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Primary cosmic rays (P, 
He, C, O, Ne, Mg, Si, ..., 
Fe) are produced and  
accelerated in 
supernovae explosions

Secondary cosmic rays 
(Li, Be, B, F, …) are 
produced by the 
collisions of primary 
cosmic rays and 
interstellar medium

AMS found the third group of cosmic ray (N, Na, Al, …) are produced both in stars and 
collisions of primary cosmic rays with the interstellar medium. 

Three Kinds of Charged Cosmic Rays
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Cosmic Ray Nuclei Measurements with AMS
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AMS N, Na and Al event selection
• AMS has a good charge measurement capability. Charge 

measured by L1, UTOF, tracker L2-L8, LTOF and L9  are 
required to be consistent along particle trajectory.

• For example, the tracker L2-L8 charge resolution for 3≤ Z≤15 
ranges from 0.05 to 0.17 c.u.

• The background due to finite charge resolution is negligible 
for N, Na and Al, <0.5% over the entire rigidity range. 
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Background from interaction of heavier nuclei
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The background from interaction of heavier 
nuclei in the AMS materials of TRD and UTOF 
(such as O, …→N or Mg, … → Na), was accurately 
subtracted using the measured charge from 
tracker L1, with a typical error of a few percent. 
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Detailed understanding of the N, Na, Al energy spectrum with AMS
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Below 100 GV, the Sodium flux 
rigidity dependence is similar to 
the Nitrogen flux rigidity 
dependence.

Above 100 GV, the Aluminum flux 
rigidity dependence is similar to 
the Nitrogen flux rigidity 
dependence.

5

errors on the fluxes associated with the reconstruction and
selection are <1% over the entire rigidity range.
The material traversed by nuclei from the top of AMS

to L9 is composed primarily of carbon and aluminum. The
survival probabilities of Na and Al nuclei due to inter-
actions in the materials were evaluated using cosmic ray
data collected by AMS as described in Ref. [23]. The
systematic error due to uncertainties in the evaluation of the
inelastic cross section is <3.5% up to 100 GV. Above
100 GV, the small rigidity dependence of the cross section
from the Glauber-Gribov model [22] was treated as an
uncertainty and added in quadrature to the uncertainties
from the measured interaction probabilities [23]. The
corresponding systematic error on both the Na and Al
fluxes is <3.5% up to 100 GV and rises smoothly to 4%
at 3.0 TV.
The rigidity resolution functions for Na and Al have

pronounced Gaussian cores characterized by widths σ and
non-Gaussian tails more than 2.5σ away from the center
[24]. The systematic error on the fluxes due to the rigidity
resolution function was obtained by repeating the unfolding
procedure while varying the width of the Gaussian cores of
the resolution functions by 5% and by independently
varying the amplitudes of the non-Gaussian tails by 10%
[24]. The resulting systematic error is 3.5% at 2 GV, <1%
from 3 GV to 300 GV for both Na and Al fluxes and
increases smoothly to 5% for Na and 4% for Al at 3.0 TV.
There are two contributions to the systematic uncertainty

on the rigidity scale [3,25]. The first is due to time
dependent residual tracker misalignment. This error was
estimated by comparing the E=p ratio for electrons and

positrons, where E is the energy measured with the
electromagnetic calorimeter and p is the momentum
measured with the tracker. It was found to be
1=30 TV−1 [29]. The corresponding errors on Na and Al
fluxes were obtained by repeating the unfolding procedure
with rigidity scale shifts of !1=30 TV−1 and amount to
<0.4% up to 100 GV for both fluxes increasing to 7%
for Na and 6% for Al at 3.0 TV. The second systematic
error on the rigidity scale arises from the magnetic field
map measurement and its temperature corrections [25].
This amounts to an uncertainty of < 0.6% for both fluxes
over the entire rigidity range. The overall error due to
uncertainty on the rigidity scale is < 1% up to 200 GV for
both Na and Al fluxes and increases smoothly to 7% for Na
and 6% for Al at 3.0 TV.
Most importantly, several independent analyses were

performed on the same data sample by different study
groups. The results of those analyses are consistent with
this Letter.
Results.—The measured Na fluxΦNa including statistical

and systematic errors is reported in Table SI of the SM [16]
as a function of the rigidity at the top of the AMS detector.
Figure 1(a) shows the Na flux as a function of rigidity R̃
with the total errors, together with the AMS N flux [3]. In
this and subsequent figures the data points are placed along
the abscissa at R̃ calculated for a flux ∝ R−2.7 [30]. The
measured Al flux ΦAl including statistical and systematic
errors is reported in Table SII of the SM [16] as a function
of the rigidity at the top of the AMS detector. Figure 1(b)
shows the Al flux as a function of rigidity R̃ with the total
errors together with the AMS N flux.
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FIG. 1. As functions of rigidity, the AMS (a) sodium (Na) and (b) aluminum (Al) fluxes together with the rescaled AMS nitrogen (N)
flux [3] multiplied by R̃2.7 with total errors; (c) Na and (d) Al flux spectral indices together with the N flux spectral index.
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AMS 11-Year Results on Nitrogen, Sodium and Aluminum Fluxes

