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Abstract. The Alpha Magnetic Spectrometer (AMS-02) is a wide acceptance high-energy physics experiment

installed on the International Space Station in May 2011 and operating continuously since then. With a collection rate of approximately 1.7 × 1010 events/year, and the combined identification capabilities of 5 independent
detectors, AMS-02 is able to precisely separate cosmic rays light nuclei (1 ≤ Z ≤ 8). Knowledge of the precise
rigidity dependence of the light nuclei fluxes is important in understanding the origin, acceleration, and propagation of cosmic rays. AMS-02 collaboration has recently released the precise measurements of the fluxes of
light nuclei as a function of rigidity (momentum/charge) in the range between 2 GV and 3 TV. Based on the
observed spectral behaviour, the light nuclei can be separated in three distinct families: primaries (hydrogen,
helium, carbon, and oxygen), secondaries (lithium, beryllium, and boron), and mixed (nitrogen). Spectral indices of all light nuclei fluxes progressively harden above 100 GV. Primary cosmic ray fluxes have an identical
hardening above 60 GV, of about γ = 0.12 ± 0.04. While helium, carbon and oxygen have identical spectral
index magnitude, the hydrogen spectral index shows a different magnitude, i.e. the primary-to-primary H/He
ratio is well described by a single power law above 45 GV with index −0.077 ± 0.007. Secondary cosmic ray
fluxes have identical rigidity dependence above 30 GV. Secondary cosmic rays all harden more than primary
species, and together all secondary-to-primary ratios show a hardening difference of 0.13 ± 0.03. Remarkably,
the nitrogen flux is well described over the entire rigidity range by the sum of the primary flux equal to 9% of
the oxygen flux and the secondary flux equal to 62% of the boron flux.

A precise knowledge of cosmic ray nuclei with charge
1 ≤ Z ≤ 8 spectra in the GV-TV region provides important
insights to the origin, acceleration, and subsequent propagation processes of cosmic rays in the Galaxy. Hydrogen, helium, carbon, and oxygen are primary cosmic rays
and are thought to be mainly produced and accelerated in
astrophysical sources. Lithium, beryllium, and boron nuclei are secondary cosmic rays and are thought to be produced by the collisions of cosmic rays with the interstellar
medium. Nitrogen is thought to have significant primary
and secondary components [1].
Over the last 30 years there have been many measurements of light nuclei fluxes [2–17]. Typically the measurements of boron, carbon and oxygen fluxes fluxes have
errors larger than 15% at 100 GV, while lithium and beryllium fluxes have errors larger than 50% at 100 GV. These
measurements showed the possible existence of a hardening in the primary cosmic rays [3–5]. The AMS-02 Collaboration has reported measurement of light nuclei spectra with atomic number 1 ≤ Z ≤ 8 in the rigidity range
from 2 GV to 3 TV, based on 2.5 and 5 years of operations
in Ref. [18–23], showing the existence of a progressive
hardening above 100 GV on all light nuclei species. These
precision measurements, with a typical total error of 14% at 100 GV, allow the investigation of the nature of the
hardening. For example, if the hardening in cosmic rays is
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Figure 1. The layout of the AMS-02 detector. It consists of nine
planes of precision silicon tracker, a transition radiation detector
(TRD), four planes of time of flight counters (TOF), a permanent
magnet, an array of anticoincidence counters (ACC), surrounding the inner tracker, a ring imaging Čerenkov detector (RICH),
and an electromagnetic calorimeter (ECAL). A low energy event
traversing the AMS-02 detector is superimposed.

