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Introduction

The Earth is continuously hit by particles coming from space with differ-

ent energies and nature. The study of these particles is related to many

fields of the physics research, from cosmology to astrophysics and particle

physics. The observed cosmic ray spectra extend up to energies of about

1021 eV , decreasing their flux with increasing energy, and can be related

to a wide variety of sources.

Although many studies on cosmic rays have been carried out, since from

the beginning of the previous century, still some aspects remain to be

clarified. For example one of the most interesting items is the presence

of antiparticles in cosmic rays, in fact the apparent asymmetry of mat-

ter and antimatter in the visible universe is one of the greatest unsolved

problems in physics. Antiprotons and positrons have been detected in

cosmic rays among the much more consistent background of protons and

electrons. These antiparticles can be produced as secondaries in inter-

actions of cosmic ray nuclei with interstellar matter but the observed

flux does not agree perfectly with the theoretical expectations based on

secondary production. This fact triggered the development of many the-

ories for possible exotic sources of antimatter in the universe, but no

conclusion can be addressed on this question because the available mea-

surements are still quite poor. For this purpose some experiments have

been designed in order to optimize the antiparticle measurements.

The detection of cosmic rays is complicated by the presence of the atmo-

sphere around the Earth, due to the interaction of cosmic rays with the

nuclei of atmospheric gases that makes impossible their direct detection

at ground level. For this reason the physicists had to develop experiments

at high altitude, first of all with balloon flights. This technique has been
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successfully employed in the past but it had some limitations due to the

short duration of this kind of missions and the presence of a residual

atmospheric burden which increases the uncertainties of the measure-

ments. In order to overcome these problems the PAMELA experiment

has been designed to operate out of the atmosphere for a three-year long

mission. It has been launched on 15 June 2006 on board of the Resurs-

DK1 Russian satellite, which is orbiting at an altitude between 350 and

610 Km, with inclination of 70◦. PAMELA is an experiment that takes

advantage of many subdetectors. The most important are a permanent

magnet spectrometer, providing a rigidity measurement, and a sampling

calorimeter, which is a powerful particle identifier. Thanks to its long

exposure time and to the advanced experimental techniques employed,

PAMELA will measure with unprecedented statistics and sensitivity the

abundance and energy spectra of cosmic electrons, positrons, antiprotons

and light nuclei over a very large energy range.

The spectrometer and calorimeter calibrations are fundamental items

that have to be completed in order to obtain final scientific results. In

fact, in order to achieve the main objectives of the experiment, an un-

biased measurement of the momentum of charged particles is needed

and it is provided by the spectrometer only if a proper treatment of the

mechanical misalignments of the detectors is performed. An alignment

procedure has already been developed and applied during the previous

years to the system on ground. Since the position of the detectors might

have changed after the launch a further step of the alignment procedure

has to be performed in flight. For this task a measurement of the parti-

cle rigidity independent of the spectrometer is needed. One of the most

important feature of the PAMELA apparatus is the redundancy, which

allows for example to obtain the energy of electrons and positrons also

by means of calorimeter information.

The main aim of this work has been to develop a method to determine

the energy of electrons and positrons by using the calorimeter measure-

ments. This information can be used to perform a cross calibration be-

tween spectrometer and calorimeter, with the final objective to evaluate

the alignment parameters necessary for the tracking system analysis.

The first chapter contains an introduction to the general aspects of
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cosmic-ray physics, with some details about the antiparticle issue. In the

second chapter the PAMELA mission, its objectives, and the sub-systems

that compose the apparatus are described, with main focus on the mag-

netic spectrometer and the calorimeter, which are the detector mainly

involved in this work. Some details on the data reduction and calibra-

tion procedures, which have been developed for the analysis of the data,

are illustrated in chapter 3. Chapter 4 is fully dedicated to the method

developed to reconstruct the energy of electrons and positrons by means

of calorimeter information. This method has been used to perform the

alignment of the spectrometer in flight, which is the argument treated in

chapter 5.
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Chapter 1

Cosmic rays

In the first half of the 20th century cosmic rays played a fundamental role

in particle physics, since they were the most powerful sources of parti-

cles with an energy high enough to create new particles or to study the

structure of the nucleus. However, with the advent of more and more

powerful accelerator machines, subnuclear physics increasingly employed

artificial beams in substitution of the cosmic radiation, and the interest

of cosmic-ray physicists turned towards understanding the processes in-

volved in the origin and the propagation of these particles rather than

on using them as a source for experiments, thus giving contributions to

the fields of astrophysics and cosmology too. Nowadays the astrophysics

community is particularly interested in studying the antimatter compo-

nent in cosmic rays in order to understand the nature of dark matter and

the apparent unbalance between matter and antimatter.

This chapter provides a brief review of the features of cosmic-ray spec-

trum and composition, together with the main theories on their origin

and propagation, with particular focus on antiparticles. Then the current

experimental situation is presented with the description of the open issues

to be investigated especially regarding positrons.
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CHAPTER 1. Cosmic rays

1.1 Introduction to cosmic rays

Till 1912 it was believed that the radiation measured in air at sea level

was emitted by the surface of the Earth. This view changed when the

physicist Victor Hess [1] through experiments on balloon with an electro-

scope, showed that the intensity of ionising radiation was decreasing up

to 1500 m from ground, but increasing continuously after that. It was

only in 1926 that Millikan used for the first time the expression “cosmic

rays” to indicate the extraterrestrial ionizing radiation. Now the term is

usually applied to all the charged particles and nuclei entering the Earth

atmosphere from space, and often it is extended to include other compo-

nents such as high-energy photons or neutrinos.

The observation of single cosmic-ray tracks became possible in 1930,

when cloud chambers were invented. In this way many particles have

been discovered, starting from the positron in 1932 and the muon in

1937. The discoveries of subatomic particles as a result of cosmic-ray re-

search gave birth to the science of elementary-particle physics and, until

the advent of the accelerators, particle physicist used only cosmic rays

for their research. Later accelerator based particle physics provided more

accurate measurements, but currently only energies, in the center of mass

system of reference, up to ECM ∼ 1013 eV , which correspond to a cosmic

ray of energy ECR ∼ 5 · 1016 eV , can be reached. Thus the study of

particles at higher energies can be performed only through cosmic rays,

since the energy of cosmic particles cover a wide range from ∼ 106 eV to

∼ 1020 eV .

Since the discover of cosmic radiation, the research was performed through

balloon experiments. At the altitudes reached by these devices, ∼ 40 km,

there is still an overburden of ∼ 5 g/cm2 from the residual atmosphere,

where particle interactions can occur. The next step in cosmic-ray physics

has therefore been to use satellite-borne experiments.

Cosmic rays are conventionally divided into two groups, called pri-

maries and secondaries, according to their origin: primary cosmic rays

are created and accelerated by some astrophysical sources and then they

propagate through space and reach the Earth, while secondaries are par-
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Figure 1.1: Differential flux of the most abundant nuclear components of
cosmic rays at the top of the atmosphere (from Ref. [2]).

ticles and nuclei generated by the interaction of the primaries with the

interstellar medium along their path.

The chemical composition of cosmic rays depends on the energy range

considered. In the energy range below 1 TeV , where direct measurements

exist, cosmic rays are composed of about 85% protons and 15% helium

nuclei, with less than 1% of electrons and small abundances of heavier

nuclei and antiparticles.

The differential flux Φ(E) is defined as the number of cosmic rays per unit

area, time, solid angle and energy. This quantity is shown in figure 1.1

as measured at the top of the atmosphere for the most abundant nuclei

in cosmic rays and for energies up to some units in 106 MeV/nucleon.

Figure 1.2 shows the so-called “all-particle” spectrum (i.e. the spectra of

the different components all added together) up to the highest measured
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CHAPTER 1. Cosmic rays

Figure 1.2: Differential all-particle flux of the highest-energy cosmic rays.

energies. The cosmic-ray spectrum is today known with good precision

up to ∼ 1019 eV . The differential energy spectrum can be represented

by a broken power law function:

dN

dE
∝ E−α (1.1)

where E here represents the energy-per-nucleon and α is the differential

spectral index, which varies depending on the energy region. At low en-

ergy the spectrum is dominated by solar modulation, which explains the

presence of a maximum around some hundreds MeV/nucleon. In the

region between about 109 eV and 1015 eV the measured spectral index

is about 2.7, then the spectrum steepens for higher energies (spectral in-

dex 3) until 5 · 1018 eV , and above the spectrum flattens (spectral index

2.8). These two features of the cosmic-radiation spectrum are called the
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Figure 1.3: Fluxes of some of the most abundant cosmic-ray components as
measured by AMS − 01 and Heat − e±.

“knee” and the “ankle”, respectively, and the reason of their existence

is not well understood yet. Probably the changes in the power law is

related to different mechanisms of particle acceleration and propagation.

Figure 1.3 shows the spectra of protons and helium nuclei together with

that of electrons and positrons with energies up to approximately 100 GeV .

It is apparent that in this energy range protons are by far the most

abundant cosmic-ray component. In particular, their flux exceeds that

of positrons by a factor of 103 ÷ 104. Moreover, the energy spectra of the

leptons (α ∼ 3.4) are slightly steeper than those of nuclei.

Standard theories on the origin of cosmic rays state that most of

the non-solar component is produced by the shock waves existing in the

regions around supernovae explosions inside our galaxy. The spectrum

and composition of cosmic rays for energies up to the “knee” is compat-

ible with a production of the nuclei in supernovae explosions and with

a successive acceleration via the “Fermi mechanism”. This mechanism
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CHAPTER 1. Cosmic rays

of acceleration was proposed in 1949 by E.Fermi [3], it is based on the

assumption that particles in collisions with macroscopic moving objects,

such as magnetic fields in shock waves of supernovae, could undergo re-

peated finite energy gains. It states that at each interaction a particle

gains a fraction of its initial energy and has a certain probability to es-

cape the acceleration region, which is related to the particle velocity. In

fact when the speed is too high for the magnetic field to constrain the

particles in the acceleration region, they would eventually escape into the

galaxy. With the above simple assumption this model naturally predicts

the observed spectral shape. Moreover the source would be character-

ized by a maximum reachable energy, which depends on its size and on

the intensity of its magnetic field. According to theory, the maximum

energy which the Fermi mechanism can give to a nucleus increases with

its charge. As a consequence, cosmic-ray composition becomes heavier

around and above the knee, since heavier elements may be accelerated

to higher energies. According to this scenario the lower-energy change in

the spectral index at the “knee” could reflect the fact that some of the

galactic accelerators of cosmic rays have reached the upper limit beyond

which the process no longer provides particles in an efficient way.

However the Fermi acceleration model associated to galactic objects, can-

not explain particles with energy greater than 1018 eV . The origin of the

highest portion of the spectrum remains unclear but several possible ex-

planations have been proposed, suggesting that the cosmic rays above

the ankle could have origin from extragalactic sources or that they could

be the decay products of exotic massive particles such as those predicted

by extensions of the Standard Model of particle physics. The types of

objects in the Universe that are able to accelerate particles at these high

energies are limited in number. In particular, there are only 4 classes of

sites able to accelerate particles above 1020 eV : high magnetic field neu-

tron stars, Active Galactic Nuclei (AGN), lobes of giant radio galaxies

and Gamma-ray bursts. All these sites are characterised either by strong

magnetic fields or by large physical dimensions. Recent measurements [4]

found a correlation with nearby AGN, favouring these kind of object as

sources of cosmic rays with E > 1019 eV .

Due to the wide extension of the cosmic-ray spectrum, and to the
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1.1. Introduction to cosmic rays

large variation in the number of particles, different kinds of experimental

techniques have been used to perform measurements in the different en-

ergy regions. Direct measurements of cosmic rays can be done by means

of detectors on board of aerostatic balloons or satellites, the highest en-

ergy attainable with such techniques is about 1015 eV . At higher energy

the flux is too low, hence the experimental techniques exploit the showers

of particles produced by the interaction of primary cosmic rays with the

atmosphere: ground-based large-array detectors and fluorescence detec-

tors are used to investigate the higher energy region.

1.1.1 Propagation

Apart from the solar component, the observed cosmic-ray particles are

produced somewhere in the galactic volume and, regarding the extreme

energy component maybe also in extragalactic sources. Consequently,

on their way to Earth, cosmic rays are involved in many kinds of pro-

cesses, including scattering off the interstellar medium and interaction

with magnetic fields. The result of all these processes is that cosmic rays

are isotropized, therefore do not map their origin. Moreover the detected

spectrum is modified with respect to the one at the sources. A careful

study of the propagation models in the galaxy is needed in order to com-

pare the observed data with those expected according to some theoretical

production rate.

Charged particles move under the influence of the galactic magnetic field,

at the energies we are interested in the magnetic gyro-radii 1 are quite

small, however, the magnetic field is tangled so that particles can jump

to nearby field lines and can drastically alter their courses. The process

of propagation of charged particles in the galaxy can be modeled as a

random walk, which can be described by the following diffusion equation:

∂N

∂t
= ∇ · (D∇N − ~uN) − N

τesc
− ∂

∂E
(b(E)N) + Q (1.2)

1The gyro-radius, or radius of gyration, defines the radius of the circular motion
of a charged particle in the presence of a uniform magnetic field. It is calculated
as rg = mv⊥

|q|B , where m is the mass of the particle of charge q, v⊥ is the velocity

component perpendicular to the direction of the constant magnetic field B.
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CHAPTER 1. Cosmic rays

where N ≡ N(~r, t, E) is the cosmic-ray number density with energy

E at a point ~r and time t and Q ≡ Q(~r, t, E) is their source num-

ber density. The first term on the right hand side contains the diffu-

sion coefficient D and the velocity ~u of convective particle transport in

the galaxy. The second term represents the losses of particles by colli-

sion and decay with a mean escape time τesc. The third term describes

the energy variation through the energy loss rate b(E) ≡ dE/dt. This

term depends strictly on the nature of the propagating particle. In fact,

while for hadrons the energy loss is mainly due to ionization, electrons

and positrons, because of their smaller mass, suffer large radiative losses

through Bremsstrahlung emission, inverse-Compton scattering with the

ambient photons and synchrotron radiation in the magnetic field. Their

relative importance depends on the electron energy expressed through

γ = E/mec
2 for relativistic particles, in details

b(E) = A1(3 ln γ) + A2γ + A3γ
2. (1.3)

The first term on the right describes ionization losses which have a

logarithmic dependence on the energy; the second term accounts for

Bremsstrahlung losses and the last for inverse Compton and synchrotron

losses. The last processes dominate over ionization and Bremsstrahlung

energy losses for electron energy greater than 1 GeV . Since cosmic mi-

crowave radiation permeates all the space the process of inverse Compton

scattering with this radiation limits the distance that e± can travel, with

the result that the electrons detected in cosmic radiation have surely a

galactic origin. The energy lost by cosmic-ray electrons and positrons

is proportional to the square of their energy; therefore, they cannot dif-

fuse for large distances. Their average range is [5] r ∼ 1 kpc/E(TeV ).

Moreover, the sources of high-energy electrons and positrons must be

relatively recent in order not to have important radiative losses, trad ∼
2.1 · 105 yr/E(TeV ). On the contrary the mean free path for hadrons in

interstellar space is larger than the typical galactic distances.

Many authors emphasized that the cosmic-ray electron spectrum cannot

be considered to be representative of a Galactic average, but it must re-

flect the recent history of the solar system neighborhood, especially in

the highest energy range. Consequently, although the electron compo-
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1.2. Modulation

nent constitutes less than 1% of the cosmic rays, it plays an important

role in understanding the propagation of cosmic rays in the Galaxy.

The most frequently used models are briefly reviewed in the following:

Leaky box model This is the simplest model of propagation in

the galaxy, based on the assumption that the sources of cosmic rays

are uniformly distributed in the galactic disk, which is surrounded

by the halo, and that they diffuse freely in a confinement volume:

at each encounter with its boundary they can be reflected and the

probability per unit of time of escaping into intergalactic space is

constant.

Diffusion model In this model cosmic-ray sources and matters

are located in the galactic disk, then they diffuse through the disk

and the halo and escape freely from the boundary. This model

is more realistic than the leaky box model to describe cosmic-ray

propagation in the Galaxy because the spatial properties, such as

structure of the Galaxy, the spatial distributions of the sources, the

interstellar radiation and the magnetic fields are taken into account.

1.2 Modulation

In the vicinity of the earth the radiation environment consists of galactic

cosmic rays, solar particles and trapped particles, which vary in time

and with the geographical position modulated by two processes: the sun

solar wind and the Earth magnetic field. The effect of this modulation,

which is visible as a maximum in the spectra in figure 1.2, is due to an

attenuation of the flux of low-energy galactic cosmic rays reaching the

Earth.

The solar wind is a continuous flow of plasma, mainly low-energy elec-

trons and light ionized nuclei, coming out from the sun corona; it travels

with a speed of about 350 km/s extending out beyond Pluto (as far as

about 100 AU2). This plasma originates the interplanetary magnetic field

2Astronomical Unit, is approximately the mean distance between the Earth and
the Sun: 149598000 kilometers
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CHAPTER 1. Cosmic rays

because it carries the solar magnetic field out into the solar system. The

solar activity which causes the solar wind varies with time with a period

of 22 years, that is the field varies from a maximum level to a minimum

and then returning to a maximum in 11 years, then there is a reversion

of the magnetic field.

When the interstellar cosmic rays enter the solar system they interact

with the solar wind and the magnetic field deflects the low-energy part

of the incoming cosmic radiation. The overall effect is a variation of

the flux, which is known as solar modulation, strongly correlated to the

activity of the Sun: the higher is the production of solar particles, the

lower is the number of galactic cosmic rays capable of reaching the Earth.

The level of modulation varies in anticorrelation with solar activity. The

PAMELA experiment takes place during a solar minimum.

The effect of solar modulation depends on the energy of the particles, it

decelerates the incoming particles and excludes some of them with ener-

gies below about 1 GeV , while it becomes negligible above ∼ 10 GeV .

This solar modulation also exhibits a dependence on the sign of the

cosmic-ray particle charge [6]. This feature has not been completely

explained and has to be confirmed by more accurate measurements.

Other effects due to the Sun occurs occasionally when bursts of energetic

particles are emitted during solar flares or in the course of coronal mass

ejections: in such events, particles up to some tens of GeV are sent out

into space and they contribute to the cosmic-ray spectrum.

Another contribution to the reduction of the amount of cosmic radi-

ation comes from the Earth influence. In the vicinity of the Earth its

magnetic field3 is well approximated by a dipole field, as shown in fig-

ure 1.4. The axis of the field is inclined of about 11◦ with respect to

the Earth rotational axis, and its magnetic north pole is located in the

southern hemisphere. The intensity of the field is given approximately

by:

B(λ, r) ' 0.31 Gauss

(r/rE)3

√

1 + 3 sin2 λ (1.4)

3The terrestrial magnetic field is probably generated by the electric currents con-
nected to the movements of the melted masses inside the planet.
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Figure 1.4: Sketch of the magnetic field of the Earth, showing the inclination
of the magnetic axis and the location of the magnetic poles NB and SB with
respect to the geographic ones.

where λ represents the geomagnetic latitude, which depends on both the

geographical latitude and longitude, because of the inclination of the axis

of the dipole, rE is the radius of the Earth, and r is the distance between

its center and the point of interest. The geometry and the intensity of the

terrestrial magnetic field define the so-called geomagnetic cut-off effect

which is related to the minimum momentum that an incoming particle

needs in order to reach the Earth in spite of the magnetic field deflec-

tion. Actually the best quantity to describe the behaviour of charged

particles moving inside a magnetic field is not the momentum but the

rigidity defined as the ratio between the magnitude of its momentum

and its charge, R = p/q, because particles with different momentum and

charge but identical rigidity are bent in the same direction with the same

curvature by the Lorentz force. The vertical geomagnetic cut-off is larger

at the equator (> 10 GeV ) than in the polar regions (< 1 GeV ), its vari-

ation with geomagnetic latitude λ can be approximated by the following

expression [7]:

Rcut−off ' 14.9 · cos4 λ (GeV/c). (1.5)

It is confirmed by the fact that the measured intensity of cosmic radiation

11



CHAPTER 1. Cosmic rays

Figure 1.5: Particle drift in the Van Allen belts. The motion of trapped
particles consists of three periodic components: gyration around a magnetic
field line, movement along the field and longitudinal drift toward west and
east for positively and negatively charged particles respectively.

is dependent on latitude, longitude and azimuth.

Particles can become trapped in the dipolar terrestrial field because

of mirroring in the “magnetic bottle”, this is shown in figure 1.5. There

are two stable radiation belts, where trapped particles are confined. The

outer belt consists mainly of electrons of energy up to 10 MeV , while

the inner belt is populated by protons of energy up to few hundreds

of MeV . Due to the fact that the magnetic field and the belts are

tilted compared to the Earth rotational axis, there is a region off the

coast of Argentina where the inner belt is closer to the Earth Surface,

this region is referred to as South Atlantic Anomaly (SAA). The shape

and the strength of the radiation belts are modified by the activity of

the Sun because it determines the extent of the magnetosphere. As a

consequence the intensity of any component of the cosmic rays below a

few GeV depends both on the location and on time.

1.3 Antiparticles in cosmic rays

The model of quantum field theory has placed antimatter on an equal

footing with matter and opened up speculation as to whether there is an

overall balance between the amount of matter and the amount of anti-

12



1.3. Antiparticles in cosmic rays

matter in the universe.

The Standard Model of particle physics describes the elementary con-

stituents and interactions of matter and is successful in explaining al-

most all experimental observations in particle physics. However, it is

widely assumed that the Standard Model must merely be a part of a

superior and more comprehensive theory, in the sense that it could be a

low-energy effective theory truly valid only in the energy regime open to

current experiments. The Standard Model shows that every particle has

an antiparticle, and that they can only be produced in pairs. Antipro-

tons and positrons have been observed in cosmic rays, while antinuclei

heavier than p̄ have been looked for but never been observed in space.

The number of antiparticles present in cosmic rays is much lower than

the number of the corresponding particles, reflecting the fact that we live

in a galaxy made mostly of matter. In order to justify a Universe made

entirely by matter we must introduce some new physics in the Standard

Model and Standard cosmology.

This possibility was proposed in 1967 by Sakharov [8]. According to

his model an initially symmetric Universe could dynamically evolve to

generate the observed asymmetry if three conditions are satisfied:

1. different interactions of particles and antiparticles, for example vi-

olation of C and CP symmetries;

2. deviation from the thermal equilibrium in the early Universe;

3. non-conservation of the baryonic charge.

These conditions were suggested after the discovery of the CP-violation

in the neutral kaon system in 1964 and of the C-violation in the pion

decay. However the level of CP-violation seems not enough to fulfill

the Sakharov conditions. In 1965 the Cosmic Microwave Background

Radiation was discovered, this radiation is considered as the best evidence

for the Big Bang model of the Universe, from which the second condition

arises naturally, since it foresees an expanding Universe. Currently there

is no experimental evidence of the violation of the baryonic charge, but

this condition is foreseen in the models of Grand Unification at an energy

scale of ∼ 1016 GeV . Other scenarios with baryon non-conservation
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at much lower energies have been developed and include for example

supersymmetric particles, topological defects and black-hole evaporation.

Another approach developed to explain the observed local asymme-

try between matter and antimatter relies on the hypothesis that baryons

may survive as galaxies in some regions of the universe and antibaryons

may survive as antigalaxies in other regions. In this case, the matter-

antimatter asymmetry should be “local” instead of “global”. Unfortu-

nately, it is not possible to look for antimatter galaxies with optical

methods, since the photon is its own antiparticle. This hypothesis needs

a separation between matter and antimatter domains to justify the fact

that they do not annihilate.

There are different ways to investigate the addressed questions. A

possibility is to study the γ radiation component in the Universe, since

it is connected to annihilation processes of matter and antimatter. De-

tailed studies of the expected γ-ray background, in the case the universe

consists of distinct regions of matter and antimatter, demonstrated that

the size of the domain where we live should be at least comparable to

the present day cosmological horizon [9], therefore excluding a globally

baryon-symmetric universe.

Another possibility, the one studied in this work because it is the aim of

PAMELA experiment, is to directly detect a primary antimatter compo-

nent in cosmic radiation.

The known antimatter cosmic-ray component consists of antiprotons and

positrons. They can be produced as secondaries arising from interactions

of standard matter in the galaxy.

Antiprotons can be produced as secondaries in collisions of high en-

ergy cosmic-ray nuclei with the interstellar medium, through the general

reaction Np → p̄X. The threshold for antiproton production from kine-

matic constraints is 5.6 GeV and the production cross section is strongly

energy dependent. Due to the fact that kinematics predicts the suppres-

sion of low-energy secondary antiprotons in the Galactic cosmic rays, the

search for a possible primary component of antiprotons at lower energy

should be easier, but in this case one has to take into account even the

solar modulation, as already explained in section 1.2.
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1.3. Antiparticles in cosmic rays

Positrons are produced as secondaries either by pair production (γγ →
e+e−) and by a multitude of reactions induced by high energy cosmic-ray

nuclei interaction with the interstellar medium involving the creation of

pions and kaons, which in turn decay in electrons and positrons (via the

decay π±, k± → µ± → e±). The muons created through decays of sec-

ondary pions and kaons are fully polarized, which results in e± decay

asymmetry and consequently a difference in their production spectra.

However, since this asymmetry is negligible, the process yields a nearly

equal amount of electrons and positrons.

There are systematic differences among various positron flux measure-

ments due for example to solar modulation, consequently, for the task

of comparison, it is natural to express the positron flux as the ratio

e+/(e+ + e−). The positron fraction measured at the top of the atmo-

sphere is ' 10% at few GeV , thus the majority of the electrons have to

be of primary origin. If positrons are instead mainly of secondary origin,

their spectrum becomes a valuable tool for judging the validity of prop-

agation models since it decouples the measurements of the propagation

products from the measurement of primary electron spectrum. The sec-

ondary component can be estimated by using the spectra of cosmic-ray

nuclei measured at the top of the atmosphere and models of cosmic-ray

propagation in the galaxy.

At present the known antimatter cosmic-ray component does not in-

clude antihelium or heavier antinuclei, according to the fact that the

probability for them to be generated with secondary production is ex-

tremely low. Consequently, if any H̄e is discovered, it can be stated

that it has primary origin, either produced during primordial nucleosyn-

thesis or coming from a distant antigalaxy. In figure 1.6 is shown the

present experimental limits concerning H̄e/He ratio, no observation of

anti-helium has been made to date and so upper limits are shown. The

value of this ratio is very important being connected with the baryon

antibaryon asymmetry in the Universe. We can reasonably expect that

the antimatter-matter ratio in cosmic rays is more or less equal to the

(anti-star)-star ratio NS̄/NS, if the antistars are of the same kind as the

stars in the Galaxy. The present observational limit in the search of
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CHAPTER 1. Cosmic rays

Figure 1.6: Experimental limits on the ratio of anti-helium to helium in the
cosmic radiation shown as a function of rigidity [35]. The expectation for
PAMELA after a 3 year long mission is shown.
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antihelium is of the order of 10−6, leading to the constraint [10]:

NS̄

NS

.
H̄e

He
. 10−6. (1.6)

Considering that the number of ordinary stars in the galaxy is about

NS ∼ 1011, it follows NS̄ . 105. In the same figure the expectation for

PAMELA after a 3 year long mission is shown, PAMELA should extend

this limit to the 10−7 level.

On the contrary, since antiprotons and positrons are extensively produced

by collisions of cosmic rays with interstellar matter, their existence is not

a direct signature for the existence of primary antimatter sources, but

their signal might arise anyway as a distortion on the detected secondary

production fluxes.

From the current status of antiproton and positron measurements it

seems that the observed spectra agrees with a purely secondary produc-

tion, anyway at high energy the measurement are not quite significant

because the statistic is too low. The general behaviour would asses an en-

hancement of the expected number of antiparticles that could be justified

by some primary sources. Apart from antistars there are other possible

sources of primary antimatter, first of all the dark matter annihilation.

In the following the status of the antiparticle observation and the main

hypotheses developed to explain such behaviour are reviewed.

1.3.1 Present antiparticle measurements

Positrons and antiprotons are the only antiparticle species detected in the

cosmic radiation until now. Detailed measurements of the antiproton

and positron energy spectra can provide valuable information on the

structure of the interstellar medium, on cosmic-ray propagation and solar

modulation. However, there might also be more exotic contributions

to the observed intensities of these particles. To solve this puzzle of

hypotheses the study of their flux is fundamental and many experiments

have been performed in the past with this aim.
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Figure 1.7: Recent experimental spectra (BESS00 and BES-
S99 [11], AMS [12], CAPRICE98 [13], BESS95+97 [14], MASS91 [15],
CAPRICE94 [16], IMAX92 [17]) along with theoretical calculations for
pure secondary production (solid lines: [18], dashed line: [19]) and for
pure primary production (dotted line: [20], assuming the annihilation of
neutralinos of mass 964 GeV/c2). The expected PAMELA performance, in
case of a pure secondary component (full boxes) and of an additional primary
component (full circles), are indicated. Only statistical errors are included in
the expected PAMELA data.
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Figure 1.8: The positron fraction as a function of energy measured by sev-
eral experiments ([21, 22, 23] and MASS89 [24], TS93 [25], HEAT94+95 [26],
CAPRICE94 [27] [28], AMS [29], CAPRICE98 [30], HEAT00 [31]). The
dashed [32] and the solid [33] lines are calculations of the secondary positron
fraction. The dotted line is a possible contribution from annihilation of neu-
tralinos of mass 336 GeV/c2 [34]. The expected PAMELA performance, for
a pure secondary component (full boxes) and of an additional primary com-
ponent (full circles), are indicated. Only statistical errors are included in the
expected PAMELA data.
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Figures 1.7 and 1.8 show a summary of the current status of antipro-

ton and positron measurements together with PAMELA expectations.

The majority of the data available comes from balloon-borne experi-

ments, with the exception of AMS-01 [36], that flew on a short-duration

flight on the Space Shuttle in 1998. At present data exist in the energy

range up to 50 GeV for antiprotons and up to 30 GeV for positrons.

PAMELA will increase the range for both particle types up to few hun-

dred GeV and will reduce the statistical errors in the range where data

exist.

The study of antimatter in cosmic rays is a unique tool to investigate

several physics and astrophysical phenomena. In fact, even if the ob-

served antiprotons and positrons are only or mainly of secondary origin,

their energy spectra are useful to validate the propagation models. Thus

in order to compare the secondary expected flux with the measured one,

a careful study of cosmic-ray propagation, following different galactic

model, is needed. In this way one can identify the primary contributions

in the spectra of secondary antiproton and positron. The dashed and

solid lines in figures 1.7 and 1.8 indicate expectations from purely sec-

ondary production models.

From figure 1.7 seems that the observed antiproton flux measurements

agrees with a purely secondary antiproton production, at least in the

energy range where the measurements are statistically significant.

cosmic-ray electrons are probably accelerated by the same engines that

accelerate cosmic-ray protons and nuclei (galactic supernova explosions).

