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Abstract

A neutron detector with tracking capability is relevant in a variety of applications, span-
ning from environmental dosimetry to nuclear physics applications. In this thesis, the
working principle and two preliminary studies for the development of a new detector
for tracking fast neutrons are described. The detector consists of a plastic scintillator
coupled with an optical system able to image the scintillation light generated along the
path of recoil protons from elastic scatterings with neutrons. It is possible to link the
length of proton tracks to the energy of incoming neutrons. In fact, the neutron energy
can be reconstructed from a single elastic scattering, if the source position is given (and
therefore the neutron direction). From a double elastic scattering, the neutron energy
and direction can be obtained. Monte Carlo simulations of several neutron sources at
different energies have been performed, and the resulting interaction have been analyzed.
In addition, the signal produced by a first prototype made of a silicon photomultiplier
coupled with the plastic scintillator has been studied in order to characterize the response
of a light sensor while varying the wrapping material.
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Introduction

Neutron detectors are essential tools for the development of basic and applied research.
Having no electric charge, neutrons cannot be detected via ionization. Therefore, the

products of nuclear interactions, namely charged particles or electromagnetic radiation,
need to be used to identify the presence of a neutron. Virtually, every type of neutron
detector is a combination of a converter, whose purpose is to favor neutron reactions,
and a charged particle or electromagnetic radiation detector (depending on the processes
involved in the converters). Neutron-proton elastic scattering is one of the prevalent re-
actions used for fast neutron conversion. To date, neutron detectors can function as
counters, which just give information on the number of interactions taking place in the
detector, or as spectrometers, which provide data on the energy distribution of the in-
cident radiation. The neutron’s direction cannot be determined by any detector that is
currently operational. In other words, proton-recoil track imaging is still at the cutting
edge of neutron-detection systems, despite constant advancements in experimental tech-
niques. More in detail, RPTI technique makes use of the recoil proton track’s ability
to reveal information about incident neutrons. If neutron source is known, with a sin-
gle neutron-to-proton elastic scattering it is possible to reconstruct neutron energy (the
direction being known); with a double neutron-proton elastic scattering it is possible to
fully determine neutron momentum, even if the source position is not known.

In this thesis, the idea behind a novel recoil proton track imaging detector named
RIPTIDE is described. In particular, RIPTIDE was conceived as a monolithic plastic
scintillator cube coupled to three imaging devices with high photon resolution and fast re-
sponse. In addition, a silicon photomultiplier is used to synchronize the three acquisition
systems. Contrary to SiPM,PMT-scintillation systems, the diffused light in the scintil-
lator represents a source of background. Therefore, to reduce image noise background,
the scintillator must be wrapped with a photo-absorber material: a black aluminium foil
commonly called Cinefoil. The plastic scintillator works both as a converter and as a
charged particle detector: the high proton density of the scintillator enables neutron-
to-proton scattering, and scintillation light is produced along the path of recoil protons,
allowing its detection. Trough stereoscopic imaging, a 3D reconstruction of recoil pro-
ton tracks inside the scintillator is made possible. This configuration enables particle
discrimination, a necessary prerequisite for neutron detection.
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Different fields of applications could benefit from the availability of a detector with
tracking capability. Because it should be able to detect neutrons in real time, it could
be used as environmental control system in the facilities that require neutron dosimetry,
mainly nuclear reactors and ion beam therapy centers. Its compact size would make it
suitable for applications in space: they could be used for spaceships dose monitoring and
study of solar neutrons. Moreover, these apparatuses might be incorporated to nuclear
physics experiments that requires neutron detectors, as FOOT or n TOF.

After a general overview of the possible applications in Chapter 1, and of the state of
the art in Chapter 2; the RIPTIDE detector is presented in Chapter 3. Finally, Chapter
4 investigates neutron interaction inside the scintillator to establish the probabilities of
neutron single and double scattering inside the scintillator, and Chapter 5 a characteri-
zation of the coupling of a silicon photomultiplier with the scintillator is provided.
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Chapter 1

Scientific motivations

The construction of a neutron detector with tracking capability similar to RIPTIDE could
play an important role in several fields of particle physics research and applications.

One of the fields that could benefit most from the construction of these kinds of
detectors is ion beam therapy.

1.1 Ion beam therapy

In general, in radiotherapy techniques for cancer treatments, an amount of radiation
(γ-rays, electrons or heavy ions) is delivered to the patient with the purpose of stopping
the reproduction of cancer cells. However, during the treatment, especially in conven-
tional radiotherapy (with γ-rays), a large portion or the whole patient body is exposed
to radiation. This exposure could generate secondary radio-induced tumors. For this
reason, many of current researches in this area concentrates on how to expose cancer
while reducing the dose provided to healthy tissues.

Ion beam therapy is a relatively recent technique of cancer treatment that implies
the use of fully ionized ions (protons and heavier ions up to 12C). The main feature of
these heavy ions is to release the most of their energy at the end of their path (see figure
1.1). This allows to localize the radiation release in the cancer region. This technique is
generally called hadrontherapy. So far, mainly carbon ions and more often protons are
used for this kind of treatment. When based on protons, hadrontherapy is referred as
proton therapy. In hadrontherapy, particle energies range between 200 and 400 MeV

This technique is mainly used for the treatment of deep-seated tumors or of tumors
that are near organs at risk (OAR). In these cases, hadrontherapy is preferred to con-
ventional radiotherapy for its ability of making a targetted and localized treatment.

In addition to decreasing the damage caused to the patient’s healthy tissues, these
new techniques showed higher efficacies on the local control rate1 of several types of

1It is a parameter conventionally used in radiotherapy that gives information on the number of cases
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cancer. A relevant example is Chondrosarcoma, whose control passed from 33% using
radiotherapy to 88% when hadrons (both protons or carbon ions) are used [30].

Hadrontherapy: principle of operation

The idea behind hadrontherapy is that of exploiting a particular behaviour of electro-
magnetic interactions of heavy charged particles with matter (the so-called Bragg curve)
to increase dose deposition in the cancer and limit healthy tissues exposure to radiation2.

Figure 1.1: Depth-dose profiles of 6 MV photons (black dashed line), 170 MeV protons
(red line) and 325 MeV/u carbon ions (blue line) in water. Differently than photons,
whose dose deposition is higher at skin surface, ions release the most part of the dose at
the end of the path. However, in the graph it is possible to see a tail beyond the carbon
ion peak. It is due to projectile fragmentation (see Section 1.1.1) [52].

The most important information3 that can be noticed from figure 1.1 is that the
majority of the dose is released to the patient at the end of the path, and the tissue
before and after the peak is preserved from excessive dose exposure. On the other hand,
if we consider photon interaction with matter, the maximum of the deposited dose is
located at the skin entrance followed by an exponential decline. In the treatment of deep
tumoral masses, therefore, conventional radiotherapy implies an high amount of dose
deposition to the healthy tissues.

in which the treatment was able to limit the reproductive capability of tumoral cells. In other words, it
is an indication on whether the tumor is under control.

2The curve gets its name from sir William Henry Bragg, who discovered it in 1903.
3In order to not burden the discussion, the analysis and further considerations on Bragg peak has

been included in the appendix A.
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Moreover, the dose of protons released beyond the peak decreases sharply and quickly
reaches the zero. In other words, after the peak, there is no dose deposited, and every-
thing that is beyond the peak is safe from radiation. This aspect is particularly useful
for the treatment of cancers that lay in the proximity of vital organs, the so-called Or-
gans At Risk. In the spinal chord irradiation, for example, ion beam therapy allows one
to concentrate the treatment on the spinal chord itself with small effects to the organs
inside the rib cage (heath, lungs, etc.).

Another important characteristic of charged particle-matter interaction is that the
depth that the beam travels across the matter, and thus the position of the dose peak,
is related to the beam initial energy. Therefore, by changing the beam energy, it is also
possible to change the beam penetration and deposit.

To appreciate more the capacity of hadrontherapy of reducing damage on the patient
healthy tissues, we show an image of dose deposition in a cranio-spinal irradiation case
(figure 1.2) made with conventional radiotherapy and proton therapy. The treatment
with protons (on the left) is clearly more localized with respect to the treatment with
photons (right): protons are strictly localized in the treatment region (e.g. the spine)
while, differently than in radiotherapy, the region behind the peak (the organs of the rib
cage) is kept practically unharmed.

1.1.1 Fragmentation

Although Coulomb collisions are dominant in hadrontherapy, they are not the unique
kind of interaction that happens when charged particles traverse human body. In addi-
tion, nuclear interactions can take place as well.

In the energy region considered in hadrontherapy, nucleus-nucleus interactions could
be elastic or inelastic. Elastic interactions on primary particles result in a modification of
direction and beam energy. In other words, reaction products are the same as reagents.
On the other hand, the effect of inelastic collisions is the change of the primary particles
into smaller fragments. The energies involved in hadrontherapy are high enough to break
apart the nucleus in its components (proton, neutrons and heavier fragments) but are too
low to fractionate the nucleons (protons and neutrons must be considered as indivisible
particles at this energies). The fractionation phenomenon, thus, only concerns nuclei
with A > 1, for example carbon and oxygen in human body. The same happens for
the nuclei used as projectiles: beam fragmentation cannot take place with proton beam,
while it occurs in the case where heavier-ions are used (e.g. 12C). It worth recalling that
fragmentation of beam particles causes the tail after the Bragg peak in figure 1.1: these
fragments are produced with directions and velocities comparable with that of projectiles
and for this reason they overstep the peak and cause a dose release beyond. The most
frequent nuclear reactions are peripheral collisions and are commonly described by the
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Figure 1.2: Comparison of radiotherapy (right) and proton therapy (left) dose deposition
for a cranio-spinal irradiation. In the pediatric case that is shown in figure, it is a
common practice to irradiate all the spinal chord to destroy all cancer cells with its
possible metastasis. This is done in order to increase the chance of survival [13].

abrasion-ablation model4.
A sketch of this model is provided in figure 1.3. In the model the target is initially

at rest. Due to electromagnetic repulsion among the nuclei, the interaction is often
peripheral. Fragmentation process can be divided in two steps.

In the first step, nucleons are abraded and form the hot reaction zone (fireball).
Three fragments are produced: target fragments, projectile fragments ad the fireball.
Because the projectile has an initial speed different from zero, projectile fragments are
produced with a speed directed forward, while target fragments are produced almost at
rest. The fragment called fireball is made of the nucleons nearby the impact position.
Being closer to the impact region, these nucleons are more energetic than the other two

4The idea of peripheral collision and its model has been first described by Robert Serber in 1947 [57]
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Figure 1.3: Abrasion-ablation model. In this model, ions interaction is described in
two steps: first, in the abrasion the two particles interact peripherally (due to charge
repulsion) with the production of a hot zone (fireball, created at the contact point. Then,
the fragments thus produced (projectile fragments, target fragments and the fireball) de-
excite with the emission of nucleons or small ions (evaporation) [24].

fragments. All three fragments are in an excited state. In the second step (ablation),
the projectile and target fragments as well as the fireball de-excite with the resulting
production of evaporated nucleons and light clusters. Those, emitted from the projectile
fragments appear forward peaked in the laboratory frame. The projectile-like fragments
continue travelling with nearly the same velocity and direction, and contribute to the dose
deposition until they are completely slowed down or undergo further nuclear reactions.
Neutrons and cluster from target-like fragments are emitted isotropically and with much
lower velocities. The particles ablated from the fireball have a range which is in between
the projectile and target fragments one. Nuclear fragmentation reactions lead to an
attenuation of the primary beam flux and cause the production of lower-Z fragments
with increased penetration depth. The lower-Z fragments have longer ranges than the
primary ions because the range of particles (at the same velocity) scales with A/Z2.
Therefore, the depth-dose profile of heavy-ions beams shows a characteristic fragment
tail beyond the Bragg peak [24].

Those secondary fragments contribute to the overall beam dose deposition. A thor-
ough study on produced fragments (i.e. a study of the cross sections of the different
interactions) is necessary to correct and eventually reduce unnecessary dose to the pa-
tient.

We already saw that projectile fragmentation is responsible for the dose deposited
after Bragg peak, while target fragmentation has shorter ranges, remaining localized near
the place where nuclear interactions occur. If those fragments are produced in a cancer
cell, they contribute to its death. Conversely, if they are produced far from Bragg peak,
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they could cause cell death of healthy tissues. It has been estimated [60] that target
fragments contribute to approximately 10% of biological effect at the entrance channel,
while this contribution fall to 2% when approaching Bragg peak. Finally, neutrons
produced in the fragmentation process can travel longer distances and deposit the dose
outside the planned target volume.

Multiple studies of beam-projectiles characteristics have been carried out, while we
have almost no information of target fragmentation production. An estimation of neutron
production has been made, for example, for carbon ion beam therapy [24]. In the article,
it has been calculated that the dose deposited in the organs by neutrons is up to 955 mSv
for 400 MeV/u C-ions and has the real potential to cause new cancers in the patient.

1.1.2 FOOT experiment

FOOT experiment aims to obtain cross-section measurements related to target fragmen-
tation due to beam-targets interactions. In particular, the objective is to estimate with
high accuracy which and how many fragments are produced in the interaction of protons
with human body [6].

The basic principle of FOOT is similar to that of many cross section measurements:
a particle beam is set against a target of a specific material, and, a series of detectors
placed around the interaction point detect the particles produced.

The novelty brought by FOOT, however, is to be able to detect target fragments with
low energy. The problem of their low range is overcome in FOOT by exploiting inverse
kinematics. For instance, instead of studying the outcome of the interaction of a proton
beam with a carbon target, it studies the outcome of a carbon beam on a proton target.

A further complication on this study lies in the impracticability of using pure hydro-
gen targets (H2) due to the fact that it is gaseous at room temperature (it evaporates
at −252◦) and due to its high reactivity. This problem is solved exploiting cross section
additive property: the cross section of a specific reaction (e.g. elastic scattering of pro-
tons with water σelastic(p+H2O)) can be obtained by adding of the cross sections if its
components (σelastic(p+O) + 2σelastic(p+ p)). In the same way, if the cross sections of a
reaction with a molecule is known, it is possible to obtain the cross section of one of the
composing elements by subtraction:

σelastic(p+ p) =
1

2
[σelastic(H2O)− σelastic(O)]. (1.1)

Therefore, for each interaction under study (e.g. 16O, 12C, etc.), measurements are
performed twice: at first with a graphite target, solely composed of carbon atoms, and
then with polyethylene, a plastic material uniquely made of carbon and hydrogen.

FOOT was designed for the study of charged particles. As mentioned previously,
typical products of the fragmentation are also neutrons. A relevant upgrade of the
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FOOT detection system would be obtained by complementing the setup with neutron
detectors, possibly with tracking capability, as for example RIPTIDE (see Chapter 3 for
details).

1.1.3 Real time dose monitoring

Another field in which neutron detectors similar to RIPTIDE could be used in ion beam
therapy is that of beam monitoring.

Due to its high spatial accuracy, it is necessary, during the treatment, to be sure
that Bragg peak is inside cancer region. Even millimetric displacements due to patient
movement or breath or hearth beating should be taken into consideration in order to
correctly positioning the beam inside human body. For this reason, it is necessary to
include in the design and the construction of these irradiation machines one or more
online irradiation control systems that could verify in real-time position of the beam.

