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Abstract

The work described in this thesis has been carried out in the field of AB-BNCT,
Accelerator-Based Boron Neutron Capture Therapy. BNCT is a binary radiother-
apy combining the loading of tumour with boron-10 and its subsequent irradiation
with low energy neutrons, exploiting the high cross section of neutron capture in
boron-10. With a selective accumulation of boron-10 in the tumour by a suitable
borated drug, the products of the reaction release a therapeutic dose in the tumour
while sparing the surrounding healthy tissues. This biological selectivity makes
BNCT a promising therapy for the treatment of diffuse, infiltrated or metastatic
tumors.

Recently, the possibility to obtain suitable neutron beams from accelerators
has opened a new frontier: AB-BNCT could now become accessible in many hos-
pitals, with improvements in quality of life and clinical outcome for several pa-
tients.

The context of this work is the design of a clinical BNCT facility based on
a Radio Frequency Quadrupole proton accelerator, manufactured by the Italian
National Institute of Nuclear Physics (INFN). Such machine can provide a neu-
tron beam suitable for the treatment of deep-seated tumors when coupled to a
beryllium target and a Beam Shaping Assembly whose main constituent is solid
lithiated aluminum fluoride. Alliflu, densified lithiated aluminum fluoride, is a
new material created on purpose at the University and INFN of Pavia through an
innovative sintering process on powders of lithium and aluminum fluoride.

The work here presented aimed to cover different aspects from the installation
of the facility to its clinical applications, and is characterized by a multidisciplinary
approach: it includes studies in the field of material science and engineering for
the production and analysis of the new material, computational and experimental
nuclear physics for the validation of its moderation properties, radiation protec-
tion evaluations for the design of an optimized treatment room, and finally a med-
ical physics application consisting in the treatment planning of a realistic clinical
case.

This work presents a contribution to the implementation of a AB-BNCT facil-
ity, demonstrating that R&D has great potential to optimize BNCT quality and to
promote a new era of clinical applications.
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Introduction

The World Health Organization defines cancer as the second leading cause of
death globally [1], responsible for nearly 10 million deaths in the year 2020 (Fig-
ure 1.1). According to statistical studies based on US data for the 2015-17 period,
about 39.5% of the world population will be diagnosed with cancer at some point
in the lifetime [2]. Despite the efforts of medicine, these numbers are destined
to rise: by 2040, the number of new cancer diagnoses per year is estimated to
reach 29.5 million, and the number of deaths due to it 16.4 million [3]. Never-
theless, thanks to advances in research, promising new techniques have emerged
in recent years in the fight against cancer, including unconventional radiotherapy
such as hadrontherapy, which exploits the mechanism of energy deposition of the
charged particles to deliver a precise and effective dose to the tumour. Charged
particles, in fact, deposit the majority of their energy at the end of their path,
thus concentrating the dose delivery in the target. Moreover, charged particles
are more effective in causing non-reparable damages to the cells, because their
interaction in matter is characterised by clustered ionization. Another unconven-
tional modality of radiation therapy is Boron Neutron Capture Therapy, which
has shown great potential on a number of oncological diseases.

1.1 Boron Neutron Capture Therapy

Boron Neutron Capture Therapy (BNCT) is an experimental, non-invasive form of
radiotherapy for the treatment of cancer [4]. It is a binary modality, based on the
synergistic action of a tumour-targeting boron-enriched drug and irradiation with
low energy neutrons. BNCT exploits the high cross section of boron-10 ('°B), the
stable isotope of boron with 19.9% natural abundance, for the capture of thermal
neutrons, i.e. neutrons with kinetic energy of 0.025 eV, the most probable value at
a temperature of 290 K or about 17°C.

Neutron capture [5] is the nuclear reaction that occurs when an atomic nu-
cleus and a neutron merge, forming a heavier nucleus:

n+4X — AIX (1.1)
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Total: 9 958 133 deaths

Figure 1.1: Cancer deaths in 2020 for both sexes and all ages, from [1]

The final nucleus subsequently decays by emitting charged particles, whose en-
ergy depends on the Q-value of the reaction. The possibility to use neutron cap-
ture reactions to treat cancer was first theorized by the physicist Gordon Locher in
1936, just four years after the discovery of the neutron by James Chadwick. Ther-
apies based on neutron capture can be extremely selective, especially when the
reaction leads to the creation of charged particles with high LET (Linear Energy
Transfer') and short ranges in biological tissues. The energy deposited by such
particles is high in a limited region of space, within distances comparable with
the diameter of a typical cell. As a consequence, neutron capture therapy can be
described as an internal hadrontherapy, played by the charged particles created
inside the cancer cell. ldeally, the energy deposition is confined within the tar-
get cell without affecting the surrounding healthy tissue, enabling a radiotherapy
characterized by a cell-level selectivity.

The BNCT treatment is carried out in two steps. First, the patient receives an
intravenous infusion of the borated compound designed to accumulate in cancer
cells [6]. Then, after a certain time necessary to ensure the best '°B tumour-
to-normal tissue concentration ratio, the cancer region is irradiated with a neu-
tron beam of suitable energy spectrum. The probability that a thermal neutron
is captured in "B is much higher compared to the other possible interactions of
neutrons with the elements of biological tissue: the neutron capture in '°B has a
microscopic cross section of 3837 barns” at 0.025 eV, about 2000 times the cross
section of the capture in N (Table 1.1).

'LET is the average amount of energy transferred by an ionizing particle per unit path length.
ZNuclear cross sections are usually expressed in terms of barns, with 1 barn = 1024 cm?.



1.1. Boron Neutron Capture Therapy

Table 1.1: Thermal neutron capture cross-sections of biological soft tissue elements
and their mass percentages [7]

Nuclide Mass % o (b) ‘ Nuclide Mass % o (b)

H 10.0 0.332 P 1.16  0.18
C 18.0 0.0034 S 020 0.3
N 3.0 1.82 Cl 0.16  32.68
0 65.0  1.8x1074 K 0.20 2.1
Na 0.11 0.43 Ca 2.01 0.4
Mg 0.04 0.053 Fe 0.01 2.57

The neutron capture reaction in '°B leads to the generation of ''B, unstable,
which can decay following two different modalities:

7T - .

a+'Li+y (in 94% of cases)

n+"B— ""B* < . (1.2)
a+'Li (in 6% of cases)

In all cases, an alpha particle and a lithium ion are produced, having high
ionization density values (164 and 151 keV/um, respectively, averaged over track
intersection segments with the cell), and short ranges in tissue (9 and 5 pm, re-
spectively). Being these ranges comparable with the average cellular diameter,
the particles will deposit their energy in the cell hosting the reaction causing ir-
reversible damages to the DNA. Given the higher concentration of boron-10 in
tumour cells with respect to healthy tissues, the overall effect is the selective de-
position of a therapeutic dose in the tumour while sparing the surrounding normal
cells. Thanks to this selective effect, based on biological targeting rather than on
beam targeting, BNCT is a potential therapeutic option for the treatment of dis-
seminated, infiltrated or non-operable tumours [8].

The first application of BNCT was for the treatment of Glioblastoma Multi-
forme (GBM), or grade 1V astrocytoma, a fast-growing brain tumour that invades
the nearby brain tissue [9]. GBM is the most common and aggressive malignant
primary brain tumour in humans and has a very poor prognosis, with the death
of patients within 14 months from its diagnosis. Due to its resistance to conven-
tional therapies, the migration of malignant cells into adjacent brain tissue and
the limited capacity of the brain to repair itself, GBM presents unique treatment
challenges.

The history of BNCT for the treatment of GBM began in USA in the ’50s, and
continued in Japan with the introduction of important innovations such as new
borated drugs and the use of more penetrating neutron beams. The outcomes
of the first treatments had indeed demonstrated the need for an optimization of
both the borated drug and the neutron beam [10]. After several phases of BNCT
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clinical research, today this therapeutic option is considered extremely promising,
as proven by the work of Kawabata and colleagues, who recently treated 22 GBM
patients in a phase Il clinical trial at an irradiation facility in Japan [11].

BNCT has been proven an effective therapy not only for GBM but also for other
challenging malignancies: recurrent head-and-neck cancer, gliomas, malignant
melanomas and more [12]. From the first clinical trial of 1952 [13], BNCT has been
performed on several hundred patients in different facilities around the world,
and is now facing a new era. In fact, until recently, neutron beams from nuclear
research reactors were used as neutron source for BNCT: only these installations
allowed the neutron intensity needed for a BNCT irradiation lasting about 1 hour.
At present, the latest developments in technology have led to a major turning
point in BNCT with the possibility to obtain suitable beams for clinical BNCT
using accelerators as neutron source.

1.2 Accelerator-based BNCT

While the typical sources of neutrons for BNCT treatments have been nuclear
reactors, the current research in BNCT field is focusing on facilities based on ac-
celerators. It is clearly not trivial to adapt a nuclear reactor to the needs of a clin-
ical treatment, and many aspects such as safety, maintenance, social acceptabil-
ity, made very difficult the development of BNCT as an established radiotherapy
within such environment.

Instead, accelerators are easier to install and maintain also in healthcare set-
tings. The availability of accelerators as neutron source for BNCT can lead to a
wider application of this therapy, potentially even in hospital routine.

Thanks to recent technological progress, it is now possible to obtain proper
clinical neutron beams for BNCT from high-current proton or deuteron accelera-
tors [14]. Such machines can provide high-intensity neutron beams through the
(p,n) or (d,n) reactions on beryllium or lithium targets. The optimal beam for
BNCT treatment is obtained by filtering, collimating and moderating the neutron
spectrum emerging from the target through the so-called BSA, Beam Shaping As-
sembly, an appropriately designed structure, built out of suitable materials.

In Italy, an accelerator with the characteristics for producing an intense neu-
tron beam has been designed and manufactured by INFN, the National Institute
of Nuclear Physics. It is a Radio Frequency Quadrupole (RFQ) proton accelerator
capable to deliver 5 MeV protons with 30 mA current in Continuous Wave (CW)
mode (Figure 1.2).

This accelerator coupled to a beryllium target produces neutrons through the
reaction (p,n) on Be and can deliver a sufficient neutron flux for BNCT clinical
treatments. A BSA (Figure 1.2) has been designed [15] to tailor a proper beam for
BNCT of deep-seated tumours. The desired beam is epithermal, with energy spec-
trum peaked between 1 and 10 keV, so that neutrons can thermalize in the first
layers of biological tissue and impinge on the tumour with the suitable energy for
the neutron capture reaction. Such a beam still allows to treat also more superfi-

4



1.2. Accelerator-based BNCT

Figure 1.2: A scheme of the RFQ accelerator manufactured by INFN

cial tumours (e.g. melanoma), by moderating neutrons through the employ of a
tissue-equivalent material, able to shift the neutron spectrum at the patient skin
towards softer energies. The most appropriate material for the core of a BSA en-
suring a final beam with the described characteristics has been demonstrated to
be lithiated aluminum fluoride (AIF;+LiF) [15], represented in grey in Figure 1.3.

WAIFz + 3%Linat
. Pb
i W Teflon (TM)
W FLi
AlF3 + 3%Li°
I Air
7 M Polysthylens + 7.5%Linet
[ Polyethylens + 7.5%Li®

Protan Baam

Figure 1.3: Geometry of the BSA designed for the INFN RFQ accelerator

This thesis collects the studies related to the installation and use of a clinical
BNCT facility based on the INFN technology. The aim is to produce results useful
for the structural and operational optimization of the facility and to anticipate its
deployment by simulating realistic clinical treatments. This thesis contributes to
the research on Accelerator-Based BNCT (AB-BNCT), particularly relevant today,
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as many institutions in the world are dedicating efforts in building this type of
facilities. Worldwide several projects are ongoing in this field, but as they are
based on a variety of different machines and BSAs, a state-of-the-art is of difficult
definition (Figure 1.4).

LOCATION | MACHINE, FACILITY STATUS \ TARGET & REACTION
UNIVERSITY OF TSUKUBA, JAPAN RFQ-DTL: UNDER DEVELOPMENT BE(P.N)
KURRI, OSAKA MED COLLEGE, TOHOKU CYCLOTRON, CLINICAL TRIALS ONGOING BE(PN)
HOSPITAL, JAPAN
NCCENTER - CICS TOKYO, JAPAN RFQ: UNDER DEVELOPMENT SOLID 7LI(PN)
NAGOYA UNIVERSITY, JAPAN IBA DYNAMITRON, PURCHASED LIQUID (STATIC) 7LI(P,N)
SOREQ, ISRAEL RFQ-DTL: UNDER DEVELOPMENT LIQUID (JET) 7LI(PN)
Bl, RUSSIA VACUUM INSULATED TANDEM, UNDER SOLID 7LI(PN)
DEVELOPMENT
CNEA, ARGENTINA SINGLE ENDED ESQ, UNDER DEVELOPMENT &  BE(D,N) THIN
BUILDING CONSTRUCTION 13C(D,N) THICK
HUCH-NT, FINLAND+USA SINGLE ENDED, DC, UNDER COMMISSIONING SOLID 7LI(PN)
BIRMINGHAM UNIVERSITY, UK DYNAMITRON: UPGRADE DELAYED SOLID 7LI(PN)
IHEP, CHINA RFQ, UNDER DEVELOPMENT BE(PN)
INFN, [TALY RFQ, UNDER DEVELOPMENT BE(P.N)
NEUBORON-+TAE, CHINA+USA TANDEM ELECTROSTATIC SOLID 7LI(PN)

Figure 1.4: A summary of the current projects on BNCT from accelerator

1.3 Summary of the thesis

The results presented in this thesis have been obtained in the context of a re-
search project aimed at building a clinical facility using the RFQ accelerator, the
beryllium target and the BSA designed on purpose. The work described in the fol-
lowing chapters contributes to the technological implementation of the BSA, the
design of the treatment room and provides an original example of BNCT treat-
ment using the described beam. The goal is to provide a comprehensive study,
from preparation and characterization of the material for the BSA core, to dosi-
metric and neutron activation evaluations in the irradiation room, and finally to
an innovative approach regarding the clinical applications of the facility.

The second and third Chapters are devoted to the studies carried out on the
material chosen as main constituent of the BSA and developed for the first time
in Pavia. In fact, aluminum fluoride only exists in powder, and it has been sin-
tered with a dedicated machine designed and built in Pavia to obtain high-density
solid bricks. The new material, consisting in sintered lithiated aluminium fluoride,
was named Alliflu. From the first prototype of the sintering machine, a new im-
proved version was designed and manufactured at the mechanical workshop of
INFN Unit of Pavia. Part of this thesis is dedicated to the test of the new ma-
chine and its fine tuning for an optimized production of samples, as described
in Appendix A. The densified material has been investigated in detail concerning
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its physical characteristics and its moderation properties were studied comparing
Monte Carlo simulations and experimental measurements. After a preliminary
study aimed at evaluating and quantifying the presence of trace elements in the
material, several sintered samples were obtained and analyzed regarding their in-
ternal structure, solubility and mechanical resistance. Different production proce-
dures were tested to optimize the uniformity. After the production settings have
been fixed, the moderation properties of Alliflu were tested in a neutron beam
with the same spectral characteristics as the one produced by the RFQ. Finally,
a prototype of the whole BSA, characterized by the same materials of the final
geometry, was designed and built to be irradiated with the same neutron beam.
The second Appendix, Appendix B, addresses this part of the work, describing in
detail the different configurations tested.

Chapter Four focuses on the design of the treatment room from the viewpoint
of radiation protection issues connected to neutron activation of the irradiated
materials, ambient dosimetry and patient out-of-field dosimetry. A Monte Carlo
model of the treatment room was created and simulations of clinical treatments
were carried out to calculate the value of the relevant variables. Due to the emerg-
ing evidences of radiation-induced cardiovascular diseases, published in recent lit-
erature, special attention was dedicated to the doses absorbed in the heart. All the
investigated quantities have been calculated changing the materials of the walls of
the room, to evaluate the role played by the construction materials in the relevant
factors for radiation protection. The simulations were performed with different
Monte Carlo transport codes (MCNP, FLUKA and PHITS) exploiting their specific
features depending on the quantity to evaluate.

In the fifth Chapter an original approach for the clinical applications of such a
facility is presented. The focus is on the combination of BNCT and hadrontherapy
with carbon ions, a possibility that has never been explored before and with high
potential. The precision of the carbon ions and the selectivity of the BNCT could
in fact allow to treat in the most effective way a variety of tumours, improving the
quality of life and the clinical outcome for several patients. The potential synergy
between BNCT and heavy ions therapy was studied, from the point of view of
dose distribution and Tumour Control Probability (TCP), in a representative clin-
ical case. This part of the work is characterized by innovative aspects, not only
regarding the combination of these two particle therapy techniques: the photon
iso-effective dose model was employed as a formalism to express the dosimetry
of the two treatments in photon-equivalent units, instead of the traditional ap-
proach based on fixed weighting factors. Moreover, the analysis was performed
using a new computational toolkit for dosimetry and treatment planning, specif-
ically developed in Pavia in the framework of the INFN project IT_STARTS.

Chapter Six, finally, draws the conclusions and delineates the future work.

Research in BNCT field has a multidisciplinary nature, requiring expertise
from physicists, chemists, engineers, medical physicist, radiobiologists and med-
ical doctors. This research work was conducted in this cross-fertilization spirit,
starting from studies in the field of material science and engineering for the pro-
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duction and analysis of Alliflu, involving computational and experimental nuclear
physics for the study of its moderation properties, moving to radiation protection
evaluations for the design of an optimized treatment room, and concluding with a
medical physics application consisting in the treatment planning of a real clinical
case.
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A new neutron moderator: Alliflu

Lithiated aluminum fluoride (AIF;+LiF) has been proven the best material for the
core of the BSA to obtain an epithermal beam for BNCT of deep-seated tumours
from the neutrons produced by 5 MeV protons on a Be target [16]. Monte Carlo
simulations carried out to tailor the clinical beam have demonstrated that, in-
serted in the BSA structure around the Be target, AlF3+LiF can lead to an ep-
ithermal flux at the beam-port higher than 10° cm™ s with acceptable thermal
and fast neutron contamination and gamma dose. The final BSA chosen for the
clinical facility ensures a therapeutic potential comparable with the beam used in
Finland to treat hundreds of patient. This was proven using an innovative evalua-
tion method based on the calculation of radiobiological figures of merit such as the
Uncomplicated Tumour Control Probability simulating the treatment planning of
a real clinical case treated in Finland. Moreover, the BSA was optimized taking
into account the safety of the beam, i.e., the minimization of the out-of-field dose,
absorbed in the peripheral organs [15].

The BSA must be compact, with high, stable and uniform density and good
mechanical resistance, but aluminum fluoride is commercially available only in
the form of powder. Powder is clearly not ideal for our purposes, being not ade-
quate to build a compact BSA with proper density and mechanical characteristics.
In Pavia, a solid material was obtained from AlF; and LiF powders through what
is termed sintering [17].

Figure 2.1: Stages of a schematic sintering process

11



2. A new neutron moderator: Alliflu

Sintering is a process in which a material with low aggregation becomes a
compact solid through the action of high temperatures and pressures. In the pro-
cess the material does not necessarily melt, as usually the heat and pressure ap-
plied are below its liquefaction point. Sintering can be considered as a process
of densification of powders with the concurrent reduction of interstitial porosity
(Figure 2.7).

The densification can occur via different methods:

« by pressing and subsequent pressure-less heating: solid-state sintering
+ by means of a limited amount of melting: liquid-phase sintering

+ by simultaneous application of pressure and heat: hot-pressing or pressure-
assisted sintering

For the compound of our interest, the densification process is complicated by
a significant high-temperature volatility. For this reason, a fast, pressure-assisted,
sintering process must be applied. A custom Field Assisted Sintering Technique
(FAST) apparatus was designed in collaboration between University of Pavia (De-
partment of Chemistry) and INFN Unit of Pavia and prototyped at the local INFN
Mechanical Workshop. The technological activity to optimize and build the ma-
chine was funded by the National Technology Transfer Commission of INFN,
through a R4l (Research For Innovation) project called TT_Sinter. This also be-
came the name of the sintering machine, shown in Figure 2.2.

»

Figure 2.2: The sintering machine named “TT_Sinter

12



Field Assisted Sintering Technique [18] is a process based on a modified hot-
pressing. In the latter, external heaters are used, while in FAST the electric current
runs directly through the pressing die, generating heat by Joule effect. With this
technique, short heating times and rapid cycles are achieved, and thanks to the
pulsed current and the so-called “spark plasma effect” a good optimization of the
sintered material compared to other techniques can be obtained [19].

The produced densified AlF;+LiF material has a density ranging from 70 to
99% of the theoretical one and it was proven to be easily workable. It was named
Alliflu (Figure 2.3).

Figure 2.3: A sample of the new solid material named “Alliflu”

To produce Alliflu, an appropriate mix of AlF; and LiF powders is placed into
a graphite die. The die is then inserted into the vacuum chamber of the TT_Sinter
apparatus, between two graphite punches. Figure 2.4 illustrates the set-up inside
TT_Sinter chamber. The die is then heated following a user-defined program, with
a customized heating rate, by the passage of current between the two punches.
When the desired temperature is reached, the die is compressed for a specified
interval of time, while keeping constant the temperature. All the steps of the
process are selected using the software, as better explained in Appendix A.

The steps for the production of Alliflu can be summarized in the following
way:

« preparation of the powders

« filling of the graphite die

13
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VACUUM
CHAMBER

GRAPHITE
DIE

PULSED
DC

POWDER

Figure 2.4: Simplified representation of a FAST apparatus

« positioning of the die in the vacuum chamber
+ heating up to the desired temperature
« compression with the desired pressure
+ cooling and extraction of the sintered sample

Later in this Chapter (Section 2.2) different ways to prepare the powders for
sintering will be presented, tested to select the most appropriate procedure to
optimize the microstructure of the solid material. Then the following sections will
illustrate the characterization of the final Alliflu . Before starting the production,
preliminary studies have been devoted to select the most suitable powder. The
next section presents these measurements.

2.1 Preliminary studies

Preliminary studies were carried out on two kinds of aluminum fluoride powders
to select the best one to use for building the BSA core. The two candidates were a
chemical-grade powder (origin VWR, supplier Alpha Aesar" with a declared purity
higher than 99.99% in metals) and an industrial-grade one (with a declared purity
90%, from the Italian chemical company Fluorsid, Cagliari).

First, the composition of the two powders was assessed by Neutron Activa-
tion Analysis (NAA). The detection and quantification of trace elements is in fact
critical to predict the activation of the material due to the exposure to the high
neutron fluence of the clinical facility.

NAA is a non-destructive analytical technique used to perform multi-element

14
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analyses with minimum detection limits in the sub-ppm' range [20]. Its accu-
racy is around 5%, and often its relative precision is better than 0.1%. In NAA, the
sample is irradiated with neutrons which cause the elements to form radioactive
isotopes. Since the radioactive emissions and radioactive decay paths for each el-
ement are well known, by studying the emission spectra of the radioactive sample
is possible to determine the concentrations of the elements within it.

