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Proton and helium



CALET proton spectrum 
(30 GeV<E<60 TeV)

K. Kobayashi, P.S. Marrocchesi for the CALET Coll., Extended measurement of the proton spectrum with CALET on ISS, Indico-ID: 390, ICRC 2021
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Gwangho Choi : “Analysis Result of the High-Energy Cosmic-Ray Proton Spectrum from the ISS-CREAM Experiment” 
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Tracking by CAL & charge determined by SCD
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Acceleration limit: Emax_z = Z x Emax_p,

R. Scrandis, D. Bowmen and E. S. Seo,
PoS(ICRC2021)1220

Emax_p = 400 GV
Emax_p = 50 TV
Emax_p = 4 PV
Emax_p = 500 PV

G. H. Choi for the ISS-CREAM 
Collaboration PoS(ICRC2021)094 
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Eun-Suk Seo for the ISS-CREAM Collaboration, PoS(ICRC2021)095 
ISS-CREAM Proton Spectrum (2.5 – 655 TeV)
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Four different source 
populations



• The ISS-CREAM instrument successfully took high-
energy cosmic-ray data for 539 days from 8/14/17 to 
2/12/19.

• A proton spectrum is measured in the energy range 2.5 -
655 TeV. 
– A broken power law fit to 2.5 – 100 TeV data: γ = 2.65 ±

0.06 and a break at ~9.94 ± 4.6 TeV with ∆γ = 0.26 ± 0.1.
– At higher energies, the softening does not continue but the 

spectrum becomes harder again. 
– The deviation from a single power law near 10 TeV is 

consistent with the softening reported by CREAM-I &III, 
DAMPE, and NUCLEON, but ISS-CREAM extends 
measurements to higher energies than those prior 
measurements. 

– The spectral hardening at ~ 200 GV and softening ~ 10 
TeV could indicate a transition from one type of source to 
another.

• Other nuclei analysis is in progress.
CRD 17 Eun-Suk Seo 2

Eun-Suk Seo for the ISS-CREAM Collaboration, PoS(ICRC2021)095 
Results from the ISS-CREAM experiment
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Helium energy spectrum

DATA SAMPLE:
¾ 54 months of on-orbit data from January 1st, 2016 to June 30th 2020
¾ MC simulations with GEANT4 FTFP_BERT from 10GeV to 500TeV
¾ MC simulations with FLUKA 10GeV-500TeV

Error bars: statistical uncertainties
Inner dashed band: systematics due to the analysis 𝝈𝒂𝒏𝒂
Outer shaded band: 𝝈𝒂𝒏𝒂+ 𝝈𝒉𝒂𝒅 , 𝝈𝒉𝒂𝒅 obtained from the comparison with FLUKA MC simulations.

The DAMPE measurement of the helium energy spectrum confirms the observation of a spectral hardening at 
TeV-energies previously highlighted by other experiments and clearly shows an evidence of a spectral softening at 
tens of TeV.

MARGHERITA DI SANTO – COSMIC RAY HELIUM SPECTRUM MEASURED BY THE DAMPE EXPERIMENT – ICRC2021 
1

Indico-ID:895



Helium flux fit - Softening
Fit of the softening structure with a Smoothly Broken Power-Law 
(SBPL) in the energy range [6.8 TeV - 80 TeV].

Φ E = Φ0
𝐸
TeV

𝛾

1 +
𝐸
𝐸𝑏

𝑠 Δ𝛾/𝜔

𝐸𝑏 = 34.4−9.8+6.7 TeV
𝛾 = 2.41−0.02+0.02

Δ𝛾 = −0.51−0.20+0.18

𝑠 = 5.0 (𝑓𝑖𝑥𝑒𝑑)
Significance of the softening: ∼ 𝟒. 𝟑 𝝈

MARGHERITA DI SANTO – COSMIC RAY HELIUM SPECTRUM MEASURED BY THE DAMPE EXPERIMENT – ICRC2021 
2

By comparing the implications of this result with the softening observed by DAMPE 
in the proton energy spectrum at ~13.6 TeV, it turns out a charge-dependent softening 
energy, even if a mass-dependence of the structure cannot be ruled out.

