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Introduction

Preface

This thesis evolved from my work on the Alpha Magnetic Spectrometer project.
AMS is a particle physics experiment designed for a high precision measurement of
cosmic rays in space. AMS-02 is scheduled to be installed on the ISS for at least
three years in July 2010. The AMS-01 precursor experiment operated successfully
during a 10-day NASA shuttle flight in June 1998. Nearly 200,000 Z>2 nuclei were
observed by AMS-01 during the mission. The data collected during this flight have
been analyzed in this work with the aim to select charged ions and determine their
energy spectra. In this thesis, the measurement of the B/C ratio between 0.35 and
45 GeV/n is presented.

Theoretical Motivation and Experimental Issues

Cosmic Rays (CRs) are the only direct sample of extraterrestrial matter arriving
at Earth. The first experimental evidence of the existence of CRs dates back 1900
when Wilson observed the dark current effect in air contained in a closed box, and
he concluded that a residual ionization was taking place. Wilson also hypothesized
that the residual ionization was due to highly penetrating radiation coming from
outside the atmosphere. A large number of observations, discoveries and theories
were established in the century which followed. Interest in cosmic rays today em-
braces particle physics, astrophysics and fundamental cosmology.

Among the different components, CR nuclei provide a unique tool to understand
the high energy processes occurring in the Galaxy as well as its physical properties.
Past measurements of their chemical abundances helped for a qualitatively under-
standing of the source composition. Precise knowledge of their energy spectra will
allow one to describe their production, acceleration and propagation mechanisms
in the interstellar medium, validating or discarding specific models. This study is
directly connected with new physics coming from the dark matter puzzle that still
does not have a compelling explanation. In order to identify eventual new physics
contribution and disentangle it from the standard observations, a certain degree of
information about the standard component of the CRs is required, as they provide



the astrophysical background on the basis of existing models.

The Boron-to-Carbon ratio is considered one of the most important observables
in studying the propagation. Since Boron is known to be absent in CR sources and
entirely produced by interaction of Carbon and heavier nuclei through the ISM,
the B/C ratio measures the net effect of the galactic propagation. Many effects
are involved in determining its characteristic shape, like injection spectra, magnetic
diffusion, spallation or re-acceleration.

The study of B/C ratio with the AMS-01 spectrometer presented several experi-
mental challenges due to the reduced measurement redundancy and limited tracker
acceptance in the precursor flight. In order to reach a reliable measurement of B/C,
an improved charge identification algorithm has been developed. A detailed study
of the characteristic energy loss as a function of the particle velocity has been per-
formed to characterize the tracker response to different ion species. A maximum
likelihood method has been used in order to combine charge measurements from
different tracker layers. Contaminations at the percent level have been estimated in
the selected B/C samples based on data and dedicated Monte Carlo simulations.

A deep understanding of CR interactions in the detector as well as the orbital
environment are also fundamental issues for an accurate B/C measurement. Geo-
magnetic cut-off, varying in the 1+ 15 G'V rigidity interval along the AMS-01 orbit,
introduced different distortions of the energy spectrum measurement for different
chemical species. A detailed study of the geomagnetic cut-off along the orbit and
the careful evaluation of these effects have been carried out allowing a sound com-
bination of statistics collected in different orbit locations.

Delta-ray production as well as possible nuclear fragmentation occurring in the de-
tector material can induce different trigger and detection inefficiencies for different
nuclear species. Related uncertainties have prevented the AMS-01 collaboration to
pursue this measurement in the past. A detailed study of the detector response by
means of extensive Monte Carlo simulation has been carried out. A stand-alone
Virtual MC simulation has been developed for the AMS-01 trigger, with the aim
of comparing results from the standard GEANT3-based simulation framework with
the most recent GEANT4 and FLUKA implemented models. The AMS-VMC project is
currently under further development for the upcoming AMS-02 experiment.



Outline of the Thesis

Chapter 1 is entirely dedicated to the different aspects of the cosmic-ray prop-
agation throughout the interstellar medium. Their observational properties and the
theoretical approaches for acceleration and propagation mechanisms are reviewed.
The solar and geomagnetic modulation are also discussed. A short review of the ex-
perimental status is then presented. Particular emphasis is given to the description
of the role of the B/C ratio.

Chapter 2 describes the AMS experiment. The detector design and its perfor-
mance are presented with specific information on the STS-91 flight, the trigger, the
DAQ and the off-line softwares. In particular, the AMS-VMC project is introduced.
The main physics results from STS-91 experiment are outlined.

Chapter 3 contains a basic step in the analysis work: the data selection. Anal-
ysis cuts based on the quality of the reconstructed quantities are described in the
first part of the chapter, with close comparisons between simulations and measured
data. The second part describes orbit-dependent cuts applied to the collected data;
in particular, the rigidity cut to avoid distortions from the Earth’s magnetic field
and the shadow of the MIR space station in the nuclear channel.

In Chapter 4 the new charge identification algorithm is presented. A deep in-
spection of the characteristic energy loss of charged CRs in the detector is made,
and the signal equalization procedure for the different CR species is described in
detail. The performance of the charge identification algorithm is presented in terms
of efficiency, contamination, and their effect on the B/C ratio. Data from flight, MC
simulation and beam test are used.

Chapter 5 deals with the determination of the differential energy spectra, i.e. the
techniques used for the transition between the measured data and the B/C ratio.
Many experimental issues are described: the acceptance estimation, the study of the
trigger efficiency, the detector exposure time and the spectral unfolding. Therefore,
the role of the Boron isotopic composition in the B/C is investigated, and the anal-
ysis of the various sources of uncertainties is presented. The measurement of B/C
between 0.35 and 45 GeV/n is finally derived and discussed.
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Chapter 1

Cosmic Rays in the Galaxy

Cosmic Rays (CRs) are charged particles reaching the Earth atmosphere in all di-
rections from the outer space. Cosmic rays observed in the neighborhood of the
Earth have undergone a chain of transformations beginning at their source. This
includes interactions with matter and magnetic fields, resulting in the destruction
of primary particles, production of secondary particles and radiation, energy losses
and acceleration processes. The CR flux arriving at Earth is composed of ~ 98%
nuclei and ~ 2% electrons and positrons. The nuclear component consists of ~ 87%
protons, ~ 12% helium nuclei and ~ 1% for all heavier nuclei (~ GeV/n) [1]. The
spectra of nuclei extend to energies in excess of ~ 10%° ¢V/. Change in slopes have
been measured near ~ 10° + 106 ¢V and above 10 eV,

The understanding of the observed spectra and composition requires a consistent
picture of the origin and propagation of cosmic rays. Several proposals have been
made on the origin, propagation and confinement of relativistic cosmic-ray nuclei
with energy between ~ 10® and 10" eV, thought to have galactic origin (GCR).
The fundamental issues of GCR physics can be summarized as: (1) the sources of
primary particles, (2) the acceleration processes, (3) the galactic propagation, (4)
the propagation in the solar system. The picture continues to evolve as observations
improve with time and it has stimulated a variety of models and theories.

In particular, among their different components, CR nuclei provide a unique tool
to understand several aspects of the most energetic processes in the Universe. The
study of the nuclear component of the CRs is directly connected with new physics
coming from dark matter and dark energy, which are still poorly understood [2]. To
explain this puzzle the efforts are mainly focused on new type of particles, whose ex-
istence is supported by non-standard theories of fundamental interactions. In order
to identify eventual contribution of new physics and disentangle it from the standard
processes, a high degree of knowledge is required about the standard component of
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the CR. The measurement presented in this thesis is motivated by this last reason.

In this chapter, a complete review of CR astrophysics in the galactic medium is
presented. Some general observational features are outlined in Section §1.1. Sec-
tions §1.2 and §1.3 are dedicated to the description of the journey of a galactic CR
nucleus, from its origin to our instruments, with a survey of each process that occur
during propagation throughout the Galaxy (§1.2) and the Earth’s vicinity (§1.3).
Section §1.4 is mostly focused on the physics of the Boron-to-Carbon ratio, i.e. the
role of secondary CR nuclei for understanding the propagation mechanism and the
experimental status of the B/C and CR nuclei measurements.

1.1 Observational Quantities

The CR energies span over a wide interval, from eV to 10%' eV, whereas the all-
species differential fluxes vary significantly: from particle/cm?/second/MeV up to
particle/km?/century/ZeV respectively. CRs with lowest energy eV/n <+ GeV/n
have a solar origin and make up the solar wind [3]. CRs with energy between
10° and 10 eV are thought to originate and accelerated in supernova explosions
occurring in the Galaxy. In this picture, particle are accelerated by non-thermal
mechanisms that lead to the power-law spectrum described in Fig.1.1:

®=DyE (1.1)

where the spectral index v takes values from 2.5 to 2.8 for the different chemical
species. The low energy part of the GRC spectrum (£ < 10 GeV/n) is influenced
by the solar wind; solar modulation is discussed in §1.3.1.

At energies ~ 10'® eV the CR spectrum has a steeping, the knee, characterized by
a sudden variation of the all-particle spectral index from 2.7 to 3.1 (Fig.1.2). Two
main effects are believed to be at the origin of the knee: (a) the reach of the max-
imum energy transferable by the cosmic accelerators, and (b) the CR leakage due
to a less efficient galactic magnetic confinement [6]. Since these two processes are
governed by the magnetic rigidity of the particles, the energy spectra for individual
elements should exhibit different breaks for different total energies [7]. This is cur-
rently under investigation by the KASCADE collaboration, through measurement
of CR composition in the knee region [8].

At higher energies, two breaks, a second knee and the ankle, are observed in the
spectrum at 10'7 and 10'® eV respectively. Above the ankle, a flatter spectrum is
observed, with v ~ 2.7. This particular structure is believed to be related to the
transition between galactic and extra-galactic origin of the CR fluxes.

In the highest energy region £ > 10 eV the Greisen-Zatsepin-Kuzmin (GZK)

6
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Figure 1.1:  All particle cosmic-ray spectrum [4]. The spectrum extents to many order of
magnitude and different techniques are used for CR measurements.

suppression is expected on the flux, due to inelastic interactions of cosmic rays with
the CMB photons [9]. As the nature and the origin of the highest energetic CRs
are nowadays under debate, their straight-line propagation through the galactic and
extragalactic magnetic fields has opened a new vision in the astronomy with cosmic
rays [10].

In Fig.1.3 the relative abundances of different CR elements is presented in compari-
son with those observed in the solar system. CR nuclei constitute a genuine sample
of galactic matter. Some of them come altered from the sources, other are produced
during the propagation throughout the galaxy. Considering the solar system some-
how representative of a typical CR source, it is clear an observed over-abundance
of cosmic rays in the Li-Be-B group (3 < Z < 5) as well as in the sub-Iron group
(22 < Z < 25). Both the elemental groups are not typical products of nucleosyn-
thesis processes [11].

The main mechanism that alters the CR composition from their production to the
detection is called spallation. When a cosmic ray crosses the Galaxy, it may interact

7
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Figure 1.2: The all-particle spectrum from air shower measurements in the high energy region
from below the knee to above the ankle [5]. The spectra are scaled by E*7.

Nuclear abundance: cosmic rays compared to solar system
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Figure 1.3: Elemental composition of galactic CRs [11] compared with the abundances in the
solar system [12] The differences between the two chemical compositions are the fingerprint of
secondary CRs, as the Li-Be-B and Sub-Fe group.

with interstellar matter and initiate a nuclear reaction [13]. From Fig.1.3, a less

8



Chapter 1. Cosmic Rays in the Galaxy 1.2. Galactic Cosmic-Ray Nuclei

pronounced odd-even effect is also observed in cosmic rays. Whereas odd-nuclei are
weakly bounded and can be destroyed in the stellar thermonuclear reactions, even
nuclides are much more stable and then more abundant at the source. Even-nuclei
spallation can then contribute to a secondary fraction of the odd-nuclei abundance.
A thorough study of this effect and the corresponding cross sections is of fundamen-
tal importance for understanding several aspects of the CR propagation.

1.2 Galactic Cosmic-Ray Nuclei

In galactic models the CR sources are located in the galactic disc. Determining the
region where cosmic rays are concentrated (i.e. the diffusion region) is a different
issue. Their non-thermal energy spectrum suggests that the most probable candi-
dates are supernovae. Pulsars and neutron stars in close binary system are other
possible candidates.

From the energetic point of view, these scenarios are completely acceptable. The av-
erage density of CR is ~1 eV//em?3. With a galactic disc volume of 109 ¢m?, the total
CR energy content is then ~10°7 eV. The average CR lifetime is ~3-10'* s. Thus the
rate of energy supply to maintain a stationary CR flux amounts to ~ 5-10% erg/s;
this must be provided by injection and acceleration of fresh CRs. Assuming super-
nova explosion each fifty years (1.5 - 10%s) and a typical yields of 10°° erg in fast
particles, it can be estimated an average power of 6 - 100 erg.

Thus from energetic point of view, SNs are quite plausible candidates as production
sites of CRs.

1.2.1 Acceleration Mechanisms

The mechanisms responsible for CR acceleration are still not totally clear. The great
variety of conditions and processes in the cosmos leads to the conclusion that there
are different acceleration mechanisms of energetic particles. The sources are charac-
terized by turbulent motion of the medium with the presence of high magnetic and
induced electric fields.

Acceleration mechanisms have to justify the relativistic energy and the power law
spectrum of cosmic rays. Theories of CR acceleration in the Galaxy have been
focused on the Fermi acceleration theory [14], known as second order Fermi accel-
eration. In Fermi’s original picture, charged particles are reflected from magnetic
“mirrors” associated with irregularities in the galactic magnetic field. The mirrors
are assumed to move randomly with typical velocity V. The particles gain energy
statistically in these reflections. In the relativistic limit, the average energy gain per

9
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()32

This illustrates the famous result derived by Fermi that the average increase in
energy is only second order in V/c. Since the same fractional increase occur per
collision, it is apparent that the energy enhancement due to multiple reflections lead
to a power low energy distribution N(F) o E~7. This process predicts the spectral

collision is:

index as:

=1— 1.3
v p (1.3)

where 7, is the mean time spent by a particle in the accelerating regions, and «
reflects the typical rate of energy gain per collision. Both the quantities have to
be derived with specific assumptions. In the modern version of the Fermi second
order mechanism, the particles interact with various types of plasma waves and gain
energy being scattered stochastically by these so-called Alfvén waves. The inter-
actions between CR particles and Alfvén waves become increasingly ineffective at
higher energies because of the falling power law nature of the primary spectrum.
This process is quite attractive from the point of view of the diffusion of CR in the
Galaxy.

A very attractive version of CR acceleration is based on first order Fermi accel-
eration through individual head-on collision leading to a more efficient energy gain.
The framework is that of a strong shock wave propagating at a super-sonic velocity
V parallel to the magnetic field direction lines through interstellar gas [15, 16]. One
assumes that V' is higher than the Alfvén velocity. In the shock reference frame,
the gas is flowing with upstream velocity, relative to the shock, of us = V. At the
shock, the gas is compressed by a factor &, so that the downstream velocity, relative
to the shock, is us = V/£. The presence of scattering centers is postulated, so that
cosmic rays diffuse on both sides of the shock, i.e. their motion is randomized in
the downstream /upstream reference frames, where the scattering centers are frozen.
Every passage through the shock is therefore equivalent to running head-on into the
magnetic wall of velocity

W:U1—U2:V(1—1/5) (14)
Averaged over all incidence angles, the mean energy gain per traversal of the shock
is given by:
4V 1
AE=-—|1—=|FE 1.5
e (9) -

The probability P of a particle escaping the system can be estimated as P = 1—(V/¢)
by the classical kinetic theory [17]. Taking proper account the escape probability,

10
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this model leads to the time-independent spectrum:
NE)x E™ =24/ -1) (1.6)

For strong adiabatic shocks, & ~ 4 and v ~ 2. Weaker shocks generate steeper
spectra. It is remarkable that the slope of the power law spectra generated by this
mechanism depends only on the shock strength or the size of the scattering region.
This spectral form is expected to apply to a wide range of energies, up to some TeV'.
The reason that this mechanism has excited so much interest is that, for the first
time, there are excellent physical reasons why power-law energy spectra with a
unique spectral index should occur in diverse astrophysical environments.

In this simplest version of the theory, the only requirements are the presence of
strong shock waves and that the velocity vectors of the high energy particles are
randomized on either side of the shock. It is entirely plausible that there are strong
shocks in most sources of high energy particles, SN remnants, active galactic nuclei
and the diffuse components of extended radio sources.

1.2.2 Propagation Models

The CR propagation in the Galaxy is dominated by particle motion in the galac-
tic magnetic field. Cosmic rays move in helical trajectories around the large-scale
field lines and interacts with its small irregularities, that act as collision-less scatter-
ing centers. The process is naturally described by means of diffusion theories. The
galactic magnetic field extends out of the disc in a larger halo that designs the region
where the diffusion takes place. Therefore a cosmic ray particle, in its travel from
the source to the Earth, may accede to regions where the propagation conditions
are different. Thus, a complete treatment of cosmic ray transport, has to consider
diffusion in the full magnetic halo region.

The CR propagation is generally described by a transport equation which includes
source distribution, particle diffusion in the galactic magnetic field, energy losses,
nuclear interactions, decays and acceleration processes. Hereafter kinetic energy per
nucleon will be used (just energy, for short, in this thesis), since this is the appro-
priate parameter to be used for CR nuclei, as it is conserved in nuclear reactions.
The most known formulation was proposed by the Ginzburg-Syrovatskii [18] with
the transport equation:

oN, 9
=5 =tV (DVN;) = V- (VN;) = 9E, [b;(E)N;(E)]
(1.7)
—pilN; + ) Nk P + Q5(E,xt)

k>j

11
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Figure 1.4: A schematic view of the galactic cosmic-ray nucleus propagation history. The
nucleus is synthesized in a stellar process and accelerated. It wanders in the Galaxy trapped by
the magnetic field for ~ 107 years, during which its energy and identity change, due to a variety
of processes that are discussed in the text.

Many physical processes are contained in the equation. The physical meaning of the
various terms is outlined as follows:

e CR Density. N;(E,r,t) is the number density of particles of the j—th kind
defined as:

N;(E,r,t) /@Ertw -dQQ (1.8)

Here ¢,;(E,r,t,w) is the cosmic ray flux in the direction @, and df? is the
element of solid angle. N = 47”gz$ for isotropic intensity.

e Diffusion. The first term on right hand side (hereafter RHS) describes the
diffusion of particles in the turbulent magnetic field. The process is governed
by the diffusion coefficient D. In a realistic description, it should be a tensor,
discerning between its parallel and transverse components with respect to the
magnetic field lines. A common parametrization for the diffusion coefficient
D is:

1

where v is the particle velocity and A\p is the diffusion mean free path.

e Convection with galactic wind. The particle convection with the galactic
wind of velocity Vi is described in the second RHS term of Eq.1.7. CRs
may not only diffuse in our Galaxy, because it is possible that they are also
carried by a magnetic field structure in form of magnetohydrodynamic waves.
The effect of this galactic wind is to dilute the energy of the particles located

12
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in the disc in a larger volume, so that the adiabatic expansion results in a
kind of energy loss (adiabatic deceleration), depending on the wind velocity

Vo = Ve(t,r). A characteristic value of the convection velocity is 20 km - s~

e Energy losses. The third RHS term represents the continuous energy losses:

dE

bi(E) = ——

(1.10)
that expresses the mean rate at which the particle 5 changes its energy. The
only processes relevant for nuclei are ionization and Coulomb losses in ionized
plasma. Other effects like bremsstrahlung, inverse Compton and synchrotron
radiation are important only for light particles (e®).

e Decay and break up. The term p; - N; represents the destruction rate due
to collisions and decay, with:
;2 (1.11)
S =nvo; + — .
Dj e
where 7; is the lifetime of nucleus j for radioactive decay. The interstellar
gas density, generally assumed to be hydrogen and helium is parametrized

with n = n(x), and o; is the total inelastic cross-section for the processes
N; + ISM — anything.

e Spallation. The sum ), describes the production of nuclei of type j from
interactions of nuclei of different types k. Only heavier nuclei (k > j) are
usually considered in the sum. The probability of the process is also given in
terms of production cross sections oy_.; = (N}, + ISM — N, + anything):

1

Pj = nﬂcakﬁj +

(1.12)

where the contribution from heavier radioactive nuclei &k to the nuclear channel
J is also considered. No energy migration Ej, — FE; are considered in this term,
as long as kinetic energy per nucleon is conserved in spallation. This is the
main reason why theoretical models use the kinetic energy per nucleon as a
fundamental quantity.

e Source distribution. Last term in Eq.1.7 is the primary source term. In the
most general case it may be time and space dependent, even though station-
arity and cylindrical symmetry are often invoked to simplify the problem.

Solving Eq.1.7 requires the complete analysis of a system of coupled equations.
Together with the possibility of working out an analytical /numerical solution, an

13
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assumption that all the parameters are well known or needed to be known is manda-
tory, and additional assumptions have to be done for defining the boundary condition
of the equation.

Hence, different models of CR propagation in the Galaxy can be represented using
Eq.1.7 with specific boundary conditions and approximations. Three very popu-
lar propagation models are presented in the following sections: the Diffusion Halo
Model (DHM), the Weighted Slab Model (WSM) and the Leaky Box Model (LBM).

1.2.3 Diffusion Halo Model

The most realistic physical scenario for the CR propagation is a diffusion model
in which the diffusion-transport equation is solved by taking into consideration all
the physical processes involved together with observational physical constraints [19].

In this model the sources of CRs are distributed within a thin galactic disc; the
escape from the disc into the halo and finally into the intergalactic space is deter-
mined by diffusion. In a model with diffusion there is a gradient of CR density away
from the galactic disc. Consequently, a constant streaming of CR particles away
from the galactic disc into the halo is produced. This streaming is determined by
the energy dependence of the diffusion coefficient D(FE) and the halo size. The basic

z R =20 kpc

Halo
H=5 kpc

h=0.1 kpc

Rg= 8.5 kpc

Figure 1.5: Schematic view of the physical concept of the DHM. The blue area symbolizes the
thin galactic disc, surrounded by a huge halo, where the diffusion takes place. The sources of
cosmic rays are placed in the disc. The CR escape into the halo and finally into the intergalactic
space is controlled by diffusion.

quantities to be assumed or determined for defining the boundary conditions are the
following;:

14
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e Halo Model: the shape and the size of the propagation region of cosmic rays
in the Galaxy. Reasonable values are H ~ 5 kpc, h ~ 100 pe, R ~ 20; kpc (see
Fig.1.5).

e Gas distribution: spatial density and composition of the interstellar gas. ISM
is a rather homogeneous mixture of hydrogen, helium, ionized gas and dust
located in a narrow disc with average density of 1 particle/cm? [20].

e Magnetic field distribution: strength and topology of large-scale field distri-
bution and irregularities. According to radio synchrotron, optical polarization
and Zeeman splitting data, the average strength of the total magnetic field in
the Milky Way is about 6 4G near the Sun and increases to 20 — 40uG in the
Galactic center region. The overall field structure follows the optical spiral
arms, and a radial distribution is a good approximation [20].

e Source distribution: spatial energy distribution of CR sources and compo-
sition. The most common used spatial distributions are flat (Q(r) = 1) or
radial distribution Q(r) o< /1 -exp(l —r/ry), with ro = 8.5 kpc. However, the
difference between a flat and a radial distribution is a mere rescaling of the
propagation parameter, i.e. not significant if one consider these parameters
as effective in a consistent framework [21, 22]. The energy spectrum is deter-
mined by the acceleration processes at work. There is a strong belief that this
spectrum is a power-law in rigidity Q(R) o R™“.

e Diffusion coefficient: the functional form of its space and energy dependences.
For isotropic diffusion, it is a good approximation to regard it as constant
function of the space coordinates, or at least a two-value function for diffusion
in the disc and in the halo. Its energy dependence is usually expressed as a
power-law in rigidity D oc R?. Its absolute magnitude is related on the level
of hydromagnetic turbulence.

e Spallation cross sections: a huge number of cross-sections are involved and
their knowledge is today affected by large uncertainties [23, 24]. Actually it
is important to know not only the total cross section for the destruction rate
of CRs, but also the branching ratios into all relevant channels which give the
formation of secondary nuclei.

A simple picture is to define the Galaxy as a disc with semi-thickness h ~ 100 pc
surrounded with a halo of scale height H > h (Fig.1.5). This physical concept
generally assumes that cosmic ray sources are placed in the thin galactic disc, where
most of the interstellar gas is located. Cosmic rays are assumed free to diffuse out,
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in the whole halo region, where they are able to spend considerable portions of their
lifetime. Escaping the halo is also allowed; out of the region the CR density it be-
comes zero. A three dimensional diffusion equation would be the proper approach to
the problem, that should cover physical details of the galaxy such as the spatial gas
distribution of atomic and molecular hydrogen and considers also aspects such as
convection with the galactic wind. Secondary and radioactive CR nuclei with decay
times comparable with the confinement time play an important role in determining
these physical parameters and also provide information on the mean gas density
through which the particles propagate.

Since in real astrophysics environment, propagation can be more complex than a
simple diffusion, reacceleration of CR particles can also be included. It seems likely
that cosmic rays could encounter a number of weak shocks during their propagation
through the interstellar medium. This acceleration is continuous and due to mag-
netic field inhomogeneities. The process can be studied in terms of a diffusion in
momentum space provided that the hydromagnetic turbulence may be regarded as
homogeneous and time-independent [25]. This involves an additional term in Eq.1.7:

10, 0N
- = - J 1.1
22 Op {p Dpp op } ( 3)

where D,, is the diffusion coefficient that acts in the momentum space. If we idealize
the magnetized fluid elements as hard spheres with masses much larger than those
of the particles, Dy, is given for elastic collisions as:

|

_ a

D
= et

(1.14)

where V, and ¢/ are the velocities of the fluid elements (Alfvén velocity) and par-

ticles, and A is the mean free path against collisions with the fluid elements. The

Alfvén velocity represents the velocity by which a perturbation in the magnetic

field is propagates along the magnetic field lines. Expressing the (spatial) diffusion

coefficient as D = %)\ﬁc, a relation between D and D,, can be established:
V2 2

D, = 5—5 (1.15)

1.2.4 Weighted Slab Model

The principal idea of the weighted slab model is to choose a geometry for the Galaxy
and to replace the time and space dependence of the fluxes in terms of matter
thickness traversed [26, 27]. It is convenient to introduce the column density of
matter traversed by the particle x = p-1 (grammage), expressed in g-cm?. Nuclei of
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the same species with a given energy do not have necessarily the same propagation
history, so that a probability distribution of grammage is associated with all the
species. The function G(z), called path length distribution, is then introduced. G(z)
is the probability that a nucleus j has crossed the grammage x. The corresponding
density N; is given by:

N; = /000 N;(z) - G(z) - da (1.16)

where the unweighted functions Nj are the cosmic-ray densities after traversing a
matter slab of thickness x. Since the grammage is directly related to the destruction
rate and corresponding cross sections (total o; and partials oy,;), the N ; can be simply
determined from equations:

dd—]z = % [Z (0h—iNi) — aj] (1.17)

k>j

where 77 is the average ISM mass, and the initial condition N,(0) = Q;(E) must be
imposed.

In WSM framework the G(z) function are derived empirically in order to account
for the data, and all information on the CR propagation have then to be inferred in
terms of grammage. The G(z) can also be determined by the choice of a propagation
model. In this sense, the WSM represents a general technique more than model.
Indeed the grammage can be used in any propagation equation (DHM, LBM) [28].
For instance, inserting Eq.1.16 into Eq.1.7 leads to:

nﬁc—x — V- (DVG) = f(r,t)-(x) (1.18)

which describes the propagation for point-like sources d(x) spatially distributed ac-
cording to f(r,t) (convection and energy losses are neglected here). The CR densities
N; are then given by Eq.1.16, more precisely:

N(r) = /OOO N,(z) - G(r,z) - dz (1.19)

where the separation between the nuclear part N;(z) and the astrophysical part
G(r,z) is apparent. This model is quite satisfactory in the high-energy limit and for
a particle-independent diffusion coefficient, where it becomes equivalent to the direct
solution of the diffusion equation 1.7. It is also easy adaptable for every geometrical
model of the Galaxy and for all spatial source distributions. The WLB allows to
link LBMs with more realistic descriptions, explaining why LBM works so well.

17



1.2. Galactic Cosmic-Ray Nuclei Chapter 1. Cosmic Rays in the Galaxy

1.2.5 Leaky Box Model

The Leaky Box Model, introduced in the sixties and today still largely used, can
be viewed as a further simplified version of the WSM, i.e. an extremely simplified
version of the diffusion model [29]. The basic assumption is that diffusion takes
places rather rapidly. The distribution of cosmic rays in the whole box (i.e. Galaxy)
is homogeneous; they are free to propagate in the Galaxy with a certain escape time
of CRs from the system. Starting from the WSM formulation (Eq.1.18), it consists
in the substitutions:

V- (DVN;) «— N (1.20)

7—680
where 7. is the escape time of cosmic rays from the Galaxy, and with the average
of every quantities (e.g. n <> 7). The result is the basic LBM equation:

aN Q] Nj — ﬁﬁCUij + Z [ﬁﬁcak_)ij] (121)

€esc k>_]

The characteristic escape time 7. is to be determined experimentally and is a
purely phenomenological quantity. In this model, other energy changing processes
and convection are neglected. The physical interpretation of the LBM is that cosmic
rays move freely in a containment volume, with a constant probability per time unit
P = 7.,l. The number of escaped particles per unit time is the proportional to the
number of particles present in the box. The other processes (decays, break up and
spallation) may also be viewed in terms of characteristic times:

J —
T, . =n-0Pc-o;

[T (1.22)
Tint :n'ﬁc'o-k—*j

For steady-state solutions —* 4N — = 0, the resulting system of equations for the various

kind of nuclei j are purely algebraic:

N =Q;+ Z ,HJ (1.23)

Tesc Tznt k>j Tint

The characteristic time 7.4 is often replaced by A.s., which characterizes the amount
of matter traversed by the CRs before escaping from the ISM:

Aese =M =T+ 3C+ Tese (1.24)

where 7 refers to the mean interstellar gas density through which the particles pen-
etrate, m means the mean mass of the gas and ﬁc 1s ‘the velocity of the particle.
Analogous substitutions can be done for 77, and 7 t 7. providing the mean inter-
action lengths for decay or break up )\mt and fragmentatlon M9 As these latter

int*
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processes are obviously particle-dependent, it should be noted that the escape time
or length is the same for all the nuclear species, i.e. this formulation assumes that
all nuclei have the same propagation history.

