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1. Introduction

Traditionally, cosmic-ray nuclei are grouped in two types: primary nuclei, which are fused
in stars through the 𝛼-process and accelerated and injected into the galactic medium in supernova
explosions, and secondary nuclei, which are the result of the fragmentation of primary nuclei with
the interstellar medium (cold gas of H and He), a process termed ‘spallation’.

The Alpha Magnetic Spectrometer (AMS) is a state-of-the-art multipurpose particle-physics
detector in orbit at the International Space Station (ISS) since May 2011. AMS has reported
that primary fluxes of helium, carbon and oxygen harden in an identical way above 200 GV, thus
deviating from a single-power-law dependence on rigidity [1]. This feature is typically attributed
to either a hardening in the injection spectra of sources or to a hardening of the diffusion coefficient
which characterises the diffusion in the galaxy. Moreover, AMS has also observed that the heavier
primary fluxes of neon, magnesium and silicon harden in an identical way, although less than lighter
primary cosmic rays (helium, carbon and oxygen) [2].

The fluxes of secondary nuclei are paramount for the determination of whether the spectral
features observed in primary cosmic rays are caused by the cosmic-ray diffusion in the galaxy.
Namely, secondary-to-primary flux ratios reveal the (inverse) dependence of the diffusion coefficient
with rigidity, since secondary fluxes are diffused ‘twice’ with respect to ‘once-diffused’ primary
fluxes. In this work, the preliminary measurements of the fluxes of secondary lithium, beryllium,
boron, fluorine and phosphorus are presented for 11 years of AMS data-taking (see [3, 4] for
previous results).

2. Detector

The layout of AMS is shown in figure 1. AMS has five subdetectors placed either above, below
or inside a permanent magnet, namely, the transition-radiation detector (TRD), the silicon tracker,
the time of flight (TOF), the ring-imaging Cherenkov detector (RICH) and the electromagnetic
calorimeter (ECAL) [5]. As for what the measurement of the fluxes of comic nuclei is concerned,
the key subdetectors are the tracker-magnet pair as well as the time of flight.

The AMS magnet is made of Nd-Fe-B blocks assembled in a cylindrical structure providing a
central field of 1.4 kG. The silicon tracker is made of nine silicon layers: the first (L1) atop of the
instrument, the second (L2) just above the magnet, then, L3-L8 are placed in pairs in three planes
inside the bore of the magnet, and, finally, L9 is placed just above the ECAL. L2-L8 constitute the
inner tracker. In addition, the two external layers (L1 and L9) provide and extended three-meter
level arm, thus reaching a maximum detectable rigidity of 3 TV across the entire tracker geometry.
The rigidity is measured from the bending —sagitta— of the particle trajectory reconstructed from
the 3D coordinates of the interaction points with each of the double-sided silicon micro-strips of
the nine tracker layers. The coordinate resolution is 5-10 𝜇m in the bending direction [6]. As
for the alignment of the silicon tracker, an initial alignment of the tracker was performed before
flight with a 400 GeV/c proton test beam at CERN. After the flight, the tracker was realigned in
space using high-energy cosmic rays, namely, a static alignment of the inner tracker and a dynamic
(time-dependent) alignment of the external layers [7]. In addition, the tracker provides an accurate
determination of the particle charge. Each layer has a resolution linearly increasing from 0.1 c.u.
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Figure 1: Nuclei and other particles (such as protons, electrons, positrons and antiprotons) are identified by
their absolute charge, 𝑍 , and charge sign, + or −, and momentum, 𝑃, as well as energy, 𝐸 . These dynamical
properties are measured independently by various AMS subdetectors.

to 0.8 c.u. for the various 𝑍-nuclei. The inner tracker has a resolution from 0.05 c.u. to 0.3 c.u. for
1 ≤ 𝑍 ≤ 28 [8].

The time of flight is made of two pairs of planes placed above (the upper ToF) and below
(the lower ToF) the magnet. Each plane is made of eight to ten paddles of plastic scintillators.
The relative charge resolution of each pair of paddles is about 1 − 2% [9]. Moreover, the fast
signal response provided by the ToF constitutes a physical trigger for the measurement, namely,
for 𝑍 > 1 particles, the coincidence in a 240 ns time window of pulses above 3.5 times the height
of a minimum ionising particle signal in all four ToF planes, with an additional quality request in
the number of fired anti-coincidence counters, which surround the magnet bore to reject particles
entering AMS from the side. The efficiency of this trigger is judged by an unbiased trigger with a
looser condition of three out of four signals in the ToF planes, no request in the anti-coincidence
counters and a pre-scaling factor of 1/100 (to avoid saturation in the acquisition). The efficiency of
the unbiased trigger was estimated from data to be above 99.99% for all rigidities using events in
which only one of the four ToF planes gave no signal.

