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We report the properties of secondary cosmic rays lithium (Li), beryllium (Be), boron (B), and
fluorine (F) measured in the rigidity (momentum per unit charge) range from 2 GV to 3 TV. The
measurements are based on 5.1 million lithium, 2.4 million beryllium, 7.1 million boron, and 0.41
million fluorine nuclei collected by the Alpha Magnetic Spectrometer (AMS) on the International
Space Station from May 19, 2011 to Nov 11, 2022. The properties of the secondary cosmic ray
fluxes and their ratios to the primary cosmic rays Li/C, Be/C, B/C, Li/O, Be/O, B/O, and F/Si, are
presented.
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1. Introduction

There are two kinds of cosmic rays. Primary cosmic rays, such as He, C, O, Ne, Mg, Si,
S, and Fe, are mainly produced and accelerated at astrophysical sources, while secondary cosmic
rays, such as Li, Be, B, and F, are produced by the collisions of heavier nuclei with the interstellar
media. Precise knowledge of the rigidity dependence of the secondary cosmic ray fluxes and
secondary-to-primary flux ratios is essential in the understanding of cosmic ray propagation in the
Galaxy.

The Alpha Magnetic Spectrometer (AMS) is a unique large acceptance, long duration magnetic
spectrometer in space, operating aboard the International Space Station at an altitude of 410 km.
The primary physics objectives of AMS include measuring energy spectra of cosmic-ray charged
particles, nuclei, antiparticles, antinuclei, and gamma-rays to understand Dark Matter, antimatter,
and the origin of cosmic rays, as well as to explore new physics phenomena.

In this paper, we report the latest AMS measurements of secondary cosmic ray fluxes of Li,
Be, B, and F as well as their ratios to the primary cosmic ray fluxes of Li/C, Be/C, B/C, Li/O, Be/O,
B/O, and F/Si, in the rigidity range from 2 GV to 3 TV. These measurements are based on the data
collected by AMS during the first 11 years (from May 19, 2011 to Nov 11, 2022) of operation.

2. AMS Detector

The layout of the AMS detector is shown in Fig. 1. The key elements for the measurements in
this paper are the permanent magnet, the nine layers, L1-L9, of silicon tracker [1-3] and the four
planes of time of flight TOF scintillation counters [4]. Further information on the AMS layout and
performance is detailed in Ref. [5].
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Figure 1: The AMS detector and its main components.
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3. Data Analysis

The isotropic flux @; in the ith rigidity bin (R;, R; + AR;) is given by

N;

O = ——— 1
T A GT AR (1)

where N; is the number of events after background subtraction and correction for bin-to-bin mi-
gration due to finite tracker rigidity resolution, A; is the effective acceptance, ¢; is the measured
trigger efficiency, 7; is the collection time (which increases with rigidity due to the geomagnetic
field, reaching 2.4 x 108 s above 30 GV), and AR; is the rigidity bin width chosen according to the
rigidity resolution and available statistics.

The main background for the measurements of secondary cosmic rays in AMS comes from
heavier nuclei, which interact above tracker L2. It has two sources. First, the background resulting
from interactions in the material between L1 and L2 (TRD and upper TOF) is evaluated by fitting the
charge distribution of tracker L1 [6, 7]. Second, the background from interactions on materials above
L1 (thin support structures made by carbon fiber and aluminum honeycomb) has been estimated
from simulation using Monte Carlo samples generated according to AMS flux measurements [5].
The simulation of nuclear interactions has been validated with data using nuclear charge changing
cross-sections measured by AMS [8]. The uncertainty in each flux (Li, Be, B, and F) due to
background subtraction is < 1.5% at 2 GV, 2% at 100 GV and 2-6% at 3 TV.

The rigidity resolution function for each nuclei element [2] has been studied following the
procedure decribed in Ref. [9]. The resulting systematic error on the flux is < 1% below 200 GV
and smoothly increasing to 7-9% at 3 TV.

There are two contributions to the systematic uncertainty on the rigidity scale. The first is due
to 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 ECAL and p is the momentum measured
with the tracker. It was found to be 1/34 TV~! [1, 10]. The second systematic error on the rigidity
scale arises from the magnetic field map measurement and its temperature corrections. The error
on the flux due to uncertainty on the rigidity scale is <1% up to 200 GV and increases smoothly to
5-7% at 3 TV.