Clearly this model is only an approximation which does not give indications of
the main physical processes. Despite the simplicity of its physical framework, the
LBM permits a direct analysis of flux measurements in function of only three fun-
damental parameters: the escape time, the mean matter density and the abundance
sources. This is largely sufficient for many purposes, because it reproduces very well
the main observed features of secondary to primary CR ratios.

1.3 Cosmic Rays Near Earth

At the final stages of their travel toward the Earth, cosmic rays are influenced by
two local phenomena: the solar wind, which composes the heliosphere and extends
up to the boundaries of the solar system, and the geomagnetic field, which composes
the Earth magnetosphere. Both the effects produce a distortion of the interstellar
spectra measured at Earth.

Two different approaches are traditionally followed by the CR physics community
for the two phenomena.

The solar wind influence on CRs, which is still poorly understood, is studied by
the theoretical community as well as other propagation aspects, i.e. the experimen-
tal measurements are usually presented uncorrected for this effect. Thus, low energy
measurements are not representative of interstellar flux, and, since the solar wind
varies with a 11-year timescale, experimental data coming from different epochs are
not directly comparable unless solar modulation is accounted.

On the contrary, the geomagnetic modulation is considered as part of the experimen-
tal conditions: to take into account this effect is responsibility of experimentalists.
Measured fluxes must therefore be corrected in order to quote the geomagnetically
demodulated spectra.

1.3.1 Propagation in the Heliosphere

The energy spectrum of CRs in the solar system is modulated for energies up to
several GeV/n. This is due to a phenomenon called the solar wind, a magnetized
plasma in hydrodynamic expansion. In fact a fully ionized gas, basically constituted
of low energy electrons and protons (E ~ 0.5 MeV) is pushed radially out of the
Sun’s corona. Once the plasma has left the corona, the dynamic pressure of this
wind dominates over the magnetic pressure through most of the solar system, so
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that the magnetic field lines are driven out by the plasma. The combination of the
outflowing particles motion with the Sun’s rotation leads to an Archimedean spiral
pattern for the flow. The region of space in which the solar wind is dominant is
called heliosphere. The charged particles that penetrate the heliosphere are diffused
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Figure 1.6: Cosmic-ray intensity variation (neutron counts) and their anti-correlation with the
11-year sunspot cycle. Low galactic CR intensity reaches the earth during periods with high solar
activity and vice versa.

and energetically influenced by the expanding solar wind. As this effect involves all
the cosmic rays that we detect at Earth (or in near space), it must be taken into
account for interpretation of the measured spectra.

The modulation of galactic cosmic rays in the interplanetary medium can be dis-
cussed in terms of a spherically symmetric model in which particles undergo con-
vection, diffusion and energy changes resulting from the expansion of the solar wind
as a function of the radial distance r from the Sun. One method is the force field
approximation, which consists in viewing the solar wind as a radial field with a
potential ¢ [3, 30]. In this approximation the equation of density evolution is

8NK

vy 2 _ 223/28_N N
mar+3[T (mc®)?]

or |t 12 — (77102)2]1/2

=0 (1.25)

where N(r,T) is the differential density, V(r,T) is the solar wind speed,  the
diffusion coefficient, assumed to be constant, T" the kinetic energy and m the particle
mass. This equation can be integrated with the appropriate boundary conditions.
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Figure 1.7: Left: Solar Modulation for Carbon energy spectrum. The effect is qualitatively
similar for all the CR species, but its strength is charge-dependent. Right: the effect of the solar
activity on the B/C ratio. The interstellar spectra are computed with GchALPROP [20] (see also
84.9). The solar modulation has been applied as discussed in the text.

Then, the cosmic ray flux ® = ;ZN(£) can be expressed as follows:

E? —m2ct

Po(B) = (E + Zeg)? — m2ct

Prs(E + Zed) (1.26)

In Eq.1.26 the differential particle intensity ®. at energy E in the heliosphere is
related to the the interstellar differential intensity ®;g, i.e. beyond the termination
of the solar wind. The proportionality factor between @ and ®;g is the ratio of the
two corresponding squared momenta pé /ps. The modulation parameter ¢ is used
to interpret the energy loss experienced by the particle when approaching the earth
from the infinity:

<V
gb:/r 3—I{dr (1.27)

The characteristic energy loss of a charge Z particle in the heliosphere is AE = Zeg.
The solar modulation parameter is indeed used to specify the level of solar activity
which affects a specific measured differential CR intensity.

To produce diagrams of solar cycle activity like in Fig.1.6, the observation of the
number of sunspots together with a neutron monitor technique are used. Variation
of intensity in the interplanetary CR spectrum is anti-correlated with the number
of sunspots. The effect of the modulation in the Carbon energy spectrum and in
the B/C ratio is shown in Fig.1.7, where the interstellar energy spectra (black solid
lines) are shown together with the corresponding solar-modulated (blue dashed lines)
assuming ¢ = 450 GV, which is consistent with the period of AMS-01 flight (June
1998).

21



1.3. Cosmic Rays Near Earth Chapter 1. Cosmic Rays in the Galaxy

1.3.2 The Earth Magnetic Field

The last obstacle for cosmic rays before being detected by an Earth orbiting detector
is the GeoMagnetic Field (GMF), that extends its influence on the cosmic radiation
modulating the low-energy part of the observed spectra (5 10 GeV/n).

In first approximation, the GMF can be represented as an offset and tilted dipole
field with moment M = 8.1 -10% G em?, an inclination of 11° to the axis of Earth
rotation and a displacement of about 400 km with respect to the Earth center. Be-
cause of the tilt and offset, the GMF is characterized by distortion, the highest of
which is in the South Atlantic, where the field strength is the weakest. The charged
particles penetrate deeper in this region and the radiation becomes stronger. This
high radiation phenomenon is the so-called South Atlantic Anomaly (SAA).

The most important aspect for CR measurements is the determination of the ge-
omagnetic cut-off [31]. Charged particles traversing the magnetic field experience
the Lorentz force that produces a curved path for low rigidity particles. Cosmic rays
can thus be prevented form reaching the detector, depending on their rigidity and
incoming direction [32].

For a CR particle directed toward the Earth, the screening is determined by its
rigidity, the detector location in the GMF and its incoming direction with respect
to the field. Conversely, for given arrival direction and location, there will exist a
minimum value of the particle rigidity R for which galactic CRs are allowed to
penetrate the magnetosphere and be detected. In the dipole approximation, the
rigidity cut-off R was analytically evaluated by Stormer [33, 34] that found the
relation:

M cos* \

Re = 5
R2 |11+ (1 £ cos®A cos¢sin§)1/2]

(1.28)

where M is the dipole moment. The arrival direction is defined by & and ¢, re-
spectively the polar angle from local zenith and the azimuthal angle counted clock-
wise form local magnetic East. The + sign applies to negatively/positively charged
particles. The arrival location is defined by the geomagnetic coordinates (R, \), a
commonly used coordinate system relative to the dipole axis. R is the distance
from the dipole center, usually expressed in Earth radii units (R = r/Rg), and A
is the latitude along the dipole. These quantities come from the simple dipole field
description, where the components of the field are:

M M
B, =——2sin\ By = — cos\ (1.29)
r r
and the field lines have the form r oc cos? \. For vertical incidence (¢ = 0) the
azimuthal dependence of the cut-off simply vanished, putting in evidence the cutoff
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behaviour as a function of the geomagnetic latitude:

M 4y IMO 4
- =9 1.
Ryve e cos” \ e cos™ A (1.30)

where My = 15 if Ry ¢ is measured in GV. The cut-off is maximum at the geomag-
netic equator, with a value of approximately 15 GV, and vanishes at the poles.
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Figure 1.8: The CGM coordinate grid projected onto the geodetic map. The green contour
lines are the magnetic field strength at the Earth surface. The red (blue) lines are the magnetic
latitude (longitude). The SAA region is marked in this figure.

A more precise description of the cut-off can be obtained by replacing the dipole
coordinates with the Corrected GeoMagnetic coordinates (CGM). The method con-
sists in defining an opportune transformation GM < CGM that maps a more re-
alistic GMF model into the dipole representation [35]. The most commonly used
GMF model is the IGRF one. In this picture, a rather complex magnetic field B is
treated as the derivative of a scalar potential V', B = —VV with V expressed by a
series of spherical harmonics [36]:

o) n+l n
V =Rg Z (%) Z P (cos®) (g cosmip + " sinma)) (1.31)
n=0

m=0

where Rg is the mean earth radius 6321.2 km, r is the geocentric radius, 6 is the
geographic colatitude and ¢ is the East longitude from Greenwich. P}*(cosf) are
the Legendre polynomial functions, ¢" and h]' are the Gaussian coefficients that
specify the GMF, determined experimentally. The IGRF model is widely used in
geophysics and contains coefficients up to order 12. The dominant terms in Eq.1.31
are related to n = 1 that leads to the simple dipole field.
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The corresponding CGM coordinates are illustrated in Fig.1.8. This procedure al-
lows to use the Stormer formulae Eq.1.28 and Eq.1.30 in a IGRF framework, and
has been adopted in this thesis to estimate the effective exposure time of AMS-01
on Shuttle to galactic cosmic rays (§3.3 and §5.3).

1.4 The B/C Physics

The B/C physics is the physics of the secondary-to-primary cosmic rays. The pri-
mary galactic CR nuclei are those produced and accelerated at astrophysical sources.
Their energy spectra and chemical composition are modified from the sources to the
Earth by spallation processes on the ISM, producing secondary cosmic rays. Elec-
trons and Protons, as well as Helium, Carbon, Oxygen, Iron and all the nuclei
synthesized in stars are mainly primaries. Nuclei such as Lithium, Beryllium, Boron
and the sub-Iron group (which are not abundant end-products of stellar nucleosyn-
thesis) are typically of secondary origin.

Knowing the relative abundances of the various kinds of primary and secondary
nuclei, fundamental parameters of the propagation models can be determined, such
as the escape time (in LBM), or the mean traversed matter (WSM) or the diffusion
coefficient (DHM).

1.4.1 B/C Models

The Boron-to-Carbon ratio is considered one of the most important observables to
study propagation parameters. It is very instructive to consider the case of B/C ratio
in the LBM framework. Boron is a purely secondary CR species, mostly produced
by interaction of Carbon nuclei in the ISM. The Leaky Box equation for the Boron

nuclei is then given by:
@NB NB - NB NC

= B CB
ot Tesc  Tint  Tint

(1.32)

In this description there is no primary source () for Boron. The Boron escaping
rate Np/7p is balanced by its production through Carbon spallation on the ISM:

C+ISM — B+ X (1.33)
that occurs with characteristic time 702, The steady-state solution leads to the
ratio B/C:

CB
Ngp/N¢ = _Tese/Tint_ (1.34)

B
1+ TeSC/ Tint
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where T,y = (n- B¢ 04) ! are the characteristic interaction times for Carbon spal-
lation (into Boron) and Boron destruction. The Np/N¢ ratio is therefore sensitive
to the characteristic propagation time and the amount of matter traversed by CRs
before the leakage. The relation is apparent if one expressed the formula in terms
of escape and interaction path lengths (1.24) and neglects the boron destruction
rate (A2, > A..): the ratio becomes Np/Ng ~ Aeoo /NP, where \SB = m/ocp.
Essentially, in the simplest LBM model, the B/C ratio determines the character-
istic propagation length traversed by CRs before escaping from the Galaxy. For
instance, using ocp ~ 40 mb and m ~ M,, for B/C ~ 0.3, a rough estimation of
Aese is ~ 10 g/cm?.

This escape time (length) is in general energy-dependent, and expresses the relation
between the source energy distribution Q¢ (FE) and the observed one No(E). Indeed
the LB equation for Carbon leads to the stationary solution:

Ne(B) = 10— o 77'—/7'0 Qc(E) (1.35)

wnt

Thus, information on the primary sources spectra and composition can be inferred
directly through the B/C ratio.
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Figure 1.9: Left: collection of measured B/C ratios at different energies (references are in
Tab.1.4.2). The fitted curve determines the A.s. dependence, in the LBM, according to Eq.1.36
[37]. Right: rigidity dependence for A.s. as proposed by different authors [38, 39, 40, 41, 42, 43].

Fig.1.9 shows, as an example, the fit to measured B/C ratio assuming a broken

power-law in rigidity for the escape time 7.4 [37]. The escape length is written as:
+0.8

Mo (£) for R < Ry GV

)\esc(R) = R —0.57
Ao (R—) for R> Ry GV

(1.36)
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where \g = 12.8 g/cm?, and Ry = 4.7 GV. Similar calculations have been done by
many authors (Fig.1.9, right). Working out the proper energy or rigidity dependence
of Aese is a fundamental test for any propagation model.

It is clear from Fig.1.9 that the B/C typically peaks at some GeV//n and falls off to
higher and lower energies. These result tells that the CR particles should traverse
about ~ 10 g/cm? interstellar matter before escaping from the confinement volume.
A plausible physical reason for this characteristic shape, i.e. the power-law depen-
dence and the breaking at Ry, does not exist in the LBM context, as the A is used
as a pure phenomenological parameter.

However it can be understood if one notices the link between the leaky-box calcu-
lations and the diffusion halo models [19]. In DHM framework, the mean time 7.
which a particle needs to escape freely into the intergalactic space is given by:

H2

= 1.
TESC 2D ( 37)

being H the halo size and D the diffusion coefficient. The theory of particle reso-
nant scattering and diffusion in the turbulent and magnetized interstellar medium
predicts a rigidity scaling law for D(R) [6]:

D = DySR° (1.38)

where Dy is the normalization of the diffusion coefficient, linked to the level of the
hydromagnetic turbulence and is generally expressed in em? - s7!. The diffusion
coefficient has a power-law dependence on the rigidity R with a spectral index ¢
which is linked to the density of the magnetic irregularities at different wavelengths.
Since this is not strictly true, as reacceleration occurs whenever we have diffusion,
the LB breaking at R, simulates the reacceleration in the halo. Following this last
observation one can argue that the path length A\, suggests a way to reproduce
B/C for the models in which reacceleration is completely absent. Another possible
physical explanation is given in [44], by saying that below a particular rigidity Ry
the diffusion becomes slower than the convective transport in removing particles
from the galaxy and the particle residence time becomes independent of rigidity or
at least weakly dependent. The problem is therefore still open. However, many
physical interpretations of the B/C ratio can be naturally given in the framework
of the diffusion models, without invoking any artificial breaking.

At higher energies (F > 10 GeV//n), § is the parameter that mostly determine
the B/C shape, as in the high energy limit the secondary-to-primary in DHM is
dominated by the diffusion coefficient. At lower energies, the effect of energy losses,

convection and halo size and spallation become more important in shaping the B/C
ratio [21, 22].
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The Kolmogorov theory for the turbulent spectrum predicts 6 = 1/3, while, in the
case of a hydromagnetic spectrum, it has been predicted by Kraichnan as § = 1/2
[45]. On the other side, the phenomenological interpretation of CR spectra have
not led to fix § because of the complicated treatment of the physical phenomena at
different energies. Moreover, existing data on the B/C ratio suggests higher values
for 6 (0.4 +0.8).

At energies around 1 GeV/n lower § = 1/3 seems to be favored, but at this ener-
gies the CR spectra are strongly affected by other low-energy phenomena. Diffusive
reacceleration contributes significantly in shaping the B/C ratio below few GeV/n.
In this energy region the measured fluxes are also affected by solar modulation
(Fig.1.7), which makes difficult to compare experimental data taken in different pe-
riods of solar activity.

Another possible effect that might be investigated with high energy B/C data is
distributed reacceleration [46] i.e. sporadic encounters of CR particles with SNRs,
during which they could gain small amount of energies. Time-dependent models
have also been studied [47], considering SNs as discrete sources in the Galaxy. This
scenario does not seem to modify the B/C ratio in shape, but only in an overall
normalization factor.

However, in DHM as in LBM framework, the B/C ratio is a good test for prop-
agation parameters through a fit of the spectral index 0. It is also clear that a
precise measurement of the B/C on a large energy range will shed light on many
aspects of the Galaxy properties.

1.4.2 B/C Experimental Data

Starting in the sixties, the CR chemical composition has been extensively studied
in balloon-borne experiments (Tab.1.4.2).

The characteristic of CR nuclei is the low intensity. Therefore accurate measure-
ments require large acceptances, long exposure times and optimal particle discrim-
ination capabilities [48]. In spite of the large number of balloon experiments, the
more precise and reliable measurements come from two space borne detectors: C2
onboard HEAO-3 [38] and CNR onboard the SpaceLab-2 mission [50]. C2 measured
fluxes from Be up to Ni in the energy range 0.6 to 35 GeV//n using multiple layers of
Cerenkov counters with different materials. The measurements have been extended
by CRN up to TeV/n with TRD detectors. The new generation of experiments is
devoted to extend the measured range up to the knee, following the road open by
the JACEE collaboration [51], a series of balloon-borne lead emulsion chambers.

Instruments as TRACER [49], CREAM [52] and ATIC [53] are designed to provide
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Figure 1.10: Differential energy spectra for the major component of the primary cosmic ra-
diation. The dashed lines represent independent power-law fits to the spectra performed above
20 GeV/n [49, 5].

differential flux measurements of different CR species at energies between ~ GeV/n
and many TeV/n, by using different detectors, as calorimeters in ATIC, TRD de-
tectors in TRACER or both in CREAM. All these new instruments are profiting of
long duration balloon flights provided by the NASA Ultra Long Duration Balloon
program in Antarctica.

On the other side, space borne experiments using spectrometric technologies have
the capabilities to measure CR nuclei flux up to some TeV/n with large exposure
factors. AMS-01 is an instrument of this type (§2). The magnetic spectrometer
PAMELA was launched in June 2006 with the RESURS DK1 satellite. PAMELA is
currently operational on DK1 along an elliptical orbit with inclination of 70°. The
PAMELA concept is very similar to AMS. The spectrometer is based on a double-
sided micro-strip silicon tracker located into a permanent magnet. A Si-W imaging
calorimeter and a neutron monitor are used to distinguish primary protons and
electrons. A Time-of-Flight system, using plastic scintillation detectors, measures
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Figure 1.11: Measurements of the ratios B/C (right) and N/O (left) as a function of energy.
Open circles show the nuclear ratios measured by CREAM experiment [52]. The thin vertical bars
correspond to the statistical errors and the gray bars show the systematic uncertainties. The stars
are data from HEAO3-C2 experiment [38]. In the B/C, the lines represent model calculations for
various values of the rigidity dependence parameter 6 = 0.33 (long-dashed line), 6 = 0.6 (solid
line) and 0 = 0.7 (short-dashed line).

velocity and charge of incident particles. Charge separation up to Oxygen is achiev-
able by means of energy loss measurement in the Tracker, TOF and Calorimeter.
A compilation of flux measurements is shown in Fig.1.10 for the major nuclear com-
ponents of the CR radiation. The measurements performed so far are summarized in
Tab.1.4.2. For a complete collection the reader is addressed to [56]. Fig.1.11 shows
two recent measurements of the B/C and N/O ratios as a function of energies up to
2 T'eV/n performed by CREAM collaboration [52].
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Measurement Date Experimental Method Carrier Z E (GeV/n) Exp (m?srh)
Juliusson et al. [57] 1971 Cerenkov Counters Balloon 3+28 20-120 7.6
Orth et al. [58] 1972 Magnetic Spectrometer Balloon 3+26 2-150 1.15
Maehl et al. [59] 1973 Cerenkov Counters Balloon 5+26  0.32-2.20 24
Caldwell et al. [60] 1974 Cerenkov Counters Balloon 5+28 590 4.5
Lezniak et al. [61] 1974 Cerenkov Counters Balloon 3+28 0.3-50 23.
Simon et al. [62] 1976 Ionization Cal. Balloon 5+26  2-100 15.5
Voyager 1 & 2 [63, 64] 1977-now  Solid-State Detector Spacecraft 1-+-28  0.001-0.500 —
Dwyer et al. [65] 1978 Cerenkov and MWPC Balloon 5+28 1-10 38.
JACEE [51] 1979-95 Emulsions Cal. Balloon 1+26  1000-10° 1432.
C2 on HEAO-3 [38] 1979-80  Cerenkov Counters Satellite 428 0.6-35 430.
CRN [50] 1985 TRD and Cerenkov Shuttle 627  50-1500 70.
Buckley et al. [66] 1991 RICH Balloon 2=+8 40-320 1.4
RUNJOB [67] 199597  Emulsions Cal. Balloon ~ 1+26  10% 106 1000.
TIGER [68] 1997 Cerenkov Counters LDB 26 +-40 0.8-5 —
ATIC [53] 2002 Si Matrix & Cal ULDB 5+38 10-300 300.
CREAM T [52] 2004-05 Cerenkov, TRD & Cal. Balloon 1+26 10-2-103 232
TRACER [49] 2003 TRD & Prop. Tube LDB 8§+26 1-10% 100.
Table 1.1:  Summary table of the principal experiments devoted to nuclear composition measurements of CRs. Exposure factors in

the last columns are expressed in units of m? - sr - h. Only measurements of published results are reported. For CREAM and TRACER
projects, other flights are done or to be done. Other results are forthcoming from CREAM, TRACER, PAMELA.
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Chapter 1. Cosmic Rays in the Galaxy 1.5. Discussion

1.5 Discussion

Cosmic-ray nuclei are a powerful tool for understanding the characteristic of the
CR acceleration and propagation, as well as the physical properties of the interstel-
lar medium. Present observations and those coming in the near future will yield
more valuable information about the matter content and dynamical property of our
Galaxy. A better understanding of the processes by which cosmic rays are produced,
accelerated and propagated in the ISM would even allow to discover some evidence
for new physics or exotic sources, as fundamental astrophysical processes constitute
a background for the search of anomalous components.

Many consistent frameworks to describe the propagation of CR nuclei have been
formulated in order to explain the available data. Theoretical studies of CR physics
are currently stressing to correlate measured fluxes to the diffusion parameters: the
spectral index of sources «, the normalization Dy, the spectral index of the diffusion
coefficient 9, the height of the diffusive halo H, the galactic wind speed V¢ and the
Alfvén speed V.

Different classes of experimental channels may be indicators of some dominant phys-
ical phenomenon and be particularly sensitive to the corresponding propagation
parameters. One of the most sensitive quantity is the B/C ratio, as B is purely
secondary and its main progenitor C is purely primary.

Moreover, it is also a quantity measurable with reasonable accuracy within the var-
ious nuclear component of the cosmic rays, due to the relatively large abundance
of the two species and other experimental benefits. Indeed, as a ratio of two nuclei
with similar Z, the B/C is less sensitive to systematic errors and to solar modulation
effects than absolute fluxes or other ratios of nuclei with more distant charges.

On the other side, existing data are still affected by sizable experimental errors, and
propagation models still do not have a definitive standard picture. Comparisons of
predictions between different authors should be taken with care. From the experi-
mental point of view, it is a very exciting epoch for cosmic rays, as much data are
expected soon from the most recent projects PAMELA, CREAM, TRACER, and
the upcoming AMS-02 magnetic spectrometer.

Current and upcoming experiments such as PAMELA and AMS-02 are therefore a
strong motivation for further elaborations.
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Chapter 2

The AMS-01 Experiment

The Alpha Magnetic Spectrometer (AMS) is a high energy physics experiment op-
erating in space. The experiment has been proposed and approved by institutes and
space agencies in many countries. Italy, Swiss, Germany, Spain, France, Portugal,
Denmark, China, Taiwan, South Korea, Russia, USA, Mexico, Romania, Finland
and Netherlands are currently taking part in the AMS collaboration. The final ver-
sion AMS-02, is scheduled for installation on the International Space Station (ISS)
for an at least three year long exposure [69]. The reduced version, AMS-01, flew
for ten days in a precursor mission in June 1998 on board the NASA space Shuttle
Discovery [70]. The analysis presented in this thesis is based on the data collected
during this flight.

The aim of this chapter is to present the AMS concept. Section §2.1 outlines the
physics goals of the experiment. Sections §2.2, §2.4.1 and §2.4.2 describe the AMS-
01 detector, the reconstruction algorithm and the simulation program. The AMS-01
flight is described in Section §2.5, while the main physics results from the STS-91
mission are summarized in Section §2.6.

2.1 AMS Physics goals

The main goal of the AMS experiment is to search for antimatter of primordial ori-
gin looking for the presence of anti-nuclei (Z<—2) in the cosmic rays. Experimental
evidences indicate so far that our galaxy is made of matter. However, there are
more than hundred million galaxies in the Universe and the Big Bang theory of the
origin of the universe requires equal amounts of matter and antimatter. Theories
that explain this apparent asymmetry violate other measurements. Whether or not
there is significant antimatter is one of the fundamental questions on the origin and
nature of the universe. The detection of even a single anti-nucleus in the cosmic
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radiation, as a nucleus of He, would provide evidence for the existence of antimatter
domains, since the probability of a spallation production of He is extremely low [71].

Another interesting discover potential for AMS concerns the indirect dark matter
detection. The visible matter in the universe, such as stars, adds up to less than 5%
of the total mass that is known to exist from many other observations. The other
95% of matter is dark, either dark matter, which is estimated at ~20% of the energy
balance of the universe; the remaining part is made up by dark energy. The exact
nature of both still is unknown. One of the leading candidates for dark matter is
the neutralino. If neutralinos exist, they could be annihilating with each other and
giving off an excess of standard! charged particles that can be detected by AMS-02
[2] Any excesses in the background positron, antiproton, or gamma ray flux could
signal the presence of neutralinos or other dark matter candidates [72].

Thanks to the large acceptance, the long exposure time and the excellent particle
identification capabilities, AMS can measure the spectra of the CR rare components
(p, e*, D, v) with a great accuracy over a never explored energy range. In par-
ticular the positron channel is very promising as suggested by HEAT and AMS-01
experiments [73, 74] and the most recent results by Pamela, ATIC and FERMI/LAT
(75, 76, 77].

The high statistics measurements of AMS-02 of all the charged species of the cosmic
rays, including chemical species up to Iron and isotopes up to Carbon, will largely
improve our knowledge of the cosmic rays and will help to solve several astrophysics
fundamental questions (§1). The measurement of the nuclear and isotopic composi-
tion of cosmic rays can be used to validate or discard models for particle propagation
in the interstellar medium.

The accurate determination of the Boron to Carbon ratio over a wider range of
energies will be crucial to determine propagation parameters like the thickness of
the galactic halo or the galactic wind velocity [48].

The construction, performance and qualification tests of the new AMS-02 detector
are described elsewhere [78]. The AMS-01 experiment is described in detail in the
following sections.

2.2 The AMS-01 Detector

The AMS-01 version of the Alpha Magnetic Spectrometer is represented in Fig.2.1.
The experiment is ~ 1.6 m high and its horizontal cross section is about 2.6 m?.
The cylindrical permanent magnet, with a field strength along +X axis of about
0.15 T at the center, encloses a 6-layer micro-strip silicon tracker which measures

L“Standard” particles are those of the Standard Model of particle physics [5].
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Figure 2.1: Left: iso-view of the AMS-01 spectrometer. Some construction elements such as
honeycomb and foam are shown as well as the position of the electronics crates. Right: schematic
view of the detector, showing the cylindrical permanent magnet, the silicon micro-strip tracker
planes T1-T6, the time of flight (TOF) hodoscope layers S1-S4, the aerogel Cerenkov counter, the
anti-coincidence counters (ACC) and the low energy particle shields (LEPS).

the rigidity of the charged particles traversing the volume. For the STS-91 mission
the tracker was equipped with six planes of silicon sensors, resulting in a geometric
acceptance of ~ 0.3 m?sr for events with at least 4 tracker planes fired. Scintillator
planes (TOF) and an Aerogel Threshold Cerenkov (ATC) counters complete the
detector by measuring the particle velocity and dE/dz. A layer of Anti-Coincidence
Counter (ACC) lined the inner surface of the magnet to veto triggers due to stray
trajectories and background particles which may be produced by interactions in the
detector material. To minimize the dead time, a Low Energy Particle Shield (LEPS)
was mounted on the top to absorb the low energy particles (E<5 MeV') above the
scintillator planes. The various sub-detectors, electronics devices and all the data
reduction systems went through vigorous space qualification testing including accel-
eration, vibration, thermo-vacuum and temperature tolerance.

2.2.1 The Time Of Flight System

The TOF system provided a fast trigger signal, a measurement of the particle transit
time between the scintillator planes, and the particle charge by the energy depo-
sitions. Each plane of the TOF consisted of 14 plastic scintillator (Bicron Bc408)
paddles 1 e¢m thick, 11 ¢m width and with lengths between 71 e¢m and 136 c¢m to
match the circular cross section of the AMS-01 magnet. Two planes were located
above and two under the magnet. The upper part of the system is shown in Fig.2.2.
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Figure 2.2: The upper two planes of the AMS-01 Time Of Flight system.

The paddles of each plane had 0.5 em overlap to avoid geometrical efficiencies [79].
The paddles on the first (forth) plane were arrayed orthogonally to the paddles of
the second (third) plane to create a matrix and allow for the identification of the
particle impact point (X,Y). Each scintillator paddle was read out on the two
sides by six photomultiplier tubes (PMTs), three per side. Signals from each triplet
were combined in OR to from a unique readout per side. The PMTs were shielded
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Figure 2.3: Time resolution between first and last AMS-01 TOF scintillator planes, corrected
for the track length, for events taken with the AMS-01 experiment.

from the residual magnetic field (~ 200 G) by a 0.5 mm thick screen. To extend
the dynamic range of the TOF system, the analog signal from both the first and
the second to last dynodes were transferred to the readout electronics. The anode
signals of each triplet were combined in OR and discriminated to reproduce logical
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signals, sent to the fast trigger electronics (§2.3) and addressed to Time to Digital
Converter (TDC) devices, which provided the time information.