One of the possible control systems under study is to use a Positron Emission To-
mography system (PET). It is well known that, among the products of nuclear fragmen-
tations, radioactive nuclei as 10C, 11C from 12C or 15O from 16O can be found. These
fragments are unstable and decay with the production of a positron β+ which, in turn,
reacts with an electron annihilating with the production of two photons back to back
with an energy of 511 keV.

The detection of these photons with a PET system allows one to estimate the posi-
tion of the annihilation and therefore, the position of the production of the radioactive
fragments and thus the position of the beam [34].

We already know that common products of nuclear fragmentation are neutrons.
Therefore, a device able to detect them in real-time could be considered as an alter-
native or concurrent device for the monitoring of beam position.

1.1.4 Stray radiation dosimetry

RIPTIDE could be used for the evaluation of beam line stray radiation, i.e. the radi-
ation that is produced in the interaction of the high energetic particle beam and the
different components of the device (particle accelerator and beam delivery apparatus).
The large dimension of ion beam therapy facilities require more efforts in the evaluation
and shielding of stray radiation. Also in this case, fast neutrons, due to their high pen-
etrability, must be taken in great consideration when radio-protection evaluation of the
site is performed. RIPTIDE detector could be used also for this purpose.
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1.2 Environmental radioprotection

Neutron detection is not only necessary in ion beam therapy facilities: highly energetic
neutrons can be also found in cosmic rays and in the proximity of fission reactors.

1.2.1 Nuclear reactors

One of the most abundant artificial sources of neutrons are fission and fusion reactors
[3].

In these facilities, a net amount of neutrons is produced. Some of them are shielded
by the so called biological shielding, mainly made of concrete or water, some of them
escape the shielding and contribute to the increment of the environmental dose. It is,
thus, essential to monitor the environmental dose in the proximity of a nuclear reactor in
order to protect facility workers and to promptly detect the presence of possible radiation
leakages. RIPTIDE detector could be used for fast neutrons environmental control in
these facilities.

1.2.2 Radioprotection in space

Cosmic neutrons dose gets non negligible at altitudes higher than 10 km. Thus, the
estimate of this kind of radiation is important for people and electronic devices at that
altitudes: airplane workers (pilots, hostesses and stuarts) and mostly astronauts.

One of the major impediments to spatial explorations is the lack of an adequate
shielding to protect astronauts from the elevate doses of space radiation. Typical energies
representing particles in space are peaked at about 700 MeV/u, much higher than the
energies involved in hadrontherapy. There are three main sources of energetic particle in
space.

• Solar particle events, produced by the Sun in coronal mass ejections, and solar
flares, whose energy could reach energies of the order of GeV. The dose produced
by these events is unpredictable and depends on solar activity (see chap 1.3).

• Galactic cosmic rays. They originate from supernovae explosions and they are
mainly composed of atomic nuclei lighter than 56Fe and with energies of 100-800
MeV/u.

• Finally, geomagnetically trapped particles: protons and electrons confined in Van
Allen belts, a space region in which the electromagnetic field produced by the Earth
trap charged particles coming from space.

The study of fragmentation products (with FOOT experiment, and thus with the use
of RIPTIDE for neutron products of fragmentation) acquires a fundamental role in the
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study of space radiation interaction with spaceship shieldings and internal components.
When these highly energetic particles impinge into the nuclei of the spaceship, they
could produce secondary fragments (including neutrons) that need to be considered for
astronauts radio-protection studies. Moreover, as in the case of solar flares, also neutrons
are produced (see next session). RIPTIDE small size made this detector usable also in
spaceships.

1.3 Study of solar flares and solar neutrons

Another research area that could benefit from the development of neutron tracking de-
tectors is the study of energetic particles produced by the sun.

The structure of the Sun and its energy and heat generation creates convective mo-
tions in the plasma of which it is composed. Plasma is the state of matter in which
the temperature is so high that all electrons and positive ions are separated. Being
constituted of charged particles, plasma rotation generates a magnetic field. This solar
magnetic field and its variation are the cause of solar activity.

Solar activity phenomena are produced when oppositely directed magnetic field lines
reconnect 5. Surplus magnetic energy produced in the reconnection is transferred to solar
particles that are able to escape from Sun gravity. Of course, Maxwell equations tell us
that all the magnetic lines are always closed (∇⃗ · B⃗ = 0). However, to modelize solar
magnetic field, it is usual to talk about open field lines for the field lines that can conduct
charged particles out from the Sun. These fiels lines are closed too but are driven far
from the surface by coronal mass ejections or solar wind.

On closed magnetic loops, electron Bremstrahlung produces X-rays, which is seen
from Earth as solar flares, on open field lines, jets can release electrons and ions into
space (solar energetic particles (SEP) events). The energy of these expelled particles
ranges from 10 keV to relativistic energies of several GeV and consists mainly of electrons,
protons and light ions.

Magnetic reconnection can also lead to the ejection of large quantities of mass (1014−
1016 g), called coronal mass ejections (CME) [51].

From nuclear interactions of solar energetic particles thus spawned and the solar
corona, various particles are produced, including neutrons. Being uncharged, neutrons
clearly are not affected by the solar magnetic field and do escape more easily from the
Sun, being able to reach the Earth. Neutrons produced in this way have been observed
directly in space with energies ranging between 50 and 300 MeV.

After a half-life of 918 s, neutrons decay into a proton, an electron and an antineutrino

n → p+ e− + ν̄e

5”Don’t cross the streams!” [53]
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Approximately 70% of neutrons decay in the passage from the Sun to Earth. Even
these neutron-decayed protons with energies of 5-200 MeV have been detected.

Therefore, solar escaped neutrons can be detected both in a direct (effective detection
of neutrons) and indirect way (detection of a neutron-decayed proton).

Recoil Proton Track Imaging (RPTI) based detectors could be exploited to detect
solar neutrons in a direct way. SONTRAC [7] (SOlar Neutron TRACking), for example,
has been specifically developed for the detection of these particles. This detector has
been designed to operate at the energy ranges of these astroparticles (20-250 MeV).
Additionally, because to its compact size, this detector can be used in spaceships. Also
RIPTIDE could be used for this purpose.

1.4 n TOF facility upgrade

The n TOF facility at CERN [46] has been developed to study neutron-nucleus interac-
tions. It is able to work with a remarkably large span of neutron kinetic energies: from
few meV to several GeV. Neutron cross section measurements are performed exploiting
the time-of-flight method.

At the n TOF facility, a pulsed neutron beam is generated via proton-induced spal-
lation on a massive lead target. Initially, fast neutrons are moderated by a water slab in
order to obtain the wide energy spectrum. Neutrons are collimated through the experi-
mental areas, situated 185 m and 19 m respectively, (far enough to measure time-of-flight)
from the spallation target. Finally, reaction products of the neutron-induced reactions
on a target are identified by a set of dedicated detectors. In this way it is possible to
find reaction probabilities as a function of incident neutron energy.

Recently, a proposal for the measurement of neutron-neutron scattering length was
submitted [38]. This measurement is of interest for the determination of the magnitude
of charge-symmetry breaking. The feasibility of the experiment critically depends on the
availability of a neutron detector with tracking capability such as RIPTIDE.
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Chapter 2

State of the art

The aim of this chapter is to provide an overview of the state of the art of neutron
detectors, in order to highlight the novel configuration proposed with RIPTIDE.

2.1 Neutron detectors

The late discovery of neutrons (in 1932 by Chadwick [9]) is an indication of their detection
complexity: it occurred thirteen years after the discovery of protons (1919) and thirty-five
years after that of electrons (1897).

The design and construction of detectors for neutrons is complicated by their absence
of electric charge. For instance, a simple ionization chamber, that exploits electromag-
netic processes for charged particle detection, cannot detect them directly. Instead,
neutrons can be detected only indirectly through the production of charged particles (or
electromagnetic radiation) via nuclear reactions. In summary, neutron detectors involves
the combination of a converter and a charged particle detector, as in the pioneering ex-
periment by Chadwick. A variety of different reactions are used for neutron to charged
particle conversion. The most used ones are presented in the following section. Since
neutrons interact differently with matter at different energies, the design of the detector
must consider also the energy range of the neutron.

Generally, neutron detectors can work as counters, i.e. they only indicate the number
of interactions occurring in the detector, or as spectrometers and yield information about
the energy distribution of the incident radiation. Recoil proton track imaging is an
innovative technique that aims to determine also neutron direction. It will be described
exhaustively in Section 2.2.
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2.1.1 Neutron detection mechanisms

Neutrons are conventionally classified by their energies as thermal (with energy near
0.025 eV), epithermal (whose energies range from 0.025 eV to 1 keV), slow (from 1
keV to 100 keV), fast (between 100 keV and 20 MeV) and relativistic (with an energy
larger than 20 MeV) [31]. In the epithermal region, reaction cross sections exhibit a
particular feature known as resonances, and therefore this energy interval is also referred
to resonance region.

Another common method to describe neutron detection mechanisms is to divide them
into two broad categories: fast neutrons, having energies larger than 0.4 eV, and slow
neutrons with energies lower than this value. The threshold for this discrimination is
conventionally set as the value where the abrupt drop in absorption cross section of
Cadmium is (called cadmium cut-off energy). Alternatively, the threshold energy is
sometimes set to a few tens of keV (i.e. the threshold is conventionally set depending on
the context).

Slow neutrons can either interact via elastic scattering or can undergo neutron-
induced reactions. Slow neutron elastic scattering cannot be used for detection because
the kinetic energy transferred to the recoil nuclei is too low. These interactions have,
however, a fundamental role in slowing neutrons down to the thermal region (<0.025
eV) where radiative capture reactions are more probable.

In elastic scattering, part of the kinetic energy of neutrons is transferred to the recoil
nuclei. That means that, after each interaction, neutrons lose energy and are thereby
moderated by the medium. For each scattering with a generic nucleus with mass number
A, it is possible to estimate the final energy of the neutron after the scattering. For an
initial neutron energy equal to E0, the neutron energy is expected to be [33]:

(
A− 1

A+ 1

)2

E0 < E < E0. (2.1)

Therefore, if a neutron elastically scatters a proton, it could potentially lose all its
energy (0 < E < E0), while hitting heavier nuclei, its energy after the scattering is

higher than
(
A−1
A+1

)2
E0. For instance, in the case of 12C (A = 12), neutron energy after

one elastic scattering will be in the range of 0.72 E0 < E < E0. This clearly suggests
that the best neutron moderator is hydrogen (A = 1).

If neutron energy is sufficiently high, inelastic scattering can also take place. In this
case, recoil nuclei are left in an excited state, and quickly de-excite with the produc-
tion of γ-rays. These photons are an unwanted complication for the construction of
detectors based on elastic scattering [29]. We now briefly describe the main interactions
mechanisms exploited for the detection of neutrons [49].

21



Exoergic reactions. The word exoergic is used to define the case in which the mass
of the reagents is higher than the mass of the products. That means that the reaction is
spontaneous and some energy is released by the reaction. In other words: the Q-value is
positive. One of the most used reaction for neutron detection is:

n+ 10B → 7Li + 4He + γ

The neutron detector can be based either on the detection of the α-particle or the
γ-ray (with Eγ = 480 keV). Boron is typically used for its relatively large cross section,
falling as 1/v. It is used mostly as a slow neutron detector. Other commonly used
reactions with positive Q-value and large cross section are 6Li(n,α) and 3He(n,p).

Radiative capture. Typically (n,γ) reactions feature a positive Q-value, and the cross
section can be very high in some cases. For instance, one of the most used reaction of
this type is:

n+ 157Gd → 158Gd + γ

the cross section at thermal being 2.4×105 barn. In addition, (n,γ) cross sections present
resonances, this phenomenon can be seen at resonance condition. Depending on the atom
used, it can be specific to different energy ranges.

Fission nuclear reaction. This mechanism exploits the characteristics of fissile mate-
rials: they are atoms that, when interact with neutrons, undergo fission. Fission products
have high Z, and can be easily detected. Depending on the fissile nucleus used, it is pos-
sible to detect both fast and slow neutrons. Fissile materials, in which thermal neutrons
induce fission, are 235U, 233U and 239U, while fissionable materials, that have a threshold
for the reaction ≥ 400 keV, are 232Th, 234U, 236U, 238U, 237Np and others.

Detectors based on fission have the advantage of being insensitive to γ-rays, so that
they can be used in environments with intense γ-ray fluxes. Their drawback is related
to α-radiactivity of the source: it is dangerous, and in some cases it could also invalidate
the detection efficiency.

Elastic neutron scattering. Finally, elastic neutron scattering is the most significant
conversion process used for fast neutron detection. In this process (with Q-value=0), an
incident neutron transfers part of its kinetic energy to a nucleus, giving rise to a recoil
nucleus. Elastic scattering takes place also at low neutron energies, but typically the
energy transferred in the scattering is too low to be detected. At higher energies, above
the keV, recoil nuclei energy can be detected. Hydrogen is preferred as a target for
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two main reasons. (1) neutron-proton cross section is relatively large and (2) incident
neutrons can transfer up to all their kinetic energy to the recoil proton (see eq. 2.1).
Therefore, recoil protons are relatively easy to detect, and most important, RIPTIDE is
based on this detection mechanism.

2.1.2 Neutron detectors classification

Detectors can be also classified by their physical characteristics as gaseous, semicon-
ductors, scintillators and passive detectors. We will see an example of each one in the
application to fast neutron detection, that is the range of energies of RIPTIDE.

An example of gaseous detectors is the fission chamber: a gas detector filled with
a 238U sample. In these types of detectors, neutron-induced fission produces charged
fission fragments. Then, the detector works as a ionization chamber and identify the
presence of the neutron by the detection of those charged particles.

Semiconductor detectors are exploited in combination with suitable converters (10Ba
and 6Li). Another fascinating material is the diamond detector whose main advantage is
that of being made of carbon and thus of well simulating tissue-like response. However,
these detectors have a bad response at energies lower than 5-6 MeV.

Scintillator detectors exploit the ability of certain materials of emitting visible pho-
tons (scintillation light) when excited by ionizing radiation. The detection of neutrons
with these materials is made possible thanks to the presence of nuclei that have an high
neutron cross section. In plastic scintillators, this mechanism is enhanced by the high
proton density in hydrocarbons (see later in Section 2.1.3). Another atom that is com-
monly used in scintillation is 4He. Typically the poor light yield of this gas is enhanced
up to 5 times by the addition of Xenon.

Finally, an example of passive detectors is that of photographic emulsion. In these
systems, the presence of a neutron is given by the track of recoil proton or other reaction
products inside the emulsion. The main disadvantages of this system is the complex
scanning process.
A particular type of fast neutron detectors is worth mentioning is the spherical dosimeter,
also called Bonner sphere, devised by Bramblett, Ewing and Bonner in 1960 [29]. It
consists of lithium iodide scintillators, a commonly used slow neutron detector, placed
at the centre of polyethylene moderating spheres of different diameters. A setup made
of these spheres of different sizes allows one to build a simple (thus cheap) neutron
spectrometer: the lithium scintillator inside the detector is only able to detect slow
neutrons. Therefore, for a fixed layer of moderator, if a neutron is too energetic, it will
not be decelerated enough to be detected. Vice versa, a neutron that is too slow would
be completely stopped by the plastic material and will not be detected as well. These
kinds of detectors have been used, for example, to measure neutron stray radiation at
the Proton Therapy Center in Trento [19].
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2.1.3 Scintillators for neutron detection

A more in-depth discussion must be reserved to scintillator detectors, due to the fact
that RIPTIDE itself is based on that. As already mentioned, with the increasing of
the energy, elastic scattering acquires more importance, and neutron detection based on
scintillator exploits this mechanism.

