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Abstract

The National Center for Oncological Hadrontherapy (CNAO) is equipped with a syn-
chrotron capable of accelerating protons and carbon ions for hadrontherapy. Currently,
CNAO is expanding to include a Boron Neutron Capture Therapy (BNCT) facility and
a proton therapy unit with a rotating gantry. Additionally, the synchrotron will be up-
graded to accelerate He, Li, O, and Fe ions for therapeutic and experimental purposes.
Secondary neutrons, generated by the interactions between the primary beam and machine
components, contribute to ambient radiation doses, with additional radiation losses possi-
ble during beam injection, extraction, or target interactions. To continuously monitor the
neutron field, CNAQ’s radiation protection team developed a cost-effective REM counter,
utilizing a Microstructured Semiconductor Neutron Detector (MSND) within a plastic
moderator with cadmium and lead inserts. The radiation protection team requested the
development of a system capable of managing multiple detectors and providing a thorough
characterization of the detector’s performance. This thesis focuses on the development of
a network of REM counters, managed through centralized software, aimed at controlling
and managing ambient dose equivalent measurements throughout the facility. A network
was established, connecting multiple detectors to a single computer, enabling real-time
data visualization, network checks, measurement control, data retrieval from Raspberry Pi
devices, and database creation for storing and displaying dose information. Additionally,
data from the Czech Metrology Institute (CMI) were analyzed for calibration coefficient
calculations and assess linearity, and data from the CERN-EU High-Energy Reference
Field (CERF) were examined to verify the dose response in mixed fields. Additional tests
were conducted at CNAQO, where the detectors were validated in fields generated by ir-
radiating phantoms in the treatment room, with comparisons to the WENDI detector.
The network and software were initially validated using an Am-Be neutron source, and
comparisons, along with Monte Carlo simulations using FLUKA, confirmed the system’s
accuracy and reliability. Subsequent testing in the XPR research room further validated

the system’s robustness and long-term durability.

Keywords: CNAO, Neutron Fields, Neutron Detectors, Enviromental Dosimetry, Rasp-
berry Pi
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Abstract in lingua italiana

Il Centro Nazionale di Adroterapia Oncologica (CNAO) ¢ dotato di un sincrotrone in
grado di accelerare protoni e ioni di carbonio per applicazioni di adroterapia. Attual-
mente, il CNAO si sta espandendo per includere una struttura di Boron Neutron Capture
Therapy (BNCT) e un’unita di protonterapia con gantry rotante. Inoltre, il sincrotrone
sard potenziato per accelerare ioni di He, Li, O e Fe, a scopi terapeutici e sperimentali.
Neutroni secondari, generati dall’interazione tra il fascio primario e i componenti della
macchina, contribuiscono ai livelli di dose ambientale di radiazione, con ulteriori perdite
radiative che possono verificarsi durante i processi di iniezione, estrazione o interazione con
i bersagli. Per monitorare continuamente il campo di neutroni, il team di radioprotezione
del CNAO ha sviluppato un contatore REM economico, che utilizza un Microstructured
Semiconductor Neutron Detector (MSND) allinterno di un moderatore di plastica con
inserti di cadmio e piombo. Il team di radioprotezione ha richiesto lo sviluppo di un
sistema in grado di gestire piu rivelatori e di fornire una caratterizzazione completa delle
prestazioni del rivelatore. Questa tesi si concentra sullo sviluppo di una rete di contatori
REM, gestiti tramite un software centralizzato, per il controllo e la gestione delle misure
di Equivalente di Dose Ambientale in tutta la struttura. E stata creata una rete, colle-
gando piu rivelatori a un unico computer, consentendo la visualizzazione in tempo reale
dei dati, la verifica della rete, il controllo delle misurazioni, il recupero dei dati dai dis-
positivi Raspberry Pi e la creazione di un database per ’archiviazione e la visualizzazione
delle informazioni sulla dose. Inoltre, i dati del Czech Metrology Institute (CMI) sono
stati analizzati per calcolare il coefficiente di calibrazione e verificare la linearita, men-
tre i dati del CERN-EU High-Energy Reference Field (CERF) sono stati esaminati per
verificare la risposta in dose in campi misti. Ulteriori test sono stati condotti al CNAQO,
dove i rivelatori sono stati validati in campi generati irradiando fantocci nella sala di
trattamento, confrontando i risultati con il rivelatore WENDI. La rete e il software sono
stati inizialmente validati utilizzando una sorgente di neutroni Am-Be, e i confronti con le
simulazioni Monte Carlo tramite FLUKA hanno confermato 'accuratezza e 1’affidabilita
del sistema. Ulteriori test nella sala di ricerca XPR hanno poi validato la robustezza e la

durabilita a lungo termine del sistema.