2.2.2 The Magnet

The AMS-01 permanent magnet was designed to optimize the competing require-
ments of a large, powerful and uniform dipole magnetic field in a flight-qualified,
relatively light-weighted system. The external field also needed to be minimized to

Figure 2.4: The AMS-01 magnet field orientation [70]. The varying direction of the magnetic
field in the material allowed the flux to be returned primarily within the material allowing for a
negligible external field. A quite uniform field is generated in the inner part of the volume. The
magnet blocks and the coordinate system are shown in the left picture. The arrows in the right
exhibit the magnetization direction a.

avoid torques on the space shuttle and interference with the electronic devices. The
magnet was made of 6400 Nd-Fe-B blocks of sides 5 x 5 x 2.5 em®. The blocks were
arrayed in a cylinder of length 800 mm, inner radius r; = 111.5 ¢m and outer radius
ro = 129.9 em. The blocks were arranged to form 64 segments with varying field
directions in order to produce a 0.15 7" field inside the volume with external residual
field smaller than 2 - 1072 T (see Figure 2.4) [69, 70]. The magnetization vector
resulting in the cylindrical shell was constant in magnitude and oriented according
to:

a=2¢p+7/2 (2.1)

being ¢ is the angular cylindrical coordinate. Such a distribution gave and internal
field of:

B = B, In(r1/r3) (2.2)

where B, is the residual magnetic flux density of the ring and r /r5 is the inner /outer
radii ratio. After construction the field was mapped and found to agree with the
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design value to 1%. The final magnet had a maximum bending power of BL? =
0.15 Tm?. Its geometric acceptance was 0.82 m?sr and its weight was 1998 Kg
(2200 K g including support structure).

2.2.3 The Silicon Microstrip Tracker

The AMS-01 silicon tracker [80, 81] was the first application in space of the high
precision silicon technology developed for position measurements in accelerator ex-
periments. The instrument, that occupied the central part of the detector, is shown

Figure 2.5: The AMS-01 silicon tracker. The six planes are equipped with silicon sensors (blue
plates).

in Fig.2.5. The basic unit of the tracker was a module, called ladder, which con-
sisted of 7 to 15 double-sided silicon micro-strip sensors, a Kapton routing cable
and two hybrids equipped with the front-end electronics. In AMS-01, the ladders
were supported by a composite structure made of low-density aluminium honey-
comb and carbon fiber. This assured stability while minimizing the material inside
the detector, resulting in ~ 0.3X,. Each silicon micro-strip sensor had dimensions
40 mm x 72 mm and a thickness of 300 pum. Their development was based on the
design used for the L3 micro-vertex detector at the Large Electron-Positron collider
(LEP) at CERN [82, 83]. Strips were implanted with a pitch of 27.5 um on the p
(junction) side and orthogonally with a pitch of 52 ym on the n (ohmic) side, so as
to create a grid for measuring the two coordinates (Y, X) at the same time. Spec-
ifications are summarized in Tab.2.1. The sensor design made use of p™ blocking

38



Chapter 2. The AMS-01 Experiment 2.2. The AMS-01 Detector

element p-side n-side
strip length 40 mm 72 mm
implantation pitch  27.5 um 52 um
readout pitch 110 pm 208 pm
n. of readout strips 640 192

Table 2.1: Specifications of the AMS-01 doubled sided silicon micro-strip sensors.

strips, implanted on the n-doped side, to minimize the influence of surface charge on
the position measurement obtained from the ohmic side. Charge division readout

Silicon Sensors

Capacitor Chips

n-side Kapton Cable

Figure 2.6: Exploded view of a silicon tracker ladder and its components [84].

by capacitive charge coupling was applied to the readout strips. In AMS-01 the six
tracker planes were equipped with 3 m? of silicon sensors, for a total of 57 ladders
and 70,000 readout channels. The sensors were oriented with the p-side strips or-
thogonal to the magnetic field lines. The system provided positional accuracy of a
passing particle through each silicon plane to within 10 ym (30 pm) in the bending
(non-bending) side.

To ensure that the AMS-01 detector had the desired accuracy, an infrared laser
alignment system was developed. The laser beams partially ionized the silicon as
they traversed the tracker planes. Laser-induced signals were used as an on-line
monitoring tool to keep under control the system alignment.

The front-end electronics of the tracker were made of very low noise VLSI units.
Each channel consisted of a hold low-noise charge preamplifier. They were read
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Figure 2.7: Silicon tracker rigidity (R) resolution averaged over tracks with 4, 5 and 6 hits for
Z = 1 flight data compared with Monte-Carlo and CERN-PS beam test measurements (in this
case Afi/f{ - (Rmeas - Rbeam)/Rbeam)-

out sequentially at speeds up to 5 M Hz. The data reduction electronics for the
tracker were specifically designed to be light weighted and to use minimum power.
The 58,368 readout strips were grouped into logical units of 64 channels. A signal,
after passing the decoupling capacitor, was fed into a VA_HDR.64 chip. After signal
shaping and sampling, the chip was sequentially read out by means of an analog
multiplexer. Further amplification and digitization of the signals occurred on the
Tracker Data Reduction (TDR) boards, which were designed to perform data reduc-
tion and calibration as well. The passage of a charged particle in the silicon tracker
was then recorded in terms of the position and amplitude of the reconstructed sig-
nals on the different planes, the tracker clusters, i.e. groups of readout channel with
signal-to-noise ratio that exceeded over a certain threshold. The particle impact
point was determined using the center of gravity of a cluster of at most five adjacent
strips.

The amplitude of a cluster is also a direct measure of the energy deposit, so that
this information was used to determine the absolute charge of traversing particles.
The electronics developed for this purpose had a large dynamic response, allowing
for an identification of charged nuclei that has been a crucial point in this work. As
highlighted in this thesis, the silicon tracker provides outstanding capabilities on the
identification of high charged ions (|Z] > 2). A powerful algorithm for the charge
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determination is described in the next chapter (§4).

2.2.4 The Aerogel Threshold Cerenkov

A charged particle traversing a dielectric medium with a velocity B¢ larger than the
light speed in that medium ¢/n emits electromagnetic radiation, similar to Mach’s
waves for supersonic speeds in a fluid. The emission angle 6. depends on the particle
velocity and on the refractive index of the medium,
1
on
from which follows that only particles with velocities above the thresholds S, = 1/n
emit photons. This can immediately be translated into threshold values in terms of
energy or momentum for a given mass, allowing a separation between leptons and
nuclei.
The number of photons created by the Cerenkov effect is given by:

1
2
Ny, =1LsxZ*x (1_n2ﬁ2> (2.4)

where L4 is the path length in the material and Z the charge of the incoming par-
ticle.

cos O = (2.3)

In AMS-01, an Aerogel Threshold Cerenkov (ATC) counter was located at the bot-
tom of the instrument, below the lowest scintillator plane. The ATC was composed
by 168 blocks of size 11 x 11 x 8.8 em? with refractive index n = 1.035, wrapped
in Teflon and arranged in two layers. These cells were connected to PMTs through
wavelength shifters. The ATC detector was essential for the p/e™ and e™ /p discrim-
ination up to the threshold values py, = 3.51 GeV/c. The information of the ATC
is not used for this analysis, since the discrimination of high charged nuclei is com-
pletely achievable with charge measurements. For the unambiguous identification
of low energy leptons it was, on the contrary, essential [85].

2.2.5 The Anti Coincidence Counters

The Anti-coincidence counter system consisted of a cylindrical shell made of 16
modules of plastic scintillator surrounding the silicon tracker inside the magnet.
Their function, in conjunction with the Time-Of-Flight counters, was to provide
anti-coincidence protection against background particles entering the sides of the
AMS apparatus or generated within AMS. Photomultiplier tubes were connected
at each end of scintillators. Because of very limited space available and mechanical
stability to be mantained, thin wavelength shifter fibers were used to guide the light
to the PMTs. The system is shown in Fig.2.9.
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Figure 2.8: The AMS-01 Aerogel Threshold Cerenkov counter layers (only half of them is
displayed).

Fibers

Photomultiplier

Scintillator Panel

Figure 2.9: The AMS-01 Anti-coincidence System.

2.3 Trigger and DAQ

The trigger is the digital signal that starts the data acquisition (DAQ) chain. This
decision is taken if a set of logic conditions is fulfilled. The AMS-01 trigger was
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designed with the aim to provide a fast and efficient selection of CR particles entering
the detector that could be potentially interesting. The conditions that form the
trigger logic are the following [86]:

Fast Trigger

At least one signal from one photomultiplier on each of the four TOF planes
was required. Each scintillator was viewed at its two ends by two photomulti-
plier triplets combined in OR. If the coincidence of the four TOF planes was
not fulfilled within 200 ns, the event was discarded.

Level-1 Matrix Trigger

As only the central part of the tracker planes was equipped with silicon sensors,
a reduced geometrical acceptance resulted. In order not to trigger events whose
track could not be measured by the tracker, a correlation matrix between
the 14 4+ 14 paddles of the two outer TOF planes was set up. Only specific
combinations of paddles were accepted, corresponding to tracks traversing the
sensitive part of the tracker.

Level-3 TOF Trigger

The identification of a good event was refined by requiring a signal on both
sides of the scintillator paddles. One and only one cluster was required in each
plane (a cluster corresponds to one hit or two hits in two adjacent paddles).

Level-3 Tracker Trigger 1

The TOF conditions were also used to determine a straight fiducial road of
6.2 ¢m width around the track. The number of tracker clusters inside the
road was required to be larger than two and on at least three different tracker
planes.

Level-3 Tracker Sagitta 2

During the pre-docking phase (first 7 hours of data taking) an additional pat-
tern recognition algorithm was applied with the main purpose of rejecting low
energy particles. It calculated the residuals from a straight line joining the
first and the last TOF cluster and required the average not to exceed a certain
value D = 6 cm.

Anti-coincidence Trigger

It was required that no signal is recorded in the ACC subdetector to discard
events with multi-tracks or interacting particles, that produce secondary par-
ticles hitting the magnet walls.

In order to characterize the effect of the various trigger conditions, during the STS-91
flight an unbiased data set was recorded [87]. This sample was collected by requiring
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Figure 2.10: The effect of the AMS-01 trigger conditions applied off-line on the proton data
collected with the unbiased trigger.

only the fast trigger condition (called also unbiased trigger). One out of 1000 normal
triggers was prescaled with the unbiased trigger. This unbiased dataset was used to
characterize the trigger efficiency for cosmic ray protons, helium nuclei and electrons.

The Data Acquisition system consisted of several steps, including the collection
of the digitized signals from each subdetector, event building, data buffering, disk
storage and down-link. The total readout dead time was about 100 ps resulting in

t=0 t=few ns
Farticle crosses | | | | s1234
i t=100 ns
Fast Trigger I | FT
! | t=4 us
Tracker Sensitive Shaping Time
|
Level-1 Trigger Accept | | ! L1 or clear
I
T
Hit History ! : ‘
| T ! t=85us
7 T
Transfer/Digitize/Buffer I !
! ! \—‘ t<100 u's
Ready for next event | |
I
|
DAQ ‘

Figure 2.11: Timing sequence of the DAQ Chain.

roughly 13% losses at the highest counting rates. In Fig.2.11 the timing sequence of
the trigger logic is shown. After a particle crossed AMS-01, within few nanoseconds
the time counting started (¢ = 0) and the information from the four planes of the
TOF system was read. Within 100 ns the fast trigger was produced. The shap-
ing time, required by each VA to integrate and amplify the signal, was 4 us. The
TOF readout provided an history time gate of about 12 us, centered on t = 0 and
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recording the history of the TOF detector before the trigger, with the purpose of
monitoring particles traversing the detector but not triggered because out of time.
Other 80 us were required to read, digitize and buffer the readout information and
reset the DAQ system ready for a new event.

Within each orbit there was a considerable variation of DAQ live-time as the Shut-
tle passed through different regions of the earth magnetic field [88]. This variation
reflects the geomagnetic cutoff. The AMS-01 DAQ live-time fraction a varied be-
tween 0 and 96%, corresponding to recorded event rates of 700 to 100 Hz. The
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Figure 2.12: Normalized DAQ live-time distribution over all the data taking period.

lowest live-time generally corresponds to high particle fluxes observed near the po-
lar geomagnetic latitudes reached by the Shuttle. The average live-time was about
80% on the whole orbit, and drop when the Shuttle was passing through the South
Atlantic Anomaly (§1.3.2), where the high CR rate precluded effective data taking.
The live-time distribution is shown in Fig.2.12. To avoid large correction for DAQ
live-time inefficiencies, data collected close to the SAA region are excluded from the
analysis (§3.3).

2.4 The Offline Software

The purpose of AMS-01 was to identify cosmic rays and measure their momentum.
A particle can be identified when its mass and signed charge are known, which are
determined by the velocity, rigidity and energy deposit in the active material. For
this purpose, an event reconstruction algorithm has been developed to process the
raw signals from the subdetectors and to return rigidity, velocity, charge sign and
charge magnitude [89, 90]. The response of the AMS-01 spectrometer to the passage
of charged CR particles has been extensively studied by means of the Monte-Carlo
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simulation program AMS-GBATCH. Other simulation frameworks have been developed
to better characterize the trigger response for high charged particles. Reconstruction
detector simulation softwares are described in the next subsections.

2.4.1 Event Reconstruction

In AMS-01 the physical quantities to be reconstructed are the particle charge Z,
rigidity R and incoming direction (6,¢). The particle mass is derived from the
measured velocity and the momentum p = RZ. The sign of the charge is determined
from the curvature of the reconstructed trajectory.

Velocity reconstruction

Readout devices summed the signal from the three PMTs at the end of each TOF
paddle, for anode and dynode. These signals were used to generated fast trigger and
time measurement.

For each TOF signal, a mean time (¢,,) is computed from the time measurements
at the two ends 1 and 2 of the paddle:

CER?
2

Using the known effective velocity of light in the scintillator material, the particle
impact point along the paddle can be estimated. Time measurements are also cor-
rected for time slewing due to variations in the PMTs pulse heights, cabling lengths
and incident angle. A linear fit on the value t,, versus the track length is then
performed to find 371

t (2.5)

Track Reconstruction

Track reconstruction begins in the DAQ electronics of the tracker. On-board data
compression was done by selecting strips that have signal-to-noise ratio over a given
threshold (3.5 for p-side, 2.75 for n-side) as seeds to form the clusters with the ad-
jacent strips.

Clusters from both sides of the silicon are used to generate three-dimensional hits
by combining the X and Y positions of all possible p-side and n-side combinations.
Each n-side channel has a 6 to 8-fold position degeneracy (i.e. 6 to 8 positions
associated with the same readout channel) due to the readout scheme used. Thus
the number of candidate hits may be quite large. This degeneracy is fully resolved
using multiple layers and combining information from the TOF data.

A charged particle in a homogeneous magnetic field moves along a helical trajec-
tory with radius proportional to the particle momentum. At first approximation
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the track is regarded as a straight line, and a linear fit procedure over all the hit
combinations is performed to recognize the track. The set of hits with lowest x? is
the best track candidate. Then a helical fit is computed. If its x? is below a given
threshold, the track hits are passed to a more sophisticated fitting procedure, that
accounted for a realistic magnetic field distribution and the material traversed by
the particle.

Deviations in particle track are caused by multiple scattering in the silicon support
material and are included in the error estimation. Two different track reconstruction
algorithms are used

e Fast Fit Algorithm. This widely diffused algorithm [91] is based on a matrix
inversion that iteratively minimizes a y? between measured hit and propagated
hits. These latter are reconstructed from a trajectory numerically propagated
through the B field from a set of initial kinematic conditions. The fit is
performed twice, with and without including multiple scattering in the error
estimation. Disagreement between the two fits could indicate events with large
amount of Coulomb scattering integrated along the tracker material. The Fast
Fit was also applied to the first and last three hits in the tracker to reconstruct
two independent half tracks. Disagreement between the two corresponding half
rigidities and the overall rigidity could indicate a particle that underwent large
scattering angle or a failure in the rigidity reconstruction.

¢ GEANE Fit Algorithm. The GEANE tracking algorithm [92] was used to
calculate particle trajectory, transport matrix and covariance matrix. This
algorithm propagates the tracks through the inhomogeneous magnetic field
under the framework of GEANT3 Monte-Carlo simulation [93]. All the rele-
vant physics processes are then included and simulated (2.4.2). The track is
evaluated with a Kalman filter method [94].

Charge Reconstruction

The charges of the particles are determined by a maximum likelihood method ap-
plied to the truncated mean of the energy deposits.

The truncated mean was computed separately for the four TOF clusters and up to
6 + 6 tracker clusters in both the silicon sides. Clusters are selected by the above
mentioned track reconstruction algorithm. The truncated mean is the average clus-
ter amplitude excluding the contribution from the cluster with the highest energy
deposit. This reduces the effects of the Landau fluctuations, i.e. avoids discrepan-
cies between mean and MPV value of the energy deposit distributions.

Likelihood functions have been estimated from a set of calibration measurements
made at the CERN PS (protons) and GSI (helium) beam test data. Flight data
themselves have been used too. Probability distribution functions f(AFE, «(Z)) are
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Figure 2.13: Tracker-TOF charge identification capabilities [105]. Energy loss (points) are made
independently in the tracker (a) and TOF (b) for |Z] < 2 events. The filled histograms show which
events were assigned to be |Z| = 1 with the other detector.

defined by considering separately the energy losses in the TOF and in the tracker.
For the tracker cluster amplitudes, a combination of the two sides is considered. Two
sets of truncated mean are then calculated and corrected for the particle incidence
angle. A 372 dependence is also accounted in the PDFs. The maximum likelihood
equation is solved separately for the various sample of measurements and a charge
Z is finally computed as the value for which the probability Pz is maximum. Two
charges are assigned to each event independently from TOF and tracker, i.e. two
probabilities PL9F and PI* are computed. For charge up to |Z| = 2 the TOF and
tracker information are combined together in a unique Z estimation. Fig.2.13 shows
the charge identification capabilities of the two instruments for 7 = 1 and Z = 2
[105].

For |Z| > 2 only the tracker information can be used, due to the limited dynamical
range of the TOF readout electronics. In this thesis, a new improved charge iden-
tification algorithm has been developed for Z > 2 ions. It is described in Chapter
84.

2.4.2 The Monte-Carlo Simulation

The response of the AMS-01 spectrometer to the passage of charged CR parti-
cles has been extensively studied by means of the Monte-Carlo simulation program
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AMS-GBATCH. In AMS-GBATCH the detector geometry design is described in detail:
mechanical drawing, detector mis-alignments, support structures, dead sensors and
the measured magnetic field map are included. The GEANT-3.21 software is imple-
mented to simulate the energy deposits and the interactions of incident particles
within the different detectors, as well as their transport in the material and the
magnetic field. Physical signals are then converted in the equivalent experimental
readout?, to be combined together for reproducing the trigger chain. These raw
signals are then processed by the event reconstruction algorithm as it would to be
done in the real data, and finally compiled into PAW ntuples or ROOT-Tree objects
[98]. Together with the reconstructed quantities, the original Monte-Carlo records
of the generated particles i.e. the true kinematic parameters are provided.

NUCLEUS MOM RANGE GENERATED STORED

"Li 2 =250 GeV/c 100,000,000 539,116
9Be 2 =250 GeV/c 100,008,090 412,855
10Be 2+ 250 GeV/e 105,635,216 497,303
] 2 =250 GeV/c 100,000,000 398,637
op 199 <+ 560 GeV/c 20,000, 000 67,523
np 2+ 250 GeV/c 102,400,101 392,723
np 219 + 506 GeV/c 20, 000, 000 66,576
2o 2 + 250 GeV/c 100,000,000 345,777
2c 239 + 552 GeV/c 20,000, 00 51,905
14N 2+ 250 GeV/c 200,147,195 628,780
160 2+ 250 GeV/e 200,007,225 554,142

Table 2.2: Monte-Carlo production table for Z > 2 cosmic ray ions.

As a general procedure, the first step of a simulation consists in the random gener-
ation a cosmic-ray flux according to the expected energy and angular distribution
for the channels under study.

In order to sample the full energy spectrum with significant statistics and prevent
the total production to grow beyond a manageable size, some optimizations have
been performed, connected to the choice of the probe spectrum and the generation
volume: only particles that may contribute to the acceptance have been simulated,
and a flatter probe spectrum has been employed rather than the expected one.
Moreover, only events that satisfy trigger conditions involving the TOF are stored
in the disk. Further details on the generation strategies are provided in Section §5.1.

For an accurate estimation of the detector response, large samples of Monte-Carlo

2 The responses of each device have been experimentally determined by calibration measure-
ments performed on the detector during the pre-flight testing phase.
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Figure 2.14: A schematic view of the nucleus-nucleus inelastic collision at high energies. Only the
low impact parameter nuclei regions are involved in the fragmentation. Residual non-interacting
nucleons are spectators and tend to conserve the original kinetic energy.

events have been produced for all the particle species observed by AMS-01. For
the purpose of this work, the samples considered are those containing Lithium,
Beryllium, Boron, Carbon, Nitrogen and Oxygen nuclei. B and C are the channels
under study, while the other species are sources of possible background. The MC
production is summarized on Table2.2.

2.4.3 Inelastic Collisions and the AMS-VMC project

For a reliable simulation of the detector response in the ion channels, a detailed
description of nuclear interactions in the active and passive AMS material is funda-
mental. In fact, inelastic collisions and fragmentation processes affect the detector
acceptance in the measurement of the differential fluxes. The role of interaction in
the detector have therefore been taken into account.

For this purpose, under AMS-GBATCH, the particle transport code GEANT3 has been
interfaced with the RQMD hadronic package ( Relativistic Quantum Molecular Dynam-
ics [95]). RQMD describes nucleus-nucleus collisions under phenomenological models
inspired to the QCD and based on the Lund model [96]. The collisions are treated
by a geometrical point of view. Projectile nucleons and target collide along their
straight line trajectories (see Fig.2.14). Some nucleons, called participants, undergo
inelastic interactions in the process, and the other ones, called spectators, do not
take part to the process. The kinetic energy per nucleon is roughly conserved in each
final product. The interaction probability is given by the inelastic cross sections. As
RQMD is made for reproducing an effective description as much realistic as possible,
the nucleus-nucleus cross sections are based on experimental data and hadronic in-
teraction models. This approach fixes the free parameters of the underlying models,
and turns out to be particularly helpful in analyzing the role of fragmented events
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in experimental contexts.

Besides AMS-GBATCH, additional simulation tools have been developed for AMS as
original part of this work. The main purpose is the validation the AMS-01 accep-
tance estimation under different physics models of particle interactions, as unbiased
data did not give enough statistics (§5.2).

A stand-alone Virtual Monte-Carlo application (AMS-VMC) has been implemented
for AMS-01 [97]. The concept of VMC and its development for AMS-01 are described
in Section §5.2.1. A short description of the VMC physics models implemented is
outlined as follows.

The VMC libraries are integrated into the ROOT framework [98]. The basic idea of the
AMS-VMC project is to use a unique interface to run different transport codes. Three
stand-alone simulations have been implemented for AMS-01:

e VMC-GEANT3
This version implements the same physics engines of the standard simulation
program AMS-GBATCH. Particle transport and electromagnetic interactions are
simulated by GEANT-3.21; the heavy ions fragmentation is implemented with a
RQMD-1.07 interface. As it is fully independent from AMS-GBATCH, VMC-GEANT3
has been used as a control interface for the description of the detector response
and the trigger logic in the VMC context.

e VMC-GEANT4

The particle transport and interactions are based on GEANT4 [99]. Inelastic
collision and ion fragmentation are simulated via the

G4-Binary-lon-Reaction class, based on the binary cascade interaction model
[100]. In this representation, each participant nucleon is seen as a gaussian
wave packet. This wave function has the same structure as the classical Hamil-
ton equations, calculated with a time-dependent optical potential, and can be
solved numerically. For light ions (A < 16), the nuclear matter distribution
follows the harmonic oscillator (shell model), as well as the optical potential.

e VMC-FLUKA
This version of VMC supports FLUKA. The transport of charged particles is per-
formed through an original multiple coulomb scattering algorithm [101], with
inclusion of nuclear form factor for heavy ions. The treatment of ionization en-
ergy loss is based on a statistical approach, alternative to the standard Landau
and Vavilov ones, that provides a very good reproduction of average ionization
and fluctuations. Nucleus-nucleus interactions are supported in three models.
Below 100 MeV/n the simulation is based on the Boltzmann Master Equation
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(BME) theory for nucleus-nucleus interactions. At higher energies, RQMD-2.4
is used for heavy ion reactions. Above 5 GeV//n the simulation runs under the
DPMJET-IITI event generator [102], which based on the Dual Parton Model in
connection with the Glauber formalism.

Simulation results for these different models are presented in §5.2.1. The AMS-VMC
project is currently under further development for the AMS-02 incoming experiment.

2.5 AMS-01 on the Space Shuttle

STS-91 was the final flight of the NASA Shuttle Program to the MIR space sta-
tion [103]. The flight lasted 10 days. Its main purpose, beside providing the last
Shuttle-MIR rendezvous mission before the ISS construction (the final location of
the AMS-02 experiment) was to test the spectrometer under real space flight con-
ditions. During this 10 day mission, after an initial checkout phase, AMS-01 had
~ 184 hours of dedicated data taking time [104]. A large amount of data on the
fluxes of different cosmic-ray particles in near Earth orbit was collected. Analysis of
those data led to significant physics results on rates and spectra of galactic cosmic
rays (§2.6) in the kinetic energy range 0.1 GeV/n + 100 GeV/n, and provide the
most precise upper limit at that time on the anti-helium to helium ratio [105]. STS-
91 flight was operated by Space Shuttle Discovery, launched from Kennedy Space
Center, Florida on June 27¢, 1998. The orbit had an inclination of 51.7° and an
altitude varying between 320 km and 390 km.

To operate the AMS electronics and detectors required about 700 Watts of power
from the shuttle. AMS was also set to be commanded from the ground, especially
during the checkout phase. Monitoring data were generated by AMS and transmit-
ted at a net rate of 10 Kb/s during the 70% of the time. Though the events recorded
were written locally to disk, an on-line down-link had been foreseen for science data
too: 10% of the data were transmitted to ground, allowing the on-line monitoring
of the detector performance.

The weight of the payload was 4,200 kg. It was mounted in the rear of the shuttle
bay with the doors open during the whole flight. The SpaceHab module and MIR
docking equipment were located in front of AMS.

In addition to the goals mentioned above, this mission served to exercise command
and data interfaces, measure backgrounds to allow the trigger and detectors to be
tuned for the the AMS-02 mission, and verify the AMS thermal modeling.
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Figure 2.15: Left: picture of the Space Shuttle Discovery taken from the MIR space station
during the docking phase. Right: configuration of AMS-01 on the Discovery Space Shuttle.

2.5.1 Flight Parameters

The Discovery orbital parameters during flight STS-91 are an essential ingredient
of the AMS data analysis. The flux, the momentum range and the composition of
the particles recorded by the spectrometer depended critically on the position and
the attitude of the Shuttle during the on-orbit period. The relevant parameters
available from NASA during and after the flight were time, position, velocity and
attitude of the shuttle.

A reference frame is defined at a given time (epoch) by an origin and three orthogonal
axes fixed with respect to a given body (Earth, Shuttle, etc). In this reference frame
a point P is defined by:

e Cartesian coordinates: the tree components (X,Y, Z) of a vector R from
the origin P.

e Spherical coordinates: the magnitude of the vector ]%, the angle ¢ between
the projection of R on the X Y-plane and the X-axis, positive toward the Y-
axis, and the angle 6 between R and the X Y-plane. Note that this is not the
usual definition of a spherical coordinate system, as the angle 6 is not with
respect to the Z-axis. In Cartesian coordinates:

R=VX24+Y2+ 22
¢ = arctan (Y/X) (2.6)
0 = arcsin Z/R

e A set of parameters: e.g. the geodetic latitude, longitude, altitude.
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Figure 2.16: Greenwich True-of-Date Reference Frames: a) Cartesian coordinates. b) Spherical
coordinates.

In this work the Greenwich True-Of-Date (GTOD) reference frame is used [106].
It is defined as a fixed reference frame relative to the Earth, and rotating together
with it (Fig.2.16). The three components (X¢, Y5, Zg) are specified as follows:

1. The X5Ys-plane is the Earth True-of-date Equatorial Plane.
2. The Xg-axis is directed toward the prime (Greenwich) meridian.

3. The Zg-axis is directed along the Earth True-of-date rotational axis and pos-
itive North.

4. The Yg-axis completes a right-handed Cartesian system.

5. The angle ¢¢ is called Geocentric Longitude, the angle 6 Geocentric Latitude.

Once the position of the spacecraft is determined, its orientation is specified by the
Body Azxes Reference Frame (Fig.2.17). The origin is the Shuttle center of mass.
The Xg-axis is parallel to the Shuttle structural body axis, positive toward the nose.
The Zg-axis is perpendicular to the Xg-axis and parallel to the plane of symmetry,
positive toward the bottom of the Shuttle airframe. The Yg-axis completes the right-
handed orthogonal system. The attitude sequence associated with this system is a
yaw-pitch-roll sequence. It defines the Shuttle orientation relative to a coordinate
system XY Z as the maneuver sequence which would align the body axes XgYsZg
with the XY Z axes as follows:

1. Yaw the angle ¢ around the Zg-axis (positive is Xg to Ys).

2. Pitch the angle 6 about the Yg-axis (positive is Zg to Xg).
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Figure 2.18: Attitude (or pointing angle) of AMS-01 with respect to the zenith versus mission
The period of great variability corresponds to the Shuttle-MIR docking phase.
Dedicated exposure time at different fixed angles was available after docking.

elapsed time.

where 1), 8 and ¢ are the Euler angles of the corresponding rotations, to be imple-
mented with the usual rotation matrices Ry, Ry and Ry.
The AMS-01 body axes (Fig.2.4) are rotated 180° around the Yg-axis with respect
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the Shuttle body axes: the AMS-01 X-axis points toward the tail of the Shuttle, and
the Z-axis points upward from the shuttle. The origin is also shifted to the AMS-01
center of symmetry. The attitude angle is seen as the AMS pointing direction with
respect to the zenith direction. Fig.2.18 shows the AMS-01 attitude as a function
of the mission elapsed time (days). The period of great variability (~2"¢ = 5™ day)
corresponds to the Shuttle-MIR docking phase, when AMS-01 and the MIR were
co-moving together as a unique body, and the resulting attitude followed the MIR
precession motion accordingly. Dedicated exposure time at different fixed angles
was available after docking (i.e. plateaus at 0°, 20°, 45° in the figure).

