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Abstract

Experimental nuclear data and simulations are crucial for new radiotherapies of
cancer. In Boron Neutron Capture Therapy (BNCT), an accurate knowledge of
neutron interaction with the elements present in body tissues is key for dosimetry. At
low neutron energies, the reaction between neutrons and nitrogen, **N(n,p), becomes
a main component of the dose in most human tissues. There are several discrepancies
in previous measurements of this reaction, which increase the uncertainty in dose
estimations needed for treatment planning. Furthermore, Neutron Capture Therapy
needs intense and clean neutron sources, suitable for therapy and with the possibility
of being installed in hospital environments, getting over previous facilities at nuclear
reactors. This thesis aims to contribute to these two topics.

The nuclear data from a new measurement of the N(n,p) reaction, carried out at
the n_TOF Facility at CERN will be shown. The new high-accuracy data span from
8 meV to 800 keV, covering the range of interest for BNCT, including the thermal
point (25.3 meV), whose cross-section value was found to be at 1.809+0.045 b. The
implications of this new nuclear data to BNCT dosimetry will be explored via Monte
Carlo simulations.

A new Beam Shaping Assembly (BSA) will be proposed for a proton accelerator-
based neutron source, using 30 mA of 2.1 MeV protons onto a lithium target. This
BSA produces a high-intensity and well-collimated neutron field that also provides
low contamination from gamma radiation and both thermal and fast neutrons. The
spectrum of the beam coming out of the BSA aperture will be shown to be ade-
quate for BNCT treatments, fullfilling all recommendations from the IAEA and also
performing well in in-phantom dose simulations.

The new nuclear data and the proposed neutron beam will be put together as input
in order to develop a Treatment Planning System (TPS). The TPS processes medical
images (DICOM) and runs Monte Carlo simulations of neutron transport through
the model of the patient, allowing to compute dose estimations in the tumor and
surrounding tissues, including organs at risk. The TPS will be used to perform a
pilot test simulation with a realistic case of a Glioblastoma patient.
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Resumen en Espanol

El uso de datos nucleares experimentales y simulaciones es crucial para nuevas for-
mas de radioterapia contra el cancer. En la Terapia mediante Captura de Neu-
trones por Boro (BNCT, por sus siglas en inglés), un conocimiento preciso de la
interaccion de los neutrones con los elementos presentes en los tejidos corporales es
clave para la dosimetrfa. La reaccién de los neutrones con el nitrégeno, 1*N(n,p), es
una componente muy importante de la dosis en la mayoria de tejidos humanos para
neutrones de baja energia. Existen discrepancias entre varias medidas anteriores de
esta reaccion, lo que aumenta la incertidumbre en las estimaciones de dosis nece-
sarias para planificar un tratamiento. Por otra parte, la Terapia por Captura de
Neutrones necesita fuentes de neutrones intensas y limpias, adecuadas para terapia
y que tengan la posibilidad de instalarse en el entorno hospitalario, a diferencia de
las instalaciones anteriores que se han construido en reactores nucleares. Esta tesis
pretende contribuir a resolver estos dos problemas.

Se mostraran los datos nucleares obtenidos en una nueva medida de la reaccion
1N(n,p) realizada en las instalaciones de neutrones por tiempo de vuelo (n_.TOF)
del CERN. Los nuevos datos de alta precisiéon abarcan el rango entre 8 meV y 800
keV, cubriendo por completo el rango de interés para BNCT, lo que incluye el punto
térmico (25.3 meV), para el cual se ha encontrado que la seccién eficaz es 1.809 +
0.045 b. Las repercusiones de estos nuevos datos nucleares para la dosimetria en
BNCT seran exploradas usando simulacion Monte Carlo.

Se propone un nuevo dispositivo conformador de haces (Beam Shaping Assembly,
BSA), disenado para una fuente de neutrones basada en acelerador, con 30 mA
de protones a 2.1 MeV sobre un blanco de litio. Esta BSA produce un campo de
neutrones colimado de alta intensidad que ademas presenta una contaminacion baja
por radiacion gamma y neutrones rapidos o térmicos. Se mostrara que el espectro del
haz de neutrones a la salida de la apertura de la BSA es adecuado para tratamientos
de BNCT, cumpliendo todas las recomendaciones del Organismo Internacional para
la Energfa Atémica (OIEA) y ademas mostrando buenos resultados con simulaciones
de dosis en maniquies.

Tanto los nuevos datos nucleares como el haz de neutrones propuesto se combinaran
como inputs en el desarrollo de un Sistema de Planificaciéon de Tratamientos (TPS,
por sus siglas en inglés). El TPS procesa imagenes médicas DICOM y ejecuta
simulaciones Monte Carlo de transporte de neutrones en un modelo del paciente, lo
que permite calcular la dosis en el tumor y los tejidos circundantes, incluyendo los
organos de riesgo. El TPS serd usado para realizar una simulacion de prueba piloto
con un caso realista de paciente con Glioblastoma.
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Outline

e Chapter 1 provides a general introduction of neutron capture therapy, and
the main open questions of this experimental form of radiotherapy: the un-
certainties in dose estimation and the needs of well suited neutron beams for
treatment, will be presented.

e Chapter 2 addresses the need of reducing the uncertainties by measuring the
cross-section of the N(n,p)!*C reaction, which is the most relevant dose com-
ponent delivered by low energy neutrons in human tissues. The analysis of the
experiment, performed at the Experimental Area 2 (EAR2) of the n . TOF
Facility at CERN, will be described, together with the results from the mea-
surement.

e Chapter 3 will discuss the implications of the results of the measurement found
in Chapter 2, including both the changes in the neutron transport and in
neutron dose.

e Chapter 4 is devoted to the design of a Beam Shaping Assembly (BSA) that
provides a novel neutron beam suitable for BNCT treatment that accomplishes
the TAEA recommendations, based on the use of the "Li(p,n) reaction as a
neutron source using a proton accelerator at a proton energy of 2.1 MeV.

e Chapter 5 will present the development of a Treatment Planning System (TPS)
dedicated to simulate the performance of a treatment with the BSA designed
in Chapter 4 and using the new nuclear data obtained in Chapter 2, for the
case of a real Glioblastoma patient.

e The Conclusions will summarize the findings of this thesis.

e Additional appendices will include the nuclear data from the experiment de-
scribed in Chapter 2 and Kerma Factors obtained in Chapter 3 (Appendix
A); the MCNP inputs used in the TPS in Chapter 5 (Appendix B); and the
measurement of the spectrum of the new NEAR station of the n_ TOF Facility
with the Multi-foil Activation Technique (Appendix C), which could be used
in a similar manner to measure the spectrum coming out of the BSA designed
in Chapter 4.
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Chapter 1

Introduction

Experimental nuclear data and simulations are crucial for new radiotherapies of
cancer. Realistic simulations of treatment planning using the most accurate input
data are essential to provide safe and effective tools in the encouraging fight against
cancer.

Cancer is a group of diseases in which some of the body cells grow uncontrollably and
spread to other parts of the body [1]. According to the World Health Organization,
cancer is one of the leading causes of death worldwide, accounting for 10 million
deaths in 2020. The incidence of new cases was estimated around 19.4 million
people. In light of the last estimates by the International Agency for Research on
Cancer (IARC), one in five persons will get cancer in their lifetime and one in ten
will die from the disease [2].

Treatments of cancer include surgery, chemotherapy, inmunotherapy and radiother-
apy, among others. Radiotherapy (also called Radiation Therapy) uses large doses
of radiation in order to kill cancer cells and shrink tumors. The physical mechanisms
to deliver dose to the tumor vary broadly depending on the type of radiotherapy
treatment. These include external beam radiotherapy and internal radiotherapy.
Internal radiotherapy comprises brachytherapy, which is the implantation of seeds
or capsules that contain a radiation source near the tumor area (commonly used for
certain types of cancer as prostate cancer, cervical or endometrial cancer and some
cancers of the eye), and also the administration of radio-pharmaceuticals targeting
the tumor cells that are labelled with a radioactive isotope (e.g. 3! for thyroid
cancers, 1""Lu or °°Y) [3]. External beam therapy uses different types of radiation
fields generated from out-of-body beams. These beams can be comprised of ionizing
radiation such as photons, electrons, protons or heavy ions, and also neutrons. The
most common type of radiation is photon-based and uses either X-rays or Gamma
rays to generate the dose. Several techniques use photons, including 3D Conformal
radiation therapy, which is the most widely used type of external-beam radiother-
apy. More recently developed techniques include Intensity-Modulated Radiation
Therapy (IMRT), Image-Guided Radiation Therapy (IGRT) or Volumetric Modu-
lated Arc Therapy (VMAT). These types of treatment use several fields and the
dose is delivered following a large number of fractions spanning along weeks. Other
photon-based techniques such as Stereotactic Radio-Surgery (SRS) and Stereotactic
Body Radiation Therapy (SBRT) aim to reduce the number of fractions by increas-
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Chapter 1. Introduction

ing the dose delivered in few sessions, as with the use of the Gamma-Knife [4].
Electrons are used in radiation therapy in cases of superficial tumors due to their
short range in tissues. Hadrontherapy comprises protontherapy [5] and heavy-ion
therapy [6], which use the corresponding ion beams in order to deliver very well
shaped dose distributions thanks to the distinctive matter-radiation interaction of
highly energetic ions (70-250 MeV). These ions deliver small amounts of energy along
their path through the body and most of the energy is released in a short region
where the Bragg peak is found. The energy of the particles in the beam is tuned
to match its range in tissue with the position of the tumor, achieving large doses
in the tumor while delivering small amount of dose in nearby tissues, in cases of
well localized tumors without ramifications or branching. Neutrons have been used
in experimental forms of radiotherapy in mainly two types: Fast Neutron Therapy
and Neutron Capture Therapy (NCT). Fast Neutron Therapy makes use of highly
energetic neutrons (50-70 MeV) targeting to the tumor. Its use achieved some de-
velopment in the past but it has been discontinued lately due to the lack of support
and funding, which was ultimately due to lower-than-expected clinical outcomes [7].
Neutron Capture Therapy will be described in the next section.

1.1 Neutron Capture Therapy of Cancer

Only four years after the discovery of the neutron by James Chadwick in 1932 [8],
Gordon L. Locher proposed their use as a weapon against cancer [9]. Locher based
its idea on the previously discovered large thermal neutron capture cross-section of
the isotope 1B, leading to the reaction:

"Li (1.01 MeV) + a (1.77 MeV) 6%

1 10
na + B = { "Li (0.84 MeV) + « (1.47 MeV) + v (0.478 MeV) 94%

(1.1)

This reaction produces two highly energetic charged particles that deliver their en-
ergy in a very small region of the size of a cell, and 94 % of the time it also generates
a 478 keV gamma from the desexcitation of "Li". Then Locher hypothesized that
tumors could be treated by irradiating them with thermal neutrons, provided that
boron could be accumulated selectively in the tumor. This is the main mechanism
underlying NCT, which in its most common practical applications uses B as the
target isotope, leading to Boron Neutron Capture Therapy (BNCT). Other isotopes
have been proposed as an alternative basis for NCT, such as *”Gd, or to act coop-
eratively with boron to enhance dose in certain regions, as **S [10].

1.1.1 The grounds of BNCT

BNCT is a mixed therapy in the sense that it combines the use of an irradiation with
an external field (of neutrons) and the administration of a boron compound that is

!Thermal energy is defined as the one corresponding to the mean energy of neutrons in thermal
equilibrium at 300 K, kT = 25.3 meV.



1.1. Neutron Capture Therapy of Cancer

selectively uptaken by cancer cells. Both of these steps of the BNCT treatment are
relatively harmless to the patient if performed alone, given the low dose delivered
by neutrons in human tissues and the low toxicity of the boron compounds used in
BNCT. However, their simultaneous administration triggers the nuclear reactions of
neutrons with '°B and hence the release of large amounts of energy through particles
with high Linear Energy Transfer (LET). The emitted a particle and 7Li nucleus
have a range of 9 and 4 pum, respectively. This is less than the average size of human
cells, for which most tissue types lie between 10-100 pum, hence all the damage occurs
within the cell that contained the boron.

BNCT is a multidisciplinary research field, in which a diverse set of scientific and
technical branches of science cooperate. In order to design, produce and adequate
the neutron field for treatments, nuclear physicists and engineers are needed, and
also for beam operation and quality management. Nuclear physicists also provide
input on nuclear data for the dose computations. In order to develop and synthesize
boron compounds that are selective and have low toxicity, chemists and pharmacists
are also on board. Radiobiologists provide the essential input on the biological
effects of neutron radiation on the various tissues in the body, which serve to better
estimate the dose delivered in treatments. Medical physicists perform the treatment
planning, integrating all the information generated by all previous scientific research,
and monitor the dosimetric quantities during the treatment. All the healthcare labor
is executed by hospital staff, coordinated by medical doctors who can best determine
the adequacy of a patient for a BCNT treatment and its conditions to improve the
patient quality of life and maximize the chances of cure.

Neutron field

In order to maximize the boron dose in the tumor, thermal neutrons have to reach the
region. Thermal neutrons have low penetrability in human tissues, and hence only
superficial tumors like melanoma with a depth around or below 3 ¢m can be treated
as such. In order to increase the beam penetrability, the neutron energy has to be
increased. This way, neutrons lose most of their initial energy by elastic collisions
with atoms in the tissue and moderate through the tissue, reaching thermal energy
much deeper in the body. This has a counterpart, as part of the dose deposited by
neutrons during the moderation process is not related to boron and therefore affects
equally the tumor and normal tissues. The larger the initial neutron energy, the
higher the dose deposited due to this effect. There is a balance between these two
effects that determines the upper limit of the energy of neutrons that are suitable
for BNCT. This limit was traditionally set at 10 keV. Given all that, a neutron
beam for BNCT in deep tumors should have an epithermal spectrum, avoiding the
presence of thermal neutrons and fast neutrons (more than 10 keV). Other aspects of
relevance in the neutron beam are the gamma contamination and the divergence of
the beam, that shall be reduced within manageable limits. All these considerations
were established as recommendations in a Technical Document of the International
Atomic Energy Agency (IAEA) [11].
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Boron compounds

Boron is not one of the most abundant elements in the human body. It does not accu-
mulate in the tissues and is only found as a trace in certain tissues as the bones, nails
and hair. 9B is an stable isotope of boron, accounting for 19.65 % of natural boron.
For this reasons, chemical compounds containing boron have to be synthesized in
order to be used in BNCT. There are several types of boron carriers, ranging from
small molecules (e.g. boron-labeled amino acids, as boronophenylalanine (BPA))
[12], to complex and larger molecules as mercapto-undecahydro-closo-dodecaborate
(or sodium borocaptate, BSH), which contains 12 B atoms (NayB;2H;;SH) [13],
and more recently, the search has expanded to nanoparticles, boron cluster com-
pounds and others [14]. Among these, only BSH and BPA have been used in clinical
trials in the recent years, with BPA showing Tumor to Normal tissue concentration
ratios (T /N ratio) around 3.5 and up to 6 in some patients [15]. In general, a T/N
ratio over 2.5 is required as a pre-requisite for BNCT treatments, which is assessed
in pre-irradiation analysis such as a '®F-labelled-BPA PET scans [16].

Radiobiology and Dosimetry of BNCT

The working principle of BNCT is maximizing the damage to the tumor cells while
not leaving the normal tissues impaired. In order to determine the effects of the
neutrons in the cells and tissues, radiobiological and dosimetric studies have to
be made. Dosimetry aims to determine the physical dose delivered to the tissues.
Radiobiology studies the biological effects of the neutron irradiation in tissues and
cells by examining different endpoints depending on the physical dose. A joint
objective is the modeling of the biological effects of the dose. Several models have
been proposed for this purpose, including the classical RBE model used as a standard
in BNCT and described by Coderre and Morris [17]. In the recent years, the photon-
isoeffective dose model has arisen as an alternative that provides doses that generate
the same effect than a photon irradiation with that physical dose [18].

Clinical studies

The final goal of BNCT is to provide a tool for physicians to treat and cure cancers
of bad prognosis. In order to do so, clinical trials have to be made in order to
determine the safety, adequacy and benefits of BNCT, compared to state-of-the-
art procedures in common clinical practice. BNCT was originally targeting brain
tumors as Glioblastoma Multiforme (GBM) and other high-grade gliomas, and then
its use has spread to head-and-neck cancers and melanoma. Some other types of
cancers including liver cancer and lung cancer have also been treated or are under
investigation to be treated with BNCT.

1.1.2 Historical and present developments in BNCT

During the 50’s, the first clinical trials were performed under the supervision of
Dr. W. Sweet in the Research Reactor of the Brookhaven National Laboratory.
The results of these trials were poor due to the use of low-penetrating thermal
neutrons and the limited selectivity of the compounds used to carry the boron to
the tumor, with boric acid among them [19]. Few years later, H. Hatanaka developed
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a BNCT program in Japan which lead to better results after the introduction of a
more selective boron compound, BSH [20]. The posterior shift towards the use of
epithermal neutrons to increase the neutron field penetrability (that thermalizes
through the tissues and reaches thermal energy in the tumor region) and the use
of a BPA, firstly used for melanoma by Y. Mishima [21], improved the outcome
of the clinical trials. After that initial stages, during the 90’s, a series of BNCT
projects were developed in many countries around the world, including Argentina,
Czech Republic, Finland [22, 23, 16], Italy [24], Japan [25, 26], the Netherlands [27],
Sweden [28], Taiwan [29] and the US[30]. In all of these cases, the neutron source
was obtained from a nuclear reactor, which has been historically the only neutron
source with a neutron flux intense enough to allow treatments within a reasonable
time. Most of protocols focused on brain tumors including high-grade gliomas such
as Glioblastoma Multiforme and recurrent head-and-neck cancers [31]. Some other
protocols explored the use of BNCT for melanoma or even the treatment of liver
metastases using extra-corporeal BNCT [32, 33]. Some of these projects achieved
promising results as described in the clinical trials [16] and the report from the
NuPECC of 2014 [34]. In the last two decades, the BNCT field is suffering a process
of metamorphosis due to the decommissioning of most of the nuclear reactors that
served for BNCT treatments, being the reactors in Taiwan (epithermal beam for
brain tumors and head and neck cancers) [35] and Argentina (thermal beam for
melanoma) [36] the only nuclear reactors still in use for BNCT. This has led to
a change of the technology used to produce the neutron fields, given the intense
development of the particle accelerator technologies in the last decades [37, 38]. In
the recent years, many projects have arisen and there is an ample list of facilities
under development or construction. These projects aim to follow the guidelines and
recommendations established in the Technical Document of the IAEA [11]. These
projects comprise several centers in Japan [39], Finland [40], Italy [41, 42], Russia
[43], Argentina [44] China and South Korea. The first accelerator-based BNCT
facility, the C-BENS (Cyclotron-Based Epithermal Neutron Source) in Kyoto, Japan
[45, 46], is already working and a couple of clinical trials have already shown their
results recently [47, 48].

1.2 Current limitations of BNCT

The BNCT group at the University of Granada has been working on diminishing
the uncertainties that have hampered the BNCT development and reduced its appli-
cability in real clinical practice. These aspects are developed within the framework
of the NeMeSis Project[49]. Among these sources of uncertainty, two main topics
arise:

e Reliable and adequate neutron sources in hospital environments. The design
of a neutron beam suitable for BNCT that can be produced using a Compact
Accelerator-based Neutron Source (CANS) is needed to timely address the
needs of patients and medical doctors.

e Dose estimates carried out during treatment planning. The reduction of the
uncertainty in each step of the dose computations is needed to provide strength
and reliability to this experimental form of radiotherapy.
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Each of these two main topics generate a relatable objective in this thesis. The first
of these objectives will be the design of a neutron beam using a 2.1 MeV - 30 mA
proton accelerator. The second objective needs a further framing in what the scope
is too wide to be covered by a single field of expertise. A dedicated section follows
discussing the dosimetry in BNCT and the specific task on reducing uncertainties
in dosimetry that will be handled in this thesis.

1.2.1 Dosimetry in BNCT

Dose in BNCT is computed based on the physical absorbed dose (total energy de-
livered per unit mass) and the use of Relative Biological Effectiveness (RBE) co-
efficients. These RBE weight the different physical dose components according to
their biological effects. As it was previously mentioned, each type of radiation has a
different LET and hence produce different kinds of damage, for the same absorbed
dose. For instance, photon radiation, which has low LET, does generate partial
damages that can be recovered by the cell repair mechanisms. Highly energetic
charged particles like protons or heavy ions used in hadron therapy, and also the
reaction products from the neutron-induced reactions have large LET, leading to
damages that are much more difficult to repair (double-strand breaks in the DNA|
for instance) culminating in cell death.

The physical dose is estimated using the close concept of Kerma, which is a close ap-
proximation of the dose in situations of transport equilibrium. The Kinetic Energy
Released per unit Mass (Kerma, K) is defined as the initial kinetic energy of all sec-
ondary charged particles liberated per unit mass at a point of interest by uncharged
radiation. For neutrons, the relevant magnitude is usually the flux, and hence neu-
tron kerma factors, k¢, can be defined such that K = [ k;(E,) - ¢(E,)dE,. Neutron
kerma can be used as a good approximation of neutron dose (in most circumstances,
where transport equilibrium is held), including BNCT [50].

In the dose estimation, each dose component has a different behaviour and hence
different kerma factors. This way, each dose component is computed separately and
then the total dose is found as a weighted sum using the corresponding RBE:

DT:wth-Dth—wa-Df—i-XBwB'DB—i-ny (1.2)

Neutron dose is usually separated in two components, corresponding to the thermal
neutron dose, Dy, which is dominated by neutron capture on nitrogen, and fast neu-
tron dose, Dy, dominated by neutron elastic scattering off hydrogen. The gamma
dose, D.,, accounts for the dose generated by all photon radiation interactions, in-
cluding those gammas already present in the initial beam as contamination, but
also mainly the gammas generated as secondary radiation due to neutron interac-
tion, where the hydrogen capture (deuterium production) with subsequent emission
of 2.24 MeV gammas is the main contributor. The boron-related dose, Dp is usually
computed as a dose per unit boron concentration in tissue, typically in Gy/ppm of
10B. Then the actual dose from this component is calculated by multiplying by the
boron concentration, xp in the corresponding tissue.

The Photon iso-effective dose, modeled by Gonzdlez et al.[18], uses a more elabo-
rate dependency (taking into account the Linear-Quadratic model for he biological
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1.2. Current limitations of BNCT

response) in order to obtain a dose that generates the same effect as photons. A
simple approximation of this model for which the new RBE can be determined ex-
perimentally was proposed by the Granada Group in a paper by Pedrosa-Rivera et
al. [51]:

2

D * * * * D2

A more detailed analysis of the neutron dose can be made by examining the con-
tribution to the kerma factors by each isotope present in the material or tissue of
interest. If we consider brain tissue, with elemental composition shown in Table 1.1,
then the kerma factor at each neutron energy is shown in Figure 1.1. All partial
contributions by each isotope are also shown in the Figure.

Element Fraction|Element Fraction|Element Fraction
0.737723 P 0.003540, Mg  0.000150
0.125420 K 0.003100, Ca  0.000090
0.110667| Cl  0.002360| Fe  0.000050
0.013280| Na  0.001840| Zn  0.000010
S 0.001770

ZZ Q0o

Table 1.1: Elemental Composition of brain tissue, according to ICRP [52]. Concentration
is given as mass percentage. Brain tissue density is 1.03 g/cm?.

-10
10 Hydrogen = ==aa. Carbon
----- Nitrogen (elastic) - === Oxygen
Sodium - Magnesium
10_11 ----- Phosphorus . Sulphur (elastic)
- =«=. Chlorine (elastic)y @  ====. Potassium (elastic)
- Calcium - Iron
12 —— Nitrogen (capture) . Sulphur (capture)
10 ——— Chlorine (capture) Potassium (capture) :
m— Brain Tissue *

Neutron Kerma Factor (Gy cm2)

10° 10% 10" 1 10 102 10° 10* 100 10°
Neutron Energy (eV)

Figure 1.1: Neutron Kerma factor of brain tissue (black solid line) and partial kerma
factors for every isotopic contribution. Neutron elastic scattering and subsequent recoils
contributions are shown in dotted lines, and neutron captures with emission of charged
particles are shown with solid lines. The kerma factors have been computed using the
cross-section evaluated data from ENDF /B-VIII.O.
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In brain tissue, the elastic scattering off hydrogen is the most relevant dose-generating
interaction for high energy neutrons (above 10 eV), except for the presence of a
strong resonance of the 3*Cl(n,p)*S. Other minor contributions come from elastic
scattering off oxygen (specially due to some resonances) and carbon, which are the
most abundant elements in brain tissue. All other elements contribute to a much
lesser extent.

The largest contribution at low neutron energy (below 10 V) is the neutron capture
on nitrogen, with subsequent proton emission. The second largest contribution
comes from elastic scattering off hydrogen, but this contribution is 20 times less
important. All other contributions at low energy are even less relevant. Therefore,
around 95 % of the total neutron dose (excluding gammas) is related to nitrogen,
specifically by the “N(n,p)“C reaction. In this sense, the nitrogen content of a
tissue does largely determine the neutron-related dose from low energy neutrons.