related to the injected spectra at their source, then similar
hardening is expected for both secondary and primary cosmic rays [24]. However, if the hardening is related to prop-
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Figure 2. Distribution of the charge measured with the inner
tracker L2-L8 for samples from Z = 1 to Z = 10 selected by a
clean selection of charge measured with L1, the upper TOF, and
the lower TOF in the rigidity range from 4 GV to 38.9 GV. As
seen, chemical species are well separated by the use of the inner
tracker alone.
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agation properties in the Galaxy then, a stronger hardening
is expected for the secondary with respect to the primary
cosmic rays [25].
The AMS-02 detector is a general purpose high-energy
particle physics detector. It was installed on the International Space Station on 19 May 2011 to conduct a
unique long duration mission (> 20 years) of fundamental
physics research in space. The layout and description of
the AMS-02 detector are presented in Ref. [26] and shown
in Fig. 1. The key elements used in this measurement are
the permanent magnet [27], the silicon tracker [28], and
the four planes of time of flight (TOF) scintillation counters [29]. AMS-02 also contains a transition radiation detector (TRD), a ring imaging Čerenkov detector (RICH),
an electromagnetic calorimeter (ECAL), and an array of
16 anticoincidence counters.
The tracker is composed of 9 layers of silicon doubleside micro-strip sensors. There is one layer on top of AMS
(L1), 7 layers inside the magnet (L2 to L8) constituting the
inner tracker, and one layer on the bottom of AMS on top
of the calorimeter (L9). The tracker accurately determines
the trajectory and absolute charge |Z| of cosmic rays by
multiple measurements of the coordinates and energy loss.
Together, the tracker and the magnet measure the rigidity
R of charged cosmic rays. With a magnetic field of 1.4
kG, the maximum detectable rigidity, i.e. the rigidity for
which ∆R/R = 100%, is 2(3) TV for Z = 1 (2 ≤ Z ≤ 8)
over the 3 m lever arm from L1 to L9. Each layer of the
tracker also provides an independent measurement of the
absolute value of the charge |Z| of the cosmic ray. The
charge resolution of the layers of the inner tracker together
is ∆Z/Z < 5% for 1 ≤ Z ≤ 8. The charge separation
achieved with the inner tracker charge is shown in Fig. 2.
Two planes of TOF counters are located above the
magnet, and two planes are located below it. The difference in time between the upper TOF and the lower TOF,
together with the track length measurement from tracker,
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Figure 4. The AMS light nuclei (2 ≤ Z ≤ 8) multiplied by R̃2.7
as functions of rigidity above 30 GV [21–23]. For display purposes only, the carbon, oxygen, lithium, beryllium, boron, and
nitrogen fluxes were rescaled as indicated. For clarity, the horizontal positions of the helium, oxygen, lithium, and boron data
points above 400 GV are displaced. As seen, the three secondary
fluxes have identical rigidity dependence above 30 GV as do the
three primary fluxes above 60 GV, but they are different from
each other. The rigidity dependence of the nitrogen flux is distinctly different from the dependence of both the primary fluxes
and the dependence of the secondary fluxes.