Positrons, whose flux is 10% of the electron flux above a few GeV, are

believed to be produced by the interactions of cosmic rays with the in-

terstellar medium. However few experiments measured a larger positron

fraction which lead to speculations about primary sources of positrons.

From figure 1.8 it can be seen that the observed positron fraction below

10 GeV is essentially explained by the secondary origin. For example re-

cent observations with CAPRICE94 [27] show that the observed positron

spectrum and the positron fraction below about 10 GeV are consistent

with a pure secondary origin in the diffusion model of cosmic-ray propa-

gation.

On the other hand some measurements indicate that there is a significant
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excess of positrons at energies around 10 GeV and above, compared to the

fraction expected from the secondary sources. The HEAT instrument 4

has detected cosmic-ray electrons and positrons in two balloon flights,

at energies between 1 and 50 GeV . The combined data set indicates

that the positron fraction does not increase with energy above 10 GeV .

However, the results suggest a slight overabundance of positrons at all

energies compared with published predictions from secondary production

sources, and possibly the hint of a feature in the positron fraction in the

energy range 7 ÷ 20 GeV .

However, the interpretation of the results at high energy is difficult due

to large uncertainties in propagation models and large experimental er-

rors. Moreover a contamination of protons in the positron sample could

affect the results, thus more analyses and statistics are needed.

1.3.2 Sources of primary antiparticles

One of the possible explanation of a primary component of antiparticles

in cosmic rays comes from the existence of antigalaxies in the Universe, in

this case they should produce and accelerate particles in the same way of

galaxies and consequently extragalactic cosmic rays made of antimatter

could reach our galaxy becoming part of the Milky Way cosmic rays. In

case of existence of primordial antimatter, H̄e should be the most abun-

dant element apart from anti-hydrogen, while heavier antinuclei could be

produced only during stellar nucleosynthesis processes, thus their detec-

tion should be the prove of the existence of anti-stars.

The other possibilities are all related to “exotic processes”. One of them

is the evaporation of primordial black holes (PBH) by the Hawking pro-

cess. The prediction of PBHs follows from the existence of a hot phase

in the early universe that has density fluctuations which can collapse to

form PBHs. They evaporate with the emission of gamma rays, antipro-

tons and antideuterons.

However, the most interesting possibilities consist in antiparticles coming

4The High-Energy Antimatter Telescope (HEAT), is based on a balloon borne
detector system which includes a superconducting magnet spectrometer. This instru-
ment has been successfully flown in 1994 and 1995 to measure the flux of positrons
and electrons over a wide energy range.
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Figure 1.9: Rotation curve of the galaxy NGC6503 [37] with contributions
from stars (disk), interstellar gas and the dark matter halo.

from dark matter annihilation.

Dark matter

Evidence for the presence of significant amounts of invisible matter is

numerous and apparent from the small to the largest scales. Recent

measurements of the cosmic microwave background have revealed that

ordinary matter constitutes only 5% of the critical density, which con-

firms the Big Bang nucleosynthesis prediction. The remaining 95% of

the energy density of the Universe consists of 70% “dark energy”, a mys-

terious negative-pressure field responsible for the late acceleration of the

Universe, and of 25% “dark matter”. There are also many observational

evidences of the existence of dark matter, most of them coming from

the study of the motions of galaxies. For example, the velocity of rota-

tion of astrophysical objects versus the distance from the galactic center,

described by the galactic rotation curves, cannot be explained by only

the visible matter. The radial velocity of a star at distance r from the

center of the galaxy is expected to be ∝ 1/
√

r, outside the luminous

galactic disk. This behaviour is indicated by the dashed rotation curve

in figure 1.9 for the galaxy NGC6503 [37]. However, the data show that

the actual radial velocity is a constant function of the distance from the

center. This could be explained with the assumption that the galactic
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disk is embedded in a galactic halo of non-luminous dark matter, rep-

resented by the dash-dotted line in figure 1.9. The same behaviour has

been found in all the galaxies studied up to now [38]. Other observed

phenomena consistent with dark matter observations are gravitational

lensing of background objects by galaxy clusters, and the temperature

distribution of hot gas in galaxies and clusters of galaxies. Dark matter

also plays a central role in structure formation and galaxy evolution, and

has measurable effects on the anisotropy of the cosmic microwave back-

ground.

Regarding its composition, many aspects remain to be clarified. Studies

of big bang nucleosynthesis have provided increasingly convincing evi-

dence that dark matter is mostly non-baryonic and can be divided into

three different types, namely hot, warm and cold if particles move ultra-

relativistically, relativistically or non-relativistically. In the first case an

optimum candidate is the neutrino, since it does not interact via ei-

ther the electromagnetic or the strong nuclear force. However there are

bounds on neutrino mass suggesting that neutrinos can provide only a

small contribution to the density of dark matter. Therefore most cos-

mologists favor the cold dark matter theory. It could explain how the

Universe went from a smooth initial state at early times, proved by the

cosmic microwave background radiation, to the present large-scale struc-

ture in the form of a clumpy distribution of galaxies and their clusters.

The most commonly proposed particles to be dark matter components

are not part of the standard model of particle physics, but they can arise

in theories extending the standard model. Among the other proposed

particles, the most interesting are the so called Weakly Interacting

Massive Particles (WIMPs): they should be massive relic particles

created during the Big Bang and diluted during the inflationary era,

which interact mainly through gravity, and have a large mass compared

to standard particles. Many supersymmetric models naturally give rise

to WIMPs. The lightest supersymmetric particle, called “neutralino”, is

one of the best candidate, because it has the attractive feature of giv-

ing a relic density adequate to explain cosmological dark matter in a

large region of the parameter space. It arises in supersymmetric models

as a linear combination of the superpartners of the neutral gauge and
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Higgs bosons (the Bino B̃, the Wino W̃ 3 and the two neutral Higgsinos

H̃1
0
, H̃2

0
), the lightest one is:

χ̃1
0 = N11B̃ + N12W̃

3 + N13H̃1
0
+ N14H̃2

0
(1.7)

Besides the direct detection of galactic neutralino dark matter in the

laboratory, dark matter neutralinos can be detected by looking for the

products of their annihilation. Three types of searches can be distin-

guished according to the place where neutralino annihilations occur. The

first is the case of neutralino annihilation in the Sun or the Earth, which

gives rise to a signal in high-energy neutrinos; the second is the case

of neutralino annihilation in the galactic halo, or in the halo of exter-

nal galaxies, which generates gamma-rays and other cosmic rays such

as positrons and antiprotons; the third is the case of neutralino anni-

hilations around black holes, in particular around the black hole at our

Galactic Center. All these annihilation signals share the property of be-

ing proportional to the square of the neutralino density. This follows

from the fact that the neutralino is a Majorana fermion, i.e. is identical

to its antiparticle. Two neutralinos can annihilate to produce standard

model particles. Consequently the annihilation rate, being proportional

to the product of the densities of the initial particles, is proportional to

the square of the neutralino density.

When neutralinos annihilate in the galactic halo, they produce quarks,

leptons, gauge bosons, Higgs bosons and gluons which consequently de-

cay or hadronize, producing the same quantity of particles and antiparti-

cles. Consequently the detection of supersymmetric dark matter can be

achieved indirectly through its effect on cosmic rays, in particular on the

antiparticle spectra of antiprotons and positrons, due to the lower back-

ground: this signature should arise as a distortion on their secondary

fluxes. Possibilities for neutralino detection in the antiparticles channels

depend strongly on its nature that determines the annihilation cross sec-

tion.

As an example in figure 1.7 the dotted lines, with a maximum around

E ∼ 10 GeV , show the theoretical prediction of a primary contribution

due to neutralino annihilation of mass 964 GeV/c2, to the antiproton
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Figure 1.10: Secondary production of antiparticles form neutralino interac-
tions.

flux.

Positrons primary sources

Several theories have explored the idea of primary sources for positrons:

they can be divided in astrophysical and new physics sources. In the

first group positrons produced by pair creation in the magnetic field near

discrete sources such as Galactic γ-ray pulsars can be included, as well as

primary black hole annihilation and radioactive decay of 56Co in young

supernovae remnants. The second group of theories mainly states that

positrons are the products of dark matter annihilation. From this pro-

cess positrons can be produced either directly or from decaying mesons

in hadron jets. We thus expect to get both monochromatic positrons

from direct annihilation into electron/positron pair with an energy cor-

responding to neutralino mass and continuum positrons from the other

annihilation channels. In general the branching ratio for the former case

is rather small but for some classes of model one can obtain a large enough

branching ratio for the line to be observable. The most interesting energy

range for this kind of study is the region above ∼ 10 GeV because of the

small influence of the solar modulation effects that permits to fully ex-

ploit the performances of the PAMELA experiment. In fact interactions

with the solar wind and magnetosphere alter the low energy spectrum.

Detailed studies of the expected flux of positrons at the Earth coming
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from neutralino annihilation in the halo have been performed. The results

of one of these calculations[34] is shown by the dotted line in figure 1.8.

In that study the positron propagation is treated in a diffusion model

including energy loss, it is a more realistic model then the leaky-box

model but still permits an analytic solution. The positron source func-

tion which has been used includes contributions from both continuum

and monochromatic positrons. The minimal supersymmetric standard

model parameters space has been scanned in details and the most recent

accelerator results are used to exclude some of the models. The theoret-

ical prediction shown in figure 1.8 is obtained with a neutralino of mass

336 GeV/c2, but many other models have been investigated.

It may be noted that except in the radioactive decay case, equal amounts

of e+ and e− are produced in all the above processes. While the total

spectrum of (e− + e+) can be identified by different experimental tech-

niques, a magnet spectrometer is essential to distinguish between e− and

e+. The unambiguous detection of positrons is difficult because of the

vast background of protons. In fact at high energy the number of protons

is about 103 times the number of positron, as a consequence a proton re-

jection factor of at least 105 is needed for experiments aimed to measure

the antimatter component in cosmic rays with a fraction of background

events in the selected sample of antimatter particles less than 1%.
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The PAMELA experiment

The PAMELA experiment has been conceived by the WiZard collabora-

tion, a group that has been involved for many years in cosmic ray research

performing several balloon flights. The experimental devices used for the

balloon experiments employed a combination of highly sophisticated and

new detector systems for space. Taking advantage of this important ex-

perience the group was able to conceive the PAMELA experiment, with

the aim of improving significantly the physics results obtained with the

limited acquisition time and altitude typical of balloon flights. On the

contrary PAMELA is hosted by a satellite and should be operative for at

least 3 years.

This chapter is dedicated to the explanation of the scientific objec-

tives of the PAMELA experiment and of the technical design developed

to accomplish the physics goals. Then a description of the whole appa-

ratus is given, explaining with more details those detectors that in this

work have been used for the analysis, namely the tracking system and the

calorimeter.

2.1 Mission overview

PAMELA is an acronym for Payload for Antimatter-Matter Exploration

and Light-nuclei Astrophysics. It is a space-borne experiment, which

was launched on board of the Russian Resurs-DK1 Earth-observation
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satellite from Baikonur cosmodrome in Kazakhstan on the 15th June

2006. A drawing of the satellite is shown in figure 2.1; it is mainly

designed to collect and transmit data on sea surface status, ice coverage

and meteorological conditions in the Earth polar region, moreover it takes

high resolution images of the Earth surface. In order to perform these

observations, it is continuously oriented toward the Earth and it has

a large amount of hard disk space, of which 100 GB are reserved for

the PAMELA experiment. The PAMELA apparatus is installed inside

a pressurized and temperature controlled container on one side of the

satellite. Its weight is ∼ 470 kg while the total mass of the satellite

is ∼ 10 tonnes. The average power consumption is 2000 W , of which

355 W dedicated to the PAMELA experiment, and it is supplied by solar

panels and batteries depending on the satellite position with respect to

the Earth shadow. The satellite follows a semi-polar elliptical orbit,

varying its altitude from 350 to 600 km, with an inclination of 69.9◦

compared to the Equator and a period of about 90 minutes. It was

planned to stay in orbit for at least three years. This long data-taking

time compared to balloon borne experiments, which can fly usually few

days, will provide unprecedented statistics. Moreover, thanks to the

absence of atmospheric overburden, it will be possible to greatly reduce

the systematic errors of the previous experiments. In fact the balloon

altitude is about 40 km, so the measured fluxes had to be corrected for the

presence of secondary particles produced during cosmic ray interaction

in the residual atmospheric layers.

Until now only the advantages of direct detection of cosmic rays from

satellite have been discussed. However it has many inconveniences, too,

mainly from a technical point of view: there are in fact limitations on the

maximum weight and size of the apparatus and on the power available for

the instruments. In addition the detectors have to be designed in order to

be able to withstand the stresses of the launch as well as the presence of

ionizing radiations in the space environment. Another important feature

of satellite experiments is the automation of most of the operational

procedures, since only minimal interventions from ground are possible.
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Figure 2.1: Drawing of the Resurs DK1 satellite. The pressurized container
of the PAMELA apparatus is shown in red as it is positioned normally during
acquisition. The dotted drawing shows instead the position of the container
during the launch phase.
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2.2 Scientific objectives

The primary scientific objective of the PAMELA experiment is the study

of the antimatter component in cosmic rays, which is performed in par-

ticular in order to measure the antiproton and positron spectra. In fact

as explained in the previous chapter their fluxes are connected to possible

new physics and they allow to test cosmic ray propagation models. The

principal aims of PAMELA are the increase of the number of detected

antiparticles and the extension of the energy range compared to previous

experiments. This will be possible because this experiment detects cos-

mic rays outside the atmosphere and is able to measure their momentum

and identify antiparticles in a much larger particle background. Even if

PAMELA is optimized for the measurement of rare cosmic rays compo-

nents, there are additional goals that can be addressed by this experiment

thanks to the long exposure time and the characteristics of the orbit. It

is possible to study the effects of solar modulation on the lower energy

particles and the solar flare events occurring in this period, as well as the

study of trapped particles in the radiation belts.

The expected detection capabilities of both the rarest cosmic ray com-

ponents and the more abundant particles, like protons, electrons and light

nuclei, are the following:

- antiproton spectrum from 80 MeV to 190 GeV (∼ 104 in 3y);

- positron spectrum from 50 MeV to 270 GeV (∼ 105 in 3y);

- sensitivity in H̄e/He of the order of ·10−7;

- proton spectrum from 80 MeV to 700 GeV (∼ 108 in 3 years);

- electron spectrum from 50 MeV to 400 GeV (∼ 106 in 3 years);

- electron plus positron spectrum up to 2 TeV;

- light nuclei (Z ≤ 6) spectrum up to 250 GeV per nucleon.
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Figure 2.2: Schematic drawing of the PAMELA detectors, showing the sen-
sitive areas of the various subsystems, in a longitudinal section.
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Figure 2.3: A picture of the PAMELA detector laid on the bottom part of
the container which has been used to transport it from Italy to Russia, for the
assembling on the satellite. The cabled boxes around the body of the detector
contain the electronic boards of the various subsystems.
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2.3 Detector description

The PAMELA experiment consists of several subdetectors, providing dif-

ferent measurements of the incident particle. The technique employed to

accomplish the physical tasks of the mission is to use the information of

all the detectors in order to measure the momentum of charged particles,

their charge and identity. A drawing of the longitudinal section of the

PAMELA detector is shown in figure 2.2, while a picture of the complete

instrument is shown in figure 2.3.

The central component of the instrument is a hollow permanent mag-

net which, together with a tracking system composed of six planes of

silicon sensors, forms a magnetic spectrometer used to determine the

rigidity (R = p/q) and the charge of particles crossing the magnetic cav-

ity. The rigidity and the sign of the charge are determined through the

reconstruction of the trajectory based on the impact points on the track-

ing planes, while the energy loss in the silicon planes is related to the

absolute value of the charge, which can be determined approximately up

to Z = 5. The tracker geometry and its dimensions define the geometric

acceptance of the experiment.

An electromagnetic imaging calorimeter is placed under the spectrome-

ter. Its main task is to perform particle identification through the anal-

ysis of electromagnetic and hadronic showers, which develop differently

in the calorimeter. The calorimeter can also measure the energy of elec-

trons and positrons interacting in its volume, providing an important

check for the spectrometer calibration. Due to its wide dynamical range,

it is able to determine the absolute value of the charge up to silicon nuclei

(Z = 14).

The time-of-flight system (TOF) is composed of three groups of fast

plastic scintillators (S1, S2 and S3 in figure 2.2). It can measure the

velocity of the particles, allowing the discrimination between positrons

(electrons) and protons (antiprotons) for momenta up to about 1 GeV/c.

Another important task of this device is to produce the main trigger for

the experiment, and to determine the arrival direction of particles in or-

der to reject albedo (up-going) particles.

An additional plastic scintillator, S4 in figure 2.2, is placed under the
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calorimeter. It can detect charged particles leaking out of the calorime-

ter and can be used to help the identification when the showers are not

completely contained in it. It is used also as a stand alone trigger for the

Neutron detector, ND in figure 2.2, which consists of 3He filled counters,

located at the bottom of the instrument. The Neutron detector is sensi-

tive to neutrons produced in hadronic interactions, therefore it can give

useful information for the discrimination of electromagnetic and hadronic

showers in the calorimeter.

Finally the whole detector is surrounded by two sets of scintillators (An-

ticoincidence). Their information is used during the offline analysis to

tag particles entering outside the acceptance of the tracker.

The apparatus has the important feature to be redundant, that is

the information provided by the different subdetectors overlaps. In this

way, even if one of the detector would fail during the mission, the physics

goals should be partly obtained, in addition the system redundancy can

allow the cross calibration between the subdetectors.

An example is given by the momentum that is usually calculated from

tracker information but also calorimeter can provide this information for

electrons and positrons. Another example is the charge of the particle

which can be obtained from the tracker or calorimeter or the time of flight

system even if not all the detectors cover the same range of measurable

charge.

2.3.1 The magnetic spectrometer

The core of the PAMELA apparatus is the magnetic spectrometer, which

provides the main information needed to determine the spectrum of

charged cosmic rays: the momentum p of the particles and their charge

q. In fact this kind of detector measures the magnetic deflection, of

charged particles passing through a magnetic field, η; it is defined as the

inverse of the particle rigidity R:

η =
1

R
=

q

p
(2.1)
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The principle of the spectrometer measurement is that charged particles

moving in a region where a magnetic field is present, undergo the Lorentz

force ~FL, which is responsible for the curvature of their trajectories. The

intensity and direction of this force depends on the particle velocity ~v

and charge q, as well as on the magnetic field ~B. The Lorentz force can

be expressed in the International System of Units (SI) as:

~FL = q ~v × ~B . (2.2)

Under the effect of this force the equation of motion for relativistic par-

ticles with mass m in a non uniform magnetic field can be resolved by

means of numerical methods (as will be explained later in section 5.1)

and the deflection value can be obtained. With the approximation of

constant magnetic field the trajectory of a particle with momentum p

(in GeV/c) and charge Z is a helix, with curvature k and pitch angle

λ. The radius of curvature Rc = 1/k and the momentum component p

perpendicular to ~B are related by [59]:

p · cos(λ) = 0.3 · Z · B · Rc (2.3)

where B is in Tesla and Rc is in meters.

If the direction of motion is fixed (using TOF information as will be

clear in section 2.3.3), from the sign of the deflection the sign of the par-

ticle charge can be inferred. Finally the momentum is determined from

equation 2.1 if the absolute value of the charge is known. This quantity

can be determined from the measurement of the energy deposited in the

silicon detectors or in the TOF scintillator planes, because is proportional

to the square of the charge of the particles.

In order to determine the particle deflection one has to reconstruct

the particle trajectory. The tracking system is composed, as shown in

figure 2.4, by a set of six detecting planes, segmented in x and y direc-

tions, so that we can use the measured coordinates of the impact points

of the particles crossing the planes to find the trajectory. Consequently

it is fundamental, in order to determine the deflection, that the system

provides a very precise measurement of the impact point coordinate and

that the magnetic field is precisely known in every point.
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MAGNET

TRACKING SYSTEM

Figure 2.4: Schematic drawing of a magnetic spectrometer, represented in
a longitudinal section. Trajectories of particles with different electric charge
sign are bent in opposite directions because of the Lorentz force, as they pass
inside a cavity where a nearly uniform magnetic field is present. A tracking
system measures the passage of particles while crossing a set of six detecting
planes.

The design of the spectrometer had to take in account the main objective

of the PAMELA experiment, that is the extension of the measured energy

range of the antiparticle spectra, so it is important to be able to measure

particles with very high energy and to be sure to determine the right sign

of its charge. On the other hand, in order to obtain an improvement of

the statistics we need also to maximize the instrument acceptance. This

requirement is conflicting with the previous one, therefore the dimension

and the geometry of the magnetic cavity have been chosen as the best

compromise between a sufficiently high number of particles entering the

geometric acceptance of the system and the possibility of achieving a

precise measurement of their rigidity.

At high energy the main uncertainty comes from the finite spatial reso-

lution σ of the tracking detector in measuring the particle impact points

on the detecting planes. In case of a uniform magnetic field, the spec-
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trometer resolution can be expressed in the form [59]:

∆pres

p
∝ σ

B L′ 2
p . (2.4)

where L′ is the length of the track when projected on the bending plane.

The precision in the measurement of rigidity becomes worse for higher

values of the momentum, since the trajectory of the particle is less af-

fected by the magnetic field and tends toward a straight line. The per-

formances of a magnetic spectrometer for cosmic ray studies are usually

expressed by a quantity called MDR, Maximum Detectable Rigidity, that

is defined as the value of the rigidity which corresponds to 100% un-

certainty on its measurement. Therefore it is clear from equation 2.4,

that to enhance the MDR, that is reducing ∆p/p at high energies, one

can use a longer magnetic cavity and a bigger magnetic field intensity.

On the contrary to obtain an higher acceptance one should increase the

cross-section of the cavity, with the consequence that it is more difficult

to maintain an high field on a larger area.

The PAMELA spectrometer has been designed to achieve an MDR

of at least 740 GeV/c. Besides this optimum performance expected for

particle spectra determination, another effect has to be considered when

measuring antiparticles, due to their rarity in the cosmic radiation. In

fact when at high energies the tracks get closer and closer to a straight

line, it is more and more difficult to determine the rigidity, with an

higher probability that a particle is wrongly identified as the correspond-

ing antiparticle and vice-versa. This effect is known as spillover and is

particularly important in the case of the PAMELA experiment, which

aims to explore the high-energy spectrum of antiprotons and positrons,

since the ratio between the flux of a particle species and the correspond-

ing antiparticle is ∼ 104 for protons and ∼ 102 for electrons. When the

number of particles misidentified due to the spillover effect becomes com-

parable to the antiparticle signal, it happens that no reliable assumptions

can be made on the antiparticle abundance. The PAMELA spectrometer

has been designed to perform the detection of antiprotons until to about

190 GeV/c and of positrons to about 270 GeV/c, being limited by the

spillover effect.
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For small values of p the main uncertainty is due to the multiple Coulomb

scattering of the particle as it passes through the matter along its path

inside the spectrometer. This effect implies that

∆pms

p
∝ 1

β
=

√

1 +

(

m c2

p c

)2

, (2.5)

the contribution of this error is clearly very important only at low en-

ergies, while approaches a constant value, negligible compared to the

resolution error, as p increases. In order to reduce this effect, in the de-

sign of the tracking system one has to minimize the amount of material

along the path of the particles.

In the following I will describe the magnetic configuration and the

silicon tracking system used for the PAMELA experiment, showing that

the above requirements have been complied with a proper design.

The magnet

As it happens in all the space missions, there are strong constraints on the

maximum weight and size of the instrument and on the available power.

Therefore a permanent magnet for the spectrometer of PAMELA was

chosen instead of a strongly power consuming superconducting magnet.

The magnetic material is a Nd-Fe-B alloy, which provides a high residual

induction of (1.32 ± 0.03) T . For technical reasons it is not possible to

create magnetic modules bigger than about 20×100 mm3, so the required

intensity of the field of the PAMELA spectrometer is generated by five

identical modules positioned one on top of another to form a tower, which

is 436 mm high. The modules are located at a vertical distance of 9 mm

and are interleaved with six detectors planes, which are inserted in the

magnetic tower by means of dedicated slits. The design of the magnetic

modules, shown in figure 2.5, has been studied in order to optimize the

uniformity and the intensity of the magnetic field inside the cavity. A

picture of the whole structure is shown in figure 2.6. The resulting B

field in the spectrometer is almost uniform, and it mainly points opposite

to the direction chosen as the y axis of the reference frame of PAMELA

(see figure 2.2). Due to the Lorentz force the trajectory of cosmic ray
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Figure 2.5: One of the magnetic modules of the spectrometer: on the left, a
drawing of the yokeless configuration, which shows the direction of the residual
induction and the resulting ~B field vector in the cavity; on the right, a picture
of a prototype of the magnetic modules surrounded by its aluminium frame.

particles is curved mostly in the x direction, so that the bending plane

is identified by the x and z axes. The magnetic field has been measured

by sampling its BX, BY and BZ components on a three-dimensional grid

consisting of 67367 points, 5 mm apart, along the three axes, by means

of a Hall probe mounted on the moving mechanical arm of an automated

precision positioning system. Some of the results which have been ob-

tained are displayed in figure 2.7 and 2.8: they show the shape of the BY

component of the field, which is the main one, on the plane z = 0 and

along the axis x = y = 0, respectively. The average value of the field

over the whole volume of the cavity is about 0.43 T .

Even if the residual magnetic field outside the spectrometer is low, ferro-

magnetic screens, with a thickness of 2 mm, are placed around the tower

at a distance of 8 mm. This expedient was necessary to be sure not to

interfere with the satellite control system and with the photomultipliers

used to detect the light output of the scintillators.
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Figure 2.6: The permanent magnet of the spectrometer, composed of five
modules encased in their aluminium frame. The tower is mounted over the
base plate which connects PAMELA to the satellite structure. On top of it
the upper opening of the magnetic cavity can be seen.

The tracking system and the silicon detectors

The tracking system of the PAMELA spectrometer is composed by six

planes of silicon sensors, inserted in the slits between the magnetic mod-

ules and at both the ends of the spectrometer. The distance between

them is 89 mm and the length of the whole tracking volume is 44.5 cm.

There is no other additional structure to support the planes, thus mini-

mizing the amount of matter which particles have to cross on their path.

In this way the effect of multiple scattering, which worsen the momentum

resolution at low energy, is reduced. Each plane contains three indepen-

dent detecting units, called ladders, glued together side by side and fixed

inside an aluminium frame, as shown in figure 2.9. Four thin carbon-fiber

bars are glued at the sides of the ladders, in order to strengthen the me-
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Figure 2.7: Measured values of the main component of the magnetic field
over the cross section going through the center of the cavity (plane z = 0).
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Figure 2.8: Measured values of the main component of the magnetic field
along the longitudinal axis going through the center of the cavity (axis x =
y = 0).

41



CHAPTER 2. The PAMELA experiment

Figure 2.9: A plane of the tracking system, composed of six silicon sensors
and their front-end electronics, fixed to an aluminium frame to be inserted in
the magnetic structure.

chanical structure of the planes. Each ladder in turn is composed by two

silicon sensors and an hybrid circuit which contains the front-end elec-

tronics. The sensor has a surface of 53.33 × 70.00 mm2 and is 300 µm

thick. Each sensor is a silicon microstrip detector able to measure both

the coordinates of the impact point on their surface. This ability is

reached using double sided detectors: two sets of silicon strips are im-

planted on both the sides of the substrate, perpendicularly to each other.

On the junction side 2035 p+ strips are implanted with a pitch of 25 µm,

while on the ohmic side there are 1024 n+ strips with a pitch of 66.5 µm.

On the ohmic side an additional p+ blocking strip is placed between two

n+ strips increasing the interstrip resistance [40]. The decoupling capac-

itors, for signals running from the wafer to the electronics, are directly

integrated on the silicon sensors by separating the implanted strips from

the read-out aluminium strips by means of an insulating layer of silicon

dioxide. Both the faces of the sensors are covered with a 100 nm thick

silicon-dioxide layer. Moreover on the ohmic side an additional 5 µm

thick silicon-dioxide layer covers the aluminium deposition. On top of
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Figure 2.10: Sketch of the strip layout on the two sides of a ladder of the
tracking system. On the ohmic side the second layer of read-out electrodes,
perpendicular to the n+ strips, and their connections on the diagonal of the
sensor are shown.
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the second layer of SiO2 there is an additional set of metallic electrodes

positioned orthogonally to the first one; the two sets are connected one-

to-one as shown schematically in figure 2.10. By means of the described

technique, said double metalization, the read-out electrodes on the ohmic

side become parallel to the electrodes on junction side; in this way the

front-end electronics can be placed on the two faces of a single hybrid

so that the mechanical structure of the spectrometer is simplified. The

read-out pitch is 50 µm on both sides; thus, on the junction side only

one of two strips is read, while on the ohmic side all the strips are read.

The sensors inside the spectrometer are oriented in such a way that the

strips on the junction side run parallel to the y axis of the PAMELA

reference frame, so that they are used to measure the coordinates in the

main bending direction. The strips on the ohmic side measure instead

the y coordinate. Due to the employed technique there is an ambiguity

in the determination of the y coordinate, in fact there are two strips, im-

planted 7 cm apart, read by the same electronic channel. This ambiguity

is solved during the offline data analysis by the track fitting procedure.

When it is not sufficient to determine unambiguously which is the correct

coordinate, it is possible to take advantage also of the spatial information

coming from TOF or calorimeter.

The electronics to read out the collected charge of the silicon sensor

has been designed in order to minimize the signal-to-noise ratio, related

to the spatial resolution and the power consumption. The front-end elec-

tronics is the first stage of the signal acquisition, located on the hybrid.

For each ladder side there are 8 VA1 chips, which consist of 128 parallel

section, each one is composed by an amplifier, a shaper and a sample-

and-hold stage. The VA1 chips are based on C-MOS technology and

their main features are the low noise and power consumption. The 128

channels are connected in series with a multiplexer, which sends them

to the next stage. The output of the front-end electronics is an analog

signal, which is converted by a 12-bit analog-to-digital converter.

Since there are 8 chips for each side of one ladder, for the whole spec-

trometer the number of channels is 128 × 8 × 3 × 12 = 36864. This big

amount of data cannot be sent to ground because of the limited band-

width available for the transmission. For this reason for each side of the
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tracker planes there is a Digital Signal Processor(DSP) that performs

the compression of the signals and calibration. More details about the

acquisition procedures implemented in the DSPs will be given in chapter

3.

2.3.2 The calorimeter

The main physics goal of the PAMELA experiment is the measurement of

the antimatter abundance. From this follows that the main requirement

for the PAMELA calorimeter is the ability to discriminate the signals of

antiprotons and positrons in the vast background of electrons and pro-

tons. For the physics goal of the PAMELA experiment we must be able

to separate electrons from hadrons at a level of 105 ÷ 106. Much of this

separation is provided by the calorimeter, but also other detectors can

provide additional informations for particle identification. From simu-

lation studies and analyses of test beam data it was proved [39] that,

above 10 GeV/c, keeping an efficiency of 90%, a proton rejection factor

of about 105 can be obtained in selecting positrons and an electron re-

jection factor of about 105 can be obtained in antiproton measurements.