Parole chiave: CNAQO, Campi Neutronici, Rivelatori di Neutroni, Dosimetria Ambien-

tale, Raspberry Pi
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Introduction

Radiation therapy is a medical treatment that uses ionizing radiation to control or de-
stroy malignant cells, commonly as part of cancer therapy. lonizing radiation consists
of subatomic particles or electromagnetic waves with su cient energy to ionize atoms or
molecules by dislodging electrons. This type of radiation can be generated through nu-
clear reactions, radioactive decay, or by accelerating charged particles. Arti cial sources
of ionizing radiation include devices such as nuclear reactors, particle accelerators, and
X-ray machines. lonizing radiation works by damaging the DNA of cancer cells, ultimately
leading to their destruction. To minimize harm to surrounding healthy tissues, such as the
skin or organs that the radiation must pass through to target the tumor, precisely shaped
radiation beams are used. These beams are directed from di erent angles, converging at
the tumor site. This approach allows for a higher radiation dose to be delivered to the
tumor while limiting exposure to the surrounding healthy tissues. Hadrontherapy is a spe-
cialized form of radiotherapy used for the treatment of tumors that are often inoperable or
resistant to conventional radiotherapy. Unlike conventional radiotherapy, which relies on
x-rays or electrons, hadrontherapy uses protons and carbon ions. These particles, known
as hadrons, are heavier and carry more energy than electrons, making them even more
e ective at destroying cancer cells. For the production of these particles, accelerators are
typically used. However, during the operation of high-energy accelerators, radiation can
interact with the surrounding environment, potentially causing activation of components
and infrastructure. The CNAO in Pavia is one of only six centers worldwide that per-
forms hadrontherapy using both protons and carbon ions, accelerated by a synchrotron.
In recent years, CNAO has initiated an expansion project to install a Boron Neutron Cap-
ture Therapy (BNCT) facility. BNCT is a type of cancer treatment based on the (n, )
reaction with Boron-10. Additionally, the center is preparing to enhance its capabilities
by adding a proton therapy unit equipped with a rotating gantry. Furthermore, the exist-

ing synchrotron will undergo an upgrade to accelerate helium, lithium, oxygen, and iron
ions, both for therapeutic and experimental purposes. The radiation protection group at
CNAO is responsible for ensuring that the dose received by the public and personnel stays
below regulatory limits. To achieve this, the radiation protection team at CNAO con-
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ducts regular measurements using well-established neutron detectors. Detecting neutrons
typically relies on indirect methods, as neutrons, being neutral, do not interact directly
with electrons in matter. There are two main types of neutron interactions with matter.
Neutrons can scatter o a nucleus, transferring some of their kinetic energy to it, which
may result in ionization if su cient energy is transferred. Alternatively, neutrons can trig-

ger nuclear reactions that produce prompt, energetic charged particles such as protons
and alpha particles. These charged particles generate a measurable current as they lose
energy inside the detector's active volume. Most neutron detectors combine a target ma-
terial designed to facilitate this conversion with a conventional radiation detector, such as
semiconductor detectors or proportional counters. However, these types of detectors are
often expensive and di cult to repair. In anticipation of the planned expansions, CNAQO's
radiation protection team has designed a new REM counter that is both cost-e ective and
easy to maintain. This REM counter incorporates a Microstructured Semiconductor Neu-
tron Detector (MSND), housed within a plastic moderator enhanced with cadmium and
lead inserts to broaden its energy detection range. For comprehensive radiation surveil-
lance throughout the entire facility, multiple detectors will be strategically placed at key
locations both inside and outside CNAO. These placements are chosen to ensure optimal
coverage of high-risk areas where neutrons might be present, such as treatment rooms,
accelerator spaces, and to monitor the entire facility. To facilitate seamless control and
data management of this distributed network of detectors, the development of a dedicated
software platform and communication network became essential. This thesis focuses on
the design and implementation of a system that connects all detectors to a central server,
allowing for streamlined control, real-time data acquisition, and continuous monitoring of
radiation levels. The network enables remote control of each detector, allowing operators
to start or stop measurements, retrieve data logs, and store dose readings in a centralized
database. Moreover, the custom-built software provides real-time data visualization, en-
abling users to track integral neutron counts and total doses.

This thesis is dedicated to the characterization and validation of the detector developed
at CNAO, ensuring its proper functionality and reliability. A key aspect of this work in-
volves the analysis of data collected at both the CMI and CERF facilities, which allowed
for a thorough evaluation of the detector's performance in di erent operational condi-
tions. The thesis also covers the development of the software that interfaces with the
detector, outlining each stage of the development process. Furthermore, a detailed analy-
sis of the system'’s real-time performance in a live environment is provided, highlighting its
strengths and identifying areas for potential improvement. This comprehensive approach
ensures a robust assessment of the detector's capabilities and its readiness for practical
application.
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The National Centre for Oncological Hadrontherapy (CNAO), located in Pavia, Italy, is

a hospital and research center dedicated to hadron therapy. Notably, it is one of only six
centers in the world that uses both protons (p) and carbon ionsC€*) for hadron therapy
purposes [1]. Inrecent years several hadron therapy centres are in operation worldwide and
some are being constructed or planned. Since the 1990s, the number of patients treated
with protons has reached 290,000 and grows by more than 35,000 per year. Carbon ion
therapy has been used for about 40,000 patients to date [1]. Since 2011 when the patient
treatments started , CNAO has treated over 4,000 patients, averaging between 500 and
700 annually [2]. CNAO is preparing to enhance its facilities by adding a proton therapy
unit equipped with a rotating gantry and a Boron Neutron Capture Therapy (BNCT)
facility. Additionally, the current synchrotron will expand its capabilities to accelerate
helium, lithium, oxygen, and iron ions for both therapeutic and experimental purposes.