A scintillator is a material that emits photons when it is crossed by ionizing radiation.
Ideally, a scintillator detector should have the following characteristics: it should con-
vert charged particle kinetic energy into visible light with an high scintillation efficiency
and with a light production that is linearly proportional to the the particle energy; the
medium should be transparent to the wavelength of the scintillation light and its index
of refraction should be similar to that of glass (∼ 1.5), in order to allow efficient cou-
pling with photomultipliers and optics; the decay time of photon production should be
sufficiently short to allow fast signals to be detected.

Of course, no real scintillator has all the required characteristics mentioned above
and the choice of one material rather than another is due to the needs of the experiment.
Scintillators are commonly classified, based on the material they are made of, into organic
and inorganic.

If a good light yield is required, inorganic based scintillators should be chosen (sodium
iodide crystals (NaI) has the highest light yield). In the case of neutron detection, organic
scintillators must be used due to their high hydrogen content, that is necessary for n-p
elastic scattering. Moreover, organic scintillators light emission is faster compared with
inorganic ones (with a decay time of the order of nanoseconds) and so they could be used
for real time radiation detection.

Organic scintillation mechanism. We now briefly describe organic scintillator light
emission mechanism.

In organic scintillators, radiative de-excitation processes arise from the transition in
the energy level structure of the single molecule. This transition happen independently
from the physical state (solid, liquid or gas). The majority of organic scintillators are
based on a particular energy level configuration called π-electronic structure. This con-
figuration energy level is sketched in figure 2.1. This configuration allows a series of
singlet states (spin = 0), labelled in figure as S0, S1 and triplet states (spin = 1), T1.
The spacing between S0 and S1 is typically 3-4 eV. Each of these states is further sub-
divided into other closer energy levels (vibrational states), with a spacing of about 0.15
eV. We label each level with another index, therefore we will call ground state S00, the
subsequent level as S01 and so on. At room temperature, this gap is large compared with
the thermal energy (0.025 eV), therefore nearly all the molecules at room temperature
are in the state S00.

When a charged particle passes trough the material, it releases part of its kinetic
energy to the surrounding electrons (see appendix A). As a consequence, these electrons
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Figure 2.1: Sketch of scintillation mechanism for an organic scintillator.

will be upgraded to an excited state (the blue arrow in figure). The molecules thus
excited are not in thermal equilibrium with the molecules in the ground state, there-
fore they lose quickly their vibrational energy via non-radiative de-excitation to the S10

state. Therefore, after negligible short time, a population of molecules in the S10 state
is produced.

The de-excitation from these levels to one of the vibrational states of the ground
electronic level can happen in two ways. First, via the direct radiative de-excitation,
with the emission of a photon (fluorescence); second, with the passage to the triplet
state (T1), trough a transition called intersystem crossing (ISC) and the subsequent
de-excitation to the ground state from this level (phosphorescence). The lifetime of
T1 is characteristically longer than that of the single state, therefore phosphorescence
photons are delayed as compared to fluorescence one. Moreover, due to the fact that the
energy level of T1 state is lower than S1, phosphorescence wavelengths are lower than
fluorescence.

Organic scintillators are generally transparent to their own fluorescence emission.
Also this characteristics can be deduced from energy level distribution. Molecule excita-
tion is from S00 state to generally one of the excited energy of the S1 (S11,S12, etc), while
fluorescence de-excitation will mostly happen from S10 state to one of the vibrational
states of S0. Therefore (and it is clearly visible from the sketch above), photons emitted
in the de-excitation will have lower energies than the minimum required for excitation.
Emitted photons, thus, can travel all the material undisturbed.

There are many types of organic scintillators with the most disparate characteris-
tics. Since the scintillation principle depends on the molecule, they work in the same
way regardless the physical state: solid, liquid or gas-based scintillators has been devel-
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oped [29].

Neutron detection in organic scintillators. As mentioned before, the use of scin-
tillators for neutron detection requires the presence of hydrogen inside the scintillator
material. All organic scintillators can be used, and Anthracene has the highest light
yield. However, plastic scintillators are often used due to their relatively low cost and
for the wide variety of sizes and shapes they can be tailored into.

The scintillator size should be defined in a way that (1) n-p elastic scattering prob-
ability inside the scintillator is sufficiently high (that means that the neutron free mean
path inside the scintillator should be comparable to the scintillator thickness) and (2)
that enough scintillator light can exit the scintillator without being absorbed by the
material [29].

Ideal and real recoil proton spectrum. In equation 2.1, given a fixed neutron
energy (E0), proton energy is uniformly distributed between 0 and E0. Therefore, for a
monochromatic neutron source, the energy distribution of deposited neutron energy will
be a step function as in 2.2 (a).

(a) (b)

Figure 2.2: Deposited energy by a monochromatic neutron source (a) compared with
scintillation photon output (b). In n-p scattering, neutrons lose an amount of energy
that is uniformely distributed between 0 and E0 (it could lose all its kinetic energy in
one scattering). The fact that photon yield is not linear with proton energy produces a
light output as shown on the right figure.

However, there are several factors that do not allow one to obtain the recoil proton
energy spectrum as in figure (a). One of them is that in many organic scintillators, the
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light output (H) is not linear with respect to the proton energy, but it rather follows the
relation

H = kE3/2
p (2.2)

with k constant. The pulse height distribution shape is therefore given by

dN

dH
=

dN/dE

dH/dE
=

constant
3
2
kE1/2

= k′H−1/3 (2.3)

The effect of the non linearity is to distort the ideal spectrum as in figure 2.2 (b).

Proton scattering competing reactions. Plastic scintillators are based on hydro-
carbons, i.e. they are composed essentially of hydrogen and carbon atoms, generally
in comparable quantities. The scintillator used in RIPTIDE is, for example, polyvinyl
toluene, whose linear formula is [CH2CH(C6H4CH3)]n (or roughly 9 carbon ions every
10 hydrogens). It is thus essential, when considering the probability of n-p scattering,
to also consider interaction probability with carbon1.

Figure 2.3 shows a comparison of the cross sections of all the predominant interaction
mechanisms of neutron with carbon. In the figure, it is also shown as a comparison n-p
elastic cross sections, H(n,n)H. It is clearly visible that the dominant interaction is carbon
elastic scattering that has a cross section that is comparable with that of hydrogen.

In this range, carbon scattering compete strongly with proton one. At higher energies,
after certain thresholds, other neutron-carbon reactions could also take place. After 8
MeV, carbon total cross section (the solid line) overcome hydrogen scattering.

The effect of carbon interactions complicates neutron detection. Carbon inelastic
reactions generate other particles which are not always possible to detect. With regard
to elastic scattering, on the other hand, we saw in equation 2.1 the maximum energy
given to carbon is lower than that given to hydrogen. Therefore, scattering from carbon
ions does affect the detector response function because their kinetic energy is too low to
be detected but they contribute to neutron moderation. We will see, moreover, that in
the case of recoil proton tracking imaging, carbon scattering could invalidate the measure
of neutron direction (see Section 2.2.1)

In plastic scintillators, photons are generated along the path of the charged particle.
Therefore, if it is possible to use an optical device capable of obtaining an image of the
scintillator in the instant following the passage of a particle, then it is also possible to
reconstruct the particle track. If in a scintillator it is possible to detect a recoil proton
track, then it is theoretically possible to fully determine neutron initial momentum. We
explain the theoretical basis of this technique in the next section.

1Although other isotopes can also be present, here we consider essentially 12C and 1H because of
their great natural abundance (for both is about 99% of all their isotopes.)
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Figure 2.3: Elastic and inelastic neutron cross section with carbon. Neutron-to-proton
elastic scattering is also reported as a reference [4]. It can be noticed that carbon total
cross section is a concurrent reaction with respect to the hydrogen one.

2.2 Recoil Proton Track Imaging techniques

In recent years, increasing attention has been paid to a new technique of neutron detec-
tion. It takes the name of Recoil Proton Track Imaging (RPTI) and its purpose is to get
information on neutron energy and direction from the proton track left on a scintillation
medium.

This innovative detection technique needs two necessary elements: a neutron-to-
proton recoil converter and a proton track imaging system. The first item is needed for
neutron-to-proton elastic scattering, via the use of materials rich in protons (e.g. plastic);
the other one is generally made of a scintillating material and a real time imaging device.
The scattering needs to be elastic because RPTI technique requires the assumptions of
momentum and energy conservation.

Several projects that make use of this technique have been proposed. They can exploit
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single scattering to obtain only neutron energy (in this case neutron source position
needs to be known), or multiple (double or triple) scattering to fully determine neutron
momentum. In the following, we show the mathematical foundation behind these two
techniques and the projects that have been developed to exploit them.

2.2.1 Multiple scattering

In principle, it is possible to fully determine neutron direction and energy if it is possible
to detect all recoil nuclei of a triple scattering of neutrons with matter. To explain the
idea behind, we will follow the analysis proposed in [68]. Wang and Morris showed that
the information provided by a triple scattering recoil nuclei (it works for all nuclei species
(p, C, Si, etc.)) is sufficient to fully determine incoming neutrons momentum.

Figure 2.4: Sketch of multiple scattering. P0, P1, P2 are neutron momenta during each
step, Q1, Q2 and Q3 are recoil proton momenta, Θ1 and Θ2 are neutron scattering angles
[68].

With the notation as in figure 2.4, the momentum conservation imply:
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P⃗0 = Q⃗1 + P⃗1 (2.4)

P⃗1 = Q⃗2 + P⃗2 (2.5)

Obviously, P⃗0, P⃗1 and P⃗2 can be broken down into their scalar and versor component:

P⃗0 = p0ê0 P⃗1 = p1ê1 P⃗2 = p2ê2 (2.6)

The scalar product of ê1 and ê2 with 2.5 gives respectively:

p1 = Q⃗2 · ê1 + p2ê2 · ê1 (2.7)

p1ê1 · ê2 = Q⃗2 · ê2 + p2 (2.8)

From which, after a simple calculation, it is possible to obtain:

p1 =
Q⃗2 · ê1 − (Q⃗2 · ê2)(ê1 · ê2)

1− (ê1 · ê2)2
(2.9)

By substituting 2.9 in 2.5:

P⃗0 =
Q⃗2 · ê1 − (Q⃗2 · ê2)(ê1 · ê2)

1− (ê1 · ê2)2
· ê1 + Q⃗1. (2.10)

From the relation above (2.10) it is clear that P0 is fully determined if it is possible to
measure the momentum of the first two recoil protons (Q1 and Q2) and the direction of
the scattered neutron after the first and the second scattering (ê1 and ê2). Q3 is necessary
only to determine ê2, obtained from the joining of the second and third scattering points
(B and C).

This technique, although theoretically simple, is experimentally complicated: the
probability to see a triple scattering is quite a rare event for fast neutrons inside the
typical dimensions of the scintillators involved in neutron detectors. Other techniques
that imply the use of a lower number of scattering centers (1 or 2) should be considered.

2.2.2 Single proton recoil detection

If the neutron source position is known, this technique is able to determine, by observing
a single recoil proton (single scattering), the neutron energy. It can be done by exploiting
the relation:
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En = Ep/cos
2(θ) (2.11)

with En and Ep respectively neutron energy before the scattering and proton energy
after it, θ being the proton scattering angle (see figure 4.12). It is important to notice that
this equation is valid only for proton scattering and it is not valid for elastic scattering
with other nuclei (as, for example, carbon).

Figure 2.5: Sketch of single scattering. En and Ep are respectively neutron and proton
energy, θ is the angle between neutron initial direction and recoil proton direction. If
neutron position is known, with the information of a single scattering (proton energy
and direction) it is possible to obtain neutron energy.

Neutron initial direction in this case is known and, by determining recoil proton track
as in figure 2.5, it is possible to deduce also θ.

Several detectors based on single scattering are under study. For example, an article
dated 2018 shows a concept for a possible detector to be exploited in proton therapy
[11]. Here, proton direction is found via 3 CMOS sensors and it is able to work in the
5-20 MeV range.

Another prototype recently proposed is FaNS-2 [32], that is developed to measure
flux and spectrum of fast neutron energy from a few MeV to several GeV. It has been
specifically designed for the study of low neutron fluxes such as cosmogenic neutrons at
the Earth surface.

Finally, it is worth mentioning the work carried on by Hu and Liu [28]. They built
a relatively simple neutron detector based on a fixed angle proton detection mechanism.
In this article, a polyethylene foil has been used as scattering system and the proton
detector, made of CF4 gas scintillator, was placed at a fixed angle with respect to the
neutron initial direction. This implied the disadvantage of a high efficiency loss (only
protons emitted at a certain angle are detected. Proton tracks that came out in the
scintillator was then acquired by a CCD camera. Because the detection occurred at
a fixed angle, the only variable of the experiment was proton energy (Ep). Figure 2.6
shows recoil protons produced by neutrons at two different energies. Ep was obtained
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by measuring the length of proton tracks inside the scintillator. Heavy charged particle
range (R) in matter, in fact, is related with its energy (E) via the formula:

R(E) = αEp (2.12)

where α depends on the material, p on proton energy.2 From the proton track length
it is possible to obtain, therefore, proton energy. In the image below, protons have
respectively 5.91 MeV and 6.30 MeV.

Figure 2.6: Proton tracks detected from a CF4 gas scintillator. Protons have 5.91 (top)
and 6.30 (bottom) MeV [28].

2.2.3 Double scattering

If it is possible to assume that neutrons interact twice with protons, it is then sufficient a
double scattering (see figure 2.7) to fully determine neutrons energy and direction, with a
resulting improvement in the detection efficiency. This assumption allows to use equation
2.11 to obtain p1

3, while, the versor ê1 is simply obtained as the connection between the
two points of interaction A and B. Q1 is obtained from proton track detection. So, P1

and Q1 are fully determined. From conservation equation it is thus possible to obtain
P0 = P1 +Q1.

It is possible to make use of this method only by assuming that the interaction in A
and B is a n-p elastic scattering. With regard to scattering in A, it is possible to verify
that the recoil nucleus is a proton and that the interaction is an elastic scattering thanks

2For more information on Bragg peak see appendix A.
3Relation between proton energy and momentum is given from simple classical mechanics consider-

ations.
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Figure 2.7: Sketch of double scattering P0, P1, Q1 and Q2 are neutron and proton
momentum and Θ1 and Θ2 are the angle between incoming neutron and recoil proton.

to the 90◦ criterion (see appendix B): if P⃗1 and Q⃗1 are perpendicular, then Q⃗1 must have
the same mass of the neutron, therefore it must be a proton4.

To date, there are two detectors that are trying to exploit neutron double scattering
for the determination of neutron track. They are SONTRAC and MONDO.

SONTRAC. SOlar Neutron TRACking has been designed to operate between 20 and
150 MeV region, that is the energy range of neutrons produced in solar flares [39]. It
is based on non-relativistic double elastic scattering of neutrons with the protons of the
plastic scintillator.