Q. An et al. (DAMPE Collaboration), Sci. Adv. 5, eaax3793, (2019).

DAMPE proton spectrum

Indico-ID:895
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Measurement of the light component  (p+He) energy spectrum with the DAMPE space mission

MotivationsMotivations  

Space-based 
experiments 

(direct 
measurements)

Ground-based 
experiments 

(indirect 
measurements)

Measuring light elements in space
(i.e. proton + helium spectrum) 

gives the possibility to compare 
results between 

direct and indirect experiments

p + Hep + He

In this energy region 
direct and indirect 

spectra can be compared

Proton and Helium 
are well separated 
from other peaks

VERY LOW 
CONTAMINATION

(less than 0.1 %)

Looser cuts
Possibility to go to 

higher energy

DAMPEDAMPE

Measurement of the light component (p+He) energy spectrum Measurement of the light component (p+He) energy spectrum 
with the DAMPE space missionwith the DAMPE space mission

Francesca AlemannoFrancesca Alemanno (on behalf of the DAMPE collaboration) (on behalf of the DAMPE collaboration)  Indico-ID: 970Indico-ID: 970
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Measurement of the light component  (p+He) energy spectrum with the DAMPE space mission

p+He spectrum with 60 months of datap+He spectrum with 60 months of data

PreliminaryPreliminary

p+He systematic uncertainties

The p+He spectrum shows a 
spectral hardening at ~ 600 GeV 

and a softening at ~ 25 TeV

Good agreement with the sum of the two 
proton and helium independent analysis!

DIRECT MEASUREMENTS

INDIRECT MEASUREMENTS

● The extension of the p+He spectrum to 
higher energy (~ 500 TeV) is ongoing 

● The final evaluation of systematic 
uncertainties is in progress



Carbon and oxygen
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(c) C/O flux ratio   

CALET measurement of C and O spectra from 10 GeV/n to 2.2 TeV/n
PRL 125 (2020) 251102

CALET spectra consistent with PAMELA and other experiments
Spectral shape similar to AMS but lower normalization
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(b) Oxygen   

CALET
Fit with DPL

=0γ∆Fit with SPL, extrapolation with γ∆

DPL fit  
g = −2.663 ± 0.014
E0 = (215 ± 54) 
GeV/n
Dg = 0.166 ± 0.042
c2/dof = 9.0/8 

DPL fit  
g = −2.637±0.009
E0 = (264 ± 53) GeV/n
Dg = 0.158 ± 0.053
c2/dof = 3.0/8 

SPL fit  
g = −2.626±0.010
c2/dof = 27.5/10 

SPL fit  
g = −2.622±0.008
c2/dof = 15.9/10 

SPL hypothesis excluded at 3.9σ (3.2σ) level for C (O)
P. Maestro for the CALET Coll., Energy spectra of carbon and oxygen cosmic rays with CALET on ISS, Indico-ID: 260, ICRC 2021
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Fit to a constant
0.911± 0.006  @ E> 25 GeV/n 

Carbon and oxygen fluxes harden in a 
similar way above a few hundred GeV/n 

C/O flux ratio as a function of energy is in 
good agreement with  AMS

C and O fluxes have the same 
energy dependence

Energy dependence of the spectral index

§ CALET
o AMS
▲ HEO3-C2
v CREAM-II
� ATIC-2

P. Maestro for the CALET Coll., Energy spectra of carbon and oxygen cosmic rays with CALET on ISS, Indico-ID: 260, ICRC 2021



Indico-ID: 1136 - Libo Wu

Charge_AllCharge_All

Pre&Shower Selection

Track Selection

Charge Selection

Be
B

C

N
O

He

•Not in SAA region 

•BGO Energy > 100 GeV 

•High Energy Trigger (G3) 

•Track Selection 

•Cross PSD & BGO 

•PSD Charge Selection
WidthCarbon_PSD_Plane1

Flight Data
MC    Data

PeakCarbon_PSD_Plane1

Flight Data
MC    Data



Indico-ID: 1136 - Libo Wu

Summary: 
• DAMPE has been in smooth operation more than 5 years since its launch on 

Dec. 17th 2015.

• The selection criteria for carbon and oxygen analyses were presented. 

• Efficiencies are being validated by Monte Carlo.

• In the future  
• More studies on systematics are necessary.

• The quenching effect of BGO energy should be considered.

High Energy Trigger Efficiency PSD Charge Efficiency



• This is a preliminary result of differential spectra from the ISS-CREAM experiment.
• The events of each element are determined from SCD1 charge distribution.
• The mean deposited energies in the calorimeter from incident energies for protons

are used to determine incident energies in this presentation.
• All spectra show power-law like distributions.
• Correction for efficiencies aren’t applied yet.
• The differential spectral will be corrected for geometry factor, live time and 

efficiencies to get the absolute fluxes.

• The SCD top layer (SCD1) is used for charge selection in this 
analysis.

• The charge distribution from carbon to iron are clearly
separated in this presentation.

• The relative abundance SCD1 charge distribution has no
physical significance as correction for interactions and
propagation have not been applied.