The PAMELA calorimeter will be used also to measure the energy of the

electrons and positrons with good resolution, independently from the

tracker, allowing a cross calibration between the two methods. The pro-

cedures used to reconstruct the energy and perform the cross calibration

is described in detail in chapters 4 and 5.

The operational principle of all the calorimeters is based on the mea-

surement of the energy deposited by an incident particle interacting inside

its volume. Thus, inside a calorimeter, particles have to interact and the

energy lost by the interaction products has to be detected. In order to ac-

complish this task there are two different kinds of configurations: homo-

geneous and sampling calorimeters. Homogeneous calorimeters consist

of only one kind of material, performing both tasks of energy degra-

dation and signal generation. Sampling calorimeters are instead built

alternating layers of absorber and active media. The absorber usually is

made of a dense material, used to degrade fast the energy of the incident

particle, while the active medium is used to measure the detectable sig-
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Figure 2.11: The electromagnetic imaging calorimeter, with some of the de-
tecting modules partially inserted.

nal. In this way usually all the energy of the particles is released in the

calorimeter volume with the use of a reasonable detector thickness. In

space experiments there are strong constraints for mass and size, there-

fore for the PAMELA experiment a sampling calorimeter was designed.

The calorimeter design took advantage of the experience acquired by the

collaboration during the past years with other cosmic ray experiments

like CAPRICE [41].

The choice of the materials and the design features were done in order to

achieve the high identification performances necessary to the PAMELA

physics goals. In order to maximize the identification capabilities, the

calorimeter has to maximize the electromagnetic shower development

while minimizing the probability of hadronic interactions. For this rea-

son the choice of the absorber material has fallen on tungsten, a material

with high Z and good mechanical properties.

The choice of silicon as sensitive material is due to several reasons, in

particular for a calorimeter is important the fact that in silicon detectors

the signal is collected in the form of electric charge, whose production
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Figure 2.12: One of the calorimeter modules.

and collection is a linear process. Moreover they allow the construction

of compact devices thanks to the high density.

The PAMELA calorimeter has a high granularity, both in the longitudi-

nal (z) and in the transversal (x and y) directions. In the z direction,

the granularity is determined by the thickness of the layers of the ab-

sorbing material; each tungsten layer has a thickness of 0.26 cm, which

corresponds to 0.74 X0, where X0 is the radiation length. It is an useful

quantity to describe calorimeter characteristics and represent the mean

distance over which the electron energy is reduced by a factor 1/e. The

total depth is 16.3 X0, since there are 22 layers of tungsten. Each tung-

sten layer is sandwiched between two layers of silicon detectors. The

silicon detectors are arranged in a square matrix of 3×3 detectors. Since

each silicon detector has a surface of 8 × 8 cm2, the total sensitive area

is 24× 24 cm2. The thickness of the silicon detectors is 380 µm and each

one has 32 strips with 2.4 mm pitch. The two adjacent views of each

plane have the strips oriented along orthogonal directions and therefore

provide transversal spatial information . Each strip is connected to the

corresponding ones belonging to the other two detectors of the plane
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forming 24 cm long read-out strips. The number of electronics channel

per plane is 32×3 = 96 and the total number of channels is 96×44 = 4224.

The mechanical structure is based on a modular concept. The basic

unit consists of an absorber plate and the two matrices of silicon sensors

segmented in opposite directions, i.e. the stratification of a single plane

is Si-X/Tungsten/Si-Y. The basic unit contains also the front-end and

part of the read-out electronics. Two detection planes form a detection

module. In a module, the two detection planes are kept together by a

frame to which they are bolted at the edge of the absorber plate. The

12 modules are independent and fully extractable; they are inserted like

“drawers” in the main mechanical structure and then locked by a cover.

In order to minimize the effect of the gaps present between the silicon de-

tectors on the detection efficiency of non interacting particles, the planes

of the calorimeters are not simply put one under another, but a different

shift was introduced for the 4 planes forming a calorimeter module. In

this way the detector efficiency for non interacting particles is enhanced,

in fact, even if the particle passes through a gap in one plane, probably

in the subsequent plane the particle passes through a sensitive area.

The current signal of the strips is acquired by CR-1.4 chips, based

on a VLSI ASIC. The main design characteristics of this chip are the

very large dynamic range (1400 mips1), the ability to cope with a very

large (about 180 pF ) detector capacitance, the good noise performance

and the low power consumption (< 100 mW/chip). Each circuit has 16

channels and each channel comprises a charge sensitive preamplifier, a

shaping amplifier, a sample-and-hold circuit and an output multiplexer.

On each detector board, the 6 outputs of the chips are connected to a

16-bit ADC. On the read-out boards the collection and analysis of the

events, prior to their transmission to the main CPU, is performed. The

whole calorimeter is divided, from the point of view of the read-out,

into four independent sections: x view odd, x view even, y view odd

and y view even. For each section of the calorimeter there is a Digital

Signal Processors, which reads and processes the data and controls the

11 mip is a unit of energy whose value is the mean energy loss by non interacting
relativistic particles. For the silicon detectors of the PAMELA calorimeter it amounts
to about 100 keV ; in section 4.1 more detailed explanations will be given.
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acquisition procedure.

The calorimeter will be also used in a self trigger mode to increase the

geometric acceptance and to identify high energy electrons and photons.

The total calorimeter mass, including electronics and cables, is 110 kg,

its total volume is 24 × 24 × 18 cm3.

2.3.3 TOF scintillator system and S4

The TOF system [42] is composed of a set of scintillator detectors, po-

sitioned in the PAMELA apparatus at different heights, shown in fig-

ure 2.2. When they are crossed by a cosmic ray a fast pulses arises from

the TOF scintillators. The timing information of these signals is used

for different purposes. The principal one is the generation of the main

trigger signal, which starts the acquisition procedure of the other detec-

tors in PAMELA. The main trigger configurations for the experiment are

explained later in section 3.1.1. An additional task of the TOF system

is the ability to establish which direction the particle is coming from, by

looking at the order in which the scintillators have been hit. This is of

fundamental importance when trying to identify antiparticles in cosmic

rays, since a particle entering the spectrometer from below (the so-called

albedo particles) would mimic the behaviour of its own antiparticle com-

ing from above In fact the sign of the magnetic deflection determines the

sign of the charge only if the direction of motion is known, since above

1 GeV the energy loss is negligible and consequently the curvature is

constant. Another task of this device consists in measuring the charge

absolute value: it can be done in the same way as for the tracking sys-

tem, by detecting the amount of ionization in the six scintillator layers.

In this way the particle charge can be determined up to Z = 8.

At last the velocity of incoming particles can be calculated from the time

which is needed by the cosmic ray to cover the distance between S1 and

S3, the farthest scintillator planes. The value of β is connected to the
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momentum and the mass of the particle by the following formula:

β =
1

√

1 +

(

m c2

p c

)2
(2.6)

This feature can be used to mass resolve protons (antiprotons) from

positrons (electrons) for momenta up to about 1 GeV/c.

The TOF system [42] (see figure 2.13) is composed of 3 double planes

of plastic scintillator detectors, read-out by photomultiplier tubes: S1,

positioned on top of the PAMELA apparatus, S2 and S3, immediately

above and below the spectrometer respectively. The distance between S1

and S3 is 77.3 cm. The main requirement of the TOF detectors is the

efficient production of output pulses characterized by short delays and

small uncertainties with respect to the time of passage of the incident

particle, thus achieving on one hand a quick generation of the trigger

signal, and on the other hand an high resolution in the determination

of the crossing times at each plane. For this reason a plastic scintilla-

tor material characterized by prompt response and relatively high light

output has been selected and coupled to fast PMT tubes and front-end

electronics. Each of the 3 planes S1, S2, S3 is formed by two superposed

rectangular scintillator layers, thus having two independent timing mea-

surements. The 6 layers, whose areas match the geometric acceptance

window of the spectrometer, are divided into strips whose number and

dimensions vary from layer to layer, for a total of 24 strips. At each of the

two ends of a strip a light guide conveys the scintillation light toward the

input window of a PMT, which transforms the light pulse into an electric

current signal, which is then processed by the front-end electronics; a to-

tal of 48 PMT are present for the read-out of the 24 scintillator strips.

The strips of the upper layer of each plane (S11, S21, S31) are orthogonal

to the ones of the corresponding lower layer (S12, S22, S32 respectively),

thus coupling to the timing information also a spatial information on the

crossing point in the plane. The performances of the TOF system of

PAMELA are characterized by a typical delay in the generation of the

event signals toward the trigger board of the order of 10 ns and recent
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Figure 2.13: Drawing of the time-of-flight system: from top to bottom, the
S1, S2 and S3 scintillator planes with their light guides and photomultipliers.
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analyses of flight data [43] show an uncertainty in the determination of

the instant of particle crossing on a plane of the order of 150 ÷ 200 ps.

Another separate plastic scintillator, not included in the time-of-flight

measurement system, is placed directly below the calorimeter, S4 in fig-

ure 2.3. It is made of a single piece of polystyrene, with an area of

482 mm3 and a thickness of 10 mm. Its light output is read by six pho-

tomultipliers and it is used to detect the charged component of the shower

which can possibly escape the calorimeter in case of very high-energy inci-

dent particles. In this way this detector can improve the electron hadron

separation performance of PAMELA. The main task of the bottom scin-

tillator is to send the signal of the particles passing through it to the

trigger system. It can be used, if required by the trigger configuration,

for elaborating the main trigger pulse or, if its signal corresponds to more

than 10 mip, it plays the role of trigger for the Neutron Detector

2.3.4 The anticoincidence system

When an event gives a signal which fulfills the TOF trigger conditions,

this does not necessarily mean that it corresponds to a “good” event.

In fact, particle interactions with the material around the instrument or

with the instrument itself can occur, producing in the TOF scintillators

signals which mimic a single down-going cosmic ray, some examples are

shown in figure 2.14. Indeed, simulations [44] have shown that in space

about 75% of triggers are actually expected to be “false”, that is to say

due to coincidental energy releases in the TOF scintillators by secondary

particles generated by cosmic ray interactions in the mechanical struc-

ture of the experiment. In order to recognize this kind of events and

to exclude them during the offline data analysis, PAMELA is equipped

with an anticoincidence system [45]. The spectrometer is shielded from

side-entering particles by four scintillator panels surrounding it (Side An-

ticoincidence Counters, CAS), which have an almost rectangular shape

and an area of about 400 × 388 mm2, while a star-shaped panel with

a rectangular opening of about 216 × 180 mm2 is placed on top of the

magnet (Top Anticoincidence Counter, CAT) and is used to tag cosmic

rays which enter from above but outside the cavity: in figure 2.15 one of
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the side anticoincidence shields and the top one are shown.

Another set of four panels covers the sides of the particle entrance win-

dow between the S1 and S2 planes (CARD) as shown in Fig. 2.2.

The material which has been used for these detectors is Bicron BC-448M,

and all of them are 8 mm thick. A Light-Emitting Diode (LED) system is

used to calibrate and monitor the scintillator performances during flight.

The information about whether a section of the anticoincidence detector

is hit is recorded in a time window, 1.28 µs long, centered at the time

when the trigger signal has been generated. The hit time can be located

within this interval with an accuracy of about 80 ns.

2.3.5 The neutron detector

At the bottom of the whole PAMELA instrument a neutron detector is

present, which is used to measure the neutron yield in case of hadron-

initiated showers in the calorimeter, thus increasing its particle discrim-

ination capabilities. Analysing beams of electrons and protons with en-

ergies 20 ÷ 180 GeV produced at CERN it was demonstrated that the

use of Neutron Detector increases the rejection factor of hadrons from

electrons of about ten times [46].

The device is composed of 36 gas proportional tubes filled with 3He and

surrounded by a polyethylene moderator and by a cadmium foil. They

are stacked in two planes and cover an area of about 600 mm2 . The

working principle of this detector exploits the properties of the hydrogen-

rich polyethylene moderator to slow down neutrons till their energy is low

enough for them to have a non-negligible capture cross section when in-

teracting with the gaseous 3He in the counters. In the nuclear reaction

a proton and a 3He nucleus are produced, and they can be detected as

charged particles.
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Figure 2.14: Simulation of proton interactions in the detectors. On the left,
the incoming particle enters cleanly the acceptance of the instrument and
crosses the three TOF planes generating a good trigger without activity in the
anticoincidence scintillators; in the center, a cosmic ray enters the magnetic
cavity from one side and gives rise to a shower of secondary particles that
induce a false trigger: the signal in the side anticoincidence detector allows to
reject this event. On the right a good trigger event gives rise to a signal in the
anticoincidence detector due to particles backscattered from the calorimeter.

Figure 2.15: The anticoincidence system: one of the panels which surround
the spectrometer is shown on the left, while the panel on top of it is shown on
the right. The scintillators are enveloped in an opaque wrapping to prevent
outside light from reaching them.



Figure 2.16: The neutron detector during the test and assembly phase. Some
of the 3He tubes, the polyethylene moderator and the electronic boards are
visible.





Chapter 3

Data Acquisition and

processing

In this chapter the procedures for the acquisition and reduction of PAMELA

spectrometer and calorimeter data are described.

A short description of the acquisition procedure in flight is given, then

the online analysis for both the instruments is presented. It consists in

the compression of the data and the calibration of the detectors. In fact

in both cases there is the need for compression of the data in flight due

to the limited bandwidth available for the data transfer toward the Earth.

It follows a description of the offline data reduction.

For this work the simulation has been used extensively, therefore at the

end of the chapter the main features of the software aimed to simulate

the PAMELA detectors are presented.

3.1 Acquisition and online operations

On June 21st 2006 PAMELA has been switched on for the first time.

During the first weeks several trigger and hardware configurations were

tested and now the experiment is in a nearly continuous data taking mode

since July 11th 2006. Until 30th August 2007 the total acquisition time has

been ∼ 29.3 · 106 s, corresponding to about 340 days of continuous data

taking. The amount of raw data collected is ∼ 5.8 TB, corresponding to
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more than 7 · 108 triggered event.

PAMELA data acquisition system is based on the PAMELA Storage

and Control Unit (PSCU) which handles all in-flight operations, man-

ages the data acquisition and continuously checks for correct operation

of the apparatus. The PSCU is composed of a processor and two re-

dundant 2 GByte mass-memory modules, together with interface boards

to subsystem and satellite. In case of abnormal conditions, the PSCU

can perform an hardware reset of the whole system to recover the sys-

tem functionalities. For instance, if the temperature conditions are not

optimal, the PSCU can power down PAMELA until acceptable working

conditions are reached.

The PSCU organizes the data acquisition in runs, defined as a continuous

period of data taking with constant configurations of detectors and trig-

ger. The detector configurations are defined by the PSCU according to

parameters stored in the on-board memory or received from ground. The

duration of a run is determined by the PSCU according to the orbital

position. The orbital position also determines the trigger configuration,

which is different if the satellite is located in high or low radiation envi-

ronments. Switching between high and low radiation environments can

be performed in different ways, usually it is determined fixing a threshold

to the counting rate of the S1 scintillator, but it can be determined also

according to a fixed time table provided from ground.

The orbital position is derived from the ascending node notification is-

sued by the Resurs CPU when the satellite crosses the equator from the

southern to the northern hemisphere. The control of the experiment

from ground is performed via two different type of commands: macro-

commands, which are sent to the PAMELA PSCU, and telecommands,

which are commands sent to Resurs-DK1, handling main power lines.

Hundreds of parameters are modifiable through macrocommands, for ex-

ample the switching on and off of parts of the subdetectors and trigger

configurations. Therefore the system is extremely flexible, being able to

meet any unknown and unpredictable situation in flight.

During the entire PAMELA observational time some error conditions

occurred, mainly attributable to anomalous conditions in the detector

electronics. In each of those situations the PSCU was able to recover the
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Figure 3.1: Counting rate of S1 (green), S2 (blu), S3 (red).

system functionality and continue the acquisition. The thermal profile

of the instrument has been very stable and no power-off due to over-

temperature occurred. Furthermore, no radiation dose effects have been

observed in the PAMELA sub-detectors.

3.1.1 Trigger configuration

Two operational modes are foreseen for the operation of PAMELA in

space, namely physics mode and calibration mode.

The experiment is in physics mode for a large fraction of the time. During

this time the trigger configuration can be chosen among several trigger

patterns, given by the OR combinations of the TOF signal, the S4 signal

and the calorimeter self-trigger signal. There are 7 different TOF trigger

patterns that can be used, obtained with different logical combination of

the various scintillator planes, for a total of 31 possible trigger patterns.

A trigger signal is generated when a coincidence of energy deposits

is measured in the detectors included in the trigger configuration. The

main PAMELA trigger is provided by the TOF system. The following

configurations are activated for low and high radiation environment, re-
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Figure 3.2: Counting rate in the first scintillator for three consecutive orbits
(S11 AND S12).

spectively (see section 2.3.3 for the meaning of the symbols):

A : (S11 OR S12) AND (S21 OR S22) AND (S31 OR S32)

B : (S21 AND S22) AND (S31 AND S32)

These TOF conditions are normally used in OR with the calorimeter trig-

ger signal. The TOF configuration B, used generally in high radiation

regions, is chosen since the counting rate of the first plane of the TOF

system could be saturated by the radiation environment, while S2 and S3

scintillators are more shielded, consequently they are not affected signif-

icantly by coincidental hits. This can be seen from the different counts

of each scintillator shown in figure 3.1. In the same figure the strong

dependence of the trigger rates from the orbital position is evident: the

maxima in the counts correspond to passages over the North and South

poles, while the minima correspond to the Equator. The sharp peaks are

due to the passage close to the South Atlantic Anomaly (SAA), where
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Figure 3.3: Trigger rate during a typical orbit of PAMELA. Mode A (blu)
refers to high-radiation regions and it is typical for polar regions and SAA,
while mode B (red) holds for low radiation regions like the equator. The
calibration is done at every ascending node.

the S1 counter is saturated. Figure 3.2 shows the counting rate in S1

scintillators for three consecutive orbits. It can be noticed that along the

orbit the satellite spans different latitudes where the radiation environ-

ment is much different: the particle rate increases in the polar regions

and in correspondence of the SAA.

The trigger rate along three consecutive orbits is shown in figure 3.3. It

is interesting to notice the change of the trigger configuration that hap-

pens at each vertical lines. The average trigger rate of the experiment is

∼ 25 Hz, varying from ∼ 20 Hz at the equatorial region to ∼ 30 Hz at

the poles. In figure 3.4 the PAMELA trigger rate summed over hundreds

of orbits is shown, the SAA due to the inner proton radiation belt closer

to the earth surface, is clearly seen.

The dead time of the experiment depends on the time needed to read-out

the detectors, mainly the calorimeter and the tracker. It is not constant,

varies from 10 ms to 50 ms, but depends on the read-out mode (raw or

compressed) and on the number of hit strips. In the regions where the

particle rate is very intense, such as in the SAA, the trigger rate is fully
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Figure 3.4: Map of the PAMELA trigger rate summed over hundreds of
orbits. The colour along the orbit lines is proportional to the rate intensity, as
indicated by the palette on the right. The South Atlantic Anomaly is clearly
seen.

determined by the dead time. The average fractional live time of the

experiment exceeds 70%.

Once for each orbit, every 95 minutes, soon after the ascending node

which is the point of lowest trigger rate, physics data acquisition is

stopped and PAMELA is set to calibration mode. Also the frequency

of calibrations can be modified from ground if it is necessary. The de-

tectors are calibrated sequentially and independently. The calibration

procedure for most detectors uses trigger signals generated by a pulse

generator, not related to physical particles traversing the apparatus.

The average trigger rate of the experiment is about 25 Hz, as shown

in figure 3.3, which means about 100 Gbyte for each day. However the

experiment is designed to have a typical transfer rate of 10 Gbyte per

day, as a consequence a data compression procedure has been adopted

for the calorimeter and for the spectrometer.
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Figure 3.5: Length of the transmitted packets. Physics run are in compressed
mode while special run after calibration have bigger size of the packet because
the acquisition of the tracker is in full mode.

After each calibration procedure, which takes about 1 minute, a special

short acquisition run is performed. While during physics mode the data

are compressed, during these special runs the acquisition of the tracker

is in raw mode, therefore the amount of data to be transferred is bigger.

This can be seen in figure 3.5.

When a trigger is detected, the subdetectors are read out via an

appropriate interface. The operation is handled by an Intermediate

Data Acquisition System (IDAQ), which sequentially requests informa-

tion from each of the subdetectors. Data are first stored into then

the PAMELA mass memory, then transferred to the satellite on-board

memory (download) where they are stored prior to be transmitted to

ground (downlink). Downlinked data are received at the ground sta-

tion in NTsOMZ [47], the Research Centre for Earth Operative Moni-

toring, located in Moscow, which receives data at a transmission rate of

150 Mbit/s. Several downlink windows of about 5-10 minutes are dedi-

cated every day to the PAMELA experiment, which allow to transfer to

ground up to 16 GByte/day.

63



CHAPTER 3. Data Acquisition and processing

Once received at the ground station, data are processed in almost real

time to provide information on the engineering and scientific status of

the apparatus. Data are then transferred via the GRID network from

Moscow to the INFN facility at CNAF (Bologna, Italy), where scientific

data analysis is performed, and are accessible to all the people of the

PAMELA collaboration.

3.2 Spectrometer data acquisition and re-

duction

In this section the procedures for the data acquisition and reduction

of PAMELA spectrometer are presented. In the following I will describe

some of the main aspects of the acquisition procedure, the characteristics

of the spectrometer data and their compression algorithm, as well as

the calibration procedure performed during data taking. Also the first

part of the offline data reduction is presented. The software that has

been developed for the offline analysis consists in several routines, coded

in FORTRAN, C and C++ languages, which allow to elaborate data

coming from the silicon detectors and to extract from them the spatial

information about the particle impact points, from which the value of

the magnetic deflection of particles is deduced.

3.2.1 The compression algorithm

The spectrometer, with its 36864 electronic channels, is the detector pro-

ducing the largest output, therefore a data compression is required. The

algorithm has to work as quick as possible because it must perform an

analysis in flight without increase too much the dead time. The compres-

sion is performed by using a software [48] based on a ZOP (Zero-Order

Predictor) algorithm, modified to include a peak-identification method.

It has been shown during tests with particle beams that this technique

allows to obtain a compression factor of about 95%, without any wors-

ening in spatial and momentum resolution.

The ADC value of each strip j belonging to the k-th VA1 chip can be
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expressed, for each event i, as the result of the sum of the following

contributions:

ADCi
j,k = PEDj,k + CN i

k + N i
j,k + Si

j,k (3.1)

The true meaningful signal induced by the charge produced by a cosmic

ray crossing the silicon sensor is indicated as S i
j,k. When no particle

signal is present, the voltage value ADC i
j,k has a mean represented by

PEDj,k, which is called the pedestal. It is a base level which is determined

by the characteristics of the detector electronics and it is different for

each channel. The pedestal values are almost constant in time and are

estimated periodically during online calibration procedures.

In equation 3.1 CN i
k represents the fluctuation around the pedestal due

to the common noise of all the 128 strips of the k-th VA1 at the i-th

event. This noise source is equal for all the strips connected to a single

VA1 chip, and for this reason it is referred to as common noise. Finally

N i
j,k is the noise signal due to the electronics and it is uncorrelated to the

fluctuations of the others. The standard deviation σj,k of N i
j,k represents

the intrinsic noise of the channel j.

When data are acquired in compressed mode, not all the ADC values

are stored. For each one of the ladders of the tracking-system planes

the value of the first strip is always transmitted, and the decision on

whether a following one has to be stored or not is taken on the basis

of the variable Cj = ADCj − PEDj, according to the intrinsic noise of

the strip. In order to allow the offline event reconstruction we need to

know the position of the strips corresponding to the transmitted values.

For this purpose the necessary addresses of the strips are transmitted

together with the ADC values. Although this compression algorithm

is not reversible, since it does not allow to recover the original values

of all the strips, but some part of the information is unavoidably lost,

the procedure has been optimized in order to do not worsen the spatial

resolution and the detection efficiency of the silicon sensors.
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3.2.2 Online calibration procedures

The information that is needed during the compression process, namely

pedestal and intrinsic noise for each strip, is computed online by the DSP

software. This is done periodically in the course of the mission when

all detectors are calibrated. In fact PEDj,k and σj,k for a strip are not

strictly constant in time, and periodic calculations of these quantities en-

sure that proper values are employed in the compression algorithm. The

calibration parameters are estimated online by acquiring a set of events,

by means of an artificial trigger signal generated by the PSCU. If no

particle signal is collected Si
j,k is zero and the pedestal of the generic j-th

strip of the k-th VA1 chip can be computed using iteratively equation 3.1

as the average of the ADC counts, after the common noise contribution

has been subtracted:

PEDj,k =

Nev
∑

i=1

ADCi
j,k − CN i

k

Nev
. (3.2)

Once the pedestals are known, the common noise of each of the VA1 can

be obtained for the i-th event as:

CN i
k =

128
∑

j=1

ADCi
j,k − PEDj,k

128
, (3.3)

where the sum extends over the 128 strips connected to the k-th chip.

Finally the intrinsic noise of each strip is given by:

σj,k =

√

√

√

√

1

Nev − 1

Nev
∑

i=1

(

ADCi
j,k − CN i

k − PEDj,k

)2

, (3.4)

since it represents the standard deviation of the signal of each chan-

nel around its base level. These quantities are calculated iteratively,

first evaluating pedestals from equation 3.2 under the initial assumption

CN i
k = 0, then using equation 3.3 to determine the common noise for each

event. For each event strips that collected a particle signal are identified

and removed from the common noise computation, since they would bias

66



3.2. Spectrometer data acquisition and reduction

channel id500 1000 1500 2000 2500 3000

no
is

e 
(A

DC
 c

ou
nt

s)

1

10

210

DSP 3

channel id500 1000 1500 2000 2500 3000

no
is

e 
(A

DC
 c

ou
nt

s)

1

10

210

DSP 6

Figure 3.6: Noise profiles for a Y view (DSP 3) and an X view (DSP 6).

it. At each step σj,k is computed from equation 3.4, and strips are clas-

sified according to their intrinsic noise: those having a noise more than

5 standard deviations away from the average value calculated for each

VA1 chip are labeled as bad and they are not considered in the calcula-

tions. This procedure is repeated iteratively to get better estimates for

the calibration parameters and further strips are marked for exclusion.

The final values of pedestals and intrinsic noise, as well as the complete

map of bad strips, which typically amount to less than 5% of the total

in each ladder, are obtained after repeating the process 8 times on a set

of Nev = 128 events. In figure 3.6 the noise profile of two planes of the

spectrometer are shown. The typical value of σ is about 4 ADC channels

for the x side and 9 for the y side, the difference is attributable mainly

to the different biasing resistances for the junction and ohmic sides and

by the increased capacitance on the ohmic one, also due to the double

metalization.

At the end of each calibration these values are stored in the DSP and

used to compress data for the acquisition runs which follow. In this way

each data set is uniquely associated with a calibration, whose parameters

are downlinked to ground, since they are required for uncompressing

and for extracting particle signals. If for some reason the calibration

procedure fails a standard set of calibration parameters, which have been
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stored in dedicated non-volatile solid-state memories, are loaded into the

DSP and used instead, in order to be able to compress and transmit data

in any case.

3.2.3 Offline signal analysis

The data downlinked from the satellite are analyzed offline. The spec-

trometer data are extracted and analyzed by dedicated routines which

distinguish between calibration and particle runs. The maps of pedestals,

intrinsic noise values and bad strips are extracted from calibration pack-

ets and stored to be used later to identify clusters. The contents of the

acquisition runs are instead unpacked and to each run of data the appro-

priate set of calibration parameters is associated. In this way the next

stage of the reduction process, the uncompression of data, is performed

rebuilding for each event the ADC profile of all the 12 detector sides of

the tracking system according to the corresponding calibration parame-

ters.

Cluster identification

Once the ADC value of each channel have been reconstructed, the signal

analysis can start, in order to isolate the contribution due to the passage

of ionizing particles across the sensors. The signal can be obtained from

equation 3.1, as:

Si
j,k = ±(ADC i

j,k − PEDj,k − CN i
k) (3.5)

the minus sign is applied on the x (junction) side of the silicon sensor,

where the signal has opposite sign, since electrons are collected, while on

the y (ohmic) sides holes are collected. The common noise for each event

is computed again, as it is done during the online calibration phase. After

the subtraction of common noise and pedestal the search of the particle

signal can start. A cluster is defined as a group of contiguous strips that

have collected particle signals for a given event. The identification is

done on the basis of the signal-to-noise ratio of each channel, by looking
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for those strips whose signal is significantly larger than the fluctuations

due to intrinsic noise. If a strip satisfies the condition:

Si
j,k > Cseed · σj,k (3.6)

with Cseed = 7 for the junction side and Cseed = 6 for the ohmic side, it is

classified as the seed of a cluster, which is closely related to the cosmic ray

impact point. If several consecutive strips pass the seed condition, the

one with the maximum signal is chosen. Adjacent strips on both sides of

the seed are scanned to check if they pass a similar cut:

Si
j,k > Cincl · σj,k (3.7)

but with a lower threshold Cincl = 4, and, if so, they are included in

the cluster. The values of the cuts have been optimized according to

the characteristics of the detectors, by means of several tests on par-

ticle beams which have been performed during the preparation of the

experiment. The number of strips which pass the inclusion cuts given by

equation 3.7 and 3.6, defines the multiplicity of the cluster, a quantity

related to the way the ionization charge is shared among the different

strips involved in the process, and which depends on the implantation

pitch, on the thickness of the sensor with respect to the incidence angle

of particles and on the capacitive couplings among the strips. For most

of the events in PAMELA the multiplicity is 2 for the clusters belonging

to the X side and 1 for those of the Y side, due to the larger pitch.

After a cluster has been identified and its multiplicity has been de-

termined, the sum of the signal of all the strips included in the cluster

can be calculated. The total signal is a quantity which depends on the

energy lost by ionizing particles. To estimate the (dE/dx) we calculate

the ratio between the signal of the cluster and the track length in the

silicon, which depends on the inclination of the track. The average val-

ues obtained with a sample of flight data, normalized to mip units, is

shown in figure 3.7. The behaviour follows the Bethe Block formula as

expected, the (dE/dx) is related to the absolute value of the charge and

we can see that elements up to Z = 5 can be distinguished. For heavier

particles the signal saturates due to the limited dynamical range of the
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Figure 3.7: Distribution of the mean rate of energy loss in the silicon sensors
of tracking system as a function of the tracker measured rigidity.

tracker silicon detectors.

The signal-to-noise ratio of a cluster composed by m strips is evalu-

ated as [58]:

(S/N)cl =
m
∑

i=1

Si

σi

, (3.8)

This parameter is important since higher values correspond to a better

spatial resolution. The distribution of the signal-to-noise ratio is shown

in figure 3.8; it can be seen that as expected it is bigger for the x view.

At the end of this reduction stage all the quantities related to clusters

are stored in data structures which will be used as the starting point for

the calculation of the coordinates to be associated to the particle impact

points on the tracking system planes.
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Figure 3.8: Distribution of cluster signal-to-noise ratio for one plane of the
tracking system.