Its hearth is based on a bundle composed of mutually perpendicular, alternating layers
of parallel scintillating plastic fibers with a pitch of 300 µm, so that, when a sufficiently
energetic neutron interacts with a proton inside the detector, the recoil proton is emitted
with enough energy so to travel several fibers (at least three) before being stopped. The
apparatus is 5 × 5 × 5 cm3 thick and for each side it is possible to obtain a grid of
150 × 150 pixels. In each fiber, the passage of the proton leads to the production of
photons in a quantity proportional to the energy deposited. The fiber bundle is seen by
two orthogonal photomultiplier tubes and by two orthogonal optics chains that include
image tapers, image intensifiers and CCD cameras. These two cameras allow one to
provide a stereoscopic view of proton tracks. As already mentioned in Section 2.2.1,
from the detection of two proton tracks (double scattering), it is possible to reconstruct

4This criterion is also valid in the case of single scattering and allows one to define a cone of region
of neutron emission after the interaction (the neutron will be emitted always at an angle of 90◦) with
respect to the recoil proton.
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Figure 2.8: Left and center, SONTRAC sketch. In figure in left neutron double scattering
has been shown. Right, SONTRAC prototype [14].

initial neutron energy and direction. In SONTRAC, energy and angular resolution of
recoil protons have been determined to be δE/E = 4.8% and δθ = 4.6◦ at 35 MeV and
they improve with energy [7].

It is worth to mention that SONTRAC obtained a 2D image of a n-p double scat-
tering presented in an article in 1999 [55], proving the practical possibility to detect this
phenomenon.

Figure 2.9: Raw CCD image of a double scatter of a 65 MeV neutron incident from the
top obtained by the SONTRAC group [55].

MONDO. MOnitor for Neutron Dose in hadrOntherapy [62] has been designed with
a similar configuration to that of SONTRAC.
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(a) (b)

Figure 2.10: (a) sketch and (b) picture of MONDO prototype

Again, a matrix of scintillating fibers constitutes the place of neutorn scattering and
detection. The photons emitted by the scintillator are captured by an optical system.
Differently than SONTRAC design, this detector has been designed to detect neutrons
produced during particle therapy treatments, whose energies range from 20 to 600 MeV.
Optical sensors used in MONDO consist of a signal amplifier, Gas Electron Multiplier
(GEM) chamber was used for this purpose, and an acquisition system, a CMOS Single
Photon Avalanche Diod (SPAD).

In 2018, a first simple prototype of the MONDO project, Penelope, has been devel-
oped [22] and its output result were compared with a Monte Carlo simulation. Penelope
was made of a 4×4×4.8 cm3 cube of scintillating fibers and was tested for the detection
of neutrons for both single and double scattering. A novel SPAD has been developed
specifically for this detector, called SPAD Based Acquisition for the MONDO experi-
ment (SBAM), with time and spatial resolution tuned specifically for the experiment
(respectively ∼ 100 ps and ∼ 125 × 250 µm2). Neutron energy resolution between 4%
and 11% has been found for single scattering, while a resolution lower than ∼ 8% has
been found (but still under investigation) for double scattering events.
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Chapter 3

RecoIl Proton Track Imaging
DEtector: RIPTIDE

This chapter provides a throughout discussion of the principle of operation and design
of the RIPTIDE detector. The physical mechanisms that take place in the detection
of a neutron with RIPTIDE are recapitulated in Section 3.2, and a description of its
components is presented in Section 3.3.

3.1 RIPTIDE concept

In the previous chapter an overview of the state of the art of fast neutron detectors was
presented. In addition, organic scintillators detection mechanism was discussed together
with their use as neutron detectors. Details of recoil proton track imaging technique both
in the case of single and sequential n-p scattering were discussed showing applications to
neutron detection. We finally described the two most relevant detectors that have been
proposed for double n-p scattering recoil proton detection: SONTRAC and MONDO.
Here, the concept of the detector we aim to develop is discussed in detail.

RIPTIDE, RecoIl Proton Track Imaging DEtector, aims at detecting neutrons in both
single scattering mode (when neutron source is known) and double scattering mode (with
the determination of neutron track and energy). In Section 2.2 the simple mathematical
foundations behind these detection mechanisms was illustrated. In the case of single
scattering, if neutron source position is known, it is possible to obtain neutron energy
from the relation En = Ep/cos

2(θ). Double scattering allows one to obtain also neutron
initial direction, even if the source position is not defined a priori.

Differently than MONDO and SONTRAC, which are both based on a matrix of
scintillating fibers, RIPTIDE consists of a cube of plastic scintillator. This implies a
significant difference in recoil proton track detection and reconstruction. In other de-
tectors, in fact, the proton track reconstruction is obtained from the detection of the
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light produced by the scintillating fibers singularly. The dimension of the single fiber
determines a physical constraint for the spatial resolution (e.g. for SONTRAC is 300
µm) and its photon intensity is linked with the amount of energy deposited in a fiber
by the proton. Moreover, in order to reconstruct proton track, the particle should be
enough energetic to travel through at least three different fibers. It should therefore have
enough energy to pass 600 µm of scintillating material. We can roughly estimate that a
proton range of 600 µm corresponds to a proton’s energy of at least 6 MeV.

The light output is therefore pixelated, as it can be seen from figure 3.1, representing
the data acquired by a prototype of SONTRAC. In the figure, the position of the Bragg
peak can be clearly inferred.

Figure 3.1: Single n-p (left) and double n-p scattering (right) obtained with a SONTRAC
protoype. Proton tracks are pixelated because SONTRAC is made of scintillating fibers.
It is also possible to observe that one end of each segment is brighter than the other.
This is the effect of proton energy loss behaviour (Bragg peak) in the scintillation light
output [55].

The use of a solid cube could overcomes these spatial resolution limits. In the case
of RIPTIDE, in fact, photons are produced along the whole track. For instance, a
proton inside a scintillator produces typically 103 photons per MeV, and so a 3.5 MeV
recoil proton produce approximately 104 MeV distributed along a 0.2 mm track. [44]
This represents the spatial resolution of RIPTIDE: 0.2 mm (200 µm). Moreover, track
imaging inside the scintillator allows one to distinguish photons from neutrons. While
neutrons are identified by the presence of recoil protons, photons induce the emission of
scintillation light along the whole track.

However, the improvement in spatial resolution is counterbalanced by greater dif-
ficulty in the optical acquisition of photons. To tackle this problem, the use of two
high-sensitivity optical systems is currently being evaluated. Once the optical system is
defined, the idea is to use three of these optical systems, coupled to the scintillator, in
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order to obtain a stereoscopic imaging. We aim to obtain a 3D reconstruction of proton
tracks inside the scintillators.

In addition, a Silicon photomultiplier is included in the experimental setup to work
as a trigger and to synchronize the three optical systems for the frame acquisition (it is
necessary, for the three-dimensional reconstruction, that all the optical systems acquire
the image at the same time). A sketch of the RIPTIDE concept is shown in figure 3.2.
In the present chapter we will enter in detail of the characteristics of all the different
elements of RIPTIDE.

Figure 3.2: RIPTIDE working principle. A plastic scintillator is coupled to an optical
system to acquire photons produced by recoil protons. A silicon photomultiplier will
work as a trigger and synchronizer for the image acquisition from optical systems. [8]

Before that, it is worth mentioning an experiment that successfully obtained a 3D
reconstruction of electrons inside a scintillator [20]. With the use of mirrors and lenses,
they coupled a 4× 4× 4 mm plastic scintillator with a photon detector build specifically
for the experiment, Hybrid Photon Detector (HPD). HPD has both high spatial and
temporal resolution (respectively 6 µm and 10 ns) and single optical photon detection
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Figure 3.3: 3D reconstruction of 5 GeV electron track inside a plastic scintillator [20].

peaked in the blue/violet spectral range (∼ 390 nm). Filipenko et al. were able to
reconstruct in three dimension the tracks of 5 GeV electrons. They used two orthogonal
imaging devices to obtain the track showed in figure 3.3.

RIPTIDE was conceived to be useful for a variety of applications as mentioned in
chapter 1. Table 3.1 summarizes the requirements that need to be achieved in different
fields. A compromise in performances can be accepted in some cases, though.

Energy region
of interest
(MeV)

Expected
efficiency
(%)

S-o-A
(%)

Time
resolution

Energy
resolution
(%)

Angular
resolution
(degrees)

Nuclear Physics
(n TOF)

10-100 10-60 - 1-10 ns 2-20 ns 0.5

Astrophysics
(space env.)

10-1000 10-50 10-30 1-100 ms 10-50 1

Particle Therapy
(FOOT)

20-400 1-30 1-2 1-10 ns 5-20 0.5

Environmental
n-tracking

<20 10-90 - counter - 1-5

Table 3.1: Requirements and expected region of interest in the different application fields.
S-o-A is the state of the art of the different efficiencies.
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3.2 RIPTIDE working principle

As already anticipated, a neutron must interact with the scintillator to be detected.
Interacting via the strong nuclear force, the probability of interaction is small: the
majority of neutrons cross the entire thickness of the scintillator undisturbed and are
not detected. (In Section 4, with a Monte Carlo simulation, these probabilities has been
provided).

The active volume in RIPTIDE is a 6×6×6 cm3 plastic scintillator, almost uniquely
made of carbon-12 ions and protons1. Neutrons interact in the scintillator both with a
proton and with a carbon ion according with their cross sections (see figure 2.3).

At the energies of interest for RIPTIDE, i.e. 3-50 MeV in the first feasibility study,
neutrons and protons can scatter elastically, while a neutron can interact with carbon
either via elastic scattering, or nuclear reactions, whose probability increases with the
increasing of neutron energy. Above 10 MeV, carbon elastic scattering cross section
becomes larger than proton scattering.

In the collision, neutrons transfer part of their energy to the nucleus that is involved
in the interaction. The amount of energy transferred to the nucleus depends on the
atomic number (A) of the nucleus itself: it is uniformly distributed between (A−1

A+1
)2E0

and E0, where E0 is neutron energy before the interaction (see Eq. 2.11). In n-p elastic
scattering, the neutron can lose up to all its energy, which is transferred to the proton; in
the case of n-12C elastic scattering, carbon ions could only acquire up to 28% of neutron
energy. Therefore, for the same neutron energies, recoil protons have generally higher
energies compared with recoil carbons. In addition, the range of a certain particle in
a certain material is linked to the proton range in the same material via the equation
Rnucleus = M/Z2Rproton (see equation A.4 in the appendix), where M is the mass of the
particle (compared to proton mass) and Z is the unit charge (of course for protons M =
1, Z = 1). In the case of 12C, M = 12 and Z = 6, a carbon ion range is only about a
third of the range of a proton with the same energy. The combination of these effects
implies that the kinetic energy of the recoil carbon and its range are generally too low
to be detected.

The fact that the experimental signature of n-C elastic scattering is below the de-
tection threshold has an effect on the detection efficiency. For example, a neutron could
interact with a carbon ion before interacting with a proton. In the first interaction it
changes the kinetic energy and direction of the neutron. As anticipated, this first in-
teraction could not be seen by the optical system, while the second does. The double
scattering could be mistaken with a single scattering with the consequent miscalculation
of neutron initial energy (see next chapter for a quantitative description).

The miscalculation of neutron energy due to carbon scattering is graphically explained
in figure 3.4.

1Other elements and isotopes as 13C, deuterium or tritium are present only in small quantities.

40



Figure 3.4: Sketch of a double scattering in which the first interaction is with a carbon
ion while the second interaction is with a proton. Experimentally this event cannot be
disentangled by a single scattering. En, Ep and EC are neutron, proton and carbon
energy. θ′ is the real scattering angle between recoil proton and the neutron before the
impact, θ is the scattering angle if a single scattering is considered (the source position
is far if compared to the scintillator dimension).

Suppose that the source position is known and is far from the scintillator; in good
approximation neutron direction is fixed (horizontal in the sketch). However, nor the
neutron neither the carbon are “visible”, and proton track (in orange) can be recorded
(see figure 3.5).

This is, however, exactly the same signal that is visible in the case of single scattering
(figure 2.5): in summary, the two events are indistinguishable. The miscalculation of
neutron energy arises from the fact that the scattering angle of the recoil proton is
different. In figure 3.4, θ′ is the angle between scattered neutron (after carbon scattering)
and recoil proton, while θ is the angle between the unscattered neutron (from the source)
and the proton. As it can be seen from the figure, these two angles are different. Neutron
energy miscalculation arises from the fact that the relation between neutron and proton
energy depends on the scattering angle (En = Ep/cos

2(θ)). Therefore, a miscalculation
of the angle between the neutron and the proton implies a miscalculation on the neutron
energy. The effect of energy loss due to n-C scattering is a side effect with respect to the
error caused by the miscalculation of the angle because the maximum energy loss by the
neutron is 28% of initial neutron energy.

Sometimes (for higher neutron energies), it can happen that the energy of this ion
is sufficiently high that the light produced by its track is high enough to be detected
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Figure 3.5: The detected signal for both a single scattering and a double scattering in
which the first recoil nucleus is a carbon atom.

from the readout system. Consider a recoil proton and a recoil carbon ion with the same
energy. Both carbon and proton release all the energy inside the scintillator but proton
path is longer than carbon one. The scintillator output is proportional to the energy
released from the particle in the medium, therefore both carbon and proton track will
emit a comparable amount of photons. Because the range of a carbon ion is shorter,
emitted photons from this track will be more dense. The output of a recoil carbon in
the readout system, if it can be seen, will be a small bright spot that cannot be used for
track reconstruction.

If the neutron interact once or twice with protons, neutron energy and direction
can be determined, as discussed in Section 2.2. Stereoscopic imaging is used to obtain
proton track. In figure 3.6 an illustration of a neutron having a double scattering inside
the scintillator is provided. Right angles between proton and neutrons have been drawn.

All the information necessary for RPTI can be obtained from proton tracks. They
consist of a segment with an end brighter than the other, that give information on where
the proton is pointing at. As already mentioned, proton energy is obtained from the
length of the tracks (equation A.3).

3.3 Detector components

Having defined the principle of operation of RIPTIDE, we can now focus on the different
components.
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Figure 3.6: Double elastic n-p scattering inside a plastic scintillator cube. Neutrons and
Protons are scattered with a 90◦ angle. Only the yellow tracks produce a signal [7]

3.3.1 Scintillator

We already introduced the physical characteristics of plastic scintillator detectors and
their use as neutron detectors (Section 2.1.3). Therefore, we can now introduce the
specifics of the plastic scintillator we chose for our detection needs.

Specifically, BC-408 was used, that is a plastic scintillator made of polyvinyl toluene
similar to the ones in figure 3.7. This scintillator has a good time resolution with low
rise and decay time (0.9 and 2.1 ns) and light output of 64% with respect to Anthracene.
Moreover, it has a proton to carbon ratio favorable, approximately equal to one. Scin-
tillator emission light is peaked at 430 nm in the violet spectral range. It is important
to consider this last information when considering the coupling with the optical system.
The spectrum of emission (in figure 3.8) and the spectrum of acquisition of the readout
system must overlap. A deeper analysis on this issue will be proposed in Section 3.3.2.

The size of the scintillator has been chosen in order to both maximize probability
of neutron scattering and minimize recoil proton escape in the neutron range under
study: between 3 and 50 MeV [12]. We chose to use a cubic scintillator with a size
of 6 × 6 × 6 cm3, approximately corresponding to twice the range of 50 MeV protons
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Figure 3.7: A set of plastic scintillators of different sizes and shapes is shown. Their
blue-violet color is the characteristics scintillation emission light. Being composed of a
plastic material, they can be produced with a large variety of different dimension and
shapes [59].

in the scintillator. In figure 3.9 it is reported proton range as a function of its energy
inside BC-408 plastic scintillator. In chapter 4, neutron efficiency has been evaluated
quantitatively for the detector geometry we used.

