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Abstract

Primary nuclei (He, C, O, Ne, Mg, Si, ...) are thought to be mainly produced and
accelerated in astrophysical sources such as the supernova. Secondary nuclei (Li,
Be, B, ...) are mostly produced by interactions of primary nuclei with the interstel-
lar medium. Precise knowledge of the secondary-to-primary flux ratio, like B/C, is
essential in the understanding of cosmic ray propagation. This thesis presents the
first precision measurements of the heavy cosmic ray fluorine (F), sodium (Na), and
aluminum (Al) fluxes in the rigidity range from 2.15 GV to 3.0 TV, based on data
collected by the Alpha Magnetic Spectrometer (AMS) during the first 8.5 years of
operation. The F flux is believed to be the only pure secondary flux between oxygen
and silicon, and Na and Al fluxes are thought to be produced both in astrophysical
sources and by the collisions of heavier nuclei with the interstellar medium.

The measurements show that the I flux deviates from a single power law above
200 GV. The heavier secondary-to-primary F/Si flux ratio rigidity dependence is
distinctly different from the lighter B/O (or B/C) rigidity dependence. In particular,
above 10 GV, the |(F/Si)/(B/O)| ratio can be described by a power law R’ with
d = 0.052 £ 0.007. This shows that the propagation properties of heavy cosmic rays,
from F to Si, are different from those of light cosmic rays, from He to O, and that
the secondary cosmic rays have two classes. The Na and Al fluxes are well described
by the sums of a primary cosmic ray component (proportional to the Si flux) and a
secondary cosmic ray component (proportional to the F flux), similar to the nitrogen
(N) flux. The fraction of the primary component increases with rigidity for the N,
Na, and Al fluxes and becomes dominant at the highest rigidities. The Na/Si and
Al/Si abundance ratios at the source, 0.036 + 0.003 for Na/Si and 0.103 + 0.004 for
Al/Si, are determined independent of cosmic ray propagation.
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Title: Thomas Dudley Cabot Professor of Physics
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Chapter 1

Introduction

The Alpha Magnetic Spectrometer (AMS) is a precision particle physics detector on
the International Space Station (ISS) conducting a unique, long-duration mission of
fundamental physics research in space. The physics objectives include precise studies
of the origins of dark matter, antimatter, and cosmic rays as well as the exploration
of new physics phenomena.

Over the last decade, the energy spectrum of individual cosmic ray species has been
measured by AMS with unprecedented precision, revealing many new and unexpected
properties of cosmic rays and challenging the current theoretical understanding of
cosmic ray physics.

This thesis focuses on the precision measurement of fluorine, sodium, and alu-
minum fluxes in cosmic rays, and is organized as follows:

Chapter 1 is an introduction to cosmic ray physics, reviewing the previous exper-
imental observations of cosmic rays, and describing the theory of galactic cosmic ray
acceleration and propagation mechanisms.

Chapter 2 describes the setup and performance of the AMS detector, which will
focus on the sub-detectors used in this analysis, namely the silicon tracker and the
time of flight detectors.

Chapter 3 discusses in detail my work on the measurements of the fluorine, sodium,
and aluminum fluxes. The factors entering the flux measurements include the event

selection, the exposure time evaluation, the acceptance calculation, the trigger effi-

23



ciency, the estimate of the background, and the unfolding of the flux. The systematic
uncertainty studies are also presented.

Chapter 4 presents the results: the measured fluorine, sodium, and aluminum
fluxes as well as physics interpretations.

Chapter 5 presents the conclusion.

1.1 Cosmic Rays

Cosmic rays are mainly ionized nuclei, about 90% protons, 9% helium, and 1% heavier
nuclei plus a small amount of electrons [I]. The first observation of cosmic rays
dates back to 1912 when Victor Hess made a series of measurements of radiation
in the atmosphere in balloon flights |2]. Ever since this discovery, cosmic rays are
powerful tools to study new physics. Many new particles were discovered, including
the positron |3|, the muon [1], and pions [5].

Over the decades, an enormous number of experiments have been performed on
the ground, on balloons, and on satellites. The principal data about cosmic rays
are the relative abundances of the different nuclei (composition), the distribution in
energy (energy spectrum) of all-particle and each component, and the distribution
of arrival directions. These data contain information on the origin, acceleration, and

propagation mechanisms of the cosmic rays.

1.1.1 Energy Spectrum

Figure 1-1 is an overview of the energy spectra of cosmic rays as a function of total
energy per particle. Other ways to describe the spectra include: 1) by particles per

unit rigidity 2, where R is defined as momentum divided by the charge of the particle:
pe
R="——; 1.1
7 (1.1)
2) by particles per energy-per-nucleon. A remarkable feature of the cosmic ray spec-

trum is that it can be approximately described by power laws over large intervals of
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energy:

X (1.2)

where the parameter +y is the differential spectral index of the cosmic ray spectrum [1].

The spectral index changes with energy. From 10 ¢V to 10'° eV the differential
spectral index is 7 &~ —2.7. From 10" €V to 10'® eV the differential spectral index
is 7 &~ —3.1. Above 10" ¢V the differential spectral index is v ~ —2.6, and then it
apparently cuts off around 10% ¢V. The transition regions are known as the "knee"
(~3x10% eV), and the "ankle" (~3x10'® eV). This change of the spectral index in-
dicates the change of the physics processes in the region. Cosmic rays up to the knee
are thought to be of galactic origin and accelerated by the shock waves produced in
supernovae explosions. Cosmic rays then propagate through the Galaxy, being de-
flected many times by randomly oriented magnetic fields before eventually reaching
the solar system [I|. Two main effects cause the knee: 1) most cosmic accelerators
in the Galaxy have reached their maximum energy; 2) at the same energy the prop-
agation volume reaches the galactic magnetic field confinement and cosmic rays are
more likely to escape our Galaxy [6]. Since these two effects depend on the magnetic
rigidity R of the particles, the energy spectra for individual elements should exhibit
different cutoffs for different total energies |7]. The ankle is associated with the emer-
gence of particles of extragalactic origin [1|. One possibility is that it is the result
of a higher energy population of particles overtaking a lower energy population, for
example, an extragalactic flux beginning to dominate over the galactic flux |3]. Then
the galactic cosmic rays do not contribute significantly to the flux above 10'® eV,
consistent with the maximum expected range of acceleration by supernova rem-
nants [6]. The cutoff at around 10% €V is due to the GZK effect [9], i.e., the inter-
action of ultra-high-energy cosmic ray protons and nuclei with the cosmic microwave

background which results in a drastic reduction of the observed flux above 5 x 10 V.

The origin of spectral structures in the cosmic-ray flux, where the spectrum de-

viates from a single power law, has been a topic under study for decades. These
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Figure 1-1: Overview of energy spectra of cosmic rays before AMS. The red cross
markers below 10! eV represent the measured spectrum of protons. All other data
represent all-particle cosmic ray energy spectrum. Figure is from Ref. [1].
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longstanding questions challenge the current cosmic-ray theories and indicate the

existence of new physics.

1.1.2 Chemical Composition

Precise knowledge of the chemical composition of cosmic rays provides essential in-
formation about the origin and propagation history of cosmic-ray particles. One
particular way is to compare the relative abundances of nuclear species in cosmic

rays with those in the solar system, as shown in Figure 1-2.

Nuclear abundance: cosmic rays compared to solar system
108 H | T T T T
@

10* Cosmic ray i
: Solar system ——— 1
O

=100

102 |

100

102

Abundance relative to carbon

1074

]
0 5 10 15 20 25 30

108 : '
Nuclear charge

Figure 1-2: Comparison of the elemental abundances in cosmic rays (solid dots) and
in the solar system (open symbols), all relative to carbon = 100. Figure is from

Ref. [10].
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The chemical composition of the cosmic rays is similar to the abundances of the
elements in the solar system with some important exceptions, particularly for the
elements like Li, Be, B, F, and Sc, Ti, V, Cr, Mn which are many orders of magnitude
more abundant in cosmic rays than in the solar system. These observations indicate
that these elements are mainly produced during the propagation instead of in the
source. Traditionally, according to their astrophysical origin, cosmic rays fall into
two categories, primary cosmic rays and secondary cosmic rays. Primary cosmic rays
are thought to be mostly produced during the lifetime of stars and accelerated in
supernovae shocks in our Galaxy. Secondary cosmic rays are produced by collisions
of heavier elements with the interstellar medium (ISM). The secondary-to-primary

ratios of cosmic rays can be used as a probe to study cosmic-ray propagation.

1.1.3 Sources and Acceleration of Cosmic Rays

The origin of cosmic rays is one of the most debated fields in astrophysics. Neverthe-
less, the common idea is that galactic cosmic particles are mostly produced during
stellar nucleosynthesis and are accelerated by shock waves produced by supernovae
explosions in our Galaxy. From the energetic point of view, supernovae can explain
the energy density of cosmic rays. Considering the galactic disc with a thickness of
d =~ 200 pc and radius of Rg = 15 kpc, and taking into account that the estimate
of the energy density in cosmic rays is p ~ 0.5 ¢V /cm?® [1], and the confinement time
of the cosmic rays in the galactic disk is 7es. ~ 15 x 10° yrs [11], the source power is

estimated to be
_pV  prR*d

Te sC TGSC

Ps

~ 8 x 10" erg/s. (1.3)

The average energy released by a supernova explosion is about 1.6x10°! erg, ejected
with a mean velocity of v ~ 5 x 10 ¢cm/s. The supernova rate for the Galaxy has
been estimated to be about 3 supernovae per century |12, so the total output power
is Psy ~ 3 x 10*? erg/s. In order to explain the measured cosmic-ray power in the
Galaxy, a conversion factor for the supernova energy to the cosmic ray energy in

the range of 1% to 10% is needed, and it is well compatible with current supernova
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models.

Fermi acceleration, proposed by Enrico Fermi in 1949 [13|, is widely used to de-
scribe the acceleration mechanism of cosmic rays. There are two types of Fermi

acceleration.

First-order Fermi acceleration is used to describe the acceleration that takes place
directly at the source. Charged particles gain energy interacting with the shock
waves produced by supernovae explosions: this happens when the particle crosses the
shock front and, after diffusing in the nearby turbulent magnetic field, returns to the
shock itself. A particle can be accelerated to higher energies after accumulating many
interactions of this kind, with a probability decreasing at each shock front crossing.
The energy increases with the first order in v/¢, where v is the shock front velocity.
The resulting energy spectrum of many particles undergoing this process turns out

to be a power law

N(E)dE x E'dE (1.4)

with v ~ —2 independent of the properties of the shock wave and magnetic fields [14],
and its spectral index is not too different from the observed value of ~ —2.7 for galactic
cosmic rays.

Second-order Fermi acceleration takes place during propagation (see Section 1.1.4),
when a charged particle enters slowly moving magnetized clouds. Since the magnetic
irregularities of the field are random, the multiple scattering process inside the cloud
can be considered as a random walk. The global effect is a gain of energy propor-
tional to 32, where 8 = v/c and v is the cloud velocity [1], thus this acceleration is

less effective than the first-order Fermi acceleration.

1.1.4 Cosmic-ray Propagation

After escaping the source, cosmic rays are injected into the Galaxy, and they interact
with the ISM. Cosmic-ray propagation in the Galaxy is therefore a complex subject

that requires taking into account many different physical processes.
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1.1.4.1 The Slab Model

The slab model is a simplified model |1| using the path length to characterize cosmic-
ray propagation. In the framework of this model, the amount of material traversed
by a particle is expressed by the grammage, £ = px = puvt, where v is the velocity of
the particle and p is the matter density. The slab model assumes that all the particles

traverse the same amount of material between 0 and £.

The differential equation that describes the abundance of primary nuclei is

dNp(§) — Ne(§) .
& & (1.5)

where &p is the mean free path for inelastic collisions, and £ = 0 means at source. By

integrating the equation above,

Np(§) = Np(0)exp(—£/&p). (1.6)
1.1.4.2 The Leaky-box Model

The leaky-box model describes the propagation of primary cosmic ray nuclei based
on simplifying assumptions. The leaky-box model |!| assumes that high-energy par-
ticles diffuse freely inside the confinement volume in which particles are injected by
g uniformly distributed sources, and the volume is filled with a uniform distribu-
tion of matter and radiation fields. Cosmic rays can escape from this volume with a

characteristic escape time 7.

Considering number density 1(E) of only one cosmic-ray species and neglecting

energy losses, the basic leaky box model equation can be written as

Y(E) (1.7)

In the steady state, Eq. (1.7) becomes ¢¥(E) = Teseq(E).
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1.1.4.3 Diffusion Theory

The diffusion model with inclusion of convection provoked by the galactic wind pro-
vides an adequate description of cosmic-ray propagation in the Galaxy at energies
below 10'7 eV [15]. In this model, cosmic-ray propagation can be described by the
transport equation, for a single species labelled by i:

O, p, t)

En (2

, S o, 91
- Q‘g(r,p,t) + V- (Dmvlﬁk - ng) + a—pp Dpp%??

(1.8)
d .. DA = 1 1
——Op[mb@ - g(v Vi) — ETJ% - ;TT/%';

where ;(r,p,t) is the cosmic-ray density per unit of total particle momentum p
at positionr; ¢(r,p,t) is the source term including primary, spallation, and decay
contributions.

The evolution of the cosmic-ray density depends on several parameters:

1. Cosmic rays propagate through the Galaxy under the influence of the galactic
magnetic fields, which tangle their trajectories. The bending of the charged
particle direction in the magnetic field is determined by the particle rigidity
R, defined in Eq. (1.1). Different particles with the same rigidity are equally
affected by the magnetic fields. D,, describes the diffusion in position space.
D, is proportional to BDO(%)'S due to the turbulent nature of the perturbations
in the galactic magnetic field [16], where Dy is the diffusion coefficient at some
reference rigidity Ry, and § reflects the rigidity dependence of diffusion. In the
Kolmogorov model § = 1/3 |17] and in the Kraichnan model 6 = 1/2 [18]. The
slope of the rigidity dependence of the secondary-to-primary ratio is used to
infer limits on the value of the spectral index ¢ for the diffusive propagation in
the turbulent galactic magnetic fields [19,20)].

In addition to the spatial diffusion, the interaction with the turbulent galactic
fields induces a re-acceleration (second-order Fermi acceleration). This process
is modeled by a diffusion in momentum space with a coefficient

D,, x TVA|2 /D, where the Alfvén velocity V4 is the characteristic velocity
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of the fluctuation propagation in the magnetic field. This term has a very large

effect on the secondary-to-primary ratios, especially at low energies |19,20)].

2. V is the convection velocity, and relevant terms describe the density change due

to convection.

