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Introduction

Since their discovery at the beginning of the last century, Cosmic Rays (CRs) have
represented a precious probe for fundamental physics. This flux of charged particles,
mainly proton and helium nuclei, has been the first natural particle beam at the dawn
of elementary particle physics, and even now, a century after their discovery, CRs are a

powerful tool for exploring the mysteries of the universe.

Astronomical observations indicate that the universe is mainly composed of dark
energy (~ 68%) and dark matter ( ~ 27%), with only a mere ~ 5% of matter. Weakly In-
teracting Massive Particles (WIMPs) are among the leading candidates for dark matter
particles. Their indirect search in cosmic rays can be performed by looking an excess of
high-energy photons, positron and anti-protons, produced in their annihilation/decay.
Searching for this tiny excess of anti-particles of exotic origin, requires a deep knowl-
edge of the CRs characteristics from ordinary astronomical sources, in terms of their
composition, energy spectra and interactions with the Inter Stellar Medium. The exis-
tence of heavier anti-matter particles, as Z> 2 ions, never observed as of today in CRs,
is still a challenging theoretical and experimental open question since it could be a
relic of a primordial symmetric universe, apparently evolved into the asymmetric one

dominated by matter.

Study of the rare anti-particle fluxes in CRs requires to minimize backgrounds from
secondary particles produced in the CRs interactions with the atmosphere: space is the
ideal environment to ensure no atmospheric background and different experimental
programs started in the late 90s to be carried on satellites and on the International

Space Station to pursue direct measurements of the composition and energy spectra of



CRs and y-rays.

Different platforms and measurement approaches have been adopted along the
years, with the successful AMS-01 and PAMELA experiments, and the still operating
Fermi, AMS-02 and DAMPE experiments. In spite of their different design and specific
objectives, all these instruments feature silicon microstrip detectors for tracking and

absolute charge measurement.

Silicon microstrip detectors, a common technology in high-energy experiments at
colliders, feature excellent spatial resolution and absolute charge measurement. They
are particularly suited for space applications, being lightweight and with no need for
high voltage power supplies or gas vessels hard to operate/be refurbished in outer
space. The real challenge is to instrument with silicon sensors ever larger surface to
increase detection acceptances, while keeping manageable number of readout channels

and power consumption.

Operation of silicon sensors in daisy chains to build up detections unit as long as ~
1m or more, is the key to cover large detection areas without increasing the number of
readout channels. This approach has been used for instance in the AMS-02 experiment
on the International Space Station, where ~ 6.7m?2 of double sided silicon microstrip
detectors are used in the tracker, and maximum length of 60cm for the single detection

unit.

Upgrade of the AMS-02 experiment, with an additional layer of silicon detectors, and
development of a new experiment, HERD, on the Chinese Space Station, Tiangong, will
require a further step forward in sensor design, assembly and operation to cover ~ 8m?
and ~ 64m? respectively for the two experiments. The challenge to adopt long ladder
units, > 1m, is common to the two experiments: the effect of higher strip capacitance

can in fact increase the noise, spoiling efficiency and resolution.

In this thesis, the performances of the different silicon detectors units planned for
the AMS-02 upgrade and the HERD experiment have been studied in different beam

test campaigns. The writeup is organized as follows.

Chapter 1: provides a brief survey of cosmic rays physics, including Dark Matter
and antimatter searched, as a background of the scientific objectives of the AMS-02 and

HERD experiments.

Chapter 2: the AMS-02 and HERD instruments are presented, with an overview of

their main components.

Chapter 3: the working principles of silicon strip detectors and related data analysis

VI



methods are presented. In particular, will be discussed the processing of the raw signals

from the microstrip detectors to search for physical signals as implemented in this thesis.

Chapter 4: describes the beam tests of silicon strip detector prototypes related to
AMS-L0 and HERD, and uses the data processing methods introduced in Chapter 3
to study detector performances in terms of efficiency, position resolution and charge

identification capability.

vl






CHAPTER 1

Physical Background

1.1 Introduction to Cosmic Rays

Cosmic rays originating from outside Earth’s atmosphere consist predominantly of bare
atomic nuclei, stripped of their electron shells, accounting for about 99% of these rays,
and a small components of electrons. A very small portion of cosmic rays includes stable
antimatter particles like positrons or antiprotons. The exact composition of this small

fraction, and its energy behaviour, remain an active area of research.

Among the nuclei, approximately 90% are simple protons (hydrogen nuclei), 9% are
o particles (helium nuclei), and 1% are nuclei of heavier elements. The extremely wide
energy range [1] of cosmic rays indicates that they have a diverse range of sources in
the universe. Currently, the physics behind their origin remains poorly understood. The
scientific community is advancing its understanding by developing more sophisticated
space- and ground-based detection instruments, aiming for higher precision and a

broader energy range in the observation of cosmic rays to unveil their mysteries.

1.1.1 Discovery of Cosmic Rays

Henri Becquerel’s discovery in 1896 that uranium salts could sensitize photographic

plates [2], revealing the existence of natural radioactivity, sparked extensive research



CHAPTER 1. PHYSICAL BACKGROUND

into radiation. Researchers believed that the presence of free ions in the atmosphere

was a result of radiation’s action.

Different theories existed regarding the source of ionizing radiation, with German
scientists Julius Elster and Hans Geitel suggesting that atmospheric radiation might
originate from the diffusion of radioactive radon from the soil into the air [3] . In 1901,

C.T.R. Wilson proposed the idea that radiation comes from outside the Earth [4].

To verify various hypotheses, a common experimental approach involved measuring
radiation levels at different altitudes. In 1909, Theodore Wolff developed a new portable
electrostatic counter [5]. Using this device, he measured the ionization density at dif-
ferent heights of the Eiffel Tower and found that, although the ionization density at the
top of the tower was lower than that at ground level, it was higher than expected. While
Wolff’s experiments did not provide decisive conclusions, the electrostatic counter he

designed became widely used in subsequent experiments.

Following Wollff, a series of balloon experiments attempted to measure ionization
density at higher altitudes, including those by Karl Bergwitz in Germany and Albert
Gockel in Switzerland [6]. These experiments found a decrease in ionization density
with altitude; however, it did not align well with the predicted values based on the

assumption that radiation was solely from the Earth’s crust.

Italian meteorologist Domenico Pacini held a skeptical view about the idea that
radiation primarily originated from the Earth’s crust. Considering water’s ability to
absorb some radiation, he designed experiments in 1910 and 1911, simultaneously
measuring ionization density at different locations, such as on land, at the water’s
surface, and underwater at a depth of 3 meters [7]. Observing a relative decrease
in ionization density underwater compared to that on land, Pacini suggested that a
considerable portion of ionization should be caused by radiation from beyond the

Earth’s crust.

Austrian physicist Victor Hess provided decisive evidence for the radiation source
issue. In 1911 and 1912, he conducted a series of balloon experiments, systematically
measuring ionization rates up to an altitude of 5300 meters using a Wolff-type electro-
static counter. He observed a gradual decrease in ionization rates below 1000 meters,
followed by a significant increase, with the intensity reaching double that observed
at ground level at around 5000 meters [8]. Following this, German physicist Werner
Kolhorster, in experiments conducted from 1913 to 1914, further discovered that ra-
diation levels at 9300 meters could be 40 times higher than at ground level [9]. From

these results, Hess concluded that highly penetrating radiation must be entering the
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atmosphere from space. Due to his contribution to the discovery of cosmic radiation,

Victor Hess was awarded the Nobel Prize in Physics in 1936.

Since that time, extensive research on cosmic rays has been conducted, including
ground array experiments, telescope experiments, high-altitude balloon experiments,
and even space satellite experiments. These experiments have gradually revealed the
true nature of cosmic rays and made significant contributions to understanding their
composition, exploring their origins, investigating acceleration mechanisms, and study-

ing their propagation.

1.1.2 Cosmic Rays Spectrum

The energy spectrum of all-particle cosmic rays, as illustrated in Figure 1.1, stands as

one of the most remarkable achievements in experimental astrophysics research.

From Figure 1.1, it can be observed that, except for the portion modulated by solar

activity at energies lower than approximately 10 GeV, the energy spectrum distribution
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Figure (1.1) — The spectrum of cosmic rays (CRs) [10].
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of cosmic rays approximately follows a power-law pattern, where the flux! of particles
rapidly decreases as energy increases. Specifically, the number of particles with energy

E can be expressed as:

d=dE" (1.1)

where 7 is the spectral index, usually ranging between 2.6 and 3.1.

The spectrum presents three spectral features, the first feature is the "Knee," which
appears around an energy level of 10" eV. At the Knee, the slope of the spectrum
becomes steeper, indicating a faster decrease in the number of high-energy cosmic rays.
This phenomenon is generally believed to be related to the propagation or acceleration
mechanisms of cosmic rays within the Milky Way, possibly suggesting that certain
physical processes within the galaxy exert a stronger influence on cosmic rays at this

energy [11, 12].

Next is the “Ankle”, located at approximately 10'® eV, where the slope of the spec-
trum changes again, becoming flatter. It is generally believed that this marks the energy
range where extragalactic ultra-high-energy cosmic rays begin to dominate. This dis-
covery provides crucial clues for studying the origins of cosmic rays, particularly those

of ultra-high energies.

Moreover, at energy levels above 10" eV, there is broad consensus that a sharp
cutoff in the cosmic ray spectrum, known as the "Greisen-Zatsepin-Kuzmin (GZK)
cutoff" [13], exists. This cutoff is caused by energy loss due to interactions between these
ultra-high-energy particles and the cosmic microwave background (CMB) radiation.

Recent experimental results have confirmed the existence of the GZK cutoff [14].

From the experimental point of view, the study of charged cosmic rays can be
essentially conducted in two quite different ways that correspond to two significantly

different and complementary experimental techniques:

¢ indirect measurement on ground - this is typically used when the fluxes are very
low, that correspond to energies that are larger than 10'*~!> eV, so around and
above the ‘knee’. Generally the detectors used are water Cherenkov thanks, or in

general detectors capable to detect the components of the air shower initiated by

1Cosmic ray flux refers to the number of cosmic ray particles passing through a unit area per unit time.
It is mathematically expressed as: ® = dN/ (dA-dt - dS2). dQ is the unit of solid angle, df is the unit of time,
dA is the unit of measured area, dN is the number of particles detected within the time interval dt, passing

through the area element dA, and within the solid angle d<.
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the primary CR particle, arranged in sparse arrays to cover several km? to collect
some statistics even when the rate of particles is at the 1 km ™! yr~! level. Another
approach used on ground is to detect the fluorescence light that is produced
during the extensive air shower development. These techniques are addressed
as “indirect” since the real detected particles are only the ones created in the
shower and the characteristics of the primary particle can be inferred only on
statistical basic (for example no discrimination between particle and antiparticles

is possible);

¢ direct measurement in space or on stratospheric balloon - this is possible when the
primary flux is large enough to have a certain amount of statistics with detector

with a geometrical factor of fractions of or few m?

sr and exposure times that
cannot exceed few weeks for a balloon flight or few years for a detector in orbit. In
this case the detectors used are typically the ones coming from the High Energy
Particles Physics and the characteristics of the primary particles can be measured
at the single event level. This is the only way to access experimentally the rarest
components of Cosmic Rays (such as positrons, anti-protons, deuterium, ...), to
search for components not yet observed experimentally (such as anti-deuterons,
anti-Helium and in general heavy antimatter) and to measure with high accuracy
the spectral features of all the different species, even the different isotopes of the

same nuclear species.

The “knee” being a sort of de-facto separation between the direct and indirect mea-
surement is just a coincidence and has not any particular motivation. One of the goals
of the direct measurement community is to extend the direct measurements above the
knee and to measure also the not more abundant components (protons and Helium)
at the knee: this requires larger experiments in space and the design of detectors with
large fields of view (ideally the whole solid angle) and able to exploit the larger possible
effective areas once fixed, by the load weight capacity and the ogive size of the launcher,

the volume of the apparatus. This will be discussed in more details in Chap.2.

1.1.3 Origin of Galactic Cosmic Rays

The current cosmological theory posits that the formation of elements primarily involves
two key processes: Big Bang Nucleosynthesis (BBN) [15] and stellar nucleosynthesis
[16]. Light elements (namely deuterium, helium, and lithium) were produced in the

tirst few minutes after the Big Bang, while elements heavier than helium are thought
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Figure (1.2) — Comparison between the relative abundance of atomic nuclei in cosmic rays and that in

the solar system [17].

to have originated in the interiors of stars that formed much later in the history of the

universe.

The theory of stellar nucleosynthesis indicates that heavier elements are primarily
formed within stars through nuclear fusion and nucleosynthesis processes. The life
cycle of a star involves multiple stages, starting with the fusion of hydrogen and helium,
gradually forming heavier elements such as !>C, °O, and *Fe: these are the elements
typically addressed as “primary” cosmic rays. °Fe is the heaviest element that can be
produced through stellar nucleosynthesis, while even heavier elements are believed to
form during supernova explosions, scattering into the cosmic space through collisions

and ejections.

Figure 1.2 compares the relative abundance of atomic nuclei in cosmic rays with that
in the solar system. Elements such as Li, Be, B, and Fe exhibit abundances far exceeding
those found in the solar system. These elements are therefore believed to be produced
by collision reactions between primordial cosmic rays and interstellar matter during

their propagation, and are referred to as “secondary” cosmic rays.

1.1.4 Acceleration of Galactic Cosmic Rays

All nuclei fluxes in primary cosmic rays display a consistent power-law spectrum,
indicating a common acceleration mechanism. To account for this observation, Enrico

Fermi introduced the concept of “Fermi acceleration” in 1949 [18]. This theory posits that
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charged particles gain energy by interacting with randomly moving magnetic clouds in
interstellar space. When a particle collides head-on with a magnetic cloud, it is reflected,
and its kinetic energy increases. Conversely, if a particle collides with the trailing side of
a magnetic cloud, it slows down. Because high-energy particles follow longer paths in
magnetic turbulence and experience more collisions, and because fast-moving particles
are more likely than slow-moving ones to undergo significant momentum exchange
and gain more energy, the probability of energy gain is slightly higher than that of
energy loss in a statistical sense. This process results in the acceleration of particles
in interstellar space, which accounts for the observed power-law spectrum of primary

cosmic rays.

Assuming a particle with an initial energy of E undergoes scattering with a massive
scattering center (SC) moving at a velocity of By, when the particle undergoes a tail-on

collision with the scattering center, the energy of the particle becomes

E1 =YnE (1 —BpcosBy) (1.2)

In the equation, v, = (1— [3121,1)71/2 represents the Lorentz factor of the scattering
center, and 0 is the angle between the velocity vectors of the particle and the scattering
center. It can be observed that the contribution of tail-on collisions to the change in
kinetic energy is negative, leading to a decrease in the particle’s kinetic energy. Subse-

quently, when they undergo head-on collisions, he energy of the particle becomes

EzzymE1(1+BMcosez) (1.3)

In this second scenario, the particle gains energy and accelerates.

After multiple collisions, the average increment in the particle’s kinetic energy is

dE 4,
“= Lz 14
=~ B (14)
Due to the proportionality of particle acceleration with the square of the velocity of
the magnetic cloud in this equation, this acceleration mechanism is also referred to as
the Second-order Fermi Acceleration mechanism. For non-relativistic particles, after N

acceleration events, their energy is

E = mc2ePuV (1.5)
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In the equation, m represents the mass of the particle. During the propagation of
particles in cosmic space, there is a certain probability of interacting with interstellar
matter and transforming into other particles. Therefore, the survival time of particles

will follow a Poisson distribution.

F(ET) = et (1.6)

In the equation, T denotes the average lifespan of the particle. By incorporating

Formula 1.5, it becomes possible to compute the particle’s energy at a given moment .

E (t) = mc2ePut/® (1.7)

In the equation, t represents the average time interval between collisions of the
particle with magnetic clouds. The probability of observing the particle’s energy falling
within the range from E to E +dE is given by:

p(E)dE = (t/BT) (mc?) ™" ag /E1+/PT (1.8)

Usually, 1+ 1/p3,T is represented by vy, and thus, the flux of cosmic rays will follow

the following power-law spectrum.

Py (1.9)
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Figure (1.3) — Fluxes of primary cosmic nuclei radiation plotted as a function of the kinetic energy [19].

This is consistent with the observed form of cosmic ray spectrum. However, this
theory still has many limitations. Firstly, its acceleration process is very slow, with
particles having only a few opportunities for acceleration during their travel, resulting in
a very low acceleration efficiency. Secondly, due to the energy loss caused by ionization
during collision processes, and the fact that larger mass particles experience higher
energy losses, this cannot explain the observed results in Figure 1.3, where all particles

follow the same power-law spectrum form.

Therefore, a new mechanism is needed to ensure that particle acceleration occurs
with each collision. A simple model is as follows: two scattering centers are separated
by a distance L, moving towards each other with a velocity V. A particle with mass m
and velocity v >> V reflects back and forth between the scattering centers. In this way,

each collision for the particle is a head-on collision, and its energy increment rate is
dE

— =nx0E 1.10
" (1.10)

Here, n is the number of collisions per unit time, and &E represents the energy

gained by the particle in each collision.
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Figure (1.4) — A cartoon of the diffusive shock acceleration mechanism [21].

Upstream

For high-speed moving particles, the increase in momentum per collision is repre-

sented by ymV. Therefore, Equation 1.10 can be approximated as follows:

dE v ymc*V. _EV _E
L L =t

— - xymVcx

T (1.11)

From the above equation, it can be observed that the energy of particles increases
exponentially. Therefore, when a large number of particles are accelerated by the same
scattering center, particles with slightly higher initial energy will ultimately gain sig-

nificantly more energy than those with lower initial energy.

The currently accepted and widely acknowledged theory that conforms to this model
is the shock wave acceleration mechanism [20]. A shock wave is a form of turbulent
propagation. When a star’s internal fuel is depleted and can no longer support its
massive outer shell, the shell collapses toward the center and is then ejected at speeds
far exceeding the speed of sound, generating a powerful shock wave. The basic shock
wave model is illustrated in Figure 1.4, where the region traversed by the shock wave is

defined as downstream, and the area not traversed is upstream.

When particles are trapped between the upstream and downstream of the shock
wave, undergoing repeated reflections, they will continue to be accelerated until they
escape. In the shock wave transition region, the mass through the unit shock wave

surface is conserved:

10
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PuVu = PaVa (112)

where p,, pg are the densities of the gas before and after the shock wave, respectively.
and v,, v4 are the velocities of the gas before and after the shock wave, respectively.
Because the shock wave surface remains stationary in its own reference frame, the

momentum upstream and downstream is conserved,

Puva = Py +pavy (1.13)

In the equation, P, represents the pressure in the downstream. The expansion in the

downstream performs work on the shock wave surface, and the energy is conserved,

1 1
ipuvi - <2 +pavy+ YZPdVd) =vaPy (1.14)

In the equation, Y represents the ratio of specific heat at constant pressure to specific
heat at constant volume, with a theoretical value denoted as (n+2) /n, where n stands
for the number of degrees of freedom for the microscopic motion of gas molecules, and
for high-speed shock waves, considering gas with one degree of freedom, we have y= 3.

Through rearranging equations 1.12, 1.13, and 1.14, we can obtain

CRIER

Therefore, in the reference frame where the upstream is stationary, the shock wave
approaches with a velocity of v,, and the downstream gas also approaches with a
velocity of 3v,. When a particle traverses the shock wave and encounters the downstream
gas, it is reflected and its velocity increases by 3v,. In the reference frame where the
downstream is stationary, the upstream gas is also approaching with a velocity of
3V, When the reflected particle collides again with the upstream gas, it is once again

reflected and gains a velocity increment of 3v,.

Assuming that the particle’s energy increases by a factor of o each time it traverses
the shock wave, after n accelerations, the energy of a particle with an initial energy of
Ey would be:

E = Ey" (1.16)

11
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In the process of shock wave acceleration, there is a certain probability that particles
escape from the acceleration region. Assuming the probability of a particle remaining
in the acceleration region after each acceleration is P, after n accelerations, the number

of particles remaining out of the initial Ny particles would be:

N = NoP" (1.17)
After rearranging, we obtain:
A
A <> ’ (1.18)
No Ey
Expressed in differential form as:
N (E)dE < E"*dE (1.19)

In the equation, where k =2, it closely aligns with the currently measured power
spectrum index of 2.7. Since the energy gained by particles in each acceleration is
proportional to the shock wave velocity, this theory is also referred to as the first-order
Fermi acceleration mechanism. Its acceleration efficiency is significantly higher than

second-order Fermi acceleration, and the attainable final energy is also higher.

1.1.5 Propagation of Galactic Rays

Once particles are accelerated and escape into the cosmic space, they may encounter
various unknown interstellar materials, dynamic magnetic fields, and electric fields.
These processes occur unpredictably and continuously alter the particle’s energy and
trajectory, potentially leading to particle fragmentation reactions and transformation
into other types of particles. Taking into account the potential influences on cosmic rays
within the galaxy, the propagation equation for a particular particle species is typically

formulated as follows [22]:

ov;(x,p,
w:qj(x’p)+v'(DXXV‘I’i*V\Ifi)+%p2Dpp%p—lzwi
9 p | 1
“op PViIT 3 (VYW m i 1.20
ap PV 3 (V- V)y YTy (1.20)

In the above formula:

12
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* y;(x,p,t) represents the number density of a particular cosmic ray particle species

per unit momentum;

* gi(x,p) represents the cosmic ray source term, generally considered to be pulsars
and supernovae. The energy injection into cosmic rays is assumed to follow a

power-law spectrumg—g «<p Y

* D, = }Apvrepresents the diffusion coefficient of cosmic rays in the magnetic field,
where Ap is the mean free path, v is the particle velocity, and V is the cosmic ray

convection velocity, typically assumed to be 20 km/s;

* D,, represents the secondary acceleration coefficient of cosmic rays in the mag-

netic field, determined by the local irregularities of the magnetic field;

* p=dp/dtrepresents the energy loss of cosmic rays, including ionization, Coulomb

energy loss, inverse Compton effect, and synchrotron radiation;
¢ 1/, is the time scale for loss by fragmentation;

* T,;is the time scale for radioactive decay

Equation 1.20 encompasses various issues that may be encountered during the

propagation of cosmic rays, making direct solutions very challenging.

Currently, one popular method is the GALPROP code [23], which serves as an open-
source tool for simulating the propagation of cosmic rays within the Milky Way galaxy.
Its primary functionalities encompass cosmic ray source modeling, diffusion processes,
and interaction simulations. The code is capable of calculating the propagation dynam-
ics of cosmic rays in the galaxy, accounting for factors such as diffusion, convection, and
energy loss, while generating energy spectra and spatial distributions for various par-
ticle types. Furthermore, GALPROP can model the high-energy gamma rays produced
by the interactions of cosmic rays with the interstellar medium, thereby providing a

significant resource for research in cosmic ray physics and high-energy astrophysics.

The Leaky Box model [24] was proposed in the 1960s to simplify the calculations
of cosmic ray propagation. In this model, cosmic rays are confined within a specific
region of cosmic space, where particles can propagate freely and escape this confined
space with a constant probability. The Galactic magnetic field is considered the main
factor confining and mixing cosmic rays. The model includes the following assumptions:
the boundary of the Galaxy has strong reflective properties, so long-lived cosmic ray

particles will encounter this boundary multiple times before escaping the Galaxy; the
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probability of various cosmic ray nuclei escaping the Galaxy at the boundary is the

same; and the escape process of cosmic rays follows a Poisson distribution.
Using the Leaky Box model, equation 1.20 can be simplified to
=q¢i——Vi—) —VY;——V; 1.21
e (i s e (1.21)

J>i

In the above equation, 7;; represents the characteristic time for the fragmentation or
decay of nuclide j into nuclide i, T; represents the characteristic time for the transforma-
tion of nuclide i into other nuclides, and 7., denotes the escape time. Under steady-state

conditions, aa“t"' =0.

For primary cosmic rays, their abundance is much greater than that of secondary
cosmic rays. Therefore, 7;; in equation 1.21 can be neglected, allowing us to deduce
the relationship between the observed energy spectrum y; and the energy spectrum g;

produced by the cosmic ray sources as follows:

qiTesc

= dlese 1.22
v 1+ Tesc/Ti ( )
For secondary cosmic rays, ¢; can be neglected, so T, can be expressed as:
Lo 1)
rm:<’”W’—> (1.23)
Vi Ti

From equation 1.23, it can be seen that by measuring the flux ratio of secondary
to primary cosmic rays, the cosmic ray escape time can be determined. By adjusting
parameters such as the escape time, the Leaky Box model can then be used to explain
most cosmic ray measurement results. Therefore, more precise measurements of the
secondary-to-primary cosmic ray ratio can more effectively constrain certain parameters
within propagation models, which is of great importance for a deeper understanding

of the cosmic ray propagation process.