Scintillator wrapping. In conventional scintillator detectors, it is required to decrease
photon losses as much as possible. Therefore, to enhance the number of photons detected,
it is a common practice to cover all the scintillator with a wrapping (typically Teflon
is used) that has the purpose of increasing internal reflection of the photons inside the
scintillator. Since we are interested in the optical acquisition of the track, these reflected
photonsproduce a background on the image acquired by CMOS cameras, making the
track reconstruction more complicated. Therefore, to reduce photon reflection (instead
of increasing it), the plastic scintillator has been wrapped with a black aluminium paper
commonly called Cinefoil2 that has the ability of absorbing a great quantity of the
impinging photons in the visible region.

3.3.2 Detector readout

At this stage, the optical system is one of the most critical topic for the construction
of this type of detector: very high spatial resolution and photon detection efficiency
is required. For this purpose, two complementary readout systems are being currently

2As the name suggests, this material has been developed for cinema application, but its photon
absorption properties in the wavelength range of our interest makes it suitable in scientific experiments
that require good photon absorption properties.
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Figure 3.8: Emission spectrum of BC-408 plastic scintillators. The spectrum is peaked
around 430 nm, in the blue-violet region [12].

studied: (1) back illuminated, high efficiency, low noise CMOS devices and (2) high
conversion efficiency photocathode coupled to MCP coupled itself with pixel sensors
such as TIMEPIX or MIMOSIS [37].

CMOS sensor based device. Only recently the primacy of CCDs is being surpassed
by CMOS sensors for visible and ultraviolet wavelength image acquisition in scientific
research.

CCDs consist of a pixelated metal oxide semiconductor whose structure is basically
that of a series of closely spaced electrodes separated from an underlying semiconductor
substrate by a thin insulating oxide layer [67]. Each pixel is essentially an electrode.
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Figure 3.9: Range of different particles in BC-408 plastic scintillator. In our range of
interest, proton range is between 0.2 and 30 mm [12].

When a bias voltage is applied, a depletion region is formed in the semiconductor and
an amount of charge can be stored.

When exposure is complete, CCDs transfer each charge packet to a common output
structure sequentially. This structure converts the amount of charge into a voltage and
sends it off-chip. It is thus possible to associate the amount of charge stored into each
pixel, which can be linked to the amount of light that the pixel received, to an image
grey level. This camera was used, for example, in the SONTRAC experiment to obtain
the images of figure 3.1.

CMOSs (complementary metal oxide semiconductors) have recently re-emerged as
sensors. They promise a more compact, lower power and more radiation tolerant camera
compared to CCDs. Differently to CCDs, moreover, the charge-to-volt conversion takes
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Figure 3.10: First optical apparatus that will be studied as detector readout for RIP-
TIDE. An ASI 294MM PRO camera (right) [69] will be coupled with E30 F3.5 Macro
optics (left) [58].

place in each pixel simultaneously. In a CMOS sensor, the single pixel is constituted of a
photodiode and three transistors: the first one is to pre-charge the photodiode, the second
one is to sense the signal voltage, the third one is to select the row. Back illuminated
CMOS sensors coupled with optics are currently being studied. They are exposed to
light from the back of the silicon substrate. The result is a dramatic improvement in
photographic performance, including approximately double the sensitivity with respect
to front-illuminated CMOS.

The first optical system under study, therefore, will make use of a back-illuminated
CMOS sensor. The optical system will consist of an ASI 294MM PRO camera [69] cou-
pled with E30 F3.5 Macro optics [58] (Figure 3.10). Having an high quantum efficiency
performance in the wavelength range of emission of the scintillator (see figure 3.11), it
can be used in combination with BC-408 without an important loss in the efficiency.

MCP based device. The complementary optical system that is planned to be studied
is based on microchannel plates (MCPs), which combine suitable spatial resolution (10-
100 µm) with large detection surface. A configuration which is similar to the one that will
be proposed in RIPTIDE has been used to obtain the track reconstruction of electrons
in [20].

These devices can be also used for real time acquisition, having a time resolution of
100-200 ps. Concerning light detection efficiency, two different photocathodes could be
investigated: TIMEPIX and MIMOSIS, two high spatial and high contrast pixel readout
that can also work in single photon counting mode.

A sketch of the working principle of this device is shown in figure 3.12. It consists
of a photon to electron converter, an electron amplifier and an electron readout system.
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Figure 3.11: Quantum efficiency the CMOS camera as a function of the wavelength.
If compared to the emission spectrum shown if figure 3.8, the wavelength of maximum
emission from the scintillator correspond to 75% of quantum efficiency of the camera
[69].

For photons in the visible-UV light spectrum, a photocathode is used to convert the
incoming photon to an electron, while the amplifier is a microchannel plate (MCP).

MCP is essentially constituted of a set of miniaturized electron amplifiers. The single
plate is made of hundreds or thousands of pores (channels) with a diameter of 5-10 µm.
Each pore internal surface is covered with a semiconductor material and an high voltage
(of the order of the keV) is applied to the whole plate. When a single electron enter on a
pore, it perceives the potential difference and is accelerated. Each time the electron hits
the channel surface, a certain amount of electron is produced. From a single electron, an
electron cloud is obtained. In the MCP, the single electron is amplified to ∼ 103 − 107

electrons with a relatively low spatial resolution of ∼ 7µm.
The electron cloud is then collected by various types of readout anodes. For RIPTIDE

experiment, TIMEPIX [61] and MIMOSIS [16] are being considered.
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Figure 3.12: On the right, sketch of the readout system setup that could be studied for
RIPTIDE. A photocathode converts the incoming photon in the visible-UV spectrum to
an electron that is amplifies by the microchannel plate. The electron cloud thus produced
is detected from TIMEPIX or MIMOSIS detector [61]. On left, the working principle of
the single channel of a MCP is shown. From a single electron up to 103 − 107 electrons
are produced [66].

3.3.3 Silicon photomultiplier

Finally, a silicon photomultiplier will be used as an external fast trigger as a time reference
to synchronize the cameras used to obtain the stereoscopic image. For instance, S13360-
3025CS silicon photomultiplier from HAMAMATSU can be used [27].

It is a Multi-Pixel Photon Counter made of multiple Geiger mode avalanche photo-
diode (APD) pixels.

The single avalanche photodiode consists of a thin silicon wafer where high voltage is
applied. As in conventional SiPMs, incident light generates an electron-hole pair. The
application of a high reverse bias voltage, however, enable an internal current gain ef-
fect. In other words, conventional photodiodes simply convert radiation into detectable
signals; avalanche ones also have an intrinsic amplification effect. Our silicon photomul-
tiplier has specifically a photosensitive area of 3×3 mm with a pixel pitch of 25µm and
14400 pixels. It has moreover a gain of 7.0 × 105.
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In Chapter 5 a systematic analysis of the functioning of the SiPM with the scintillator
and the wrapping in Cinefoil is exhibited.

Figure 3.13: S13360 series MCCP silicon photomultipliers from HAMAMATSU [27].
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Chapter 4

Neutron interactions in RIPTIDE
scintillator: Monte Carlo
simulations and analysis

In this chapter the analysis of Monte Carlo simulations of five different neutron sources
at five different energies is presented, and neutron interactions inside the scintillator are
described quantitatively.

4.1 Objectives of the analysis

In Section 2.1.3 and 3.2 we already discussed the necessity to know whether the neutron
is able to interact inside the scintillator and which kind of interaction it undergoes.
The small size of the scintillator implies that the majority of neutrons pass through the
scintillator undisturbed. Moreover, the scintillator composition (carbon and hydrogen
ratio is almost equal to one and these elements have comparable cross sections) implies
that the neutron has comparable probabilities to scatter with protons or with carbon ions.
It is important to make a quantitative analysis of these events because, the interaction
with carbon could invalidate the measured neutron energy and direction.

A simplified version of the detector setup (including the scintillator and the neutron
source) has been virtually built in Geant4. The scintillator consists of a cube of polyvinyl
toluene with density 1.023 g/cc. As for the source, five different energies were simulated:
5, 10, 20, 50, and 100 MeV. Neutrons have been shot perpendicularly to the scintillator
surface, in the center.

The probability of the different interactions of neutrons with the scintillator material
was studied at different energies. In addition deposited energy was recorded. Figures 4.1
and 4.2 show examples of the interactions of 20 simulated neutrons inside the scintillator
respectively at 5 and 50 MeV. The scintillator is centered at the origin of the frame of
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reference of the system and has a side of 6 cm (spanning from -30 mm to 30 mm in
each direction). The source is placed at the centre of one of the scintillator faces, just
above the scintillator surface and neutron direction is perpendicular to the surface. At 5
MeV, n-C and n-p interactions are only elastic scattering. At 50 MeV, also n-C reactions
occur. The products of these reactions are not visible by eye, and could be identified
by the presence of a photon (in yellow). In particular, in figure 4.2 it is possible to see
an event in which a neutron scatters with a carbon ion, and is then scattered with a
deuterium (which is the purple line in the graph), then it made a reaction with another
carbon ion with the production of a Boron-11 ion (which is not visible) and a photon
(the long yellow line). Neutron-deuterium scattering is a rare event because of its poor
concentration of this isotope (99% of hydrogen nuclei consist of protons, and less than
1% is 2H).

4.2 The Monte Carlo simulation

The simulation has been developed with Geant4. This software has been properly de-
veloped to study particle-matter interactions [2]. It contains all the physics models that
are essential for a vast range of different types of particles interaction with matter and
it can be adapted to a wide range of possible applications.

The virtual setup developed was simple: a polyvinyl toluene cube with a side of 6
cm was placed at the center of the simulation frame of reference so that the centre of
the cube coincided with the origin of the system. The neutron source, on the other
hand, was monochromatic and point-like, and was placed at the centre of one of the
cube faces immediately out of the scintillator. Neutron initial momentum was set so to
hit the scintillator perpendicularly. In this way, a non-interacting neutron would pass
exactly all the thickness of the scintillator undisturbed. The simulation was performed
at 5 different energy values: 5, 10, 20, 50 and 100 MeV. For each energy, 106 neutrons
have been simulated.

In a nuclear physics Monte Carlo simulation it is possible to store a set of information
such as energy, position of the interaction, type of particle, etc. Each simulated neutron,
with all its interactions inside the scintillator is called event. For each event, it is common
to store the information of the different tracks and steps. With the name track, we mean
the path of a single particle; with the name step, we mean the segments forming the
path of the track. For example, an event of a neutron that is produced from the source,
scatters with a proton and exits from the scintillator is made of two tracks (the neutron
and the recoil proton) and three steps, one for the proton and two for the neutron (one
from the source to the point of interaction, the second from the point of interaction to
the point where the particle exits from the scintillator). Obviously, we are interested
only on the steps and tracks that occur inside the scintillator; initial and final position
of each step and the type of particle has been used to obtain the graphic visualization
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Figure 4.1: 5 MeV monochromatic neutron source through a plastic scintillator cube of
6 cm side. At these energies only elastic scattering with protons and carbon ions occurs.
Among 20 source neutrons, 11 made some interactions inside the scintillator.

of the different types of event that can be seen, for example, in figures 4.1 and 4.2.
For each track, event number, track number, type of particle (neutron, proton, etc),

parent and energy released along the path and flag to indicate whether the particle exits
or not from the scintillator have been stored. The usefulness of the latter quantity is
explained in Section 4.3.3. The parent, i.e. the particle from which the current particle
is generated, was necessary to identify the interaction. The neutron from the source were
labeled with parent=0, all the particles that are generated from scattering or reaction
with these source neutrons are labeled as parent=1 (see figure 4.3).
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Figure 4.2: 50 MeV monochromatic neutron source through a plastic scintillator cube of
6 cm side. At these energies scattering with protons and carbon ions and n-C reactions
occur. Among 20 neutrons, 8 made some interaction inside the scintillator. Note that
the recoil proton tracks are longer if compared to the tracks of the 5 MeV simulation.

With these information it is possible to determine all the different types of interaction
of the neutron inside the scintillator. To find a double scattering, for example, we have
to search for an event in which there are three tracks, the first one is the source neutron
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Figure 4.3: An example of track, step and parent labels as given by Geant4.

and the second one and third ones are both protons. This type of event could be both
a neutron double scattering or a neutron that scatters with a proton scattering with
another proton. To distinguish these two events, we must add the constraint that both
protons are generated after a scattering with the source neutron (parent = 1). Other
types of interactions that we studied can be found as a combination of these parameters.

4.3 Analysis

4.3.1 Types of interaction

The first information that was obtained from Monte Carlo simulations was the evaluation
of the different probabilities of interaction.

As already mentioned several times, however, RIPTIDE detector aims to obtain
neutron’s track and energy from a single or double scattering. Therefore, our analysis
focuses on these interactions and n-C scattering reaction.

Here we provide a brief description of the terminology used to classify the different
interactions. Below a deeper explanation of the different types of interactions that have
been studied is provided.

• no scattering: the neutron passes the through scintillator without interaction;

• single, double, multiple scattering: the neutron interacts respectively once,
twice or multiple times inside the scintillator exclusively with protons;

• fake-single scattering: the same neutron interacts first with a carbon ion and
then with a proton;
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• fake-double scattering: the neutron interacts with a carbon ion and two pro-
tons. The sequence of interaction could be carbon-proton-proton or proton-carbon-
proton;

• other interactions: all the other interactions that may occur (for example, single,
double, multiple scattering with carbon ions, n-C reactions, etc).

In table 4.1 the probability of the different interactions that has been considered is
shown as a function of the different source energies. The same data has been graphically
represented in figure 4.4.

5 MeV 10 MeV 20 MeV 50 MeV 100 MeV
no scattering 0.430 0.534 0.585 0.740 0.858

single scattering 0.164 0.127 0.079 0.034 0.018
double scattering 0.071 0.036 0.015 0.004 0.001
multiple scattering 0.037 0.016 0.005 0.001 0.000
fake-single scattering 0.031 0.013 0.010 0.003 0.001
fake-double scattering 0.021 0.007 0.003 0.001 0.0
other interactions 0.246 0.267 0.303 0.213 0.122

Table 4.1: Probability of the different interaction of the neutron inside the scintillator
at different energies. no scattering means that the neutrons do not interact with the
scintillator; in single, double and multiple scattering only n-p interactions respectively
with one, two or more protons are considered; for fake single and fake double scattering we
mean the events that produce a signal similar to a single or a double n-p scattering, but
the neutron undergoes also interaction with a carbon ion (we described these situation
more deeply in Section 4.16). Other interactions include all different interactions that
have not been mentioned above (e.g. single or multiple n-C scattering, n-C reactions,
etc.) that are not useful for neutron track reconstruction.

No scattering. As expected, the dominant event is that of a neutron passing through
the scintillator undisturbed. It increases with the increasing of the energy, from 43% for
5 MeV neutrons up to 86% at 100 MeV.