3. Nuclear processes: Unstable nuclei can decay into other nuclear products, thus
decreasing their density by the factor %r'(pé‘ T, is the timescale for radioactive
decay, which is proportional to the half-life of the particle. Spallation processes
of cosmic nuclei with the ISM also contribute to the evolution of the density. 74
is the timescale for loss by fragmentation, which depends on the total spallation

cross section and the density of the ISM.

4. Energy losses: During the propagation in the ISM, cosmic rays suffer energy
losses due to interactions with the environment. Nuclei mainly lose energy by

ionization. p = dp/dt is the momentum gain or loss rate.

The solution of Eq. (1.8) in the steady-state assumption W = 0 completely
describes the Local Interstellar Spectrum (LIS) for each species before entering the

solar system. The equation can be solved numerically using dedicated packages like

DRAGON |21] or GALPROP [22].

The GALPROP model [22] uses astronomical information and cosmic-ray mea-
surements as inputs to numerically solve the cosmic-ray transport equation Eq. (1.8)
for a given source distribution and boundary conditions for all cosmic-ray species.
The propagation parameters that characterize the model of cosmic-ray propagation
are inferred by the solution of the equation with constraints from experimental data.
The GALPROP-HELMOD model [23] is a further development accounting for the
cosmic-ray transport within the heliosphere, which is referred to the solar modulation.
Solar modulation is significant for particles with low rigidity (less than ~ 20 GV);

particles with rigidity larger than 20 GV are less affected.
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1.1.5 Cosmic-ray Measurements

The presence of the Earth’s atmosphere prevents the direct measurements of cosmic
rays at ground level. Experiments dedicated to the direct measurements of cosmic rays
have to be operated above the atmosphere. However, the technological constraints
limit the instrument acceptance to the detection of cosmic rays up to the TeV range.
In order to detect cosmic rays above this energy, experiments have to be sited on the
ground, where the effective sensitive area can be increased to hundreds of km?.

In the following sections, examples of different types of cosmic-ray experiments

are reviewed.

1.1.5.1 Ground-based experiments

Ground-based experiments do not measure cosmic rays directly, since cosmic-ray par-
ticles that enter the Earth’s atmosphere interact with the medium, leading to the
production of a particle shower.

During the shower development from incident protons and nuclei, the chain of
decays of short-lived hadrons produces different types of particles. At the end of the
decay chain, apart from the hadronic components, v and e constitute the so-called
electromagnetic components; p* and v constitute the penetrating component. All
components travel approximately along the same direction of the incoming cosmic-
ray particle, with different spreads around the axis depending on the components.
On the ground, Extensive Air Shower (EAS) arrays measure the development of such
showers in order to infer the properties of the incident cosmic-ray particle.

Usually, EAS arrays are constituted by a set of detectors spread over a large area
to collect large enough statistics at high energy, where the cosmic-ray flux is very low.
Scintillator detectors, water Cherenkov tanks, and muon detectors are used to measure
the radiation at the EAS array altitude. The amount of muonic and electromagnetic
components, the difference in the arrival time, and the reconstruction of the shower
front are used to infer the properties of the cosmic-ray particle. In addition, Cherenkov

light telescopes can be incorporated to measure the light emitted by the relativistic
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components to provide further information. Finally, the fluorescence light emitted
from the de-excitation of nitrogen can be detected to measure the shower profile for
cosmic-ray particles above 10'® eV,

The ground-based cosmic-ray measurements are subject to large uncertainties,
dominated by the limited knowledge of the atmospheric parameters and high-energy
shower development. The properties of the cosmic-ray particle are inferred through
simulation of shower developments in the atmosphere [24]. The uncertainties in the
hadronic interactions of cosmic rays with air nuclei represent another unavoidable
uncertainty of the ground-based measurements |25]. On the other hand, EAS ar-
ray measurements are, together with ultra-high-energy neutrino detectors, the only
possibility so far to investigate the physics of the most energetic phenomena of the
Universe.

The main features of the present experiments can be categorized depending on the
energy range. For 10'3 — 10'° eV, experiments are usually located at mountain levels
(TIBET AirShower Array [26], HAWC |27], GRAPES [28], ..), the surface covered is
at the order of ~ 10? m2. For 10" — 10'® ¢V, the experiments in this energy range
span from sea level (KASCADE |29], Tunka [30], ..) to mountain level (IceTop [31],
GAMMA [32], ..). The surface covered by these arrays spans from 10* to 106 m?. For
energies above 10'® eV, the main feature of the experiments is the huge surface covered
by the arrays, represented by the Telescope Array experiment [33| covering an area of
7 x 10® m? and by the Pierre Auger Observatory [34] covering an area of 3 x 10° m?
(3000 km?).

Figure 1-3 shows examples of the high-energy cosmic-ray energy spectrums ob-
tained from various ground-based measurements. Ground array experimental results
have had a significant impact on the study of cosmic rays with the highest measured

particle energies.
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Figure 1-3: Energy spectrum of high-energy cosmic rays obtained from various
ground-based measurements |26-31,35, 36]. Figure is from Ref. [37].

1.1.5.2 Balloon-borne experiments

Ballon-borne experiments are cosmic-ray detectors carried by a large volume balloon
that goes up to the stratosphere. These experiments are usually short-duration flights
from a few hours to several days.

Balloon-borne experiments have played a major role in the cosmic-ray field since
the 1930s. They were the only solution to almost directly explore cosmic radiation
before space-borne technology was achieved. Balloon missions are both less expensive
and often more convenient to conduct than space experiments, but the collected
statistics are limited by flight time.

Roughly, balloon experiments can be categorized by their principle energy mea-
surement techniques. Calorimetric techniques based on emulsion stacks were used
by JACEE [38] and RUNJOB [39]. Modern calorimetric techniques are used by
ATIC [410] and CREAM |[41]. There are also Cherenkov experiments like CRISIS [412]
and TIGER [43]. A quite different experimental approach is used in the TRACER |44]
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experiment, where the measurement at high energy is based on the transition radi-
ation detection. Spectrometers, like BESS [15] and CAPRICE [16], can measure
the charge sign and are dedicated to antimatter and dark matter searches. Their
acceptance is limited by the magnet size and their energy reach by the maximum
spectrometer resolution.

A summary of recent examples of balloon-borne experiments is shown in Table 1.1.

Experiment | Energy Measurement Technique | Charge Range Energy Range Date
CRISIS Cherenkov 10<7<28 0.4 GeV - 0.9 GeV/n | 1977
JACEE Emulsion 1<7<26 10 - 1000 TeV /n 1979

BESS Magnetic Spectrometer 7l =1,2 0.2 GeV-1TeV/n | 1993
CAPRICE Magnetic Spectrometer Zl =1,2 0.2 - 200 GeV/n 1994
RUNJOB Emulsions 1<7<26 10 - 1000 TeV/n 1995

TIGER Cherenkov 26<Z<40 0.4 GeV - 0.9 GeV/n | 1997
TRACER TRD 8<Z<28 0.01 - 200 TeV/n 1999

ATIC Calorimeter 1<7<26 0.1 - 100 TeV/n 2002

CREAM Calorimeter 1<7<28 0.1 - 1000 TeV/n 2004

Table 1.1: Summary of recent examples of balloon-borne experiments [358-46]. Note
that the quoted date indicates the first flight of the experiment if several flights were
made.

1.1.5.3 Space-borne experiments

The measurement of cosmic rays in space began in the 1970s with the measurement
of nuclear isotopes in the energy range less than 1 GeV with the IMP satellites [17].
The isotopic composition measurement has also been carried out by the High Energy
Telescopes (HET) flying with the Voyager 1, Voyager 2 [18] and the CRIS instrument
on the ACE satellite |[19]. All these instruments are characterized by solid-state silicon
detectors to distinguish a wide number of isotopes.

In the 1980s, the cosmic-ray chemical composition up to Z = 28 has been mea-
sured with high statistics by two experiments: the C2 experiment, an ensemble of
Cherenkov counters aboard the NASA HEAO-3 satellite |50 and the CRN experi-
ment, an instrument based on a transition radiation detector onboard of the Shuttle
Challenger in the mission Spacelab-2 [51]. The cosmic-ray chemical composition has

also been measured by the Ulysses HET [52] from 1990 to 2009.
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The PAMELA experiment on the Russian satellite Resurs-DK1 |53] was launched
in 2006 and terminated in 2016. The instrument combines several particle physics
detection techniques, such as a Magnetic Spectrometer, an imaging Calorimeter, a

Time of Flight System, scintillation counters, and a dedicated neutron counter.

1.2 Previous Measurements on Fluorine, Sodium, and

Aluminum Cosmic Rays

In the past few decades, most of the measurements were performed by experiments
with balloons and satellites with limited statistics. The results of the fluorine 50,54

57, sodium [42,50,54-57], and aluminum [42,50,54-57] measurements before AMS are
presented in Figure 1-4, Figure 1-5, and Figure 1-6 respectively. Data points are ex-
tracted using Ref. [58]. There have been no measurements of the fluorine (F), sodium
(Na), and aluminum (Al) fluxes as functions of rigidity. The previous measurements,
show errors larger than 50% at ~ 50 GeV/n. For fluorine, the measurement errors

exceed 100% at ~ 50 GeV /n.
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Figure 1-4: Previous measurements of fluorine fluxes.
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1.3 Motivation for Measuring Fluorine, Sodium, and

Aluminum Cosmic Rays

As presented in Section 1.2, measurements on fluorine, sodium, and aluminum cosmic
rays before AMS could not reveal possible spectral structures due to limited statistics.
AMS has the capability to measure the fluxes of cosmic-ray fluorine, sodium, and
aluminum nuclei up to 3 TV with an unprecedented level of precision.

The secondary-to-primary flux ratios of light nuclei in cosmic rays, in particular,
B/C or the more direct B/O, have been traditionally used to study the propagation
of cosmic rays in the Galaxy |59]. Examples for using the B/C ratio to constrain
the diffusion coefficient DY, and V4 (in Eq. (1.8)) with the GALPROP model can be
found in [19,20]. In previous publications, AMS has shown that all light secondary-
to-primary ratios, Li/C, Li/O, Be/C, Be/O, B/C, and B/O, deviate from a single
power law (harden') above 200 GV [60,61]. This strongly favors the hypothesis that
the hardening of all light cosmic rays is due to propagation effects [62].

Recently, AMS has also studied the properties of the heavy primary Ne, Mg,
and Si fluxes |63] and found that they form a separate class of primary cosmic rays.
Then it is particularly interesting to study the properties of heavy secondary fluxes,
comparing to light secondary nuclei like B, and whether heavy secondary-to-primary
flux ratio behaves similar to the light secondary-to-primary flux ratio like B/O.

Fluorine is the only purely secondary cosmic ray between oxygen and silicon |23,
64]. Differences in the rigidity dependence of the F flux and light secondary cosmic
ray Li, Be, and B fluxes, as well as differences in the rigidity dependence of light
(B/O) and heavy (F/Si) secondary-to-primary flux ratios, provide new important
insights on cosmic ray propagation.

Previously, AMS found that the nitrogen spectral index is situated between the
primary He-C-O and secondary Li-Be B cosmic ray spectral indices. In particular,
the nitrogen flux is well described over the entire rigidity range by the sum of the

primary flux equal to 9.2% of the oxygen flux and the secondary flux equal to 61%

IThe hardening of the flux means the spectral index becomes larger.
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of the boron flux. Precise knowledge of the primary component of cosmic nitrogen
provides important insights into the details of nitrogen production in astrophysical
sources, while precise knowledge of the secondary component of the cosmic nitrogen
provides insights into the details of propagation processes of cosmic rays in the Galaxy.

Following the study of nitrogen, it is of great interest to study the heavy sodium
and aluminum cosmic rays, which are also thought to be produced both in astrophysi-
cal sources and by the collisions of heavier nuclei with the interstellar medium [23,64].
Making use of the AMS measured heavy primary silicon flux and heavy secondary
fluorine flux, the precise knowledge of the primary contribution of the sodium and
aluminum fluxes sheds light on the production of sodium and aluminum nuclei at
source, and the precise knowledge of the secondary contribution of the sodium and
aluminum fluxes reveal the details of production of secondary sodium and aluminum
nuclei during the propagation processes of cosmic rays in the Galaxy.

AMS measurements have generated new developments in cosmic-ray theoretical
models [59,65]. In particular, the AMS nuclei flux measurements from He to Si are
used in the newest cosmic-ray propagation model GALPROP-HELMOD [23,62]. But
it should be noted that the theoretical models have their limitations, as so far none
of them predicted the AMS observed spectral behavior of the cosmic rays. Thus,
new results from AMS will provide important data to further understand cosmic-ray

physics and develop cosmic-ray theoretical models.
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Chapter 2

The Alpha Magnetic Spectrometer

The Alpha Magnetic Spectrometer (AMS) is a large acceptance particle physics de-
tector operating on the International Space Station (ISS) since May 2011 to conduct
a unique long-duration mission (~20 years) of fundamental physics research in space.
During the first 8.5 years of operations, 150 billion events have been collected by the

instrument .

In this chapter, a general overview of the AMS instrument and its operation in

space is presented.

2.1 AMS Detector

Figure 2-1 shows a schematic view of AMS. It consists of a transition radiation detec-
tor (TRD), four planes of time of flight counters (TOF), 9 layers of silicon tracker, a
permanent magnet, a ring imaging Cherenkov detector (RICH), an electromagnetic

calorimeter (ECAL) and an array of 16 anti-coincidence counters (ACC).

The status of the subdetectors is continuously monitored by the AMS Payload
Operations Control Center (POCC) located at CERN, Geneva.
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2.1.1 Permanent Magnet

Figure 2-2 shows a photograph of the magnet. The magnet is made of 64 sectors ar-
ranged in a cylindrical shape with an inner diameter of 115 cm, an outer diameter of
129.9 cm,
and a height of 80 em. Each sector is composed of 100 high-grade Neodymium-
Iron-Boron blocks glued together with epoxy [66].

Figure 2-2: AMS permanent magnet.

The magnet defines the reference frame for AMS with its origin at the center of
the magnet, as can be observed in Figure 2-3. The Z-axis runs along the cylinder’s
axis of symmetry, with positive values in the direction of the top of the instrument.
The X-axis is aligned to the magnetic field lines, while the Y coordinate describes the
bending direction. With this choice of the reference system, the bent trajectories of

all charged particles traversing the magnet are contained in the Y-Z plane.
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Figure 2-3: Magnetic field orientation of the AMS Permanent Magnet.
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The magnetic field is 0.14 T at the center of the magnet, with a negligible dipole
moment outside the magnet. Detailed measurements of the magnetic field were made
in both 1997 and 2010. As shown in Figure 2-4, the change of the field intensity was

within 1%.
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Figure 2-4: The AMS magnetic field intensity over the Z axis measured in 1997 and
2010. Z — 0 corresponds to the magnet center.