Charge Determination Results

Cosmic-ray Heavy Nuclei Spectra Using the ISS-CREAM Instrument
Sinchul Kang for the ISS-CREAM collaboration (sinchul1216@gmail.com)



• Flux vs particle total kinetic 
energy for selected charges using 
conservative x6 scaling of CAL 
energies.
• BSD calibration suggested factor of 

6-8 solves many problems

• Better agreement between MC and on-

orbit data

• Reasonable fluxes/number of particle 

detections 

• Instrument threshold raised

• Agreement between fluxes calculated 

with BSD and with CAL

• Future work:
• Refine BSD calibration of CAL 

energy scale.

• Refine proton selection cuts 

(tricky!).

• Refine efficiency using on-orbit data 

compared to simulated data.

• Estimate systematic errors.

ISS-CREAM: VERY Preliminary results

Flux vs total particle kinetic energy. Errors shown are statistical. Filled circles (squares) are reconstructed from the x6 scaled 

CAL (BSD) energy deposit. Open circles are the flux using the original CAL energy scaling as described in the proceedings. 

Dashed lines are reference fluxes from 

Wiebel-Sooth, Biermann, and Meyer, Astron & Astrophys, v.330, p.389-398 (1998).
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Similar energy scale between analyses

12

Comparison of this analysis and S. 
Kang dN/dE for Carbon, Oxygen, and 
Fe
• Kang data scaled vertically for 

difference in live time.
• Energy reconstruction for protons 

gives similar results in two analyses

• Note: Vertical scaling applied to put 
all on one plot:
• O x1.0e-2
• Fe x1.0e-5



Nuclei with 10 ≤ Z ≤ 14



M. Aguilar et al., PRL 124, 21102 (2020) 

The publication has full description of analysis 
procedure and systematic error evaluation.

For comparison purposes our results are here 
converted from rigidity to kinetic energy per 
nucleon.

AMS Neon, Magnesium and Silicon CRs Fluxes

To examine the rigidity dependence of the fluxes, the
variation of the flux spectral indices with rigidity was
obtained in a model independent way from

γ ¼ d½logðΦÞ%=d½logðRÞ% ð3Þ

over nonoverlapping rigidity intervals bounded by 7.09,
12.0, 16.6, 28.8, 45.1, 86.5, 192.0, 441.0, and 3000.0 GV.
The results are presented in Fig. 3. As seen, the Ne and Mg
spectral indices are identical in this rigidity range and the
three flux spectral indices harden identically with rigidity
above ∼200 GV.
To compare the rigidity dependence of the Ne, Mg, and

Si fluxes with that of He, C, and O primary cosmic ray
fluxes, which have identical rigidity dependence above
60 GV [2], the ratios of the neon, magnesium, and silicon

fluxes to the oxygen flux were computed using the data in
Tables SI–SIII of SM [16] and data in Ref. [30], and
reported in Tables SVI–SVIII of SM [16], with statistical
and systematic errors. To examine the rigidity dependence
of Ne=O, Mg=O, and Si=O flux ratios, fits to the double
power law,

ΦNe;Mg;Si

ΦO
¼

!
CðR=86.5 GVÞΔ R ≤ 86.5 GV

CðR=86.5 GVÞδ R > 86.5 GV;
ð4Þ

where C is a constant, to the ratios for rigidities above
20 GV have been performed and shown in Fig. S4 of
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FIG. 2. The AMS (a) neon, (b) magnesium, and (c) silicon
fluxes as functions of kinetic energy per nucleon EK multiplied
by E2.7

K together with earlier measurements. For the AMS

measurement EK ¼ ð
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
Z2R̃2 þ M2

p
−MÞ=A, where Z, M, and

A are 20
10Ne,

24
12Mg, and 28

14Si nuclei charge, mass, and atomic mass
numbers, respectively.
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FIG. 1. (a) Ne and Mg fluxes multiplied by R̃2.7 and Ne=Mg
flux ratio, and (b) Si and Mg fluxes multiplied by R̃2.7 and Si=Mg
flux ratio with their total errors as functions of rigidity. For
display purposes only, the Ne and Si fluxes were rescaled as
indicated. For clarity, Ne and Si data points above 400 GV are
displaced horizontally. The solid curves show the fit results with
Eq. (2). As seen, the Ne and Mg fluxes have identical rigidity
dependence above 3.65 GV and the three fluxes have identical
rigidity dependence above 86.5 GV, as indicated by the location
of the arrows.
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To examine the rigidity dependence of the fluxes, the
variation of the flux spectral indices with rigidity was
obtained in a model independent way from