3. Analysis

The isotropic flux Φ𝑖 measured in the rigidity bin from 𝑅𝑖 to 𝑅𝑖 + Δ𝑅𝑖 is

Φ𝑖 =
𝑁𝑖

𝐴𝑖𝜀𝑖𝑇𝑖Δ𝑅𝑖

, (1)

where 𝑁𝑖 are the number of events of 𝑍-nuclei counted in the rigidity interval after background
subtraction and correction of bin-to-bin migrations, 𝐴𝑖 is the effective acceptance of the instrument,
including the geometric acceptance and the event selection and event reconstruction efficiencies
of the detector computed with a Monte-Carlo simulation and corrected with data, 𝜀𝑖 is the trigger
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efficiency of the instrument and 𝑇𝑖 is the data-collection time. The rigidity binning has been chosen
based on the rigidity resolution function and the available statistics. The analysis of the fluxes of
cosmic nuclei is based on the accurate evaluation of the various elements in Eq. (1).

The data-collection time, 𝑇𝑖 is not the same at all rigidities, since there exists a geomagnetic
shielding that prevents lower rigidity particles from reaching AMS. The strength of the shielding is
different at the various latitudes sampled by the ISS orbit, generally higher at geomagnetic equator
and lower closer to the geomagnetic poles. Thus, the data-collection time increases with rigidity
till it reaches a constant maximum above 30 GV. The systematic error due to a potentially incorrect
mapping of the geogmanetic field by the IGRF model is negligible.

The number of events collected in 11 years of operation at the ISS is 5.1 million for lithium,
2.4 million for beryllium, 7.1 million for boron, 0.41 million for fluorine and 0.14 million for
phosphorus. The background correction to the number of counts has two sources: fragmentation
in the material between L1 and L2 of the silicon tracker (TRD and upper ToF) and fragmentation
in the little material above L1 (support structures made of carbon fiber). The residual background
due inelastic interactions between L1 and L2 is subtracted with accurate template fits to the charge
distributions of the L1. The templates for the various charge distributions is obtained from the L2
signal response obtained from a quality charge selection of the remaining inner-tracker layers. This
background is < 0.5% for lithium and beryllium, < 3% for boron, and varies with rigidity from
4% to 15% for fluorine and from 15% to 30% for phosphorus. The background due to interactions
above L1 is estimated from simulations of Monte-Carlo samples generated according to AMS flux
measurements. The simulation of the fragmentation with AMS material has been validated with
data. For lithium, beryllium, boron, fluorine and phosphorus this background is 5%, 8%, 5%,
14% and 17% at 2 GV respectively and 2%, 13%, 8%, 15% and 6% at 3 TV respectively. The
uncertainties due to background corrections are < 1.5% for lithium, beryllium and boron in the
whole rigidity range; 1.5% at 2 GV and 6% at 2.9 TV for fluorine; and < 13% in the entire rigidity
range for phosphorus.

The instrument acceptance is calculated with a Monte-Carlo simulation developed by the AMS
Collaboration and built using Geant4-10.3 package. The simulation describes electromagnetic
and hadronic interactions with the various materials of AMS subdetectors and provides a detection
signal digitized by the electronics. Then, as it happens with real cosmic rays, Monte-Carlo generated
events can be reconstructed in their passage through AMS and thus, the acceptance of the instrument
can be evaluated. Moreover, the various detector efficiencies accounting for charge selection and
track reconstruction, as well as the different inelastic cross sections [10] and survival probabilities
through the material traversed, are evaluated in data and Monte Carlo to correct the simulated
acceptance and thus get the effective acceptance in (1). The systematic error due to the data-to-
Monte-Carlo corrections to the acceptance is < 6% across the entire rigidity range. In addition, the
systematic error in the trigger efficiency is < 1% over the entire rigidity range.

Finally, the bin-to-bin migrations due to finite rigidity resolution are corrected using an un-
folding procedure. The rigidity resolution functions have pronounced Gaussian cores of width 𝜎

and non-Gaussian tails more than 2.5𝜎 away from the centre. The unfolding corrections typically
range ±20% reaching maximal and minimal values at high and low rigidity. The simulated reso-
lution functions have been verified with the comparison in data and Monte Carlo of the L3 and L5
measured coordinates with those obtained from the track fit using the remaining tracker layers. In
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Figure 2: The fluxes of lithium, beryllium, boron and fluorine compared with other experiments (see [3, 4]
and ref. therein) as a function of kinetic energy per nucleon (the measurement is made from 2-3 GV to 3 TV,
although, in order to compare against other measurements which do to measure rigidity, a certain mean mass
composition has to be assumed for each flux, namely, for lithium, beryllium, boron and fluorine are 6.5 u,
8.0 u, 10.7 u and 19 u respectively). The state-of-the-art GALPROP-HELMOD model is also shown. [These
are preliminary 11-year AMS data. Please, refer to the forthcoming AMS publication for the final figures.]

addition, the angular difference between the L1 to L2 trajectory and the inner tracker track have been
compared in data and Monte Carlo, thus verifying the description in the simulation of the multiple
and elastic scatterings. These validations of the resolution function allow for a determination of the
systematic error in the unfolding. The unfolding procedure is thus repeated with a variation of 5%
in 𝜎 of the cores and 20% in the amplitudes of the non-Gaussian tails. The resulting systematic
error typically is < 1.5% between 3 GV and 300 GV and increases to about 5% at 2 TV.