The nitrogen content is highly variable among human tissues. Table 1.2 shows a list
for various general tissues. Brain has a relatively low nitrogen content of about one
half of the reference standard ICRU-33 tissue, which is close to muscle tissue. Some
tissues are specially affected by low energy neutrons through nitrogen, as the skin
or the bones, which have around twice as much nitrogen as the standard tissue, or
the lens of the eyes with an even larger nitrogen content.

Tissue Fraction of N Density g/cm?

ICRU-33 0.026000 1.00
Brain Tissue 0.013280 1.03
Cortical Bone  0.041990 1.85

Adipose Tissue  0.007970 0.92
Muscle Tissue  0.027680 1.04

Skin 0.046420 1.10
Lens of the eye  0.053270 1.10

Table 1.2: Nitrogen fraction by weight for various human tissues Composition of brain
tissue, according to ICRP [52]. Tissue densities are also given.

1.2.2 Uncertainties in dose estimations

There are several sources of uncertainty in dose estimation in BNCT, that can lead
to inaccurate treatment plannings. For this reason, the precision margins used
in this therapy are enlarged so as to maintain the principle of avoiding unintended
overdosification of normal tissues. In a clinical trial by Kankaanranta et al. [53], two
cohorts were compared based on the tumor dose. One group received an average
dose at the tumor of 31 Gy-eq, while the other received a larger dose of 36 Gy-
eq. The group with large dose showed better prognosis and larger survival after
the treatment. Reducing uncertainties can lead to increasing the tumor dose at the
patient by diminishing the safe margin applied. This can lead to a clear improvement
on the therapeutic outcome.
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Among the sources of uncertainty in dose estimation, three main domains can be
identified:

e The Physical Dose calculation. This concerns the D; in the total dose compu-
tation. This is dependent on the geometry of the model used to estimate the
dose using a transport code such as MCNP [54], including the material defini-
tion and spatial precision of the model, which is usually CT-based. It is also
very dependent on the nuclear data used by the transport code to simulate
the neutron interactions and also to estimate the dose deposition via kerma
factors. Concerning the nuclear data, some of the cross-section of the most
relevant reactions, such as “N(n,p)'C and **Cl(n,p)3*S show some discrep-
ancies of relevance in the data that increase the uncertainty in the accuracy
of previous measurements, which are used as reference for the dose estimates
used in dose computations.

e The Radiobiological model of the effect of the dose. This is signified in the
RBE, which are tissue-dependent and suffer from large uncertainties due to
the difficulties in accessing experimentally to this data.

e The boron concentration in tumor and normal tissues. This is a relevant field
in two main topics. The first one is the determination of the macroscopic
boron distribution which can be at least partially accessed via PET studies.
The second aspect is the microscopic or cell-to-cell boron uptake, where the
amount of boron actually within the cells or the fraction left in the interstitial
medium have to be taken into account. This information is specially relevant
given the short-range effect of the neutron capture reaction by boron.

1.3 Objectives

This thesis aims to reduce the uncertainty in dose estimation in BNCT by mea-
suring the neutron capture cross-section on N in the range of interest of BNCT.
Moreover, to design a neutron beam suitable for BNCT using the lowest energy
possible accelerator-based neutron source. Finally, to create a Treatment Planning
System that incorporates the previous results and also aims at providing an accurate
estimation of the dose in the prescribed treatment plan.






Chapter 2

Measurement of the 14N(]ﬂ,p)

reaction with MicroMegas
detectors and DSSSD at n TOF

2.1 The “N(n,p)*C reaction

The "N(n,p) leading to the ground state of C is an exothermic reaction with a
Q-value of 626 keV. At thermal neutron energy (25.3 meV), the reaction is isotropic
and the outgoing proton leaves with 584 keV, while the recoiling 4C has 42 keV.

As it was already mentioned in the Introduction, the “N(n,p) reaction is the main
contribution to the dose from thermal neutrons in most human tissues. This is
of special relevance in BNCT given that neutron thermalization is needed for the
therapy to perform well. The dose given to all tissues due to their nitrogen content
can not be skipped and hence acts as a limiting factor that usually determines the
maximum irradiation to a patient.

Apart from medical physics, this reaction is of key relevance in nuclear astrophysics,
as nitrogen is one of the most important neutron poisons in s-process nucleosynthesis
[55]. It is also related to the production of fluorine as the reaction acts as a proton
feeder [56].

There are other fields in which this reaction plays a fair role. In cosmic astroparticle
physics, the “N(n,p)'C reaction is the main route for producing *C in the atmo-
sphere through secondary neutrons from cosmic radiation [57]. Also nuclear bomb
testing lead to significant *C production through this reaction. An increase in the
4C content in the atmosphere was used as indicator of nuclear explosions and it
is hence relevant for non-proliferation. Moreover, it is of interest in environmental
science, since a large fraction of the 4C produced in those events has already en-
tered the life cycle and it is no longer in the atmosphere. The continued reduction
of *C concentration in the atmosphere has hence been used for tracking the global
dynamic cycle of carbon [58].
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Chapter 2. Measurement of the “N(n,p) reaction with MicroMegas detectors and
DSSSD at n_ TOF

2.1.1 Current status of the cross-section data

There is a handful of previous measurements of the *N(n,p)'4C cross-section. How-
ever, there are still many discrepancies and these disparities lead to relevant uncer-
tainties in their applications. There are no previous measurements that cover the
full range of energy from thermal neutrons to the resonance region. The measure-
ments are focused on specific energy regions, namely thermal neutron measurements,
differential measurements in the 1/v region, integral measurements in the astrophys-
ical range of interest and measurements in the resonance region. Figure 2.1 shows
the previous experimental data available for this reaction, as found in the EXFOR
Database [59].

ENDF/B-VIII.O JEFF-3.3 —— Wagemans et al. (1997

) Gledenov et al. (1994) ———
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Coon et al. (1949) —— Kitahara et al. (2019) +—— Shima et al. (1997) +——
Cuer et al. (1951) ——— Koehler et al. (1989) +——— Wallner et al. (2016) +———
Hanna et al. (1961) ~—— Koehler et al. (1993) ——— Johnson et al. (1950) ————
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Figure 2.1: Status of the cross-section of the 14N(n,p) reaction as of the previous mea-
surements. The last evaluation by ENDF/B-VIIL.O (same as JEFF-3.3) is also shown in
a black solid line. The top figure shows the full picture of the cross-section from the
thermal energy to 1 MeV. The bottom figures show the details in regions where there are
discrepancies found. The bottom-left shows the thermal energy, the bottom-center shows
the astrophysics range (10-300 keV), and the bottom-right shows the first resonances.

There are several measurements at the thermal point. All of the data are contained
within 1.7 and 2.0 b [60, 61, 62, 63, 64, 65, 66]. The last measurements were
performed by Wagemans et al. (2000), whose value for the thermal cross-section
was 1.93 £ 0.05 b [65] and Kitahara et al., who reported 1.868 £ 0.006 b [66].
These measurements were both higher than previous measurements around 1.83
b [63, 67, 64]. These were used as input for the last evaluation of this reaction
by Chadwick et al. [68], which is included in the ENDF/B-VIII.0 and JEFF-3.3
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2.1. The N(n,p)*C reaction

Evaluations. Figure 2.1 (bottom,left) shows the detail of previous data around the
thermal point.

There is one single measurement of the 1/v range by Koehler et al., proving this
behavior from 61 meV to 65 keV [69]. Its measurement was normalized by extrapola-
tion from the thermal cross-section in the Nuclear Data Compilation by Ajzenberg-
Selove et al. [70]. In a posterior measurement, Koehler et al. extended the range to
include the thermal value, obtaining the same value (1.93 b) [67].

There are no differential data in the range 35-150 keV. This gap is located in the
region of interest of nuclear astrophysics. In balance, there are several integral
measurements in this region, including some quasi-maxwellian averaged cross-section
measurements at 25 keV. The cross-section at 25 keV is well established with a close
agreement between all measurements (Gledenov et al. [71], Sanami et al. [72] and
Wallner et al. [55]) except Brehm et al., who obtained a lower value of a factor of
two. Some differences arise above 25 keV. Shima et al. [73] observed a reduction
in the integral cross sections from 1.67 mb at 35.8 keV to 1.19 mb at 67.1 keV,
while Gledenov et al. [71] saw a mostly flat behavior between 24.5 keV and 144 keV
with values oscillating between 2.04 and 2.08 mb. The most recent measurement by
Wallner et al. encountered a reduction above 25 keV, with values of 0.88 and 0.90
mb at 123 and 178 keV, respectively. Figure 2.1 (bottom,center) shows the detail of
previous data in the keV range.

The first resonance is located closely below 500 keV. There are a few measurements
examining the resonance region. Johnson et al. measured from 150 keV to 2.15
MeV and resolved the resonances using neutrons produced via the "Li(p,n) reaction,
scanning at several points [74]. Later, Morgan measured the cross-section above
450 keV with better resolution using the time of flight technique [75]. Another
measurement by Gabbard et al. [76] provides more data above 1.2 MeV. Others
measured above 2 MeV [77, 76]. The data from Morgan has been taken as reference
for the evaluations. More recently, Wallner et al. projected a reduction of a factor of
3.3 in the strength of the first resonance from a fitting of their integral measurements.
Figure 2.1 (bottom,right) shows the detail of previous data in the resonance region.

The ENDF/B-VIII.0 evaluation does not provide data about the resonance param-
eters for this reaction. Information on the resonance parameters has been also ob-
tained via reactions that lead to the same compound nucleus [78]. The *C(p,n)"N
reaction, whose threshold allows the observation of the first resonances, has been
used for providing information on the J™ of the resonant states [79, 80, 81, 82].
Other reactions have higher thresholds above these states of ®N [70]. Some mea-
surements found an anisotropy in the first resonance [80], while others did not [81].
The neutron polarization measurement by Niecke et al. [82] found a positive parity
for this state. On the contrary, negative parity was assigned in other measurement
[79] and compilations [70, 83].

These discrepancies justify a new measurement of the cross-section, covering a broad
range that connects all previous measurements in a common basis. For this reason,
a measurement in the neutron Time-Of-Flight (n_.TOF) Facility at CERN was pro-
posed [84] and performed during a Campaign in September-October 2017. The next
section will describe the features of the n_ TOF Facility.
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Chapter 2. Measurement of the “N(n,p) reaction with MicroMegas detectors and
DSSSD at n_ TOF

2.2 The Neutron Time Of Flight (n_ TOF) facility
at CERN

The n_TOF facility is the neutron beam facility at CERN and it is dedicated to
measure the cross-section of neutron-induced nuclear reactions for reactor technol-
ogy, nuclear astrophysics and medical physics [85]. It started operating in 2001 and
since then, four main phases have determined its history. Phase-1 consisted of the
original design promoted by Nobel Prize Carlo Rubbia among others, in the period
from 2001 to 2004. Phase-2 included the design of a new target and lasted from
2009 to 2012. In Phase-3 (2014-2018), a second beam line and experimental area
was added to the facility. The current Phase-4 has upgraded the Facility with a
new target optimized to be used for two experimental areas and the addition of a
irradiation /activation station close to the target, starting from 2021.

At n_TOF, neutrons are generated by means of a proton beam of 20 GeV/c mo-
mentum from the CERN Proton Synchrotron (PS) impinging onto a lead target of
approximate dimensions of 40 cm in length and 60 cm in diameter. This gener-
ates a broad variety of particles by the process of spallation, including around 300
neutrons per initial proton. The CERN PS provides a proton beam in bunches of
7-10'2 particles with a low repetition rate of 0.8 Hz that allows no overlap between
consecutive bunches. A water layer acts as a moderator that broadens the neutron
spectrum up to a range from thermal neutrons to few GeV, allowing an almost iso-
lethargic spectrum in the eV-keV range. Most of the charged particles generated in
this process are deflected by means of sweeping or permanent magnets. Neutrons
and gamma radiation, however, are allowed to fly freely towards two experimental
areas located underground around 185 m in the horizontal direction, deviated 10°
from the beam direction (Experimental Area 1, EAR-1) and 20 m above ground in
the vertical direction (Experimental Area 2, EAR-2). Figure 2.2 shows a general
diagram of the facility.

n_TOF
Spallation
Target

o

20 GeV ==
PS Protons

Figure 2.2: Diagram of the n_TOF Facility at CERN, including the underground location

of the spallation target and EAR-1, EAR-2 above ground and the NEAR close to the
target.
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2.2. The Neutron Time Of Flight (n_.TOF) facility at CERN

EAR-1, due to its long flight path, profits from a very good energy resolution (AE/FE
from 10 to 103). EAR-2, located approximately 10-fold closer to the target, lacks
this extremely good resolution but shows a much larger flux (30-40 times that
of EAR-1) that allows, for instance, the measurement of very low reaction cross-
sections. It is also well suited for measurements that need a high flux due to limited
time for the measurement campaign as in short-lived isotopes. The measurement of
the "Be(n,a) and "Be(n,p) reactions was a successful example of such case [86, 87].

A New Experimental Area (NEAR), located closely near the target, has been de-
veloped after the Long Shutdown 2 of CERN (2018-2020). Its characterization has
been performed as part of the new Commissioning of the n TOF Facility. Part
of this characterization has been done within this thesis during a 3-month stay at
CERN. The details of this work on the characterization of the NEAR neutron flux
are described in Appendix C.

2.2.1 The Time Of Flight Technique

The Time-Of-Flight (TOF) Technique allows to measure the energy of particles by
means of the time they take to travel a certain distance. It is specially adequate for
neutrons, for which other techniques designed for charged particles are not available.
The velocity of the neutron, v,, is connected to the TOF by means of the distance,
called the flight path length, L: v, = L/TOF. Then the kinetic energy, F,, can be
obtained, using the relativistic relations:

E,=E—mu = (y—1)m,c (2.1)

where F is the total neutron energy, m,, is the neutron mass at rest, c is the speed

of light and v =1/4/1 — v?/¢? is the Lorentz factor.

Combining all this, we obtain the relativistic relation between TOF and the kinetic
energy of the neutron:

) 1
V1 - L2/(TOF - &)

E,=m, 1 (2.2)

Below the tens of MeV, the relativistic effects are small and the relation can be
reduced to the classical formula:

1 L\’

The TOF can be accessed experimentally considering two times: the measured time-
of-flight, ¢,,, and the so-called moderation or resolution time, tgr. The resolution
time depends on the structure of the original proton pulse, the spallation process
and the subsequent moderation through the moderating layers of the target. This
will be detailed in the following paragraphs. The measured time is the time of
acquisition of an event minus the reference time, known as t,:

TOF =t —tpp = (t —to) — trp (2.4)
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Chapter 2. Measurement of the “N(n,p) reaction with MicroMegas detectors and
DSSSD at n_ TOF

The reference time is the timestamp at which the proton beam impinges onto the
target. There are two ways to extract this at the n_ TOF Facility. In general, the
~-flash is employed as the origin of time since it is the first signal observed in most
types of detector systems. The ~-flash is composed of a huge amount of gamma
radiation (and possibly other ultra-relativistic particles) is generated by hadronic
interaction during the spallation process. The reference time is then the timestamp
of the detection of the «-flash, t,, from which the time needed by light to travel
from target to detector (L/c) has to be substracted:

L
to = t, . (2.5)
When the ~-flash signal can not be used as the time reference for whatever reason
(for instance, not being present or not being a reliable signal), then the PKUP signal
is used. The PKUP is a current monitor located just before the spallation target.
An additional time offset ¢, .+ has then to be used to calibrate the time references
between the PKUP and any particular detector:

L
to = (tpxup — toffset) — " (2.6)

The moderation time depends primarily on the track of the neutrons inside the
target. For this reason, it is better treated as a distance, A, through a conversion:
A=v-tgp=1L- Tt?)FF In reality, this is a stochastic quantity that can be described
by means of a probability density which will depend on the outgoing neutron energy.
For this reason, this is treated as a response function related to the resolution of the
facility, and called the Resolution Function, relating the measured time of flight for

any given neutron energy.

The energy distribution as a function of the measured time-of-flight is then:

The Resolution Function

The energy distribution can be described using the moderating distance. The neu-
trons arriving to the experimental area at a given TOF have an energy spread and
hence the TOF to energy conversion can not be determined as an univocal constant.
This distribution is also not easy to determine or parametrize by means of analyt-
ical functions, and therefore it has to be calculated via Monte Carlo simulations.
These simulations have to take into account all the structure of the proton bunch,
the physics of the spallation and subsequent moderating process, and are specially
sensitive to the geometry of the target. Figure 2.3 shows the TOF to Energy distri-
bution of EAR-2 at the distance of 19.75 m from the target.

The TOF to Energy distribution can be approximated by determining an effective
flight path (L 4+ A), though this is not enough to capture the full information of
the Resolution Function. It is therefore needed to use this information when fitting
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Figure 2.3: TOF distribution as a function of the energy of the neutron, for the EAR-2

at a position of 19.75 cm from the target and a sample size of 2.5 cm in diameter. A beam
duration of 7 ns (R.M.S.) has also been included in the simulation.

the experimental data by means of resonance analysis codes as SAMMY or REFIT.
The RF is dependent on the position and size of the samples. To extract such
detailed numerical data from the simulations, among other utilities, the n_ TOF
Collaboration has developed a Transport Code. This code implements an optical
transport of neutrons from a scoring plane located right after the target towards the
EAR. A set of pre-recorded primaries from MCNP and FLUKA simulations of the
spallation process in the target are used to feed the Transport Code. A selection
of parameters allows to customize the simulation requests for the specific needs
of each experiment. This includes the position and size of the sample (including
misalignment), the possible layers of materials upstream (Al or kapton windows,
backings, other samples, etc). The details of the procedures to obtain the Resolution
Function for any experiment are described in Ref. [88].

2.2.2 EAR-2

The “N(n,p)'C reaction was measured in 2017 within Phase-3. During that time,
the 2" Generation n_TOF Target was in place. That target was designed for oper-
ation when there was only one experimental area (EAR-1), and therefore it was not
optimized for EAR-2. Considering this, here we will describe the features of this
facility concerning that Target, even if after this, the 3'9 Generation n_TOF Target,
optimized for both EAR-1 and EAR-2, is now on duty.

Figure 2.4 shows the layout of the beam line and a photo of the experimental area
inside the bunker. The technical features of the facility and the characteristics of
the neutron beam are described in detail in Refs. [89, 90]. Here we will present the
overall features that characterize EAR-2, including the flux, the beam profile and
the Resolution Function.
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Figure 2.4: Left: Layout of the EAR-2 pipes and collimation system from the n TOF
Target (bottom) to the Experimental Area and the Beam Dump (top). The location of
the magnet, collimator and auxiliary equipment are indicated. Right: Photo of the inside
of the EAR-2 bunker at the time of the measurement of the 4N(n,p) reaction. Neutrons
come upstream from underground to reach the location where the samples and detectors
are located, at the center of the image.

The EAR-2 Neutron Flux, Beam Profile and Resolution Function

The neutron flux of the n. TOF EAR-2 is comprised of several components that are
defined depending on the target and moderator design. Neutrons from the spallation
reactions are mainly generated by fission and evaporation processes, which develops
into an ewvaporation peak centered around 1 MeV. There is an additional peak, called
spallation peak, originated from neutrons coming from intra-nuclear cascade, around
100 MeV. The maximum energy of the spectrum is limited by the kinetic energy of
the proton beam (20 GeV/c momentum), so the spectrum reaches up to a few GeV.
The moderation system based on water (hydrogen-rich material) generates a long
tail ending around a thermal peak centered at 25.3 meV. This tail is somewhat flat,
leading to an iso-lethargic behavior of in the epithermal part the spectrum (from
1 eV to hundreds of keV). Moreover, the thermal peak can be removed by the use
of borated water, that absorbs mostly thermal neutrons via the °B(n,a) reaction.
This reduces the overall background by suppressing the gammas from the 'H(n,v)
reaction generated in water by these neutrons. This is done for EAR-1, while at
EAR-2, a pure water circuit is used for both target cooling and moderation. Thus,
the thermal peak is not suppressed. Other features of the spectrum are related to
the presence of materials along the beam line, such as oxygen and aluminum or
contaminants as manganese, which generate the so-called dips in the spectrum.

Figure 2.5 shows the spectrum of EAR-2 in units of neutrons per nominal pulse,
which is established as the one generated by a 7-10'? proton bunch onto the n.TOF
target, both as an energy spectrum (left) and as a TOF spectrum (right).
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Figure 2.5: Nominal neutron flux at EAR-2 per pulse, at a distance of 19.5 m from the
n_TOF Target. The left figure shows the energy spectrum. The right figure shows the
TOF spectrum. Simulations from the n_TOF Transport Code.

The instantaneous flux of the EAR-2 can be computed by integrating the energy-
dependent flux. From 3 meV to 100 MeV, the instantaneous flux for EAR-2 is
11.5-10° n/cm? /pulse (compared to 1.5-10° n/cm?/pulse at EAR-1). By converting
to time by means of the average frequency of the proton pulse, the flux at EAR-2
becomes 9.58-10% n/cm?/s (and 1.25-10° n/cm?/s for EAR-1).

The EAR-2 beam profile depends on the features and distances to the target, colli-
mators and entrance windows. Neutrons are produced at different positions within
the spallation target and with a certain angular distribution. Besides this, the beam
profile is dependent on the neutron energy, which has to be taken into account in
simulations, specially in the case of position-sensitive detectors or small samples.
Figure 2.6 shows the integral 2D beam profile at a distance of 19.5 m from the
target, for the configuration used during the N(n,p) measurement.
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Figure 2.6: Beam profile at n_ TOF EAR-2, 19.5 m from the target. Arbitrary units in
the Z-axis. Simulations from the n_TOF Transport Code.
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The EAR-2 Resolution Function

The EAR-2 Resolution Function is shown in terms of a A distribution as a function of
the real energy of the neutrons in the beam in Figure 2.7. It is clearly noticeable the
effect of the size or duration of the initial proton bunch which generates the neutron
beam, that dominates at the highest energies (low TOF) but also rapidly declines
in influence and thus the width of the distribution is much reduced around the MeV
range. The effect of neutron moderation enlarges the distribution and generates a
long tail towards larger values of A (larger moderation times imply a longer track
inside the moderator, and thus an increased effective path length). This effect is
much more increased at the thermal peak, where completely moderated neutrons can
perform longer tracks without changing their energy. The color scale corresponds
to the number of histories in the simulation, and thus the intensity is larger around
the neutron energies where the flux is also the highest.
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Figure 2.7: X\-2D distribution as a function of the energy of the neutron, for the EAR-2

at a position of 19.75 cm from the target and a sample size of 2.5 ¢m in diameter. A beam

duration of 7 ns (r.m.s) has also been included in the simulation.

2.2.3 Data Acquisition and ROOT-file production

The n_TOF Data Acquisition System (DAQ) during Phase-3 was based on Signal
Processing Devices (SPDevices), which offered a good combination of high sampling
rate and amplitude resolution and a high dynamic range. ADQ412DC-3G cards
were used, with a maximum sampling rate of 2GS/s, a resolution of 12 bits and 175
MB on-board memory. This combination allows to record the full time window in
which neutrons travel from the target to the experimental area. Every detector was
connected to a particular electronic chain based on the detector requirements and
amplification needs. At n_TOF, a large amount of data is generated corresponding
to each pulse, which requires a high data transfer, that further calls for sufficient
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computer power to analyze and store data. In the aim to reduce the amount of data
recorded per bunch, a zero-suppression algorithm is applied before transferring data
to disk. This algorithm selects a number of samples before and after a signal has
crossed a certain pre-defined threshold, while the rest of the data, which presumably
contains only noise and low energy background, is rejected. This threshold has to
be defined in a conservative way so as not to reject any real signal, but also to keep
data storage within acceptable limits. The recorded data (RAW data) are saved
and transferred to CASTOR (CERN Advanced STORage system), which can be
retrieved later for analysis.

The trigger to start data acquisition is sent by CERN PS 10 ps before the proton
bunch impinges onto the n_.TOF Target. Since then, a movie of 100 ms maximum
(with the fragments selected by the zero-suppression algorithm) is recorded. These
movies contain information of the timestamps and amplitude at each time in terms
of ADC channels (Analog-to-Digital Converters), which are saved in binary RAW
files. These RAW files have to be further processed into ROOT files. These ROOT-
files can be analyzed using the object-oriented data analysis framework ROOT,
developed at CERN. To do so, the Pulse Shape Analysis (PSA) code was developed
at n.TOF [91]. This code is designed for pulse recognition from the RAW-data
movies. The code makes use of a set of parameters that allow to define the specific
requirements for each type of detector and particle. The basic principle behind
the code is the recognition of a signal if the derivative of the signal crosses several
times a threshold defined as a multiple of the RMS (root mean square) in a broader
neighborhood within the movie. Additional parameters define certain threshold for
signal amplitude, area or width, or those for the identification of the y-flash, which
determine the reference time and thus the TOF of any signal. In order to test
the performance of the PSA code, a Signal Analyzer Display was also developed at
n_TOF in order to visualize the signal identification with actual RAW data. Figure
2.8 shows an example of pulse recognition by the PSA using the Signal Analyzer.