1.1. Hadron Therapy

Hadron therapy is a form of radiotherapy used for the treatment and care of tumors that
are often inoperable or resistant to traditional radiotherapy treatments. Unlike traditional
radiotherapy, which uses X-rays or electrons, hadron therapy involves the use of protons
and carbon ions. These particles have the advantage of being heavier and more energetic
than electrons, making them even more e ective at destroying cancer cells. This kind of
therapy is a highly precise form of treatment in which hadrons are accelerated to high
energies using a powerful particle accelerator. When the cancer cells are hit, the DNA
in their nuclei is deeply damaged. The cells die, and the immune system eliminates
them. More speci cally, the overall aim of radiation therapy is to maximize absorbed
dose within the tumor to achieve local control and minimize the dose and cell kill within
normal tissues to decrease treatment-related acute and late morbidity. This concept is
termed the therapeutic ratio”. From a physical perspective, the absorbed dose is the
mean energy imparted in a volume of masg€@ mde ned as:
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_ @
D= om (1.1)

The unit of absorbed dose is J/kg, and its special name is Gray (Gy). The therapeutic

Figure 1.1: Dose-e ect curves for tumour local control and complication insurgence.

ratio [3] is de ned based on the dose-e ect curves illustrated in Figure 1.1. These curves
plot the probability of tumor control and the probability of complication onset against the
dose. Ideally, the curve representing local tumor control should be at lower dose values
(i.e., to the left) compared to the curve representing complication onset. This arrangement
ensures e ective treatment. The optimal dose, according to the radiotherapy principle,
maximizes the probability of local control while minimizing the risk of complications. The
therapeutic ratio is calculated as the ratio between the dose that induces complications
in 50% of the treated patients and the dose that achieves local control in 50% of the
treated patients. Enhancing a radiotherapy technique for a speci ¢ pathology should aim
to increase this therapeutic ratio compared to the current state of art. The high ballistic
precision of hadron therapy is one of the key reasons why the therapeutic ratio for certain
tumors, such as those located near highly radiosensitive tissues or organs is improved
compared to treatments with conventional X-ray therapy. From a physical perspective,
this behavior can be explained by the dierent energy deposition patterns of various
particles. The energy loss of a charged particle in a target can be expressed as a function
of the target's density ( ), the target charge (Z),the atomic number of the target (A), the
incident ion charge (z), and the velocity of the incident ion (v), as follows:
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dE yi4
“ax A (1.2)
Electron beams, X-rays of di erent energies, and protons penetrate human tissue in dif-
ferent ways, as showen in Figure 1.2. Electrons travel a very short distance and are useful
only for areas near the skin. X-rays penetrate more deeply, but the absorbed dose in the
tissue exhibits an exponential decay with increasing thickness. In contrast, for protons
and heavier ions, the dose increases with depth until it reaches the Bragg peak, which
occurs just before the end of their path. Beyond this peak, the dose drops to zero (for
protons) or nearly zero (for heavier ions). The advantage is a reduced energy deposition
in the healthy tissue surrounding the target, resulting in less collateral damage. Thanks

Figure 1.2: Dose as function of the depth in water.

to this behavior, there is a highly selective energy release, intensely targeting only tumor
cells while sparing healthy tissues. To cover the entire tumor, a superposition of Bragg
peaks with varying heights and depths is necessary, resulting in a Spread Out Bragg Peak
(SOBP). Moreover, carbon ions are more precise than protons because, due to the larger
mass, they have a reduced longitudinal range variation (straggling) and a smaller lateral
scattering thus a sharper lateral penumbra. In addition to its high precision and preser-
vation of healthy tissues, radiobiological studies [4] suggest that hadron therapy has the
ability to treat radioresistant tumors. The energy release mechanism of hadrons causes a
large number of breaks in the chemical bonds in biological macromolecules, particularly in
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DNA. While DNA has the ability to repair itself, if the damage is extensive, the cell's re-
pair mechanisms become less e ective, leading to inactivation or cell death. In traditional
radiotherapy, DNA damage is modest, but with carbon ion therapy, the high number
of breaks can e ectively target tumors that are resistant to traditional therapy. Carbon
ions have a di erent action on the cells of the traversed organs with respect to protons
or X-rays. At the end of their range the energy deposition per unit length (the Linear
Energy Transfer or LET) is producing a larger number of irreparable double strand DNA
breaks with a much higher probability of cell killing [5]. This action is usually expressed
in terms of the Relative Biological E ectiveness (RBE) de ned as:

D ref

RBE =
D

(1.3)

where D¢ is the photon dose andD the dose of the particle radiation leading to the
same biological e ect. The RBE of carbon ions on the tumour can be as high as 3, thus
allowing the delivery of a higher dose in the tumour target with respect to photons and
protons, while keeping the same dose in the surrounding normal tissues, or the same dose
in the tumour and reduced doses and damages to the normal tissues. Another quantity
well known in literature [6], is the so-called Oxygen Enhancement Ratio (OER):

D
OER = — 1.4
= (1.4)

where D is the absorbed dose required to induce a given biological e ect in the tissue
under study (e.g., the tissue at its real oxygen concentration) anD is the dose which
would be required to generate the same e ect if the tissue were completely oxygenated
in air at standard pressure. The oxygen e ect, quanti ed by OER, decreases with rising
LET, suggesting a clinical advantage of high-LET radiotherapy with heavy ion beams,
such as carbon therapy which has an OER of approximately 1,compared with low-LET
photon and proton irradiation [7]. This property enhances the e ectiveness of ion therapy
in treating hypoxia-related radio-resistant tumors, enabling the eradication of tumors that
are resistant to both X-ray and proton therapy.
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1.1.1. CNAO Synchrotron and Protontherapy with Rotating
Gantry

The construction of the CNAO facility has been completed at the beginning of 2010,
Figure 1.3. Inside the building the following di erent functional areas are present:

" the outpatient service;
the imaging service (diagnostics in images and nuclear medicine);
the therapeutic service (hadrontherapy);

the administrative departments and the o ces of personnel,

technological areas, including electrical power plants, thermomechanical and special
plants for the operation of the building;

the technical areas at the service of high technology (synchrotron).