1.2 Dark Matter

The Cosmic Microwave Background (CMB) [26] originates from the thermal radiation
emitted by the primordial plasma remaining from the Big Bang [27], approximately
380 kyears after its occurrence. The observations of the CMB provide crucial evidence

for the evolution of the universe and contributed to the establishment of the Big Bang
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theory. Modern cosmological theories suggest that after the Big Bang, the temperature
and pressure of the primordial gas were too high for small structures like celestial bodies
to form. It required the involvement of non-relativistic (cold) Dark Matter (DM) [28]
in the formation of large-scale structures to eventually evolve into the current cosmic
structure. In general, the temperature distribution of the current universe is uniform
and isotropic. However, within certain ranges, there are still temperature fluctuations, as
shown in Figure 1.5. High-resolution measurements of these temperature fluctuations
can provide key insights into the early evolution of the universe. Theoretically, the
anisotropy of the CMB can be seen as the result of acoustic oscillations caused by
collisions between photons and baryon plasmas under the influence of gravity in the
early universe [29]. Additionally, gravitational interactions between baryonic matter
and DM also play a role in the CMB anisotropy. Using the ACDM [30] cosmological
model, it is possible to determine the density parameters of baryonic matter, DM and
dark energy [31]. All visible matter accounts for only 4.9% of the total energy in the

universe, while dark energy comprises 68.3%, and dark matter accounts for 26.8%.

1.2.1 Observational Evidence for DM

At present, the fundamental composition of most DM remains unknown. Assuming the
validity of General Relativity, DM has been observed to be pervasive in gravitationally
collapsed structures, ranging in size from the smallest known galaxies [32], to galaxies
comparable to the size of the Milky Way [33], and to groups and clusters of galaxies

[34]. In such collapsed structures, the existence of DM is directly inferred using mass

Figure (1.5) — The map of temperature fluctuations in the cosmic microwave background [25].
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tracers within a certain radius, such as stellar velocity dispersion, rotation curves [33] in
axisymmetric systems, the virial theorem, gravitational lensing [35], and measurements
of non-dark matter (i.e., baryonic) mass, such as stellar number counts and gas density

tracers like X-ray emission [36].

1.2.2 Detection of DM

Currently, most DM detection experiments are based on the aforementioned WIMP
particles, which are believed to interact via weak interactions. Detection methods are

divided into three types,

¢ Collider detection: High-energy particle colliders, such as the Large Hadron Col-
lider (LHC) [37], can potentially produce dark matter candidate particles. If these
particles interact weakly and do not leave direct traces in the detector, an im-
balance in energy and momentum can be observed, indirectly suggesting their

existence.

¢ Indirect detection: Indirect detection searches for secondary particles (such as
gamma rays, antiprotons, positrons, and neutrinos) produced by the annihilation
or decay of dark matter. These signals may originate from regions with high dark

matter density, such as the galactic center, dwarf galaxies, or the Sun.

* Direct detection: Direct detection experiments aim to observe interactions be-
tween dark matter particles and ordinary matter (such as atomic nuclei). These
experiments are typically conducted in deep underground laboratories to reduce
cosmic ray interference. If dark matter particles, such as Weakly Interacting Mas-
sive Particles (WIMPs), exist, they may elastically scatter off atomic nuclei in the

detector, producing detectable energy deposits.

HERD [38] experiment will measure the “all-electron” (positron plus electron) en-
ergy spectrum in cosmic space, and the AMS-02 [39] experiment can measure the
antiproton and positron energy spectra in cosmic space. Figure 1.6 show the proton,

antiproton, electron, and positron spectrum observed by the AMS-02 experiment.

1.3 Antimatter

Ordinary matter is composed of regular particles, while antimatter consists of their

corresponding antiparticles. Each particle has a corresponding antiparticle that shares
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Figure (1.6) — The antiproton flux (red, left axis) compared to the proton flux (blue, left axis), the electron
flux (purple, right axis), and the positron flux (green, right axis) measured by AMS-02
[40].

the same mass and most physical properties, with the only difference being their op-
posite electric charge. In the currently observable universe, ordinary matter seems to

dominate, while antimatter appears to be extremely scarce.

According to the Big Bang theory, the early universe should have generated equal
amounts of matter and antimatter. However, current observations indicate that the uni-
verse is almost entirely dominated by matter, revealing a significant matter-antimatter
asymmetry. This asymmetry remains one of the fundamental unresolved questions in
particle physics and cosmology. Therefore, the search for antimatter and the study of

its properties have long been major scientific pursuits.

1.3.1 History of Antimatter Discovery

The modern theory of antimatter began in 1928 with a paper by Paul Dirac [41]. Dirac
realized that the relativistic version of the Schrodinger wave equation for the electron,
which he proposed, predicted the possible existence of the positron. Although Dirac
laid the theoretical foundation for the existence of these “antielectrons” he did not

initially fully grasp the implications of his equation.
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After the antiparticle solutions of Dirac’s equation were proposed, in 1932, Amer-
ican physicist Carl Anderson observed the positron for the first time in cosmic ray
experiments [42], marking the first discovery of an antiparticle in human history and
the beginning of antimatter research. For this achievement, Anderson was awarded the
Nobel Prize in Physics in 1936.

In 1955, Emilio Segre and Owen Chamberlain successfully discovered the antiproton
using a cyclotron at the Lawrence Radiation Laboratory at the University of California
[43]. Their discovery earned them the Nobel Prize in Physics in 1959. In 1965, a research
team led by Samuel Ting successfully detected the antideuteron using the Alternating
Gradient Synchrotron (BNL-AGS) at Brookhaven National Laboratory [44].

In 1971, Soviet scientists observed anti-helium-3 and further studied the relationship
between the production cross-sections of antiprotons, antideuterons, and anti-helium-3
as a function of their mass number [45]. The study found that as the mass number
increases, the production cross-section of antimatter nuclei decreases by several orders
of magnitude. Consequently, under the same experimental conditions, detecting heav-
ier antimatter nuclei requires significantly higher experimental statistics. Due to this
limitation, anti-helium-4 was only successfully discovered decades later in 2011 by the

RHIC-STAR experiment group at Brookhaven National Laboratory [46].

In 2010, the RHIC-STAR experiment group made another breakthrough by discov-
ering the first-ever antihypernucleus — the anti-hypertriton [47]. This hypernucleus
consists of an antiproton, an antineutron, and an anti-Lambda (A) particle, which con-
tains a second-generation quark—the strange quark. This was the first time a nucleus
containing a strange quark in antimatter had been discovered, providing crucial exper-

imental evidence for studying the properties of antimatter and strong interactions.

In 2024, the RHIC-STAR collaboration made another significant discovery: an an-
timatter hypernucleus, the “anti-hyperhydrogen-4”, which is currently the heaviest
antimatter hypernucleus observed experimentally. Anti-hyperhydrogen-4 consists of
one antiproton, two antineutrons, and one anti-Lambda (A) hyperon. Compared to its
corresponding matter counterpart, hyperhydrogen-4, no significant difference in life-
time was observed, further confirming the symmetry between matter and antimatter

properties [48].
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1.3.2 Observation in cosmic rays

The antiparticles in cosmic rays primarily originate from the collisions of high-energy
protons with the interstellar medium, through hadronic decay, producing antiparticles
such as antiprotons and positrons. In recent years, several important detection projects
have been conducted to study these antiparticles in depth. For example, HEAT (High-
Energy Antimatter Telescope) [49] is a high-altitude balloon experiment designed to
detect antiparticles in cosmic rays, with the main objective of measuring the energy
spectra of positrons and antiprotons to investigate their sources and the propagation
mechanisms of cosmic rays. HEAT conducted two high-altitude balloon flights in 1994
and 1995, during which it detected an excess of high-energy positrons. PAMELA (Pay-
load for Antimatter Matter Exploration and Light-nuclei Astrophysics) [50] is an orbital
satellite experiment launched in 2006, which is mounted on the Russian Resurs-DK1
[51] satellite and aimed at studying antiparticles and light nuclei in cosmic rays. The
main goal of this experiment is to monitor the composition of cosmic rays, including
antiprotons, positrons, and light nuclei such as helium. One significant finding from
PAMELA is the discovery of an anomalous increase in the abundance of positrons,

possibly related to dark matter annihilation or pulsars.

In 2011, the Alpha Magnetic Spectrometer (AMS-02) [52] was successfully installed
on the International Space Station. AMS-02 conducted high-precision measurements
of positrons and antiprotons in cosmic rays and confirmed the high-energy positron
excess previously detected by HEAT. Figure 1.7 shows the positron spectrum measured
by AMS-02. In this figure, E3®,+(red data points) is shown as a function of energy. £
is the spectrally weighted mean energy for a flux E~3. The time variation of the flux at
low energies due to solar modulation is indicated by the red band. To guide the eye, the
vertical color bands indicate the energy ranges corresponding to changing behavior of
the spectrum: flattening, rising, and falling [39]. The complex behavior of the positron
flux in the figure does not conform to the secondary production model, which attributes

positrons solely to collisions of cosmic rays.

One of the primary objectives of AMS-02 is the search for antihelium. Compared to
lighter antiparticles such as antiprotons and positrons, which can be produced through
interactions between cosmic rays and the interstellar medium [53], the composition
of antihelium is more complex. As a result, the abundance of antihelium is expected
to be extremely low. However, AMS-02 has observed antihelium events that exceed
the predictions based on standard cosmic ray interactions by several orders of mag-

nitude. Furthermore, the detected antihelium nuclei consist of two different isotopes:
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Figure (1.7) — the positron spectrum measured by AMS-02 [39].

antihelium-3 and antihelium-4. In particular, antihelium-4 is heavier and even rarer.
While the annihilation model of weakly interacting massive particles can account for
the detected amount of antihelium-3, it fails to explain the presence of antihelium-
4. Therefore, antihelium-4 is highly likely to originate from an antimatter-dominated

region [54].
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Space borne cosmic ray detectors

This thesis is focused on the study, characterization and development of analysis algo-
rithms and approaches related to detectors, the silicon trackers, that are largely used in
direct measurement experiments. Generally two approaches are explored for stratosher-
ic/space instruments: the purely calorimetric measurement and the spectrometric one.
The latter involves trackers, almost always based on silicon sensors, with high accuracy
to measure the Rigidity of the particles inside the magnetic field of the spectrometer.
The former, instead, don’t need trackers with state-of-the-art (below 10 um) spatial res-
olutions, but still a silicon tracker (with spatial resolution at the level of 30-40 um) is a
valuable, and often preferred to different solutions (as for example a gas drift chamber)
for their easiness in terms of mechanical assembly, operation (as the absence of high
voltages) and robustness to the challenging conditions of the launch to space or of the

in orbit environment.

Silicon microstrip sensors are used in space born instruments since the early 2000s
to accurately measure trajectory and absolute charge of the traversing particles. This
choice appeared somewhat mandatory for planning long term missions in space, where
traditional gas based detectors - used in balloon based experiments - could lead to safety
issues and limited operation lifetime in case of gas leaks.

In this chapter we will briefly review two large sized experiments: AMS-02 [52], operat-
ing onboard the International Space Station (ISS), and HERD [38], planned to operate on

board the Chinese Space Station (CSS). Indeed, both experiments use microstrip silicon
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sensors and, in this thesis, the performance of silicon detectors for these experiments

has been studied.

2.1 The AMS-02 Experiment

The Alpha Magnetic Spectrometer (AMS) experiment was proposed in 1995 [56] with
the objective of a precise study of antimatter particles in cosmic rays, applying in
space the state of the art detection techniques adopted in high energy experiments
at colliders. In particular, the use of a silicon sensors was proposed to reconstruct
the track of charged CR in the magnetic field of a permanent magnet. In June 1998,
a simplified version, known as AMS-01, was designed and successfully launched into
space aboard the Space Shuttle Discovery, orbiting the Earth for ten days. The successful
operation of the AMS-01 silicon tracker in this precursor flight, and the scientific results
from this limited data taking period [57], validated the AMS project approach. The
current operational version, AMS-02, was collaboratively designed and constructed by
56 research institutions from 16 countries. It was launched into space on May 16, 2011,
aboard the Space Shuttle Endeavour and successfully installed on the International
Space Station (ISS) on the 19th of May, As shown in Figure2.1. About 250 billion cosmic
rays have been collected by AMS-02 in nearly 14 years of data taking, and new data will

be continuously collected until the decommissioning of the ISS.

The primary physics objective of AMS-02 is to search for antimatter particles in
cosmic rays, anti nuclei with Z> 2 to investigate the existence of primordial antimat-

ter signals, or positrons and anti-protons, anti-deuterons eventually produced in the

Figure (2.1) — AMS-02 on the International Space Station[55].
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annihilation of dark matter particles. Currently, AMS-02 has measured antiproton and
positron fluxes up to 525 GV and 1000 GV [39]. The unprecedented accuracy and the
maximum energy achieved in these measurements has challenged current understand-
ing of the origin of these cosmic particles since their fluxes exceed the expected level of

secondary production from CRs collisions in the Inter Stellar Medium (ISM).

Precision measurements of all CRs components, nuclei and electrons, up to TeV
energies are among the physics goals since can shed light on the acceleration and
propagation mechanisms of the CRs in the galaxy. This knowledge is mandatory to
evaluate secondary production of light anti-matter (anti-protons, positrons). Indeed,
unexpected spectral features in different nuclear species, of primary and secondary
origin, have been observed by AMS-02, with similar spectral behaviour in different

classes of primary CR components [39].

These measurements have been possible thanks to a redundant approach in measur-
ing the particle properties, absolute charge (Z), velocity and energy, while distinguish-
ing e* components from the p/j, with different detectors. The magnetic spectrometer,
a permanent magnet to bend CR trajectories and 9 layers of silicon sensors, is the core

of AMS-02 and the key for particle/anti-particle separation.

Current measurements of AMS-02 at the higher energies are limited by statistics,
i.e. by the tracker acceptance. In 2023 an effort has been started to integrate a new large
sized plane of silicon sensors on top of the instrument to enhance the tracker acceptance

and fully exploit the remaining ISS lifetime.

2.1.1 Detector Structure

The overall dimensions of the AMS-02 detector are approximately 5 x 4 x 3m* 5 cubic
meters, with a weight of around 7.5 tons. A schematic of the AMS-02 detector is shown in
Fig. 2.2, The primary detection system of AMS-02 is the silicon Tracker, which consists
of nine layers of silicon sensors. Six of these layers (L3 to L8) are positioned within
the magnetic field generated by a permanent magnet. The Tracker plays a crucial role
in measuring the momentum of charged particles by reconstructing their trajectories
within the magnetic field. The charge sign of the particle is determined by combining
the bending direction of its trajectory, as measured by the Tracker, with its direction of

motion, as inferred from the Time of Flight (TOF) system.

The TOF system comprises two pairs of plastic scintillators located at both ends of

the Tracker. It determines the velocity of the particle by measuring the time interval
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Figure (2.2) — The AMS detector showing the main elements and their functions [39].

between its passage through two TOF planes. Additionally, the TOF system serves as

the primary trigger for the experiment.

The AMS-02 detector also includes three other sub-detectors to enable precise parti-
cle identification. The Ring Imaging Cherenkov (RICH) detector, positioned below the
magnet, provides an independent measurement of the particle’s velocity. The Transition
Radiation Detector (TRD), located at the top of AMS-02, aids in distinguishing different
particle species. Finally, the Electromagnetic Calorimeter (ECAL), placed at the bottom
of the experiment, ensures accurate separation of leptons and hadrons through energy

deposition measurements.

The Transition Radiation Detector:

The Transition Radiation Detector (TRD) [58] is the only gas detector on AMS-02.
Positioned between the first layer of the silicon tracker and the upper layer of the

Time-of-Flight (TOF) detector, as shown in Fig. 2.3, it features an overall design that
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Figure (2.3) — The Transition Radiation Detector [39].

is wider at the top and narrower at the bottom, with a total height of approximately
0.8 meters. This tapered design effectively enhances its acceptance of cosmic rays. The
TRD comprises 328 modules, each consisting of 16 straw tubes arranged in a flat row,
with lengths ranging from 0.8 to 20 meters and a diameter of 6 mm. Additionally, each
module includes a 20 mm-thick polyethylene fiber radiator. The tubes are filled with an
Xe/CO, gas mixture, and a high-strength gold-plated tungsten wire with a diameter of
approximately 30 micrometers is used as the anode, operating at a voltage of 1600 volts.
These modules are stacked into 20 layers, with 12 layers arranged along the Y-direction

and 8 layers along the X-direction.

The primary function of the TRD detector is to distinguish between electron/an-
tiproton and positron/proton signals. as shown in Fig. 2.4, when high-speed charged
particles traverse two layers of dielectric materials with different permittivities, they
generate a certain amount of X-rays, known as transition radiation. The direction of
these X-rays is nearly aligned with the direction of motion of the charged particles, and
the probability of X-ray generation increases with the increase in the particle’s Lorentz
factor y= E /M. For relativistic particles with different masses but the same kinetic en-
ergy, the smaller mass particle is more likely to exhibit the transition radiation effect.
For particles that do not produce transition radiation, the straw tubes can only detect
the ionization signal of the particles. For particles producing transition radiation, the
detected signal in the straw tubes is a superposition of the ionization signal of the par-

ticles and the transition radiation signal. Therefore, using the Likelihood method and
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Figure (2.4) — Schematic of the detection of ionization losses from charged particles [39].

comparing the deposited energy, one can effectively distinguish electron/antiproton or

positron/proton signals.

The TRD detector can also be used to measure the charge information of charged
particles. During the ionization process of charged particles, electrons in the medium
have a probability of acquiring high energy, forming delta electrons. Delta electrons can
drift a few millimeters to a few centimeters near the particle trajectory, exciting adjacent
straw tubes. The number of delta electrons generated by high-energy particles increases
with their charge. Therefore, by calculating the number of delta electrons near the entry

point, the charge of the incident particle can be determined.

The Time of Flight Counters:

The Time-of-Flight (TOF) [59] is composed of four layers of plastic scintillator (shown
in Fig. 2.5), with two layers installed above the magnetic field, referred to as Upper TOF,
and the other two layers installed below the magnetic field, referred to as Lower TOF.
The vertical distance between Upper TOF and Lower TOF is 120 cm. Each layer consists
of 8-10 elongated plastic scintillator bars, with a 5mm overlap between adjacent bars
to ensure no signal loss. Two photomultiplier tubes (PMTs) are installed at each end of
each plastic scintillator bar. To enhance photon collection efficiency, the outer surface of

the scintillator bars is wrapped in a highly reflective aluminum film.

By comparing the timing of signals appearing in the upper and lower layers of TOF,
the velocity of particles can be calculated, and it can be determined whether particles

are incident from top to bottom or from bottom to top. The time resolution is measured
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Figure (2.5) — (a) The upper TOF counters. (b) The lower TOF counters [39].

to be approximately 180 ps for Z = 1 particles and below 100 ps for particles with Z >
2 (reaching ~ 48 ps for Z = 6), which is enough to discriminate down-going particles
from up-going ones at the level of 1 out of 10°. The resulting resolution on the particle
velocity measurement is, below few GV, of the order of 4% for protons and 1% for ions
[60]. As the TOF system delivers a rapid and reliable measurement of the energy loss

of charged particles, it serves as the primary trigger for the experiment.

TOF system is also capable of measuring particle charges up to Z = 40. By combining
measurements from both the upper and lower TOF layers, the accuracy of charge
determination is further enhanced. Fig. 2.6 presents the charge distribution measured
by the TOF, ranging from protons (Z = 1) to zinc (Z = 30). For individual TOF counters,
the charge resolution is approximately 0.16 charge units (c.u.) for carbon (Z = 6) and

around 0.4 c.u. for iron (Z = 26).
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Figure (2.6) — The charge distribution from proton (Z = 1) to zinc (Z = 30) measured by the TOF [60].

The Ring Imaging Cherenkov Detector :

The RICH [61] detector is located between the Lower ToF and the 9th layer of the track
detector, with a height of 47 cm. As shown in Fig. 2.7, Its upper surface has a diameter of
120 cm, and the lower surface has a diameter of 124 cm. the upper layer consists of two
different radiators. The central square of the upper layer measures 34 x 34 cm? and is
equipped with 16 pieces of sodium fluoride (NaF) crystals, each with a thickness of 0.5
cm and a refractive index of 1.33. These crystals cover approximately 10% of the overall
acceptance of the RICH. Surrounding the central region, there are 92 pieces of 2.5 cm
thick aerogel radiators with a refractive index of 1.05. The central area of the lower layer
is left empty in a square shape with dimensions of 65x 65 cm? to avoid obstructing
the underlying ECAL detector. Around this central square region, there is an array
of photomultiplier tubes (PMTs) used to detect the Cherenkov light generated by the
radiators in the upper layer. This PMT array consists of 680 photomultiplier tubes. To
enhance the collection range of Cherenkov light, a highly reflective aluminum mirror
is placed on the side surface of the RICH. When Cherenkov light exceeds the range of

the PMT array, the mirror reflects it back into the acceptance area.

The RICH measures the velocity and charge of passing particles. Both are calculated
from the geometrical shapes, circles or rings, generated by the Cherenkov effect. The

opening angle 0 of the cone of photons generated in the radiator yields a measurement
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Figure (2.7) — The RICH detector and an event display with Z = 13 and P =9.148 TeV/c [62].

of the velocity B = v/c and the number of photons is proportional to Z>. The RICH
provides a f measurement with a resolution 6g/p ~ 0.1%, for unitary charge particles,
and o /B ~ 0.01% for ions [63].

The Electromagnetic Calorimeter :

The Electromagnetic Calorimeter (ECAL) [64] is located at the bottom of AMS-02 and
serves primarily to perform three-dimensional sampling of electromagnetic showers,
precisely measuring the energy and direction of high-energy electrons and photons. As
depicted in Figure 2.8, ECAL is constructed using 9 Super Layers, each consisting of
lead plates and fiber interspaces stacked together. The front acceptance area is 648 x
648 mm? square millimeters, with a total thickness of 166.5 mm. Each Super Layer has
a thickness of 18.5 mm, composed of 11 lead layers and 10 fiber interspaces. The lead
layers are 1 mm thick, and the fiber diameter is 1 mm, bonded together with epoxy resin
to form a unified structure. In each adjacent pair of Super Layers, the fiber orientations
are perpendicular to each other, with five Super Layers in the X direction and four in
the Y direction. The signals from ECAL are processed by Photomultiplier Tubes (PMTs)
installed at the ends of the fibers, each PMT having four anodes with an area of 9 x 9

mm?, corresponding to 35 fibers. At each end of the Super Layer, 36 PMTs are connected.

The ECAL achieves an energy resolution for high-energy electrons within the range

of 1.5 —3% and an angular resolution for their incident angles of approximately 1 degree.
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Figure (2.8) — The construction and energy resolution of the ECAL [65].

While ECAL has 17 radiation lengths for electromagnetic interactions, it only has one
nuclear interaction length. Consequently, the probability of a hadronic interaction for
strongly interacting particles in ECAL is only about 60%. For protons and electrons
with the same incident energy, protons deposit significantly less energy than electrons.
By leveraging the distinct characteristics of electromagnetic and hadronic showers,
coupled with particle information obtained from the tracking detector, ECAL effectively

distinguishes electrons/positrons from anti-electrons/protons.

The ECAL also functions as an independent photon trigger, achieving an efficiency
exceeding 99% for energies above 5 GeV. This capability enables the detection of photons
within the AMSO02 field of view that have not undergone interactions prior to reaching
the calorimeter. Due to the radiation length (Xy) present in front of the calorimeter,
over 60% of photons entering the detector from above reach the calorimeter directly
without interaction. Conversely, photons that interact with the material before reaching
the ECAL can be identified through the detection of the resulting e* pair in the Silicon
Tracker.
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The Anti-Coincidence Counter :

The Anti-Coincidence Counter (ACC) [66] is designed as a cylindrical structure with
a height of 1.1 meters and a diameter of 0.8 meters, surrounding the inner tracking
detector. Its structure is illustrated in Figure 2.9. The ACC is composed of 16 blocks of 0.8
cm thick plastic scintillators, each containing 74 optical fibers embedded within. These
fibers extend to the ends of the scintillator blocks and are connected to 8 photomultiplier
tubes (PMTs) at both upper and lower ends of the magnetic field for signal readout. The
upper PMTs read the signals from adjacent scintillator blocks, while the lower PMTs

read signals from scintillator blocks separated by one block.
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Figure (2.9) — The Veto (ACC) system [67].
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Figure (2.10) — lllustration of the ACC’s purpose in rejecting spurious events in the AMS trigger [68].
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The ACC exhibits high sensitivity and effectively eliminates abnormal events, as
illustrated in Fig. 2.10. For instance, the direction of incident cosmic rays is generally
uniform, but the design of AMS-02 allows it to selectively measure particles passing
through a limited solid angle range around the Z-axis direction. The ACC efficiently

excludes particles coming from other directions, such as the horizontal direction.

The magnetic spectrometer

The magnetic field (shown in Fig. 2.11) of AMS-02 is generated by 64 sets of rubidium-
iron-boron (Nd,Fe 4B) magnets, forming a cylindrical structure with a diameter of 1.1
meters and a total weight of 1200 kilograms [69]. This magnet can produce a uniform
magnetic field of 1400 Gauss in the central region, with a total bending power of 0.15
Tm?2. When charged particles traverse the magnetic field, their trajectories are influenced
by the Lorentz force, leading to deflection. By measuring the direction of deflection, as
well as the curvature of the particle’s deflection, combined with charge information,

details such as the particle’s momentum can be determined.