Small amounts of the two powders were weighed with a precision of 0.01 mg
and inserted into suitable plastic containers made of polyethylene. The samples
were then activated through exposure to neutrons at L.E.N.A. (Laboratorio di Ener-
gia Nucleare Applicata) of University of Pavia, equipped with the research nuclear
reactor TRIGA Mark Il operating at a maximum power of 250 kW. The irradiations
were carried out in the Central Thimble and in the Rabbit System of the reactor
(Figure 2.5), where the total flux at maximum power is 1.39 X 10" cm™? s™! and
8.37 X 10'2 cm™ 57! respectively [21]. The Central Thimble is the channel located
at the center of the reactor core, providing space for the placement of specimen
capsules at the point of maximum flux, and here the samples were irradiated for
2 hours to detect long-lived isotopes. Instead, the Rabbit System is a pneumatic
transfer facility [22] that brings the activated sample from the reactor directly to
the radiochemistry laboratory, and was employed for very rapid irradiations (30
sec) to detect short-lived isotopes.

Figure 2.5: Horizontal section of a Monte Carlo model of the TRIGA Mark Il reac-
tor. On the right, a magnification of the core with R and C indicating
respectively the Rabbit and the Central Thimble irradiation positions

Once the residual radioactivity allowed handling the samples, their emission
spectra were acquired with a HPGe (hyper-pure germanium) detector. The anal-
ysis of the spectra with the ORTEC software GammaVision [23] led to the quan-
tification of the trace elements present in the samples, through the activation

"The term “ppm” stands for parts per million, a dimensionless unit of measurement indicating
a ratio of homogeneous quantities of one to one million. Thus, for the mass, 1 ppm = 1 mg/kg.

15



2. A new neutron moderator: Alliflu

reaction rates evaluated from gamma spectroscopy [24]. The mass percentages of
these impurities is determined starting from the number of activated nuclei Ng;.
At the end of an irradiation of duration t;,, this number is given by:

poN
A

where R = ¢oN is the reaction rate (being ¢ the neutron flux, o the cross section
of the reaction involved, both at a fixed neutron energy E, and N the number of
interaction centers in the irradiated volume) and 4 is the decay constant of the
isotope created by activation.

The number of activated nuclei can be estimated from the number of counts
AC which the software GammaVision returns as the integral of a peak. The soft-
ware in fact allows the calibration in intrinsic and geometric efficiency, compares
the energies of the experimental peaks with a library of emissions, and returns for
each peak the number of counts, i.e. the peak area. The number of decays in the
interval of time between the start (t;) and the stop (t,) of the spectrum acquisition
is:

R It It
Nyer = I“ —€ Atm) = (1 —€ Mm) (2-1)

N = AC 11 22)
aCt_(e—Aﬁ_e—/Uz) e B .

where ¢ is the efficiency of photon detection at the energy of the considered peak,
and B indicates the branching fraction’ of the studied emission. The reaction rate
is thus given by:

A AC 1 1
_ : L (2.3)
(1—eMir) (eM1 —e*2) ¢ B
Therefore, N can be calculated through the equation
Emax
R= N/ $(E)o(E)dE (2.4)
Emin

to take into account the dependence of cross sections on energy. As the integral
is not easily computed, the quantification is usually obtained by comparison with
the activation of standards, i.e. samples with known number of activation centers:
considering the same reaction (thus the same cross section) and irradiating the
standard in the same neutron field, it is possible to equal ¢o from R = N¢oao,
obtaining:

Rsample

Nsample = Nstp (2.5)

Rstp

where Nstp and Rspp are the number of interaction centers and the reaction rate
of the standard, and Nygmpie and Rgampie the same quantities for the sample inves-
tigated.

ZIn branching decays, i.e. nuclear decays which can proceed in two or more different ways,
branching fraction or branching ratio is the fraction of nuclei which decay by a certain mode [25]
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2.1. Preliminary studies

Without standards, the quantification of elements can be obtained from the
reaction rate approximated thanks to the Hagdahl convention [26]:

R = N(¢ooo + ¢elo()) (2.6)

being op is the thermal cross section, ¢y and ¢, the conventional thermal and
epithermal neutron fluxes respectively, and Iy(«) the resonance integral corrected
by the parameter a, which accounts for the deviation of epithermal flux from ideal
trend 1/E:

0.429

I = - 0429)E %+ ————
o(a) = a0 (Qo )E, 05520 + 1)

2.7)

where E, is the resonance energy and Qg = Iy/ oy the resonance integral to thermal
cross section ratio. | used values for a, ¢g and ¢r coming from [27], for Qg and E,
from [28] and for cross sections from [29]. Eq. 2.6 has been applied to determine
the interaction centers N of impurities in AlFs3, using the reaction rates obtained
from spectrometry. To improve the precision, the peak associated to the highest
branching fraction was chosen for each decay.

Considering that the maximum energy of neutrons from the INFN RFQ accel-
erator is about 3.2 MeV, only the isotopes with an activation threshold less than
this value were considered. The neutron spectrum in the reactor is in fact different
from that of the RFQ coupled to the beryllium target (see Figure 2.6). For this rea-
son the Alliflu activation in the facility was not directly inferred from the measure-
ments in the reactor, but rather evaluated by implementing the NAA-determined
composition in Monte Carlo simulations, as better explained in section 2.1.1.

Table 2.1 summarizes the results of the NAA study on the two AlF; powders,
showing the detected isotopes with their calculated mass percentages in industrial
and chemical-grade powder and the half-lives of their activation products.

The results of the NAA showed that industrial-grade powder has a higher con-
centration of trace elements, but these impurities generate activation products
with shorter half-lives than in chemical-grade powder [30]. Moreover, the impu-
rities in industrial-grade powder seem to facilitate the sintering process. In fact,
by using this powder it is easier to obtain a material with higher relative densi-
ties, closer to the maximum nominal density of about 3 g/cm3. For these reasons,
industrial-grade powder has been chosen for the sintering process to create the
main constituent of the BSA core.

2.1.1 Neutron activation of the BSA core

The BSA with AlF3 containing the trace elements measured in the powder was
simulated with the Monte Carlo code MCNP6 [31]. The neutron source was im-
plemented with uniform distribution in the Be target as described in [16], taking
into account the experimental double differential spectrum emerging from the
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Figure 2.6: Comparison between neutron spectra in the LENA reactor and in the
INFN RFQ accelerator

(p,n) reaction in Be for 5 MeV protons [32]. A simulation with coupled neutron-
photon transport was run to estimate the residual activity of BSA after a clinical
irradiation.

The reaction rates generating the radionuclides of interest were calculated.
Reaction rates are obtained in MCNP6 scoring the neutron flux (F4-type tally),
combined with an instruction indicating the nuclear reaction of interest and the
isotope involved. Finally, the activity A at the end of the irradiation can be evalu-
ated from the simulated reaction rate R using;:

A=R(1—eim) (2.8)

where A is the decay constant of the radioisotope created by activation and t;,, the
patient irradiation time, taken equal to 2 hours. The calculation is conservative,
since the typical duration of a BNCT treatment is about 1 hour.

The simulated reaction rates in the BSA core are listed in Table 2.2, with the
specific activities after a 2-hours irradiation (calculated through Eq. 2.8, dividing
by the mass). To ensure a good convergence of the simulations, they run for a
time sufficient to obtain a statistical relative error lower than 0.1%. The errors
associated to the results come from the uncertainty of impurities percentages,
when evaluated by NAA with the Hagdahl convention. In the case of sodium, for
which a standard was used, the error depends on the precision with which the
cross section is known.
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2.1. Preliminary studies

Table 2.1: Results of the NAA study on the samples of AlF; powders.

Industrial-grade Chemical-grade Product

Isot
Sotope [mass %] [mass %] half-life
As-75 1.1x10* 1.2 x 1077 1.0778 d
Br-81 4.3x 1077 6.5 % 1077 35.30 h
Cl-37 - 1.7 X 107 37.24 min
Co-59 9.5 % 107 1.18 X 107 52714y
Cr-50 - 9.8 x 1078 27.7025 d
Fe-58 4.3x 107 - 44.503 d
Ga-71 5.8 X 107 - 14.10 h
La-139 - 3.0 x 107 1.6781d
Sb-121 1.1x 1077 1.2 X 107 2.7238 d
Sb-123 1.8 x 1077 2.7 X107 60.20 d
Sc-45 2.1x 108 3.2x 107 83.79 d
Se-74 - 29x%x 108 119.779 d
Zn-64 1.6 X 107 - 244.26 d

As expected, the major contribution to the induced radioactivity is due to the
activation of aluminum. However, as the radioisotope Al-28 decays rapidly with
a half-life of about 2 minutes, it does not represent the major concern for the fa-
cility management. Activation products with half-lives longer than 10 days, such
as Co-60, Fe-59, Sb-124, Sc-46 and Zn-65, give specific activities smaller than 1 Bq
per gram at the end of irradiation.

Other preliminary studies were carried out on the material regarding its den-
sity, water absorption and solubility, as described below.

2.1.2 Density

The buoyancy technique was used to precisely determine the density of solid Al-
liflu, when difficult to establish with other methods. In fact, the determination of
the density is not correctly derivable through the geometric calculation for small
and highly irregular samples. Moreover, the geometric calculation would not take
into account the porosity of the material. Instead, this can be relevant for the
study of the density compared to the nominal value.

The buoyancy technique [33] is a gravimetric method for the determination
of the density based on the Archimedes principle: it uses the fact that the weight
of a body immersed in a fluid undergoes a decrease equal to the weight of the
volume of fluid displaced. Thus, in this technique, the sample is weighed both in
air and completely immersed in an auxiliary fluid of well-known density.

Indicating with m4 the weight of the sample in air, with mr the weight of the
sample in the fluid, and with p4 and pr the densities of air and fluid respectively,
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2. A new neutron moderator: Alliflu

Table 2.2: Simulated reaction rates and specific activities of the BSA core con-
stituents after 2h of irradiation

Isotope  Half-life R[s'g] a [Bq/g]

Al-28 2414 min  (2.9+0.3
As-76  1.0778d  (2.9+0.6
Br-82  3530h (7.9+1.6
Co-60 52714y (3.2+0.6
Fe-59  44.503 d
Ga-72 1410h  (8.4+1.
Mg-27  9.458 min (6.7+1.
Na-24 149590 h (2.1£0.2) X 10* (9.5+1.9) x 10?
Sb-122  2.7238d  (3.0+0.6) x 102 3.24+0.6

Sb-124  60.20d  (4.9+1.0) x 10> (2.4+0.5) X 10"
Sc-46  83.79d 8.7+1.7 (3.00.6) x 1073
Zn-65 24426d (1.9+0.4) x 103 (2.3£0.4) x 10

X 10®  (2.940.3) x 10°
X 10> (7.7+1.5) x 103
x 102 15+3

x 10*  (4.8+£1.0) x 10
(2.440.5) x 1072
X 10*  (4.0+0.8) x 10?
x 10*  (6.6+1.3) x 10*

~— — —

w
J
I+ N
N

N W
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the density p of the sample can be calculated as follows:

Wa

= - 29
WA_WF(PF pa) + pa (2.9)

p

The precision of the density measurement in this case strongly depends on
the precision of the weight measurement. Therefore, an analytical balance with
high precision is needed. For the measurements of this study | used the labora-
tory balance available at the Chemistry Department of University of Pavia, model
METTLER AE 163 [34], equipped with a special support for the positioning of the
sample both for the measurement in air and in a fluid. Figure 2.7 shows the ex-
perimental set-up. Each sample was measured independently four times in each
position, and the density was calculated through the mean of the resulting values.

For the mass measurements with the sample immersed in a fluid, pure ethanol
(density 0.8 g/cm3 at 15°C) was used. In cases where the fluid is able to penetrate
into the material due to the open pores, an escape of air bubbles from the sample
can be noted together with a variation in the measured weight. In the described
measurements this did not occur, indicating that there were no exposed cavities of
sufficient size for the fluid to penetrate with its surface tension. In any case, a rea-
sonable time was waited for each measurement in ethanol, to verify the stability
of the mass value.

The density measurements conducted showed a remarkable variability of den-
sity among samples prepared with the same powder and sintering process. This
required an optimization of the sintering machine and sintering program, as illus-
trated in Appendix A.
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2.1. Preliminary studies

Figure 2.7: Analytical balance in the experimental set-up used for the density mea-
surements with the buoyancy technique

2.1.3 Water absorption and solubility

The water absorption and solubility of the new Alliflu material were investigated
as well. These aspects could in principle be relevant for the use of Alliflu for a
long time in the facility, since the combination of high water absorption and high
solubility could result in an undesired loss of material from the BSA. In addition
to the extraction of water-soluble components, absorbed moisture could also lead
to dimensional/mass alterations or to changes in the mechanical properties of the
material.

The water or moisture absorption is the capacity of a material to absorb mois-
ture from its environment [35]. Water absorption can be expressed as the increase
in weight percent of a specimen under different testing procedures. The moisture
content can be evaluated through:

C

W, — W,
e 0 % 100% (2.10)
Wo

where W represents the dry weight of the specimen and W, its weight under
the particular testing condition.

Since the BSA is not expected to come in contact with water, we evaluated the
moisture absorption at equilibrium: in this case the sample is exposed to a humid
environment at a specified temperature for 24 hours.

Mc:
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2. A new neutron moderator: Alliflu

A set of 15 Alliflu samples with variable density was kept for 24 hours at room
temperature and subsequently weighed with high precision. | used the aforemen-
tioned METTLER balance, measuring four times independently the mass of each
sample and calculating the average value. Then, the samples were placed to dry
in a thermostatic oven (Fratelli Galli® G-THERM [36]) at 100°C for 22 hours. Once
removed from the oven, the samples were weighed again, also in this case four
times independently.

The mean moisture absorption resulting from the described procedure by ap-
plying Eq. 2.10 is very low, less than 0.05%. To make a comparison, according to the
standard of ASTM International (formerly American Society for Testing and Mate-
rials) [37] a material defined as impervious has a water absorption lower than 0.5%.

To carry out the solubility test, the oven-dried specimens were subsequently
immersed in UPW, ultrapure water [38]. UPW is a water purified at the high-
est levels for all contaminant types: a microbiologically pure water containing no
substance capable to interfere with a laboratory procedure influencing the results.

The 15 Alliflu specimens were kept at room temperature totally immersed in 30
mL of UPW, each one separately, for 7 days. After this time, they were dried again
in the G-THERM thermostatic oven, at 100°C for 22 hour, and then weighed once
more. The difference between the dry weight before and after the immersion in
UPW is due to the loss of material that dissolved in water and it is thus a measure
of the solubility. Solubility is indeed the maximum amount of a substance that
will dissolve in a given amount of solvent at a specified temperature [39].

Averaging the dry-weight differences over the set of samples and dividing by
the 30 mL volume of UPW used, a solubility value of 0.4 mg/mL was obtained.
This indicates a slightly soluble material, as can be seen referring to the different
degrees of solubility listed in Table 2.3.

The obtained values of moisture absorption and water solubility suggest that
the use of Alliflu for the BSA core under standard operating conditions of temper-
ature and humidity does not raise any concern.

Table 2.3: Definition of different levels of solubility, from [40]

Descriptive degree  Solvent parts needed  Solubility

of solubility for 1 part of solute [mg/mL]
very soluble <1 >1000
freely soluble 1-10 100-1000
soluble 10-30 33-100
sparingly soluble 30-100 10-33
slightly soluble 100-1000 1-10
very slightly soluble 1000-10000 0.1-1
insoluble >10000 <0.1
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2.2. Morphology

2.2 Morphology

Ideally, the final solid material should be perfectly homogeneous and uniform.
To investigate the microstructure of Alliflu, several samples with variable density
have been produced to be analyzed through SEM microscopy [41].

SEM stands for Scanning Electron Microscope, a type of microscope that pro-
duces images by scanning the surface of a sample with a focused beam of elec-
trons. The image is produced by the position of the electron beam, scanned in
a raster scan pattern, combined with the intensity of the detected signal. The
interaction of the electrons with the atoms in the specimen generates different
signals, containing information not only about the topography of the surface but
also about the composition of the sample:

« Visible light: luminescence;

+ Backscattered electrons: high energy electrons of the incident beam almost
entirely inelastically scattered through the material;

« Secondary electrons: low energy (<50 eV) valence electrons ejected via in-
elastic scattering;

+ Characteristic X-rays: X-rays generated via inelastic collisions.

The signal that contributes to the SEM imaging of the microstructure comes from
backscattered and secondary electrons.

A good preparation of the specimen is pivotal to achieve a satisfactory SEM
imaging [42]. To obtain the best results for microstructure analysis, samples are
often cut and embedded in epoxy resin with a face exposing the material sec-
tion ground and polished. The grinding is performed with fixed abrasives, usually
abrasive particles bonded in sandpapers, for an initial leveling and cleaning of the
surface at the cutting point. The process is based on the use of increasingly abra-
sive particles to progressively remove material from the surface until the desired
result is obtained. The subsequent polishing removes the artifacts of the grinding
by the action of abrasive particles contained in a liquid, suspended on a cloth. A
minimum amount of material is lost during the operation, the overall integrity of
the sample is ensured thanks also to the protection provided by the resin embed-
ding. When correct grinding and polishing is carried out, the microscopy allows
the visualization of the true microstructure of the examined material.

To this end, Alliflu samples were first subjected to cross-sectional cutting, in
order to expose an area representative of the entire thickness of the material, and
then inserted into special plastic molds with the section in contact with the bottom
(Figure 2.8). In the meantime, an appropriate epoxy compound has been obtained
by combining epoxy and hardener at the right mix ratio (~8:1 in mass) stirring
thoroughly for one full minute while paying attention to avoid the formation air
bubbles. The mold containing the sample was then filled with this mixture, tak-
ing care to cover the entire Alliflu section. The mold was finally left for at least 24
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2. A new neutron moderator: Alliflu

hours at room temperature to let dry the epoxy compound. The resin puck so ob-
tained was then ground and polished to achieve a perfectly smooth and reflective
surface on the face showing the Alliflu section.

Epoxy resin
: | ;

7/
__» Mounting

mold

Figure 2.8: Scheme of the components of a resin mounted specimen

A grinding/polishing machine (BUEHLER® model PHOENIX ALPHA, equipped
with Vector™ Power Head [43] and automatic water flushing) was used for the
mechanical preparation of the specimen surface. For the grinding steps, sandpa-
pers with progressively raised grit were used. The grit or grade of sandpaper is a
number referring to the size of its abrasive particles: the higher this number, the
deeper is the sanding achieved.

We started with P600 grit sandpaper (measured according to the FEPA stan-
dard, of the Federation of European Producers of Abrasives). It was used to equalize
the faces and remove the surface layer of resin in contact with the sample. Then,
once obtained the exposure of a reasonable amount of Alliflu section from the
resin, we used sandpapers with grades: P800, P1000, P1200, P2500 and P4000, for
at least 0.5, 1, 1.5, 2 and 4 minutes, respectively. The minimum time required
derives from experience with this type of mechanical preparation, in any case
continuous visual checks served to verify the progress of the surface finishing.

In the last phase of surface finishing, once deactivated the water flushing and
replaced the sandpaper with a cloth, colloidal silica and liquid diamond suspen-
sion were used for 4 minutes each. Both were added directly on the rotating cloth,
previously moistened with the solution, at intervals of about 1 minute. In this way,
through the combination of chemical action with fine abrasive effect, scratch-free
and deformation-free samples are achievable.

After the surface was as desired, the preparation for SEM examination of the
resin puck continued with the application of a support for the imaging with a
small layer of conductive tape connecting this to the Alliflu section, and a carbon
coating. The specimen needs in fact to be conductive to enable the SEM imag-
ing. This can be achieved via the sputtering on the sample of metals such as Cr,
Au or Pt, which also improve the signal-to-noise ratio by increasing the amount
of secondary electrons detectable from the surface of the specimen. We used in-
stead carbon because it can be easily deposited in a finer layer and avoids the
contamination of SEM imaging due to the grains of metallic coatings. Fine car-
bon layers are transparent to the electron beam but conductive, allowing to carry
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Figure 2.9: Example of preparation of an Alliflu sample for SEM examination.
(From left to right: cutting of the sample, sample embedded in resin and
sample after the polishing)

out the X-ray spectroscopy that will be introduced later. The last step of the sam-
ple preparation was thus the uniform coating of the specimen with a thin layer
of C (a few A) by using the CRESSINGTON Carbon Coater model 208carbon [44]
present at the Arvedi Laboratory of CISRiC”, University of Pavia. The machine
exploits the thermal evaporation of carbon: a carbon source is heated in vacuum
between two high-current electrical terminals, and once reached its evaporation
temperature a fine layer of C is deposited on the specimens.

To summarize, the samples were prepared for SEM microscopy by the follow-
ing procedure:

1. cross-sectional cutting

2. embedding into epoxy resin

3. grinding with progressively finer sandpapers

4. polishing with colloidal silica and liquid diamond
5. application of the support

6. carbon coating

The SEM analysis was carried out with the high resolution SEM of the TES-
CAN Mira3 XMU series [45] present at the CISRiC Arvedi Laboratory. Figure 2.10
shows the results of SEM analysis on three different Alliflu samples with increas-
ing density.

3Centro Interdipartimentale di Studi e Ricerche per la Conservazione del patrimonio culturale
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SEM HV: 20.0 kV WD: 15.67 mm

SEM MAG: 143 x Det: BSE 500 pm
SEM HV: 20.0 kV | Date(m/d/y): 09/17/20

SEM HV: 20.0 kV WD: 15.86 mm MIRA3 TESCAN

SEM MAG: 143 x Det: BSE 500 ym
SEM HV: 20.0 kV Date(m/dly): 09/17/20

SEM HV: 20.0 kV WD: 16.31 mm

SEM MAG: 138 x Det: BSE 500 pm
SEM HV: 20.0 kV | Date(m/d/y): 09/17/20

Figure 2.10: SEM imaging of 3 different Alliflu samples (with increasing density
from top to bottom) created with the original production procedure
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Figure 2.11: Different components in Alliflu microstructure (magnification of the
second SEM image of Figure 2.10)

At least 5 different components can be distinguished in the microstructure of
the material, based on the color with which they appear in the SEM image. An
Energy Dispersive X-ray (EDS or EDX) Spectroscopy microanalysis [46] helped
to correctly discriminate the components identifying their composition. The SEM
available at CISRiC Arvedi Lab of University of Pavia is in fact a SEM/EDS system,
equipped with an Energy Dispersive X-ray Spectroscopy facility.