Impact-point reconstruction

Before being able to reconstruct the track each cluster has to be associ-

ated to a measure of the coordinate of the impact point on the side of

the sensor it belongs to. Different position finding algorithms have been

developed in order to reconstruct properly the coordinates. The most

intuitive approach to such problem consists in associating to the impact

point the center-of-gravity of the cluster:

xcog =

∑m
i=1 Si xi
∑m

i=1 Si
, (3.9)

where m is the cluster multiplicity, xi the mean of the coordinate of

the strip i and Si its respective signals. In the case of PAMELA the

multiplicity is often 1 or 2 and it is convenient to restrict the sum in
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equation 3.9 to the two strips with the largest signal in the cluster. Since

the noise is about the same for all the channels, if those that have col-

lected a too low signal are excluded, the spatial resolution improves. The

method of the two-strip center of gravity gives a good estimate of the

true impact point, but only to a certain approximation. In fact, it can

be demonstrated [50] that an error is introduced in the reconstructed

impact point due to the non-linear effects that occur in the division of

the signal among the strips. A method that allows to take into account

of this problem is the so-called non-linear η2-algorithm [49].

This approach to the coordinate reconstruction problem provides the best

spatial resolution for the sensors of the tracking system of PAMELA, at

least in case of particles which hit silicon orthogonally or with not too

large angles. In fact, when the incidence angle relative to the vertical

direction increases, a larger number of strips may be involved in the

charge collection. Therefore the spatial resolution of the detector can be

improved if the information carried by further channels is employed: in

particular the non-linear η2-algorithm can be modified in such a way to

use 3 or 4 strips. In case of η3 the strips used are the cluster seed and

the two strips on both its sides, in case of η4 the couple of strips used

to compute η2 and their first neighbours. The detector resolution has

been studied for different incidence angles [52], and the procedure which

has been chosen as the most satisfactory for the reconstruction of the

x coordinate of the impact point consists in using the η2-algorithm for

incidence angles lower than 10◦, η3-algorithm between 10◦ and 15◦, and

η4-algorithm between 15◦ and 20◦, which is the maximum angle on the

spectrometer sensors for tracks in the tracker acceptance. In this way

the resolution which is achieved in the determination of the x coordinate

of the particle in the bending view is lower than 3 µm up to 5◦ of in-

cidence angles, and lower than 8 µm for larger angles. For the y side

the standard η2-algorithm gives satisfactory results in the whole 0◦ – 20◦

range, since the larger implantation pitch causes the charge to be nearly

always collected by one or two strips (about 97% of the cases), and a

resolution between 8 and 14 µm is obtained. The algorithms have been

calibrated with cosmic ray data gathered at ground level in 2005, and a

further calibration have been repeated during the flight.
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Recently it has been found that a systematic effect arises when the η

algorithm is applied to non orthogonal tracks. In this case in fact the

asymmetry of the charge packet generated by ionization can result in a

shift of the reconstructed impact point in respect to the true one. Ref-

erence [53] describes the problem and suggests possible solutions. This

kind of correction has been recently implemented [54] and is used to-

gether with the appropriate η-algorithm.

However in this study it was very important to avoid systematic errors

and, even if the resolution is worse, the standard algorithm of center-

of-gravity calculated with four strips was used. With this algorithm a

resolution of about 4 µm is obtained with tracks up to 10◦ of incidence

angle [52] and no systematic shifts are present [53].

The physical quantity that we can obtain analyzing the spectrometer in-

formation is the value of the rigidity of charged particles passing through

the apparatus. It can be obtained using the coordinates of the impact

points with a procedure described later in chapter 5.

3.3 Calorimeter data acquisition and re-

duction

Due to the limitation on the maximum amount of data that the PAMELA

experiment can transfer to ground, a compression algorithm has to be

applied also to the calorimeter data to reduce the event size. For the

calorimeter compression algorithm a standard zero-suppression technique

is employed: only the signals of those strips with an ADC value that

exceed a fixed threshold are stored, along with addressing information.

Although this algorithm is good when applied to detectors generating

sparse data, its efficiency is reduced in the calorimeters because elec-

tromagnetic and hadronic interactions show an energy deposit in several

contiguous strips on each layer. An improvement is obtained by grouping

the channels and applying the compression only when less than half of

the strip detect energy. As already explained for the spectrometer cali-

bration also in this case the calibration parameters are estimated online

by acquiring a set of events with an artificial trigger signal generated by
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Figure 3.9: Intrinsic noise measured in each one of the calorimeter strip during
one of the calibration performed in flight. The yellow region is the range of
normal expected value. It can be seen a peak in the strips 3456− 3552 due to
the presence of a particularly noisy plane (plane number 36).

the PSCU, through a calibration procedure which is performed in sev-

eral steps with increasing accuracy. These value are used to compress the

data of the following acquisition runs. In figure 3.9 the noise profile in

each one of the calorimeter strip acquired during one of the calibration

performed in flight is shown, typical values are about 3÷ 4 ADC counts.

3.3.1 Offline signal analysis

The calorimeter information provides a three-dimensional image of the

interactions, that can be obtained after decompressing the raw data. The

signal collected by each strip of the calorimeter, expressed in ADC val-

ues, is obtained from the voltage value read on each strip. This value has

to be corrected for the gain factor, which in principle can be different for

each channel. Since the front-end preamplifier has a linear response to

input signals, a known constant signal can be used in order to determine

the gain of each channel. The energy lost by a minimum ionizing par-

ticle is a perfect candidate for this purpose, because the most probable

value of its distribution is constant (see section 4.1). Moreover a large

number of minimum ionizing particles can be found in cosmic rays. Fig-

ure 3.10 shows the distribution of signals, in ADC units, collected by a

single strip, obtained for a sample of non interacting protons in the range

5÷150 GeV selected from flight data. The gain factor for each channel is
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Figure 3.10: Distribution of the charge collected in one of the calorimeter
strip for a sample of relativistic protons selected from flight data.

derived from the peak of the experimental distribution of the signal. The

fit of the distribution is performed with a Landau function convoluted

with a Gaussian function. In fact the energy lost by a relativistic particle

in a very thin medium is described by a Landau function but the rise of

the distribution up to the maximum is well described with a Gaussian

function, which takes into account the electronic noise.

Typical values for the position of the peak are about 25 ADC counts.

Considering the values of the noise found from calibrations (see fig-

ure 3.9), the resulting signal-to-noise ratio for minimum ionizing particle

has a mean value of about 8, showing the good performances of detectors,

preamplifiers and analog to digital converter.

The values of the gain factors derived with this procedure are used to

normalize the signals detected by each strip to mip units. It is important

to point out that the values used to perform the conversion from ADC to

mip units is not the value of the average charge deposited by a minimum

ionizing particle, but is the most probable value of the charge deposited

on a single strip. This quantity has been used since it is easy to estimate,

being a peak, and allow us to correct the calorimeter image of the shower

for the different gains of each strip.
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The calorimeter information are then used mainly for two task: recon-

struct the energy of electrons and positrons generating electromagnetic

showers in the calorimeter and discriminate hadrons from leptons. The

explanation of the analyses used for these aims will be given in chapter

4 and 5 respectively.

3.4 Simulation

As usually happens in particle experiments, all the analyses has to be

checked with a detailed simulation of the apparatus. For the PAMELA

experiment a dedicated Monte Carlo code has been developed to simulate

the whole payload geometry, together with the response of all the detec-

tors. This code is based on the Geant package [55] version 3.21, which is

widely used in particle physics applications. The Geant package, whose

name is an acronym formed from “GEometry ANd Tracking”, provides

routines to simulate different kinds of particles and physical processes,

particle kinematic, geometrical and physical characteristic of detectors.

Furthermore it can be interfaced with other simulation packages such as

GHEISHA or FLUKA to simulate hadronic interactions with the nuclei

of the traversed matter. The magnetic field in the PAMELA experiment

is simulated using the same map of the field employed in the analysis of

the experimental data. The simulation of charge diffusion and collection

by the strips of the tracker has been performed with a dedicated pack-

age [52] interfaced to Geant.

The simulation procedure consists in the tracking of every secondary par-

ticle, produced by a primary particle interacting with the medium, until

a minimum energy is reached.

During the tracking many physical processes in the energy range from

10 keV to 10 TeV are considered in a very accurate way. For example

cross sections of electromagnetic interactions are reproduced in Geant

within a few percent up to a hundred GeV . Concerning hadronic inter-

actions, the range of validity is the one of the hadronic packages used.

The results of the simulation depend critically on the choice of the track-

ing medium parameters, for example the maximum length of a tracking

step, or the maximum number of step allowed or the maximum fractional
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energy loss in one step. These parameters can be calculated automati-

cally by the program for each material which compose the detector.

The simulation of a given process is done in the following way:

• the program evaluates the probability of occurrence of the process,

depending on the energy and the nature of the particle, by sampling

the total cross section;

• the final state after an interaction is generated by sampling the

differential cross section of the process;

• to account for continuous processes, such as energy losses or mul-

tiple scattering, the mean values of characteristic quantities are

computed;

• in case new particles are created, they are followed by the program

in the subsequent passages.

The Geant structure allows many different choices regarding the kind

of interaction with matter that has to be used for any different purposes.

In this study electron and positron simulation and the calorimeter in-

formation have been extensively used, and special care had to be taken

in order to simulate properly electron interactions in the calorimeter.

For this reason the detailed description of the calorimeter simulation is

presented in the following.

3.4.1 Calorimeter simulation

The control of physics processes is performed using some variables that

can be set from the user. In table 3.1 there is a list of the physical

processes that can be simulated, together with the value of a control

variable set for the PAMELA calorimeter simulation. If the value of

the control variable is 0 the process is completely ignored, if it is 1 the

process is considered and all the possible secondary particles generated

in the interaction are recorded and separately traced later, while if it is

2 the process is simulated but secondary particle are not generated. In

case of hadronic interaction the value 4 has been set to specify that an
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processes value
Positron annihilation 1
Bremsstrahlung 1
Cerenkov photon generation 0
Compton scattering 1
Decay in flight 1
Ionization and δ-rays production 1
Hadronic interactions 4
Light absorption 0
Continuous energy loss 1
Multiple scattering (Moliere theory) 1
Muon-nucleus interaction 1
Photon pair production 1
Photoelectric effect 1
Rayleigh effect 0
Synchrotron radiation generation 0

Table 3.1: List of simulated physical processes.

external hadronic package has to be used: for this study GEISHA has

been used.

Most of the physical processes that are simulated have some kinetic

energy cuts. For example photons produced as secondaries in the interac-

tions are simulated until their energy is above a certain threshold. When

their energy reaches the minimum value the tracking stops and all the

energy is released in that point. In table 3.2 there is a list of the kinetic

energy cuts for the different particles. Different values of the parameter

can be set depending on the material where the tracking is performed, in

this way one can avoid to spoil to much computation effort in simulating

detailed processes in all the materials.

The kinetic energy cuts of secondaries are very important to reproduce

the real behaviour of the detectors, especially for a sampling calorime-

ter. In fact, when a shower develops through the sampling calorimeter

simulated for PAMELA, only the energy released in the silicon planes

is detected. A kinetic energy cut too high causes the stopping of some
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description default(GeV) used(GeV)
gammmas 0.001 0.00001
electrons 0.001 0.00001
neutral hadrons 0.01 0.01
charged hadrons 0.01 0.01
muons 0.01 0.00001
electron Bremsstrahlung 0.001 0.00001
muon/hadron Bremsstrahlung 0.001 0.00001
δ-rays by electrons 104 0.00001
δ-rays by muons 104 0.00001
direct pair production by muons 0.01 0.01

Table 3.2: Kinetic energy cuts.

particles before they can reach the sensitive layer. In fact if the particle

reaches the threshold energy when is located in the passive material all

the energy is released in that point, and consequently it is lost. On the

contrary in the real calorimeter the particle could have continued its prop-

agation until a silicon detecting plane and the total energy measured for

the same incident energy would be bigger compared to simulation. Since

the simulation has to be used to develop a method for energy reconstruc-

tion from the PAMELA calorimeter information, a realistic simulation

of the secondaries produced in the shower is needed. For this purpose

the best choice is to set low kinetic thresholds. The numerical values are

listed in the table 3.2.

The output of a simulation based on Geant is the energy deposited in

the sensitive layers, expressed in GeV . In order to analyze the simulated

events with the same reduction chain used for flight data, the simulation

output has to be expressed in the same format of the real data. Conse-

quently a dedicated software has been developed to transform the Geant

output in the same format of flight data. For what concern the calorime-

ter, the signal of each strip has to be expressed in ADC units, taking

into account the expected noise and the pedestals. In order to determine

the conversion factor from GeV to ADC counts a sample of protons was
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Figure 3.11: Distribution of the energy lost in a calorimeter strip by a sample
of relativistic non interacting protons. The energy value is in GeV and is
obtained as the output of Geant simulation package.

simulated according to cosmic ray spectrum. Figure 3.11 shows the dis-

tribution of the energy collected in each strip. As expected, we see a non

Gaussian tail due to the fluctuations of energy loss in thin materials; the

fit is performed with a Gaussian convoluted with a Landau function and

the peak is located at about 103 keV . This value represents one mip

unit, as defined in section 3.3.1. Then the conversion from GeV to ADC

counts is performed taking into account the measured gain factor G of

each strip determined from calorimeter calibrations:

S(ADC) = G(ADC/mip) · 1 mip

103 keV
· SGeant(GeV ) (3.10)

The calorimeter simulation has been used, as explained in chapter 4, to

develop and test a procedure to measure the energy of primary electrons

and positrons.
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Figure 3.12: Geomagnetic transmission factor used to simulate the cosmic
rays fluxes. It has been determined analysing flight data [57].

3.4.2 Description of simulated events

In order to calibrate the instrument and check the analysis code, simu-

lated events have been employed. We simulated electrons and positrons

inside the PAMELA detector both with monochromatic and cosmic ray

spectrum. The acceptance of the experiment is simulated defining a large

square placed above the instrument and generating particles from there

with fixed z coordinate, uniform in x and y coordinate and isotropic (uni-

form in φ and in cos2θ). The electrons momenta are sampled from the

following distribution [56]:

f = A ·
[

p

GeV/c
+ B

]−α

·
(

p

GeV/c

)α−γ

(3.11)

A = 478. B = 0.71 α = 6.72 γ = 3.29

In order to reproduce the effect of the geomagnetic cut-off a tabulated

transmission factor in function of rigidity, showed in figure 3.12, was ap-

plied to the flux expressed by equation 3.11. In order to minimize the

time needed to perform the simulation the approach used was to pre-

select the events in this way: the events generated are tracked inside
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the spectrometer with the initial momentum and coordinates, then only

those events which cross all the tracker planes are selected.

Some simulation have been performed with a different approach to gen-

erate the initial position and momentum of the simulated particles. It

consists in using the real data spectrum, after having extrapolated the

state vector of each selected event till the top of the payload in order to

obtain the initial positions and momentum to be simulated. This proce-

dure has been applied to both electrons and positrons and has been used

when it was very important to reproduce a sample comparable with the

real data. In chapter 5 this procedure will be explained better.
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Chapter 4

Energy reconstruction

The main purpose of the PAMELA calorimeter is the particle identi-

fication, namely it should be able to identify the signals of antiprotons

and positrons in the vast background of electrons and protons with an

efficiency of at least 90% and a rejection power better that 10−4. The

calorimeter can also be used to measure the energy of the electrons with

good resolution.

For the PAMELA experiment an electromagnetic sampling calorimeter

has been chosen, where the sensitive layers are silicon detectors while

the absorbing material is tungsten. Sampling calorimeters are also called

“imaging” because of the longitudinal and transverse segmentation. This

feature allows to take advantage of the image of the showers development.

As we will see through this chapter the knowledge of the shower topology

can be used not only to perform particle identification but also to improve

the reconstruction of the energy of electrons and positrons.

A brief review of the interaction processes of particles in the calorimeters

is presented in section 4.1. Hence the problems related to the reconstruc-

tion of the energy of electrons and positrons, as well as the approach used

to overcome these problems, are discussed in section 4.2. In section 4.3

and 4.4 there is the description of the calibration of the calorimeter, to-

gether with its expected performances determined by means of simulation

studies. Finally the cuts to be used to select a good sample of recon-

structed electrons and positrons, for alignment purposes, are discussed.
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CHAPTER 4. Energy reconstruction

4.1 Particle interactions in the PAMELA

calorimeter

Particles can interact electromagnetically with matter in different ways

depending on their nature and energy. Charged particles passing through

matter lose energy by ionizing and exciting the atoms through inelastic

collisions with atomic electrons. In addition they can lose energy by

emitting photons when decelerating in the electric field of a nucleus,

through the so-called radiation losses. The total energy loss can thus be

written as:
(

dE

dx

)

tot

=

(

dE

dx

)

coll

+

(

dE

dx

)

rad

(4.1)

The last term in the above equation is due to the so called Bremsstrahlung

process. The radiative term is a characteristic of all charged particles,

but for particles heavier than electrons its probability is very low and

starts to be important only at very high energy. For this reason the dis-

cussion for heavy particles is focused only on ionization losses. Hadrons

can also interact with different mechanisms in hadronic collision with

the material nuclei. The main interaction processes for different kinds of

particles will be described in the following.

Interactions of heavy charged particle

At the energies we are interested in, the dominant process through which

heavy charged particles lose energy into matter is ionization, due to the

interaction with the electrons in the medium. The mean differential

energy loss for heavy particles can be described by the well known Bethe-

Block [59] formula as a function of his velocity β:

−dE

dx
= kz2 Z

A

1

β2

[

1

2
ln

2mec
2β2γ2Tmax

I2
− β2 − δ

2

]

(4.2)

k = 4πNAr2
emec

2

The parameters, ρ, Z, and A are, respectively, the density, atomic number

and atomic weight of the absorber, I ' 16 ·Z0.9 is its effective ionization
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potential and δ is a function that takes into account the density effect,

z is the charge of the projectile, me is the electron mass. Tmax is the

maximum kinetic energy transferred to an electron of the absorber in a

single collision:

Tmax =
2mec

2β2γ2

1 + 2γme/M + (me/M)2
(4.3)

The energy loss decreases rapidly for increasing energy, reaching a mini-

mum at βγ ∼ 3; when the energy rises further the energy loss increases

slowly for β → 1, due to the so-called relativistic rise. For solid media the

relativistic rise is limited by the density effect δ, therefore for β & 0.97

the energy loss can be considered approximately constant: particles with

energy in this zone are called minimum ionizing particles.

In a sampling device only the energy released in the active layers can

be detected. If particles do not produce showers in the calorimeter, this

energy is directly related to the energy lost by ionization. The choice of

silicon detectors as active layers in PAMELA calorimeter is due to the

high efficiency and ionization yield, the low voltage operation and a good

time stability. The mechanism exploited by these detectors is the produc-

tion of electron-hole pairs due to the ionization loss of charged particles

traversing the silicon; the pairs produced drift very fast (106 cm/s) across

the depletion zone due to the electric field and a signal is detected. The

energy required in silicon to create an electron-hole pair is only 3.6 eV .

The mean energy deposited by a minimum ionizing particle in the silicon

detector of PAMELA calorimeter, 380 µm thick, is about 108 keV , so

30000 electron-hole pairs are created on average by these particles: this

means that it is not necessary a large gain in the preamplifiers to measure

the ionization signal, it is another advantage of using silicon detectors.

Using such a kind of detectors it has to be pointed out that equation 4.2

is not exact, due to the presence of δ-rays: secondary electrons produced

by the primary interaction with enough energy to ionize in turn. In fact,

being the sensors very thin, part of the δ-rays can escape from the sen-

sitive volume without releasing their energy. Therefore the energy loss

can be rewritten in term of a maximum energy Tcut < Tmax, such that
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Figure 4.1: Mean energy loss in Lead as a function of particle energy. Main
interactions with matter involving electrons and positrons.

secondaries with energies greater than Tcut will not be detected:

−dE

dx
= kz2 Z

A

1

β2

[

1

2
ln

2mec
2β2γ2Tcut

I2
− β2

2

(

1 +
Tcut

Tmax

)

− δ

2

]

(4.4)

The use of a thin sensor has another important consequence: the dis-

tribution of the energy deposited in a medium of thickness δx, (dE/dx)δx,

is not Gaussian as it is for larger δx. This happens because in a thinner

medium the energy loss is the result of a small number of collisions, each

with a wide range of possible energy transfer, which implies big fluctua-

tions toward high values of energy loss. This feature has to be taken into

consideration in order to calibrate the detectors with mip particles, as it

was explained in section 3.3.1.

Interactions of electrons and positrons

Also electrons and positrons lose energy by ionization. However the ion-

ization process cannot be described with the Bethe-Bloch formula (equa-
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tions 4.2,4.4). In fact, due to the small mass of electrons and positrons,

it cannot be assumed that the incident particle remains undeflected dur-

ing collisions and the maximum energy transfer becomes Tmax = Te/2,

since collisions occur between particles of identical mass. The formula

becomes:
dE

dx
= 2πN

Z

A
r2
emc2

[

ln
π2m2c4

I2(1 − β)3
− a

]

(4.5)

where a = 2.9 for electrons and 3.6 for positrons. Anyway the ionization

loss is important only at very low energies. In fact, as it is clear from

figure 4.1, when the energy is greater than a certain critical value, radi-

ation losses become more and more important. When a charged particle

passes through the electric field of a nucleus its trajectory is deflected

and a photon is emitted, this effect is called Bremsstrahlung process.

A useful quantity to describe the Bremsstrahlung process is the radia-

tion length X0, usually expressed in g/cm2, which represent the mean

distance over which the electron energy is reduced by a factor 1/e. The

value of X0 depends on the medium in which the electron propagates

through its atomic number Z and atomic mass A, it can be expressed

according to Rossi [60] as:

X0 =
716.4 · A[1 + 0.12(Z/82)2]

Z(Z + 1) ln(183Z−1/3)
(4.6)

Expressing the thickness t of the traversed medium in units of X0 it can

be shown that, for relativistic electrons, the average rate of energy loss

is given by [60]:

− 1

E

dE

dt
=

X0

E

dE

dx
= 1 +

1

18 ln(183Z−1/3)
t =

x

X0
(4.7)

The photon emission probability by a particle of mass M , decelerating

in the electric field of a nucleus with atomic number Z, is proportional

to Z2/M2, as a consequence this process is important for low mass par-

ticles already at a few tens of MeV , while for charged particles heavier

than electrons, for example muons, radiation processes are negligible for

energies lower than 100 GeV .
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Figure 4.2: Relative contribution of photon interaction with matter as a
function of photons energies.

For electrons and positron we can define a critical energy, Ec, at which

the radiation losses equal the collision losses; a good approximation of

this quantity, valid in solid materials, is [59]:

Ec ∼
610 MeV

Z + 1.24
(4.8)

In order to reach the high identification performances necessary to the

PAMELA physics goals, the calorimeter has been designed to maximize

the electromagnetic shower development; the choice for the absorber has

fallen on tungsten (Z = 74), which has a critical energy Ec ∼ 8.1 MeV .

Photon interactions

The processes of interaction with matter involving photons are different

depending on their energy, as shown in figure 4.2.

At low energy the most important process is the so called photoelectric
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effect: it happens when a photon is completely absorbed by an atom

with the emission of an electron. This process prevails against the other

processes only at energies lower than 1 MeV , being its cross section in-

versely proportional to the photon energy.

The next process is the Compton effect that consists in the scattering

of an incident photon with an atomic electron. It can be shown that,

in material of high Z, this is the dominant effect for energies lower than

100 MeV .

At higher energies the most important process that contributes to the

photon interaction with matter is the so called pair production induced

by the electric field of a nucleus or an atomic electron: in this mechanism

of energy transfer the photon undergoes strong field effects and may con-

vert in a positive and negative electron pair. The mean free path of a

photon due to this process can be described by Lrad ∼ (9/7)X0, where

X0 is the radiation length already defined for Bremsstrahlung process,

therefore its probability is connected to the material properties in the

same way.

Electromagnetic showers

When the photons created by electrons and positrons due to Bremsstrahlung

process interact with matter their energy is such that they usually gen-

erate electron positron pairs or produce Compton electrons. These new

electrons can radiate more photons that produce other electrons in a mul-

tiplicative process called cascade shower. This multiplication proceeds

until the ionization losses of the secondary particles start to dominate

the radiation, dissipating all their energy in excitation and ionization of

atoms. All the processes discussed so far contribute to the development

of electromagnetic shower induced by e+/e− and photons. A qualitative

description of the produced cascade is the one showed graphically in fig-

ure 4.3. This simplified model assumes that each electron (or positron)

in the shower, when traversing one radiation length of material, produces

a Bremsstrahlung photon that takes half of its energy. In turn each pho-

ton, traversing one radiation length, disappears producing an electron

positron pair, each one carrying half of the photon energy. Hence, after
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Figure 4.3: The simplified electromagnetic cascade model to describe the
shower development. Values of t represent the depth in successive radiation
lengths.

a depth nX0, an electron with initial energy E0 has produced N = 2n

secondaries, of energy E = E0/N each. When the energy of the secon-

daries reaches the critical value below which the collision loss prevails,

the cascade stops its multiplication and the number of particles starts

to decrease. The maximum number of particles will be Nmax = E0/Ec,

reached after nmax = ln(E0/Ec)
ln 2

radiation lengths. This model is obviously

simplified, but can help to understand some properties of electromagnetic

showers that are valid even in more detailed descriptions. In particular

it demonstrates the most important features of electromagnetic showers

generated by particles of original energy E0: the number of particles at

the maximum of the shower is proportional to E0 and the location of the

shower maximum changes logarithmically with E0.
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Figure 4.4: Electron selected from flight data with rigidity −18 GeV/c.

Figure 4.5: Positron selected from flight data with rigidity 32.3 GeV/c.
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A more detailed description of the longitudinal development is for

instance that of “Rossi’s approximation B”[60]. From his model it fol-

lows that, for shower induced by e+/e−, the maximum of the shower is

approximately located at:

Tmax ' 1.01

(

ln
E0

Ec
− b

)

(4.9)

where b = 1 for electrons and b = 0.5 for positrons, and the maximum is

in unit of X0. It can be shown also that on average the cascade deposits

98% of its energy within a length[61]:

T98% ∼ Tmax + 13.6 · X0 (4.10)

Regarding the lateral development, about 99% of the shower energy is

contained inside a cylinder of radius 3.5 RM , where:

RM ∼ 21 MeV X0

Ec

(4.11)

is a useful quantity called Moliere radius.

As already said the PAMELA calorimeter has a total depth of 16.3X0,

thus in many cases some of the shower energy will be lost because the

particles of the cascade exit from the bottom of the calorimeter, in this

case we say that the shower is not completely contained or that there is

longitudinal leakage.

Even at energies lower than 10 GeV , where the shower is mostly con-

tained according to formula 4.10, we should check event by event if the

containment is satisfactory because the electromagnetic shower develop-

ment is a process with great statistical fluctuations and often the shower

maximum falls quite far from the expected value.

At last it can be noticed that, in the case of the PAMELA calorimeter,

the Moliere radius is ∼ 9 mm, that is equivalent to 4 strips, thus the

shower is usually well contained laterally.

In figures 4.4 and 4.5 there are two examples of showers developing in

the PAMELA calorimeter initiated by electrons and positrons selected

from flight data. The 18th silicon plane of the x view is not functioning,
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it is visible in the left picture of figure 4.5.

The longitudinal shower profiles and their lateral development in

various media have been studied extensively both experimentally and

through simulation. A detailed analytical description of the longitudinal

development has been used in this work in order to reconstruct the en-

ergy of electrons with calorimeter information, as it will be shown in the

following section 4.3.1.

Hadronic interactions

Also hadronic particles can interact with a nucleus of the traversed

medium generating a shower. However, differently from electromagnetic

showers, no simple analytic description of the cascade is available for

its development. In fact the cascade is the result of different inelastic

nuclear reactions which give rise to a shower with large fluctuations in

energy loss and particle production from cascade to cascade. Usually

a great part of the energy is carried by one or more particles travel-

ling along the direction of the primary particle, while the rest of the

energy is distributed among the secondaries, which are produced with

an average transverse momentum of ∼ 350 MeV/c. The consequence is

that the hadronic shower tends to be more spread out laterally than the

electromagnetic one. The secondary particles produced in the hadronic

interactions are pions, protons and neutrons with large emission angles.

On average about 30% of the incident energy is released as electromag-

netic energy; in fact, at an incident energy of 10 GeV , a considerable

part of the secondaries are neutral pions, which decay in two photons

(π0 → γγ) which in turn induce electromagnetic showers. A non negligi-

ble amount of the initial energy is converted into excitation or break-up

of the medium nuclei, of which only a fraction will result in detectable

energy, while the binding energy used to break-up the nuclei and the

energy carried by neutrinos are lost. The non visible energy amounts to

about 20% of the incoming particle energy.

From what said till now it is clear that the measurement of the energy

of interacting hadrons cannot be done efficiently with the calorimeter,

nonetheless a description of the longitudinal shower development is useful

for discrimination purpose.
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Figure 4.6: Proton selected from flight data with rigidity 36 GeV/c.

Figure 4.7: Proton selected from flight data with rigidity 14.4 GeV/c.
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The probability of an inelastic hadron-nucleus interaction in a length dx

of the traversed medium is given by nσdx, where n is the number of nuclei

per unit volume in the material and σ is the cross section for inelastic

reactions. Consequently we can define a unit length that characterizes

the longitudinal development of an hadronic cascade, as already done

for electromagnetic showers. This quantity is called nuclear absorption

length and can be expressed very roughly by [59]:

λ0 =
1

nσ
' 35 A1/3 g/cm2 (4.12)

It is practically independent on the energy and the type of interacting

particle, while it depends on the atomic weight A of the medium. When

an hadronic interaction takes place, the longitudinal profile of the shower

rises fast in the early phase due to the electromagnetic component, reach-

ing a maximum, in unit of λ0, at [59]:

Tmax ∼ 0.2 · ln E(GeV ) + 0.7 (4.13)

After the maximum the cascade is dominated by the hadronic component

and the profile decreases slowly with a weak energy dependence. The

longitudinal development is described by the attenuation length, λatt,

and the containment of 95% of the shower can be approximated by [61]:

L(95%) ∼ Tmax + 2.5λatt λatt ∼ λ0 · [E(GeV )]0.13 (4.14)

The lateral profile of hadronic shower increases almost linearly with the

longitudinal depth; there is a central core close to the shower axis which

decays quickly, and a peripheral component, caused by the large emission

angle of the secondary particles, which brings a large fraction of the

energy away from the axis. On average about 95% of the shower energy

is contained in a cylinder of radius R = λ0.

For the PAMELA calorimeter the requirement is to minimize the

probability of hadronic interaction, in order to optimize its identification

performances, thus a suitable material for the absorber should be one

with high Z. The absorption length in tungsten is λ0 ∼ 10.3 cm; since

the PAMELA calorimeter has a total thickness of 5.72 cm of tungsten,

95



CHAPTER 4. Energy reconstruction

its value is such that the whole calorimeter represents only ∼ 0.6λ0. This

means that in many cases hadrons will not interact.