γ ¼ d½logðΦÞ%=d½logðRÞ% ð3Þ

over nonoverlapping rigidity intervals bounded by 7.09,
12.0, 16.6, 28.8, 45.1, 86.5, 192.0, 441.0, and 3000.0 GV.
The results are presented in Fig. 3. As seen, the Ne and Mg
spectral indices are identical in this rigidity range and the
three flux spectral indices harden identically with rigidity
above ∼200 GV.
To compare the rigidity dependence of the Ne, Mg, and

Si fluxes with that of He, C, and O primary cosmic ray
fluxes, which have identical rigidity dependence above
60 GV [2], the ratios of the neon, magnesium, and silicon

fluxes to the oxygen flux were computed using the data in
Tables SI–SIII of SM [16] and data in Ref. [30], and
reported in Tables SVI–SVIII of SM [16], with statistical
and systematic errors. To examine the rigidity dependence
of Ne=O, Mg=O, and Si=O flux ratios, fits to the double
power law,

ΦNe;Mg;Si

ΦO
¼

!
CðR=86.5 GVÞΔ R ≤ 86.5 GV

CðR=86.5 GVÞδ R > 86.5 GV;
ð4Þ

where C is a constant, to the ratios for rigidities above
20 GV have been performed and shown in Fig. S4 of
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FIG. 2. The AMS (a) neon, (b) magnesium, and (c) silicon
fluxes as functions of kinetic energy per nucleon EK multiplied
by E2.7

K together with earlier measurements. For the AMS

measurement EK ¼ ð
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
Z2R̃2 þ M2

p
−MÞ=A, where Z, M, and

A are 20
10Ne,

24
12Mg, and 28

14Si nuclei charge, mass, and atomic mass
numbers, respectively.
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FIG. 1. (a) Ne and Mg fluxes multiplied by R̃2.7 and Ne=Mg
flux ratio, and (b) Si and Mg fluxes multiplied by R̃2.7 and Si=Mg
flux ratio with their total errors as functions of rigidity. For
display purposes only, the Ne and Si fluxes were rescaled as
indicated. For clarity, Ne and Si data points above 400 GV are
displaced horizontally. The solid curves show the fit results with
Eq. (2). As seen, the Ne and Mg fluxes have identical rigidity
dependence above 3.65 GV and the three fluxes have identical
rigidity dependence above 86.5 GV, as indicated by the location
of the arrows.
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To examine the rigidity dependence of the fluxes, the
variation of the flux spectral indices with rigidity was
obtained in a model independent way from

γ ¼ d½logðΦÞ%=d½logðRÞ% ð3Þ

over nonoverlapping rigidity intervals bounded by 7.09,
12.0, 16.6, 28.8, 45.1, 86.5, 192.0, 441.0, and 3000.0 GV.
The results are presented in Fig. 3. As seen, the Ne and Mg
spectral indices are identical in this rigidity range and the
three flux spectral indices harden identically with rigidity
above ∼200 GV.
To compare the rigidity dependence of the Ne, Mg, and

Si fluxes with that of He, C, and O primary cosmic ray
fluxes, which have identical rigidity dependence above
60 GV [2], the ratios of the neon, magnesium, and silicon

fluxes to the oxygen flux were computed using the data in
Tables SI–SIII of SM [16] and data in Ref. [30], and
reported in Tables SVI–SVIII of SM [16], with statistical
and systematic errors. To examine the rigidity dependence
of Ne=O, Mg=O, and Si=O flux ratios, fits to the double
power law,
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FIG. 1. (a) Ne and Mg fluxes multiplied by R̃2.7 and Ne=Mg
flux ratio, and (b) Si and Mg fluxes multiplied by R̃2.7 and Si=Mg
flux ratio with their total errors as functions of rigidity. For
display purposes only, the Ne and Si fluxes were rescaled as
indicated. For clarity, Ne and Si data points above 400 GV are
displaced horizontally. The solid curves show the fit results with
Eq. (2). As seen, the Ne and Mg fluxes have identical rigidity
dependence above 3.65 GV and the three fluxes have identical
rigidity dependence above 86.5 GV, as indicated by the location
of the arrows.
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FIG. 1. (a) Ne and Mg fluxes multiplied by R̃2.7 and Ne=Mg
flux ratio, and (b) Si and Mg fluxes multiplied by R̃2.7 and Si=Mg
flux ratio with their total errors as functions of rigidity. For
display purposes only, the Ne and Si fluxes were rescaled as
indicated. For clarity, Ne and Si data points above 400 GV are
displaced horizontally. The solid curves show the fit results with
Eq. (2). As seen, the Ne and Mg fluxes have identical rigidity
dependence above 3.65 GV and the three fluxes have identical
rigidity dependence above 86.5 GV, as indicated by the location
of the arrows.
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SM [16]. Figure 4 shows the rigidity dependence of the
spectral indices Ne=O, Mg=O, and Si=O obtained from the
fits. As seen, above 86.5 GV the spectral indices are
δNe=O ¼ −0.046" 0.010, δMg=O ¼ −0.049" 0.011, and
δSi=O ¼ −0.040" 0.011, fully compatible with each other
and incompatible with zero. Their average value is
hδi ¼ −0.045" 0.008. The difference of hδi from zero
by more than 5σ shows that the Ne, Mg, and Si is a different
class of primary cosmic rays than He, C, and O.
This is illustrated in Fig. 5, which shows the rigidity