Single, double and multiple scattering. These terms refer to single, double and
multiple (three or more) neutron-to-proton elastic scattering. The neutron, in other
words, interacts only with protons, then it escapes the scintillator. From table 4.1 and
figure 4.4 it is clear that, as expected, single n-p scattering is more probable than double
and multiple. Moreover, for all the three types of event, the probability decreases with
the increasing of the energy. Figures 4.12, 4.13 and 4.14 show an example of each different
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Figure 4.4: Probability of interaction as a function of neutron energy. The probability
of no interaction increases with the increasing of neutron energy, while all the other
decrease.

event type. From them (it is more evident in image 4.13) it can be noticed a fundamental
property of n-p elastic scattering: the angle between scattered neutron and recoil proton
is always right (90◦) (see appendix B).

It is worth noticing that summming up the probability of single and double scattering,
the efficiency can be as high as 20% near 10 MeV.

Fake single scattering, fake double scattering. In neutron to carbon scattering,
the neutron transfers a lower amount of energy to the ion and neutrons change direction.
The recoil carbon track produced from n-C scattering is often too small to be detected
by the detector readout. For fake-single scattering we mean the case in which a neutron
has a double scattering, first with a carbon ion and then with a proton. For fake-double
scattering we mean a triple scattering with a carbon ion and two protons and the carbon
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scattering is not the third event. An example of these two event are shown in figure 4.15
and 4.16.

Since the carbon track in most cases is not visible, these events could be confused with
single and double scattering respectively, with a consequent error in the measurement of
energy and direction of the proton (see Section 3.2).

Other interactions. It represents the interaction, e.g. nuclear reactions, not men-
tioned. Above certain thresholds, nuclear reactions with carbon could also take place.
The lighter ions produced in these reactions the most of the times cannot be easily de-
tected from the readout system because of their submillimetric range. All these events
cannot be used to obtain neutron energy and track reconstruction first because equation
2.11 is valid only for protons and second because, almost always, their tracks are too
small to be detected from the readout system. Some of the interactions that have been
included in this class are, for example, n-C single, double and multiple scattering, n-C
reactions with the formation of different products (as, for example, C(n,p)B that could
be found at energies higher than 20 MeV). Of these reactions, neutron to carbon elastic
scattering is the dominant event (from figure 2.3 it can be seen that the elastic scattering
has the highest cross section).

4.3.2 Misclassified single and double scattering

Fake single and double scattering events can be exchanged by the readout system for
single and double scattering respectively. It is appropriate, therefore, to estimate how
many events that are classified as single and double scattering are effectively single and
double scattering. These probabilities are calculated as follows:

Effective single scattering =
single scattering

single scattering + fake single scattering
(4.1)

Effective double scattering =
double scattering

double scattering + fake double scattering
(4.2)

The result of this calculus is shown in table 4.2. The probability to correctly classify
an event, both for single and double scattering, gets higher with the increasing of the
source energy. Single scattering has worse result than double scattering, especially at
lower energies (at 5 MeV only 73% of the events that would be labelled as single scattering
were effectively a single scattering, while at the same energy double scattering borders
on 80%).
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effective
single scattering

effective
double scattering

5 MeV 0.839 0.772
10 MeV 0.907 0.822
20 MeV 0.888 0.829
50 MeV 0.919 0.877
100 MeV 0.968 0.843

Table 4.2: Results of equations 4.1 and 4.2. It is the probability that an event that is
detected by the detector readout system as a single (or double) scattering is effectively
a single (double) scattering and not a fake-single (double) scattering.

4.3.3 Escaped protons

Since the proton range is related to its energy with the increasing of neutron energies also
recoil proton energy increases and therefore the proton can exits from the scintillator.
This is an unwanted effect because it prevents us to measure the proton energy, and thus
neutron energy: if the proton is not completely stopped inside the scintillator, then it is
not possible to determine its full range and thus its energy.

To obtain these probabilities, for each track it has been stored a further feature that
said whether the particle ended its path inside or outside the scintillator. Then the
amount of escaped protons has been counted for both single and double scattering:

# escaped protons in single scattering

all single scattering
(4.3)

# escaped protons in double scattering

all double scattering
(4.4)

single scattering double scattering
single escape double escape

5 MeV 0.003 0.001 0.0
10 MeV 0.008 0.004 0.0
20 MeV 0.023 0.018 0.0
50 MeV 0.106 0.017 0.001
100 MeV 0.403 0.795 0.015

Table 4.3: Probability that recoil protons escape from the scintillator for single and
double scattering. For the double scattering the probability that one and both protons
escape is shown. The escaping probability increases with the energy.

These data has been reported in table 4.3. As expected, with the increasing of
the energy, a larger fraction of protons is able to escape from the scintillator. For
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single scattering this phenomenon gets important at 50 MeV. For what regards double
scattering, both the probability that one and two protons escaped is provided. A single
escape in double scattering is not significant until 100 MeV (out from the RIPTIDE
detection range). At our energies, a double proton escape is undoubtedly negligible.
In general, escaped protons are a side problem compared to other phenomena, such
as scattering with carbon ions (fake-single/fake-double scattering), especially at lower
energies. In fact, these events can be tagged experimentally.

4.3.4 Energy distribution of recoil nuclei

The subsequent step of our analysis was to study the energy distribution of the parti-
cles produced after the neutron interaction. In the following we show the behaviour of
recoil protons and carbon ions. Concerning protons, we compared the behaviour of the
first recoil protons interacting with the neutron and the following ones (second, third
interaction, etc).

Energy distribution of recoil protons.

As already mentioned, the energy transferred from a neutron to a proton can range from
zero to the entire neutron kinetic energy.

The energy distribution of the recoil protons produced after the first neutron inter-
action is similar to that in figure 2.2: uniformly distributed between 0 and the energy of
the monochromatic source. This is confirmed for all the five energy values of our Monte
Carlo simulations showed in figure 4.5. The distribution is more uniform for 5, 10 and
20 MeV. For 50 and 100 MeV other effects take place. For example, an higher amount of
protons escaping the scintillator causes a deviation from the uniformity of the plot. This
is more evident at 100 MeV: highly energetic protons exit from the scintillator before
they lose all their kinetic energy (see Section 4.3.3) and for this reason the recoil proton
energy recorded is at about 90 MeV.

In the case of multiple scattering, the distribution of the energy deposition of recoil
protons is not uniform, and the probability of low energy deposition increases.

In figure 4.6 the difference between recoil proton energy distribution from single and
multiple scattering is shown: as long as only the first proton scattering is considered, the
energy distribution is uniform; when all the recoil protons are considered, the distribution
gets exponential (with more events at lower energies).

Energy distribution of recoil carbon ions.

As we said, n-C interaction involves an exchange of energy lower as compared to protons.
From equation 2.1, we can estimate the maximum energy of a carbon ion (EC) at each
energy of our simulations:
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Figure 4.5: Energy distribution of recoil protons from single scattering. The energy is
uniformly distributed between 0 and the neutron energy source.

• for 5 MeV neutrons, EC ∈ [0, 1.42];

• for 10 MeV neutrons, EC ∈ [0, 2.84];

• for 20 MeV neutrons, EC ∈ [0, 5.68];

• for 50 MeV neutrons, EC ∈ [0, 14.2];

• for 100 MeV neutrons, EC ∈ [0, 28.4].

Figure 4.7 shows a comparison of the energy distribution of all recoil carbon ions and
protons for a monochromatic source of 5 MeV. The maximum of carbon energy is 1.42
MeV, as expected. A structure can be seen in the figure. It is associated to the n-C
interaction.

4.3.5 Impact of an experimental threshold

When the energy is small, the corresponding tracks are too short and therefore they
cannot be detected by the readout system. To take this into account, a threshold at 3.5
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Figure 4.6: Comparison of the energy distribution of recoil protons from single scattering
(orange) and multiple scattering (blue). This is the case of a monochromatic source of 5
MeV.

MeV for proton energy was included. This detection threshold corresponds to approxi-
mately 0.2 mm lenght (see figure 3.9). The resulting probability of each event to happen
is shown in table 4.4.

As expected, the energy threshold strongly limits the amount of available events,
especially for 5 MeV neutrons, where the range of proton energies is limited between
3.5 and 5 MeV. The effect of imposing an energy threshold is less important at higher
energies. Figure 4.8 is a comparison of the different types of events with and without
the energy threshold.

From the plot, it is possible to argue that the effect of the threshold is more important
at lower energies. For what regards single scattering, for example, at 5 MeV the amount
of protons with an energy higher than 3.5 MeV is less than 30% than all single scattering.
At 20 MeV, this value reaches almost 80%.

In the case of double scattering, it is useful to count also the amount of times that
only one of the protons is higher than the threshold. If the first recoil proton exceed
the threshold, then this event could be used as a single scattering; if the second recoil
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Figure 4.7: Energy distribution of recoil carbon in a comparison recoil protons. The
structure in carbon energy distribution could be associated to the n-C cross section
resonance between 2 and 8 MeV (see figure 2.3).

proton does, the event must be rejected. Because neutron energy is always higher for
the first scattering, we expected (and found) that the first situation is more probable.
In double scattering, the probability that both protons exceed 3.5 MeV threshold is also
calculated. As expected, we found that the probability that the first proton exceeds
threshold energy is higher than the probability that the second one does, which is itself
lower than the probability that both protons are emitted with an energy larger than 3.5
MeV.

For multiple scattering, the probability that the first or that the first two protons
reach the desired energies has been calculated (see table 4.4).

4.3.6 Including temporal information

In this last session of our analysis, we aim to study the issue from a slightly different
point of view. Until now, all the events have been classified by their interactions: a
neutron interacting only with a proton was a single scattering, a neutron interacting
with two protons was defined as a double scattering, a neutron interacting first with a
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5 MeV 10 MeV 20 MeV 50 MeV 100 MeV
single scattering 0.130 0.078 0.063 0.030 0.016
double scattering

1st proton 0.003 0.028 0.013 0.003 0.001
2nd proton 0.002 0.006 0.005 0.001 0.001

both protons 0.0 0.002 0.004 0.001 0.001
multiple scattering

1st proton 0.016 0.013 0.005 0.001 0.0
1st & 2nd proton 0.0 0.001 0.001 0.0 0.0

fake-single scattering 0.005 0.007 0.008 0.002 0.001
fake-double scattering 0.0 0.001 0.001 0.0 0.0

Table 4.4: Probability to observe a certain event with proton energy higher than 3.5
MeV. For double and multiple scattering also the probability that the first , second and
the first two protons have an energy larger than 3.5 MeV is considered.

carbon ion and then with a proton and then escaped the scintillator was a fake-single
scattering, and so on. In this way, each event could be classified under one and only one
type of interaction and the sum of the different events probabilities was equal to one (for
each energy, the sum of all the lines in table 4.1 is equal to one). In other words, time
information is added to the analysis.

However, the entire issue could be seen from a different point of view. RIPTIDE aims
to obtain, from a neutron scattering with one or two protons, the direction and energy
of the proton itself. If the neutron source is known, it is sufficient a single scattering
with a proton to estimate the energy of the incoming particle. If the source position is
not known, it is necessary that the neutron interacts at least twice with the scintillator
protons. If the position of the source is known, then, we are only interested in the first
scattering center, if the source position is not known, we want to know the first two
scattering centers. This implies that, for example, an event in which a neutron collides
with a proton and then makes an inelastic reaction with a carbon ion can be used to
define the position of the source. Similarly, the first proton of a double or multiple
scattering can also be used to determine the neutron energy when the source is known.
Instead of distinguishing the various types of events, it is therefore possible to focus only
on the nature of the first three scattering centers. It should be noted that in this way it
is no longer possible to consider the various types of interactions as disjoint sets because,
in this way, the same event can, for example, be counted for both single and double
scattering. Below we report an analysis that focuses on the first, the first two and the
first three scattering centers. Focusing only on the first scattering center, all the events
in which a neutron interacted at least with a nucleus inside the scintillator, have been
classified into:
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Figure 4.8: A comparison between the probability of having a type of scattering without
(dashed line) and with (solid line) imposing a threshold for proton energies at 3.5 MeV.
In case of double scattering and fake-double scattering both protons were required to be
at energies greater than 3.5 MeV.

• p-events, in which the first neutron scattering is with a proton;

• c-events, in which the first neutron scattering is with a carbon ion. Note that
these events does not necessary imply that the interaction is an elastic scattering.
Also n-C reaction are included.

A comparison of the amount of proton and carbon scattering was performed and was
compared with cross-section from JANIS-website databases [1]. Moreover, the effect of
an energy threshold at 3.5 MeV has been studied.

Focusing only on the first and second scattering centers, of all the events in which
a neutron interacted at least with two nuclei inside the scintillator, only two has been
studied:

• pp-events, in which the neutron interacts twice with protons;
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• cp-events, in which the neutron interacts first with a carbon ion an then with a
proton.

Another possible event could be an interaction first with a proton and then with a
carbon ion (pc). We are not interested in counting these events because they have been
already counted as p-events. pp-events correspond to what we previously called double
scattering, cp-events correspond to what we previously called fake-single scattering.

The study of the third scattering center had the only purpose of identifying:

• cpp-events, a neutron that interacts at least with three nuclei of which the first
is a carbon ion and the second two are protons:

• pcp-events. a neutron that interacts at least with three nuclei of which the first
and the third are protons and the second is a carbon ion.

Both these events correspond to what has been called previously a fake-double scat-
tering.

First scattering centre.

We first focused only on the first scattering centre. We counted how many times the
neutron collided with a proton and how many with a carbon ion. This evaluation has
been done without imposing a lower limit to proton energy so that it was possible to
compare these results with neutron-to-proton and neutron to carbon cross section. The
result, in figure 4.9 (a) could be compared with cross section values from JANIS website
[1]. n-C cross section has been taken from ENDF database [18], while n-p cross sections
are from [36], in figure (b).

These interaction probabilities are also provided in table 4.5. In the table also the
probability to find a proton with an energy larger than 3.5 MeV is shown. The similarity
of the two graphs are clear.

p-events p-events (Energy > 3.5 MeV) c-events
5 MeV 0.342 0.112 0.226
10 MeV 0.221 0.149 0.133
20 MeV 0.127 0.101 0.179
50 MeV 0.067 0.058 0.130
100 MeV 0.040 0.037 0.057

Table 4.5: Probability to have an event in which the first scattering centre is a proton,
or is a carbon, or is a proton with energy larger than 3.5 MeV

As for single, double and multiple scattering, a comparison of single scattering with
and without threshold is provided (figure 4.10). It can be noticed, as for single scattering,
that the limitation of the threshold is greater at lower energies.
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Figure 4.9: (a) Probability that a neutron interacts with a carbon ion VS Probability
that e neutron interacts with a proton in the first scattering center. (b) As a comparison,
n-C and n-p cross sections from JANIS website databases are also provided.

In order not to be redundant, the analysis of the successive scattering centers is done
by imposing the threshold on the energies of the protons. In other words, all protons are
required to have energy greater than 3.5 MeV.

In the analysis of the first two scattering centers, two different cases have been studied:
(1) the neutron scatters with two protons (pp) and (2) the neutron first scatters first
with a carbon ion and then with a proton (cp). The events with at least three scattering
have been taken into account only to identify the events that have been called in the
previous section fake-double scattering. Two different situations are possible: the neutron
sequentially collides with a proton, a carbon and a proton (pcp), and the second, in which
the interaction sequence is carbon-proton-proton (cpp). The probability to find these
events are shown in table 4.6. Having cp, cpp and pcp it is possible to evaluate effective
single and double scattering. In table 4.6 these quantities are also provided.