2.6 AMS-01 Physics Results

From the STS-91 flight of AMS-01, experience and knowledge on how to execute
a particle physics experiment in space have been gained. The construction of the
complete AMS-02 detector, which will operate on the International Space Station,
has benefited of this test flight for technical capabilities and performance of each
component under actual flight conditions. The detector performance as well as the
temperature and the alignment were monitored continuously during the flight. After
the flight, AMS-01 was checked again. The continued monitoring of AMS-01 con-
firmed that the detector performance before, during and after the flight remained
the same.

Though STS-91 was an engineering flight, nearly 100 million events were collected
and analyzed. In addition to validating the AMS concept, analysis of these events
led to the following significant results:

e Search for anti-helium in cosmic rays
A total of 2.86 x 10° helium nuclei with rigidity up to 140 GV were observed.
No antihelium nuclei were detected at any rigidity. The upper limit on the
ratio of the flux of antihelium of less than 1.1 x 1075 has been obtained [105].

e Protons in near earth orbit
The proton spectrum in the kinetic energy range 0.1 to 200 GeV was measured.
Below the geomagnetic cut-off, a substantial second spectrum was observed.
Most of these second spectrum protons follow a complicated trajectory and
originate from a restricted geographic region [107].

e Leptons in near earth orbit
The lepton spectra in the kinetic energy ranges 0.2 to 40 GeV GeV for e~
and 0.2 to 3 GeV for et were measured. From the origin of the leptons two
distinct spectra were observed: a higher energy spectrum and a substantial
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second spectrum with positrons much more abundant than electrons. Tracing
leptons from the second spectra shown that most of these leptons travel for an
extended period of time in the geomagnetic field and that et and e~ originate
from two complementary geographic regions [108].

e Cosmic protons
The precise primary proton spectrum in the kinetic energy range 0.2 to 200 GeV
was accurately measured. Above the geomagnetic cut-off, the observed spec-
trum is parametrized by a power law [109].

¢ Helium in near earth orbit

The helium spectrum from 0.1 to 100 GeV/n was measured. Above the ge-
omagnetic cut-off, the spectrum is parametrized by a power law. Below the
cut-off, a second helium spectrum was observed. In the second helium spec-
tra over the energy range 0.1 to 1.2 GeV//n, in the geomagnetic latitude from
—0.4 + +0.4 rad, the flux was measured to be (6.3 4+ 0.9) x 1073/(m?sec sr)
and, contrary to expectations, more than ninety percent of the helium was
determined to be *He (90% CL) [110].

e Study of trapped high energy CR in near earth orbit
Detailed analysis of the particles below geomagnetic cut-off have established
the existence of permanently trapped high energy p, e™ and e~ with trajecto-
ries crossing the South Atlantic Anomaly [111].

e Positron fraction measurement
A measurement of the cosmic ray positron fraction et /(e +e~) in the energy
range 1 + 30 GeV was published. The results have confirmed the anomaly
obtained in previous experiments and deeply discussed as a possible signature
of new physics [74].

e Deuterons and antiprotons
A total of 10* deuterium nuclei in the energy range 0.1 to 1.0 GeV/n were
observed allowing the first accurate test of galactic confinement models. The
antiprotons flux was measured between 0.2 and 5 GeV of kinetic energy [70].

The present study of the nuclear components of the cosmic rays therefore completes
the variety of subjects successfully investigated by the AMS-01 experiment.
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Chapter 3

Data Selection

The goal of this analysis is to find the energy spectra of the light CR nuclei, with
particular regards to Boron and Carbon and their ratio. In this chapter the event
selection will be presented and discussed. The various cuts imposed to the data can
be classified in two different sets:

e Cuts depending on the detector measurements.

e Cuts depending on the orbital conditions.

The first set of cuts is based on the quality of the detector measurements. Cuts
are defined and studied with the aim of removing all events whose parameters have
been poorly determined. This selection has been imposed to the whole dataset with
no regards about the nuclear species involved, i.e. the same selection criteria are
applied for all the |Z| > 2 measured data. These criteria are developed with the
help of a Monte-Carlo simulation for the detector reconstruction capabilities, but
much care and attention have been payed to the measured data themselves.

Then, few global cuts depending on the orbital conditions are outlined in the sec-
ond part of this chapter. Data collected when the shuttle passed over the South
Atlantic Anomaly, where the trigger rate saturated, have been excluded. A global
orbit-dependent rigidity cut has been applied to the low energy part of the spec-
trum, distorted by the Earth magnetic field. Finally, during the shuttle-MIR docking
phase, part of the MIR space station lay in the AMS-01 field of view and affected the
measured flux. This MIR shadow has been cut away from the detector acceptance.

3.1 Initial Dataset

During the Shuttle mission STS-91, 99 million events were detected by AMS-01. The
majority of these particles are protons (Z=1) and helium nuclei (Z=2). The raw
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data from the flight were processed by the AMS-01 event reconstruction program
(§2.4.1) and compiled into PAW ntuples. Reconstruction was performed as described
in Section §2.4.1. The ntuples included track, velocity, charge sign and magnitude
and all the relevant information from the detector and the orbit. The structure of
these ntuples is described elsewhere [112].

Starting from this standard output, a preliminary selection of the nuclear candi-
dates has been done. The initial set of preselection cuts required each event to
satisfy the minimal requirement to have exactly one reconstructed particle with as-
sociated track and nuclear charge |Z] > 2. A total of 232,035 candidates have been
identified at the preselection level collected during the whole data taking period.

3.2 Detector Cuts

A quick inspection of the preselected candidates reveals that a fraction of them came
from mis-reconstructed trajectories. A set of quality cuts has then been applied to
eliminate these mis-measured events, with the aim to obtain a clean sample of nu-
clei maximizing the acceptance in the entire rigidity range accessible to the detector.

Detector cuts involve variables reconstructed from information of the TOF scin-
tillator and from the silicon tracker. Since the selection efficiency, estimated with
MC data, might play an important role in the final B/C measurement, much care
has been taken in using the observable quantities better reproduced by the MC
simulation. A charge independent selection has been carried out, mainly based on
quality criteria involving the tracking. Other criteria involving the goodness of the
charge identification are described in the next chapter.

3.2.1 Monte-Carlo Normalization

Selection cuts have been defined with the help the Monte-Carlo simulation pro-
gram AMS-GBATCH. The simulation setup and the features of the generated data are
described in sections §2.4.2 and §5.1. The final output of the full simulation is a
compressed data file with exactly the same format as flight data, plus information
on the original Monte Carlo record of the generated particles and their kinematics.
The MC probe spectrum exhibits a momentum distribution:

dN
= t 3.1
1oz P cons (3.1)
that corresponds to a momentum power-law with spectral index v = —1, whereas

the CR ions are described with a kinetic energy power-law with v ~ —2.5.
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Figure 3.1: Left: Monte-Carlo probe spectrum in comparison with a typical CR expected
spectrum after solar modulation applied. Spectra are shown in arbitrary units. Right: Rescaling
function defined as the ratio of CR and MC left spectra (CR/MC). A more physical CR spectrum
is obtained weighted the MC distribution by this factor. This weighted spectrum will be used in
the future MC-DATA comparisons.

The choice to use a flatter probe distribution is an efficient generation strategy
aimed to maximize the detector response study at high energy.

The role of MC in this analysis (via efficiencies, acceptance, resolution) is pretty
much independent on its probe spectrum distribution. However, for an appropriate
comparison DATA-MC over all the energies, the MC spectrum have been weighted
according to the expected CR distribution.

In Fig.3.1 the MC spectrum is shown and compared with a more physical CR spec-
trum (power law in kinetic energy) after conversion in momentum units and ac-
counting for the influence of the solar activity (§1.3.1). The weight function (on the
right) is just defined as the ratio of the two spectra CR/MC.

3.2.2 Quality of Time Of Flight Measurements

During the data taking, the AMS-01 instrument was traversed in up-ward and down-
ward directions by the approximately isotropic flux of cosmic rays. Particles coming
from the bottom were also able to be accepted by the trigger and reconstructed as
well. Fig.3.2 shows the signed [ distribution of the events collected during the flight
(left). The traversing direction was determined with no ambiguity by the Time
Of Flight system. This is a key point to discriminate the sign of the charge, to-
gether with the track curvature. However, upward-going nuclei most likely interact
with the detector support structure or with the shuttle airframe before reaching the
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spectrometer. Thus, the accuracy in their composition and energy measurement is
spoiled by fragmentation and energy losses. Upward-going events have been there-
fore excluded from this analysis, and not considered in the following discussion.

0'F

-

Entries 232594

entries

10°E
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v v b v v by b b gy |
274 6 8 10 1z 14
paddle number

Figure 3.2: Left: Distribution of signed velocities measured by the TOF. The leftmost population
(upward-going particles) has been discarded. Right: Paddle occupancies in Layer 3. Due to an
abnormal behaviour, Paddle 10 results less efficient in yielding reconstructed particles. All the
trajectories traversing this paddle have been discarded.

During the flight, Paddle 10 on the third TOF layer provided unreliable response.
As shown in Fig.3.2 (right), this anomalous behaviour made a considerably less ef-
ficient triggering and reconstruction for all the particles crossing this paddle. All
the event containing a hit in this paddle (O(%) of the high Z candidates) are thus
discarded from the flight data as well as from the Monte-Carlo sample.

3.2.3 Acceptance Restriction

A restricted acceptance of 32° from the negative z-axis was used (0aprs>2.58 rad
in the AMS reference frame) as applied in previous AMS-01 analyses [108, 107].
There are two main reasons to consider this restriction. Due to the particular
tracker geometry (§2.2.3), particles coming with high inclinations have little chance
to hit the upper and lower silicon layers; hence, a restriction in the azimuthal angle
O ans reduces the fraction of events with small lever arm in the tracker, typically
associated to poorly reconstructed tracks and charges. Furthermore, since the AMS-
01 tracker geometry was far from being a truly cylindrical symmetry, a pronounced
structure on the azimuthal coordinate distribution ¢45;s has been observed, that
would make more appropriate a differential acceptance study. Unfortunately, the
collected statistics for Z > 2 particles is not enough for a detailed study of the
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Figure 3.3: Normalized distributions of #4y75 (upper panels) and ¢ars (lower panels) from
MC simulated data (left) and flight data (right). A cut on trajectories with high inclinations 455
is applied as shown (left part is removed). the more uniform ¢prg distribution after the cut is
indicated by the dashed red line.

incoming fluxes differentiating 045/ and ¢ as5 intervals. A restriction on the track
inclination is then helpful to produce a more uniform ¢4,,5 structure, as indicated
in Fig.3.3. In the next sections, all the distributions presented satisfy the cuts on
beta (downward-going), no paddle 10 in 3"¢ TOF-plane and 6475 < 32°.

3.2.4 Quality of Track Reconstruction

In this section a basic set of criteria for the rejection of poorly measured tracks is
defined. Firstly this will be presented only for the Monte-Carlo data. To identify the
quantities most sensitive to mis-reconstruction, the first step has been to split our
MC data sample into two streams of events (good and bad) w ith different accuracy
of the reconstruction. The distributions of several experimental quantities in the
different streams have been compared to identify the most useful for our selection.
Since in Monte-Carlo data the true kinematical parameters are exactly known, the
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relative deviation of the reconstructed from the generated rigidity of the particle

can be defined as:
Rgen - Rmeas

Rgen

Poorly reconstructed events are those for which large 0 R; thus the condition 6R > 1
will be used to classify the bad event stream. Since the rigidity resolution is expected
to depend on the rigidity itself, this classification is rigidity-dependent as well. In
the following sub-sections, a set of cuts will be presented with the above mentioned
criteria for Monte-Carlo samples of Boron and Carbon.

R = (3.2)

Subsequently (§3.2.5) the same distributions will be plotted and further examined
in comparisons with the real data as last cuts (i.e. with all the other cuts of the
set already applied to the sample) to see explicitly the effect of each cut on the data.

In this section, all data distributions will be represented by open black squares.
Solid blue markers will be referred to the population of bad events, whereas red
lines will be used to describe the various cuts.

Cut on Chi Squares

As described in section §2.4.1, reconstruction of the particle trajectory can be ob-
tained by applying different fitting procedures to the data. The fast nonlinear fitting
algorithm is used in the following modes:

e All tracker clusters are used to determined the trajectory of the particle. A

Xoous 18 given.

e Same algorithm is applied to the two half tracks built with first and second
half. The corresponding half rigidities R; and R, are determined.

e The algorithm is applied neglecting multiple scattering effects. A X315 18
given.

The X%, and x5 distributions are plotted in Fig.3.4 as a function of the recon-
structed rigidity. Monte-Carlo samples of Boron (left) and Carbon (right) ions are
shown, together with the population identifying the bad events (blue solid mark-
ers). The x4, and Ya,1¢ distributions are both peaked at low values and show
an extended tail at low rigidities. It is also apparent that it is difficult to charac-
terize a high efficiency cut based on the chi squares. A loose rigidity dependent cut
has been applied with the main purpose to eliminate low rigidity mis-reconstructed
trajectories. As the dominant process is the multiple scattering, these cuts work in
particular in the x3,,¢ distributions, whereas a very loose cut has been imposed
on the x%,,, distributions. All the events above the red lines are discarded.
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Figure 3.4: Distributions of x%,,, (top) and x%,1s (bottom) as a function of the measured
rigidity for Monte-Carlo samples of Boron (left) and Carbon (right). Blue solid squares indicate
the 6R > 1 population (bad events). Events above the red lines are discarded.

Cut on Half Rigidities

An important source of mis-reconstruction is the Coulomb scattering in the tracker
material. Although the silicon tracker is very thin, it is possible for a single in-
teraction in one of the six silicon planes to alter the particle trajectory so much
to loose any information on the primary rigidity. Mis-reconstruction arises even
without real scattering events, as the algorithm that determine the track can be
confused by spurious or secondary hits. In order to identify events with bad rigid-
ity reconstruction, a consistency check on the two half rigidities has been carried out.

As mentioned above, the full particle track is split in two half tracks each one
containing hits from the three upper/lower layers'. Despite the rigidity resolutions
of half-tracks is worse than for a complete one, large discrepancies between the two

! In tracks with less than 6 hits, those in the middle are shared to build the two half tracks.

65



3.2. Detector Cuts Chapter 3. Data Selection

half rigidities are a powerful criterion for detecting a change in the reconstructed
trajectory. In a clean event, indeed, the two rigidity determinations R, and Ry are
compatible once the finite resolution effects are taken into account. In Fig.3.5, the
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Figure 3.5: Distribution of the relative half rigidity ratios (R; — R) /R (top) and (Rz — R) /R
(bottom) as a function of the measured rigidity R for MC Boron (left) and Carbon (right) nuclei.
Blue population marks the 0R > 1 bad sample. Events within the red bands are selected.

ratios (R — R) /R (top) and (Rs — R) /R (bottom) are plotted as a function of the
full rigidity R for Boron (left) and Carbon (right) MC samples. The distribution
of bad events (blue) is superimposed. Charge-independent cuts have been applied
to these quantities: all events ending out of the region defined by the red lines are
discarded. One notices that bad events cluster at low R;/R values, but higher R;/R
are also suspected as bad reconstructed particles. Hence symmetric cuts have been
used. Multiple scattering contribution is clearly apparent, as distributions of the
ratio Ry/R are broader than R;/R which corresponds to larger integrated effect
along the particle paths. It is also noticeable, in the lower regions of the plots, a
population with R;/R < 0 indicating two measured rigidities with different signs.

66



Chapter 3. Data Selection 3.2. Detector Cuts

Beta-Rigidity consistency

For this analysis, the measurement of the time-of-flight of a particle is not strictly
mandatory. For a given measured curvature and charge Z, the nuclear species and
its momentum are identified and an additional § measurement might be thought as
a redundant information?. Nevertheless, the relationship between 3 and R can be
used. Since mis-measured particles are not supposed to obey a consistency among
the two measurements, a simple and powerful compatibility criterion is provided by
the relation that links the particle rigidity to its velocity:

l: 1+M

5 = (3.3)

All nuclear species from Lithium to Oxygen lie along an ideal line defined by their

Beta-R Compatibility [MC] Z=6
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rigidity (GV) rigidity (GV)

40

Figure 3.6: Consistency check between velocity and rigidity. The measured time of flight 1/3 is
plotted against the reconstructed rigidity for Boron (left) and Carbon (right) Monte-Carlo data.
Well measured events are placed within the red bands that define the cut.

mass to charge ratio. It ranges between 2.2 for "Li up to 1.9 for %O isotopes,
but this differences are not appreciable, because of the poor mass resolution of the
instrument. Hence, a unique selection cut based on the 5-R compatibility request
has been applied as indicated in Fig.3.6. Only events lying within the band defined
by the two red lines have been accepted.

It is apparent that most of poorly reconstructed events (blue markers) are gath-
ered at low rigidity values or/and low velocities, i.e. events with wrong velocity
and/or wrong reconstructed track. The cutting lines are defined with the aim to

2A time of flight measurement would be necessary in determining the particle masses. In this
work the nuclear species is determined by the charge assignment, as explained in §4.
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leave out this bad data stream. Actually the two measurements § and R are not
strictly independent, as the velocity computation accounts for the particle inclination
factor®, which is mostly determined by the tracking. Furthermore, a reconstructed
particle object is created if the extrapolation of the track matches fired TOF paddles.

Finally, it should be noted that this cut acts in different ways for different mass/charge
isotopes, and, since the isotopic composition of CR nuclei is not well known and un-
measurable with AMS-01, it might be suspected that this § — R selection would
introduce an unavoidable bias in the selection. This is not the case; the last-cut dis-
tribution presented in next section (Fig.3.12) reveals that this cut has a loose effect
in the bulk of the distribution but it is well efficient in avoiding mis-reconstructed
particles. Nevertheless, the overall efficiency for different isotopic mixture is dis-
cussed in Section §5.5.1.

Cut on Missing Layers

A track is reconstructed from the coordinates built from the z and y signals of the
six tracker planes, as a result of the pattern recognition algorithm.

Missing Plane Distance VS Amplitude [MC] Z=5 Missing Plane Distance VS Amplitude [MC] Z=6
e = = 2gromEs 5 5
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Figure 3.7: For each layer with no hit that belongs to the track, the distance from the closest
neighbour hit and the track extrapolation is plotted as a function of the p-side cluster amplitudes.
Bad events are correlated with missing hits within short distances. Events with missing hit dis-
tances smaller than 2 mm are discarded (red lines). These quantities are plotted for Boron (left)
and Carbon (right) from the MC simulated data.

In all the reconstructed tracks with a number of hits less than six, signals on missing
layer (namely silicon layers with no hit belonging to the track) have been investi-
gated. The area close to the track extrapolations in the missing layers has been

3 As the incoming particle is inclined, the effective path length is larger than the distance from
the TOF planes.
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explored with the aim to search for missing hits. Clearly, whenever a cluster is
missed by the reconstruction algorithm, it might be argued that rigidity measure-
ment is consequently distorted.

For each missing layer, the hit closest to the track extrapolation has been recog-
nized, and its distance has been computed. In Fig.3.7 it is shown the distribution of
this missing distance as a function of the cluster amplitude evaluated in the p-side
(bending side). Omne notices that bad events are likely to be gathered near in the
neighbourhood of the track extrapolation. A two millimeter window has then been
defined as the minimum distance allowed to accept the event. It is also apparent
that the amplitudes of such missing hits are well above the noise level, suggesting
that they are non-spurious hits missed by the reconstruction.

3.2.5 Comparisons with Flight Data

A set of six cuts based on the quality of the track reconstruction has been presented.
It can be summarized in these four points:

e Chi squares x%,.; and Y& 17g Cuts;
e Half Rigidities R; and R, cuts;

e Velocity-Rigidity compatibility cut;
e Missing Layer cut;

In the previous section, these quantities have been examined only for Monte-Carlo
data. Now a comparisons with flight data is done.

In the next figures (from Fig.3.8 to Fig.3.13), the same plots already discussed are
shown as last cut for Boron (top) and Carbon (bottom), Monte-Carlo (left) and
data (right). The explicit effect of each cut on the different sets of data is therefore
apparent.

In should be noted that, whereas in MC data the particle identity (i.e. B or C)
is exactly known, for the measured data it has been established by means of the
charge identification algorithm that will be described in the next chapter.
Although its reliability on the charge discrimination power will be proved (§4.6) for
the final selected data sample (i.e. the cuts under discussion here are included too)
a reasonable purity is certainly achieved at the last cut level too*. In order to

4 In general, an event with mis-measured track may be associated with a good charge assig-
nation and vice versa, but common sources of both the mis-measurements may be fragmentation
of primary nuclei or emission of secondary particles. This is one reason why, for data, it is more
desirable look at the last cut population.
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Figure 3.8: Distributions of x%,,, as a function of the measured rigidity for Monte-Carlo (left)
and measured data (right) of Boron (top) and Carbon (bottom) nuclei. Blue solid squares indicate
the R < 0 population (bad events). Events above the red lines are discarded.

use only measured variables in these plots, a good indication of mis-reconstructed
tracks can be gathered looking at distributions of negative rigidity particles. Indeed
no anti-nuclei are expected in the |Z| > 2 detected sample® and the particle iden-
tities in Monte-Carlo data are exactly known. The ~ 8,000 events with negative
rigidity detected out of ~ 180,000 downward-going particles are clearly linked to a
bad rigidity determination (the spillover). This population, now representing the
event stream classified as bad, is plotted, again, using solid blue markers.

In order to give a full understanding of their distribution among the kinematic quan-
tities, these bad event sample is shown as first cuts (i.e. none of the above mentioned
cuts is applied). Indeed only few of them (0 to 10, depending on the cut) would
survive up to the last cut level (and after the application of all the cuts they are
completely removed for B as for C') but to appreciate their distributions a suitable
statistical sample is needed.

Comparing these distributions with those previously presented, it is clear that this

> A dedicated analysis proved that no heavy anti-matter is found in AMS-01 data [113].

70



Chapter 3. Data Selection 3.2. Detector Cuts

]

Boron MC-SIM

Boron STS-91

¥000
000000000 000000
o

00 000 00D00 0

0
[T

20

Carbon MC-SIM

40

Basosreltien.aasZo ...l BEEEEEEES 2228582800 oo o o0
0 5 10 15 20 25 30 35 40 5 10 15 20 25 30 35 40
rigidity (GV) rigidity (GV)

Figure 3.9: Distributions of x4, as a function of the measured rigidity for Monte-Carlo (left)
and measured data (right) of Boron (top) and Carbon (bottom) nuclei. Blue solid squares indicate
the R < 0 population (bad events). Events above the red lines are discarded.

R < 0 population well matches the previous 0R > 1 event stream.

It is clear from Fig.3.8 the marginal effect of the x%,. cut on the distributions.
Indeed it removes only ~ 200 events out of ~ 45,000 B and C nuclei detected from
flight data. More effective is the cut on x%,/4, i-6. the cut on distributions where
the multiple scattering in not accounted in the x? computation. Fig.3.9 shows the
XXonrs values plotted against the measured rigidity, for Monte-Carlo (left) and data
(right) of Boron (top) and Carbon (right). High x? events are indicator of particles
that underwent large scattering angles; clearly the effect is rigidity-dependent, as
multiple scattering becomes dominant for low momentum particles.

The cuts on half rigidities are shown in Fig.3.10 and Fig.3.11; their power in dis-
criminating against the R < 0 events is clearly apparent. It should be noted that
these cuts are shown as a function of log(rigidity), with rigidity ranging from 1.5 to
~ 40 GV, as log-rigitity scale is much appropriated for many inspections involving

CR data.
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Figure 3.10: Half rigidity ratio % — 1 as a function of the measured rigidity R. Distributions

for Monte-Carlo (left) and data (right) are shown for Boron (top) and Carbon (bottom) nuclei.
Blue population marks the R < 0 bad sample. Events within the red bands are selected.

The (-R consistency request, as previously noticed, produces a quite slight effect on
the measured data (Fig.3.12), as the bulk of last-cut events is well concentrated in
the selection bands (red lines). This cut represents however a powerful criterion in
rejecting mis-measured quantities.

The cuts on missing layers are illustrated in Fig.3.13, where the missing distance is
plotted againts the corresponding hit amplitude for measured data and Monte-Carlo.
Fig.3.14 shows the distributions of hit amplitudes versus the corresponding rigidity;
red squares indicate the events removed by the cuts of Fig.3.13. It is interesting
to note, explicitly from Fig.3.14, that removed events (red squares in the plots) are
mainly those with high-charged missing hits, i.e. even the loss of a single good hit
may cause a wrong sign assignment in the rigidity measurement.

A closer comparison between data and MC is made in the plots of Fig.3.15, Fig.3.16
and Fig.3.17 for the most important cuts. Cumulative distributions (from 1.5 to
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Figure 3.11: Distribution of the relative half rigidity ratio £2 — 1 as a function of the measured

rigidity R for Monte-Carlo (left) and data (right) of Boron (top) and Carbon (bottom) nuclei.
Blue population marks the R < 0 bad sample. Event within the red bands are selected.

40 GV) of x¥s, half rigidities and missing distances are shown in the upper panels
(colored plots). Measured data (solid markers) are superimposed with those from
MC (solid line). Boron (blue) and Carbon (red) are also shown together in the same
plots.

It is clear from Fig.3.15 (top) that the last-cut distributions of x%,,¢ are bet-
ter described by the MC simulation than the x?%,,,’s, where the simulation exhibits
smaller tails. This is a reason why the most effective cuts have been imposed to the
former quantity.

It is also apparent from Fig.3.16 (half rigidities) the difficulty of the MC simula-
tion in describing the tails of the (R; — R)/R distributions (upper panels).

It should be noted, however, that the observed discrepancies between MC and data
in the single-ion distributions are not a relevant source of error for what concerns
the final B/C measurement. In fact, the goal this if this analysis is the measurement
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Figure 3.12: Consistency check between velocity and rigidity. The measured time of flight 1/3
is plotted versus the reconstructed rigidity for Monte-Carlo (left) and data (right) of Boron (top)
and Carbon (bottom) nuclei. Well measured events are placed within the red bands that define
the cut.

of a ratio between the two fluxes. Thus, the relevant comparisons must be carried
on the corresponding ratios.

This is shown in the lower panels of Fig.3.15 and Fig.3.16: the B/C ratio of the above
distributions is plotted for measured data (black markers) and compared with sim-
ulated data (gray lines). A general good agreement DATA-MC is found. It should
also be noted that these ratios are somewhat stable around unity, i.e. the MC de-
scription of the cut efficiencies has not effect in the B/C for the presented selection.
Thus, any possible bias in the results is avoided.

Same conclusions can be stated for the missing-layer distributions, shown in Fig.3.17.
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Figure 3.13: For each layer with no hits belonging to the track, the distance from the closest
neighbour hit and the track extrapolation is plotted as a function of the p-side cluster amplitudes.
Events with negative measured rigidity are correlated with missing hits within short distances.
Events with missing hit distances smaller than 2 mm are discarded (red lines). These quantities
are plotted for Boron (top) and Carbon (bottom) from Monte-Carlo (left) and data (right).
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Figure 3.14: Missing hit amplitudes VS measured rigidity. For each layer with no hits belonging
to the track, the p-side cluster amplitudes of the closest neighbour hits (to the track extrapolation)
is plotted as a function of the measured rigidity. Events removed with the missing layer cut of
Fig.3.13 are indicated as red squares. These events are mainly those with high-charged missing
hits, i.e. the loss of a good hit causes a wrong rigidity measurement. These quantities are plotted
for Boron (top) and Carbon (bottom) from Monte-Carlo (left) and data (right).
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Figure 3.15: Top: distributions of x%,,, (left) and and x%,,/5 (right). Monte-Carlo (solid
lines) and measured data (full circles) are superimposed for Boron (blue) and Carbon (red) nuclei.
Bottom: the ratio of above distributions for data (black squares) and MC (gray solid line).
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Figure 3.16: Top: cumulative distributions of the relative half rigidity ratios & — 1 (left) and
B2 1 (right). Monte-Carlo (solid lines) and measured data (full circles) are superimposed for
Boron (blue) and Carbon (red) nuclei. Bottom: the ratio of above distributions for data (black

squares) and MC (gray solid line).
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Figure 3.17: For each layer with no hits belonging to the track, the distance from the closest
neighbour hit and the track extrapolation computed. Left: distribution of the missing distance
Monte-Carlo (solid lines) and data (full circles) are superimposed for Boron (blue) and Carbon
(red). Right: the ratio of above distributions for data (black squares) and MC (gray solid line).
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3.2.6 Discussion

The cuts described above, developed with the help of a Monte-Carlo simulation for
the detector reconstruction capabilities, remove all events whose kinematical pa-
rameters have been poorly determined. In Fig.3.18 the inverse rigidity distribution

Boron

entries
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-1 -0.5 0 0.5 1 1.5 10—1.5 -1 -0.5 0 0.5 1 1.5

inverse rigidity (GV') ‘ inverse rigidity (GV') ‘

Figure 3.18: Inverse rigidity distribution before (black line) and after cuts (blue filled area) for
events measured as Boron (left) and Carbon (right).

is reported before (black line) and after (blue filled area) the full selection. Inten-
tionally, no requirement has been explicitly applied for the sign of the rigidity. The
R < 0 events have been used as a control sample to estimate the effect of poorly
reconstructed tracks or other background as secondary 0 rays. Inverse rigidity is
proportional to the track deflection, which is the measured parameter. The plot is
made with Boron and Carbon nuclei detected from measured data. It can be notice
that the initial R < 0 events are roughly uniformly distributed as a function of 1/R;
this suggests their random origin, namely from reconstruction failures. No Boron
nor Carbon ions have been detected with R < 0 after the selection.