The tracker (shown in Fig. 2.12) of AMS-02 [70] consists of nine layers of silicon
microstrip detectors, with each layer composed of 16-26 rectangular modules to ac-
commodate various installation positions. In total, 192 modules are used, arranged in
a top-to-bottom sequence. The nine layers are positioned on aluminum planes covered

with high-strength carbon fiber. Layers 1, 2, and 9 have a single-layer structure, while

Figure (2.11) — Left: A cross-sectional view from above of the AMS magnet. Right: The magnetization
vector flow is confined in the magnet volume with a negligible leak, making the magnetic
field stable. [68].
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layers 3-8 are placed on three-layer support surfaces, forming an anti-face structure.
The first layer is positioned above the Transition Radiation Detector (TRD), layers 2-8
are located inside the magnetic field, and layer 9 is placed between the Ring Imaging
Cherenkov detector (RICH) and the Electromagnetic Calorimeter (ECAL).

MAGNET

(@) (b)

Figure (2.12) — Left: (a) Layout of the nine Silicon Tracker layers. (b) Real view of a silicon tracker inner
plane. [71].

(@) (b)

Figure (2.13) — (a) A real view of a ladder on the p-side and n-side before covered by the electromagnetic
shielding foil. (b) Tracker Front-end Electronics of a ladder. [71].
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Figure (2.14) — Schematic view of one ladder on p-side and n-side. [71].

The fundamental component of the tracker is a double-sided silicon sensor with
dimensions of approximately 72.045 x 41.360 x 0.300 mm? . Each sensor features p+
strips on one side, arranged with an implantation pitch of 27.5 um and a readout pitch
of 110 um, while n+ strips are placed orthogonally, with an implantation pitch of 104
um and a readout pitch of 208 um. The finer-pitch p-side strips are responsible for
measuring the bending (y) coordinate, whereas the orthogonal n-side strips determine

the x coordinate.

These silicon sensors are integrated into basic structural units known as ladders (illus-
trated in Fig. 2.13). Each ladder consists of 9 to 15 sensors mounted within a carbon-fiber
frame, following the configuration shown in Fig. 2.14. The entire system comprises 192
ladders, covering an active area of approximately 6.4 m? . The p-side strips are aligned
along the ladder’s longitudinal direction, while the n-side strips are oriented perpendic-
ularly. This arrangement necessitates distinct signal-routing strategies for each side. On
the p-side, strips from adjacent sensors are directly interconnected via metallic bonds
in a daisy-chain fashion. Conversely, on the n-side, signals from alternating sensors are

merged and routed to the same readout channel.

The primary role of silicon detectors is to track the trajectories of charged particles
and determine their charge. Figure 2.15 presents the spatial resolution on layers 3 and
5 for carbon nuclei with rigidity R > 50 GV, comparing results obtained using the 1
algorithm [72] (left) and the non-linear n algorithm [72] (right). Figure 2.16 illustrates
the tracker charge distribution based on combined p-side and n-side measurements

[73], along with the charge estimator resolution (in charge units) for nuclei up to silicon.
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Figure (2.15) — Spatial resolution on layers 3 and 5 for Carbon nuclei with rigidity R > 50 GV obtained
with the n algorithm (Left) and with the non-linear n algorithm. [72].
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Figure (2.16) — Left: Tof charge estimator for nuclei events up to Ni. Right: anode (dots, dashed line) and
dynode (squares, solid line) charge resolution in charge units (c.u.) as a function of Z
[73].

2.1.2 AMS-02 Layer 0 upgrade

AMS-02 has a unique capability to distinguish between matter and antimatter, a feature
that no other experiment can currently match, nor is it expected that similar data will be
obtainable in the near future. For this reason, options for upgrading AMS [74] are being
considered, with the aim of maximizing the use of the remaining data up until 2030.
The proposed upgrade involves adding new tracking layer(LO) on top of the existing
tracking layer 1, which would increase the acceptance of AMS02 by a factor of 3, as

shown in Figure 2.17.

Adding LO to AMS 02 can bring many benefits, for example, extending the energy
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Figure (2.17) — The schematic diagram of the L0 installation on top of AMSO02.

range of the positron flux measurement to 2 TeV from the current 1.4 TeV and reducing
the uncertainties by a factor of two (see Figure 2.18). This is particularly important at
high energies, as it will ensure that the measured high-energy positron spectrum indeed
drops off quickly in the 1-2 TeV region, where the positrons come only from cosmic ray

collisions as predicted by dark matter models (see Figure 2.19).
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Figure (2.18) — Positron spectrum at highest energies for the current data (blue shading) and with the
upgrade through 2030 (gold shading) [74].
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Figure (2.19) — Positron spectrum with the upgrade through 2030 (cyan points) together with a dark
matter prediction (magenta curve) which includes cosmic ray collisions (green curve)
[74].
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Figure (2.20) — Electron spectrum at high energies for current data (blue shading) and with the upgrade
(gold shading) [74].

This upgrade will also extend the energy range of the electron flux measurement to
3 TeV from the current 2 TeV and reduce the error by a factor of about two (see Figure
2.20). This will provide definitive proof of the existence of a positron source term in
both the positron and electron spectra and, consequently, the existence of new physics.
As shown in Figure 2.21, current data (left) show that the electron spectrum can be

described by the sum of two power-law components and a charge-symmetric positron
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Figure (2.21) — Origin of high energy electrons [74].

source term. At present, the significance of this positron source term in the electron

spectrum is 26. With the upgrade (right), we will reach 4c significance.

LO consists of two planes of silicon micro-strip sensors, as shown in Figure 2.22,
both with an active area of approximately 4m?2. The L0-U plane is on top of L0, while
the LO-Y plane is on the bottom. The LO-Y plane measures the AMS bending coordinate,
and the LO-U plane is mounted with strips oriented at 45 degrees to those in LO-Y. The
LO-U plane measures both the bending and non-bending coordinates. Each plane is
composed of 36 mechanical-electrical units called “ladders”. There are three lengths of
ladders, containing 8, 10, or 12 silicon sensors, respectively. The ladders are surrounded
by readout electronic boards.
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%
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%
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CH Por Fe DATA ACQUISITION
Port

Figure (2.22) — The Schematic diagram of LO structure [74].
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Figure (2.23) — The schematic diagram of a ladder with 12 sensors.

For example, Figure 2.23 shows the longest LO ladder, which is composed of 12
sensors, a front-end electronics board, and a long flexible printed circuit board for

mounting. Its total sensitive area is 960 x 80 mm?.

As illustrated in Figures 2.24 and 2.25, the ladders are installed on both sides of
a carbon-fiber aluminum honeycomb structural plane, along with the associated elec-
tronics and heaters. These components are enclosed by thin carbon-fiber cupolas, which
are securely attached to the structural plane. The cupolas serve multiple functions: they
ensure light tightness, provide electromagnetic shielding for the sensors and electron-
ics, and offer protection against both space debris and potential damage during ground
handling. The heat generated by the electronics and heaters within Layer-0 is efficiently
transferred via copper foil to radiators positioned around the structural plane’s rim.

Figure 2.26 shows the actual image of the fully assembled LO.

Sensors

Structural Plane radiator

Cupola

Figure (2.24) — Details of the Layer0 main mechanics [74].
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Figure (2.26) — The actual image of the fully assembled L.

Chapter 4 of this thesis will cover the detailed construction of the ladder and the

analysis of data from its beam tests.
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2.2 The HERD Experiment

The High Energy cosmic-Radiation Detection (HERD) facility [38] is one of the leading
projects among future space-borne instruments to be installed on-board the Chinese
Space Station (CSS), around 2027, (fig.2.27) following a Low-Earth Orbit (LEO) at an
altitude of approximately 400 km and an inclination angle of 42° with an expected

duration of approximately 10 years.

HERD is designed to perform calorimetric measurements of different CR species
at energies well above the maximum reach of AMS-02 or DAMPE [76] experiments,
to search for signatures of the annihilation/decay products of dark matter particles in
the energy spectra and anisotropy of high-energy electrons from 10 GeV to 100 TeV, as
well as in the gamma-ray spectrum from 500 MeV to 100 TeV. Precise measurement of
the energy spectra and composition of nuclei from 30 GeV up to PeV, is in the physics
program of HEARD, aimed to determine the mechanism behind the “knee” structure

in the cosmic rays.

2.2.1 Detector Structure

In order to achieve its objectives while satisfying the size/weight requirements for
launch, HERD has a nearly isotropic design based on a 3-D cubic imaging calorimeter
(CALO) surrounded by scintillating fiber trackers (FITs) on the top and on the four lateral
sides. The CALO and FIT are then covered by the Silicon Charge Detector (SCD) and

Figure (2.27) — HERD onboard the China’s Space Station (CSS) [75].
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Figure (2.28) — Exploded view of the HERD detector [77].

the plastic scintillator detector (PSD) from the outside. A Transition Radiation Detector
(TRD) is located on the lateral side (Fig. 2.28). SCD is used for the accurate measurement
of the particle’s absolute charge magnitude | Z |. PSD is used for triggering gamma and
charge measurement. FIT is mainly for particle tracking and charge measurement.
CALO is for energy reconstruction and e/p discrimination. TRD is for the calibration

of TeV nuclei.

The CALO:

CALO [78] is the primary detector of the HERD instrument: it is a homogeneous,
isotropic, 3D segmented calorimeter that can detect particles coming from every surface.
CALO is comprised of 7500 LYSO crystal cubes, each with a side length of 3 cm, and
its overall shape resembles an octagonal prism (fig. 2.29). For vertical particles, the total
depth of CALO is about 55 radiation lengths and 3 interaction lengths.

The FIT:

The design objective of the HERD Scintillating Fiber Tracker (FIT) [79] is to reconstruct
the trajectories and determine the absolute charge value | Z | of charged cosmic rays. In

the current design, FIT is structured into 5 tracking sectors (Fig.2.30), each comprising
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Figure (2.29) — Basic drawing of the different CALO components [78].

7 tracking planes. This configuration allows for 7 independent measurements of the
position of a traversing charged particle. Each tracking plane consists of two layers of
FIT modules that measure the two orthogonal spatial coordinates. The tracking planes
in the top sector consist of 10 FIT modules on both the x and y layers, while the tracking
planes in the side sectors are formed by 6 FIT modules on the x layers and 10 FIT
modules on the y layers. Each module comprises a scintillating fiber mat and three
silicon photomultiplier (SiPM) arrays to capture the scintillation light generated when

particles hit the mat.

Figure (2.30) — Sketch of the 5-side FIT detector [80].
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(a) (b)

Figure (2.31) — Preliminary designs of PSD (a) bar and (b) tile prototypes [80].

The PSD:

The Plastic Scintillator Detector (PSD) [81] of HERD measurs the charge of incoming
cosmic-ray nuclei within the range Z = 1 to ~ 26. In the PSD, organic scintillators are
read out using silicon photomultipliers (5iPMs) instead of traditional photomultiplier
tubes (PMTs). This choice is based on the characteristics of SiPMs, including fast light
signal detection, sensitivity to low light yields, low power consumption, and robustness.
The primary design requirements for the PSD include high detection efficiency, a broad
dynamic range, and good energy resolution. Currently, two design layouts are under
investigation: one based on long scintillator bars and the other on square (or rectangu-
lar) tiles. Each configuration has its advantages and disadvantages, primarily related
to the optimal number of readout channels versus back-splash (or back-scattering) ef-
fects. Continuous testing and optimization efforts are underway for both configurations,
aiming to determine the best scintillator type and size, SiPM model and quantity for in-
strumentation, and overall verification of the PSD configuration, structural robustness,

and space adaptability.

The SCD:

The SCD (Silicon Charge Detector) [82] is the first detector encountered by a particle
traversing HERD, positioned above the PSD (Plastic Scintillator Detector), and is de-
signed to provide charge measurements in HERD. The choice of placing the SCD at the
top of the instrument aims to ensure that particles do not interact with other detectors
before entering the SCD. This arrangement facilitates reliable charge measurements and

minimizes the fragmentation of cosmic-ray nuclei, reducing systematic errors in HERD
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flux measurements. Additionally, the SCD is capable of 3D tracking and will be used in
conjunction with FIT (Fiber Tracker) for HERD particle trajectory reconstruction. The
additional features of the SCD enhance redundancy between different sub-detectors

and allow for cross-calibrations.

In the current design, the SCD consists of 5 thin detector units. One unit is square-
shaped with dimensions of 1.6 x 1.6 m?, placed on the top of the instrument, while
the other four units have dimensions of 1.4 x 0.9 m? and are positioned on the other
four sides. Each detection unit contains 8 layers of 300 um microstrip silicon detectors
mounted with alternating orthogonal strip directions. Each XY pair is composed of a
supporting structure made of a woven carbon fiber frame with high modulus unidirec-

tional carbon fiber skins and an aluminum honeycomb core, as shown in Figure 2.32.

Similar to AMS02, the SCD will also consist of “ladders”, where multiple silicon sen-
sors are connected in a daisy chain and read out from one side by dedicated electronics.
Each side unit will contain 1024 silicon wafers, while the top unit will have 2048 wafers,
for a total of 6144 wafers. Using the designed 97.5 x 97.5 mm? silicon sensors, the total
silicon area will be ~ 60m?. To reduce the number of readout channels while main-
taining satisfactory performance in terms of spatial and charge resolution, the readout
adopts the so-called floating strip method, where a certain number of implanted strips

are not read out.
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Figure (2.32) — Exploded view of one of the SCD layers [82].
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Figure (2.33) — 3D view of new side-on TRD prototype [83].

Chapter 4 of this paper presents the beam test results of a single SCD sensor and

compares its performance with that of the AMS L0 sensor.

The TRD:

The Transition Radiation Detector (TRD) [83] will be employed to calibrate the energy
measurement of incident particles within an energy range where transition radiation
(TR) is generated but not saturated. The TR energy is directly proportional to the Lorentz
factor yof the incident charged particle. The emission of radiant photons occurs at y ~ 10
and saturates at y ~ 10*. This corresponds to a proton energy range of about 1-10 TeV.
Through the detection of X-rays generated by TR, the absolute energy of the incident
charged particle in the TeV region can be determined by measuring the Lorentz factor.
The newly designed side-on TRD prototype features a fully metal chamber that encloses
the working gas. A 3D representation of the prototype can be seen in Figure 2.33, with
its side view shown in Figure 2.34(a), where also the different TRD components are
detailed: the structure of the standard radiator (b), and the THGEM working scheme
(c, d) used for X-ray detection.
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CHAPTER 3

Silicon Microstrip Detectors

Silicon Microstrip Detectors are by now a well established technology used to perform
simultaneous measurement of particles absolute charge, Z, and position with a resolu-
tion of few microns. Their light weight and relatively low operating voltages make their
use particularly suitable in space experiments, and the current challenge is to cover
wide areas, as for the LO upgrade in AMS-02 or the HERD detector, while keeping a
manageable number of readout channels. In this chapter we will briefly review their
operating principle, starting from semiconductor properties and the p-n junction, then
discussing different sensor designs, their integration in the ladder structure and readout
electronics. Finally we will introduce the signal analysis to reconstruct position and

charge.

3.1 The semiconductors

Energy band characteristics determine electrical conduction properties of different type
of solids (cfr. Fig.3.1). The conductivity of a material is in fact the result of a directed
motion of electrons in the presence of an external electric field. This involves energy
exchange between electrons and the external electric field, causing electron transitions
from one energy level to another. A material will be a conductor if its conduction band is
partially filled with electrons, so that they can absorb energy from the external electric

tield and have a transition to unoccupied energy level, enabling the formation of current.
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Figure (3.1) — Schematic representation of energy bands for semiconductors (a), insulators (b) and con-
ductors (c)[84].

The conduction band is empty in insulators and the valence band is completely filled
with electrons, with no way for them to make transitions within the band under the
effect of an external field. Thermal energy may allow the transfer of an electron from
the valence to the conduction band if it is close enough in energy. The basic difference
between semiconductors and insulator is the energy gap value between valence and
conduction bands, typically < 1 eV for semiconductors and 5 to 10 times larger for
insulators. At zero thermodynamic temperature, insulators and semiconductors do not
conduct electricity under the influence of an external electric field. However, when
environmental conditions change, such as an increase in temperature or exposure to
light, due to the narrow band gap of semiconductors, a small number of electrons from
the valence band may be excited to the conduction band. Under the influence of an
external electric field, these electrons will participate in conduction. Simultaneously,
due to the reduction in the number of electrons in the valence band, leaving behind
holes, the valence band also becomes partially filled. The electrons remaining in the
valence band can still contribute to conduction under the influence of an external

electric field.

3.1.1 Intrinsic semiconductors

Intrinsic semiconductor refers to a pure semiconductor, i.e. without any impurities or
lattice defects. At thermal equilibrium, the probability distribution for different energy
quantum states to be occupied by electrons is constant and derives from the Fermi-Dirac

statistics, it can be described by the Fermi function f(E):

1

f(E)= (3.1)

E—EF)

1+ e< kT
where £k is the Boltzmann constant, 7' is the temperature, and Er is referred to as the

Fermi level. Figure3.2 illustrates the relationship between the Fermi distribution func-
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Figure (3.2) — Fermi-Dirac distribution function at different temperatures [85].

tion and temperature. From the graph, it is evident that when 7' = 0K, the probability
of quantum states to be occupied with electrons at energies lower than Er is 100%,
while the probability of quantum states to be filled with electrons energies higher than
Er is zero, indicating absence of electrons in these states. Therefore, at absolute zero
temperature, the Fermi level Er can be considered as a boundary that separates energy
states filled with electrons from empty ones. As temperature increases, there will be a
finite probability for electrons to occupy energies states above Er: the probability for
energy states to be occupied with electrons at an energy below /above/equal the Fermi
level will be > / < /= 50% respectively. Since f(E) defined in equation 3.1 represents the
probability of a quantum state with energy E to be filled, 1 — f(E) will be the probability
of a state to be NOT occupied. This defines the hole probability distribution:

l—f(E):gEFE) (3.2)
1+e\ "

When (E — Er) > koT in equation 3.1 and (Er —E) > koT in equations 3.3, we get
back to the Maxwell-Boltzmann distribution fp for electrons and 1 — f5 for holes:

E—Ep Ep E

fB(E)=e ®T =efle KT (3.3)
_Ep-E _Er  E_
1—fp(E)=e *T =e RTehT (3.4)

In semiconductors, the most common scenario is where the Fermi level (Er) lies within
the band gap, and the distance between Er and the bottom of the conduction band
or the top of the valence band is much greater than koT. Therefore, the distribution of
electrons in the conduction band and holes in the valence band can be described by

the Boltzmann distribution function [86]. Due to the rapid decrease of f(E) as energy
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E increases, and the rapid increase of 1-f(E), most of the electrons in the conduction
band are distributed near the bottom of the band, while the vast majority of holes in the
valence band are distributed near the top of the band. In the non-degenerate case, the

electron concentration in the conduction band can be calculated as follows:
dN = fp(E)g.(E)dE (3.5)

Where g.(E) represents the number of quantum states within a unit energy interval

near the bottom of the conduction band, and the expression is as follows:

dz v (2m)*?

n

1/2
= am p (E-E)Y (36)

g (E)

Where m;, is the effective mass of electrons near the bottom of the conduction band.

Substituting Equations 3.3 and 3.6 into Equation 3.5, we obtain:

vV Qm)? e
szznz( mf_;;) ¢ W (E—E.)?dE (3.7)

Alternatively, it can be rewritten as the number of electrons per unit volume between
energies E and (E +AE):

_dﬂ_ 1 (2m;;)3/2 E-Ep

T 1/2
dn Vv = m 73 e KT (E—EL) dE (38)

Integrating the above equation, the concentration of conduction band electrons in non-

degenerate semiconductors under thermal equilibrium can be calculated as:

*po T 3/2 _ Ec—E, _ Ec—E,
“JC%%> e W =N (39)

Similar to the calculation of electron concentration in the conduction band, the concen-

tration of holes in the valence band can be expressed as:

m;k()T 3/2 Ev—Ep Ev—Ep
P=2\ g ) ¢ =Ne (3.10)

The term m, represents the effective mass of holes near the top of the valence band. Mul-
tiplying Equation 3.9 and Equation 3.10, we obtain the product of carrier concentrations

as:

ko : x x\3/2 13 s
np:4<27[h2> (mnmp) T e kT (3.11)

E, represents the energy gap between conduction and valence bands. From the above
equation, the np product is a constant for a given semiconductor material and 7', and

this applies universally to both intrinsic and extrinsic semiconductors, that will be
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introduced hereafter.
For intrinsic semiconductors, due to the generation of electron-hole pairs, the electron
concentration n in the conduction band should be equivalent to the hole concentration
p in the valence band, that is:

n=p=mn; (3.12)

being n; the intrinsic carrier density defined as:
_ Eg
np =n? =N.Nye *f (3.13)

By substituting equations 3.9 and 3.10 into 3.1.1. the Fermi level Er of the intrinsic

semiconductor can be determined as follows:

E.+E 3koT = m),
:C+v+70h’lp

E I
F 2 4 m

(3.14)

For silicon, the value of m, /m}, is 0.55, thus In (m,/m};) is approximately below 2. Conse-
quently, Er is approximately within a range of 1.5kyT near the middle of the bandgap,
where koT equals 0.026 eV at room temperature (300K).

3.1.2 Extrinsic semiconductors

Extrinsic semiconductors are semiconductors doped with impurities, that is, doping
agents are added to intrinsic semiconductors altering their electrical properties com-
pared to pure semiconductors. Depending on the kind of inserted impurities, donors or
acceptors impurities, semiconductors are classified as n-type or p-type, respectively.

In n-type semiconductors, also known as electron-type semiconductors, the donor im-
purities - pentavalent elements - increase the electron density at the expenses of the
mobile holes. The conductivity is therefore determined by negatively charged electrons
as they are the majority of charge carriers.

Taking phosphorus doping in silicon as an example, as shown in Figure 3.3 (left), a
phosphorus atom occupies the position of a silicon atom. Phosphorus has five valence
electrons, four of which form covalent bonds with the surrounding four silicon atoms,
leaving one valence electron whose binding to the donor nucleus is weak relatively to
the covalent bonds. The binding energy can be evaluated starting from hydrogen atom
energy levels, since we are effectively left by one single positive charge balanced by the
spare electron, applying corrections for crystal periodic potential and dielectric constant
of the material. For phosphorous in silicon, the binding energy is ~ 44meV much less
than the 1¢eV of the energy gap. The donor atom can be then easily ionized and this

spare electron reaches the conduction energy band, becoming a conducting electron
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Figure (3.3) — Schematic representation of donor (left) impurities in Si and their ionization (right).

freely moving in the lattice. The ionization mechanism is sketched in Figure 3.3 (right):
an extra energy level Ep is introduced in the gap by donor atoms, which lies close to
the bottom of the conduction band. The energy needed to reach the conduction band
is much smaller than the gap energy, AEp = E. — Ep < Eg, and the electron can easily
transition to the conduction band.

P-type semiconductor, also known as hole-type semiconductor, has an imbalance be-
tween electron density and hole density due to the presence of acceptor impurities
- trivalent elements - resulting in a higher density of mobile holes than conducting
electrons. Conductivity is determined by positively charged holes as majority charge
carriers.

Taking boron doping in silicon as an example, as shown in Figure 3.4 (left), a boron
atom occupies the position of a silicon atom. When it forms covalent bonds with the
surrounding four silicon atoms, it lacks one electron, that it accepts from another sil-
icon atom elsewhere, creating a hole in the covalent bonds of the silicon crystal. The
binding of this boron ion to the hole is weak, and once again it the binding energy can
be evaluated in the hydrogen like situation as < E,, such that it can easily become a
conducting hole moving freely in the crystal lattice’s covalent bonds. This mechanism
is sketched in Figure 3.4 (right): an extra energy level E4 is introduced in the gap by
acceptor atoms, which lies close to the top of the valence band. The energy needed to
an electron of the valence band to reach the acceptor level is much smaller than the
gap energy, AEy = E4 — Ey < E,, and the electron can easily transition from the valence

band, leaving a hole freely moving in the lattice.

T EC

1 866

jio544998=
W

Figure (3.4) — Schematic representation of acceptor (left) impurities in Si and their ionization (right).
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For n-type semiconductors the probability of electrons occupying the donor level

can be expressed as :
1
f(Ep) = ———5% (3.15)
1+ gLDe koT
and for p-type semiconductors the probability of the hole occupying the acceptor energy

can be expressed as:
1

fEA) = —5= (3.16)

L4+ Le
In the equation, gp represents the ground state degeneracy of the donor energy level,
while g4 represents the ground state degeneracy of the acceptor energy level. For silicon,

gD:ZandgA:4.
Therefore, the electron density in the donor energy level is :
N,
np =Npf (Ep) = % (3.17)
14+ Le tor
8D
where Np is the density of donor impurities, and the ionized donor density is:

Np

I’lz; :ND—I’lD :ND[I —f(ED)] = Ep—Ef (318)
1+gpe W7
when Ep — Er > koT, np = 0, and simultaneously ng ~ Np.
Similarly, the hole density n at the acceptor energy level is:
Na
pa=Naf(Er) = —5 = (3.19)
1+ giAe koT

where Ny is the density of acceptor impurities, and the ionized acceptor density is:

Pa =Na—pa=Na[l = f(Ea)] = LEM (3.20)

1+gA€_ kT

when Er —E4 > koT, pa =~ 0, and simultaneously p, ~ Ny.