Once the set of parameters are optimized for signal recognition of a given detector
type and particle, all the RAW data files are processed and converted into ROOT
files. The data contained in these ROOT files is organized in T7Trees, which register
each event with a list of T'Branches. Each of these refer to a relevant information
of a pulse, i.e. the t,,, amplitude, area or FWHM of the signal, but also the arrival
time of the v-flash, t,, of the bunch in which this signal was recorded, so as to
determine the TOF, and other pertinent data.
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Figure 2.8: Screenshot of the Signal Analyzer. The image shows a movie from the Mi-
croMegas Detector facing the backward adenine sample used in the measurement of the
1N(n,p) reaction. The top panel shows the original signal (black) and the baseline (red).
The central panel shows the derivative of the signal, and horizontal green lines indicate
the threshold used as first criterion to identify pulses. The lower panel depicts the rec-

ognized signals and pulse shape fitting (not applied in this case). Recognized pulses are
highlighted in grey.

2.3 The Experimental Campaign for the *N(n,p)
reaction

The “N(n,p) reaction was measured at n_TOF during September-October 2017.
The measurement was carried out in a joint Campaign together with the *Cl(n,p)
reaction, which is not covered in this thesis. For both reactions, the energy range
of interest was similar, and the out-going particle, a proton, has a similar kinetic
energy, allowing to use the same type of detectors and set-ups.

The experimental setup consisted of a couple of separate detection system that
worked in parallel. The first of them, (upstream) was based on a stack of micro
mesh gaseous structure detectors (MicroMegas), while the second (downstream)
used Double-Sided Silicon Strip Detectors (DSSSD).

The measurement was carried out relative to the 1B(n,a) reaction. To this aim,
10B,C samples were used in both detection systems. For validation and in order to
set the TOF-to-Energy calibration, an 23°U sample was included in the MicroMegas
set-up. In order to measure the N(n,p) reaction, adenine (C5sN5Hj;) samples were
used. For the joint measurement of the 33Cl(n,p) reaction, potassium chloride (KCI)
samples were used.
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MicroMegas Detectors

The MicroMegas detectors are a type of gaseous detectors based on microbulk tech-
nology, for which the low-mass, robustness and neutron and v transparency allow
the use of several detectors along the beam with a minimal perturbation of the neu-
tron beam. Since the detectors are on-beam in front of the samples, the geometrical
efficiency is close to 50 % [92]. This type of detector has been used regularly at
n_TOF both for measurements [93] and beam characterization and monitoring [90].

A MicroMegas detector is divided in two gas volumes by a thin metallic plate with
micro-holes in its surface (the micro-mesh, of ~ 5 pm width). The first region is
delimited between the cathode and the micromesh, which are separated by a few
mm. The second region is defined between the micromesh and the anode, with a
typical width of 25-100 pm. For neutron-induced reactions, the neutron-converting
material is deposited onto the cathode, also called drift electrode. For that reason,
the backing material of the samples has to be a conductive material, such as Al. The
charged particles produced by the neutron interaction that enter the first volume
(conversion region) generate ionization within the gas. The electrons produced are
drifted through an electric field towards the micromesh. The voltage applied to
the drift and mesh electrodes has to be determined to maximize the electric field
lines that pass through the micro-holes so as to increase the detector transparency.
Once the electrons arrive to the second volume (amplification gap), the number
of electrons multiply by means of avalanche processes. The gain of the detector
can be further controlled by the mesh voltage. An appropriate selection of the
parameters generate a signal large enough to be detected, with other constraints
being the resolution, controlled via the drift velocity and the time needed for charge
collection, which controls the probability of having pile-up events.

Figure 2.9: The MicroMegas setup, with the six samples and six MicroMegas detectors
used in the measurement. Two additional samples of KCI were placed for the purpose of
other measurement. From top to bottom, the uranium, boron, adenine and KCI samples
are shown.
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The MicroMegas setup consisted of a set of detectors mounted in a common vessel
as shown in Figure 2.9. It was operated with a gas mixture of 90 % Ar and 10
% CF,4 at atmospheric pressure and room temperature. The MicroMegas detectors
were 9.5 cm in diameter. The 2**U and '°B samples were placed in forward direction,
the two nitrogen samples were placed in a back-to-back configuration, and two KCl
samples in the same configuration as the previous ones. Separate measurements
with the samples and dummy samples (Al foils as substrate of the nitrogen sam-
ples) were carried out in order to determine the background and reduce systematic
uncertainties.

Double-Sided Silicon Strip Detectors

The DSSSD are solid state detectors that provide position sensitivity and allow
background subtraction by means of front-rear strip coincidence analysis. These
detectors have to be placed off-beam where a lower beam background is found, at
the cost of a lower geometrical efficiency. The DSSSD used in this experiment, model
W1 by Mirion Semiconductor Ltd., had a total active surface of 49.5x49.5 mm? and
16x 16 strips, being each strip of 3.1 mm width. The nominal silicon thickness was
40 pm. Front and rear strips are aligned in transverse directions. Coincident pulse
detection in one strip of each side allows the position identification of the particles.

The DSSSD setup consisted of a couple of detectors facing each one a sample of
adenine (top sample) and KCI (bottom sample). These samples were replaced tem-
porarily at the beginning and end of the measurement and replaced with 1°B samples
for normalization. Additionally, the samples were replaced with an 2! Am source,
and a mask was located in between the source and the detector, for calibration and
testing purposes. Figure 2.10 shows the DSSSD setup.

Figure 2.10: The DSSSD setup, with the two samples (adenine at the top and KCI at
the bottom) and two DSSSD facing each sample. The position sensitivity of the DSSSD
allows an angular distribution analysis of the reactions.
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2.4 Preparation and characterization of the sam-
ples

For this measurement, one ?*U sample, one °B sample and two *N samples were
used for the MicroMegas setup. For the DSSSD setup, one '°B sample and one N
sample were used. All the sample deposits were 9 cm in diameter in the case of
Micromegas, and 5 cm in diameter in the case of DSSSD, which is enough to cover
the neutron beam.

The 2°U sample was prepared with the electrodeposition method and an areal
density of 0.117640.0005 mg/cm2 with a 99.934 % 235U enrichment onto 30 um of
Al The boron sample was made of 1°B,C by the sputtering method.

The nitrogen samples were made of adenine (CsH5N5) and prepared by thermal evap-
oration at CERN by Mr. Wilhelmus Vollenberg. The use of adenine was a reliable
choice following the large nitrogen composition and the low neutron cross section
of carbon. The hydrogen present in the sample produces gamma radiation after
neutron interaction that is not detected by the Micromegas. Also the proton recoils
from elastic scattering of neutrons have lower energy than those from the *N(n,p)
reaction produced by neutrons of the same incident energy, and can be identified
and thus filtered out. The adenine samples were characterized via Rutherford Back-
Scattering (RBS) at the Centro Nacional de Aceleradores (CNA) in Seville, Spain.
Previous works showed excellent possibilities for sample characterization [94]. The
energy of the H™ was selected at 0.85 MeV.

In the simulations the Rutherford cross-section for the scattering of H* in Al was
used. For C, N and H, the evaluated cross-section data from the IBANDL database
were used [95]. The RBS spectra were analyzed using the SIMNRA package [96].

Considering the dimension of the samples (5 and 9 c¢m in diameter) and of the
H* beam spot (3 mm) used for the sample characterization, several points were
analyzed for each sample to provide a picture of the homogeneity. The samples
were scanned from the edges to the center in three different directions. In order to
perform an accurate and precise determination of the number of atoms of N, few
points outside the area coated with adenine were also analyzed by RBS. This allowed
the determination of the cleanliness of the substrate reducing the free parameters
of the SIMNRA fit of the experimental data. The overall thickness of adenine is
revealed both by the presence of the peak and the reduction in energy of the edge
from the Al substrate. A noticeable increase of the adenine thickness is found when
comparing the center with respect to the edges of the sample.

Figure 2.11 shows an example of the fitting of the SIMNRA simulation with the
experimental data. The contributions from each isotope present in the sample are
also included in the figure, demonstrating the clear coincidence of the steps in the
number of counts with the simulated curves. In order to estimate the accuracy of the
measurement, several fits of the spectra varying the adenine thickness were carried
out for each measured point, finding a good agreement for all measures within 1-2 %
of uncertainty. This procedure was followed for each measured point in all samples.

Several points were measured over the samples in search for variations in the thick-
ness. We found a smooth reduction of the mass density from the center to the edges.
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Figure 2.11: Example of a single RBS measurement and mass thickness determination
through simulations. The results of the SIMNRA simulation, with the detailed contribu-
tion from each isotope also shown with dashed lines.

The same mass density was found for points at the same distance from the center,
within uncertainties. Figure 2.12 reveals a parabolic pattern in the mass density,
which was attained through the equation m = mg — a - 7. The parameter a is a
measure of the mass distribution throughout the sample, quantified as the curvature
of the quadratic fit, while mq is the mass density at the center of the samples. This
behavior was shared for all samples. The fitting of the data including the spatial
distribution aimed to reduce the uncertainty, which reduces to 1.2-1.5 % for the
total mass in the samples.

Table 2.1 summarizes the results for all the samples. The mass at center corresponds
to the peak surface density of atoms, and a is the mass distribution parameter. The
total mass is computed as the integral of the mass density given by the above
mentioned formula.

Sample mo a Total number of atoms
(‘at/b) (at/b/cm?) (10%° - at)
DSSSD 6.88-107%  7.24.107% 1.30640.020
Backward MicroMegas 1.382-107°  2.18-1077 8.79£0.11
Forward MicroMegas 1.958-10™°  3.91-10~7 9.9440.12

Table 2.1: Results of the characterization of the mass density for all the adenine samples.
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Figure 2.12: Mass density radial distribution for the Forward adenine sample in the
MicroMegas setup. The horizontal error bars match with the size of the probe (3 mm).
The adenine thickness gradually decreases to its edges following a quadratic function. The
quadratic fit is shown with a dashed line.

2.5 Data Analysis

At n_TOF, two types of proton bunches are delivered to the target by the PS. Primary
pulses are dedicated to n_TOF and have an intensity close to the nominal intensity (7-10'2
protons per bunch). A second type of pulses, also called Parasitic pulses, have a lower
intensity (2-3.5-10'2 protons per bunch).

In all cases, the analysis was done separately for high intensity and low intensity pulses.
High intensity pulses allow larger statistics, but suffer from a most intense gamma flash.
On the other hand, low intensity pulses profit from a reduced gamma flash which al-
lows a better signal identification and cleaning, thus increasing the energy range of the
measurement in the high energy region.

The count rate, C, in a certain detector can be computed as:

C=NodPe+ B (2.8)

where N is the number of atoms in the sample that faces the beam, or effective mass;
o is the reaction cross-section, ® is the neutron flux impinging onto the sample and € is
the detection efficiency, which depends on the geometrical solid angle of the detector to
the sample and the intrinsic detection efficiency. B is the background count rate, which
is composed of all other detected radiation, including ambient background, beam-related
and sample-related sources of radiation. The flux can be computed by means of another
known reaction, such as standard reactions as °B(n,a) or Li(n,t).

In our case, the cross-section of the “N(n,p) reaction will be computed relative to the
10B(n,a) reaction:
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on = (CN_BN)'NB'€B
(Cp —Bp) - Ny -en

where subscripts X and Xpg indicate nitrogen and boron, respectively.

oB (2.9)

Signal identification allows a filtering of a large fraction of fake signals, and thus serves
as a first raw estimate of the count rate. However, this is a poor estimate and has to
be corrected for several effects. For instance, dead-time and pile-up events have to be
accounted. Pulse selection and thresholds always leave some undetermined pulses out,
which need to be accounted and compensated. Background needs to be estimated and
subtracted. Beam attenuation between and within samples has also to be accounted. This
is specially relevant in case of thick samples, or when a stack of samples are placed on top
of each other, as in the MicroMegas set-up. In order to calculate the detection efficiency,
dedicated simulations of the set-up have to be performed. The next sections will describe
the overall corrections performed in this analysis, separately for each detection system.

2.5.1 MicroMegas Analysis
Signal Identification

The signals from MicroMegas detectors were reconstructed off-line by means of a Pulse
Shape Analysis routine described in a previous paragraph, from which information was
extracted about the amplitude, area, timing and other features of the signals. Overall,
pulse identification was clean and proton signals were properly accounted. The criteria
were set so that any possible real proton signal were included, even if several fake signals
were also identified as such. Posterior stages in the processing would reject all fake signals,
most related to low energy noise structures. Pulse identification in the neighborhood of
the y-flash was greatly limited, due to the non-consistent behavior of the y-flash recovery.
This avoided the design of an average pulse shape for the ~-flash from where deviations
could be interpreted as useful signals. Therefore, the maximum neutron energy accessible
with this detection system was reduced to around 50-150 keV (depending on the baseline
recovery, which was faster for parasitic proton pulses). Figure 2.13 shows two examples of
such pulse identification displayed via the Signal Analyzer.
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Figure 2.13: Two examples of pulse identification with the PSA routine using RAW
data from a MicroMegas detector facing an adenine sample. The top movie shows the
identification of the y-flash structure and the slow recovery of the detector (2 us), and
also the identification of smaller amplitude signals later in time. The bottom movie shows
the identification of a proton, together with three other fake signals (low energy noise)
that would later be rejected.
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Noise and background subtraction

In the case of nitrogen, the emitted proton has a low energy, which makes it complicate
to separate the counts from the low energy noise and background. The adenine samples
were replaced with dummy samples (i.e. only with the Al backing) during the last part
of the measurement in order to measure the overall background. Dedicated fittings of the
count distribution along the whole energy range were performed, in order to estimate the
fraction of rejected counts outside the selection thresholds. Figure 2.14 shows the counts
from the forward nitrogen sample in the MicroMegas detector. The signals from protons
can be clearly distinguished above the background along the energy range, also noting an
increase of the low energy noise in the detector at higher neutron energies towards the
~v-flash, which limits the proton detection above 100-150 keV, considering also the lower
proton production due to the decrease of the cross-section at these energies.
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Figure 2.14: Energy deposition spectra for four neutron energy intervals (5-20 meV, 0.2-2
eV, 20-200 eV and 2-20 keV) in the MicroMegas detector facing the forward adenine sam-
ple. The blue-like colors correspond to the data with the adenine sample, while the red-like
colors correspond to the Dummy sample (only Al backing). Thick lines correspond to the
counts in the 0.2-2 eV neutron energy interval and Light blue/orange spectra correspond
to the 2-20 keV one. The curves have been normalized to the same integral between 3700
and 10000.

A similar procedure was followed in the case of the boron and uranium samples. Figure
2.15 shows a scatter plot of the area of the signal versus their TOF for the MicroMegas
detector facing the 1B sample, where « signals are discriminated from the other reaction
products, electronic noise and pile-up events. Similarly, a threshold in energy deposition
has been used to separate the fission fragments from the signals from « decay and electronic
noise for the detector with the 23°U sample as shown in Figure 2.18. In that Figure, the
energy deposition curves for different energy ranges have been normalized to prove that
the low energy tail is the same at all energies, hence the correction due to the fraction of
fission events lost below the threshold is the same at all energies, evaluated as 0.972.
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The residual background within the selection thresholds was measured by means of the
dummy samples. The background at all the neutron energies was found well below 103
for the 23°U and '°B samples with respect to the reaction count rates, therefore it was
neglected in the analysis.
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Figure 2.15: Scatter plot of deposited energy vs. time of flight for the detector in forward
emission from °B. The two regions corresponding to the detection of a-particles and 7Li
are clearly distinguished (in the upper part also the higher energy a-particles from the (n,
ag) reaction are visible). The lines are the energy-dependent threshold applied to select
the a-particles used in the analysis. Pile-up events can also be observed above the regular
« signals. The behavior at low tof is related to the effect of the -flash.
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Figure 2.16: Energy deposition spectra for seven neutron energy intervals corresponding
to halves of decade in TOF, from 3.16-10% to 107 ns. The two-bump structure of the bell-
shaped curves proves that these are fission events. The curves have been renormalized
to the same integral between 20000 and 180000 (thresholds) to prove that the fraction of
fission fragments lost below the threshold is independent of the neutron energy.
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Dead Time Correction

Dead-time corrections were computed following the non-paralyzable response model [97]
assuming a fixed dead time for each detector. The real count rate, Cr, can be computed
by means of a correction factor, fpr, to the measured count rate, C,,, as:

1
Cr=Cw- for, [pr= T Aipr .

Atpr is the fixed dead time of each detector, corresponding to the time in which the
detection system is not recording any event. This can be estimated via several methods.

In this case, an agreement between the different methods was used in order to ensure an
adequate estimate for each detector:

(2.10)

e The dead time depends on the time duration of the signals. Therefore, a first
estimate of Atpp is the average FWHM of the signals of interest.

e A second estimate can be obtained by elaborating on the previous one. Using a
large data-set of pulses allows to compute statistics on the time interval between
consecutive pulses. The distribution of time intervals shall be somewhat flat given
the random occurrence of nuclear reactions. However, there shall be a minimum
time interval, different from zero, where two consecutive pulses are recognized as
a single pulse (and this would then be an event of pile-up). This is observed as
a rather sharp cut-off. The location of this cut-off can be used as an estimate of
AtDT.

e The third estimate is more related to the fact that the dead time correction is
dependent on the actual count rate. Since at n_TOF there are two types of pulses
with different intensities, then the count rate and thus the dead time correction
would be different for these two types of pulses. The actual ratio between the yield
from high and low intensity pulses shall be 1. By calculating the ratio between the
(non-corrected) yield from high and low intensity pulses, one can infer the value
At pr that restores the ratio to unity. Alternatively, this method can be used as a
check for the value obtained with the first two methods.

In the case of the adenine samples, the count rate was low enough that the dead time
corrections were negligible in most of the energy range, with a maximum below 0.1 % at
the thermal peak. However, for '°B this correction accounted up to 5.5 % and 2.2 % near
the thermal peak for dedicated and parasitic pulses, respectively. For 22U the correction
peaked around 1.4 % at thermal and some 3-7 % at some resonance peaks. It also went
up at low TOF where time separation between events is reduced. Figure 2.17 shows the
dead time corrections for the case of 23°U and '°B, both for high and low intensity pulses.

Energy Calibration

The TOF-to-energy calibration was performed according to methods described in Ref.
[88]. The experimental TOF yield was compared to the simulations from the n_TOF
Transport Code, which includes the effect of the n.TOF-EAR2 resolution function. The
flight path length, L, was varied as a parameter and the data was fitted to the simulations
until a good agreement was found. In order to have an adequate determination of the
flight path length, a material with a large number of well known resonances in a broad
energy range is needed. This was one of the main reasons to include an ?*>U sample in
the first position in the stack of samples. The agreement between the simulation and the
data is shown for a broad set of resonances of 23°U in Figure 2.18.
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Figure 2.17: Dead time correction, fpr, for 23U and B, separated in dedicated (High
Intensity, HI) and parasitic (Low Intensity, LI) pulses.
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Figure 2.18: Measured 23U TOF spectra in the low energy and resonance region (blue
points for low intensity pulses, black points for high intensity pulses), compared to the
ENDF /B-VIII.O evaluation (red line) convoluted with the resolution function by means of
the n_TOF Transport Code.

The extracted effective flight path was 19.39 m for the position of the 23U sample in the
MicroMegas Chamber. This corresponds to the geometrical distance of the experimental
apparatus from the surface of the Pb spallation target. This flight path was adjusted for
the subsequent samples according to their position inside the Micromegas chamber.
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Neutron Flux and Normalization

The cross-section of the *N(n,p) reaction was computed relative to the °B(n,a) reaction,
which is a standard reaction in the whole energy range of interest for this measurement.
However, the uncertainty in the mass of the boron sample was much larger than that of
radioactive samples such as an 23°U sample. For this reason, and given that the 23°U(n,f)
cross-section is a standard for thermal neutrons, the boron sample was normalized to the
uranium. This results in a lower uncertainty, as the mass of the uranium sample was
determined with an accuracy of 0.425 %.

In addition, the 23°U/!9B yield ratio was calculated for the whole energy range (not only
thermal neutrons) to check the adequacy of the measurement and for validation purposes.
A good agreement between the two samples was found, as shown in Figure 2.19, comparing
the ratio of the TOF spectra compared to the simulations, where the different detection
efficiencies and the neutron beam resolution function are considered, following Ref. [88].
The effect of neutron attenuation due to the relative position of the uranium and boron
samples was also considered.
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Figure 2.19: Measured 23°U/!°B TOF ratio with high intensity pulses (black points) and
low intensity pulses (blue points), compared to the ENDF/B-VIIL.O evaluation (red line)
convoluted with the resolution function by means of the n_ TOF Transport Code. The
reduced effect of the gamma flash in the low intensity pulses allows to extend the energy
range (low TOF).

Simulations on the efficiency

The efficiency corrections for the MicroMegas detectors were determined by detailed Monte
Carlo simulations of the reaction products’ energy loss in the samples and the gas. In
these simulations, the thickness profile distributions of the samples have been considered.
Energy and angular distributions were adopted from [98] for the boron sample, and was
assumed as isotropic at the center of mass for U and N samples. The reaction events were
assumed to occur uniformly along the beam direction inside the sample, and the beam
profile from the n_ TOF Transport Code was used. The simulations were performed with
the MCNP6.2 code [54].
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Figure 2.20: Simulated detection efficiency at the MicroMegas detector. Forward (blue
and backward (green) adenine samples are show.

Figure 2.20 shows the total efficiency for the forward and backward nitrogen samples. The
efficiency at low neutron energies corresponds to that of proton emission from thermal
neutrons, which then changes once the incident neutron energy becomes comparable to
the reaction Q-value. The efficiency at low neutron energy is different for forward and
backward samples due to the different thickness of the samples (larger for the forward
sample), which becomes relevant for proton emission near grazing angles, though this
effect becomes less relevant at higher neutron energies. Furthermore, at higher energy
the angular distribution in the laboratory system contributes to a larger emission in the
forward direction.

2.5.2 DSSSD Analysis
Signal Identification

The identification of the signals from protons due to the 14N(n,p) reaction in the adenine
sample or the o and “Li from the °B(n,a) reaction in the boron carbide sample was
straightforward as in the MicroMegas case. However, the signals related to the v-flash,
which were supposed to serve as the time reference, proved not to be as clear. In most of
the cases, the ~v-flash signal was intense and very sharply defined, which allowed a clear
identification and precise determination of ¢,. However, a non-negligible amount of vy-flash
signals (around 20 %) showed a weird-like behavior. In some cases, the shape of the signal
was not as sharp or showed multiple minima instead of a first deep peak and a smooth
recovery. In these cases, the timestamp of the y-flash was shifted and therefore it was not
reliable. Many other cases had a dim v-flash signal, which usually could not fall below the
selection threshold and hence the signal could not be identified as a ~y-flash signal. In these
cases, the start of the movie was taken as the time reference, and the TOF determination
yielded wrong results. Some more cases did not even show a v-flash signal, which at the
end consisted in the extreme case of the previous behavior.

Some examples of such improper y-flash identification can be seen in Figure 2.21. Each
of the movies correspond to a well defined ~v-flash (top movie), a weird-like signal (second
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Figure 2.21: Some examples of the movies from several strips in the DSSSD. The movies
capture the first 100 us since the trigger, thus comprising the ~-flash. The baseline is
indicated with the red line, and the identified signals are shaded in grey. The ~-flash
timestamp is indicated with the vertical yellow line. It can be clearly noted that the -
flash signal is not present in the 4" movie, it is very dim in the 3¢ and deformed in the

2nd movie.

movie), a dim ~-flash (third movie) and no ~-flash signal at all (bottom movie). This
behavior was not characteristic of a particular strip or group of strips, but was rather
found thorough the whole set of front and rear strips. Moreover, this phenomena was
observed in both dedicated and parasitic pulses. It was also checked that these wrong
~v-flashes were not a feature of a particular bunch, since in most cases these appeared in a
single strip while at the same time, adjacent strips presented a well defined signal.

In order to overcome this situation, and given that using the ¢, as time reference would
lead to discarding 20 % of the data!, a different strategy was followed. The grounds of this
procedure were described in the previous section, where the TOF technique was presented.
The PKUP signal from the proton beam just before impinging onto the n_TOF target was
used as time reference, with a time offset, Z,7tset, yet to be determined by calibration.
This calibration will be discussed in the next sections.