Selection efficiency for these cuts is shown in Fig.3.19, estimated with the Monte-
Carlo as a function of the particle rigidity. The plots are made by applying cuts in
the same order as presented in this section (a short list is reported in the panels).
For each cut its efficiency curve is net of the overlying one, such that the last one
applied (i.e. missing layer cut) expresses the overall efficiency of the whole selection.
All cuts are net of the criteria exposed in the previous section, i.e. Paddle 10 of
Layer 3 has been masked and only events within 6 45,5 = 32° have been considered.
A substantial uniform selection efficiency is observed after the full selection is ap-
plied, with similar behaviour for the two species. A sharp decrease at low rigidities
(below ~ 2 GV, corresponding to ~ 0.4 GeV/n) is noticed, where a larger fraction
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Figure 3.19: Cut efficiency as a function of rigidity for the tracking-based selection discussed
in the text. The cuts are applied in the same order as listed and presented in this section. For
each cut its efficiency is net of the overlying one, such that the last one applied (i.e. missing layer
cut) expresses the overall efficiency of the selection. The left panel is referred to Boron, right to
Carbon.

of charged particles underwent Coulomb scattering, i.e. the analysis cuts become
more effective in that region. The slightly negative slope of the efficiencies reflects
the worsening of the tracker resolution as the trajectory becomes more rigid.

For the determination of the differential energy spectra, and therefore the B/C
ratio, the resulting measured rigidity distributions have to be be corrected for this
efficiencies. Detector resolution, dead-time, inelastic interaction of CRs in the ma-
terial and trigger efficiency will also be accounted for. All these issues are addressed
in the next chapters.
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3.3 Orbital Cuts

Finally global cuts dependent on the orbital conditions have been imposed to im-
prove the quality of the measured data.

As described in section §1.3.2, the Earth magnetic field deflects charged particles and
can prevent low energy nuclei from reaching the spectrometer. The minimal rigidity
needed for a galactic cosmic ray to reach the spectrometer has been approximated
by the Stérmer vertical cut-off (§1.3.2), written as:

M,
Ryc = Tf cos™ A (3.4)

where \ is the geomagnetic latitude, R is the distance from the dipole center in
terrestrial radii units and My = 15.0 GV is related to the magnetic moment of the
dipole. As the AMS-01 orbit spanned over all the latitudes within 51.7°, the cut-off
rigidity value changed significantly during the orbit, from less than 1 GV in the
higher latitudes, to nearly 15 GV along the magnetic equator. Thus, the fraction
orbit at which a cosmic ray of given rigidity can reach the detector from outer space
is a increasing function of rigidity, saturated at unity above ~ 15 GV,

In this specific work there is no need to separate galactic component from trapped
particles [111], as very few high Z nuclei are expected to be found sub-cutoff”. Since
we are interested in measuring the ratio of the B and C galactic spectra a rejection
of nuclei close to the cut-off has been performed with the aim to prevent the results
from any charge/mass bias. Indeed, considering ion spectra in unit of kinetic energy
per nucleon, the geomagnetic field introduces different distortions on the measured
spectrum for different nuclear or isotopic species. In fact, during the AMS-01 orbit,
only some geomagnetic regions were accessible by the detector for receaving CR par-
ticles in a given kinetic energy interval AFE},; since the kinematic relation between
R and Ey, is specified by the charge/mass ratio of the particle, the detector had
different exposure for different isotopes.

On the other hand, the Stormer description (Eq.3.3) is a simplification of the real
case. The spectrometer was not kept at fixed vertical directions during the flight, and
its large aperture allowed detection of particles entering the detector with different
inclinations. For these reasons a sharp, conservative, and orbit-dependent rigidity
cut has been applied to the data: all the particle with rigidity smaller than 1.2- Ry ¢
have been discarded. This criterion rejects a consistent fraction of data (nearly

30%).

6 This geomagnetic transmission function will be derived in section §5.3 from flight data, as the
fraction of time spent for each cut-off interval over the entire flight.
7 Different case is for protons and leptons, which fill up the Van Allen belts.
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In addition, as mentioned in Section §1.3.2, there are magnetic anomalies. The South
Atlantic Anomaly, off the coast of Brazil, is a dip in the Earth’s magnetic field which
allows cosmic rays to reach lower altitudes into the atmosphere enhancing the par-
ticle flux. During the SAA crossing, the trigger saturated and the detector livetime
could not be reliably calculated. Therefore, data collected above the SAA region
have not been considered from the analysis. A geometrical cut on the geodetic
coordinates has been imposed as shown in Fig.3.20
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Figure 3.20: Distribution of CR events recorded by AMS-01 along the geodetic map. SAA
exclusion region is defined by the white box.
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Figure 3.21: Value of the vertical Stérmer cut-off plotted in the region covered by the STS-91
orbit. Depending on the geodetic coordinates, Ry ¢ ranges from below 1 GV (at high latitudes) to
~ 15 GV (along the equator). SAA data are excluded. It is interesting to note the anti-correlation
between the CR rate (qualitatively from Fig.3.20) and the cut-off value.
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3.4 The Shadow of the MIR Space Station

During the STS-91 mission, the space shuttle Discovery had a rendezvous with the
MIR space station for about 4 days, while AMS-01 kept taking data. In the ear-
lier AMS-01 data analysis, the data taken during the docking phase were excluded.
Nonetheless, the effect of the MIR as a source of induced cosmic rays has been stud-

Figure 3.22: A shuttle-MIR rendezvous. This view of the Space Shuttle Atlantis docked to
the Russian space station MIR was photographed by the MIR-19 crew on July 4, 1995. Cosmo-
nauts Anatoliy Y. Solovyev and Nikolai M. Budarin, MIR-19 Commander and Flight Engineer,
respectively, temporarily undocked their Soyuz spacecraft from MIR to perform a brief fly-around.
They took pictures while the STS-71 crew, with MIR-18’s three crew members aboard, undocked
Atlantis for the completion of the joint activities. Figure courtesy of NASA and taken from [114].

ied and understood [115, 112]. This section presents a study of the effect of MIR
as a shield for high charged cosmic rays. Indeed, the presence of the MIR space
station in the AMS-01 field of view could affect the AMS-01 acceptance for Boron
and Carbon. This study is interesting in itself and it is worthy of being discussed.

The arrival direction of a cosmic ray into AMS-01 (Qanss, dans) is determined to
better than a degree. Here 0455 and ¢4ps are the azimuthal and the polar an-
gle in the detector reference frame, referred to the first tracker layer, as computed
by the fitting algorithm. To define an absolute direction (e.g. right ascension and
declination), the major source of uncertainty is the shuttle’s orientation, given by
the knowledge of the flight attitude angles yawn, pitch and roll (§2.5.1), but in this
particular case the two systems AMS-on-shuttle and MIR were co-moving together
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Figure 3.23: Left: the space station MIR and the shuttle are shown in a docked position. The
distance from the top of the Priroda module to the shuttle payload bay is 30 m. The figure is to
scale. Note that there is a non-zero angle between the shuttle z-axis and the Mir z-axis. Right:

schematic explanation of the projection plots that are discussed in the text. Figure courtesy of
NASA [104].

as a unique body, i.e. the space station was seen by the spectrometer as a fixed
object. The part of MIR which entered in the AMS field of view consisted in some
large modules (~ meters) located at close distances (~ 10 meters). Hence it should
be possible to detect with high precision the influence of the large space modules in
the cosmic ray flux rate and composition.

This task has been performed by recording the arrival directions of cosmic rays ac-
cording to their projections on the (X, Y,r0) plane, i.e. the way used by a common
photocamera for creating an image, as sketched in Fig.3.23 (the right panel). The
projection of the arrival direction onto a perpendicular plane (X,Y") is defined by
the transformations:

Xpr = —sinfcos¢ (3.5)
Y,, = +sinfsing (3.6)

This study considers downward-going events. The projection plot on the left in
Fig.3.24 indicates particles that have measured Z > 2 during the MIR docking
phase. On the right panel the same projection plot is done for events collected after
docking. It is clearly visible a depletion of events from a specific region in the MIR
docking phase. It is interesting to note that, in the same region, an excess in the
|Z| = 1 channel was observed [115]. This excess, shown in Fig.3.25, was due to sec-
ondary pu* and 7* produced by interactions of protons, helium and heavier nuclei
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Figure 3.24: Projection plots of downward-going Z > 2 particles collected by AMS-01 during the
MIR docking phase (left) and after docking (right). A relative depletion in the flux is clearly visible
on the upper-left side of the MIR docking data. The left plot has 45000 events, corresponding to
about 40% of the used data.

(i.e. missing nuclei of Fig.3.24) with the MIR modules. In Fig.3.26 the shadow is

Projection Plot Pr.oiectionl Plot

Figure 3.25: Projection plots of downward-going |Z| = 1 particles collected by AMS-01 during
the MIR docking phase (left) and after docking (right). A relative excess in the events collected
from MIR. docking phase was found (left) and attributed to secondary cosmic rays (i.e. p® and
7%) induced by the presence of the MIR space station in the detector field of view[115].

compared with a picture of the MIR, taken in a previous rendezvous mission from
a similar location as AMS-01 was placed. The correspondence between the two
images is noticeable. Modules Priroda, Kvant-2, Spektr, and the Soyuz vehicle are
recognizable in the data halo. It is also noticed that the solar panels had a little
shadowing effect.

85



3.4. The Shadow of the MIR Space Station Chapter 3. Data Selection

04 ,0.6
Xor

‘ ! 1 .\ ;
06 56 04

Figure 3.26: Left: MIR as seen from a porthole in a SpaceHab module during STS-89. Visible
are the Spectr (pointing upward), Priroda (pointing to earth), Soyuz (pointing to right), Kvant-2
(pointing down), and Kristall modules [115]. The picture is compared with the projection plot
(right) described in Fig.3.24 to indicate the correspondence between the shadow and the modules’
profiles.

In principle the intensity of this depletion may be different for Boron and Car-
bon nuclei, due to different interaction probabilities in the MIR modules, hence the
B/C measurement is potentially affected by the data collected during this period.
On the other side, once the region is identified, it is also clear that particles coming
from MIR can be excluded by a simple geometric cut, as indicated from the dashed
box in Fig.3.24. Since a cut on f4,,5 has been also imposed to the data (§3.2.3),
part of the box is already excluded by the detector selection. This remaining cut
reduces the geometric acceptance of only ~ 5%, with exactly the same factor for
Boron and Carbon. This cut allows to include in the analysis all the other data
collected during the docking phase, that are a consistent fraction of the used data

(41%).

Finally, events coming from the pre-docking phase have been also removed. Dur-
ing this phase, a different version of trigger was implemented in AMS-01 (§2.3) A
tracker-based trigger condition provided a fast evaluation of the particle’s sagitta
and was used to removed low rigidity particles. The last phase, when AMS-01 was
pointing to the Earth, must also be excluded for any study of galactic CRs. This
cut turned to be not necessary: after the whole selection applied, no Z > 2 events
are found during this albedo phase.
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3.5 Summary

In this chapter a thorough description of the data selection have been presented.
Various cuts have been implemented with the goal of obtaining a clean sample of
CR nuclei. This sample has been be used as a basis to compute the galactic energy
spectra and derive the B/C ratio. The most important source of mis-reconstruction
is multiple scattering, that may alter the particle trajectory. Inelastic collisions may
also be cause of undesirable events. Measurement of ions is also affected by a large
amount of d-rays, that can leave the silicon and produce secondary tracks. High 7
events are therefore accompanied by many clusters and tracks.

Moreover, global cuts depending on the orbital conditions have been described. The
orbit-dependent rigidity selection will be further discussed in Section §5.3 for the
determination of the detector exposure time. An overview of all these cuts is given
in Table 3.1; for each selection cut, the number of events which passed all the
cuts are reported in the table. The columns indicate the whole preselected sample,
nuclei detected as B and as C. The next chapter describes the charge reconstruction

SELECT DATA Boron Carbon
Z>2 selection 232035 25888 62508
6>0 181612 20253 49596
Oams < 32° 156315 17364 42814
Bad TOF Paddle 155965 17352 42800
X %oust 152096 16956 41754
XA oM S 136636 15788 39080
Half R, 130490 15139 37526
Half R, 122666 14365 35843
(8 — R Match 121275 14232 35637

Missing Layers 96017 13572 33905
No Pre-docking 86815 12248 30603
No Albedo 86815 12248 30603
Geomagnetic cut 61339 8899 21838
No MIR Shadow 59288 8587 21142

Table 3.1: Selection summary table. Value shown is the number of events which
passed all the analysis cuts above it in the table. These values are reported for the
whole data sample and for events detected as Boron and as Carbon.

algorithm implemented to identify B and C nuclear species.
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Chapter 4

Particle Identification

In this chapter the algorithm for the particle identification is presented. In the view
of the B/C ratio measurement, the algorithm has been optimized for all the nuclear
species ranging from Lithium (Z=3) to Oxygen (Z=8). The particle identification
procedure has been performed by means of Z reconstruction. The mass number A
was not directly measurable by AMS-01 for Z > 2, i.e. different nuclides belonging
to the same isotopic family are indistinguishable. This uncertainty on the isotopic
composition involves some consequences for this analysis that will be discussed in
the next chapters.

In this work the charge of each nuclear species is determined by the energy losses
recorded in the silicon layers of the tracker. The ionization charge generated by a
charged particle in a silicon micro-strip detector is collected in a cluster of adjacent
strips. Tracker clusters were recognized on-line an then re-processed with the recon-
struction software.

A multi-step procedure of equalization of the cluster amplitudes is presented in
the next sections. The method accounts for electronic response, saturation effects,
particle inclination and velocity dependence. The charge identification algorithm,
applied to the corrected signals, is then described in detail and the influence of
charge contamination on the B/C ratio is finally discussed.

4.1 Energy Loss of Nuclei

Charged particles traversing the detector material loose energy by means of collisions
with the atomic electrons. The amount of energy transferred in each collision is
generally a very small fraction of the particle primary energy, but sufficient for its
detection. When enough energy is transferred to the electron to detach it from the
nucleus, it can cause secondary ionization in the material as d-ray. The average rate
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of energy loss (or stopping power) by a charged particle in matter generally depends
on the properties of the particle and the material. This quantity is usually presented
in path length units x (mass per unit area). Its theoretical description is known as

the Bethe-Bloch (BB) formula [116] and reads:

dE Zm 7% 1 2mec?3%42T, 5 C
—(—)=K=""—|-1 = A —— 4.1
<d:v> A 32 {2“( I2 ) 53 Zm} (4.1)
where:
K = 47 Nyrim.c* (~ 0.31MeVem?) Z = charge of incident particle
A,, = atomic mass of medium C' = shell correction factor
Z,, = atomic number of medium N, = Avogadro’s number
Tar = max energy transfer per collision m,. = electron mass
0 = density effect correction r. = classical electron radius
I = mean excitation energy [ = particle velocity

The maximum energy transfer is that produced in a head-on collision, T),.,. =~
2m.c?3*v2. The Bethe-Bloch formula shows a clear dependence of the energy loss
on the traversing particle energy and charge. The MIP value (87 ~ 3.5) separates
two domains (see Fig.4.1): in the non-relativistic domain the dominant dependence
is in 3 through the 1/84% term; at higher 87 values the energy loss increases quite
weakly (relativistic rise). At more higher energies (above some T'eV) radiative effects
becomes to be important. Due to asymmetric fluctuation in the energy deposits, the
most probable energy-loss in a detector is generally below the mean given by Eq.4.1.
For thin absorbers, the energy loss probability distribution is adequately described
by the Landau-Vavilov distribution [117, 118]. The charge of particles measured
during the AMS-01 mission is determined through the energy deposited in the four
scintillator paddles of the TOF system (up to Z = 2) and the up to six silicon
layers of the tracker (up to Z = 8) (§2.4.1). Even though silicon detectors are thin
(300pm), the number of collisions of a traversing nucleus and its energy deposition
are large enough to treat its energy-loss distributions as gaussian for Z > 2.

4.2 Preselection

As discussed in Section §3.1, the search for light nuclei starts with a Z > 2 pre-
selected sample. This first determination of the particle charge was performed by
the standard reconstruction algorithm, described in Section §2.4.1. Since it was
optimized for protons and helium nuclei identification [107, 110], the charge sepa-
ration achieved is good enough for discriminating the |Z| < 2 sample from higher
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Figure 4.1: Stopping power (dE/dz) for positive muons as a function of 3y = p/Mc over nine
orders of magnitude in momentum (solid curve). Region between the 2"¢ and the 3"¢ vertical bar
is the range of interest as discussed in the text.
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Figure 4.2: Charge separation provided by the tracker. The large helium sample contributes
only marginally to the Z > 2 selection. Contamination to Lithium is estimated to be less than
3.17* of the Li sample [113].

charged ions. Indeed, Z > 2 data are well separated by heavier nuclei, thanks to
the sound combination of information of TOF and tracker (§2.4.1). Previous studies
[113] pointed out that contamination of He in the Z > 2 sample was estimated to
be less than 3.1 x 10~* of the Li sample, whereas the contamination from protons is
completely negligible [110], so that no background is expected in Boron and Carbon
channels. In fact, neither B nor C candidates are found in the deselected Z < 3
sample!. The dynamic range of the TOF scintillators does not permit to distinguish

! This check was done a posteriori, applying the present charge ID algorithm to the helium
sample that was excluded at the preselection level.
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higher charges with great accuracy [119]. Therefore, only the information from the
silicon tracker has been taken into account for charge measurements.

4.3 The Equalization Procedure

The specific goal of this investigation is to provide the best possible relationship
between the cluster characteristics and the mean energy-loss deposited by charged
particles in the silicon.

The mean energy deposition by a charge Z with velocity ( is described by Eq.4.1.
Due to energy-loss fluctuations and broadening of the apparatus responses, the most
appropriate way to describe the measured dE/dx distribution is by means of a set
of probability density functions PZ(A), being the quantity A the best information
that can be inferred on the particle energy loss on the basis of measured quantities.

Clearly A is related to the cluster amplitude «, defined as the sum of the cluster
strip signals (a=)_, S;). It is also clear that the most general relation between the
intrinsic energy-loss and the readout signal involves other instrumental and physical
effects. In particular, the following dependencies will be explored in this section:

e Impact point 7. Since each silicon sensor is basically sampled by an array
of implanted strips, the ionization charge collected by the strips in general
depends on the point where the particle produces the deposit.

e Inclination 6. The total amount of energy deposition must be normalized to
the effective path-length.

e Electronics response k. Electronic devices that convert the physical signal into
a readout pulse are characterized by specific gains (in the linearity range) and
possible saturation (deviation from linearity).

e Velocity (. It is clear from Eq.4.1 that the energy-loss is velocity dependent.
The most general parametrization adopted to describe A is then:
A= Ay, 8,0, k) (4.2)

being « the raw cluster amplitude as readout from the devices. Since at first ap-
proximation A ~ «, the starting point is to express the effective amplitude as:

A=a- fla,n,B,0,kK) (4.3)

where in general non-linear effects preserve a residual dependence of f from «a.
The next sub-sections are devoted to establish the role of 1 (impact point), 6 (incli-
nation), § (velocity) and  (chip number) in the relation between dE/dx and « by
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means of the construction of the effective amplitude function A = A(a,n, 5,0, k).
A heuristic approach will be adopted in the exposition, as it was the iter actually
undertaken in this study.

4.3.1 Tracker Clusters Selection

In order to ensure full energy collection, other strict requirements are imposed to
the clusters of the reconstructed track. This selection is based on their morphology
and the quality of their channels. The following criteria have been requested to the
clusters:

e located far from the silicon wafer border;
e not containing dead strips or hot strips (see caption on Fig.4.3);

e containing more than one strip.

250,
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Mean 149.2+ 0.9
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Figure 4.3: Channel occupancy distribution in Ladder L4S7H1. Left: occupancies N for all
the 640 p-side channels from the Z > 2 data collected during the flight. Mean occupancy level pu
is represented by the blue middle line. Channels with occupancy above (below) the upper (lower)

purple line are declared hot (dead). Right: cumulative occupancy distribution from the same
ladder.

Clusters which do not satisfy the above criteria are marked as bad and removed for
the charge reconstruction procedure. A list of bad strips has been determined with
a global study of the channel occupancy: for each ladder and side, strips which show
an abnormally low or high response frequency were tagged as dead and hot strips.
The occupancy level in a given side is defined as

N}, —
oL

Ol = (4.4)

where Ni quantifies how many times channel j triggered a cluster, u; and oy are
the mean and RMS occupancy values of ladder L. Channel j is declared bad if its
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occupancy level is OL7 < —3.5 (dead) or OL7 > 3.5 (hot) and clusters containing
bad channels are declared bad clusters and ruled out. After this selection, events
with at least three good clusters are used.

4.3.2 Impact Point Dependence

Due to the geometry of the strip implantation scheme on the ohmic side of the
silicon sensors (n-side), the total collected charge on the readout strips turned out
to depend on the impact parameter n. For two-strip clusters, it is defined as:

ADC

Figure 4.4: Charge amplitude of the n-side (left) and p-side (right) clusters as a function of
the impact parameter 7 observed for Helium ions. The charge loss and the peaked n structure
are clearly visible for the n-side signals, whereas a more uniform behaviour of charge collection id
observed in the p-side.

r — T;

n (4.5)

Ty — Ti-1
where x;_; and x; are the coordinates of the two contiguous strip and x is the
impact point. Due to the strips capacitive coupling, an approximation of the impact
parameter can be derived for the clusters center of gravity:

Sright
ne~ ——— (4.6)
Sleft + Sright
where Siepr and Syigne are the signals of the leftmost and rightmost strip respec-
tively. In principle, this dependence can be extended to clusters with more strips
and parametrized with an effective function. The total cluster amplitude can be
corrected accordingly.
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For ion data, with high charge depositions and inclined tracks, this statistic pro-
cedure turned out to be not necessary on the junction side (p-side), characterized
by a smaller implantation pitch. On the other side, inefficiencies in charge collection
persists in the n-side, making an inconsistent relation between energy deposition and
cluster amplitudes®. In addition, it should be noted that the n-side signals do not
provide a true independent information on the charge with respect those observed
in the p-side. Hence it was decided to use only the p-side information to obtain the
charge:

Ala,n, 0,0,k) = Ala, 5,0, k) (4.7)

4.3.3 Electronics Response

The first correction to the readout values involves the response of the front-end
electronics. A signal, after passing the decoupling capacitor, is fed into a VAgpr

F %2/ ndf 32.75/21

R r Constant 4413+ 2.80

"E : Mean 1+ 0.0

[} | Sigma  0.03146 = 0.00135
10

0.8 0.9 1 1.1 g 1.2

K

Figure 4.5: Distribution of the g, factors to be applied to the raw clusters amplitudes. A
dispersion of ~ 3% has been found.

chip [120]. Each chip reads 64 read-out channels. After signal shaping and sampling,
the chip is sequentially read out by means of an analog multiplexer and digitized
by the Tracker Data Reduction (TDR) boards, placed outside the magnet in the
electronic crates. For an ideal detector, the same responses are supposed to come
from all the devices. In the real case, in general, different chips have different gains,
and a equalization to a given reference amplifier has to be applied to the readout

2 The interstrip charge collection in the n-side has been improved in the AMS-02 silicon tracker,
where a new bonding scheme has been designed.
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response:

Ala, B,0,5) = g - - f, 8,0) (4.8)
The factor g., to be applied to a cluster observed in the s-th chip, is defined as
g = <O€Z’;> and the ki index indicates the chip used as reference.

As shown in Fig.4.5, the g, distribution is approximately gaussian with o ~ 3%.
This factor equalizes all the raw amplitudes o to a same common level ay,,. This
correction factor can be reasonably considered independent on Z, 3 and 6.

4.3.4 Particle Inclination

The individual measurements have to be corrected for different path-lengths in the
silicon by means of a correction for the particle inclination. The effective cluster
amplitude then becomes:

Ala, 8,0,k) = |cosb| - g, - a- f(a, ) (4.9)

being # the incidence angle of the particle, determined by the track reconstruction.
The product |cos| -« = ay is the reference value for vertical downward-going
particles.

4.3.5 Velocity Dependence and Signal Saturation

Particles have been measured with § values as low as § = 0.4. Because of the
dependence of the energy deposition (see Eq. 4.1) a charge independent correction
has to be taken into account. For a large number of energy deposits from a given
charge Z, the expected functional behaviour should be indicated as:

(|cosb| - g, - @) x BB(Z,[3) (4.10)

where the LHS is the best estimation so far of the mean energy-loss and BB(Z, [3)
is the (dF/dx) expressed in Eq.4.1. Since saturation effects become important for
low (8 or high Z, the measured energy deposition does not simply depend on [ as
predicted, and it is observed to be charge dependent. Indeed a parametrization
f = f(a, 3) had been hypothesized for A. Two distinct effects may generate a loss
of linearity between the mean cluster amplitude and BB(Z, 3):

e since the on-line data reduction system considers at most five adjacent strips
to build a clusters, it might be argued that some charge information get lost
if the real cluster length is greater than five channels;

e for large energy depositions, the strips with the highest signal exceed over the
dynamic range limit.
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As a consequence, the deviations from the expected behavior should be only function
of the collected charge. Hence, introducing some correction b(«) for the saturation,
the following relation:

(b(c) - |cosb| - g, - ) x BB(Z,3) (4.11)

should be realized. Thus the f(a,3) that appears in Eq.4.9 can be modified into
b(a)) f() and a conclusive expression for A can be established:

Ala, 5,0,k) = |cosb| - g, - - bla) - f(B) (4.12)

where the § dependence is now reduced to a is a unique functional behaviour to be
determined as well as b(«).

@
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g

@
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Figure 4.6: Left: Bethe-Block fit on Helium data from the flight. Right: functions BB(Z, 3) as
obtained from He data and extrapolated up to Oxygen.

In order to obtain a phenomenological description of this effect, the following pro-
cedure has been conceived and carried out:

1. Determination of BB(Z = 2, 3) relation with helium data.
Building BB(Z, 3) functions for heavier nuclei (Z = 3 + 8).

Comparisons with data.

- LN

Determination of the saturation function s(«).

5. Saturation and velocity corrections b(«) and f(/3).

Fig.4.6 shows the mean energy-loss distribution in ADC units as a function of the
velocity (3 obtained with 900, 000 events preselected as helium nuclei. A fit is super-
imposed according to the parametrization:

Z? 2m,
5520 =m {los |7 ((22) | -mr e B}y
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where Z = 2 (helium charge) and Is; = 165 eV (silicon excitation energy) are fixed,
and py = 1.0, p; = —0.48, and p, = —31.11 are the parameter determined by the
fit that specifies BB(Z, ). Assuming that saturation does not occur for helium
energy losses, this behaviour is expected to correctly describe the real energy-loss
dependence even for higher charges. Higher Z predictions, BB(Z > 2, 3), are shown
in Fig.4.6 up to Z = 8 (Oxygen). The same BB functions are reported in Fig.4.7

Figure 4.7: Beta functions up to Oxygen in comparisons with flight data.

in comparison with the cluster amplitude distributions observed from data: the av-
erage amplitudes (| cosd| - g, - ) are plotted versus the measured velocity. As an
evidence of the inconsistency of Eq.4.10, it is clearly visible a significant discrepancy
of the data points compared with the colored curves: data are systematically shifted
toward lower cluster amplitude values. On the basis of this displacements, it is pos-
sible to determine the saturation curve s(«), provided that a guess on the particle
charge is done. Though saturation does not depend on the particular charge Z that
generated the signal, a sample with known Z and [ is needed to perform a global
parametrization for s(a). Since the goal of this task is to obtain a global trend, it is
not necessary a high level of purity in the sample. Therefore, a coarse charge selec-
tion was done according to the graphical cuts illustrated in Fig.4.83. The saturation
function s(«) is described by the black curve in Fig.4.9: the mean cluster amplitude
(c) is plotted as a function of its real (predicted) energy-loss BB(Z, 3) for different
ion species. The curve has been interpolated with a two-degree polynomial function.
Once saturation is described by a know functional form s(«), it is possible to obtain
an effective reproduction of the readout energy-loss for all the velocities: this is
illustrated in Fig.4.10, where the energy-loss functions are shown before (solid) and

3 Nevertheless, once the charge ID algorithm was accomplished, this task has been iterated
using a more precise charge selection to refine s(«).
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Figure 4.8: Coarse selection of the different nuclear species.
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Figure 4.9: Saturation function determined by comparison of flight data with the predictions
BB(Z, ).

after (dashed lines) saturation s(«) is applied. Saturated BBs have functional form
BB(Z,3) - s(BB(Z,3)). Another possibility is to apply b(a) = s~!(«) directly to
the data and to obtain an artificial de-saturation (or amplification) of the readout
amplitudes. In the view of determining an effective cluster amplitude A(c, (3,0, k)
to be described by a unique set of probability density functions PZ(A), the latter
choice was adopted. Correcting data for saturation basically means to pull them
up to the non-saturaction line (the identity function) as indicated in Fig.4.11. The
result of this procedure is shown in Fig.4.12: after amplification b(«), the cluster
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Figure 4.10: BB(Z, 3) functions for different nuclear families before (solid lines) and after cor-
recting for saturation (dashed lines). These latter are calculated scaling BB(Z, 3) by s(BB(Z, 3)).

3500
- -
$) L o
g f @&
~3000\— §9
g F of
C O
= L
=
Q25UU_—
IS L
& L
A L
%2000—
E .
© C
1500
1000/~
5001
G-IIIIIIIII|l||||||||||||||||||||||
0 500 1000 1500 2000 2500 3000 3500

BB(Z) (ADC)

Figure 4.11: De-saturated data. This distribution is obtained after correcting for saturation.

amplitudes lie along the lines where they are expected, with good agreement up to
Z = 8. It is interesting to note, however, that also few events with higher charges
have been detected. From Fig.4.13, events corresponding to Neon (Z = 10), Mag-
nesium (Z = 12) and Silicon (Z = 14) are clearly recognizable, as they are more
populated than their odd-numbered neighbour Fluorine (Z = 9), Sodium (Z = 11)
and Aluminium (Z = 13), due the odd-even effect in CR nuclear species abundances.
Because of low statistics and a stronger saturation over ~ 6,000 ADC, these species
are not well described with the model developed so far. These heavy nuclei are no
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longer considered in this work.