Energy Dispersive X-ray Spectroscopy is an elemental microanalysis technique
allowing the identification and quantification of all the elements of the periodic
table except for H, He, and Li. The principle of this technique is based on the
emission of X-rays from a sample due to its interaction with the electron beam:
if any material with atomic number higher or equal than four is examined with
electron microscope, X-rays are generated from just below the surface. The X-
ray spectrum is characteristic and known for each element, thus the elemental
composition of the sample can be inferred from the detected X-rays. X-ray mi-
croanalysis systems are of two types: energy-dispersive X-ray spectroscopy (EDS)
and wavelength-dispersive spectroscopy (WDS). EDS measures the energies of X-
rays and provides the concurrent analysis of all the detectable elements together.
By contrast, WDS measures the wavelengths of X-rays with individual crystals,
each focusing on one element at a time. WDS has a better resolution than EDS
but it is more complex to use. The limit of detection of EDS is typically for a mass
fraction about 0.001-0.003, depending on the element, the matrix containing it,
and the operating conditions of the instrument.
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Applying the EDS method, the composition of the areas appearing with dif-
ferent colors in the SEM imaging of Alliflu was analyzed. Naming them alphabet-
ically from the lightest to the darkest (the magnification shown in Figure 2.11 can
be used as a reference):

A: (white) steel, probably processing residual

@

: (light grey) grains of AlF;
: (grey) LiF that reacted with AlF;

C
D: (dark grey) agglomerates of LiF

E: (black) porosity
counts
F
S
< Al
(o]
0.60 1.20 1.80 2.40 3.00 keV

Figure 2.12: Energy Dispersive X-ray spectrum (EDS) of the “B” phase (Figure 2.11)
of Alliflu microstructure

Figures 2.12, 2.13 and 2.14 show representative EDS spectra collected by scan-
ning in the areas B, C and D, respectively. The second spectrum (C) clearly shows
a higher presence of fluorine compared to the first one (B), while in the third
spectrum (D) there is practically no aluminum.

As expected, SEM analysis confirmed that higher density corresponds to a
tighter bound of the powder grains, but showed a not satisfactory uniformity of
the material even in the densest samples. In fact, the darker spots corresponding
to lithium fluoride indicated that Li was not evenly distributed in the volume of
the densified material. In view of the construction of the BSA from Alliflu bricks,
the uniformity detected did not appear adequate: lithium lowers the thermal com-
ponent of the beam by neutron capture on °Li, and it is clearly preferable to have
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Figure 2.13: Energy Dispersive X-ray spectrum (EDS) of the “C” phase (Figure 2.11)
of Alliflu microstructure

counts
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Figure 2.14: Energy Dispersive X-ray spectrum (EDS) of the “D” phase (Figure 2.11)
of Alliflu microstructure

the capture centers uniformly distributed throughout the BSA. Furthermore, such
non-homogeneity could cause differences in the mechanical characteristics be-
tween one brick and another and should therefore be avoided.

The conclusions of this first set of measurements required an optimization of
the production process to obtain a satisfactory configuration of Alliflu microstruc-
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ture. We tested three different new procedures:
1. with a new method to mix the powders of AlF; and LiF;
2. as 1, but with the re-cooking of the sintered material;

3. as 1, but using a LiF powder previously micro-ground.

In the following, the three tested procedures are described in more detail.

In the first case, the initial production process was modified for what concerns
the mixing of the powders of aluminum fluoride and lithium fluoride. To improve
the homogeneity of the mixture of AIF3+LiF, a mixing machine named TURBULA®
was used (Figure 2.15).

Figure 2.15: The 3D shaker mixer named TURBULA® used to optimize the mixing
of AlF; and LiF powders

TURBULA® is a three-dimensional, highly effective, shaker mixer [47]. It is
composed by a basket where any form of container with volume up to 2 liters can
be fastened via twisted interlaced rubber rings. The functioning of TURBULA® is
based on the combination of rotation, translation and inversion throughout the
mixing process. Thanks to the ever-changing motion of the container, an excellent
homogeneity of the mixture is achievable even with short mixing times.

To further favor the homogeneity of the mixture, only small quantities of pow-
ders were added in the TURBULA® at a time. We started with about 5 grams of
AlF3+LiF, placed in a 50 ml plastic container together with 3 tungsten carbide balls
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to help the mixing. Each container was mixed in TURBULA® for at least 1 hour
and a half.

Then, in order to optimize the production efficiency, a special holder was en-
gineered to accommodate multiple vials together, allowing the mixing of a higher
amount of powder but subdivided in small quantities. The holder was designed at
the Mechanical Workshop of INFN Pavia and manufactured with the 3D printer
locally available.

The imaging SEM of an Alliflu sample created with this procedure is shown in
Figure 2.16. The uniformity in the lithium distribution was better in these samples
compared to the first ones, but the microstructure could still be improved.

.

SEM HV: 20.0 kV WD: 15.83 mm
SEM MAG: 300 x Det: BSE 200 um
SEM HV: 20.0 kV Date(m/d/y): 10/22/20

Figure 2.16: SEM imaging of an Alliflu sample created following the first of the new
tested procedures to optimize the microstructure

We thus tested the second new procedure, in which the mixing with TURBULA®
was accompanied by a re-heating of the sintered material. Sintered Alliflu sam-
ples produced with the powders mixed via TURBULA® were placed in a thermo-
static oven. The samples were heated at 800°C for 2 hours. The SEM imaging on
one of such samples is shown in Figure 2.17. It appears that a sort of crystalliza-
tion occurred in the material, with an unsatisfactory result as regards the final
microstructure.

In the third procedure, an attempt was made to reduce the size of the LiF
grains to mix with TURBULA®, by means of a prior micro-grinding of the lithium
fluoride powder.

We used the FRITSCH Planetary Micro Mill model PULVERISETTE 7 (Fig-
ure 2.18). Such machine has 2 grinding stations, each of which houses a grinding
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SEM MAG: 300 x Det: BSE 200 pm
SEM HV: 20.0 kv | Date(m/d/y): 10/22/20

Figure 2.17: SEM imaging of an Alliflu sample created following the second of the
new tested procedures to optimize the microstructure

bowl with tungsten carbide interior. The powder is inserted into the bowl together
with a certain number of grinding balls. The machine works by making the grind-
ing bowl rotate around its own axis on a main disk which, in turn, rotates in the
opposite direction. The combination between the high-energy impact of grinding
balls and the friction between the balls and the bow| wall produces the comminu-
tion of the powder [48].

Due to the capacity of the bowls, we ground only up to 3.5 grams of LiF at a
time, with the add of an amount of grinding balls corresponding to about 10 times
the mass of the powder. Based on previous experience with similar powders, the
mill was set to work 25 minutes at 300 rpm for 2 cycles separated by a 3-minute
pause. The obtained micro-ground powder was then used to sinter Alliflusamples,
after mixing with AIF3 in TURBULA®.

The microstructure of the material so produced (SEM imaging in 2.19) appears
more uniform compared to the other procedures: in this case the AlF; grains are
almost completely surrounded by a layer where LiF and AlF; reacted. At the same
time, the porosity has decreased with respect to the one shown in Figure 2.16.

The third procedure, producing a quite uniform sample with lithium fluoride
well distributed in the volume, was thus selected as the most adequate protocol
for the preparation of the material.

Based on this result, we tried also a fourth procedure consisting in the micro-
grinding of both LiF and AlF3. The obtained homogeneity was better (Figure 2.20),
however the process required much longer preparation times due to the capacity
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Figure 2.18: The FRITSCH Planetary Micro Mill model PULVERISETTE 7 used for
the grinding of the LiF powder

of the mixing bowls. This procedure was thus discarded based on the cost/benefit
balance, in view of a massive production of Alliflu for the construction of the
clinical BSA.

Moreover, we ensured that the simulation of a uniform AlF;+LiF material re-
liably represented the effect of the microstructure obtained in the third proce-
dure. This test was made by simulating the interaction of neutrons with uniform
AlF3+LiF and with a lattice of AIF; grains surrounded by LisAlFs. The dimen-
sions of the lattice elements were set to reproduce as faithfully as possible the
microstructure of the third procedure detected via SEM and the mass ratio of the
elements (Figure 2.21). The comparison of the tallies in the two situations showed
a very good agreement over almost the entire energy range, confirming that a uni-
form material and the material obtained with the third procedure behave in the
same way regarding neutron interaction, and that the simulation of a uniform
material is a good model of the final structure.

2.3 Mechanical resistance

An important evaluation for BSA concerns the mechanical resistance of its Al-
liflu core. Any loss of material is highly undesirable, and not only because of the
possible residual radioactivity of the material due to neutron activation, but also
because in this way the moderation of neutrons could be modified. A change in
the geometry of the BSA could affect the spectral characteristics of neutrons, pos-
sibly decreasing the quality of the clinical beam. A good mechanical resistance of
the main BSA material is thus an important aspect to ensure, both for staff and
patient safety.
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 SEM HV: 20.0 kV WD: 11.87 mm
SEM MAG: 300 x Det: BSE 200 pm
SEM HV: 20.0 kv | Date(m/d/y): 10/22/20

Figure 2.19: SEM imaging of an Alliflu sample created following the third of the
new tested procedures to optimize the microstructure

Moreover, the BSA is expected to receive a high dose of radiation during the
lifetime of the clinical BNCT facility, in particular the neutron flux at the beryl-
lium target is higher than 10° n cm™? s™'. As neutrons interact with Alliflu, some
are captured by Li-6 emitting charged particles, and these can possibly generate
changes in the microstructure, for example causing cracks. For this reason it is im-
portant to study the mechanical properties of the new material before and after
the exposure to neutrons.

Summarizing, two are the aims of the study on the mechanical resistance of
Alliflu. The first, is to verify that the new material Alliflu is able to support its
own weight without any break or crack occurring. The second, is to understand
how a high neutron fluence can possibly affect this property.

To investigate these aspects, Alliflu samples were prepared to be studied by
means of compression tests. The study was based on the compression of irradiated
and non-irradiated Alliflusamples with variable density. Those non-irradiated are
also used as control sample for the irradiated ones. Also in this case, the nuclear
reactor TRIGA Mark Il of L.E.N.A. in Pavia was used as the neutron source. In a
few hours of irradiation at the reactor, it is possible to integrate a neutron fluence
corresponding to months of use of the clinical facility.

The mechanical resistance study was conducted in two rounds of measure-
ments. The first round involved the irradiation of 3 Alliflu samples only. At that
moment, in fact, the new improved machine for sintering was not ready and the
prototype available was not optimized for an efficient production of the samples.
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SEM HV: 15.0 kV WD: 9.83 mm
SEM MAG: 204 x Det: BSE 200 pm
SEM HV: 15.0kV | Date(m/dly): 11/19/20

Figure 2.20: SEM imaging of an Alliflu sample produced with both the LiF and
AlF; powder micro-milled

Moreover, after the irradiation of the samples in the reactor, it is necessary to wait
enough time for their decay to be able to handle them safely. The first round of
measurements was thus considered as a preliminary test to determine the best
experimental conditions for a more complete analysis involving a greater number
of samples.

The Alliflu samples were exposed to neutrons in the Central Thimble of the
TRIGA Mark Il reactor, with an irradiation of a total duration of 6 hours. The
spectrum of neutrons in that position is shown in Figure 2.6. In terms of neutron
fluence, this is comparable to about 1000 clinical treatments in the RFQ-based
BNCT facility. Thus, the effects of such irradiation can be reasonably assumed as
representative of a long working time of Alliflu as core of the BSA for the clinical
beam.

An acceptable decay time for irradiated Alliflu was estimated to be about 60
days. Table 2.4 summarizes the radionuclides which are generated by neutron
activation in the material, with the related half-lives and the evaluated activities
at the end of an irradiation and after 60 days. The values have been estimated
from the experimental activation reaction rates obtained with the irradiation of
powders carried out for the NAA.

After the 60 days, the compression tests were set-up at the Department of
Mechanical and Industrial Engineering of University of Brescia. The researchers of
the local Laboratory of Science and Technology of Materials have experience both
in the treatment of materials exposed to neutron irradiation and in the evaluation
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Figure 2.21: On the left, the MCNP6 geometry of the lattice built to simulate the
microstructure shown on the right (obtained by the third production
procedure)

of stiffness and mechanical resistance in solids.

Although the irradiated Alliflu were safe to handle at the time of the experi-
ment, the compression tests were carried out with the samples placed in plastic
bags (Figure 2.22). In this way, we were able to collect all the residues after the
breakage of the material. The residuals returned at L.E.N.A. in Pavia after the
experiments, for their correct disposal as radioactive waste according to the leg-
islation.

2.3.1 First round of measurements

A set of 14 samples with variable density from 2.0 to 2.8 g/cm® was available to be
compared with the 3 irradiated ones for the first round of measurements. These
samples were tested without irradiation to study the mechanical resistance of the
new material. To maintain the same experimental conditions between irradiated
and not irradiated samples, also this set was tested with the specimens inserted
in plastic bags.

We used the universal testing machine INSTRON® model 3366 [49], with max-
imum force capacity of 10 kN (Figure 2.22). Each specimen was compressed be-
tween the parallel plates of the machine with a gradually increasing axial stress,
until its total breakage or up to the maximum possible load. Breakage, in fact, was
not obtained for every sample, indicating the need for a testing machine with a
greater force capacity.

The stress-strain curves [50] obtained for Alliflu specimens during this first
round of compression tests is shown in Figure 2.24 (the curve falls to zero where
the sample breaks). These initial results indicated a good mechanical resistance
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Table 2.4: Half-lives and specific activities of radionuclides produced via neutron
activation in Alliflu

A [Bg/g] at the end A [Bq/g] at 60 days

radionuclide T2 of the irradiation  from the irradiation
Al-28 2.414 min 3.5%10° 0
As-76 1.0778 d 2.8%x10° 4.9%x1071?
Br-82 35.30 h 5.2%102 2.7%1071°
Co-60 52714y 9.5%10' 9.2x10!
Fe-59 44.503 d 6.1x10° 2.4%x10°
Ga-72 14.10 h 2.2x10% ~0
Mg-27 9.458 min 1.5x10° 0
Na-24 14.9590 h 1.9%107 ~0
Sb-122 2.7238 d 1.7%10? 3.9%107
Sb-124 60.20 d 6.4x10° 3.2x10°
Sc-46 83.79 d 4.1x10° 2.5%x10°
Zn-65 244.26 d 3.4x10" 2.9%10'

of the material, both before and after the long exposure to neutron irradiation in
the reactor. Samples with higher density, despite being more fragile during the
production process”, showed better mechanical properties, breaking with higher
loads. The 3 irradiated samples (the black curves) showed a more complex be-
haviour compared to the non-irradiated ones. From these results, however, it was
not possible to clearly extrapolate the effect of irradiation on the mechanical prop-
erties of the material, nor the dependence of them on the density. These aspects
needed further research. The second round of measurements was designed to bet-
ter understand the effects of density and of neutron irradiation on the mechanical
resistance, with a different machine and a greater number of Alliflu samples.

2.3.2 Second round of measurements

The second round of compression tests was carried out at the Metallurgy Labo-
ratory of the Department of Mechanical and Industrial Engineering of University
of Brescia, where a universal testing machine INSTRON® model 3369 is available.
By using such machine, this time it was possible to apply on the specimens a force
up to 50 kN.

A set of 30 samples was prepared for this second round, divided into 3 density
ranges. 12 of them were irradiated in the reactor, again for 6 hours in the Central
Thimble to reproduce the effects of about 1000 clinical treatments, while 18 were
subjected to compression tests without being irradiated.

For the irradiated samples, absorbed dose was calculated using a detailed

4Several samples of high-density Alliflu broke during the extraction from the graphite molds.
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Figure 2.22: Experimental set-up for the first round of compression tests on Alliflu
samples

MCNP6 model of the TRIGA reactor. This model, validated in the thermal column
ad described in [51], was recently renewed to take into account a major change in
the position of the fuel elements in the core. This new model has been validated
with neutron flux measurements along the Central Thimble [52]. The geometry of
the set-up has been reproduced by simulating the plastic holders and the Alliflu
samples stacked in the position of the central thimble where the neutron flux is
better simulated. Tally F4 was used to calculate the neutron fluence and tally F6+
was used to calculate the total dose (from neutrons and photons) absorbed by the
samples, with KERMA approximation, in a coupled neutron-photon transport run.
Figure 2.23 shows the MCNP geometry of the holders inserted into the Central
Thimble. Table 2.5 lists the results of the simulations.

To date, the 12 irradiated samples are kept at the reactor to decay before be-
ing tested for resistance. Thus, only the results regarding the 18 non-irradiated
samples are available. Their density values are listed in Table 2.6.

The stress-strain curves corresponding to these samples are shown in Fig-
ure 2.25. The effect of the density on the mechanical properties of the material is
now more evident: the higher the density of a specimen, the higher is the load at
which its complete breaking occurs.

Furthermore, from the slopes of the stress-strain curves it is possible to infer
the dependence of the material stiffness on the density. The slope of the stress-
strain curve in the initial section (i.e. in the range of linear proportionality of
stress to strain) is in fact the Young’s Modulus [53]. The Young’s Modulus -or
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Plastic Holder —f——— |

~ Alliflu Samples

|EEEEE,

Central Thimble ——__| ~ Fuel Bars

i

Figure 2.23: MCNP geometry of the set-up of Alliflu irradiation inside the Central
Thimble of the TRIGA reactor.

Elastic Modulus- is defined as the ratio of stress below the proportional limit to
the corresponding strain, and is a measure of the rigidity (or stiffness) of a material:
to a greater modulus corresponds a stiffer material, being smaller the elastic strain
resulting from the application of a given stress.

From the stress-strain curves of Figure 2.25 it is evident that low-density sam-
ples (with density up to 2.26 g/cm?, referring to Table 2.6) exhibit a variable Young’s
Modulus increasing with the density. While above a certain density value, all the
tested specimens have the same Young’s Modulus, which results about 5 GPa.
The density threshold may reasonably represent the minimum value below which
the material is not completely sintered, being comparable to a compacted powder
more than to a solid.
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Table 2.5: Simulated fluence and absorbed dose in the Alliflu samples irradiated in
the Central Thimble of the TRIGA reactor for 6 hours at 250 kW. The
number in the column samples correspond to the positions shown in Fig-
ure 2.23. Statistical errors are below 1%.

Sample | neutron fluence | total dose
position [10"7cm™2] [10° Gy]

1 2.67 9.24

2 2.49 8.23

3 2.30 7.45

4 2.12 6.89

5 1.93 6.38

6 1.77 6.22

Table 2.6: Density values of the 18 Alliflu samples tested via compression tests con-
cerning their mechanical resistance in the second round of measurements

Low density Medium density High density
Sample Density | Sample Density | Sample Density

ID [g/cm?] ID [g/cm?] ID [g/cm?]

1 1.98 17 2.35 56 2.66

55 2.00 28 2.41 9 2.76

4 2.02 21 2.43 13 2.81

43 2.04 65 2.48 14 2.85

5 2.07 22 2.51 11 2.89

18 2.26 16 2.62 29 291
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Figure 2.24: Stress-strain curves of Alliflu samples from the first round of compres-
sion tests
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Figure 2.25: Stress-strain curves of Alliflu samples from the second round of com-
pression tests
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Spectrum modification by Alliflu

One of the goals of the present work was to experimentally validate the mod-
eration properties of Alliflu. In fact, since densified lithiated aluminum fluoride
is a new material, there are no experimental data to make a comparison with the
Monte Carlo simulations concerning its interaction with neutrons. The realization
of Alliflu pushed the need of carrying out the first neutron spectrometry of neu-
trons moderated by solid AlF;. This would provide a solid base for the reliability
of the design of the clinical neutron beam.

The presented study envisaged the irradiation of increasing amounts of Alliflu
with neutrons of proper energy, and to collect the emerging spectra for compar-
ison with simulated results. The experimental activity and the simulations per-
formed are described in the following paragraphs.

3.1 Materials and methods

Being the INFN-RFQ not yet accessible, we used as neutron source the CN ac-
celerator available at the Legnaro National Laboratories of INFN [54]. CN is a
“Van de Graaff” electrostatic device accelerating 5 MeV protons with maximum
current of 3 pA. It can be coupled to a Be target (Figure 3.1) to produce a neutron
beam with the same spectral characteristics as the one in the RFQ-based facility,
different only in intensity.

Thanks to an established collaboration with Politecnico di Milano and its spin-
off RAYLAB Srl [55], it was possible to use two detectors for the acquisition of
neutron spectra. The two detectors, described in Figure 3.2, are:

« Active Converter Spectrometer (ACSpect)
« Direction-aware Isotropic and Active MONitor (DIAMON)
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Figure 3.1: Beryllium target used at the CN proton accelerator of LNL to obtain
the neutron beam. The source can be approximated as point-like with
neutrons exiting from the point circled in red on the left. The two metal
semicircles around are part of the cooling system

ACSpect [56] is an innovative two-stages spectrometer with high energy and
spatial resolution. It is based on a Polyvinyl Toluene scintillator coupled through a
collimator to a monolithic silicon telescope (MST). The plastic scintillator works as
an “active” recoil-proton converter, converting neutrons into recoil-protons while
measuring the energy deposited by the latter. The MST measures the residual en-
ergy of recoil-protons downstream of the converter and discriminates them from
the photons related to the neutron field.

ACSpect was designed and developed by the Nuclear Measurements group
of the Energy Department of Politecnico di Milano and used for the first neutron
spectrometry of Be(p,n) neutron spectrum at 5 MeV [32] before being optimized
for the measurements presented here. The optimization of the detector is the
subject of a Master thesis of the Politecnico di Torino [57] and of an article, recently
submitted [58].

Figure 3.2: Neutron detectors used in the described measurements: ACSpect (left)
and DIAMON (right)
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DIAMON [59] is a neutron moderation spectrometer providing spectral, di-
rectional and dosimetric capabilities in a single device, with real-time response
through a high-level graphical user interface. DIAMON was implemented by the
Nuclear Measurements group of Politecnico di Milano in collaboration with RAY-
LAB and it can measure the neutron energy spectrum with low energy resolution
but in a wide energy range, from thermal to fast energies, giving very precise in-
tegral information.

Initially, simulations with no Alliflu were carried out, to make a preliminary
comparison with the experimental data available concerning the neutron source
at CN [32]. The neutron source implemented in the simulation is point-like, and
it was simulated in [60]. It replicates a neutron source due to 5 MeV protons
impinging on a Be target, with angular distribution reproduced from the experi-
mental data acquired at CN with the first version of ACSpect [61]. F4-type tallies
were used in the MCNP6 simulation, with the same energy bins as in [32], in
the frontal direction with respect to the proton beam. The result of the tally was
multiplied by the detector sensitive area (0.01 cm?) and by the normalization fac-
tor 2.58x10°uC", and divided by energy bin and solid angle. The normalization
factor used is reported in [60], and differs from that used in [32] due to the angu-
lar distribution of the source. The solid angle was determined starting from the
efficiency, determined in a dedicated simulation with the same geometry and a
monoenergetic, isotropic point-like source.

The comparison of the simulated values with the experimental data is reported
in Figure 3.3, showing a good agreement. The simulations reproduce the experi-
mental set-up of ACSpect detector located in front of the beam-line in the forward
direction and without any moderator, as shown in Figure 3.4. This step verified
the correctness of the simulated source, enabling its use for the subsequent sim-
ulations.