The synchrotron Figure 1.4, located in a 1600-square-metre bunker in the heart of the
CNAO, has the shape of a 25-metre diameter and 80-metre circumference ring and is
isolated from the rest of the structure with shielding for radiation in concrete in the range
from 2 to 6 metres.

Figure 1.3: The layout of the underground oor.
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Figure 1.4: The synchrotron.

In two di erent areas inside the ring there are two identical-sources-type ECR (Electron
Cyclotron Resonance) are operating, one usirid, and the other CO, gas [8] . Simply
by changing the gas used to produce plasma and optimizing the settings of certain pa-
rameters, such as RF power and the potential of extraction electrodes, several kinds of
beams can be produced. In this way each source is able to compensate the possible ab-
sence of the other. To generate helium, lithium, oxygen, and iron ions (new ions), a third
ECR source called AISHa (Advanced lon Source for hadron therapy) will be installed [9].
These beams are sent to the radiofrequency quadrupole (RFQ) that provides a suitable
beam to be pre-accelerated by the linear accelerator (LINAC). It therefore accelerates,
longitudinally bunches and transversally adjusts the beam. The energy at the entrance
to the RFQ is 8 keV/u while the energy output is 400 keV/u. The LINAC structure is of
interdigital (IH) type that accelerates the beam from 400 keV/u to 7 MeV/u in one 3,8 m
long tank, [10]. The pre-accelerated beam is sent to the synchrotron, where it is further
accelerated to reach kinetic energies of up to 250 MeV for protons and up to 400 MeV/u
for carbon ions. In Figure 1.5 the synchrotron layout with the sources and the treatment
rooms is shown. After acceleration, the beam can be directed to three treatment rooms
(TR1, TR2, and TR3) as well as one experimental room (XPR).TR1 and TR3 a xed
horizontal beam lines are installed, while in TR2 has both horizontal and vertical beam
lines. Finally, XPR features a xed beam line with four isocenters. In the near future, a
proton therapy facility composed by a proton accelerator (Hitachi) serving the new rotatig
gantry will be installed at CNAO, Figure 1.7. The gantry allows the beam to move around
the patient, reducing patient positioning times on one hand, and increasing therapeutic
solutions on the other. This will ensures independent productivity in terms of patient
throughput and it is a back-up solution for patient treatments in case of maintenance or
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Figure 1.5: Model of the compact layout of the CNAO synchrotron.

Figure 1.6: Model of the new buildings (in colours) in construction at CNAO.

downtime of the existing synchrotron.

1.2. BNCT

Boron neutron capture therapy (BNCT) is a kind of hadrontherapy treatment consisting in
the selective absorption of 1°B loaded molecules inside tumour cells and in the subsequent
irradiation with neutron beams which should be thermal having an energy of 0.025 eV
at the depth where the tumour is seated. This energy level triggers the neutron capture
reactions by boron, resulting in the following:

8

L1000 STLi+ +2:79MeV  (6%) L5)
n i :
“7Li+ +2:31MeV (949
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Figure 1.7: Model of the proton therapy technology proposed by Hitachi.

The 1°B neutron capture reaction can proceed through two di erent ways. In the rst
case, an particle and a recoiling (Li) nucleus in the ground state are emitted with a Q-
value of 2.79 MeV. In most case®9@%) boron undergoes decay, resulting in the emission of
an particle and a recoiling’Li nucleus in an excited state,with an initial kinetic energy
of 1.47 MeV () and 0.84 MeV (Li), respectively, while 0.48 MeV are transported by the
’Li de-excitation gamma ray. The range in tissue of a 1.47 MeV-particle and of a 0.84
MeV ’Li ionis 8 m and 4 m, respectively. Since the average dimension of a human
cell is about 10 m, all the kinetic energy of the high LET particles is deposited in the
cell loaded with the boron isotope. Hence, if a boron loaded molecule is absorbed in the
nucleus of a tumour cell, the probability of induction of non reparable damage in the DNA
is high. The advantages of this kind of therapy are given by its selectivity and by the fact

Beam Quality Component De nition Reference Value
Therapeutic epithermal ux epi >5 10Fcm ?s !
Thermal to epithermal ux ratio ;‘; < 0:05

Beam directionality jpi > 0.7

Fast neutron dose per unit epithermal uence % <7 10 B¥Gycn?
Gamma dose per unit epithermal uence IO <2 10 BGycm?

