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Nobody ever figures out what life is all about, and it doesn’t matter.
Ezplore the world. Nearly everything is really interesting

if you go into it deeply enough.

Richard P. Feynman






Abstract

Hadrontherapy is a medical treatment based on the use of charged particles
beams accelerated towards deep-seated tumors on clinical patients. The rea-
son why it is increasingly used is the favorable depth dose profile following the
Bragg Peak distribution, where the release of dose is almost sharply focused
near the end of the beam path. However, nuclear interactions between the
beam and the human body constituents occur, generating nuclear fragments
which modify the dose profile.

To overcome the lack of experimental data on nuclear fragmentation reactions
in the energy range of hadrontherapy interest, the FOOT (FragmentatiOn
Of Target) experiment has been conceived with the main aim of measuring
differential nuclear fragmentation cross sections with an uncertainty lower
than 5%.

The same results are of great interest also in the radioprotection field, study-
ing similar processes. Long-term human missions outside the Earth’s orbit
are going to be planned in the next years, among which the NASA foreseen
travel to Mars, and it is fundamental to protect astronauts health and elec-
tronics from radiation exposure .

In this thesis, a first analysis of the data taken at the GSI with a beam of
160 at 400 MeV/u impinging on a target of graphite (C') will be presented,
showing the first preliminary results of elemental cross section and angular
differential cross section.

A Monte Carlo dataset was first studied to test the performance of the track-
ing reconstruction algorithm and to check the reliability of the full analysis
chain, from hit reconstruction to cross section measurement. An high agree-
ment was found between generated and reconstructed fragments, thus vali-
dating the adopted procedure.

A preliminary experimental cross section was measured and compared with
MC results, highlighting a good consistency for all the fragments.
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Introduction

According to the World Health Organization (WHO), cancer is a leading
cause of death worldwide, accounting for nearly 10 millions deaths in 2020".
However, the percentage of survival is increasing considerably: up to 2021,
65% of women and 60% of men are alive 5 years after diagnosis?. This is
the consequence of a wider diffusion of screening programs as well as an im-
provement in the performance of the adopted therapies.

Among these therapies, an important role is played by hadrontherapy, for
which there is growing evidence about its safety and effectiveness for a large
variety of clinical situations . It is a medical treatment based on the delivery
of beams of charged particles towards deep-seated tumors of a patient. The
reason for which it is increasingly used is the favorable depth-dose profile,
according to which the release of dose is low in the entrance channel and
increases sharply near the end of the particle range, which is called Bragg
peak (BP). Hence, it is possible to tune the beam energy in order to release
the highest amount of dose in the tumor region, sparing healthy tissues and
organs around it.

This represents a big advantage over conventional radiotherapy, which is in-
stead based on the use of beams of X-rays. Unlike charged particles, their
radiation intensity is high at the beginning and decrease exponentially as
they enter into a material.

Once the tumor is evaluated, a Treatment Planning System (TPS) is com-
missioned for every patient in order to define the specific dose of the beam.
It consists of a software based on advanced Monte Carlo models which simu-
lates several aspects of the treatment, among which the beam energy release
and its interaction with the human body. However, at the moment some un-
certainties in TPS calculation are present due to inability to exactly evaluate
the contribution of nuclear fragmentation processes.

!Global cancer observatory: Cancer today. (accessed in September 2022)
https://gco.iarc.fr/today

2AIOM, Associazione Italiana di Oncologia Medica, 2021. I numeri del cancro in Italia
https://www.aiom.it/wp-content/uploads/2021/10/2021 _NumeriCancro_web.pdf


https://gco.iarc.fr/today
https://www.aiom.it/wp-content/uploads/2021/10/2021_NumeriCancro_web.pdf
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Indeed, beams can interact with nuclei of the human body producing two
types of fragments: on the one hand, projectile fragments are high energy
particles which can release dose beyond the BP; on the other hand, target
fragments have low energy and stop nearby where they are generated, caus-
ing dose release even in healthy tissues. Due to their effects and the lack of
experimental data, these processes need to be studied in details.

Nuclear fragmentation is also fundamental to deal with the field of space
radioprotection. Long-term space missions outside the Earth’s orbit are
nowadays an important intent for public and private space agencies: for
example, NASA intends to send the first humans back to the Moon within
2024, in sight of the following mission to Mars in the 2030s. However, several
critical aspects need to be faced, among which astronauts’ health prevention
and electronics protection from risks due to space and cosmic radiations, the
main source of fragmentation processes. In fact, for a six-month journey to
Mars an astronaut would be exposed to roughly 300 mSv of radiation, to
be compared with the 3 mSv received on Earth during the same amount of
time, increasing cancer probability of more than 3%.

At present, there is a lack of experimental data about nuclear fragmenta-

tion for light fragments (Z<10) in the energy range between 100 MeV /u and
800 MeV /u, typical energies used in hadrontherapy and relevant for space
radioprotection. They would be fundamental in order to further optimize
TPS in hadrontherapy and risk models for space missions.
To fill this gap, the FOOT (FragmentatiOn Of Target) experiment has been
conceived with the aim of measuring differential nuclear cross sections of both
target and projectile fragments with an uncertainty lower than 5%, taking
advantage of an inverse kinematic approach for the measurement of target
fragments.

The aim of this thesis is the measurement of elemental and angular differ-
ential cross sections from experimental data taken at GSI in July 2021, where
a beam of O at 400 MeV /u impinging on a target of graphite (C) was em-
ployed. At first, a Monte Carlo dataset was exploited in order to study track
efficiency, background contributions and fragment corrections. Tracks are
reconstructed by a Kalman Filter algorithm, for which charge identification
was evaluated using a plastic scintillator. A MC cross section is measured to
check the reliability of the analysis algorithm and strategy and, after that,
experimental data taken at GSI Laboratories in May 2021 were processed.
In Chapter 1, an overview of the main processes of charged particles inter-
action with matter is provided. In Chapter 2, hadrontherapy and space ra-
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dioprotection are introduced, underlying the main physical applications and
the experimental results in these fields. In Chapter 3, the FOOT experiment
is presented, explaining its purposes and the tasks of each subdetector in the
electronic setup. In Chapter 4, the analysis procedure is described, focusing
on the critical aspects found. In Chapter 5, the cross sections results are re-
ported, both for MC validation check and real datasets. In Conclusions, the
overall work is resumed and the main results are discussed, in the perspective
of future data takings and analysis.






Chapter 1

Charged particles interactions

In this chapter, an overview of the most relevant processes that occur
when a charged particle interacts with matter is presented, focusing on those
aspects that are critical or important for hadrontherapy and space radiopro-
tection purposes.

The main interactions are electromagnetic (EM) and nuclear.

1.1 Electromagnetic interactions

When a charged particle, such as a proton or a heavier ion, crosses an
absorbing medium, the most significant happening processes are:

e inelastic Coulomb scattering with atomic electrons, responsible for the
main energy loss in the medium;

o clastic Coulomb scattering with nuclei, responsible for deviation of the
particle from its starting direction.

Their features are described in the following paragraphs.

1.1.1 EM interaction with atomic electrons

From a geometrical point of view, the probability to interact can be con-
sidered (see Sec. 1.2) as proportional to the area of the target [1] and, since
the diameter of a nucleus ( Rpuceus ~ 10~ m) is much lower than the one
of an atom ( Rgsom ~ 10~10 m), a charged particle interacts much more with
electrons of a target rather than with its nuclei.

If the electron is considered at rest and the condition myrojectite >> Me-
holds, the process can be described simply as an exchange of momentum
due to electrostatic Coulomb force from the incoming charged particle to the
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nearby electron. The collision could be soft enough that the atomic elec-
tron is excited to an external atomic energy level (ezcitation) and de-excited
emitting a photon, or hard enough to eject the electron away (ionization).
Moreover, the charged particle interacts with a lot of electrons during its path
inside the medium, so rather than focusing on just a collision, it is better to
consider the energy loss in the whole process.

What described so far and its assumptions were modeled by Bohr and
fixed by Bethe and Bloch in the so-called quantity stopping power [2].

1.1.2 The Bethe-Bloch formula

The stopping power % represents how much energy per unit path has
been absorbed by atomic electrons of a medium after a charged particle

crossed it and it is measured in ]\gfnv; to focus on the energy lost by the

projectile, it is sufficient to put a minus sign. The formula is the following:

dE Zp 2*
—— = 47TNArfmec2—pZ—(ln

dx A 52

2m..c? 322 i(y) C
B R A

where N4 is the Avogadro Number, r., m. are respectively the classical radius
and the mass at rest of the electron, ¢ is the speed of light and 47 Nr?m,.c?
is a constant of the value of 0.3071 %””2; Z, A and p are respectively the
atomic number, the mass number and the density of the target; 22 , 5% and
~ are respectively the atomic number, the velocity and the Lorentz factor of
the charged particle; [ is the mean ionization energy of the target and ¢ and
C are correction factors.

For what concerns the medium dependence, it can be considered quite
constant except for the density p. In fact, in a first approximation

e the % term is close to 0.5 for most of stable nuclei,

e even if the mean ionization energy [ spans in a range from 19 eV for H
to 820 eV for Pb, its contribution varies negligibly for all the elements
because its dependence in the Bethe-Bloch formula is logarithmic,

e only the p term varies of several orders of magnitude.

Thus, in order to focus more on the impinging charged particle rather than
on the material, it is possible to introduce the mass stopping power defined

as follow:
dE.  1dE

= _-= 1.2
dx pdx (12)
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Figure 1.1: Mass stopping power vs (v for different mediums. For heavy
materials (where £ ~ 0.5) the behaviour is very similar.

which is measured in 2¢¥ ¢m?2. In this way, the radiation has the same effects

on a given unit of mass thickness independently from the different medium
material density.

The stopping power presents a dependence on the velocity of the charged
particle B: at low energies it is proportional to =, it decreases until a mini-
mum value around vy = 3 and then there is a logarithmic rise proportional
to In(8?) as a consequence of Eq.1.1. The behavior of the mass stopping
power in terms of the velocity can be seen in Fig. 1.1.

Another important aspect is the dependence on the square of the charge of
the incoming particle and not on its mass, which means that different ions
would lose different amount of energy, as reported in Fig. 1.2 for an example
of particles with z =1 and z =2.

In hadrontherapy, the energy range of interest is the one where the stopping
power is mainly dependent on ;—z [3], which means that the slower is the
particle, the higher is the energy released until it stops and the higher is the
charge, the more is the energy release in unit of length, as explained in Sec.
2.1.1. In parallel, the mass stopping power is one of the main quantities to
focus on in radioprotection, as seen in Sec. 2.2.4.
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Figure 1.2: Mass stopping power vs energy for different charged particles.
The behavior of He (z = 2) is remarkably higher than the remaining particles
(all with z = 1).

1.1.3 Bethe-Bloch corrections

The previous Equation (Eq. 1.1) is a good approximation for 0.5 < v <
500, while for lower or higher values some corrections are needed.
At very low energies, the hypothesis that the atomic electron is at rest falls
and the so called shell correction holds ( & term in Eq. 1.1): the phe-
nomenological consequence is that the energy loss reaches a maximum and
then decreases sharply to 0 when the particle is very close to stop.
Another important correction is due to the Barkas effect, according to which
electrostatic interaction between the particle and the target changes due to
recombination and ionization processes and the effective charge z.;s can be
written as:

Zopp = 2(1 — 1 PPE3)), (1.3)

At high energies there is the density effect ( 0 term in Eq. 1.1): the stopping
power becomes more or less constant because the capability of the particle to
interact with nearby electrons decreases as the polarization of crossed atoms
increases. This effect depends on the density of the material: the denser the
material is, the more the electrons are shielded from the full electric field
intensity of the crossing particle.
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Figure 1.3: Energy loss distribution F' vs its variation with regard to the
mean value %. The thickness of the crossed material is described in
terms of mean free path (mfp) of the particle; the higher is the thickness,
the higher is the number of collisions and the more the distribution is close
to a Gaussian.

1.1.4 Energy loss and range uncertainties

The energy loss is the consequence of hundreds of independent interac-

tions between the charged particle and atomic electrons. Since every collision
can be different, the stopping power is determined by a stochastic process
which suffers of statistical fluctuations [4].
These fluctuations cause the so called energy loss straggling, according to
which the energy loss is described by the Vavilov distribution (see Fig. 1.3).
In the limit of many collisions, it can be approximated to a Gaussian distri-
bution as a consequence of the central limit theorem.