measure the particle velocity (β = v/c). The velocity resolution has been measured to be ∆β/β = 0.04(0.02) × β
for Z = 1 (2 ≤ Z ≤ 8) particles. The time difference
discriminates between upward- and downward-going particles. The pulse heights of the two upper layers, are
combined to provide an independent measurement of the
charge. The pulse heights from the two lower planes are
combined to provide another independent charge measurement with a similar accuracy. Since launch in May 2011,
all the detectors have been monitored constantly and calibrated periodically to ensure steady performances.
In the first 30 months AMS collected 8.5×1010 cosmic
ray events. The effective data collection time includes only
those seconds during which the detector was in normal operating conditions. Events are required to be downward
going, to have a reconstructed track in the inner tracker,
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and to pass through L1. In the highest rigidity region,
R > 1 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. 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 particles from
the top of AMS out to 50 Earth’s radii [30] using the most
recent IGRF [31] geomagnetic model. Charge measurements on tracker L1, the inner tracker (shown in Fig. 2),
the upper TOF, and, for R > 1 TV, tracker L9 are required
to be compatible with charge Z from 1 to 8. Complete descriptions of the event selection and background subtraction for each nucleus are reported in Ref. [18–23].
The isotropic flux ΦZi for the species with charge Z in
the i-th rigidity bin Ri ,Ri + ∆Ri is:
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Figure 5. The dependence of the AMS hydrogen flux spectral
index γ on rigidity R̃ [18].
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where NiZ is the number of events after background subtraction and corrected for bin-to-bin rigidity migration, by
the use of an unfolding procedure that uses the rigidity
resolution function obtained from simulation; AZi is the effective acceptance calculate with the simulation and corrected for the small differences between data and simulation for reconstruction and selection efficiencies; iZ is
the trigger efficiency measured from data with the unbiased trigger events (is >90% for hydrogen, >95% for helium and >98% for Z>2); T i is the collection time. Details
about the unfolding procedure and of the acceptance calculation are described in Ref. [18–23].
Much effort has been spent evaluating the total systematic errors. These errors can be separated into several
contributions: from the trigger efficiency and acceptance
estimation; background contamination; the rigidity resolution function and unfolding; the absolute rigidity scale.
Total error does not exceed 4% for any flux at 100 GV.
The flux has been validated using different detector geometries and time periods. Several independent analyses
were performed on the same data sample by different study
groups and the results of those analyses are consistent to
each other. The error estimation and the flux verification
is reported in Ref. [18–23].
Figure 3 shows the hydrogen flux as function of rigidity with the total errors, the sum in quadrature of statistical
and systematic errors. In this and the subsequent figures,
the points are placed along the abscissa at R̃ calculated for
a flux ∝ R−2.7 . In figure 4 fluxes of cosmic ray nuclei with
2 ≤ Z ≤ 8 are shown. All fluxes progressively harden
above 100 GV. The three secondary fluxes have identical
rigidity dependence above 30 GV as do the three primary
fluxes above 60 GV, but they are different from each other.
The rigidity dependence of the nitrogen flux is distinctly
different from the dependence of both the primary fluxes
and the dependence of the secondary fluxes.
To obtain the detailed variation of the spectral index γZ
with rigidity in a model independent way, γZ is calculated
from
γZ = d[log(ΦZ )]/d[log(R)]
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Figure 6. The dependence of the AMS light nuclei (2 ≤ Z ≤ 8)
spectral indices γ on rigidity R̃ [21–23]. For clarity, the horizontal positions of the lithium and boron data points, and helium
and oxygen data points are displaced with respect to the beryllium and carbon data points, respectively. The shaded regions
are to guide the eye. The magnitude and the rigidity dependence
of the secondaries lithium, beryllium, and boron spectral indices
are nearly identical, but distinctly different from the rigidity dependence of the primaries helium, carbon, and oxygen spectral
indices. Above ∼200 GV the secondary fluxes all harden more
than the primary fluxes. 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.

over independent rigidity intervals with a variable width
to have sufficient sensitivity to determine γZ . As seen in
Fig. 5 and Fig. 6, all spectral indices vary with rigidity
and progressively harden with rigidity above 100 GV. The
spectral indices of helium, carbon and oxygen are nearly
identical above 60 GV. Hydrogen shows a similar hardening to the He, C and O above 45 GV one, but the magnitude of the spectral index is different. Lithium, beryllium
and boron spectra are also identical above 30 GV. Above
200 GV, Li, Be, and B harden more than H, He, C, and O.
Nitrogen shows a distinctly different behaviour.
To examine the difference between the rigidity dependence of the primary species, in particular among hydro-
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vals. Above 45 GV the H/He spectral index becomes constant at ∆H/He = −0.077 ± 0.007, i.e. hydrogen and helium
have identical hardening above 200 GV, and the H/He ratio measured by AMS is well fit with a single power law
of index -0.077 above 45 GV.
To examine the difference between the rigidity dependence of primary and secondary cosmic rays in detail, the
secondary-to-primary ratios of the lithium, beryllium, and
boron fluxes to the carbon and oxygen fluxes were computed. The detailed variations with rigidity of the spectral
indices ∆ of each flux ratio were obtained in a model independent way using ∆ = d[log(ΦS /ΦP )]/d[log(R)] where
ΦS /ΦP are the ratios of the secondary to primary fluxes
over rigidity intervals [60.3−192] GV and [192−3300] GV
and shown in Fig 8. Above ∼200 GV these spectral indices exhibit an average hardening of 0.13 ± 0.03. This
verifies that at high rigidities the secondary cosmic rays
harden more than the primary cosmic rays. The additional
hardening of secondary cosmic rays is consistent with expectations when the hardening of cosmic ray fluxes is due
to the propagation properties in the Galaxy [25].
To obtain the fractions of the primary ΦPN and secondary ΦSN components in the nitrogen flux ΦN = ΦPN +ΦSN ,
a fit of ΦN to the weighted sum of a characteristic primary
cosmic ray flux, namely oxygen ΦO [21], and of a characteristic secondary cosmic ray flux, namely boron ΦB [22],
was performed over the entire rigidity range, as shown in
Fig. 9. The fit yields ΦPN = (0.090 ± 0.002) × ΦO and
ΦSN = (0.62 ± 0.02) × ΦB . The contribution of the secondary component in the nitrogen flux drops from 70% at
a few GV to below 30% above 1 TV. The observation that
the nitrogen flux can be fitted over a wide rigidity range as
the simple linear combination of primary and secondary
fluxes permits the determination of the N/O abundance ratio at the source without the need to consider the Galactic
propagation of cosmic rays.
To compare AMS results with previous measurements
a procedure to convert the fluxes from rigidity to the kinetic energy per nucleon E K is used, see Ref. [18–23]. The
atomic mass numbers, averaged by isotopic composition
obtained from AMS low energy measurements are used
for the conversion. The systematic errors on the fluxes
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Figure 9. The AMS nitrogen flux ΦN fit to the weighted sum of
the oxygen flux ΦO and the boron flux ΦB over the entire rigidity
range [23].
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−0.077 ± 0.007 as indicated by the solid blue line.
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Figure 8. The AMS secondary to primary flux ratio spectral indices as functions of rigidity for (a) Li/C, Be/C, and B/C and for
(b) Li/O, Be/O, and B/O. The horizontal band indicates the fit to
the B/C ratio from our previous publication [20]. On average, the
spectral indices of Li/C, Be/C, B/C, Li/O, Be/O, and B/O above
200 GV exhibit a hardening of 0.13 ± 0.03.