In figures 4.6 and 4.7 there are two examples of interacting and non in-

teracting protons in the PAMELA calorimeter. It is evident that in case

of interacting hadron the shape of the shower is quite different from that

of the electron showers (compare with figures 4.4 and 4.5). This topolog-

ical feature is used to discriminate electrons and positrons from hadrons.

Moreover in case of hadronic interactions neutrons can be produced. An

example is visible in figure 4.6 where the Neutron Detector box is blue

having detected some neutrons.

4.2 Electrons and positrons energy recon-

struction

The energy of the primary electron or positron1, which generate an elec-

tromagnetic shower, can be determined by a measurement of the energy

lost by the particles of the cascade produced in the calorimeter. In ho-

mogeneous calorimeters the energy of a fully contained particle is given

by the total deposited energy, and consequently an excellent energy res-

olution can be achieved. On the contrary with sampling calorimeters

it is possible to measure only the energy lost in the active layers. This

has the consequence that the energy resolution of sampling calorimeters

is in general worse than that of homogeneous calorimeter, owing to the

sampling fluctuations produced by the absorber layers interleaved with

the active layers. On the other hand sampling calorimeters have usually

a better spatial resolution because they can be easily segmented both

in longitudinal and radial directions. Another advantage of sampling

calorimeters is that they provide enough interaction lengths with a rea-

sonable detector thickness, so that a good shower containment can be

obtained with a small apparatus, which is needed for space missions.

Nevertheless, if the response of the detector is linear with the energy

loss, a linear relation can be obtained between the energy of the primary

1In the following of this chapter the term “electrons” will be used to indicate both
electrons and positrons, otherwise it will be explicitly remarked.
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particle and the charge collected in the calorimeter active layers. The lin-

earity follows from the fact that the instrument measures the ionization

loss in the silicon detectors produced by the secondaries, and that their

number is proportional to the initial energy. It has to be noticed that,

even if the linearity is valid, most of the energy is lost in the passive lay-

ers and this energy vary statistically from event to event, leading to the

so-called sampling fluctuations, which have considerable influence on the

energy resolution. Moreover this linear relation holds only if the whole

shower is contained inside the calorimeter, both longitudinally and lat-

erally. In the following it will be shown that this condition is not always

satisfied in the case of PAMELA calorimeter and some corrections have

to be done in order to maintain the linear relation for each event, other-

wise, for some of the events, the total charge collected in the calorimeter

and consequently the reconstructed energy is underestimated. In order

to reconstruct the energy of electrons a calibration of the calorimeter

has to be performed: it implies converting the output of the electronic

channels of the calorimeter, that is a digital signal in ADC counts, to the

energy of the primary particle. The calibration can be divided in two

different steps. First of all one has to relate the signal of each strip with

the energy lost by charged particles; this implies the knowledge of the

gain factor of each calorimeter channel and has already been treated in

section 3.3.1. Once performed this conversion, we know the amount of

energy deposited by a particle traversing the calorimeter on each strip

expressed in mip units. In case of interacting particles the sum of the

charge collected by all the channels, treated in the correct way, can be

related to the primary energy by means of a second step of calibration.

4.2.1 The leakage problem

The most important problem to be addressed, in order to reconstruct the

energy of electrons and positrons by means of calorimeter information,

is the leakage of the showers out of the PAMELA calorimeter. A useful

way to understand the effect of the energy leakage is to analyze simulated

events.

Figure 4.8 shows the distribution of the total charge, Qtot, detected in
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Figure 4.8: Distribution of the total charge collected in the calorimeter (in
mip units) for a sample of simulated events with fixed energy (10 GeV ) and
isotropic distribution in the PAMELA acceptance.

the calorimeter for simulated electrons with energy equal to 10 GeV :

Qtot =
44
∑

j=1

qtotj (4.15)

This quantity is the sum of the charge collected by each one of the

calorimeter planes qtotj (22 for the x view and 22 for the y view). The dis-

tribution is not symmetric and shows a non-gaussian tail towards lower

values of collected charge. This effect can be addressed to the fact that

sometimes the number of interaction lengths over which the shower is

contained is greater than those corresponding to the whole calorimeter,

therefore the shower is not completely contained in the calorimeter. If the

value of the total detected charge is plotted as a function of the shower

maximum depth, a clear correlation appears, as it is evident in figure 4.9.

The problem of longitudinal leakage is clearly more important at high
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Figure 4.9: The total charge collected in the calorimeter showed as a function
of the depth of shower maximum, in term of traversed tungsten planes, for the
same sample of figure 4.8. The red points are the average charge collected by
events with the maximum in the same plane.

energies because the maximum of the shower and its total depth increase

with the energy (see equations 4.10 and 4.9); however, due to the big

fluctuations present in the shower development, it could be significant

even at lower energy.

There is another fact that bring to underestimate the energy released

in the calorimeter, that is the presence of gaps between the silicon de-

tectors. Figure 4.10 shows a schematic view of one of the calorimeter’s

plane, together with the projection of the shower crossing the plane; it is

clear that, if the shower axis crosses the planes near to the gap or to the

side, part of the shower energy will be lost. In order to have a precise

reconstruction of the electron energy this effect has to be taken in to

account. In fact from figure 4.11 it is clear that the total collected charge

is correlated to the position of the shower maximum.

In order to overcome the leakage problems that has been described, it
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Figure 4.10: Schematic view of one of the calorimeter’s plane from the top.
The black grid represent the intersection between the shower and the plane.

is useful to take advantage of the longitudinal and lateral segmentation

of the PAMELA calorimeter, which provides a good description of the

shower shape. In fact the observed shape, when dealing with showers

generated by electrons or positrons, can be compared with that expected

according to the theoretical description.

Many studies can be found in literature regarding the development

of electromagnetic showers, based on both theory and simulation, which

provide useful relations to describe longitudinal and radial profiles of

showers initiated by electrons. The shower parametrization was exten-

sively studied by Grindhammer and Peters [63], with the aim to speed

up the calorimeter simulations: in fact a parametrization of the shower

can be used, instead of the individual particle tracking of all secondary

particles produced in the showers, when the computing time has to be

reduced. Our objective is to precisely describe the shower in order to cor-

rect event by event the collected charge in the calorimeter planes. The

correction is performed looking at the profile that fits the best with the

charge collected in any layer. It will be shown in the following sections

that such a fit is a useful way to overcome the leakage problem.

The spatial distribution of the deposited energy in electromagnetic

showers can be described by using three normalized probability-density

functions characterizing the longitudinal, radial and azimuthal energy
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Figure 4.11: Total charge collected in the calorimeter as a function of the
x-coordinate of shower maximum for the same sample of figure 4.8. The red
points are the average values of the charge distribution. A similar behaviour
is observed on the y view.

distributions:

dQ(~r) = Q · fl(t)dt · fr(r, t)dr · fa(φ)dφ (4.16)

where t is the longitudinal shower depth in units of radiation length, r

is the radial distance from the shower axis and φ is the azimuthal angle.

One can assume that the energy is uniformly distributed in φ, so that

fa(φ) = 1/2π.

In the following a detailed description of the distributions fl and fr will

be given, together with the method by which these distributions are used

to determine the shower energy. The over-all procedure consists in:

1) evaluating the average shape of the radial distribution of electro-

magnetic showers by analysing selected samples of simulated and

real events;
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2) calculating event-by-event the total charge collected by the calorime-

ter and correcting its value according to the expected parameterized

shape;

3) performing an event-by-event fit of the longitudinal development

of each shower and evaluating a factor to correct the total charge

collected for longitudinal leakage;

4) finding the relation between the measured shower charge, corrected

for lateral and longitudinal leakage, and the energy of the primary

particle at the entrance of the apparatus, by means of simulated

electrons;

5) using the calibration between the simulated energy and the charge

collected in the calorimeter to calculate the energy of electrons and

positrons selected from flight data.

Some comments have to be done on the described procedure. The method

developed to reconstruct the energy of electrons and positrons is based

on the simulation. A different approach could have been to perform this

calibration with the real instrument, using the data acquired during the

test with beams of electrons of known energies. This was not possible

because, when the test was performed, in 2003, the acquisition electronics

was not complete. However the simulation of the calorimeter is tuned

by analysing the test data. Moreover the other instrument that provides

an energy measurement for electrons is the spectrometer. It cannot be

used directly to calibrate the calorimeter because, as will be explained

in detail in the next chapter, the rigidity measured by the spectrometer

is affected by the Bremsstrahlung effect. However a cross calibration

between the two detectors can be performed and a correction to the

calibration factor found with simulation studies can be found. This will

be treated in chapter 5.

4.3 Lateral profile

The transverse size of an electromagnetic shower is mainly determined by

the process of multiple scattering of electrons and positrons away from
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the shower axis, in addition to the emission angle of Bremsstrahlung

photons. It can be shown that the radial profile does not depend on

the energy of the primary particle but it depends on the longitudinal

position in the shower. In order to describe the radial profile a new

variable, τ = t/Tm, has been introduced, which expresses the position

along the shower relative to the maximum. The following two-component

function has been used to describe the normalized average radial profile

of electromagnetic showers [63]:

〈dQ(t, r)

Q dr
〉 = fr(r, τ) =

=
1

2π

[

p(τ)
2rR2

C(τ)

(r2 + R2
C(τ))2

+ (1 − p(τ))
2rR2

T (τ)

(r2 + R2
T (τ))2

]

(4.17)

In fact the radial profile can be seen as the sum of two distinct com-

ponents that vary in different ways with increasing shower depths; one

of the component describes the core of the distribution, the other de-

scribes the tails. In equation 4.17 the parameters RC(τ) and RT (τ) are

connected to the width of the core and tail components, while the param-

eter p(τ) ∈ (0, 1) gives the relative weight of the two. The above equation

has been introduced to describe the radial profile of showers developing

in homogeneous calorimeter. However it was demonstrated [63] that the

exact geometry of the calorimeter has a rather small influence on radial

energy profiles, as a consequence equation 4.17 has been used to describe

the shower development inside the PAMELA calorimeter, even if it is a

sampling calorimeter.

As discussed in the previous section, in order to have an unbiased recon-

struction of the energy, we must take into account that, on each plane,

part of the shower is not detected because its energy is lost in the gaps

or from the side. In order to evaluate the charge that would have been

collected in an ideal calorimeter, our approach has been to estimate the

fraction of charge deposited on the dead area and to correct accordingly

the measured charge. At the energies we are interested in, the charge

deposited in each single plane is too low, especially in the first planes,

so that it is impossible to perform an event by event fit of the radial
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charge distribution. Therefore we decided to use an average profile to

correct the experimental values of the charge on each single plane. From

equation 4.17 follows that the profile has different parameters depend-

ing on the longitudinal position in the shower. A dedicated procedure

has been developed to derive these parameters from data itself and it

has been applied to both simulated and flight data. In the following the

parametrization of the average radial profile is described and the lateral

leakage correction discussed.

4.3.1 Parametrization of radial profile

In order to study the lateral distribution of electromagnetic showers we

used a set of simulated electrons generated with a cosmic ray spectrum

in the energy interval 5 ÷ 10 GeV , as was explained in section 3.4.2.

Furthermore simulated data sets of both electrons and positrons with

fixed energies have been used in order to address specific features of the

lateral profiles.

The goal is to describe the average radial profile of the shower and to

use this information to correct the energy detected in each plane. Since

the radial profile depends on the longitudinal position, the approach was

to create 12 different distributions of radial profiles, ranging from τ = 0

to τ = 3, in order to cover the most significant intervals of depth, where

most of the shower energy is contained. The distributions have been

determined by analyzing a set of selected showers in the following way:

• the depth of the maximum, Tm, is determined as the depth of the

plane which collected most charge;

• for each plane j, the quantity τj = tj/Tm is calculated,

• the shower axis is determined by extrapolating in the calorimeter

the particle trajectory resulting from the spectrometer; for each

plane j, the coordinate (xa, ya) of the intersection of the shower

axis with the plane is calculated;

• the distance of each strip from the shower axis is calculated as

di = xi − xa if the considered plane is an x view, or di = yi − ya if

is an y view;
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• the fraction of charge, wi, collected by the strip i relative to the

total charge collected by the plane is calculated as wi = qij/qtotj ,

where qij is the charge collected by the strip i of the plane j and

qtotj is the total charge collected by the plane j;

• the distribution of the corresponding τ -bin is populated with the

quantity di weighted with wi.

In order to determine the average shape of the radial profiles, showers

well contained laterally that do not lose energy in the gaps or from the

sides, have to be selected. Since the profile depends only on the depth,

and the correction is applied independently to each plane, the selection

is applied plane by plane, not to the whole event. This choice allows to

increase the statistic of the sample used to create the lateral distribu-

tions. The definition of a fiducial area in the plane is critical from the

point of view of the statistics. In fact, if the requirement was to use only

showers fully contained laterally, the shower axis in each plane should be

at least 3 cm far from the gaps. However, if the sample is isotropically

distributed, the efficiency of this selection is too drastic. One opportu-

nity would be to simulate showers that hit the calorimeter on a restricted

zone, such that the showers develop mostly inside a fiducial volume. Ob-

viously this can be done only for simulated events while we would like to

apply the same procedure to the real data in order to compare the shower

profiles and to take into account possible differences between the real ap-

paratus and its simulation. As a consequence it is necessary to reach a

compromise between having enough statistics and in the same time ob-

taining an appropriate description of the lateral distribution. The final

choice has been to use only planes where the shower axis is located at

least 4 strips far from the gaps and 10 strips far from the side. With this

selection the resulting distributions are adequate to describe the shower

core. In fact, the correction is clearly more important if the gap is near

to the core of the shower, where the distribution is quite sharp, and it is

more important to have a good parametrization of the most central part

of the shower than of the tails.

The PAMELA calorimeter is constructed in such a way that each plane

collects the charge deposited along each strip; so the observed distri-
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bution cannot be compared to equation 4.17. The right formula for

the measured distributions is instead obtained integrating equation 4.17

along the coordinate parallel to the detecting strip, for example in case

of an x view:

fP (x; τ) =

∫ +∞

−∞

fr(x, y; τ)dy (4.18)

where the integrand function is:

fr(x, y; τ) =
1

π

[

p(τ) · R2
C(τ)

(x2 + y2 + R2
C(τ))2

+
(1 − p(τ)) · R2

T (τ)

(x2 + y2 + R2
T (τ))2

]

(4.19)

Since the radial distribution is uniform in φ, the result of the integral

is the same integrating over x or y and the following function has been

used to perform a fit of the obtained distributions in both x and y views:

fP (x; τ) = p(τ)
R2

C(τ)/2

(x2 + R2
C(τ))3/2

+ (1 − p(τ))
R2

T (τ)/2

(x2 + R2
T (τ))3/2

(4.20)

The values of the parameters, for each τ -bin, are obtained by fitting the

experimental distribution with the function defined by equation 4.20.

Figure 4.12 shows the average lateral profiles, in different τ -bin obtained

for planes in the x view, together with the described fit.

Three different sets of parameters have to be determined due to the

geometry of the calorimeter. This was necessary because the radial

charge profiles depend on the distance between the absorber, where the

shower develops, and the detecting silicon planes. In fact the particles of

the shower have to propagate from the bottom surface of each tungsten

block to the silicon detector, so that the lateral distribution of secon-

daries widens and the width increases for increasing distances between

the two surfaces. Figure 4.13 shows a schematic view of the first and

second module of the calorimeter. It can be seen that all the x planes

are located at the same distance from the tungsten; the y planes are

more distant, moreover odd and even planes are located at different dis-

tances from the corresponding tungsten plane. For example the planes

X0 and Y1 correspond to the same τ -bin, being the quantity of radia-

tion length traversed almost the same, but they have a different radial
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Figure 4.12: Lateral profiles, in different τ -bins on the x view, obtained with
simulated electrons with cosmic ray spectrum and energies in the interval
5 ÷ 10 GeV .
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Figure 4.13: Schematic view of the first end second module of the calorimeter,
the shaded area represents the tungsten. The plane Y1 is located 0.228 cm be-
low X0, while the plane Y2 is located 0.428 cm below X1. The same structure
is repeated 22 times.

profile. Consequently the average lateral profile has been evaluated in-

dependently for the three cases, namely x, yodd and yeven views. The

three sets of parameters RC ,RT and p as a function of τ are shown in

figures 4.14. The behaviour of these parameters can be explained quali-

tatively: at the beginning of the shower secondary particles are located

near to the shower axis, while when the shower develops through the

calorimeter the particles are more spread out. In fact it can be seen in

the figures 4.14 that the weight of the core component, p, decrease with

increasing τ , and its average value, RC , increases almost linearly with τ .

Moreover what was discussed above regarding the charge distributions

in the x, yodd and yeven view is confirmed by the results. In fact looking

at the plot on the right, one can notice that the relative contribution of

the core is lower for the y views than for the x view because the parti-

cles of the shower propagate a greater distance before they are detected
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4.3. Lateral profile

from the silicon planes. The difference between the average radial profiles

obtained from the x, yodd and yeven views in the most significant τ -bin,

τ ∈ (1, 1.25), are shown in figure 4.15.

As already pointed out, the same analysis has been performed on real

data. For this purpose a set of electrons have been selected from flight

data. To perform the electron selection the requirement was only to

have negative particles interacting in the calorimeters. Actually much

more refined cuts have been implemented in order to distinguish be-

tween calorimeter showers generated by hadrons or leptons. They are

explained in details in chapter 5, they have not been used here because

the contamination of hadron at this energy is made only of interacting

antiprotons, consequently it is very low, on the contrary the strongest

cuts have to be used to select positrons, since there is a larger number of

protons that could contaminate the sample.

In this case the same geometrical cuts on the shower track, explained

before for the simulation, have been applied and finally three analogous

sets of parameter have been found, as shown in figure 4.16. Figure 4.17

shows the comparison between the parameters calculated for flight data

and simulation. One can notice that the global behaviour as a function of

τ for simulated and real data is similar. However some small differences

can be observed especially at small shower depths. The most signifi-

cant differences concern the width of the tail component, for example

in figure 4.18 a comparison between the distributions obtained for real

data and simulation is shown; it seems that the tail is more spread for

simulation than for real data. A possible explanation could be that the

simulation of the secondary particles with lower energies, that affect the

shape of the tails, is not well optimized, so a better fine tuning of the

interactions in the calorimeter simulation could be necessary. To take

into account of these differences the parameters calculated from the real

data are used for flight data analysis.

Before going on with the explanation of the method used to correct

the detected charge some general considerations on the radial profiles

can be done by using the simulation. First of all a comparison between

the distributions measured with two different fixed electron energies has

been performed in order to check that that there is no clear dependence
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Figure 4.14: RC ,RT and p as a function of τ ; red points for x view fit, green
for yeven and blue for yodd. These values come from the fit of radial profiles of
simulated data with uniform direction distribution and cosmic ray spectrum
in the energy range 5 ÷ 10 GeV .
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Figure 4.15: Radial profiles in the most significant bin (τ = 1÷ 1.25), red for
x view, green for yeven and blue for yodd.
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Figure 4.16: RC ,RT and p as a function of τ ; red points for x view fit, green
for yeven and blue for yodd. These values come from the fit of radial profiles of
real data.

on the shower energy, as expected from equation 4.17. The result for the

most significant τ -bin is shown in figure 4.19, from which is clear that

the basic assumption of the independence of the radial profile on the

shower energy is satisfied. This justifies the choice to evaluate the radial

parametrization with a sample of events with energies ranging from 5 to

10 GeV . This allows to apply the same procedure to real data, in order

to evaluate the best parameters to be used for the flight-data analysis.

It is necessary to make few considerations on the determination of the

shower axis coordinates (xa, ya) which are determined by means of an ex-

trapolation of the particle trajectory, measured with the spectrometer 2.

If the electron emits a Bremsstrahlung photon in the material above the

2The algorithm [64] used for this task takes into account also the not constant
residual magnetic field that is present out of the spectrometer.
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Figure 4.17: Comparison between simulation (green) and real data (red)
parameters RC ,RT and p as a function of τ , upper graphs for x view, middle
for yeven and lower for yodd.
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Figure 4.18: Radial profiles in the most significant bin (τ = 1 ÷ 1.25) for
the yeven view. Comparison between simulation (green) and real data (red)
distributions.

spectrometer the track measured by the spectrometer matches the axis of

the electromagnetic shower generated in the calorimeter by the electron

only; on the other hand, the pattern observed in the calorimeter consists

in the superposition of both the showers initiated by the secondary pho-

ton and the primary electron. As a consequence the coordinates of the

shower axis determined by using the spectrometer track are consistent

with the real axis of the shower only when there is no Bremsstrahlung

emission. On the x view the electron trajectory is curved by the mag-

netic field and the two showers are slightly separated. This causes an

asymmetry in the lateral charge distribution, if this is evaluated relative

to the electron trajectory. This effect is negligible on the y view because,

being the magnetic field directed mainly along y axis, the electron and

photon trajectories are almost the same and the two showers overlap. In

order to study this feature a sample of positrons has been simulated with

113



CHAPTER 4. Energy reconstruction

d (cm)
-3 -2 -1 0 1 2 3

0

0.2

0.4

0.6

0.8

1

1.2

1.4

d (cm)
-3 -2 -1 0 1 2 3

0

0.2

0.4

0.6

0.8

1

1.2

Figure 4.19: Comparison between lateral distributions of simulated electrons
with energy 5 GeV (red) 10 GeV (green), on the x view(left) and y view (right)
and for τ = 1 ÷ 1.25.

fixed energy. In fact the asymmetry should emerge for showers generated

by both electrons and positrons, but in opposite directions. In figure 4.20

one can notice that the asymmetry is present, as expected, only in the x

view and is in opposite direction for e+ and e−. This effect is more visible

in the tails of the distribution and has been neglected in this study.

For flight data analysis, an additional systematic uncertainty in the

determination of the shower axis comes from the relative misalignment

between the tracking system and the calorimeter. On the contrary the

axis intersection coordinates determined from a calorimeter stand-alone

fit would not be affected by this problem but, when the shower develops

near a gap, the result of the calorimeter fit is biased, while the extrap-

olated spectrometer track is not affected by the gaps. However it is

important to remark that the calorimeter position resolution is poorer

than the tracker one (mm instead of µm). A procedure to evaluate the
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Figure 4.20: Comparison between distributions of simulated electrons(red)
and positrons(green) of energy 5 GeV ; Lateral distribution in x view(left) and
y view(right) for τ = 1 ÷ 1.25.

alignment parameters between the two detectors has been developed us-

ing non interacting relativistic particles. The errors on these parameters

are negligible compared with the calorimeter resolution. The final de-

cision was to use the extrapolation of the spectrometer track both for

parametrization and correction purpose.

Concerning the lateral profile of very inclined showers, it is important

to notice that their development is in principle different from vertical

ones. In fact, from equation 4.17 follows that the charge distribution is

symmetric around the shower axis, and depends on the shower depths.

In case of inclined showers the sampling planes are not orthogonal to

the axis, as a consequence the charge distributions measured by each

silicon plane should be described by a superposition of different radial

profiles at different depths. This effect is more important at the end

of the shower development, because at small depths the particles are
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Figure 4.21: Comparison between distributions of simulated electrons of en-
ergy 5÷ 10 GeV with the projected angle in the x view greater than 0 (green)
or lower than 0 (blue) for τ = 1 ÷ 1.25.

concentrated near the axis and there is not much difference. However,

as it is clear in figure 4.21, the difference is negligible for our purpose so

that the effect has been neglected and the average lateral profiles have

been described with a symmetric function.

4.3.2 Lateral leakage correction

The lateral parametrization was used to calculate the fraction of energy

lost, on each plane, due to the gaps existing between the detectors and to

the lateral leakage (see figure 4.10). The following procedure is applied

to every single event:

• the charge collected by each single plane is evaluated as:

qj =
∑

|di|<dm

qij (4.21)

where the sum is extended to every strip that has distance di, de-
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fined previously in section 4.3.1, to the shower axis coordinate lower

than a fixed cut dm;

• the depth of each plane, determined as τj = tj/Tm, is used to de-

termine the parameters (RC , RT , p) that better describe the lateral

profile, according to the lateral parametrization described in sec-

tion 4.3.1;

• for each plane the correction is calculated by means of the following

integrals:

It =

∫

ξ<dm

fP (ξ, τj)dξ Id =

∫

ξ<dm ξ∈S

fP (ξ, τj)dξ (4.22)

where S is the sensitive area. Id corresponds to the fraction of de-

tected charge, while It to the value measured with an ideal calorime-

ter without gaps; hence the correction factor, Fr, and the corrected

charge on each plane, q′j, are calculated as:

Fr =
It

Id
q′j = Fr · qj (4.23)

To understand how this procedure works, it is useful to study the dis-

tribution of the total measured charge from simulated particles of fixed

energy, whose shower is well contained longitudinally. It has to be no-

ticed that for this analysis, since the longitudinal development has not

been considered till now, only those events whose track intersect the last

calorimeter plane inside its sensitive area have been considered. The

total charge is calculated before and after the lateral correction in this

way:

Q0 =
∑

j<jm

qj Q1 =
∑

j<jm

q′j (4.24)

where jm is the index of the maximum plane which is considered to cal-

culate the total charge. In figure 4.22 the distributions of Q0 and Q1 are

shown; the distribution of Q0 has a tail at lower values, while the Q1

distribution is more symmetric. Moreover, as shown in figure 4.23, the

dependence of the total charge on the position of the strip traversed by

117



CHAPTER 4. Energy reconstruction

the shower maximum is strongly reduced, as expected, after the correc-

tion. However in the same figure a slightly overestimation of the charge

after the correction is visible for some events with the strip of the max-

imum signal near the gaps. This effect could be a consequence of the

lateral cut applied when the distributions are created. Due to this cut

the weight of the tails is slightly underestimated and, since each lateral

distribution is normalized, the core will result overestimated.

The total charge in each plane is calculated according to equation 4.21,

where a cut on the distance between the considered strip and the shower

axis coordinate is introduced (|di| < dm): this cut has been applied in

order to minimize the effect of noisy strips. The maximum distance has

been set as dm = 4 cm, which assures that on average 98% of the energy

is collected.

For the same reason, in order to evaluate the total charge in equation 4.24

only the planes until a certain maximum plane are considered. Studying

the average development, we found a good compromise if the considered

planes are those with t < 5Tm.

4.3.3 Q1-energy calibration

In this section the calibration between the total measured charge after

lateral correction and the particle energy is described. To find this re-

lation several sets of 10000 monochromatic isotropic electrons, in the

interval 5 ÷ 16 GeV , were generated. For each event the lateral correc-

tion was applied and the distribution of the total collected charge Q1 was

fitted with a gaussian function: the resulting parameters are then used

to estimate the value and the error of the average energy deposited in the

calorimeter for each sample of simulated electrons. Figure 4.24 shows the

average values of Q1 as a function of the simulated energy, E0, together

with the fit with the function Q1 = p0 +p1 ·E0. The fit was performed in

different energy ranges in order to understand when the linear relation

starts to fail due to the longitudinal leakage. The conclusion is that a

further correction to account for the longitudinal leakage is necessary al-

ready at 10 GeV . The electron energy reconstructed after lateral leakage

correction is E1, defined as E1(Q1) = 1
p1

· Q1 − p0

p1
.

118



4.3. Lateral profile

Entries  5907

Mean     2322

RMS     203.7

0Q
1000 1500 2000 2500 3000

nu
m

be
r o

f e
ve

nt
s

0

20

40

60

80

100

120

140

160

Entries  5907

Mean     2322

RMS     203.7

Entries  5907

Mean     2554

RMS     151.3

1Q
1000 1500 2000 2500 3000

nu
m

be
r o

f e
ve

nt
s

0

20

40

60

80

100

120

140

160

180

200

Entries  5907

Mean     2554

RMS     151.3

Figure 4.22: Distribution of the total collected charge for events simulated
with fixed energy (10 GeV ). The distribution on the left is without any cor-
rection, on the right after the correction for lateral leakage.
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Figure 4.23: The total collected charge shown as a function of the position of
the shower maximum before and after lateral correction. Same data sample
of figure 4.22.
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Figure 4.24: The plots on the left show the the linear fit of the average value
of Q1 as a function of the simulated energy performed in different energy
interval. In the plot on the right there is the relative difference between the

result of the fit and the average charge:
Q1−Qfit
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Q1
.

The estimated resolution for the reconstruction of the energy of elec-

trons, σ(E1)/E1, obtained after the lateral correction is shown in fig-

ure 4.25.

For an ideal calorimeter the energy resolution depends only on the

statistical fluctuations in the number of secondary particles produced in

the electromagnetic shower. Assuming a poissonian-like distribution, the

average number of secondaries Nm has an associated error of
√

Nm. It

follows that:
σ(E)

E
∼ σ(Nm)

Nm

∼ 1√
Nm

∝ 1√
E

(4.25)

Actually the energy resolution depends on other factors and it can be
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Figure 4.25: Energy resolution after lateral leakage correction shown as a

function of simulated energy. The function used for the fit is :

√

p2
0 +

p2
1

E0
+

p2
2

E2
0

,

according to equation 4.26.

written as the sum of three different term [62]:

σ(E)

E
=

a√
E

⊕ b

E
⊕ c (4.26)

where the symbol ⊕ indicates a quadratic sum. The first term on the

right-hand side is due to the stochastic nature of the process of shower

development, which has intrinsic fluctuations; the second term is due to

the electronic noise of the readout chain and is important at low energy;

the last constant term includes contributions that do not depend on the

energy of the particle and is important only at very high energy.

4.4 Longitudinal profile

It has been shown in the previous section that a longitudinal correction

has to be applied in order to obtain an unbiased reconstruction of the
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energy above 10 GeV .

It is well known that the average longitudinal shower profile can be de-

scribed by a gamma distribution [65] with shape parameter α and scaling

parameter β:

〈dQ(t)

Q dt
〉 = fl(t) =

(βt)α−1βe−βt

Γ(α)
(4.27)

where t = 0 is the space point where the first Bremsstrahlung process

occurs and the shower starts to develop. Since the radiation length in

tungsten is 0.35 cm we made the assumption that the beginning of the

shower coincides with the beginning of the calorimeter.

We assumed also that individual profiles can be approximated by a

gamma distribution. The center of gravity, 〈t〉, and the position of the

shower maximum, T , can be expressed in terms of the parameters α and

β in the following way:

〈t〉 =
α

β
T =

α − 1

β
(4.28)

The depth of the shower maximum is proportional to the logarithm of

primary energy, it is therefore convenient to use T instead of β to de-

scribe longitudinal profiles, together with the parameters Q and α.