1 (AE — AFE)?
exp .
\V2ro 202

Despite the process is statistical, it is possible to define the distance that
a charged particle travels in a target material before loosing all its energy.
This quantity is called range and depends on the type of material, the type

. . . . . dE .
of particle, its kinetic energy £}, and the stopping power % :

R— /OE (%)1 dE (1.5)

J(AE) = (1.4)
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The statiscal variations of range are referred to as range straggling. The
quantity defined in Eq. 1.5 is the mean value of a distribution inherited from
the one of Eq. 1.4, whose relative standard deviation %24 can be derived

as follow: / 5
Orange
= ) 1.
R Vm <m02> (1.6)

What emerges is that fluctuations depend on mass and the highest ones are
for lighter nuclei.

The main characteristics of the range are important in hadrontherapy in or-
der to improve the positive effects of the treatment and are described in more
details in Sec. 2.1.2.

1.1.5 EM interaction with nuclei

Another electromagnetic interaction which can happen is the elastic Coulomb
collision with nuclei of the crossing material, whose main effect is the deflec-
tion of the incident particle from the incoming direction. The distribution of
the scattering angles is described by the Moliére’s theory [5| and, in partic-
ular, its standard deviation oy can be derived as follow:

B 13.6MeV T

X

where 8 and z are respectively the momentum and the charge of the projec-
tile and X 18 the absorber material thickness in units of radiation length.
An important consideration inspecting Fq.1.7 is that the lighter is the in-
coming particle at a fixed energy, the larger would be the lateral spread of
its deflection.
Both range and EM straggling are challenging concerns for the selectivity of
hadrontherapy and are discussed in Sec. 2.1.3.

Furthermore, it is also possible that an inelastic Coulomb collision with
nuclei happens. In this case, generally the nucleus is excited and then de-
exited with emission of radiation (7 rays).

o

1.2 Nuclear interactions

Even if electromagnetic interactions are the main source for energy loss
in a medium, it is not possible to neglect the contribution of nuclear inter-
actions, whose effects are of great importance in hadrontherapy and radio-
protection, as will be discussed later.
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Figure 1.4: Sketch of the abrasion - ablation model.

They are charge-independent short range interactions (d ~ 1 fm) between
nucleons with enough energy to overcome the Coulomb barrier. As for EM
interactions, it is possible to distinguish elastic nuclear collisions, where there
is transfer of projectile energy to the target and inelastic nuclear collisions
where new particles are produced as a consequence of nuclei structure changes
6].

For the purposes of this work, the latter interactions are the more critical
and will be discussed in the following paragraphs.

1.2.1 Nuclear fragmentations

At the energy range of hadrontherapy and space radioprotection, the most

frequent inelastic nuclear interaction that occurs is nuclear fragmentation,
that can be explained through the abrasion-ablation model |7], illustrated in
Fig. 1.4.
Let’s suppose to have a heavy target and a projectile; the former is at rest
while the latter crosses it. After the collision, there is the “abrasion phase™
the target and the projectile nuclei are fragmented with the emission of an
excited state of nucleons called fire ball (taprasion ~ 10722 — 10723s). Sub-
sequently, the nuclei go into thermalisation and de-excitation with emission
of light and intermediate mass fragments in the “ablation phase” (tuprasion ~
10726 — 107285).

If the projectile energy is high, the interaction can be central with a high
production of secondary particles. However, the most common one is the
peripheral interaction, with a lower multiplicity of fragments.

The projectile fragments have approximately the same energy per nucleon
of the starting particle, but with a lower charge: according to Eq. 1.1 and
Eq. 1.5, this implicates that the range of the fragment is higher than the
one of the projectile due to the dependence of the stopping power to z2. On
the other hand, target fragments are generated at very low velocities, so they
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Nreaction

beam out

Figure 1.5: Sketch of a cross section measurement. Py, is the flux of the
projectile particles impinging on a target of width dz , length L and density
n;. After the crossing with the target, npcamout particles remain in the beam,
while 7,cqetion ONES went into nuclear interaction, of which it is possible to
measure the cross section o,.

will stop after a very short range of the order of few um.
Both projectile and target fragments can interact again with the crossed
medium but, when dealing with biological matter, the further release of en-
ergy can have even collateral effects, as explained in Sec. 2.1.4 for hadron-
therapy and Sec. 2.2.4 for space radioprotection.

As a consequence of this, it is fundamental to have an in-depth knowl-
edge of the fragmentation processes and a key parameter for its complete
description is the measurement of the nuclear cross section.

1.2.2 Nuclear cross section

The cross section is a quantity that gives a measure of the probability for
a reaction to occur and can be described as follows: let’s consider a uniform
density beam composed of Ny, particles with velocity v impinging on a
target of area S and differential thickness dz, as sketched in Fig. 1.5. The
incoming flux is:

(bbeam = Npeam * U

which represents the number of beam particles per unit time and unit of

surface, where npegm = N“%
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The target particle density is:

Nap
ny = At

where N4 is the Avogadro number, p; is the target density and A; the

target mass number. While the incoming beam crosses the target, some

projectile particles are intercepted by it and go into a specific nuclear inter-
[13eeh)

action. The number of particles d N, which undergo a nuclear reaction “r” in
an interval dt can be obtained:

dN,
dt

= ¢beam Ny Or av (18)

where dV = S -dz is the infinitesimal volume of the target. It is proportional
to the flux of the projectile beam @peq,, and the nuclear density n;. The term
of proportionality o, is exactly the cross section|8].

It has the dimension of an area and is measured in barns (1 b = 107 cm?)
and, as a consequence, it can be considered naively as the superimposed
surface of interaction between the projectile and the target, as said in Sec.
1.1.1.

The measurement of a given interaction can happen also in terms of some
parameters, such as the kinetic energy or the scattering angle of the produced
fragment. In this case the proportional term is the differential cross section
‘fi‘g or ‘fl‘g or even the double differential cross section dgng and represents
the probability that a specific process “r” occurs in the interval [€2; Q + d€)]
or [E; E+4+dE| or both. Integrating in all the intervals, it is possible to obtain
back the cross section of a specific reaction:

Q E 2
max d o
= ——dQdE. 1.9
’ /o /0 dQdE -

Finally, the sum of results of all the processes gives the total cross section of

fragmentation:
Otot = E Op.

1.2.3 Empirical models

In Fig.1.6 the total nuclear cross section of p — C interaction is shown:
after a steep increase at low energies, the cross-section follows a plateau quite
constant for £ > ~ 100MeV/n. This behaviour is similar also for other
nuclear interactions and can be modelled empirically with several methods.
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Figure 1.6: Nuclear cross section of p C interaction vs energy

The semiempirical model of the Bradt-Peters law 9] considers the inter-
acting particles as spheres according to the liquid drop model and the cross
section as a superimposition of the interacting areas:

o = Wrgcl(Azl,/?’ + AP = bg)? (1.10)

where 79 = 1.25fm, by and c¢; are parameters and A, and A, are respec-
tively the mass number of the projectile and the target. It works for £ >
100M eV /u and represents the value of the plateau of the cross section after
the peak.

Another method considers the nucleons of the projectile and the target
starting from the cross section o,, among protons and ¢,, among a proton

and a neutron:

0r(Zp, Np, Zt, Ny, By) = 7 C(E) (\/Zg/gapp + N§/30pn + \/Zf/gapp + NtZ/SUpn
(1.11)
where C'(F) is a parameter, Z and N are the atomic number and mass
atomic number of projectile (p) and target (n). It’s validity is for 30MeV <
E <400 GeV and 8 < A < 100.

2



Chapter 2

Applications

For the purposes of this thesis, the most relevant consequence of charged
particle interaction with a target (see Chap.1) is the transfer of a high quan-
tity of energy in the medium: from the biological point of view, this translates
into direct or indirect damages to cells that frequently causes their death [10].

These radiation effects on biological matter are at the basis of two oppo-
site applications: on the one hand hadrontherapy exploits charged particle
interaction with the tumor area of the patient in order to kill cancer cells,
while on the other hand space radio-protection studies how to limit astro-
nauts health and electronics devices damages due to radiation exposure in
space. Both are described in the following paragraphs.

2.1 Hadrontherapy

|Hadrontherapy is a medical treatment which employs a beam of charged
particles to deliver dose to the tumor region of a patient.
The first idea dates back to the 50’s of the previous century from the profes-
sor R. Wilson and only some years later the first clinical trial accomplished
at the Lawrence Berkeley Laboratory, using the experimental cyclotron to
produce a beam of protons for medical purposes [11]. From that time on,
a lot of improvements were reached by research, as well as very promising
results in clinical treatments. For these reasons, many hadrontherapy centers
were built worldwide.
As of 2022, there are 114 facilities (with other 36 under constructions) [12],
among which two are operating in Italy: CNAO (Centro Nazionale di Adroter-
apia Oncologica) [13] set in Pavia which provides beam of protons and 2C
ions taken by a synchrotron and Centro di Protonterapia in Trento [14] which

11
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Figure 2.1: Simulation of depth dose profile of protons crossing a water
phantom at different energies (100 MeV, 150 MeV and 200 MeV) [16]

exploits proton beams delivered by a cyclotron.

Today only p and '2C ions are used to treat solid tumours, but other particles
such as neutrons, He and other light ions nuclei (like Li, O, up to Si ions)
have been either used or planned to be used for the future clinical treatments
[15].

The main advantage of hadrontherapy relies upon the way energy is released
in matter by charged particles, as described in the following paragraphs.

2.1.1 Bragg peak

In radiobiology, evaluation of radiation effects in human body is given in
terms of dose, which is the energy absorbed by the tissue per unit mass:

_dE

D =
dm

(2.1)

and it is measured in Gray (1 Gy =1 é) For charged particles, the energy
absorbed by tissues is very close to the one released by the radiation and it
is possible to find a relation between dose and stopping power:

dE  dE/dx
p_ & _ 2.2
—=0¢ ; (2.2)
where ¢ is the fluence (%) and % is the mass stopping power (—M”gcm2).
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Figure 2.2: SOBP as the overlapping of Bragg peaks of slightly different
energy proton beams in water, whose emission intensity is in arbitrary units

(a.u.) |17]

The dose released in a medium in terms of crossed path (depth - dose

profile) for charged particles has a very peculiar behaviour, as seen in Fig.
2.1. Since the dose is strictly associated to the stopping power (see Sec.
1.1.2), inspecting Eq. 1.1, it is possible to infer that the curve is more or
less constant in the entrance channel where dE/dz o In(F) and the kinetic
energy is still very high. When the energy of the particle decreases enough,
the energy loss is proportional to dE/dx o 1/3%, so the dose goes very
sharply to high values while the particle slows down, until it stops.
Hence, the dose deposition is very localized in the region where the beam is
stopped (Bragg peak) and it represents the best advantage of hadrontherapy:
according to where the tumor is situated, it is possible to deliver a beam of
charged particles whose energy is mainly released in a very focused region,
sparing healthy tissues nearby.

2.1.2 Range and SOBP

The range of a charged particle depends on its kinetic energy (see Sec.
1.1.4) and, starting from Eq. 1.5, it is possible to show that

R(E) = o E? (2.3)

where F is the kinetic energy, « is a constant which depends on the material
and p is a constant which depends on the incoming particle. For charged
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particles in human body, it is approximated as R oc E}-™.

This is a fundamental property to exploit in hadrontherapy because in order
to reach a deeper region in human body, it is sufficient to increase the energy
of the beam, which translates into a shift of the Bragg peak, as seen in Fig.
2.1.

The typical energy for hadrontherapy beams is of the order of hundreds of
MeV: considering the highest depth in human body around 30 c¢m, the initial
kinetic energy for such a range is around 200MeV/u for p and 400MeV /u
for 12C' [18], where the difference is due to the fact that heavier ions have a
lower range in the same energy unit because Eq. 1.1 infers R Z% .

The Bragg peak has the dimension of some mms, thus, despite it is very
localized, it is generally shorter than the longitudinal depth of a tumor, which
is of the order of ems. In order to extend the dose released in a certain region,
it is applied the so called Spread Out Bragg Peak (SOBP) [19]: changing
slightly the energy of the beam, the Bragg peak is shifted and convoluted to
a wider region, as seen in Fig. 2.2.