The total errors at ~50 GeV/n are 
<5% for N, Na and Al
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Two classes of primary 
cosmic rays:
He-C-O-Fe and Ne-Mg-Si-S

Two classes of secondary
cosmic rays:
Li-Be-B and F

Properties of Primary and Secondary Cosmic Rays Result from AMS
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Primary and Secondary Components of the N, Na, Al Flux
ΦN= 0.091×ΦO

+ 0.61×ΦB

ΦNa = 0.038×Φsi
+ 1.33×ΦF

The flux ratios at the source: 
N/O=0.091±0.002,
Na/Si=0.038±0.003,
Al/Si=0.105±0.004

are directly determined independent of 
cosmic ray propagation 

ΦAl= 0.105×Φsi
+ 1.04×ΦF
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Latest AMS Results on Cosmic Ray Nuclei Fluxes (Z>=2)

N, Na and Al, belong to a 
distinct group, and are 
combinations of primary and 
secondary cosmic rays. 

Two classes of primary 
cosmic rays:
He-C-O-Fe and Ne-Mg-Si-S

Two classes of secondary
cosmic rays:
Li-Be-B and F



We have presented the precision measurements of N, Na, and Al fluxes from 2 GV to 
3 TV based on 11 years data. The total error on each flux is <5% at 100 GV.

AMS found that N, Na and Al belong to their own group of cosmic rays, distinctly 
different from the primary and the secondary cosmic rays.
They are well described as linear combinations of primary and secondary fluxes over 
a wide energy range.

AMS has accurately determined the primary and secondary components of N, Na 
and Al. The abundance ratios at the source, N/O=0.091±0.002 , Na/Si =0.038±0.003 
and Al/Si = 0.105±0.004 are determined independent of cosmic ray propagation. 
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Summary



Back Up
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AMS Cosmic Ray Nuclei Measurements
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Tracker (9 Layers) + Magnet: Rigidity (Momentum/Charge)
with multi-TV maximal detectable rigidity (MDR)

ToF (4 Layers): Velocity and Direction
Δβ/β2 ≈ 1-2% (Z≥2)
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Z≥2 5-8 µm 3.0-3.7 TV
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Consistent Charge Along Particle Trajectory
Inner Tracker Charge Resolution:
ΔZ = 0.05 - 0.35 (1≤Z≤ 28)  



Detailed understanding of the N energy spectrum with AMS
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The Nitrogen spectral index is situated between the primary and secondary 

cosmic ray spectral index 

Typically, these measurements have errors larger than
40%–50% above 100 GV.
Precision measurements of the primary He, C, and O

cosmic ray fluxes and of the secondary Li, Be, and B
cosmic ray fluxes by the Alpha Magnetic Spectrometer
(AMS) have been reported [8,9] with typical errors of
2%–4% at 100 GV.
To determine the primary and secondary components in

the nitrogen flux, we have chosen the rigidity dependence
of the oxygen flux as characteristic of primary fluxes and
the rigidity dependence of the boron flux as characteristic
of secondary fluxes. The secondary component of the
oxygen flux is the lowest (a few percent [10,11]) among
He, C, and O. The boron flux has no primary contribution
and is mostly produced from the interactions of primary
cosmic rays C and O with interstellar matter.
In this Letter we report the precision measurement of the

nitrogen flux in cosmic rays in the rigidity range from
2.2 GV to 3.3 TV based on data collected by the AMS
during the first five years (May 19, 2011 to May 26, 2016)
of operation aboard the International Space Station (ISS).
The total flux error is 4% at 100 GV.
Detector.—The layout and description of the AMS

detector are presented in Ref. [12]. The key elements used
in this measurement are the permanent magnet [13], the
silicon tracker [14], and the four planes of time of flight
(TOF) scintillation counters [15]. Further information on
the layout and the performance of the silicon tracker and
the TOF is included in Refs. [16,17]. AMS also contains a
transition radiation detector (TRD), a ring imaging
Čerenkov detector, an electromagnetic calorimeter, and
an array of 16 anticoincidence counters.
Nitrogen nuclei traversing AMS were triggered as

described in Ref. [18]. The trigger efficiency has been
measured to be > 98% over the entire rigidity range.
Monte Carlo (MC) simulated events were produced

using a dedicated program developed by the collaboration
based on the GEANT-4.10.1 package [19]. The program
simulates electromagnetic and hadronic interactions of
particles in the material of AMS and generates detector
responses. The Glauber-Gribov model [19], tuned to
reproduce the AMS helium data, see supplemental
figures SM 1(a),1(b) in Ref. [18], was used for the
description of the nuclei inelastic cross sections.
Event selection.—In the first five years AMS has collected