Time coincidence analysis between front and rear strips in the detector was performed in
order to reduce part of the low energy background, which was followed by a pulse-area
coincidence signal rejection which allowed a significant signal cleaning. Figure 2.22 shows
a scatter plot of the area of the signal versus their TOF for the DSSSD facing the nitrogen

'Even more given that a posterior step in the analysis procedure was the time coincidence
analysis between front and rear strips, and a significant fraction of signals with a proper ¢, defined
would not find a coincidental one, since the other did not have a reliable time reference.
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sample. The event data before the coincidence signal cleaning is shown in black, and the
cleaned data is superimposed in color. The signal cleaning near the gamma flash allows to
separate and identify the signals corresponding to the first two resonances of the reaction.
The signals corresponding to the first two resonances can be clearly identified around 2000
ns. The behavior at low TOF is related to the effect of the v-flash. This is clearly noticed
in the lower panel of Figure 2.22, zooming in the resonance region. However, even after
this signal cleaning, a small amount of unidentified background could not be removed,
which is specially relevant in the 10-300 keV range where the cross-section is smaller.
That additional background would be subtracted later during the SAMMY fitting in order
to extract the final unbroadened cross-section data. Pile-up events are negligible, but a
small amount of boron contamination is observed, which does not affect the analysis as it
appears at higher signal area (i.e. deposited energy). An energy dependent area threshold
has been applied to select the protons from the ¥N(n,p) reaction, whose contours are
delimited with red lines. This procedure led to success using the low intensity pulses,
which generate a shorter detector blindness after the gamma flash, but could not be
reproduced with high intensity pulses. As the detector recovery from the ~-flash had a
duration in the range of 1400-2000 ns (for parasitic and dedicated pulses, respectively),
the maximum neutron energy for which reaction products could be observed as separate
from the y-flash was in the range of 0.5-1.0 MeV. This was therefore the maximum energy
achievable with this setup. A conservative margin was also applied to avoid any possible
count loss in the edge of pulse discrimination. This led to defining the upper limit at 300
keV for dedicated pulses and 800 keV for parasitics. That resulted in a lower collection of
statistics above 300 keV, including the resonance region, as there was count collection for
parasitic pulses. Below that energy, the full statistics from both dedicated and parasitic
pulses was collected and used in the further analysis.

Energy Calibration

In the absence of a sample with a large number of resonances in the DSSSD setup, a
different strategy was followed in this case. First, the geometrical distance between the two
setups was measured using a ruler. Second, the same procedure as in the MicroMegas setup
was followed (i.e. fitting the simulated count rate to the experimental data with the flight
path length as a parameter). The simulated count rate was computed using the Transport
Code as in the MicroMegas case. In this case, the smooth cross-section of the *B(n,a)
reaction was used, in the aim of profiting from the features in the neutron spectrum (e.g.
the large thermal peak and the many dips in the flux related to Al absorption. In addition
to the flight path length, in the case of DSSSD, a second parameter had to be fixed during
the calibration. This was the case of the ¢,f s that had to be included due to usage of the
PKUP signal instead of the y-flash as a time reference. The presence of many dips in the
flux in a broad energy range together with the thermal peak allowed the determination of
both parameters at once, being the t,frs.; more sensitive to the high energy dips (lower
TOF), and L had a larger sensitivity at the thermal peak. The results from the fitting
for the DSSSD chamber showed that the extracted effective flight path was 19.75 m, in
accordance with the geometrical distance between the two detection systems. Figure 2.23
shows the fitting of the simulated yield from the Transport Code with the experimental
data from the B sample in the DSSSD chamber.
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Figure 2.22: Scatter plot of deposited energy (signal area) vs. time of flight for the signals
in the DSSSD facing the adenine sample. The the black counts correspond to all the
recognized signals before the coincidence analysis, while the coloured counts correspond
to the signals after the coincidence analysis. The red lines are the energy-dependent
threshold applied to select the protons from the *N(n,p) reaction. Signals below 0.3 in
area were discarded as completely covered by low energy noise.

Simulations on the efficiency

For the case of the DSSSD, in addition to the abovementioned details for the MicroMegas
setup regarding kinematics and the description of the adenine sample, the specific geometry
of the detector was implemented in the simulations, including the silicon layer thickness
and the double strip features, specially regarding the inter-strip spacing. Figure 2.24
shows the simulation of the protons produced in the 4N(n,p) with thermal neutrons,
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Figure 2.23: Fitting of the simulated counts at the DSSSD (red) to the experimental data
with the boron sample (blue for dedicated, black for parasitic pulses).

together with the of the simulated count efficiency, from thermal neutrons and also from
500 neutrons for comparison.

The positioning and orientation of the detector with respect to the sample and the beam
were checked with the observed count distribution at the detector, by using an 2*'Am
source and also the counts from the thermal region with the '°B sample, assuming isotropic
« particle emission. Furthermore, some of the strips from the DSSSD were broken or
noisy, whose geometrical contribution to the detection efficiency was removed from the
computations. The detection efficiency for the nitrogen sample is shown in Figure 2.25.
The efficiency increases with the impinging neutron energy due to two contributing factors.
The first one is the fact that increasing the neutron energy does the same for the outgoing
proton by energy conservation. This in turn reduces the likelihood that a proton be
kept inside the adenine sample when emitted in a direction far from normal to the sample
orientation. The second effect, which is dominating, is the fact that increasing the neutron
energy makes the angular distribution peak towards the incident neutron beam direction,
also by kinematics. Since the DSSSD is located at an angle closer to the forward direction,
the efficiency increases. This effect is also seen in the count distribution within the strips,
which shifts towards the forward direction, as it can be seen in Figure 2.24 (bottom) when
comparing the count distribution within the horizontal strips due to protons from thermal-
or 500 keV-neutron-incident reactions.
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Figure 2.24: Top: Plot of the geometry of the MCNP simulation to determine the ge-
ometrical efficiency of the DSSSD detector. The position of the adenine sample and the
DSSSD are indicated, as well as the incoming neutron beam which serves as the reference
direction. Bottom: Plots of the proton distribution within the vertical (top) and hori-
zontal (bottom) strips. Protons generated from thermal neutrons (red) and from 500 keV
neutrons (blue) are shown.
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Figure 2.25: Simulated detection efficiency at the DSSSD. The total efficiency (all strips
added, discarding the broken ones) is shown.

Neutron Flux and Normalization

As in the case of MicroMegas, a 1B sample was used to estimate the neutron flux at the
position of the measurement of the *N(n,p) reaction. However, in the case of DSSSD,
both reactions could not be measured at the same time. Therefore, the adenine sample
was substituted by a °B4C sample at the beginning and at the end of the measurement.
The duration of each period was defined so that the amount of statistics was enough and
comparable for both measurements, given the limitation in statistics for the DSSSD setup
due to the smaller solid angle between sample and detector. Moreover, in the case of
the DSSSD setup, the adenine sample was smaller both in size (2.5 c¢cm radius) and in
terms of mass (almost 7 times smaller), reducing even further the counting statistics. A
larger uncertainty in the sample-detector positioning compared to MicroMegas was also
a concern, even after careful measurements and checks of the position distribution of the
detections within the DSSSD, which reduced this uncertainty to a lower level.

These reasons led to deciding that the DSSSD cross-section data be normalized to the
MicroMegas data, in the range where both reactions were measured at once (the full
range of MicroMegas, from 8 meV to 80 keV). This reduced reasonably the systematic
uncertainty of this measurement.
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2.6 Experimental data from the MicroMegas and
DSSSD Measurement

The main goal for this measurement was to obtain a consistent data set spanning from
thermal to the resonance region, including a new measurement of the thermal value and
covering also the astrophysical range of interest where data was scarce and also discrepan-
cies were found. Furthermore, to provide a new measurement of the first two resonances
after previous experiments suggested a possible deviation of a 3.3 factor.
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Figure 2.26: Nuclear data from the measurement. Experimental data is still affected by
residual background and resolution broadening. Results are shown at 10 bins per decade
below 300 keV and 100 bins per decade above 300 keV (resonance region). MicroMegas
results are separated in Forward (green) and Backward (blue) samples, and also in High
Intensity (HI) and Low Intensity (LI) pulses. DSSSD data is shown in red, corresponding
to the merge of HI and LI below 300 keV, and only LI above 300 keV.

The measurement with MicroMegas detectors has covered the range from 8 meV to 80
keV with the backward sample, and up to 130 keV with the forward sample. The results
from both samples agree with each other within uncertainties. The measurement covers
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the complete 1/v range, including the thermal point, thus reproducing and extending
the data by Koehler [69]. It also covers part of the astrophysical range of interest. The
measurement with MicroMegas detectors offers reliable results profiting from thick samples
and a larger detection efficiency (close to 50 %), from which the thermal cross-section can
be obtained and the 1/v behavior confirmed. The measurement with DSSSD detectors
extends the range up to 800 keV. This allows to fully cover the astrophysical range of
interest, and allows to analyze the first two resonances. The data from DSSSD has a lower
counting statistics due to a thinner sample and specially a much more reduced geometrical
efficiency. Also increased systematic uncertainties due to the simulation of the geometrical
arrangement of the sample and the detector. For this reason, the data from DSSSD have
been normalized to that of MicroMegas detectors in the 1/v range, where there are data
from both detection systems. Overall, this measurement spans eight orders of magnitude
providing for the first time a common consistent data for the thermal and 1/v range, the
astrophysical range and the resonance region. Figure 2.26 shows the experimental data
from MicroMegas detectors (including forward and backward samples, and also separated
by HI and LI pulses) and DSSSD.

These data are still affected by the resolution broadening of the n. TOF-EAR2. This
effect is not negligible, and can be noted particularly near the thermal region and more
evidently by the broadened resonances. The unbroadened cross-section will be shown
after the deconvolution of the data, in order to remove the effect of the n_.TOF Resolution
Function, specifically computed for the EAR2 at 19.75 m of flight path, by means of a
fitting of the data with the SAMMY code [99].

2.6.1 Angular distribution of protons at the 493 keV reso-
nance

Previous measurements of this reaction did not carry out an angular distribution analysis
at the resonances. Any deviation from isotropy would be an indication that the spin of

the resonance is larger than % The available information on the spin and parity for the

corresponding N state was assigned as %_ from a measurement of the *C(p, v) reaction

[79]. This would indicate an isotropic proton distribution. Previous measurements of the
reverse reaction 4C(p,n)*C measured the anisotropy of neutron emission, with Sanders
[80] observing a possible anisotropy but attributing it to target non-uniformity, and later
Gibbons et al. not observing such anisotropy at the center of mass [81].

The angular distribution of the protons emitted at the 493 keV resonance was analyzed by
means of the counts at individual strips in the DSSSD. Dedicated MCNP simulations were
run using an isotropic proton distribution in the Center of Mass reference system. The
reaction kinematics was included in the simulations. Protons were generated along the
adenine sample with a spatial distribution given by the neutron beam profile at a distance
of 19.75 m from the n_ TOF target and 493 keV. Figure 2.27 shows the count distribu-
tion in the strips of the detector in the vertical direction that is sensitive to the angular
distribution (the strips in the horizontal direction lie perpendicular to the beam and the
possible differences between angular distributions is minimal). The experimental data is
in agreement with a distribution arising from protons emitted isotropically. However, a
small deviation from the isotropic distribution below the uncertainty levels can not be
discarded, given the sensitivity limited by statistics. The observed result, compatible with
isotropy, is in line with the spin assigned by the compilations (%) for the first resonance,
for which only isotropical angular distributions can be observed.
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Figure 2.27: Experimental counts at the horizontal strips of the DSSSD (black), compared
with the simulated distribution of counts for protons emitted isotropically (red).

2.6.2 R-Matrix Analysis - sammy - RF Deconvolution

The analysis the determination of J™ of each resonance from Ref [70] was assumed in the
present analysis. The I'y values were considered from the Atlas of Neutron Resonances by
Mughabghab [83], and the rest of parameters were taken as initial guess for the R-Matrix
fitting. The channel radii were also taken as 5.5 fm from Ref [83].

The Bayesian code SAMMY [99] in the Reich-Moore approximation of the R-matrix theory
was used for the analysis. A fit of the data from DSSSD has been performed. The DSSSD
data are shown with black points in Figure 2.28, together with MGAS data in greenish
colors, where the fit of the experimental data is displayed, in red. Only statistical uncer-
tainty has been included in the fitting procedure. A small constant background of 0.42 mb
was also included, to compensate the small background left after coincidence analysis. The
experimental data are affected by Doppler broadening and Resolution broadening, which
is ultimately handled with the n TOF-EAR2 Resolution Function. These effects were
included in the saAMMY fit. Multiple scattering and self-shielding effects were negligible
given the small thickness of the adenine samples.

The experimental data was consistently described in the range from 8 meV to 800 keV
after the sAMMY fit. The resonance parameters and p strengths extracted from the fitting
are shown in Table 2.2. The p strength is defined as gI',I',/I", where I' =T',, + T+ ' + T,
is the total width. T, is only non-zero above the (n, «) threshold, and in this case only for
the resonance at 644 keV. The statistical factor is defined as g = (2J+1)/[(2]+1)(2i+1)],
and J, I and ¢ are the spins of the resonant state, the target (17) and the projectile (%Jr),
respectively.
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Figure 2.28: saMmyY fit (red) of the experimental data (black). The upper panel shows a
depiction of the full range covered by this measurement, from 8 meV to 800 keV, and the
lower panel shows a detail of the resonance region.

The fit of the experimental data (in red) includes the effect of the Resolution Function,
which is specially relevant in the resonance region, as it can be clearly observed in the
lower panel of Figure 2.28. The Resolution Function broadens the resonances but also
shifts them towards lower energy in an evident manner. However, this effect can be taken
into account to recover the cross-section data due to the good quality of the simulations
used to obtain the Resolution Function data of the n . TOF-EAR2, described in Ref [88].
Another remarkable effect of the Resolution Function is the dampening of the experimental
data, which appears as lower than the 1/v behavior near the thermal range, due to the
presence of a relevant neutron thermalization (which also causes the thermal peak in the
n-TOF-EAR2 spectrum), which in an effective manner increases the flight path length.
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En(keV) J= T, (eV) Ln(keV) T, (keV) L, (keV) gL,L,/T (keV)
492.7 029  1.90+0.15 - 62+08  0.48+0.04

+

644 4.2+0.7 35+5 < 0.3 9.2+0.7 241 +£0.22

N |—=

Table 2.2: Resonance parameters and (n,p) resonance strength of the *N(n,p)'*C reso-
nances obtained in the present work. J™ are taken from Ref [70]. Gamma and « widths
as in the Atlas of Neutron Resonances by Mughabghab. Neutron and proton widths ob-
tained from the sAMMY fit of the n_ TOF data. Proton strengths derived from all other
parameters.

2.7 Results: The “"N(n,p) reaction cross-section

Figure 2.29 shows a comparison of the obtained cross-section from the saAMMY fit, com-
pared to the ENDF/B-VIIIL.0 evaluation.

The reconstructed cross-section describes well the 1/v behavior below 10 keV. The reso-
nance region is found close to the previous evaluations, lower than ENDF/B-VIIL.0 but
within uncertainties. However, the low energy tail of the first resonance at 492.7 keV is
found to have a different, finer shape than previous evaluations. This contributes to a lower
cross-section in the 10-300 keV range, which is compatible with previous experiments such
as the resonance measurement by Johnson et al., in an energy range that did not match
well with the evaluations. In particular, the reconstructed cross-section also matches well
the experimental data by Wallner et al. at 127 and 178 keV, and given the reliable data
obtained in that measurement, this provides a good confirmation of the goodness of the
results.

The fact that the cross-section exhibits this shape due to the presence of the resonance
at 492.7 keV but also the tail of the wider one at 644 keV confirms, in particular, the
strength of the first resonance, which was questioned with the extrapolation of the integral
measurements by Wallner et al., in which they assumed the shape of the resonance as the
same in the evaluation. Now, given the change in the low energy tail of the 492.7 keV
resonance, the experimental data by Wallner et al. fully agree with the results given in
this work.

2.7.1 Thermal Cross-Section

The thermal cross-section for the 1*N(n,p)'C reaction has been extracted from the results
of the fit of the experimental data, from where the effects of the resolution broadening
described by the n_ TOF-EAR2 Resolution Function could be removed. The thermal cross-
section is found to be 1.809+0.045 b, with a systematic uncertainty of 2.5 %. Figure 2.30
shows a comparison of this result with previous measurement of this quantity and also the
reference evaluations.

Our result is in agreement with the most recent ENDF /B-VIIL.0 and JEFF-3.3 evaluations,
and previous measurements. The result is lower than the JENDL-5 evaluation, which used
the data by Wagemans et al. for its thermal value. It is also lower but within 1.2 standard
deviations with the measurements by Wagemans et al. (1999) and 1.3 standard deviations
with the most recent findings by Kitahara et al. (2019). The data by Wagemans et al.
has been renormalized due to a change in the 23>U(ng,f) cross-section, from which they
measured relative to. The thermal cross-section extrapolated from the data by Koehler et
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Figure 2.29: Reconstructed cross-section at 300 keV obtained from the SAMMY fit (blue)

and the ENDF/B-VIII.0 (same as JEFF-3.3) evaluation is included (green). The upper

panel shows a depiction of the full range covered by this measurement, from 8 meV to 800

keV, and the lower panel shows a detail of the resonance region.

al. (1989), which was normalized to the Nuclear Data Compilation by Ajzenberg-Selove,
at 1.83+0.03 b, is in good agreement with the outcome of this work, as well as previous
measurements as Gledenov et al.. This result is also compatible within uncertainties with
the Compilation of the Atlas of Neutron Resonances by Mughabghab.

2.7.2 Maxwellian-Averaged Cross-Section

Maxwellian Averaged Cross-Sections (MACS) have been calculated for thermal energies in
the range 5-100 keV, using the reconstructed cross-section obtained from the saAmMmy fit.
The results are listed in Table 2.3, together with the comparison of the previous estimates
by Wallner et al. and the ones derived from the ENDF/B-VIIIL.0 evaluation.
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Figure 2.30: Experimental results of the measurement of the thermal Cross-section of
the 14N(n,p)*C reaction. The values for the most recent evaluations of ENDF/B-VIIL0
and JEFF-3.3 (blue, labelled ENDF) and JENDL-5 (green, labelled JENDL) are indicated
with the dashed lines. Also the tabulated value in the Atlas of Neutron Resonances of
Mughabghab [83] is shown (purple, labelled ATLAS*). The results from previous measure-
ments are marked with black squares, and this measurement, in the right-most position,
is shown in red. Data from Wagemans et al. has been re-normalized due to changes in the
standard they measured relative to. Koehler et al. normalized their data to the reference

values of Ref [70].

kT (keV) Wallner et al.

ENDF/B-VIII.O This Work

)
8
10
15
20
23
25
30
40
50
60
80
100

3.78 £ 0.06
3.12 £ 0.05
2.89 £ 0.05
2.47£0.04
2.21£0.04
2.09 £0.04
2.03 £ 0.04
1.93 £0.04
1.85+£0.05
1.83 £ 0.06
1.84 £ 0.07
1.84 £ 0.08
1.83 £0.08

3.807
3.007
2.702
2.256
2.018
1.926
1.879
1.796
1.746
1.861
2.225
3.961
6.917

3.91 £ 0.10
3.09 £0.08
2.76 £0.07
2.26 £ 0.06
1.97+£0.05
1.84 £ 0.04
1.77+£0.04
1.63 £0.04
1.47+0.03
1.46 £ 0.03
1.69 + 0.04
3.14 £0.10
5.83 £ 0.20

Table 2.3: Maxwellian Averaged Cross-Sections derived from the reconstructed cross-
section, compared with the previous calculation by Wallner et al. and from the ENDF/B-

VIII.O evaluation.
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Chapter 3

Evaluation of the impact of the

measurement in dose calculations
for BNCT

The objective of measuring the *N(n,p) reaction cross-section towards BNCT was to
improve the accuracy of the data and solve the discrepancies in the low-energy cross-
section that could lead to significant under- or over-dosification in the patients under
neutron irradiation. This is due to the fact that the N (n,p) reaction produces the largest
contribution to the neutron dose in normal human tissues due to low energy neutrons,
and generates around 30-35 % of the total dose in normal tissues under a neutron field,
in absence of boron administration. For a typical boron uptake (10-25 ppm in blood and
normal tissues), the nitrogen dose contribution can count up to 16-20 % of the total dose
in the normal tissues. Once the measurement has been performed and the data has been
analyzed, the implications of the results will be discussed and compared to the reference
value for the ¥N(n,p) reaction cross-section that has been used for BNCT treatment
plannings in Europe and US, based in the ENDF/B-VIIL.0 evaluation. To do so, the
new reconstructed cross-section has been formatted so that it could be interpreted by the
MCNP code and then a series of simulations were run to analyze the effects of the new
values of the cross-section in both the neutron transport and neutron dose.

3.1 New “N(n,p)'“C cross-section Data in MCNP

In order to include the new reconstructed data for the **N(n,p) cross-section in MCNP
simulations, one has to consider two effects of the change in the cross-section:

e The first one is the effect in neutron transport. This effect can be handled once the
new cross-section is included in the MCNP data libraries, which are written in the
ACE format. The NJOY program [100] is capable of creating ACE files given the
cross-section in ENDF-6 format. To do so, SAMMY is able to generate an output file
in ENDF-6 format.

e The second effect is the change in the dose functions, depending on tissue composi-

tion. This can be overcome with the use of kerma factors which can be calculated
for any material given its composition and included in the MCNP computations.
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3.1.1 Preparation of ACE files for MCNP Simulations

The standard output from the SAMMY code does not generate files in the ENDF-6 format.
Such file can be produced by means of the ENDF connection of the sSaAMMY code. This fea-
ture allows to produce the ENDF sections corresponding to the resonance parameters and
also the point-wise cross-section. The point-wise cross-section data is generated through
File 3 from SAMMY. This ENDF-6-formatted data can be inserted in the corresponding
section of the full ENDF file for the material of interest. In our case, the material is
1N, which is labeled MAT=725 in ENDF-6. For this material file, the section of reaction
MT=600, corresponding to the (n,p) reaction leading to the ground state of *C, has to
be replaced with the new data from File 3 from SAMMY. File 3 generated by SAMMY is
also included in Appendix A, together with experimental and the point-wise reconstructed
cross-section.

The corrected ENDF-6 file can then be used as input file for NJOY in order to create the
ACE file. The moder, reconr, broadr, heatr and gaspr modules of NJOY are used in
order to interpret the ENDF-6 file and produce the relevant data that is subsequently
brought together into the ACE file via the acer module. The viewr module is also used
to generate a set of plots with the total and partial cross-section and other features as
heating, damage or angular distribution of secondary particle emission. These plots are
collected in a pdf file where the cross-section data can be checked. Figure 3.1 shows
the first plot from the NJOY output, including the total, elastic, gamma production and
absorption cross-sections. The absorption cross-section already includes the changes found
in the previous Chapter.

ENDF/B-VIII.O + N_TOF DATA FOR 14N(N,P)14C
Principal cross sections
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Figure 3.1: Plot from the output file of the viewr module of NJOY. The plot corresponds
to the first page of the file, showing the total, absorption, elastic and gamma produc-
tion cross-sections. The absorption cross-section is altered to include the changes in the
1N (n,p) cross-section below 800 keV.
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3.1. New YN(n,p)*C cross-section Data in MCNP

3.1.2 Recalculated Kerma Factors

Neutron kerma factors can be computed as a sum of partial kerma factors, each corre-
sponding to a neutron-induced nuclear reaction that can be produced in the material of
interest. The two main sources of charged secondary particles from neutron interaction
are elastic scattering, as the recoiling nucleus carries part of the initial neutron energy
before the collision, and nuclear reactions such as (n,p) or (n,«), where both the energy
of the recoiling nucleus and the outgoing particle (typically p or ) have to be accounted
for the calculation. The total kerma factor for a neutron of energy E,, is then:

kf,T = inkf,i (31)

where ; is the isotopic fraction of the i-th isotope in the material. The partial kerma
factor due to an elastic scattering is:

,MMEin
2F, Eyy, E, e Eth
krea =N, —_ . 1+ —— f My— —_— 3.2
I ATel (Mp +1)2 ( * 2MMEn> . ( MEth) * En (3:2)
Ein

where N4 is the Avogadro Number and o; is the elastic scattering cross-section at neutron
energy F,. The second factor in the equation accounts for the recoiling nucleus’ initial
energy, in thermal equilibrium with the medium.

Similarly, the partial kerma factor due to a nuclear reaction is:

Q+ En

e (3.3)

kir=Naor

where @ is the reaction g-value and op the reaction cross-section at neutron energy F,.

In our case, all kerma factors corresponding to tissues in human body that contain nitrogen
have to be corrected with the new cross-section data. As almost all human tissues contain
nitrogen, here the computation of corrected kerma factors is shown for a selection of
relevant tissues. These tissues are muscle tissue, adipose tissue, bone tissue, brain tissue,
skin and the lens of the eye. These last two tissues are specially relevant here due to their
comparatively higher nitrogen content. In addition, the neutron kerma factor has been
computed for the ICRU 4-component reference tissue (ICRU-33). Material compositions
were obtained from the NIST Standard Reference Database 124 [52].

Figure 3.2 shows the kerma factors using the previous ENDF/B-VIIL.0 evaluation and
the results of the measurement from this thesis. The changes are small given that the
difference found in the cross-section is of 1.0 % at the thermal energy, where the nitrogen
dose is the most dominant contribution. Also small differences are found near the two
resonances around 493 and 644 keV, but these changes are much less relevant. Given that
the kerma factors range from 107! and 10'° Gy cm? depending on the neutron energy,
the effect is not clearly noticeable when the full range is shown. The bottom panel in
Figure 3.2 shows the detail at thermal energy. The Kerma Factor for ICRU-33 is given in
a Table in the Appendix A.

o1



Chapter 3.