4.3.7 Summary

In this chapter, we evaluated the probability to detect single and double n-p scattering
inside a plastic scintillator of 6 cm side for neutron energies between 5 and 100 MeV.
It resulted that the majority of the neutrons does not interact with the scintillator, and
the elastic scattering probability decreases with the increasing of the energy.

It has been found that for both single and double scattering more than 77% of the
events labeled as single or double scattering are effectively single and double scattering.

In addition, it was evaluated the fraction of protons escaping the scintillator. This
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Figure 4.10: Effect of an energy threshold of 3.5 MeV on the probability that an event
has a recoil proton in the first scattering centre (p-events).

interaction probabilities effective scattering
p-events pp-events cp-events cpp/pcp-events p

p+cp
pp

pp+cpp+pcp

5 MeV 0.112 0.0 0.009 0.0 0.873 0.0
10 MeV 0.149 0.004 0.013 0.001 0.921 0.927
20 MeV 0.101 0.007 0.012 0.001 0.897 0.900
50 MeV 0.058 0.002 0.004 0.0 0.931 0.906
100 MeV 0.037 0.002 0.001 0.0 0.969 0.962

Table 4.6: On left, probability to obtain the various events. On right effective single and
double scattering. Note that the events thus provided si overlappano.

phenomenon was found to be a side effect up to 20 MeV energies.
Moreover, energy distribution of recoil nuclei was studied. It has been shown that the

first scattered proton energy spectrum is uniformly distributed between 0 and the kinetic
energy of the neutron source (figure 4.5). This is valid only for the first recoil protons
because the neutron loses part of its energy during the scattering. For this reason, energy
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Figure 4.11: Probability of interaction as a function of the energy The label are defined
as in Section 4.3.6. All protons were required to have an energy larger than 1 MeV.

transferred to the subsequent protons is lower (figure 4.6).
Concerning carbon scattering, on the other hand, it has been shown that the maxi-

mum amount of kinetic energy is limited in the region defined by equation 2.1.
Furthermore, the effect of a threshold of 3.5 MeV was studied. The probability of the

different types of event (single, double, multiple scattering, fake-single and fake-double
scattering) has been re-evaluated, including the probability that an event classified by the
detector readout as a single(double) scattering corresponds effectively to a single(double)
scattering (relations 4.1, 4.2).

Finally, the same analysis has been performed considering only the first, the second
and the third scattering center: instead of looking only at single scattering, all the events
in which a neutron scatter at least once inside the scintillator and in which the recoil
nucleus is a proton have been considered (p-event); instead of looking only at double
scattering, all the events in which a neutron interacts at least twice inside the scintillator
and the two recoil nuclei are both protons has been considered (pp-event). This reasoning
allows to increase the quantity of events that can be used for neutron energy and track
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determination. While p-events probability exceeds 10% for neutron energies lower than
20 MeV, pp-events are particularly affected by the energy threshold, and they never reach
1% probability.

The probability to incorrectly identifying an event as p or pp has been finally calcu-
lated. An improvement on the classification has been found.

Figure 4.12: An example of single scattering.
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Figure 4.13: An example of double scattering. Here the 90◦ angle between scattered
neutron and proton is visible.
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Figure 4.14: An example of triple scattering (multiple scattering)
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Figure 4.15: An example of fake-single scattering: the neutron first interacts with a
carbon ion and then it interact with a proton. The carbon is not seen, therefore this
type of event could be mistaken for a single scattering.
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Figure 4.16: An example of fake-double scattering. The neutron interacts with a carbon
ion before interacting with two protons. Generally, the carbon ion is not detected,
therefore the event is misclassified as a double scattering.

75



Chapter 5

Characterization of the
SiPM-scintillator system

In Chapter 3, we described the whole setup configuration of RIPTIDE detector, we
outlined its neutron detection working principle, and specified the characteristics of the
single components: the plastic scintillator wrapped with Cinefoil, the optical system
and the silicon-photomultipliers. The achievement of this project depends on a number
of aspects that must be studied: single and double n-p scattering inside the scintillator
should be non-negligible, scintillation light produced by recoil protons should be detected
both by the SiPM and the optical system, the response of the whole system should be
sufficiently fast to permit real-time detection. In the previous chapter, neutron interac-
tion processes inside the plastic scintillator have been studied to estimate fast neutron
single and double scattering probability within the scintillator thickness. The aim of
this chapter is to verify whether the SiPM can detect scintillation light in RIPTIDE
configuration (with Cinefoil) and whether the signal is sufficiently fast to allow real-time
detection. Future research will focus on the characterisation of the optical system.

5.1 Experimental setup

A simpler prototype consisting of BC-408 plastic scintillator coupled with a silicon pho-
tomultiplier, was assembled. The SiPM HAMAMATSU A13360-3025CS with a pho-
tosensitive area of 3×3 mm was placed at the center of one of the BC408 scintillator
faces. An optical coupling gel was used in order to reduce photons loss due to surface
discontinuities. The SiPM-scintillator system was firstly wrapped with Teflon, and after
a measurement in this configuration, it was wrapped with Cinefoil and the measure-
ment was repeated. The experimental setup is sketched out in figure 5.1. The principal
characteristics of the scintillator and the SiPM were presented in Chapter 3

To detect the signal, the SiPM was connected, via a circuit board specifically prepared
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Figure 5.1: Sketch of the experimental setup in the four configurations (with Cinefoil or
with Teflon, with or without the amplifier).

for the experiment, to a 5 GHz oscilloscope. A bias voltage of 57.4 Volts was set. A
threshold in voltage has been set to trigger the signal acquisition. For each event, the
oscilloscope showed the amplitude (Volts) as a function of the time (nanoseconds) and
saved the waveform of each event in a different file.

LaNA HF Barebones by Nooelec [45] was used for the amplification of the signal.
These amplifiers are able to tenfold the signal without great distortions, and invert the
polarity. (see figure 5.2).

As already mentioned it is necessary to reduce photon reflection as much as possi-
ble because it increases the background in the image. Therefore, the scintillator was
wrapped with a black aluminium paper called Cinefoil. In this chapter, we compare sig-
nals obtained with Cinefoil wrapping with signals obtained with a reflective coating, i.e.
Teflon. Furthermore, the effect of a fast signal amplifier was studied. Signal acquisition
was, thus performed in four different configurations: with Cinefoil or Teflon wrapping
and with or without the amplifier. The aim of the measurements was to demonstrate
that SiPMs are able to detect the passage of charged particles in a sufficient fast way so
to work as a trigger for the acquisition system. In the rest of the chapter, the different
setups will be identified by the following abbreviations:

• TNA: the scintillator is wrapped with Teflon and the signal is not amplified;
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• TA: the scintillator is wrapped with Teflon and the signal is amplified;

• CNA: the scintillator is wrapped with Cinefoil and the signal is not amplified;

• CA: the scintillator is wrapped with Cinefoil and the signal is amplified.

The characterization of the SiPM-scintillator setup has been performed using cosmic
muons. Since their discovery in 1911 [47], cosmic rays have been used as an always
available source for high energetic particles in almost all physics laboratories, and the
majority of cosmic charged particles reaching sea level are muons.

The setup (scintillator and cosmic muon source) was then reconstructed with the
Geant4 toolkit. To simulate cosmic muons, the CRY library was used [26]. The purpose
of the simulation was to study the energy deposited by cosmic muons inside the scintil-
lator. In this way, it was possible to compare signal amplitudes (Volts) experimentally
measured with the energy deposited by the muons in the scintillator (MeV).

In the following paragraph, we present a brief overview of cosmic muons character-
istics useful to understand energy deposition inside the scintillator and to clarify the
analysis we made of the muon source generated with CRY.

5.1.1 General characteristics of cosmic muons at sea level

Muons are the most abundant energetic charged particles at sea level. They are produced
at an altitude of 15 000 meters, and reach sea level with an average energy of 4 GeV
[23]. Their intensity has a dependence on the zenit angle that goes like:

I = Ivcos
2θz (5.1)

where Iv is the intensity of muons reaching Earth surface perpendicularly and θz is
the zenit angle, i.e. the angle of inclination with respect to the vertical direction.

Muons are secondary cosmic rays produced by the interaction of primary cosmic
radiation (mainly protons, α particles and heavier nuclei) and the atmosphere. More
specifically, these interactions produce mainly pions (π0, π+ and π−), whose decay prod-
ucts are muons. More in detail:

π+ → µ+ + νµ (5.2)

π− → µ− + νµ (5.3)

Similar quantities of µ− and µ+ reach the Earth (charge ratio is approximately equal
to one). In 1990, Gaisser introduced a formula describing cosmic muons flux as a function
of the energy and the zenit angle [21]. This formula is a good approximation for muons at

78



high energies (Eµ > 100/cos(θ) GeV ) while it does not work properly at lower energies.
Therefore, we used the CRY source in Geant4, since it was developed for this purpose.
For the analysis of source distribution we used the data provided by Rastin in 1984 [50].

Finally, it is worth mentioning that generally muons at sea level are at the minimum
of ionization. Therefore, their energy loss is almost constant (2 MeV cm2/g).

5.2 Experimental data analysis

In this section we present the analysis of the signals acquired by the oscilloscope in the
four configurations.

5.2.1 Qualitative analysis

An example of the shape of the signals acquired by the apparatus in the four different
configurations is shown in figure 5.2. A steep rise is followed by an exponential fall (the
contrary in the amplified case: a steep fall is followed by an exponential rise). However,
some dissimilarities between the four acquisition setups can be noticed. The most visible
difference is the effect of the amplifier: it inverts the polarity. In addition, the amplifier
is able to tenfold the acquisition signal. Along the falling edge of CNA apparatus signals,
a slight change in the slope can be seen. This is caused by the intrinsic RC circuit inside
the silicon photomultiplier. Teflon signals are larger with respect to Cinefoil ones. This is
because photons produced by the transit of charged particles could be reflected multiple
times by the scintillator surfaces before being detected. This phenomenon produces a
smoothing of the signal.

To visualize the main difference between the signals, a comparison of the overall
shapes for the four configurations of the apparatus is shown in figure 5.3. Each line has
been obtained by making the average, for each point in time, of the amplitude of all
the signals of an apparatus setup (CNA, CA, TNA, TA) Clearly, the average has been
performed after cleaning the dataset from spurious events (e.g. electronic noise). The
description of the procedure is in Section 5.2.2. In this way, it was possible to highlight
signal general characteristics due to the different setups.

In general, risetime is comparable for all the different signals. Teflon has the effect
of smoothing the peak and stretching the falling time. As expected, Teflon signals were
higher as compared with Cinefoil ones, as a result of an higher amount of photons that
reach the SiPM.

In figure 5.4, two different characteristics of the signal shape are highlighted. In figure
(a), a comparison of CA and CNA acquisition is shown. Signals have been normalized to
highlight the similarities. It can be noticed that the amplifier is able to amplify the signal
without distorting its shape: it can be noticed that the rising edge and the exponential
decay are comparable. Figure (b), instead, is a comparison between TNA and CNA.
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Figure 5.2: Typical signals acquired by the scintillator in the four different acquisition
setup: (a) TNA, with Teflon without the amplifier; (b) TA, with Teflon with the am-
plifier; (c) CNA, with Cinefoil without the amplifier; (d) CA, with Cinefoil with the
amplifier.

Teflon signals are higher in voltage and longer in time as compared to Cinefoil ones: the
signal acquired with Cinefoil is on average a third than the one acquired with Teflon.

5.2.2 Quantitative analysis

For each acquisition, the moving average was used to highlight signal shape and easier
distinguish signal from noise. The moving average is a technique that is commonly used
in time analysis and it allows one to reduce the fluctuations. In this calculation, a time
window is chosen (in our case we had a signal of around 180 ns and we used a 2 ns time
window). The window is used as a time interval within which the mean of measures is
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Figure 5.3: Overall signal shapes for the different acquisition setups (CNA, CA, TNA,
TA).
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Figure 5.4: (a) Comparison of CA and CNA (normalized). (b) Comparison of TNA and
CNA (not normalized).

computed. As the word ’moving’ suggests, the window is placed first at the beginning and
it is slided through the whole signal. For each point, the mean is calculated. Obviously,
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the larger is the time window, the smoother is the signal. With this technique, a local
mean for each point is obtained and thus, the output of this operation will have a lower
noise than the original signal (see figure 5.5).
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Figure 5.5: Effect of the moving average on noise reduction.

Two separate parameters have been used to filter out spurious signals: a threshold
at lower amplitudes and the ratio between noise baseline and the maximum of the signal
(Amax/σnoise). Noise baseline has been calculated as the standard deviation of the values
of amplitude before the signal, while Amax is simply the signal maximum.

The parameters have been chosen separately for the different setup configurations.
Moreover, it has been found that, in the CNA setup, some peaks were saturated, and
therefore they were discarded.

Once the data were cleaned up, we extracted the basic features of the original sig-
nals: amplitude, noise baseline, risetime, decaytime FWHM, and FW10M, because the
moving average has the effect of smoothing the signal. A graphic description of features
extracted is given in figure 5.6.

To obtain peak height, first the position of the peak has been identified, then its
amplitude has been computed as the difference between its amplitude and the baseline
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Figure 5.6: Signal parameters used in the analysis.

mean amplitude (Apeak − Abaseline). Signal risetime was defined for each event as the
distance in time of the positions where the signal reached 20% and 80% of Apeak:

∆T = t(A=0.8Apeak) − t(A=0.2Apeak) (5.4)

After the peak reaches its maximum, the signal experiences an exponential decay, and
an exponential fit was performed (e−t/τ) to the falling edge of each signal from which
decay time (τ) was obtained. Finally, full width at half maximum (FWHM) and full
width at 10% maximum (FW10M) were measured for each signal.

Mean and standard deviation of all these quantities are provided in table 5.1.
From the data in table 5.1, it is possible to notice some of the features we anticipated

in Section 5.2.1. The amplifier increases the signal amplitude by about a factor ten,
without great difference in risetime and falling time. This is especially evident between
CA and CNA: peak amplitude passes from 0.02 to 0.2 V, but risetime and decay time do
not change noticeably. Furthermore, Teflon signals have higher amplitudes if compared
to Cinefoil and the signals are longer in time. Teflon wrapping spread the signal, as is
especially evident for FWHM and FW10M.

Except for peak amplitude, the other distributions can be roughly compared to a
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Peak
amplitude
(V)

Noise
baseline
(mV)

Risetime
(ns)

Decay time τ

(ns)
FWHM
(ns)

FW10M
(ns)

CNA 0.02 ± 0.01 0.7 ± 0.2 3 ± 1 39 ± 4 150 ± 40 490 ± 80
CA 0.2 ± 0.1 5.4 ± 0.4 3 ± 1 39 ± 4 160 ± 40 490 ± 60
TNA 0.05 ± 0.04 1.5 ± 0.3 6 ± 3 42 ± 6 230 ± 30 530 ± 90
TA 0.4 ± 0.1 14 ± 4 5 ± 3 60 ± 15 310 ± 70 700 ± 130

Table 5.1: Mean and standard deviation of signal parameters resulting for the different
acquisition setups.

normal distribution. In figure 5.7, risetime and falling time distribution of CA and CNA
are shown.
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Figure 5.7: Comparison of CA and CNA (a) risetime and (b) decay time (τ) distribution.