The condition of electrical neutrality implies that the density of positive ( holes and
ionized donor nuclei) and negative (electrons and ionized acceptor nuclei) charges
should balance:

n+p, =p-+n} (3.21)

Equations 3.21 and 3.13 can be solved for n, p:

1
2 2 2
Np —N, Np —N, Ny —N Ny —N
h— D A+[< D A> 4 p= A D+[< A D> n?

1
2

5 5 5 5 (3.22)

This is a general result, that, however, in most cases can be simplified:
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Figure (3.5) — Location of Fermi level vs. dopant concentration in Si at 300 and 400 K [84].

a) if Np — Ny > n;, i.e. we are in an n-type semiconductor, n =Np —Ny; p = n,2 /n, and

furthermore if Np > N, it will be n = Np and p = n?/Np;

b) if No —Np > n;, i.e. we are in a p-type semiconductor, p =Ny —Np; n = nl2 /p, and

furthermore if Ny > Np it will be p = N4 and p = n?/Np.

From equations 3.22 also the Fermi level can be evaluated as a function of the donor/ac-

ceptor concentrations, as depicted in Fig. 3.5.

3.1.3 The p-n junction

A p-n junction is formed at the interface joining an n-type and a p-type semiconduc-
tor, as schematically represented for a step junction in Fig. 3.6. The n-type or p-type
semiconductors taken individually are electrically neutral with no net flow of charge
in absence of an external field. However, as they come into contact, due to the con-
centration gradient of carriers on the junction interface, diffusion occurs with holes
moving from the p-region to the n-region and electrons moving from the n-region to

the p-region. Therefore, a depletion region builts up across the junction interface with

o
Q |
>

XY

Figure (3.6) — An ideal step p-n junction.
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Figure (3.7) — (a) n-p junction; (b) the energy diagram of the pn junction at equilibrium.

no majority carriers and negative fixed charge on the p side and positive fixed charge

on the n side (see Figure 3.6).

The fixed spatial charge distribution in the depletion region generates an electric
field pointing from the n-region to the p-region, known as the built-in electric field. The
built-in field causes a drift motion of the carriers, e~ from p to n side, and & from n
to p side, which opposes to their diffusion across the junction. As diffusion proceeds
the built-in field strengthens and finally an equilibrium is reached between drift and
diffusion, with no net charge flow across the junction. This can be described using

energy band properties, as depicted in Fig. 3.7.

The energy band diagram of the p-type and n-type semiconductors taken individu-
ally are sketched in the top-most drawing (a): the Fermi level of the p-type semiconduc-
tor is close to the valence band, conversely on the n-type semiconductor it is close to the
conduction band. At equilibrium, the Fermi level should be the same on the two sides
of the junction, that implies that the energy bands are bent in correspondence of the
depletion region due to the potential of the built-in field (b). This is the potential barrier
that electron (holes) should overcome to flow from n-side (p-side) to p-side (n-side) of

the junction.

As shown in Figure 3.8, the potential plot (a) shows up as an upside mirror image
in the energy band , —x, and x, in the figure respectively represent the boundaries
of the n-region and p-region depletion layers. In fact, assuming zero potential in the
p-type semiconductor far from the junction, the potential V (x) at a point x in the barrier
region is positive. For electrons, the potential energy at point x in the barrier region is
E (x) = —qV (x). For non-degenerate materials, according to equation 3.8, the electron

concentration 7 (x) at point x is given by:

= 1 Q2ma)? et 12
= — E—-E dE 2
nW= [ g gse W EE() 623)
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Figure (3.8) — Potential across the junction (a) and its effect on the energy band diagram (b).

Integrating the above equation, we obtain:

) koT 3/2 rEp—Ew
n(x):ﬁ (mdzio > e[ T

Ep —E(x):|

} :Nce[T

(3.24)

Ep—Ecn

F
Since E (x) = —¢V (x) and n,0 = Nce[ koT ], while E.,, = —qVp, therefore:

avV()—qVp ]

n(x)= nnoe[ kT (3.25)

Similarly, we can obtain the hole concentration at point x as:

4Vp—qV(x) ]

p(x)= pnoe{ foT (3.26)

Where n,o and n, respectively represent the equilibrium electron concentrations in the
n-region and p-region. Equations 3.25 and 3.26 can be used to estimate the carrier con-
centration at various points in the pn junction depletion region. For example, assuming
a barrier height of 0.7 eV, at point x where the potential energy is 0.1 eV higher than the

bottom of the conduction band in the n-region:

. N
1 (x) = e 095 % ~ 0 (3.27)
P (x) = puoe” 99% ~ 10~ 0p 0 ~ 107N, (3.28)

Np and N, respectively represent the concentrations of donor and acceptor impurities.
Generally, at room temperature, for the vast majority of the depletion region, the impu-
rities within it have already ionized. As seen from the above equation, in the depletion
region, the carrier concentration is much smaller compared to the carrier concentration
in the n and p regions, as if exhausted. Therefore, the depletion region is usually referred

to as the depletion layer, implying that the carrier concentration within it is very small
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and can be neglected, and the space charge density equals the impurity concentration.
By solving the Poisson equation for the depletion layer electric field, we can determine

the width of the depletion layer. The derivation process is as follows:

V()= P = M T sxsO (3.29)
eNp, 0<x<x,

The electric field can be determined from the Poisson equation as follows:

dy, _ ¢ :
& = ¢Nax+Cy, pregion

(3.30)
% = INpx+C,;, nregion
And the potential can be determined as follows:
v (x) = %Nsz +Cix+C3, pregion (3.31)

V2 (x) = ENpx* + Cox+C4, nregion

According to the continuity condition of the electric field at x = 0 and setting the

potential there to zero, we obtain:

Ci=G
C3=C4=0

(3.32)

According to the boundary conditions:

% (_xp) =0
Mo () =0 (3.33)
Y2 (%) =1 (=xp) =V 4V =Vr
that is:
— gNAx »+C1 =0
—4Npx, +C; =0 (3.34)
_Q%NDX;% +Cix, — Z%NA)C?) + C])Cp =V+VW=Vr
Vo represents the built-in voltage of the pn junction. V represents the externally applied

voltage to the pn junction, when it does not exist, V = 0. combining the space charge

neutrality condition:

Nax, = Npx, (3.35)
14
we obtain:
X, = 2€VT NA
n— q ND(ND+NA) (3 36)
_ 28VT ND ’
Xp = q  Na(Na+Np)
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Figure (3.9) — (a) p-n junction with forward bias. (b) p-n junction with Reverse bias [87].

Therefore, the width of the depletion layer is:

2e [ Ns+Np
W = n=1]— % 3.37
X \/q (M) vy 637

From the above equation, it can be seen that when there is an external voltage applied,
if a positive voltage is applied to the n-type region and a negative voltage is applied
to the p-type region, then V becomes positive, and V +Vj) = Vr increases, causing the
depletion layer width to further expand. Conversely, if a positive external voltage is
applied to the p-type region and a negative voltage is applied to the n-type region, then
V becomes negative, and V +Vj = Vr decreases, causing the depletion layer width to

shrink. This is illustrated in Figure 3.9.

In practical applications, the doping concentration Ny is typically much greater than
Np, so x, < x,. Furthermore, considering that the built-in voltage Vj is generally only

0.7V, equation 3.37 can be rewritten as:

1
q (tpne)

2eV
W= x, ~ qETD = /2eupV,p = (3.38)

Therefore, for a detector with a thickness D, as the reverse bias increases, when the
depletion layer width increases to equal the thickness of the silicon detector (fully
depletion), its full depletion voltage is represented by Equation 3.39. The operating
voltage of a typical silicon detector is usually slightly higher than the full depletion
voltage, known as over-depletion. Further increasing the voltage effectively drives out
the carriers generated by thermal excitation from the depletion layer, and increases the

drift velocity of carriers, reducing losses during carrier diffusion.

D2
VFdepl = 2eup (339)

In addition to changes in the depletion layer width, when the external voltage ap-

plied to the pnjunction is altered, the current-voltage ratio of the pn junction also varies
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Figure (3.10) — p-n junction VI characteristics.

and is nonlinear, as shown in Figure 3.10. For an ideal pn junction, this nonlinearity can

be described by the Shockley diode equation.
J=1, [eW 1] (3.40)

The above equation indicates that under forward bias, the forward current density
increases rapidly with the forward bias voltage in an exponential relationship. At room
temperature where ko7 /g = 0.026V, thus oot > 1, Equation 3.40 can also be expressed
as:
ra
J = Jyetor (3.41)

14
Under reverse bias voltage, where V < 0, when ¢ |V| > kT, e"% — 1, Equation 3.40
becomes:
J=—J (3.42)

In the above equation, the negative sign indicates that the direction of the current
density is opposite to that under forward bias. Additionally, the reverse current density
remains constant, independent of the applied voltage. Therefore, —J; is referred to as the
reverse saturation current density. Experimental observations have shown that when the
reverse bias increases to a certain value, the reverse current density suddenly begins to
increase rapidly. This phenomenon is known as pn junction breakdown. There are three
types of breakdown in pn junctions [88]: Avalanche breakdown, Zener breakdown, and

Thermal runaway.

Avalanche Breakdown:

As the reverse bias voltage increases, the force acting on charge carriers in the electric

field increases, leading to an increase in acceleration. Consequently, they gain more

61



CHAPTER 3. SILICON MICROSTRIP DETECTORS

kinetic energy. When their kinetic energy becomes sufficiently large to collide with
lattice atoms and dislodge the valence electrons from the atomic nucleus, overcoming
the covalent bond energy, an additional pair of electron-hole is generated. These newly
generated electron-hole pairs will continue to accelerate under the influence of the
electric field. When their kinetic energy is large enough, they will continue to collide,
producing further electron-hole pairs. This rapid increase in carrier concentration, akin

to the process of an avalanche, is thus termed avalanche breakdown.

Zener Breakdown:

As the reverse bias voltage increases, the valence band of the p-type region in the band
diagram will align with or even slightly exceed the conduction band of the n-type
region. Due to the abundance of electrons in the valence band of the p-type region
and the abundance of holes in the conduction band of the n-type region, according to
the quantum mechanical tunnelling effect, the charge carriers in the valence band of
the p-type region may no longer need to overcome the barrier height and can directly

tunnel into the conduction band of the n-type region.

Thermal Runaway:

Unlike the previous two types of breakdown, thermal runaway is irreversible. Under
higher reverse bias voltages, charge carriers gain energy, which is then transferred to
the lattice through collisions, increasing the lattice energy and consequently raising the
temperature of the pn junction. As the temperature rises, the concentration of intrinsic
carriers rapidly increases, leading to a rapid increase in reverse saturation current. The
increase in reverse saturation current further raises the temperature of the pn junction,
causing an infinite increase in both current and temperature, ultimately resulting in the

destruction of the pn junction.

3.2 The single-sided microstrip detectors

In general, pure silicon is not suitable for direct use as a medium for particle detection.
The average ionization energy of silicon is W=3.62 eV, and the average energy loss
per unit distance (dE /dx) for a Minimum Ionizing Particle (MIP) is 3.87 MeV /cm [89].

Therefore, for a pure silicon medium with a thickness d = 300um and an area A = 1cm?,
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Figure (3.11) — Working principle of a single-sided microstrip detector.

the number of electron-hole pairs produced by a MIP is:

dE/dx-d _ 3.87-10%V /cm-0.03cm
w 3.62eV

Nyip = ~3.2-10* (3.43)

For the same volume of pure silicon medium, at 7 = 300K, the number of intrinsic

charge carriers generated due to thermal effects is:
Nintrinsic =ni-d-A=1.45-10"cm=3.0.03cm - 1 em? ~ 4.35- 108 (3.44)

Then, the number of carriers generated due to thermal effects is much greater than
the number of carriers generated by MIPs and MIP signals would be overshadowed
by thermal noise. To overcome the background from thermal noise, the most common
method is to construct a pn junction beneath the surface of pure silicon and operate it

at an over-depletion voltage under reverse bias.

Thanks to the development of silicon semiconductor technology, it is now possible
to fabricate strip or pixel-like electrodes on the surface of silicon to achieve high spatial
resolution. In this thesis, we will focus on discussing single-sided silicon strip detec-
tors'. As shown in Figure 3.11, on the upper surface of the n-type silicon wafer, there
are uniformly parallel heavily doped p* microstrips. The lower surface consists of a
heavily doped n™ layer formed after doping. Under sufficiently high reverse bias, the
intermediate portion between the upper and lower surfaces forms the entire depletion
layer, known as the sensitive region of the detector. The thickness of this sensitive region
cannot be too large, as it may lead to the generation of secondary particles and multiple
scattering. Conversely, it cannot be too small to ensure the generation of a sufficiently
large signal by producing enough electron-hole pairs. An appropriate value is around
300 um.

When electron-hole pairs are generated in the detector, they drift towards the electrodes

under the influence of an applied electric field, although it should be mentioned that

lin jargon, this is referred as SSSD, while the ones in double-side technology are referred as DSSD.
Generally, when is clear from the context (i.e. only one technology is used), they are also referred, in short,
as SSD.
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the signal produced on the electrodes is due to the instantaneous change of electric
flux through the electrodes, rather than the charge they receive [90],[91]. This can be
expressed as:

i=—qvE, (3.45)

where ¢ is the charge moving with velocity v, and E,, is commonly referred to as the
weighted electric field, which depends solely on the geometry of the detector. Despite
the opposite drift directions of electrons and holes, their contributions to the direction
of the signal current are the same due to the opposite polarity of the charges they carry.
Another effect that should be taken into account when studying the spatial distribution
of the signal, is the e /h spatial diffusion while drifting, which follows a time-dependent

Gaussian distribution with a standard deviation of:
op = V2Dt (3.46)

Where D is the diffusion coefficient, which depends on the properties of the material
and ¢ the diffusion time. It should be noted that D = KT /eu, being u the mobility of the
carriers. Diffusion time ¢ can be expressed as t = d/v = d/uE so that the width of the

distribution is the same for e/h carriers:

T 2
M d

3.47
4 Vbias ( )

Op ~

Thanks to diffusion signal can reach adjacent strips, resulting in an improved spatial
resolution.
In the following, we will introduce the key structures of single-sided silicon strip de-

tectors.

3.2.1 AC coupling and DC coupling

There are two methods to extract the generated charge signal from the heavily doped p+
strips: Direct Current (DC) and Alternate Current (AC) coupling. As shown in Figure
3.12(b), in the case of DC coupling, the heavily doped p* strips directly contact the
aluminum readout strips. Its advantage lies in its simple structure and lower production
cost. However, DC coupling can lead to baseline drift of the detector, affecting its
dynamic range, even causing detector saturation, and may result in leakage current
superimposing on the readout signal, increasing noise. In contrast, in the case of AC
coupling, as shown in Figure 3.12(a), a layer of SiO, is added between the aluminum
readout strips and the heavily doped p* strips to form a capacitive structure. In this

case, the electrical signal obtained by the detector is capacitively coupled to the readout
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Figure (3.12) — (a) AC coupled strip sensor. (b) DC coupled strip sensor.

circuit. The advantage is that it can shield the influence of leakage current on the readout
signal, and bias resistors can also avoid baseline drift. Therefore, AC coupling has been

widely used in silicon microstrip detectors.

3.2.2 Bias rings

In order to operate the detector in full depletion mode and to ensure the correct func-
tioning of the charge division process, it is necessary to provide each p* strip with
a sufficiently high and completely identical reverse bias voltage. There are three com-
mon voltage biasing methods: FOXFET biasing, punch-through biasing, and polysilicon

biasing. Figure 3.13 illustrates schematic diagrams of these three biasing methods.

Punch — through biasing : the heavily doped p™ stripes are slightly spaced from the
bias ring, meaning they are not directly connected. The bias ring is grounded, while a
positive voltage is applied to the backplane. Because the p™ stripes are not grounded,
they have almost the same potential as the backplane.When the voltage applied to the
backplane increases, the guard ring depletion zone extends and eventually merges with
the strip depletion zones. After the depletion areas have merged, a hole current from
the strips to the guard ring appears as there is no barrier against holes at the reverse
junction. This punch-through current charges the strips, spreading the strip depletion
volume.The punch-through current stops as soon as the strips are charged enough to
establish a potential barrier to retain holes. Subsequent voltage increases will extend
the depletion zone, while the potential difference between the guard ring and the strips

will remain practically constant. With this method, all the strips are at the same voltage,
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Figure (3.13) — Schematic diagrams of the three methods for applying bias voltage [92].

and as the guard ring is biased, the depletion zone will extend beyond the outermost

strips.

FOXFET biasing : the region between the strips and the bias ring is supplemented
with metal gates at the top, forming a structure similar to that of a MOSFET. On the
p-side of a microstrip detector, the bias acts as the source, while each strip serves as
a drain. The function of the gate is to exert good and uniform control over the strip
polarization resistances. When this gate electrode is activated by an external signal, it

establishes a pathway between the strips and the bias ring, equalizing their voltages.

Polysilicon biasing : a voltage path is formed between the bias ring and the strips
through polycrystalline silicon resistors. High resistance values are achieved by de-
positing winding poly structures. Therefore, the significant drawback of polycrystalline
silicon biasing is the use of more material and additional manufacturing steps, which
further increases costs. However, compared to the other two methods, polycrystalline
silicon biasing offers better radiation tolerance. Hence, this method is the most widely

used in silicon microstrip detectors.

Precision marker

Outer protecting ring
(for CMS: AL over n++)

AC Pad ™ |

>

Figure (3.14) — Left: the top view of a sensor with the ring structures [92]. Right: the top view of a sensor

with the interleaved readout scheme.
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3.2.3 Guard rings

At the outer periphery of the detector bias ring, there is typically a guard ring, as shown
in Figure 3.14 (left). Cutting silicon detectors often leads to the creation of defects along
their edges, which in turn increases the surface conductivity of those edges. During
detector operation, bias voltage applied to the bottom electrode causes current to flow
from the edges of the detector into the active area, affecting the detector’s performance.
The guard ring can establish a stable electric field outside the active area of the detector,

reducing the impact of surface defects on detector performance.

3.2.4 Floating strips

The core performance parameter of silicon microstrip detectors is its spatial resolution.
It is evident that the most direct method to improve position resolution is by reducing
the pitch between strips. Smaller pitch leads to better position resolution. However,
reducing the strip pitch not only increases the manufacturing cost of the detector but
also significantly increases the number of electronic readout channels, resulting in
higher power consumption. A reasonable solution, as shown in Figure 3.14 [right], is
to adopt an interleaved readout scheme while further reducing the strip pitch. This
involves reading one strip every N strips. The strips between two readout strips are
referred to as floating strips. Although the floating strips are not directly connected to
the readout system, the induced signals on them can be coupled to adjacent readout
strips through the capacitance between the strips and the capacitance between the strips
and the backplane. While this approach can improve the charge sharing effect between
strips and hence enhance position resolution while maintaining the same number of
electronic readout channels, it may reduce charge collection efficiency. The impact of
floating strips on detector charge collection efficiency is discussed later in this Chapter
(3.4.2).

3.2.5 Ladder

Silicon sensors have a typical size < 100 cm?, and to instrument large surfaces, as those
of AMS-02 L0 or the HERD SCD, thousand sensors or more will be needed. Would be
both inefficient and hardly manageable to readout signals from each sensor separately.
The space needed to locate front end electronics would in fact reduce the area available
for signal detection, and the large number of readout channels would have an impact

on power consumption and signal handling. An effective solution to this problem is to
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Figure (3.15) — Left: detail of the 25 um Al wire bonding between two silicon sensors. Right: L0 ladder
during production, ten sensors are daisy chained and connected to the front end electronics
on the left end.

build arrays of sensors, usually referred as ladders, where strips of adjacent sensors are
connected together in a daisy-chain by thin bonds, with front end electronics placed
at the ladder end, as shown in figure 3.15. The advantage of this configuration is that
it allows for a larger detection area while limiting the number of readout channels.
However, the drawback is that longer strips have greater capacitance, which may lead

to more significant electrical noise in the front-end electronics.

3.3 Signal formation and acquisition

All semiconductor detector systems include the same basic elements (as shown in figure
3.16): radiation is absorbed by the sensor and then converted into an electrical signal.
This initial signal is typically weak, being amplified within a preamplifier, then fed into
a pulse shaper, and finally converted into a digital format for storage. Below, we will

introduce each of these elements.

3.3.1 Energy deposition

The electromagnetic interaction between charged particles and detector media typically
involves three mechanisms: ionization, Cherenkov radiation, and bremsstrahlung. Ion-

ization is the most widely utilised in semiconductor detectors. When charged particles

INCIDENT SENSOR PREAMPLIFIER PULSE ANALOG TO DIGITAL
RADIATION SHAPING DIGITAL DATA BUS
CONVERSION

AN JLI J_i A —>

Figure (3.16) — Basic detector elements [93].

68



3.3. SIGNAL FORMATION AND ACQUISITION

(~dE/dx) MeV g—1cm?)
w
|

1 MR Y . | sl Liii
0.1 1.0 10 100 1000 10000
By = p/Mc

Figure (3.17) — Mean energy loss rate of charged particles in different substances [94].

traverse through the medium of a semiconductor detector, they lose kinetic energy
through electromagnetic interactions, with some of the kinetic energy transferred to
the electrons within the medium. If the electrons acquire sufficient energy, they can
undergo transitions, resulting in the formation of free electrons and positively charged
ions. Therefore, this process is termed ionization. For heavier charged particles, the
average energy loss as they traverse through the medium is described as a function of

their velocity B and 7y factor by the Bethe-Bloch equation: [94].

2R2
< dE>:KZ22 1 [11 2mec[572Wmax_Bz_§ (3.48)

dx AR 2" 12 2

where m, denotes the electron mass, z represents the charge of the incident particle,
Z and A represent the atomic number and atomic mass of the medium, / represents
the average excitation energy of the medium; 6 is a parameter describing the degree
of screening of the transverse electric field of the incident relativistic particle by the
atomic electron charge density and W, is a mass dependent factor which accounts
for the maximum possible energy transfer to a recoil electron. Figure 3.17 depicts the
variation with By of the average ionization energy loss of single charged particles in
different substances. A minimum is observed for By ~ 3 — 4, which defines the MIP
region. Energy losses are much larger for slow particles, as they have longer interaction
time to ionize the medium, and a moderate rise is observed at higher velocities due to the
enlarged interaction range with the medium by the increase of transverse electric field
from Lorentz contraction. The rise is then mitigated as the velocity further increases
by the shielding effect of atomic electron charge density, which effectively leads to

saturation of energy loss.

Equation 3.48 describes the average ionization energy loss of incident particles in
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Figure (3.18) — Energy nergy loss in thin silicon sensors, detailed explanation in the text [94].

a medium. However, the actual ionization energy loss fluctuates when dealing with a
single particle in a thin medium, the mean of the energy loss given by the Bethe equation
becomes ill-defined experimentally and the most probable energy loss becomes the
relevant quantity. For detectors of relatively small thickness, in fact, the energy loss
distribution approaches a Landau distribution due to the presence of seldom energetic
collision of the incident particles and electrons of the detector medium. Fig. 3.18[left]
illustrates the distribution of the energy loss A per unit length (um) of 500 MeV pions
in silicon sensors of different thicknesses. Normalization of different curves is to unity
at the most probable value. The mean energy loss rate is also indicated as a reference.
On the right, the most probable energy loss in silicon, scaled to the mean loss of a
minimum ionizing particle is shown as a function of By: for a ~ 300 um thick silicon, the

most probable value of a MIP signal is ~ 60% of the average loss.

3.3.2 Noise contributions

In a detector, there are many factors associated with noise, primarily including the
detector’s load capacitance (Cy), leakage current caused by reverse bias (I.), parallel
resistance of strip metallization (R;), and polarization resistance (R,) that can be modeled
as shown in Fig. 3.19. The contributions of different noise sources to the total noise
follow a quadratic summation relationship [95], and are typically presented in the form

of equivalent noise charge (ENC):

ENCiyy = \/ENCE, +ENC}, + ENC}, + ENC}, (3.49)

1. noise caused by leakage current:

IL'tp

ENC, = p
e

(3.50)

N
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2. noise caused by polarization resistance:

It
ENCg, = — | =2 (3.51)
e ge
3. noise caused by strip metallization:
kpT Ry
ENCy, = Cy. 5 | 225 (3.52)
qe 61,
4. noise caused by detector’s load capacitance:
ENCc,=a+b-Cy4 (3.53)

where kg is the Boltzmann constant, ¢ is a mathematical constant, g, is the electron
charge, 1, is the shaping time of the preamplifier, T is the operating temperature of the
detector, and a and b are parameters determined by the preamplifier chip. For example,
the charge-sensitive amplifier used both in AMS-L0 and HERD-SCD is the chip IDE1140
[96], from IDEAS company, with a shaping time of 6.5us and noise parameters a = 139¢,
b =5e/pF. The b parameter is usually proportional to the intrinsic voltage noise of the

IDE1140 chip and inversely proportional to the shaping time.

Additionally, for multi-channel readout electronic systems, such as chip IDE1140
which possesses 64 readout channels, all channels share the same electronic unit with a
common signal loop. During the signal readout process, signal currents can cause volt-
age fluctuations which are superimposed on all connected readout channels, resulting
in common-mode noise. When performing data analysis and processing for detectors,

it is necessary to analyze and subtract this common-mode noise.