Evaluation of the impact of the measurement in dose calculations for

BNCT
1X10710; AL T T T T T T AL T q
[ ICRU-33 - ENDF/B-VIII.0 Data —— ICRU-33 - n_TOF Data ==—=—- ]
Brain tissue - ENDF/B-VIII.0 Data —— Brain tissue - n_TOF Data —=—=- ]
Cortical Bone - ENDF/B-VIII.0 Data ——— Cortical Bone - n_TOF Data ———-
Adipose tissue - ENDF/B-VIII.0 Data Adipose tissue - n_TOF Data
Muscle tissue - ENDF/B-VIII.0 Data —— Muscle tissue - n_TOF Data ———

1x10711 L
E Skin - ENDF/B-VIII.0 Data ——
Lens of the Eye - ENDF/B-VIII.0 Data

1x1012 |-

1x10713 |

Neutron Kerma Factor (Gy cm?)

1x1014 |

1X10-15 P | sl sl s aaanl P |

Skin - n_TOF Data —
Lens of the Eye - n_TOF Data,

1x10°10 1x109 1x10°8 1x107 1x106 1x105

1x10*

1x103 1x102 1x101 1x10°

Neutron Energy (MeV)

3x1013

2x103 L

Neutron Kerma Factor (Gy cm?)

1x10713 [

x

8x10°14 L L
1x108 2x10°8 3x10°8

4x10°8

5x10°8 8x108 1x107

Neutron Energy (MeV)

Figure 3.2: Neutron Kerma factors for some relevant tissues, including brain tissue (dark
blue), cortical bone (light blue), adipose tissue (orange), muscle tissue (red), skin (dark
green) and the lens of the eye (light green). The kerma factors computed using the last
ENDF evaluation are shown in solid lines, while the new kerma factors computed with
the new data from the “N(n,p) reaction measurement are shown in dashed lines. The
differences are small and not noticeable in the top panel. The bottom panel shows the

detail in the 10 meV to 100 meV range (including the

thermal energy), where the small

reduction of a 1 % in the kerma factors can be observed.
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3.2. Evaluation of the dose in a standard phantom with MCNP

3.2 Evaluation of the dose in a standard phantom
with MCNP

In order to study the dosimetric effect of this measurement, a couple of simulations in
standard phantoms are made, in order to test the effect in the neutron flux (accountable
from the change in the cross-section that affects neutron transport) and the neutron dose
(that includes both the change in the flux and the differences in the kerma factors. The
study will be shown for a cylindrical phantom filled with ICRU-33 tissue.

3.2.1 Evaluation in a ICRU-33 cylindrical phantom

A set of simulations in order to check the effect in neutron transport and in neutron
dose were made. The simulations were made using MCNP6.2 with the standard built-in
databases (ENDF/B-VII.1) and with the new data as described in the previous section.
Monodirectional neutron beams of 5 cm radius were sent towards a cylindrical phantom of
20 cm depth and 10 cm radius, filled with ICRU-33 standard tissue. Three monoenergetic
neutron beams were used to analyze the changes in flux and dose, namely thermal (25.3
meV), 10 keV and 1 MeV neutrons. The flux and the dose are computed by means of
tally type 4 (weighted with the kerma factors in the case of dose), in dedicated cells of 1
cm radius along the beam axis.

Effect in the neutron flux

The neutron flux inside the cylindrical phantom is shown in Figure 3.3 for the three
beams of different initial neutron energy. The results from the simulations appear to
be the same, independently of the nuclear data used for the simulations. The effect of
the N as a neutron poison is not as determinant in the flux as to create an increase
in the neutron flux due to a lower absorption cross-section. The bottom panel of Figure
3.3 shows the relative difference of the flux, between the ENDF/B-VII.1-based and the
n_TOF Data-based simulations. The differences are negligible, even when observing in
detail. In all cases, the effect in the neutron flux is lower than 0.1 %, and all deviations
from a zero-difference are contained within 1o of standard deviation. Thus the change
in the cross-section from the new measurement does not generate a relevant effect in the
neutron transport of human-like tissues.

Effect in the total dose

In this case, the neutron kerma factors determine the influence in the dose, given than
the neutron flux stays unchanged, as previously discussed. As is was indicated before,
the reduction in the cross-section produces a lower kerma factor by around -1 % in the
low energy range, where the *N(n,p) reaction is the dominant component of the kerma.
At higher energies, the effects are reduced and only become more noticeable as the beam
moderates inside the materials. At sufficiently high energy, most of the dose is delivered by
elastic scattering off hydrogen, which strongly preponderates over the nitrogen dose. This
can be clearly observed in Figure 3.4, where the neutron dose is shown for three beams
of thermal, 10 keV and 1 MeV neutrons. The differences in all cases are small and within
1 % given that the correction to the kerma factors was of this size. The bottom panel
shows the relative difference between the dose computed via the kerma factors using the
ENDF /B-VIILO cross-section data and the new kerma factors using the last measurement
from n_TOF. The difference in dose for the thermal beam corresponds to the described
above, with a reduction close to 1 % in the neutron dose. In the case of 10 keV neutrons,
the first 2-3 cm inside the phantom show a lower reduction of the dose, given that the
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Figure 3.3: Neutron flux in the beam axis of the ICRU-33 phantom for three beams of
thermal (red), 10 keV (green) and 1 MeV neutrons (blue). Solid lines correspond to the
simulation of neutron transport using ENDF/B-VII.1-based cross-sections, and dashed
lines correspond to the same except the '“N(n,p) reaction, where the new n_TOF Data is
used. The difference cannot be observed in the main (top) plot. The bottom panel shows
the relative change in the neutron flux, which also shows not to deviate from zero.

neutrons have to moderate first, and in doing so they release their kinetic energy, thus
reducing the effect of the change in the '“N(n,p) cross-section. After 3-4 cm, the neutron
moderation generates a neutron population that is thermalized and hence the reduction
in the dose matches with the thermal beam. In the case of the 1 MeV beam, the kinetic
energy released during moderation dominates overwhelmingly over the other components
of the dose, and hence the reduction in dose caused when thermal neutrons interact with
nitrogen is negligible.
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Figure 3.4: Neutron Dose in the beam axis of the ICRU-33 phantom for three beams of
thermal (red), 10 keV (green) and 1 MeV neutrons (blue). Solid lines correspond to the
simulation using ENDF /B-VII.1-based kerma factors, and dashed lines correspond to the
same except the *N(n,p) reaction, where the new n_TOF Data is used. The neutron dose
corresponding to the 1 MeV beam has been reduced by a factor of 100 in order to fit in
the range, for easier comparison. The difference cannot be clearly observed in the main
(top) plot. The bottom panel shows the relative change in the neutron dose comparing the
cross-section data, which shows a clear reduction around 1 % for thermal neutrons, being
lower for 10 keV and negligible for the 1 MeV beam.

3.3 Implications of the new measurement

As it has been described through the analysis of the simulations, the effect on the change
in the cross-section data is not large. In radiotherapy, the ICRU recommendations state
that all steps in the determination or computation of the dose should have a maximum
of 5 % of deviation from the real values, in order to minimize the dose uncertainties.
The effect in the neutron transport, which could also affect other dose components as the
neutron flux changed is negligible at least to the needs for radiotherapy. The effect in dose,
however, is small but noticeable, specially in low energy neutron fields. In BNCT, 30-35 %
of the total dose in absence of boron is due to the *N(n,p) reaction. Therefore, a variation
of -1 % in the dose estimates leads to a change around 0.30-0.35 % below the estimates
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using previous data. In the presence of typical boron uptakes for BNCT treatments, the
nitrogen-related dose contribution reduces to 16-20 %, and thus, the change due to the
new data falls below 0.16-0.20 % maximum. The results from this new data confirm that
the previous data was reliable and the dose estimates were not affected by a large error
due to the uncertainty in the cross-section of the *N(n,p) reaction.

In turn, there is another aspect of relevance that should not be disregarded. In BNCT,
there are large uncertainties present in the dose estimates. This makes the clinicians
and medical physicists that are responsible of the patient treatment to enlarge the safe
margins. This reduces the chances for a positive outcome in the treatment, given the
possible infradosing of the tumor. The outcome of the measurement allows to reduce
the uncertainty in the neutron dose, given that the uncertainty in nitrogen-related dose
is attained to 2.5 % (the uncertainty in the thermal cross-section), which is sufficiently
within the ICRU recommendations.
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Chapter 4

Design of a Beam Shaping
Assembly for deep-seated tumor
treatment with BNCT

In BNCT, the design of neutron beams adequate for treatments is one of the main technical
aspects of the research. High-intensity neutron sources as the nuclear reactors, outside
hospitals, are not a best-suited solution for BNCT, although they have been used in
all clinical trials until recently, since they were the only technology available. In the
recent years, the research and development of new accelerator-based neutron sources has
prompted a thorough investigation in order to define and conform neutron beams for
BNCT using accelerators. To such aim, a tight list of nuclear reactions has been explored,
from which a large neutron yield is expected, and also their energy and other features
centered near the optimum for BNCT treatments. Some of these reactions include (p,n)
and (d,n) reactions onto lithium or beryllium targets. These reactions can produce a
neutron yield large enough, but their spectrum is not suitable for BNCT. Therefore, there
is a need for moderation and conformation of the neutron field from the target to a beam
aperture, where the beam is delivered to the patient. These steps are performed by a
device that is called Beam Shaping Assembly (BSA) in the BNCT research community.

In this chapter, we will explore a few aspects that determine the optimal characteristics
of the neutron beams (including the upper limit of the epithermal neutrons suitable for
BNCT, among others) taking into account also the recommendations from the IAEA.
Once these aspects of the beams are caught, the focus will turn to the design of a BSA.
These will include the choice of the target and charged particle current and energy and the
set of materials used for moderation and conformation of the beam, and also the correct
geometrical assemblage of these materials to match the IAEA recommendations.
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Chapter 4. Design of a Beam Shaping Assembly for deep-seated tumor treatment
with BNCT

4.1 Studies seeking the optimal energy range for
neutrons in BNCT

Regarding the guidelines for the design of adequate neutron beams for BNCT treatments,
a pair of studies were made and considered together with the general specifications in
the IAEA technical document [11]. These studies focused in the extent of the epithermal
range and the usefulness of neutrons near the upper epithermal limit.

The first study [101] concentrated in the search and benchmarking of Figures of Merit
using a cylindrical phantom filled with ICRU33 tissue (4 Component Standard Tissue).
The upper limit for the energy of neutrons was scanned in the range 1-40 keV. The FOMs
showed that neutrons slightly above the 10 keV limit were usable. This was complemented
with the presentation of examples of neutron spectra mostly shifted above the current limit
of 10 keV that kept being applicable for treatments.

The second study [102] extended the search to multiple body regions (namely brain, neck
and abdomen). These illustrate some of the main applications of BNCT for deep-seated
tumors. The study also centered not only in the upper limit but also in the optimal energy
for a neutron beam to be applied to deep tumors. This study comprised a more general
view of the application in BNCT, considering, together with the different body regions, the
variation of boron uptake and the ratio of this uptake between tumor and normal tissue.
Also other features of the neutron beam were assessed in the investigation of the upper
energy limit, as beam divergence and beam aperture. This general research confirmed that
neutrons above 10 keV are still suitable for BNCT, specially below the limits of 40 and even
more below 20 keV. In addition, the study showed that the maximum Advantage Depth
(AD) is typically found around 10 keV, while the maximum Therapeutic ratio (maximum
dose in tumor relative to the maximum dose in normal tissue) is found around 2-3 keV.

4.1.1 Some considerations on the beam quality

Here we will show some of the most relevant findings on the beam characteristics that
define a neutron beam suitable for BNCT treatments, as discussed in the above mentioned
papers.

When defining a most adequate energy for a neutron beam, we have to consider the energy
dependence of the dose deposition, taking other parameters as the boron concentration
or the body region. Other characteristics as the beam divergence also play a role in the
beam quality.

To this aim, a series of MCNP6 simulations to determine the total dose in normal tissue and
tumor tissue was computed along the beam axis, for three different body regions, namely
neck, brain and abdomen. The MIRD-ORNL male model was used for both neck and
abdomen, and the Snyder model was used for skull and brain [103]. Monoenergetic neutron
beams with a fixed diameter were used at each simulation. The results of the simulations
were then analyzed and the tumor dose profiles were normalized to the maximum dose in
normal tissue. Then, these results can be presented in plots as in Figure 4.1.
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Figure 4.1: Dose profile plots for neutron energies in the range 1-50 keV for neck (left),
brain (middle) and abdomen(right). Color represents tumor dose relative to the maximum
dose at normal tissue, for each neutron energy and tissue.

There, for the three body regions analyzed, the tumor dose along the beam axis (horizontal
axis) is shown as a function of the neutron energy (vertical axis). These plots can be
prepared for the different beam sizes and boron concentrations to be discussed, though
here we only show those of 10 cm diameter beam size, with 10 ppm of boron in normal
tissue and 3.5 tumor-to-normal tissue concentration ratio. In these plots, color represents
the dose in tumor, relative to maximum dose in normal tissue. Thus, a ratio of 1 (edge
between blue and green regions) corresponds to the position of the Advantage Depth
(AD) at each neutron energy, and similarly, yellow-to-green and orange-to-red delimits
where dose in tumor is twice (DDD) and trice (TDD) as in normal tissue. The relevant
parameters from these and other configurations varying the diameter beam size and boron
concentrations can be found in Table 4.1.

Upon these results, some analysis about neutron energy can be extracted. The most
adequate neutron energy, defined as that where AD is maximum, reaches its maximum
in the 2-9 keV, depending on the body region and boron concentration. Moreover, AD
reduces progressively, with no sharp end as neutron energy increases. On the contrary,
TDD (twice as normal tissue) ceases to exist at different energies from 15 to 40 keV,
where the lowest corresponds to neck and highest to abdomen, where a larger surrounding
volume allows some extra thermalization.

Along with this, the maximum dose at tumor relative to maximum dose at normal
tissue or Therapeutic Ratio (TR) can be computed for each tissue. This figure
evolves as neutron energy rises. First, below some certain threshold this figure is
mostly flat, peaking around 2 keV, and after this threshold, TR shows a progressive
decline until it approaches TR = 1 near 40 keV, where the maximum dose in tumor is
no longer higher than that of normal tissue. This depends on the body region, being
the threshold at a higher energy for abdomen and at lower energy for neck. This is
also specially influenced by the beam size or aperture diameter. A larger aperture
allows to increase the range of applicability of neutrons. A change in aperture from
10 to 25 cm in diameter pushes the threshold 5 to 10 keV upwards, at the cost of
slightly reducing the maximum value of TR. In Figure 4.2 can be seen the variation
of TR with neutron energy in neck, brain and abdomen.
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Boron Aperture E(ADjraq)
Uptake Ra/tio Diameter A(DCIIKSZI Range DD(C?HJ\SI’” EM‘(llﬁe(\[/))DD) TD(CDm]V)I” EM«(;}:;S\T/‘;DD) MTRpax
(ppm) (cm) (keV)
Neck
95 10 7.75 1-6 5.75 10 4.25 5 3.45
25 7.75 1-10 5.75 15 3.75 6 3.2
3 10 8.25 2-5 6.25 13 4.75 7 3.95
10 25 8.25 1-9 6.25 19 4.75 9 3.7
3.5 10 8.25 1-6 6.75 15 5.25 8 4.55
25 8.75 4-7 6.75 23 5.25 12 4.2
4 10 8.75 2-5 7.25 17 5.75 10 5.15
25 8.75 1-9 7.25 27 5.75 14 4.75
25 10 8.25 1-12 6.75 26 5.75 15 4.8
25 8.75 2-14 7.25 43 5.75 22 4.6
3 10 8.75 1-11 7.25 33 6.25 19 5.75
25 25 9.25 9-10 7.75 >50 6.25 29 5.45
3.5 10 8.75 1-13 7.75 39 6.75 23 6.65
' 25 9.25 2-15 7.75 >50 6.75 36 6.3
4 10 9.25 2-10 7.75 47 6.75 27 7.55
25 9.25 2-18 8.25 >50 7.25 43 7.15
Brain
25 10 8.6 2-10 7 16 4.6 9 3.5
' 25 10.2 8-14 7.4 24 5 14 3.3
3 10 9 4-9 7 19 5.4 11 4
10 25 10.6 6-14 8.2 29 6.2 17 3.9
3.5 10 9.4 6-8 7.4 23 5.8 13 4.65
' 25 11 7-13 8.6 34 7 20 4.45
4 10 9.4 2-10 7.8 26 6.2 16 5.25
25 11.4 11-13 9 40 7.4 23 4.95
25 10 9.4 4-16 7.4 41 6.2 24 4.9
: 25 11.4 20-21 9 >50 7.4 37 4.75
3 10 9.8 4-16 8.2 >50 7 30 5.8
25 25 11.8 16-21 9.4 >50 8 47 5.65
3.5 10 10.2 6-16 8.6 >50 7.4 35 6.75
25 12.2 19-20 9.8 >50 8.6 >50 6.45
4 10 10.6 7-15 9 >50 7.8 42 7.65
25 12.2 6-26 10.2 >50 9 >50 7.4
Abdomen
25 10 8.25 1-11 6.25 18 4.25 10 3.45
' 25 9.75 11-15 6.75 30 4.25 9 3.15
3 10 8.75 2-10 6.75 21 5.25 12 4
10 25 10.25 12-15 7.25 36 5.25 19 3.6
3.5 10 9.25 5-9 7.25 25 5.75 14 4.55
: 25 10.25 5-19 7.75 43 5.75 24 4.1
4 10 9.25 2-11 7.25 29 6.25 17 5.15
25 10.75 9-18 8.25 >50 6.75 29 4.6
9.5 10 9.25 4-18 7.25 46 5.75 26 4.8
: 25 10.75 11-28 8.25 >50 6.75 45 4.55
3 10 9.75 5-18 7.75 >50 6.75 33 5.75
%5 25 11.25 11-30 8.75 >50 7.25 >50 5.3
3.5 10 10.25 8-16 8.25 >50 6.75 39 6.65
' 25 11.75 17-30 9.25 >50 7.75 >50 6.2
4 10 10.25 3-19 9.75 >50 7.25 47 7.55
25 11.75 5-36 9.75 >50 8.25 >50 6.95

Table 4.1: Relevant FOMs extracted from the simulations are given. Data for neck, brain
and abdomen is given, considering boron concentrations in normal tissue of 10 and 25
ppm, and T/N ratios from 2.5 to 4.0. Two beam apertures (10 and 25 cm diameter)
for the monodirectional beam are included. These results are shown in Ref [102]. MTR
stands for Maximum TR.
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Figure 4.2: Maximum Therapeutic dose Ratio (TR) as a function of neutron energy in

monoenergetic beams of 10 and 25 cm in diameter, impinging into the neck, brain and
abdomen.

Aside from this, some simulations were made to corroborate the importance of a
well-defined and low in divergence beam. Of special interest is a result that links
its importance to the overall boron uptake. This shows that there is a much larger
effect of a poorer beam definition for low boron uptake patients than for higher
uptakes, in that for a patient with normal to high boron uptake (25 ppm), the use
of a divergent beam (J/¢ = 0.7) does not affect TR, and AD slightly decreases less
than 1 cm, while for a low uptake (10 ppm), TR is reduced by more than a 40 %
and AD shrinks by 2 cm. This is shown in Figure 4.3.

IXB =I 10 [I)pm lJ/d> I=1.0I —
Xg = 10 ppm - J/® =0.7 — —
Xs = 25 ppm - J/® =1.0 ——
Xg = 25 ppm - J/® =0.7 — —

Tumor dose to maximum dose at normal tissue

0o 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18

Depth in tissue (cm)

Figure 4.3: Dose profile at tumor, relative to maximum in normal tissue, for a low loaded
tissue (10 ppm '°B, red) and high loaded tissue (25 ppm '°B, blue), in comparison for
two different beams with no divergence (J/¢ = 1.0, solid line) and with the maximum
accepted divergence for BNCT (J/¢ = 0.7, dashed line).

Finally, and in order to emphasize the importance of limiting the use of high energy
neutrons, the dose calculation for an incident monoenergetic neutron beam of 15
keV into brain is shown in Figure 4.4. This highlights that neutrons above 10 keV
are still useful for BNCT treatments, and in accordance they are not a real issue
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when part of a full spectrum, but higher energy neutrons degrade the beam quality
to a larger extent and thus shall be avoided.
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Figure 4.4: Tumor dose distribution relative to the maximum dose in normal tissue inside
the brain on the Snyder Model, for a monoenergetic neutron beam of 15 keV.

Considering all this, some conclusions regarding the neutron beam design can be
derived.

e The 10 keV upper limit for epithermal neutrons used in the IAEA technical
document is not a sharp and physically defined threshold. It is better defined as
a reference. This is specially true considering that the most adequate neutron
energies for BNCT treatments move in the range 2-9 keV, as previously shown.
Neutrons above and not far from this limit are also beneficial and including
neutrons up to 20 keV in the epithermal range does not degrade the beam
quality.

e Neutrons far from the 10 keV epithermal limit, above 40-50 keV are not as
adequate for BNCT treatments and hence they shall be suppressed from the
beam to the greater extent possible.

e The neutron beam should be of large diameter in order to cover the full treat-
ment area and also because this extends the suitability of higher energy neu-
trons. This should not be rigidly considered as a larger beam tends to produce
more irradiation to body regions farther from the target volume. In addition,
technical issues arise around this, since a larger beam size needs a higher neu-
tron yield from the production reaction, hence a more powerful accelerator.

e A neutron beam of low divergence is specially key in case of low boron uptake
patients.

4.2 General structure of the design

A BSA consists of a device designed to conform a neutron beam to be used for
BNCT treatments. This device has to contain or be attached to a neutron source.
The main components of the BSA are the neutron moderator, which serves to set a
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neutron spectrum centered in the adequate energies; and a neutron shaper, to direct
and focus the neutron beam to an aperture towards the target volume in the patient.
Additional components complement this general design to improve its performance,
including a set of filters to avoid neutrons of inadequate energies (fast or thermal) or
other particles (e.g. gamma radiation). Also a neutron reflector has to be considered
to avoid large neutron loses in the process of moderation. In addition, shielding is
specially important in the front side of the moderator, in what neutrons or other
radiation shall not escape from the BSA out of the aperture, to the extent possible.
Moreover, in the case of an accelerator-based source, a refrigeration system has to
be included to prevent the damage to the target.

4.3 Broad requisites and limitations

The use of a low energy accelerator limits the choice of source reactions to “Li(p,n)"Be.
On the determination of the neutron production from the "Li(p,n)"Be reaction,
which serves as an input for the Monte Carlo simulations, reliable nuclear data for
this reaction is considered, following [104, 105]. In this part, the presence of an
excited state of "Be at 431 keV above the threshold generates uncertainty in the
neutron yield and angular distribution. Therefore, in order not to populate this
first state, our choice for the maximum proton energy for this type of design will
move below 2.37 MeV. In addition, other sources of uncertainty related to nuclear
data as the reaction cross section of neutrons off the materials have to be taken
into account. For instance, fluorine and magnesium are found among the main ele-
ments used for BSA designs. There is a discrepancy in inelastic scattering of fluorine
between evaluations used as input for simulations and experimental data in the neu-
tron energy range from 400 keV to 1 MeV. By working at low enough energies, this
neutron energy range can be excluded and hence uncertainties minimized. Along
with that, the first excited state of the Mg natural isotopes is found at 585 keV from
the neutron separation energy, so the population of these states can be also avoided.
Besides, the RBE of neutrons has an energy dependence and some authors have
suggested that neutrons in the range from tens of keV to few MeV have a higher
RBE than thermal neutrons [106], which is the standard RBE value used in the
literature and assumed in calculations. This extra source of uncertainty may lead to
a larger dose than expected due to high energy neutrons, mainly due to neutrons in
this energy range but also neutrons of higher energy ending up into this range due
to moderation. Therefore, avoiding high energy neutrons removes any possibility of
such RBE-related uncertainty in the dose.

On the other hand, the high intensity of the existing accelerators, capable of reaching
30 mA, outweights the lower neutron yield of the "Li(p,n)"Be reaction at near-
threshold energies.

The beam aperture of the BSA will be fixed at 14 cm in diameter, as shown in the
IAEA recommendations. Though it was seen from the previous discussion that a
larger diameter improves the performance of higher energy neutrons, in this case
the lower neutron yield from the “Li(p,n) reaction near threshold imposes a further
limitation so that the flux at aperture be around 10° n/cm?s. Hence, neutrons at
energies higher than 20 keV are not as suitable as they could be with other designs
with higher apertures.
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Moreover, the BSA design is expected to fulfill the IAEA recommendations in its
original definition [11]. The spectrum of the designed neutron beam will be studied
considering the extent of the epithermal energy range from 0.5 eV to 10 keV. In
addition, an extended range to 20 keV will also be included to remark the adequacy
of the beam considering neutrons in this range, as stated in 4.1.