Below (figure 5.8), we provide peak amplitude distribution for the amplified and
non amplified setup with Cinefoil (CA and CNA). In Section 5.3.3, these values will be
compared with the result of the Monte Carlo simulation.

5.3 Monte Carlo simulations

Experimental data have been compared with Monte Carlo simulations. For this purpose,
a model of our experimental setup has been built in Geant4 environment. The geometry
of the scintillator is the same used in reality, and cosmic muons were simulated with the
CRY library [26]. It is a library developed by Lawrence Livermore National Laboratory
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Figure 5.8: (a) Cinefoil amplified peak amplitude distribution. (b) Cinefoil non-amplified
peak amplitude distribution.

for the simulation of cosmic rays that reproduces the behaviour of cosmic radiation at
determined spatial and temporal coordinates. To run the simulation, date, latitude, and
altitude (0,2100 or 11300 m above sea level) of the experiment were defined.

5.3.1 Benchmarking the CRY source

CRY developers provided a study of the agreement of the library with experimental data
[25]. However, we chose to assess the goodness of the source simulated with CRY. We
thus generated 106 events at an altitude of 0 meters above sea level, with the latitude
of Bologna (44.5◦) and we selected the date of the experiment (8/4/2022). We, then,
verified that the characteristics of this source were comparable with the characteristics
of cosmic muons at sea level described before (Section 5.1).

At first we measured charge ratio, obtaining µ+/µ− ∼ 1. Then, the relation I =
Ivcos

2θz was verified with a linear fit of our data (for simplicity we preferred to make
our data linear instead of making a quadratic fit). From graph 5.9, the goodness of the
relation is visible. We obtained a slope of 1.06 ± 0.02.

Finally, it was verified that the behaviour of the source was the same of experimental
data. We used the data provided by Rastin in 1984 [50], to compare with (see figure
5.9).

5.3.2 Muons energy deposition in RIPTIDE scintillator.

Once the reliability of the source was verified, a Monte Carlo simulation of the muon
source with the scintillator was run.
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Figure 5.9: Distribution of cosmic muons with respect to the zenit angle. If θ = 0, muons
are perpendicular.

Muons were generated from a squared plane of 1 meter side placed at 0 meters
above sea level (centered in the origin of the frame reference of Geant4). The cubic
scintillator has been shifted 3 cm down with respect to the simulation of Chapter 4 in
order to be entirely below the source. Figure 5.11 shows a sketch of the muons passing
through the scintillator, where the chaotic distribution of the source produced by CRY
can be appreciated. Being charged, muons can interact with the scintillator electrons,
and therefore, some electrons can be obtained (see figure 5.11).

For each event, the energy released by each particle inside the scintillator has been
stored. We were interested in the total energy released by a single event. Therefore, if
an event consisted of many tracks (e.g. the source muon plus, say, a scattered electron),
the energy deposition of the two tracks was summed up.

In the energy range at which they reach sea level, cosmic muons are around their
minimum of ionization1 and lose approximately 2 MeV cm2/g. Our scintillator has a
density of approximately 1 g/cm3 and a side of 6 cm. Therefore, we can estimate that
the amount of energy released for a muon passing vertically trough the scintillator is

1see appendix A
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Figure 5.10: Comparison between the energy distribution of the muons produced with
CRY-library and the experimental data measured by Rastin [50].

approximately 12 MeV.
Muons have larger probability to hit perpendicularly the upper surface of the scin-

tillator (θz = 0, thus cos2(θz) = 1) and to travel the whole thickness of the scintillator.
Therefore, we expect a peak in the energy distribution at about 12 MeV. This peak can
be seen clearly in figure 5.12.

The right tail is the energy released by muons that reach the scintillator obliquely,
whose tracks inside the scintillator were longer than the scintillator thickness. The
energies on the left of the peak are caused by muons that reached the scintillator sideways
and traverse a smaller portion of the cube. The shorter and longer tracks can be identified
also in figure 5.11. To verify this, another simulation of a 4 GeV monochromatic muons
source perpendicularly falling through the scintillator surface (θz = 0) has been produced,
so to eliminate muons coming obliquely. The distribution of the energy deposition thus
obtained has been superimposed to the previous graph. It is clear that the left tail is
missing and the right tail has shrunk (figure 5.12 (b)).
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Figure 5.11: Monte Carlo simulation of cosmic muons trough the scintillator.

5.3.3 Comparison of Monte Carlo and experimental data

As already mentioned, the same experimental setup has been assembled twice: signal
peak amplitudes were measured inside the scintillator (Section 5.2.2) and muons de-
posited energy was estimated with a Monte Carlo simulation (Section 5.3.2).

Therefore, the distributions shown in figures 5.8 and 5.12 (a) are expected to be
similar. However, a structure at approximately 12 MeV is present only in figure 5.12
(a), whereas is not visible in figure 5.8. The lack of that peak in figures 5.8 could
be attributed to a poor energy resolution of the system. To test this hypothesis, a
convolution with a Gaussian distribution was performed. In the present case, different
values of the standard deviation σ were used to enlarge the initial distribution, to mimic
different energy resolutions. Figure 5.13 displays the outcome of the initial distribution
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Figure 5.12: (a) Monte Carlo simulations of muons energy deposition inside the scintilla-
tor. (b) Comparison of CRY source with perpendicular shower. Lower energy deposition
is caused by muons that pass only a portion of the scintillator surface.

convoluted with three different σ. It can be noticed that with the increasing of σ and
therefore the worsening of energy resolution, the peak is lowered and the shape becomes
wider.
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Figure 5.13: Convolution of the initial energy distribution with three Gaussian with
different standard deviations.
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Conclusions

Numerous basic and applied research fields would benefit from a neutron detector with
tracking capabilities. The quest for novel detection systems in the field of neutron de-
tection clearly calls for the study on innovative setups. The proposed detector concept
RIPTIDE has been conceived for the detection of fast neutrons using recoil proton track
imaging technique (RPTI). From a three-dimensional reconstruction of recoil-protons,
RIPTIDE aims to reconstruct neutron tracks, and therefore its momentum.

In this thesis, the working principle of RIPTIDE detector were described, and two
preliminary studies for the construction of this novel device were presented.

First, neutron interaction probabilities inside the scintillator were studied via Monte
Carlo simulations. Five monochromatic neutron sources were simulated, and the prob-
ability of neutron-to-proton single or double scattering were estimated. A threshold at
low energies was imposed, in order to take into account spatial resolution limits of the
optical system. Higher efficiencies have been found, particularly for single scattering, if
compared with other RPTI techniques in literature. Then, the number of recoil protons
escaped from the scintillator with a residual amount of kinetic energy was estimated.
Because it is not possible to measure their energy, these protons cannot be used for
neutron detection. In the energy range of RIPTIDE, this effect is mostly negligible. Fur-
thermore, the effect of competing reactions inside the scintillator was taken into account.
In particular, the interaction of a neutron with carbon ions and subsequently with pro-
tons is indistinguishable from a neutron-to-proton single scattering. A similar situation
applies to double scattering. In the energy region of interest, it has been found that
single scattering misclassification was lower than 10%. The misclassification is slightly
higher for double scattering.

On Chapter 5, it has been studied the coupling of the scintillator with a silicon
photomultiplier. To experimentally characterize the setup, cosmic muons have been
used. The SiPM-scintillator system has been wrapped with a photo-absorbing material,
Cinefoil, and the SiPM signal was compared with the one obtained with a reflective
wrapping. Moreover, the distortions of the signal shape caused by a signal amplifier
were measured. Pulse shape analysis of the signal from the two setups were performed
to evaluate if scintillation light is correctly detected and if the pulse was sufficiently fast
to allow real-time neutron detection. Cinefoil signals resulted to be lower in amplitude
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but faster when compared to signals obtained with Teflon setup. Amplifier distortions
were small, in particular for Cinefoil signals. Then, the experimental data have been
compared with Monte Carlo simulations built with Geant4 toolkit. After an evaluation
of the library that was used to generate the source, the energy distribution inside the
scintillator was obtained. Finally, it was possible to compare the experimental peak
amplitude distribution with the energy distribution of the simulation.

In summary, the goal of RIPTIDE is to develop an innovative neutron detection
method. If successful, this novel approach might be a pioneering technological advance-
ment for a number of scientific, medical, and industrial applications.
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Appendix A

Heavy charged particles interactions
with matter: From Bethe Bloch
formula to Bragg curve

An in-depth description of the behavior of heavy charged particles in matter has a triple
utility in this thesis: (1) to understand hadrontherapy mechanism (Section 1.1) and (2)
to understand the behaviour of recoil protons and (3) muons inside the plastic scintillator
(Section 3) and 5).

In the interaction of heavy charged particles with matter, by far the most dominant
interaction is with nuclear electrons, reaching values of cross sections of 106 barns. These
large values make the treatment in terms of cross section unnecessarily complicated. For
this reason it is customary to describe the phenomenon in terms of energy loss in the
medium (dE

dx
).

Energy loss due to electromagnetic interactions is described by the Bethe Bloch for-
mula, firstly introduced by Hans Bethe in 1930:

−dE

dx
=

ρZ

A

4πNAmec
2

Mu

(
e2

4πϵ0mec2

)2
z2

β2

[
ln

(
2mec

2β2

I(1− β2)

)
− β2 − δ

2
− C

Z

]
(A.1)

In this formula ρ, Z and A are respectively density, atomic number and atomic weight
of the absorbing material. Another medium parameter is the average ionization potential
(I). On the other hand, the beam characteristics is defined by the particle beam atomic
number (z) and speed (β). δ/2 and C/Z are respectively density and shell correction.
The first one has an important role at higher energies, the other corrects the formula at
lower ones. The other quantities are constants: Avogadro’s number (NA), electron mass
(mE), light speed (c2) and nucleon mass (MU). .

In the following sketch (A.1) we can underline the main features of this formula.
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Figure A.1: Sketch of energy loss with respect to βγ. After a fast decrease (A) energy
loss reaches its minimum (B). Then a logarithmic rise (C) and a subsequent plateau (D)
can be seen.

At lower energies (βγ < 1) energy loss decreases as 1
β2 (region A). The subsequent

energy range (B), where βγ ∼ 3−4 is where the energy loss is at its minimum. Particles
in this energy range are called minimum ionizing particles (MIP) and are able to travel
large depths of matter without losing too much energy. At higher particle velocities
(βγ > 4), relativistic effects take place. Therefore, energy loss in this range experiences
a so called relativistic rise. At even faster speeds (D), it is possible to observe a curve
flattening known as Fermi plateau.

We can also refer to dE
dx

as the stopping power of the material with respect to the
particle of the beam: the lenght that a specific particle beam travels inside a certain
material depends on the beam itself and also by the medium characteristics.

For this thesis, we need to focus on the trend of energy loss at lower energies and
at the minimum of ionization. To understand the behaviour of the end of the energy
loss at low energies is useful both to figure out Ion Beam therapy principle (Section 1.1)
and the behaviour of recoil protons inside RIPTIDE scintillator (Chapter 3). On the
other hand, cosmic muons that reach sea level (Chapter 5) can be considered are at the
minimum of ionization.

With regard to minimum ionizing particles (MIP), it worth to mention the fact that
these particles lose only a little of their energy (for muons it is about 2 MeV cm2/g) and
thus, travel trough large thicknesses of the material unstopped.

A more complex analysis should be done for particles less energetic than MIPs. We
saw that at these energy ranges, dE

dx
goes as 1

β2 . That means that the slower the particle
goes, the larger will be the energy released in the medium.

By losing its energy, however, a particle will also reduce its speed until it is completely
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stopped by the medium. A particle being slowed down by its medium, therefore, will lose
progressively increasing amount of energy, and releases the greatest amount of energy at
the end of the path.

reaching the maximum of its energy lost at the end of its path. This peculiar be-
haviour takes the name of Bragg curve and is shown in figure A.2 and its characteristic
peak is called Bragg peak.

Figure A.2: Bragg curve. The maximum of the energy loss is at the end of particle path.
[10]

An information that is useful to extract from the interaction of charged particles with
matter is the average length that the particles travel through a certain medium (Range).

From the value of initial energy it is possible to link a particle range with its energy.
This is because:

R =

∫ R

0

dx =

∫ 0

E0

dE

−dE
dx

=

∫ E0

0

dE
dE
dx

(A.2)

By solving this integral we find, in case of protons, the general relation [29]:

R(E0) = αEp
0 (A.3)
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where α depends on the material and p depends on particle energy. RIPTIDE detec-
tion mechanism aims to exploit this relation: by measuring the length of recoil proton
tracks (proton range) it is possible to obtain proton initial energy, that is needed to
estimate neutron energy.

Moreover, the range of a generic charged particle of certain charge and mass (Z,M)
given proton energy is given by the formula [29]:

RZ,M(E) =
MRp(E/M)

Z2
(A.4)

These last relations are fundamental because they say that, if the initial Energy is
known, also its range is. Eq. A.4 shows that the range for a generic particle is inversely
proportional to Z2. This implies that if we e.g. consider a carbon ion (12C), with a mass
M = 12 and charge Z = 6, it will have a range that is (12/62) = 0.33 times that of a
proton with the same energy.
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Appendix B

90◦ criterion

Here we describe a particular feature of classical mechanics elastic collision between
particles of equal masses. In nuclear scattering, for the energies involved in RIPTIDE
(up to 20 MeV), we can assume neutrons and protons as classical particles and the
relativistic and quantum effects can be neglected.

Figure B.1: Sketch of elastic collision of a single scattering between particles of equal
masses. p⃗1, p⃗2 are initial and final momentum of particle p and q⃗2 is the final momentum
of particle q. Particle q is initially at rest (q⃗1 = 0).

In classical mechanics elastic collisions, both momentum (p = mv⃗) and kinetic energy
(K = 1

2
mv2) are conserved.

By imposing the momentum conservation with the notation as in B.1, we have:

p⃗1 + q⃗1 = p⃗2 + q⃗2

or
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m1v⃗1p +m2v⃗1q = m1v⃗2p +m2v⃗2q

but particle q is initially at rest, therefore q⃗1 = 0. We are also assuming that the two
particles have equal masses, therefore mp = mq = m:

mv⃗1p = m · (v⃗2p + v⃗2q)

or

v⃗1p = (v⃗2p + v⃗2q)

By applying the scalar product of a vector for itself, we have that v⃗ · v⃗ = v2. So,

v⃗1p · v⃗1p = v21p = (v⃗2p + v⃗2q) · (v⃗2p + v⃗2q) = v22p + v22q + 2(v⃗2p · v⃗2q)

We have therefore:

v21p = v22p + v22q + 2(v⃗2p · v⃗2q) (B.1)

We can now impose energy conservation (Ki = Kf ):

1

2
mv21p =

1

2
m(v22p + v22q)

Therefore,

v21p = v22p + v22q (B.2)

The speeds in equations B.1 and B.2 must be the same. This implies that the dot
product of B.1 must be equal to zero. The only way in which the scalar product be-
tween two non-zero vectors can be equal to zero is that they are mutually perpendicular.
Therefore, we have to assume that the angle θ in figure is always a right angle. This
must be true also in the case of proton neutron scattering because we can assume with
a good approximation that they have equal mass.

In case of non-relativistic elastic scattering between a proton and a neutron, the two
particles will be emitted at an angle of π

2
.

Q.E.D.
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