In order to obtain a SOBP, according to the provided accelerator, it is possible
to apply a degrader on a fixed energy beam, which is spread on energy and
no more monochromatic (with cyclotrons), or just accelerating particles with
different energies, obtaining in this way a pulse flux (with synchrotrons) [20].

2.1.3 Straggling

Even if the finite range is important for the high physical selectivity of
hadrontherapy, range uncertainties are a real problem. As explained in Sec.
2.1.2, even a slight variation of energy causes the shift of the Bragg peak and,
in terms of treatment, this conceives an undershooting of the tumor and an
overdosing of healthy tissues, as seen in Fig. 2.3 [21].

On the one hand, the longitudinal displacement of the range is the conse-
quence of the statistical fluctuation due to Bethe-Bloch, as described in Eq.
1.3 and Eq. 1.5. In particular, for a beam of p at the energy of 200 MeV /u,
the straggling is about 2.5 mm for a tumor at depth of 30 e¢m.

On the other hand, even elastic Coulomb scattering is affected by fluctua-
tions which influence the lateral displacement of the beam, as described in
Eq. 1.6. For a p beam of 200 MeV /u, the lateral straggling would be of the
order of 5 mm.

Since these collateral effects are present, it is fundamental to know the pro-
cesses of interaction of charged particle with matter as best as possible, in
order to limit the risk factor of the treatment [22].

Supposing that the physics-related uncertainties are reduced as much as
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Figure 2.3: Sketch of effects of range uncertainties on dose profile: the peak
can move causing undershooting of the tumor (red area) and overdosing of
healty tissues (grey area) or viceversa.

possible, there are even other sources of range variations during the clinical
treatment, such as patient position, organ motions, uncertainties in definition
of the planned treatment and so on. A way to take them under control is to
exploit the dose released by the beam not only for therapy, but also for in vivo
range monitoring, for example by the activity of the secondary fragments.
This technique is under research [23] but first promising clinical results were
obtained by several experiments, among which the INFN INSPIRE [24][25].

2.1.4 The impact of nuclear fragmentation

The conventional radiotherapy is based on the tumor irradiation with a
beam of y-rays which interact with matter distinctively from charged parti-
cles: photons have an exponential attenuation and so a release of energy in
all the crossed material, while charged particles have a finite range with the
highest amount of dose released in the Bragg peak, as seen in Fig. 2.4.
These are some reasons why hadrontherapy is preferable to the traditional
one, however there are also some critical aspects it is important to consider,
such as the fact that charged particles can also undergo nuclear interactions.
For example, inspecting the Bragg peaks of p and 2C on Fig. 2.4, it is pos-
sible to see that the latter is thinner due to the mass dependence according
to the Eq.1.6 but also that there is a tail of dose released after it. This is a
consequence of nuclear fragmentation (see Sec. 1.2.1):

e 2 ions can undergo nuclear fragmentation while crossing the biologi-
cal matter. They generate projectile fragments which travel more than
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Figure 2.4: depth-dose profile for photons and charged particles.

12C ions (see Sec. 1.2.1) and go beyond the Bragg peak, causing the
presence of the above mentioned tail in the dose profile.

e On the other hand, protons undergo only in target fragmentation at the
energies of hadrontherapy. This explains the absence of the tail after
the Bragg Peak, because target fragments have a very short range.

In other words: the heavier the ion, the sharper the Bragg Peak and the
wider the tail after it .

A release of dose after the Bragg peak due to projectile fragments is
damaging for the healthy tissues beyond the tumor. Nevertheless, target
fragments absorption by biological matter through all the path cannot be
neglected in terms of effects [26]: that’s why having a deep knowledge of
nuclear interactions is fundamental.

2.2 Radioprotection in space

In the last decades, interest in space missions is growing more and more
and several governative and commercial space agencies are planning long
travels in the next future. In particular, NASA’s goal is to send humans to
Mars within 2030 [27].

Even if the most important requirements are faced promisingly in terms of
technological, medical and psychological challenges 28], a lot of work needs
to be done on what concerns deep space radiation exposure. In fact, outside
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Figure 2.5: Integrated fluence spectra of SPE solar wind of September 29,
1989 [31]

the Earth’s atmosphere and magnetic fields, isotropic fluxes of charged par-
ticles at high energy are present and exposition of humans and electronics to
them can cause irreparable risks.

These effects are the consequence of energy transfer during charged particles
interaction with matter as described in Chap. 1 and so they are the same ex-
ploited in hadrontherapy. That’s why space radiation protection and particle
therapy researches share the same tools, devices and main topics [29].

In the next paragraphs, the main sources of radiation in space and the
rationale for a passive shielding are described.

2.2.1 Geomagnetically trapped particles

Within the magnetic field of the Earth, charged particles (mainly protons
and electrons) are trapped in the so called Van Allen belts, not uniform
regions which extend up to 19000 km far from the magnetosphere . Electrons
reach energies up to 10 MeV and protons between 30 keV to 500 MeV [30].
These belts can be crossed quickly by deep space mission spacecrafts, so risks
concern mainly human missions or satellites in Low Earth Orbit (LEO).
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2.2.2 Solar particle events (SPEs)

Among electromagnetic radiation, the Sun continuously emits a particle
flux made mainly of protons and electrons called solar wind. However, the
energies are lower than keV', so negligible in terms of space radiation risks.
The most concerning SPEs are the one emitted during solar flares, local
outbursts on the Sun surface where a large amount of energy is released [33].
Despite these processes are very rare, particles are accelerated up to the GeV
region (see Fig. 2.5 ) and the biological consequences on human beings can
be very harmful.

2.2.3 Galactic cosmic rays (GCRs)

Another important source of radiation is given by GCRs, originated by
astrophysical environments inside and outside the galaxy. As seen in in
Fig. 2.6, the energy spectrum of emitted particles spans for several order of
magnitude and the element abundance is composed of 85 % of protons, 14 %
of helium and about 1% heavier nuclei. The particles with an energy up to
10*® eV have an isotropic flux because they are bent by the magnetic field of
the galaxy, while the higher energy ones may be anisotropic [34]. However,
despite the flux decreases for heavier elements, their contribution in terms of
energy loss is high due to the dependence of the stopping power to 22 ( see
Eq. 1.1) and thus GCRs represent a significant hazard for humans in space
for their critical biological effects at high energies.

2.2.4 Shielding

Radioprotection principles are based on 3 main points: increasing the dis-
tance from the source, reducing the time of exposure and applying radiation
shielding [35]. In deep space scenario, SPEs and GCRs have isotropic fluxes
so the distance is irrelevant, while limiting time is a problem to the scope of
long space missions. Thus, the only aspect to focus on is passive shielding
for external radiation.

As studied in Chap. 1, the main interactions of charged particles with
matter are inelastic Coulomb scattering (described by Bethe-Bloch formula
in Sec. 1.1.2) and nuclear fragmentation (described by abrasion-ablation
model in Sec. 1.2.1) so the most efficient shielding material would be the one
able to stop a high-energy charged particle in the shortest path possible and
to limit damages due to nuclear fragmentation.

Regarding the stopping power of the material, it is possible to infer from Eq.
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1.1 that:
dE 7,

—_— a —_—

dX At
where % is the mass stopping power (MeV g/cm?) and Z;, A; are respectively
the atomic number and mass number of the target particle.

Moreover, regarding the fragmentation, evaluating the nuclear cross section
per unit mass recalling Eq. 1.11 implicates:

(2.4)

N, _
Omass = on X At 1/ (25)
Ay

where 0,455 is the mass nuclear cross section (cm?/g), JX—f is the number of

targets per unit mass and A; is mass number of the target particle. If the
shielding material is made of light elements (low A;), the former equation
implies an high stopping power, so a high release of energy in a short unit of
mass thickness (hopefully within the one of the material). In parallel, as a
consequence of the latter equation, the probability of nuclear interaction is
increased too but the generated light fragments are of less biological signif-
icance than the incident ion [36]. As a conclusion, the most ideal radiation
shielding material is the one with lighter nuclei.

The best choices would be an electron plasma or liquid hydrogen but their
containment in a spacecraft is currently too difficult, while high density
polyethylene (HDPE) is a good compromise for its chemical composition
(i.e., CyHy), followed by liquid water [37]. Up to now, spacecrafts are mainly
build with aluminum hulls and, according to nuclear fragmentation models,
a mass thickness of 20 g cm ™2 is enough to break up the majority of incident
ions, as shown in Table 2.1 [38] where the percentage of fragmentation in Al
is reported.

Ion 5gem 2 Al | 10 gem 2 Al { 20 gem™2 Al | 40 gem ™2 Al
2 10.128 0.240 0.423 0.667
50 10.141 0.261 0.455 0.702
Mg | 0.160 0.295 0.503 0.753
285i 10.169 0.309 0.522 0.772
BFe | 0.213 0.381 0.617 0.853

Table 2.1: Calculated attenuation percentage of high-energy ions by frag-
mentation in aluminum using geometric cross sections.

In order to evaluate damages on human health, at first, it is fundamental
to know the transport and interaction of charged particles (SPEs or GCRs)
with shielding material. A lot of different models are used: deterministic ones
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using transport equations such as HZETRN developed by NASA, as well as
Monte Carlo ones where geometries and way of scattering are simulated, like

PLANETOCOSMICS developed by ESA [39].

2.3 Experimental cross sections

All the empirical models described in Sec. 1.2.3 are refined starting from
real data but, in the range of hadrontherapy and space radioprotection (be-
tween hundreds of MeV and GeV), the experimental panorama is poor.
This implicates wide uncertainties (around 10%) and discrepancies between
the model and real cases. Thus, experiments of fragmentation nuclear cross
section in these ranges are needed.

2.3.1 Hadrontherapy experiments

The human body is made mainly of four elements [40]: hydrogen, car-
bon, oxygen and nitrogen. As a consequence, to simulate therapeutic beam
interactions with the patient, collisions of proton or heavier ion beams with
carbon and hydrogen target are generally studied.

The first attempt of selection of nuclear cross section data was given by
P. Schwaller et Al. in [41], where proton total cross-sections measured at
CERN in the energy range between 180 MeV to 560 MeV are reported, as
seen in Fig.2.7.

A great deal of experimental nuclear reaction measurements are collected
in dedicated data libraries, where it is possible to filter only the ones of in-
terest in hadrontherapy, for example nuclear reactions involving light nuclei
with A < 20 and with beam energies up to 250 MeV/u.

One of the main dataset used for this purpose is EXFOR [42], a worldwide
co-operation library which contains more than 17.000 works about neutrons,
photons and charged particles induced reactions. Of similar importance
is the Landolt-Boérnstein dataset, a collection of data in several scientific
fields among which particles and nuclear reactions published by Springer
Nature[43] and the Particle Data Group (PDG) dataset[44] for hadron inter-
actions.

However, the aforementioned datasets can lack of experimental data in spe-
cific ranges and this limitation can be overcome using libraries of data ex-
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trapolated by different theoretical models, such as ICRU[45] and TALYS[46]
which consists of a vast number of state-of-the-art nuclear-reaction models
or INCL[47], which is a dynamical Monte Carlo model like INCL[47].

In Fig. 2.8 and Fig. 2.9 the target cross sections of p against 2C' are respec-
tively shown. The only cases in which the energy range is equally covered is
for the production of "Be and ' C due to the fact that they have been well
studied as important isotopes for PET diagnostic technique.

Carbon beams reactions were studied in several experiments. A special
mention needs to be done for the one performed at GANIL[48|, where angular
differential fragmentation cross sections of >C at 95 MeV /u on thin targets
have been measured (see Fig. 2.10). Another important experiment was the
one performed at INFN-LNS|49], for the measurement of the '2C' fragmenta-
tion at 62 MeV /u (see Fig. 2.11 and Fig. 2.12). Recently, the most complete
results were obtained by the FIRST[50| experiment, measuring differential
cross sections in energy and angular distribution of 2C' impinging on a gold
target (see Fig. 2.13 and 2.14).

2.3.2 Space Radioprotection experiments

Despite cosmic rays particles have an energy range from MeV to 10° TeV,
the peak of the spectrum is between hundreds of MeV to GeV, with a com-
position of p for 98% and heavier ions up to *°Fe for 2%. As a consequence,
nuclear cross sections for medium-light fragments (from H to Ni) at the afore-
mentioned energy range are important to characterize cosmic radiation.