Table 1.1: Reference neutron beam quality factors. [11]

that the dose is deposited in about 12 m by high LET particles. The main challenge
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is represented by the boron carrier. the development of pharmaceuticals for delivering
boron to tumor cells while minimizing its concentration in healthy cells and in the blood
remains a signi cant area of ongoing research. Moreover, the thermal and epithermal
neutron elds required for irradiation are very complex to be set up by minimizing the
other components of the radiation eld (photons and fast neutrons). Speci cally the beam
must meet quality standards as outlined in Table 1.1. In the table, ¢, and  represent
the epithermal and thermal neutron ux, respectively. J indicates the neutron current,
Dy represents the fast neutron dose, anD stands for the gamma dose. In response to
this challenge, there has been an increasing focus in recent years on developing accelerators
suitable for installation in hospitals or facilities such as CNAO, speci cally designed for
clinical treatments. CNAO will host a BNCT facility based on a tandem accelerator that
generates neutrons through the endothermic reaction:

‘Li+p! ®Be+n -1:65MeV (1.6)

in which a proton impinges on &Li and a 1°Be and a neutron are produced. It should be
stressed that neutrons can also be generated via thei(p,n) 1°Be at energies higher than
about 2.4 MeV. For this reaction channel/Be is generated at its 0.478 MeV excited level.
Therefore, 0.478 MeV gamma rays are also generated from the de-excitatioi®&. The

cross section for the reaction in reported in Figure 1.8. For lithium targets the proton

Figure 1.8: Cross section fofLi(p,n) °Be reaction.

bombarding energy is usually set up at 2.5 MeV for maximizing the neutron yield. The
acceleration energy is slightly higher than the one corresponding to the maximum cross
section (2.3 MeV), since ionization energy losses of the projectile inside the thick target
are accounted for. The BNCT facility at CNAO will be capable of accelerating protons to
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2.5 MeV with a maximum current of approximately 10 mA. The ideal irradiation neutron
eld should be characterized by the maximum thermal uence rate at the depth where the
boron-loaded tumour is seated. To address the ideal irradiation neutron eld and achieve
the desired energy, a Beam Shaping Assembly (BSA) is typically used, Figure 1.9. The

Figure 1.9: Beam Shaping Assembly design.

main elements of a BSA are:
" moderator: made byMgF,, AlF 3 or CaF in order to slow-down neutrons

" re ector: made by Pb in order to maximize the neutron uence in the region of
interest;

thermal neutron lter made by Cd;

" gamma lIter made by Pb in order to minimize photons generated by the interaction
of neutrons with the moderator and the re ector;

" collimator in order to design the nal beam shape for the treatment.

1.3. Radiation Protection at CNAO

As previously mentioned, the CNAO expansion project involves the installation of a new
proton therapy facility with a rotating gantry and a BNCT facility. The design and
development of these new facilities require extensive studies to ensure compliance with
current radiation protection regulations [12]. These research activities are carried out
in collaboration with several universities and focus on various aspects, such as evaluat-
ing the radiation physics of the secondary elds generated within the synchrotron room,
determining the maximum permissible workloads for the new ions, and designing the
shielding for the BNCT facility. Additionally, research has been conducted on the charac-
terization of an extended-range REM counter for neutron dosimetry and its application
in the BNCT eld. In all these applications, the primary radiation protection challenge
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is the generation of secondary neutrons, which can interact with matter and induce sec-
ondary activation in materials. Due to the complexity of the physical processes involved,

Monte Carlo methods are frequently employed for radiation protection assessments. The
following sections introduce key concepts of neutron physics and detection, which will
be referenced throughout the thesis. This is followed by a description of the research
background relevant to this thesis and the objectives of the work.

1.3.1. Nuclear Reactions at Hadron Therapy Energies

If energetic particles from an accelerator are allowed to fall upon bulk matter, there is
the possibility of a nuclear reaction taking place. A typical and compact way to write a
nuclear reaction is:

X (a;bY (1.7)

where a is the accelerated projectile, X is the target and Y and b are the reaction products.
Given the high energies involved in particle accelerators used for hadron therapy, one
prevalent type of reaction is spallation.

Spallation reactions

Spallation reactions are usually de ned as the processes by which an incident hadron of
relatively high energy interacts with a nuclear target and expels from the latter several
particles, mainly nucleons, but also, with a lesser yield, composites and pions Figure
1.10. According to literature [13], spallation reaction are described in terms of a two-
step model. In the rst step, the incident high-energy particle enters the target nucleus
and interacts with some of the individual nucleons in the target in what is known as
an intranuclear cascade. In this process, a direct reaction takes place, resulting in the
ejection of a few nucleons from the target nucleus. If the incident energy is high enough
(300 MeV), pions will be created and some of these too may be emitted along with the
nucleons. The residual target nucleus, which now has fewer nucleons and is in an excited
state, undergoes de-excitation in the second step. During the de-excitation the residual
nucleus loses its excess energy by emitting single nucleons and small clusters of nucleons
through the usual evaporation process evaporation takes place when the excited nucleus
relaxes by emitting low-energy (<20 MeV) neutrons, protons, alpha particles, etc., with
the majority of the particles being neutrons. Additionally, secondaries emitted from a
spallation reaction can trigger a series of subsequent spallation events, resulting in a
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Figure 1.10: Mechanism of spallation reaction.

phenomenon known as hadronic cascade.