gen and helium, the primary-to-primary H/He ratio was
computed [19]. The contribution of individual sources
to the systematic error are added in quadrature to arrive
at the total systematic uncertainty. The correlations in
the systematic errors from the unfolding and the absolute rigidity scale between the hydrogen and helium fluxes
have been accounted for in calculating the corresponding systematic errors of the H/He ratio. Figure 7 shows
the detailed variation the H/He spectral index ∆H/He =
d log(H/He)/d log(R) over non-overlapping rigidity inter-
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Figure 11. The AMS (a) helium, (b) carbon, and (c) oxygen
fluxes as functions of kinetic energy per nucleon E K multiplied
by E K2.7 together with earlier measurements [2–10].

due to the isotopic composition uncertainties were added
in quadrature to the total errors. Figures 10, 11, 12, and
13 show the AMS light nuclei fluxes as a function of the
kinetic energy per nucleon E K together with results of previous experiments [2–17]. As seen, AMS measurements
measures with high precision all the light nuclei species.
In conclusion, a precise knowledge of the cosmic light
nuclei fluxes with atomic number 1 ≤ Z ≤ 8 is important
in understanding the origin, acceleration, and propagation
of cosmic rays. Precise measurement of AMS of the cosmic rays light nuclei fluxes in the rigidity range between
2 GV to 3 TV have been presented. Based on the ob-
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Figure 13. The AMS nitrogen flux ΦN as a function of kinetic
energy per nucleon E K multiplied by E K2.7 [23] together with earlier measurements [6, 7, 9, 11, 12, 16].

served spectral behaviour, the light nuclei can be separated
into three distinct families: primaries (hydrogen, helium,
carbon, and oxygen), secondaries (lithium, beryllium, and
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boron), and mixed (nitrogen). Spectral indices of all light
nuclei fluxes progressively harden above 100 GV. Primary
cosmic ray fluxes have an identical hardening above 60
GV. While helium, carbon and oxygen have identical spectral index magnitude, the hydrogen spectral index shows a
different magnitude, i.e. the primary-to-primary H/He ratio is well described by a single power law above 45 GV
with index −0.077 ± 0.007. Secondary cosmic ray fluxes
have identical rigidity dependence above 30 GV. Secondary cosmic rays all harden more than primary species,
and together all secondary-to-primary ratios show a hardening difference of 0.13 ± 0.03. Remarkably, the nitrogen
flux is well described over the entire rigidity range by the
sum of the primary flux equal to (9 ± 0.2)% of the oxygen
flux and the secondary flux equal to (62 ± 2)% of the boron
flux.
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