A comprehensive data collection was generated by Norbury et al. [51] where
charge changing, elemental and isotopic cross-sections of several projectiles
and targets with reference to specific angles and energies are reported. In
Fig. 2.15, the total cross section for the production of *H with different
target and projectile is shown.

More recent is the data collection presented as a collaboration between GSI,
ESA and NASA [52][53]|, where experimentally measured total nucleus nu-
cleus reaction cross sections are systematically compared with theoretical
models. Cross sections of *He, '2C, ®Fe are reported in Fig. 2.16.

2.3.3 General considerations

What emerges from the cited studies is that there is a lack of data in the
specific energy range of interest for both hadrontherapy and space radiopro-
tection and an evident discrepancy between real data and models. Moreover,
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Figure 2.10: Angular distributions for fragments resulting from the fragmen-
tation of >C on carbon target. The distributions of the different isotopes
are superimposed.
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where present, cross sections are partial (differential in angle or in kinetic en-
ergy, never in both variables together) and only with reference to the initial
energy of the beam, instead of the fragment energy itself.

To overcome the described issues, the current results are not enough and new
measurements are needed. In particular, double differential nuclear cross sec-
tions with respect to the fragment angular distribution and energy spectra
need to be taken for both light and medium ions in the energy range of
hadrontherapy (from 100 MeV /u to 400 MeV /u for p,He,C,0O mainly) and
space radioprotection (up to 800 MeV /u for elements from p to Fe). This is
the main goal of the FOOT experiment (see Sec. 3).
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Figure 2.17: To study the fragments of a proton impinging on a carbon target
in the laboratory frame (5), it is possible to apply a Lorentz Transformation
to the projectile frame (S’) in which a carbon ion interacts with a target of
protons.

2.3.4 Inverse kinematics

All the experimental results described up to now give information about
the projectile fragment cross section. As said in Section 1.2.1, they have a
range wide enough to escape far from the target and to be detected by the
experimental setup.

However, hadrontherapy and space radioprotection applications demand for
a good knowledge even of target fragments, the ones which stop in a very lit-
tle range, because their effects are not negligible. It is not possible to study
these fragments directly because they are absorbed by the target without
any possibility to be detected. A way to proceed is then to study the target
fragments indirectly applying the theoretical approach of Inverse Kinematics.

Let’s suppose to be in the relativistic frame S (laboratory frame) where
a projectile proton p impinges on a heavy target ¢ with velocity 5 on the
positive axis z. If nuclear fragmentation occurs, in hadrontherapy energy
range, it generates only target fragments with a very short range (see Fig.
2.17 left). Instead, it is possible to consider a relativistic frame S’ (projectile
frame) where the projectile p is at rest and the target ¢ moves toward it with
a velocity —f3. The fragments generated are obviously the same as in the
frame S but here they would have enough energy to escape (see Fig. 2.17
right) and so to be detected.
To study the fragments of the target, the idea is then to analyze t — p (pro-
jectile frame) rather than p — t (laboratory frame) and go back with the
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mathematical approach of (inverse kinematics), which consists of a Lorentz
transformation.

Let’s consider a generic four-vector A in the laboratory frame S-:
A = (at, c_i)

where a; is the temporal coordinate and @ the spatial vector. The Lorentz
transformation of A from S into A’ of S’ can be written as:

A" = AA

where A is a 4x4 matrix.

In the case described before, the transformation happens only in the z direc-
tion maintaining constant the value of the velocity. As a consequence, the
transformation can be expressed as follows:

ai Y 0 0 —By ay yay — Bya

a, | 0O 10 O a; | g

al 1 0 01 0 | |af" a, (26)
a’, By 0 0 « a —pyay + va.

where £ is the velocity in z direction and v = /1 — 2. It can be demostrated
that A=!(8) = A(—f), which implicates that the inverse transformation is:

ay v 00 By ay ya; — Bya.

a; | [0 10 O a, | Ay

a, ] {0 01 0f |af" a, (27)
Q, B’y 0 0 Y alz _67at+7az

Replacing the generic four-vector A with the space-time one S = (ct, z, vy, 2)
or momentum-energy one P = (E/c,p,, p,,p.), it is possible to obtain the
kinematic information in the needed reference frame, and consequently the
needed cross section.

This technique allows to overcome the problem of short range target frag-
ments and is used in the FOOT experiment, as explained in Sec. 3.1.






Chapter 3

The FOOT experiment

The FOOT (FragmentatiOn Of Target) experiment was funded by INFN
(Istituto Nazionale di Fisica Nucleare) in 2017 and currently it consists of
more than 100 collaborators dislocated between ten INFN italian sections
and several foreign universities and research institutes.

The goal of the experiment is the measurement of differential nuclear cross
sections in order to fill the gaps in experimental data collections in the energy
range of hadrontherapy and space radioprotection interest. The results would
be, in fact, fundamental to optimize the hadrontherapy treatment planning
systems, a software which computes the expected dose distribution in the
patient’s tissue starting from a simulation of the interactions of the beam in
the human body (see Sec. 2.1.4). As well, it is of unavoidable importance to
enahnce the reliability of the computational models for what concerns space
radiation effects, focusing on astronauts and space craft electronics risks in
long time travels out of the Earth’s atmosphere (see Sec. 2.2.4).
Nevertheless the apparatus configuration is currently under optimization,
first results were already collected in several facilities, among which CNAO
(Centro Nazionale di Adroterapia Oncologia) in Pavia, HIT in Heidelberg and
GSIin Darmstadt in Germany. Data takings with the complete configuration
of the experiment are foreseen within 2024.

In the next sections, the FOOT experiment motivations and research program
are introduced, followed by a description of the experimental setup.

3.1 The goal and experimental requirements
The final goal of the FOOT experiment is to measure target differential

cross sections in energy (do/dEy;,) with an accuracy better than 10% and
projectile double differential cross section in energy and angle (d*c /(d2 dE;y,))

33
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with an accuracy better than 5%, in the energy range of hadrontherapy (be-
tween 150 MeV/u and 400 MeV/u) and space radioprotection (up to 800
MeV/u).

It is a fixed target experiment in which beams of protons (or of heavier ions
like *He, 2C, 1°0) are shot against a target containing H,C or O to simulate
what happens during the beam-human interaction. The measurement of the
target cross section can be achieved applying the inverse kinematic approach
(details in Sec. 2.3.4).

In order to retrieve differential cross section in terms of a specific element,
up to now composite targets like polyethylene (CyHy) and graphite (C') are
used, where the results concerning for example only hydrogen cross section
can be obtained subtracting respectively the cross section of graphite to the
one of polyethylene, as shown in the following formula [48]:

o(H) = i(a(ogm) - 20(0)).

The same process can be used even for differential cross sections and for
other elements and materials, like PMMA (polymethyl methacrylate, chem-
ical formula C505Hg) to retrieve cross section of Oxygen or AlyO3 for what
concerns Aluminium, currently used for space crafts. However, the cross sec-
tion obtained by target subtraction is affected by an uncertainty which is the
quadratic sum of the ones of the separated targets so, in order to prevent
large errors, very precise measurements are needed.

To achieve the mentioned requirements on cross section measurements in
both direct and inverse kinematic, high performances in terms of charge and
isotopic identification capability of fragments are needed, in particular [54]:

e o(p)/p at level of 4 - 5 %
o 0(T},s) at level of 100 ps
e 0(FEyin)/Erin at level of 1 -2 %
e 0(AFE)/AF at level of 5 %
where p is the momentum, T}, is the Time of Flight , Ej;, is the kinetic

energy and AF is the total energy deposition of the fragment in the detector.

In the following section, the design criteria of the experimental setup are
described.
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3.2 Design criteria

In order to design and optimize the detector, a MonteCarlo simulation of
a 1°0 beam of 200 MeV /u impinging a target of CoHy was computed and
the results in terms of fragments angular and kinetic energy distributions
are shown in Fig. 3.1. It is possible to see that "heavy" fragments (Z>2)
are peaked with an angular distribution around 1° and almost fully contained
below 10°, while the kinetic energy distribution is peaked around the primary
beam value. On the other hand, it is possible to notice that light particles
have wider distributions. This is an important aspect to consider for the
design of the experiment for what concerns the geometrical acceptance.
Another requirement of the FOOT experiment is its portability, in order
to succeed data takings in different experimental rooms in research centers
spread out in different places. For this reason, size and weights of detectors
are also other criteria to consider for the experiment design.
Finally, the overall material budget close to the active detection area has to
be minimized in order to limit multiple scattering of the beam and further
fragmentation.
In order to match the mentioned requirements and performances, the FOOT
experiment is organized in two alternative setups:

e an electronic setup based on a magnetic spectrometer for track recon-
struction and particle identification optimized for Z>3 particles with
an angular acceptance of ~ 10° with respect to the beam axis

e an emulsion chamber spectrometer for identification of fragments with
7Z<2 and an angular acceptance up to ~ 70°

The electronic setup description is provided in the next sections, while
the emulsion apparatus is discussed in [55].

3.3 Electronic detector setup

The preliminary step of a cross section measurement is the univocal frag-
ment charge and isotopic reconstruction for particle identification (PID). To
achieve this goal, the FOOT electronic setup has been designed exploiting
PID techniques. In particular:

e the charge Z of the fragments can be identified from energy loss AF
and TOF starting from the Bethe-Bloch formula (Eq. 1.1) given by a
scintillator detector and a silicon microstrip apparatus.
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Figure 3.1: Angular (left) and kinetic energy (right) distribution of fragments
produced by 200 MeV /u beam of 1°0O against a target of CoHy
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Figure 3.2: Schematic rappresentation of the FOOT electronical setup (from
[56])
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e the momentum p can be measured by a magnetic spectrometer formed
by three different types of silicon detectors by tracking reconstruction

e the kinetic energy E} information is provided by a calorimeter. Putting
together Ej, p and TOF, three methods for the mass reconstruction
are obtained:

p=mpy (3.1)
E, =mc*(y —1) (3.2)

Ey, = /p*c® + m2ct — mc? (3.3)
where v = 1/4/1 — 32

For description purposes, the experimental setup can be divided into three
main regions: an upstream region, a tracking region and a downstream re-
gion, as shown in Fig. 3.2.

3.3.1 Upstream region

The upstream region is a pre-target region finalized to the monitoring of
the beam before impinging with the target and it consists of two detectors: a
thin plastic scintillator (namely Start Counter) and a drift chamber (namely
Beam Monitor).

Start Counter

The Start Counter (SC) is made by a thin squared foil of EJ-228 plastic
scintillator [57] with a thickness of 250 gm and an active surface of 5 x5 cm?,
enough to cover the transversal size of the beam. It is held by an aluminium
structure and covered by a 3D printed black box in order to reduce external
light background, as seen in Fig. 3.3 (a). The scintillation light produced in
the detector is collected by 48 3 x 3 mm? SiPMs [58], 12 per side, bundled
in eight electronic channels. The readout and powering is handled by the
WaveDAQ system [59].

The aims of SC are several:providing the Minimum Bias trigger, measuring
the incoming ion flux and providing the start time for the 7O F' measurement.
The SC time resolution is of the order of 50 ps, according to latest results.

Beam Monitor

The Beam Monitor (BM) is a drift chamber filled with a 80/20% gas
mixture of Ar/CO, operating at ~ 0.9 bar (see Fig. 3.3). It consists of
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Figure 3.3: Schematic representation of the Start Counter inside the plastic
box (left) and of the Beam Monitor (right)[54].
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Figure 3.4: Schematic representation of the Beam Monitor cells layout [60].

12 wire layers, with three cells per layer of transversal shape 16 x 10 mm?.

Plane layers oriented along x and y axes are alternated and consecutive ones
are staggered by half a cell, allowing the beam profile reconstruction limiting
ambiguities [60], as sketched in Fig. 3.4. The total dimensions are 11 x 11 X
21 cm3.