3.3.3 Charge-sensitive amplifier

Charge-sensitive amplifiers are used to enhance the tiny signal released by particles

crossing the detector, to minimize signal losses they are usually placed as close as

Figure (3.19) — The simplified noise model of a single channel.
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Figure (3.20) — Diagram illustrating the basic operating principle of a charge-sensitive amplifier [93].

possible to the detector itself, and are part of the so called front-end electronics. As shown
in Figure 3.20, the charge-sensitive amplifier mainly consists of a reverse amplifier with
high input impedance and a feedback capacitor Cy connected to the input and output
terminals of the amplifier. The high resistance feedback resistor Ry connected in parallel
to Cyis used to discharge the charge accumulated on Cy. When a charge signal generates
a voltage v; at the input of the amplifier, the output voltage at the output terminal is
v, = —Av;. At this time, the voltage difference across Cy is vy = (A + 1)v;, so the charge
stored on Cy is Cy(A + 1)v;. Since the input impedance of the amplifier is usually very
high, the current flowing through the input terminal of the amplifier can be ignored,
hence Qr = Q;. At this point, the equivalent input capacitance C; of the reverse amplifier
input terminal is:

= % _Cr(A+1) (3.54)

1

So for a unit input charge, the voltage gain of the amplifier is:
V, Av; A 1 1
A = o — L —_ 2 f A 1 .
=0 T Gw Av1 G gAY (3.55)

From the above equation 3.55, it can be seen that the gain of the charge-sensitive

amplifier is determined by the feedback capacitor C;. When charged particles pass
through the detector, the generated charge signal Qs is partially distributed to the
detector capacitance Cy, and partially to the input capacitance C; of the charge-sensitive

amplifier. The distribution ratio is:

0Oi G
ooic (3.56)

From the above equation 3.56, it can be observed that when the capacitance C; is much

larger than the detector capacitance Cy, the electric signal Q, generated by the detector
will be predominantly collected by the feedback capacitance C; of the charge-sensitive

amplifier.
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Figure (3.21) — Components of a pulse shaping system [93].
3.3.4 Pulse shaper

The signal output from the charge-sensitive amplifier must undergo processing by
pulse shaping circuits to enable better measurement. Pulse shaping circuits serve two
main functions: on one hand, they filter out some of the noise originating from the
charge-sensitive amplifier, thereby improving the signal-to-noise ratio; on the other
hand, they shape the signal to output a quasi-Gaussian waveform with a relatively flat
top, facilitating subsequent circuitry alignment for sampling. The peak of the output
quasi-Gaussian waveform is directly proportional to the charge signal collected by the
charge-sensitive amplifier. As shown in Figure 3.21, pulse shaping circuits are typically
composed of a combination of capacitor-resistor (C — R) circuits and resistor-capacitor
(R—C) circuits. The C — R differentiating circuit can shorten the decay time of the pulse,
while the R-C integrating circuit can broaden the rising edge of the pulse. f n R—C
integrating circuits are connected in series after a single C — R high-pass filtering circuit,
the shape of the output pulse will further approach a Gaussian waveform. The output
pulse is given by:

Vo (t) o (%)e* (3.57)

In Equation 3.57, the time constant 7 is referred to as the shaping time of the filtering cir-
cuit. After a time of 7, = n7, the signal reaches the peak of the quasi-Gaussian waveform,

hence ¢, is termed as the peaking time.

3.3.5 Chip IDE1140 - VA

The amplification and shaping of the signals are implemented in Application Specific
Integrated Circuit (ASIC) chips, typically designed to optimise the mounting next to the
strips, minimise the noise and the power consumption. Both in AMS-L0 and HERD-SCD
the used ASIC is the chip IDE1140 [96], also called VA (Viking Architecture) after the name
of the first ASIC progenitor of the series. Figure 3.22 shows the VA schematic diagram,

with each unit connected to 64 channels of the detector. For each channel, the input
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Figure (3.22) — Simple schematic diagram of IDE1140 chip structure [97].

signal proceeds sequentially through a charge-sensitive amplifier (CSA), which provides
a signal pulse height proportional to the charge collected by the strip, followed by a
6.5-microsecond CR — (RC)" shaper. All the channels are sampled at the same moment
and the signal held via a Sample & Hold (S&H) module. The power consumption per
channel is ~ 0.3 mW for a total of about 20 mW per chip. After the sampling, the output
of the S&H is switched via an analog multiplexer to a differential current buffer to
drive it out of the die and input to an external Analog to Digital Converter (ADC) for

digitisation and readout.

The nominal signal peak time of the IDE1140 chip is 6.5 us, but the actual value to be
used to optimise the sampling moment can be determined based on experimental data.
As example, as shown in Figure 3.23, with data obtained with a pulsed laser on the
strips, it has been measured that the best sampling time is about 8 us after the particle

has passed through the detector.

25000

20000

Reconstructed cluster ADC

15000
10000

5000
10 12
Trigger to hold delay (us)

Figure (3.23) — IDE1140 response as a function of delay from trigger to the signal, due to the pulsed laser,
sampling [98].
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3.4 Signal Analysis

The raw data collected in output from the detector must undergo to different procedures
in order to measure the physical signal, i.e. the position and charge of a traversing
particle. Preliminary to position and charge reconstruction, detector must be calibrated
to evaluate its response in absence of signal. Then clusters of strips corresponding to the
crossing of a particle are defined and the particle impact position and charge can be

evaluated. In the following we will deal with each step of the signal extraction process.

3.4.1 Calibration

A raw event is defined as the raw content of all the read out strips of the detector. A set of
consecutive events is a run. We define a “calibration run” a collection of a minimum of
3000 and up to 10000 events, without external radiation source, to calibrate the sensor’s

response.

When no particles pass through the silicon microstrip detector, the ADC measure-
ment values in each channel are generally normally distributed around a value called
“pedestal”. The pedestal value is defined by the electric characteristics of the silicon
sensor itself, of the read-out ASIC and its value is typically drifting as a function of the
temperature. Since the temperature drift is of the order of fraction of ADC counts per
°C, is safe to consider the pedestal as constant and as a “fingerprint” of the module
created by the combination of a particular silicon sensor with a particular read-out

ASIC: one of the goal of the calibration procedure is to measure the pedestal value for
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Figure (3.24) — Pedestal (left) and raw sigma (right) values, in ADC counts, as a function of the readout
channel, derived from a calibration run of the SCD prototype sensor 05, from the 2023
HERD beam test.
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Figure (3.25) — Common Noise Distribution, in ADC counts, of one full sensor (SCD prototype sensor
06, from the 2023 HERD beam test).

each channel. If, with a random trigger and in absence of crossing particles, N readings
of the output voltage of the j-th channel are taken, it is possible to estimate the value of
its pedestal PED’ according to:
N J
; ADC;
PED' =) ——
L7y

i

(3.58)

where ADCl-j is the output voltage of the j-th channel read in the i-th event, expressed
in ADC counts.

For each channel, j, the typical fluctuation of the read-out value can be estimated
by the standard deviation of the ADCij value, around the pedestal value, PED/, after N

readings and can be computed as:

| v, (apc! —PEDj)Z
N D (3.59)

1

and G{aw can be considered as composed of the following two contributions:

1. the common mode noise (CN), that is, a time-varying signal level common to
a set of strips due to their interconnections at the same circuit. For example,
offset common to all 64 reading channels belonging to the same preamplifier chip
IDE1140 (VA), offset common to all reading channels belonging to the same ADC,

or the same sensor;

2. the incoherent noise, determined by the electrical properties of individual strips,
such as the level of leakage currents or the quality of the connections between the

sensor and the readout electronics.

76



3.4. SIGNAL ANALYSIS

Entries 112987
Mean 0.03900
Std Dev 0.7633

Occupancy
:

g

10 5 O B T 10
ADC

Figure (3.26) — Common Noise Distribution , in ADC counts, of one single ADC (first ADC of the SCD
prototype sensor 06, from the 2023 beam test).

The presence of common mode noise is affecting the read out signal as an event by event
random fluctuation, typically distributed as gaussian around zero. The offset for the
k-th integrated circuit component (VA, ADC, sensor) at the i-th event can be computed

as:
" ADC! — PED’
CNf =Yy = ==

J

(3.60)

n

The expression above, with n the number of readout strips connected to the same
integrated circuit component, is a effective way to compute, on event by event basis, the
fluctuation due to the common mode noise. Unfortunately there are some conditions
that can artificially bias the estimation: the presence, even if in only few channels, of the
additional signal due to the, accidental, passage of a real particle and the presence of
channels out of the nominal functioning (very low signals, i.e. “dead”, and very large

signals, i.e. “noisy”). The former is corrected by considering only channels that have a
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Figure (3.27) — Common noise distribution, in ADC counts, of one single VA (first VA of the SCD
prototype sensor 06, from the 2023 beam test).
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Figure (3.28) — Value of the sigma, in ADC counts, as a function of the readout channel, derived from a
calibration run of the SCD prototype sensor 05, from the 2023 HERD beam test.

signal below a specific threshold ( ADC;’ —PED’| <35 G'r/uw, where the absolute value is
used in the different to avoid a potential bias coming from a cut that is asymmetrical
with respect to zero. This relies on the assumption that the typical fluctuation due to
common mode noise is smaller than the one due the incoherent, per channel, noise.
A common mode noise larger or comparable to the incoherent noise could bias an
estimate performed using a simple average algorithm. In addition to this, if during
calculations there are noisy or dead strips and this are not removed from the average
computation, it will result in inaccurate outcomes. The solution to overcome the risk
of bias in the mean computation is to use an estimate much more robust to outliers, as
the median. During the work related to this thesis, the median method to calculate CN
was employed exclusively. Since averaging over a certain number of channels allows
to measure the CN, this gives the possibility to subtract it on event by event basis.
This will be possible, again on event by event basis, also for the events collected in
presence of particles passing through, i.e. during an actual data taking. For an efficient
and more accurate evaluation of the signal, seen by each channel, due to the passage of
a particles is better to compare the total signal read out by a channel not with the sum
of the common mode noise and of incoherent noise, i.e. G{aw, but only with the latter.
The incoherent noise of a single strip, o/, is defined as the standard deviation of the
distribution of its voltage around the pedestal value, once the common mode offset has

been subtracted.

For the j-th strip, using N events, when no particles are passing through, we obtain:

. N / _ PEDJ —Y CN¥)?
i \/Z (ADC; PE;[) ¥ CN¥) G
i=1
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where, for the CN, there’s a sum over the different common mode noises identified
(sensor, ADC or VA), the index k refers to the “element” (again sensor, ADC or VA)
where the j-th strips belong to. Effectively, in absence of a significative number of
dead/noisy channels in the VAs, calculation of the events by CN at the VA level is faster

and sufficient.

3.4.2 Cluster search

Once the calibration is done, when particles pass through, it is possible to evaluate,
event by event, the absolute voltage level at the output of the j-th channel as follows,

only due to the particle energy deposition, as:
S/ =ADC! — PED’ — Y CN! (3.62)

The significance of the signal defined as above is generally compared to the expected
incoherent noise level for the channel under examination, defining the signal-to-noise
ratio (S5/N) for the individual j-th channel in i-th event as:
Y
<;> . % (3.63)
This ratio is used in the “cluster identification” process. The “cluster” is defined as
a collection of strips with signal magnitudes exceeding a certain threshold near the

particle hit position, as shown in Figure 3.29.

The cluster identification is a two step process, repeated until all the channels of
a sensor are scanned. In a first step, the signal Slj of each channel is compared to its
G, requiring Sl’ > Ho' to possibly identify a signal level due to a particle. H is the
High threshold, ranging from 3.5 to 5, required to trigger the clusterization process.
The strip with the highest signal satisfying the high threshold condition will be the
seed of the cluster and will be used as the center to look for neighbouring strips that
have potentially shared the charge from particle ionization. In order to be selected
for clusterization, neighbouring strips should have a signal Slj > Lo/, with L typically
close to unity. The above process is then repeated scanning all the strips not already
included in a previous cluster. The actual values of H and L depend on the detector
performance (typical S/N figure of merit), the need of early suppression of readings
from uninteresting channels (i.e. data reduction before transfer from space to ground

segment) and on the conditions required for specific analyses.

In this thesis, a H =5 and L =1 values have been generally used, with some ex-

ceptions to maximize efficiency, position resolution or charge identification in specific

79



CHAPTER 3. SILICON MICROSTRIP DETECTORS

8 [
2 3000}
2500f
2000/~

1500/

- T -] 1 AdL | W S WON W U W T U . - e - - 1)

170
Channel

Figure (3.29) — The signal, after pedestal and common mode noise subtraction, of the readout channels
(zoom from channel ~ 135 to channel ~ 175) of one sensor when a particle passes through.
Channels from ~ 150 to ~ 158 are clearly affected by the passage of a particle and their
read out value is clearly different from zero. The blue arrow points to an estimation of the
passage point of the particle (i.e. between channel 153 and channel 154).

studies.

The sum of the signals from all readout strips in a cluster is referred to as the cluster
integral or cluster charge, defined as follows:

jn

1=Y's! (3.64)
Ji

In the above equation, S{ is defined by Equation 3.62 and j; and j, are the first and
last readout strips in the cluster. The magnitude of the cluster integral is proportional
to the energy deposited when a particle passes through the detector layer. For a given
silicon microstrip detector, according to the Bethe-Bloch formula, the deposited energy
depends only on the charge and velocity of the incident particle. Therefore, once the
velocity is determined, the charge carried by the particle can be inferred by measuring

the energy deposited in the detector.

In addition to measuring the charge carried by the passing particle, the main function
of a silicon microstrip detector is to reconstruct the particle’s impact point and, in the
case of a tracker made by multiple layers, its trajectory. A raw estimate of the particles
impact point, referred as hit in the following, can be provided by the channel, within a
cluster, with the highest signal or by the mid-point between the two highest ones. But
a more precise hit position can be obtained by calculating the Center Of Gravity (COG)
of the cluster, still using only the two channels with the highest signal, by using the
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Figure (3.30) — Simple model of capacitive coupling with N intermediate strips

following formula:

Sixi+Sexe S+ Sy (xi+1 S, ,
cog =35 _SmaStatd) S ©
Sl + Sr Stot Slot Qtat

(3.65)

In the above formula, S; and S, represent the left and right highest signals channels
and so, logically, the signals from the readout strips on the left and right sides of
the particle impact point in the cluster. Since the signal is proportional to the charge
collected by the readout strips, S; and S, can also be replaced by Q; and Q,, which
represent the charge collected by these two readout strips. The measured charge value
are used as weights that multiply x; and x,, the position of the two strips expressed in
readout pitch units. Because the readout strips closer to the impact point have stronger
signals, these two strips in the cluster have a higher signal-to-noise ratio compared to
other readout strips. Therefore, they can more accurately indicate the actual impact
position of the particle.The principle of Eq. 3.65 can be explained through a simple
model that includes also the floating strips not read out by the ASIC.

As shown in Fig. 3.30, let’s assume there are N intermediate strips with an implant
pitch of p (in readout pitch units). The amount of signal read out by the front end
electronics will depend on all the capacitances, as discussed later for for now let’s
concentrate only on two: C; represents the interstrip capacitance, while C. represents
the capacitance to the electronics. Since C, is much larger than C;, once the signal (i.e.
the current generated by the energy deposit and flowing to the electronics) is close
to the read out channels, almost no charge is transmitted to the additional second
neighbouring readout strips (not drawn in Fig. 3.30, but on the very left and very right
edges of the sketch). Ignoring the coupling to the backplane, the charge released by

the traversing particle will be shared only between the intermediate strips m and m+1,
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which are on the left and right sides of the particle impact point, respectively. Therefore:

Oror = Om + Om+1 (366)
We assume that x is the particle impact point, and the ratio of Q,, and Q41 is a function?
of x, then:
o(x) = L) (3.67)
Ql‘ ot

The charge collected by the intermediate strips m and m+ 1 induces charges (Q.1, Qm+1,1)
on the left readout strip, and also (Q, Om+1,-) on the right readout strip. The charge
induced by a given intermediate strip, im, on a certain read out one, ro, will depend
exclusively (if, again, we neglect, for now, the capacitance to the backplane) on the

capacitance, C, between the intermediate and the read out:

Oro o< CQim (368)

Considering the two read out strips, one on the left, rol, and one on the right, ror, with
their respective capacitances to the intermediate in the middle, C; and C,, is trivial to

demonstrate that:

(] C,
rol = im 7 ror — im 3.69
Orol thQ 0 Cm,Q (3.69)
and thus
le Qror
= 3.70
G C, (3.70)

so independently from the charge on the intermediate itself and on the total capacitance
(that could, for example, include also a contribution towards another electrode, e.g. the

backplane, that collects part of the shared charge).

Therefore, the charge collected on the left and right readout strips (Q;, Q,) is the sum

of the contributions from intermediate strips m and m+- 1:

01 = Omi+Om+t11 (3.71)
0r= Qm,r + Qm+1,r (3.72)
Using the relation in Eq. 3.70:
Qji Qjr ... .
= = = with j=m,m+1 3.73
c. cp, (3.73)

2is easy to show as, for the Shockley-Ramo’s theorem, for a particle entering, close to one strip, on one
side and exiting on the other side, always close to that strip (i.e. “vertical”), the charge must be collected
only by the closest strip. But for a particle passing in the middle between two strips and not vertical but
with a certain angle, there’s a “charge sharing” between the two intermediate strips. Also the diffusion of

the charge, around the average drift path, contributes to this sharing. See later.
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where C;; and C; , correspond to the equivalent capacitance between the intermediate

strip j and the left (right) readout strip, respectively. We get:

c.\ !
Qjr=0;- (1 + CJJ) with j=m, m+ 1 (3.74)
j7r
In the above formula, the couplings C;; and C; , can be expressed as:
G
Cii=— 3.75
C:
Cir =9 3.76
PN 2— ( )

Leading to an expression for the center of gravity 3.65 as:

COG = x Jrl-nf‘,lg~<1+cf'*l>1 (3.77)
=X 0 P j Cj,r .
1 m+1 .
B m—1+o(x)
=x+ TN+l (3.79)

Asxy=x;+p(m—1),andp-(N+1)=1,
COG =xp+p-a(x) (3.80)

In the above formula, x,, is the position of the intermediate strip m, and p is the im-
plant pitch, that is the distance between the two intermediate stripes, in readout pitch
units. Therefore, whether the COG can accurately represent the particle impact point
and depends entirely on the o (x) function. Now let’s look at the specific expression of

the o (x) function.

As shown in Figure 3.31, we assume that a “vertical” particle impacts the detector
between the two intermediate strips at position x, and it releases, thanks to diffusion
and multiple scattering inside the material, a charge tube with a width of §. According
to the distribution of electric field lines within the depletion region and the Shockley-
Ramo’s theorem, the charge carriers located at a position x < x,, + p/2 will accumulate
on strip m, else they will be collected by strip x,,+1. Therefore, o.(x) can be expressed as

the following piecewise function.

1 if x > x, + % (p+9)
o (x) = s(c—xn)+25(8—p) ifx€ [xut+3(p—8):xm+3(p+3)] (3.81)
0 if x < x+ % (p—9)
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Figure (3.31) — Simple model of charge sharing, x is particle impact position.

And the center of gravity expression 3.80 becomes:

X1 ifx>xm—|—%(p—|—8)
oG = Xmt+ B (x—xn)+ %@ —p) ifx€[xn+3(p—8):xu+3(p+3)] (3.82)
Xm ifx<xm+%(p—8)

By observing formula 3.82, it can be found that when 6 = p, the center of gravity cal-
culated corresponds completely to the impact position. Figure 3.32 shows the different
correspondence between the impact coordinate x and the center of gravity calculated
for a detector with 3 intermediate strips when the ratio of 8 to p varies. From the figure,
it can be seen that as p gradually increases relatively to 9, the relation between the center
of gravity and the impact position is not anymore linear, i.e. the reconstructed center of

gravity tends to “accumulate” to the strip positions.

Typically, the thickness of a silicon microstrip detector is of few hundreds of microns,
and the diffusion process spreads the released charges to a width of approximately 10-20
microns. To achieve the best spatial resolution, the implant pitch needs to be of the same
order of magnitude. In principle, without increasing the number of readout strips, we
can always reduce the implant pitch to the desired magnitude by increasing the number
of intermediate strips. However, it is important to note that all the above discussions are
based on a simplified model where we only considered the coupling between strips and
ignored the coupling between the strips and the backplane, and thus did not account
for charge loss. In practice, although increasing the number of intermediate strips can
improve spatial resolution, it also reduces the charge collection efficiency (more charge
reaches the backplane), making the signals generated when particles pass through the
detector more susceptible to being drowned out by noise, which can, in turn, degrade

spatial resolution. In addition, since the amount of charge collected to the backplane
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Figure (3.32) — Correspondence between the impact coordinate x and the center of gravity calculated for

a detector with 3 intermediate strips, for different sensor layout.

is also depending on the distance (i.e. the capacitance) between the intermediate strip
and the read out one, with respect to the capacitance between the intermediate strips
and the backplane, the total collected charge will also have a dependence on the actual
impact point, and this is of particular importance when using the sensor to measure
the Z of the impinging particle. For a better explanation, the following will discuss two

different scenarios as examples: one intermediate strip, and three intermediate strips.

1: one intermediate strip

In Figure 3.33, a particle that perpendicularly strikes an intermediate strip of the detec-
tor, generating a total charge of Q. A fraction of this charge is coupled to the neighbour-
ing strips on the left and right, denoted as Q;,; ; and Q. g, respectively, while another
fraction is coupled to the backplane, denoted as Q. Thus, the total charge Q can be

expressed as:
Q= Qin_1+0p+ Qin_r (3.83)
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QO

Qint s Qint R
A Ci

Qaﬂ.l S

Figure (3.33) — Equivalent circuit of the system of two read out strips and one intermediate one.

C; C C;
o, 0% | OG (3.84)
Cpo+2C  Cp+2C  Cp+2G

The charges Qi 1 and Qi g, coupled to the adjacent strips on both sides, are similarly

distributed across the electronic output capacitance C., the interstrip capacitance G,
and the backplane capacitance C. Taking Q;, 1 as an example (Q;,; 1 and Qi g are the
same, due to symmetry):

Qint_1. = Qint_F +Op+ Oro (3.85)

__ Qiu1Cin F Qint 1Cp Qint 1C¢
Cni r+C+C. Gy r+C+C. - Gy p+Cp+C,

In the above equation, Cj,; r represents the equivalent capacitance when the charge is

(3.86)

coupled to the far end on the left side. For convenience in calculation, it is assumed that
the relationship between the backplane capacitance C, and the interstrip capacitance C;
is as follows:

C, = kC; (3.87)

Generally?, k is less than 1, and C. is much greater than C, and G, r. The actual charge

Oy, coupled to the left capacitance C. and read out is:

C.
= Qe 3.88
Oro = Qi1 Cin_r +Cp+Ce (3.88)
_g. G Ce (3.89)

"Cy42C; Ci r+Cp+C.

3when the detector thickness is significantly greater than the implant pitch
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Figure (3.34) — Equivalent circuit of the system of two read out strips and three intermediate ones.

0

N — 3.90
k+2 (3:90)
Thus, the total charge collection efficiency (CCE) is:
20,0 2
Eone = =——<1 .
CCE e 0 k12 < (3.91)

From formula 3.91, it can be seen that the backplane capacitance Cj, causes the charge
collection efficiency to be less than 1, and the larger the backplane capacitance C, with

respect to the interstrip capacitance C;, the lower the collection efficiency.

2: three intermediate strips

Figure 3.34 is the equivalent circuit diagram of a silicon microstrip detector with three
intermediate strips. For ease of comparison, compared to Figure 3.33, in Figure 3.34 the

readout strip pitch and the particle impact position remain unchanged.

Similar to the previous discussion, but in this case the actual charge Q,, coupled to
one side readout strip through capacitance C, is*:

(Ci+GC) | G Ci Cro

. . 3.92
((C,-+C;,) H C,')-f-Cb Co+Ci Coo+Ciyy r+GCp ( )

Qm:Q‘z

By substituting formula 3.87 into the above formula, the charge collection efficiency can

be calculated as:
2Qro — 2

CCE = ~
three Q k2—|-4k—|—2

(3.93)

‘the symbol || denotes, when referred to capacitances, the series value of the capacitances before and

after the symbol.
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CCE

CCEhree

k

Figure (3.35) — Comparison chart of the charge collection efficiency of one middle strip versus three middle
strips, as a function of the k value.

It is clearly evident that the charge collection efficiency with three middle strips is

significantly lower than that with only one middle strip.

Figure 3.35 is the comparison chart of the charge collection efficiencies at different
k values. From the figure, it can be seen that as k increases, the difference in charge

collection efficiency also increases.

Typically, the charge collection efficiency is not only related to the number of inter-
mediate strips but also to the specific position of the particle impact point relative to the
readout strip. For example, in Figure 3.36, the particle impact point from Figure 3.34 is

moved from the central position to a location closer to the left readout strip.