3.2 Measurements with Alliflu tiles

We carried out two experimental campaigns at the CN accelerator using Alliflu
tiles. The moderator elements used are shown in Figure 3.5: Alliflu tiles with
square or circular section, having 5 cm side or diameter respectively. They were
created by sintering about 50 g of AlF;+LiF powder with the first prototype of
sintering machine, and they have variable density. As described below, the mea-
surements were carried out with increasing thickness of Alliflu to detect its effect
on the acquired spectra. One detector or the other were used, according to the
necessities.
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Figure 3.3: Comparison between simulated values and experimental data from [32],
for the set-up with ACSpect detector located in front of the beam-line in
the forward direction and with no moderator (next figure).

3.2.1 First experimental campaign

The first round of measurements was dedicated to the optimization of the meth-
ods, the test of the detectors and their set-up. In that occasion, the CN accelerator
worked at very low current (20-60 nA), thus we focused on acquiring spectra for
small moderator thickness.

In this experimental campaign, spectra were acquired with DIAMON for 0,
1.15, 2.16, 4.47 and 6.63 cm of moderating Alliflu elements, and with ACSpect for
0, 1.15 and 2.16 cm only. This detector, in fact, has low efficiency (~10°) and
requires long acquisition times. While ACSpect was placed in contact with the
last Alliflu element (Figure 3.6), in the measurements with DIAMON the distance
between the detector and the moderator end was set to 130 cm. In this case,
spectra were collected for each tested Allifluthickness, with and without a shadow
cone (Figure 3.7). The shadow cone has a total length of 50 cm, 20 of lead and 30 of
polyethylene, and it is used to shield the direct contribution from the target. This
allows evaluating the scattered neutron component coming from the surrounding
materials, obtaining the background to subtract from the direct measurements
[62].

The comparison between the open-beam neutron spectrum acquired with AC-
Spect and that previously measured by Agosteo et al. [32] and with the one re-
ported in [63], showed good agreement. Due to low proton current and low de-
tection efficiency, the measurement is affected by an error never lower than 10%.

Figure 3.8 shows the comparison between the experimental spectrum acquired
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Figure 3.4: Experimental set-up of ACSpect detector located in front of the beam-
line in the forward direction and without any moderator

with ACSpect for the 2.16 cm moderator thickness and the simulated spectrum
in the same geometry, with good agreement over almost all the energy range.
An even better agreement between simulated values and experimental data is
achieved when comparing the integral flux values obtained by ACSpect, DIAMON
and MCNP6 simulation, as presented in Table 3.1.

Table 3.1: Comparison between the measured and simulated integral fluence, for the
different Alliflu thickness and neutron detectors

Alliflu Integral Fluence [10% uC' sr'']
thickness DIAMON ACSpect

[cm] ‘ exp sim ‘ exp sim
0 3.93+0.16 4.19+0.23 | 5.11£0.94 4.19+0.23
1.1 - - 4.37£0.76  3.83+0.21
2.2 2.73£0.11 3.18+0.11 | 3.39£0.58 3.35%0.18
4.5 1.66£0.07 1.86+0.07 - -
6.6 1.15+0.05 1.10+0.04 - -
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Figure 3.5: Alliflu tiles used as neutron moderator elements in the experimental
measurements at CN

Figure 3.7: Experimental set-up with DIAMON, Alliflu elements and shadow cone
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Figure 3.6: Experimental set-up with ACSpect and Alliflu elements

3.2.2 Second experimental campaign

In the second experimental campaign, spectra were acquired with DIAMON for 0,
1.01, 2.16, 4.03, 6.45, 8.45, 10.8, 12.8, 15 and 17.2 cm of Alliflu, and with ACSpect for
0 and 2.16 cm only, improving the statistics of the first campaign. The geometrical
configuration between moderator and detectors was maintained as in the first set
of experiments. As shown in Figure 3.9, the agreement between the simulated and
the experimental fluence attenuation rate collected with DIAMON is excellent: the
experimental data are well fitted by an exponential curve, almost coincident with
the Monte Carlo simulations.

Regarding the shape of the neutron spectra obtained by deconvolution of DIA-
MON measurements, the agreement between simulations and experimental data
was not perfect. This is due to a non-optimal function used to obtain the experi-
mental spectrum. In fact, DIAMON deconvolution was optimized for an isotropic
source of neutrons, which does not represent the experimental situation, with the
neutron source with a specific angular distribution [32].

However, the simulation was improved in order to understand the data ac-
quired. The geometry description was optimized to take into account the effect
of the structures present in the room. In fact, the collected data likely comprised
a contribution of neutrons scattered from the environment, not removed by the
shadow cone. Simulations were run using the FLAG feature of MCNP, to distin-
guish the origin of the neutrons producing the scored tally. This was useful to
understand that the contribution of neutrons reflected by the floor to the spec-
trum in the detector position is practically negligible. Thus we implemented in
the Monte Carlo geometry other elements such as the wood tables used as the
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Figure 3.8: Comparison between experimental data and simulated values for the
neutron spectrum from (p,n) on Be after crossing 2.2 cm of Alliflu

moderator/detector support.

3.3 Measurements with BSA prototype

The last part of this section is devoted to exploring the neutron moderation capa-
bilities of Alliflu within a BSA. Objectives of this study are the design, construc-
tion and test of a BSA prototype, with the essential characteristics of the BSA
developed for the RFQ, to experimentally validate the synergy between the BSA
materials in moderating neutrons.

Such structure is clearly not intended to reproduce the epithermal beam with
low contamination of thermal and fast neutrons obtained with the designed BSA
of Figure 1.3. In fact, the CN neutron beam has the same energy spectrum gener-
ated at a point of the target in the clinical set-up. Thus, to obtain the same angu-
lar distribution and spectral composition as the clinical beam, the entire structure
of the target [64] and the RFQ published in [15] would be needed. In addition,
the clinical BSA is designed to shield as much as possible for radiation protec-
tion considerations, and attenuates the neutron beam by more than 3 orders of
magnitude at the beam-port. Such attenuation would make the measurement im-
possible considered the limited CN beam time and proton current. Instead, the
aim was to define a set-up having the same materials as in the original BSA, to
prove that the Monte Carlo model can reproduce the beam emerging from such
a complex structure. Lead was used as reflector and borated polyethylene as ab-
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Figure 3.9: Fluence attenuation rate as a function of Alliflu thickness. The black
dashed line is the exponential fit on the experimental data acquired with
DIAMON, the blue solid line is the trend simulated with MCNP

sorber of the thermal component that escapes from the Alliflu core'. Disks of
borated polyethylene are placed at the end of the beam as collimator, while lead
is around the core of the BSA, both as in the clinical BSA. In the simulation of
the clinical beam, the Pb reflector is placed within the concrete walls. So, for the

prototype, we implemented more polyethylene around the reflector to simulate
the clinical situation.

For ease of construction, the geometry of the prototype is cylindrical, with
Alliflu in the center, the reflector around and the absorber at the end. To avoid
scattering in the structures present in the room, in the floor and in the back wall,
particular attention was devoted to the collimation. To this end, several simula-
tions were run to design the optimal geometry. This should enable the detection
of significant variation of the beam spectrum increasing the thickness of the core
moderator, and enhance as much as possible the epithermal component. To this
aim, we added a borated polyethylene shell to enclose the lead reflector. In this
way, neutrons that lose energy by scattering in Alliflu and in the reflector are fi-
nally absorbed, an effect similar to that of the walls of the room in the clinical
beam (see next Chapter and our publication [65]).

'In the original BSA is lithiated polyethylene (to avoid the 478 keV photons generated via the
neutron capture in boron) but it is expensive and difficult to find.
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3.3.1 BSA prototype: final configuration

The description of the different phases of the design is reported in Appendix B,
with the results of the simulations concerning each layout tested. Figure 3.10
shows the technical drawings of the BSA prototype in the final configuration.

As anticipated, the constituents of the BSA prototype are:

A: the Alliflu core: the central cylinder with 5 cm diameter and variable length,
created by joining several Alliflu elements (tiles shown in Figure 3.5)

B: the reflector: the surrounding Pb cylindrical shell, with length 25 cm, thick-
ness equal to 5 cm and central hole of 5 cm in diameter for the housing of
Alliflu (5 lead elements, length 5 cm each, to allow a further modulation of
the structure)

C: the collimator: the cylindrical shell of borated polyethylene, 65 cm diameter,
perforated in the center (5 cm diameter hole), at least 15 cm long (7 disks,
2.5 cm thick each, for a total of 17.5 cm in length in order to obtain 15 cm
also considering any loss of material due to the machining)

D: the absorber: the borated polyethylene around the lead, a cylindrical shell 25
cm long and 1 cm thick (a 17 cm-diameter cylinder divided into 3 segments)

The BSA prototype has been assembled at the mechanical workshop of INFN
Pavia (Figure 3.11). Alliflu disks were sintered with diameter 5 cm and thickness
of about 1 cm to carry out measurements by increasing the thickness of the mod-
erator up to a maximum of about 25 cm. Their density was accurately measured to
be implemented in simulations reproducing the experimental set-up as accurately
as possible.

As explained in Appendix B, a further polyethylene (PE) shield will be added
for the next round of measurements: a cylindrical shell surrounding the entire
structure upstream of the collimator. This structure, while leading to a lower ep-
ithermal spectral component, allows a higher differentiation of the neutron spec-
tra as a function of the core moderator thickness.

Irradiation of BSA prototype

The first irradiation of the BSA prototype at LNL was carried out in September
2021. A wheeled stand was designed at the Mechanical Workshop of INFN Pavia
to facilitate its transport and positioning for the experiment (Figure 3.12).

Figure 3.13 shows the experimental set-up of these measurements.

We used the DIAMON spectrometer to collect the neutron spectra, with and
without shadow cone, for 7 different thicknesses of Alliflu, gradually inserting in
the prototype each set of tiles shown in Figure 3.14.

In this measurements campaign, we did not use ACSpect because the neu-
tron flux would be suppressed by the BSA and the needed irradiation time would

52



3.3. Measurements with BSA prototype

Figure 3.10: Technical drawing of the BSA prototype, courtesy of the Mechanical
Workshop of INFN Pavia

be too long given the detector efficiency. Moreover, DIAMON capabilities in re-
constructing the neutron spectra have been improved since the last experiments,
thus the analysis should provide reliable experimental spectra to be compared to
the simulated ones. At the time in which | am writing, the experimental data are
under analysis. As an example of the expected results, simulated by MCNP, Fig-
ure 3.15 reports the neutron spectra at the beam-port and at a distance of 100 cm,
for the two extreme configurations: BSA without moderator, and BSA with the
maximum thickness of Alliflu inserted into the cylinder. These simulations will be
validated with the experimental spectra obtained by deconvolution of DIAMON
measurements.
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3. Spectrum modification by Alliflu

Figure 3.11: Assembling of the BSA prototype at the Mechanical Workshop of INFN
Pavia

Figure 3.12: Technical drawing of the BSA prototype with the stand designed and
manufactured at the Mechanical Workshop of INFN Pavia
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3.3. Measurements with BSA prototype

Figure 3.13: Experimental set-up for the irradiation of the BSA prototype at LNL in
September 2021, with DIAMON and shadow cone

Figure 3.14: Sets of Alliflu tiles used for the experiments at LNL in September 2021
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107 —+ BSA+ no Alliflu
—— BSA + 25 cm Alliflu

neutron flux (ecm=2 s=* uA~1)

:
-9 = ' -5 3

10 10 10 107 107" 10'
energy (MeV)

—— BSA + no Alliflu
—— BSA + 25 cm Alliflu

neutron flux (em=2 s~ pA~1)

-9 = ' -5 -3

10 10 10 10 107" 10'
energy (MeV)

Figure 3.15: Simulated neutron spectra for the BSA prototype with 0 or 25 cm of

Alliflu, at the beam-port (top) and at a distance of 100 cm from it (bot-
tom)
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Treatment room

From the studies on the BSA we move now to the evaluations concerning the de-
sign of a suitable treatment room for BNCT. Factors influencing the room configu-
ration and the post-irradiation management of patients are connected to radiation
protection issues. In particular, we carried out studies concerning the activation
of the materials subjected to neutron irradiation, including the air of the treat-
ment room and the patient. Moreover, this part of the work involved ambient and
patient dosimetry studies. For the latter, the in-air doses distributions and the
absorbed dose in the out-of-field organs of the patient were investigated. Special
attention was dedicated to the dose absorbed by the heart, due to the emerging
evidences of radiation-induced cardiovascular diseases.

A Monte Carlo model of a treatment room with dimensions 3.30x4x6 m? and
with walls 50 cm thick was created (Figure 4.1) to evaluate the quantities of inter-
est by running in it simulations of clinical treatments. Depending on the aspect
to be studied, different Monte Carlo codes were used: MCNP6 [31], FLUKA [66]
and PHITS [67].

Being interested in the transport of neutrons, MCNP would typically be the
code of choice. Nevertheless, our goal included specific calculations that FLUKA
and PHITS can perform more effectively, although at the expense of the repre-
sentation of our neutron source: the complex distribution of neutrons from the
Be target can only be realistically simulated in MCNP. In the FLUKA and PHITS
simulations, approximated neutron sources were implemented, after proving their
acceptability. They were in fact conservative from the dosimetric point of view.

All the simulations have been run in order to obtain an acceptable uncertainty
on the results while optimizing the machine time, by implementing variance re-
duction techniques when needed.

Simulations were carried out both with open beam and with a phantom rep-
resenting the patient, located in representative positions of a clinical treatment.
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==

Figure 4.1: Horizontal (left) and vertical (right) sections of the MCNP6 model of the
treatment room

4.1 Neutron activation of the air

The first evaluation concerned the neutron activation of the air. This is an im-
portant aspect to consider since the air of the treatment room is exposed to an
epithermal neutron flux of the order of about 10° cm™ s™'. The most relevant as-
pect is the activation of argon, a noble gas naturally present in air in percentages
around 0.9%. From the neutron capture in argon-40 the radioactive isotope Ar-41
is produced, f~ emitter with half-life of 109.34 minutes [68]. Due to its nature as
noble gas, it is difficult to filter argon out of the air of the treatment room. For
this reason, the best strategy to contain the induced radioactivity in the air of the
room is to limit the production of Ar-40. The neutron activation of argon in air
due to a typical treatment was simulated to determine the induced activity and
its dependence on the material of the room walls.
Five different materials were considered:

« ordinary concrete

« concrete with the add of 5% in mass of natural abundance boron

ordinary polyethylene

polyethylene with the add of 7% in mass of natural abundance lithium
« barite concrete with the add of 0.5% in mass of natural B

The induced radioactivity in the air can be derived from the number of atoms
of argon-41 created by the neutron irradiation. This quantity is evaluated by calcu-
lating the reaction rate of neutron activation of Ar-40 in the air of the irradiation
room. The reaction rate R is the number of atoms of argon-41 created per unit
time, providing the production rate of radioactivity in air due to the *°Ar(n,y)"' Ar
reaction.

60



4.1. Neutron activation of the air

To obtain a reliable estimation of the correct air activity, it is also necessary
to take into account the decay of *'Ar and the ventilation system of the room,
which expels part of activated argon in every air change. The rate of air changes,
equal to 15 per hour, can be described as a decay constant A, that adds up to the
radioactive decay constant Age,.

Therefore, the evolution of air activity over time is given by:

dA
E = RAgec — (Adec + Aair)A (4-1)
For Ar-41, A4 is equal to (157.7 minutes)', while with 15 air changes per hour

Aqir is equal to 0.25/minute.

dA
Considering the situation at equilibrium E=O’ thus we have:

R Adec

A= e
Adec + Aair

(4.2)

Since Agec < Agir, it is possible to neglect A4, at the denominator, obtaining
the following relation for the final specific activity of air at equilibrium:

A R

= 4.
m Aair m ( 3)

a

The specific activity in air have been calculated from the simulated reaction
rates for every tested walls composition. The results were then compared with a
conservative limit of 1 Bq/g.

In Table 4.1 the calculated specific activities are listed for every tested composi-
tion, showing that the design goal is achieved only with walls of borated concrete
or lithiated polyethylene.

Since concrete presents other practical advantages over polyethylene, as the
ease of construction and costs of materials, borated concrete is the material that
has been considered as the most suitable for the treatment room. Even with a
small percentage of boron, borated concrete is able to suppress the activity in-
duced in air. This is due to neutron capture in 0B, the same reaction that is ex-
ploited in BNCT treatments, reducing the thermal neutron flux in the room and
thus the reaction rate due to neutron activation.

While the issue of external dose rate is easier to control by acting on the shield-
ing thickness of the room wall, the neutron activation of air was proven as a major
issue affecting the choice of the materials for the treatment room. Notably, the
studies in this work showed that this constraint forced a change in the clinical
BSA design. The original BSA was designed to maximize the clinical effect, by
evaluating the dosimetry in the tumour and in the surrounding healthy tissue in
relevant clinical ( [16], [69]). When tested for air activation, the optimized beam
exceeded the 1 Bq/g limit with any composition of the walls, thus requiring fur-
ther modification of the BSA design. The final BSA showed in Figure 1.3 complied
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4. Treatment room

with the requirement. This has shown a very important aspect when designing
a clinical beam: radiation protection evaluations can be an important constraint
and a necessary feedback for the beam design. The same holds for out-of-beam
in-patient dosimetry, as described in [15]. A very appealing beam from the point
of view of therapeutic potential could have serious limitations from the point of
view of safety, impairing its use in clinical treatment.

Table 4.1: Air specific activity in the treatment room at equilibrium, due to argon
activation with open beam

Walls composition ‘ a [Bq/g]

concrete 5.632
borated concrete 0.070
polyethylene 2.578

lithiated polyethylene 0.223
borated baritic concrete 1.777

4.2 Neutron activation of the walls

Borated concrete was identified as the optimal material for the walls of the treat-
ment room. However, concrete contains elements which can be activated, possibly
becoming radioactive when exposed to high-fluence neutron irradiation. There-
fore, neutron activation of concrete walls is a relevant factor to assess in the design
of the treatment room for a clinical facility.

This aspect was evaluated by calculating the activation reaction rates in a sim-
ulation of a clinical treatment in the Monte Carlo model of the room. To this end,
F4-type tallies were used, coupled to the appropriate tally modifiers. To better vi-
sualize the activation distribution in the depth of the walls, mesh-type F4 tallies
have been used, with cubic elements having 10 cm side. Mesh tallies map a simu-
lated quantity over a spatial reticulation independent of the geometry. They also
allow the visualization of the results distribution in a color-scale plot [70].

The simulations were carried out with the walls made up of ordinary and bo-
rated concrete, to point out the effect of the percentage of boron added in the
normal composition in decreasing the neutron activation.

The composition used in the simulations for ordinary concrete is listed in Ta-
ble 4.2, which shows the elements present in concrete with their mass percent-
ages. Borated concrete was implemented with the same composition, added with
the 5% of natural B (thus 1% of '°B and 4% of ''B), and the percentages of other
elements re-scaled to a total of 95%.

The activation reactions taken into account' are:

"We focused on the reactions potentially significant from a radiation protection viewpoint,
considered the abundance of the target isotope, the cross section of the reaction and the decay
mode of the produced radionuclide.
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4.2. Neutron activation of the walls

2TAl(n, y)BAI

« %Ca(n, y)"'Ca
« YTK(n, y)2K

- *Mg(n, y)*Mg
« BNa(n, y)**Na

Since the major contribution for the considered reactions comes from low-
energy neutrons, the mapping of thermal neutron flux is a significant indicator
of the distribution of neutron activation. Figure 4.2 shows the simulated distribu-
tions of thermal neutron flux in the mesh superimposed on room and walls, when
the wall material is ordinary and borated concrete respectively. Compared to the
ordinary concrete, the distribution for borated concrete shows a sharp decrease of
neutron flux going deeper into the walls, down to very low values in the outermost
layer.

Accordingly, Figure 4.3 shows the activation reaction rates per cm? of calcium,
the isotope with the highest activation rate among the concrete elements. The
advantage of B add is evident in the reduction of Ca activation for a factor higher
than 100 already in the first internal layer.

Table 4.2: Composition of ordinary concrete (in mass percentages) used in the sim-
ulations of this work

0] C Ca Al K Na Fe H Mg S
% 49.56 3135 826 456 192 171 122 056 0.24 0.11

To assess the time evolution of the dose due to activated materials, we explored
the capabilities of the FLUKA code [66]. FLUKA is a useful code for neutron acti-
vation studies: unlike MCNP, it allows to generate and transport decay radiation
in the same simulation in which radioactive nuclides are generated. The amount
of produced radionuclides, their time evolution and the residual dose after their
decay can be obtained in the same run, for a given irradiation set-up and for an
arbitrary series of cooling times.

As anticipated, it is not possible to reproduce with FLUKA the neutron source
from the INFN-RFQ accelerator coupled to the Be target with the same spectral
and angular details as allowed by MCNP. Thus, we tested the suitability of an
isotropic point-like neutron source placed in the central position of the Be target,
with energy uniformly distributed between 0 and 3.5 MeV. The same source was
used to calculate the reaction rates with MCNP, obtaining a slight overestimation
compared to the detailed source (2%). This uniform isotropic source can thus rep-
resent a reasonable approximation for our purposes. The strategy to assess the
suitability of a facility concerning radiation protection issues is in fact to assume
conservative conditions. This was also true for the estimated irradiation time, set
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4. Treatment room

Figure 4.2: MCNP6 simulation of thermal flux distribution in a treatment room with
walls of ordinary (left) and borated (bottom) concrete

as 2 hours, even if the typical patient treatment is between 30 and 70 minutes.
These settings were implemented in FLUKA simulations. The specific tools avail-
able in FLUKA for activation studies have been used: the “RADDECAY” card has
been activated, enabling the production of radioactive nuclides and their decay
simulation.

FLUKA simulations estimated the radioactivity induced by the neutron acti-
vation of concrete elements in the total volume of the walls. The resulting activity
values at the end of the treatment in a room with ordinary or borated concrete
walls are shown in Table 4.3. The comparison between the two cases proves that
the boron presence in the walls reduces the activity of the walls by at least one
order of magnitude.
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Figure 4.3: MCNP6 simulation of activation reaction rate per volume unit of Cal-
cium in ordinary (top) or borated (bottom) concrete walls of the treat-
ment room

Table 4.3: Induced radioactivity values in the walls at the end of a 2 hours treatment
simulated via FLUKA, for a room with ordinary or borated concrete walls

Isotope A [kBq]

ordinary concrete borated concrete
Al-28 5.7x107 4.8x10%
Na-24 3.3x10° 2.8x10°
Mg-27 7.8x10% -
Ca-45 710 0.24
K-40 6.6x10710 6.0x1071°
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4.3 Neutron activation of the patient

The neutron activation of patients is an important aspect for the safety of those
who will come into contact with them after the treatment, and plays a role for the
after-treatment management of patients and for the organization of the facility
layout. In fact, the design of the building also depends on the need of specific
facilities such as hot restrooms to store radioactive urine or separate rooms to
host patients after irradiation.