The BM is positioned between the SC and the target, with the aim to measure
the direction and the interaction point of the incoming beam, fundamental
for particle tracking and inverse kinematic transformation. It is also used
to discard pre-target fragmentation and to address pile-up ambiguity in the
tracking devices. The spatial resolution of 100 pwm implies a track direction
reconstruction with an accuracy of few mrad, needed for a good resolution
in particle identification. Moreover, the monitoring performed by BM is also
important to measure the real event rate of the beam because the standard
ones set by the facilities suffer generally of fluctuations.
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Figure 3.5: Picture of a M28 chip.

3.3.2 Tracking Region

The tracking region of the FOOT setup is composed by the target and
a magnetic spectrometer, which consists of two permanent magnets, two
stations of pixel and one of strip detectors: the vertex detector (VTX), the
inner tracker (IT) and the microstrip detector (MSD). The main aim of
this region is reconstruction of the track of the fragments through which it is
possible to retrieve the momentum information, the correct path length of the
particle and associating the correct energy deposits in other sub-detectors.

Vertex detector

The Vertex detector is situated after the target and before the first mag-
net, with the aim to identify the starting point of the track of the fragment.
It is organized in four layers of a single MIMOSA-28 (M28) sensors based on
CMOS Monolithic Active Pixel Sensors (MAPS) technology. Every sensor is
made of a matrix with 928 (rows) x 960 (columns) pixels of 20.7 um pitch,
for an overall chip total size of 20.22 mm x 22.71 mm and 50 um of thickness,
showed in Fig. 3.5.

The detector guarantees a geometrical acceptance of 40° and a spatial res-
olution of 5 um [61], fulfilling the requirements of low material budget and
high precision and efficiency.

Inner tracker

The Inner Tracker is made of two planes of pixel sensors between the two
magnets, with the aim to provide tracking of the fragments in the magnetic



40 CHAPTER 3. THE FOOT EXPERIMENT

Figure 3.6: Sketch of the inner tracker, made of two planes of 4 ladders of
M28 sensors each.

region. Every layer has a sensitive area of 8 x 8 em? and a total of 16 M28
sensors. In order to fit the required acceptance, granularity and tracking
performances, the pixel sensors are organized in ladders, each of which is
made of two modules of four M28 sensors glued on both faces of a support
structure of silicon carbide (SiC) 2 mm of thick. Then. every module hosts 4
M28 sensors, for a total of 4 ladders per layer staggered to increase acceptance
due to sensor electronic and structure, as shown in Fig. 3.6. M28 sensors are
negligibly affected by the residual magnetic field of the fragments [62].

Micro Strip Detector

The Micro Strip detector is the tracking station positioned downwards
the magnets, fundamental to measure the momentum and to match the track
reconstructed in the magnetic spectrometer with the particle hits in the fol-
lowing detectors, the ToF Wall and the Calorimeter. It consists of 3 planes,
each of which has an active area of 9.6 x 9.3 ¢m? and it is formed by two
perpendicular Single-Sided Silicon Detector (SSSD). Every silicon sensor has
a thickness of 50 um to minimize further fragmentation and a readout pitch
of 150 pum for a spatial resolution lower than 40 pm.

It provides also to measure dF/dx for Z identification, an information that
can be used in comparison with the more precise one of the ToF Wall.

Magnets

The central part of the magnetic spectrometer is made by two magnets
that bend the trajectory of the charged fragments produced in the target
allowing for momentum measurement.
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Figure 3.8: Computed magnetic field map of the two magnets in Halbach
configuration, where the magnetic field intensity is referred to its y axis.

To guarantee portability and to reach the requested resolutions, they are two
compact permanent magnets in a Halbach configuration. The two magnets
are cylindrical in shape with an internal diameter of 5 cm and 10.6 cm re-
spectively (see Fig. 3.7). The map of the magnetic field is simulated in Fig.
3.8 and allows to obtain a spatial intrinsic accuracy of 10 pum. Moreover it
is possible to infer that the intensity of the B field is high in the internal
cylindrical hole (1.4 T and 0.9 T ) and decreases fast from the cavities, being
relevant only in the region between the silicon detectors.

Each magnet is made of 12 units of Samarium-Cobalt, a robust material
which maintain the magnetic field constant even in a high radiation environ-
ment.
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Figure 3.9: Picture of the mounted ToF Wall

3.3.3 Downstream Region

The Downstream Region is the last part of the FOOT electronic setup,
located at least 1 m away from the target and made of two main component:
a plastic scintillator (namely ToF Wall) to measure the energy loss and the
stop time of the ToF and a Calorimeter for the kinetic energy measurement.

ToF Wall

The ToF Wall detector is composed by two orthogonal layers of 20 plastic
scintillator bars with an active area of 40 x 40 cm?. Every bar is 0.3 cm thick
and with a trasversal size of 2 cm X 44 cm (see Fig. 3.9). The granularity
has been choosen in order to limit as much as possible the pile-up of particles
in the same bar and the thickness is a trade-off between a high scintillation
and a low secondary fragmentation. This detector extract time and charge
information of the fragment.

Every bar is coupled at the edges to 4 SiPM with a 3 x 3 active area and a
pitch of 25 pm.

The two side readout allow the measurement of the energy loss dF/dx, the
final time information for the ToF measurement and the hit position for
the track reconstruction. According to the FOOT requirements, the time
resolution is of the order of 100 ps and the energy loss one is lower than 5%
for fragments heavier than He [63], while the precision in the hit position is
lower than 8 mm.

Calorimeter

The calorimeter is the last detector of the setup with the aim to absorbe
completely the fragment in order to measure its kinetic energy, fundamental
for the mass reconstruction. It will be composed of 320 BiysGez015 (BGO)
crystals divided in 3 x 3 modules in a spherical shell arrangement of 20 cm of
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radius. Each crystal has a truncated pyramid shape, with a length of 24 cm
and a front and back size of 2 x 2cm? and 3 x 3em? repectively. The BGO
material has been chosen for its high light yield ( 10 photon/keV) and high
density (p = 7.13g/cm?), suitable with the FOOT environment where speed
response requirements are negligible.

Every crystal is coupled to a matrix of 25 SiPM with an active surface of
2x 2 cm? and a single sensor pitch of 15 gm. At high energies ( ~ 700MeV/u
for the space radioprotection contest), the interactions that happen inside the
calorimeter are not only due to electromagnetic scattering, so even hadronic
showers can be produced. As a consequence of this, togheter with the pro-
duction of neutrons, particles can escape out of the calorimeter causing a
systematic error that worsens the energy resolution. The dept of each crys-
tal has been chosen in order to minimize the energy leakage.

3.3.4 Future developments

The FOOT apparatus is currently in a partial configuration because some
subdetectors are still under development and optimization. In particular, the
magnets are under construction and are foreseen to be ready within 2022,
while the 320 BGO crystals of the calorimeter will be assembled by the end
of 2022. Several beam tests were performed at CNAO and GSI in order to
optimize detectors configuration and response, and other are already planned
in the next months.

A problem which is still under investigation concerns the fact that a not negli-
gible quantity of secondary neutrons is produced as a consequence of nuclear
fragmentation. They propagate in the FOOT setup and generally escape
without interacting, causing a missing energy detection in the calorimeter
and thus a bad mass reconstruction. To address this issue and to overcome
the lack of neutron cross section results, the FOOT collaboration started the
development of dedicated neutron detectors in Bologna that will be added
to the current setup [64] in the next future.

Despite the partial configuration, three data takings for physics purposes
have already been performed by the FOOT collaboration with electronic
setup. The final campaign of data with the overall apparatus is foreseen for
2023 - 2024.






Chapter 4

GSI 2021 Analysis

The aim of this thesis is the analysis of data taken at GSI in July 2021
by a partial configuration of the FOOT apparatus, where a beam of O
impinging on targets of Carbon and Polyethylene respectively was employed.
After a description of the FOOT setup, the analysis software is introduced.
Finally, the procedure toward a cross section measurement is explained in
details and commented.

4.1 GSI facility

As mentioned before, GSI is a German research center situated in Darm-
stadt, equipped with a heavy ion accelerator facility to perform basic and
applied research in physics, among which nuclear structure and reactions ex-
periments [65].

The facility is composed by a linear accelerator of 120 meters length followed
by a synchrotron with a circumference of 216 meters, able to accelerate a wide
range of ions up to close the speed of light, from proton (up to a beam en-
ergy of 4.5 GeV) to Uranium (up to 1000 MeV/u). The beam emittance goes
from 30x8 mm-mrad in fast configuration to 5x8 mm-mrad, in the slow one.

4.2 The FOOT setup at GSI 2021 data taking

Measurements were performed by the FOOT experiment at GSI in July
2021 with a partial setup, which involved the Start Counter (SC), the Beam
Monitor (BM), the Vertex (VTX), the Micro Strip Detector (MSD), the ToF
Wall (TW) and 9 crystals of BGO for the calorimeter (CALO), as reported
in Fig. 4.1.

45
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MSD

Figure 4.1: Schematic representation of the FOOT electronics setup at GSI
2021

Beams of 1°0 were employed against targets of graphite (C) and Polyethy-
lene (CsHg) respectively, with energy of 200 MeV /u and 400 MeV /u, for a
total of more than 40 millions events in several configurations.

The absence of the magnets makes the reconstruction of the momentum not
possible, while the presence of just a module of calorimeter allows fragment
kinetic energy measurements only with a very limited angular acceptance.
For the purposes of this thesis, the analysis was focused on data of O
impinging on a target of graphite (C) and, due to the aforementioned char-
acteristics, the aim is the measurement of elemental totla cross sections and
angular differential cross section, where the charge is reconstructed by the
TW and the fragment direction by the tracking algorithm.

GSI 2021 data and Monte Carlo Simulations with the same parameter setup
were processed using SHOE as analysis software, described in the following
section.

4.3 Analysis software

SHOE (Software for Hadrontherapy Optimiazion Experiment) is a soft-
ware whose final aim is the full reconstruction of both data and simulated
events for cross section measurements. It is a C++ object-oriented software,
based on the ROOT [66] framework, developed by the FOOT collaboration
and stored in the INFN git repository [67].

4.3.1 Simulated and real data

Data used as input source by SHOE can be Monte Carlo simulations or
acquired data. According to the data type, they have different features.
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e Simulated data are obtained by the MC simulator FLUKA [68], used to
simulate the passage of particles through matter using nuclear models
tuned by real cross sections data. In both cases, after a description of
the setup which includes the geometry, the position and the materials
for every detector, the MC code generates beam particles’ interactions
and consequent fragment propagation through the apparatus. This
provides physical quantities for every physical object. The results are
digitized and stored in a ROOT format file.

e All the subdetectors of the electronic setup of FOOT (see Chap. 3) are
managed by a Trigger and Data Acquisition System (TDAQ), whose
aim is the collection of data following all the steps between the gen-
eration of signals in the detectors to their storage on disk. However,
since detectors have different architectures, several readout solutions
are needed (from standard VME boards to custom FPGAs and spe-
cific subdetector software like WAVEDAQ [59]) with the critical task
to synchronize data of all the detector in the right way for every event
building. Another important aspect is the trigger for the selection of
specific events of interest during the data taking and the detector online
monitoring during the acquisition, like hardware and software status of
sensor temperature. Raw data are stored in a ROOT format file.

4.3.2 Reconstruction

The event reconstruction made by the SHOE software is conceived in
several steps:

e Level 0 - The first step of the SHOE reconstruction code is to obtain
a common format input source, reading, interpreting and converting
MC or real raw data into the same structure ROOT file. At this step,
several operations concerning the subdetectors are accomplished, like
pixel and strip clusterization and digitization (VTX and MSD), signal
processing to obtain ToF and charge information (SC and TW) and
position evaluation. Charge reconstruction is reported in Sec. 4.4. For
every specific data taking, calibration and parametrization files of every
detectors are loaded.

e Track reconstruction - A Kalman Filter algorithm provided by GEN-
FIT [69] library is employed to reconstruct the track of every fragment,
in order to estimate kinematics parameters like position, direction, mo-
mentum and time of flight of a specific particle. A more detailed de-



48 CHAPTER 4. GSI 2021 ANALYSIS

scription of Kalman algorithm is given in Sec. 4.5. Again, all the results
are written in a ROOT format file.

e High Level - Once all the physical quantities are estimated or extrap-
olated in the reconstruction, the analysis can go on with the fragment
identification (univocal measurement of the atomic number Z and mass
number A of a fragment) and all the other steps needed for the final
cross section measurement, which are outlined in Sec. 4.6.