L C. C.
Qint_F - - Qint 1 Q Qunr - Qint_F
<4 T B = - T )
C; C; C; C; C; C;

g e o v e
I NC I T A

Figure (3.36) — Same as Fig. 3.34 but with the particle impact point is moved from the central position to

a location closer to the left readout strip.
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CCE\pree

k

Figure (3.37) — Comparison chart of CCE,pe, CCEtjyree and CCE

hreer 45 @ function of the k value.

At this point, the charge collected by the readout strip on the left side of the particle

impact point is:
C; Ce
Ci+ Cb + CeqﬁR Ce+ Cint?F + Cb

Oro =0 (394)

The charge collected by the readout strip on the right side of the particle impact point

1S:
Ceq_R Cc

Qror=0Q-" Ci+Cy+Coy r CotCim r+GCp

(3.95)

In the above equation, C,, r is the equivalent capacitance on the right side of the particle
impact point:
Ceg R™ ((C,' +Cb) H C,'—i-Ch) H G (3.96)

By substituting Equation 3.87 into Equations 3.94 and 3.95 above, the new charge col-

lection efficiency can be calculated as:

CCEIhree = 7_ + Q_ (397)
k*+4k+3 K +3k+1
~— 5 + 5 (3.98)
K+6k2+10k+4  k3+6k2+10k+4
2k2+Tk+4
+ R (3.99)

S 6k 1 10k + 4
Figure 3.37 is the comparison chart of CCE,,,, CCE;jyee and CCE;

From the figure, it is clearly evident that because the impact point has moved closer

wree at different k values.

to a specific readout strip, it now has a different (higher) charge collection efficiency

compared to the previous position.
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Figure (3.38) — Example of cluster to show the position of Sg and Sg.

In the actual use of silicon microstrip detectors, the impact points of particles are
random. This phenomenon, where different charge collection efficiencies occur due to
varying positions relative to the readout strip, can lead to inaccuracies in measuring
the deposited energy of particles passing through the detector, thereby affecting the
measurement of the charge carried by the particles. Therefore, a method is needed
to correct the charge collection efficiency at different positions. The next section will

discuss the methods for this correction.

3.4.3 ) correction

From the previous discussion, it can be seen that the charge collection efficiency depends
only on the relative position of the particle impact point to the adjacent readout strips.
Therefore, using the cluster center of gravity to describe positions with different charge
collection efficiencies is not convenient. To facilitate the study, the concept of 1 (eta) can
be introduced, defined as follows:

SR
S R+SL

As shownin Figure 3.38, let’s define, as conventional direction for the increasing readout

n (3.100)

strip numbers in a silicon microstrip sensor, the one from left to right. Therefore, in
Eq. 3.100, S; and Sk represent the signal values of the left and right readout strips,
respectively, which have the strongest signals in the cluster and are the closest to the

particle impact point.

The value of n ranges from zero to one. Neglecting the possibile saturation effect,

in the electronics, when the collected signal is too high and also the fact that, given a
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Figure (3.39) — Square root of the total collected signal as a function of . Data from the HERD prototype
beam test in 2023.

cluster finding algorithm as the one discussed in Sec. 3.4.2, is not possible to have S; or
Sk below a certain threshold, n has a one-to-one correspondence with the position of
the particle impact point relative to its adjacent readout strips. This means any relative
position of the particle impact point can be represented by a 1 number between zero
and one. For any given cluster, the particle impact position is unique, and thus, its 1
value is also unique. Similar to the previously mentioned "cluster integral" n can be also

regarded as a characteristic quantity of the cluster and used for cluster classification.

Figure 3.39 is a two-dimensional plot of the “cluster integral” as a function of eta. In
this plot, the horizontal axis represents eta, while the vertical axis represents the square
root of the total collected signal in units of ADC. The square root is used because the
cluster integral corresponds to the energy deposited by a particle passing through the
detector, and according to the Bethe-Bloch formula, the deposited energy is proportional
to the square of the charge Z carried by the particle. Using the square root, ideally, the

values on the y axis of Fig, 3.39 are linearly proportional to the charge of the particle.

This plot categorizes clusters based on the two features: cluster integral and eta.
Each bin in the plot corresponds to a unique pair of eta and cluster integral values, and
the color of each bin indicates the number of clusters that fall into that bin. The brighter

the color, the more clusters are present in that bin.

Upon observation, it can be seen that bright bins form several almost horizontal
curves, often referred to as “charge lines”. These curves appear because the deposited

energy by high-energy (i.e. ultra-relativistic) particles with the same charge follows a
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sqrt_ ADC

Figure (3.40) — Conversion map used to pass from a doublet, (S + Sg = Sior,M), to the Z of the crossing
particles, by using the z axis, Z/S;y.

Landau distribution (approximated by a Gaussian distribution for thicker detectors),
and these bright curves correspond to the peak deposited energy of particles with

different charges, with the dependence by the Z of the particle being particularly clear.

Examining the direction of these charge lines, it is apparent that they are symmetri-
cally centered around an eta value of 0.5 and gradually bend downward near the center.
This downward bending is a visual representation of the charge collection efficiency
varying with the eta value, as discussed in the previous section. The areas where the
curves bend downward the most, indicate lower charge collection efficiencies, meaning

more charge is lost to the backplane and not read out.

Figure 3.39 provides us a map for identifying the charge carried by particles passing
through the detector: in principle, if we know the cluster integral and eta corresponding
to a passing particle, we can find its position on this plot. Then, the nearest charge line

determines the actual charge carried by the particle.

The above process is called “n correction”. Figure 3.39, not easily determined from

first principles. must be used as reference to asses the correct input charge.

In Figure 3.40, differently from Figure 3.39, the z coordinate represents the value of
“charge/ cluster integral” (Z/S;,). A distribution like the one in Fig. 3.40 acts similarly to
a“conversion map”, when the cluster integral and the 1 value of the clusters generated as
the particle passes through are known. The corresponding Z/S;,, value can be retrieved
and, by multiplying this value by the cluster integral, the actual charge carried by the
passing particle can be determined. The Z/S,,, value for each bin in Figure 3.40 needs to

be calibrated through the map as in Fig. 3.39. This step is quite easy and effective, since
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Figure (3.41) — Estimated particle charge as a function of 1, as in Fig. 3.39, after n correction. Data from
the HERD prototype beam test in 2023.

for each certain m value, the Z/S,,, value is a linear function of S,

Z
i So +b; (3.101)
Stot

Therefore, by obtaining the coefficients a; and a; through linear fitting, the Z/S,,, values
for all bins corresponding to the same 1 value can be calculated. In the above equation,
i represents the index of the bin on the 1 coordinate axis. Figure 3.41 shows the charge
versus 1, plot after the n correction. As can be seen from this figure, the charge line
becomes flat, which means that after correction, the measured charge of the particle is

no longer dependent on 1.

This m correction only works when the saturation effect of the readout strips has
not occurred. For example, by observing Fig. 3.39 is clear as in the high signal region
where the 1 value is close to 0 (1), the earliest occurrence of symmetric bending towards
the center is seen. Due to the high charge carried by the particle, the resulting high
deposited energy signal causes the closer left (right) readout strip to saturate (the closer
the distance to the readout strip, the lower the deposited energy required for saturation).
At this point, due to the saturation effect, the ) value calculated from the readout signals
of the strips is incorrect, and the readout signals cannot perfectly reflect the amount of
deposited energy. Therefore, it is not possible to determine the true charge carried by

the particle, even after n correction.
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Figure (3.42) — Cluster total collected signal as a function of the VA index. Data from the AMS02-L0
prototype beam test in 2023.

3.4.4 VA equalization

In addition to n correction, the VA (IDE1140) correction is also very important. As
mentioned earlier, a VA has 64 channels and can amplify and shape the signals from 64
readout strips of a silicon microstrip detector. Since a silicon microstrip detector typically
has a large number of readout strips, multiple VAs are required to read all the strips
simultaneously. Measurements have shown that there are slight differences in signal
response between different VAs, which can lead to inaccuracies in calculating the charge
carried by particles from the readout signals. In Figure 3.42 the vertical axis represents
the cluster integral, which is related to the deposited energy of the particles, while the
horizontal axis represents the indices of all the VAs used. The silicon microstrip tracker
(AMS02-L0 prototype beam test 2023) of this example has nine layers, each with 1024
channels, requiring a total of 144 VAs. This detector measures particles with the same
charge (Z = 1), but as clearly visible, the signal peak values measured by different VAs

differ, due to variations in their response.

The process for the VA correction is as follows: when measuring particles with the
same charge, any VA response to the signal is selected as a reference. The ratio of the
signal peak measured by this VA to the signal peaks measured by all the other VAs (the
ratio for this VA with itself is 1) is evaluated.. Then these ratios are used as calibration

factors and multiplied to the signals measured by the corresponding VAs.

Figure 3.43 shows the signal versus the VA, plot after calibration. The figure demon-
strates as, after calibration, the signal peak values measured by all VAs are at the same

level. This process is often referred as “VA equalization” or “gain equalization”.
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Figure (3.43) — Cluster total collected signal as a function of the VA index, after gain correction. Data
from the AMS02-L0 prototype beam test in 2023.

Since the equalization is done via a multiplicative factor, to be applied to each VA

response, this correction is belonging to a general family of corrections of the form:
Scorr = a+bSyrig (3.102)

and the above depicted correction is only acting on the parameter b. The parameter a
is essentially the output level seen by the ADC when the input charge is null (i.e. no
signal from the silicon): the a parameter, so, is already equalized during the calibration

procedure described above.

3.4.5 Alignment

An important function of silicon microstrip detectors is to measure the one-dimensional
coordinates of particles hitting the detector plane through the microstrip structure. And
by using multiple layers of silicon microstrip detectors, alternately placed orthogonally,

the trajectory of particles in three-dimensional space can be reconstructed.

The accuracy of particle trajectory reconstruction depends not only on the perfor-
mance of the detector itself but also on the relative “alignment” between the detector
layers. Alignment essentially refers to correct knowledge of the position and orienta-
tion of each layer of a silicon microstrip tracker within the global coordinate system.
If each detector layer position is described using a local coordinate system with the
origin at the geometric center of the detector and the x and y axes corresponding to
the directions perpendicular and parallel to the microstrips within the detector plane,

respectively, then alignment can be defined as finding the correct transformation rela-
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tionship between the local coordinate system of each layer and the global coordinate

system.

When a particle hits a certain position on a detector layer in the x direction within
the global coordinate system, its z coordinate in the local coordinate system is zero®.
Using the signal readout from the microstrips of the detector, the local x coordinate can
be directly determined. The local y coordinate cannot be directly measured, but it can be
estimated through the reconstruction of the trajectory in the global coordinate system
using the y-detectors of other layers and by applying the transformation between the
global and local coordinate systems. Once the complete local coordinates of the impact
point are known, the correct coordinates of the particle impact point in the global
coordinate system can be calculated by once again applying the relationship between

the local and global coordinate systems for coordinate transformation.

Fi = R iRy (B)R(0); (7 + 7o (3.103)
where:
;i
fi= |y (3.104)
z'
X
B= |y (3.105)
<i
1 0 0
R:(V);= |0 cosY —siny (3.106)
0 siny cosy
cosPp 0 sinf
RB=] o 1 o0 (3.107)
—sinf 0 cosP
cosat —sinot 0O
R.(a); = [ sina  cosa 0 (3.108)
0 0 1

Sthis assumes the hit position to be “concentrated” in one single point and to choose the middle of
the silicon sensor thickness. Other choices are possible, such as locate the hit position on one of the two

external surfaces, but once the system if fixed, any choice is equivalent to the others
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In Equation 3.103, 7, represents the local coordinates of the particle hit point on the i-th
layer of the detector, 7; represents the coordinates of this hit point in the global coordinate
system, and 7y represents the coordinates of the origin of the local coordinate system
of the i-th layer in the global coordinate system. From the equation, it can be seen that
the coordinates of a hit point in the local coordinate system can be transformed into the
global coordinate system coordinates through translations (Ax, Ay, Az) along the three
coordinate axes and rotations (y, B, &) around the three coordinate axes. In other words,
the six parameters Ax, Ay, Az, o, B, and ¥ can be used as alignment parameters to fully
describe the position and orientation of the local coordinate system within the global

coordinate system.

For a multi-layer silicon microstrip detector, the measurement accuracy of particle
trajectories typically requires errors to be well below tens of micrometers. Thus, the
determination of the aforementioned six parameters must also be at the corresponding
micrometer level. Ordinary tools, such as laser alignment, can no longer meet such pre-
cision requirements. The following will introduce how to accurately determine these
six alignment parameters my looking to the the Unbiased Residuals (UR), which are
the differences in coordinates between the actual hit points of particles on a layer of
the detector and the estimated points on the trajectory reconstructed by only other
sensors. By creating specific statistical quantities from these unbiased residuals and
using the mean values of their distributions, these six alignment parameters can be pre-
cisely determined. This method is only useful when there is already a rough, imprecise
understanding of the six alignment parameters. This is because, when calculating the
unbiased residuals, it is necessary to assume that our understanding of the position and
orientation of each detector layer is correct, i.e., that the reconstructed particle trajectory

from multiple detector layers does not significantly differ from the true trajectory.

Misalignment on x or y

First, let’s introduce the measurement of parameter Ax (the measurement of Ay is of

course similar to that of Ax).

Let’s assume that a certain multi-layer silicon microstrip tracker is composed of 8
layers, as shown in Figure 3.44, with four layers measuring the x coordinate and the
other four layers the y one. Except for one layer, with an “unknown” translation Ax ,
the positions and orientations of the other layers, with respect to the global coordinate
system have been precisely measured. The “unknown” here refers to the unawareness

of the translation, meaning the wrong belief that this layer of the detector has the same
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Figure (3.44) — Sketch of a of an arbitrary tracking system made by 4 layers measuring x and 4 measuring
y. One of the x layers has a Ax translation.

position in the x direction as the other layers. In the figure, the blue arrows represent
the axes of the global coordinate system, while the red arrow indicating the direction

the particle passes through.

The translation Ax shown in Figure 3.44 can be more clearly represented using the
positional relationship between the global coordinate system and the local coordinate
system. As illustrated in Figure 3.45, the blue coordinate axes represent the global
coordinate system, the black coordinate axes represent the local coordinate system of
the detector layer actual position (with translation). The black dashed coordinate axes
represents the local coordinate system of the detector layer incorrectly assumed position
(without translation), the red arrow represents the particle trajectory, and the red circles
represent the distribution of the actual measured hit point coordinates. From the figure,
itis easy to see that the translation Ax can be represented by the average of the differences
between the local coordinates x of the measured hit points and the global coordinates x
of the estimated points calculated from the particle trajectory, that is the average of the
unbiased residuals in the x direction (UR.). Assuming measurements have been taken

for N events, then: _
Y UR
N

From the above formula, it is clear that for the detector layer in the x direction, the trans-

Ax = (3.109)

lation in the y direction cannot be determined (the opposite holds true for the detector
layer in the y direction) because it is impossible to calculate the unbiased residual in
the y direction (as the detector layer can only measure one-dimensional coordinates).
However, this is not significant because, for the detector layer that measures the x (y)

coordinate, the translation in the y (x) direction has no effect on the measurement.
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Figure (3.45) — Sketch showing the effect of the misalignment, Ax. The blue coordinate axes represent the
global coordinate system, the black coordinate axes represent the local coordinate system
of the detector layer actual position (with translation). The black dashed coordinate axes
represents the local coordinate system of the detector layer incorrectly assumed position
(without translation), the red arrow represents the particle trajectory, and the red circles

represent the distribution of the actual measured hit point coordinates.

Symmetrically, the translation of the y-direction detector along the y-axis can be
measured using the following formula:
_ YN URL

5 (3.110)

Ay

Misalignment on z

Unlike the methods for measuring Ay and Ax, measuring Az requires using a different

statistical treatment.

Figure 3.46 shows an 8-layer tracker, where a layer has an “unknown” translation
Az, while the positions and orientations of all other layers, with respect to the global
coordinate system, have been accurately measured. As before, by applying the trans-
formation relationship between the global and local coordinate systems, one can more

clearly represent the system as in Figure 3.47.

As in the previous case, in Figure 3.47, the black coordinate axes represent the local
coordinate system of the detector layer actual position (with translation), the black
dashed coordinate axes represents the local coordinate system of the detector layer
incorrectly assumed position (without translation). It is easy to see from this figure that

the translation Az can be represented by the average of the following statistical quantity,
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Figure (3.46) — Sketch of a of an arbitrary tracking system made by 4 layers measuring x and 4 measuring
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Figure (3.47) — Sketch showing the effect of the misalignment, Az. The blue coordinate axes represent the
global coordinate system, the black coordinate axes represent the local coordinate system
of the detector layer actual position (with translation), the black dashed coordinate axes
represents the local coordinate system of the detector layer incorrectly assumed position
(without translation), the red arrow represents the particle trajectory, and the red circles

represent the distribution of the actual measured hit point coordinates.

YN UR! /KL
N

In the above formula, k, represents the slope of the projection of each event’s recon-

Az = (3.111)

structed trajectory in the x —z plane. The formula shows that only events with &, not
equal to zero contribute to the measurement of Az. Moreover, the narrower the distribu-
tion of k, around zero, the more difficult it is to measure the translation Az. For example,
in beam experiments where the beam is almost perpendicular to the detector plane, Az

cannot be accurately measured by reconstructing the particle trajectories.

Similarly, the translation of the y-direction detector along the z-axis can be measured
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Figure (3.48) — Sketch of a of an arbitrary tracking system made by 4 layers measuring x and 4 measuring

y. One of the x layers has a 3 angle rotation around the y-axis.

using the following approach: o
_ YYURL/K

v (3.112)

Rotational misalignment on 3 or y

In addition to the three translational degrees of freedom, each detector layer, similar to
a rigid body, also has the freedom to rotate around the three coordinate axes. Let’s first
consider the rotation  around the y-axis (the measurement of rotation vy is similar to
that of ).

Figure 3.48 shows an eight-layer tracker, with one layer with an unknown rotation
angle B around the y-axis. Similarly to the previous approach, starting from Figure 3.48
and using the relationship between the global and local coordinate systems shown in
Figure 3.49:

(URL+h.) cos B — At

ke = (URL+ 1) sinp (3.113)

UR' cosP'+h, (cosp' —1
- ;/R; Ein—};" —xi-(h; siE B : (3.114)
As mentioned earlier, this method is only useful when there is already a rough, impre-
cise understanding of the six alignment parameters. Therefore, the value of B’ is very
small and cos B’ approaches 1. Additionally, it is evident that UR! is much smaller than
hy. Thus, Equation 3.114 can be further simplified to:
i _UR. 1

=— — 3.115
Y K tanf¥ ( )
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Figure (3.49) — Sketch showing the effect of the misalignment on B. The blue coordinate axes represent the
global coordinate system, the black coordinate axes represent the local coordinate system
of the detector layer actual position (with rotation), the black dashed coordinate axes
represents the local coordinate system of the detector layer incorrectly assumed position
(without rotation), the red arrow represents the particle trajectory, and the red circles

represent the distribution of the actual measured hit point coordinates.

Therefore,

N
B= arctanZ

1

* /N 3.116

UR,
i
XX

Similarly, the rotation angle v of the detector in the y direction around the x-axis can be

expressed as:

Y /N (3.117)
y

N

= arct -
Y= arc anzi: oy
It can be seen from Equation 3.116 and Equation 3.117 that only events with a

non-zero trajectory slope contribute to the measurement.

Rotational misalignment on «

In addition to rotations around the x and y axes, the detector layer may also have
a rotation around the z axis. Let’s first consider the rotation of a detector layer in x
direction (the case of a detector layer in the y direction is similar). Figure 3.50 shows
that a detection layer in x direction has a counterclockwise rotation angle o around

the geometric center, relative to the position and orientation we believe it should be in.
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y‘

Figure (3.50) — Sketch of the o angle rotation around the z-axis of one x-direction layer of an arbitrary
tracking system.

Figure 3.50 can be abstractly represented as Figure 3.51 by considering the relationship

between the global coordinate system and the local coordinate system.

It is easy to see the following relationship from Figure 3.51,

hi.cos o+ sinol’ — hl = UR}, (3.118)
and therefore,
- UR. h(cosoi—1
sino = —* + = ( . ) (3.119)
hy hy

Since o' is very small, the left side of Equation 3.119 can be replaced with tano’ (which

is more convenient), and the second term on the right side of the equation is zero. then,

. UR
tano' = —=> (3.120)
hy

Assuming N events were measured, the average value of o is then:

Ulfx /N (3.121)
y

N
o= arctanz n
i

Similarly, the rotation angle o of the detector layer in the y direction around the z axis
can be expressed as:
UR;
.

N
o= arctanz /N (3.122)

Iterative alignment procedure

The above discussion covered how to “align” a detection layer using unbiased residuals.

In that discussion, for simplicity, it was assumed that only one detection layer actual
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<
>

Figure (3.51) — Sketch showing the effect of the misalignment on a.. The blue coordinate axes represent the
global coordinate system, the black coordinate axes represent the local coordinate system
of the detector layer actual position (with rotation), the black dashed coordinate axes
represents the local coordinate system of the detector layer incorrectly assumed position

(without rotation), the red circles represent one actual measured hit point coordinate.

position and orientation deviated from what we believe to be its intended position.
However, in real-world situations, a detector with N layers may have small deviations
in position and orientation for each layer, all of which require alignment. Therefore, the

alignment must be studied across all 6N alignment coefficients.

When studying all the alignment coefficients together, and to speed-up the data
processing, often ordinary residuals are used instead of unbiased residuals, and the
alignment is carried out in multiple, iterative, steps. Assuming the process is divided
into j steps, equation 3.103, which describes the transformation relationship between
the local coordinate system of each detection layer and the global coordinate system,

will be rewritten as the following series of equations:

7= ROIR, (B Ru(@)} (7 +7)

7 = R(0IRy (B Re(@)? (7 +7%)

(3.123)

H = RIR B Ru(e)] (77 +7)

From equation 3.123, it can be seen that in each step, there is a corresponding set
of alignment coefficients that transform the local coordinate system, representing the

position and orientation of a single detection layer, into a new position and orientation

104



3.4. SIGNAL ANALYSIS

relative to the global coordinate system. Through j steps, the local coordinate system
is ultimately aligned to its correct position relative to the global coordinate system. At
this point, the coordinates of the particle impact points in the local coordinate system
are also transformed to their correct values in the global coordinate system through this
series of transformations.

Overall, the alignment coefficients from all the steps combine to describe a “historical”
process spanning j steps. The effect of this process is to transform the local coordinate
system from its initially incorrect assumed position and orientation to its correct posi-
tion and orientation relative to the global coordinate system.

In this process, the alignment coefficients for each step are actually calculated based on
the latest position and orientation of the local coordinate system from the previous step.
For example, at the beginning (first step), with no prior information, the coordinates of
the impact points are transformed based on the assumed possible position and orien-
tation of each detection layer. The first set of alignment coefficients is then calculated
by measuring the residuals in the global coordinate system: if the assumed position
and orientation happen to match the true position and orientation relative to the global
coordinate system, the alignment coefficients will be nearly zero. Then, in the second
step, the first set of alignment coefficients is used to transform the local coordinate
system to a new position and orientation relative to the global coordinate system . The
particle impact points are then recalculated in the global coordinate system, and the
second set of alignment coefficients is determined by the residuals, which should be
significantly smaller than the first set). This second set of alignment coefficients will also
transform the local coordinate system from the position and orientation determined in
the first step to a new position that is even closer to the true position, bringing the global
coordinate values for the particle impact points closer to the correct values. As a result,
the third set of alignment coefficients calculated by residuals will become even smaller.
This process is repeated for the fourth, fifth, and j-th sets of alignment coefficients until

the alignment coefficients are considered to be sufficiently close to zero.
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CHAPTER 4

Detector Studies with Particle Beams

The AMS-02 LO upgrade and the HERD SCD are both characterized by the use of single
side silicon microstrip detectors daisy chained in long ladders, with up to 12 units
connected to the same front end electronics. As the length of the daisy chained strips
increases, detector performances could degrade due to the augmented strip capacitance.
Tests with particle beams have been carried in the last couple of years, 2023 and 2024, to
verify detector performances in terms of position resolution and charge separation. In
this chapter we will first report on the results of L0 ladder tests with beam muons and
ions beams, and then we will discuss the HERD SCD ladder tests with single charged

particles and ions beams.

4.1 L0 beam tests

As mentioned in Chap.2, AMS-02 detector will undergo an upgrade in 2026 to increase
its acceptance by means of a new silicon detection layer, L0, to be placed on top of the
experiment. LO will consist of two planes of silicon microstrip sensors, each composed
of 36 ladder units. As shown in Figure 4.1 each ladder is composed of 8, 10, or 12
silicon sensors connected to a front-end electronics board, the LO Electronics Front-end
(LEF). A readout pitch of 110 um is used, leaving in between three floating strips with
an implantation pitch of 27.5 um. It can also be seen that the design of the LEF board
includes not only the VA chip but also the ADC (14-bit) and a FPGA for data/command
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processing. The board is equipped with 16 VA chips, for a total of 1024 analog channels.
Every two VA chips are connected in multiplexed configuration to the same ADC to
maximize the modularity of the system. Thanks to the onboard FPGA, the board has
only a digital interface, and data compression is implemented in the FPGA itself to
minimize the data volume to be moved to the next level of the DAQ system. This
is quite different with respect the approach used in the AMS-02 tracker where data
digitization and compression is performed in a dedicated board distinct from the front
end electronics with VA chips. As shown in Figure 4.2, the LO ladder differs from
the ladder currently used in the AMS-02 silicon detector. Unlike the AMS-02 tracker,
which is made by double-sided silicon sensors, L0 will use single-sided silicon sensors
to simplify silicon sensors production, their assembly in longer ladder units and the
ladder integration on planes. Also sizes are quite different, with 72 x41 mm? sensor size
in the AMS-02 tracker to be compared the larger size of 113x80 mm? in L0, to minimize

the number of sensors needed to cover the large L0 surface.