BB(Zp) (ADC)

3000
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1000

ADC

Figure 4.13: Beta functions for heavier nuclei (up to Silicon) in comparison with flight data
after boosting.

The last step is determining the velocity correction. Indeed, the individual mea-
surement after correcting for saturation is now given by the effective amplitude:

Ale, 8,0,k) = | cosl| - g, - - b(a) - f(5) (4.14)

where b = s7!(a) and only f(3) has to be determined. Since the 3-dependence can
be regarded now as a unique function g(3) which does not depend on the charge,
the following simplification can be done:

(b(@) - |cosb] - g, - a) < BB(Z, B) = Z%9(8) (4.15)
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the correction for the velocity dependence turns out to be straightforward. After
setting a reference value Gy = 0.96, f(/3) is defined as:

_ BB(Z,ﬁ = 50) 9(5 = 50)
IO ="3pzs ~ 0

independently on the particle charge.  After this last step the final amplitude

(4.16)
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Figure 4.14: Flattened data after performing f(3) correction for velocity dependence.

in completely specified. All the signals A are now referred to a common value [,
(MIP level), and their distribution is completely independent from (5. Results of
this correction are shown in Fig.4.14. A review of the corrections performed so far
is illustrated in Fig.4.15 where (A) is plotted as a function of 3 (left panels) and
cumulatively (right panels). From top to bottom (a) raw amplitudes, (b) amplitudes
after gain and inclinations corrections, (c¢) amplitudes after de-saturation and (d)
flattened amplitudes after 3 corrections are shown. The special worth and utility of
this multi-step procedure will appear more clear on the next section.
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Figure 4.15: Review of the cluster amplitude corrections. The average amplitude (A) is plotted
as a function of 8 (left panels) and cumulatively (right panels). From top to bottom: (a) raw am-
plitudes, (b) amplitudes after gain and inclinations corrections, (c¢) amplitudes after de-saturation
and (d) flattened amplitudes after G corrections.
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4.4 Determination of the PDF's

In the previous section, corrected cluster amplitudes have been determined. The
energy-loss on the p-side is then described in terms of a unique parameter, i.e. the
effective amplitude:

A=A, 5,0, k) (4.17)

whose distribution PZ(A) is explicitly related to the charge of the particle. The
variable z = v/A will be adopted in the next stages.

This section is dedicated to the estimation of the probability, for a given Z, to
be associated to the measured energy deposit z. A set of probability density func-
tions (PDF) corresponding to different charges has been constructed from a clean
sample of data with known charge. A combined likelihood function with the up to
six track-clusters has then been used to provide the best estimation of the nuclear
charge, needed to measure the composition the cosmic radiation.

The general parametrization usually adopted to describe energy-loss measurements
Ejgep is the gaussian-convoluted Landau function:

Edep

f(Edep) =N L(”a v, E)Gu,a(Edep)du (418)

7Edep

being G, ,(E) and L(f, v, €) the Gaussian and Landau functions. However, due to
large energy depositions released by Z > 2 ions in the silicon, it was found that the
bulk of the charge distribution is quite symmetric and the corresponding x parameter
is well described by a simple gaussian function:

x—pz)2

G? =G? (:c):Ne( 7z

Hnz,0z

(4.19)

Pure samples of different ions have been selected to determine the gaussian pa-
rameters fiz (mean energy-loss or maximum probability value) and oy (standard
deviation) that better describe the distributions. The charge selection method is
illustrated in the scheme of Fig.4.16. For each layer under study, samples with well
defined charges have been selected by means of the signal observed in the neigh-
bour layers: in both of them, energy depositions z falling around each charge peak
and belonging to specified ranges were required. This selection produces a low effi-
ciency but high purity sample* per layer to characterize the detector charge response.
Nonetheless, the largest difference in the amplitude distribution from ladder to lad-
der is reduced to a gain correction (already performed).

4 Intra-charge contamination is smaller than 0.1%, as verified a posteriori
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Figure 4.16: Charge selection. For each layer L under study, layers L+1 and L-1 were used to
select a pure Z-sample by means of the six vertical bands around the charge peaks. To give an
idea of the sample purity, gaussian functions as derived from Fig.4.17 are superimposed.

Hence, a common parametrization has been used to describe and fit the cluster
amplitude distributions on all the ladders. Indeed, for a given Z, the uz and oy
parameters of the gaussian distributions do not significantly differ from layer to
layer®.

5Not even from ladder to ladder; nevertheless, residual differences on the p parameter have
been used to refine the gain correction factor, e.g. defining it as g7 = pZ /uf .
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Figure 4.17: Square root of the corrected amplitude distributions for Z = 3 (top left) to Z =+ 8
(bottom right). Gaussian fits are superimposed. A summary is presented in Tab.4.1.

Results of the fits are shown in Fig.4.17; all the single-layer information have been
merged together to produce a unique set of cumulative histograms that depend only
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4.4. Determination of the PDFs

on the charge. Gaussian fits have been performed each nuclear species. The non-
gaussian tails on the left side of each peak are discussed on the next section; their
influence on the fit results is insignificant. Fit results are summarized in Tab.4.1.

Ton A 7 o
Not Li <3 9.40 1.43
Li 3 1695 1.17
Be 4 2248 1.30
B 5 27.86 1.40
C 6 3327 1.63
N 7 3899 184
O 8 4480 2.21

Not O >8 55.83 3.62

Table 4.1: Results from gaussian fits to the corrected amplitude distributions for Z = 3 + 8.
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Figure 4.18: Probability density functions PZ(x) for Z = 3+ 8. Parametrization of background

to Z = 3 and Z = 8 is also considered.

The last step is the normalization of the fitted distribution:

P*(z)

Glio()

T IT.G7 (v)dx

(4.20)

These normalized PZ(x) functions have to be viewed as PDFs: a charged Z particle
has a probability value PZ(z) to generate a cluster with effective amplitude .

P?(x) = P(x|Z)
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The shapes of the resulting PDF's is shown in Fig.4.18 for all the species consid-
ered. Parametrization of Z < 3 and Z > 8 tails has also been performed. Even
though these residual contaminations are found to be negligible in both sides, the
determination of He and F tails is needed to avoid boundary effects in the charge
identification algorithm that will be exposed in the next section.

4.5 The Charge ID Algorithm

The charge identification algorithm presented here is based on the Maximum Like-
lihood method (ML), a widely diffused statistical procedure used to fit a theoretical
model to data. The general aim of this method is to estimate the parameter by
finding the value which maximizes the probability that a given set of measurements
is observed.

The general procedure consists in considering a family of probability distributions
parametrized by an unknown parameter Z (the particle charge), associated with
a known probability density function denoted as PZ(z). After drawing a sample
{x1,29,...,2,} of n values from this distribution, using PZ#(z), the algorithm con-
sists in computing the multivariate probability density associated with the observed
data P(x;...x,|Z). As a function of Z with (xy,...,x,) fixed by the observation,
the likelihood function is defined as:

L(Z) = P(zy,...,2,|7) (4.22)

The method of maximum likelihood estimates Z by finding the value Z that maxi-
mizes L(Z):
0L(Z)
0Z |,_y

The outcome Z is the ML estimator of Z. Since in this case Z is a discrete parameter,
the maximization of L involves a scan over the Z domain. After equalization, the
data drawn from different energy deposits along the particle track are independent
and identically distributed. This considerably simplifies the problem because the
likelihood can be written as a product of n univariate probability densities, and
since maxima are unaffected by monotone transformations, it is more comfortable
to define L as the logarithm of the previous expression to turn it into a linear sum:

ﬁpz(l‘j)

j=1

—0 (4.23)

L(Z) = logy

= Z logy [P? ()] (4.24)

In this particular study, n is the number of p-side clusters available for the test (for
each event it varies from 3 to 6), {x;} is the set of cluster amplitudes after correc-
tions, and the j-index runs over the six layers. PZ(x) are the probability density
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functions P(x|Z) estimated as explained in the previous sections.

From the fits in Fig.4.17, it is noticeable that not all the cluster amplitudes x are
distributed according to a gaussian behaviour. Distributions exhibit asymmetric
low-energy tails that originates from unavoidable inefficiencies in the charge collec-
tion. This residual population of bad clusters is quantified as a small fraction which
survives after cuts and does not carry reliable information on the particle charge.
As a consequence, the probability from Eq.4.24 may be heavily suppressed and then
affected by a single wrong charge response which enters in the product®. Despite
the overall fraction of bad clusters is quite small (from ~ 1.4% for Lithium up to
~ 3.5% for Oxygen), the probability to have at least one bad cluster out of six inde-
pendent readouts (six layers) ranges from ~ 9% for Lithium to ~ 18% for Oxygen:
a significant fraction of events may be involved. For this reason, a modified version
of the ML method was used. The actual log-likelihood function used in the test is:

L(Z,9Q) =logy, [P? - P - P] (4.25)

where Z ranges from 2 to 9 and €2 runs over all the {l;, 5,13} 3-fold combinations
of the tracker signals. €2 is the best set of three clusters recognized by the ML test
as well as Z. Two important features on this method are worthy of being noticed:

1. In events with more than 3 clusters, bad clusters are ruled out by the ML
method itself.

2. Although the final estimation is given by a set of three best tracker clusters,
all the selected cluster are processed in Eq.4.25: Z and ) have both to be
viewed as parameters to be maximized using all the available information.

As a test to provide the basic understanding of the algorithm characteristics and
operation, in Fig.4.19, it is shown the average cluster amplitude distribution divided
into four different 3 intervals. The average has been performed on the {z;,, x,, z;, }
best cluster set recognized by the ML. Different colors are referred to different charge
Z as identified by the algorithm. Ion peaks are well distinguished for all the nuclear
species considered, from Z = 3 (dark blue) to Z = 8 (cyan). A smaller Neon
peak (Z=10) is also recognizable around 55v ADC. Finally, the linearity of the
signals after corrections is pointed out in Fig.4.20; this feature allows to convert
the amplitude distributions from v ADC' into charge unit (upper plot) and provide
an estimation of the resulting discrimination power in terms of charge resolution.
These results are summarized in Tab.4.2

6Note, however, that the presence of one bad cluster in the event does not always imply a
systematic wrong outcome from the ML test.
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Figure 4.19: Square root of the average energy loss computed with the p-side of the silicon
tracker, divided in four different increasing [ intervals (top left to bottom right). Different colors
are referred to different charge Z identified by the algorithm. Ion peaks are well distinguishable
from Z = 3 (dark blue) to Z = 8 (cyan). Neon peak (Z=10) is also recognizable at around

~ 55V ADC.

Ion Z resolution
Li 3 0.09 c.u.
Be 4 0.10 c.u.
B 5 0.12c.u.
C 6 0.14cu
N 7 0.18c.u.
O 8 0.19cu

Table 4.2: Charge resolutions obtained by the width of the charge spectrum. Charge histogram
was converted from v ADC' into charge unit as illustrated in Fig.4.20.
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Figure 4.20: Final charge spectrum in v ADC units. A noticeable linearity in the charge
response is evident by the comparison with charge unit scale.

4.6 Algorithm Performances

The charge identification algorithm has been successfully applied to the flight data
sample. Qualitatively, its capabilities are clearly visible from Fig.4.19, where a good
discrimination has been observed in all the considered (3 intervals. In addition, ac-
cording to Tab.4.2, the desired charge resolutions have been achieved .

The algorithm performances in terms of efficiency and contamination are now dis-
cussed. Since the particle reconstruction is based on the Maximum Likelihood
method, it has the advantage of being an unbiased and efficient charge estima-
tion for a large number of events. The method is 100% efficient (i.e. a charge
estimation Z is always given) provided that at least three good clusters are usable
(the minimal condition for applying Eq.4.25). Though the reconstruction software
requires at least four p-side clusters to build a track, the mentioned selection on the
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tracker clusters (strip occupancy mask and single-strip cluster rejection) produces a
fraction of ~ 2.5% of events with N, < 3. This inefficiency is significantly charge-
independent, as the charge distribution of these missed events” is comparable with
those charges observed and determined with the algorithm; the final flux ratios (e.g.
B/C ratio) have been estimated to be affected by a factor smaller than 0.5%.

In order to quantify the discrimination power in the charge recognition, a global
test has been carried out. Due to energy-loss fluctuation and broadening of the
charge response, an unavoidable overlapping of the measured dFE/dz distributions
produces a non-zero Z — Z' migration probability.

The overlappings of the PDFs are clearly visible in Fig.4.18: the underlying area
between two contiguous charge curves gives an approximate idea of the single-cluster
charge confusion probability (~ 2% for Lithium to ~ 10% for Oxygen). The overall
effect, after the algorithm was applied to the data, is not trivial to estimate with
qualitative arguments. A dedicated Monte Carlo simulation has then been therefore
performed.

— Lithium
— Beryllium
— Boron

F — Carbon
14— — Nitrogen
Oxygen

fraction %
T

i
25 30 35 40
Pattern Index

Figure 4.21: Distribution of the track patterns along the six layers observed with the data for
Z = 3 + 8. Each index is associated to a given combination of clusters arrangement along the six
layer, as explained in Tab.4.3.

For each event, a set of n signals has been generated according to the cluster
distributions along the six tracker layers observed from the data (Fig.4.17). For
this purpose, the tracks are classified and a pattern index is assigned based on
the combination of layers which hosts a good cluster. The meaning of the pattern
index is explained in Tab.4.3. Distribution of the number of clusters after selection
and the pattern distribution are shown in Fig.4.21 (its resulting layer occupancy is

7 For their Z estimation, being ML not applicable, a less sophisticated charge ID method was
used.
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Figure 4.22: Distribution of layer occupancy fraction (left) and number of clusters used to
determine the charge.

Pattern L1 L2 L3 L4 L5 L6 Ncl Pattern L1 L2 L3 L4 L5 L6 Ncl
0 X X X X X 6 21 X X X X 3
1 X b X X x 5 22 X X X 3
2 x x x x x 5 23 x x x 3
3 x x b x x 5 24 x x X 3
4 x X X x x 5 25 x x x 3
5 x x x x x 5 26 x x x 3
6 x x x x x 5 27 x x x 3
7 x x x x 4 28 x x x 3
8 x x x x 4 29 x x x 3
9 x x X x 4 30 x X x 3
10 x x X x 4 31 x X x 3
11 X x X x 4 32 x x x 3
12 x X x x 4 33 x X X 3
13 x X x x 4 34 x x x 3
14 x x x x 4 35 x x x 3
15 X X X X 4 36 X X X 3
14 x x x x 4 37 x x x 3
17 X X X X 4 38 X bd X 3
18 X X X X 4 39 X X X 3
19 b x x X X 4 40 X x X 3

20 X X x X 4 41 X X X 3

Table 4.3: Tracker patterns. For each pattern index, layers that contains a good cluster are
marked with z. The resulting number of clusters is indicated in the N, column.

reported in Fig.4.22). Except for Oxygen, where a small excess of Pattern 21 tracks
is observed, the pattern distribution is considerably charge independent. Fig.4.22
shows the layer occupancy distribution (i.e. the probability of a layer to have good
cluster) and the number of clusters distribution. Inefficiencies on 1°¢ and 6 layer
are mainly due to their reduced active area and features of the track recognition
algorithm.
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Figure 4.23: Distribution of the log-likelihood function £(Z2) (Z fixed) for pure Z (black), Z + 1
(blue) and Z — 1 (purple) MC samples. For each injected species, Z is kept fixed in the L(Z)
calculation. Mis-identification occurs when the colored lines dominate over the black one.
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Figure 4.24: Charge identification algorithm capabilities. For each charge Zj.,, generated by
the simulation, it is reported the charge response Z from the algorithm applied to the whole tracker
(solid blue histograms). For the sake of comparisons, single layer performances (ML response from
Layer 3) are also reported (dashed lines).

The influence of charge mis-identification on the differential fluxes impinging the
detector is described by the following relation:

8
Yy(Ern) = Y CHY2(Epn) (4.26)

zZ=3
where Y, is the CR abundance of the charge Z ion as a function of kinetic energy

115



4.6. Algorithm Performances Chapter 4. Particle Identification

per nucleon. Each nucleous with charge 3 < Z < 8 produces a charge estimation
Z which is related to its true charge Z by the coefficients C’ZZ . The C-matrix ele-

ments have then to be interpreted as the probabilities P(Z|Z) of a given charge Z
to be (mis)identified as Z. In this work the matrix ||C]| is assumed to be energy
independent and Z < 3 or Z > 8 species are not considered. As a matter of fact,
contaminations He — Li and F — O are negligible, whereas Li — He and O — F
are not matter of interest in this particular study®.

Fig.4.23 shows the distribution of the log-likelihood function and gives an idea of
the mis-identification: log-likelihood £(Z) distributions for assigned charge samples
generated as Z, Z + 1 and Z — 1 are shown. Mis-identification occurs whenever
L(Z) z,0ez41 > L(Z)|5,,,—7- More clear and understandable is Fig.4.24: the

charge responses Z from the algorithm (blue lines) are shown for each Z.,, injected
with the simulation. Performances are compared with the single layer identification
capabilities (dashed lines), where the ML algorithm is applied using information
from Layer 3 only (i.e. a single-layer P#(x) has been maximized).

A summary of the contamination coefficients is reported on Tab.4.4. The 6 x 6
matrix ||C|| is symmetric and diagonally-dominated; the off-diagonal elements are
relevant only for 7 =27+ 1, i.e. contamination arising from neighbour charge peaks.
An additional characterization of the charge discrimination power was also done with

X

Li Be B C N O
¢t 99.93 0.4
e 0.06 99.73 0.36 0.02
0.012 99.51 0.61 0.01
0.13  99.20 0.93 0.06
0.16 98.30 1.51
0.74  98.40

£,

o,

O =2 QY W

Table 4.4: Contamination matrix. Charge selection results from the algorithm (rows) are com-
pared with the true charges (columns). Each column corresponds to the sample of given ion species
(Z) generated with the simulation. For a given column, each cell reports the fraction of events
identified by the algorithm as Z specified in the row. The values on the matrix diagonal correspond
to the probabilities P(Z = Z|Z) of correct charge identification, whereas the off-diagonal elements
describe the probability of mis-measurement P(Z # Z|Z).

the help of measured data. Whereas the MC simulation permits a thorough study

8Since we are not interested in Helium and Fluorine measurements, charge migrations Li — He
and O — F are just considered as source of inefficiencies for Lithium and Oxygen abundances.
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of the charge reconstruction applied to the whole tracker, this is unfortunately not
the case for flight data, where the information on the true charge Z is obviously
missing. Hence this study was done with a sub-sample of events containing six good

STS-91 Li Be B C N 0
Li 99.99 (.01

Be 0.0l 99.99 0.1

B 99.40 0.88

C 0.5 99.12 1.64

N 95.08 1.84
O 1.74 98.16
MC-SIM  Li Be B C N 0
Li 99.84 0.14

Be 0.16 99.78 0.16

B 0.08 99.45 (.69

C 0.32 99.14 2.07

N 0.17 97.38 2.28
O 0.55 97.72

Table 4.5: Contamination matrices: DATA-MC comparison for contamination probabilities
estimated with four layers. In each table, charge selection results from the algorithm (rows) are
compared with the true charges (columns). The values of each the matrix elements corresponds
to the probability P(Z = Z|Z) that a Z-charged nucleus is reconstructed as Z. For both the data
sample (flight data on the top table, MC on the bottom), true charge was estimated with the two
outer layers and the algorithm was applied to the four inner layers. Only six-clusters events were
considered.

clusters: two of them have been used to select the true charge (selection is analog to
Fig.4.16, using Layer 1 and Layer 6) and the algorithm has been applied to the four
inner-layer clusters. Since the average number of good cluster is ~ 4.5 (see Fig.4.22)
this conservative approach is not really far from the real case; the only weak spot
is the lack of considerable statistics from flight data to have a reasonably pure sam-
ple: only some hundred = thousand events per charge were selected. Results are
summarized on Tab.4.5 in terms of C-matrix elements, and a comparison with the
Monte Carlo (under the same conditions) is also reported.
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4.7 The Role of Inelastic Collisions

It is now considered an additional source of contamination which has nothing to do
with the algorithm performance. After interacting in TOF material, an incoming
Z-charged nucleus may fragment and physically turn into another species Z’. The

N

Figure 4.25: Scheme of a typical fragmentation event that produces contamination in the charge
measurements. A nucleus N (eg. Oxygen) after interacting in TOF material, tuns its identity into
N’ (eg. Carbon). If the event is not discarded by trigger and selection, a correct charge estimation
provides a wrong determination of the incoming particle species.

situation is illustrated in Fig.4.25. Since inelastic collisions are typically accompa-
nied by a hadronic cascade of secondary particles, these multi-particle events are
likely to be removed by the trigger system (veto on anti-coincidences and one and
only one hit condition on each TOF plane). However, a fraction of them produces
a clean track in the silicon tracker, passing trigger and selection. These effects have
been studied with the Monte Carlo simulation AMS-GBATCH software, where detector
response is fully reproduced and nuclear interaction are described under the GEANT
3.21 interfaced RQMD hadronic package (§2.4.2 and §2.4.3). Unlike charge confu-
sion arising from overlapping on the charge responses, inelastic collisions produce
a systematic migration Z — Z' with Z' < Z, i.e. the corresponding fragmentation
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4.7. The Role of Inelastic Collisions

% Li Be B C N O
Li" 99.99 0.12 0.06 0.02 0.01 0.01
Be' 0.01 99.88 0.36 0.20 0.08 0.07
B’ 99.58 0.53 0.15 0.08
c’ 99.24 531 4.07
N’ 94.44

o’ 95.77

Table 4.6: Fragmentation matrix. Each column corresponds to the sample of given ion species
7 generated with the simulation and injected in the detector. For a given column, each cell reports
the fraction of charged Z’ events observed in the tracker, i.e. after passing two upper TOF layers.
The values on the matrix diagonal correspond to the probability P(Z' = Z|Z) that the charge
identity is conserved after traversing the TOF, whereas the off-diagonal elements are describes
the probability P(Z # Z'|Z) for that a process like Z + TOF — Z' + secondaries occurs and is

detected. These probabilities are net of trigger and selection.

matriz ||F|| is triangular. The coefficients FZ, are reported on Tab.4.6 in percent

units.
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4.8 Test Beam Data

A comparison with data collected during the ion beam test is now presented. Test
was performed at GSI facility, Darmstad, in September 1998. The detector was
calibrated with helium and carbon beams.

10%E
L« STS-91 Flight Data E » STS-91 Flight Data

| » GSI TestBeam * GSI TestBeam

10°E

10°g

10°k
- 102E

10E

f IETE FERTE FERRE FRRR] ERERE AERTE FRTEE FETTE S A Loy o by by by g s by v by g w
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0 (deg) ¢ (deg)

Figure 4.26: Distributions of #4375 and ¢aps from carbon beam test data. Whereas flight
data histograms reflect an almost isotropic distribution, GSI data are mainly beamed and more
vertical on average, though a large set of incoming direction was probed.

About 30, 000 events were detected and selected from the beam test made with pure
12 ion beam. Kinetic energy of the carbon beam was fixed at 2.0 GeV/n. Beam
spot on target had a Gaussian shape with characteristic width of 5 mm. A large
area was scanned by the beam, as the detector was allowed to rotate into all the
spatial and angular degrees of freedom. The distributions of the beam particles
directions in the AMS-01 reference frame are shown in Fig.4.26 and compared with
those recorded in the flight.

Fig.4.27 shows the mean cluster amplitude distribution obtained from these data
together with the data from the flight. The same equalization above described is
applied to the testbeam signals. The distribution is normalized in order to match
the flight data histogram. It should be noted that in beam data the energy is fixed,
i.e. corrections for the velocity dependence has not effect on the cluster signals. As
expected, the charge responses of detector and algorithm are found to be identical
for the two datasets.

Assuming a 100% purity in the carbon beam, an estimation of the charge determi-
nation capabilities can be obtained from the GSI data, As indicated in Fig.4.28, out
of the 30,000 detected particles, 98.75% of then where identified as Carbon. 1%

120



Chapter 4. Particle Identification 4.8. Test Beam Data

| STS-91 Flight Data
e GSI TestBeam
1025
10
E N
C 1.'." Mm
1 el L 1|1 g ﬂ
0 500 1000 1500 2000, 1 ~2500

Figure 4.27: Beam test measurement for a carbon beam with kinetic energy Ej,, = 2 GeV per
nucleon. The mean cluster amplitude from testbeam data (red dots) is reported as well as for data
measured from the flight (black line).
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Figure 4.28: Charge identification results for a pure carbon beam with Ej, = 2 GeV/n. A
small admixture of Boron (blue) and Nitrogen (green) nuclei has been detected.

Boron and 0.25% Nitrogen have been found. Whereas the few Z = 7 data (green)
can certainly be interpreted as a wrong charge assignment, it is reasonable that a
certain fraction of the Z = 5 population (blue) is composed of true Boron nuclei, i.e.
produced after fragmentation before the tracker. However, it is difficult to separate
the two contributions (fragmentation and mis-identification) that produced a Z = 5
measurement, but the overall effect is measurable and it turned out to be in good
agreement with the estimations made in the previous sections §4.6 and §4.7. Un-
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fortunately, no beam tests have been performed for other ion species. Nonetheless,
the various arguments exposed in this chapter proved that it is possible to build up
a suitable charge determination study based on flight data only.

4.9 Discussion

A powerful algorithm has been presented for the charge determination of nuclei de-
tected by AMS-01. It is also clear that, with the silicon tracker, noticeable charge
separation capabilities have been achieved, allowing to draw a charge spectrum of
the energy losses with the different nuclear families well distinguishable and sepa-
rated. The discrimination power provides a final charge resolution of 0.09 = 0.19
charge units from Li to O.

The effects of inelastic collisions and charge contamination on the CR flux measure-
ments are now discussed. It should be noted that FZ, probabilities are assumed to
be energy independent as well as the C-matrix coefficients. Common parametriza-
tions of fragmentation cross sections above hundreds MeV//n are usually energy
independent [23, 121]. The net effect of fragmentation in the CR flux measurements
is expected to be mostly determined by their relative composition rather than any
possible energy dependence on the F-coefficients. Indeed the relation between the
external CR flux composition and the measurement is given by the relation:

Y7(Eyn) = ZS: P(Z|Z")Y 7 (Eyn) (4.27)

Z'=3

where P(Z|Z') is the probability of a given charge Z’ to be identified as Z°. Frag-
mentation and mis-identification are both included in P:

8
P(z|Z)=> C}" - Fj, (4.28)

Z//

In principle, by the exact knowledge of CZ" and F%, coefficients, it would be possible
to correct the measured abundances Y to get those corrected (eg. inverting the || P||
matrix). In practice some problems arise. Firstly the estimation of the coefficients
are affected by uncertainties which do not trivially propagate on the deconvolution
procedure. Moreover, even if the matrices are non-degenerate, a simple inversion
method is usually not satisfactory and a more sophisticated deconvolution procedure
should be adopted (§5.4). Finally, the general problem must be faced accounting

9 Note that in this section a different notation for incoming, fragmented and detected particles
is used.
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for the resolution in the detector response. The energy (or rigidity) measurements
are also affected by a migration probability (§5.4), given by the smearing matrix

S(Egn|E},,) ~ P(ended in bin Ej,|should be in bin Ej ) (4.29)

Thus, the general convolution problem involves a charge-energy disentanglement
procedure, that has to be done by means of solving the following equation:

8 oo
07 = ; /0 P(Z1Z")S7(Eyn| B Az (E') ¢ 20 (Bpy )AE' (4.30)

Where F ZZ,/, migrations tent to conserve the kinetic energy per nucleon Ejy,, whereas
in CZ" transitions the quantity which is conserved is the one directly measured by
the detector (rigidity). Thus an additional energy migration arises from C-matrix
corrections, and ||F|| and ||C|| should be considered separately. It is worthy of
being noticed that an analog problem is found in the WSM description of cosmic
ray propagation (§1.2.4). In Eq.1.19 the nuclear part N;(r) is governed by kinetic
energy per nucleon (conserved in spallation), whereas the astrophysical part G(r, )
is the same for all species as long as rigidity is considered. This leads to problems
in the description of different nuclear species with different A/Z ratio [26, 28].

For these reasons, it has been decided to estimate effects of inelastic collisions and
charge contamination directly applying the convolution equation (Eq.4.27) to some
theoretical prediction for the CR spectra. The idea is to give a quantitative estima-
tion of the effects with the aim to keep them under control and eventually include
them in the systematic errors of the B/C.