Thus the following form has been used to describe the longitudinal pro-

files of the showers:
dQ(t)

dt
= fl(t; Q, α, T ) =

= Q
α − 1

T · Γ(α)

(

(α − 1)t

T

)α−1

e−(α−1)t/T (4.29)

This description of the shower is the result of analytical calculations valid

for the longitudinal development of electromagnetic showers in homoge-

neous media. In sampling calorimeters the inhomogeneous distribution of

materials modifies the behaviour of the showers. However, in the energy

range of interest for this study, the description of the shower obtainable

through equation 4.29 is adequate in order to calculate a correction.
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4.4. Longitudinal profile

4.4.1 Longitudinal leakage correction

The approach used to perform the longitudinal correction is to perform

an event-by-event fit of the longitudinal profile and to correct the total

charge detected according to the result of the fit. This approach is dif-

ferent from the one used to account for lateral leakage, in fact it will

be shown in the following that the fluctuations in the longitudinal de-

velopment of the showers are quite significant and, as a consequence, a

parametrization of the average development would not be very useful.

Moreover usually most of the shower is contained, at least till the max-

imum, and the collected charge is enough to perform an event by event

fit.

In order to perform a longitudinal correction, the values of the charge in

each plane, already corrected for lateral leakage, q ′j, as a function of the

depths in units of radiation length, tj, are interpolated with the func-

tion fl defined by equation 4.29. The fit is performed by minimizing the

following function:

χ2 =
n
∑

i=1

(

fl(tj; Q, α, T )− q′j
√

q′j

)2

(4.30)

where Q, α and T are the free parameters. The fit is performed using

the Minuit package [66]. The result of the fit is very sensitive to the

parameter initialization and in some cases, if the initialization is not op-

timal, the minimization does not converge. To solve this problem the

minimization is performed twice: the first time bounding the parameters

with reasonable physical limits, then the fit is performed again releasing

the limits, but starting with parameters found by the previous fit.

It is interesting to notice that particles with the same energy can develop

with showers very different from each other, due to fluctuations. The ex-

amples in figure 4.26 show the described fit applied to showers generated

by 50 GeV simulated electrons: it is evident that the fluctuations are

quite important, with the parameter T varying from the value 5.6 to 8.9.

In order to study the distributions of the fit parameters as a function

of the energy of the particles generating the showers, the longitudinal
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Figure 4.26: Individual profiles of showers generated by 50 GeV simulated
electrons. The blue points are the experimental values of the charge collected
on each plane, after the lateral leakage correction, the red line is the result of
the fit.
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4.4. Longitudinal profile

fit was applied to different samples of simulated electrons with constant

energy. The results for 10 GeV electrons are shown in figure 4.27. The

logarithm of the parameters has a quite gaussian distribution. Partic-

ularly interesting is the correlation between the logarithm of the shape

parameter and the logarithm of the shower maximum. This feature is

very important because it depends weakly on the energy, as shown in

figure 4.28, where it can be seen that the logarithm of T increases with

the energy but the slope is almost constant. Figure 4.29 shows the cor-

relation between the parameter Q and ln(T ): it can be seen that the

fluctuation of the shower maximum decreases with increasing energy, as

expected from theoretical studies of electromagnetic shower development.

The parameters found after the minimization (Q̃, α̃, T̃m) are used to

correct the measured energy for the longitudinal leakage. The correction

is evaluated as the ratio between the integral of the longitudinal profile

function between t = 0 and t = 5Tm and the integral calculated over the

whole depth of the calorimeter:

Fl =

∫ 5Tm

0
fl(t; Q̃, α̃, T̃m)dt

∫ tcalo

0
fl(t; Q̃, α̃, T̃m)dt

(4.31)

where tcalo is the longitudinal depth of the last calorimeter plane.

The total collected charge after this correction, Q2, is evaluated as Q2 =

Fl · Q1. In principle the upper limit on the integral at the numerator in

the previous equation should be ∞, but, as anticipated in section 4.3.1,

in order to minimize the effect of noisy strips, the total collected charge in

the calorimeter is evaluated considering only a limited number of planes.

Consequently, if 5Tm falls outside the calorimeter (tcalo < 5Tm), the to-

tal charge is evaluated summing up the charge of all the planes and the

correction for the longitudinal leakage is applied. Otherwise the planes

corresponding to a depth greater than 5Tm are discarded and no longi-

tudinal correction is applied.

Another consideration has to be done on the method used to correct

the collected charge. To correct for lateral leakage a first estimate of

the shower maximum, given by the depth of the plane that collects more
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Figure 4.27: Fit parameter’s distribution and their correlation. Same ana-
lyzed sample of figure 4.22.
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Figure 4.28: Correlation between ln(α) and ln(T ). Each color is
obtained from a sample of events generated with different energies:
10(black),40(red),70(green),100(blue) GeV.
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Figure 4.29: Correlation between Q and ln(T ). Each color is
obtained from a sample of events generated with different energies:
10(black),40(red),70(green),100(blue) GeV.

127



CHAPTER 4. Energy reconstruction

charge, has been used to describe the expected lateral distribution. This

procedure could be affected by a significant error if the shower maximum

is badly estimated, for example for very inclined showers that propagate

out of the calorimeter from lateral walls. Showers whose axis does not

intersect the last calorimeter planes are have been excluded from the

calibration sample. However the developed method will be applied to any

shower and the above cut in general will be removed. In case the shower

maximum obtained from the longitudinal fit is significantly different from

the previously estimated value, the lateral correction is applied again

after the new calculation of the τ -bin corresponding to each plane.

The result of applying the longitudinal correction is to recover the

effect of the energy leakage as is evident in figure 4.30; the distribution

of the charge Q1 has a quite important tail at lower values, which is

recovered after longitudinal correction, in fact the distribution of Q2 is

more gaussian.

4.4.2 Q2-energy calibration

The final calibration, after both steps of leakage correction, has been

performed with the same approach described previously for the Q1-energy

calibration, but the event were simulated in the energy interval 10 ÷
120 GeV . Figure 4.31 shows the average values of Q2 as a function

of the simulated energy together with the fit with the function Q2 =

p0 + p1 · E0. As expected the linear relation holds in the whole energy

range, confirming that the longitudinal correction works properly.

The electron energy reconstructed after both lateral and longitudinal

leakage correction is E2, defined as E2(Q2) = 1
p1

· Q2 − p0

p1
. Figure 4.32

shows on the right a comparison of the resolution, obtained after applying

both lateral and longitudinal corrections and after lateral correction only.

The same figure on the left shows the behaviour of the resolution in the

whole simulated energy range, the resolution improves with increasing

energy.
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Figure 4.30: Distribution of the total charge collected for events simulated
with fixed energy (50 GeV ). The distribution on the left is with lateral cor-
rection only, on the right after the correction for longitudinal leakage.

4.4.3 Selection of a high-quality sample

In the next chapter the procedure for the alignment of the spectrometer

is explained. For this task it is necessary to extract the momentum of

electron and positrons from the calorimeter information. For alignment

purpose, the reconstruction of the energy has to be performed with a

resolution lower then 10%, and in particular one has to be sure that

there are no events affected by systematic errors. In this section the

specific quality cuts that have been developed to select events to be used

for alignment purpose are explained.

The results of the described correction procedure are shown if fig-

ure 4.33: the effect of the longitudinal leakage on the reconstruction is

recovered in most of the cases. However for some of the events it brings

an overestimation of the reconstructed energy, in particular when the
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Figure 4.31: The plot on the left shows the linear fit of the average value of Q2

as a function of the simulated energy. The plot on the right shows the relative

difference between the result of the fit and the average charge:
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Figure 4.32: Energy resolution obtained after lateral and longitudinal correc-
tion shown as a function of simulated energy, in the whole simulated energy

range. The function used for the fit is
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0

according to equa-

tion 4.26. On the right the comparison between the resolution after lateral
correction only (black) and after lateral and longitudinal corrections (red) is
shown.
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Figure 4.33: Ratio between the reconstructed energy and the original energy
as a function of the maximum of the shower. In the upper part the energy was
reconstructed applying only lateral correction, in the bottom applying both
lateral and longitudinal corrections. Each color is obtained from a sample of
events generated with different energies: 10(black),40(red),70(green),100(blue)
GeV.
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Figure 4.34: The correlation between ln(α) and ln(Tm) is shown weighted with
the ratio E2/E0. Each plot is obtained from a simulated sample of electrons
with energy 10,40,70,100 GeV.

shower maximum is located in the last part of the calorimeter. The

overestimated energies can be connected with those events where the

longitudinal parameters lie far from the correlation zone, as is evident

from figure 4.34.

To explain this effect is useful to analyze some examples. In fig-

ure 4.35,4.36 the longitudinal development, together with the fit of two

events simulated with energy 50 GeV , is shown; in the upper plot the

shape parameter α has a value lower than the expected average value,

which means a flatter distribution of the signal. In this case the charge

deposited outside of the calorimeter is overestimated and consequently

by applying the longitudinal correction the reconstructed energy is over-

estimated.

The performances of the calorimeter energy reconstruction have been
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Figure 4.35: Example of an event with parameters out of the correlation
zone (α = 4.13, T = 9.04). Simulated energy 50 GeV , reconstructed energy
45 GeV ,after longitudinal correction(Fl = 1.25) 54 GeV
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Figure 4.36: Example of an event with correlated parameters (α = 6.3,
T = 9.1). Simulated energy 50 GeV , reconstructed energy 46.2 GeV ,after
longitudinal correction(Fl = 1.12) 49.69 GeV
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Figure 4.37: Distribution of the quantity δ on linear (left) and logarithmic
(right) scale.

studied using the variable δ = E2−E0

σ(E2)
. The distribution of this quantity is

shown in figure 4.37 together with a gaussian fit. There are non-gaussian

tails that have to be removed for alignment purpose.

The tail on the right is due to events for which the longitudinal correc-

tion is overestimated. It has been shown that these events are those for

which the parameters α and T , resulting from longitudinal fit, lay out

of a correlation zone. The correlation between the logarithm of the pa-

rameters α and T is a feature common to all the energies and has been

used as a topological criterion to select unbiased events among those used

for the alignment procedure. The correlation zone has been determined

phenomenologically and is shown in figure 4.38, the selected events have

to satisfy the condition:

1.3 < ln(T ) < 2.3 AND | ln(α) − 0.92 · ln(T )| < 0.5 (4.32)
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4.4. Longitudinal profile

At this energy the efficiency of this cut is about 95%. After applying this

cut the non-gaussian tail on the right disappears, its effect is shown in

figure 4.39.

However the tail on the left remains, and it is due to events where the

calorimeter energy is underestimated. They are caused by events where

the difference between the extrapolated spectrometer track is far from the

main shower in the calorimeter, this could happen when the energy lost

by the primary particle above the spectrometer due to Bremsstrahlung

process is very high; one of these events is shown in figure 4.40. This

kind of shower will be excluded by means of other cuts, aimed to exclude

showers with a development different from the development of purely

electromagnetic showers. These cuts are called hadronic cuts, and are

explained in detail in chapter 5. The distribution obtained after applying

this ulterior cut is shown in figure 4.41.
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Figure 4.38: The selected events are those inside the correlation zone identi-
fied by the red lines.
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Figure 4.39: Distribution of the quantity δ after applying the cuts defined in
figure 4.38.
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4.4. Longitudinal profile

Figure 4.40: Example of a simulated electron with emission of Bremsstrahlung
photon. E0 = 8 GeV , E2 = 6 GeV , Rigidity = −0.684 GeV .

Entries  42845

Mean   -0.04411

RMS     0.925

Constant  1.0± 158.7 

Mean      0.00481± -0.04884 

Sigma     0.0036± 0.9013 

δ
-10 -8 -6 -4 -2 0 2 4 6 8 10

nu
m

be
r o

f e
ve

nt
s

1

10

210

Entries  42845

Mean   -0.04411

RMS     0.925

Constant  1.0± 158.7 

Mean      0.00481± -0.04884 

Sigma     0.0036± 0.9013 

Figure 4.41: Distribution of the quantity δ after applying the cuts defined in
figure 4.38 and the hadronic cuts. 137





Chapter 5

Spectrometer alignment

The most important objective of the PAMELA experiment is the precise

determination of the flux of cosmic rays in a large energy interval, with

much more statistics and accuracy than previous experiments. This task

needs an exact calibration of all the detectors involved in the measure-

ment. As already stated before, PAMELA was conceived in such a way

that the system is redundant, that is the same information can be ex-

tracted from different detectors, even if only in some energy intervals

and with different accuracy. Thanks to this feature, in order to perform

the calibration of the detectors, it is possible not only to rely on simula-

tion, but also to perform a cross calibration among different detectors.

The tracker calibration is very important because the spectrometer is in

charge to provide an unbiased measurement of the momentum of charged

particles. To obtain this information, starting from the ADC values

recorded in each strip of the silicon planes, the following steps have to

be performed: first it is necessary to uncompress the flight data, then

to identify among them the cluster of signals generated by particles, to

reconstruct the impact points, to recognize the points belonging to a phys-

ical track and finally to perform the fit to establish the deflection. All the

above passages have been studied extensively by the PAMELA collabora-

tion. It is very important to be able to measure with small uncertainties

the coordinates of the impact points on the silicon sensors which compose

the tracking system. The procedure that allows to accomplish this task

has been described briefly in section 3.2.3, where it has been shown the
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possibility to obtain a very high spatial resolution, better than 3 µm on

the bending plane, for perpendicularly incident cosmic rays. Nonetheless,

at the same time such a high resolution in identifying the impact points is

not really useful in measuring particle deflection if the mutual positions

of the silicon sensors are not known. In fact, in order to perform the

track fitting, the coordinates of the impact points have to be expressed in

a general frame of reference, common to the whole spectrometer. It is

important to develop a method to determine the correct transformation,

from the reference frame of each silicon detectors to the general frame of

reference, which requires the precise knowledge of the positions of each

sensor. The procedure to determine these parameters is referred to as

“spectrometer alignment”.

The explanation of the algorithms used to recognize a track generated

by a particle in the spectrometer and to calculate its rigidity is given in

section 5.1. In section 5.2 the basic principle of the alignment method is

described. In section 5.3.1 the procedure that has been applied to align the

system on ground before the launch of the satellite is described, while in

section 5.3.2 the different approach used for flight analysis is explained.

The alignment procedure can be divided in two parts, named “coherent”

and “incoherent” alignment. In section 5.4 the incoherent procedure is

described and the results of its application to flight data are shown. In

section 5.5 the coherent procedure is explained; to use this algorithm it

is necessary to know the particle momentum independently on the spec-

trometer: the calorimeter can provide this information by means of the

reconstruction of electron energy, as explained in chapter 4.

5.1 Spectrometer deflection measurement

In order to calculate the deflection of charged particles detected by the

spectrometer many studies have been performed in the past. Before

explaining the method used to fit the track I will describe briefly the way

in which a candidate track in the spectrometer is recognized among all

the possible tracks.
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5.1. Spectrometer deflection measurement

X

Y

Figure 5.1: Sketch of a silicon sensor on which two clusters have been identi-
fied both on the x and on the y side. The coordinates reconstructed from the
information on the hit strips are represented by the markers on the axes: they
can be associated in two different configurations of impact points, indicated
by the pairs of open and filled circles.

5.1.1 Track recognition

For each group of strips with signal it is possible to identify a cluster,

generated by the passage of a particle, with an associated coordinate, as

was explained in section 3.2.3. Before being able to fit a curve through

a set of measured points and to reconstruct the track of the particle, the

clusters and their associated coordinates for the two sides of each plane,

that till now have been treated as independent measurements, have to

be paired into a physical point of incidence. Hence, such points have to

be grouped as belonging to a track.

If more than one cluster is present both on the x and y sides of a

sensor, there is not a unique way to associate them to a physical impact

point, as it can be seen from figure 5.1. The connection between them can
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Figure 5.2: The correlation between the amplitude of the cluster signal mea-
sured on the x and y view is shown for a sample of tracks from flight data.

be done on the basis of the amplitudes of the cluster signals, since those

generated by the same particle are correlated, as shown in figure 5.2.

Those points, representing pairs of x and y clusters that are likely to

be due to the same amount of ionization charge, carry both the x and y

coordinate information of an impact point; for this reason they are called

couples and they are used in the following track recognition phase. On

the contrary, the unpaired clusters that have been excluded by means

of dedicated cuts on the charge correlation, are called singlets. In this

case only the value of one coordinate can be extracted and they are

included only at the end of the track fitting if an impact point is missing

on some plane. A remark has to be done about the ambiguity issue due

to the way the read-out electrodes are built on the ohmic side of the

ladders, as explained in section 2.3.1. In principle, the y coordinate of

each reconstructed impact point has an intrinsic indetermination due to

the fact that the electronic channels read the signals coming from both

the strips implanted on the two sensors of a ladder, which are ∼ 7 cm

apart. At this stage, for the purpose of forming couples, each cluster

that belongs to the y side of a plane is considered twice, as if two distinct

clusters were present in the event. As illustrated in figure 5.3, the real

combinations associated to the physical impact points of the particle are
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5.1. Spectrometer deflection measurement

REAL TRACK

IMAGE TRACKREAL TRACK

Track fit procedure

Track fit procedure

Figure 5.3: Schematic representation of the y-z projection of the spectrome-
ter, showing the ambiguity in the coordinate determination on the y side of the
silicon sensors. Each y cluster which has been identified is duplicated on both
sensors, 7 cm apart (red and green dots). In most cases the indetermination is
resolved as part of the normal process of track fitting, as shown in the upper
part of the picture. In case a track is completely contained in a vertical set of
sensors the ambiguity has to be resolved by means of the spatial information
coming from the other detectors of PAMELA (lower part of the picture).
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determined during the reconstruction of the track, since in general if the

wrong sensor is chosen the quality of the fit will be worse. In case of a

track completely contained in a vertical set of sensors (bottom picture

in figure 5.3) the spatial information coming from the TOF or from the

calorimeter is used in order to resolve the ambiguity.

Up to this stage the coordinates of the couples identified for each

event are referred to the intrinsic x and y axes of the sensor they belong

to. Then the information of all the planes has to be merged together

to obtain the complete representation of tracks in the three-dimensional

space. The coordinates have to be expressed in a frame of reference com-

mon to the whole spectrometer. The chosen reference frame is the one

shown in figure 5.4, which has its origin at the geometrical center of the

magnet, the z axis pointing upward, the y axis opposite to the main com-

ponent of the magnetic field, and the x axis directed consequently to have

a right-handed set of coordinates. At a first order of approximation the

positions of the 36 silicon sensors forming the tracking system are known

from the mechanical design of the spectrometer, so this change of refer-

ence frame can be done simply through a translation of the coordinates

of the impact points. However their true positions and orientations in

space are not known a priori at the level required in order not to spoil the

very high spatial resolution of the detector, which is of few micrometers,

while the mechanical position uncertainties are of the order of 500 µm.

Moreover the misalignments from their design configuration could change

in time, due for instance to mechanical stresses on the device. For this

reason a procedure to determine a posteriori the actual positions of the

sensors from the analysis of the flight data has been developed and will

be explained in detail in this chapter.

Once the misalignments of the sensors have been taken into account

and the coordinates of the couples have been expressed in a general ref-

erence frame, the real recognition procedure which groups them into

potential tracks can start. The principle is to recognize which are the

clusters associated with the physical track generated by the cosmic ray.

For this task it is necessary to find the clusters closer to the expected

trajectory.

The curve which a relativistic charged particle follows, while moving in
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’r
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X Y

r
S

Figure 5.4: Sketch of the ideal configuration of the tracking system. The sili-
con sensors are arranged in six planar configurations of six sensors with aligned
strips, and their positions with respect to the origin of the coordinate system
are known from the mechanical design of the spectrometer. The coordinates
of a point on a sensor (represented by the ~r ′ vector) can be expressed in the
general reference frame (as the vector ~r) simply through the translation of the
point according to the vector ~S which identifies the position of the center of
that sensor.
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a known magnetic field, can be obtained by integrating the equation of

motion:

mγ
d2~r

dt2
= q

(

d~r

dt
× ~B

)

. (5.1)

By introducing the path length l = βct and using p = mγβc, from

η = 1/R = q/p it follows that, since β = vc is a constant, this equation

can be rewritten as:

d2~r

dl2
=

q

mγβc

(

d~r

dl
× ~B

)

= η

(

d~r

dl
× ~B

)

. (5.2)

The track of the particle inside the spectrometer is completely defined by

a set of six numbers, namely the components of the initial position and

velocity vectors. An equivalent choice of the track parameters, convenient

for our experimental set up, consists in considering a fixed reference plane

which is crossed by the particle and assigning a vector, which is called

the state vector of the track. In our case the plane is expressed as z =

z∗ = const and is placed above the spectrometer, and the chosen state

vector is:

~α = (x∗, y∗, sin θ∗, ϕ∗, η) (5.3)

where (x∗, y∗) are the coordinates of the intersection point of the track

on the reference plane, θ∗ and ϕ∗ the polar incidence angles, and η the

magnetic deflection of the particle. It has 5 components, since one spa-

tial coordinate of the initial position has been fixed. A certain vector ~α

corresponds to one and only one trajectory of a particle in the magnetic

field. The track reconstruction process consists in finding the state vec-

tor that gives the best approximation of the experimental points on the

silicon planes of the spectrometer. The task of the recognition phase is

to identify all the possible particle tracks in each event and to provide an

initial estimate for their state vectors, which will be used as a starting

point for the fitting procedure.

During the track-recognition phase, in order to reduce the computa-

tion time, a simplified magnetic configuration has been employed: the

field is considered uniform along the y direction, with an intensity corre-

sponding to the average value 〈B〉 = 0.43 T . Consequently the particle
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5.1. Spectrometer deflection measurement

trajectories can be approximated as straight lines on the y-z plane and

as an arc of circumference on the x-z plane. The analysis is carried on

independently for the x-z and y-z projections using an algorithm based

on a combinatorial implementation of the so-called method of the Hough

transform [67]. It is a general feature-extraction technique which allows

to detect and isolate a pattern or a shape in a complex arrangement of

objects. Here it is used to recognize all the possible straight lines and

circumferences that can be associated reasonably well to y and x clusters

generated by a cosmic ray. In this way, two of the five track parameters

are extracted from the parameters of the line and the remaining three

from those of the circle. The complete vector ~α is obtained by merging

the information from any suitable combination of them and a track can-

didate is obtained; its state vector will be used as the initial condition in

the complete fitting procedure, explained in the next section.

5.1.2 Track fitting

The trajectory of the particle inside the spectrometer is calculated through

an iterative procedure. From the analysis of the clusters that potentially

belong to a physical track by means of the Hough transform a first guess

of the state vector ~α is obtained, and used as the initial condition to

solve the equations of motion 5.2. Whereas during the track-recognition

phase a simplified magnetic configuration is employed, here the real ~B

field is used. The map of the magnetic field has been obtained from a

sampling of the field components in a three dimensional grid of points

inside the magnetic cavity; the value of the field in each point of the track

is extracted from the measured values using a three-dimensional linear

interpolation. To solve the equations of motion with a non constant

magnetic field the Nyström algorithm [64] is used, which is based on the

stepwise numerical integration of the equations with the Runge-Kutta

method, as it has been coded in FORTRAN in the CERN software li-

braries [68]. This method allows to obtain the trajectory starting directly

from the system of second-order differential equations of motion without

the need of the intermediate step of reducing them to a first-order sys-

tem, thus resulting in a high computational efficiency. The impact points
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that are obtained from the intersection between the trajectory and the

planes of the spectrometer are then compared with the measured ones: a

χ2-function, which states how much the fit differs from the actual physical

track is calculated:

χ2(~α) =

Nx
∑

i

(

xi − x̃i(~α)

σxi

)2

+

Ny
∑

i

(

yi − ỹi(~α)

σyi

)2

(5.4)

In the above equation (xi, yi) represents the measured coordinates of the

points on the i-th plane, and the coordinates obtained from the fit for a

certain state vector ~α are defined as (x̃i, ỹi). If some singlets are present

in the track the number of planes included in the track on the x-view,

Nx, can be different from the number of planes on the y-view, Ny. The

uncertainties on the coordinates, σxi
and σyi

, have been studied by means

of simulation [49]. It was demonstrated that the uncertainties depend on

the estimated angle of the track and on the algorithm used to recon-

struct the measured points. Moreover a correction on the uncertainties

is performed taking into account the “quality” of the cluster, that is the

noise of the strips which compose it. By minimizing equation 5.4 as a

function of the components of ~α, the values of the initial conditions of

integration that result in impact points nearer to the experimental ones

are found. The minimization is performed with an iterative procedure,

based on an analytical approach [69]. To minimize the function 5.4 the

following system of partial derivatives has to be solved:

∂

∂αk

(

χ2(~α)
)

= 0 , k = 1 . . . 5 . (5.5)

Starting from the χ2 evaluated for a given initial guess ~α0, the function

at a nearby value ~α = ~α0 + ∆~α is obtained by means of a second-order

Taylor series expansion:

χ2(~α) ' χ2(~α0) +
5
∑

h=1

∂χ2

∂αh

∣

∣

∣

∣

~α0

∆αh +
1

2

5
∑

h,l=1

∂2χ2

∂αh∂αl

∣

∣

∣

∣

~α0

∆αh∆αl , (5.6)
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in which the sums are on the five components of the ~α vector. When this

expression replaces χ2(~α) in the minimization conditions (5.5), it gives:

0 +
5
∑

h=1

∂χ2

∂αh

∣

∣

∣

∣

~α0

∂∆αh

∂αk

+
1

2

5
∑

h,l=1

∂2χ2

∂αh∂αl

∣

∣

∣

∣

~α0

∂

∂αk

(∆αh∆αl) ' 0 (5.7)

with k = 1 . . . 5. Now, since:

∂∆αh

∂αk
= δhk , (5.8)

where δhk is the Kronecker delta, equation (5.7) becomes:

∂χ2

∂αk

∣

∣

∣

∣

~α0

+

5
∑

h=1

∂2χ2

∂αh∂αk

∣

∣

∣

∣

~α0

∆αh ' 0 , k = 1 . . . 5 . (5.9)

By introducing the first-derivative vector ~V and the second-derivative

matrix Z, both calculated in ~α0:

(~V )k =
∂χ2

∂αk

∣

∣

∣

∣

~α0

(Z)h,k =
∂2χ2

∂αh∂αk

∣

∣

∣

∣

~α0

(5.10)

equation (5.9) can be rewritten as:

~V + Z (~α − ~α0) ' 0 , (5.11)

and the improved vector is:

~α ' ~α0 − Z
−1 ~V . (5.12)

This value of the state vector is used as a new set of initial conditions for

integrating equation 5.2, and the procedure is repeated until the desired

degree of convergence is reached.

Extensive studies of the spectrometer performances have been done

before the launch. The results of measurements performed in 2003 at

the CERN SPS beam with protons of known momentum are shown in

figure 5.5, where the uncertainties on the rigidity is shown as a function
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Figure 5.5: Results of the spectrometer rigidity resolution obtained from the
measurements performed in 2003 at the CERN SPS beam.

of the rigidity. The dashed line is the bisector ∆R = R. The fit to the

four experimental points (solid curve) assumes a contribution from mul-

tiple scattering (∆Rms ∝ R) and a contribution from spatial resolution

(∆Rsr ∝ R2). The intersection of the two curves gives the maximum

detectable rigidity of the spectrometer, MDR, which is defined as the

value of the rigidity which corresponds to a 100% uncertainty on its mea-

surement. The results of figure 5.5 show that an MDR of about 1 TeV

can be achieved.

5.2 Alignment

The task of the alignment procedure is to determine at a micrometer

level the positions of the silicon-sensor in a general frame of reference

common to the whole spectrometer. Before going on with the detailed

explanation of the alignment method, the transformation used to find

the real position of the tracker sensors will be clarified. The real posi-

tion and orientation in three-dimensional space of each silicon sensor in

the PAMELA reference frame can be unambiguously defined by a set of

six numbers, which represents the components of a vector of translation
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Figure 5.6: Sketch of the transformation of frame of reference which corrects
for the misalignment of the sensors. The vector ~r ′ contains the coordinates
of a point as measured in the silicon sensor frame. Before translating the
vector according to the sensor position in the mechanical design (vector ~S),
the sensor has to be rotated by the matrix R and translated by the vector ~T
to account for the misalignment. The final position of the point in the general
reference frame is identified by the vector ~r given by equation 5.13.

151



CHAPTER 5. Spectrometer alignment

and three angles of rotations in respect to the ideal configuration given

by the mechanical design of the instrument. For the alignment purpose,

each sensor is considered as a perfectly rigid body with the shape of a

rectangular parallelepiped. The convention which has been chosen to

define this transformation of reference frame, consists in using in turn

the rotations ω, γ and β along the z, y and x orthogonal coordinate axes

passing through the center of the ideal sensor, and the translations ∆z,

∆y and ∆x along those three axes which shift the sensor from its design

position to the real one.

As shown in figure 5.6, if the vector ~r ′ = (x ′, y ′, 0) represents the co-

ordinates as measured in respect to the center of the sensor, then the

coordinates ~r = (x, y, z) in the PAMELA reference frame after the roto-

translation from the ideal to the real position can be expressed as:

~r =
(

R ~r ′ + ~T
)

+ ~S , (5.13)

where R(ω, γ, β) is the rotation matrix, ~T (∆x, ∆y, ∆z) the translation

vector, and ~S is the vector which defines the position of the center of the

sensor that the point belongs to, as known from the mechanical project.

In the hypothesis that the rotations are small, a first-order approximation

can be used and the matrix R reduces to:

R =





1 −ω γ

ω 1 −β

−γ β 1



 . (5.14)

The translation vector ~T is instead simply given by:

~T = (∆x, ∆y, ∆z) , (5.15)

and the vector ~S = (X, Y, Z) contains the known coordinates of the

center of the sensor in the reference frame of PAMELA, according to the

mechanical design.

Using previous equations, the rototranslation (5.13) which provides the

real coordinates ~r = (x, y, z) as a function of those measured on the
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sensor ~r ′ = (x ′, y ′, 0) becomes:











x = x ′ − ω y ′ + ∆x + X

y = ω x ′ + y ′ + ∆y + Y

z = −γ x ′ + β y ′ + ∆z + Z

. (5.16)

In this framework, the alignment issue reduces to identify for each sensor

the six parameters ~A = (β, γ, ω, ∆x, ∆y, ∆z).

Before the launch of PAMELA a big effort has been put to determine

accurately the right position of each sensor (for the details see [70]).

The quality of the alignment procedure can be evaluated from the dis-

tribution of the differences between the set of measured coordinates and

those determined by the intersection of the fitted track with the sensors,

the so-called residuals. We expect that if the tracker sensors are not

properly aligned the residual distributions are not centered on zero and

their width is wider in comparison to what is expected from the analysis

of the impact point reconstruction. See for example in figure 5.7 the

residuals obtained, using the nominal position known from the mechan-

ical design, for a sample of events with fixed energy taken from beam

test data: the discrepancies between measured and fitted point are up

to several hundred of micrometers. A set of alignment parameters was

determined [70] and figure 5.8 shows the resulting residual distributions

after the transformation. It is evident by comparing with the previous

distributions that now the residuals are very well centered to zero and

also that their widths are lower.