1.3.2. Neutron elds at CNAO

In radiation therapy, neutrons are usually secondary particles produced by the interaction
of primary beam particles with materials in the beam path. Moreover, since these elds
are diused in all directions and not con ned to the primary beam direction, they can
cause additional interactions within the patient's body and result in undue dose exposure.
Hence, one of the main challenges in radiation protection for high-energy particle accel-
erators is understanding the radiation elds generated. Investigating these elds requires
addressing mixed radiation environments.

Beam losses produce a mixed high-energy secondary eld, primarily consisting of neu-
trons up to hundreds of MeV and high-energy photons. In practical scenarios, assessing
these radiation elds through simple calculations is di cult due to the complexity of the
physical processes involved in each particle interaction. To achieve accurate results, the
radiation protection group at CNAO uses the Monte Carlo code FLUKA to develop a
highly precise model of the facility. This model includes the current synchrotron, the syn-
chrotron with a rotating gantry, and the BNCT facility. The implemented geometry in
FLUKA is depicted in Figure 1.11. The model takes into account the total masses of the
accelerator magnets to understand their in uence on the radiation eld and their shielding

e ect. The primary sources of dose outside the shielding are secondary neutrons generated
through the interaction of the primary beam with machine components such as magnets
and the vacuum chamber, as well as losses resulting from accidental injection and beam
extraction, and losses on targets, including patients and experimental targets. For the
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Figure 1.11: Geometry of CNAO implemented in FLUKA.

existing synchrotron, a beam loss model has been implemented [14]. The model is based
on the assumption that approximately 50% of the beam losses are caused by treatments
or experiments, while the remaining 50% are attributed to accidental losses. Additionally,

29 loss points were identi ed and integrated into the simulations. The locations of these
loss points are depicted in Figure 1.12.

lon Beam Energy [ MeV=y
“He 250
Li 306
12¢ 400
160 400
°Fe 306

Table 1.2: List of ions with corresponding energies used in the simulations.

The studies [15] conducted for the ions listed in Table 1.2, using the beam loss model
above-mentioned, consider two di erent geometries: one including all machine elements
and another with only the vacuum chamber. In both scenarios, the secondary eld in-

side the synchrotron room is primarily composed of neutrons and photons. The spectra
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Figure 1.12: Beam loss map of the center for points from 1 to 29.

of these secondary particles are illustrated in Figure 1.13 and Figure 1.14, showing the
neutron and photon spectra inside the shielding when the primary beam consists of car-
bon ions. The presence of magnets attenuates the high-energy peak of neutrons centered
around 100 MeV, while their in uence on the photon spectrum is minimal. Neutron spec-
trum are characterized by three peaks: spallation peak around 100 MeV, evaporation peak
around 1 MeV and thermal peak around 0.025 eV. Photon spectra show peaks due to (n,
) reactions on'H (2.2 MeV), Mg (3.7 MeV), Na (4.7 MeV), 28Si (6.3 MeV), ?’Al
(7.6 MeV), “°Ca (6.3 MeV), *6F e(7:6MeV) in concrete. The secondary eld is similar for
all beams and without magnets it is composed by 65% from neutrons, 30% from photons,
and 5% from heavy ions; with magnets the heavy ion component can be neglected and
the eld is composed only by neutrons and photons.
Another issue that CNAO has tackled is de ning the workloads for the new ions listed in
Table 1.2, which will be accelerated in the existing synchrotron without alterations to the
shielding. Typically, a rst assessment of the shielding can be performed by using Monte
Carlo simulations, in which neutron yields and the ambient dose equivalent, H*(10), spa-
tial distribution are obtained. A model has been developed [16] using a Monte Carlo
approach to determine H*(10) values at various concrete depths generated by secondary
radiation. Simulations are performed for primary beams in 1.2. For facilities already
accelerating carbon ions, an equivalent carbon ratio is introduced to estimate the ion
currents required to achieve the same H*(10) as a carbon ion at a given point. Numerical
results are obtained by simulating an ion beam impinging on thick iron or ICRU (Interna-
tional Commission on Radiation Units and Measurements) tissue, representing magnets
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Figure 1.13: Neutron spectra generated inside the synchrotron room with and without
magnets.

and patients, respectively. The secondary radiation is then transported through a sub-
stantial concrete shielding, where H*(10) values are calculated as a function of concrete
thickness.

In the context of BNCT, studies were conducted to accurately assess the composition
of the shielding [17]. Typically, shielding in hadron therapy centers is designed with a
focus on high-energy neutrons (>1 MeV) and utilizes concrete walls. However, for BNCT,
the secondary radiation eld primarily consists of low-energy neutrons (<100 keV), mak-
ing it impractical to use the same shielding material. From other studies [18], it has
been observed that incorporating an initial layer of concrete enriched with 1% boron of-
fers signi cant bene ts in meeting both radiation protection regulations and the desired
workload. This is because boron can substantially reduce the thermal neutron scattering
component within the treatment room.