2.1.2 Transition Radiation Detector (TRD)

The Transition Radiation Detector (TRD) is placed on top of AMS. It is designed
to distinguish et from the overwhelming background of protons and measure nuclei
charge using the Z? dependence of the ionization. The identification principle is based
on the electromagnetic transition radiation (TR) emitted when a high speed charged
particle traverses the boundary between two media with different dielectric constants,
as illustrated in Figure 2-5.

The TRD (Figure 2-6) consists of 328 modules (Figure 2-7). These modules are
arranged into 20 layers supported by a conical octagon made of aluminum-honeycomb
walls with carbon-fibre skins and bulkheads. To provide 3D tracking capabilities, the

lower and upper four layers are oriented parallel to the magnetic field while the

47



one of 20 layers

Figure 2-5: The TR X-rays produced by electrons in the fleece are efficiently absorbed
in the straw tubes, producing a signal significantly larger than that from the ionization
of protons.

middle 12 layers run perpendicular. Each module consists of 20 mm thick fleece
radiators and 16 drift tubes, filled with a Xe:CO, (90%:10%) gas mixture working in

the proportional mode.

Highly relativistic particles crossing the TRD may produce TR X-rays in the
radiators. Such photons are efficiently absorbed and detected in the proportional
chambers using Xe as the absorber. The quenching gas (COsz) can absorb the photons
without ionization and ensure stable operation. In order to differentiate between e*
and protons, measurements of the energy deposit in the 20 layers are combined to

calculate a TRD estimator based on the maximum likelihood estimation [67]. The

electron/proton separation capabilities of the TRD are summarized in Figure 2-8.

Gas continuously diffuses out of the straw tubes. The average leak rate is 4.5
mbar/day. In order to operate the detector at stable parameters, the TRD is coupled
to a gas supply system, shown in Figure 2-9. At launch, the onboard gas supply system
was equipped with 49 kg Xe and 5 kg CO,. It is composed of two supply boxes, a

mixing vessel, and a circulation box. The latter is responsible for transferring the
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Figure 2-6: The Transition Radiation Detector.

Figure 2-7: One of the 328 TRD modules.
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70%, 80%, and 90% e* efficiency are indicated by the arrows.



mixed gas to the gas network system with the help of a pump. Monthly gas refills
have been regularly performed since the start of the data acquisition in order to
maintain an optimal gas composition for the detector performance. Moreover, daily
HV adjustment is applied to correct the straw tubes’ gas gain change due to the

continuously changing gas composition |65].
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Figure 2-9: TRD Gas schematic (not to scale). Figure is from Ref. [65].

2.1.3 Time of Flight (TOF)

The Time of Flight (TOF) is composed by 4 planes of scintillation counters, 2 above
(Upper TOF) and 2 below (Lower TOF) the magnet (Figure 2-10). The vertical
distance between Upper TOF and Lower TOF is about 120 cm.

The four planes contain, from top to bottom, 8, 8, 10, and 8 scintillator paddles.

Each counter (Figure 2-11) is made of a scintillator paddle, equipped with two or
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Figure 2-10: (a) The upper TOF plane. (b) The lower TOF plane. Figure is from
Ref. [60)].
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Figure 2-11: The design of a TOF counter. Figure is from Ref. [69].

three photomultiplier tubes (PMTs) through plexiglass light guides on each end for
efficient detection of traversing particles. The internal paddles have a rectangular
shape, 1 cm thick, 12 em width, and 110-135 cm length, while the external counters
have a trapezoidal shape with 18-26 cm width and 110 ¢cm length. Tilted and bent
light guides have been used to optimize the angle between the PMTs and the magnetic
field |70].

The anode sum signals from each end of a counter are used to measure the total
light released in the counter by the traversing charged particle, and to produce one
digital signal for time measurement as well as two digital signals for trigger purposes.
There are three thresholds for the anode signals: (1) the low threshold, set at ~20%
of the minimum ionizing proton (MIP) signal for time measurement; (2) the high
threshold, set at ~60% of the MIP signal for Z = 1 trigger; (3) the super high
threshold, set at ~400% of the MIP signal for Z > 1 trigger [71].

The particle velocity (8 = v/c) is measured using the time of flight between
the Upper TOF and Lower TOF. The velocity resolution is ¢(1/8) = 0.01 for Z > 3
nuclei. The TOF is also capable of measuring the charge of cosmic rays up to Z = 30.
The pulse heights of the two upper planes are combined to provide an independent

measurement of the charge with an accuracy oz/Z —2%. The two lower planes
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are combined to provide another independent charge measurement with the same
accuracy.
The charge resolution of a single TOF counter with respect to particle charge Z

is shown in Figure 2-12.
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Figure 2-12: For the TOF, anode (dots, dashed line) and dynode (squares, solid line)
charge resolution in charge units (c.u.) as a function of Z; the error bars represent
the standard deviation of the distribution of resolution for all TOF counters. Figure
is from Ref. [69].

2.1.4 Silicon Tracker

The silicon tracker contains 2264 double-sided silicon microstrip sensors. These sen-
sors, each with an area of 72x40 mm? and thickness of 300 ym, are grouped together
to form independent mechanical and functional units (ladders). The number of sen-
sors in one ladder varies between 7 and 15. The different ladder lengths (37 — 62 cm)
are required to match the cylindrical shape of the magnet.

192 ladders are arranged in nine layers. As shown in Figure 2-13, the inner tracker,

composed of seven layers (L2-L8), is placed inside the magnet bore on four support
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planes, while two external layers are installed on both sides of the detector, one (L1)
above the TRD, the other (L9) between RICH and ECAL. The level arm from L1 to
L9 is about 3 m.

¥} EcaL

Figure 2-13: Schematic view of the AMS silicon tracker with a charged particle traversing the detector,
presented in the bending (Y-Z) plane of the magnetic field. Figure is from Ref. [72].

The ladder is the minimum readout unit of the tracker. The bending and non-
bending side strips are separately connected in daisy chains or via an Upilex cable to
the ladder end and connected to a hybrid which provides bias voltage and contains
front-end readout chips [73|. Each ladder is readout by 16 low noise high dynamic
range readout chips (64 channels each). Thus each ladder has a total of 1024 readout
channels, 640 on the bending side and 384 on the non-bending side.

The analog signals are transmitted to the tracker data reduction board (TDR) for
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calibration and data reduction. The calibration results, including strip pedestal and
noise values, are then used to find signals, combined with clusterization algorithms.
A threshold is applied to the signal-to-noise ratio (SN) for each readout strip (after
pedestal and common noise subtraction). A strip with SN above a value SNg.eq is
considered as a seed for a potential cluster. Neighbouring strips are added to the
cluster if their SN exceeds SN,,cighbour- The detailed values are discussed in Ref. |73].
The set of clusters is the basis for reconstructing the associated particle track in the
detector.

In order to reconstruct a particle track, the hits on the tracker layers have to be
reconstructed and distinguished from noise hits. The first step consists of using raw
data (clusters) to get the geometrical coordinates of the signal. Then the coordinates
are combined to obtain a three-dimensional hit. The track-finding algorithm [74| was
developed to scan all these hits and provide track quality estimation to identify any
combinations of hits that are compatible with a track, then the combination of the
hits to the track candidates with the best track quality is selected. Track candidates
are accepted if the track contains at least four three-dimensional hits located in 3 out
of 4 inner supporting planes of L2, L.3-4, LL5-6, LL7-8. If the track extrapolation to
the external layers falls close enough to a reconstructed hit, the track is extended to

include this hit.

Accurate knowledge of the sensor and ladder geometries, to the level of a few pm,
is necessary to optimize the tracker performances in terms of the rigidity resolution.
To obtain a few microns precision, two types of tracker alignment are introduced.
First, static alignment of all the sensors has been done both on ground using proton
test beam at the CERN SPS and in space using cosmic ray events to correct for
residual shifts after the launch. Then a dynamic alignment procedure is done in
space, for LL1 and L9, to account for the thermal deformation of the AMS support
structures |75]. However, small systematic shifts may still be present after these three
steps. This could lead to a shift of inner tracker rigidity scale, and consequently to
a potential rigidity scale shift of the full tracker. The in-flight rigidity scale shift of

the AMS tracker was measured by comparing the tracker measured 1/R distributions
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from cosmic electron and positron events with the same ECAL measured energy [76].

The tracker accurately determines the trajectory of cosmic rays by multiple mea-
surements of the coordinates with a resolution in each layer of 8 yum for fluorine nuclei,
6 pm for sodium nuclei, and 7 pm for aluminum nuclei in the bending (Y) direction.
Together, the tracker and the magnet measure the rigidity R of charged cosmic rays,
with a maximum detectable rigidity (MDR) of 2.9 TV for fluorine nuclei, 3.3 TV for
sodium nuclei, and 3 TV for aluminum nuclei over the 3 m lever arm from L1 to L9.
Each layer of the tracker provides an independent measurement of the charge Z using
the Z? dependence of the ionization, with an estimated resolution of o7/Z~ 3.0%
for fluorine nuclei and oz/Z— 2.9% for sodium and aluminum nuclei. Overall, the
inner tracker has a resolution of o /Z~ 1.3% for fluorine nuclei and o4/Z~ 1.1% for
sodium and aluminum nuclei.

Figure 2-14 summarizes the tracker charge resolution for 1 < Z < 28 particles.
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Figure 2-14: (a) Charge resolution AZ and (b) AZ/Z of the inner tracker (circles)
and a single layer (squares) as functions of nuclei charge Z with R > 7 GV. Figure is
from Ref. [77].
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2.1.5 Anti-Coincidence Counter(ACC)

The best analyzing power is reached for particles traversing the detector from top
to bottom, with redundant measurements of the particle properties along the trajec-
tory. To achieve this, it is important to identify and reject the particles entering the
detector sideways. Such particles do not contribute to physical measurements but
can cause spurious triggers by interacting with the detector material. Figure 2-15
illustrates different situations where events are accepted and rejected based on the

ACC information.
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Figure 2-15: Ilustration of the ACC working principle for particles with Z > 1.
Left: A particle entering the detector sideways may give a signal on ACC and not in
TOF. These kinds of events are rejected. Center: when a high-Z particle traverses
matter, it is accompanied by electron production. These electrons can easily fire
the ACC. In order to keep these events, the ACC veto is disabled. Right: when an
electron or positron passes through the ECAL, backsplash particles are produced.
These particles may exit from the calorimeter surface and hit the ACC. In this case,
the trigger condition should be TOF and not more than 4 ACC paddles fired. Figure
is from Ref. [78].

The ACC is made of 16 scintillating paddles arranged on a cylinder inserted into
the inner bore of the magnet (Figure 2-16). The light coming from the scintillating

panels is collected with wavelength-shifting fibres (WLS) of 1 mm diameter, then is
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guided (LG) to 16 PMTs, 8 on top of the magnet bore and 8 at the bottom. The very
high efficiency and the high degree of homogeneity of the scintillating fibers will ensure
a reliable and fast ACC veto trigger signal for the high inclination particles [79]. The

ACC information is mainly used in different trigger decisions (see Section 2.2).

Figure 2-16: AMS ACC mounted inside the magnet.

2.1.6 Ring Imaging Cherenkov Detector (RICH)

The AMS Ring Imaging Cherenkov detector (RICH) is placed below the lower TOF

plane. The RICH detector measures the velocity and charge of a passing particle.
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The detection principle is based on the Cherenkov electromagnetic emission pro-
duced by a charged particle with velocity larger than the phase velocity of light in

the material. A cone of light is emitted along the particle trajectory. The opening
1

nxcos@?

angle of this cone # is related to the particle velocity 8 through 8 = where n
is the refractive index of the material. The RICH also provides an independent mea-
surement of the particle charge. For a particle of charge Ze, the number of radiated
photons produced per unit path length and per unit energy interval of the photons is
given by d>N/dEdx = aZ?sin® § /hc |6], where « is the fine-structure constant.

The RICH detector consists of a radiator plane, a conical reflector, and a photon-
detection plane (Figure 2-17). The radiator consists of an array of 2.7 cm thick
aerogel tiles with a refractive index of 1.05, which surrounds a central 35x35 cm?
region equipped with 5 mm thick sodium fluoride (NaF) radiator (nya.r — 1.335). This
combination optimizes the overall detector acceptance (0.4 m?sr) since the Cherenkov
photons radiated by the NaF in large cones will fall within the detection area. The
detector plane has an empty 64x 64 cm? area in its center, matching the active area of
the electromagnetic calorimeter located below. Outside the ECAL hole, 680 sixteen-
pixel PMTs are arranged to cover the circular 134 ¢m diameter surface at the base of
the conical mirror. The radiator and the detection plane are enclosed in the volume of
a conical reflector, which provides the necessary photon ring expansion. The reflector
increases the RICH acceptance reflecting high inclination photons.

Figure 2-18 summarizes the velocity resolution of the RICH as a function of the
particle charge Z. The velocity resolution for |Z| > 1 is better than 0.1% at 8 ~ 1.
Figure 2-19 shows the charge resolution AZ/Z for 1 < Z < 8 particles.
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Figure 2-17: Schematic of the RICH. It is composed by three parts: the radiator
layer, the expansion volume with conical reflector, and the photon-detection plane.
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Figure 2-18: RICH velocity resolution as a function of charge Z for the aerogel
radiator. Figure is from Ref. [60].
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Figure 2-19: RICH charge resolution as a function of charge Z for the aerogel radiator.
Figure is from Ref. [60].
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2.1.7 Electromagnetic Calorimeter (ECAL)

The Electromagnetic Calorimeter (ECAL) provides a precise 3-dimensional recon-
struction of the shower profile and the electromagnetic shower energy. It separates
e* from protons independently from the TRD based on the different characteristic
profiles of electromagnetic and hadronic showers.

The ECAL is a lead-scintillating fibre sampling calorimeter with 17 radiation
length (Xj). It is formed by a stack of 9 super-layers (SL) consisting of 11 grooved
1 mm lead foils interleaved by 1 mm plastic scintillating fibres, for a total active
dimensions of 648x648x 167 mm?®. The SLs are arranged along the Z-axis. Each SL
is 18.5 mm thick and corresponds to 1.9 Xj. In each SL, the fibres run in one direction
only. The 3D imaging capability of the ECAL is obtained by stacking SL with fibres
oriented in alternating directions (five SLs with fibres parallel to the X-axis and four

parallel to the Y-axis). The fibres are read out on one end by 1296 photosensors (324
PMTs each with 4 anodes). The assembled ECAL is shown in Figure 2-20.
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Figure 2-20: A photo of the completed ECAL before installation in AMS.