dependence of the Ne, Mg, and Si fluxes compared to
rigidity dependence of the He, C, and O fluxes from
Ref. [30] above 86.5 GV together with the fit results of He,
C, and O fluxes and Ne, Mg, and Si fluxes with a function

Φ ¼ C
!

R
45 GV

"
γ
#
1þ

!
R
R0

"Δγ=s$s
; ð5Þ

where C is the normalization constant and s quantifies the
smoothness of the transition of the spectral index from γ for
rigidities below the characteristic transition rigidity R0 to
γ þ Δγ for rigidities above R0 [18]. The details of the fit
procedures and parameters obtained are provided in the
SM [16].
As seen, the rigidity dependences of Ne, Mg, and Si and

He, C, and O are distinctly different.
The previous AMS results on primary cosmic rays He,

C, and O [2] show, unexpectedly, that they have identical
rigidity dependence above 60 GV and that they deviate
from a single power law above 200 GV, whereas the
secondary cosmic rays Li, Be, and B also have identical
rigidity dependence above 30 GV and deviate from a
single power law above 200 GV. The rigidity dependence
of primary cosmic rays He, C, and O is distinctly
different from secondary cosmic rays Li, Be, and
B [28]. These results indicate there are two kinds of
cosmic ray rigidity dependences. These observations have
generated new developments in cosmic ray models
[4,31]. The theoretical models have their limitations, as
none of them predicted the observed spectral behavior of
the cosmic rays. The results in this Letter on heavier
primary cosmic rays Ne, Mg, and Si show that primary
cosmic rays have at least two distinct classes of rigidity
dependence. These unexpected results together with
ongoing measurements of heavier elements in cosmic
rays will enable us to determine how many classes of
rigidity dependence exist in both primary and secondary
cosmic rays and provide important input to the develop-
ment of the theoretical models.
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FIG. 3. The dependence of the Ne, Mg, and Si spectral indices
on rigidity. For clarity, the Ne and Si data points are displaced
horizontally. As seen, the Ne andMg spectral indices are identical
in this rigidity range and the three flux spectral indices harden
identically with rigidity above ∼200 GV.
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FIG. 4. The AMS Ne=O, Mg=O, and Si=O flux ratio spectral
indices obtained with fits of Eq. (4) as a function of rigidity. For
clarity, Ne=O and Si=O spectral indices data points are displaced
horizontally. The vertical dashed line shows the interval boundary
of 86.5 GV. As seen, above 86.5 GV all spectral indices are
identical with average value hδi ¼ −0.045" 0.008.

FIG. 5. The rigidity dependence of the Ne, Mg, and Si fluxes
compared to rigidity dependence of the He, C, and O fluxes from
Ref. [30] above 86.5 GV. For display purposes only, the He, C, O,
Ne, and Si fluxes were rescaled as indicated. For clarity, He, O,
Ne, and Si data points above 400 GV are displaced horizontally.
The green shaded area shows the fit result of He, C, and O fluxes
from Ref. [30] with Eq. (5) together with fit errors [16]. The
magenta shaded area shows the fit result of Ne, Mg, and Si fluxes
from Ref. [16] with Eq. (5) when varying γNeMgSi ¼ γHeCO þ hδi,
by "0.008, from the value of hδi ¼ −0.045" 0.008.
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γ þ Δγ for rigidities above R0 [18]. The details of the fit
procedures and parameters obtained are provided in the
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FIG. 4. The AMS Ne=O, Mg=O, and Si=O flux ratio spectral
indices obtained with fits of Eq. (4) as a function of rigidity. For
clarity, Ne=O and Si=O spectral indices data points are displaced
horizontally. The vertical dashed line shows the interval boundary
of 86.5 GV. As seen, above 86.5 GV all spectral indices are
identical with average value hδi ¼ −0.045" 0.008.