The systematic error on the fluxes associated with the trigger efficiency measurement is <1%
over the entire rigidity range.

The effective acceptances A; were calculated using Monte Carlo simulation and corrected
for small differences between the data and simulated events related to a) event reconstruction and
selection, charge determination, and tracker quality cuts and b) the details of inelastic interactions of
nuclei in the AMS materials. The systematic errors on the fluxes associated with the reconstruction
and selection are <1% over the entire rigidity range. The survival probabilities of Li, Be, B, and F
nuclei due to interactions in the materials were evaluated using cosmic ray data collected by AMS
as described in Ref. [8]. The systematic error due to uncertainties in the evaluation of the inelastic
cross section is <3% up to 100 GV. Above 100 GV, the small rigidity dependence of the cross
section from the Glauber-Gribov model [11] was treated as an uncertainty and added in quadrature
to the uncertainties from the measured interaction probabilities [8]. The corresponding systematic
error on each flux is < 3% up to 100 GV and rises smoothly to 3-4% at 3 TV.
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4. Results
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Figure 2: The 11-year AMS fluxes of Li, Be, B, and F as a function of kinetic energy per nucleon Ex
multiplied by Ex > together with earlier measurementss [12-21].

Figure 2 shows the latest AMS fluxes of Li, Be, B, and F as a function of kinetic energy per
nucleon Ey together with earlier measurements [12-21]. The AMS measurements are based on 5.1
million lithium, 2.4 million beryllium, 7.1 million boron, and 0.41 million fluorine nuclei collected
during the first 11 years of operation.

Li, Be, and B — Figure 3 shows the 11-year AMS fluxes of Li, Be, and B together with the
primary cosmic ray fluxes of He, C, and O, as a function of rigidity. As seen, the Li, Be, and
B secondary cosmic ray fluxes have identical rigidity dependence above 30 GV. Notably, all three
fluxes — Li, Be, and B — deviate from a single power law at high rigidities and harden in an
identical way [6]. This behavior is also observed in the primary cosmic rays He, C, and O, but the
rigidity dependences of the primary and secondary cosmic rays are distinctly different. To study the
difference of the rigidity dependence between the fluxes of Li-Be-B and He-C-O , the Li/C, Be/C,
B/C and Li/O, Be/O, B/O flux ratios were fitted above 60 GV with a broken power law function:

Ay
{k(R/RO) , R<RyGV, o

k(R/Ry)*2, R > RyGV.
The fit results with Ry = 192 GV are shown in Fig. 4. As seen, above ~ 200 GV, the spectral

indices of Li/C, Be/C and B/C exhibit an average hardening of A, — A; = 0.094 £ 0.023 and the
spectral indices of Li/O, Be/O and B/O exhibit an average hardening of Ay — A; = 0.133 = 0.025.
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Figure 3: Comparison of the 11-year AMS secondary cosmic ray fluxes of Li, Be, and B with the primary
cosmic ray fluxes of He, C, and O multiplied by R>7, together with their total error, as functions of rigidity
above 30 GV. As seen, the three secondary fluxes have an identical rigidity dependence above 30 GV, as do
the three primary fluxes above 60 GV.
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Figure 4: The spectral indices of the 11-year AMS secondary to primary flux ratios (A) from Eq. (2) as
functions of rigidity for (a) Li/C, Be/C, and B/C and for (b) Li/O, Be/O, and B/O. The vertical dashed line
represents the Ry value of 192 GV. On average, the spectral indices of Li/C, Be/C, B/C, Li/O, Be/O, and B/O
exhibit a significant hardening above ~ 200 GV, with a value of Ay —A; = 0.11 £0.02 (a 5.50 significance).

