
and [192 GV–3300 
GV]
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àIndications for a deviation on the ratio (all data 
combined: 0.13±0.03) 

àSupport the interpretation of the hardening in terms of a 
change in the propagation properties in the Galaxy.

RD fits for two rigidity intervals [60.3 GV–192 GV]  and [192 GV–
3300 GV] of Li/C, Be/C, B/C and Li/O, Be/O, B/O:
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The Nitrogen flux ΦN is composed of a Primary flux ΦP

and a Secondary flux ΦS in the en:re rigidity range
N

N

Nitrogen Flux measurement with AMS02

20

PRL 121, 051103 (2018)



The AMS measurements of the primary cosmic ray fluxes 
and the secondary cosmic rays fluxes with the nitrogen flux.
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Precision measurement of Comic Rays

Analysed
In progress
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Preliminary data, refer to upcoming AMS PRL publication

----- GALPROP
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(1.6 million)
(0.3 million)
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Latest AMS results (2011-2018) on Primary 
Cosmic Rays Z=10, 12, 14, 16

d) Sulfur
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Flux Ra(o to Oxygen (Ne/O, Mg/O, Si/O, and S/O)

25

RΔ1

RΔ2

Ne, Mg, Si

S

O

Δ2 ≈ Δ1≈ -0.035

Above 100GV Ne,Mg,Si/O ∝ RΔ1 and S/O ∝ RΔ1+Δ2  where Δ2 ≈ Δ1 ≈ -0.035 

Preliminary data, refer to 
upcoming AMS PRL publica>on



Additional information from isotopic composition of Cosmic Rays:

• Different origins (secondary/primary): 
• 3He/4He 

• Different propagation history:
• decay of 10Be (t1/2 = 1.4 My) à radioactive clock 

Light Isotopes in Cosmic Rays

Primaries

Secondaries

2

3

4

5

6

7

8

1 2 3 4 5 6 7 8 9 10

1

0 

0 

26



Tr
ac
ke
r

TOF
RICH

ECAL

1

2

7-8

3-4

9

5-6

TRD

TRACKER: R	=	P/Z	Tracker L1

RICH

Tracker L2-L8

Tracker L9

TRD

Upper TOF

Lower TOF

0.18

0.07

0.31

0.18

0.10

0.08

0.08

ΔZ (Z=2)

Charge

AMS: Isotopes idenMficaMon

TOF

M
A
G
N
E
T

'()) = * + − -.
-

TOF b
Δβ (β=1, Z=2) ≈ 0.02

RICH b
Δβ (β=1, Z=2) ≈ O(10-3)

27



3He/4He abundancies
compared with earlier measurements

Preliminary data, refer to 
upcoming AMS PRL publica:on

28



AMS 3He/4He flux ratio

D = -0.294 ± 0.004

<d> = -0.21 ± 0.02
time variation ± 0.05

29

Preliminary data, refer to 
upcoming AMS PRL publica:on



AMS 3He/4He Spectral Index

30

3He/4He flux ratio power law spectral index is in agreement 
with the one measures at high rigidity for the B/O ratio.

Preliminary data, refer to 
upcoming AMS PRL publication

D = -0.294 ± 0.004
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Lithium isotopes in cosmic rays

• Both 6Li, 7Li are secondaries
• 6Li/7Li mainly determined by the 

produc9on cross sec9ons from C, O 
fragmenta9on.

Preliminary data, refer to 
upcoming AMS PRL publica:on

First measurement of 6Li and 7Li fluxes above 0.3 GeV/n.



Conclusions
• AMS precision measurements of cosmic ray nuclei up to multi-

TeV energies are challenging our understanding of cosmic ray 
physics. 

• The AMS results on cosmic-ray fluxes do not follow a single 
power law. They all have a break at ~200 GV. 

• Identical rigidity dependences are observed for both primary 
cosmic rays (He, C, O) and secondary cosmic rays (Li, Be, B). But 
they are distinctly different from each other.

• Measurements of heavier species, Z>8, enable us to explore a 
new region in cosmic rays. The flux Rigidity behaviors of Ne, Mg, 
Si and S deviate from the one of O

• Additional information on cosmic ray physics from isotopic 
fluxes (3He/4He, 6Li/7Li, 9Be/10Be, …)

• AMS will continue taking data for the lifetime of the 
International Space Station (beyond 2024, through the lifetime 
of the ISS). 
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BACKUP SLIDES
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Rigidity (R) [GV]
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 R>45 GV∆(R/45GV)×Fit to A

/N.D.F=33/292χ0.002 ±=-0.079∆
PAMELA
BESS-Polar

Protons and helium are both primary cosmic rays.  
Tradi6onally, they are assumed to be produced in the same sources 

so their flux ra6o should be asympto6cally rigidity independent. 

The AMS Result on the Proton/Helium Flux Ratio

M. Aguilar et al., Phys. Rev. Lett., 115, 211101 (2015)
Δ=-0.077�0.002  χ²/N.D.F = 22/29  (AMS 2011-2013) 

AMS 2011-2018
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AMS data single power law fit  R >45 GV 

Protons and helium are both primary cosmic rays.  
Their flux ratio seems to be rigidity independent at high rigidities. 

Rigidity (R) [GV]
2 3 4 5 10 20 210 210×2 310 310×2

HeP

2

4

6

8 AMS
 R > 3.5GVC+∆(R/45GV)×AFit to 

/N.D.F=56/582χ 0.07±C=3.15 0.01±=-0.30∆

13

p/He Ratio
AMS 2011-2018

A=1.52±0.04
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The AMS Result on the Proton/Helium Flux Ratio
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Preliminary
Please refer to the forthcoming
publication in PRL   
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Preliminary
Please refer to the forthcoming
publica5on in PRL   
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Preliminary
Please refer to the forthcoming
publication in PRL   
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Preliminary
Please refer to the forthcoming
publica5on in PRL   
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Preliminary
Please refer to the forthcoming
publication in PRL   
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Inner Tracker Charge
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• Select primary nuclei by L1 charge
• Obtain survival probability by comparing charge measured with 

inner tracker
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I. Angeli and K. P. Marinova. "Table of experimental nuclear ground state charge radii: An update." Atomic Data 
and Nuclear Data Tables 99.1 (2013): 69-95

Nucleus + C Inelas-c Cross Sec-on Parameteriza-on

Prediction

!" = p1·(RP+ RT +p0)