4.3.3 Cross section software

A Python software was coded with the aim to take in input all the relevant
physical quantities reconstructed by SHOE and combine them to obtain as
output a cross section measurement. The software is implemented in a flexi-
ble way such that the parameters of interest are set dynamically according to
the features of the specific input ROOT file: for GSI 2021 data taking charge
and angular distribution parameters were used, but the adaptive script can
be used successfully even in further data takings where the full experimental
setup will be present.

Up to now, the software is able to measure the cross section according to
the beam parameters, the events distribution and the efficiency of a given
variable also considering background and systematics. However, it is imple-
mented in a way to have the possibility to introduce easily other statistical
improvements and new features.

It is updated using the INFN git repository with the future goal to integrate
it in SHOE as a fundamental step for analysis purpose.

4.4 Fragment identification

Due to the specific setup of GSI 2021, the identification of a particle is
strictly connected to its charge, since the mass can be reconstructed only for
a little variety of fragments with a low angular aperture.

The particle charge is reconstructed thanks to the information given by SC
and TW, namely Time of Flight (TOF) and dE/dz, which are quantities of
Bethe Bloch formula (Eq. 1.1 of Sec. 1.1.2) through which it is possible to
retrieve the charge z.

In SHOE, the charge identification algorithm discriminates a fragment ac-
cording to the dE - ToF graph: as can be seen in Fig. 4.2, a Bethe Bloch curve
is computed for every charge (from z = 1 to z = 8 in GSI 2021 campaign)

as a function of time. Since Eq. 1.1 depends on %, it is also proportional to
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Figure 4.2: Real events of 1°0O at 400 MeV /u fragmentation in regions delim-
ited by Bethe Bloch curves according to the charge.

t2. Every fragment is then described by dE, the energy released in the TW
bars and the ToF, the time taken by the particle to reach the TW from the
target and, according to them, it is associated to the charge of the closest
curve.

Charge parameter is exploited by the tracking algorithm to reconstruct tra-
jectories, as explained in the following section.

4.5 Tracking

Tracking is a the technique through which it is possible to reconstruct
the trajectory of a particle as a consequence of its interaction with several
detectors. From it, important physical quantities are retrieved as position,
direction and momentum. Moreover, it allows to associate TW and CAL
energy deposit (and relative detector measured quantities) to trajectories
obtained by tracker detectors.

In global tracking methods, the estimation of the physical parameters is done
applying a minimization method like the Maximum Likelihood Method or the
Least Squares Method, once all the hits are collected. The one used in the
FOOQOT analysis is instead a progressive method, in which the estimation of
the parameters is improved adding hits step by step. It is called Kalman
Filter and it is more powerful and flexible than classical ones because track
parameters are uploaded in an iterative way, improving the fit near the in-
teraction point, as shown in Fig. 4.3.

In the FOOT experiment,the algorithm is implemented in SHOE through the
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Figure 4.3: (Left) Least square fitting of hits: only one track parameter can
be defined. (Right) Kalman fitting of hits: track parameters are defined for
every hit. [71].

GENFIT software package, written in a C++ object-oriented design [69].
The track reconstruction is done exploiting the B field generated by the two
magnets and the hits in the VTX, the IT and MSD (see Sec.3). Once every
point is added, a tracking fit is calculated according to the possible charge
of the fragments in the current event, an information obtained as described
in Sec. 4.4.

In the specific GSI 2021 campaign, the trajectory can be reconstructed con-
sidering the hits in the SC, BM, MSD and TW, as reported in Fig. 4.4.
This led to obtain track distributions with reference to charge and angle.
However, for the purposes of this analysis, the tracking algorithm was set
considering only points of the VI'X and of the TW as a first approximation.
Moreover, an hand-made procedure to limit the offset of the TW position
can be applied as explained in |70].

The theory behind the Kalman Filter algorithm is explained in the next
paragraph.

4.5.1 The Kalman Filter

In filtering algorithms, the track of a particle is considered as a dynamic
system, described by a state vector Z (the line denotes true value). In the
framework used in FOOT, the state vector is a 5-dimensional vector which
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Figure 4.4: Track reconstruction in GSI 2021 setup: the collected points are
from the SC, the BM, the MSD, the TW. The reconstructed trajectory is
linear due to the absence of the B field.

contains track parametrization in plane coordinates:

q/p

!/

. S

(4.1)

8l
I
e 2 <

where ¢/p is the particle charge over the momentum, u" and v’ are direction
tangents, v and v are positions of the detector.

Assuming that the state can be specified at discrete points k, which are i.e.
the intersection points of the particle with a detector, the evolution of the
dynamic system can be described by a differential system equation:

T = fr_1(Tp-1) + W (4.2)

where f,_;(Zr_1) is a function called propagator from point k — 1 to point
k and w;_; is called process noise and represents random disturbance of
the track from k — 1 to k , which in FOOT experiment is given mainly by
multiple scattering and energy loss in the crossed path.
The state vector is generally not observed directly but can be obtained by
my, the quantity measured by the detector in k position with the following
relation:

my = hk(jk) + €k (43)
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where hy(Zy) is a function called measure propagator and € represents the
noise of the process.

Given C the covariant matrix of &y, Q) and V', respectively the covariant
matrixes of process and measurement noise w; and €, the Kalman filter is
an efficient recursive algorithm that finds the optimum estimate &; (tilde
stands for estimate) for the unknown true state vector & of a system from
a series of noisy measurements [72]. The main steps are prediction, filtering
and smoothing.

Prediction

The prediction step consists of propagating a state vector from a point
k — 1 to point k and it is written as x} |, while the predicted covariance
C._1 is extrapolated by means of multiple scattering and energy loss. In
particular:

552—1 = fk—l(jk—l) (4‘4)
Filtering

In the filtering step, the predicted state 532_1 is updated considering the
information at point k given by the measurement state my.
It is useful to introduce the residual:

where Hj, = 62’,:’“ is called projector matrix.

k—1

It is possible to compute x? between the predicted and measured state at the
point k:

X% = ’l",{ (Vk — Hk Ck Hg)il Tk (46)
and, minimizing it with respect to @, the update state vector becames:
&, = &, | + Kp(my, — hi (27 ) (4.7)

where K, = C, H;, Gy, is the Kalman Gain Matriz, which states how much
the measurement suits the predicted state vector. An intuitive sketch of
prediction and filtering steps is given in Fig. 4.5.

Smoothing

Once the filtering process has done for all the points of a given system for-
ward from k£ = 0 to k = n, it is possible to refine estimates of previous states
going backward from k = n to k = 0, processing all the given data. Thus,
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detector k-1 detector k detector k-1 detector k detector k-1 detector k

Figure 4.5: (Left) Let’s suppose to have a particle crossing two detectors at
position k£ — 1 and k. The state vector x;_; at the position £ — 1 is described
as a green ellipse, while the measurement at position k is indicated in red.
(Center) A prediction is made for the state vector on the kth surface and the
size of the prediction is indicated with the dark green ellipse. (Right) The
state vector on the k' surface is updated by including the measurement on
the kth surface applying filtering [73].

the smoothing step can be considered as filtering in the opposite direction,
in light of all observations:

Zy = x), + Ap (Thyy — 53]1§+1) (4.8)

where A, = Cy, F, (Cﬁﬂ)*1 is the smoothed gain matriz and Fy = —aiffl

is the propagator matriz |74].

What described so far works good for linear systems, however it can

be extended even to non-linear ones (FEztended Kalman Filter) where non-
linearities are approximated using e.g. Taylor series derivatives [75].
After filtering and smoothing steps, the state vector in position & can be pre-
dicted by information from all the previous and following points. Based on
this prediction, it is possible to match every point with a probability factor
to filter out all noises measurements, with a process known as Deterministic
Annealing Filter, described in details in [76].

4.6 Analysis strategy

For the purposes of this thesis, data of 400 MeV/u O beam against a
target of graphite (C') are considered. The main procedure to reach the goal
of cross section measurements is reported in the following sections.
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At first, experimental data are taken into account in order to study
pile up of projectile particles in an event (see Sec. 4.6.1), which is the
consequence of more than one projectile hitting the target in the same
acquisition time-window.

Then the focus moves to a MC dataset generated by the FLUKA code
to simulate detectors and beams with the GSI 2021 campaign settings.
Tracks are reconstructed applying the Kalman filter algorithm.

The trigger used during data acquisition is simulated in order to con-
sider only fragmented particles from the dataset and thus to reject all
the events in which the projectile did not interact. (see Sec. 4.6.2)

Moreover, some background sources concerning the TW and track al-
gorithm mis-reconstruction are studied to improve the purity of the
data sample (see Sec. 4.6.3).

A comparison between reconstructed and generated charges for every
track is done, in order to verify the reliability of the used algorithms.
A first attempt of correction is given for every charge through a scale
factor (see Sec. 4.6.4).

Subsequently, the efficiency of the tracking algorithm is measured com-
paring the reconstructed tracks and the generated MC particles (see
Sec. 4.6.5).

At this point, two different MC datasets are used to obtain a first cross
section measurement (see Sec. 4.6.6): the former to retrieve back-
ground sources, efficiencies and scale factors of Eq. 4.13 and Eq. 4.14,
the latter to simulate real data as yield. The comparison of this cross
section with the generated particles represents a closure test for the
reliability of this analysis.

The found efficiencies and scale factors are applied to a data run.
Finally, after some considerations about how to handle real data, pre-

liminary experimental cross section are shown.

All the plots shown in this chapter are taken from an MC dataset
of 1 million of events generated by FLUKA to simulate the GSI2021
campaign.
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4.6.1 Pile-up discrimination

As said in Sec.4.3.2, real data are acquired by a TDAQ system and stored
when a trigger condition is satisfied. The main triggers are:

o Minimum Bias (MB): trigger is fired when at least 4 channels of the
SC are fired with a certain signal in the time coincidence of 20 ns.

e Fragmentation Bias (FB): trigger is fired when MB holds and in anti
coincidence with a signal from one of the TW central bars. In this
way, all the events in which there is fragmentation of the projectile are
considered. The not interacting beam particles, in fact, maintain their
straight trajectory crossing only the center of TW.

The maximum acquisition rate, when operating with trigger, depends on
the slowest detector, which in the FOOT setup is the MIMOSA chip used
in the pixel trackers (VIX and ITR). Its readout frequency is about 5 kHz
but, in order to limit source of systematic uncertainties, the DAQ rate is set
to 1 kHz.

The acquisition of SC is managed by a system called WaveDAQ, whose
sampling rate is set on 3Gsamples/s. Thus, considering every sampling as
made of 1024 points, data acquisition window of SC is around 330 ns.

The facility used in GSI 2021 campaign was not able to deliver a stable flux
at the frequency of 1 kHz and thus the sampling rate was not constant. As
a consequence, there was the possibility of a superimposition of more than
one projectile in the same SC time window, which translates in more than a
peak of the fired SC raw signal, as seen in Fig. 4.6. It is then fundamental
to filter out offline all the pile up events, otherwise they would worsen the
overall analysis.

For the purpose of this thesis, an algorithm for pile-up discrimination was
implemented on SHOE and its main aspects are described in the following
section.
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Figure 4.6: (Left) Signal of a single event fired in the SC. (Right) Pile-up of
two events impinging the SC in the same sampling time window.
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Figure 4.7: (Left) Signal of a single event fired in the SC. (Right) Derivative
of the signal applying the derivative method.
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Figure 4.8: (Left) Derivative of a single signal: 4 intersection points. (Right)
Derivative of a pile-up signal: more than 4 intersection points with the thresh-
old lines.
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Derivative method
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(a) Plot of signal charge vs time of acquisition of events crossing the SC. The two
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two peaks of opposite sign, whose height depends on the steepness of the
primitive one as seen in Fig.4.7.

Then, a threshold at 50% of the positive peak height is applied for both
positive and negative signal values and their intersections are counted: a
single signal crosses the threshold lines 4 times, while for a pileup signal the
intersections are more (see Fig. 4.8). The used threshold was found after a
dedicated study on GSI 2021 data sample.

This is at the basis of the constant threshold discrimination method, widely
used in particle physics, i.e. by n_ TOF experiment for pulse shape processing
[77].