Table 4.4: Composition in mass percentages of standard urine [71] and soft tissue of
MIRD phantom [31]

/| H C N O Na P S CI K Fe

urine 11.0 05 1.0 86.2 04 0.1 - 0.6 0.2 -
soft tissue | 10.5 414 34 439 - 0.1 0.02 0.02 0.02 0.01

For this reason, we calculated the residual radioactivity of the elements com-
posing the patient tissues and the urine. The compositions to which we made
reference for the two materials are listed in Table 4.4. A phantom representing
the patient in position for a clinical treatment was implemented in the simulated
geometry of the room. Three different treatment positions were tested, represen-
tative of a clinical irradiation of the head and neck district, of the thoracic area
and of the lower limb region (Figure 4.4). The dependence of the evaluated quan-
tities on the material chosen for the wall composition was verified, simulating the
irradiation both in a room with ordinary and borated concrete walls.

Figure 4.4: Horizontal sections of the MCNP6.1 treatment room model with the
MIRD phantom in three representative positions for a clinical irradia-
tion (from left to right: beam on head and neck district, thoracic area
and lower limb region)

4.3.1 Residual radioactivity of urine

The phantom used is MIRD, a geometrical anthropomorphic model that repre-
sents the human anatomy with 22 internal organs and more than 100 sub-regions
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[31]. To assess the neutron activation of urine, the phantom was implemented in
the geometry of the room with the bladder full.

The urine composition was set with the mass percentages of Table 4.4 based on
[71], modified to include a conservative quantity of sulfur” to investigate the pos-
sible issues related to its induced radioactivity at the end of a clinical irradiation.
The focus was on the 34S(n, y)3>S reaction, which produces the isotope sulfur-35
with half-life of about 87.3 days [68]. Natural sulfur has been thus considered to
be present in the bladder in a 0.2% percentage, re-scaling the amounts of other
elements.

Neutron activation of the urine has been evaluated using the reaction rates
R per mass unit, calculated for the reactions of interest. As neutrons reaching
the bladder have low energy, threshold reactions do not occur and the activation
reactions taken into account are: *’Cl(n,y)3¥Cl, *'K(n, y)*K, *Na(n,y)**Na.
The rationale for choosing the reactions is to consider those that can create, at
the end of a treatment, residual activities not negligible for radiation protection.
E.g. the reaction 3Cl(n, y)3*Cl, producing the B emitter CI-36 with half-life of the
order of 10° years, was not considered.

The residual radioactivity of the elements in the urine was calculated from the
simulated reaction rates of the neutron activation reactions, by using Eq. 2.8. The
values obtained at the end of a 2-hours treatment are listed in Table 4.5, for each
irradiation position and walls composition tested. It emerges that neutron acti-
vation of sulfur does not represent a problem of residual radioactivity compared
to the other isotopes. The most problematic radioisotope created is chlorine-37,
having the highest induced activity at the end of a clinical irradiation, however it
has the shortest half-life among the isotopes considered.

Table 4.5: Residual specific activities of the urine elements, at the end of a 2-hours
clinical irradiation, for each treatment position in a room with ordinary
or borated concrete walls

Head and Neck Thorax ‘ Lower Limb
Isotope  Half-life | aorp apoRr aoRrD apoRr aoRrD aBoRr
[Ba/g] [Ba/g] | [Ba/g] [Ba/g] | [Ba/g] [Ba/g]
Cl-38 37.24 min 16.4 2.17 26.4 16.1 339 12.9
K-42 12.360 h 5.94 0.8 9.54 5.81 12.2 4.7
Fe-59 44.503 d 0.37 0.049 0.60 0.36 0.77 0.30
S-35 87.32d | 56-10* 7.4-10° | 89-10% 5.4-10% | 1.15-10° 4.4-10"

4.3.2 Residual radioactivity of soft tissue

For the activation of the patient entire body, a simplified phantom was used:
a rectangular parallelepiped with dimension 40x15x170 cm® with composition

2Clinical experience suggests that traces of sulfur can be present in the urine of some patients.
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equal to the soft tissue of MIRD (Table 4.4). The total volume of the phantom is
overestimating the one of an average patient, but again the intent is to remain
conservative.

In this case, the reactions taken into account are: *’Cl(n, y)**Cl, *'K(n, y)*K,
8Fe(n,y)> Fe. The resulting specific activities at the end of a 2 hours clinical
irradiation are listed in Table 4.6, with their dependence on the patient position
and on the wall material (ordinary or borated concrete).

Table 4.6: Residual specific activities of the soft tissue elements, at the end of a 2-
hours clinical irradiation, for each treatment position in a room with or-
dinary or borated concrete walls

‘ Head and Neck ‘ Thorax ‘ Lower Limb
Isotope Half-life AORD ABOR AORD ABOR AORD ABOR
[Ba/g] [Ba/g] | [Ba/g] [Ba/g] | [Ba/g] [Ba/g]
Cl-38 37.24min | 235 14.3 23.5 8.88 24.7 9.48
K-42 12.360 h 1.68 0.73 1.68 0.68 1.76 0.72
Fe-59  44.503d | 2.7-10% 1.4-10% | 2.7-10* 1.3.10% | 2.8-10* 1.4-10*

Borated concrete walls reduce the specific activities at the end of a treatment
by 60% and by 40%, in soft tissue and in the urine respectively. Even with borated
walls, the obtained results suggest the need of special restrooms to store urine,
depending on the local radiation protection regulations.

The obtained reduction in residual activities shows the efficiency of a small
percentage of boron added in concrete in producing a significant difference in
different aspects of radiation protection: activation of air, walls, tissues and urine.

4.4 Patient out-of-field dosimetry

The beam effect on the out-of-field organs is a significant aspect when designing
a BNCT clinical facility. In fact, the dosimetry is important not only in the tumour
and in the surrounding normal tissues, but also in the peripheral healthy organs.
Radiation protection guidelines do not provide limits for the out-of-field dosime-
try, being the focus in radiotherapy on the therapeutic effect. Still, the absorbed
dose in healthy organs has been proved as a significant tool to compare differ-
ent beams in terms of patient safety [15]. In this thesis, the beam ensuring the
best out-of-beam dosimetry in the cited study has been employed for simulation.
This beam is in fact the one chosen as the clinical candidate, ensuring optimal
therapeutic potential as well as safety.

In this work, the in-patient dosimetry was evaluated from the viewpoint of the
healthy organs, not directly irradiated by the clinical beam. The MIRD phantom
was used also in this case, implemented in the geometry of the room in the three
representative treatment positions of Figure 4.4.
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4.4. Patient out-of-field dosimetry

The absorbed doses in the patient healthy organs were calculated through the
nuclear reactions that take place in biological tissue irradiated with neutrons: the
elastic scattering on hydrogen, the radiative capture in hydrogen and the capture
in nitrogen with emission of protons, i.e. respectively '"H(n,n’)'H, 'H(n, y)*H and
N (n, p)'C. In addition, to take into account the presence of the borated com-
pound in the healthy organs, we considered the capture with alpha emission on
boron: °B(n,«)’Li. Boron in the healthy organs was assumed to be present in
a conservative concentration of 15 parts per million, with the exception of kid-
neys. As reported in [15], kidney, known to filter BPA, is the only organ with
higher boron uptake. The concentration of boron in kidneys was thus set to 75
ppm ([72], [73]).

The dose components due to (n,n’), (n,p) and (n,a) reactions have been calcu-
lated through reaction rate tallies (F4-type). In these cases the released charged
particles have a short range in tissue (~ pm), thus all their energy is deposited
within the organ where they are produced. Therefore, these dose components
were calculated by multiplying the simulated reaction rate per mass unit by the
Q-value of the reaction. The photons produced in the radiative capture have a
mean free path large enough to leave the volume considered. Thus, for (n,y) con-
tribution a heating tally was used (F6-type) to calculate the dose deposited by
photons in the volumes of interest. F6 calculates the energy released per unit mass
in the volume of interest, and in absence of electron transport, the energy is locally
deposited (kerma). The results overestimates the actual dose value, because elec-
trons may travel in tissue and leave the volume of interest depositing part of their
energy elsewhere. However, given the organ volumes, such approximation is ac-
ceptable, leading to very small correction of the true dose value. Moreover, being
a radiation protection criterion, a conservative approach is always preferable.

The dose-rates due to the four described reactions were calculated in the fol-
lowing organs of the MIRD phantom3: adrenal glands, bladder, brain, head, heart,
intestines, kidneys, liver, lungs, marrow, pancreas, pharynx, skin, spleen, stomach,
testes, thymus, thyroid.

Table 4.7 shows, for each MIRD organ and treatment position, the results in
the cases of ordinary or borated concrete walls. Also in this case, it is evident the
reduction produced by the boron addition in the concrete. The average decrease
in the patient out-of-field dosimetry produced by borated concrete is about 20%
and 25% for the beam irradiating the thorax and the head-and-neck region respec-
tively. For the treatment position with the beam in correspondence of the lower
limb the average reduction reaches the 60%.

As for the air activation, also the out-of-beam dosimetry using human models
appears as an important tool to guide the project of the irradiation room.

As explained in the following, due to recent evidences of radiation-induced
cardiovascular diseases, we focused in particular on the doses absorbed by the
heart.

3The volume of each considered organ of MIRD phantom was checked in advance through the
stochastic volume Monte Carlo technique [74]
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Table 4.7: Total absorbed dose-rates calculated in each organ of the MIRD phantom,
for each representative treatment position and for a treatment room with

ordinary or borated concrete walls.

‘ Head and Neck Thorax ‘ Lower Limb
organ Dorp Dgor Dorp Dgor Dorp Dgor
[(uGy/s]  [pGy/s] | [uGy/s]  [pGy/s] | [pGy/s]  [uGy/s]

adrenals 97.9 78.9 2014 181.1 133.4 46.6
bladder 47.7 25.9 118.0 100.2 153.9 98.7
brain 686.5 666.0 2329 178.6 87.5 14.1
head 426.5 406.5 246.1 202.8 94.5 17.5
heart 132.7 109.7 283.1 259.5 135.3 34.4
intestine 60.9 39.4 154.3 136.9 139.9 69.2
kidneys 85.7 59.7 198.8 176.4 142.8 52.7
liver 116.7 94.7 305.6 286.7 171.9 53.9
lungs 29.7 27.8 115.1 113.6 19.9 8.4
marrow 156.3 142.6 153.0 133.7 80.2 25.6
pancreas 854 63.5 222.0 203.9 149.1 53.2
pharynx 351.5 331.8 240.8 201.1 94.5 17.1
skin 199.3 175.6 276.7 250.6 162.2 68.5
spleen 78.3 56.5 127.0 106.5 85.8 29.6
stomach 88.1 64.0 158.7 136.4 101.1 31.4
testes 41.8 22.1 98.0 79.3 1929 146.0
thymus 167.4 146.1 262.4 235.9 131.0 29.4
thyroid 277.2 256.6 253.8 214.8 105.9 21.9

4.4.1

Radiation-induced cardiovascular diseases

The term “radiation-induced cardiovascular disease” includes a range of deleteri-
ous side effects on the heart, unintentionally produced as a result of therapeutic
irradiation of the thoracic area and coronary vessels [75]. With induced dam-
ages that can interest pericardium, myocardium, valves, conduction system or
coronary arteries, it ranges from sub-clinical histopathological findings to overt
clinical disease, and can lead to pericarditis, coronary artery disease, arrhythmia,
cardiomyopathy, valvular dysfunction, and even heart failure.

The heart was long considered a radioresistant organ [76]. Recently it ap-
pears more and more evident how the cardiovascular risks associated to radiation
exposure can affect the benefit from radiotherapy in some cancer patients [77].
In fact, even if many radiation-induced abnormalities are asymptomatic at first
[78], long-term cardiac toxicities following irradiation become more relevant as
the survival of cancer patients increases, with the possible development of late
effects previously underestimated.

To date, there are no official published screening or prevention guidelines.
Studies as [79] suggest a linear dose-response relationship between the dose ab-
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sorbed in the heart and the rate of myocardial infarction in treated patients with
radiotherapy. The doses reported in the cited work were converted in single-
fraction using the BED formalism [80] as in Eq 4.4, with «a/f the ratio of the
Linear Quadratic Model (LQM) parameters and D the dose of each of the n frac-
tions. With this conversion, the mean single-fraction dose absorbed in the hearth
of the patients evaluated is 4 Gy and the risk of myocardial infarction increases
considerably over 6.8 Gy.

— 2
Dsingle fraction = a/ﬁ ! \/a/ﬁ -;4D(a/ﬁ * D/n) (4.4)

Table 4.8: Calculated absorbed doses in the heart in the simulated BNCT treatment
of conservative duration of 2 hours

Head and Neck Thorax Lower Limb
walls composition D [Gy] D [Gy] D [Gy]

ordinary concrete 0.96 2.04 0.97

borated concrete 0.79 1.87 0.25

To make a comparison, we estimated the total dose received by heart in a
BNCT treatment with the described beam. The overall dose-rate of Table 4.7 for
heart was multiplied by the irradiation time considering a 2 hours treatment. The
results are shown in Table 4.8, with their dependence on the irradiation position
and on the composition of the walls in the treatment room. In every position and
for each of the walls configurations the absorbed dose obtained is less than or
comparable to 2 Gy. However, BNCT dose is radiobiologicall more effective than
photons in producing damages to cells.

It is possible to convert BNCT dose values in photon-equivalent units by means
of the Relative Biological Effectiveness (RBE) parameters. RBE is defined as the
ratio between the absorbed doses of a reference radiation (typically y-rays or x-
rays) and of the radiation of interest which produce the same biological effect or
clinical end-point [81].

Using the common RBE factors used in BNCT dosimetry [82], we converted
the values of Table 4.8 obtaining a biological-equivalent dose in heart lower than
3.3 Gy (RBE-weighted). From these values, calculated in conservative assump-
tions, BNCT with the designed beam remains below the dose above which the
risk of myocardial infarction increases considerably according to [79]. It must be
highlighted that RBE formalism has been recently questioned as not represen-
tative for the expression of BNCT dose in photon-equivalent units ([83], [84]).
Other formalisms, more suitable to evaluate the clinical outcome in view of the
patient dosimetry have been proposed. In this work, we will employ the photon
iso-effective dose model described in the cited papers (see next Chapter). Authors
of these publication demonstrated that the difference between the RBE-weighted
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dose and the photon iso-effective dose is especially relevant at high values, i.e. in
the tumour. For low dose values, such as those absorbed by peripheral healthy or-
gans, the values calculated by the two models are comparable. In this evaluation
we thus assume that RBE-weighted dose can be used to estimate the effects due
to single-dose photon irradiation.

Such findings suggest that BNCT with the RFQ-based neutron beam is a viable
treatment modality from the point of view of radiation-induced cardiovascular
disease.

4.5 In-air dosimetry

The in-air dosimetry distributions were evaluated for the air of the treatment
room, comparing the cases of ordinary and borated concrete walls. The simu-
lations were run with or without the MIRD phantom in position for a treatment.
A mesh F4-type tally was used to map the calculated dose in a color-scale plot. In
this case, we used a mesh reticulation with units of dimensions 10 X 15 X 20 cm?®.

The dose from neutrons can be determined from kerma assuming Charged
Particle Equilibrium (CPE) conditions. This refers to the situation in which there
is balance between the radiant energy of the incoming and outgoing particles in
a given volume. When CPE occurs in an irradiated medium, kerma in the volume
is equal to the absorbed dose [85]. We can reasonably assume that this situation
is verified in the volumes studied in our simulations.

For neutrons, kerma can be calculated by multiplying the fluence by the kerma
factors [86]. A tally of type F4 was thus required, coupled with a table of kerma
factors for the fluence conversion. This is possible in MCNP, with proper cards
which divide the energy range of the problem in a chosen binning structure (DE
card values), and multiplies the neutron fluence in each bin by the kerma factor
in the corresponding DF card. The result of the tally provided as the simulation
output is the sum over all energy bins, i.e. the total absorbed dose in the volume,
if CPE conditions are valid.

To obtain the absorbed dose in air, we have used the neutron kerma factors
for Medical Physics Air, calculated from kerma data in ICRU Report 63 [87] and
JENDL-3.2 cross sections and Q-values (kerma factors from [88]).

In addition, other dosimetric quantities were calculated as explained in the
next paragraphs: we simulated the equivalent dose, H, and the ambient dose
equivalent H*(10). These quantities were still obtained with FMESH:4-type tal-
lies, but by varying the DF factors from the factors used for the conversion from
fluence to kerma.

4.5.1 Equivalent dose

As mentioned above, for the same absorbed dose, different types of radiation pro-
duce different effects in biological tissues. To take into account this, International
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Committee for Radiological Units (ICRU) and International Commission on Radi-
ological Protection (ICRP) introduced the Radiation Weighting Factors (previously
Quality Factors). They are dimensionless factors related to the LET of a radiation
of a certain type and energy, accounting for its effectiveness in inducing biological
effect by interacting with human body.

Equivalent dose, H, is a “protection” quantity”’ used in radiation protection,
that takes into account the biological effectiveness of the radiation. For each body
tissue or organ T, equivalent dose H is calculated from the mean absorbed dose D
multiplied by the radiation weighting factor wg which depends on the type and
energy of the radiation R:

Hr = Z WR - DT,R (4.5)
R

We used the factors of ICRP Publication 116 [89] for neutrons, given as a contin-
uous function of neutron energy E, as follows:

2.5+18.2¢"l0sEn*/6 for E < 1 MeV,
WR = {5.0+17.0e~1108CQEDI*/6 £5r 1 MeV < E, < 50 MeV, (4.6)
2.5+3.25¢ 1108(004E)I*/6 4 E 5 50 MeV.

To obtain the equivalent dose, a FMESH:4 tally has been used with DF values
obtained from the air kerma factors described in the previous paragraph, this time
multiplied by the appropriate wg.

4.5.2 Ambient dose equivalent

Even with the same equivalent dose absorbed in each part of the human body, the
response of different tissues is different, due to the fact that some tissues are more
sensitive to radiation than others. The protection quantity E, effective dose, takes
into account this effect through the Tissue Weighing Factors wt, which depend on
the tissue radiosensitivity. The Effective Dose Equivalent is calculated summing
the dose equivalent values in an organ/tissue, multiplied by the associated wr, for
each organ or tissue irradiated:

E:ZWT'HT:ZWT'(ZWR-DIR) (4.7)
T T R

The protection quantity Effective Dose Equivalent is defined by ICRP as the
central radiation protection quantity, however it is not measurable.

The operational quantities were introduced by ICRU [90] to enable the as-
sessment of protection quantities for external irradiation. They are intended to
provide a reasonable estimate of the protection quantities relevant for human ex-
posure to external radiation under typical irradiation conditions.

*Not a physical quantity: its definition can change over time, depending on the decisions of
the Commissions for Radiation Protection which establish the factors used to define it.
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For all types of external radiation, the definition of operational quantities for
area monitoring relies originally on the dose equivalent value at a certain depth
d in a simple phantom, the ICRU sphere [91], a 30 cm diameter sphere of tissue-
equivalent material with density 1 g/cm?, and mass composition: 76.2% oxygen,
11.1% carbon, 10.1% hydrogen, 2.6% nitrogen.

Ambient dose equivalent, H*(d), is the main operational quantity used in radia-
tion protection for external monitoring of environments. With d=10 mm, H*(10) is
intended to provide an assessment of effective dose in the case of strongly pene-
trating radiation. According to ICRP publication 103 [92], the ambient dose equiv-
alent H*(10) at a certain point in a radiation field is the dose equivalent that would
be produced by the corresponding expanded and aligned field at a depth of 10
mm in the ICRU sphere, on the radius opposing the direction of the aligned field
(Figure 4.5). Expanded radiation field is a hypothetical field where fluence and its
angular and energetic distributions have the same values in the volume of interest
as in the actual field at the point of reference. An expanded and aligned radiation
field requires additionally a unidirectional fluence [93].

Actual neutron field Corresponding expanded | H*(10) = equivalent dose
and aligned neutron field at 10 mm depth

.P _— 30 cm —> o

/ \ s |CRU§phere —

S

d=7d, on radius opposing
atpoint P: b= o, at any point in sphere aligned field direction

Figure 4.5: Expanded and aligned field and H*(10) representation

MCNP6 provides a dedicate feature for the direct calculation of H*(10) in a
region of interest, however, in the available version of the code, it is incompatible
with the use of mesh tallies. Thus, to obtain the ambient dose equivalent we used
a FMESH:4 tally coupled with suitable DE+DF factors (see subsection 4.5) for the
conversion of fluence in H*(10) [94]. All the dosimetric quantities of interest
were evaluated for three neutron energy bins: thermal (0-0.4 eV), epithermal (0.4
eV-0.5 MeV) and fast (0.5-4 MeV). Figure 4.6 shows the total distributions, i.e. the
dose values for the whole energy range from 0 to 4 MeV, for ordinary and borated
concrete.
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The distributions of doses with walls of borated concrete show a reduction’
compared to the ones obtained with ordinary concrete, confirming the effective-
ness of boron addition in the walls in reducing the neutron flux in the air. The ac-
tion of boron in concrete is even more evident when considering the in-air dosime-
try distributions related to the thermal component only (Figure 4.7).

From the obtained in-air distributions, it is also possible to notice a higher
dose along the wall on the left side of the beam. Such asymmetry is due to the
vacuum channel of the accelerator structure. To eliminate this effect, it may be
worth adding a layer of neutron-absorbing material to the wall in front of the
vacuum tube.

4.5.3 Dose from neutron activation

In order to comprehensively assess the dosimetry in the treatment room, it is nec-
essary to consider also the dose coming from the neutron activation of the irradi-
ated materials. This is an important effect as it may require additional shielding
or a beam-shutter to improve the patient safety.

To study this issue, we first carried out FLUKA simulations evaluating the
dose resulting from the total induced radioactivity. As explained above, the use
of FLUKA required the approximation of the source, still conservative concerning
the reaction rates of neutron activation.

Figure 4.8 shows the FLUKA distribution of the rate of ambient dose equivalent
due to overall induced radioactivity, 5 minutes after a 2-hours clinical irradiation,
in a treatment room with walls of ordinary concrete and borated concrete, respec-
tively. The reduction of the residual dose in the case of borated concrete walls
demonstrates the effectiveness of this material in reducing the neutron activation
in the room. However, the results suggest the need for additional shielding in the
patient area. To this end, the distribution of radioactivity in the room should be
employed as a source to calculate the dosimetry adding a screen in front of the
beam port to evaluate the advantages of such solution. However, in FLUKA, the
original geometry can no longer be modified, except by setting a previous mate-
rial to vacuum or air (“MAT(decay)” option). This can be useful to visualize the
spatial distribution of the dose around an activated element without the effect
of the surrounding materials present in the original geometry, but it prevents the
insertion of new materials. This is instead achievable using PHITS [67] along with
the DCHAIN activation code (“DCHAIN-PHITS”) that has been recently incorpo-
rated in it. PHITS can only calculate the induced radioactivity immediately after
irradiation, DCHAIN calculates the time evolution of induced radioactivity and
the heat and gamma spectrum due to the decay [95].

The combination of PHITS and DCHAIN was exploited to design a possible
shield to reduce the dose from the residual radioactivity in the patient area, as
illustrated in the next paragraph.