The energy of the incoming particle is measured by applying corrections for the
rear and lateral energy leakages, and for the anode inefficiency, to the deposited
energy. These corrections ensure an accurate measurement of the incoming energy
E of e*. From the beam tests of the complete AMS detector, the energy resolution

of the ECAL has been measured and parameterized as a function of energy F (in

GeV) [80], ZB = /202 4 ¢ 0142,

Furthermore, a multivariate classifier, based on a boosted decision trees algorithm
(BDT) |21], is constructed by using the 3D shower shape in the ECAL. This is used
to further differentiate between e* and protons independently from the TRD. The

ECAL proton rejection capability is shown in Figure 2-21.
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Figure 2-21: Comparison of the measured proton rejection for 90% (blue data points)
and 65% (red data points) e* selection efficiencies. The tighter cut further reduces
the proton background by a factor of ~ 3. This is independent of the rejection power
of the TRD shown in Figure 2-8. Figure is from Ref. [60].

2.2 Trigger and Monte Carlo Simulation

The AMS trigger is generated by the signals coming from the TOF, ACC, and ECAL
[71] [32].

Six sub-triggers (five physics triggers and one unbiased trigger) were designed and

implemented for data taking aboard the ISS:

1. single charged: 4 out of 4 TOF layers above the high threshold (defined in

Section 2.1.3), in coincidence with an absence of signals from the ACC;

2. normal ions: 4 out of 4 TOF layers above the super high threshold, in coinci-

dence with less than 5 hits from the ACC;

3. unbiased charged: 3 out of the 4 TOF layers above the high threshold, pre-scaled
by a factor of 100;
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4. slow ions: similar to normal ions, but with an extended gate width to latch the

signals, as a dedicated trigger to detect potential strangelets;

5. electrons and positrons: 4 out of 4 TOF planes above the high threshold in
coincidence with both X and Y projections of ECAL energy deposition above
threshold;

6. photons: both X and Y projections of ECAL energy deposition above the thresh-

old and the ECAL shower angle inside the detector geometrical acceptance;

The unbiased trigger is 100% efficient for particles with Z > 1, so it is used to
evaluate trigger efficiencies in data analysis. Detailed studies for the trigger efficiencies
will be presented in Section 3.6.

The AMS Monte Carlo (MC) simulation contains a detailed description of the
detector: its geometry and composition, with the best possible estimates of the matter
density distribution of both active and passive areas in the instrument. The MC
simulation also describes the physical processes that take place inside the detector
when a particle passes through.

MC simulated events are produced using a dedicated program developed by the
collaboration based on the GEANT4-10.3 package |33]. The program simulates elec-
tromagnetic and hadronic [84] interactions of particles in the material of AMS and
generates detector responses. The digitization of the signals are simulated precisely
according to the measured characteristics of the electronics. The simulated events
then undergo the same reconstruction as used for the data. The simulated events
have the same data structure as the data, with the additional information from the

MC generation parameters: the particle type, generated rigidity, etc.
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Chapter 3

Measurements of the Fluorine,

Sodium, and Aluminum Fluxes

As discussed in Section 1.1.1, the fundamental measurement in cosmic rays is the
flux, defined as the number of particles of a given species per unit of time, area, solid

angle, and energy or, for AMS, rigidity.
The isotropic flux ®; in the rigidity bin (R;, R; + AR;) is obtained from:

Ni

Y= AeTAR

m 2 st 'GV ] (3.1)

where Nj is the number of events collected by AMS after background subtraction and
bin-to-bin migration correction; A; is the effective acceptance (detector geometrical
factor multiplied by particle survival probability when interacting with the AMS de-
tector materials and by efficiencies from the detection, reconstruction and selection)
estimated from Monte Carlo simulation, and corrected for the small differences be-
tween the data and simulation; ¢; is the trigger efficiency; 7; is the exposure time
(data collection time) in seconds, and AR; is the rigidity bin width chosen according
to the rigidity resolution and available statistics. Each factor of this equation will be

discussed in detail in this chapter.
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3.1 Exposure time

The exposure time is the effective amount of time that the detector was not busy with
the electronics readout and consequently ready to start data acquisition and trigger
on an incoming event. This is affected by the detector’s live time and the requirement
of particle rigidity above the geomagnetic cutoff. For example, when the ISS passes
the South Atlantic Anomaly (SAA) region, the data acquisition of the AMS detector
saturates due to the high particle rates. Furthermore, the Earth’s magnetic field
will prevent the low-rigidity cosmic rays from reaching AMS, introducing a rigidity

dependence of the exposure time.

The exposure time is calculated on a second-by-second basis using the Run Time
Information (RTI) database in the AMS Offline Software, which stores the orbital
and relevant DAQ information for each second of AMS data collection time on the
ISS. A set of standard selection criteria has been studied by the AMS collaboration
to retain only those seconds when AMS could measure the flux accurately:

e Good RTTI information:

1) the ratio of the number of triggered events (/N;;,) to the number of reconstructed
events (Ney) greater than 0.98 (Nyig/New > 0.98);

2) the data acquisition live time greater than 0.5;

3) the AMS z-axis pointing within 40° of the local zenith;

4) the ratio of the number of absent events (Ne,..) over N, less than 0.1 (Ney /Neyt
< 0.1);
e Remove seconds in the SAA region.
e Remove bad runs with known off-nominal condition.
Then the exposure time is accumulated for each rigidity bin when the lower edge is
greater than a factor of 1.2 times the maximum geomagnetic cutoff within the AMS
field of view to account for the suppression of exposure time to galactic cosmic rays
due to the Earth’s magnetic field. The geomagnetic cutoff is calculated by back-
tracing [35] particles from the top of AMS out to 50 Earth’s radii using the most

recent International Geomagnetic Reference Field |46, 57| model.
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The rigidity dependence of the exposure time in the first 8.5 years is shown in
Figure 3-1. Because of the influence of the geomagnetic field, the exposure time for
galactic cosmic rays increases with rigidity and becomes constant at 1.97x10® s above

30 GV.
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Figure 3-1: The AMS exposure time as a function of rigidity using data from the
beginning of operation in May 2011 until Oct 2019.
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3.2 Event Selection

In the first 8.5 years, AMS has collected 1.50 x 10" cosmic ray events. Only events
collected during nominal operating conditions (i.e., passed the selection criteria in
Section 3.1) are used in the flux measurements. Fluorine, sodium, and aluminum
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 > 1.2 TV,

the track is also required to pass through L9. Track fitting quality criteria such as
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a x?/d.o.f. < 10 in the bending coordinate are applied. Charge measurements on
L1, the inner tracker, the upper TOF, the lower TOF, and, for R > 1.2 TV, L9 are
required to be compatible with charge Z = 9 for fluorine, Z = 11 for sodium, and
7/ = 13 for aluminum. 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

detailed event selection is summarized below:
1. Inner Tracker (L2 to L8)

(a) at least five hits in the Y coordinate, and, in addition, among these five
hits, there is at least one hit on L2 and on each of the three inner tracker

planes, which is denoted as L2&(L3|L4)&(L5|L6)& (L7|L8);

(b) the normalized x? of the inner tracker track fit in the Y direction is required

to be less than 10;

(c) consistency of the charge measurement: 8.63 < Zj,per < 9.37 for fluo-
rine, 10.58 < Ziner < 11.42 for sodium, and 12.52 < Zpner < 13.48 for

aluminum;
(d) the interpolation of the inner tracker track should be within the fiducial
volume of at least five inner tracker layers;
2. External Tracker Layers (L1 and L9)
(a) tracker L1 hit (associated to the track) with well-reconstructed clusters in
both X and Y coordinates;

(b) consistency of the charge measurement: 7.92 < Z;; < 9.61 for fluorine,

9.73 < Z1 < 11.73 for sodium, and 11.53 < Z;; < 13.83 for aluminum;

(¢) the normalized x? of the track fit in the Y direction is required to be less

than 10;

(d) the difference between the x? of the track fit with the inner and L1 hits and
the x? of the track fit with inner hits only in the Y direction is required to

be less than 10;
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(e) the interpolation of the inner tracker track should be within the fiducial

volume of tracker L1;

(f) for R > 1.2 TV, the tracker L9 hit is required to have both X and Y
clusters, with consistency of the charge measurement: 8.47 < Z;9 < 10.08
for fluorine, 10.38 < Z;9 < 12.27 for sodium, and 12.29 < Z;4 < 14.47 for

aluminum;

3. TOF

(a) velocity f is reconstructed using TOF signals plus tracker track informa-

tion;

(c) consistency of the charge measurement: 8.38 < Z,,perror < 10.5 for fluo-
rine, 10.33 < Zypperror < 12.5 for sodium, and 12.29 < Z,,,e,ror < 14.5

for aluminum;

(d) for R > 1.2 TV, consistency of the charge measurement: 8.38 < Zjyerror
for fluorine, 10.33 < Zjpwerror for sodium, and 12.29 < Z,uerror for

aluminum;
4. Physics Trigger (see Section 2.2)
5. Quality cuts
(a) Rigidity is greater than a factor of 1.2 times the maximum geomagnetic
cutoff. Note that the cut in Section 3.1 is on the exposure time; this is the

corresponding cut on the events.

The event counts passing all event selections amount to 0.29 million for fluorine,

0.46 million for sodium, and 0.51 million for aluminum.
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3.3 Effective Acceptance

The effective acceptances A; are calculated using MC simulation and then corrected
for small differences between the data and simulated events related to a) event recon-
struction and selection, namely in the efficiencies of velocity vector determination,
track finding, charge determination and b) the details of inelastic interactions of nu-
clei in the AMS materials. Detailed discussion of these corrections is presented in
3.3.1.

The effective acceptance A; is the product of the geometric acceptance Agey,, the
selection efficiencies €., and the scale factor used to correct for the small differences
between the MC simulation and data. The product Ageoméser, is determined from MC
as the product of the fraction of simulated events that pass the selection in the rigidity
interval (R;, R; + AR;) and the geometric factor Ayg. The MC simulated events are
generated isotropically in the top plane of a 3.9%3.9x3.9 m? concentric cube, which

covers the entire AMS field of view. So the geometric factor Ay is given by
Ag = / /cos@dwdcr =7 % 3.9 X 3.9m%sr ~ 47.78m>sr, (3.2)
s Ja

where do is the element of surface area S, dw = dpdcosf is the element of solid angle

(2, 0 is the polar angle, and ¢ is the azimuth angle.

3.3.1 Corrections to the Effective Acceptance

Detailed efficiency evaluations are presented in the following sections using the sodium
nuclei as an example. The data to MC efficiency ratios are used as corrections to the

effective acceptance.

3.3.1.1 Velocity Vector Determination Efficiency

The velocity vector determination efficiency requires that the velocity vector £ is
reconstructed using TOF measurements, and 5 > 0.4 to ensure that particles are

down-going. The event sample used to study this efficiency requires the extrapolation
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of tracker tracks within the TOF planes geometry, and the charge measured on the

L1 and inner tracker is compatible with fluorine, sodium, and aluminum.

The efficiency of the velocity vector determination is evaluated to be more than
99.5%. For all nuclei species under study, excellent agreement between data and MC
is found. The small correction is independent of rigidity and remains at the per mil

level.

3.3.1.2 Track Finding Efficiency

The track finding efficiency includes the inner track reconstruction efficiency, L1 hit

efficiency, and L9 hit efficiency for R > 1.2 TV.

The inner track reconstruction efficiency includes a convolution of the effect of
the dead strips and non-sensitive area between ladders, the hit efficiency, and the

minimum number of hits required for reconstructing a track.

To get the inner track reconstruction efficiency, a reconstructed track using only
the TOF and TRD clusters is built to select the particle inside the tracker fiducial
volume (see a sketch of AMS detector in Figure 3-2). Then the hits on the external
layers (L1, L9) are taken to be the one with the highest charge and closest to the
TOF and TRD track extrapolation. The sample is selected by requiring that the
TOF and TRD track extrapolation is within the tracker fiducial volume, along with
cuts on the charge measurements in the TOFs and the external layer hits. Then the
inner track reconstruction efficiency corresponds to the efficiency that such a tracker
track is built with at least 5 hits on the inner tracker layers and track fitting quality
criteria x> < 10 in the bending coordinate. We also require the inner tracker charge
to be larger than 6.5 for fluorine, 8.5 for sodium, and 11.5 for aluminum to separate

the reconstructed track from any d-ray tracks.

To estimate the rigidity without using the tracker, the events are split into three

groups, and the rigidity is estimated by:
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Figure 3-2: Schematic of the AMS detector. The solid blue line is the reconstructed
track using the TOF and TRD clusters. The dashed green line indicates the TOF
and TRD track extrapolation.
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1. Below 6 GV, 8 measured by the TOF are converted to rigidity based on

R mp
21— B2

where Z is the particle charge, and m is the nuclei mass.

(3.3)

2. Between 6 GV and 20 GV, the geomagnetic cutoff is used as the rigidity esti-

mator.

3. Above 20 GV, the energy deposition in the ECAL provides an estimation of the
rigidity.

The inner track reconstruction efficiency is shown in Figure 3-3 for sodium data
and MC. The inner track reconstruction efficiency, in low rigidity region, has a drop
due to multiple scattering. Then it increases and becomes flat at high rigidity.

For fluorine, sodium, and aluminum, the ECAL energy deposition estimator can
not provide the estimation above 20 GV due to limited statistics. However, by using
carbon sample in data, which is much more abundant in cosmic rays, the inner track
reconstruction efficiency is measured to be flat above 20 GV which is consistent with
the MC prediction |82]. The systematic uncertainties arising from the assumption
of the high rigidity behavior of the efficiencies are estimated by comparing constant
extrapolation of the efficiency from 20 GV and true behavior of the efficiency as a

function of generated rigidity, using MC simulated events.

[



—

=
©

o
02?0000000000000000 0000000000000000 0Op o 0 O o

RTLLAM 5t

o
(-

I”IIIIIIIIIIIF‘L:’IIIIIIIII

Sodium Data
- Sodium MC

0.6

.
Q
e
3
=
=
L
c
2
©
=
-
|71
=
[=]
[£]
7]
c 0.7
x
[&]
o
L
-
T
2]
c
=
Q
§
©
o

10° 10°
Estimated Rigidity [GV]

Figure 3-3: The inner track reconstruction efficiency for sodium data (filled dots) and
MC simulation (open circles) as a function of estimated rigidity. The bottom panel
shows the ratio of the efficiency in data to simulation, along with the spline fit to the
ratio (curve) and the 68% CL interval (band). The fit above 20 GV is obtained from
constant extrapolation.
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3.3.1.3 Charge Determination Efficiency

Charge measurements on L1, the inner tracker, the upper TOF, and, for R >1.2 TV,
the lower TOF, and L9 are required to be compatible with charge Z = 9 for fluorine,
Z — 11 for sodium, and Z = 13 for aluminum.