1.4. Mechanisms for neutron detection

As mentioned earlier, a signi cant challenge in high-energy applications is the generation
of secondary neutrons. An important aspect of this challenge is the detection and moni-
toring of these neutrons. Generally, mechanisms for detecting neutrons in matter rely on
indirect methods.Neutrons are electrically neutral particles and do not interact directly
with electrons in matter. However, two basic types of neutron interactions with matter
are available. First, neutrons can undergo scattering with a nucleus, where some of their
kinetic energy is transferred to the nucleus. If su cient energy is transferred, the recoiling
nucleus may ionize the material surrounding the point of interaction. The second type
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Figure 1.14: Photon spectra generated inside the synchrotron room with and without
magnets.

of interaction involves nuclear reactions. Neutrons can induce nuclear reactions within
certain materials, producing energetic charged particles, such as protons or alpha par-
ticles. These charged particles are promptly released and can be detected, making this
mechanism a common method for neutron detection. The measurable current is caused
by ions losing energy inside the active volume of the detector. So in general every type of
neutron detector involves the combination of a target material designed to carry out this
conversion together with one of the conventional radiation detectors as semiconductors
detectors and proportional counters. Developing a neutron detector is challenging due
to the wide range of neutron energies, spanning from meV to GeV. Moreover, the prob-
abilities of various interactions occurring in the target material are strongly dependent
on the neutron energy, which is why it is useful to distinguish between thermal neutrons
(with energies around 0.025 eV), epithermal neutrons (with energies up to 0.1 MeV), and
fast neutrons (with energies up to 20 MeV). Generally, the cross sections are higher for
thermal neutrons, which is why neutrons are sometimes slowed down using moderators
such as polyethylene or para n. In the following section, the key nuclear reactions used
for thermal neutron detection are introduced.

1.4.1. Nuclear Reactions for Thermal Neutron Detectors

In searching for nuclear reactions that might be useful in neutron detection, several factors
must be considered. First, the cross section for the reaction must be as large as possible
so that e cient detectors can be built with small dimensions. For the same reason, the
target nuclide should either be of high isotopic abundance in the natural element, or
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alternatively, an economic source of arti cially enriched samples should be available for
detector fabrication. In many applications, intense elds of gamma rays are also found
with neutrons and the choice of reaction bears on the ability to discriminate against these
gamma rays in the detection process. Of principal importance here is the Q-value of the
reaction that determines the energy liberated in the reaction following neutron capture.
The higher the Q-value, the greater is the energy given to the reaction products. The
distance traveled by the reaction products following their formation also has important
consequences in detector design. If we are to capture the full kinetic energy of these
products, the detector must be designed with an active volume that is large enough to
fully stop the particles. However, the wall e ect should also be considered: if the reaction
occurs near the wall, not all of the kinetic energy can be captured. This can a ect the
e ciency and accuracy of energy detection.

The cross sections of the most popular reactions for the conversion of slow neutrons into
directly detectable particles are are reported in Figure 1.15.

Figure 1.15: Cross section versus neutron energy for some reactions of interest in neutron
detection. [19]

The °B(n, ) Reaction
One of the most popular reaction for the conversion of slow neutrons into directly de-
tectable particles is the'®B(n, ) reaction. The reaction can be written as:

8

o 7L+ +2:79MeV (ground state)
n+-=Li! (1.8)
- 'Li + +2:31MeV  (exited state)
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When thermal neutrons (0.025 eV) are used to induce the reaction, abo@#% of all
reactions lead to the excited state and only% directly to the ground state. In either
case, the Q-value of the reaction is very large (2.310 or 2.792 MeV) compared with the
incoming energy of the slow neutron. Additionally, due to the negligible incoming lin-
ear momentum, the reaction products must exhibit a net momentum of essentially zero.
As a result, the two reaction products must be emitted in exactly opposite directions,
with the reaction energy always being equally distributed between them. The individual
energies of the alpha particle and lithium nucleus are respectively 1.47 MeV and 0.84 MeV.

The SLi(n, ) Reaction

Another common reaction for the detection of slow neutrons is the (n,) reaction in °Li.

In this reaction, the process proceeds directly to the ground state of the product and can
be written simply as:

n+8Li! SH+ +4:78MeV (1.9)

In this reaction too, the particles are emitted in opposite directions, withi®H nucleus
receiving 2.73 MeV and the particle receiving 2.05 MeV. The thermal neutron cross
section for this reaction is 940 barns. Figure 1.15 shows that the cross section remains
below that for the °B reaction until the resonance region (> 100 keV). Although the
lower cross section is generally a disadvantage, it is partially o set by the higher Q-value,
resulting in greater energy being imparted to the reaction products.

The 3He(n,p) Reaction
The gas®He is also widely used as a neutron detection medium through the reaction:

n+3He! *H+ p+0:764MeV (1.10)

The products of the reaction are emitted with energies of 0.573 MeV fot the proton and
0.191 MeV for3H. The thermal neutron cross section for this reaction is 5330 barns,
signi cantly higher than that for the boron reaction, and it also decreases with & energy
dependence. Although®He is commercially available, its relatively high cost can be a
limiting factor in some applications.
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1.4.2. REM Counters

REM counters are devices used to assess the ambient dose equivaléntl0). A rem
counter consists of a detector with a high e ciency to thermal neutrons placed inside a
moderator designed in such a way that the response function of the instrument reproduces
su ciently well the curve of the conversion coe cients from neutron uence to H (10)
over a wide energy range. In other words, at the center the uence of thermal neutrons is
proportional to the ambient dose equivalent. Mathematically the ambient dose equivalent,
can be expressed as:

Hao=  h0)E) (E)dE (1.11)

E min

and it's unit is the Sievert [Sv]. H (10) coe cients are reported in 1.16 in unit of pSv cm?
and are function of the incident neutron energy fromE,in t0 Emax,While ( E) m 2
represent the neutron uence at energy E andh (10) is the uence to ambient dose
equivalent conversion function. Due to the complexity of solving the integral 1.11, H*(10)