The new detector and electronics design will naturally lead to changes in perfor-
mance. To better understand the spatial resolution and charge detection capabilities of
the L0 ladder, beam tests on the L0 ladder were organized at CERN in October 2023 and
May 2024 using heavy ions and muons, respectively. In the following sections, these

two beam tests will be introduced separately.

41.1 Beam Test with muons

As discussed in the previous chapter, the energy deposited by particles passing through
the detector is proportional to the square of their charge (cfr Sec. 3.48): dealing with

Figure (4.1) — Left: a quarter plane of LO with ladders of different lengths. Right: close-up view of the LEF.
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Figure (4.2) — A comparison between the L0 ladder and the AMS-02 tracker ladder.

a unit charge particle means to be in the lowest signal-to-noise ratio measurement

conditions, i.e. worst case for detection efficiency and spatial resolution. Therefore, a

beam test using muons as unit charge particles in the MIP regime has been carried out

as a significant benchmark of the detector performance.

The beam test with muons was conducted in May 2024 at the H8 beam line of the

Super Proton Synchrotron (SPS) at CERN for nearly a month. Two different setups were

used focused on the study of single sensors (setup a) and of a 10 sensors prototype of
the LO ladder (setup b). Fig. 4.3 shows the schematics of the setup with the L0 ladder

prototype, details of the different elements and their connections for one out of the two

configurations used in the test. Beam is aligned along the z direction, i.e. orthogonal to

the different setup elements.
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Figure (4.3) — Configuration of the setup (b) used to test L0 ladder in the muon beam test.
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Figure (4.4) — The beam telescope tracking resolution as a function of the z coordinate along the beam,

assuming a 7 um resolution in the single point measurement.

Two scintillators, represented by green rectangles in the schematics, are installed on
the outermost windows of the beam path regions in the front and rear boxes, providing
high-quality trigger signals for the entire system via an "and" logic gate. Each scintillator
consists of two smaller scintillators stacked together to form a larger scintillator, increas-
ing the coverage area. 12 short silicon microstrip detectors are divided into two groups
and installed in two boxes positioned in front of and behind the LO ladder under test
(black rectangle), respectively, serving as two beam monitors. These monitors are used
to reconstruct the beam trajectory and help study the spatial resolution of the ladder.
The short silicon microstrip detectors, measuring x (red rectangles) or y (blue rectangle)
coordinates, consist of a single silicon microstrip sensor with the same structure and
size as those used in the LO ladder, plus a front-end electronic board (LEF). It should
be noted that the front-end electronics board of the short silicon microstrip detector
is identical to that of the L0 ladder. The LO ladder used in the test is composed of 10
silicon microstrip sensors, close to it a different microstrip detector manufactured by
FBK (Trento) is represented by the yellow rectangle, tested performances for this latter
detector will not be discussed in this thesis. The same setup configuration, is presented
in Fig.4.4 where actual positioning along the beam, i.e. in z, can be appreciated for the
different elements. The red curve superimposed to the scheme represents the accuracy
in the trajectory reconstruction, computed according to Eq. 4.3 by the beam monitor: the
ladder is not positioned in correspondence of the beam telescope maximum resolution
but slightly to the right. This is due to avoid interference of the ladder support structure

with those of the other detectors positioned in front of and behind the ladder.

Figures 4.5 shows the setup configuration a) used during the beam test to study

single sensor resolution and detection efficiency, in particular in the bias resistor area.
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Figure (4.5) — Test beam setup (a) for the study of single sensors performances.

The bias resistor regions of the single silicon microstrip sensor are shown in Figure 4.6.

In that scheme, the bias resistors of the readout strips are located at the right end of

the detector, with a size of ~ 2.8 mm, while the bias resistors for the floating strips are

located at the left end, with a size of ~ 11.6 mm. The high resolution images in the inserts

clearly show the bias resistors as polysilicon serpentines and how the floating strips do

not extend in the bias resistor region of the readout strip (right end), where as the

readout strips run through the bias resistor region of the floating strips (left end). The

structural differences in the bias resistor regions with respect the strip configuration

along the silicon can result in different detection efficiencies and spatial resolutions

bias resistors of floating strip

floating strip

Size =113000 x 80000 pm?

l floating strip

bias resistors of readout strip

Figure (4.6) — The bias resistor regions on a silicon microstrip sensor.
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when measuring particles.

Calibration & Alignment

Efficiency and position resolution studies were performed in the a) and b) setup con-
figurations. As a first step data were calibrated and signal clusters defined as described
in Chap. 4.1.1. Common noise, pedestal, noise levels and the signal over noise distribu-
tions (S/N) are reported in figures from 4.7 to 4.10 for the typical telescope sensor and
the LO ladder. As expected, the noise level in the LO ladder is larger due to the long
strip capacitance and correspondingly the S/N distribution for the LO ladder peaks at
~ 7 whereas in the single sensor a most probable value for the S/N is ~ 12. Any signal
selection implying a cut on the signal over noise (S/N) of the seed strip will then result

in a reduced efficiency, and also a worst spatial resolution is expected.

For both efficiency and position resolution studies, an accurate track prediction on
the detector under analysis is needed. The spatial resolution for a given detector can
be evaluated from the residual distribution, i.e. the difference between the predicted
position for the particle and the measured one. At the same time, the signal efficiency is
evaluated by the ratio of the number of detected particles and the number of particles
passing through it. The latter requires an external prediction on the particles traversing
the detector.

Following procedure of Sec.3.4.5 alignment of the beam monitor detectors and
L0 ladder were performed after calibration. In Fig.4.11 examples of the distributions
of residuals before (left) and after (right) alignment are shown for a beam monitor
detector (top) and for the LO ladder (bottom). Starting from these distributions, the

spatial resolution has been estimated as described in the following paragraph.

Spatial Resolution & Efficiency

The unbiased residual on a detector is the difference between the coordinate of the par-
ticle impact point measured by the detector and the coordinate of the estimated impact
point on the particle trajectory reconstructed by fitting data from other surrounding de-
tectors. Therefore, the standard deviation, o, of the unbiased residual distribution can
be considered as the sum of two contributing factors. One contribution comes from the
spatial resolution of the silicon microstrip detector itself (intrinsic spatial resolution),

and the other contribution comes from the fitting prediction error. That is,

OUR; = \/OFir i T ey (4.1)
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Figure (4.7) — Distribution of Common Noise width as a function of VA number for a beam monitor

sensor (left) and LO ladder (right)
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Figure (4.8) — Pedestals (left) and noise (right) for a beam monitor sensor.
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Figure (4.9) — Pedestals (left) and noise (right) for L0 ladder.
2 Enties 194451 2 Envies 104451
£ 900, & Mean 1634 2 i Mean 7910
: ” # Std Dev 6.978 2000 f ‘ Std Dev 3612
800 /
/ \
700
f 1500
600
|
400 ‘ 1 1000
300 zl !*1,’
200 / W, 0
) ! \
100 / N"N« ™
0 L : | MW""’“‘M olredilesealey Piite I PR P
0 5 10 15 20 25 30 35 40 45 SII\SIO 0 5 10 15 20 25 30 35 40 45 S/NSO

Figure (4.10) — Signal over Noise distribution in a single sensor (left) and on the LO ladder (right).
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Figure (4.11) — Residual distribution before (left) and after (vight) alignment for a beam telescope sensor
(top) and the LO ladder (bottom).

or

Oresi = A /G%RJ — G?-it’i (4.2)

In Equation 4.1 and 4.2, index i refers to the ladder under consideration, 6yg,; can be
obtained by performing a Gaussian fit to the unbiased residual distribution of the i

detector layer, and o; ; can be calculated using the following formula:

Gfiri = O (iz?/nJr-z?—Zzi-zn:z?/n) / (Zn:zﬁ—znlqzn:za (4.3)
J J J Jj k

In Equation 4.3, o, is a rough estimate of the detector spatial resolution, taken to be 7 um
as a reference in Fig.4.4, and z represents the coordinate of each detector layer along the
z-axis. Figure 4.12 shows the fit to the residual distributions for a beam telescope detector
(left) and the LO ladder (right). The sum of two gaussian functions has been used to
describe the core of the distribution and its tails. The intrinsic resolution, evaluated from
the main gaussian and taking into account the prediction error according to Eq.4.2, is
of ~ 8.3um and 11.3um for the beam telescope detector and the L0 ladder (respectively.
Similar results for the telescope sensors were obtained in configuration a).

The efficiency evaluation at the single sensor level has been first studied in configuration

a) using just the ten sensors located in the first box, between the scintillator slabs.
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Figure (4.12) — The unbiased residuals distribution of the BO5 telescope detector and the LO ladder.
Superimposed to the distributions the result of the fit with lenghts measured in um, with
the sum of two Gaussian functions used to evaluate the intrinsic resolution.

Detectors A4/ A5, located near the central symmetric position of the first box where
the trajectory reconstruction error is minimal, were chosen as the subject of study. These
detectors measure the x-coordinate, with the bias resistor regions located at both the
top and bottom ends of the strips which are aligned along the y-axis. Therefore, the
y-coordinate of the particle trajectory, reconstructed from the other y-direction detector
layers, was used to determine efficiency along the strip length.

Fig.4.13 (left) shows the beam profile along y at the location of the A5 detector as
reconstructed by A0, A2, A3, A6, A9 detectors. The beam profile ends at + 56.5 mm
due to the size along y of the reference detectors, whose strips run along x coordinate
of the global reference system. The same distribution is presented on the right only for
those events detected in the A5 detector, where a detected particle is defined if at least
one readout strip signal on the A5 detector exceeds 5 Gnoise. Noticeable cutoffs in the
distribution can be seen close to + 40 mm, roughly corresponding to the 80 mm size
of the sensor along that direction. The few events barely visible at |y| > 40 mm, i.e. out
of the A5 detector area, can be attributed to a pile-up effect, that is the simultaneous
passage of more than one particle, one entering A5 - thus being selected - and the other

reconstructed by the other sensors out of the A5 geometrical area.

The ratio between the right and the left distributions of Fig.4.13 determines the
detection efficiency as a function of y, as presented in Fig.4.14. Close to the edge, in
the bias resistor area, a 100% efficiency is observed in a ~ 3 mm region compatible
with the dimensions of the readout strip bias resistor region. A constant efficiency of
~ 98% characterizes the sensor at y > -37 mm. Efficiency drops to ~ 0 (not exactly 0

due to the pile up events) on both sensor edges within ~ 400 ym from the nominal
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sensor dimension, i.e. a couple bins at the distribution ends that are compatible to the
boundary sensor regions with no strips. No significant effects on efficiency can be seen

in the floating strip resistor bias region.

The same approach was used in the b) setup configuration to determine the L0 ladder
detector efficiency at different x values (since the ladder measures the y-coordinate, its
strips are parallel to the x-direction). Similarly to what was presented in Fig4.13 for
the single sensor, the beam distribution along the global coordinate system x-axis, is
presented on the left plot in 4.15 (left) while on the right the same distribution for only
the events detected by theladder Figure 4.15. The requirement to have a detected particle
is that at least one readout strip signal exceeds 3.56nise, and this is expected to have a
not negligible impact on the efficiency given the higher value of the noise in the ladder
wrt the single sensors (cfr. Figg. 4.8, 4.9). Also in this configuration the beam profile has
the size of the reference detectors, but it is not truncated in the detected events since
it is not limited anymore by the single sensor length. The sudden drop in the detected
events distribution close to the x-axis origin is due to the gap between the two adjacent
sensors aligned with the beam center. The ratio between the two distributions of Fig.
4.15 is presented in Fig. 4.16.
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Figure (4.13) — The beam profile along the global coordinate system’s y-axis at the location of the A5
detector for all particles (left) and for those detected in the A5 detector (right).
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Figure (4.14) — The detection efficiency of the A5 detector as a function of the y coordinate along the strip.
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A detection efficiency of ~ 92% characterizes the ladder far from its edges, less than
for the single sensor case as expected due to the higher intrinsic noise. On the left of the
efficiency drop in the detector gap, a restricted region of ~ 3 mm with 100% efficiency

is observed as on the edge of the single sensor study.

This effect, given its size, can be associated to the region of the resistor bias for the
readout strips. In that region, floating strips are not implanted anymore and there is a
minimal charge lost to the backplane due to capacitive coupling. This results in a higher
readout signal that is more likely to exceed the threshold and be detected, thus leading

to higher detection efficiency in this region compared to other regions.

The performance in bias resistors region have been studied also in terms of spatial
resolution, both in the LO ladder and at the single sensor level. Figure 4.17 shows the
unbiased residuals distribution as a function of the different positions along the strip
direction for A05 and the LO ladder. As observed in the figure, the distribution of

unbiased residuals is wider in the readout strip bias resistor region. This can be better
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Figure (4.15) — The beam profile for all reconstructed events at the L0 ladder location (left) and for those
also detected in the ladder (right).
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Figure (4.16) — The detection efficiency of the L0 ladder as a function of the x coordinate along the strips.
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Figure (4.17) — The unbiased residuals at different positions along the strip direction a single sensor (left)
and the LO ladder (right).
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Figure (4.18) — The L0 ladder unbiased residuals distribution for the readout strip bias resistor region

(left) and the nominal sensor zone (right).

appreciated in Fig. 4.18 where the unbiased residuals distributions are shown in LO
ladder separately for the readout strip bias resistor region (left) and the nominal sensor
zone (right). In the nominal sensor zone the distribution reflects the spatial resolution
presented in Fig.4.12, whereas a nearly uniform distribution characterized the readout
strip bias resistor region with a width comparable to that in the silicon digital readout
case with no coupling between adjacent readout strips, i.e. p/v/12 being p the inter strip
pitch. Neither in efficiency nor in spatial resolution significant effects have been pointed
out by this study in the floating strips bias resistor region, both at the sensor and at the
ladder level.

4.1.2 Test with heavy ions

In October 2023, a five-days heavy ion beam test was conducted at CERN for the L0
ladder with a beam of Z<82 fragments, produced by directing a lead nucleus beam
on a beryllium target. A longer beam time was originally foreseen on the H4 beam
line of the Super Proton Synchrotron (SPS), however, due to a sudden H4 beam line
failure, the already installed setup had to be relocated to the H8 beam line, and the

beam time shared with another experimental team. As a result, part of the original test
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Figure (4.19) — Schematics (top) and actual configuration (bottom) of the ion beam test setup. On the
picture of the actual setup, the beam would come from the right, i.e. the Z axis is in the

opposite direction with respect to the the schematics.
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Figure (4.20) — Charge distribution as measured by the Charge Detector.
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objectives - related to spatial resolution at different Z values - could not be achieved
due to time constraints and insufficient statistics. Therefore, in the following only an

overview analysis related to the charge measurement will be discussed.

The test beam schematics and its actual configuration are shown respectively in the
upper and lower parts of Fig.4.19. The setup is quite similar to that of the muon beam
test, short microstrip detectors were installed in the two boxes at the front and rear as
beam monitors, and the same L0 ladder with 10 sensors was placed between the two
boxes. In addition, a charge detector (CT) provided by the INFN Florence group was
installed in front of all the detectors to supply an independent external measurement
of the particle charge. As shown in Figure 4.20, the CT has strong charge identification
capability, which can significantly aid in studying the charge measurement properties
of the ladder.

As discussed in Sec.3.4.3 the reconstructed charge exhibits a dependence on the
particle’s impact relative to the readout strip, which is commonly approximated with
the n parameter. As the particle charge increases, the study of reconstructed charge

dependence on 1 is further complicated by effects of saturation in the VA chip.

Figures 4.21 shows the distribution of the cluster charge vs n for one reference sensor
of the beam monitor (left) and the LO ladder (right). Since the energy loss scales with
72, the square root of the cluster signal is used in these distributions to have immediate
reading of non linearity and saturation effects versus Z. The clusters included in the
statistics are those with the largest signal detected by each detector for each event. The
observed structures reflect different effects. At low charge values, events populate the

full n interval with a gradual depletion of n = 0 and 1 = 1 regions as the signal starts to
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Figure (4.21) — Cluster integral charge vs 1| in a beam monitor sensor (left) and in the LO ladder (right).
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increase also on the second highest strip in the cluster. Also the expected effect of charge
loss in the intermediate n region can be appreciated in the bending of the horizontal
lines. As the charge increases, not only events tend to populate the central n region, but
saturation effects clearly deform the distribution.

Figure 4.22 shows the different 1| distributions for the square root of cluster signals < 80
ADC (left) and > 80 ADC (right). In the signal linear regime, the n distribution reflects
the expected behaviour for the three floating strips implantation between the readout
strips. At higher signals, the n distribution is dominated by non linear effects, and tends
to 0.5 since both strips used for its definition are in a saturation regime. Saturation for
single strip signal is indeed expected at ~ 14000 ADC, whose square root is ~ 118.
The 14 bit ADC would in fact correspond to a maximum signal of 16384 ADC, with a
pedestal of ~ 2000 ADC to be subtracted. As a matter of fact, saturation on the highest
strip signal effectively spoils the 1 calculation, that becomes ill-defined and fixed to 0.5
as both strips are saturated. Figure 4.23 shows the cluster charge distribution for the LO

ladder into different 1 regions, at the extremes of the n range n ~ 0, 1 (left ) and in the

g

Entries = 169875

3 oo i Entries = 664611 3 '
5 1000 f e J
* o0 h J ) i
. . i 500 |
800 r‘“ t F A S, f N
A {y L W f
700 Il LT S ‘[ \ K Y J | a0 A ‘:’b"
600 lu( ! ‘q Ih J.‘ ‘: ""'m‘ 'I 300 l :
500 ‘m\ & ‘\i%,pm
400 . - W W \
e R L T T
300’ 100 Jp-'h,‘l,w‘”" " \ W-V«ud‘qf.

0 01 02 03 04 05 06 07 08 09 1 © 01 02 03 04 05 06 07 08 09 1
7 n

Figure (4.22) — The m| distribution in the ladder at low, < 80ADC (left), and high, > 80ADC (right),

cluster charges.
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Figure (4.23) — The cluster charge distribution for the ladder at the extreme n ~ 01 values (left) and in

the central m ~ 0.5 region
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central part n ~ 0.5 (right). The different peaks in the charge distribution correspond to
ions with increasing Z: only Z < 9 charges can be reconstructed for n ~ 0, 1, whereas a

wider charge range is covered by 1 value is near 0.5.

However, charge separation is lost at high Z values, due to the combination of
different effects. The non linearity in the VA response effectively compresses the scale,
bringing the peaks closer and closer as Z increases. Moreover, at high Z, up to 10-
15 strips can be used in defining the cluster charge, and the convoluted effect of the
single strip noise in the definition of cluster charge effectively widens the charge peak
distribution, worsening the charge separation between adjacent peaks. This latter effect,
can be mitigated by using the signal of the seed strip in the cluster instead of the cluster
integral. Figure 4.24 shows the square root of the signal in the seed strip as a function
of n for the LO ladder, the different charge patterns are clearly visible as well as the
saturation in the central part n region (right) where the standard n correction approach
to retrieve identify different charge values is effectively prohibited by the steep and

compressed V shaped pattern in the central 1 region.

We therefore abandoned the 1 correction approach, directly studying the features
of the two readout strips with the highest signals, the seed strip s; and the closest with
higher signal s,.

Figure 4.25 shows the s| versus the s, distribution for the L0 ladder (left). The events
within the red rectangular box correspond to those with 1 values near 0.5. Rotating the

distribution counterclockwise by 45° yields the rightmost distribution.

Projecting onto the ordinate the region within the red rectangle of the rightmost
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Figure (4.24) — Square root of the signal in the cluster seed strip in the L0 ladder (left), on the right an

enlarged view of the central M| region close to signal saturation region.
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Figure (4.25) — The s versus the s, distribution (left) and its rotation counterclockwise by 45° (right).
The red box delimits the region around n = 0.5.
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Figure (4.26) — The projection of the area within the red rectangle in Figure 4.25 onto the vertical axis.
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Figure (4.28) — (s1 +52)//2 signal from L0 vs the external Z meaurement from the independent Charge
Tagger.

distribution in fig.4.25 yields the distribution represented in Fig.4.26: the peaks from
left to right correspond to ions with gradually increasing charges measured from the
beam. It can be seen that the LO_10 detector (ladder) is capable of identifying ions up
to nickel. By performing Gaussian fitting on the peaks in this figure, the peak value of
different charges can be obtained and correlated to the Z value, as presented in fig.4.27.
A clear change in the detector response at high Z values is visible starting with Z=12: the
functional dependence of the signal to charge is not anymore quadratic but becomes
linear, this allows to identify charges as high as Z=30 within the dynamic range of
the VA. The charge selection has been verified against the measurement in the same
events of the CT charge detector, as shown in figure 4.28 where the L0 ladders signal,
(s1+s2)/v/2, is compared with the response in Z from the CT. In this distribution, the
same behaviour of the L0 signal vs. Z evaluated in Fig.4.27 is observed and it can also
be appreciated complete saturation when the charge exceeds Z=32, since the readout

signal no longer increases with the ion charge.

The approach based on sy,s, has proven is feasibility at central n values, and in
principle could be extended characterising the charge peaks in different slices of Fig.4.27.
However, it could be really impractical since the changes in the (s; +s7) distribution with
(s1 —s2) should be described with high granularity, i.e. in tiny (s; —s») intervals, and
this could result in a statistical limitation of the approach, that would be unfeasible in
flight.
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Multivariate approach for charge measurement

To overcome the limitations of the charge reconstruction approach presented before-
hand, a Machine Learning (ML) [99] based analysis was adopted. In particular, the
choice was to use a combination of the Random Forest, RF classification (sometimes
improperly referred also as BDT, Boosted Decision Tree) with the Support Vector Ma-
chine, SVM, model. SVM has been used to map the inputs to a high-dimensional feature
space, while the second is used to provide a sort of “feedback” to the first one, in an
iterative procedure. The model is fully supervised [100] since the Charge Tagger, CT, has
been used to label each event used in the training with an external measurement of the

charge.

Figure 4.29 shows the model designed and implemented for this thesis work. The
events chosen (i.e. the runs) for the training of the model are randomised (A1 yellow
box in the Fig.) and filtered (A2 box). The randomisation process is used to prevent that
an event sequence due to the fragmentation of the beam along the beam line (namely:
each high-Z event being followed by a prompt low-Z event generated by the fragments
of the previous one) could influence the SVM part. The filtering process, based on the
CT information, is used to equalize, as much as possible, the different input charges,
since the beam is naturally more abundant towards lower Z values. After this filtering
part, the events used in training are 81757: the choice was to not to use the fully acquired

statistics to not overtrain the model.

From each event, 9 quantities, features, measured by the detector under test were

identified. The chosen features are:

¢ the total signal of the largest cluster in each event;

9x81757. 1x81757 76x81757 161x81757

>
N

Figure (4.29) — Model design diagram for the implemented machine supervised learning.
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the signals of the three strips with largest signal in that cluster;

the position of the three strips with largest signal;

the n value;

the total number of strips forming the cluster.

In addition to these features, for the training only, the CT measured charge has been

used.

The SVM part is used to map the input features on a hyperplane needed for classi-
fication, defined in a 76 dimensional space. Dimensions of the space correspond to the
Z=1 to 75 charge values with enough event statistics and that will be possible classify
as "true", and includes the "null" charge value, i.e. 0, for possible misidentifications. In
brief, the SVM computes the distance to the hyperplane, based on the set of features
value for each event. A set of 76 values (corresponding to the distances) will become the
new feature values. The purpose of this part is to generate more refined feature vectors,

starting from the basic features directly from the detector.

To provide feedback to the SVM and optimize the hyperplane definition (e.g., im-
prove robustness), the features generated by the SVM are also mapped as new features
through the RF part that, given the input 76 features, classifies each event to 76 classes
(i.e. the output is a vector containing 76 values that are proportional to the probability,
for that event, of having such features if coming from each one of the 76 possible input
charges).

The original 9 features, plus the 76 out from the SVM part and the 76 out from the RF
part are then combined, for a total of 161 feature values.

After the initial step, where the SVM is fed with 9 features, the same combination of
SVM and RF is iterated for additional 6 times to improve the power of the model. While
the RF part is essentially the same for all the 7 iterations, the SVM for the last 6 is fed
with all the 161 features from the previous step. The depth of the iteration procedure
has not deeply studied in details, but the number of iterations has been optimized on
empirical base.

An example of the output of the SVM+RF part is presented in Fig. 4.30: each bin, Z,
essentially contains the probability, for an ion with charge Z, to give the particular set

of features used as input to the classifier.