This demonstrates that with the alignment of the system on ground a

very good level of accuracy was obtained. However, after the stress of

the launch the alignment parameters could have changed. In fact, by

analysing the residuals for a set of events acquired in flight, it seems that

the positions of the sensors are changed. This is proved by the distribu-

tion of the residuals, shown in figure 5.9, obtained for protons selected

from flight data. These data were analyzed with the position-finding-

algorithm COG4, consequently their width is larger than the nominal

resolution expected with the non-linear η-algorithm. The unbiased algo-

rithm COG4 was used in the alignment procedure in order to be sure of
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Figure 5.7: Distributions of the spatial residuals for a column of sensors, for
a sample of tracks from test-beam data.
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Figure 5.8: Distributions of the spatial residuals for a column of sensors after
the alignment with test-beam data.
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Figure 5.9: Distributions of the spatial residuals for a sample of proton tracks
selected from flight data, analyzed by applying the test-beam alignment pa-
rameters.
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avoiding systematic errors. When the flight data are analyzed using the

set of alignment parameters found previously from ground data analysis

a misalignment effect of some micrometers appears, as can be seen from

the mean values of the distributions in figure 5.9. Therefore it is neces-

sary to develop a procedure in order to find how to correct the alignment

parameters using flight data.

The alignment principle

The rototranslation parameters which give the right position of the sen-

sors are those that generate the residuals distribution that we expect,

namely centered in zero with the width resulting from the impact point

resolution. In other words the right parameters are those generating re-

constructed coordinates of the points of the track as much similar as

possible to the measured ones. To clarify how to use this feature it is

useful to look at some pictures. In figure 5.10, on the left, a set of mea-

sured impact points are shown, according to the ideal configuration of

the planes. If the two external sensors are kept fixed as reference, the

correct positions of the others can be found by requiring that the points

lie on the reconstructed trajectory of the particle. It is clear that if the

deflection, and consequently the shape of the track, is not known a pri-

ori, there are infinite combinations of different positions and curvatures

which comply with the measured points. On the contrary, if the shape of

the track is correctly reconstructed on the basis of its known deflection,

and two positions in space are determined on the reference planes, the

comparison between the other measured points and the expected ones

results in a unique configuration of the sensor positions.

This comparison mathematically can be done through the minimization

of a χ2 function that contains the difference between the measured coor-

dinates of the impact points ~rij( ~A) and the corresponding reconstructed

coordinates ~̃rij( ~A, ~α), for each plane i and event j. Both the sets of

coordinates depend on the alignment-parameter set ~A, but the recon-

structed coordinates depend also on the vector ~α, in fact as explained in

section 5.1 the trajectory of a cosmic ray in the magnetic field is deter-

mined unambiguously by a certain vector ~α. Consequently the function
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Figure 5.10: Schematic description of the alignment principle. The pictures
represent simplified two-dimensional sketches of a column of sensors. In the
left picture a set of measured impact points are shown, according to the ideal
configuration of the planes. In the center and right pictures two of the infinite
possible combinations of positions that comply with the measured points are
shown.

to be minimized (see also equation 5.4 for the meaning of symbols) is a

global χ2 given by the sum of the χ2 of equation 5.4 for each single track,

in details:

χ2( ~A) =
Nev
∑

j=1





Nx
∑

i=1

(

xij( ~A) − x̃ij( ~A, ~α)

σxi

)2

+

Ny
∑

i=1

(

yij( ~A) − ỹij( ~A, ~α)

σyi

)2




(5.17)

For each one of the Nev events the residuals on each plane are calculated

and then, with an iterative procedure, the minimum of the global χ2 is

found, by varying the value of the alignment parameters ~A.

With simulation studies has been found that not all the 6×36 parameters

which identify all the spectrometer sensors, can be let free in the mini-

mization, in fact the procedure does not converge because there is not a

unique minimum in all the parameters. The consequence is that only a

relative alignment is possible. In principle an absolute frame of reference

exists to which positions could be referred to: in fact the presence of a

non-uniform magnetic field causes the space around the sensors to be not

isotropic, so that the coordinate axes could be oriented, and the origin

placed, according to its shape. However in practice the inhomogeneities
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of ~B have proved to be too small for the method to be sensitive enough

to them. In order to clarify the procedure, let us consider separately each

group of six detecting elements one under another along the cavity of the

spectrometer. In this case two of the sensors are taken as reference and

they are assumed as being really placed according to their ideal design

configuration: this means that their rotations β, γ, ω and translations

∆x, ∆y, ∆z are set to zero and kept constant during the minimization

process.

A consequence of this kind of approach to the misalignment problem is

that the incoming direction of particles can be affected by a systematic

error, of the order of the precision in knowing the mechanical position

of the two reference sensors, since their reciprocal positions cannot be

determined. In spite of this uncertainty in the identification of the angle

of incidence of cosmic rays, the effect, at a first approximation level, does

not interfere with a correct measurement of their momentum, which is

the real quantity of interest.

The best choice for the two elements to be kept fixed is the pair of most

external sensors, since in this way the indetermination on the incoming

direction of particles would be minimized. However the bottom plane of

the tracking system differs from the others in its geometric configuration:

in fact, as it is represented in figure 5.4, the plane is turned upside down

by means of a rotation around a line parallel to the x axis. For this rea-

son the aluminium frame that contains the silicon detectors is attached

to the structure of the magnet in a different way, and the mechanical

location of the last plane is affected by a greater uncertainty. Therefore

to align the spectrometer on ground the plane located above the bottom

one has been chosen as reference. Now the task is to find the new set of

alignment parameters, but starting from a system that has already been

aligned with the parameters set found on ground. In this case there is no

reason from which the last plane should now be worse than the others,

and the alignment of the single columns has been performed fixing the

two most external sensors.

It is convenient to remark that to determine unambiguously the right

set of alignment parameters the shape of the track has to be fixed in

the minimization of the χ2( ~A) in equation 5.17. This means that the
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deflection of the particle has to be known a priori, independently on

the spectrometer reconstruction that can be affected by a misalignment

error. In other similar experiments with spectrometers the most common

way to perform the alignment of the system is to collect a certain set of

particles without the magnetic field, because in this case the track is

straight, and its shape is perfectly known a priori. This strategy cannot

be adopted in our case because, as described in chapter 2, the PAMELA

experiment has a permanent magnet. This implies that the alignment

procedure is more complex because we have to use curved tracks, and

their shape has to be found by using the value of the deflection obtained

without the spectrometer information.

It has to be noticed also that a big computational effort is necessary for

this procedure. In fact for each variation of the vector ~A, all the tracks of

the sample have to be fitted again in order to reconstruct the trajectories

that result from the new configuration of sensors; the algorithm used to

fit the tracks is similar to the one explained in section 5.1, but with a

fixed value of the deflection.

5.3 The alignment method

5.3.1 Alignment at ground

From the previous explanation of the general alignment principle should

be evident that, in order to align our system, it is necessary to know

the shape of the analyzed tracks. During ground data analysis the set

of alignment parameters was found using a sample of 50 GeV/c pro-

ton tracks selected from data acquired during a beam-test session at the

CERN SPS facility in 2003. The set-up was such that a proton beam

with a momentum p = 50 GeV/c hits in turn each of the six sensors on

the top plane of the spectrometer perpendicularly. Moreover, the moving

support which PAMELA lay on with its longitudinal axis parallel to the

floor, was inclined in respect to the beam, first in the x-z plane in order to

have particles crossing the sensors with an angle of about 2◦, then in the

y-z plane with an incidence angle of about 5◦. The importance of having

non-orthogonal trajectories of particles available for the alignment pro-
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cedure will be better explained later in this section. Since protons do not

emit Bremsstrahlung photons and at this energy the ionization losses are

negligible, they are expected to cross the spectrometer with energy equal

to the energy of the beam. This implies that the deflection of the par-

ticles is exactly known independently on the tracker measurement, and

was fixed to the nominal value during the minimization of function 5.17.

Before going on with the discussion regarding the flight data, some is-

sues on the alignment parameters and the method used to perform the

minimization will be analyzed. These considerations are valid also for

the flight data alignment.

Among the three coordinates of the particle impact points on the

silicon planes, only those that are actually measured, namely x and y,

appear in the expression given by equation 5.17 for the χ2. The param-

eters which are contained directly in the correction for the misalignment

of x and y (see equations 5.16) are only ∆x, ∆y and ω, while β, γ and

∆z get involved exclusively as higher-order corrections, through z, in the

calculation of the fit-reconstructed coordinates x̃ and ỹ. For this reason

the method is less sensitive to variations of the rotations around the x

and y axes and of the translations along z. In particular, it is necessary

that the event sample which is used for the alignment, contains not only

perpendicular trajectories of particles with respect to the sensors, but

also inclined ones. In fact, for instance, in case all the tracks were or-

thogonal to the planes, a variation of ∆z would not make the coordinates

x̃ and ỹ resulting from the fit vary, and likewise the χ2. For a similar

reason, in order to increase the sensitivity to rotations, impact points are

required to be spread on the sensors over an area as large as possible.

The approach used to align the whole spectrometer was to divide the

detector in different columns of silicon sensors and apply the alignment

procedure independently on each single column. This approach was nec-

essary because the test was performed with particles incident on each

column of sensor in turn. However, in order to measure the deflection of

particles in all the acceptance of PAMELA, the information about the

positions of the six columns has to be merged together, and an alignment
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of the whole tracking system is required. A procedure has been devel-

oped, which employs particles whose trajectory go across the columns,

and which allows to determine the mutual positions of all the 36 silicon

sensors of the spectrometer. Before the launch of PAMELA, cosmic rays

have been acquired on ground. Among these events tracks that intercept

the spectrometer in all its acceptance are present and they have been

used to optimize the alignment algorithm.

5.3.2 Alignment in flight

In order to perform a similar analysis with flight data we need a sample

of events whose deflection is known without spectrometer information:

the only candidates for such an analysis are electrons and positrons be-

cause their energy can be measured with a high degree of accuracy with

the calorimeter, as explained in chapter 4. There are two problems that

prevent us to use the same method used for ground alignment, by simply

substituting the sample of protons from the beam with the sample of e±

selected from flight data.

The first problem is a matter of statistics. In fact the procedure to find

the minimum value of the χ2 function by varying the set of parameters ~A

needs at least about 1000 event on each column to converge properly, ob-

taining a statistical error lesser than the required accuracy. The expected

flux of electrons, in the energy range where the calorimeter resolution is

adequate, is too low to obtain the required statistics.

The second problem relies on the reconstruction of the electron and

positron energy: unfortunately, as will be explained better in section 5.5.1,

these particles lose some of their energy due to the Bremsstrahlung effect

passing through the material above the spectrometer. Since the spec-

trometer measures the deflection of charged particles, its information is

related only to the energy of electrons and positrons, on the contrary the

calorimeter measures the total initial energy because it usually collects

also the energy carried by the Bremsstrahlung photons. This implies that

a difference arises between the deflection calculated from the calorimeter

output and the deflection of the charged particle in the spectrometer. A

simulation study has demonstrated that, if the minimization algorithm
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is applied by using the deflection measured by the calorimeter, the posi-

tions of the sensors after the alignment have systematic errors of about

5 ÷ 10 µm.

For this reason an alternative approach has to be used: a different

algorithm that uses electrons, positrons and protons has been developed.

The principle is to separate the procedure in two different steps named

incoherent and coherent alignment. In fact we can think that there is

a component of the relation between the real position of the detectors

and the nominal position, due to random displacements around the track

(incoherent), and another component which can be expressed as a change

in the track curvature (coherent). These two components are depicted in

figure 5.11 and figure 5.12.

The first step of incoherent alignment is aimed to align the system

around the reconstructed track by using protons. However if there is

a combination of misalignments that simulates a curvature, in the ap-

proximation of constant magnetic field, this causes a constant error on

deflection, independently on the energy of the particle. This system-

atic deflection error cannot be detected with the incoherent alignment

procedure, which uses in the minimization of equation 5.17 the deflec-

tion measured by the tracker itself. On the contrary, an independent

evaluation of the momentum can be used to put in evidence possible

systematic errors for the tracker. This second step is the essence of the

coherent-alignment procedure: for this purpose electrons and positrons

are used.

The random sensor displacements, not correlated from sensor to sen-

sor, generate the incoherent misalignment, that does not change the track

curvature, while the coherent misalignment comes from those movements

of the sensors correlated with the movement of the other sensors. Math-

ematically the whole set of alignment parameters can be written, as a

first-order approximation, in the following way:

Ai = A0
i +

∂Ai

∂δη
· δη (5.18)

for each one of the alignment parameter1 i = 1, 204.

1As previously explained not all the parameters of the 36 sensors can be deter-
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Figure 5.11: Schematic description of the incoherent misalignment. The
curvature of the fitted track is the same before and after moving the sensor.
The residual of the measured points are much lower after the correction for
the incoherent alignment.

Figure 5.12: Schematic description of the coherent misalignment. The set
of parameters that corrects this misalignment results in a fixed change of the
curvature. The residuals of the measured points remain the same after the
correction for the incoherent alignment.
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The first term on the right is the incoherent alignment parameter, which

is not connected with a deflection shift. It can be found minimizing

the χ2 function described by equation 5.17, by using high energy proton

tracks selected from flight data, with the deflection value fixed to the one

measured by the spectrometer (ηfix = ηm). The method used for this

procedure, the selection cuts and its final results are presented in the

next section 5.4.

The second term on the right of equation 5.18 is the coherent parameter,

connected with a deflection shift δη, that has been determined by means

of electrons and positrons analysis, described in detail in section 5.5. It

was proved from simulation studies that the Ai values, at a first order

approximation, are linear with the deflection shift, with a coefficient that

can be determined in the following way:

∂Ai

∂δη
=

A0
i (∆η) − A0

i (0)

∆η
(5.19)

where the values of A0
i (∆η) are those determined by applying the in-

coherent alignment procedure to protons with the deflection fixed to a

value different from the measured one, namely ηfix = ηm + ∆η.

5.4 Incoherent alignment

The incoherent alignment parameter determination is performed by min-

imizing the χ2 function in 5.17. The sample of tracks used consists in

protons selected from flight data; since the available statistics of protons

is very high, strong cuts can be applied to be sure to avoid errors due to

bad tracking or any other effect that could prevent us to determine the

alignment parameters with the desired precision. First of all a basic set

of cuts was applied in order to select cosmic rays crossing the apparatus

within the detector acceptance. It consists in the following conditions:

• single track in the spectrometer;

mined independently, two of the sensors have to be fixed as reference position; the
rototranslation of each one of the sensor is described by 6 parameters, so the total
number of parameters to be determined is 6 × (36 − 2) = 204
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• one and only one hit paddle for each plane in the TOF;

• no hits in AC;

• no albedo (βTOF > 0);

• events acquired out of the radiation belts;

• calorimeter geometric consistency2.

Another set of cuts has been applied in order to select only non-interacting

protons:

• no interaction in calorimeter3;

• positive deflection measured by the tracker;

• energy release in the silicon tracker planes (dE/dx) < 3 mip;

Some other cuts have been developed expressly for alignment purpose and

have been applied in order to select only good tracks in the spectrometer:

• no bad strips in the cluster on the first and last spectrometer plane;

• spectrometer data compressed with the corresponding online cali-

bration parameters;

• 6 hits both in x and y view;

• track fit procedure converged with a number of steps lower than

100;

• rigidity from tracker greater than 7 GV/c, otherwise multiple scat-

tering effects can spoil resolution;

• rigidity from tracker lower than 100 GV/c, to perform rigidity re-

construction with resolution better than 10%.
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Figure 5.13: Distribution of χ2
red for a sample of flight data events, the red

arrows is the cut applied for alignment purpose.

After these selections applied on about 300 days of data we collected

48124 events. Starting from this sample further track-quality cuts have

been applied. The distribution of the reduced χ2
red from the tracking is

shown in figure 5.13: all the events with χ2
red > 5 were rejected. Further-

more the spatial residuals between measured and fitted coordinates are

computed and the events with at least one hit out of 5 times the width

of the residual distribution were discarded as well.

It is useful to point out that cuts which depend on the alignment con-

dition of the system could induce a bias in the results. In particular

since the residual distributions are obtained with a system not perfectly

aligned the χ2 cut could exclude tracks which hit the more misaligned

sensors. To avoid this effect the excluded events are reinserted after the

2It means that the distance between the track fitted in the calorimeter and the
extrapolated spectrometer track has to be lower than 2 cm.

3To identify non interacting particles in the calorimeter a cut is applied on the
fraction of energy collected around the trajectory of the particle inside the calorimeter,
as obtained extending the spectrometer track.
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first minimization and the procedure is repeated iteratively.

Due to the high number of parameters to be determined, care has to

be taken to optimize the computation time and keep it reasonable, in

fact the time needed to minimize a function with N free parameters is

approximately proportional to N 3 [71]. For this reason each group of six

detecting elements one under another along the cavity of the spectrom-

eter has been considered separately: to such set, the name of column

of sensors is given. In this way the incoherent alignment procedure is

composed of 2 steps: first each column is aligned in respect to two refer-

ence sensors by using the technique described previously; then the whole

tracking system is considered and the mutual positions of the columns

are obtained. In fact after the determination of the alignment parame-

ters for each one of the 6 columns of sensors we can correctly measure,

apart from the coherent shift, the deflection of particles that cross only

one column. However the cosmic ray flux is isotropic, consequently, to

measure the deflection of particles in all the acceptance of PAMELA,

the information about the position of the 6 columns has to be merged

together and an alignment of the whole tracking system is required.

Single column alignment

In order to align each column we have selected, starting from the previ-

ously described sample, events that cross only a single column. Hence the

selected tracks, with the deflection value fixed to the measured one, have

been used to minimize the χ2 function of equation 5.17 and to find the 24

parameters of the column. Since any of the six columns that compose the

tracking system is equivalent to the others for the alignment purposes,

the procedure has been applied independently to each of them. In order

to test whether the alignment procedure works properly it is useful to

look at the residuals of the coordinates obtained using the new alignment

parameters. In fact the incoherent misalignment influences the residuals

distribution, while the coherent one has no influence. In figure 5.14 the

residual distribution obtained for one column using the new alignment

parameters calculated with the single alignment procedure is shown. The

misalignment effect, that was present for the same sample analyzed with

ground alignment parameter (see figure 5.9), disappears: in fact the av-
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Figure 5.14: Distributions of the residuals after the incoherent alignment
with single column flight data (same sample of figure 5.9). The misalignment
effect disappears, in fact the mean values of the distributions for every plane
and view are lower than 1 µm (x-view on the left, y-view on the right, data
analyzed with the position finding algorithm COG4).
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erage values of the residuals are for every plane and view lower than

1 µm.

Whole tracker alignment

At the end of the single column alignment a set of 24 parameters for each

column of sensor is available. These parameters can be used only to ana-

lyze tracks whose points belong to the same column. We have to remind

that there is still a possible coherent misalignment, which causes a shift

of the measured deflection that could be different for each single column.

The determination of the alignment parameters responsible for this shift

is the task of the coherent alignment procedure. However this procedure

cannot be applied to each column independently. The reason is that the

coherent alignment makes use of electrons and positrons, which are much

less abundant in cosmic rays than protons, so the statistics in this case

is a crucial point and the numbers of electrons and positrons detected in

each single column would be insufficient. Thus, an inter-columns align-

ment is applied first. Since this alignment procedure is performed relative

to one column, chosen as reference column, the systematic deflection er-

ror propagates accordingly and the next coherent alignment algorithm

will be valid for the whole detector. The procedure to perform the inter-

column (or whole tracker) alignment is still based on the minimization

of the χ2 function. The procedure can be better explained with the help

of some pictures. Let us assume that the column number 1 is chosen as

reference (figure 5.16); the procedure consists in modifying the position

of the sensors of the other columns in order to align them to the reference

one. First, the columns 0,2 and 4 are aligned relative to column 1. Fig-

ure 5.15 shows the selection criteria used to select the sample of events for

the alignment between column 0 and column 1: the events selected are

protons with the same quality checks defined previously in this section,

that pass across only column 0 or both column 0 and 1. The selected

tracks are used to minimize the habitual χ2 function with the important

difference that the curvature is not fixed a priori: in this way the coher-

ent misalignment of column 1 will be propagated to column 0. In fact

by fixing the rototranslation parameters of the sensors of the reference

column to the values previously found with the single column alignment,
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Z

X

Column 0 Column 2Column 1

Figure 5.15: Tracks selection criteria for the inter-column incoherent align-
ment procedure.

Figure 5.16: Schematic description of the inter-column incoherent alignment
procedure.
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the measured points on column 1 do not change. On the contrary all

the parameters of column 0 are free. The parameters previously found

from the single column alignment of column 0 can be used to initialize

the free parameters in the minimization. At the end 36 parameters for

column 0 will result from this procedure. The same procedure is applied

to columns 2 and 4. The next step consists in aligning column 3 relative

to 0; now the reference column is 0, its parameters are fixed to the values

found by aligning column 0 respect to 1 and tracks that pass through

column 3 only or both columns 3 and 0 are used. Hence the same proce-

dure was applied to align column 5 respect to 2, as shown in figure 5.16.

Finally we apply the algorithm to column 4, using tracks which intersect

columns 1,3 and 5.

The whole procedure can be done starting from column 4 instead of 0; the

alignment parameters in this case are different because of the remaining

coherent alignment parameters to be determined, but the residuals have

the same distribution.

The residual distributions after the inter-column alignment procedure are

shown in figures 5.17, 5.18. They are compared with the results obtained

from the simulation of a perfectly aligned system. The mean values of

the distributions are lower that 1 µm and there is a good agreement

with simulation. Some differences can be seen mostly in the shape of

the residuals of the 6th plane, an hypothesis for this, currently under in-

vestigation, is a disagreement in the z coordinate of this plane between

simulation and the real apparatus.

5.5 Coherent alignment

The coherent alignment parameters are those whose effect is to change

the deflection value. The simplest kind of coherent misalignment, evi-

dent from the sketch in figure 5.12, causes a deflection shift that does

not depend on the particle energy. Therefore the true particle deflection

is given by the measured deflection plus a constant shift η = ηm + δη. In

order to find the deflection shift δη we have used particles whose energy

can be determined independently with the calorimeter, namely electrons

and positrons, measuring their energy according to the procedure de-
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Figure 5.17: Comparison between residuals of simulation (red) and flight data
residuals after the incoherent whole tracker alignment (black) in the x-view.
On the left, from top to bottom, for the planes 1,2,3 and on the right 6,5,4.
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Figure 5.18: Comparison between residuals of simulation (red) and flight data
residuals after the incoherent whole tracker alignment (black) in the y-view.
On the left, from top to bottom, for the planes 1,2,3 and on the right 6,5,4.
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scribed in chapter 4.

If the Bremsstrahlung process could be neglected, the deflection shift

caused by the coherent misalignment would arise naturally by compar-

ing event by event the measured spectrometer deflection to the deflec-

tion derived from the calorimeter. By applying again the incoherent

alignment procedure with the corrected deflection, it would be possible

to find the complete alignment parameters (Ai in equation 5.18). How-

ever, due to the fact that the Bremsstrahlung process is a stochastic

phenomenon, the comparison cannot be performed event by event but

only by using distributions. Before describing the algorithms used to de-

termine the deflection systematic error, I will explain better the effect of

the Bremsstrahlung process and how we can handle it in the PAMELA

experiment. Furthermore I will explain the cuts applied to select elec-

trons and positrons from flight data, since these particles have been used

for the coherent alignment procedure.

5.5.1 Bremsstrahlung process

Electrons and positrons interact with the material of the apparatus and

lose energy in different ways: ionization and excitement of atomic elec-

trons, Cerenkov light generation and emission of Bremsstrahlung photons

due to the interaction with the nuclear Coulomb fields. In the energy

range of interest, the most important process is the last one. Since the

nucleus is much heavier than the electrons it can acquire any amount of

energy. As a consequence the Bremsstrahlung photon spectrum, emitted

by a particle of energy E0, is continuous in the interval [0, E0 − mec
2],

where me is the electron mass. The distribution of the Bremsstrahlung

photon energy can be seen from figure 5.19, where the ratio between

the energy of simulated electrons after traversing the material above the

spectrometer and the initial energy is shown. This distribution is peaked

at 1 with a long tail at lower values, which means that usually the frac-

tion of energy lost is small but occasionally it can be greater than 50%.

There is a well known model to reproduce the distribution of the energy

lost developed by Bethe and Heitler [72]: the variable used to describe it is

the ratio between the momentum of the particle after the Bremsstrahlung
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Figure 5.19: Logarithm of the ratio between the energy of simulated electrons
on the first silicon tracker plane, Esp, and their original energy, E0. The line
is the function obtained according to Bethe and Heitler with the parameter
c = 0.012.

loss and the initial one, z = pf/p0. The distribution of z depends on the

thickness of material t, measured in units of radiation length X0, through

which the particle has to pass. The function describing the distribution

of z is:

fBH(z) =
(− ln z)c−1

Γ(c)
, c = t/ ln 2, 0 < z < 1 (5.20)

where Γ(c) is the Gamma function and the parameter c has to be lower

than 1, such that equation 5.20 is valid only for thin layers. In this model

the z distribution does not depend on the original energy of the electrons.

In the case of the PAMELA experiment cosmic rays pass through dif-

ferent materials before their detection by the tracker and calorimeter; if

during this passage a particle loses a certain fraction of its energy, the

spectrometer measures a deflection corresponding to a momentum lower

than the original one. In fact the spectrometer detects only charged
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Figure 5.20: Schematic drawing of the materials traversed by a particle in
the spectrometer acceptance. Only those materials for which the thickness in
terms of radiation length is important for Bremsstrahlung process are shown.

particles, whose deflection is determined from the curvature of the track

in the magnetic field. On the contrary the calorimeter measurement is

not affected by this effect because it collects also the energy deposited

by the Bremsstrahlung photons, thanks to the electromagnetic shower

that they can generate. In fact the angular distribution of the emitted

radiation has a small angle in respect to the trajectory of the particle.

The average emission angle is θ ∼ mec2

E0
, therefore in most of the cases

the photons enter the calorimeter acceptance together with the electron.

The consequence is that the calorimeter spectrum is different from the

tracker spectrum. We can estimate the Bremsstrahlung effect expected in

PAMELA from the parameter c = t
ln 2

of the theoretical distribution 5.20,

by calculating the quantity and the type of material traversed by a par-

ticle along its passage through the apparatus. A sketch of the apparatus
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material X0(g/cm2) ρ(g/cm2) thickness t(X0)
Shell AMg6M 24.01 2.7 2 mm 0.022
S1+S2 H11C10 43.34 1.032 24 mm 0.0572

Mylar 39.95 1.39 0.1 mm 0.0035
Tracker Silicon 21.8 2.33 1.8 mm 0.02

Table 5.1: Principal materials traversed above the calorimeter.

with the significant materials in terms of radiation length is shown in

figure 5.20. The particles pass through the protective shell which con-

tains the PAMELA apparatus; then they pass two elements of the TOF

detector, that is four scintillator (S11, S12, S21, S22) surrounded by a

Mylar shell. Table 5.1 lists the numerical values [59] of the radiation

lengths, of the densities and of the thickness of each material, together

with the calculated thickness in units of radiation lengths.

Summing up all the contributions the result is that a particle entering

the PAMELA apparatus perpendicularly to the detecting planes, before

being detected by the tracker, passes through a thickness t ∼ 0.084 in unit

of radiation lengths. With this value the parameter c of the Bethe-Heitler

distribution of equation 5.20 is c = t/ ln 2 ' 0.12. From the parameter

c we can calculate the average fraction z due to Bremsstrahlung effect,

in fact the momentum around zero of the distribution fBH(z) have the

simple form Ek = E(zk) = (k + 1)−c. It means that the mean value of

z is connected to c by the formula E(z) = z = 2−c, therefore z ∼ 0.92

and the mean fraction of energy loss before entering the spectrometer is

about 8%. The same quantity has been studied also by using the simu-

lation and the result is in good agreement with theoretical expectations

(see figure 5.19 where the distribution obtained from a simulated electron

sample is shown together with the theoretical one).

There is another contribution to be considered, that is the material

traversed inside the spectrometer. As already said in chapter 2 the

tracker design was performed in order to minimize the particle inter-

action; nonetheless particles pass in the spectrometer through six silicon

planes, each one 0.3 mm thick, which in units of radiation length is

tsp ∼ 0.02. Consequently ttot ∼ 0.1, ctot ∼ 0.145 and ztot ∼ 0.9, so the

178



5.5. Coherent alignment

average value of z at the bottom of the spectrometer is about 10%.

5.5.2 Electrons and positron separation from hadron

Calorimeter information has to be used to select positrons and electrons

among the large background of hadronic particles present in cosmic rays.

This is true in particular for the positron identification for which the

hadronic background consists of protons; on the contrary the hadronic

background of electrons, mainly antiprotons, is very low. Both e± and

hadrons can interact with the calorimeter material and produce cascades

of particles. As described in section 4.1 there are some topological differ-

ences between hadronic and electromagnetic showers, which can be used

to select e± initiated showers among events interacting in the calorime-

ter.

The identification cannot rely only on calorimeter, additional informa-

tion comes from the comparison between the total detected energy and

the rigidity measured by the spectrometer; in fact the charge deposited

by an electromagnetic shower, if it is well contained in the calorimeter, is

strongly related to the energy of the primary electron. It is convenient to

notice that the use of the spectrometer rigidity measurement is possible

for this aim even if it is still affected by an error due to the misalignment,

because it is lower than the resolution needed for a comparison with the

charge collected by the calorimeter.

The problem of electron and positron separation from hadrons is critical

for experiments aimed to study the cosmic ray antimatter components

that use a calorimeter as main identification instrument. This method

to discriminate hadronic and electromagnetic events has been developed

for the calorimeter of the CAPRICE experiments [41] and can be applied

with some changes also to our experiment, since the two calorimeters are

very similar. These cuts have been optimized with the use of simulation

and test beam data and are based on phenomenological considerations

on the distribution of some calorimeter variables [73].

The features of the electromagnetic shower, that are useful to separate

electromagnetic from hadronic showers are:

• the fraction of detectable energy;
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Figure 5.21: Total charge collected in the calorimeter as a function of particle
rigidity for a sample of events selected from data. Only the events above the
red line are selected as e±.

• the starting point of the shower;

• the longitudinal profile;

• the lateral profile.

Fraction of detectable energy

The electromagnetic showers, if well contained in the calorimeter, have a

total charge strongly related to the energy of the primary particle which

generated the shower. To be more precise this quantity depends linearly

on the energy, as shown in chapter 4. To exploit this feature the total

charge detected in the calorimeter (Qtot) and the charge detected within

4 strips from the track 4 (Qtr) are compared with the rigidity (R) mea-

sured by the spectrometer and the following cuts are applied:

4This track is the one obtained extrapolating the spectrometer track in the
calorimeter.
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Figure 5.22: Ratio between Qtrack and Qtot, defined in the text, as a function
of particle rigidity for a sample of interacting particles selected from data by
requiring Qtot > 800. Only the events within the red lines are selected as e±.