4.3.1 Computing the IAEA recommendations from MCNP
simulations

MCNP simulations were used to test the performance of the BSA designs in terms of
the IAEA criteria. These criteria can be listed, together with the assessment followed
to compute them via MCNP simulations !. The MCNP simulations consisted of
transport of primary neutrons or photons directly generated due to the “Li(p,n)"Be
reaction at the target and all secondary particles generated thereafter.

e Epithermal neutron flux, ¢y, measured in n/cm?s. This figure is computed
by means of the product of the total neutron yield per incident proton from
the "Li(p,n)"Be reaction, times the proton current provided by the accelerator,
and times the neutron flux per initial neutron in the simulation at the aperture.
This was computed using the standard F4 tally, restricted to the epithermal
range, from 0.5 eV to 10 keV.

e Thermal to epithermal neutron flux ratio, ¢¢,/¢ep. This is computed as the
ratio of thermal flux and epithermal flux per initial neutron in the simulation
at the aperture, in the same way as the previous one.

e Current to epithermal neutron flux ratio, J,,/¢ep. This is calculated as the
ratio of the total neutron current to the epithermal flux, where the neutron
current is computed using the standard F1 tally divided by the aperture’s
surface area.

e Fast dose per epithermal neutron, Df /@epi, measured in Gy- cm?. In this

case, the dose is computed by means of the corresponding kerma factor in
standard tissue as a dose function weighting the F4 tally, further dividing by
the epithermal flux F4 tally as in the previous cases to determine the figure.

e Gamma dose per epithermal neutron, D7 /@epi, measured in Gy- cm?. This is
computed as in the fast dose figure, but replacing the kerma factor with that of
photons. Moreover, two separate MCNP6 simulations are needed in order to
compute this figure. On the one hand, the general primary neutron-transport
simulation, used to compute the previous figures, in order to get the gamma
dose due to indirect photon production via neutron induced reactions. On the
other hand, the primary photon-transport simulation, comprising the protons
generated due to direct interaction between the accelerated protons and the
Li target. The two components of dose are then weighted and summed up.

LAll the criteria were computed at the BSA aperture, comprising an specific cell covering the
whole aperture with a small thickness to define the volume or just the surface, depending on the
type of tally needed in each case.
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4.4 The lithium source

The neutron source used for this design is the “Li(p,n) reaction. This reaction has
a threshold energy of 1.88 MeV. At the threshold energy, neutrons of 27 keV are
produced in the forward direction. However, neutron production is too low to create
a feasible neutron beam for BNCT. In order to increase the neutron yield, a higher
proton energy is needed. By increasing the proton energy, a wide range of neutron
energies generated in all directions is produced. In order to compute the neutron
yield angular and energetic distribution, the data from Liskien and Paulsen, [105]
and the study by Lee and Zhou [104] has been followed.

The aim is to use the lowest energy possible for protons while at the same time
keeping it sufficiently high in order to obtain a high enough neutron yield. This
constraints the maximum neutron energy, which is produced in the forward direction,
reducing the needs for moderation. The strong resonance in the production cross-
section at 2.25 MeV is of key relevance. On the one side, by using protons of
that energy or higher, a large amount of neutrons can be produced. On the other
side, the energy of the neutrons produced through the resonance is around 500-600
keV. Furthermore, due to the strength of the resonance, the largest part of the
neutron population would have a high energy. This would significantly increase
the needs for moderation. By choosing a proton energy below the resonance, the
neutron production is lower but also, since the moderation is not as prominent
(highest energy neutrons have 350 keV if produced by protons at 2.1 MeV), neutron
absorption and leakages from the moderating parts would not be as high, and the
aim of this design is to find a compromise between these two counterparts. In
addition, by operating an accelerator at a proton energy below the resonance, where
the cross-section is mostly flat, the slight instabilities of the proton beam from the
accelerator would not give rise to a large effect neither in neutron flux nor in the
neutron spectrum [107].

4.5 Selection of adequate material candidates for
a BSA design

The choice of the materials to be used in the design deserved a careful study. Before
looking upon the actual isotopes and their characteristics, a few general consid-
erations need to be addressed. These concern the mass and cross-section for the
isotopes to be used as neutron moderator.

The isotopic mass is a relevant aspect, specially with respect to its influence in
collision kinematics. Using the non-relativistic approximation, the energy loss after
an elastic collision is:

B0 2m,ma

n

m(l —cos(9))E; (4.1)

where E,, and E? are the neutron energy prior and after the collision, m,, and m4

the masses of the neutron and the colliding isotope, and 6 is the scattering angle in
the center-of-mass reference system.
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The final direction of the neutron after the collision in the laboratory frame (¢), is:

¢ = arctan (ﬂ> (4.2)

cos(f) + =

In collisions with light elements, neutrons lose a larger fraction of their initial kinetic
energy. Collisions with heavy isotopes tend to reduce less the neutron energy.

In addition, and neglecting the actual angular distribution for the neutron after the
collision, in the case of light isotopes, the final direction is deformed towards the
initial direction, while in heavy isotopes this effect is much less relevant.

Hence, in the aim of reducing the neutron energy and keeping its original forward
direction, light isotopes will be preferred. On the other hand, heavy isotopes will be
more useful as neutron reflectors, as neutrons are more back-scattered from them,
comparatively. Considering that no additional moderation is pursued when neu-
trons enter the reflector parts of the BSA, the fact that neutron energy loss per
collision is in fact smaller also contributes to choose them as the most appropriate
reflectors. This is shown in Figure 4.5, where isotopes suitable for both moderation
and reflection are displayed together with the average and maximum neutron energy
loss per collision.

0.1

0.01

Neutron relative energy loss per elastic collision

0.001

0 20 40 60 80 100 120 140 160 180 200 220 240

Mass number

Figure 4.5: Neutron relative energy loss per elastic collision, as a function of the mass
number of the collided isotope. Energy loss ranges from 0 to a maximum depending on
the scattering angle. The maximum is shown in light green, and the mean is shown in
dark green. Isotopes whose behavior serves well for moderation are shown in red, and
those better suited for reflection without moderation are shown in blue.

Regarding the cross-section of the isotopes to be used, a high elastic cross section
above the epithermal range will be pursued, so that the process of moderation can
be more efficiently achieved. In the same way, low absorption cross-section will
be desired, in order not to lose neutrons that could be profitable if moderated. It
has to be stated that the complete neutron moderation to the thermal energies is
not desired, but the partial moderation to the epithermal range. In this aim, the
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aspiration is to moderate the neutrons to energies below 10 keV, with a spectrum
centered around 2-3 keV.

The presence of resonances above the epithermal range in the elastic cross-section
speeds up the moderation, reducing the number of neutrons at the resonance’s en-
ergy, and provoking an increase of it at an energy related to the energy loss following
Eq. 4.1. Thus the concatenation of a sequence of resonances towards the epithermal
range would lead to a more effective moderation. Accordingly, a high elastic cross
section or the presence of resonances below the epithermal range would degenerate in
over-moderation. Hence, the choice of isotopes with intense or multiple resonances
in the epithermal range shall be discarded.

To better describe the characteristics of different isotopes in what regards the neu-
tron moderation process, the use of the macroscopic cross-section as an indicator is
essential.

The Macroscopic Cross-Section The macroscopic cross-section (X)) is the prod-
uct of the cross-section times the atomic density of the material. It is defined as:

=) nio; (4.3)

where n; are the isotopic/atomic densities. The macroscopic cross-section has units
of inverse of length, and it can be shown that the total macroscopic cross-section is
the inverse of the mean free path of neutrons inside the material (A = 1/%;).
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Figure 4.6: Macroscopic cross-Section of candidate compounds as main moderator. Car-
bon, Magnesium Oxide, Silica, Sodium Fluoride, Magnesium Fluoride, Aluminum Fluoride
and Calcium Fluoride are included. Maximum neutron energy with the "Li(p,n) source
at 2.1 MeV is marked with the vertical dashed line, at 350.4 keV. Target neutron energy
range (below 10 keV) is shown with the filled area in gold, and the acceptable neutron
range between 10 and 20 keV is shown in orange.
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Taking all previous considerations into account, an appropriate choice for the mod-
erating material points to a salt of light elements, i.e. oxides and fluorides of light
atomic weight metals as sodium, magnesium and aluminum, or heavier calcium or
iron salts. Other options are the use of carbon in the form of graphite, or silica.
Carbon has a flat high cross-section with no resonances in the range of interest, and
hence not being the most indicated for this, also given that its elastic cross-section
remains high below 10 keV, thus leading to over-moderation. Silica has one of the
lowest elastic cross-sections with small resonances, being easily outperformed by
other materials in most of the range of interest.

Concerning oxides, oxygen has no resonances below 400 keV and also has a low
elastic cross-section, being almost invisible and thus not enhancing the moderating
features of the material. However, it shall be stated that it is a very interesting
option to try when primary neutrons come around 400-500 keV, given its strong
resonance at these energies. In these circumstances, a thick block of an oxide, e.g.
magnesium oxide could be used right after the neutron source.

Fluorine offers a wide-spread amount of resonances starting right above 10 keV. This
makes fluorine a good option for the resonance crossing technique of moderation
when combining with metals.

Concerning the light metals, sodium shows a strong resonance below 10 keV, hence
making it inadequate as a neutron moderator for BNCT, as it would make 2-3
keV neutrons disappear and migrate to lower (less suitable) energies. Magnesium
and aluminum show many resonances in the 10-350 keV range, then being both
good candidates for the core of the moderating material. Magnesium fluoride shows
specially good characteristics compared to aluminum fluoride, given the alternate
series of resonances along the 10-350 keV range, thus complementing the resonance
crossing for neutrons. Special emphasis comes near 100 keV, around the mean
energy of neutrons produced at the "Li source at 2.1 MeV. There, a pair of resonances
partially overlap giving a broad range for continuous neutron energy reduction. Also
the elastic cross-section at the highest energy of the primary neutron spectrum is
higher for magnesium fluoride than for aluminum fluoride. Aluminum presents a
strong resonance at 30-40 keV, thus making it a good element for the final stages of
moderation.

In this direction, magnesium fluoride will be used as the core material for the neutron
moderation. A final layer of aluminum (metal) will be placed after the moderating
core to complete the moderation, partially behaving like a fast neutron filter.

To keep the core where neutrons moderate and to avoid large loses of neutrons from
scattering off the BSA, specially considering the relatively low neutron production
from the low energy incident protons onto "Li, some reflecting materials need to
be attached closely surrounding the moderating core. This also serves to enhance
the moderation, effectively bringing high energy neutrons back to moderation, re-
markably for backward-produced neutrons at the source. For this purpose, a heavy
isotope as Pb or Bi is key as it was already mentioned. Among them, Pb is slightly
denser and its elastic cross-section is around twice as high on average. On top of
that, it is easier to cast, it is less brittle and is cheaper. Therefore Pb is considered
as the main reflector.

68



4.6. Design and optimization of the BSA to meet the IAEA recommendations

In turn, Bi is contrarily best suited as a gamma radiation end-filter due to these
very same reasons, since its lower elastic cross-section alters less the final spectrum,
while the high Z maintains the gamma absorption properties.

Besides, a thermal neutron filter is needed, and high thermal absorption cross-section
isotopes as °Li, 1°B or 1'3Cd are best suited. Specially, ®Li is preferred among others
since it does not generate secondary gamma radiation after thermal neutron absorp-
tion. This compensates its lower absorption cross-section, remarkably considering
that this filter is placed after all moderation has taken place, and therefore the gam-
mas would only be absorbed by the Bi filter. The use of °Li, compared with °B
and 13Cd, reduces the Bi thickness and hence the beam degradation.

Finally, in order to limit the neutron and gamma spread out of the beam aperture,
a set of materials are chosen in order to fully thermalize and then absorb neutrons
and gammas generated in this process. For this, lithiated polyethylene blocks are
used, together with layers of °Li in the form of LiF and Pb are used to cover the

front side of the BSA.

4.6 Design and optimization of the BSA to meet
the IAEA recommendations

The general design is then constrained by the previous considerations. An axially
symmetric geometry is considered with solid or hollow cylindrical shapes. In ad-
dition, in order to conform the beam towards the aperture, and to keep the beam
divergence low enough, a final step of tapered reflecting geometry is used. A beam
insertion is also included, together with the lithium target and simple model of a Cu
refrigeration system cooled with water. The aperture diameter was fixed to 14 cm
following the TAEA technical document. A general design of this is shown in Figure
4.7.

This design was built into a MCNP6 input and simulations were run to test the
design performance.

The simulations were run with variations in the most relevant dimensions (MgF,
moderator thickness and radius) in order to optimize the TAEA recommendations.
These were not enough to fulfill all five criteria, and hence an iterative process vary-
ing all relevant dimensions followed. Special care had to be taken with epithermal
flux, due to the low neutron production from the proton-lithium reaction, thus most
of the efforts aimed at limiting the neutron leakages, reduce over-moderation and
recover useful neutrons via reflection.

A few relevant considerations and findings that raised from the process of optimizing
the design will be mentioned here.

e Size of the moderator in the backward direction. Although the "Li(p,n)"Be
reaction is forward-peaked and the most energetic neutrons are emitted in
the forward direction, there is a significant amount of neutrons generated in
the backward direction. These neutrons are key in this design due to the
overall low yield for the reaction at £, = 2.1 MeV. Being able to recover
at least part of them is paramount, hence some part of the moderator is
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Figure 4.7: Lateral view of the general design of the BSA. Each material block is shown
in different colors, with detail at the final step of moderation and neutron filtering with
three successive layers of Al, LiF and Bi.
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extended in the backward direction, with additional Pb reflector afterwards in
this aim. This enlargement of the BSA in the backward direction has some
effects in the spectrum and thus in the dose. Since lower energy neutrons are
produced in backward directions and also neutrons that arrive to the aperture
had made a longer tour, this increases the overall epithermal and thermal
fluxes, shifting the spectral peak towards lower energies. Nevertheless, the
epithermal flux enhancement compensates the side effects, as thermal can be
more easily subtracted via thermal filters. Additionally, this reduces slightly
the fast dose ratio.

Thickness of Pb reflector. In general, the addition of extra Pb reflector thick-
ness increases the neutron flux in the core. This leads to the increase of neutron
flux at the aperture, at the expense of over-moderation and a general shift of
the spectrum towards lower energies. Indirectly, the use of Pb reduces the
gamma radiation and hence the gamma dose. This pattern is consistent and
saturates after the thickness is large enough.

Ratio of Al layer and last MgF5 layer thicknesses. Both components are mainly
used as moderators, but the elastic cross-section is bigger for MgF, on average.
In this sense, a larger amount of Al can be compensated by not removing all
the same thickness of MgFs in exchange. Under this design, as previously
described, Al is used for the last stage of moderation, mainly for the 33 keV
resonance crossing, with no much more extra moderation needed. This way,
a thickness around 1 cm is enough, specially considering that the macroscopic
cross-section for Al at the resonance peak is 2 cm™, hence this thickness is
enough for two-times the mean free path.
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e LiF blocks at the aperture to limit neutron divergence. Beam divergence is in
general hard to control, thus having a feature in the BSA design that plays
a determinant role on this is not possible. Instead, many different aspects
modify the beam divergence and usually improving other criteria comes at the
expense of increasing the beam divergence. To solve this, a different approach
based on rejecting large-angle outgoing neutrons is followed. This is specially
effective for lower energy neutrons, since these neutrons come out of the BSA
with more isotropic directions, while faster neutrons had to be previously
(partially) directed towards the aperture by means of the main tapered Pb
reflector. To do this, an annular set of neutron absorbers made of LiF is
placed as a collimator right before the beam aperture. This feature also avoids
thermalized neutrons from the out-of-field shielding that is placed beside, as
it will be commented next.

After all these considerations were properly addressed, a final configuration fulfilled
all criteria at once. Then, a set of extra changes and optimizations were inserted
in the aim of reducing neutron leakages out of the aperture, in order to reduce the
patients over-irradiation in body-parts far from the treatment volume. Special care
was taken not to disrupt the previously attained beam properties. These additions
consisted of layers of lithiated polyethylene blocks subsequently covered with LiF
and Pb layers to fully moderate epithermal neutrons and absorb thermal neutrons
and gamma radiation, specially in this case due to the gamma emission after neutron
capture by hydrogen. These aspects of the design can be observed in the Figure 4.8,
that shows neutron and photon flux within and around the BSA design.
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Figure 4.8: Neutron (left) and Photon (right) fluxes inside and around the BSA. The
scale refers to particles per initial (simulated) neutron. These plots display the effect
of the main features of the BSA, including those discussed in the text, as the role of the
annular LiF collimator on controlling the beam divergence or the Pb reflector in recovering
neutrons from loses and gamma absorption.

In order to demonstrate the optimization of the BSA design, some examples are
given for the epithermal flux and fast dose figures in design configurations around the
definitive one, with slightly larger or shorter moderator thickness (Figure 4.9) and
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moderator radius (Figure 4.10), which prove to be the most significant parameters
in the design.

The moderator thickness, namely the MgFy width in the forward direction, is the
most relevant parameter in the optimization, and its variation produces effects in the
total epithermal flux, thermal flux ratio and fast dose, with minor variation of the
other two criteria. Since thermal flux is easier to control, we will concentrate in total
epithermal flux and fast dose. The increase or decrease in the moderator thickness
produces an opposite effect in the goal of achieving the IAEA figures. By increasing
the thickness, more moderation occurs, hence the neutron flux is reduced due to
loses at the walls and absorption, while its mean energy shifts down. This makes
the fast neutron dose decrease. A compromise between the two has to be attained
under these circumstances. This can be graphically seen as the intersection between
two lines, each corresponding to epithermal flux and fast dose, against moderator
thickness, in Figure 4.9. However, this crossing point can happen above or below
the horizontal line that defines the fulfillment of both criteria. It is only when all
previous considerations have been taken into account that the epithermal flux is
above the figure and the fast dose is below it, for the same thickness.
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Figure 4.9: Epithermal flux (blue, left-side scale) and Fast dose (red, right-side scale)
figures as a function of moderator thickness. Both scales are adjusted so that the reference
figure coincides at the horizontal black line. Above this line, epithermal flux is fulfilled,
while fast dose has to be below the line for the criterion to be attained.

The same occurs for the moderator radius, that its to say its lateral width. An
increase in moderator radius increases the volume where neutrons thermalize, thus
lowering their energy and reducing the fast dose. This can be seen in the left part
of the Figure. At the same time, moderation reduces the flux due to loses, which
explain the constant reduction of flux as moderator radius enlarges. At some point,
extra moderator radius does not further reduce the fast neutron component?, so the
fast dose flattens. However, in this case another consideration has to be addressed.

2A large moderator radius provides the possibility of recovering partially thermalized neutrons
that take a detour, which increases the epithermal flux. However, the fast neutron component that
reaches the aperture via a more direct path is not affected by the change in the moderator radius.
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The fast dose per epithermal neutron criterion is in fact a ratio between fast dose
and epithermal flux. Thus, if the fast dose remains flat while the epithermal flux
diminishes, the figure will increase. This is in fact what is observed in Figure 4.10),
thus effectively defining a minimum around 25 cm of moderator radius. In the same
way as above, this distinctive point fulfills the criteria after considering all previous
concerns.
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Figure 4.10: Epithermal flux (blue, left-side scale) and Fast dose (red, right-side scale)
figures as a function of moderator radius. Both scales are adjusted so that the reference
figure coincides at the horizontal black line. Above this line, epithermal flux is fulfilled,
while fast dose has to be below the line for the criterion to be attained.

A final comment has to be included before fully analyzing the performance of the
optimized design of the BSA. This comes in regard to the proton energy utilized
for neutron generation. This BSA has followed a process of optimization for a fixed
proton energy of E, = 2.1 MeV. However, it is relevant to study its performance
in case of variation of this energy. Therefore, a comparative analysis of the IAEA
figures is adopted here and is displayed in Figure 4.11.

As the impinging proton energy increases, a greater extent of the cross-section is in
play, as protons slow down inside the “Li target. That is, a larger amount of neutrons
is generated on top of those created at lower energies. Those newly generated
neutrons have a greater energy, thus are moderated to a lesser extent and contribute
more dominantly to the fast dose. This effect is not really noticeable until the proton
energy enters the region of the 2.25 MeV resonance of the “Li(p,n) reaction. At that
point, the progressive increase in epithermal flux and fast dose steps up. This can be
clearly observed in Figure 4.11, where one can find a slow increase (nearly a plateau)
in the fast dose to epithermal flux ratio until it bends upwards as it approaches the
2.25 MeV resonance. This is specially relevant in case of slight variations of the
energy of the protons delivered by the accelerator, as these variations would not
produce a large change in the main characteristics and figures of the beam.
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Figure 4.11: Epithermal flux (blue, left-side scale) and Fast dose (red, right-side scale)
figures as a function of incident proton energy to the Li target. Both scales are adjusted so
that the reference figure coincides at the horizontal black line. Above this line, epithermal
flux is fulfilled, while fast dose has to be below the line for the criterion to be attained.

4.7 Results: The final design of the BSA

The design and optimization of the BSA brought in a specific set of materials and
dimensions, in line with the already discussed and following the scheme in Figure
4.7.

The core moderator is made of MgF,, with 21.8 c¢m in thickness in the forward
direction from the target, and 25 cm in radius. The the backward-extended part is
of 9 cm thick. The Al layer, completing the moderation, is 1 cm thick. Next in the
forward direction is the thermal neutron filter, made of LiF and 0.2 cm thick. The
last layer, serving as gamma filter and made of Bi, is 1 cm thick. The surrounding
Pb reflector, shaped as a cylindrical corona, is of 60 cm outer radius, and it is 25
cm thick in the backward direction.

To illustrate the contribution of each consecutive layer, Figure 4.12 shows the spec-
tral flux from the target to the aperture, computed at the interfaces between different
layers. This shows the unmoderated spectrum near the target, a partially moderated
spectrum at an intermediate position. At the end of the MgFs block, the spectrum
is mostly moderated and already centered around 2 keV, and the last 1 cm Al layer
helps in reducing the fast flux around the corresponding resonances. Then the effect
of the LiF layer in the thermal region is showed, together with the little effect of
the Bi layer, specifically designed to degrade the spectrum the least possible. Thus,
only few narrow elastic-scattering resonances disturb this spectrum, in the form of
few spikes in the 1-20 keV range. Then the flux at the aperture is reduced due to
the collimation.
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Figure 4.12: Neutron spectra at different positions in the BSA, from the target to the
aperture, including intermediate locations inside the moderator block, and in the interfaces
of the various filtering layers. The epithermal range (0.5 eV - 10 keV) and its extension
(10-20 keV) are highlighted in yellow and orange, respectively.

The performance of this design has been published [108]. This design, whose intel-
lectual property is wholly owned by the University of Granada, is patent pending
(PCT/ES2021/070607).

In the following, a specification of the beam characteristics in terms of spectrum and
profile, compliance with the IAEA recommendations and in-phantom performance
is described.

4.7.1 Beam characteristics: spectrum and profile

The neutron beam spectrum (wherein all neutrons exiting the BSA through the
aperture are considered), was designed to be centered in the epithermal region (0.5
eV - 10 keV), with lower and higher energy components minimized to the extent
possible. In addition, as it was previously discussed in the 4.1.1 section, the best
energy range in terms of AD lies around 2-9 keV, while the maximum TR is found
near 2-3 keV.

The final beam satisfactorily complies with these requirements, peaking at 2 keV,
and with a larger part of the spectrum lying within the epithermal range (88.0
%), while only 3.3 % accounts for thermal neutrons and 8.7 % for fast neutrons.
Moreover, when analyzing the high energy tail (neutron flux above 10 keV), 49 %
of the fast flux is contained within the 10-20 keV range, and only 32 % of the fast
neutron flux comes from neutrons above 40 keV. This highlights the specially well
conformed neutron spectrum, specially noting that 10-20 keV neutrons are mostly
adequate for BNCT treatments. Therefore, 92.3 % of the neutrons lie within the
useful range for BNCT. Since neutrons from 20-40 keV can be accepted under some
circumstances, more than 95 % of neutrons can be considered as adequate under
this limit extension.
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This spectrum is shown in Figure 4.13 in both linear and logarithmic scales, in
comparison to two previous archetypal designs, the FiR-1, a Reactor-based design,
and the C-BENS, an Accelerator-based neutron beam for BNCT. The epithermal
range is explicitly highlighted in yellow, with the additional range from 10 to 20
keV in orange. This figure displays the well conformed spectrum with a sharply cut
and short high energy tail, preventing a large fast dose in tissues, as compared with
other designs whose spectrum extends to the tens of MeV, or even further.

Different strategies can be used to determine the actual spectrum experimentally
when this design is built. One technique of relevance is multi-foil activation tech-
nique. This technique has been applied in order to extract the neutron beam spec-
trum of the newly available NEAR station of the n_ TOF Collaboration at CERN.
The details of this characterization can be found in Appendix C.
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Figure 4.13: Neutron spectrum of the BSA at the aperture, compared to previous designs
of reactor and accelerator-based BNCT. The epithermal range is marked in yellow, with
the extension to 20 keV in orange. Additionally, a dotted vertical line denotes the 2 keV,
corresponding to the position of the maximum of the spectrum.