Figure 3-4 shows the inner tracker charge distribution for samples selected by
using the charge measurements with L1, the upper TOF, and the lower TOF. The se-
lections on the inner tracker charge for fluorine, sodium, and aluminum are indicated
by the dashed line in Figure 3-4. The selections ensure negligible charge confusion
(< 0.5%) from noninteracting nuclei. The rigidity dependence of the inner tracker
charge determination efficiency for sodium data and MC simulation is shown in Fig-
ure 3-5. For all nuclei species under study, a good agreement between MC and data

is observed with discrepancies of less than 1%.

Si
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/)
1 IIIIIIl
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11 12 13 14 15 16 17
Tracker L2-L8 Charge

Figure 3-4: Charge distribution measured by the inner tracker for nuclei from Z=9 to
Z =16 selected by charge measured with L1, the upper TOF, and the lower TOF. The
vertical dashed lines indicate the charge selection for fluorine (cyan), sodium (red),
and aluminum (magenta).
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Figure 3-5: The inner tracker charge determination efficiency for sodium data (filled
dots) and MC simulation (open circles) as a function of rigidity. The bottom panel
shows the ratio of the efficiency in data to simulation, along with the spline fit to the
ratio (curve) and the 68% CL interval (band not visible).

3.3.2 Total Correction

With all the efficiencies and the data/MC efficiency ratios, the total correction to the
effective acceptance is obtained as the product of all individual efficiency ratios.

The total data to MC correction (red curve) applied to the MC acceptance of
sodium is shown in Figure 3-6. The red band shows the systematic uncertainty of the
ratio. The total corrections to the effective acceptance from the differences between
data and MC simulation were found to be < 4% over the entire rigidity range. Similar
corrections are obtained for fluorine and aluminum.

The systematics related to reconstruction and selection can be evaluated from the
uncertainty associated with different correction factors (i.e., MC to data efficiency ra-
tios). Since the efficiency ratios are parameterized by a spline fit and an extrapolated

constant fit at high rigidity, the systematic error is contributed by the uncertainty
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of the spline fit and the constant assumption. For the spline fit, the 68% CL inter-
val obtained from the fit is taken as the systematic error. In order to estimate the
systematic error of the constant assumption, by comparing constant extrapolation of
the efficiency to high rigidity and true behavior of the efficiency as a function of gen-
erated rigidity, this deviation is taken as the systematic uncertainty. The systematic
errors on the fluxes associated with the reconstruction and selection are < 1% over

the entire rigidity range.
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Figure 3-6: The sodium nuclei total data to MC correction factor (red curve) as
a function of rigidity. The red band represents the systematic uncertainty of the
correction factor at 68% CL.

3.4 Nuclear Interaction Cross Section

Cosmic ray nuclei entering AMS could interact with the detector materials. In order
to accurately measure cosmic ray fluxes, precise knowledge of nuclear interactions with
detector materials is crucial. A dedicated study [34] has been performed to verify and

tune the description of inelastic nuclear interactions in the AMS MC simulation.
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To simulate the nuclear interactions with the AMS materials, the GEANT4 Glauber-
Gribov model [33,39] is used for the interaction cross-section simulation; the INCL+ -+
package [90] is used to model inelastic interactions below 5 GeV /n, while the DPM-
JET package |91,92] is used at higher energies.

The material traversed by nuclei between L1 and L9 is composed, by weight, of
67% carbon, 21% aluminum, and small amounts of silicon, oxygen, hydrogen, sodium,
and other elements. Most materials are between L1 and 12 (mainly the TRD and
Upper TOF) and between L8 and L9 (mainly the Lower TOF and RICH).

Since the inelastic cross sections of Nuclei + C, and Nuclei + Al have been mea-
sured only below a few GV for some species, to accurately determine the effect on
the acceptance of nuclear interactions in the detector, we have developed the meth-
ods to precisely measure the magnitude and the rigidity dependence of the survival
probability of each nuclei species when traversing the detector materials.

Sur (

The survival probability " (i.e., the probability of a particle passing the detector

without inelastic interaction) can be expressed by

eSUr — o MoI (34)

where n is the total number of target nuclei per area and o; is the nuclear interaction

cross section.

3.4.1 Nuclear Survival Probabilities

The survival probability between L1 and L2, and between L8 and L9 are measured
using data periods (1.4 X 10° s) in which AMS was oriented "horizontally", i.e., tilted
90° 4+ 10° with respect to the local zenith. In this condition, cosmic nuclei can travel
from L9 to L1 and from L1 to L9, as shown in Figure 3-7. In both cases, the inner
tracker L2-L8 is used to identify particles and to measure their rigidities. The L1-
L2 survival probability is evaluated by preselecting particles with the inner tracker,
using the upper part as a target, and selecting surviving particles with a charge cut

on Layer 1. The L8-L9 survival probability is evaluated by preselecting particles with
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the inner tracker, using the lower part as a target, and selecting surviving particles

with a charge cut on Layer 9.

(b)
/ L1

TP TR g

i #-----_é.
W_/

Define “beam”

(©)
11 L2-L8 TOF

~pimmn 5 ll_ o
RICH

Figure 3-7: (a) Schematic of AMS flying horizontally. (b) Illustration of the L2 to
L1 nuclei survival probability measurement in the AMS materials of upper TOF and
TRD. (c) Tllustration of the L8 to L9 nuclei survival probability measurement in
the AMS materials of lower TOF and RICH. Note, that both in (b) and (¢) we use
L2-L8, located inside the magnet and marked “Define beam” in the figures, to identify
particles and to measure their rigidities. Figure is from Ref. [60)].

LS

Given the short exposure time in the horizontal configuration (only 0.13% of the
total exposure time), only the helium (He) event sample has enough statistics for
this study. The comparison of the measured survival probabilities €7}, , with the MC
estimates e3¢ is used to calculate the interaction cross sections on carbon target o¢

for data based on Eq. (3.4)

log(ef,.) :

Data Data) _MC

o = — "2 g5 . 3.5
“ log (ESMw(.Z) ¢ (Bin)
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Figure 3-8 shows AMS tuned (derived from Eq. (3.5)) He+C interaction cross
section as a function of rigidity comparing to the GEANT4 Glauber-Gribov model |83,
89]. We observed a systematic bias in the interaction cross sections of the GEANT4
Glauber-Gribov model. Earlier measurements from other experiments are also shown

in Figure 3-8.

—_ 600 L] L) L) LI L B | | L) L] L] L) LI I ] l L T T T T 111
o C ]
E [ ]
Q 550f —
o N "]
c N ]
2 5001 o
[&] - =
& [ ]
o AMS a
3 450 o Tanihata (1985) ]
‘-CJ : 0 Ableev (1985) ]
S 400 " A Jaros (1978) —
S [ eeeseeeees GEANT4 Glauber-Gribov Model ]
o - N
E 350- L 1 1 a2 el 1 M A | L 1 L .....-
2 3456 10 20 30 102 2x10? 10°

Rigidity [GV]

Figure 3-8: The He interaction cross section on carbon target (oy.ic) as a function
of rigidity measured by AMS (solid curve) in the rigidity range from 2 GV to 1
TV, together with earlier measurements (open circle |93|, open squares [94] and open
triangles |95]) and the GEANT4 Glauber-Gribov model |33, 59| (dashed curve). The
grey band indicates the systematic error (68% CL) of the AMS result. Figure is from
Ref. [84].

The cross-section model with rigidity dependence tuned to the AMS He data is
scaled respectively in the AMS simulation to match the data for each nuclear species.
For heavy nuclei with Z > 8, the statistics collected during horizontal runs is too
low. Hence to perform a similar study, a new estimation method using only downward
going events (from tracker L1 to tracker L9) in nominal flight configuration has been
developed. Due to limited statistics, fluorine, sodium, and aluminum events cannot

be used to perform this study. Neon, magnesium, silicon, sulfur, and iron events are
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used for this study and, from this study, the interaction cross sections of fluorine,
sodium, and aluminum will be derived. The detailed discussion is carried out using
magnesium (Mg) events.

The event samples of nuclei with charge Z are required to be downward going,
have a reconstructed track in the inner tracker, and charge measured compatible with
Z on tracker LL1. Due to nuclear interactions between L1 and L2, the inner tracker

then measures charge Z’ < Z. The probability that a charge Z event on L1 will

. . . Ninner N'x'n,ne'r' ) .
change to charge Z’ in the inner tracker is PZ = Z— = —Z— where N is
4 S NZ'” Niot 3

the number of events having inner tracker charge 7', and Nypr = Y, NS is the

total number of events of all possible charge channels.

The survival probability £5'2*%" is evaluated when Z! . = Z as no fragmentation
19 - ng',nner‘
hrl‘ CﬂCd S0 L12sur — Pé — Nz .
app ) €z V4 Niot

Figure 3-9 shows the inner tracker charge distribution for data and MC events
selected with L1 charge Z — 12 (Mg) in the rigidity range from 20 to 21 GV. MC
simulation well reproduces data, and all the break-up channels down to He are clearly
visible.

As the charge measured on L1 is used to define the charge samples for the incoming
particles, it is necessary to consider the possible contamination due to finite L1 charge
resolution.

The contamination is evaluated using the event distribution from L2 charge. The
L2 charge samples are selected using charge measured by L1, the upper TOF, and the
L3-L8. The fraction of Z’ nuclei N2'# within the L1 charge selection (|Z;; — Z| < 0.5)

18

4 Z40.5
N _ Z-05 nz(Q)dQ
2 NG? S [T i (Q)dQ

f2 = (3.6)

where () is the measured L2 charge, ny is the event distribution of charge Z’ nuclei
sample obtained from L2 charge, and > ,, NZiZ is the total number of events of all
possible charge channels within the L1 charge selection (|Z;; — Z| < 0.5).

For L1 selected Mg nuclei sample, the estimated contaminations from Ne (fZ=3%),
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Figure 3-9: The inner tracker charge distribution for data (points) and MC (his-
togram) events selected with L1 charge Z = 12 (Mg) in the rigidity range from 20 to
21 GV. Both distributions have been normalized to their total number of events for
comparison. Figure is from Ref. [84].

Na (fZ2'%), Al (fZ2'%), and Si (fZZ='%), are shown in Figure 3-10.

Considering the contamination, the number of events with inner tracker charge Z’
become the sum of surviving events that carry charge Z’ on L1 and the events that

are fragmented from heavier nuclei Z”:

mne'r _ E£123uerfld s Z Z” f&Z _ ( J[.123'wr'f"_dlr ¥ Z Z" A"’ Ntot (37)

VAV A zn=z!
As the break-up probabilities of heavier nuclei with charge Z” > 7’ is small (PZ,. ,<1
as in Figure 3-11) and contamination of heavier nuclei is also small (fZ,.,<1 as in
Figure 3-10), Eq. (3.7) is simplified to be Ngmer = ebl?swr fZ N,,. The survival

probability with the contamination correction is given by

'I':R'ﬂ.f‘?'
L1 231.-.7‘ o N | EVI=F
A
f?»‘ Ntot

(3.8)

Figure 3-12 presents the MC to data ratio of the obtained L1-L2 survival proba-
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Figure 3-10: The estimated relative contamination from Ne (fZZ'%, open circles),

Na (fZ=12, open squares), Al (fZ='3, solid squares), and Si (fZZ13, solid circles) as
functions of rigidity for a sample selected by charge Z — 12 (Mg) measured on L1.

The contamination from Z’ < 10 and Z'> 14 is negligible. Figure is from Ref. [34].

87



0.1

0.08

0.06

0.04

0.02

Probability of L1-L2 Breaking-Up Channel

0.12p—

-] | ]
n e Mg—Na Data .
- o Mg—Na MC B
- = Mg—F Data E
- o Mg—F MC H _E
o ooQQ0°QQQ%90Qﬁaaﬁ’ﬂdﬁ&w&ggég*iiooﬁiOO+‘2
- iy -
ua_!!s!5g.!EUQEE!BUWWEEEQEHEEEH Egﬁmﬂggmﬁi
C L ]
10 10°
Rigidity [GV]

Figure 3-11: The nuclear break-up probabilities between L1 and L2 for the channels
Mg to Na (PZ-13) and Mg to F (PZ=4?) as functions of rigidity for data (solid circles
and solid squares) and MC (open circles and open squares). Figure is from Ref. |
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bilities for Mg nuclei. As seen, the survival probabilities in the MC simulation are in

good agreement with the data for Mg nuclei over the entire rigidity range.
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Figure 3-12: The MC/Data ratio of survival probabilities between L1 and L2 for Mg
nuclei. The solid line shows the constant fit to the ratio and the dashed lines indicate
the systematic error range (68% CL). Figure is from Ref. [84].
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3.4.2 Nuclear Interaction Cross Sections on Carbon Target

Based on the study with He nuclei, we observed a bias in the interaction cross sec-
tions of the GEANT4 Glauber-Gribov model |33,29]. Therefore we developed a new
cross-section model to match the data. Since the cross-section model with rigid-
ity dependence tuned to the AMS He data describes well other nuclei like Mg, the
cross sections of different charged nuclei are take to have similar rigidity dependence.
Therefore, for each nuclear species, one cross-section measurement at a given rigidity

is enough to define the cross section over the entire rigidity range.

The AMS measured ,/o; is parameterized as function of nuclear charge radius
r. studied by electron scattering, isotope-shift measurements, and studies of muonic
atoms [96]:

Vor = k(rf +ri— o) (3.9)

where ,/o; is the square root of the interaction cross section, 7% is the charge radii

of the projectile, 7% is the charge radii of the target, ry is an overlap charge radius

parameter in nuclear collision, and k is a scaling factor.

Figure 3-13 shows the linear dependence of \/(ng on r? with
rt = 2.4702 £ 0.0022 fm for carbon target |97]. The fit to the measured data yields
ro — 1.891 £ 0.078(fit) fm and k& — 10.23 £ 0.25(fit) & 0.15(mat) mb'/?fm~", with
x?/d.o.f = 2.7/7 |34]. The first error quoted (fit) takes into account statistical and
uncorrelated systematic errors. The second error (mat) is the correlated error from
3% uncertainty on the overall AMS materials, which could potentially simultaneously

move all the measured points higher or lower.

Eq. (3.9) can be used to calculate the interaction cross section for cosmic-ray
nuclei of low statistics for which we cannot perform the above cross-section study,
such as fluorine (F), sodium (Na), and aluminum (Al). The interaction cross sections
on carbon target is calculated by the parameterized Eq. (3.9) knowing the r?. The
nuclear interaction cross sections on carbon target for F (r? = 2.8976 + 0.0028
fm), #Na (r? = 2.9936 + 0.0021 fm), and ?"Al (r» = 3.0610 & 0.0031 fm) [97] are
calculated to be oPGY — 1265 + 84(fit) & 37(mat) mb, oY, — 1336 + 88(fit) +
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39(mat) mb, and oiF¥, — 1387 + 90(fit) & 41(mat) mb. The corresponding errors

are calculated with propagation of uncertainty through Eq. (3.9).