Qtot > ctot |R| < 147; ctot = 170 · |R|
|R| > 147; ctot = 25000

Qtr > ctr |R| < 50; ctr = 150 · |R|
|R| > 50; ctot = 32142 ·

(

1 + 1.0301 · e−0.0059|R|
)

In figure 5.21 the quantity Qtot is shown as a function of the particle

rigidity together with the applied cut. The sample is selected from flight

data by requiring
(

dE
dx

)

trk
< 3 to exclude low-energy protons and nu-

clei. For negative rigidities the linear behaviour is evident, in fact al-

most all the selected events are interacting electrons. On the contrary,

among positively charged particles, non-interacting protons are evident;

they have an almost constant charge deposit in the calorimeter. At low

energy the charge deposit increases linearly till a peak, located at the

minimum energy needed for non-interacting protons to pass through all

the calorimeter, then it decreases toward a constant value,

In order to put better in evidence the difference between electromag-

netic and hadronic showers, in the following we have applied also the
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cut Qtot > 800. In fact by requiring a high energy deposited in the

calorimeter all non interacting particles are removed.

By defining Qtrack as the charge deposited in the strip closest to the

track and the neighboring strip on each side, the ratio between Qtrack

and Qtot is another important variable; in fact this ratio is 1 for non

interacting particles, while it is very low for hadronic showers, since their

lateral development is much more spread out. For electrons this quantity

is instead almost constant and is about ∼ 0.55. This behaviour can be

clearly seen in figure 5.22. The following cuts have been applied to select

electromagnetic showers:

Qtrack

Qtot
< c1 |R| < 7.3; c1 = −0.03 · |R| + 0.78

|R| > 7.3; c1 = 0.56
Qtrack

Qtot
> c2 |R| < 40; c2 = 0.0025 · |R| + 0.4

|R| > 40; c1 = 0.5
Qtr

Qtot
> c3 |R| < 3; c3 = 0.1 · |R| + 0.4

|R| > 3; c3 = 0.7
Qtrack

Qtr
> c4 |R| > 10; c4 = 0.62

(

1 − 0.15e−0.015|R|
)

5.665 < |R| < 10; c4 = 0.028 · |R| + 0.272

|R| < 5.665; c4 = 0.55

Starting point of the shower

Since the radiation length X0 in tungsten is 0.35 cm, the probability for

an electromagnetic shower to start developing in the first three planes

is greater than 89%. On the other hand for an hadronic shower λ is

9.59 cm, consequently many hadrons do not produce any shower and the

starting point of interacting hadrons is uniformly distributed through the

calorimeter. A useful quantity to characterize the starting point of the

shower is:

Nint0 =
2
∑

j=1

22
∑

i=1

θij · i (5.21)

where θij = 1 if the i-th plane of the j-th view has a cluster along the

track, that is a group of contiguous strips less than 4 mm away from the

track with a deposited energy typical of a proton, θij = 0 otherwise. It
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can be expected that hadrons have high values for this variable, up to a

maximum of 506 for a straight proton track with hits on all the planes,

while for electromagnetic showers it assumes low values.

Another variable connected to the starting point of the shower is the

ratio between Qpresh and npresh. They are defined as the charge and the

number of hit strips in a cylinder of radius two strips around the track in

the first four planes of the calorimeter. The cuts exploiting these feature

are:

Nint0 < 5 ·
(

1 + 33 · e−2.2|R|
)

Qpresh

npresh
> 2

Longitudinal profile

One of the characteristics of the longitudinal profile of electromagnetic

showers is that its energy deposit decreases fast and spatially broadens
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Figure 5.23: Ratio between Qmax and Qtrack, defined in the text, as a function
of particle rigidity for a sample of interacting particles selected from data by
requiring Qtot > 800. Only the events within the two red lines are selected as
electrons or positrons.
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after the shower maximum. As a consequence a variable that can be

used to select e± among interacting hadrons is the fraction of charge de-

tected within a cylinder of radius 4RM in the last four calorimeter planes

(Qlast), since it has lower values in case of electromagnetic showers than

for hadronic shower.

Another interesting feature that can be used is that the charge collected

by the strip with the highest detected signal (Qmax) is related to the

number of electrons at the shower maximum and thus to the energy of

the incident particle, for electromagnetic showers. Figure 5.23 shows

the ratio between Qmax and Qtrack: it can be seen that for interacting

hadrons the spread of Qmax/Qtrack is much larger than for e±, in fact the

maximum charge can be of the order of hundreds of mips in case of the

breaking of a silicon nucleus whose fragment lose all their energy in a

strip.

To exploit these features the following cuts have been applied:

Qlast

Qtot
< c5 |R| > 13; c5 = 0.07 + 0.01 · |R|

|R| < 13; c5 = 0.2
Qmax

Qtrack
< c6 |R| > 7; c6 = 0.2 · e−0.21(|R|−1.3)

|R| < 7; c6 = 0.06
Qmax

Qtrack
> c7 c7 = 0.022

Lateral profile

The high transversal segmentation of the calorimeter sensitive areas makes

it possible to exploit the difference between the lateral profiles of hadronic

and electromagnetic showers. In case of electrons most of the total de-

tected energy should be contained in a cylinder of radius 4RM around

the shower axis, while for hadrons the lateral distribution is more spread

out. The variable used to employ this feature is the ratio between the

number of hit strips within 8 strips from the track (ncyl) and the total

number of strips with signal (nstrip).

Another useful quantity is the fraction of the total charge which is not

deposited in clusters around the track; in fact, for electromagnetic show-

ers many clusters are produced close to the track, while for hadronic
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showers the clusters will be fewer and further away from the track. By

defining Qtx and Qty as the charge released in clusters along the track in

the x and y view respectively, the variable used to exploit this behaviour

is Qtot−Qtx−Qty

Qtot
. The distribution of these quantities as a function of par-

ticle rigidity is shown in figures 5.24 and 5.25, together with the applied

cuts, described in the following table:

ncyl

nstrip
> c8 c8 = 0.8 − 0.0047 · |R|

Qtot−Qtx−Qty

Qtot
< c9 |R| < 11; c9 = 0.6 · |R|−0.75

|R| > 11; c9 = 0.1

5.5.3 Coherent alignment parameters

A set of coherent movements of the sensors that cause a systematic de-

flection error can be evaluated if we have an independent measurement

of the particle momentum. If we neglect the effect of the Bremsstrahlung

process, a set of electrons or positrons whose energy has been measured

by the calorimeter and whose rigidity has been measured by the spec-

trometer is enough to determine the parameters which account for this

misalignment. However it was demonstrated in section 5.5.1 that the

Bremsstrahlung process cannot be neglected for the alignment purpose,

with the consequence that calorimeter and tracker measurement are not

expected to be the same, and the distribution of the fraction of energy

loss for electrons and positrons is the one approximately described by the

Bethe-Heitler model.

From what was explained so far it is evident that the best variable

to be used to take into account the Bremsstrahlung process is the frac-

tion z of the particle energy after the Bremsstrahlung emission, because

its distribution is independent on the initial energy of the particle. The

distribution of z is found by selecting electrons and positrons from flight

data and by calculating for each event the value z = 1
|ηm|·pC

, where ηm is

the deflection measured by the tracker and pC is the momentum calcu-

lated using the energy measured in the calorimeter.

We do not expect the z distribution of the selected sample to re-

produce exactly the Bethe-Heitler distribution, because it is affected by
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Figure 5.24: Ratio between ncyl and nstrip, defined in the text, as a function
of particle rigidity for a sample of interacting particles selected from data by
requiring Qtot > 800. Only the events above red line are selected as electrons
or positrons.
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Figure 5.25: Ratio between Qtot − Qtx − Qty and Qtot, defined in the text,
as a function of particle rigidity for a sample of interacting particles selected
from data by requiring Qtot > 800. Only the events within the two red lines
are selected as electrons or positrons.
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the cuts that have been applied to select e±. As was explained in the

previous section, the cuts applied to reject hadronic events, are based

mostly on the topological development of the showers in the calorimeter:

hadronic events with a big fraction of energy deposit have a topological

distribution of charge in the calorimeter much different from a single pure

electromagnetic shower and can be tagged as hadronic events. Most of

the events with a large fraction of energy converted in Bremsstrahlung

photons appear in the calorimeter as double showers, with a development

much different from a single pure electromagnetic shower and they are

excluded by the hadronic cuts. An example of an event of this type was

shown in the previous chapter in figure 4.40. Even if we do not know the

real distribution expected for the variable z, we can say that it should be

the same for electrons and positrons, because the Bremsstrahlung process

acts in the same way for both kind of particles. Obviously this is true

only if the same selection cuts are applied for electrons and positrons.

Moreover the z distribution does not depend on the energy spectrum of

the particles, as a consequence we can compare the electron and positron

z distributions even if their energy spectra are different. A coherent mis-

alignment, which mimics a certain curvature, causes a systematic error

on the absolute value of the electron deflection that is opposite in sign to

the systematic error on the absolute value of the positron deflection. This

concept can be understood better with the example shown in figure 5.26.

As a consequence if a coherent misalignment is present we expect to ob-

serve different z distribution for electrons and positrons. By considering

a constant shift δη due to the coherent misalignment, we can think that

the true deflection that the spectrometer should have measured is given

by |η| = |ηm| − δη for electrons and |η| = |ηm| + δη for positrons, in the

hypothesis that the systematic deflection error δη is small. The algo-

rithm developed to calculate the coherent parameter δη relies on the fact

that the positron and electron z-distributions are in principle the same.

In this case also the mean value of the electron z-distribution 〈z〉− has

to be equal to the mean value of the positron z-distribution 〈z〉+. As a

consequence, by using the above definition of η, we obtain:

〈z〉+ = 〈z〉− → 〈 1

pC(|ηm| + δη)
〉+ = 〈 1

pC(|ηm| − δη)
〉−. (5.22)
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          |η|
positron deflection positron deflection

          |η|+δη

(a)

|η|
electron deflection electron deflection

|η|−δη

(b)

Figure 5.26: A coherent misalignment of the six silicon planes results in a
systematic deflection error, δη; if we consider particles with opposite charge,
the same deflection error goes in opposite directions. (a)Sketch of a track
due to a positively charged particle: after accounting for the misalignment
the curvature is higher then the measured one. (b)Sketch of a track due to a
negatively charged particle: in this case the true curvature is lower then the
measured one.
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Since the systematic deflection error, as will be verified later, is δη �
|ηm|, the following approximation can be done to calculate the value of

z:

1

pC(|ηm| + δη)
=

1

pC |ηm|

(

1 +
δη

|ηm|

)−1

' 1

pC |ηm|

(

1 − δη

|ηm|

)

. (5.23)

By using this approximation for electrons and positrons we find:

〈z〉+ = 〈 1

pC |ηm|
〉+ − δη〈 1

pCη2
m

〉+ (5.24)

〈z〉− = 〈 1

pC |ηm|
〉− + δη〈 1

pCη2
m

〉− (5.25)

By substituting in equation 5.22 we can find at last a simple formula for

the deflection shift δη:

δη =
〈 1

pC |ηm|
〉+ − 〈 1

pC |ηm|
〉−

〈 1
pCη2

m
〉+ + 〈 1

pCη2
m
〉−

(5.26)

We have selected electrons and positrons from 14 months of data

acquired by PAMELA from July 2006 to August 2007.

The cuts applied to select these events are the basic cuts already discussed

in section 5.4 for the incoherent alignment procedure and the hadronic

cuts discussed in section 5.5.2. Hence further cuts have been applied in

order to use well reconstructed tracks in the spectrometer and a good

energy measurement in the calorimeter:

• at least 4 hits in x view and 3 hits in y view;

• track fit procedure converged with number of steps lower than 100;

• total charge measured in the calorimeter greater than 800;

• rigidity measured from tracker lower than 20 GV/c;

• high-quality sample from longitudinal fit (see section 4.4.3);

These cuts have been developed purposely for the coherent procedure

since we must be able to reconstruct the energy of electrons and positrons
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Figure 5.27: Deflection distribution of the sample of events selected for the
coherent alignment.

with resolution better than 10% and in particular without systematic er-

rors. In this condition the number of selected electrons is about 35000,

while the number of selected positrons, about 2000, is much lower. The

distribution of the deflection of the selected events is shown in figure 5.27.

The z distribution of the selected sample of electrons and positrons,

shown in figure 5.28, can be interpreted as the result of the convolution of

the Bremsstrahlung effect with spectrometer and calorimeter resolutions,

for this reason it is different from what expected theoretically according

to the Bethe-Heitler distribution. It can be noticed that the mean values

of the two distributions are different. In order to compare two experi-

mental distributions a statistical test can be used, in this study we have

applied the Kolmogorov Test [74]. The result of the test is a number

Kt ∈ (0, 1), that is near to 0 when two distribution are not compatible.

In the case of the electron and positron distributions in figure 5.28 the

result of the Kolmogorov Test is much less than 1, suggesting that the

two distributions are not compatible.

By using the measured values ηm and pC the terms needed to obtain the

deflection shift δη from equation 5.26 have been calculated. The terms

calculated from electrons and positrons are affected by different errors
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because the statistics of the two samples are very different. After the

propagation of these uncertainties we have found the following value for

the systematic shift in deflection:

δη = (−0.0013 ± 0.0002) c/GV (5.27)

We have used this value of the parameter δη to calculate the new deflec-

tion of electrons and positrons as |η| = |ηm|∓δη. The new z-distribution

that have been obtained are shown in figure 5.29. The mean values are

now the same and the Kolmogorov test in this case suggest that the two

distributions are compatible. The electron and positron z-distributions

before and after the coherent correction are directly compared in fig-

ure 5.30.

Due to the fact that to solve equation 5.22 we had to make an approx-

imation, it is useful to apply this procedure iteratively. The same al-

gorithm was applied after the first step of coherent correction to the

deflection measurement and we found that the further correction has a

value δη′ = −4.36 · 10−7 c/GV . This value is negligible since it is lower

than the error on δη, as a consequence we can say that one step of the

procedure is enough. This result is reasonable since the hypothesis used

to made the approximation in equation 5.23, δη � |ηm|, is satisfied. In

fact the events used for this analysis, whose η distribution is shown in fig-

ure 5.27, have an average deflection 〈|η|〉 ' 0.2, so δη/〈|η|〉 ∼ 0.007 � 1.

5.5.4 Final calorimeter calibration

At the end we would like to show that the same approach can be useful

in order to optimize the calorimeter energy reconstruction. This can be

done by using the cross calibration between calorimeter and tracker, to-

gether with dedicated simulations.

As explained in chapter 4, the calibration from mip to GeV was per-

formed by means of simulation. An improvement of this calibration can

be obtained by assuming that the real value of pC could be different from

the measured one, pm. If there is an error in the calorimeter calibration

we should write pC = k · pm. For the coherent alignment this was not a
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Figure 5.28: Distribution of the experimental value of the variable z = 1
pC ·|ηm|

for a sample of electrons (left) and positrons (right) selected from flight data.
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for the same sample of figure 5.28.
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Figure 5.30: Same distributions shown in figure 5.28 (left) and figure 5.29
(right). The red distributions are for electrons, blue for positrons. The log-
arithmic scale shows that the electron and positron z-distributions are more
similar after the coherent alignment. This is supported by the results of the
Kolmogorov test: before the alignment Kt = 4.3 · 10−6, after the correction it
becomes Kt = 0.77.

problem because for electrons and positrons the factor k is the same and

we can assume k = 1.

After the determination of the coherent-alignment parameter δη we

have an unbiased reconstruction of the deflection with the spectrometer:

η(e±) = ηm + δη. After the correction the two z-distributions have the

same shape and mean value, which should be consistent with those ob-

tained with simulation, too. If there is a difference it can be addressed

to a wrong calibration of the calorimeter, such that the real calorimeter

energy is connected to the measured one by pC = k · pm. The value of k

can be found by comparing the z distribution of real and simulated data.

For each selected real event we found the state vector, we propagated

it back till the entrance of the apparatus to have the initial positions and

momentum vector, then we generated from there 10 electrons and prop-
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Figure 5.31: Distribution of the corrected value of variable z for a sample of
electrons (left) and positrons (right) selected from flight data (black distribu-
tion). Superimposed in red is the same distribution for simulated electrons
and positrons. On the top, pm is the result of standard calorimeter energy
reconstruction. On the bottom, the correction k = 1.0082 has been applied to
pm, for the flight data calorimeter energy reconstruction.

agated them with the simulation program developed for the PAMELA

experiment. This procedure has been applied in order to simulate events

with initial conditions as much similar as possible between real and simu-

lated data. At the end we have applied the same cuts used for real data,

in order to deal with a simulated sample with a spectrum as much as

possible comparable with real data. To compare the z distribution again

we have calculated the mean of the distributions. Since the calorimeter

calibration is based on simulation and the simulated spectrometer is per-

fectly aligned, the mean of the z distribution for simulated data is given

by:

〈z〉S±
= 〈 1

pC |η|
〉S±

. (5.28)
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On the contrary the z distribution for real data is given by:

〈z〉± = 〈 1

k · pm(|ηm| ± δη)
〉±. (5.29)

By simply equalizing the two expressions above, independently for the

two samples of electrons and positrons, we have obtained two values of

k:

k(−) =
〈 1

pm(|ηm|−δη)
〉−

〈 1
pC |η|

〉S−

k(+) =
〈 1

pm(|ηm |+δη)
〉+

〈 1
pC |η|

〉S+

(5.30)

We have verified that both the equations give the same result within the

errors:

k(−) = (1.0084 ± 0.0015) k(+) = (1.0063 ± 0.0049) (5.31)

where it is clear that the error on k(+) is bigger because we have much less

statistic of positrons than electrons. In figure 5.31 the z-distribution ob-

tained before and after the calorimeter-calibration correction are shown,

together with the simulated distributions. The consistency between the

values k(+) and k(−) can be considered also as a test of the correctness of

the coherent alignment algorithm.

5.5.5 Next steps of the alignment procedure

The next stage of the alignment procedure is to use the value of δη to

find the correct alignment parameters of each sensor, Ai in equation 5.18.

For this aim the alignment procedure will be applied to a proton sam-

ple where the deflection value is the one measured by the spectrometer

corrected for the systematic effect δη.

It must be pointed out that other kinds of coherent misalignment

could be present. For example another kind of coherent misalignment

can be due to a coherent twist of the spectrometer around the z axis,

which can cause a deflection shift proportional to the y coordinate. If we

look at the distribution of z as a function of the average y coordinate of

the track, shown in figure 5.32, a small correlation is visible, suggesting

the presence of this kind of coherent misalignment.
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linear fit: z = p0 + p1 · y.

Figure 5.33: Temperature measured by one of the sensors located on the
magnetic modules.
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At last it is necessary to discuss whether the alignment parameters

found so far represent the final calibration or not. In fact due to some

satellite movements the position of the silicon sensor could change again.

Moreover the position measurements depend also on the temperature of

the sensors. Till now we have verified that the temperature should not be

a problem because it is stable within 1◦ (see figure 5.33): the temperature

linear dilatation coefficient of the silicon sensor is 2.6 · 10−6/◦C, so the

maximum shift is less than 1 µm. However we verified that 1 year of data

is enough to perform the alignment procedure and it will be repeated to

see if something has changed.

5.6 Galactic positron fraction

The analysis of the data collected by the PAMELA experiment is cur-

rently under progress. Much effort has been done during the previous

years in order to calibrate the instruments and optimize the algorithms

developed for the analyses. However at present not all the calibrations

of the instruments are completed. For example an important part of the

work that has still to be done consists in the analysis of the efficiencies of

the selection procedures. As a consequence what will be presented in the

following is only a preliminary attempt to analyze some of the results.

In order to determine the fluxes of the various cosmic ray components

an analysis of the live time and the acceptance of the experiment and

especially of the efficiencies is needed. Since all efficiencies can be reliably

assumed to be the same for electrons and positrons, they do not appear

in the ratio, as a consequence it is experimentally easier to calculate the

ratio instead of the absolute flux. For this reason more experimental data

exist on the positron fraction than on the flux.

In figure 5.34 a collection of most recent experimental results regard-

ing the positron fraction collected in the previous years is shown.

In the same figure we have shown also the positron fraction expected

near the Earth, considering also the solar modulation, on the basis of

the secondary e± calculations according to some theoretical models of

Stephens [81] and Moskalenko [82]. The dashed line is the theoretical

expectation calculated using a diffusive halo model for Galactic cosmic
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Figure 5.34: The positron fraction measured by PAMELA (this work)
and several other experiments: AMS01 [75], HEAT [76], MASS91 [77],
CAPRICE94 [78], CAPRICE98 [79], TS93 [80]. The dashed and dotted
lines are two of the theoretical calculations for the secondary positron frac-
tion [81, 82].
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limited energy range.
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ray propagation, the dotted line is instead obtained using the Leaky-box

model. Apart from different cosmic ray propagation models, the theoret-

ical ratio depends also on the flux of primary electron and on the inter-

stellar nucleon spectra. Moreover at energies lower than few GeV many

differences among the models could be present due to the solar modu-

lation, that affects largely both fluxes of electrons and positrons. Some

models predict a sign charge dependence of this modulation which has

been invoked to explain the positron fraction and the electron spectrum.

As a consequence there are still strong uncertainties on the evaluation of

the secondary positron fraction.

The data taken by the various experiments are in agreement with each

other within the error bars, which are however still quite large. In fact

almost all the past experiments were performed with balloon flights and

due to their limited time duration the positron statistics is quite poor.

Due to the rapidly falling flux, the previous experiments were able to

measure the positron spectrum only up to approximately 30 GeV and

with rather large error bars. Moreover large systematic errors are present

due to the difficulty to identify positrons in the vast background of

protons and due to the fact that the atmospheric secondary positrons

have to be subtracted properly. The only one among the past experi-

ments that acquired cosmic rays out of the atmosphere is AMS-01, which

was flown on the Space Shuttle Discovery for a ten days mission. It

consisted of a cylindrical permanent magnet and a silicon tracking de-

vice with a large acceptance but without any subdetector devoted to

hadron/lepton separation. In order to select positrons in the vast proton

background a particular technique was used, based on the identification

of the bremsstrahlung emission through photoconversion above the track-

ing system. This method has a low efficiency and consequently also with

this experiment the available positron statistic is very poor.

The HEAT collaboration claims from its measurements that there is

an excess between 5 and 7 GeV at the level of ∼ 3σ over the prediction

of the propagation model of Moskalenko. Also other experiments have

found a positron fraction too high compared to the theoretical secondary

production. This caused the proliferation of many theories about exotic

positron sources. For example this excess could be due to a contribution
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Detector 〈E〉 positron fraction σstat σsys

Spectrometer 8.05 GeV 0.0528 ±0.0017 −0.0015
Calorimeter 8.14 GeV 0.0523 ±0.0017 −0.0015

Table 5.2: Measurements of the positron ratio with calorimeter and spectrom-
eter, σstat and σsys represent the statistic and systematics errors respectively.

to the positron spectrum coming from dark matter annihilations, as was

explained in chapter 1. However no conclusion could be reached since

the results are affected by significant uncertainties.

Regarding the results of the PAMELA experiment we have calcu-

lated a preliminary esteem of the positron fraction in the energy range

5 ÷ 20 GeV , independently with calorimeter and spectrometer informa-

tion. In this energy range the resolution of both the instruments is better

than 10%. The values of these ratio with the errors and the correspond-

ing average energies are shown in table 5.2 and reported in figures 5.34

and 5.35 together with the other measurements. In the second plot they

are shown in linear scale with a zoom to put better in evidence the er-

ror bars and the difference between calorimeter and tracker results. It

can be seen that the value of the ratio, third column in table 5.2, is the

same within the errors, but the plot it is centered on a different point.

In fact the center of the bin is calculated as the average of their energy

distribution, reported in the second column of the table 5.2. This dif-

ference is reasonably attributable to the Bremsstrahlung effect, in fact it

has extensively pointed out through this chapter that the spectrometer

measurements of electrons and positrons are underestimated due to the

Bremsstrahlung photons emitted above the spectrometer.

It can be noticed that the statistical errors, σstat in the table, are very

little because the number of detected positrons is much higher compared

with other experiments, even if we have collected till now only 1 year of

data. Since the experiment is planned to be active for at least 3 years

these results will be improved significantly.

Finally one can notice that also a systematic contribution, σsys in the ta-

ble, to the positron fraction measured with PAMELA has been included.

Being a ratio of particle fluxes, most of the sources of systematic error,
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Calo−A Calo−B

Figure 5.36: Sketch of the two calorimeters used for the pre-sampler

method [83].

such as detector acceptance or trigger efficiency, naturally cancel out for

the positron ratio because they are the same for electrons and positrons.

The contribution from possible background sources is instead different

because for positrons it consist of protons, while for electrons mainly

of antiprotons. The proton contamination in the positron sample has

been evaluated by analyzing flight data with the so called pre-sampler

method [83]. This method takes advantage of the high segmentation of

the PAMELA calorimeter and of the high number of radiation lengths of

which it is composed. The whole calorimeter is made with 22 tungsten

layers but a reduced calorimeter can be used to analyze a sample of par-

ticles identified as protons by requiring that they do not interact before

the first 4 layers of tungsten. The reduced calorimeter used for this aim

is composed by the last 18 tungsten layers and is shown in the left pic-

ture (Calo-A) of figure 5.36. Then the hadronic cuts are applied to this

set and from the number of events that pass these cuts the fraction of

protons that are misidentified as positrons can be calculated. Then the

same analysis can be applied to a sample of positively charged particles

using a different reduced calorimeter, composed by the first 18 tungsten

layers: Calo-B in figure 5.36. If the same hadronic cuts are applied to

select positrons the contamination of protons in this sample can be es-

timated. From this analysis the proton contamination in the positron

sample in the energy range 5÷20 GeV is estimated of about 3% and the

fraction of protons that pass the hadronic cut is estimated as less than

2 · 10−5. It means that the systematic error in the positron fraction is
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about −1.5 · 10−3.

We have seen that in order to understand better many important

astrophysical items there is the need of measurements with greater preci-

sion and at higher energy. The preliminary analyses are very promising

in this direction and PAMELA will provide, in the near future, significant

improvements to the measurements on the cosmic ray positron fraction,

thanks to its large acceptance and long exposure time and to its better

energy resolution and discrimination capability compared to the previous

experiment. The total electron and positron flux will be found with the

final analyses, together with the detailed positron fraction extending till

much higher energies.
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The PAMELA apparatus was integrated inside the Russian Resurs-DK1

Earth-observation satellite that has been put into orbit around the Earth

on the 15th June 2006.

The PAMELA experiment is equipped with different subdetectors,

whose information can be used to measure the energy of the particles

detected by the apparatus. This work has been mainly focused on the

cross calibration between calorimeter and spectrometer.

For what concern particles interacting in the calorimeter and generat-

ing electromagnetic showers, namely electrons and positrons, the energy

can be evaluated by using the information on the energy collected by

the silicon planes of the sampling calorimeter. This quantity has to be

corrected, in order to optimize the energy reconstruction and avoid sys-

tematic errors, by taking into account the energy lost due to the leakage

effect from the side or the bottom, as well as the energy lost in the gaps

present among the silicon detectors. By using samples of simulated elec-

trons a method to reconstruct the energy of electrons and positrons has

been developed and the calorimeter calibration has been performed. It

has been demonstrated that the resolution achievable with this method

above 5 GeV is better than 10%, improving till values lower than 4%

when the energy is greater than 20 GeV up to about 100 GeV where

the longitudinal energy leakage cannot be properly recovered . This re-

construction method has been applied to flight data and, after the final

spectrometer calibration, a comparison of the spectrometer and calorime-

ter energy measurement between simulated and real data has been used

to correct the calorimeter calibration.

The particle rigidity can be measured for all the kinds of particles by
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using the spectrometer information. In fact from the coordinates of the

track intersection points on the different planes of the tracking system,

the magnetic deflection of the particles can be measured by fitting them

with an appropriate curve in three-dimensional space. The fitting is per-

formed by integrating the relativistic equations of motion of the charged

particles in the magnetic field. In order to correctly relate the spatial

information of the different silicon sensors in a common frame of refer-

ence, their absolute positions have to be known. Due to the very high

resolution in impact-point reconstruction, an accurate alignment proce-

dure is needed to find the true configuration of the detectors. A first set

of alignment parameters was found before the launch with an algorithm

applied to tracks generated by a proton beam. When this set was used

to analyze data acquired in flight it was evident that during the launch

the sensors suffered further displacements. For this reason the align-

ment procedure had to be performed again by using cosmic-ray tracks

collected in flight. The alignment procedure needs tracks with known

curvature, that is particles of known energy. For flight data an energy

measurement independent on the spectrometer is not available for pro-

tons and a different procedure, that uses also electrons and positrons has

been developed. For this aim the misalignment of the sensors has been

divided in two components: a set of random displacements and a set of

movements that generate a systematic error on the measured curvature.

The first set has been evaluated with a procedure similar to the one

used at ground, by using flight protons and the curvature measured by

the spectrometer. The second set has been instead found comparing the

calorimeter and spectrometer measurements for electrons and positrons

selected from flight data.

At last a new set of alignment parameters has been found and the

calorimeter and spectrometer calibration has been finalized. After this

calibration the analysis of flight data provides the first scientific results.

In this work a preliminary estimation of the positron fraction in the en-

ergy range from 5 GeV to 20 GeV has been presented.
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ray experiment, Università degli Studi di Bologna (2003).

[50] G. Landi, Nucl. Instr. and Meth. A 485, p. 698 (2002).

[51] G. Landi, Nucl. Instr. and Meth. A 497, p. 511 (2003).

[52] S. Straulino et al.,Spatial resolution of double-sided silicon microstrip

detectors for the PAMELA apparatus, Nucl. Instr. and Meth. A556,

100-114 (2006).

[53] G. Landi, Nucl. Instr. and Meth. A 554, p. 226 (2005).

[54] E. Vannuccini, In-flight performances of the PAMELA magnetic

spectrometer, Vertex 2007 - 16th International Workshop on Ver-

tex detectors - Lake Placid, Ny, Usa.

[55] R. Brun et al., Detector Description and Simulation Tool, CERN

program library (1994).

[56] F Giambi Calibrazione e allineamento dell’esperimento PAMELA su

satellite, Tesi di Laurea, Università degli Studi di Firenze, (2003).

[57] E. Vannuccini, private communication.

[58] R. Turchetta, Nucl. Instr. and Meth. A335, 44 (1993).

[59] Particle Data Group: W.-M. Yao et al., J. Phys G 33, 1 (2006).

208



BIBLIOGRAPHY

[60] B.Rossi, High-energy particles, Prentice-Hall, New York (1952).

[61] C.W.Fabjan, Calorimetry for particle physics, CERN EP85-54

(1985).

[62] C.W.Fabjan anf F. Giannotti, Rev. Mod. Phys. 75, 1243 (2003)

[63] G.Grindhammer, S.Peters,The parametrised simulation of elec-

tromagnetic showers in homogeneous and sampling calorimeters

Int.Conf. on Monte Carlo Simulation in High Energy and Nuclear

Physics, 1993.

[64] National Bureau of Standards, procedure 25.5.20.

[65] E.Longo,I.Sestili, Nucl. Instrum. Methods 128, 123 (1975).

[66] F. James, Reference Manual Version 94.1, Function Minimization

and Error Analysis, Computing and Networks Division, CERN

Geneva, Switzerland
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per me forse i più difficili della mia vita, per tantissimi motivi, e proprio

per questo l’aiuto di tutte le persone vicine (e lontane) è stato fondamen-
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