The primary spectra Yz (Ey,) are obtained with the GALPROP code [20], a numerical
model of particle propagation in the Galaxy which incorporates as much realis-
tic astrophysical input as possible together with latest theoretical developments.
Propagation calculations for nuclei are performed under a plain diffusion model'®
well tuned to describe existing data (e.g. ACE and HEAO [55, 38]). Influence for
the solar activity has been accounted in the force-field approximation (§1.3.1). A
modulation parameter ¢ = 450 MV was used, consistent with the period of AMS-01
flight. Although this work is devoted to the measurement of the B/C ratio, all the
nuclear species from Z = 3 to Z = 8 have been considered, as it is required for a
thorough study of contamination in the charge reconstruction. Cosmic ray spectra
are then calculated for Li, Be, B, C, N and O between 0.1 MeV/n and 50 GeV/n, to
cover the whole energy range considered in this analysis. The fluxes are illustrated
in Fig.4.29 before (black solid curves) and after (blue dashed curves) applying the

10 GALPROP setting 50p_999726, available in http://galprop.stanford.edu/galprop_home
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Figure 4.29: Differential energy spectra for Li, Be, B, C, N, O (top left to bottom right) obtained
with the GALPROP software. Black solid lines are prediction for a solar activity consistent with the
period of AMS-01 flight. Blue dashed lines represents the same distributions after contamination
and fragmentation matrices are applied.

||C|| and || F|| parametrizations. The effect is more visible on the ratios Li/C Be/C,
B/C, N/C and O/C. It is presented in Fig.4.30 and quantified in Fig.4.31, where the
relative differences before and after contamination are illustrated. Whereas ratios
like N/C or O/C result to be heavily influenced, for the B/C ratio the difference
between before (labeled CR) and after convolution (labeled AMS) is:

(B/C)en = (B/Chaws | . oy
(B/0) o 1+ 9% (4.31)
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Figure 4.30: X/C ratios of differential energy spectra (X= Li, Be, B, N, O, from top left to
bottom right) obtained with GALPROP. Black solid lines are prediction for a solar activity consis-
tent with the period of AMS-01 flight. Blue dashed lines represents the same distributions after
contamination and fragmentation matrices are applied.

in the whole energy interval of the AMS-01 measurement. It is not dramatic, but
appreciable. In the next chapter (§5.5.2) a thorough analysis of uncertainties will be
presented, and the role of contamination in the charge identification will be included
and compared with other contributions.
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Figure 4.31: Relative differences to the ratios X/C (X= Li, Be, B, N, O, from top left to bottom
right) between theoretical distributions provided by GALPROP and expected measured values after
application of contamination and fragmentation matrices.
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Flux Determination

In this chapter the B/C flux ratio as a function of kinetic energy per nucleon will be
derived. The B/C ratio is simply defined as the ratio of the two differential fluxes:

B/C = ®5(E)/®%(E) (5.1)

The measured number of particles entering the AMS-01 spectrometer is defined by
recording the energy count histogram ANZ, i.e. the numbers of particles of a certain
species Z with kinetic energy per nucleon within the range AF around F.

The goal of the cosmic-ray measurements is to convert these detector counts into a
spectrum intensity ®Z(F, 0, ¢) (s~ 'em™2sr~'GeV~!) as a function of the primary
energy E and the incident directions (6, ¢) of a specific type of particle. In the
following the kinetic energy per nucleon will be called tout-court energy E, and
7 will be used to indicate the particle charge as well as an index for the particle
identity.

In order to reconstruct the cosmic rays intensities on the basis of the particle counts,
the following tasks have been undertaken:

e Determination of the detector acceptance AZ(FE, 6, ¢), which the measured flux
has to be corrected for.

e Determination of the detector exposure time in orbit T4 (E), defined as the
overall time spent by the spectrometer for measuring cosmic-ray particles Z
in the energy interval AFE.

e Compensation for the energy losses in the detector material and finite reso-
lution in the measurement of the cosmic-ray primary energies, i.e. spectrum
unfolding.

As the primary purpose of this work is to obtain the ratio of the two differential
energy spectra ®2 and ®¢, all the quantities to be estimated enter in the calculation
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as a ratio (i.e. ratio of counts, acceptances, times...) without need to estimate the
absolute fluxes. Nevertheless, for sake of clarity, a more general exposition of the
flux calculation method will be adopted. In the general case, the equation that
relates the detector counts to the external impinging flux is given by:

dilvz / a(t)H”(t, E) dt/da r/dw/ S%(Em; B,w)®”(E,w)dE  (5.2)

where:

E = true particle energy

E,, = measured energy affected by the spectrometer resolution;
do = oriented element of surface area to be traversed;

Y. = total area of the detector;

dw = element of solid angle = d¢dcosf (0 polar angle, ¢ azimuth);
) = range of w, limited by the detector geometry:;

7 = unit vector in direction w;

o - = effective element of area looking into w;

@(E,w) = true impinging flux;

S(Em; E,w) = detector response function;

alt

7 =

~

) = detector live-time (§2.3);
Z(t, F) = geomagnetic transmission function;
particle identity.

Although many approximations considerably simplify Eq.5.2, an analytic solution of
equation would be extremely difficult to work out. The AMS-01 geometry is compli-
cated by the different sensor arrangements in different tracker planes. Furthermore
the particle trajectories are not straight lines due to the bending in the magnetic
field. In addition, inefficiencies in the detector responses and interactions of particles
with the detector materials produce hard predictable particle-dependent responses.
The Monte-Carlo simulation method is the most appropriate way of solving the
equation and determining the final spectrum ®Z(E, 0, ¢) by taking in consideration
all the aspects of the problem. These issues are deeply discussed in the next sections,
together with the estimation of the different sources of uncertainties that affect the
B/C measurement.
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5.1 Acceptance Calculation

The detector response function SZ(E,,; E,w) that appears in Eq.5.2 is proportional
to the probability of an incoming particles with true kinetic energy E and direction
w to be detected and measured with energy FE,,. For an incident distribution of
CR particles, the counting rate of any particle detector depends upon the effective
dimensions and relative positions of its active sensors as well as the intensity of the
radiation in the surrounding space. The proportionality factor between the cosmic-
ray intensity and the amount of detected events is called acceptance. It represents
the gathering power of the instruments.

The acceptance is related to the geometric constraints and the trigger requirements
of the apparatus, with no regards to the particular values of the reconstructed quan-
tities, i.e. it must be obtained by summing S over all the measurements:

A% (B w) = / S%(E; E,w) - dE,, (5.3)

m

Thus, the response function S can be split in two distinct parts:
S%(Ep; E,w) = A%(B,w) - R?(E,.; E) (5.4)

being R?(E,,; E) the detector resolution function, i.e. the normalized probability
for a detected particle with energy E to be measured as F,,:

R%(Ep; E) = PZ(E,|E) (5.5)

However, the detection probability of a cosmic ray passing through AMS-01 is also
related to non-geometric quantities, as its trajectory in the magnetic field, detector
efficiencies, trigger constraints and particle interactions in the material. Everything
must be accounted in AZ.

The integrated acceptance AZ(E) is determined by the following integration over
all the trajectories that satisfy the instrumental constraints of the apparatus:

AZ = 7 = o-T _'OaAv ) :
(E) /QA (E,w)dw /zd 7“/Qf<£L‘ 7 Z, E)dw (5.6)

where f(Zy, 7, Z, F) is a function which takes value f = 1 if a particle with energy £
and trajectory defined by origin Zy and direction 7 crosses the detector producing a
trigger (f = 0 otherwise). It should be noted that, in Eq.5.6, an explicit dependence
on the energy! E is shown.

I By a geometric point of view, the most appropriated quantity would be the rigidity R, that
rules the particle dynamics in the spectrometer. However, all the relevant calculations will be
presented in units of kinetic energy per nucleon E.
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An efficient approach to integrate Eq.5.6 is to use a Monte-Carlo technique by
taking in consideration all the physical aspects that determines f(Zy, 7, Z, F) for each
incident particle. It is then necessary to simulate the energy and spatial distribution
of the incoming cosmic rays that produce responses in the apparatus.

5.1.1 The Simulation Setup

The general procedure for computing AZ(E) with a Monte-Carlo simulation is out-
lined as follows [122]:

1. Choose a random trajectory in the opening aperture according to the intensity
of the expected cosmic radiation.

2. Follow this trajectory to see if it passes through the apparatus. All the relevant
physical processes must be included in this step.

3. Repeat above steps enough times to let a statistical pattern emerge.

4. The acceptance is given by the ratio between the detected counts and the
generated flux.

The simulation is obtained enclosing AMS-01 in a generation cube and choosing a
random point on its top surface for generating particles according to some momen-
tum and angular distributions. The choice of the volume is arbitrary, so a cube
concentric and coaxial with the detector was used, with the edges set in such a
way that its top plane covers the entire field of view of AMS-01, i.e. achieving the
maximum generation efficiency. This setup is sketched in Fig.5.1. The geometrical
acceptance of one cube face for a given aperture 2 is analytically evaluated as:

Ap = / / d6 - di = (cos® 65 — cos® 0;) mL* (5.7)
»Jo

being L = 3.9m the cube length and (6;,02) = (%’/T,?T) the angular extrema that
define the aperture (full hemisphere). The top plane acceptance is then Ag = 7L? =
47.78 m2sr.

Provided that the generated distribution is isotropic in angle, the integrated accep-
tance AZ(E) is determined by the ratio between the accepted particles Np(E) and

the generated ones Ng(E):

Z0m _ Lo _ 4 Np(E)
A (E)—/AEdE/EdU/Qf(xO,T,Z,E) cos@d@dqb—AoNG(E)

(5.8)

where a particle is accepted and Np is incremented whenever f = 1. In order to
obtain an isotropic intensity, the starting point (o, yo, 20) and the incoming direction
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generationplane

Figure 5.1: Generation cube containing the AMS-01 spectrometer. In the Monte-Carlo simu-
lation, particles are generated on the top surface (L = 3.9 m) toward the downward hemisphere
with an isotropic angular intensity. Two not-accepted trajectories are sketched. The green one
is clearly out of acceptance. The blue trajectory matches the detector geometry, but the event is
rejected by the anti-counter system.

(0, ¢) are generated according to the following distribution:

g(0) = Nysinfcosh

9(¢) = % (5.9)
o(r) = gly) = +

where 0 € [%W,ﬂ, ¢ € 10,27, and =,y € [—%L,%L}. The normalization on € is
given by Ny = 2/ (sin*0, — sin®6;).

As discussed in §3.2.1, the detector response has been studied with a probe spec-
trum which follows an inverse power law in momentum dN/dP oc P~'. This pro-
vides enough high statistics at high energies without overproducing unmanageable
size of low-energy events. Different simulations have been run with the program

AMS-GBATCH (§2.4.2). Details on the MC production are found in Tab.2.2. The
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probe spectrum distribution can be then written as:

dN?

= K? 5.10
d(logioP)dcos*0de (5.10)

where the generation constant K? is determined for each simulation run from
Tab.2.2.

Trigger simulation and reconstruction

Since the number of particle actually detected N3 does not simply relies on the
determination of whether a particle crossed the detector or not, the criterion cannot
be simply a geometrical one. In fact various effects determine the detector response.
The detector acceptance has been studied by simulating offline the full trigger chain
from Level-11 up to Level-3 (§2.3), and the higher stages of the event reconstruc-
tion (§2.4.1) and detector selection cuts (§3.2). Hence, different acceptances are
defined, depending on different conditions:

e Trigger Acceptance Ar: accepted events Nj are those surviving the full
trigger chain requirements.

e Reconstruction acceptance Agr: events accepted by trigger and success-
fully reconstructed are accounted.

e Selection acceptance Ag: trigger, reconstruction and selection cuts are
required.

Clearly these three acceptances are related through efficiency factors, i.e.:
(5.11)

where €% and €Z are the reconstruction and selection efficiencies. The trigger ac-
ceptance AZ cannot be simply decoupled in the geometric part AZ and the trigger
efficiency €, due to the complicated role of interactions in the spectrometer re-
sponse?. These three acceptances are shown in Fig.5.2 for Boron and Carbon nuclei.
Acceptances are found to depend on charge and to decrease with increasing energy.
This behaviour is mainly due to the trigger conditions against multi-particle events
(e.g. ACC veto), that are influenced by secondary emission, as d-rays or fragmenta-
tion products. Fig.5.1 gives the idea of such events (blue trajectory). Next section is
devoted to shed light on this effects. It should also be noted that the quantity that

2For example, for a particle trajectory that does not satisfy the geometric constraints of the
detector, the particle is able to produce a trigger.
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Figure 5.2: Detector acceptances for Boron (left) and Carbon (right) as a function of kinetic
energy per nucleon E. For each simulation, the trigger acceptance Ar (black), reconstruction
acceptance Ar (purple) and selection acceptance Ag (blue) have been computed. Only particles
within 32° of aperture from the negative z-axis have been considered.
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Figure 5.3: Ratio of acceptances AP /A as a function of kinetic energy per nucleon E at the
trigger (black), reconstruction (purple) selection level (blue). Only particles within 32° of aperture
from the negative z-axis have been considered.

enter in the B/C is the ratio of the acceptances AP/A®, shown in Fig.5.3, rather
than their absolute values. The deviation of this ratio from unity, more pronounced
at high energy, is already visible at the trigger level. This behaviour is clearly due
to the non-geometrical part of the acceptances, i.e. on the trigger efficiencies. In the
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fluxes calculation, the selection acceptance (hereafter just acceptance) will be used:

AS(E) = €4(E) - e4(E) - A7(E) (5.12)
Indeed the reconstruction as well as the selection efficiencies must be considered in
the flux calculations.

5.2 'Trigger Efficiency

The efficiency of the trigger system is included in the acceptance A%, which is esti-
mated by the Monte-Carlo program AMS-GBATCH. For a more solid estimation, this
task should be ideally done with the help of measured data. For this purpose, during
the data taking, a certain fraction of prescaled events is collected with the applica-
tion of a dedicated unbiased trigger (§2.3). Clearly a full acceptance estimation is
impossible to work out using only measured data (as the incident flux is unknown a
priori), and even the unbiased data are obviously net of the unbiased trigger (whose
efficiency is not directly measurable). Nonetheless, these data are particular helpful
for validating the Monte-Carlo simulation or performing corrections to the higher
trigger levels, if needed
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Figure 5.4: Estimation of the total trigger efficiency as a function of the rigidity for Boron (left)
and Carbon (right). Within statistical errors the Monte-Carlo simulation (dashed lines) describes
the behaviour of the data (solid markers). A sharply decreasing efficiency with increasing rigidity
and increasing charge is observed. 27 (60) unbiased Borons (Carbons) events have been used.
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The efficiency calculations are based on the comparisons of two histograms, the for-
mer representing the distribution of the quantities of interest for a reference sample
of data Y, the latter plotting the same quantity but only for those events satisfying
the selection criterion under study X. The general strategy is to define a set of
efficiencies € = P(X|Y'), where the reference sample imposed by Y must satisfy the
fulfillment according to the quantities that are accessible to the unbiased trigger. In
order to explore energy or charge dependence of the detector efficiencies, reconstruc-
tion must also be requested on Y. These efficiencies have then to be compared with
the same as obtained with the MC simulation, with the aim to perform a global
tuning of the whole acceptance.

During the STS-91 flight, one out of 1000 fast trigger events was entirely recorded
by AMS-01 regardless to the fulfillment of the remaining trigger conditions (§2.3).
Whereas these events permitted a thorough study of the various efficiencies in case
of protons, electrons, and helium nuclei, this is unfortunately not the case for higher
charges. Indeed, only 237 downward-going particles are recorded as unbiased and
properly reconstructed for Z > 2. This statistics is clearly insufficient for a charge
by charge determination of any efficiency. For instance, Fig.5.4 shows the efficiency
of the full trigger e’#/¢ for detected Boron (left) and Carbon (right) nuclei as a
function of the rigidity. Unbiased data (solid markers) are shown together with the
corresponding MC efficiencies (dashed line). This efficiency is net of TOF trigger
conditions (§2.3) and reconstruction (§2.4.1):

"% — P(TRIGGER | TOF + REC) (5.13)

The error bars are assigned based on applying Bayes theorem [123]. Within errors
the Monte-Carlo simulation describes the behaviour of the data. A decreasing effi-
ciency with increasing rigidity and increasing charge is clearly observed. However,
due to the poor statistics for unbiased data (only 27 B and 64 C enter in the plot)
no quantitative conclusions can be inferred. For this reason, in this work the B and
C trigger efficiencies have to be estimated by means of the simulation only.

In order achieve a more realistic description of the ion interactions in the spec-
trometer, the MC simulation program has been interfaced with the RQMD hadronic
package [95], a transport code specifically designed to describe nuclear interactions.
Fig.5.4 indicates a rigidity and charge dependence of the total trigger efficiency that
can be understood qualitatively in some details. For instance, the Level-3 veto
on the Anti-counter system is clearly charge and rigidity dependent. Indeed the
number of -rays emitted from an incident nucleus along its path is proportional
to Z? (Fig.5.5).The higher energetic tail of these secondary electrons leave the de-
tector hitting the anti-coincidence wall. The role inelastic collisions of CR nuclei
might also be an additional cause of the inefficiencies in the trigger response. It is
then apparent that the resulting acceptances/efficiencies are affected by the physical
processes that depends on the nuclear species.
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Figure 5.5: Average number of ACC clusters as a function of the injected charge. An increasing
behaviour with increasing charge is observed, as the number -rays emitted from an incident
particle along its path rises with increasing charges.

5.2.1 A Virtual MC Application for AMS-01

The interactions of cosmic-ray nuclei with the detector material play an important
role in the observed behaviour of the trigger efficiency. Since it has been com-
pletely estimated with the Monte-Carlo simulation AMS-GBATCH, this estimation is
clearly model dependent. Therefore, this study has been reinforced by running
additional simulations, with the aim to validate the acceptance estimation under
different physics models of particle interactions. The general aim of this work has
been to reach a deeper knowledge of the AMS-01 trigger in order to keep under con-
trol the systematic errors related to its efficiency. The specific goal is to quote the
systematic errors on the trigger efficiency. For this reason, a Virtual Monte-Carlo
application has been implemented for AMS-01.

The concept of Virtual Monte-Carlo (VMC) has been developed in order to allow
different Monte-Carlo simulation programs to run without changing the user code
[97], such as the geometry definition, the detector response simulation and the in-
put/output formats. AMS-VMC software has been developed into the ROOT framework
[98]. The three most popular particle transport codes GEANT3, GEANT4 and FLUKA
have been implemented under AMS-VCM (§2.4.2).

The simulated detector responses under different interaction models have then been
compared and better understood. The relevant points of this work are the following:

1. Detector geometry and materials.
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2. Primary particle generation.

3. Physics processes.

4. Digitization and detector response.
5. Trigger setting.

The detector geometry design and the material list have been imported from AMS-GBATCH
and converted in a suitable format. The magnetic field map, as well as the support
structure and the shuttle airframe have also been implemented. The generation of

Figure 5.6: AMS-01 geometry under VMC. The whole spectrometer design and the correspond-
ing material list have been imported under VMC geometry classes, as well the support structures
and the shuttle airframe.

incident nuclei has been defined under the MC-Stack interface, using the PDG en-
coding [5] for the particle static properties (Z, A). The simulation setup and the
generation features of the primary particles are exactly the same as described in
§5.1. The propagation of charged particles in the matter under is described un-
der AMS-VMC in the usual way through the stepping functions method, whereas the
details of the physical processes included in the simulation (multiple scattering, ion-
ization, fragmentation, etc.) are specific of each particular transport code (§2.4.2).
Under VMC-GEANT3, the electromagnetic processes (e.g. ionization, d-ray emission)
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are well described, but the description of heavy ion fragmentation (Z > 2) can be
introduced only by interfacing other physics packages (e.g. RQMD, used in GBATCH).
The virtualized GEANT4 simulates the hadronic processes through the Binary Cas-
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Figure 5.7: Horizontal cross section of the magnetic field distribution in KG unit.

cade interaction model [100]. FLUKA uses RQMD between 0.1 and 5 GeV/n, and the
DPMJET hadronic package above 5 GeV/n [101].

An effective digitization of the signals has been modeled in the active material of the
TOF and ACC scintillators. The transition between the ionization processes and
the formation of the charge clusters in the various sub-detectors has been described
by performing an integration over all the energy depositions of the particles in the
materials. The attenuation of the fluorescence light along the scintillator paddles
has been described as indicated in Fig.5.8 (left), and the relation between the energy
loss and the photon yield (Birks’ law) has also been considered (right). The rele-
vant parameters that define these behaviours have been chosen as in AMS-GBATCH.
These functions are based on experimental calibration measurements performed on
the detector during the pre-flight testing phase. The mechanism of photon detection
and the subsequent multiplication of the photo-electrons up to the formation of the
electrical pulse have not been simulated: the attenuated signal has been simply con-
verted in a read-out response. The response of the silicon tracker has not simulated
in this work, and the event reconstruction is therefore missing, as the primary goal
of this study is to understand the AMS-01 response at the trigger level. The lack
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Figure 5.8: Left: attenuation factors of the TOF light signals as a function of the coordinate
along the scintillator paddle x. For each paddle, two distinct functions have been used to describe
the signals in each of the two read-out. These parameters are based on experimental calibration
measurements performed on the detector during the pre-flight testing phase (solid markers). Right:
the relation between the energy loss in the scintillators and the fluorescence photon yield has been
described according to the Birks’ law. The adopted parameters are imported from AMS-GBATCH.

of these parts and the simple assumptions in the digitization are the limits of this
work, that is planned to be improved in the future developments.
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Figure 5.9: Trigger acceptances AZ and A$ obtained with GEANT3 (red points), GEANT4 (blue
squares) and FLUKA (green triangles) under the VMC simulation and compared with AMS-GBATCH
(black points).

After the responses of the various sub-detector are generated, the read-out signals
have been combined to reproduce the trigger logic (§2.3). This part is identical to
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the simulated one by AMS-GBATCH®,

Since VMC-GEANT3 was built using the same physics engines as AMS-GBATCH (i.e.
GEANT-3.21 and RQMD-1.07), the two programs would lead in principle to the same
detector response and in particular the same trigger acceptances, up to intrinsic dif-
ferences related to the digitization. In fact VMC-GEANT3 has been used as a control
interface for tuning the VMC digitization parameters according to the response pro-
duced by AMS-GBATCH. This procedure was very CPU-time consuming: in order to
reach a reasonable agreement in the response (i.e. within the errors of the finite MC
statistics), a large amount of simulated data have been produced? and repeatedly
processed.

The resulting trigger acceptances AZ and A$ are shown in Fig.5.9. The black
curves on the top are those obtained with AMS-GBATCH (§5.1). The colored curves
are estimated with GEANT3 (red points), GEANT4 (blue squares) and FLUKA (green
triangles) under the VMC simulation. The virtualized VMC-GEANT3 acceptances are
computed using the same transport codes as AMS-GBATCH (both of them interfaced
with RQMD-1.07), i.e. the black and red curves, in principle, should be identical. The
observed differences are due to the digitization performed in this work, that does not
consider inefficiencies and fluctuations in the photo-multiplication mechanism. This
is particularly important in the Anti-counter detectors, where the amount energy
deposition is generally small® (i.e. produced by |Z| = 1 secondary particles). As a
consequence, the efficiency of the Anti-counter becomes overestimated, i.e. the effi-
ciency of the whole trigger is underestimated, being the ACC signals used as veto.
This is not particularly relevant for the aim of this work. In fact this inefficiencies
are charge independent, and they play no role in checking the stability of the detec-
tor simulation under different interaction models.

The ratio of the trigger acceptances n = AZ /A is the most appropriate quantity for
our purposes. A good level of description has been reached in reproducing n under
the VMC framework. Fig.5.10 shows the ratio ngs/ngps, i.e. between n calculated un-
der VMC-GEANT3 and that obtained with AMS-GBATCH. The two are consistent within
~2 %. As n is the real quantity that enters in the measured B/C, the systematics
on the trigger efficiency can be evaluated observing its distribution among the dif-
ferent models. This is shown in the right panel for VMC-GEANT3 (red), VMC-GEANT4
(blue) and VMC-FLUKA (green). The envelope of the three considered curves defines
an uncertainty band related to our estimation of the trigger efficiency (§5.5.2).

3With the exception of the Level-3 tracker-trigger that has not been simulated under AMS-VMC

4VMC statistics for B and C is comparable with that on Tab.2.2, as the goal was to obtain
similar acceptance responses within the statistical errors.

50On the contrary, this is less important in the TOF paddle, where the energy depositions are
typically larger, as they come from primary nuclei.
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Figure 5.10: Left: ratio between g3 (computed with VMC-GEANT3) and ngp (from AMS-GBATCH).
The desired level of agreement between the two simulation (~ 2%) have been reached for the
quantity 7. Right: Distribution of 7 estimated with VMC-GEANT3 (red point), VMC-GEANT4 (blue
squares) and VMC-FLUKA (green triangles) under the AMS-VMC application. 7 is defined as the ratio
AB/AS. The simulation is described in the text.

5.3 The Exposure Time

The exposure time is defined as the effective data-taking duration with AMS-01 op-
erational and ready for receiving a new trigger. In the computation of the exposure
time in orbit, it has to be taken into account the dead time of the instrument as well
as any orbit-dependent feature that may affect the accessibility of the detector to
cosmic rays. This is the case for the geomagnetic field (GMF) modulation (§1.3.2)
that screens the low energy charged particles depending on the detector position
along the orbit.

According to Eq.5.2 and assuming an isotropic cosmic-ray flux (integration over
the solid angle has been performed as discussed in §5.1), the total number of de-
tected and selected particles of a given species (labeled Z) collected over the data
taking is expressed by the following relation:

N? :/a(t)HZ(t,E)dt/ d%(E)AZ(E)R?(E,,, E)dE (5.14)

Assuming an ideal detector resolution in the energy determination, i.e.
R(E,.,E) = §(E,, — E) (the real case is discussed in Section § 5.4), for a finite
energy binning, the differential energy spectrum is:

__ AN(E)
T AE - AZ(E) - ATZ(E)

d%(E) (5.15)
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where ATZ(E) is the exposure time for the particle Z in the energy bin AE. All the
orbit-dependent conditions that influence the detection must be included in AT?Z,
i.e. the DAQ live-time fraction («) and the GMF modulation that prevent low
energy particles from reaching the spectrometer (H%):

ATZ(E) = / a(t)HZ (¢, E)dt (5.16)

Time integration to evaluate the exposure time is not trivial due to the rigidity cut-
off that varies continuously along the orbit. Particles have been selected after im-
posing a minimal rigidity threshold R™" = 1.2 Ry, with Ryc = (15GV)/R%cos* A
(83.3). This cut is qualitatively illustrated in Fig.5.11, where the distribution of
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log . (R/GV)
N

-

Figure 5.11: Distribution of the measured rigidity R as a function of the detector position along
the geomagnetic latitude A\. The cos*\ dependence of the Stormer cut-off (Eq.3.3) is represented
by the dashed line. For sake of clearness, R is kept fixed to unity.

the measured rigidity R is plotted as a function of the detector position along the
geomagnetic latitude . The cos*\ dependence of the Stormer cut (Eq.3.3) is rep-
resented by the dashed curve (for sake of clearness, R is kept fixed to unity)®.

The effect of the GMF modulation in the measured fluxes can be better under-
stood by dividing the orbit in geomagnetic bins (\;,R;) with associated rigidity
thresholds R. Thus, a corresponding set of fluxes ®7,(E) can be obtained. As an

6 It is important to remember that this rigidity cut-off is naturally imposed by the Earth
magnetosphere, but it is reinforced in this analysis to compensate for the limited GMF description
in the vertical Stormer model.
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Figure 5.12: Differential energy spectra ® at different geomagnetic latitudes ;. Moving from
the geomagnetic poles (|A| > 30°, french blue) toward the equator (JA| < 9°, light blue), it is
apparent the effect of the geomagnetic cut-off on the energy distribution.

example of this procedure, Boron and Carbon fluxes ®Z and ®¢ for five intervals
of geomagnetic latitude \; are shown in Fig.5.12 (the weaker dependent binning
on the radius R is not considered in this example). The five geomagnetic intervals
considered are defined by the following sequence:

IA| € {0°, 9°, 15°, 22°, 30°, 60°} (5.17)

Moving from the geomagnetic poles (|A| > 30°, french blue) toward the equator
(|IA] < 9°, light blue), it is apparent the effect of the geomagnetic cut-off on the
energy distribution, as a consequence of the geomagnetic modulation.

However, the goal of this analysis is to obtain the galactic fluxes ®# and ®°. The
approach consisted in computing AT?(E) according to its definition (Eq.5.16). The
procedure is outlined as follows:

e The entire orbit has been divided in 45,000 time intervals of §t ~ 10s.
e For each time bin dt;, a mean value of RL" is computed.
e For each time window dty, the trigger live-time fraction «; is also known.

e The exposure time AT?(FE) is then calculated for each particle Z, rigidity R
and energy F € AF as:

AT#(E) = oy HI (R, R{") - 6t (5.18)
k
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where R = (2) \/E*+2M,E, H = 1for R > R™ and H = 0 for R < R™" i.e. the
sum is extended to only the time windows above cut-off according to the Stormer
formula. The trigger live-time o, is the fraction of time when the AMS-01 spectrom-
eter is operational for triggering. «y is affected by the incident rate of cosmic-ray,
i.e. it depends on the geomagnetic region; however its value is directly measured by
the detector DAQ system (Fig.2.12 in §2.3). Following the above prescription for
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Figure 5.13: Exposure time above cut-off as a function of kinetic energy per nucleon of the
incident particles with A/Z = 2 (e.g. °B and 20, red points) and for particles with A/Z = 11/5
(B, blue squares).

each species, the energy spectra can be normalized directly from Eq.5.15.

It is clear from Eq.5.18 that the resulting exposure time in units of kinetic energy
per nucleon is different for different A/Z isotopes’. The exposure time above cutoff
as a function of the kinetic energy E is shown in Fig.5.13 for the A/Z = 2 particles
(like 2C and '°B, red line) and for A/Z = 11/5 (' B, blue line). This behaviour is
easily understandable: during the total data taking period T, the time ATZ#(FE) for
which a cosmic ray of given rigidity (energy) can reach the spectrometer from the
outer space is a continuously increasing function of the rigidity (energy), saturating
at ~a@-T (~ 0.8-175h ~ 8,500 min) for particles above R ~ 1.2 - My = 18 GV
(~ 15 GeV/n).

7 See discussion in §5.5.1.
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5.4 Energy Losses and Resolution

The relation between the measured energy of a detected particle and its true energy
is one aspect which one has to deal with in order to keep under control all elements
that determine the differential energy spectrum of the cosmic-ray nuclei.

A method to correct for this effect has therefore to be devised. Different algo-
rithms exist in literature [124, 125], that consist in the deconvolution of the detector
resolution function R(E,,, E'). This issues belong to the class of ill-posed problems,
and the chance to yield a suitable solution occur as long as the measured energy FE,,
is reasonably close to the true energy F.

Since energy losses produce systematic shifts toward lower energies, i.e. the corre-
sponding matrix elements may be found off the diagonal, it was decided to split this
problem in two distinct tasks.