Nuclear Charge Z of Projectile

2 5 78 101416 26
50_ | Tl i | | i
45 -

— 40F =

o C i

‘2 - -

E 35F =

5% F :

o 30:— —:
25 —

1 1 1 1 I 1 L L L l L 1 1 1 I 1 1 L L l L 1 1 I:
OE 2 25 3 3.5

Nuclear Charge Radius of Projectile [fm]

Figure 3-13: The square root of the interaction cross section on carbon target at
rigidity 15 GV (4/o%Y) as a function of projectile charge radius (r?) [97]. The
line shows the fit with Eq. (3.9). The isotopic compositions used are “He (He),
30%'°B+70%''B (B), 12C (C), 50%'*N+50%'°N (N), ¢0O (O), ?Ne (Ne), **Mg (Mg),
2Si (Si), 32S (S) and Fe (Fe). As seen, the linear function describes the data well.
Accordingly, the light blue markers show the extrapolation of the nuclear interaction
cross sections on carbon target for F, #Na, and >’ Al. Figure is updated from [34,98].

The corresponding systematic error due to uncertainties in the evaluation of the
interaction cross section on the F flux is < 3% up to 100 GV and rises smoothly to
4% at 2.9 TV. The corresponding systematic error on both the Na and Al fluxes is
< 3.5% up to 100 GV and rises smoothly to 4% at 3.0TV. Note that above 100 GV,
the small rigidity dependence of the cross section from the Glauber-Gribov model
is treated as an uncertainty and added in quadrature to the uncertainties from the

measured interaction probabilities.
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The total systematic error associated with the acceptance calculation is obtained
by taking in quadrature this systematic error due to uncertainties in the evaluation
of the inelastic cross section and systematic error from different correction factors in

event reconstruction and selection (Section 3.3.2).

3.5 Background Estimation

After applying the charge selections on the tracker L1, inner tracker, upper and lower
TOF, the background of fluorine, sodium, and aluminum samples come from two
sources.

First is the residual background after L1 charge cut, resulting from interactions
of heavier nuclei like Mg and Si in the material between L1 and L2 (TRD and upper
TOF).

The background to F events is evaluated using a data-driven method, i.e., by
fitting the charge distribution from L1 with charge distribution templates of O, F,
Ne, and Na, as shown in Figure 3-14. The charge distribution templates are obtained
from a selection of non-interacting samples at L2 by requiring that L1 and L3-L8
measure the same charge value. The charge distributions should be nearly identical
for L1 and L2, since the layout and electronics are the same |74]. The background is
then calculated by integrating the charge templates of O, Ne and Na within the L1
charge selection interval for F indicated by the dashed lines. The same procedure is
applied to evaluate the background to Na and Al events, as shown in Figure 3-15 and
Figure 3-16.

This background varies smoothly from 4% below 10 GV to 15% at 2.9 TV for F,
from 8% below 10 GV to 256% at 3 TV for Na, and from 9% below 10 GV to 16% at
3 TV for Al

The second source of background is the background resulting from interactions of
heavier nuclei like Mg and Si in the material above L1 (thin support structures made
of carbon fiber and aluminum honeycomb).

Interactions that happened above L1 cannot be identified by AMS since they
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Figure 3-14: Charge distributions measured by tracker L1 for fluorine events selected
by the inner tracker L2-L8 in the rigidity range between 18 and 22 GV (black dots).
The solid red curve shows the fit to the data of the sum of the O, I, Ne, and Na charge
distribution templates. The templates are obtained from non-interacting samples at
L2 by using combined L1, upper TOF, L3-L8, and lower TOF charge selections. The
charge selection for F' applied on tracker L1 is shown as vertical dashed lines.
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Figure 3-15: Charge distributions measured by tracker L1 for sodium events selected
by the inner tracker L2-L8 in the rigidity range between 18 and 22 GV (black dots).
The solid red curve shows the fit to the data of the sum of the Ne, Na, Mg, and
Al charge distribution templates. The templates are obtained from non-interacting
samples at L2 by using combined L1, upper TOF, L3-L8, and lower TOF charge
selections. The charge selection for Na applied on tracker L1 is shown as vertical
dashed lines.
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Figure 3-16: Charge distributions measured by tracker L1 for aluminum events se-
lected by the inner tracker L2-L8 in the rigidity range between 18 and 22 GV (black
dots). The solid red curve shows the fit to the data of the sum of the Mg, Al, Si, P,
and S charge distribution templates. The templates are obtained from non-interacting
samples at L2 by using combined L1, upper TOF, L3-L8, and lower TOF charge se-
lections. The charge selection for Al applied on tracker L1 is shown as vertical dashed
lines.
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happen before particles reaching the first sub-detector, tracker L1. Therefore, this
background is estimated from simulation, using MC samples reweighted according to
AMS flux measurements (e.g., MC fluorine samples are reweighted to the fluorine flux
from this analysis). The MC simulation of nuclear interactions has been validated
with data using nuclear charge changing cross sections (Ne; Mg; Si; ...— F + X)

measured by AMS, as shown in Figure 3-17.
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Figure 3-17: Comparison of the simulated (MC) and measured (Data) Ne, Mg, Si
—F break-up probabilities between L1 and L2.

Considering that the total collected fluorine event counts N}, are the sum of
event counts from incoming fluorine nuclei Ng and the above tracker L1 background

> Nx_,r, the fluorine flux without this background can be expressed as

5. Ve Np— Y Nxor Ne—Y ®xAx rTAR
F=A;.TAR~ =~ ATAR ATAR
Ax_r Px -
— 01— x 3.10
Tl Az @;;) (3.10)
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where @' is the fluorine flux before subtraction of this background and Ay, is the
fluorine acceptance obtained from MC samples of fragmented nuclei
X (Ne, Mg, ...). The MC acceptance Ax_,p and Ap are expressed in reconstructed
rigidity to account for the bin-to-bin migration effect due to the finite tracker rigidity
resolution. So, the above tracker L1 background )  dx is estimated in the recon-
structed rigidity and will be subtracted from the raw event counts before unfolding.

Figure 3-18 shows the rigidity dependence of the above tracker L1 background for

e

The same procedure is applied to evaluate the background to Na and Al events, the
rigidity dependence of this background is shown in Figure 3-19 for Na and Figure 3-20
for AL
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Figure 3-18: F background from heavier nuclei interactions above L1 together with
its uncertainty at 68% CL (blue shaded area) as a function of rigidity. The amount of
background as a function of rigidity is determined by nuclei interaction cross sections,
by the relative abundance of heavier nuclei to I and by L1, upper TOF and lower TOF
charge selection criteria, which were chosen to minimize the background uncertainty.

The systematic uncertainty from background evaluation is separated into two com-
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Figure 3-19: Na background from heavier nuclei interactions above L1 together with
its uncertainty at 68% CL (blue shaded area) as a function of rigidity. The amount
of background as a function of rigidity is determined by nuclei interaction cross sec-
tions, by the relative abundance of heavier nuclei to Na and by L1, upper TOF and
lower TOF charge selection criteria, which were chosen to minimize the background
uncertainty.
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Figure 3-20: Al background from heavier nuclei interactions above L1 together with
its uncertainty at 68% CL (blue shaded area) as a function of rigidity. The amount
of background as a function of rigidity is determined by nuclei interaction cross sec-
tions, by the relative abundance of heavier nuclei to Al and by L1, upper TOF and
lower TOF charge selection criteria, which were chosen to minimize the background
uncertainty.
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ponents: uncertainty from estimation of the residual interaction background between

L1 and L2, and from interactions above L1.

The background from interactions between L1 and L2 is estimated by the template
fit with charge distribution templates obtained from non-interacting samples at L2.
The same procedure is performed by using samples at L1 to evaluate the background
contamination and the uncertainty that arises from different template selection is

taken as the systematic error.

The systematic error of above L1 background estimation comes from the uncer-
tainties of the MC acceptance ratio Az _,z /A7 and the flux ratio &,/ /® in Eq. (3.10).
The acceptance ratio depends on the nuclear charge changing cross sections on AMS
material (Mg—F+X, Mg—Na+X, Si—Al+X ..). The uncertainty of this ratio can
be evaluated by comparing the difference between the MC to data ratio of 2/ — Z
break-up channel probability in L1-L.2 and L8-L9.

The overall uncertainty due to background subtraction is obtained by taking in
quadrature the uncertainties of the two backgrounds. It is 1.5% at 2 GV, 2% at 100
GV, and 6% at 2.9 TV for F, 1.5% at 2 GV, 1.5% at 100 GV, and 6% at 3.0 TV for
Na, and 1% at 2 GV, 1.5% at 100 GV, and 5% at 3.0 TV for Al

3.6 Trigger Efficiency

The trigger efficiency is calculated by

N, phys (R)
N, phys (R) + f unbiased X N, unbiased ( R)

Etrig(R) = (3.11)
where N, corresponds to all the events passing the selection cuts and with at least
one physics trigger, Nynpiased 1S the number of events with only unbiased trigger, and
Sunbiasea 18 the scale factor for unbiased events, which is 100. The different trigger
criteria have been discussed in Section 2.2. As discussed in Section 3.5, nuclear
interactions that happened between L1 and L2 and above L1 represent backgrounds

in the fluorine, sodium, and aluminum samples. The secondaries produced in the
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nuclear interactions trigger the ACC and cause bias in the trigger efficiency study, so
the trigger efficiency of fluorine, sodium, and aluminum can not be measured directly.

An energetic charged particle moving through matter interacts with the bound
orbital electrons in the material and transfers energy to the electrons. When the
energy transferred to the electron is higher than the ionization energy, the electron is
ejected from its orbit. This electron is referred as the d-ray. Since the inefficiency is
mostly due to d-rays produced by incoming nuclei in the tracker materials and which
then trigger the ACC and fail the trigger requirement, and more d-rays are produced
with increasing energy and increasing charge, we first study the trigger efficiencies
of the neighbouring nuclei. As seen in Figure 3-21, the trigger efficiencies of oxygen,
neon, magnesium, and silicon form a nearly linear relationship with charge. Thus
the trigger efficiencies of fluorine, sodium, and aluminum can be obtained by the

interpolation of the neighbouring nuclei.
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Figure 3-21: The trigger efficiency as a function of charge at 20 GV (left) and 40
GV (right). The blue points are the measured trigger efficiencies of oxygen, neon,
magnesium, and silicon. The red points are the trigger efficiencies of fluorine, sodium,
and aluminum, obtained by the interpolation of the neighbouring nuclei. Black lines
are the linear fits of the blue points.
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Figure 3-22 shows the trigger efficiency of sodium as a function of rigidity, in-
terpolated by the measured trigger efficiencies of neon and magnesium. The trigger
efficiency has been measured to be > 95% over the entire rigidity range for fluo-
rine, sodium, and aluminum, where the inefficiency is mostly due to d-rays produced
by incoming nuclei in the tracker materials and which then entered the ACC. The
systematic error on the I, Na, and Al fluxes associated with the trigger efficiency

measurement is < 1% over the entire rigidity range.
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Figure 3-22: The trigger efficiency of sodium as a function of rigidity, evaluated by
the interpolation of measured trigger efficiencies of neon and magnesium.

3.7 Tracker Resolution Function and Unfolding of
the Flux

Event counts in a given bin of true rigidity may migrate to different bins of recon-
structed rigidity. This process is called bin-to-bin migration. This bin-to-bin mi-

gration is mainly due to 1) the particle losing energy when traversing the detector
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materials (e.g., by ionization); and 2) measurement of rigidity affected by the finite
resolution of the tracker.

Particles traversing the detector will deposit their energy via ionization, resulting
in a measured rigidity lower with respect to the rigidity at the top of the detector.
The effect of energy loss moves events from higher to lower rigidity bins. The mean

rate of energy loss is described by the Bethe-Bloch formula |6

dE 2 1
T K7t
dx A p?

2m BV Tas B2 — M] (3.12)

I? 2

1
[E In

which is proportional to Z? and dramatically increase in low energy when Sy < 3.
Figure 3-23 shows an example of the carbon energy loss in a single tracker layer as a
function of g+.

The tracker rigidity resolution depends on two factors [100]: 1) contribution from
measurement error oy /R = \/g% oy, where B is magnetic field, L is the level arm of
the tracker, and o, is the tracker coordinate resolution; 2) contribution from multiple
scattering o}'®/R = 0.0455 7=, where X is the radiation length of the tracker
material. Multiple scattering of the particles during interaction with the detector
material deflects the trajectories of the particles and limits the rigidity resolution at
low rigidities (up to tens of GV). At higher rigidities, the dominant effect on rigidity
resolution is the coordinate resolution o,.

The bin-to-bin migration of events distorts the measured cosmic ray flux and
requires an unfolding procedure. Knowledge of the rigidity resolution is the key
ingredient in the unfolding. The resolution is obtained from MC and validated with
data. One of the verifications is show in Figure 3-24. The differences of the coordinates
measured in L3 or L5 to those obtained from the track fit using the measurements
from L1, L2, L4, L6, L7, L8, and L9 are compared between data and simulation, and
a very good agreement is found. This procedure also directly measures the tracker
bending coordinate accuracy of 8 pm for fluorine, 6 pm for sodium, and 7 pm for

aluminum.
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Figure 3-23: Carbon nuclei ionization energy loss in a single tracker layer as a function
of B7v. The open black circles correspond to the peak values resulting from fits to the
energy deposition in each slice of 3. The peak profile is then fitted to obtain the final
parameterization (blue curve) of the energy dependence. Figure is from Ref. [99)].
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Figure 3-24: The differences Ay of the bending plane y coordinates measured in L3
or L5 to those obtained from the track fit using the measurements from L1, L2, L4,
L6, L7, L&, and L9 for data and simulation for fluorine, sodium and aluminum. The
measured bending coordinate accuracy is 8 pm for fluorine, 6 pm for sodium, and 7

pm for aluminum.



3.7.1 Tracker Resolution Function

The rigidity resolution function A}—{ is evaluated from the difference between the

inverse reconstructed rigidity and the inverse true rigidity generated in MC:

_ - (3.13)

The rigidity resolution function A% in each generated rigidity bin is parameterized

by a double Gaussian core along with an exponentially modified Gaussian tail as

1—132 a,_HZ )
fo=aly= DS B R IS h o h e um oty
"V Voo, 2r Vo,

(3.14)

where p is the mean of the three distributions, oy is the sigma of the first Gaussian, f;

is the fraction of the first Gaussian to the distribution, o5 is the sigma of the second

Gaussian, f5 is the fraction of the second Gaussian to the distribution, o3 is the sigma

of the tail function, and 7 is the exponential factor of the tail function. Note that
2

erfc is the complementary error function defined as erfc(y) = —= fyoo e dt. These

parameters are then parameterized as function of the generated rigidity to build up a

2D rigidity resolution function Res(Rgen, — — ﬁ), which will be used to describe

the rigidity migration effects in the unfolding procedure.