%1t should be noted that the color scale is not the same in the different plots.
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4.5.4 Shielding design for residual dose

A model of the treatment room was created with PHITS and a simulation of a
2-hour clinical irradiation was run with the “T-DCHAIN” section enabled. This
section activates the radionuclides production in the region of interest and allows
to set the desired decay times. The generated output was used as the input for a
DCHAIN simulation, which calculated the induced activity, the decay heat® and
the emitted gamma spectrum, during and after irradiation.

A set of simulations allowed to calculate the dose in the patient area due to
the radioactivity induced in the BSA. The decrease of the dose caused by a shield-
ing at the beam-port was achieved by running a new PHITS simulation in which
the original source was replaced with the decay gamma spectrum generated by
running DCHAIN. In this new PHITS simulation the geometry can be modified,
adding different shielding geometries.

Figure 4.9 shows the distribution of the rate of ambient dose equivalent, at
the end of the treatment, given by the radioactivity induced by neutron irradia-
tion of the BSA. In Figure 4.10 the distribution of the same quantity in presence
of a shielding located on the wall of the BSA and a shutter at the beam-port, both
made up of a 5 cm thick Pb screen. This screen should shield the gamma radia-
tion coming from the activated materials in the BSA, to protect the patient and
the medical staff during the preparation and in the operations at the end of the
irradiation session. The comparison’ between Figure 4.9 and 4.10 shows a dose
reduction of at least one order of magnitude in the patient positioning area.

Finally, the dose distribution due to the neutron activation of the shielding on
the BSA wall was also individually simulated. Figure 4.11 shows the distribution of
the rate of the ambient dose equivalent, at the end of a 2h treatment, given by the
radioactivity induced in such shielding. The dose due to the shielding activation
proved to be negligible, especially when compared to the advantage gained in
terms of ambient dosimetry after irradiation.

The heat released as a result of radioactive decay.
7Also in this case, to be noted that the color scale is not the same in the two plots
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Figure 4.6: In-air distribution of the rate of ambient dose equivalent in the treatment
room, simulated with MCNP6, which evidences the influence of boron in
the wall concrete.
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Figure 4.7: In-air distribution of the rate of ambient dose equivalent in the treatment
room, simulated with MCNPG6, for the thermal component only



4.5. In-air dosimetry
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Figure 4.8: Distribution of the rate of ambient dose equivalent from the overall in-
duced radioactivity, 5 minutes after a 2-hour clinical irradiation, in a
treatment room with walls of ordinary concrete (top) and borated con-
crete (bottom)
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Figure 4.9: Distribution of the rate of ambient dose equivalent, at the end of the
treatment, given by the radioactivity induced by neutron irradiation of
the BSA
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Figure 4.10: Distribution of the rate of ambient dose equivalent, at the end of a 2h
treatment, given by the radioactivity induced by neutron irradiation of
the BSA, in presence of the proposed lead shielding on the BSA walls
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Figure 4.11: Distribution of the rate of ambient dose equivalent, at the end of a 2h
treatment, given by the radioactivity induced by neutron irradiation of
the proposed lead shielding on the BSA walls
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Clinical applications

The last part of the work is dedicated to the simulation of clinical applications of
an AB-BNCT facility based on the INFN-RFQ coupled to Be target and BSA with
Alliflu core, with an original approach. The study is characterized by innovative
aspects such as the combination of two different particle therapy techniques and
the use of a new model, recently developed in Argentina, to express the BNCT dose
in photon-equivalent units. Moreover, a new computational tool, implemented in
Pavia in the framework of the INFN project IT_STARTS (an Innovative Toolkit to
Simulate neuTron cApture theRapy irradiaTion and doSimetry) was employed to
analyze the results of the treatment planning.

This Chapter describes the comparison of the in-patient dosimetry due to a
BNCT treatment with the dose delivered in a clinical case irradiated with 12-C
ions. The tools and methods to perform such comparison also led to explore the
possibility to combine BNCT and 12-C ion-therapy to obtain a favourable clinical
result, in terms of tumour control and sparing of the healthy tissues. The combi-
nation BNCT-hadrontherapy has never been explored before: the rationale of this
study is the possibility to exploit the advantages of the two strategies to tackle
very challenging tumours, as illustrated later in this Chapter. Before, the next
section summarizes the principle of hadrontherapy and the advantages of heavy
ions therapy.

5.1 Hadrontherapy with carbon ions

Hadrontherapy (or particle therapy) is a form of radiotherapy that uses beams
of protons, neutrons or heavier charged ions [97]. These beams have physical
and radiobiological characteristics considerably different from those of photons
or electrons used in traditional radiotherapy.

From a physical point of view, the advantage of radiotherapy with hadrons re-
lies on their dose-depth profile. In this regard, a fundamental quantity connected
to the absorbed dose is the Linear Energy Transfer (LET), defined as the average
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amount of energy transferred to matter per unit of traveled distance from ionising
radiation exclusively via electronic collisions.

When the primary mechanism of energy loss is through inelastic collisions
with the electrons of the traversed material, as happens in particle therapy, the
LET is equal to the stopping power. The stopping power, which is the mean energy
loss per unit of path length, depends on the properties of the incident particles
and of the target material, and for the particles used in hadrontherapy it is well
described by the Bethe-Bloch formula [98]:

_<dE>_K 251[110 (Zmeczyzﬂszax) 5 c]

2
& R0 1
dx “AR |2 I =372 6.1

where K = 4rNyr?m,c? (with Ny the Avogadro’s number, r, the classical elec-
tron radius, m, its mass, ¢ the velocity of light), z is the charge of the incident
particle in units of the elementary charge e, p the density of the target mate-
rial, Z and A respectively its atomic and mass numbers, f = v/c the ratio of the
projectile velocity in the medium over the speed of light, y = /1 — 2, T,yax the
maximum energy transfer in a single collision, I the mean excitation energy of the
target material, § and C the density and shell corrections.

The stopping power is dominated by the 1/ term, indicating that the energy
loss is inversely proportional to the squared speed of the projectile particle. At
the entrance in the medium, with the particle having high speed, the release of
energy is small; as the speed decreases, the average transferred energy increases,
up to a maximum reached just before the stopping of the particle.

The resulting dose-depth profile is dominated by a pronounced peak in corre-
spondence of the final path of the particle (Figure 5.1). It is the so-called Bragg
Peak, characteristic of charged particles and the reason behind the higher preci-
sion of hadrontherapy compared to traditional radiotherapy: the particles used in
hadrontherapy release almost all their energy in the region of the Bragg peak, in
a spot of limited dimensions.

By modulating the energy of the incident particle, a precise correspondence
between the Bragg peak and the tumour can be achieved, leading to the maximum
of dose delivered in the volume to treat. In clinical practice, the superposition of
beams of different initial energy is used, to generate a dose profile able to cover the
entire target depth: the Spread Out Bragg Peak (SOBP) represented in Figure 5.2.

With the possibility to deliver the dose to the tumour with high precision while
reducing the adverse effects in the surrounding tissues, hadrontherapy can offer
an enhanced tumour control and better outcomes than conventional radiotherapy
for a variety of cancer.

In addition to the physical characteristics described above, hadrontherapy
with carbon ions also offers a radiobiological advantage. Projectiles with higher
mass than protons such as 12-C ions produce in fact denser ionization tracks, lead-
ing to a reduced cellular repair and thus to a higher biological effectiveness [99].
This is why 12-C ion therapy is especially interesting for the treatment of radio-
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Figure 5.2: Example of SOBP (Spread Out Bragg Peak) built in correspondence of
the shaded region representing the zone to treat

resistant tumours, for which a highly effective radiation is preferable, localized in
proximity of organs at risk that can be spared thanks to the balistic precision of
the Bragg peak.

However, due to the complexity of the machines required to accelerate ions
to the energies needed for the treatment, currently the application of 12-C is re-
stricted to a few facilities in the world. One of them is the National Center of

Hadrontherapy (CNAO) located in Pavia, which treated the first patient with 12-
Cionsin 2012.
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The idea to exploit 12-C ion therapy as a boost of BNCT of large tumours was
born in the context of the project NEU_BEAT, a High Relevance Project funded
by MAECI' in the frame of Italy-China technological and scientific cooperation
2016-2018. It is being further deepened in the Project Progetto Dipartimento di
Eccellenza of the Physics Department, University of Pavia (2018-2022).

5.2 Comparison and combination of BNCT and '*C
treatments

Combining the two radiation therapies could be advantageous in different situ-
ations. The selectivity of BNCT in targeting tumour cells and the high precision
of hadrontherapy with carbon ions could be exploited for tumours that cannot
be controlled by hadrontherapy alone. In fact, when the tumour volume is large,
and the Planned Treatment Volume comprises very radiosensitive targets such
as the optic nerve, the dose delivered by 12-C must be limited to avoid relevant
adverse effects. In these cases, BNCT could be used to irradiate large portions
of tissues/organs, because the delivery of high doses is selectively determined by
boron distribution. However, large tumours are often poorly vascularized in their
core, possibly preventing a suitable and uniform boron distribution in the bulk.
Moreover, penetration of neutron beams may not be optimal in the deepest part
of the malignancy. Carbon ions can instead deposit a very effective dose in the
tumour core, ensuring a uniform tumour painting, where BNCT may be less effec-
tive. In other words, BNCT could represent a valuable tool to treat the infiltration
and the peripheral part of the tumour: here isolated and proliferating cancer cells
could be killed with BNCT while avoiding a higher-than-safe dose to healthy tis-
sues. The addition of a 12-C boost would ensure a therapeutic dose to the inner
part of those tumours, where BNCT dose is also more difficult to calculate due to
lack of precise knowledge of boron distribution.

To explore this approach, we studied a representative clinical case of head
and neck cancer, that is a target for carbon ion therapy in clinical practice [100]
and also one of the diseases in which BNCT has given the most promising clinical
results. BNCT is in fact currently applied in Japan and in Taiwan (with respectively
two accelerator-based and one reactor-based facilities) to primary and recurrent
head and neck tumours [101]. Previously, more than 100 patients received BNCT
at the VTT reactor in Finland proving this therapy to be feasible and effective for
such malignancy [102].

We used the data from a patient treated with carbon ion therapy at the CNAO
of Pavia. The patient was irradiated with a fractionated irradiation scheme. The
tumour was controlled for several months, but then it recurred in a zone irradiated
with lower dose, due to the presence of the optic nerve in the peripheral part of
the PTV, the Planning Target Volume (see below).

"Ministero degli Affari Esteri e della Cooperazione Internazionale
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Three are the main volumes defined in radiotherapy planning [103]:

« GTV (Gross Tumour Volume): essentially the gross demonstrable location
and macroscopic extent of the tumour, defined by physical examination
and/or imaging studies;

« CTV (Clinical Target Volume): the volume that contains GTV plus a margin
for sub-clinical microscopic malignant lesions that cannot be fully imaged;

« PTV (Planning Target Volume): geometric concept designed to ensure the
adequate deliver of dose to the CTV, it contains the CTV plus a margin to ac-
count for variations in patient position, organ motion, and other treatment
uncertainties.

Radiotherapy planning must always take into account also the safety of critical
normal tissue structures defined Organs At Risk (OAR). In some cases a margin
analogous to the PTV can be necessary around a specific OAR to ensure that it
receives a dose below a safe level. This is particularly important when treating
with heavy ions, due to their enhanced biological effectiveness with respect to
traditional radiotherapy.

In the case under study, the patient was initially affected by an adenoid cystic
carcinoma of the salivary glands (Figure 5.3.a), and received carbon ion therapy in
16 fractions. The irradiation was divided into 9 fractions covering the PTV “Low
Dose” (PTV-LD), defined based on the presence of the OAR optic nerve which
limits the treatment, and additional 7 fractions covering the PTV “High Dose”
(PTV-HD) only.

Figure 5.3: CT image of the patient: (a) with the primary tumour (GTV) depicted in
red, and (b) with the recurrence in pink and the optic nerve in blue
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Months after the treatment, the patient presented a recurrence, localized in
the PTV-LD, and very close to the optic nerve (Figure 5.3.b). In this case it would
have been impossible to treat the recurrence with carbon ions sparing the optic
nerve. In fact, it is impossible to paint the tumour with a heavy ion beam without
depositing the same dose to a normal tissue/organ comprised in the treatment
volume as depicted in the image.

In Figure 5.4 the three volumes for the case under study are shown: it is evident
the large volume of PTV-LD compared to the GTV. This also makes BNCT chal-
lenging, due to the neutron beam penetration in such a deep-seated and extended
volume.

Figure 5.4: CT image of the patient with in red the PTV-LD, in blue the PTV-HD and
in green the GTV

The goal of this investigation was to compare the possible effects of a BNCT
treatment, using the RFQ neutron beam, in terms of dose distribution and tumour
control probability with those obtained with the real 12-C treatment.

For this representative case, we considered different scenarios:

1. the dose distribution obtained with a BNCT treatment of the primary tu-
mour to be compared to that of carbon ions; calculation and comparison of
Tumour Control Probability (TCP), a figure of merit predictive of the clinical
outcome; [104]

2. the dose distribution obtained with a BNCT treatment of the recurrence, to
verify if BNCT would be a therapeutic option while sparing the optic nerve,
calculation of TCP;

3. the possibility to plan a combined BNCT+'?C treatment from the beginning,
using BNCT for the PTV-LD and carbon ion therapy as a boost for the core
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of the tumour (GTV).

The comparison and the combination of different types of therapies can only
be carried out when the dose values are expressed in consistent units. In fact,
BNCT products and 12-C have different effectiveness in producing biological ef-
fects. It is thus necessary to translate the dose values in a common language, to
compare and eventually sum charged particle therapy and BNCT dose values.

The doses delivered in particle therapy are normally expressed in photon-
equivalent units or Gray equivalent: GyE or Gy-Eq. GyE is the measured physical
dose in Gray multiplied by the RBE factor specific for the beam used. As already
introduced, RBE is the ratio of dose producing a certain biological effect with pho-
tons and the one required to produce the same effect with the ionizing radiation
of interest. For carbon ion therapy the Treatment Planning System already calcu-
lates dose in GyE, taking into account different RBE according to the LET of the
beams used to form the SOBP.

The BNCT absorbed dose from the simulated treatment planning was con-
verted into photon-equivalent units using the photon iso-effective dose model, il-
lustrated in the next paragraph.

5.2.1 Photon iso-effective dose

The dose from a BNCT treatment is due to a mixed field, with different dose com-
ponents: dose from thermal neutrons, mainly due to '*C and protons through the
(n,p) reaction on ¥N; dose from fast neutrons, mainly due to recoil protons from
the scattering on hydrogen; dose from the neutron capture reaction on '°B due to
a and lithium-7 ion; dose from photons, due to the radiative capture on hydrogen
as well as to the gamma background present in the neutron field.
In the traditional approach, the “weighted” or “biological” dose is calculated
as follows:
D,, = Dyw; + Dywy + Dpwp + D, (5.2)

with the subscript i = t, f, B, y referring to respectively the dose from thermal
neutrons, fast neutrons, (n,@) on boron-10 and gammas. Each dose component
is weighted by an appropriate factor w; accounting for the different effectiveness
of the particles delivering the dose with respect to photons, being the weighting
factor for gamma component equal to 1. w; and wy are the RBE for neutron in-
teraction, wg is called CBE (Compound Biological Effectiveness), and takes into
account that different boron carriers determine different biological effectiveness
of this dose component.

The weighting factors are calculated for a fixed endpoint [106], and this sim-
plification does not lead to a representative photon-equivalent dose. It was in fact
demonstrated in [83] that the biological weighted dose is not able to explain the
outcomes of BNCT treatments compared to traditional radiotherapy. In the same
work, the photon iso-effective dose model has been proposed as a more accurate
formalism accounting for the biological effect in BNCT.
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The photon iso-effective dose is the dose of reference photon radiation which
causes the same effect as the combination of the four dose components of the BNCT
mixed-field. To calculate the photon iso-effective dose, a first approach is to use
the survival of cells as a function of the dose obtained in radiobiological in vitro
experiments as described in [83]. If in vivo data are available, the effect used to
compare BNCT and the reference radiation can be a relevant radiobiological figure
of merit, such as TCP (Tumour Control Probability), when considering the effect
on the malignancy, or NTCP (Normal Tissue Complication Probability) for what
concerns the effect on healthy structures [84].

When using cell survival curves, the photon iso-effective dose is calculated
from:

4 4 4
Z o;D; + Z Z GU(Q) ﬁiﬁjDiDj = agrDp + G(@l)ﬁRDI% (5.3)
i=1 i=1 j=1

with D; (i = ¢, f, B, y) indicating the dose components of the BNCT mixed field.
The Modified Linear Quadratic model, according to which the biological effect E
has a linear-quadratic dependence on dose as E = aD + D?, is used to fit the
dose-survival curves and the calculated parameters enter in the equation above.
The model also considers the synergism between the different dose components
as well as the repair mechanisms as a function of time with the generalized Lea-
Catcheside time factor G(60) [107].

This model has proven to be robust to explain the outcome of BNCT treatments
on head and neck, brain tumours and nodular melanoma carried out in the past.
The BNCT photon isoe-effective dose can be thus considered comparable with the
12-C dosimetry in the analysed clinical case.

5.2.2 The IT_STARTS toolkit

For the calculation of the iso-effective dose and the analysis of the results, we
worked in the framework of the research project IT_STARTS, aimed to develop a
modern toolkit for dosimetry as an open-access program based on the Python™
language [108]. IT_STARTS is a young-researchers grant, funded by the INFN
National Scientific Committee 5, and carried out in close collaboration with the
Argentinean Treatment Planning and Computational Dosimetry group of CNEA
(Comision Nacional de Energia Atémica), Buenos Aires, where the formalism of
photon iso-effective dose was developed.

With the IT_STARTS toolkit it is possible to use the medical images of the
patient anatomy, to convert the dose using different models and to superimpose
the isodose curves on the patient geometry. Moreover, it allows to build the Dose
Volume Histograms (DVH) for a certain Region of Interest (ROI) and to calculate
several relevant quantities, both dosimetric and radiobiological, such as TCP and
NTCP.

The treatment planning simulation (i.e. deciding the number, position and
orientation of the beams, and constructing of the input for the simulation of the
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neutron/photon transport in tissues) was carried out with the NCTPLan software
([109], [110]). The outcome of the BNCT treatment was then analyzed with the
Python™ software included in the IT_STARTS toolkit as explained below. Within
the established collaboration with the Argentinean group, the results were also
compared with those obtained with their code BNCT-Ar for appropriate validation
[111].

5.3 Treatment Planning, Dosimetry and TCP cal-
culation criteria

The treatment was simulated using the protocol adopted by the Finnish group,
who safely applied BNCT to several head and neck patients at the FiR-1 reactor-
based facility [102]. Such BNCT protocol consists in two applications, the second
20 days after the first, using two beams each. Boron concentration was also taken
from the Finland clinical experience in head and neck cancer, with administration
of 350 mg of BPA per kg of body weight, two hours before the irradiation. Table 5.1
lists the boron concentration values assumed in different tissues.

Table 5.1: Concentration values of '°B assumed in tissues for dose calculation

10g
Tissue .
concentration
brain 15 ppm
optic nerve 15 ppm
eye 15 ppm
skin 22.5 ppm
mucosa 30 ppm
tumour 52.5 ppm

For iso-effective dose calculation in case of head and neck cancer, in vivo data
have been published, describing a preclinical radiobiological study in an animal
model (hamster) with oral cancer, irradiated with X-rays, with neutrons and with
neutrons after boron administration. The animal model was optimized to be rep-
resentative for the study of toxicity in tumour and in normal tissues [112]. A TCP
model was obtained and used in the determination of iso-effective dose: this is
the dose due to the combination of the four BNCT radiation components leading
to the same TCP as the reference radiation [84].

The photon iso-effective doses for brain and optic nerve were derived from
[113], which uses the radiobiological data published in [114] on the myelopathy
effects on the spinal cord of rats (end point 50% incidence) irradiated with a mixed
neutron-photon beam.

In BNCT treatment planning, the prescription is to the maximum dose that
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can be delivered to the most radiosensitive organ or tissue involved in the irra-
diation. After irradiation simulation, having the distribution of dose rates in the
volumes of interest, treatment time is determined by the most restrictive dose-
limiting value. In head-and-neck treatments, the tissue at risk is mucosa, which
absorbs twice the concentration of boron than other normal tissues. The adverse
effect limiting the treatment is the oral mucositis grade 3 or higher caused by
the depletion of mucosa cells [115]. The dose delivered to the clinical case was
prescribed with a very conservative criterion. As mucosa is difficult to contour in
the medical images, we considered as mucosa all the normal tissues outside the
masks delimiting the organs. Even if the point of maximum dose was not actually
in the mucosa, this criterion ensures that mucosa would always receive a dose
lower than its tolerance. Following the Finnish protocol, the treatment was lim-
ited to deliver a maximum absorbed dose of 6 Gy in mucosa. The maximum dose
delivered to eyes, optic nerve and skin and the mean dose delivered to the brain
was also calculated and compared to the limiting values [116] proving that the
criterion adopted to protect mucosa was indeed the most conservative.

The Finnish protocol foresees a second BNCT treatment after at least 20 days,
assuming that normal tissue is able to fully recover by total repair of radiation
damage, while effects sum up in the tumour. This assumption has been proven
safe in the clinical trial. For this reason, the dose values due to the two irradiation
sessions sum up in the tumour for radiobiological figures of merit calculation.

In photon- and hadrontherapy the dose delivered to the tumour is usually
uniform, and the mean absorbed dose is a representative quantity of the dose
distribution in the tumour volume. For this reason, the majority of TCP models
use the mean dose, without addressing possible effects due to non-homogeneous
dose distribution. Instead, BNCT dose is characterized by significant in-depth
variations due to the attenuation of the neutron beam in tissues. Moreover, head
and neck tumours treated with BNCT are large, ranging from 20 cm? to 400 cm?
[117, 118, 119]. This can cause differences of about 20% between the maximum
and minimum dose. For this reason, a TCP calculated using the mean dose is
less significant. Gonzalez and Carando developed a theory named equivalent sub-
volume model [120] and this was included in a TCP model to take into account
non-homogeneous dose distributions.

Given a uniform absorbed dose D, and a tumour control probability (TCP)
defined as:

TCP(v, D) = e(c1*5(P)), (5.4)

where v is the tumour volume in cm3, ¢; and ¢5 are parameters modulating its
effect on the probability of local control, and S(D) the cell survival, the subvolume
equivalent model applied to equation 5.4 gives

TCPy = e (frS(D()V2dx /o) (5.5)

where D(x) represents the dose in the subvolume centred at the x point.

94



5.4. First scenario

For the head and neck tumour, the TCP model for non-uniform single-fraction
photon doses was constructed based on the rate of complete responses reported
by Rwigema et al. [121] for patients bearing recurrent squamous cell carcinoma
of the head and neck [122]. The fractionated doses were first converted to single
fraction values (BED formalism with the alpha/beta of 10 Gy as suggested in the
cited work). The parameters of the model were obtained by non-linear minimiza-
tion method of Eq. 5.4. The resulting TCP model corresponds to single-fraction
uniform photon doses. Then the final expression for non-uniform distributions
was obtained by applying the cited subvolume equivalent model.