8.5 × 1010 cosmic ray events. The collection time used in
this analysis includes only those seconds during which the
detector was in normal operating conditions and, in addition,
AMS was pointing within 40° of the local zenith and the ISS
was outside of the South Atlantic Anomaly. Because of the
geomagnetic field, this collection time increases with rigidity,
becoming constant at 1.23 × 108 seconds above 30 GV.
Nitrogen events are required to be downward-going

and to have a reconstructed track in the inner tracker
which passes through L1. In the highest rigidity region,

R ≥ 1.3 TV, the track is also required to pass through L9.
Track fitting quality criteria such as a χ2=d:o:f: < 10 in the
bending coordinate are applied, similar to Refs. [18,20,21].
The measured rigidity is required to be greater than a

factor of 1.2 times the maximum geomagnetic cutoff within
the AMS field of view. The cutoff was calculated by
backtracing [22] particles from the top of AMS out to 50
Earth’s radii using the most recent IGRF model [23].
Charge measurements on L1, the upper TOF, the inner

tracker, the lower TOF, and, for R > 1.3TV, L9 are all
required to be compatible with charge Z ¼ 7 as shown in
Fig. 1 of the Supplemental Material [16] for the inner
tracker and in Fig. 2 of the Supplemental Material [16]
for the upper TOF for different rigidity ranges. With this
selection, the charge confusion from noninteracting nuclei
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FIG. 1. (a) The AMS nitrogen flux ΦN [16] multiplied by R̃2.7

with total errors as a function of rigidity. (b) The dependence of
the nitrogen spectral index on rigidity together with the rigidity
dependence of the spectral indices of primary He, C, and O
cosmic rays and secondary Li, Be, and B cosmic rays. For clarity,
the horizontal positions of the Li and B data points and He and O
data points are displaced with respect to the Be and C data points,
respectively. The shaded regions are to guide the eye. As seen,
the nitrogen spectral index is situated between the primary and
secondary cosmic ray spectral indices, hardens rapidly with
rigidity above ∼100 GV and becomes identical to the spectral
indices of the primary cosmic rays above ∼700 GV.

PHYSICAL REVIEW LETTERS 121, 051103 (2018)
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N(E)∝𝑬$𝜸

•When γ is close to 1, it indicates that the 
number of high-energy cosmic rays 
decreases relatively slowly with 
increasing energy.
•When γ is significantly greater than 1, it 
indicates a steeper decrease in the 
number of high-energy cosmic rays.
•When γ is less than 1, it suggests that 
there are more high-energy cosmic rays 
compared to lower-energy ones.



Detailed understanding of the N, Na, Al energy 
spectrum with AMS
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errors on the fluxes associated with the reconstruction and
selection are <1% over the entire rigidity range.
The material traversed by nuclei from the top of AMS

to L9 is composed primarily of carbon and aluminum. The
survival probabilities of Na and Al nuclei due to inter-
actions in the materials were evaluated using cosmic ray
data collected by AMS as described in Ref. [23]. The
systematic error due to uncertainties in the evaluation of the
inelastic cross section is <3.5% up to 100 GV. Above
100 GV, the small rigidity dependence of the cross section
from the Glauber-Gribov model [22] was treated as an
uncertainty and added in quadrature to the uncertainties
from the measured interaction probabilities [23]. The
corresponding systematic error on both the Na and Al
fluxes is <3.5% up to 100 GV and rises smoothly to 4%
at 3.0 TV.
The rigidity resolution functions for Na and Al have

pronounced Gaussian cores characterized by widths σ and
non-Gaussian tails more than 2.5σ away from the center
[24]. The systematic error on the fluxes due to the rigidity
resolution function was obtained by repeating the unfolding
procedure while varying the width of the Gaussian cores of
the resolution functions by 5% and by independently
varying the amplitudes of the non-Gaussian tails by 10%
[24]. The resulting systematic error is 3.5% at 2 GV, <1%
from 3 GV to 300 GV for both Na and Al fluxes and
increases smoothly to 5% for Na and 4% for Al at 3.0 TV.
There are two contributions to the systematic uncertainty