Figure 3-25 illustrates the parameterizations of the rigidity resolution in different
rigidity bins for the tracker L1- L8 configuration. Below 20 GV, the peak is shifted
to lower reconstructed rigidities because of the energy losses, while the tail is mostly
coming from multiple scattering; at intermediate rigidities, 20-100 GV, the peak is
centered at zero and the distribution becomes more and more symmetric, the tail of
the multiple scattering vanishes, while the tails due to the intrinsic spatial resolution

appear; at higher rigidities, the distribution is symmetric.

Figure 3-26 shows the complete AMS rigidity resolution function as smearing

matrices for the tracker L1- L8 and L1-L9 configurations.
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Figure 3-25: Examples of rigidity resolution parameterizations, using sodium sample
in different rigidity ranges for the tracker L1- L8 configuration.
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and b) L1-L9 configurations.
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3.7.2 Forward Unfolding Method

In this analysis, the Forward Unfolding Method [101] is used for the unfolding of the
flux.
With an initial true flux model <I>t( —), the folded event rate f"“‘( ) in the iy,

inverted reconstructed rigidity bin can be calculated by

1 1 wHAR oo 1 1 1 1 1 1
fz‘wi ) = f f ® Res(R ens ___)Af: ( )d’ d
( R'r'u(; AR{'cC %«; 0 t( R,{,?c'n. ) ( ! RY'GC Rg"m 1 Rg(:‘n Rg en R'r'u(;
(3.15)

where Af f(;) is the effective acceptance calculated in the inverse reconstructed

rigidity bin. The measured event rate f7°( mc) is

1 N:‘ec( R;.,,r )

) =
R’r'u(: 'I'z', ( R:ec )

e (3.16)
where N/ is the number of events after background subtraction. Then the true

flux 4 can be obtained by minimizing

Thin  prec cal )
D { (3.17)
: o]
i=1
where o; is the the statistical error of the measured event rate N;/T;. After the
true flux is obtained, the unfolding factor C; defined as the ratio between folded and

unfolded event rates, is calculated from

v i + 4 4
fead Ir ) @ (R S Res(Ryen, 7, — R:m)Aeff(Rglm)ngldeim
C. — w,,r;c _ R :
‘ cal +AL
Figen fﬁfz B () A (g )i

(3.18)

Figure 3-27 presents the rigidity dependence of the unfolding factor C for fluorine,

sodium, and aluminum. The dip around 1 TV is due to the requirement of track
passing through L9 above 1.2 TV.

At low rigidity, up to ~20 GV, the effect of migration is mostly due to energy

losses and multiple scattering. This steadily becomes less significant up to around
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100 GV. Then the unfolding factor increases with rigidity again resulting from finite

coordinate resolution.

As discussed in Section 3.7.1, the rigidity resolution function has a double Gaussian
core and an exponentially modified Gaussian tail. The systematic error on the fluxes
due to the rigidity resolution functions can be estimated by repeating the unfolding
procedure while varying the width of the Gaussian cores of the resolution function by

5% and by independently varying the amplitude of the non-Gaussian tails by 10%.

The resulting systematic error on the F flux is less than 1% below 200 GV and
smoothly increasing to 7% at 2.9 TV. 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.
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Figure 3-27: The rigidity dependence of the unfolding factor for fluorine (red), sodium
(green), and aluminum (blue).
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3.8 Systematic Error

The systematic errors include the uncertainties in the trigger efficiency, the acceptance
calculation, the background subtraction, and the rigidity resolution function, which
have been discussed above. In addition, two more systematic errors on geomagnetic

cutoff factors and absolute rigidity scale were studied.

3.8.1 Geomagnetic Cutoff

The systematic error associated with the geomagnetic cutoff below 30 GV arises from
the selection of the geomagnetic cutoff factor of 1.2. To evaluate the corresponding
systematic errors, the geomagnetic cutoff factor is varied from 1.0 to 1.4, resulting in
a negligible systematic uncertainty (< 0.1%) in the rigidity range below 30 GV for F,
Na and Al fluxes.

3.8.2 Absolute Rigidity Scale

There are two contributions to the systematic uncertainty on the rigidity scale. The
first is due to residual tracker misalignment. This error is estimated from data by the
comparison of the inverse absolute rigidity 1/|R| measured by the tracker, with the
inverse energy 1/FE measured by the ECAL, for positron events and electron events.
It is found to be 1/30 TV ! [76], limited mostly by available positron statistics.

The second systematic error on the rigidity scale arises from the magnetic field
map measurement (0.25%) and its temperature corrections (0.1%) [102].

The corresponding systematic errors on the fluxes are obtained by repeating the
unfolding procedure with rigidity scale shifts of R~!4+1/30 TV~! and R(14+0.27%).
The variations caused by these rigidity shifts are taken as systematic error.

The error on the I flux due to uncertainty on the rigidity scale is < 1% up to
200 GV and increases smoothly to 6.5% at 2.9 TV. The corresponding errors on Na
and Al fluxes amount to <0.4% up to 100 GV for both Na and Al fluxes, increasing
smoothly to 7% for Na and 6% for Al at 3.0 TV.
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The systematic errors on the tracker misalignment and magnetic field map un-

certainties are added in quadrature to arrive at the total rigidity scale systematic

errors.

3.9 Total Error

The contributions to the systematic uncertainty from different sources for fluorine,

sodium, and aluminum are shown in Figure 3-28, Figure 3-29, and Figure 3-30 respec-

tively. The total error is obtained by propagating the various sources of systematic

errors and adding them in quadrature, including also the statistical error. The total

error is at the level of 5% for all nuclei up to ~100 GV, dominated by systematics,

while at high rigidity the total error is dominated by the statistics.
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Figure 3-28: Total flux error as a function of rigidity for fluorine flux measurement,
along with the breakdown of its components. All the constituent uncertainties are

added in quadrature to arrive at the total error.
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Figure 3-29: Total flux error as a function of rigidity for sodium flux measurement,
along with the breakdown of its components. All the constituent uncertainties are

added in quadrature to arrive at the total error.
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Figure 3-30: Total flux error as a function of rigidity for aluminum flux measurement,
along with the breakdown of its components. All the constituent uncertainties are
added in quadrature to arrive at the total error.
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Chapter 4

Results

4.1 The Fluorine Flux and the Fluorine to Silicon

Ratio

In the previous chapter, the measurements of the fluorine F events collected by AMS
(NF), the exposure time (7"), the trigger efficiency (er) and the effective acceptance
(Ar), together with their relative uncertainties, have been evaluated. The flux is

measured in 49 bins from 2.15 GV to 2.9 TV. By means of Eq. (3.1), they have been

used to calculate the flux of fluorine.

Figure 4-1 shows the F flux as a function of rigidity R with the total errors, the
sum in quadrature of statistical and systematic errors. In this and subsequent figures,
the data points are placed along the abscissa at R calculated for a flux oc R=27 [103].
For comparison, Figure 4-1 also shows the AMS results on the boron B flux [60]. As
seen, at high rigidities, the rigidity dependences of the F and B fluxes are identical;

at low rigidities, they are different.

To examine the rigidity dependence of the I flux, the variation of the flux spectral

index ~ with rigidity was obtained in a model-independent way from

v = d[log(®)]/d[log(R)]. (4.1)
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Figure 4-1: The AMS F flux multiplied by R27 with total errors as a function of
rigidity (red points and left axis) together with the AMS B flux [60]| (blue points and
right axis).

over non-overlapping rigidity intervals bounded by 7.09, 12.0, 16.6, 28.8, 45.1, 175.0,
and 2900.0 GV. The results are presented in Figure 4-2 together with the B spectral
index |6G0)].

As seen in Figure 4-2, in the rigidity interval 175-2900 GV, the F spectral index
is similar to the B spectral index. In particular, both fluxes harden above ~ 200 GV.

To directly compare the rigidity dependence of the F flux with that of the light
secondary cosmic ray B flux [60], the ratio of the F flux to the B flux, %ﬁ, is computed.
To establish the rigidity interval where the I and B fluxes may have identical rigidity

dependence, the F/B flux ratio above 7 GV has been fit with

k(R/Rp)*, R < Ry,
?: (£/ Ro) : (4.2)
B K, R > Ry.

The fit yields £ = 0.078 £ 0.003, Ry — 150 £+ 60 GV, and A = 0.083 £ 0.007
with a x?/d.o.f. = 19/33. Figure 4-3 shows the AMS F/B flux ratio as a function of
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Figure 4-2: The AMS F spectral index (red points) together with the B spectral index
(blue points) as a function of rigidity.

_._

rigidity with total errors together with the fit results. As seen, above 150 £ 60 GV,
the rigidity dependences of the F and B fluxes are identical, and at lower rigidities
they are different. As shown in Figure 4-4, the F/B ratio does not change with time
from 5 to 20 GV; i.e., solar modulation of the F/B flux ratio does not affect the
fit results with Eq. (4.2). Note that fitting the F/B ratio with Eq. (4.2) above 20
GV does not change the fit results. Above 20 GV, the fit yields x — 0.078 £ 0.003,
Ry = 145 + 65 GV, and A = 0.084 & 0.014 with a x*/d.o.f. = 16/21.

Figure 4-5 shows the AMS F flux as a function of kinetic energy per nucleon
E} together with earlier measurements [50,54-57]. Data from other experiments are
extracted using Ref. [58]. The F flux is expressed as a function of kinetic energy per

nucleon Fj using

Ex = (\/221'?? + M2 M) /A (4.3)

with Z the charge, M the mass, and A the atomic mass number. The rigidity is

converted to E assuming that the sample is entirely F.
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Figure 4-3: The AMS F/B flux ratio with total errors as a function of rigidity. The
brown curve shows the fit results with Eq. (4.2).

To compare the rigidity dependence of the F flux with that of the Ne, Mg, and
Si primary cosmic ray fluxes, which have an identical rigidity dependence above
80.5 GV |63], the ratio of the F flux to the characteristic heavy primary Si flux,
F/Si was calculated. Figure 4-6 shows the AMS F/Si flux ratio as a function of
rigidity together with the AMS B/O flux ratio [60].

The variation with rigidity of the spectral index A of the F/Si flux ratio was
obtained by fitting it with

o | C(R/1T5GV)™, R < 175GV, -
®si | o(r/175GVYA, R > 175GV

over the rigidity interval [28.8-2900] GV. The fitted values are C*/5' — 0.044 + 0.001,
AP 034 £ 0.02, and AYS = 0.19 & 0.07 with a y2/d.o.f. = 13/16. Above
175 GV, the spectral index A¥/5 exhibits a hardening (AQF’!Si = A];’/Si) of 0.15 + 0.07,

compatible with the AMS result on the hardening of the Li/C, Be/C, B/C, Li/O,
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Figure 4-4: The AMS F/B flux ratio from 5 to 20 GV for two different time periods,
May 19, 2011 to March 3, 2016 (blue dots) and March 3, 2016 to October 30, 2019
(magenta dots). For clarity, the data points are displaced horizontally.
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Figure 4-5: The AMS fluorine flux as a function of kinetic energy per nucleon Ej
multiplied by EZ7 together with earlier measurements |50, 51-57].
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Be/O, and B/O flux ratios by 0.140 + 0.025 [60].

To ensure that the choice of the inflection point of 175 GV does not affect the fit

results, the inflection point (Ry) is allowed to vary. The F/Si ratio is fitted with

(I)F C(R/RU)Alaﬁ S RU:
St C(R/RU)AQ, R > R,.

over the rigidity interval [28.8-2900] GV. The fitted values are C*/5 — 0.046 + 0.001,
AN 035 £ 0.03, ALY = 021 + 0.08, and Ry, — 150 + 61 GV with a
x%/d.o.f. = 13/15. So above 150 + 61 GV, the spectral index of the F/Si ratio

exibits a hardening (Ag /8 Af’; ) of 0.14 + 0.08, in complete agreement with results

of Eq. (4.4), (AY/S — AYSYy — 0.15 + 0.07.

Figure 4-6 also shows the AMS F/Si fit results with Eq. (4.4) together with the
predictions of the cosmic ray propagation model GALPROP [104] and of the latest
GALPROP-HELMOD model [23] on the F/Si flux ratio and the AMS B/O fit results
with Eq. (4.4), C®/© = 0.097+ 0.003, AL/ —-0.405 4 0.005, and A5/® —-0.26 + 0.03
with a x2/d.o.f. = 24/36.

To compare the rigidity dependence of the F /Si flux ratio with the lighter secondary-
to-primary B/O flux ratio in detail, the |[(F/Si)/(B/O)] ratio is computed and shown
in Figure 4-7. Over the entire rigidity range, |(F/Si)/(B/O)] can be fitted with

(PF‘/(I)Si _ k(R/RU)al?R < Ro,
®8/®0 | k(R/Ry), R > Ro.

(4.6)

The fit results are k¥ = 0.39 + 0.01, Ry = 9.8 + 0.9 GV, 6; = -0.055 + 0.013, and
d = 0.052 £ 0.007 with a x?/d.o.f. = 24/45. As seen, the rigidity dependences of
the F/Si and B/O flux ratios are distinctly different. Most importantly, the latest
AMS result shows that above 10 GV, the [(F/Si)/(B/O)] ratio can be described by a
single power law function o< R with § = 0.052 4 0.007 (a 7o difference from 0). This

shows, unexpectedly, that the heavier secondary-to-primary F/Si flux ratio rigidity
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dependence is distinctly different from the lighter B/O (or B/C) rigidity dependence,
indicating that the propagation properties of heavy cosmic rays, from F to Si, are

different from those of light cosmic rays, from He to O.

0.4 [—r—r—rrrr———r—r—rrr T ——r—r—r—rrrrr]

i 03 —
0 i s
= ¢
O B | il
e B . AusFsiDaa o T ]
% - « AMS B/0x0.39 Data -
3 S F/Si GALPROP i
w 01 F/Si GALPROP-HELMOD =
[ —— F/SiFitto Eq. (4.4) 1

.  —— B/Ox0.39FittoEq. (4.4) _. . . I

- | Rigidity R [|GV] -

345 10 20 10% 2x107 10° 2x10°
Figure 4-6: The AMS F/Si flux ratio (red dots) and AMS B/O flux ratio (blue dots)

multiplied by R%3 with total errors as a function of rigidity. For display purposes,
the B/O flux ratio is rescaled as indicated. The solid brown and blue curves show
the F/Si and B/O fit results respectively with Eq. (4.4). The dotted and dashed red
curves show the predictions of the F/Si ratio by the GALPROP model |104] and the
GALPROP-HELMOD [23| model, respectively.