The final supervised learning section consists of two Random Forest models. The
use of two models, with different numbers of trees and depths, has been adopted to

reduce the risk of over-fitting and under-fitting. Also in this case, the optimisation of the
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Figure (4.30) — Example of the classification, from the SVM+RF part, in the chosen 76 classes: each bin,
Z, contains the probability, for an ion with charge Z, to give the particular set of features
used as input to the classifier.

parameters, for the reduction of over- and under-fitting has been evaluated on empirical

base and a deep study was not performed.

The output of this last section is still a vector of 76 values, similar to the output of
the SVM+RF part presented in Fig. 4.30. Several choices can be done to combine this 76
values into a single value to be used as measured Z: quoting the charge corresponding to
the higher value in the vector, quoting the average of the values, quoting a probability
to be a certain ion (this in general requires, in the probability inversion using the Bayes’

theorem, to have an estimate of the a-priori probability to be that certain ion), or other
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Figure (4.31) — Charge measured by the AMS-L0 sensor using a ML approach as a function of the one
measured by the CT.

127



CHAPTER 4. DETECTOR STUDIES WITH PARTICLE BEAMS

g w‘Ik ! Entries = 2307210
10 | |||
1t v ‘V" I".,’ V""J ‘.‘V._ I | "‘ J [
YY VYL “J’/\/‘M
10* ’{ ? u ‘J ' \W WJ\
i
5 10 15 20 25 go

Figure (4.32) — Distribution of the charge measured by the AMS-L0 sensors using a ML approach.

choices, but for this thesis work the choice was to use a simple average of the values.
One could also use the standard deviation of the values as estimate of the uncertainty

of the result, but this has not been studied in details.

Figure 4.32 and Figure 4.31 show the test made on a test sample containing ~ 2.5M
events. Figure 4.31 shows the comparison with the Charge Tagger and should be noted
as low-Z x-axis bin contains, on y, charges, measured by the AMS sensor, up to around
20: this must not be considered as a misidentification of the classifier, but to the reduced
size of the Charge Tagger that, for part of the total sample, only measured a fragment
or a o-ray particle and not the high-Z primary ion. Figure 4.32 is a projection, on the
y-axis, of the previous plot, and shows as in the distribution of the measured charges

all the peaks are well separated, up to a charge of around 30.
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4.2 HERD-SCD beam tests

As described in Chap. 2, the Silicon Charge Detector (SCD) is the outermost sub-
detector of the HERD instrument. It consists of five units, each composed of eight layers
of orthogonally placed single-sided silicon microstrip detectors, which encase the other
sub-detectors surrounding the calorimetric core. The SCD is designed to measure the
absolute charge of incoming particles, before their possible fragmentation in other
detectors, and to reconstruct the reconstruct the trajectory of the incoming particles
together with the FIT .

In the fall of 2023, a beam test campaign with single charged particles and heavy ions
was conducted at CERN. This was the first beam test with all the HERD sub-detector
prototypes, disposed along the beam arrival direction in order to replicate the incident
path of cosmic rays once in flight. Figure 4.33 shows the setup used during the tests at
the SPS H4 beamline.

Figure (4.33) — The setup of fall 2023 HERD beam test at the CERN SPS H4 beam line.
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Figure (4.34) — Arrangement of SCD-IT prototypes during the fall 2023 HERD beam test: a first box
with two (1 x and 1 y modules) 300um thick silicon sensors and a second box with six (3

x and 3 y modules) 150um thick ones.

As shown in Figure 4.33, along the beam direction, the following sub-detectors are
arranged in sequence: a plastic scintillator acting as main trigger, the Italian prototype
for the SCD (SCD-IT), the Chinese SCD prototype (SCD-CN), the Chinese PSD prototype
(PSD-CN), the Italian PSD (PSD-IT), the FIT prototype, and the CALO one (with both the
CMOS and the PhotoDiode read out). All the detectors are triggered by the same trigger
logic, share a synchronised DAQ and, in general, data were acquired simultaneously
such to allow for combined data analysis. The goal of the beam test was to measure
the performances of the different sub-detectors while operating all the detectors in a

common data acquisition.

For the SCD, the beam test was relevant to measure the charge measurement perfor-
mance, mainly, as well as the spatial resolution. The SCD-IT and SCD-CN prototypes
have different designs, involving different sensor thicknesses, different implant pitches,
strip widths, different numbers of floating strips, and different decoupling capacitors
in the readout chain. This thesis work will focus only on the test results of the SCD-IT.
In the following we will then refer to it simply as SCD.

As shown in Figg. 4.34 and 4.35, the Italian SCD prototype consists of eight single-
sided Silicon Strip Detectors (SSDs). These eight SSDs are installed in two boxes with
the strip directions in orthogonal arrangement so to have a tracker able to measure,
with similar accuracy, both the x and y coordinates. The two SSDs in the first box have
a thickness of 300um, while the six SSDs in the second box have a thickness of 150um.
Apart the difference in thickness, the SSDs in both boxes have the same structure. Each
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Carbon fibre to mimic the
designed SCD material

Figure (4.35) — Arrangement of SCD-IT prototypes during the fall 2023 HERD beam test: (left) detail,
from the CAD drawing of the setup, of the two boxes, (center) CAD drawing of the Box2
with the view of the sensors inside, (right) the two boxes on the mechanical structure to
hold them, aligned with the beam.

SSD measures 96x96 mm? and has 640 readout strips with a readout (implant) pitch of

150um (50um), with two intermediate strips between every two readout strips.

Figure 4.36 and 4.37 illustrate the DAQ system of the SCD. As shown in the fig-
ure, the 640 readout strips of each silicon microstrip sensor are read out by 10 VAs
(IDE1140) located on a Hybrid board close to the sensor, with each VA devoted to 64
readout strips. Digitization is performed in a separate board, the ADC board, reading
the analog signals from two Hybrid boards. To improve readout live-time ensuring that
the maximum dead time is kept below 500 microseconds, each ADC board is equipped
with 10 12-bit ADCs. Each ADC digitises the analog signals from two VAs and trans-
mits them to the DE10Nano board, which is directly mounted on the ADC board. The
DE10Nano board [101] is a commercially available board featuring an Intel Cyclone V
System-On-Chip, which combines an Intel FPGA with a Cortex-A9 ARM-based hard
processor system (HPS) CPU. The Cyclone V handles the IDE1140s and ADCs through

Figure (4.36) — Detail of the SCD-IT DAQ system: sensor and Hybrid board (left), DE10Nano board
(center), ADC board (right).
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Figure (4.37) — Scheme of the SCD-IT DAQ system.

its FPGA component and communicates with the higher-level DAQ system using its

CPU component via the board 1 Gbps Ethernet connection.

4.2.1 Beam test with electrons

The study of the HERD response to electrons was part of the beam campaign focussed
to study the CALO performance in measuring electromagnetic showers. At the same
time, however, the 243 GeV electron beam was used to study the performances of the
SCD-IT with unitary charged particles. As already pointed out in the discussion of
AMS-LO tests, dealing with a unit charge particle means to be in the lowest signal-to-
noise (S/N) ratio measurement conditions, i.e. worst case for detection efficiency and
spatial resolution. This is particularly relevant for SCD-IT where the signal amplitude

in sensors of different thickness, 150 and 300 um, was studied.

Calibration & S/N performance

Raw data reduction is naturally the first step in the data analysis: the readout of all
SCD channels is processed to extract the few strips with the signal from interacting
particles. Common noise, pedestal, noise levels were evaluated according the proce-
dures described in Chap. 4.1.1 and examples of the results are presented in Figures 4.38
and 4.39 showing the typical pedestal (left) and noise (right) for a 300 um and a 150
um thick sensors respectively. The two sensors show similar pedestal values (300-400
ADC counts) and noise levels (~ 2 ADC counts), however half of the energy deposition
is expected for a particle passing through the thinner silicon, such that the S/N level
for unitary charges will be depressed, possibly leading to inefficiencies in the thinner

Sensor.
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Figure (4.38) — Pedestal (left) and noise (right) of a SCD 300um thick sensor.
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Figure (4.39) — Pedestal (left) and noise (right) of a SCD 150um thick sensor.
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Figure (4.41) — S/N distribution vs m for 300 um (left) and 150 um (right) detector thicknesses.
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When comparing calibration values with those presented for AMS-L0 sensors be-
forehand (Fig.4.8,4.9), the different meaning of the ADC units should be taken into
account. Both AMS-L0 and SCD-IT have the VA chip as charge amplifier and the analog
signal in output from the sensors has the same dynamic range. Conversely the digital
units after conversion have different sensitivity for the two readout systems. The con-
version to digital units is performed by a 14-bit ADC in L0 and 12-bit ADC in SCD. This
2-bit difference implies that one digital unit in SCD-IT readout corresponds to 2% = 4
times that of AMS-L0. As an example, typical SCD pedestals are ~ 400 ADC counts,
whereas AMS-LO are close to ~ 1600 ADC counts. Both AMS-L0 and SCD exhibit a
single strip noise level of ~2 ADC counts, but should be kept in mind that this directly
translates to a factor 4 larger noise in SCD with respect to AMS-L0. This could be due
to the different approach in the digitization. In the AMS-LO0 prototypes, as well as in
the flight modules, the ADC is physically placed on the very same electronic board, the
LEF, with just few mm long PCB traces to connect it to the ASICs. In the SCD prototypes
the ADC board is connected by a 20-30 cm long cable to the hybrid circuit hosting the
VAs, and this could cause some noise pickup. We therefore expect a lower efficiency
in detecting unitary charged particles in SCD with respect to AMS-LO0 for the same
requirement (typically S/N=5) on the seed strip to identify the cluster.

Fig.4.40 presents cluster S/N distributions as measured for a 300 um (left) and a 150
um (right) SCD sensor. As a general figure of merit, the most probable value (MPV) of
the S/N is 5 for the 150 um thick sensor and for a 300 um thickness is ~ 6.5, not too
far away from MPV~.8 for the L0 sensor. However, other features should be taken into

account.

Starting from the same beam events statistics, the number of events with a recon-
structed cluster on the thinner sensor is ~57% of the thicker one. That means the
for ~43% of the events the request of a S/N> 5 on the seed strip suppresses cluster
reconstruction in the thinner sensor, i.e. what is observed is just part of the original dis-
tribution whose MPV <5. On the thicker sensor a structure is also observed at S/N~10.
Looking at the S/N distribution versus 1, shown in Fig.4.41 we can observe peculiar
structures. On the 150um thick sensor clusters are mostly reconstructed near then =0, 1
regions whereas the central n region is depleted, meaning that when the charge is
nearly equally shared among two readout strips, the signal value on the single strip is
too low with respect its noise to satisfy the cut on the minimum S/N to trigger the cluster
reconstruction. On the 300 um thick SCD sensor clearly appears that the structure at
S/N~ 10 is related to clusters close ton = 0, 1, whereas the bulk of the §/N distribution

is at the intermediate 1 values, peaked in correspondence to the floating strip regions,
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Figure (4.42) — Distribution of the unbiased residuals for a 300 um (sensor 01, left) and a 150 pm (sensor
3, right) detector, before the alignment procedure.
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Figure (4.43) — Distribution of the unbiased residuals for a 300 um (sensor 01, left) and a 150 pm (sensor
03, right) detector, after the alignment procedure.

and with a lower S/N as more signal is shared on more strips and charge is partially

lost on backplane.

Alignment & Spatial resolution

As in the LO analyes, see Sec. 4.1.1, the spatial resolution of the detectors under test
is evaluated by the distribution of unbiased residuals, namely the difference between
the reconstructed position and the prediction from independent tracking with other
sensors. As a first step, the eight detector layers have been aligned and in Fig. 4.42 and
4.43 the unbiased residual plots for a 300 um and a 150 um (sensor 03) detectors before

and after alignment are reported as an example.

As discussed eatrlier, see Eq. 4.1, the accuracy of the tracking telescope is needed
to measure the intrinsic resolution from the unbiased results. Since, in the case under
study, all the detectors are similar and with an unknown spatial resolution, the first
estimate can be done only with an a-priori estimate of the intrinsic resolution of the

single module. Given an implant pitch of ~ 50 um, we expect a resolution of 50 ym /
V12 ~ 15 ym.
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Figure (4.44) — Accuracy of the trajectory reconstructed by the tracking telescope (x coordinate) along the

z coordinate of the telescope itself.

Figure 4.2.1 is a schematic diagram of the accuracy of the trajectory reconstructed

by the tracking telescope (x coordinate) along the z coordinate of the telescope itself.

The two chosen, as examples, sensors are in a z position where the effect of the tracking

itself is expected to be ~ 26 um (sensor 01) and ~ 9 um (sensor 03).

By combining the accuracy of the reconstructed trajectory with the unbiased resid-

uals of the detector, the intrinsic spatial resolution of the detector can be obtained using

Equation 4.2.
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Figure (4.45) — Fit with two gaussians to the unbiased residual distribution of sensor 01 (left) and sensor

03 (right). The fit to sensor 01 yields to the contribution of two gaussian with, respectively,

~ 36 um and ~ 120 um. The fit to sensor 03 yields to the contribution of two gaussian

with, respectively, ~ 25 ym and ~ 113 um.
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Figure 4.45 shows the result of a two-gaussian fit to the unbiased residual distribu-
tions for sensor 01 and sensor 03. The fit to sensor 01 yields to the contribution of two
gaussian with, respectively, ~ 36 um and ~ 120 um. The fit to sensor 03 yields to the
contribution of two gaussian with, respectively, ~ 25 ym and ~ 113 ym.

The standard procedure to extract the spatial resolution, as discussed in Sec. 4.1.1 would
be to quote a single standard deviation, as weighted average of the standard deviations
of two gaussians, where the weight is the relative contribution, to the residual distribu-
tion statistics, of the two populations. The relative contribution of the wider gaussian,
for both the types of sensors, is quite large and this yields to a quite large combined
standard deviation (for the two chosen sensors: ~ 66 um for sensor 01 and ~ 51 um for
sensor 03). When subtracting the effect of the tracking telescope resolution by using Eq.
4.2, this yields to an estimated resolution that is much larger than the assumed 15 um
one, and that is significantly different between 300 ym and 150 um thick sensors. The
estimation using Eq. 4.2 must be repeated, iteratively, rescaling the extrapolation error
shown in Fig. by the ratio between the estimated intrinsic resolution and the assumed
a-priori one. This yields to ~ 35 um for the thicker sensors and ~ 45 um for the thinner
ones.

If we, instead, assume that the wider gaussian is due to a poor track selection (the tele-
scope in each coordinate is done with only 4 layers, using one as detector under study
we end up with tracks with only 3 points, that mean %2 evaluations with a degree of
freedom of only one). Repeating the iterative estimated discussed above with only the
narrower gaussian yields to an intrinsic resolution of ~ 18 um for the thicker sensors
and ~ 21 um for the thinner ones. This is much more compatible with the ~ 15 ym
from first principles and more coherent between the two kind sensors. Typically, when
a particle passes through a thicker sensor, the higher deposited energy leads to a higher
signal-to-noise ratio and thus better spatial resolution. The effect, anyhow, is expected

to be quite limited.

Compared to the AMS02-LO prototypes, can be observed that even if the SCD-
IT detectors have a similar size of the AMS02-L0 single sensors detectors, its spatial
resolution is significantly worse. This difference is mainly due to two factors. First, they
have different electronic readout systems, with the SCD-IT having noticeably higher
noise. Second, their silicon microstrip detectors are remarkably different: the SCD-IT
has two intermediate strips, with a wider readout pitch (150 um) and, more important,
implant pitch (50 ym).
For the SCD-IT a wider readout pitch, which allows for fewer readout strips in the

same area, was chosen, since its spatial resolution requirements are lower. Unlike AMS
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tracker, which is required to measure particle rigidity through a magnetic field, the final
version of the SCD, when operating in orbit, only needs to provide a rough estimate of
the incident tracks into the CALO (the segmentation of the HERD CALO is 3x3x3 cm?).

Moreover, having fewer readout strips significantly reduces its energy consumption.

4.2.2 Test with heavy ions

As described in Sec. 4.1.2, also the for HERD ion beam test, a Lead primary beam,
fragmented on a 4 cm beryllium target has been used. The resulting beam contains all

the ions with atomic numbers (Z) from 1 to 82.

Before proceeding to the evaluation of the charge measurement performance, the

VA equalisation procedure described in Sec. 3.4.4 is required.

Figures 4.46 and 4.47 show the signal of the seed strip as a function of the VA number
corresponding to the particle impact point. There 80 VAs are grouped per sensor (10
VAs per sensor) and the different vertical distribution for each sensor is due to the
limited width of the beam. It can be observed as after the equalisation, the MIP peaks
corresponding to the same charged particles, as measured by all VAs are aligned at the

same level.

As for the AMS-L0, the reference distribution for the charge measurement is the
distribution of total cluster signal as a function of m, see the Figure 4.48. As before,
a 300um (sensor 01) and a 150um (sensor 03) sensors are taken as example. Only the

clusters with the largest signal detected by each sensor for each event are included in

0
Nof VA

Figure (4.46) — Signal of the seed strip as a function of the VA number corresponding to the particle
impact point, before VA equalisation. There 80 VAs are grouped per sensor (10 VAs per

sensor).
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Figure (4.47) — Signal of the seed strip as a function of the VA number corresponding to the particle
impact point, after VA equalisation. There 80 VAs are grouped per sensor (10 VAs per
sensor).

the statistics.

From Figure 4.48, also if compared with AMS-L0 similar plot Fig. 4.21 we can easily
see four things: a) the distribution of the different ions is quite different with respect to
the AMS beam test, b) the peaks of the different charge ions are clearly visible, c) after
around charge 7-8 the peaks start to be not anymore separated, d) the effect of the signal

loss to the back plane is more pronounced on the thinner detector.

The first point, a), is simply due to a different tuning of the beam transport line: even
with the same primary beam, fragmented on the very same target, one can tune the
beam transport line (namely selection a certain A/Z value to be preferred) to enhance or
suppress the high Z’s. In the HERD beam test the beam was better tuned, with respect
to the AMS-LO0 one, to enhance the high Z part of the beam.

= w f
Entries = 512314 lw 240}

v K

Figure (4.48) — Distribution of the total cluster signal as a function of 1, for a 300um (sensor 01, left)
and a 150um (sensor 03, right) taken as example.
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As discussed for AMS-L0, see Sec. 4.1.2, for charges around 10, the saturation of the
single VA channels start to heavily deformate the n distribution. Nevertheless, below
the saturation, the peaks are well separated and a good charge resolution is observed.
Figure 4.49 shows the distribution of the total cluster signal plots for the very two
sensors discussed above.The plots, as in the AMS-L0 case, has been divided into readout
strip position and floating strip one. While the farmer can be selected with the very same
N request (i.e. around 0 or 1), the latter, in the SCD case of two intermediate strips,
reflects to a selection on the corresponding n regions (i.e. around 0.32 or 0.68). From
the comparison of the different distributions is clear how the 150um thick sensors can
identify peaks at slightly higher charges with respect to the 300um, and how this higher
dynamic range is present for n values corresponding to intermediate strips, as shown
in the AMS-LO case. On the contrary, the more pronounced signal loss toward the
backplane, for the 150um thick sensor, is so important that the Z=1 peak is not clearly

visible when dealing with intermediate strips.

As said, differently from AMS-LO0, for the HERD SCD prototypes is clear how the

saturation become crucial after Z ~ 10, at the single level strip. Even if this is also the case
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Figure (4.49) — Distribution of the total cluster signal for a 300um (sensor 01, top) and a 150um (sensor
03, bottom). The distribution has been divided into readout strip position (left) and
floating strip one (right). The Lithium peak has been underlined for reference.
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for the AMS-02 modules currently operated on the International Space Station [102], and
the results of AMS-02 demonstrated how analysis strategies involving all the channels
of the cluster can recover the charge information lost by the saturation of the central
ones, the possibility to have an estimate of charge only by looking at the total cluster
signal is a very key and interesting feature. The origin of this improved performance,
for the AMS-LO0 sensors, is clearly on the 14-bit ADC. For the flight modules of the SCD
is clear how the choice will be to adopt the very same kind of improvement or maybe

to even explore the possibility of a 16-bit ADC.

Since, differently from AMS-LO0, no special treatment has been studied to recover
the high Z part of the distribution, the next step is to apply the 1 correction discussed in
Sec. 3.4.3, to flatten the measured total signal in the cluster and make independent from
n itself. Figure 4.50 shows the cluster integral as a function of n, after n correction, for
the two sensors chosen as example. To better guide the eye the y-axis has been scaled to

be directly in charge units (i.e. Z).

Given the beam test setup of the SCD-IT prototype, we have eight independent
measurements of the same particle Z. The combination of the different measurements
is a relevant exercise toward the design of the final SCD detector and to estimate its
performances. By discarding the maximum and minimum values and averaging the
remaining six measurements, the particle charge is obtained as truncated mean. Figure

4.51 shows the obtained distribution.

By fitting each peak in Figure 4.51 with a Landau function, we can obtain the peak
value and peak width for each one. Figure 4.52 illustrates the charge resolution of the

SCD-IT as a function of the particle’s charge when VA is not saturated.

From Figure 4.52, it can be seen that as the charge increases, the charge resolution

g Entries = 512314 2 t Entries = 509119
sensor 1 [~ sensor3

—10°

Figure (4.50) — Distribution of the total cluster signal, scaled to charge units, as a function of n, for a
300um (sensor 01, left) and a 150um (sensor 03, right), after n correction.
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Figure (4.51) — Distribution of the truncated mean of the charges measured by the 8 sensors in the SCD

beam test setup.

gradually improves due to the increase in the signal-to-noise ratio. However, due to the
decrease in the statistics of the high Z’s, the error on the charge resolution estimate also

gradually increases.

It is important to note that the current SCD-IT prototype is still in the preliminary
design stage. The prototype used in this beam test consists of only eight layers of single
silicon microstrip detectors (96 x96 mm?).

Conversely, the flight version of the SCD, similarly to the AMS02-L0 flight modules,
will be composed of long silicon microstrip detectors, ladders, made up by several (~
10) sensors connected between themselves and to the Front End electronics via a daisy
chain approach. All the experience and the performances measurements gathered both

with the SCD single sensor prototypes and with the AMS-L0 ones, during this thesis

Events
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Figure (4.52) — Distribution of the truncated mean of the charges measured by the 8 sensors in the SCD
beam test setup, fitted with Landau functions (left). Charge resolution (width of the
Landau divided by the corresponding Z, i.e. the MV P value) as a function of the Z (right).
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work, will be crucial to the design of the flight detector. Just to give a couple of examples:
the SCD will be surely made by 300 um thick (rather than 150 ym) sensors and will have
the ADC directly on the Hybrid Board.
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Conclusions

Direct measurement of cosmic rays is essential for studying their origin, acceleration
and propagation in the Milky Way, and to search signals of new physics as in DM
indirect searches or the quest for nuclear anti-matter. To enhance our understanding of
cosmic rays, the last decades have seen different space-based instruments operating in
orbit and new ones are being developed, aimed to improve observational precision and

expand the accessible energy range.

The upgrade of the AMS-02 detector, operating since 2011 on board the International
Space Station, and the HERD experiment planned to operate on the Chinese Space
Station are the two on going projects in which the present thesis work was developed.
For both experiments, a key point is the choice to instrument large areas with silicon
microstrip detectors. To contain the number of readout channels both experiments
foresee to operate daisy chained sensors in long detection units, > 1m. However, such
unit lengths have been never operated before and a careful study of the detectors

performances is mandatory prior to the final design.

Even if silicon microstrip detectors represent a well-established technology, on
ground and in space, different design details can lead to different performances, as
an example possible elements are sensor thickness, the readout pitch and number of
floating strips between two readout strips, the biasing scheme, the charge amplifier and

the readout approach.

In this thesis, we studied the performances at the single sensor level and sensor
detection unit, i.e. a ten sensors ladder for the Layer 0 detector to be installed in the
upgrade of AMS-02. This was achieved taking part and analyzing data from beam tests
with muons, representative of unitary charge MIPs, and ions from a fragmenting beam

of lead on beryllium target, representative of the different nuclear species in CRs. The
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position resolution, efficiency and charge identification were studied, pointing out also
subtle effects in the bias resistor region for readout strips or dependences from the
impact point in the inter-strip region. Calibration and signal selection approaches were

validated, and different possible strategies to charge identification were studied.

The same studies were carried on single sensors designed for the Silicon Charge
Detector of the HERD experiment. Sensors with 150um and 300um thickness were
studied with a beam test campaign using electron and ions. After taking part to the
setup and operation of the SCD prototypes, data were analyzed in terms of signal over

noise and spatial resolution, as well as charge identification.

Based on our studies, the use of 150um thick sensors is strongly disfavoured due
to a quite reduced efficiency and poor spatial resolution in measuring single charged
particles, even if they allow for a wider charge identification range. An overall compar-
ison of the SCD performances with the L0 detector, clearly point outs that the AMS-L0
choice to use 14-bit to digitize the analog signal allows a better granularity in ADC
units which improves charge separation at high Z. The integration of the ADC directly
on the front-end as in AMS-L0 is more effective in reducing the noise component from
electronics with respect to the independent ADC board of HERD-SCD. Finally, the
choice in AMS-L0 of having more floating strips between the readout ones is clearly an

advantage in terms of position resolution.
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