Application

In Fig.4.9a, signals fired by the SC are shown in a signal charge vs time of
acquisition plot. The two “columns” are due to MB and FB triggers, which
have two different response times and a width of 12 ns due to SC resolution.
All the events out of the "columns" are possible cases of pile up and, in order
to filter them out, the derivative method plus a time cut lower than 60 ns has
been applied. The results are visible in Fig.4.9b. The method reveals fast
and robust with a final removal of 1% of events marked as "pile-up" ones,
improving the accuracy of the cross section measurement.

An important aspect to underline is that even spurious events disguised inside
the "columns" are filtered out, an ability not replaceable by a pure cut-off
method.

4.6.2 Fragmentation Trigger Simulation

As said in Sec. 4.6.1, the fragmentation trigger works when there is a
signal in the SC (MB trigger) in anti coincidence with a signal from of the
central bars of the TW, as reported in Fig. 4.10a.

In SHOE, a software trigger which simulates these requests has been im-
plemented. In particular, all the fragments which interact with 3 TW bars
(of ID 8,9,10) in both vertical and horizontal planes (see Fig. 4.10b) are
rejected because considered as not fragmented projectile beam. A further
energy threshold is also applied to the signal of each scintillator bar.

Since the fragmentation is of the order of 8% in the target used at GSI, it is
fundamental to limit all the contribution by the projectile in order to speed
up data acquisition and reduce the amount of stored event without fragmen-
tation. It is also fundamental to reject these events and to correctly simulate
the trigger effects on MC for a precise cross section result. This is clearly
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visible in Fig. 4.11a and 4.11b, where the reconstructed vs generated charge
plot before and after the simulated trigger application is shown. The plot
becomes more diagonal limiting the sources of systematics.

4.6.3 Background removal

The main sources of background investigated for this thesis are due to
misreconstruction of charges and tracks respectively. Studies were carried
out at the level of generated MC particles.

For what concern fragment identification, it is possible that TW is hit by

several fragments at the same time, as reported in Fig. 4.12. On the one
hand, it causes the deposition of a higher amount of energy and thus a wrong
reconstruction of the fragment, while on the other hand the position of the
hit can be badly valuated by ghost hits effects.
Therefore, a code is implemented in SHOE where all the reconstructed tracks
of which the TW point is composed by more than one hit are disentangled.
Of course, it is an information that is possible to retrieve only from a MC
dataset.

The charge identification is at the basis even of track misreconstruction.
In the best scenario, a track is made of points all belonging to the same par-
ticle, as shown in Fig. 4.13a. However, due to several systematic effects such
as secondary fragmentation out of target, it is possible that hits of different
particles are matched in the same track, causing an overall bad match, as
shown in Fig. 4.13b. If the TW point belongs to another particle, due to its
importance in the overall tracking algorithm as explained in Sec. 4.5.1, it is
possible that the track is badly reconstructed, associating the wrong charge
to the track itself.
Thus, an algorithm is implemented in SHOE where all the reconstructed
tracks whose associated generated particle is different from the one relative
to the TW point are rejected.

Both contributions can be estimated via MC studies and considered as
background sources. Subtracting both contributes, the fragment distribu-
tions of Fig. 4.11b becomes the one shown in Fig. 4.11c. What can be seen
is that the distribution in terms of reconstructed charge vs the generated one
becomes more diagonal. This means that the possibility of misreconstruction
is highly reduced.
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(a) Sketch of the fragmentation trigger in the FOOT
setup: it is fired when there is a signal in the SC and
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Figure 4.10
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Figure 4.12: More than one fragment can reach the TW bars of each plane,
causing the release of multiple hits and the formation of ghost hits effects
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Figure 4.13: Sketch of track reconstruction in GSI 2021 set up.

(a) In the best scenario, all the points of a track belongs to the same particles.
(b) Due to secondary fragmentation and other systematics, it is possible that
points belonging to different particles are matched in the same track
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4.6.4 Fragment correction

What shown in Fig. 4.11c is called migration matriz, which represents the
reconstructed charge of a track with respect tot the charge of the generated
particle associated.

For every track, the generated charge is reported on the X axis, while the
reconstructed one on the Y axis. Thus, all the fragments in the diagonal are
well reconstructed, while the ones outside suffer of charge migration.
Several correction methods are applied in nuclear and subnuclear physics in
order to correct for the migration of variable values, among which the most
common is unfolding, explained in |78].

For the purposes of this thesis, a first attempt of migration correction is
introduced comparing the reconstructed fragment and the generated charge
distributions. In particular a scale factor ~ is calculated for every fragment

as:

14) = Y(D)reeo

where Y,,;5(Z) is the sum of all the reconstructed fragments of a given Z,
Y (Z)ou represents all the fragments with different generated charges but
reconstructed as charge Z, Y (Z )ggf represents all the fragments generated
with charge Z but wrongly reconstructed as other charges.

Values of the scale factor can be higher or lower than 1, since it is different
from an efficiency. The scale factors of the migration matrix of Fig. 4.11c
are reported in Fig. 4.14: all the values are very close to 1 because, thanks
to the background corrections, the starting matrix was already diagonal in a

good way.

4.6.5 Track efficiency

The efficiency of the tracking algorithm has been computed comparing
respectively reconstructed tracks and MC generated particles, as follows:

(4.10)

where Nyq01(Z) represents the reconstructed particle by the Kalman Filter
algorithm and Ny...(Z) the MC true particle. Considering the efficiency as
a binomial distribution, the standard deviation is calculated as follow:

_ [e(2)(1 = e(2))
0(Z) = \/ e (4.11)




64 CHAPTER 4. GSI 2021 ANALYSIS

5]
g F &~ < 0 <
g 12~ g & S'-, o o ]
°© r @ @ § - @ Y 0
S 8 a S 8 & - ©
2 I o (=] ~-— ™ - (=] «©
1 2
i o
08—
06—
0.4—
0.2—
07| 1 ‘ L 11 | ‘ L1 || | | | | | | | L1 11 ‘ L 11 | ‘ 11
1 2 3 4 5 6 7 8

z

Figure 4.14: Scale factors of the migration matrix of Fig. 4.11c

In parallel, a similar equation can be used to measure the efficiency differen-
tial in angle for every fragment:

Ntrack(Za 9)

7 =
6( "9) Ntrue(Z7 (9)

(4.12)

with an analogous standard deviation.

Reconstructed tracks correspond to fragments which leave a signal in all

detectors between TG and TW (fundamental for charge identification). As
a consequence of that, the particles used in MC studies were selected among
primary fragments generated in the TG with an energy E > 100MeV/u,
enough to go beyond the target and to reach the end of the apparatus.
At this point, two different studies are carried out. On the one hand, no
angular constraints are applied: this means that in the MC dataset all the
particles with an angular aperture higher than the TW acceptance are con-
sidered, in the prospective of a total cross section measurement. On the
other hand, an emission with § < 8° was requested, to match with the an-
gular acceptance of the TW and to stand a so called "fiducial" cross section
measurement.
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4.6.6 Cross section empirical formula

The angular differential cross section is empirically defined as follows:

d Y(Z,0) — B
O-Z (7)

- — 4.1
de( ) Nbeam Ntarget QG E(Z, 0) ( 3)

where Y (Z,0) and €(Z,0) are respectively the number of fragments (yield)
and the efficiency of a given charge reconstructed in every event, B is the
background present in each fragment production, €2y is the phase space, Npi,
is the number of primaries impinging on the target and Nygrge; is the number
of interaction centres in the target per unit surface. The total elemental cross
section can be obtained integrating Eq. 4.13:

_ fPredo, o Y(Z) - B
U<Z) B /0 @(Z) B Nbeam Ntarget E(Z) (414)

where 0,,,, represents the maximum angular acceptance of the detector.
Npeam 18 an information retrieved by the SC and BM and can be considered
as the sum of all the selected events taking part in the analysis. Instead, the
number of scattering centers Niq,qe¢ can be written as:

Ntarget = /)A%]VA (415)
where p is the density, Az is the target thickness, N, the Avogadro number
and A the mass number. In particular, for the graphite target p = 1.83
g/em?, Ax= 0.5 cm and A=12.0107.

The efficiencies e are introduced dividing the yield by the given factor for
every bin of the distribution, both for elemental and angular differential
cross sections.

In the following chapter, all the results are shown.






Chapter 5

Results

5.1 Closure test on MC dataset

A MC dataset of 1 million of events was generated by FLUKA to simulate
the GSI 2021 data taking campaign. Following the procedure described in
Sec. 4.6, an elemental fragmentation cross section (both fiducial in a limited
angular region and total) and an angular differential fragmentation cross sec-
tion for every charge has been measured as final result.

In Fig. 5.1 the MC fragment distribution is shown, considering also back-

ground contributions. What emerges is that the only elements suffering of
sensible background from misreconstruction after the applied selections are
H and He: they are the lightest fragments and thus their energy release in
the apparatus is low. It is also less precise than the one of heavier fragments,
for which the detector is tuned. This worsen the performance of the charge
identification algorithm and, as a consequence, the one of track identification
for this kind of elements.
In Fig.5.3, all the angular yields and background contributions are reported
for every fragment, following the behaviour already commented. In all the
considered cases, it is possible to note that the background source due to
the tracking algorithm is much lower than the TW one, underlying its higher
reliability.

In Fig. 5.2a and Fig. 5.2b the tracking efficiencies respectively in sight
of a fiducial and a total elemental fragment cross section (see Sec. 4.6.5)
are reported. In general, an efficiency higher than 80% is obtained for ele-
ments heavier than Lz, while for H and He other considerations need to be
done. In Fig. 5.2b, efficiency values are lower due to geometrical reasons: all

67
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the particles emitted outside the angular acceptance of the TW (~ 8 °) are
removed at MC level. In Fig. 5.2a instead, values are lower than the ones
of heavier fragments due to the not suited performance of the apparatus for
light elements, as above mentioned.

Moreover, the two efficiency plots point out a main difference in the lower
fragments: that’s because an angular constraint of § < 8° has negligible ef-
fect on heavy fragments whose angular distribution is peaked around 1° and
steeply decreases, as said in Sec. 3.2.

The track efficiencies for every fragment, in terms of angular distribution are
reported in Fig. 5.4. The previous distinction between fiducial and total
datasets is not requested in this case because the fragments inside the angu-
lar acceptance of the apparatus are the same: all the fragments of the total
dataset outside this angle aperture are in fact cut out since reconstruction is
not possible.

Inspecting the plots, it is possible to note that the distribution follows the
expected behaviour, where lighter fragments reach higher values of angle
emission, peaking around 2-4 °, while heavier ones stop at smaller angles,
from 6 ° to 3 °. Moreover, efficiency starts to decrease for angles with 8 > 4°,
where the simulated MC statistics of the tracks is low due to border effects in
the detectors’ layers. For Z = 7 and Z = 8 fragments, a reshape of the bins is
needed due to the low yield of the fragments. A further improvement would
be a simulation with more events to reduce also the efficiency uncertainties
at high angles.

Once all the elements of Eq. 4.14 and of Eq. 4.13 are obtained, cross
sections can be measured.
Since a MC dataset of 1 million of events was used to obtain background
sources and efficiencies from the generated particles, another MC dataset of
1 million of events was introduced to simulate the reconstructed tracks that
can be retrieved in real experiments. The aim is to understand the reliabil-
ity of the analysis chain and algorithms comparing the MC data-like cross
sections with the MC simulated ones.
In Fig. 5.5, fiducial and total elemental fragmentation cross sections are
reported, where the ratio between data-like and simulated MC datasets rep-
resents the reliability of the used algorithms and strategy. For all the ele-
ments, the ratio value is very close to one, showing that the analysis procedure
adopted and described in Sec. 4.6 is solid.
The obtained cross section values are reported in Tab. 5.1 and, as expected,
the difference is slightly bigger between the two measurements referred to H
and He fragments as stated above in the chapter.
Analogously, the angular differential cross sections and the relative numeri-
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cal values are reported in Fig. 5.6 and in Tab. 5.2 respectively. For angular
distributions as well, the ratio is very close to one, worsening for higher and
higher angles where the statistics is poorer and the detector start to loose
full coverage.
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Figure 5.1: Fragment distribution (in red) concerning background contribu-
tion due to TW (blue) and tracking (green) misreconstruction
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5.1.