As shown in Figure 4-8, the [(F/Si)/(B/O)] ratio does not change with time below
20 GV, i.e., solar modulation on the [(F/Si)/(B/O)] ratio does not affect the fit results
with Eq. (4.6).
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Figure 4-7: The AMS |(F/Si)/(B/0)] ratio as a function of rigidity with total errors.
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0

123



0.8

- « May 2011 - Mar. 2016 -

B - Mar. 2016 - Oct. 2019 7

0.6 -

2 B .
5 -4 -
= 0.4-€+ N Y Y X L XA L4
@Ot .
wo - -
0.2 -

0- 1 M M " M M PR | )

3 4 5 6 7.8 910 20

Rigidity R [GV]

Figure 4-8: The AMS [(F/Si)/(B/O)] ratio below 20 GV for two different time periods,
May 19, 2011 to March B/O 3, 2016 (blue dots) and March 3, 2016 to October 30,
2019 (magenta dots). For clarity, the data points are displaced horizontally.

124



4.2 The Sodium and Aluminum Fluxes

In the previous chapter, the measurements of events collected by AMS (N;), the ex-
posure time (7°), the trigger efficiency (&;) and the effective acceptance (A;), together
with their relative uncertainties, have been evaluated for sodium Na and aluminum
Al. The fluxes are measured in 49 bins from 2.15 GV to 3.0 TV. By means of Eq. (3.1),

they have been used to calculate the fluxes of sodium and aluminum.

Figure 4-9 a) shows the Na flux as a function of rigidity R with the total errors,
the sum in quadrature of statistical and systematic errors, together with the AMS
nitrogen N flux [60]. Figure 4-9 b) shows the Al flux as a function of rigidity R with
the total errors, the sum in quadrature of statistical and systematic errors, together

with the AMS N flux [60].

To examine the rigidity dependence of the Na and Al fluxes, the variation of the
flux spectral index v with rigidity was obtained in a model-independent way from
Eq. (4.1) over non-overlapping rigidity intervals bounded by 7.09, 12.0, 16.6, 28.8,
45.1, 80.5, 211.0, and 3000.0 GV. The results are presented in Figure 4-10 a) and b)
in comparison with the N spectral index [60]. As seen from Figure 4-9 and Figure 4-
10, below ~ 100 GV, the Na flux and spectral index follow the N flux and spectral
index and, above ~ 100 GV, the Al flux and spectral index follow the N flux and

spectral index.

Figure 4-11 shows the AMS Na and Al fluxes as a function of kinetic energy
per nucleon Ej, together with earlier measurements [12,50,54-57]. The Na and Al
fluxes are expressed as a function of kinetic energy per nucleon Ej using Eq. (4.3).
The rigidity is converted to Ej assuming that the sample is entirely ?Na and 27Al
respectively. Also shown in the figure are the predictions of the latest GALPROP-
HELMOD cosmic ray propagation model |23], which are based on published AMS
data on the two primary cosmic ray classes, He-C-O and Ne-Mg-Si and other AMS
data. The GALPROP-HELMOD model prediction of the Al flux agrees well with the
AMS Al data above 3 GeV /n.

To obtain the primary @y, and secondary <I>§Ja components in the Na flux
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Py, = PR, + Y, a fit of Py, to the weighted sum of a heavy primary cosmic
ray flux, namely silicon ®g; [63], and of a heavy secondary cosmic ray flux, namely
fluorine ®y, was performed above 6 GV. The fit yields (I)Ea = (0.036 £ 0.003) x bg;
and ®F, = (1.36 4 0.04) x ®p with a x?/d.o.f. = 19/36. The fit results are shown in
Figure 4-12 a).

Similarly, to obtain the primary ®%, and secondary ®3, components in the Al
flux @, = ®X, + ®3,, a fit of ® to the weighted sum of the silicon flux and the
fluorine flux was performed above 6 GV. The fit yields ®%, = (0.103 £ 0.004) x ®g;
and ®3}, = (1.04 & 0.03) x ®p with x?/d.0.f=24/36. The fit results are shown in
Figure 4-12 b).

As seen from Figure 4-12, the contributions of the secondary components in both
the sodium flux and the aluminum flux decrease with rigidity, and the contributions
of the primary components increase with rigidity. The same dependence was also
observed for the N flux [60], see also Figure 4-13. Table 4.1 details the primary ®f,
®k,, and ®%, and secondary ®F, ®%,, and ®3, components and also the primary

fractions ®f /Py, PK,/Pna, and B, /P at different rigidities.

Primary Fraction,%

6GV][100GV | 2TV
Dy | (0.002 £ 0.002) x Do | (0.61 £ 0.02) x Dy | 3141 | 56+E1 | 7743
Dy, | (0.036 £ 0.003) x Bg; | (1.36 £ 0.04) x & | 1742 | 3542 | 6212
Dy | (0.103 £ 0.004) x Og; | (1.04+0.03) x Op | 431 | 671 | 7848

Flux Primary Secondary

Table 4.1: The N [60], Na, and Al cosmic ray nuclei primary ®%, ®k,, and &%,
and secondary ®%, ®%., and ®3, flux components, and their corresponding primary
fractions ®L /Py, PL,/Pna, and ®F, /@4 at 6 GV, 100 GV, and 2 TV.

The observation that, similar to N [60,105], both the Na and Al fluxes can be fit
over a wide rigidity range as the linear combinations of primary and secondary fluxes
is a new and important result, which permits the direct determination of the Na/Si
and Al/Si abundance at the source, 0.036 &+ 0.003 for Na/Si, and 0.103 + 0.004 for
Al/Si, without the need to consider the Galactic propagation of cosmic rays.

To study the effect of cosmic ray propagation on the Na/Si and Al/Si abundance

ratio measurements at the source, the "slab" model (Section 1.1.4.1) studied in Ref.
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[98] is used as an example.

. . A X eldmn e

A fit of the cI)Na, = q’ga + (Ijrsqa? with (I)EIEL =k (ﬁ) € As(ONa—Fsi) X (I)Si;
where e *s(98a=9s)) describes the propagation of primary nuclei through the inter-

. : A S

stellar medium [14]| together with a source term k (%) ; and ®F, = kna X Pp
was performed above 6 GV. By assuming the same rigidity dependence of Na and Si
fluxes at the source, the parameter A was set to zero and the primary component
becomes Py, = kya - e *s(ONa=Fsi) 5 Bg where ky, is the Na/Si abundance ratio at

the source,

A(R/192 GV) 0382002 B < 199 GV
As = (4.7)

A (R/192 GV) 0243003 B > 192 GV
is a mean material grammage (g cm—?) with rigidity dependence from Refs. [60,61,106]

and A is the grammage at R = 192 GV,

&A — 1 - f O_A+;r; + f O_A-{—Hu (48)
Tan mMie

is the mass averaged cross section of a nucleus A, f = 0.28 +0.02 is the helium mass
fraction in the interstellar medium [14], m, and my, are the proton and *He masses,

A+He

and 641? and o are the corresponding nuclei inelastic cross sections with protons

and helium in the interstellar medium, respectively, evaluated using measurements
from Refs. [107,108] and Eq. (3.9). From Table SA of Ref. |958], the A parameter
values are consistent with 1 g/cm? between all AMS primary-to-primary flux ratios,
so the A parameter value was fixed to 1 g/cm?. The fit parameters are ky, and k.
The fit yields kx, = 0.037 + 0.003 and kn, = 1.32 £ 0.04 with a x?/d.o.f. = 18/36.
Similarly, a fit of the &y = ®, + ®%,, with ®F, = k- e s@n=0s) x dg; and
'I)il = ka1 X @ was performed above 6 GV assuming the same rigidity dependence of
Al and Si fluxes at the source. The fit yields ka; = 0.104+0.004 and kx;, = 1.00+0.04
with a x?/d.o.f. = 24/36. The fit results are shown in Figure 4-14.

Similar fits were done with the "leaky-box" model (Section 1.1.4.2) studied in

. . A o
Ref. [98]. A fit of the &y, = (I)Ea + @%a, with (I"Ea =k (1921‘)'(3\/) 11:;\\:;3 X Pg;,

where %:%3: describes the propagation of primary nuclei through the interstellar
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R__\A. S _ .
W) ; and @R, = Kna X Pp was

medium [14] together with a source term k (
performed above 6 GV. By assuming the same rigidity dependence of Na and Si fluxes
at the source, the parameter A was set to zero and the primary component becomes
@Ea = kNa - ﬁ x ®g;, where ky, is the Na/Si abundance ratio at the source, and
the other parameters are identical to that used in the "slab" model. The fit yields
kxa = 0.036 £0.003 and kn, = 1.3440.04 with a x*/d.o.f. = 19/36. Similarly, a fit of
the @5 = OX, + 0%, with &L, = ky - ij——;\iﬁ x ®g; and D = k) X P was performed
above 6 GV assuming the same rigidity dependence of Al and Si fluxes at the source.
The fit yields ka = 0.103 4 0.004 and ka; = 1.02 + 0.04 with a x?/d.o.f. = 24/36.

This shows that the propagation effects on the Na/Si and Al/Si abundance ratio
measurements at the source are negligible. The o™, ¢! and ¢% are similar as seen
in Refs. |107,108] and Figure 3-13. The similarity of éna., a1, and &g; ensures other
propagation models are expected to yield the same results.

Finally, in Figure 4-15, cosmic nuclei fluxes measured by AMS as a function of
rigidity from Z = 2 to Z = 14 are presented. It shows that there are two classes of
primary cosmic rays, He-C-O and Ne-Mg-Si, and two classes of secondary cosmic rays,

Li-Be-B and F. N, Na, and Al belong to a distinct group and are the combinations

of primary and secondary cosmic rays.
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Chapter 5

Conclusion

The detailed analysis of cosmic ray fluorine, sodium, and aluminum fluxes measured
by the AMS experiment during its first 8.5 years of operation has been presented.

The precise measurement of fluorine flux as a function of rigidity from 2.15 GV to
2.9 TV has been performed based on 0.29 million fluorine events. The fluorine spec-
trum deviates from a single power law above 200 GV. Cosmic ray propagation pa-
rameter properties, such as diffusion coefficient rigidity dependence, are derived from
the secondary-to-primary flux ratios. The heavier secondary-to-primary F/Si flux
ratio rigidity dependence is found to be distinctly different from the lighter B/O (or
B/C) rigidity dependence. In particular, above 10 GV, the |[(F/Si)/(B/O)] ratio can
be described by a power law R® with 6 — 0.052 4 0.007, revealing that the prop-
agation properties of heavy cosmic rays, from F to Si, are different from those of
light cosmic rays, from He to O. These are new and unexpected properties of cosmic
rays. Traditionally, the parameters derived from the light secondary-to-primary flux
ratio B/O (or B/C) are used to describe all cosmic ray species including the heaviest
ones [19,20,59]. The measurement on the heavy secondary-to-primary F/Si flux ratio
reveals that the propagation properties of the heavy cosmic rays are different from
the lighter ones.

Previously, AMS measurements of He, C, and O fluxes show that above 60 GV,
these three spectra have identical rigidity dependence [60,109]. AMS measured Ne,

Mg, and Si spectra have identical rigidity dependence above 86.5 GV [60,109]. Above
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86.5 GV, the rigidity dependence of primary cosmic rays Ne, Mg, and Si spectra is
different from the rigidity dependence of primary cosmic rays He, C, and O [60,109].
This shows that the Ne, Mg, and Si and He, C, and O are two different classes of
primary cosmic rays. AMS measurements of Li, Be, and B show that above 30 GV,
these three spectra have identical rigidity dependence |60,61]. The measurement
of fluorine flux shows that the rigidity dependence of secondary cosmic rays F flux
is different from the rigidity dependence of secondary cosmic rays Li, Be, and B
spectra. This shows that the secondary cosmic rays also have two classes but that
the rigidity dependence of the two secondary classes is distinctly different from the

rigidity dependence of the two primary classes.

The sodium and aluminum fluxes have been measured as functions of rigidity
from 2.15 GV to 3.0 TV based on 0.46 million sodium and 0.51 million aluminum
events. The measurements of sodium and aluminum fluxes show that sodium and
aluminum, together with nitrogen, belong to a distinct cosmic ray group and are the

combinations of primary and secondary cosmic rays.

Similar to the nitrogen flux, which is well described by the sum of a primary
cosmic ray component (proportional to the oxygen flux) and a secondary cosmic ray
component (proportional to the boron flux), both the sodium and aluminum fluxes
are well described by the sums of a primary cosmic ray component (proportional to
the silicon flux) and a secondary cosmic ray component (proportional to the fluorine
flux). The fraction of the primary component increases with rigidity for the nitrogen,
sodium, and aluminum fluxes and becomes dominant at the highest rigidities. The
observation that the sodium and aluminum fluxes can be fit over a wide rigidity range
as the linear combinations of primary silicon and secondary fluorine fluxes is a new
and important result, which permits the direct determination of the Na/Si and Al/Si
abundance ratios at the source, 0.036 = 0.003 for Na/Si and 0.103 £ 0.004 for Al/Si,

without the need to consider the Galactic propagation of cosmic rays.

As compared with previous measurements, the measurements presented in this
thesis greatly improve the state of knowledge of fluorine, sodium, and aluminum

spectra up to the TV rigidity region with unprecedented accuracy, providing unique
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input to the understanding of cosmic ray production and propagation.

AMS will continue collecting data through the lifetime of the ISS. There are many
more physics topics to be explored to improve the understanding of cosmic ray origin,
acceleration, and propagation. Some of the physics topics are discussed briefly in the
following paragraph.

As the study of the fluorine flux shows that the propagation properties of heavy
cosmic rays, from F to Si, are different from those of light cosmic rays, from He to
O. To understand the cosmic ray propagation comprehensively, it is essential to mea-
sure the heavier secondary-to-primary ratios, such as Sc/Fe, Ti/Fe, and V/Fe. By
simultaneously studying all nuclei fluxes as a function of rigidity, AMS will provide
unique inputs to the propagation models. Measurements of the isotopic composition
in cosmic rays would also be great interest. Cosmic ray residence time is estimated to
be of the order of Myr [14]. Some of the secondary cosmic ray isotopes created by the
collisions of primary cosmic rays with the interstellar medium are radioactive. The
so-called cosmic ray clocks, 1°Be, 26Al, *°Cl, and **Mn, have half-lives of the same
order of magnitude as the cosmic ray residence time [14]. Therefore, measurements
of 19Be, %A1, *CI, and **Mn will precisely establish the cosmic ray residence time.
The nucleosynthesis mechanism changes from stellar fusion to neutron capture for
elements with Z > 28. Abundances and spectra of ultra-heavy nuclei with 7Z > 28
provide information on their origin and physical processes responsible for their accel-
eration.

Over the years, many theoretical models of cosmic rays are developed using AMS
results as input ( [23,59,62,65,106], ..), but so far there is not one that completely
describes all AMS data. New measurements from AMS will continuously provide
valuable input to the understanding of cosmic ray origin, acceleration, and propaga-

tion.
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