4. Results

The measured AMS fluxes of lithium, beryllium, boron and fluorine are shown in figure 2.
Lithium, beryllium and boron have identical rigidity dependence above 30 GV and show a clear
departure from a single power-law. In order to study the rigidity dependence of the secondary-
to-primary flux ratios, Li/C, Li/O, Be/C, Be/O, B/C and B/O are fitted above 60 GV to a broken
power-law such as

Φ𝑠𝑒𝑐

Φ𝑝𝑟𝑖𝑚

=

{
𝑘 (𝑅/𝑅0)Δ1 if 𝑅 ≤ 𝑅0

𝑘 (𝑅/𝑅0)Δ2 if 𝑅 > 𝑅0
. (2)
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With 𝑅0 ∼ 200 GV, the simultaneous fit to Li/C, Be/C and B/C gives Δ1 − Δ2 = 0.094 ± 0.022 and
the simultaneous fit to Li/O, Be/O and B/O gives Δ1 − Δ2 = 0.133 ± 0.025 as shown in figure 3. In
line with the discussion which laid out the motivation of this work, this result thus shows with more
than 5𝜎 significance that the hardening of the cosmic nuclei for 𝑍 < 9 is a spectral feature due to
propagation in the galaxy.

Figure 3: Left: The spectral indices Δ1 and Δ2 obtained from a fit to broken power-law such as (2) for Li/C,
Be/C and B/C. Right: Same as left, but for Li/O, Be/O and B/O. [These are preliminary 11-year AMS data.
Please, refer to the forthcoming AMS publication for the final figures.]

As for heavier cosmic nuclei, the heavy secondary-to-primary ratio of F/Si is shown in figure 4
compared with the lighter B/O. Clearly, the rigidity dependence of F/Si is distinctly different from
that of B/O. Again, it is possible to fit F/Si with (2), giving Δ1−Δ2 = 0.14±0.06 with 𝑅0 ∼ 175 GV,
which is compatible with the hardening observed in lighter secondary-to-primary ratios. Therefore,
although the rigidity dependence of light nuclei is different from that of heavy nuclei, the spectral
hardening due to a propagation effect is preserved. In order to further understand the distinct
rigidity dependence of light and heavy nuclei, the ratio (F/Si)/(B/O) has been computed. This ratio
of ratios can fitted to (2). The fit gives 𝑘 = 0.39 ± 0.01, 𝑅0 = 9.8 ± 0.9 GV, Δ1 = −0.05 ± 0.01 and
Δ2 = 0.055±0.006 with 𝜒2/𝐷𝑜𝐹 = 24/46, thus showing that the heavy-to-light ratio of secondary-
to-primary ratios is well described by a power-law above 10 GV with more than 7𝜎 significance.
The flux of phosphorus is shown in figure 5. The flux of phosphorus and fluorine are observed to
have the same rigidity dependence with a fit to a power-law, 𝐶𝑅𝛿 , giving 𝛿 = 0.002 ± 0.009 with
𝜒2/𝐷𝑜𝐹 = 26/29.

5. Conclusions

AMS has measured fluxes of secondary lithium, beryllium, boron, fluorine and phosphorus
with high statistics and extensive studies of systematic errors. The secondary-to-primary flux ratios
show that the spectral hardening at ∼ 200 GV observed in the fluxes of nuclei is due to a propagation
effect with > 5𝜎 significance. Moreover, the heavy fluxes of fluorine and phosphorus show the
same rigidity dependence, although different from the lighter secondary fluxes. The power-law fit
of the ratio of light-to-heavy of secondary-to-primary flux ratios deviates from a constant fit with
> 7𝜎 significance.
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Figure 4: Left: Light (B/O) and heavy (F/Si) secondary-to-primary flux ratios. Although, the rigidity
dependence is different, the spectral hardening above 175 GV is similar. Right: The ratio-of-ratios of
(F/Si)/(B/O) fitted with (2), demonstrating that the rigidity dependence of the secondary-to-primary ratios
is different for heavy and light nuclei. [These are preliminary 11-year AMS data. Please, refer to the
forthcoming AMS publication for the final figures.]

Figure 5: Left: The flux of phosphorus compared with other experiments as a function of kinetic energy per
nucleon. The state-of-the-art GALPROP-HELMOD model prediction is also shown. Right: The phosphorus-
to-fluorine flux ratio which is compatible with a constant fit. [These are preliminary 11-year AMS data.
Please, refer to the forthcoming AMS publication for the final figures.]
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