5.4 First scenario

The first case-study is the comparison of BNCT and 12-C treatment in the primary
tumour. The position of the beams was optimized to maximize the dose to PTV
while sparing the normal tissues (Figure 5.5).

Figure 5.5: CT image of the patient with the primary tumor (GTV) highlighted in
red. The white arrows represent the neutron beam-port positions for the
two BNCT applications

The BNCT iso-effective dose rates were obtained for GTV, low dose PTV and
high dose PTV; the same was calculated for relevant healthy tissue/organs. The
point in which mucosa received maximum dose was limited to absorb 6 Gy, for a
total treatment time of 25.7 min for each of the two sessions. The BNCT Dose-
Volume Histogram (DVH) [123] are plotted in Figure 5.6-bottom. In this Figure,
and in other references below, PTV-LD represents the entire treatment volume
contained in the contour, thus including also PTV-HD and GTV, while the term
“PTV-LD shell” indicates the portion of the PTV-LD without PTV-HD and GTV, i.e.
the real volume treated with a lower dose to protect the optic nerve.

To compare the two treatments, we reported hadrontherapy doses into one
fraction by using the BED formalism [80], already mentioned in the previous
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Figure 5.6: Top: Dose Volume Histograms of the carbon ions treatment (in single-
fraction). Bottom: Dose Volume Histograms for the BNCT treatment

Chapter. The original carbon ion treatment planning, which consisted in admin-
istering 68.8 GyE in 16 fractions, of which 9 to the PTV-LD for a total of 38.7 GyE
and 7 more to the PTV-HD for a total of 38.7+30.1 GyE, was thus converted in
single fraction obtaining the values listed in Table 5.2.

Figure 5.6-top reports the DVH for C-12 converted into 1 fraction.

As expected, DVHs of BNCT do not show a uniform distribution as C-12, be-
cause of difficult beam penetration in large tumours located in-depth. The mini-
mum, mean and max photon iso-effective BNCT doses are reported in Table 5.3.
These values were used to compute minimum and mean TCP and compared with
the TCP obtained with the single-fraction 12C-ion dosimetry reported in Table 5.2.
Table 5.4 lists the TCP of the treatment with carbon ions calculated for each vol-
ume of interest with the IT_STARTS toolkit.
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fractionated doses ‘ single-fraction doses
Volume | Min Max  Mean | Min Max  Mean

[cm®] | [GyE] [GyE] [GyE] | [GyE] [GyE] [GyE]

PTV-LD 263.5 1598 83.86 61.34 9.17 31.10 24438
PTV-HD 102.9 31.57 8179 7086 | 15.07 30.51 27.36
GTV 57.4 43.60 8179 71.77 | 18.88 30.51  27.61

PTV-LD shell 160.6 1598 83.86 55.21 9.17 31.10  22.62

Table 5.2: Dose values for PTV and GTV of the original treatment planning with
carbon-ion beam, last columns report the dose values translated into sin-
gle fraction via BED

Table 5.3: Photon iso-effective dose values of the BNCT treatment, with the
IT_STARTS toolkit, in the different volumes considered for the first sce-

nario
| Min [Gy-isoE] Max [Gy-isoE] Mean [Gy-isoE]
PTV-LD 18.65 36.83 27.46
PTV-HD 20.12 36.52 26.68
GTV 20.82 35.72 26.57
PTV-LD shell 18.65 36.83 27.96

5.5 Second scenario

The position of the beams for the treatment planning of the recurrence is shown
Figure 5.7. For this simulation, the same parameters and strategies were adopted
as before.

In this case, there is no dosimetry with carbon-ion available for comparison.
The point where mucosa received maximum dose absorbed was again limited to
absorb 6 Gy, after verifying that the dose to the optic nerve was less limiting, and
a total treatment time of 26.9 min.

The minimum, mean and max photon iso-effective BNCT doses are reported
in Table 5.5.

The BNCT dosimetry for the recurrence is summarized in the DVH plotted
in Figure 5.8. The DVH is steeper (i.e. dose distribution is more uniform) with
respect to the DVH of the primary tumour (Figure 5.6 bottom) because of the
smaller volume of the recurrence compared to the primary tumour.

The dosimetry was used to calculate the TCP with the described method, giv-
ing a value of 0.79 (Table 5.6), comparable with the TCP obtained for the treatment
of GTV with 12-C ions.

As the primary tumour was well controlled in the volume receiving the highest
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Table 5.4: TCP of the original treatment planning with carbon-ions obtained with
the IT_STARTS toolkit for the first scenario

‘PTV—LD PTV-HD GTV shell PTV-LD

12C 0.50 0.69 0.77 0.50
BNCT | 0.64 0.69 0.71 0.65

Figure 5.7: CT image of the patient with the primary tumor in red and the white
arrows representing the neutron beam-port positions for the two BNCT
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Figure 5.8: Dose Volume Histogram for the BNCT treatment of the recurrence
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Table 5.5: Photon iso-effective dose values of the BNCT treatment, with the
IT_STARTS toolkit, in the recurrence

‘ Min [Gy-isoE] ‘ Max [Gy-isoE] ‘ Mean [Gy-isoE]
recurrence | 24.00 | 29.99 | 27.20

Table 5.6: TCP of the BNCT treatment in the second scenario, obtained with the
IT_STARTS toolkit.

‘ recurrence

BNCT | 0.79

dose, this result suggests that BNCT could represent a therapeutic option for this
recurrence, sparing the optic nerve, which receives a maximum dose lower than
tolerance level (15.4 GyE single-fraction). The evaluation of this result must be
carefully evaluated in view of the possible BNCT prescription to an organ that
already received a 12-C dose, being located in the PTV-LD volume. The optic
nerve may become the organ at risk in this recurrence treatment, preventing a
so advantageous dose deposition in the tumour. However, the dose prescription
is always a medical doctor decision, and depending on the clinical case, a dose
higher than tolerance might be prescribed to achieve tumour control.

5.6 Third scenario

This step of the work explores the possibility to conceive combined treatments. In
this representative case, 12-C treatment was not sufficient to control the tumour
because, given its high biological effectiveness, it is not possible to treat large vol-
umes including radiosensitive targets, that cannot be spared from the damages of
the Bragg peak. On the other hand, BNCT offers a biological selectivity, depend-
ing on the boron biodistribution, which targets especially tumour cells. However,
boron uptake is not uniform and depends on many factors including the vascular-
ization of the tumour and the proliferation state. For this reason, boron absorption
is likely more effective in isolated proliferating cells than in the most inner parts
of the tumour. For this reason, the calculated TCP in the GTV could suffer from
high uncertainty due to the lack of information on true boron distribution. This
triggered the idea to use BNCT to irradiate a large volume such as the PTV-LD,
to act against possible recurrences and to use 12-C ions to paint the GTV with
a highly conformal and uniform dose. The TCP value of BNCT treatment in the
low dose volume (PTV-LD shell), is 0.65 compared to 0.50 for carbon ions. This
difference may be underestimated, because here we consider PTV-LD as an en-
tire tumour volume. Instead, tumour cells possibly disseminated occupy a lower
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volume, thus true TCP may be significantly higher. In this treatment, also GTV
would receive a dose, however, in a conservative approach it could be not consid-
ered at first. Irradiation with 12-C ions only in the PTV-HD ensures a TCP of 0.69,
without considering the previous BNCT treatment. Summarizing, the combined
treatment would ensure a TCP of at least 0.65 in the critical volume for possible
recurrences and at least 0.77 in the bulk tumour volume.

This example is of course only one clinical case and other studies are needed to
confirm the feasibility and the clinical relevance of such an approach. Neverthe-
less, the study illustrates for the first time the methods to explore this possibility.
Combining the advantages of two types of particle therapy may enlarge the pool
of patients accessing therapeutic options when no other strategies are available.
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Conclusions and Perspectives

The work described in this thesis has been carried out in the field of AB-BNCT,
Accelerator-Based Boron Neutron Capture Therapy. BNCT is a promising radio-
therapy, as demonstrated by the clinical trials conducted all over the world, and,
with the recent possibility to install clinical facilities based on accelerators, is now
at a turning point. Thanks to easier installation and maintenance and less au-
thorisation issues compared to nuclear reactors, accelerators can in fact lead to a
wider exploitation of BNCT: potentially, AB-BNCT could become a radiotherapy
accessible in many hospitals.

Nowadays, there are many studies devoted to this type of clinical facilities, by
different research groups around the world. The projects are based on different
kinds of accelerators, targets and Beam Shaping Assemblies (BSA). Contributions
to establish innovative evaluation methods, more refined models for dosimetry,
new technology for accelerators, targets and moderating materials are being pub-
lished in view of the next era of BNCT clinical application.

The context of this thesis is a project for a clinical facility based on a RFQ
accelerator coupled to a Beryllium target and a BSA allowing an epithermal beam
for BNCT of deep-seated tumours. The work aimed to cover different aspects,
from the neutron beam spectral tailoring, to the installation of the facility reaching
the clinical applications, and was carried out with a multidisciplinary research
approach.

The first part was dedicated to the material chosen as the core of the BSA:
densified lithiated aluminum fluoride. The material is not commercially available,
and has been created on purpose at the Pavia University and INFN local Unit,
through an innovative sintering process starting from a proper mix of powders of
lithium and aluminum fluoride. The obtained densified material, named Alliflu,
was studied in detail to verify its suitability as neutron moderator for the BNCT
clinical beam. First, Alliflu was characterized from the point of view of content of
trace elements, water absorption, solubility and microstructure uniformity. Differ-
ent production procedures were tested to optimize this aspect, after investigation
via SEM imaging. The sintering machine and process were optimized as well to
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lead to the most reliable and efficient production possible. Moreover, studies re-
garding the mechanical properties of Alliflu were performed, by compression tests
before and after neutron irradiation in the nuclear reactor available at the Pavia
University.

By means of neutron transmission experiments at the CN accelerator of Leg-
naro National Laboratories of INFN, the first spectrometry on solid aluminum flu-
oride was carried out: the simulated moderation properties of the material were
validated by comparison with experimental results. Overall, the new material has
been characterized in detail and its suitability as neutron moderator has been fully
assessed.

Finally, to verify the synergy between Alliflu and the other materials that will
constitute the clinical BSA, a BSA prototype has been designed for future experi-
ments at CN accelerator. Several configurations were tested through simulations,
by varying the geometry and materials to identify the best prototype for opti-
mized measurements at CN. The prototype was built at the mechanical workshop
of the INFN Unit of Pavia, and irradiated at CN in September 2021.

A second phase of the work focused on the design of the treatment room, with
aview on radiation protection assessment related to the out-of-field dose and neu-
tron activation of the irradiated materials. A model of the treatment room was re-
produced with different Monte Carlo codes, and simulations of clinical irradiation
were performed to calculate the quantities of interest: the spatial distribution of
the dose in the air, the neutron activation of air, walls and patient, and the dose
absorbed in the patient organs. All the quantities were evaluated by changing the
material of the walls of the room, to identify the best configuration for radiation
protection in different representative treatment positions.

Concerning the out-of-field doses in the patient, particular attention was de-
voted to the doses absorbed in the heart, due to the emerging evidences of radiation-
induced cardiovascular diseases. The safety of BNCT from this point of view was
assessed according to the most recent studies in this field.

Furthermore, the usefulness of a shielding to decrease the dose in the patient
area due to the neutron activation of the BSA was evaluated.

The results indicate that a room with walls made up of borated concrete, with
lead shields over the wall of the BSA and in front of the beam-port are suitable
characteristics for the RFQ-based irradiation facility. Moreover, the need for a
special rest room for the storing of activated urine may be necessary. Finally,
out-of-beam dose evaluations allowed demonstrating that BNCT treatment of tu-
mours located in different body districts is low compared to dose-effect assess-
ments present in literature.

The last part of the work explores the clinical applications of the BNCT facility
under study. The focus is on the combination of BNCT and hadrontherapy with
carbon ions, a possibility never studied before. The work was set up using data
from a real treatment with carbon ions at CNAO (Centro Nazionale di Adroter-
apia Oncologica) of Pavia. We analyzed a case of adenoid cystic salivary gland
carcinoma that relapsed in correspondence of the optic nerve after the treatment
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with 12-C ions. Despite the situation was among the most unfavorable for the
application of BNCT (very deep and massive tumor), good tumor control proba-
bility values were obtained. The study comprised also the possibility to treat with
BNCT the recurrence of the tumour, not treatable with charged particles without
irreversibly damaging the optic nerve, and the combination of BNCT (to act in the
wider PTV including radiosensitive organs) and 12-C ions (to boost the treatment
in the most inner part of the malignancy).

Although clearly preliminary because focused on only one clinical case, the Tu-
mour Control Probability and the dose distributions suggest that BNCT is com-
parable to 12-C ion treatment concerning the therapeutic potential. Moreover,
the combination could help treating difficult peripheral volumes preventing the
recurrence of tumours. This study has innovative aspects in its methods: we
employed new software tools aimed at integrating a new Treatment Planning
System for BNCT, and new models to calculate dose in photon-equivalent units.
We worked in close collaboration with the Argentinean Computational Dosime-
try group of CNEA (Comision Nacional de Energia Atémica) of Buenos Aires, that
developed the Photon Iso-effective Dose model to replace the traditional RBE-
weighted dose formalism. This way of calculating dose is more robust and allow a
reliable calculation of radiobiological figures of merit, condensing into one value
the tri-dimensional dose distribution in tumour and healthy tissue. These figures
can be used as a bridge between the optimization of the neutron beam and of
the in-patient dosimetry, and the prediction of a clinical output. They are thus
a powerful tool for evaluating both the beam quality and the effectiveness of a
treatment planning.

Overall, the work described in this thesis represents a contribution to the tech-
nological implementation of a pre-clinical and clinical BNCT facility based on the
INFN RFQ accelerator. It started with the neutron beam, by developing a new
material for the BSA, it approached the design of a suitable treatment room from
a radiation protection viewpoint, and concluded by studying an original example
of treatment.

The methods and the results presented in this thesis are a clear evidence that
BNCT can and must be optimized with respect to past implementations, and that
a serious R&D programme is needed to promote a new era of clinical applications,
offering a valuable therapeutic option to patients who may have none.
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TT Sinter

TT_Sinter is the name given to the sintering machine developed in Pavia in the
framework of the namesake project of INFN Technological Transfer. The TT_Sinter
project focused on the production of a neutron moderator in solid form made of
aluminum fluoride with a small percentage of lithium. The goal was to obtain
a compact material with high relative density, good mechanical properties and
possibly machinable.

The procedure to create this new material named Allifluis based on a sintering
process of a mix of AlF; and LiF powders. Sintering of AlF3; powders is difficult,
due to its volatility at high temperatures and to the electronegativity of fluorine,
the highest among the elements of the periodic table. For this reason sintering,
which requires mass transfer through diffusion, generally involves long high tem-
perature annealing. A more efficient residual porosity removal can be obtained by
adding an uniaxial or isostatic pressing. These methods, however, involve the use
of large and expensive machines with very long heating and cooling cycles. Field
Assisted Sintering / Spark Plasma Sintering (FAST/SPS) has recently become the
preferred technique to obtain compact solids from hard to sinter materials [124].
This technique has advantages such as high heating rates (up to 1000°C/min), very
short sintering times (minutes instead of hours) and low sintering temperatures.

Thus, in the framework of TT_Sinter project, an experimental device and an
optimized sintering procedure were developed. Powders are densified at high tem-
perature in the presence of uniaxial pressure, and with timing sufficiently short
to avoid significant material losses caused by the vaporization of the materials.
Compared to common commercialized sintering machines, the proposed set-up
is more compact, cost-effective and energy-efficient. The molds are engineered to
lead to a uniform temperature distribution in the sample, maximizing the yield
and speed of the process, and allowing the production of squared densified sam-
ples up to 15 cm per side. Therefore, thanks to the characteristics of the machine
and the molds, the proposed method allows to obtain relatively large elements in
a short time and with an energy efficient process.

Initially, a prototype of the sintering machine was designed and built at the
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Figure A.1: First prototype of the sintering machine designed and created at the
INFN Pavia Workshop

Mechanical Workshop of INFN Pavia, in collaboration with the Department of
Chemistry of University of Pavia and with SIRAS [125] and TECNEL [126] Pavia
Companies. The prototype is the device shown in Figure A.1. It was used to create
the first samples of Alliflu (Figure 2.3) and part of the moderator bricks used for
the measurement campaigns at Legnaro (Figure 3.5).

The final TT_Sinter machine was designed also on the basis of the experience
gained by creating samples with the prototype. TT_Sinter is based on the lat-
ter but with several improvements: upgrades concerning a greater compactness,
a remodeling of the vacuum chamber and the cooling system, the possibility to
certify the machine and to explore the market. Compared to the prototype, this
machine is also operationally more user-friendly, with a graphical interface that
allows both to set the parameters of the machine and to collect and export data.
Everything is integrated in a PLC' equipped with a touch screen and largely cus-
tomizable.

Furthermore, the capability and efficiency of the machine were improved: the
first with a larger vacuum chamber allowing to produce bigger samples, the sec-
ond with a more efficient cooling system leading to shorter times required for a
process.

Finally, improvements were also made to sensors and safety: various controls

'Programmable Logic Controller, industrial computers used to control different electromechan-
ical processes in manufacturing or other automation environments.
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were integrated, such as interlock etc.
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Figure A.2: Project (left) and final realization (right) of the TT_Sinter machine

The project of the new machine “TT_Sinter” is represented in Figure A.2 on
the left, while on the right the final device is shown.

A.1 Machine overview

The main characteristics of TT_Sinter machine are: simple layout, smart design of
molds, and use of off-the-shelf hydraulic, power components, and controllers. It
is composed by a water-cooled vacuum chamber, vacuum system, vertical single-
axis hydraulic press, especially designed water-cooled punch electrodes, AC gen-
erator, temperature, pressure and other sensors, all controlled by a process PLC.
The whole system has size 2.1x1.35X0.85 m (HxWxD). Basically, the machine
was designed ensuring very fast process cycle, customizable tooling, easy usage,
maintenance and affordability.

The PLC controlling the sintering machine allows to manage several functions
and implements all the necessary safety mechanisms. Through the software it is
possible to enable or disable the vacuum pump and the hydraulic unit, as well as
to precisely set the piston position and the working temperature. The software
provides control over the hydraulic pressure and the sample temperature, which
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can be monitored via a thermocouple or a pyrometer. Several operational param-
eters can be set through the interface, such as the values of the PID (proportional
— integrative — derivative) controllers or the maximum percentage of the heating
power in the different temperature ranges.

The machine can be set to operate both in manual or automatic mode upon
specific preferred choices. In the latter mode, the software also allows for the pos-
sibility to select a pre-set “recipe” to be used (Figure A.3). A maximum of 20 recipes
can be stored in memory, with up to 6 steps, each with a selected set of parame-
ters (heating rate, target temperature and pressure, holding time). When working
in automatic mode, once the start of the sintering procedure is confirmed by the
user, the machine manages everything by itself, including the vacuum pump and
the hydraulic pressure.
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Figure A.3: User interface of TT_Sinter showing an example of pre-set recipe

After the preliminary tests, the software has been modified to make the inter-
face more user-friendly and to make the parameters set-up further customizable.
Moreover, a dual level of security was implemented, so that only privileged users
can modify the recipes already in memory and other parameters, while non-expert
users have only the possibility to use recipes already in memory. In addition to
that, several safety checks are available: the door interlock, the maximum internal
temperature at which the chamber’s door can be opened, the water flow for cool-
ing and more. In case something is not working as it should, the user is alerted
with warning messages directly on the graphic interface (Figure A.4), and the ma-
chine is re-enabled for operation only once these alarms have been reset.

During the sintering procedure, the user has the possibility to visualize in real
time, through the graphical user interface, the trend of different parameters, such
as the sample temperature, the applied voltage and current, the hydraulic pres-
sure. In addition, the interface shows the piston displacement with respect to the
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A.1. Machine overview

initial position when the hydraulic pressure is applied (corresponding to the de-
crease in the sintered sample thickness). The plots over time of all these quantities
are saved together with the main settings and remain available to be downloaded
by the user in different formats. Figure A.5 shows an example of the graphical
interface with the evolution over time of the various parameters in a full sintering
cycle.
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Figure A.4: User interface of TT_Sinter showing an error message
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Figure A.5: User interface of TT_Sinter showing the time trend of the different pa-
rameters in a representative cycle.
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A.2 Commissioning and tests

Several tests have been carried out in order to assess the machine response to
selected operations. The stability at full operational regime has been tested, by
setting temperature and pressure values at the limits of the achievable ranges.

The reproducibility of the procedure has been tested by sintering a consider-
able number of Alliflu samples in automatic mode with pre-saved recipes.

In this sense, the results of the first tests were disappointing: using always
the same recipe and leaving untouched all other parameters, the final densities
of the sintered Alliflu samples were too variable. Figure A.6 shows an example
of two Alliflu samples obtained by sintering 3 grams of AlFs;+LiF powder with
exactly the same procedure. As is evident from the variation in thickness, they
are significantly different in density.

Figure A.6: Alliflu samples with significantly different densities despite being pro-
duced by sintering with the same procedure the same amount of powder

After extensive testing, we theorized that such variability could be due to sub-
tle changes in the position of the thermocouple during the sintering procedure.
Initially, the thermocouple was in fact inserted in a small hole on the side of the
graphite die (Figure A.7). Even checking that it was fully inserted at the beginning
of the procedure, a small change could evidently occur during sintering due to dis-
placement of the molds, and this could lead to different results in terms of final
densities. Indeed, with the thermocouple more or less in proximity of the powder,
the temperature monitored could be more or less representative of the one of the
sample. For example, with the thermocouple more distant from the center of the
press, the detected temperature would be lower than the one of the sample, and
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Figure A.7: Glowing graphite die at high temperature in the vacuum chamber of
TT_Sinter, with the thermocouple on the left side

since the heating is carried out according to the temperature measured by the
thermocouple, in this case the sample would be brought to a higher temperature
resulting in a higher final density.

Figure A.8: Positioning of the thermocouple in the different configurations: from
one side (a), from the bottom (b) and through the lower punch (c)

To analyze the problem, we re-designed the positioning of the thermocouple.
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In Figure A.8 arepresentation of the three configurations tested for the positioning
of the thermocouple, depicted in red. From the original configuration (a in figure),
a first attempt (b) was made by inserting the thermocouple in the lower part of
the graphite die, specifically perforated. Figure A.9 shows this modification once
realized.

Figure A.9: Configuration b of Figure A.8 realized, with the thermocouple inserted
in the die from the bottom

This modification actually resulted in improvements in density variability, con-
firming our hypothesis. However, this thermocouple configuration did not allow
for a satisfactory stability of the graphite die: the weight of the die on the ther-
mocouple is not sufficient to hold it still, with the risk of tilting the structure in
the initial phase of the sintering procedure, while pressure is applied.