Aside from the spectrum, other relevant characteristic is the beam profile. The
beam profile has to be as sharply defined as possible, in order not to generate
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over-irradiation of the patient in body parts far from the target volume. This is
the main purpose in the design of the outer layers and collimation system of the
BSA. The total flux averages 10° n/cm?s inside the aperture region, and rapidly
decreases by two orders of magnitude within the first 15 cm from the aperture.
The epithermal neutron flux further reduces to three orders of magnitude from the
center at 27 cm from the aperture. The collimation is tighter for the fast neutron
component, and even more for thermal neutrons, where a sharp decrease of two
orders of magnitude occurs within 5 cm from the aperture. The gamma radiation
contamination is reduced to a lesser extent as we move apart from the aperture,
though it was previously well attained within its safe margins at the aperture. Figure
4.14 displays the lateral flux at and to the sides of the aperture of the BSA.
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Figure 4.14: Lateral flux at the aperture and the out-of-field flux to the sides of the aper-
ture. The neutron flux is evaluated separately in thermal, epithermal and fast components,
and also gamma contamination flux is included in the Figure.

4.7.2 The in-air parameters: IAEA recommendations

The parameters of the IAEA recommendations constitute the main Figures-Of-Merit
to assess the adequacy of the neutron beam in in-air conditions. The current design
achieves the goal of fulfilling all TAEA recommendations at once, with an accelerator
proton energy of 2.1 MeV and a current of 30 mA. It does so even with the restricted
epithermal neutron limits in the range 0.5 €V - 10 keV and the strong figure aiming
above 10° n/cm?s in the epithermal flux. Table 4.2 presents the values of the Figures
of Merit for that configuration (in bold), and also with the extended epithermal
limits from 10 to 20 keV. The epithermal flux reaches just above 10° n/cm?s in
both cases, with a slightly higher value in the extended limits’ case for obvious
reasons. Likewise, the fast neutron dose is attained below the threshold, with all
other Figures far within the limits. For further comparison, the Figures for a 2.0
MeV proton beam are included. This closely corresponds to the minimum energy
at which this BSA can be used for BNCT treatments, given that the epithermal
flux is just above the soft recommendation for the epithermal flux at 5-10° n/cm?s.
All other figures are also fulfilled in this case, with the additional note that the fast
dose is around 8 % lower due to the lower energy neutrons produced in the source.
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TAEA Epith. limits  Epith. limits
recommendation 0.5 eV - 10 keV 0.5 eV - 20 keV
(Ep=2.0 MeV)
Pepi (n/cm? - s) >5.108 5.459 - 10° 5.783 - 10°
Den/ Pepi < 0.05 0.0378 0.0357
Jn/on > 0.7 0.7128 0.7130
Diast/Pepi (Gy -cm?) < 2-10713 1.82-10713 0.94-1013
D, /¢epi (Gy - cm?) <2-1071 1.01-10713 0.92-10~13
(Ep=2.1 MeV)
Gepi (n/cm? - 5) >5-108 1.019-10° 1.081 - 107
Do/ Pepi < 0.05 0.0372 0.0351
In/én > 0.7 0.7120 0.7119

Diast/Pepi (Gy -cm?) < 2-10713 1.97-10713  1.09-10713
D.,/bepi (Gy - cm?) <2-10713 0.99-101%  097-10713

Table 4.2: In-air beam parameters compared to the IAEA recommendations, for proton
accelerator energies of 2.0 and 2.1 MeV. The results considering the epithermal upper
limit at 10 and 20 keV are included. The final results with the standard epithermal limits
and the operating proton energy of 2.1 MeV are highlighted in bold.

It is paramount to compare the in-air parameters of the beam from this BSA with
previous of reactor-based and accelerator-based designs. Concerning reactor-based
facilities, KURRI (Japan) in epithermal mode and THOR (Taiwan) share an ade-
quate beam intensity (9.1-10% and 1.7-10° n/cm?s at KURRI [26] and THOR [29],
respectively) and THOR has very low divergence (J,,/¢, = 0.81), but both of them
suffer from a high fast neutron contamination above the recommendations (6.1 and
2.8, in units of 10'® Gy-cm? per epithermal neutron). Also THOR has a large ther-
mal neutron ratio (0.12), more than doubling the recommendations. The FiR-1
Reactor in Finland [22, 109], where some of the most successful clinical trials have
been performed so far, has a set of parameters really close to the ones that we report
here, with a fast neutron contamination matching the limit of the recommendations,
an epithermal flux of 1.1-10° n/cm?s and a thermal ratio of 0.034. Their fast neutron
flux accounts for 6.7 % of the total flux, which is slightly lower than the one from our
design (8.7 %), but it is mostly composed of harmful high energy neutrons extend-
ing up to the tens of MeV, unlike this design, were the maximum neutron energy
is around 200 keV [23]. Extending the discussion to accelerator-based facilities, the
C-BENS [45], the first one of its kind in operation, has a high intensity (1.2109-10°
n/cm?s) and low thermal neutron flux (thermal ratio of 0.04), but their fast neutron
dose figure exceeds the maximum (5.8-10'3 Gy-cm?) even if they consider the upper
epithermal limit at 40 keV instead of 10 keV. There are several other projects, which
typically achieve enough beam intensities and have low thermal flux, though the fast
dose figure is not low enough to fit with the recommendations [110, 111, 112]. Oth-
ers do meet both the epithermal flux and low fast neutron dose figures, but fail on
the side of collimation and provide a strong beam divergence [113, 114]. An Italian
design reaches a good enough epithermal flux, but fast neutron and gamma doses
lay above the limits [41].
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4.7.3 The in-phantom performance: ICRU-33 and brain

In addition to the in-air parameters, it is compelling to analyze the performance of
the beam in phantoms. In this case, the in-phantom performance was determined
using the Snyder model of the head and brain, and a cylinder filled with ICRU-
33 tissue. MCNPG6.2 simulations were run were the out-going neutron field (and
gamma contamination) from the BSA’s aperture was directed onto the corresponding
phantom. In both cases, the standard RBE used in the literature were used, namely
Wy, = Wy = 3.2, wy = 1.0, and wp = 1.3 for the tumor and wp = 3.8 for the normal
tissues [17]. In the case of the ICRU-33 tissue, standard boron concentrations of
10 ppm for the normal tissue and 35 ppm for the tumor were used. These boron
concentrations serve as minimum requirements for the treatments, as many studies
have found higher boron concentrations both in tumor and normal tissues. For this
reason, in the Snyder model of the brain, 18 ppm was used for normal tissues and
65 ppm for the tumor, as in Refs [16, 115, 116]. The dose rate components for both
cases are shown in Figure 4.15. The dose rates are decomposed into thermal, fast
neutron doses, the boron dose (at normal tissues), and the gamma dose is displayed
as primary (due to the gamma contamination from the beam) ans total gamma
dose (including both the neutron contamination from the beam and the secondary
photons created within the phantom).

0.2 T T T T T T T T T T T T T T T T 0.2 T T T T T T T T T T T T T T T T
Thermal Dose Thermal Dose

0.18 - Fast Dose 1 0.18 - Fast Dose 1
Total Gamma Dose Total Gamma Dose
0.16 : = 0.16 : =
Primary Gamma Dose Primary Gamma Dose

0.14 Boron Dose at normal tissue 4 0.14 Boron Dose at normal tissue _

0.12 T 0.12 1

0.1 N 0.1
0.08 0.08

0.06 0.06

\_ os \
- 0.02
0 B — — PR —— 0 B — —

01 2 3 45 6 7 8 9 10111213 141516 17 18 01 2 3 45 6 7 8 9 101112 13 14 15 16 17 18
Depth along beam axis in brain (cm) Depth along beam axis in ICRU33 cylinder (cm)

Dose Rate (Gy-eq/min)
Dose Rate (Gy-eg/min)

0.04

0.02 [

Figure 4.15: Dose components along the beam axis for the Snyder model of the brain
(left) and for the ICRU-33 cylinder (right). The gamma dose is shown as total gamma
dose (blue) and also the primary gamma dose (magenta), corresponding to the gamma
contamination of the beam. The neutron component is separated in thermal dose (green)
and fast dose (red). The boron dose is indicated for the normal tissues (grey).

The total dose received at each position along the beam axis and also the lateral
dose profiles at several depths are shown in Figure 4.16. Total dose is computed
as a weighted sum of the dose components, with each component multiplied by its
corresponding RBE factor. In order to analyze the results from the simulations, a
set of FOM was extracted, including the previously defined Advantage Depth (AD)
and maximum Treatment dose Ratio (TR), but also the Advantage Depth Dose Rate
(ADDR), which is the maximum dose rate delivered to normal tissues; Treatable
Depth (TD), corresponding to the depth where the tumor dose rate equals twice the
ADDR; and the Average treatment dose Ratio (AR), which is the ratio between the
total tumor and normal tissue dose rates, each one averaged in the range from the
tissue surface or skin to the AD. The values of these FOM are also included in the
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boxes of the top panels in Figure 4.16. For the Snyder head phantom, AD reaches
9.74 cm with ADDR of 0.331 Gy-Eq/min; TD is 7.85 cm; the TR and AR ratios
have values of 6.19 and 5.78, respectively. For the ICRU33 cylinder, AD equals 8.95

cm, with an ADDR of 0.301 Gy-Eq/min; TD is 6.80 cm; the TR and AR are 4.72
and 4.43, respectively.
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Figure 4.16: Total dose rates in tumor and normal tissue for the Snyder model (left) and
the ICRU-33 cylinder (right). The dose rates along the beam axis are shown in the top
panels, and the dose profiles at different depths are shown in the bottom panels. Additional
information is shown in the white boxes in the top panels, concerning the main Figures of
Merit, including the ADDR, AD, TD, TR and AR. Also in the top panels, the black dots
indicate the depths and tumor doses that equals and does twice the maximum in normal
tissues, hence showing visually the ADDR, AD and TD.

These results can be compared and discussed with the evidence of the literature.
We can find examples of previous reactor-based BNCT facilities and of some of
the newest accelerator-based ones. Also there are several other projects that have
been under development and have published at least some of the FOMs that rely
on simulations as in our case. Note that in the next comparisons, not in all cases
the reported figures correspond to the same kind of simulation or dose measurement
strategy, since the techniques to do so are not standardized. That is the reason
for providing two different cases with a head model (65 and 18 ppm of °B in
tumor/normal tissues) and an ICRU33 cylinder (35 and 10 ppm). For instance, the
calculations from the R2-0 at Studsvik use 25 ppm of boron in their brain phantoms
[28]. In other cases, the phantoms are located at a different position from the beam
aperture, such as the case of THOR, where the phantom was placed at 10 ¢m from
the aperture. Both of them (THOR and R2-0) together with FiR-1 provide the TD
but none of them exceeds 7 cm, while our design almost reaches 8 cm. If we compare
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AD, we perform slightly better than R2-0 (9.74 cm vs. 9.7 cm) even with a lower
boron concentration. KURRI and C-BENS only reach an AD of 10 cm if the raise
the boron concentration to 50 ppm and a tumor/normal tissue concentration ratio
of 4.5:1 [46, 45]. Regarding ADDR, THOR peaks at 0.5 Gy/min and FiR-1 also
reaches 0.45 Gy/min, in accordance with their higher beam intensity compared to
our design, that attains 0.331 Gy/min. Regarding accelerator-based projects that
have been under development in California (USA) [117], Obninsk (Russia) [113],
Korea [118] or Argentina [119], none of them achieve AD higher than 9.5. A recent
work in Osaka (Japan) stays behind at 9.1 cm [110]. A proposal in Novosibirsk
(Russia) claims a similar AD (9.7 cm), but the other figures (TD = 7.52 cm and TR
= 5.38 cm) are lower than ours [114].

Finally, in order to show an example of the dose distribution using the Snyder model
of the brain, a couple of simulations were run, using an one- and two-field irradiation.
The dose map corresponding to a slice of the model is shown in Figure 4.17. Dose is
shown relative to the Maximum dose in normal tissue, in order to easily identify the
regions where a BNCT treatment could produce a desirable result. In the Figures,
a dose ratio over two is shown with turquoise color, and a dose ratio over three is
shown in yellow. Any value over these (orange, red) correspond to larger dose ratios
and hence more likelihood of a good response to treatment. We can see that when
using a single field, there is a small region close to the beam aperture where the
dose ratio is high, but then most of the brain is left with low doses. That would
be appropriate for small tumors located close to the scull. In the event of large
tumors, or tumors located far from the scull in the inner part of the brain, a set of
two fields could be used. The bottom panel shows such example, where more than
half of the brain region can be accessed and deliver a large dose to a tumor located
there, compared to the dose received in normal tissues located nearby the tumor,
which would be left with doses in some cases lower by a factor of 6.

A realistic example of a cancer patient with a large tumor in the brain will be
shown in the next Chapter, where the BSA designed and discussed here will be
used, together with the previously obtained nuclear data.
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Figure 4.17: Examples of a one-field (top panel) and two-field (bottom panel) dose maps in
the brain using the Snyder Model. The dose in the brain is shown relative to the maximum
dose in normal tissue. The beam axis or axes are indicated with the dashed-dotted lines.
The beam aperture is located 1 cm away from the skin surface of the model.
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Chapter 5

Development of a BNCT
Treatment Planning for a patient
with Glioblastoma

Once the new nuclear data from the “N(n,p) reaction has been obtained and its
relevance in BNCT dosimetry has been discussed, and also a new neutron beam
has been designed, it is paramount to test it with realistic cases. To this aim, a
Treatment Planning System (TPS) has been developed in order to simulate the
BNCT treatment of a patient with Glioblastoma Multiforme.

The most important source of information for the treatment planning is the imaging
data from the patient, where the images from the CT scan (and other data such as
Magnetic Resonance Imaging, MRI) are stored. Moreover, valuable data such as the
contours of all the Regions Of Interest (ROI) such as the Clinical Tumor Volume
(CTV) and Planning Tumor Volume (PTV), and the Organs-At-Risk (OAR) are

included in complementary files as the RT-Struct file.

From this data, a model of the patient has to be implemented into the neutron
transport code, MCNP. A simulation of the dose deposited in each voxel region has
to be run, considering the different tissues and their corresponding compositions
and kerma factors. The new data from the YN (n,p) reaction obtained in Chapter
2 will be used for both the neutron transport in MCNP and the dose estimation
via kerma factors, as described in Chapter 3. The beam obtained from the BSA
designed in the previous Chapter 4 will be used. The beam orientation for the one
or two neutron fields applied has to be determined and optimized for the particular
patient and tumor position and extension.

In order to estimate the dose for the simulated treatment, a few assumptions had
to be made, including the use of RBE data from the literature [17]. In addition,
boron concentration data from a study of the boron uptake for the patient was not
available, since a BNCT treatment was not performed. Thus the boron concentration
was set as 18.5 ppm in normal tissues (other than tumor or skin), with a ratio of
3.5 for tumor and 1.5 for skin.

After this, the data from the simulations has to be analyzed in order to check the
adequacy of the planned treatment. This can be assessed with the calculation of
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Dose-Volume Histograms (DVH), average and maximum dose levels in OAR and
with the help of plots of isodose contours or dose maps over medical images.

Figure 5.1 shows a scheme of the procedure used to design the treatment planning,
including the main inputs (medical images of the patient and the neutron source)
and additional input data as kerma factors, RBE and boron uptakes), the main
results from the simulation and the loop for optimizing the beam orientations in
order to achieve a final treatment planning.

The case of the patient used to present the treatment planning routines and the
adequacy of the neutron beam off the BSA is a patient with GBM, with a large tumor
in the frontal-right lobe of the brain. This tumor poses a challenge in treatment
planning due to the closeness to key brain structures, as it partially surrounds the
chiasma and is close to the optic nerves. The chiasma is the part of the brain
where the optic nerves cross each other, and hence it is specially relevant for the
vision. A harm to the chiasma can lead to blindness. With the use of Conventional
Radiotherapy, it is difficult to design a treatment planning for this case that achieves
a tumor control and at the same time leaves the chiasma undamaged, or at least to
a dose that does not increase the risk of blindness. We would like to test if a BNCT
treatment planning could improve this kind of situations.

Design of Treatment Planning for BNCT

ACCELERATOR + BSA

HU

MATERIALS
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Figure 5.1: Scheme of the treatment planning used to simulate the BNCT treatment for
a patient with GBM. The main input data, the simulation procedure and outputs from
analysis are integrated, followed by a loop in order to optimize the beam orientation and
define a final treatment planning.

5.1 Medical data: DICOM Files

DICOM (Data Imaging and Communications in Medicine) is the standard for the
communication and management of medical imaging data, including CT scans, MRI
and others. For our purposes, CT data contains information needed for the mod-
elization of the patient. CT data is presented in a series of slices of pictures, where
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all pictures have a defined pixel sizes. The pixel size and distance between slices
define the voxel sizes and the spatial resolution of the data.

5.1.1 RT-Struct Files

In addition to images, some other auxiliary files are used in treatment plannings,
including conventional RT-plan files which contain data on the parameters of the
machines used to perform the treatment, RT-dose files, which contain the expected
results of the treatment in terms of dose maps and DVH, and RT-struct files. These
last files are specially useful for the BNCT treatment planning, since they include the
contours of the tumor (CTV, PTV) and the OAR, as determined by the physicians.
These data can be used, once integrated with the CT data, to check and separate
different tissues that otherwise could be hard to separate from the actual information
given in the CT. Figure 5.2 shows two slices of the CT scan with superimposed
contours of the tumor (CTV in black and PTV in red) and OAR (for example, the
chiasma in blue, the full brain in magenta and the eyes in green).

5.2 Patient Modelling

5.2.1 Material and Tissue Identification

CT data is given in the so-called Hounsfield Units (HU), which correspond to linear
attenuation coefficients and can be related to electron densities of the tissues. HU
are defined so that in the scale, 0 corresponds to the linear attenuation coefficient
of water and -1000 corresponds to that of air. In order to perform a simulation of
a BNCT treatment, where neutron transport is paramount, electron densities are
not enough to achieve reliable results. To do so, the HU have to be matched with
a corresponding tissue, thanks to scales that relate some HU ranges to different
tissues. There are reference ranges for different tissues. For instance, bone tissues
typically range above 300 HU and up to 1900 HU. Higher values are only found in
CT scans in case of foreign bodies such as implants. Soft tissues have values around
0, with fat and adipose tissues ranging around -120 to -90 HU, and most other
tissues presenting overlaps. For instance, brain tissues appear from +20 to +45 HU,
and muscle tissue usually has +35 to +55 HU. That makes tissue assignment only
based on HU unreliable. Figure 5.3, left panel, shows a slice of the CT where the
material identification is based solely on HU values. Each color is related to a HU
range as shown in the scale and all voxels with a value within a range is attributed
the corresponding tissue. Some clearly distinguishable features are well separated
as bone is told apart from others. Also the brain is well recognized as brain tissue
and most of the muscles are also identified as muscle tissue. However, part of the
muscular and other tissues are taken as brain, and more noticeably the eyeballs are
identified also as brain. Another structures as the bed and the radiotherapy mask
for patient immobilization, made of plastic materials, are assumed to be fat together
with the mucosa tissues. This comports relevant distortions both in transport and in
dose estimation. For this reason, the use of the RT-struct data allows to define the
contours of some organs, specially those of most interest. In BNCT, tissues with a
higher proportion of nitrogen or chlorine are suspect to receive larger doses and have
to be analyzed in detail. For instance, the lens of the eye has a substantially higher
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Figure 5.2: Two slices of the CT scan, with the contours of the CTV (black), PTV (red)
and OARs are superimposed. These include the full brain (blue), the skin (green), the
eyes (purple), the chiasma (magenta), and the optic nerves (orange). Other OARs are
not shown as the the brainstem or the spinal cord as they appear at different positions
in the vertical axis. The slices have been chosen to note the main location of the tumor
(left image) and the fact that part of the PTV intersects the chiasma (right image). The
horizontal and vertical axis and units are in mm, and correspond to the CT reference
system.

nitrogen content, as does so the skin. The inclusion of those tissues as separate
is key to a reliable treatment planning. Figure 5.3, right panel, shows a slice in
the CT where the final material identification includes the contour data from the
RT-struct files. Once all tissues of relevance in the medical images are determined,
their corresponding kerma factors have to be computed.

86



5.2. Patient Modelling

500 500

=]
=

=1
=]

; "R K
® Material / Tissue

=

200

Antero-posterior axis pixel number {#)
Hounsfield Units
Antero-posterior axis pixel number {#)

5

]
iz

100 200 30 400 500 [ 100 200 30 400 500
Lateral axls pixel number (#) Lateral axis pixel number (#)

Figure 5.3: The left image shows a slice of the CT scan with tissue identification based
only on HU. The tissues correspond to bone tissue (grey), adipose tissue (yellow), brain
tissue (blue), muscle tissue (red), skin (green), the eyes (purple) and the eyelenses (white).
Lower HU are considered as air (shown in black). The right image shows the final material
identification with seven tissues. Non-tissue materials as the plastic mask for immobiliza-
tion and the bed are identified as adipose tissues (discarded afterwards). The right image
shows the tissue identification after contour data from the RT-struct DICOM file is in-
cluded. Color code is the same. Also the geometry model has been cropped to the edges
to reduce the amount of data.

One relevant aspect in the feasibility of the treatment planning is the simulation
needs in terms of disk space, RAM and computing time. Since the patient data is
voxelized, a large amount of information is entered to the simulation code (MCNP),
and then a dose has to be computed for each of those voxels. In order to reduce
the amount of data needed to construct the model and run the simulations, the CT
geometry is cropped in the three axis in order to remove all excess of only-air-filled
voxels, which do not add any extra information but strongly increase the voxel-data
to be stored. Figure 5.3 shows the transition from the un-cropped CT-based data
in the left image and the cropped data in the right image. This cropping procedure
has to be done carefully in order to avoid leaving any relevant part of the geometry
(e.g. part of the nose or ears that protrude from the main bulk of the head). In
addition to this, in order to compute doses in BNCT treatments, four different dose
components (thermal and fast neutron, gamma and boron doses) and hence tallies
have to be computed and saved. This makes the simulation run slow and generates
a vast amount of temporary data which can easily overload the memory of the
computer. In order to avoid such problems, dedicated simulations have to be run
for each tissue, where only the tallies corresponding to that tissue are calculated
at each time (the full model of the head of the patient was simulated in all cases,
but only one tissue was tallied at once). The downside of this strategy is that the
same neutron transport simulation has to be run several times in order to retrieve
the relevant data from each tissue. This limits the amount of possible tissues that
can be simulated within a reasonable computing time. In this case, for a patient
with GBM with a tumor inside the brain, the full head was simulated, and the
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tissues used were in the following list: bone tissue, muscle tissue, fat, brain tissue,
skin, eye and the lens of the eye. All other tissues were redirected to the closest
tissue by composition. For example, the complete encephallus, including the brain,
brainstem, cerebellum and other structures including, for instance, the chiasma and
the optic nerves, were considered as brain tissue. Another case is that all bones in
the skull, cartilages and teeth were considered as bone tissue.

5.2.2 MCNP Input

In order to construct the model of the patient in MCNP, including the voxelized
data from the DICOM files, the special features of universes and lattices have
to be applied. A large lattice of parallelepipeds is arranged and filled with several
different universes, each of them containing a specific material composition, thus
defining regions in space. Furthermore, the tallies, weighted with the corresponding
kerma factors, are defined to compute dose in their corresponding cell (filled with the
universe of its kind, where that means that a single cell contains all the voxels in the
lattice filled with its universe). The neutron beam (including out-of-field leakages
and gamma contamination) is included in the simulation via the SSW/SSR special
type of source (surface source write/read) from MCNP, and oriented and located
accordingly to the case by means of transformations (TR). Figure 5.4 shows the
implementation of the model as seen from the MCNP plotter, where each material
(and cell and universe) correspond to a different color. An example of such input files
(corresponding to the one that tallies the brain tissues) is shown in the Appendix
B.

08421722 1102154 ) ) ) )
tost Siw Lat from DICOH file up R N LF Urigin .1 .2 Zoan 5. 10

probid = O06/21/22 19118126

basiz: T2

O 0000000, 1 000000, 00000003

O, 000, b, 000, 1, 000y

origing

€ 000, ~0.03, 13,500
| ewtent = { 14,04, 14,09F

in Cell 5
wyz = -9.77. -11.67. .00

Festore Cellline

ROTATE

COLOR SCHLES LEVEL

byl 12 o

LABELS L1 off L2 off

HBODY  on LEGEND of f

Click here or picture ar ke

| Pedraw | PlokX End |

Figure 5.4: Plot from the MCNP viewer that shows the model of the patient as recon-
structed with using the MCNP lattice (black lines that conform the grid). The plot
uses the MCNP palette relating colors to materials: air (magenta), muscle tissue (green),
adipose tissue (yellow), skin (orange), brain tissue (cyan) and bone tissue (dark blue).
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5.2.3 Beam Definition and orientation

As it was already mentioned in the previous section, the neutron beam was intro-
duced to the MCNP code via the SSW/SSR cards. Furthermore, the beam positioning
and orientation were defined in a separate script that took into account the position
of the tumor iso-center. The iso-center is defined as the point towards the beams
converge, and it is usually located around the center of the tumor. In this case the
tumor was spread in a large region of the craneal cavity, from near the skull to the
center of the brain. For this reason, and in order to enhance the effect of using two
neutron fields (two consecutive irradiations with a different patient positioning), the
iso-center was moved towards the center of the brain in the aim of increasing the
overall dose homogeneity due to the limited penetrability of neutrons. In order to
define the beam positioning, the beam axis vector and the distance of the beam
aperture to the iso-center were used as input. Manual checks were performed to ver-
ify that the position of the beams was correct and to avoid the BSA aperture plane
to move away or to enter inside the patient model. The distance to the iso-center
was fixed so that the BSA aperture plane was tangent to the skin of the patient.
The beam axis pointed in all cases towards the iso-center.