FIG. 5. The rigidity dependence of the Ne, Mg, and Si fluxes
compared to rigidity dependence of the He, C, and O fluxes from
Ref. [30] above 86.5 GV. For display purposes only, the He, C, O,
Ne, and Si fluxes were rescaled as indicated. For clarity, He, O,
Ne, and Si data points above 400 GV are displaced horizontally.
The green shaded area shows the fit result of He, C, and O fluxes
from Ref. [30] with Eq. (5) together with fit errors [16]. The
magenta shaded area shows the fit result of Ne, Mg, and Si fluxes
from Ref. [16] with Eq. (5) when varying γNeMgSi ¼ γHeCO þ hδi,
by "0.008, from the value of hδi ¼ −0.045" 0.008.
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FIG. 4. The AMS Ne=O, Mg=O, and Si=O flux ratio spectral
indices obtained with fits of Eq. (4) as a function of rigidity. For
clarity, Ne=O and Si=O spectral indices data points are displaced
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identical with average value hδi ¼ −0.045" 0.008.

FIG. 5. The rigidity dependence of the Ne, Mg, and Si fluxes
compared to rigidity dependence of the He, C, and O fluxes from
Ref. [30] above 86.5 GV. For display purposes only, the He, C, O,
Ne, and Si fluxes were rescaled as indicated. For clarity, He, O,
Ne, and Si data points above 400 GV are displaced horizontally.
The green shaded area shows the fit result of He, C, and O fluxes
from Ref. [30] with Eq. (5) together with fit errors [16]. The
magenta shaded area shows the fit result of Ne, Mg, and Si fluxes
from Ref. [16] with Eq. (5) when varying γNeMgSi ¼ γHeCO þ hδi,
by "0.008, from the value of hδi ¼ −0.045" 0.008.
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SM [16]. Figure 4 shows the rigidity dependence of the
spectral indices Ne=O, Mg=O, and Si=O obtained from the
fits. As seen, above 86.5 GV the spectral indices are
δNe=O ¼ −0.046" 0.010, δMg=O ¼ −0.049" 0.011, and
δSi=O ¼ −0.040" 0.011, fully compatible with each other
and incompatible with zero. Their average value is
hδi ¼ −0.045" 0.008. The difference of hδi from zero
by more than 5σ shows that the Ne, Mg, and Si is a different
class of primary cosmic rays than He, C, and O.
This is illustrated in Fig. 5, which shows the rigidity

dependence of the Ne, Mg, and Si fluxes compared to
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where C is the normalization constant and s quantifies the
smoothness of the transition of the spectral index from γ for
rigidities below the characteristic transition rigidity R0 to
γ þ Δγ for rigidities above R0 [18]. The details of the fit
procedures and parameters obtained are provided in the
SM [16].
As seen, the rigidity dependences of Ne, Mg, and Si and

He, C, and O are distinctly different.
The previous AMS results on primary cosmic rays He,

C, and O [2] show, unexpectedly, that they have identical
rigidity dependence above 60 GV and that they deviate
from a single power law above 200 GV, whereas the
secondary cosmic rays Li, Be, and B also have identical
rigidity dependence above 30 GV and deviate from a
single power law above 200 GV. The rigidity dependence
of primary cosmic rays He, C, and O is distinctly
different from secondary cosmic rays Li, Be, and
B [28]. These results indicate there are two kinds of
cosmic ray rigidity dependences. These observations have
generated new developments in cosmic ray models
[4,31]. The theoretical models have their limitations, as
none of them predicted the observed spectral behavior of
the cosmic rays. The results in this Letter on heavier
primary cosmic rays Ne, Mg, and Si show that primary
cosmic rays have at least two distinct classes of rigidity
dependence. These unexpected results together with
ongoing measurements of heavier elements in cosmic
rays will enable us to determine how many classes of
rigidity dependence exist in both primary and secondary
cosmic rays and provide important input to the develop-
ment of the theoretical models.
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FIG. 4. The AMS Ne=O, Mg=O, and Si=O flux ratio spectral
indices obtained with fits of Eq. (4) as a function of rigidity. For
clarity, Ne=O and Si=O spectral indices data points are displaced
horizontally. The vertical dashed line shows the interval boundary
of 86.5 GV. As seen, above 86.5 GV all spectral indices are
identical with average value hδi ¼ −0.045" 0.008.