on the rigidity scale [3,25]. The first is due to time
dependent residual tracker misalignment. This error was
estimated by comparing the E=p ratio for electrons and

positrons, where E is the energy measured with the
electromagnetic calorimeter and p is the momentum
measured with the tracker. It was found to be
1=30 TV−1 [29]. The corresponding errors on Na and Al
fluxes were obtained by repeating the unfolding procedure
with rigidity scale shifts of !1=30 TV−1 and amount to
<0.4% up to 100 GV for both fluxes increasing to 7%
for Na and 6% for Al at 3.0 TV. The second systematic
error on the rigidity scale arises from the magnetic field
map measurement and its temperature corrections [25].
This amounts to an uncertainty of < 0.6% for both fluxes
over the entire rigidity range. The overall error due to
uncertainty on the rigidity scale is < 1% up to 200 GV for
both Na and Al fluxes and increases smoothly to 7% for Na
and 6% for Al at 3.0 TV.
Most importantly, several independent analyses were

performed on the same data sample by different study
groups. The results of those analyses are consistent with
this Letter.
Results.—The measured Na fluxΦNa including statistical

and systematic errors is reported in Table SI of the SM [16]
as a function of the rigidity at the top of the AMS detector.
Figure 1(a) shows the Na flux as a function of rigidity R̃
with the total errors, together with the AMS N flux [3]. In
this and subsequent figures the data points are placed along
the abscissa at R̃ calculated for a flux ∝ R−2.7 [30]. The
measured Al flux ΦAl including statistical and systematic
errors is reported in Table SII of the SM [16] as a function
of the rigidity at the top of the AMS detector. Figure 1(b)
shows the Al flux as a function of rigidity R̃ with the total
errors together with the AMS N flux.

] 
1.

7
 G

V
-1

sr
-1

se
c

-2
 [ 

m
2.

7
R~  ×

Fl
ux

 

1

2

3
(a) AMS Na

0.11×AMS N

R ]VG[ ~Rigidity  

3 4 5 10 20 210 210×2 310 310×2

]
1.

7
 G

V
-1

sr
-1

se
c

-2
[m

2.
7

R~  ×
Fl

ux
 

0

1

2

3

4

(b) AMS Al
0.17×AMS N

Al

γ
S

pe
ct

ra
l I

nd
ex

 

-3

-2.8

-2.6

-2.4

-2.2AMS Na
AMS N 

(c)

R ]VG[ 
~

Rigidity 

10 20 30 210 210×2 310 310×2

γ
S

pe
ct

ra
l I

nd
ex

 

-3

-2.8

-2.6

-2.4

-2.2 AMS 
AMS N 

(d)

FIG. 1. As functions of rigidity, the AMS (a) sodium (Na) and (b) aluminum (Al) fluxes together with the rescaled AMS nitrogen (N)
flux [3] multiplied by R̃2.7 with total errors; (c) Na and (d) Al flux spectral indices together with the N flux spectral index.

PHYSICAL REVIEW LETTERS 127, 021101 (2021)

021101-4

Below 100 GV, the 
Sodium flux rigidity 
dependence are similar to 
the Nitrogen flux rigidity 
dependence.

Above 100 GV, the 
Aluminum flux rigidity 
dependence are similar to 
the Nitrogen flux rigidity 
dependence.
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The fluxes ratio compare with other experiments

Ref.[6]:   HEAO-3-C2 
Ref.[37]: Ulysses 
Ref.[38]: Voyager 
Ref.[39]: ACE-CRIS 
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Primary and Secondary Components of the Ni, Na and Al Flux
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Primary and Secondary Components of the C, Mg, Ne, S Flux
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Primary and Secondary Components of the C, Mg, Ne, S Flux
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Primary and Secondary Components in Cosmic Rays
Nuclei Flux Primary Secondary

ΦC (0.83±0.02)×ΦO (0.70±0.02)×ΦB

ΦNe (0.83±0.02)×ΦSi (1.99±0.14)×ΦF

ΦMg (1.01±0.03)×ΦSi (2.39±0.17)×ΦF

ΦS (0.162±0.005)×ΦSi (0.33±0.04)×ΦF

ΦN (0.091±0.002)×ΦO (0.61±0.02)×ΦB

ΦNa (0.038±0.003)×ΦSi (1.33±0.04)×ΦF

ΦAl (0.105±0.004)×ΦSi (1.04±0.03)×ΦF
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AMS Iron Flux

M. J. Boschini et al 2020 ApJS 250 27
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