Therefore, we tried to stabilize the die by inserting the thermocouple directly
into the lower punch (configuration c of Figure A.8). The punch was divided in two
and in its upper part a groove was made to house and hold the thermocouple. The
final realization of this configuration is shown in Figure A.10. The thermocouple
is bent so that its free length exiting from the top of the punch is the appropriate
one to be inserted in the die, while at the same time allowing the latter to perfectly
adhere to the punch. With this configuration the stability of the die was ensured
while avoiding possible displacements of the thermocouple.

Different dies are used depending on the size of the sample to sinter, thus the
thickness of the punch upper part can be modulated in order to always bring the
thermocouple to the same depth in the die: for example by interposing punctured
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Figure A.10: Configuration c of Figure A.8 realized, with the thermocouple passing
through the top of the lower punch

discs (the dotted area on the right in Figure A.12) between the punch and the die
in the case of smaller dies.

The last configuration proved therefore to be the optimal choice in terms of
the final densities of Alliflu samples created with the same sintering process.

Thanks to the numerous tests carried out with the machine by sintering a
large quantity of Alliflu samples, it was moreover found that it could be advan-
tageous to modify the recipes to further improve the outcomes of the production
procedure. In fact, setting only one target temperature, the final density was al-
ways higher than the desired due to “overshooting”. In this sense, the versatility
of TT_Sinter in enabling multi-step processes granted an excellent efficiency and
precision: thanks to the possibility to set multi-step recipes, the target tempera-
ture was reached in two steps, a first fast heating (100°C/min) and a second slower
heating (5°C/min) for the final 30°C. In this way, the target temperature is reached
with considerably higher precision, resulting in a better accuracy of the density of
the sintered materials.

A.3 Other applications

Once the initial phase of testing and optimizing the machine was completed, the
potential applications of the machine in other fields were explored. This technol-
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Figure A.11: Graphite die positioned in the final configuration (c of Figure A.8)

Figure A.12: Representation of the final configuration with and without an addi-
tional thickness to position the thermocouple always at the same depth
in dies of different size
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ogy, developed to solve a specific problem in BNCT field, can be in fact transferred
to other applications, possibly after further appropriate engineering.

Targets for the technology transfer of this sintering technique and machine
include, but are not limited to:

+ Research laboratories: for small-medium production requiring flexibility and
optimization, for material studies or for samples that need to be replaced at

high rate

« Industries: for the creation and testing of new materials with a fast and re-
liable process in view of larger productions, or for the fabrication of sintered
samples of relatively large dimensions

+ Generic users dealing with the sintering of complex, multi-layer materials,
such as ceramic over metal or similar.

For example, the FAST/SPS technique has been considered interesting for the
R&D activities on cyclotron solid targets manufacturing in the framework of the
INFN research programme LARAMED [127]. LARAMED (LAboratory of RAdioiso-
topes for MEDicine) is a project that concerns innovative applications of nuclear
physics to medicine, aiming to make LNL a reference center for the development
of production methods of novel medical radionuclides.

The LARAMED team works on the cyclotron production of medical radionu-
clides, both commonly used such as metastable Technetium-99 (**™Tc), and emerg-
ing ones with high potential medical interest, such as Copper-67, Scandium-47
and Manganese-52 (respectively ®’Cu, #’Sc, >>Mn).

The production of radionuclide ®>Mn has the so-called Multi-Modal Imaging
(MMI) as final goal: with a perfect molecular matching between PET (Positron
Emission Tomography) and MRI (Magnetic Resonance Imaging) diagnostic tech-
niques by using both paramagnetic and radioactive properties of certain man-
ganese isotopes, a very promising hybrid imaging modality PET/MRI could be
achieved. Manganese-52/51 can be produced with 10-20 MeV protons on targets
of natural chromium, mainly through the >2Cr(p,n)*>™8Mn and >3Cr(p,2n)**™8Mn
nuclear reactions.

In this framework, TT_Sinter has been considered extremely advantageous
for the preparation of the targets, which is one of the most crucial points when
creating radionuclides by cyclotrons [128].

In fact, with FAST/SPS the losses of the material to be sintered are almost com-
pletely avoided, and this represents a critical aspect when using isotope-enriched
materials, generally quite expensive. Furthermore, the possibility of joining simi-
lar or dissimilar materials without any filler could be exploited to bond the target
with the backing. This would allow an improvement in heat dissipation with con-
sequent possible delivery of higher beam currents, therefore a greater radionuclide
yield could be achieved.

Given the high potential of TT_Sinter in the described applications, a second
machine, identical to the one shown in Figure A.2, was put into production with
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the aim of installing it at the Legnaro National Laboratories. There, it will be
exploited for the production of several medical radioisotopes, by expanding the
portfolio of materials used for solid cyclotron targets.

Before the transfer to LNL, preliminary tests were carried out on the machine
already in operation at the Mechanical Workshop of the Pavia to investigate fur-
ther optimization or modifications needed for the use in cyclotron targets produc-
tion.

For example, the manufacturing of a target of natural chromium ("*Cr) on
niobium backing with gold interlayer was tested. The gold foil, with purity 99.95%
and thickness 25 um, is used as a chemically inert protective interlayer. First, the
adhesion of the Au foil on the Nb support with diameter 2.35 cm (Figure A.13) is
achieved via FAST/SPS without a die, in “open mode”. Then, "*Cr powders (99.5%
purity) are pressed in a standard press die with diameter 1-1.5 cm, resulting in
pellets with thickness of about 0.4 mm (Figure A.14). The obtained pellets, are
finally press-bonded to the Nb-based backing, again via SPS in open mode. A
representative final target produced in this way during the tests with TT_Sinter
is shown in Figure A.15.

Figure A.13: Thin layer of gold and niobium backing bond-pressed with TT_Sinter

A second round of tests on targets will be performed before the end of the year,
to refine details and to conclude the commissioning phase before the transfer of
the new machine to LNL.
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Figure A.14: Pellet of natural chromium sintered with TT_Sinter

Bl ek

Figure A.15: Final "™ Cr target on Nb-based backing, manufactured with TT_Sinter
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BSA prototype

In the following, the different steps of the design for the BSA prototype are re-
ported. As already illustrated, the purpose of this part of the work was the design
and construction of a prototype with the essential characteristics of the BSA de-
veloped for the RFQ, in order to experimentally validate the synergy between the
BSA materials in moderating neutrons. Obviously, this structure is not intended
to be a reproduction of the clinical BSA, it would in fact be impossible to build
a copy of the latter for the measurements at LNL. Rather, we aimed to create a
representative structure of the BSA leading to an optimized data collection about
the effect of the different materials on the neutron spectrum.

To this end, we simulated different configurations of the BSA prototype, to
find the most appropriate for our purposes and at the same time feasible, based
on the resources at our disposal. Several Monte Carlo simulations were carried
out by using the MCNP6 code with the neutron source described in the second
Chapter.

In the simulations, neutron flux tallies (F2-type) were set at the beam-port and
at increasing distances along the direction of the beam: in two concentric disks
with a radius of 2.5 and 12 cm at the beam-port and then at distances of 20, 40,
60, 80 and 100 cm. The neutron current was also evaluated in concentric discs
centered on the beam axis (F1-type tally), as a function of the distance from the
beam-port, and changing the radius, in order to verify the collimation achieved.
Three energy bins were set for the tallies, to separate the different contributions
related to thermal, epithermal and fast neutrons.

B.1 First configuration

The geometry of the first configuration is shown in Figure B.1 (dimensions not to
scale), in which the white part, representing Alliflu, has variable thickness as it
will be in the experimental situation.

The two elements around the Alliflu core are cylindrical shells, the innermost
is a reflector made of lead (Pb), the other is an absorber of ordinary polyethylene
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n forward direction

> & n forward direction
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Figure B.1: Representation (not to scale) of the first configuration tested for the BSA
prototype: vertical sections respectively parallel (left) and orthogonal
(right) to the forward direction of neutrons from the Be target

(PE “screen”). Within this shell, the most suitable thickness of the Pb reflector is
studied by varying it from 1to 5 cm. It was demonstrated that the most efficient
neutron reflection requires a lead cylinder 5 cm thick. The PE screen has a thick-
ness of 5 cm and surrounds the reflector and the Alliflu core. At the beam-port, a
borated PE collimator 5 cm long was also added (the area bounded by the dashed
line in figure). This collimator is a cylinder with a hole of 5 cm in diameter with an
external radius equal to the external radius of the BSA prototype, so as to cover
the Pb reflector at the beam-port.

Results

Figure B.2 shows the radial trend of the current at the beam-port. The results
obtained with 15 cm of Alliflu core are shown as a representative thickness of the
moderator.

It is evident that Alliflu without the BSA structure (red line: 0 cm of Pb and
no shell) does not generate a neutron beam. In fact, neutron current is higher for
radius values greater than the beam-port. Adding a 5 cm thick cylindrical shell of
reflector in Pb (blue line) a beam begins to form, albeit with poor collimation. By
adding PE as a shield, we collimate the beam more, but a high thermal neutron
current is generated (bottom left plot). The grey line represents the current ob-
tained by further adding the collimator made up of borated PE, 5 cm thick. The
bottom left plot shows that the thermal component is suppressed (grey line vs
purple line) while leaving almost unchanged the epithermal component (bottom
center plot, with grey and purple lines almost completely superimposed).

Figure B.3 shows the current as a function of the distance from the beam-
port, in the configuration provided with the collimator. The plots above are the
integral current in the disk corresponding to the beam-port as a function of the
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Figure B.2: Radial trend of the current per unit area, per 1A of proton current at
the beam-port. The upper plot shows the total neutron current, the 3
plots below represent the current for the thermal, epithermal and fast
components. Red line: without BSA structure; blue line: with 5 cm of
Pb; purple line: with 5 cm of Pb and PE shield; grey line: with 5 cm of
Pb, PE shield and borated PE as collimator. All the layouts have 15 cm
of Alliflu. Tallies were obtained at the beam-port.

distance. The second row of plots are the current in disks crowns of increasing
radii at fixed distances (0, 20, 40, 60 and 100 cm). It emerges that the collimation
obtained is not sufficient, since already at 20 cm from the beam-port there is no
difference between the current calculated in the beam area and in the outer crowns
of increasing radius.

Finally, Figure B.4 shows the neutron spectrum for the four layouts mentioned
above, integrated in the beam cross section area. The plots show that the materials
around the Alliflu core help to increase the total flux in the beam (the red line is
lower than the others) and PE helps to concentrate neutrons in the epithermal
part of the spectrum.
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Figure B.3: Current per unit area per liA of proton current at the beam-port. Config-
uration with 15 cm of Alliflu, 5 cm of Pb and borated collimator. In the
upper plot, current as a function of the distance from the beam-port for
fast (purple), epithermal (blue) and thermal (red) neutrons. The follow-
ing plots show the radial trend of the current with respect to the center
of the beam for different distances from the collimator port
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Figure B.4: Neutron spectrum per [1A of proton current at the beam-port. The lines
represent the different variants of this configuration. All layouts have 15
cm of Alliflu. Red line: with no BSA; blue line: with 5 cm of Pb; purple
line: with 5 cm of Pb and PE screen; grey line: with 5 cm of Pb, PE around
the cylinder and collimator of borated PE

Conclusions

This configuration allowed to study the effect of the materials, showing the need
for a higher collimation, especially if the detector is placed away from the beam-
port, as in the case of DIAMON. The prototype was further optimized to reach
this goal. The collimator of borated PE at the beam-port must be suitably modu-
lated to absorb the neutrons which are not useful for the generation of the desired
neutron beam. For these reasons we modified the prototype as described in the
next section.

B.2 Second configuration

Figure B.5 shows the second configuration, again setting the length of Alliflu at
15 cm as a representative case, and matching the lengths of the reflector and of
the moderator. Compared to the previous geometry, we kept the thickness of the
reflector fixed (5 cm, the thickness that guarantees the best neutron reflection
ratio in the Alliflu core), while we varied the thickness of the PE shell between 5
and 25 cm. The collimator was also enlarged and lengthened to 10 cm. As before,
normal PE was used as shielding material, while in the collimator we used borated
PE enriched with the 5% in mass of natural boron.
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Figure B.5: Representation (not to scale) of the second configuration tested for the
BSA prototype (vertical section parallel to the forward direction of neu-
trons from the Be target)

Results

Figure B.6 shows the radial trend of the current at the beam-port with 15 cm long
Alliflu and 5 cm thick Pb surrounding it. As screen, we considered the thickest
one: 25 cm of ordinary PE. The plots compare the open-beam (no moderator, no
BSA), the BSA without moderator (5 cm-thick Pb reflector,25 cm-thick shield and
10 cm long collimator) and the BSA with 15 cm of moderator. Compared to the
previous configuration, the beam is now much more collimated.

Figure B.7, reporting the current for the BSA+moderator, shows how the col-
limation, good at the beam-port, is still not optimal as the distance increases, in
fact it already degrades at a distance of 20 cm from the beam-port. This could be
a problem when using the DIAMON detector, which in previous experiments was
placed at 130 cm from the beam-port.

To conclude, Figure B.8 shows the neutron spectrum. The red line is the open
beam, without any BSA. The blue line is the spectrum of the BSA prototype layout
without Alliflu core. In this configuration, a very high fast spectral component is
obtained at the beam-port. If we now consider the spectrum when inserting the
Alliflu core in the BSA prototype (purple line), the fast component is significantly
moderated, without a substantial decrease of the epithermal component.

Conclusions

Compared to the first configuration, the second BSA prototype guarantees a better
collimation of neutrons at the beam-port. This would allow to place the detector
in that position in order to better measure the energy spectrum of the neutron
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field, with less contamination from scattered neutrons. Furthermore, it is now
clearly visible how Alliflu affects the shape of the spectrum: by measuring the
spectrum with the central part of the BSA prototype filled with increasing thick-
ness of Alliflu, it is possible to evaluate the moderation properties of this material.
Moreover, a validation of the simulations can be obtained.
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Figure B.6: Radial trend of the current per unit area per 1A of proton current at
the beam-port. The first plot shows the total neutron current, the next 3
plots represent the current for the thermal, epithermal and fast compo-
nents. Red line: open beam (without Alliflu, reflector and screen); blue
line: without Alliflu, with 5 cm of Pb reflector, 25 cm of PE screen and
collimator in borated PE; purple line: with 15 cm of Alliflu, 5 cm of Pb
reflector, 25 cm of PE screen and collimator in borated PE

These studies indicates that for the BSA prototype, in addition to variable
thicknesses of Alliflu, are needed:

« Pb cylindrical shell, 25 cm long, 5 cm thick and hole of 5 cm diameter

« Borated PE cylinder, 65 cm diameter, perforated in the center (5 cm diameter
hole), with length at least 10 cm

« Perforated PE cylinder, with 25 cm length and 65 cm diameter, and perfo-
rated in the center (hole with 15 cm diameter)
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Figure B.7: Current per unit area per j1A of proton current at the beam-port with 15
cm of Alliflu, 5 cm of Pb and 25 ¢cm of shield. The first plot shows the
current as a function of the distance from the beam-port for fast (purple
line), epithermal (blue line) and thermal (red line) neutrons. The plots
below show the radial trend of the current with respect to the center of
the beam for increasing distances
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Figure B.8: Neutron spectrum per y1A of proton current at the beam-port. Red line:
open beam (without Alliflu, reflector and screen); blue line: without
Alliflu, with 25 cm of PE screen, 5 cm of Pb reflector and collimator in
borated PE; purple line: with 15 cm of Alliflu, with 25 cm of PE screen,
5 c¢cm of Pb reflector and collimator in borated PE

B.3 Third configuration

To further improve the performance of the prototype, we modified the structure
of the second configuration by studying different lengths of the borated PE colli-
mator.

Furthermore, instead of using a borated PE shell, we tested a 1 cm-thick layer
of borated PE interposed between the Pb reflector and the ordinary PE screen. The
outer diameter of the ordinary PE layer was left unchanged with respect to the
second configuration: we tested also in this case thicknesses of 10, 15, 20 and 25
cm around the reflector, but divided into an innermost layer of 1 cm of borated PE,
and one outermost layer of 9, 14, 19 and 24 cm respectively of ordinary PE. The
simulations were carried out with or without the presence of this intermediate
borated layer.

The best configuration resulted the one with a total PE thickness of 25 cm, of
which the innermost layer of 1 cm is of borated polyethylene.
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Figure B.9: Representation (not to scale) of the third configuration tested for the
BSA prototype
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Figure B.10: Representation (not to scale) of the third configuration tested for the
BSA prototype, without PE screen
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Figure B.9 shows therefore the third configuration, with the length of the bo-
rated PE collimator increased to 15 cm based on the optimization obtained. On the
basis of this configuration, 7 PE discs with a thickness of 2.5 cm were purchased,
for a total of 17.5 cm in length, in order to obtain 15 cm also considering possible
material losses due to machining. The upstream part, including the Pb reflector
and the cylindrical shells of borated and ordinary PE, has been lengthened to 25
cm to allow the housing of a larger quantity of Alliflu, currently available.

We investigated in detail the effect of the ordinary PE shell, to quantify the
advantage derived from its presence. Therefore, starting from the configuration
of Figure B.9, those represented in Figures B.10 and B.11 were also simulated:
respectively without ordinary PE shell and without ordinary PE shell but with the
presence of an extension of Pb as an additional reflector in the area for the target
housing (in this area we are limited by the size of the target cooling system which
requires a larger diameter, see Figure 3.1).

We verified that the extension of the Pb reflector does not produce significant
advantages, therefore only the results related to the configuration of Figure B.10
are reported, in order to show the effect of the PE shell.

AIF3 + LiF

«— 25(m —

Figure B.11: Representation (not to scale) of the third configuration tested for the
BSA prototype, without PE screen but with an additional Pb reflector
around the target
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B. BSA prototype

Results

Figure B.12 shows the radial trend of the neutron current at the beam-port for the
third configuration (Figure B.9).

The following figures illustrate the effect of the presence of the PE screen:
Figure B.13 compares the collimation with and without PE screen (with the 1 cm
shell of borated PE), showing the radial trend of the neutron current at the beam-
port for the configurations in Figure B.9 and in Figure B.10, with and without 25 cm
of Alliflu. Here the red line shows the effect of 25 cm of Alliflu alone. Figure B.14
shows the neutron spectra at the beam-port and at a distance of 80 cm from it,
for each layout and for the situation with Alliflu only.

total
=N\ —}— only 25cm Aliiflu

s —}— B.9 configuration + no Alliflu
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Figure B.13: Radial trend of the neutron current (tallied at the beam-port) per unit
area per LA of proton current. The plots show the comparison between:
25 cm of Alliflu alone (red line), complete configuration of Figure B.9
with ordinary PE shell (blue line: without Alliflu; gray line: with 25
cm of Alliflu) and configuration of Figure B.10 without ordinary PE
shell but with 1 cm of borated PE (purple line: without Alliflu; yellow
line: with 25 cm of Alliflu). In the upper plot the total current, in the
following the energy components separated
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Figure B.12: Radial trend of the neutron current per unit area per A of proton
current associated to the configuration of Figure 18: complete config-
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Figure B.14: Neutron spectra (in log-log representation) at the beam-port (upper
plot) and at a distance of 80 cm from it (lower plot). The configura-
tions of Figures B.9 and B.10 are compared along with the situation
with only 25 cm of Alliflu. BSA with borated PE and ordinary PE is
represented by the orange line (without Alliflu) and red line (with 25
cm of Alliflu); the BSA with only a borated PE shell is represented by
the green (without Alliflu) and purple lines (with 25 cm of Alliflu)
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B.3. Third configuration

Conclusions

The presence of the PE outermost shell does not produce substantial differences at
the beam-port with or without the Alliflu core, but at a distance of 80 cm the effect
is interesting: without PE, Alliflu produces a substantial change in the detected
spectra only in the fast part, while with PE a more pronounced modification of
the spectrum is achieved even in the epithermal part, which is reduced by a factor
of 2 but with a higher suppression in the fast area. In this sense, the prototype
corresponds to the effect of the clinical BSA, which has precisely the purpose of
lowering the contamination of fast neutrons, harmful to the patient, without de-
pressing the epithermal flux which is instead important for the treatment.

The usefulness of the PE screen appears evident in the comparison between
the situations with or without the Alliflu core. Figure B.15 show the ratios of the
neutron fluxes with no Alliflu or with 25 cm of Alliflu as a function of the distance
from the beam-port. The flux ratios are shown for each energy component (ther-
mal, epithermal and fast neutrons) and with or without the presence of the PE
screen (thus for the layouts of Figure B.9 and Figure B.10). It can be noted that,
with the only exception of the epithermal component in close proximity to the
beam-port, the lines related to the presence of the PE screen are always higher
than the corresponding lines without PE. This indicates how the PE shell helps to
detect the effect of Alliflu on the neutron spectra.

no Alliflu
Alliflu
no Alliflu
Alliflu
no Alliflu
Alliflu

)
),
)
no Alliflu )
),
),

with PE

with PE

E

Alliflu
no Alliflu
Alliflu
no Alliflu
Alliflu

with PE

AU
AAAAAA

Distance from the beam-port [cm]

Figure B.15: Ratios of the neutron fluxes with no Alliflu or with 25 cm of Alliflu
as a function of the distance from the beam-port. For each component
(thermal, epithermal and fast) the ratios are shown with or without the
presence of the PE outermost shell around the reflector, thus comparing
the situations of Figure B.9 and Figure B.10
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B. BSA prototype

To program the measurements, we therefore planned to proceed with a first
experimental run with no PE screen, in which the measurement refers to a situa-
tion more similar to that of clinical BSA (higher epithermal component). Another
run of measurements will be carried out in 2022 adding the outermost PE shell, in
order to obtain more differentiated data on the whole neutron spectrum.

B.4 Summary and final configuration

A very high number of Monte Carlo simulations was run to test different layouts
of the BSA prototype for the measurements at LNL, of which only a portion has
been described here. The main steps of the design of the BSA prototype have
been 3 different configurations, each one of them was tested in different variants
to identify the best geometry for our purposes. Table B.1 lists the three phases of
the design, with the amount of related simulations carried out and a summary of
the associated outcomes.

The third configuration resulted to meet our expectations both for the colli-
mation and for the effect of the different materials in moderating the neutrons.
The configuration built at the INFN Mechanical Workshop for the measurements
described in this thesis is the one reported in Figure B.10, without the PE screen
that will be added later for other future experiments.
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B.4. Summary and final configuration

Table B.1: Summary of the different phases of the design of the BSA prototype with
simulations carried out with MCNP6

Phase ‘ Simulations ‘ Tallies ‘ Outcomes

First studies about the contribu-
tion of the BSA on the spectrum.
Selection of the thickness of the Pb
(5 cm cylindrical shell). Verified the
necessity to add material around
the moderator to absorb the scat-
tered neutrons and insert a colli-
mator.

A 25 c¢m thick PE cylindrical shell
around the BSA is sufficient to
moderate most of the scattered
neutrons. Collimator in borated
PE useful to eliminate the thermal
contribution to the beam-port

first 65 16380

second 18 4536

Elimination of the small thermal
contribution remained at the end
of the second phase: solved by
adding a 1 cm thick cylindrical
shell between the layers of Pb and
PE. Elongation of the final part and
verification of the effect of the out-
ermost polyethylene layer

third 24 6048
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