Figure 1.16: Conversion coe cient from uence to ambient dose equivalent values for
neutrons. [20]

can be calculated through the sum:
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X
H (10)=  h (10)(E) (E) (1.12)

E

The counts measured by the rem counter can be expressed as:

X
Counts=  R(E) (E) (1.13)

E

with R(E) the response function of the rem counter as function of neutron energy. This
function is calculated by the rem counter manufacturer mostly with Monte Carlo codes.
From 1.12 and 1.13 it is straightforward to assess that:

H (10)/ Counts (1.14)

The proportionality constant can be calculated by a calibration coe cient and veri ed
experimentally in a reference eld with a Am-Be or®2Cf a calibration source or at
accredited facilities. In Figure 1.17 the response of the most widely used commercial

Figure 1.17: Absolute response functions (counts per unit uence) for the following rem
meters: WENDI-38, Hankins-NRD, Andersson Braun, Wendi-1l , and cylindrical LINUS.
[21]
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rem counters as function of neutron energy, expressed in countem 2, is reported.

A notable discrepancy exists between the Andersson-Braun counter and the The Wide
Energy Neutron Detection Instrument (Wendi) and Long Interval Neutron Survey-meter
(Linus) responses at high energies (>10 MeV). The Wendi and Linus counters, being
extended-range rem detectors, provide improved detection capabilities for high-energy
neutrons due to their moderator design. Typically, these moderators are constructed from
a polyethylene sphere with added cadmium and lead inserts to enhance neutron detection
at high energies. In the following the most popular rem counters are introduced. The

Figure 1.18: Design of Andersson-Braun rem counter.

Andersson-Braun REM counter [22] is presented in Figure 1.18. BF3 proportional
counter is placed in the center of two polyethylene shells with a 5 mm boron plastic insert
(200 mg=cn¥). As it can be seen from Figure 1.17 the Andersson-Braun rem counter is
able to detect neutrons up to about 15 MeV [23]. At higher energies the response decreases
and the instrument underestimates the ambient dose. The WENDI [21] makes use of both
neutron generation and absorption to contour the detector response function,the design
is showed in Figure 1.19. Tungsten or tungsten carbide (WC) powder is added to a
polyethylene moderator with the expressed purpose of generating spallation neutrons in
tungsten nuclei and thus enhance the high-energy response of the meter beyond 8 MeV.
Tungsten's absorption resonance structure below several keV was also found to be useful
in contouring the meter's response function. This design placedBF3; counter in the
center of a spherical moderator assembly. A borated silicone rubber absorber covered
an inner polyethylene sphere to control the meter's response at intermediate energies. A
second generation design (WENDI-II) further extended the high-energy response beyond
20 MeV, increased sensitivity. A*He counter tube is located in the center of a cylindrical
polyethylene moderator assembly. Tungsten powder surrounds the counter tube at an
inner radius of 4 cm and performs the double duty of neutron generation above 8 MeV
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Figure 1.19: Design of the Wendi-1l rem counter.

and absorption below several keV. An advancement of the last mentioned REM counters

Figure 1.20: Longitudinal cross section of the cylindrical version of the rem counter LI-
NUS.

is the Linus [24] which, historically, was the rst instrument responding to high-energy
neutrons and whose geometry is reported in Figure 1.20. In this detector, a 1 cm thick lead
layer is positioned between the boron doped plastic attenuator and the outer polyethylene.
The e ect of this additional material is to detect neutrons with energy greater than about
10 MeV via the evaporation neutrons produced in inelastic scattering reactions, that can
be subsequently moderated by the polyethylene and then detected By 3 proportional
counter located at the center of the REM counter. No signi cant e ect is produced on
neutrons with energy below about 10 MeV so that in this energy interval the response of
the monitor is the same as that of conventional moderator instruments. This upgraded
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design allows the detection of neutrons up to 1 GeV.

Figure 1.21: Design of the LUPIN REM counter.

The LUPIN design is reported in Figure 1.21. This detector employs a di erent type of
moderator with similar characteristics to the previous ones. The main di erences are the
design of the lead and the addition of cadmium inserts over the borated plastic. The
substantial improvements of this device is its high sensitivity and the ability to response
and its linear response up to nSv due to its logarithmic electronics [25].

1.5. Extended Rem Counter

The CNAO expansion project includes the addition of a new proton synchrotron with
a rotating gantry and a BNCT facility. Additionally, the existing synchrotron, which
currently accelerates protons and carbon ions, will be upgraded to also accelerate he-
lium, lithium, oxygen, and iron ions. In preparation for this, several studies have been
conducted in recent years to evaluate the responses of di erent detectors in a simulated
mixed eld, similar to the one expected for future BNCT treatments, as well as for facil-
ity monitoring. In particular, the Radiation Protection Group at CNAO has proposed a
new detector that is cost-e ective, easy to repair, and capable of continuous monitoring.
The proposed REM counter features a Microstructured Semiconductor Neutron Detec-
tor (MSND) housed within a plastic-based moderator that includes cadmium and lead
inserts to extend its response range. The MSND interfaces with a Raspberry Pi Model
4 via General Purpose Input/Output (GPIO) pins for data visualization and collection.
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