FIG. 5. The rigidity dependence of the Ne, Mg, and Si fluxes
compared to rigidity dependence of the He, C, and O fluxes from
Ref. [30] above 86.5 GV. For display purposes only, the He, C, O,
Ne, and Si fluxes were rescaled as indicated. For clarity, He, O,
Ne, and Si data points above 400 GV are displaced horizontally.
The green shaded area shows the fit result of He, C, and O fluxes
from Ref. [30] with Eq. (5) together with fit errors [16]. The
magenta shaded area shows the fit result of Ne, Mg, and Si fluxes
from Ref. [16] with Eq. (5) when varying γNeMgSi ¼ γHeCO þ hδi,
by "0.008, from the value of hδi ¼ −0.045" 0.008.
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To examine the rigidity dependence of the fluxes, the
variation of the flux spectral indices with rigidity was
obtained in a model independent way from

γ ¼ d½logðΦÞ%=d½logðRÞ% ð3Þ

over nonoverlapping rigidity intervals bounded by 7.09,
12.0, 16.6, 28.8, 45.1, 86.5, 192.0, 441.0, and 3000.0 GV.
The results are presented in Fig. 3. As seen, the Ne and Mg
spectral indices are identical in this rigidity range and the
three flux spectral indices harden identically with rigidity
above ∼200 GV.
To compare the rigidity dependence of the Ne, Mg, and

Si fluxes with that of He, C, and O primary cosmic ray
fluxes, which have identical rigidity dependence above
60 GV [2], the ratios of the neon, magnesium, and silicon

fluxes to the oxygen flux were computed using the data in
Tables SI–SIII of SM [16] and data in Ref. [30], and
reported in Tables SVI–SVIII of SM [16], with statistical
and systematic errors. To examine the rigidity dependence
of Ne=O, Mg=O, and Si=O flux ratios, fits to the double
power law,

ΦNe;Mg;Si

ΦO
¼

!
CðR=86.5 GVÞΔ R ≤ 86.5 GV

CðR=86.5 GVÞδ R > 86.5 GV;
ð4Þ

where C is a constant, to the ratios for rigidities above
20 GV have been performed and shown in Fig. S4 of
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FIG. 2. The AMS (a) neon, (b) magnesium, and (c) silicon
fluxes as functions of kinetic energy per nucleon EK multiplied
by E2.7

K together with earlier measurements. For the AMS
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numbers, respectively.
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FIG. 1. (a) Ne and Mg fluxes multiplied by R̃2.7 and Ne=Mg
flux ratio, and (b) Si and Mg fluxes multiplied by R̃2.7 and Si=Mg
flux ratio with their total errors as functions of rigidity. For
display purposes only, the Ne and Si fluxes were rescaled as
indicated. For clarity, Ne and Si data points above 400 GV are
displaced horizontally. The solid curves show the fit results with
Eq. (2). As seen, the Ne and Mg fluxes have identical rigidity
dependence above 3.65 GV and the three fluxes have identical
rigidity dependence above 86.5 GV, as indicated by the location
of the arrows.
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SM [16]. Figure 4 shows the rigidity dependence of the
spectral indices Ne=O, Mg=O, and Si=O obtained from the
fits. As seen, above 86.5 GV the spectral indices are
δNe=O ¼ −0.046" 0.010, δMg=O ¼ −0.049" 0.011, and
δSi=O ¼ −0.040" 0.011, fully compatible with each other
and incompatible with zero. Their average value is
hδi ¼ −0.045" 0.008. The difference of hδi from zero
by more than 5σ shows that the Ne, Mg, and Si is a different
class of primary cosmic rays than He, C, and O.
This is illustrated in Fig. 5, which shows the rigidity

dependence of the Ne, Mg, and Si fluxes compared to
rigidity dependence of the He, C, and O fluxes from
Ref. [30] above 86.5 GV together with the fit results of He,
C, and O fluxes and Ne, Mg, and Si fluxes with a function

Φ ¼ C
!

R
45 GV

"
γ
#
1þ

!
R
R0

"Δγ=s$s
; ð5Þ

where C is the normalization constant and s quantifies the
smoothness of the transition of the spectral index from γ for
rigidities below the characteristic transition rigidity R0 to
γ þ Δγ for rigidities above R0 [18]. The details of the fit
procedures and parameters obtained are provided in the
SM [16].
As seen, the rigidity dependences of Ne, Mg, and Si and

He, C, and O are distinctly different.
The previous AMS results on primary cosmic rays He,

C, and O [2] show, unexpectedly, that they have identical
rigidity dependence above 60 GV and that they deviate
from a single power law above 200 GV, whereas the
secondary cosmic rays Li, Be, and B also have identical
rigidity dependence above 30 GV and deviate from a
single power law above 200 GV. The rigidity dependence
of primary cosmic rays He, C, and O is distinctly
different from secondary cosmic rays Li, Be, and
B [28]. These results indicate there are two kinds of
cosmic ray rigidity dependences. These observations have
generated new developments in cosmic ray models
[4,31]. The theoretical models have their limitations, as
none of them predicted the observed spectral behavior of
the cosmic rays. The results in this Letter on heavier
primary cosmic rays Ne, Mg, and Si show that primary
cosmic rays have at least two distinct classes of rigidity
dependence. These unexpected results together with
ongoing measurements of heavier elements in cosmic
rays will enable us to determine how many classes of
rigidity dependence exist in both primary and secondary
cosmic rays and provide important input to the develop-
ment of the theoretical models.
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FIG. 4. The AMS Ne=O, Mg=O, and Si=O flux ratio spectral
indices obtained with fits of Eq. (4) as a function of rigidity. For
clarity, Ne=O and Si=O spectral indices data points are displaced
horizontally. The vertical dashed line shows the interval boundary
of 86.5 GV. As seen, above 86.5 GV all spectral indices are
identical with average value hδi ¼ −0.045" 0.008.