CLOSURE TEST ON MC DATASET

Charge | 0yeas(mb) | oprc(mb)
Z =1 946 £ 9 949 £ 4
7 =2 762+ 7 770+ 4
=3 | 7T41£13| 741+1.2
=4 | 353+£15| 352+1.2
Z =5 374x16 | 372+£1.7
Z =6 | 828 +1.7| 79.3+1.2
Z=71973+14|103.0£1.5
Z =28 722+ 3 61.3+1.3

(a) Fiducial Elemental Fragmentation
Cross section values for reconstructed and

MC data

Charge | Oumeqs(mb) | ope(mb)
Z =1 3340 4+ 40 3346 =9
7 =2 880 £ 9 888 £ 4
7Z=3 80 £ 2 80.2+1.3
Z=4 | 37r8+t13 | 38240.9
Z =5 40.5+£1.3 | 40.6 0.9
Z =06 87.5+19 | 84.7+14
Z =7 11042+19| 1108+ 1.6
Z =28 T8+ 4 66 £ 2

(b) Total Elemental Fragmentation Cross
section values for reconstructed and MC

data

Table 5.1
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Table 5.2: Differential angular cross section for a reconstruction sampling
(points) in comparison with generated MC data (in red) and their ratio

CHAPTER 5. RESULTS

Angle(degree) | Omeas(mb) | ope(mb)
00<8<10 32.1+15 32.5+0.8
1.0<6<20 | 86.3+2.56 87.7+t14
20<0<30 | 1225+£29|124.24+1.6
30<60<40 | 143.2+3.1| 1428 +1.8
40<6 <50 |152.7+3.1]149.3+1.8
50< 0 <65 | 148.2+3.41]1499+1.5
6.5<0 <80 | 137.1+9.1|1394+14
(a) Z=1
Angle(degree) | Omeas(mb) | ope(mb)
00<8<10 | 65.7£22 67.2+1.2
1.0<6<20 |1605+3.6|1592+1.9
20<60<30 |166.8+t3.3|168.3+1.9
30<60 <40 | 140.8+£29 | 139.7+ 1.7
40<6 <50 |101.9+24]|105.24+1.5
50< 0 <6.5 | 66.3+2.1 68.2+1.1
6.5<0<80 | 36.3£4.2 | 38.6+0.7
(b) Z—2
Angle(degree) | opmeqs(mb) | ope(mb)
00<f0<10 | 11.5+08 | 11.3+0.5
1.0<6<20 |232+1.1]| 23.6x0.7
20<60 <30 |194+11 | 19.7+0.7
30<6 <40 | 120+08 | 11.9+0.5
40<6<5.0 7.0+ 0.6 6.8 +04
50< 60 <6.5 28+04 24+0.2
6.5 <8 <80 1.0+£06 |1.444+0.13
(c) Z=3
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Angle(degree) | opmeqs(mb) | opre(mb)

00<0<1.0 | 69+0.5 7.0+£04
1.0<60 <20 | 13309 | 13.24+0.5
20<60<30 | 92£0.7 9.4+0.5
30<60 <40 | 49£0.5 49=£0.3
40<60<b50 | 1.7£0.3 1.9+£0.2
50<60<6.5 | 06£0.2 | 0.82£0.13
6.5<60<80 | 0507 | 0.35+0.17

(d) Z-4

Angle(degree) | omeas(mb) | opc(mb)

00<0<1.0 | 166£0.8 | 16.3£0.6
1.0<60<20 | 16509 | 17.1£0.6
20<60<3.0 | 49£0.5 5.3£0.3
3.0<60<4.0 1.84+£0.3 1.3£0.2
4.0<60<50 | 0424+0.13 | 0.434+0.15

(e) Z=5

Angle(degree) | omeas(mb) | ope(mb)

00<0<1.0 | 536+£14 | 51.3£1.2
1.0<60<20 | 28.14+1.2 | 28.3+0.8
20<60<3.0 | 48£0.5 44+£0.3

30<60<40 | 06+£02 |0.71+0.12
40<60<50 [029£0.13 | 0.12£0.14

(f) Z=6

Table 5.2: Differential angular cross section for a reconstruction sampling
(points) in comparison with generated MC data (in red) and their ratio
(cont.)
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Angle(degree) | omeas(mb) | opc(mb)

00<6<1.0 |10254+£19 | 1025+ 1.5
1.0<60 <20 6.9£0.6 7.6+0.4
20<60<3.0 | 053£0.17 ] 0.72£0.12

(8) Z=7

Angle(degree) | Omeas(mb) | ope(mb)

00<6<1.0 | 739+26 | 64.3+£1.2
1.0<0 <20 | 23£0.3 1.8£0.2
20<60<3.0 [0.15£0.12 ] 0.12£0.14

(h) Z—8

Table 5.2: Differential angular cross section for a reconstruction sampling
(points) in comparison with generated MC data (in red) and their ratio
(cont.)
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5.2 Experimental results

A first measurement of experimental cross section was achieved by ana-

lyzing a single run of 570000 events taken during the GSI 2021 campaign.
Differently from MC data, where the geometry and the positions of each
subdetector were known a priori, the real apparatus suffers of little shifts
and movements due to technical and physical reasons faced during detector
assembly. Offline alignment is then fundamental to remove all the offsets
introduced by the subdetectors and thus systematics due to a wrong recon-
struction of the interaction points. This will be object of detailed studies
for future improved results of cross sections, but are out of the topic of this
thesis.
Since this is the first time of a track cross section measurement in FOOT,
checking the consistency of experimental cross section measurements with
Monte Carlo simulation was deliberated as the first goal. Thus, the tracking
reconstruction algorithm was set in such a way the angular aperture of every
track cannot be higher than 3°. This choice is due to focusing on a less noisy
part of the vertex detector, whose electronics is very sensible and needs ded-
icated studies. Moreover, a lot of noise due to reconstruction of secondary
fragments with high angle emission is omitted, increasing the statistics of
the used signal. The choice is also supported by the fact that the angular
distribution of heavy fragments, the ones of interest for the electronic setup
of FOOT, is very peaked around 1° (see Sec. 3.2), so the chosen selection
does not invalidate the following results.

The experimental elemental fragment cross section distribution and its
numerical values are reported in Fig. 5.7 and Tab. 5.3 respectively, where
a comparison with the MC distribution is presented. It was chosen to omit
7=8 particles from the analysis because the discrimination between Oxygen
projectiles and fragments need further investigation studies. However, the
match between experimental and MC data for all the other elements is in
good agreement, with a ratio of the order of magnitude of 1 for all of them.
In particular, the best similarities appear for heavy ions, for which the ap-
paratus has better performances.

The angular differential cross sections of experimental data and their values
are reported in Fig. 5.8 and Tab. 5.4 respectively. Despite the comparison
is in good consistency for all the fragments, it is possible to see, mainly for
heavier ones, that the experimental distribution is slightly shifted. One of
the main reasons is surely the misalignment between TW and VTX: an offset
in their position definition can change, even considerably, the angular recon-
struction of the track. Further studies about this issues need to be performed
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for the follow-up of these measurements.

To conclude, the obtained results represent an important point of arrival

for the aforementioned analysis strategy, stating a good correspondence be-
tween MC simulations and experimental data for the GSI 2021 campaign of
160 at 400 MeV /u impinging on a Graphite target.
However, new studies will be easily introduced to refine it. In particular, sys-
tematic uncertainties need to be evaluated and a more powerful correction
method, like the already mentioned unfolding, can be implemented. This
would enhance the results of the current measurements, also in perspective
of the other ones acquired during the GSI 2021 campaign. This is also true
for new data takings that are foreseen in the next months by the FOOT ex-
periment, among which the already scheduled ones at CNAO and GSI. The
overall setup would be present, including full tracking system and complete
calorimeter detectors.
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Table 5.3: Elemental Fragmentation Cross section values for experimental

and MC data

Figure 5.7
Charge | 0yeas(mb) | opre(mb)
Z=1 100+ 9 1174 +1.3
Z =2 163 + 11 218 £ 2
Z =3 22+3 32.3+1.2
Z =4 14+2 184+1.3
Z =5 31+4 31.1+1.7
Z =0 70+6 74.3+1.2
Z =17 61+6 103 £ 2
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(cont.)
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Angle(degree) | opmeqs(mb) | opre(mb)

00<6<05 | 47£1.7 | 16.1£08
0.56<6<1.0 63+13 |475+£14
1.0<60 <20 97+12 | 8.5+£14

(a) Z=1

Angle(degree) | opmeqs(mb) | opye(mb)

00<0<05 | 83£27 | 33.0£1.2
05<0<1.0 | 139£20 | 96.1£2.0
1.0<60<20 | 157+15 | 154.0£1.8

(b) Z-2

Angle(degree) | pmeqs(mb) | opre(mb)

05<0<1.0 | 19.0£55 | 16.0£0.8
1.0<60<20 | 17.0+£3.8 | 22.3+0.7

(c) Z=3

Table 5.4: Differential angular cross section for the experimental sampling
(points) in comparison with generated MC data (in red) and their ratio
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Angle(degree) | omeas(mb) | opc(mb)

05<60<10 | 84£38 | 9.7+0.6

1.0<60<20 | 193+£44|1244+0.5
(d) Z=4

Angle(degree) | omeas(mb) | opc(mb)

05<0<1.0 | 16155 |21.24+1.2

1.0<60 <20 | 354+£58 | 15.9+0.6
(e) Z=5

Angle(degree) | 0pmeas(mb) | oprc(mb)

0.0<0 <15 |392+40 | 44.3+0.8

1.5<60<20 | 227+6.7 | 16.6 +0.9
(f) Z—6

Angle(degree) | opmeas(mb) | oprc(mb)

00<0<15 | 377£39|67.7+1.1

1.56<60<20 | 78435 | 3.1+£04
(g) Z=7

Table 5.4: Differential angular cross section for the experimental sampling
(points) in comparison with generated MC data (in red) and their ratio
(cont.)






Conclusions

The FOOT experiment has been conceived with the main aim of measur-
ing double differential fragmentation cross sections of light fragments (Z<10)
in the energy range between 100 MeV /u and 800 MeV /u, typical for hadron-
therapy and space radioprotection applications. The results will overcome
the lack of experimental data in order to improve the Treatment Planning
Systems in hadrontherapy and enhance risk models for space radioprotection.
The goal of this thesis is the measurement of elemental and angular differen-
tial cross sections for a beam of 1°0O at 400 MeV /u impinging on a target of
graphite (C), using experimental data collected at GSI in 2021.

At first, a pile-up reduction method is applied to experimental data, ob-
taining a rejection of 1% on all events.
Afterwards, a Monte Carlo dataset was generated by FLUKA to simulate
the GSI 2021 campaign settings. Performance of fragment identification and
Kalman tracking algorithms were studied, in order to retrieve background
sources, efficiency and correction factors. Misreconstruction background is
lower than the 4% of all the events, concerning mainly the lightest fragments
(Z<2). Comparing generated particles and reconstructed tracks, the tracking
efficiency is obtained, with a resolution higher than 80% for heavy fragments
(Z>3). Afterwards, reconstructed and generated charges of every track are
compared to evaluate a first attempt of correction, obtaining a scale factor
slightly lower than 1 for all the fragments. All these results underline the
reliability of the used algorithms.
Furthermore, elemental cross sections and angular differential cross sections
were measured using MC datasets: the former to obtain efficiency, back-
ground and correction, the latter to obtain the yield simulating experimental
data. The results show that there is high correspondence between the two
datasets, demonstrating how powerful the followed analysis strategy is.

Finally, a first analysis of a subset of GSI 2021 data is performed, obtain-
ing elemental and angular differential cross sections. Comparing MC and

39
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experimental cross sections, the good agreement between them, mainly for
heavy fragments (3 < Z < 8), suggests the high capability of reconstruc-
tion of the used tracking algorithm and of the overall procedure. Despite
that,further detailed studies need to be introduced in order to refine the
analysis.

In particular, the main results for elemental cross sections of heavy fragments
are the following:

=(22£3)m
ope = (14 £ 2) mb
=(31+t4)m
oc=(7T0£6) m
ON — (61 + 6)

In conclusion, this analysis demonstrates the FOOT experiment reliabil-
ity to properly achieve cross section measurements and lays the foundation
structure for future data takings that would be carried out with the full ex-
perimental setup, allowing also precise momentum and mass measurements.
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