First, a statistical correction to the measured energy is performed to compensate
for the energy loss, regardless the resolution in the measurement. Successively, a
closer inspection on the smearing effects due to the instrumental resolution have
been done. This second aspect has been treated using unfolding techniques.

5.4.1 TOI Corrections

As a particle traverses the spectrometer, it gradually looses energy due to interac-
tions with the active and passive material. The reconstructed rigidity (or energy
Erpc) is therefore systematically lower than the rigidity (or energy Eror) at the
Top Of the Instrument (TOI). The exact amount of energy loss for a given nucleus

detector element description composition (Xj)

MLI thermal blanket composite (e.g. mylar) C5H;09 0.7 g/cm?
LEP shield carbon fiber c 1.3 g/cm?
TOF scintillator Bicron BC0408 C/H=1 2.1 g/em?
TOF support structure alluminium honeycomb Al 1.0 g/em?

Table 5.1: List of material above the silicon tracker [113]. In the last column the surface density
is averaged over the angle of incidence.

depends on the integrated amount of matter traversed by the particle along its tra-
jectory. The matter located above the silicon tracker is summarized in Table 5.1.
The estimation of the energy loss has been performed through the Monte-Carlo sim-
ulation, by means of comparison between the measured energy Frpc with the true
energy Eror. Since this correction turned out to be important only for low energy
particles, the comparison is done using velocity 8 measured with the TOF, since it
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Figure 5.14: Distribution of the measured velocities 3 against the TOI kinetic energy per
nucleon for a Carbon MC sample. The red line represents the ideal relation between Epo; and
Brec for an ideal transparent detector. The distribution is shown before (left) and after (right) the
TOI corrections. The corrected distribution lies along the ideal line with an unavoidable dispersion
due to the finite resolution on the system.

is more precise than the tracker in measuring energy® below few hundred MeV/n.
Fig.5.14 shows the distribution of the measured velocities 3 against the TOI kinetic
energy per nucleon for a Carbon nuclei sample. The red line represents the TOI
velocity as a function of the kinetic energy Ero;

VEZor +2M,Ero;
Eror + M,

Bror = (5.19)

i.e. what an ideal detector would measure if no energy losses occurred. It is ap-
parent, on the left panel, a systematic shift toward lower velocities that has been
corrected statistically through an effective function. The right picture shows the
same distribution after compensation of the energy loss is performed. The corrected
distribution lies along the ideal line with an unavoidable dispersion due to the finite
resolution on the system.

5.4.2 Resolution Smearing

After the correction to the measured energy presented in the previous section, a
deeper investigation will now performed. Due to the finite rigidity and velocity res-
olution of the instrument, a particle with a given energy FE is generally detected at
a different energy F,, with a probability P.

8 This particular is not important in this specific task, as the correction is applied for the energy
losses with no regard to the instrumental resolution.
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P = P?(E,,|E) is given by the resolution function R?(E,,, E) (§5.1), that parametrizes
our knowledge of the detector response. Fig.5.15 gives an idea of the problem. The

True distribution

Spectrum

R . (Rigidity)”

< Events from the kth bin (Rk) are smeared up
by the detector resolution

resulting migration bin to bin

’ ¥y Measured (smeared) distribution

Spectrum

| (Rigidity]

Figure 5.15: The scheme illustrates the effect of the finite resolution in the measurement of a
generic spectrum [126]. The events coming from each given energy bin are smeared up in several
bins, affecting the measured distribution.

original spectrum ¢g(F) = dN/dE is obtained from the observed spectrum f(F,,) by
solving the Fredholm equation:

f(E,) = /EJQZ(Em, E)g(E)dE (5.20)

In this work the data counts are histogrammed with a uniform logarithmic binning
in energy from Ey = 0.35 GeV//n and E; = 45 GeV//n. The Fredholm equation is
then reduced to a algebraic equation:

e, =Y Me (5.21)
J

where €, and € are the energy vectors corresponding to the measured and original
spectra to be determined, and M? is the resolution matrix, i.e. the discretized reso-
lution function R?, whose elements express the probability of a bin-to-bin migration.
The matrix elements have been estimated with the Monte-Carlo simulation program,
which applies the events reconstruction procedures to an initial probe spectrum of
particles. MB and M€ (for Boron and Carbon) are shown in Fig.5.16, where the
kinetic energy F,, is measured with the silicon Tracker. Since the energy-loss correc-
tion have been already performed, the energy smearing is found to be substantially
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Figure 5.16: Matrix representation of the Tracker resolution function R?(FE,,, E) in kinetic
energy units for Z = 5 (left) and Z = 6 (right). Each matrix element gives the migration probability
between the true energy and the measured energy affected by the spectrometer resolution. These
matrices are normalized such that M; ; = P(E;|E;). Quite symmetric and diagonally-dominated
responses have been found from the Tracker.

symmetric around the diagonal. As it was already pointed out in a previous study
[113], the shape of the resolution function is log-rigidity and charge independent
for all the Z > 2 ions. Finally, off-diagonal elements are small compared to those
on-diagonal, since the energy bin withs have been chosen large with respect to the
detector energy resolution.

This is not the case for measurements with the TOF system. In Fig.5.17 the same
resolution matrices are shown, with the F,, computed from measured time of flight
(i.e. B7'). Tt is clear that the velocity is not a good parameter for determining
the energy spectra above ~ 2 GeV/n, as § — 1 and the time resolution becomes
dominating.

The procedure of correction of the distortion in the spectrum (solving equations
5.20 and 5.21) is known as unfolding. Even if the matrices M are invertible, a sim-
ple inversion is not satisfactory in general, because of the presence of negative bin
contents which are physical meaningless.

Thus, an unfolding algorithm has been developed. The method is based on the
Bayes approach and consists in an iterative forward folding procedure. It is outlined
as follows:

1. Start with an arbitrary ¢°(F).
2. Apply Fredholm equation (Eq.5.20) to get f1(E,,).

3. Compare f!(FE,,) with the measured f°(FE,,); define w! = ;—0
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Figure 5.17: Matrix representation of the TOF resolution function R? (E,,, E) in kinetic energy
units for Z = 5 (left) and Z = 6 (right). Each matrix element gives the migration probability
between the true energy and the measured energy affected by the spectrometer resolution. These
matrices are normalized such that M, ; = P(E;|E;). It is clear the limitation of the TOF system
in measuring relativistic particles.

4. Scale ¢° accordingly: ¢'(E) = w'(E) - ¢°(E).

5. Repeat the above steps using the new g(FE).

The procedure has to be repeated as long as the convergence is observed. After n
iterations:

() = / R(En|E) - g"\(E) - dE
(5.22)
[T f/

For a large number of iterations (n — o0):

g"(E) = g°(E) -

f™(En) — f(E,) (measured spectrum)
w'(E) — 1 (convergence) (5.23)
g" — G(E) (solution)

As a test, the algorithm as been validated with simulated spectra for Boron and
Carbon. Fig.5.18 shows the unfolded energy distribution (blue points) superimposed
to the generated spectra (dashed line) together with those reconstructed (solid line).
The algorithm has been applied to the measured B and C energy spectra individ-
ually (measurements come from Tracker). The result is shown in Fig.5.19, where
the unfolded spectrum is indicated with the red markers and compared with the
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Figure 5.18: Validation of the unfolding algorithm with simulated power-law spectra for Boron
(left) and Carbon (right). The unfolded energy distributions (blue markers) are plotted together
with the injected spectra (dashed line) and those reconstructed (solid line).
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Figure 5.19: Measured spectrum before (black histogram) and its corresponding unfolded spec-
trum (red markers) with the AMS-01 flight data. Due to the relatively large energy binning used
in this study, the final smearing effects are small.

measured energy spectrum (black histogram). Due to the large binning used in this
study, the final smearing effects are barely appreciable after the unfolding.
Furthermore, the corrections act in a very similar way for the two species, i.e. the
overall effect is mostly canceled out in the ratio: the relative differences before and
after corrections turned out to be smaller than the statistical errors on the B/C
(85.5.2).

Since there are no methods of compensating for this smearing effect without intro-
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ducing errors of the same order of magnitude as the corrections, the effect is quoted
as a systematic uncertainty instead of performing a correction. The relative dif-
ference between measured and unfolded B/C ratio is then regarded as a source of
systematic error (§5.5.2).

It should be noted that the convergence properties of this algorithm are not math-
ematically warranted, but, as a matter of fact, it is satisfactory after few (~ 12)
iterations. On the other hand, the algorithm fails with the energy spectrum ob-
tained with the time of flight, due to the abnormal response on the high energetic
bins (Fig.5.17).

5.5 The B/C Ratio

All the relevant quantities that enter in the calculation of the cosmic ray differential
energy spectra have been described. The last step is putting all together in order
to obtain a the B/C ratio and its corresponding uncertainties. This is the subject
of the present section.

5.5.1 The Isotopic Composition

The particle identity has been specified so far by the charge Z. The role of the
isotopic composition on the B/C measurement is now discussed. The Boron to
Carbon ratio is meant as the distribution of their isotopes:

¢IOB +¢IIB ¢IOB +¢11B

B/C = H12C 1 130 ~ $120

(5.24)

since the abundance of '3C' is thought to be negligible component of the cosmic-ray
Carbon. On the contrary, a more consistent fraction of !B is expected in the
cosmic rays compared with its isotopic composition at Earth, so that a B — B
isotopic mixture must be considered in B/C. This can be understood regarding
cosmic-ray Borons as a direct product of Carbon spallation over the interstellar
hydrogen. Fragmentation cross sections of >C on a proton target at E ~ 4 GeV/n
are estimated as [121, 127]:

o(C+p— "B+..)=(1234+3.0)mb

5.25
o(?CH+p— "B+.)=(27.7+0.7) mb (5.25)
For the following, it is convenient to define the Boron isotopic fraction:
$10B
Vp = P10B | H11B (5.26)
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Figure 5.20: Left: Boron isotopic composition Y as predicted with GALPROP. The composition
assumed in this work is indicated by the blue solid line, together with the uncertainty band, defined
by the dashed lines. Right: isotopic ratios of °Li/?Be, °B/°Be and °Li/"Li in the sub-GeV
region from GALPROP and compared with existing data [128, 129, 63].

The presence of an isotopic mixing B - ' B in the cosmic rays has to be accounted
in the measurement. Indeed, this is the first measurement of the B/C made with
a magnetic spectrometer, for which the physical quantity directly measured is the
rigidity R. In order to compare results with other experiments and theoretical
models, it has been decided to present the B/C ratio in units of kinetic energy per
nucleon E. Thus, in the computation of the boron spectrum, the measured rigidities
R must be converted into energies £ using:

E(R) = EM(R) = \/(92 R2+ M2 — M, (5.27)

where the exact conversion is fully specified by the knowledge of the nuclear charge
Z and the mass number’?A. Since the isotopic separation is not achievable by the
AMS-01 spectrometer, the exact value of A is not available event by event. Thus, an
opportune conversion R — FE has to be done according to some necessary assumption
on Yg. The uncertainty on its knowledge has also to be accounted in the final
measurement. For instance, starting from a rigidity power-law spectrum ¢(R) =
kR~7, the converted kinetic energy spectrum ¢(FE) results:

S(E) = k (%) o (E+ M,) [E? + 2EM,] "% =~ (%) T (5.28)

9In Eq.5.27 it was assumed M = A - M, being M, the proton mass.
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thus, for Z = 5 and v = —2.6, the assumption A = 10 (pure '°B) instead of
A =11 (pure " B) produces a relative difference of ~ 20% on the spectrum inten-
sity. According to the existing literature on measurements of cosmic-ray isotopes
and theoretical models (e.g. [130, 63, 128]), it has been used Y5 = 0.3540.15, that is
a quite conservative assumption over all the energy range of interest. Fig.5.20, left,
shows the isotopic ratio Yz as a function of the energy as predicted with GALPROP.
The horizontal lines represent value assumed here with and the related uncertainty
level.

This problem does not only deal with the presentation of the results. The mass
number A enters also in the exposure time AT?Z, which has to be determined as
a function of the kinetic energy per nucleon: in Eq.5.18 the mass number A must
be specified for the computation of the rigidity. In principle, even the acceptance
AZ(E) is isotope-dependent, as the nuclear interactions in the detector material af-
fect the chances of a given nucleus to be detected and measured, and some physical
processes (e.g. fragmentation) depend on the mass number A, i.e. on the particular
isotope!®. Therefore, in order to account for this effect in the measurement a statis-
tical procedure has been devised. The method is explained as follows.

Given an isotopic fraction Yp, the Boron energy spectrum can be written as ¢f =

& + o' where:
¢ =Yg - "
o't = (1-Yp) "

The number of Boron nuclei detected by AMS-01 in the energy bin AFE is then the
sum of the isotopes ANP = AN + AN with:

(5.29)

AN10:¢10'A10'AT10'AE

ANII — ¢11 . All . ATH . AE (530)

where A'® and A'! are the selection acceptances for the two species (§5.1), AT
and AT the corresponding exposure times (§5.3). The isotopic fraction of detected
Boron events can be defined as:

ANlo
AN + AN

(5.31)

ap =

Provided that Yp reflects the composition of Boron in the cosmic radiation, ap is
the corresponding composition convoluted with the measurement made by AMS-01,

10As a matter of fact, the detector acceptance is isotope-independent. Extensive simulations
have been performed with '°B and !B Boron isotopes and no significant differences in the cor-
responding acceptances have been found.
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i.e. after the modulation of the geomagnetic field and the detector response.
Even though B and !B isotopes are not directly identifiable by the spectrometer,
an estimation of ap can be computed from Yz by substituting Eq.5.30 in Eq.5.31:

B YB . AlO . ATlo
T Y- AOCATO 4 (1—Yg) - A ATH

ap (5.32)

As a matter of fact, ap ~ Yp with good approximation.

For a single particle detected as Boron (Z,.. = 5), ap can be interpreted as the
probability to be a 9B isotope:

P("“B|Zee =5) = ag

5.33
P("B|Zyee =5)=1—ap (5.33)

The method used for the calculation of the Boron spectrum ®#(F) taking into ac-
count the isotopic mixing °B — B is illustrated as follows.

1. An assumption on Yy is made together with its uncertainty dy, (0.35£0.15).
The corresponding ap and 4, are derived (Eq.5.31).

2. For each energy interval AE, two rigidity windows AR!? and AR are defined
according to the relationship:

R(E) = R*(E) = (%) VE? +2M,E (5.34)

3. Nuclei selected and identified as Boron (Z,.. = 5) are Cou~nted in AR and
AR, so that two distinct count histograms AN and AN are defined.

4. According to Eq.5.33, the numbers of detected °B and B are:

AN = ap - AN
) (5.35)
ANY = (1= ap)- AN
5. The differential energy spectra for B and ' B are then computed:
ANlO _
" = 10 10 = apg"
M = A = (1 - ap) "
AUCATH AR P
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where selection acceptances A°(E) and A''(E) have been estimated (§5.1) using
Monte-Carlo samples of pure °B and pure !B isotopic sample. The exposure times
above cut-off AT'(E) and ATY(E), given by Eq.5.18 (§5.3), are those illustrated
in Fig.5.13 (AT" in blue and AT in red).

The Boron energy spectrum is then given by ®7 = ¢!° 4 ¢!, The Carbon spectrum

is calculated in the usual way assuming ®¢ = ¢ PO e
ANC
PY(E) = 5.37
(E) AC - ATC . AE (5.37)

so that the B/C ratio is finally obtained.

5.5.2 Error Breakdown

The uncertainties on the measurement will now be presented in terms of relative
errors on the B/C ratio. For each energy bin, the quantity:

dB/c
B/C

eB/c = (5.38)

has been computed. A set of distinct error sources contribute to the overall uncer-
tainty:

1. Statistics from measured data.

2. Monte-Carlo statistics in the acceptance estimation.
3. Contamination due to particle mis-identification.

4. Smearing due to detector resolution.

5. Uncertainty on the trigger efficiency.

6. Uncertainty on the Boron isotopic composition.

Statistical uncertainties arise from fluctuations in the counts recorded in each energy
interval associated to E. The corresponding error for each energy bin is poissonian:

6gTAT = VAN?F 5gTAT = VANC®

¢ _ 08 AT 2+ 5gTAT ’ (5.39)
STAT = 9B o0
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Figure 5.21: Relative errors on the B/C ratio. The contributions from statistics from data,
Monte-Carlo statistics, contamination on the charge ID, resolution smearing, isotopic composition
and trigger efficiency are shown as a function of the kinetic energy per nucleon.

The Monte-Carlo statistics contributes with a systematic error according to the
binomial distribution:

5B [nP (1 —nP) 50 [n% (1 —n%)
MC — NB MC — NC
G G
(5.40)
B 2 C 2
o 6MC (SMC’
e =\\or ) T a0

being n? = N /N the ratio between detected and injected particles (§5.1).
The systematic due to the contamination on the particle identification is given from

Eq.4.31:
[(B/C)cr — (B/C) gl
(B/C)er

as discussed in §4.9, where the effects of the contamination and fragmentation in
the identification of B and C have been investigated in the whole energy range.
The uncertainties introduced by the finite spectrometer resolution (§5.4.2) are also
given by the relative differences between the B/C ratio values obtained before and
after correction for the spectrum unfolding.

A similar method has been used to compute the systematic error on the trigger
efficiency. Trigger efficiency enters in the B/C in term of acceptance ratio n (§5.1.1).
Correction on 7 have been presented in Section §5.2.1 for two different interaction

(5.41)

€EpiD =
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models. Hence, the two corresponding acceptances have been used to estimate the
deviation produced in the B/C ratio under different interaction models:

€ETRIG = Max (€G4, EFL) (5-42)
with
_(B/C)s—(B/C) s _|(B/C)p—(B/C) s
G4 T (B/O)gy - B/ (5.43)

where (B/C)4 is obtained using the acceptances from the GEANT3-based simula-
tion program. (B/C), and (B/C),,; are those obtained with VMC-GEANT4 and
VMC-FLUKA applications developed for the purpose (§2.4.3). The resulting error on
the B/C reflects the uncertainty band in the acceptance ratio n defined by the en-
velope of the three curves (Fig.5.10, right).

The systematic errors coming from the assumption on the isotopic composition on
the Boron spectrum are estimated by varying the isotopic mixing parameter Yz be-
tween Y; = Yp — 0y, and Ys = Yp + dy,, and calculating the corresponding spread
in the B/C.

Since the Boron energy spectrum has been defined as the mixing of B and 'B
spectra, the above error contributions have been evaluated for both the isotopes and
then combined together for a unique uncertainty 2. The quantities ¢'° and $*° that
appear in Eq.5.36 are affected by uncertainties 0'° and 6%, to be computed with the
above prescriptions. Since the estimated ¢'° and ¢'' are obtained from exactly the
same data-set (under a different assumption), they are strongly correlated and the
combined error on the sum ®7 is to be given according to:

(53)2 _ (510)2 + (511)2+2p510511 (5.44)

being p the correlation coefficient, 6" = 50" and 6" = (1 — ap)é''. Thus,
assuming maximum correlation p = 1, the isotopic-mixed error is finally given by:

(SB = 043510 + (1 — aB) Sll (545)

The overall uncertainty ezor is obtained as the squared sum of all the contributions!!
¢;. All the uncertainties are summarized in Fig.5.21, where each ¢; is plotted as a
function of kinetic energy per nucleon from 0.35 GeV/n up to 45 GeV/n. The overall
uncertainty ranges from ~ 4% to ~ 38% of the B/C. Its behaviour is substantially
increasing with energy, and mostly dominated by the statistical errors, especially at
high energy.

11 Note that some contributions (3 and 5 in the list) lead to asymmetric uncertainties on the
B/C. Asymmetric errors will therefore be quoted in the final measurements.
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5.5.3 Results and Discussion

The B/C nuclear ratio is finally presented in ten data points between 0.35 and
45 GeV/n. For the transition from energy bin to data point, since data are binned
uniformly in log F, the reference value (E;) for each energy bin [E;, F; 1] has been
chosen as the geometric mean of each the energy interval:

(E)) = \/E; - Eirsa (5.46)

and the B/C values are consequently defined for each energy interval as the ratios
B/C = ®B(E;)/o¢(E;).

The high energy limit has been set according to the requirement of reasonable statis-
tics. At low energy, the limit is imposed by the selection acceptance, that exhibits
a sharp decrease below 0.35 GeV/n (§3.2.6).

As a consistency check of the results, in Fig.5.22 the B/C measurement obtained
with the tracker (red) is superimposed to a distinct estimation'? made with the TOF
(blue). This is extended up to few GeV/n of energy, due to the limited TOF reso-
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Figure 5.22: B/C ratio obtained with Tracker measurements between 0.35 and 45 GeV/n (red)
in comparisons with that measured with the TOF between 0.35 and 5 GeV/n (blue) The two
measurements are in substantial agreement.

lution as # — 1, and no resolution errors are included, as the unfolding procedure
did not converge for this kind of measurement (§5.4.2). It is also worthy of being

12 The two measurements, made with Tracker and TOF, are not strictly independent as they
come from the same data sample obtained by imposing the same selection. Nonetheless the two
distinct measurements represent a significant consistency check.
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noticed that this measurement is barely affected by the isotopic composition, as the
TOF performs a direct measurement of kinetic energy per nucleon.

0.4
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Figure 5.23: Results for the B/C ratio measurement between 0.35 and 45 GeV/n (red markers).
The statistical (error bars) and systematic errors (shaded squares) are shown separately. The B/C
is compared with HEAO-C2 experiment (open triangles) and CREAM (open squares).

The measurement is shown in Fig.5.23 together with those collected from the HEAO3-
C2 experiment [38] from October 1979 and June 1980 (open triangles). AMS-01 data
and errors are also summarized in Tab.5.2.

Both the detectors AMS-01 and C2 operated in space during periods of similar solar
activity and polarity; altitude and inclination of the orbit were also comparable. The
recent result measured by the CREAM collaboration [52] are also reported (open
squares). The two measurements are in substantial agreement with the results from
this work.

The continuous line describes the B/C distribution in a diffusion halo model (D.
Maurin et al. [22]) where the magnetic diffusion is considered in terms of a rigidity-
dependent diffusion coefficient:

D(R) = Dyf3 (mi‘/)& (5.47)

The parameter Dy is related to the small-scale structure of the galactic magnetic
field, and ¢ specifies the rigidity power-law behaviour of the magnetic diffusion. The
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model assumes a rigidity power-law spectrum at the source, resulting from some
acceleration process:
dQ

with 6 = 0.6 and a = 2.2; the solar modulation is described in the force-field approx-
imation using ® = 500M V' [30], consistent with the period of the AMS-01 flight.
As discussed in §1.2.3, many analysis of cosmic rays nuclei assume power laws for
the diffusion and acceleration dependencies; these assumptions are supported by
the Fermi acceleration models and the theory of scattering in turbulent magnetized
plasma. Though the quantities a and ¢ have in principle to be fixed by the theory,
as pointed out by authors, in effective models they may be determined directly from
the data, in particular from the B/C. This particular model was cross-checked with
HEAO3-C2 data. Including this results will then allow a more precise evaluation of
the diffusion coefficient.

0.4

A HEAOD3
B CREAM
% CRN

0.3

0.2

B/C

0.1

LABLINL L LL L NLL B LL B  BBO

107 10° 10 10° 10° 10*
Kinetic Energy [GeV/nucleon]
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Figure 5.24: B/C Ratio with AMS-01 (black markers), CREAM and CRN. Solid line describe
a prediction with DRAGON transport code, where Kolmogorov spectrum (6 = 1/3) has been hypote-
sized.

Interpretation of the results in terms of propagation parameters is beyond the pur-
pose of this thesis. It is interesting however to compare the measurement with other
propagation frameworks. Fig.5.24 shows a B/C computation made with the DRAGON
code [131] in a wider energy range, including AMS-01, HEAO, CREAM and CRN
data [50]. DRAGON is a numerical model of particle propagation which incorporates
all the astrophysical inputs described in §1.2.3, allowing the possibility of using a
space-dependent diffusion operator D = D(E,r). Parameter values are H = 4 kpc
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(halo heigh), § = 0.33 (diffusion spectral index), V4 = 30 km - s~! (Alfvén veloc-
ity). Diffusion is threated assuming D = DyR’e*/H (with Dy = 2.6 - 10%cm?/s)
that provides a natural escape of cosmic rays at the boundaries of the halo. Data
suggest that the Kolmogorov spectrum (§ = 1/3) cannot be excluded, if opportune
reacceleration V), is introduced. Together with more precise high energy data, more
realistic descriptions of the cosmic-ray transport are therefore wished. Degeneration
of propagation parameters is one of the major issues to be clarified, in order to ob-
taining conclusive answers on the fundamental questions of the cosmic-ray transport

in the galactic medium.

AE (E) B/C STAT SYS
0.35+0.57 045 0.324 0.014 9017
0.57+0.92 0.72 0.338 0.011 0%
0.92+1.50 1.18 0.341 0.009 9008
1.50 +2.44 191 0.305 0.007 59501
244397 3.11 0269 0.008 9912
3.97+6.45 506 0238 0010 F9012
6.45+10.5 822 0.205 0.013 9013
105+17.0 134 0.181 0.020 +9010
17.0 +27.7 21.7 0.146 0.031 5%
27.7+45.0 353 0.129 0.049 0908

Table 5.2: Results for the B/C ratio between 0.35 and 45 GeV/n of kinetic energy per nucleon.
The columns indicate: energy intervals, reference values, B/C values, statistical errors, upper and

lower systematic errors.
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Conclusions

A new comprehensive measurement of the cosmic-ray B/C ratio has been carried
out in this thesis. This study adds to the knowledge that has been obtained during
the last decades, from the pioneer balloon-borne experiments up to the most recent
projects. Results are in good agreement with those found by the HEAO3-C2 exper-
iment and the new measurement presented by CREAM.

From an experimental point of view, this measurement has represented a challenge
for AMS-01, since the experiment was not specifically conceived for this purpose.
The low intensity of the ion fluxes, the AMS-01 reduced redundancy and the unfavor-
able trigger conditions have been the major difficulties that prevented the AMS-01
collaboration from pursuing this effort in the past.

Though the AMS-01 flight was an engineer flight — i.e. its main purpose was val-
idating the employed technology — the statistics, energy range and quality of data
were unprecedented and lead to highly interesting results concerning CR physics.
A consistent amount of Z>2 nuclei has also been detected and precisely measured.
This fact represented the strongest motivation for undertaking this analysis.

The majority of events recorded by AMS-01, for this study, were background cosmic
protons and helium nuclei. An excellent separation is provided by the sound combi-
nation of TOF and Tracker responses. For background coming from other charged
nuclei and mutual contamination between B and C, a novel approach for particle
identification has been developed from the data of AMS-01.

Much care has been taken in rejecting background arising from mis-reconstructed
events. Low energy particles are dominated by multiple scattering that significantly
affects the trajectories. Moreover, the intense delta-ray emission produced secondary
tracks or spurious hits that make difficult the track reconstruction.

Modulation effects due to the geomagnetic field, varying along the AMS-01 orbit,
have been studied for the two species in order to avoid distortions in the ratio of
their energy distributions. The modules of the orbiting space station MIR have been
1maged in the nuclear channel. To see the MIR as a well defined shadow means that
particles coming form MIR can be excluded with a simple geometric cut, with the
possibility of considering data coming from the docking phase.

Though many systematic effects were considerably simplified in passing to the ra-
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tio, much care and attention has been payed to the trigger efficiency. The AMS-01
trigger response was untrivially influenced by particle interactions occurring in the
material. Since the dedicated unbiased trigger did not give enough statistics for Z>2
nuclei, the Monte-Carlo technique has been the most appropriate way to perform the
estimation. A stand-alone simulation framework has been developed for validating
the trigger efficiency under more reliable interaction models. GEANT3+RQMD, GEANT4
and FLUKA have been employed for the purpose.

The role of indistinguishable isotopes entering in the measured B/C has been inves-
tigated, and a general method for accounting for this uncertainty has been devised.
The effects of the instrumental resolution on the B/C have also been investigated
using unfolding techniques. This helped in choosing a reasonable energy binning for
appreciating the B/C shape while keeping resolution effects at the percent level.

Several possible sources of uncertainty have been considered in the measurement:
statistics, MC finite production, charge contamination, resolution, isotopic compo-
sition and trigger efficiency. Recommendations for future works arose from these
studies.

Future experiments will have to better investigate the role of all light and heavy
CR ion energy spectra. Major challenges are reaching higher energies and better
precision in the fluxes determination.

AMS-02 will be installed on the International Space Station (ISS) in July 2010 with
the NASA shuttle mission STS-134. It represents a largely improved version of the
AMS-01 spectrometer.

Once installed on the ISS, AMS-02 will be operational for 3 years. This long ex-
posure time, together with the large acceptance Ag ~ 0.45 m?2sr, will produce an
improvement of a factor of 10% in sensitivity. Based on the experience with AMS-01,
a more refined trigger will be implemented for AMS-02 to precisely determine the
detection efficiencies. Improved Monte-Carlo simulations and analysis techniques
are also on the agenda. All the new AMS-02 subdetectors have been built and
successfully tested with particle beams and cosmic-ray muons, proving enhanced
performance and suitability for space. The spectrometer has recently been inte-
grated in its final configuration for the flight.

Accurate measurements of the CR energy spectra and chemical composition are
therefore expected for a large rigidity range (up to some 7'V') and high charge val-
ues (up to Iron).

Expectations for the B/C ratio (Fig.5.25, on the basis of a GALPROP prediction) as
well as other secondary/primary ratios are therefore particularly promising: con-
clusive constraints on the propagation parameters will shed light on open matters
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Figure 5.25: AMS-02 potential for the measurement of the B/C ratio after three
years of data taking. The prediction is calculated with the conventional diffusion
model from GALPROP [20] modulated with & = 800 MV'.

in astrophysics and cosmology. An understanding of the galactic structure as well
as cosmic-ray processes is the key to investigate the CR sources, including ordinary
things, like stars and supernovas, as well as exotica like quark stars, dark matter
annihilation or antimatter galaxies.

Exploring a new territory with a precision instrument is the key to discovery. New

exciting questions are sure to be raised by the results of the Alpha Magnetic Spec-
trometer in space.
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