FIG. 5. The rigidity dependence of the Ne, Mg, and Si fluxes
compared to rigidity dependence of the He, C, and O fluxes from
Ref. [30] above 86.5 GV. For display purposes only, the He, C, O,
Ne, and Si fluxes were rescaled as indicated. For clarity, He, O,
Ne, and Si data points above 400 GV are displaced horizontally.
The green shaded area shows the fit result of He, C, and O fluxes
from Ref. [30] with Eq. (5) together with fit errors [16]. The
magenta shaded area shows the fit result of Ne, Mg, and Si fluxes
from Ref. [16] with Eq. (5) when varying γNeMgSi ¼ γHeCO þ hδi,
by "0.008, from the value of hδi ¼ −0.045" 0.008.
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To examine the rigidity dependence difference between low-Z He, C and O and high-Z Ne, Mg and Si
primaries the Ne/O, Mg/O, and Si/O flux ratios were studied. Their ratios differs by a power law by more 
than 5σ above 86.5 GV showing that Ne, Mg and Si is a different class of primary CRs than He, C and O.

A. Oliva for the AMS Coll., Properties of Ne, Mg and Si Primaries in CRs Results from AMS, Indico-ID: 763, ICRC 2021.

86.5 GV



Cheng Zhang:  AMS Sodium Flux Result (Indico-ID: 743) (1/2)

AMS Collaboration. Properties of a New Group of Cosmic Nuclei: Results from the Alpha Magnetic Spectrometer on 
Sodium, Aluminum, and Nitrogen

PHYSICAL REVIEW LETTERS 127, 021101 (2021), Published 7 July 2021

The AMS sodium flux as functions of EK

together with earlier measurements
The AMS sodium flux together with the rescaled 

AMS nitrogen flux as function of rigidity
The AMS sodium flux ΦNa fit to the weighted sum

of the silicon flux ΦSi and the fluorine flux ΦF

above 6 GV



• Precision measurement of sodium (Na) cosmic ray flux from 2.15 GV to 3.0 TV based on 0.46 million AMS data (8.5 
years) has been presented.

• Na and N belong to a distinct cosmic ray group and are the combinations of primary and secondary cosmic rays. 
The fraction of the primary component increases with rigidity for N and Na fluxes and becomes dominant at the 
highest rigidities.

• The Na/Si abundance ratio ( 0.036 ±0.003 ) at the source (primary component) is determined independent of 
cosmic ray propagation.

Cheng Zhang:  AMS Sodium Flux Result (Indico-ID: 743) (2/2)



1

AMS aluminum flux together with the 
rescaled AMS nitrogen flux 

AMS aluminum flux compared with other 
experiments

Zhen Liu,   ICRC discussion session CRD 17,    indico-ID: 91896950007

Properties of Cosmic Aluminum Nuclei: Results from 
the Alpha Magnetic Spectrometer



2

Property of aluminum flux Cosmic nuclei fluxes measured by AMS 
from He (Z = 2) to Si (Z = 14)

Properties of Cosmic Aluminum Nuclei: Results from 
the Alpha Magnetic Spectrometer

Zhen Liu,   ICRC discussion session CRD 17,    indico-ID: 91896950007



Iron



Properties of Iron Primary Cosmic Rays:             
Results from the Alpha Magnetic Spectrometer

Yao Chen, indico-id: #1145

Iron spectrum deviates from a single power law and hardening at high rigidity.



Unexpectedly, Fe and He, C, O (light 
nuclei) belong to the same class of  

primary cosmic rays, which are different 
from the Ne, Mg, Si



PRL 126 (2021) 241101

F. Stolzi, C. Checchia, Y. Akaike for the CALET Coll., Measurement of the iron spectrum with CALET on ISS, Indico-ID: 797, ICRC 2021



F. Stolzi, C. Checchia, Y. Akaike for the CALET Coll., Measurement of the iron spectrum with CALET on ISS, Indico-ID: 797, ICRC 2021
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