Above 45 GV, we can also fit the flux ratio of characteristic secondary flux B to characteristic
primary flux O (B/O) with a double power law function:

R Y R Ay/s §
q>=c(—45GV) 1+(R_6) ] 3)

The fit yields /0 = —0.40 + 0.01, Ay®/© = 0.13 £ 0.06, s = 0.05 + 0.04, and R} = 200 + 88 GV
with y?/d.o.f=21/29. The observed hardening in the B/O ratio, AyB/© = 0.13 + 0.06, is in good
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agreement with the hardening observed in the primary O flux of Ay® = 0.16 + 0.03, obtained
using the same fitting equation. Remarkably, the latest AMS result shows that above ~ 200 GV the
secondary cosmic rays harden nearly twice as much as the primary cosmic rays. This favours the
hypothesis that the hardening is related to propagation properties in the Galaxy [22-25].
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Figure 5: The AMS B/O flux ratio multiplied by R*- as a function of rigidity R. The solid curve indicates
the fit of Eq. (3) to the data.

F — We have previously reported that primary cosmic ray fluxes (with Z > 2) have two distinct
classes of rigidity dependencies above 90 GV: He-C-O-Fe and Ne-Mg-Si-S [26-29]. To study their
propagation properties, it is crucial to investigate the secondary cosmic ray fluxes, specifically their
ratios to the primary cosmic rays.

Figure 6 left panel shows the 11-year AMS secondary-to-primary F/Si flux ratio together with
the B/O flux ratio. To determine the rigidity dependence of the spectral index in the secondary-to-
primary ratio, we performed a fit to the F/Si flux ratio using Eq. (2) above 28.8 GV with Ry = 175 GV.
The fit yields A/ = ~0.33 +0.02 and A}/>" = ~0.19 +0.06, with a x?/d.o.f.=11/16. Above 175
GV, the spectral index of the F/Si flux ratio exhibits a hardening of Ag/ S Af/ SL=0.14+ 0.06, which
is consistent with the AMS result on the B/O flux ratio hardening of AZB/ 0_ A?/ ©=-0.12+0.02,
where AT/ = ~0.395 £ 0.005, A} = ~0.28 £ 0.02, and x?/d.o.f.=28/36.

To conduct a detailed comparison of the rigidity dependence between the F/Si flux ratio and

the lighter secondary-to-primary B/O flux ratio, the % ratio was computed, as shown in Fig. 6

right panel. The % can also be fitted with Eq. (2) over the entire rigidity range. The fit yields
k =039 +0.01, Rp = 9.8+09 GV, A; = -0.05 + 0.01, and A, = 0.055 = 0.006, with a
x2/d.o.f.=24/46. The 11-year AMS result shows that, above 10 GV, the % ratio can be described
by a single power law oc R® with §(A;) = 0.055 + 0.006, which exhibits a difference of > 7o
from zero. This shows that the heavier secondary-to-primary F/Si flux ratio rigidity dependence
is distinctly different from the lighter B/O rigidity dependence, indicating that the propagation

properties of heavy cosmic rays, from F to Si, are different from those of light cosmic rays, from
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Figure 6: Left panel: The 11-year AMS F/Si flux ratio and B/O flux ratio as functions of rigidity with total
errors. For display purposes only, the F/Si and B/O flux ratios are multiplied by R%-3. The solid red and blue

curves show the F/Si and B/O fit results using Eq. (2), respectively. As seen, the rigidity dependence of F/Si

and B/O flux ratios are distinctly different. Right panel: The 11-year AMS % ratio as a function of rigidity

with total errors. The solid blue curve shows the fit results using Eq. (2). Above 10 GV, the % ratio can be

described by a single power law oc R® with § = 0.055 + 0.006 (> 70 difference from zero).

5. Conclusions

We have presented precision measurements of the fluxes of secondary cosmic rays Li, Be, B,
and F from 2 GV to 3 TV based on the first 11 years of AMS data. Above 200 GV, the secondary
cosmic rays exhibit twice as much hardening as the primary cosmic rays. The rigidity dependence
of the heavier secondary-to-primary F/Si flux ratio is distinctly different from that of the lighter
B/O flux ratio. In particular, above 10 GV, the % ratio can be described by a power law oc R® with
6 = 0.055 = 0.006. This reveals that Li-Be-B and F belong to two different classes of secondary
cosmic rays, highlighting the distinct propagation properties between heavy cosmic rays (from F to

Si) and light cosmic rays (from He to O).
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