A few tests with one-field and two-field irradiations were simulated following the
described procedure. No clinical expertise was followed in the beam configuration,
but two general guidelines were followed in order to choose from the results, namely
to minimize the dose spread in the CTV (to avoid infra- and over-dosification of
the tumor), and to minimize the dose in the OAR with respect to the tumor, by
avoiding beam directions that passed through OAR in order to reach the tumor
(e.g. the eyes). However, a dedicated optimization in order to find the best possible
orientation and positioning of the neutron beam/s has not been made. In order to
do so, a careful determination of the dependencies of the dose spread and dose limi-
tations for the OAR shall be defined and input to a multi-criteria beam optimization
procedure would have to be followed [120].

Figure 5.5 shows the final choice for the two-field configuration. Both fields con-
tribute equally to the treatment, in that the irradiation time from both of the is half
of the irradiation time. Both beam axes are tilted 30° with respect to the horizontal
plane, from top to bottom. The first beam axis (violet in the Figure) points 15°
to the front with respect to the left-right direction, reaching the patient around the
right temporal bone, above and below the right ear. The second beam axis (purple
in the figure) points 30° left with respect to the antero-posterior direction, reaching
the patient at the forehead above the right eye. This beam configuration has been
used for all results and discussions hereafter.
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Figure 5.5: Slice of the CT with the contours of skin (green), brain (blue), CTV (black)
and PTV (red), where the orientation and positioning of the two beams is indicated. Both
beams contribute equally in terms of irradiation time. The location of the iso-center, where
the beams point to, is indicated with the yellow star. The two beam axes correspond to
the violet and purple arrows. The location of the plane containing the beam aperture is
shown with the dotted-lines.

5.3 Data Analysis

Once the neutron transport simulations with the physical dose computations are
performed, the data has to be processed and integrated onto a final dose estimation
at each position. Total dose in each voxel is computed as:

Dy = wip Dy, +wyDy +wpxpDp + D, (5.1)

where w; are the corresponding RBE factors to convert from physical dose to bio-
logically equivalent dose. The values for the coefficients are taken from the common
use in the literature [17]. Boron concentration varies from one tissue to another, and
has been assumed as 18 ppm in normal tissues (all except tumor and skin), with a
tumor to normal tissue boron concentration ratio of 3.5 and skin to normal tissue
boron concentration ratio of 1.5.
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From the 3D dose distribution, the dose maps corresponding to tumor and all other
tissues can be obtained and superimposed to the CT scan data, showcasing color
maps or isodose curves. Moreover, by means of analysis techiques, the dose data
in the voxels included in the contours of the tumor or the OARs can be used to
compute DVH and analyze the adecuacy of the beam.

The DVH are representations of the dose distribution within the volume of a ROI,
and normalized to the total volume of the ROI. The DVH show the cumulative
dose distribution, in a way that, for each dose value in the horizontal axis, the
total volume that has received at least that amount of dose is marked. For a fully
homogeneous dose distribution within the ROI of interest, the DVH would look
as a step function, i.e. at 100 % volume below the prescribed dose, and a sharp
cut-off at the prescribed dose. The DVH provide relevant information on the dose
distribution, namely minimum, median and maximum doses within each ROI (the
0%, 50*" and 100*® percentiles), but also many criteria on the dose restrictions for the
OARs are defined in a way that DVH provide the information on whether the limits
are exceeded or not. These criteria are not thoroughly studied and standardized for
BNCT, and usually they have to be extrapolated from other kinds of radiotherapy,
according to similarities considering mainly the duration of the treatment and the
number of fractions. In this case, single-session Stereotactical Radio Surgery (SRS)
provides a close-enough reference from which to define tentative dose limits for
the OARs. From there we can reproduce the recommendations by the Quantitative
Analyses of Normal Tissue Effects in the Clinic (QUANTEC) [121] for the brain and
the specific case of the chiasma. For the chiasma, the recommendations define that
the maximum dose should not exceed 10-12 Gy in any part of the OAR [122]. For
the full brain, the QUANTEC criterion is that no more than 5-10 cm? of the volume
of the healthy brain should be exposed to more than 12 Gy [123]. Considering a full
brain volume of 1145 cm?, less than 0.87 % of the volume of the brain should receive
more than 12 Gy. In order to define treatment times, each clinical trial has proposed
various criteria. For example, the last clinical trials from the first Accelerator-based
BNCT facilities in Japan have defined two criteria, one for head and neck cancer
and other for glioblastoma. For head and neck cancer, the irradiation time was set
so that the maximum dose received by the mucosa is 12 Gy-eq [47]. For GBM, the
maximum dose at the scalp was 8.5 Gy-eq [48]. The successful Clinical Trials from
the FiR-1 Reactor in Finland, to which we will compare, defined a double criterion:
the maximum dose for a 1 cm® volume in the brain should be 8 Gy-eq, and also
the average dose of the full brain shall not exceed 6 Gy-eq [53]. Since we will make
a comparison with FiR-1, we will use this criterion in order to define the dose and
irradiation time for the BNCT treatment.

5.3.1 Simulation Run Time

In order to run reliable simulations, statistical sources of uncertainty have to be
reduced at least to a point where they do not contribute substantially to the widening
of the dose distribution. To do so, the SSR/SSW source file has to include as many
primaries as possible. Two problems arise when increasing the number of primaries
and hence the size of this source file. First, the production of the SSW file from the
simulation of the neutron transport through the BSA is time consuming and the
SSW file that is generated has at least 1 GB in order to fit minimum requirements of
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sampling of the phase space. Fortunately, the production of this file has to be made
only once and then it can be used for whichever purpose related to the BSA beam.
The second problem is more challenging. When the size of the SSW->SSR file grows,
the duration of the simulations that use it increases accordingly. This manifests as
a major problem given that each transport simulation has to be run several times to
account for all tissues of interest (as described before), but also since this procedure
needs to be repeated with different beam configurations in order to optimize the
beam (or beams) orientation and positioning respect to the patient.

For this reason, and in order to check the minimum amount of primaries needed to
run the treatment planning simulation without artificially increasing the widths of
the dose distributions of the tumor and OARs, a detailed analysis was carried out.
To do so, the dose distribution for the case of the CTV of the analyzed patient with
GBM was estimated using the 15.87"" and 84.13"" volume percentiles in the DVH,
which correspond to 40 in a fitting Gaussian distribution. The CTV was used as the
volume of interest for this calculation since it is the most relevant volume and the
OARs that could receive a larger dose would typically be found close to the CTV.
Under these circumstances, there is a “real” or intrinsic width of the distribution
caused by the CTV size and the underlying dose variation at different locations
related to the beam positioning and orientation, and also an increase of the width
of the distribution due to statistical artifacts. This increase in the overall variance
can be described following the equation:

U% = U% + O-gtat (5.2)

that is, the total variance of the dose distribution in the CTV, o2, can be attributed
to the intrinsic variance of the dose distribution, 02, plus a term created by under-
sampling of the neutron source, o2, ,. That second term depends on the number
of histories run in the simulations (e = 00/V N ), and hence can be reduced to
a point where it is no longer relevant to the total variance. By running a set of
simulations with different number of primaries, the o; and oy parameters can be de-
termined and so the number of primaries N needed for a reliable simulation can be
fixed. This effect can clearly be observed in Figure 5.6, left image, where the DVH
of the CTV is displayed for one configuration of the beam (two fields of equal du-
ration positioned at relatively suitable beam orientation compromise, though not a
deliberate optimization of the orientation has been carried out). A set of simulations
with different number of primaries show that if the initial beam is under-sampled
(reddish colors in the Figure), the DVH spreads artificially and provides a wrong
picture of the planned treatment. As the number of primaries increase, the corre-
sponding statistical variance due to the sampling is reduced and hence the DVH
approaches the real treatment planning (greenish colors in the Figure).
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Figure 5.6: Example of the influence of the statistical uncertainty in the simulations.
The left image shows the DVH of the CTV for five separate cases varying the number of
primaries from 5.4-10° primaries (red) to 2.6-107 primaries (dark green). The horizontal
lines indicate the 5" and 95" percentiles (dotted lines), the 15.87"" and 84.13' percentiles
(£o, dash-dotted lines) and the median (dashed line). The vertical lines indicate 12 Gy-
eq (typical value for maximum dose at OARs) and 45 Gy-eq (typical median dose at
CTV). The duration of the treatment has been set so that the median dose at CTV is 45
Gy-eq. The right image shows the variation of the total standard deviation of the CTV
dose distribution as a function of the number of primaries in the simulation. The red
line correspond to the fit of the data points using equation 5.2, and the blue dashed line
indicates the intrinsic standard deviation of the dose distribution.

Figure 5.6, right image, shows the results of this analysis. The standard deviation
of the CTV dose distribution, estimated as half of the dose-distance between the +o
percentiles, is shown as a function of the number of primaries, and fit to Equation
5.2. The intrinsic standard deviation can be obtained from the fit of data. The
minimum number of primaries needed so that the statistical contribution is less
than 5 % of the total standard deviation is of the order of 1.4-107 primaries recorded
on the SSW source, which means around 26 h for creating the SSW/SSR file (1.34 GB)
and 8.6 h to run the treatment planning simulations.!

TAll simulations were performed in a computer with the following technical specifications:
intel®Core™ i7-4770 CPU @ 3.4GHz x8 and 16 GB of RAM.
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5.4 Results: The simulation of a GBM case

The development of a TPS allows to examine in more detail the real features of
a beam designed for BNCT treatments, compared to Conventional Radiotherapy
(CRT) and the BNCT beams that have produced promising clinical outcomes in
the past, using reactors. We will present here the results of a Treatment Plan for
the patient with GBM described along this chapter. The dose deposition distribu-
tion inside the patient will be shown using dose maps. The DVH will provide the
quantitative results and will facilitate an easier identification of the improvement in
the patient’s treatment by using BNCT. We will compare to the Conventional RT
Plan that the patient would receive at the hospital. We will also compare with the
outcomes that would result from substituting the beam designed in this thesis by
the neutron beam of the FiR-1 reactor in Finland.

5.4.1 Dose Map and DVH using BSA-UGR

The Dose distribution can be interpreted easily with the help of dose maps. These
dose maps correspond to the actual dose prescribed for the treatment via simulations,
and can be shown as slices corresponding to the CT scan, where also the contours of
OAR and tumor can be displayed for a more straightforward interpretation. Figures
5.7 and 5.8 show four of such dose maps, corresponding to some slices that better
represent the condition of the patient. Total dose in tumor is displayed inside the
CTV, and total dose in normal tissues is displayed elsewhere, including the portion
of the PTV outside the CTV. The top-left image corresponds to a slice through
the eyes and the chiasma, which is penetrated by the PTV (though not the CTV).
The rest of the images contain a portion of the tumor (CTV) where a large dose
is delivered due to the high boron concentration assumed inside the tumor. The
boundary between the tumor and the normal tissues is sharp in the absence of an
estimate of boron distribution inside the patient. The dose in normal tissues is kept
below a minimum of 10 Gy-eq through all the tissues, and a large fraction of the
head receives less than 5 Gy-eq. Only the regions surrounding the tumor, where the
neutron beams impinge onto and moderate until reaching the CTV, receive a larger
dose, which is in any case kept below safe margins. The tumor dose is reasonably
homogeneous, though the most deep regions of the tumor receive less dose, due to
the limited penetration of neutrons to around 10 cm from the surface.

Together with dose maps, DVH provide the detailed view of the treatment plan
under analysis, and allow to determine the constraints, pluses and limitations. The
most important aspect is the determination of the duration of the treatment. Using
the criteria from FiR-1, the average dose in brain shall not exceed 6 Gy-eq, and also
at maximum 1 cm? of the brain shall receive 8 Gy-eq (asumming a male brain of
1260 cm? this accounts to 0.079 % of the brain volume).

In our case, the most limiting factor is the maximum dose for a 1 cm? of the brain,
and this allows to scale properly the horizontal axis of the DVH, and also to calculate
the duration of the treatment. The total duration of the treatment with the two-
equal-time field irradiations with the BSA-UGR beam is 47.39 min (23.695 min each
field). This duration for the treatment is adequate and within the recommendations,
below one hour. Furthermore, both irradiations could be performed sequentially,
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Figure 5.7: Two slices of the central part of the head showing the dose distribution
obtained by the simulation of the Treatment Plan for the patient with GBM. The contour
of the brain is shown in blue, eyes in purple, chiasma in magenta, PTV in red and CTV
in black.

leaving some time in between for the patient re-orientation.

Using this information, we can now construct the normalized DVH, as shown in
Figure 5.9. The top panel shows the full DVH for the CTV, PTV and OAR, while
the bottom panel does for the detail the OAR, in the range below 10 Gy-eq. It can
clearly be observed from these plots that the tumor receives a much larger dose than
the normal tissues in the OAR, which are safely protected below the margins. All
normal tissues fall below the overall tissue-independent limit of 12 Gy-eq, and all
tissues receive less than 5 Gy-eq of median dose. Specially relevant is the dose in
the chiasma (magenta) due to its relative closeness to the tumor. The skin (green)
receives large differences of dose depending on its location, being higher near the
position of the beam incidence and much lower in parts of the head far from these
points. Other relevant tissues as the brainstem and the spine do not receive large
doses due to their relative far location with respect to the tumor. Concerning the
tumor, in BNCT it its considered that 30 Gy-eq in a single session is enough to
completely destroy the tumor. This treatment achieves a 30 Gy-eq dose for more
than 90 % of the CTV, and the rest receives at least 25 Gy-eq. The dose at PTV is
computed here as if it was filled with tumor content, though the medical images do
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Figure 5.8: Two slices of the top part of the head showing the dose distribution obtained
by the simulation of the Treatment Plan for the patient with GBM. The contour color
code is the same as in the previous Figure.

not reveal that. This is done so that any possible non-visible extension or infiltration
of the tumor outside the CTV can be analyzed as tumor-like.

One facet that can be analyzed using the DVH is the homogeneity of the dose
deposition through the head. One of the main concerns is to try to minimize the
spread in dose in the tissues, specially in the tumor, in order to avoid infra- and
over-dosed regions. This spread depends mainly on two factors, the size of the ROI
and the homogeneity of the neutron field determined by both the neutron difusion
and the beam orientation. For small ROI, of the size or smaller than the typical
mean-free-path of neutrons in the head, the dose is mostly homogeneous, and the
DVH shows a moderately sharp cut-off, as in the chiasma, eyes or the optic nerves.
In large ROI, such as the tumor, the full brain or the skin, the beam orientation plays
a more determinant role. That was the main reason for using a two-field irradiation
with two fields entering the head in lateral sides with respect to the tumor location,
in the aim of enlarging the plateau region of large dose deposition around the tumor.

It is also noteworthy to remind that the treatment plan described here is not op-
timized stricto sensu in what regards the beam orientation and positioning, which
means that this case could find a better outcome if this optimization was carried
out. However, few general matters were considered in order to present a realistic
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case not far from the optimal.
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Figure 5.9: Dose-Volume Histograms of the OAR, PTV and CTV of the patient with

GBM, for the BNCT Treatment

Plan using the BSA-UGR neutron beam. The top panel

corresponds to the complete DVH including CTV, PTV and all the OAR of interest, as
indicated in the key. The bottom panel shows the detail in the range 0-10 Gy-eq to better
showcase the dose in the OAR. The color code for the top and bottom panels is the same.
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5.4.2 Comparison with Conventional Radiotherapy

A direct comparison between a BNCT treatment plan and the conventional RT plan
is not straightforward.

First of all, conventional RT is a standard in medical treatments, and all parameters
and inputs to the simulation of the treatment are much more precisely determined
than the case of BNCT, which is an experimental form of radiotherapy for which
clinical output is scarce in comparison. Moreover, several assumptions have to be
considered in the BNCT plan, as the case patient did not actually receive a BNCT
treatment and therefore some patient-specific data such as the boron uptake and
boron distribution in- and around the tumor region are not known.

Secondly, the units in BNCT and conventional RT are not the same, as conventional
RT uses Gy, while BNCT uses Gy-eq, that has been shown not to be directly com-
parable. There have been some studies developing an approach to the same unit
system, including the photon iso-effective dose models for BNCT. However, in the
BNCT research field, Gy-eq units are still used and all Clinical Trials reports its
outcome that way.

Third, the conventional RT plan consists of several (around 30) short sessions span-
ning over few weeks, while BNCT performs the treatment in a single session. This
leads to a fundamental difference, as in conventional RT, the tissues are able to
recover from one fraction to the next. This is specially the case due to the use of
low LET radiation as photons. In BNCT, the use of high LET radiation makes this
effect less relevant. For this reason, a single session with high LET radiation to a
dose of 30 Gy-eq can lead to similar results as a 60 Gy with low LET radiation.

Even with such relevant differences, still a semi-quantitative comparison can be
assessed. Figure 5.10 shows both the DVH for the BNCT treatment plan (top panel)
and the conventional RT treatment plan (bottom panel). Notably, the dose received
in the OAR in a BNCT treatment is much lower with respect to the tumor dose,
when compared to conventional RT, where most of the OAR receive large doses in
a significant fraction of the volume. Consider for instance the skin and the brain,
where over 10 % and 20 % of the volume receive more than 40 Gy and therefore the
normal tissue death is likely guaranteed in these regions. The most palpable case
of such plan is the dose in the chiasma (magenta in the Figure), where all of the
volume receives at least 45 Gy. The medical physicists that realized and executed
the conventional RT plan pointed out that this would increase the risk of damaging
the chiasma, with the subsequent danger of leaving the patient blind. In the event
of a BNCT treatment, that would not be an outcome, given the low dose received
by the chiasma, in all cases below the safe margin criteria. In contrast, the use of
several dose fractions allows a very precise conformation of the beams to deliver an
homogeneous dose inside the CTV, where 95 % of it receives between 60 and 65
Gy, and 5 % receives 55 to 60 Gy. A one- or two-field BNCT treatment can not
achieve such homogeneity inside the CTV. Even if the BNCT treatment were split
in several sessions to conform many fields, the nature of neutron transport would
lead to a expansive and softly varying neutron field where the dose does not find
sharp variations within the patient. In contraposition with conventional RT (and
other forms of particle therapy as proton therapy or heavy-ion therapy), the dose
differences between tumor a normal tissues does not rely primarily on the beam
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orientation, positioning and conformation, but rather on the selective boron uptake
in the tumor compared to normal tissues.

1p T T T e T T T T T T T T
\ ,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,, CTV.TUMOR ——
0.9 PTV_TUMOR — -
SKIN ——
0.8 | BRAINSTEM —— -
SPINE ——
BRAIN ——
B CHIASMA —— |
5 EYE_LEFT ——
E OPTIC_NERVE_LEFT —— |
P EYE_RIGHT
S OPTIC_NERVE_RIGHT — |
S
z
-f_,—D
o
o
£
3
S

Dose (Gy)

Figure 5.10: Dose-Volume Histograms of the OAR, PTV and CTV of the patient with
GBM, for the BNCT Treatment Plan using the BSA-UGR neutron beam (top panel) and
the actual Treatment Plan administered to the patient, using CRT (bottom panel). Note
the different units in the horizontal axes, in Gy-eq for the BNCT treatment and Gy in the
conventional RT treatment. The color code for the top and bottom panels is the same.
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Glioblastoma

5.4.3 Comparison with the Neutron Beam from the FiR-1
Reactor

The comparison with the FiR-1 neutron beam is much more direct, since the char-
acteristics of the therapy are the same, including the same units and RBE factors.
Also the boron uptake and T/N ratio have been chosen to be the same values, as
indicated in the clinical trials that used the FiR-1 reactor [53]. The simulations and
data analysis of the treatment with each neutron beam have been identical, includ-
ing the orientation and positioning of the beam. The only exception is the SSW/SSR
source containing the specific sampling of each neutron beam, for obvious reasons.

The duration of the treatment is fixed in both cases following the criteria from FiR-1
on the maximum dose of 8 Gy-eq in 1 cm?® in the brain, as the dose distribution
is fairly similar in both cases. Due to the similar beam intensities, the duration of
the treatment with FiR-1, estimated to be 44.20 min (22.10 min each field) is very
similar to BSA-UGR (47.39 min total). The choice of this criterion determines the
total dose deposition, which is key to the comparison that follows.

Figure 5.11 shows the comparison between the treatment of the patient with GBM
using the BSA-UGR beam (solid lines) and the FiR-1 beam (dashed lines). The top
panel shows the DVH for the CTV, PTV and OAR in full scale, with the bottom
panel showing the detail of the DVH of the OAR. The dose distribution delivered
by BSA-UGR is slightly more homogeneous than the one coming from FiR-1. This
is mainly due to the lack of high energy neutrons in the beam from BSA-UGR
compared to the large tail of the reactor beam from FiR-1, and also to the flatter
neutron distribution of BSA-UGR. This leads to main aspects being slightly different
in the Treatment Plan here shown by the DVH:

e The dose at PTV, and specially at CTV is more homogeneous in the BSA-
UGR plan compared to FiR-1, as seen from the top panel of Figure 5.11.
This can be noted in the higher shoulder of the dose in CTV by BSA-UGR.
This is specially relevant considering that 30 Gy-eq is considered as the dose
needed for tumor remission. The simulated plan for FiR-1 delivers 30 Gy-eq
to 82 % of the CTV, while this number hovers over 92 % of the CTV in the
BSA-UGR plan, leading to a possibly better tumor control. A second aspect
of the homogeneity in dose deposition is that the maximum dose delivered
to the tumor is similar or smaller in the BSA-UGR plan, which is aimed by
physicians to avoid overkill and the negative effects of that in the surrounding
normal tissues.

e The dose at OARs is similar in both cases and kept below the safe limits, which
is one of the main objectives of the planning, together with tumor control
and remission. As a side effect of the more homogeneous beam delivered by
BSA-UGR, the dose distribution at OARs is slightly larger in some cases,
specially in tissues farther from the target area, as the brainstem and the
spine. Nevertheless, these tissues receive very low doses mostly below 3 Gy-eq
and 1 Gy-eq respectively, and the dose differences between plans is always
smaller than 0.5 Gy. Considering OAR close to the target area, the eyes, optic
nerves and the chiasma receive a very similar dose, being slightly smaller in
the left optic nerve for the BSA-UGR plan and the opposite in the rest.
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Figure 5.11: Dose-Volume Histograms of the OAR, PTV and CTV of the patient with
GBM, for the BNCT Treatment Plan using the BSA-UGR neutron beam (solid lines) and
the FiR-1 neutron beam (dashed lines). The top panel corresponds to the complete DVH
including CTV, PTV and all the OAR of interest, as indicated in the key. The bottom
panel shows the detail in the range 0-10 Gy-eq to better showcase the dose in the OAR.
The color code for the top and bottom panels is the same.
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Glioblastoma

It is also paramount to note that the beam from FiR-1 is considered as one of the
cleanest beams for BNCT and that yielded to successful clinical trials in the past.
The main aim of the design of new beams for BNCT using accelerators is to try
to replicate or at least achieve a beam delivery close to the FiR-1 features. In
this case, the BSA-UGR is able to replicate FiR-1 and furthermore, we find some
improvements in a few aspects of relevance than can lead to a better outcome in
cancer treatment.

This case of a patient with GBM is only an example of what could be achieved
with BNCT using the newly designed BSA-UGR beam. This beam can also be used
and tested for other tumor locations within and outside the brain, including other
tumors historically targeted for BNCT as head-and-neck cancers, but also other
tumor locations as the lungs or the liver. The treatment planning system developed
to simulate this case is also extensible to such tumors, in the aim of understanding
better and expand the possibilities of BNCT treatment for cancer patients for which
this can be a real hope to hold onto.
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Conclusions

e The "N(n,p)"*C reaction cross-section has been measured at the n TOF Fa-
cility of CERN and for the first time, the measurement has completed a con-
tinuous measurement from the thermal to the resonance region, covering eight
orders of magnitude from 8 meV to 800 keV. A new thermal value has been
obtained (1.80940.025 b) and a R-Matrix analysis including the first two res-
onances has been performed.

e The implications of the new data from the “N(n,p)**C reaction cross-section
have been discussed and analyzed for BNCT, considering both the effects in
neutron transport by generating a new ACE file to be used by MCNP; and
in dosimetry via the calculation of new Kerma factors. The effect in neutron
transport is negligible for BNCT applications, and the variation in Kerma
factors lies around 1 % below the previous reference, for thermal neutron
beams, and under 1 % for higher energy beams.

e Some considerations on the beam design for BNCT have been assessed. These
have been integrated in the design of a new beam optimized for BNCT, that
makes use of a low energy proton accelerator (2.1 MeV, 30 mA) onto a Li
target. The use of this reaction at low energy allows to kinematically avoid
the presence of high energy neutrons. A BSA has been designed to moderate
and conform the beam to the needs of BNCT treatment. This BSA achieves
the goal of delivering a beam that shows good features in in-phantom figures
of merit compared to previous designs and fulfills all IAEA recommendations
for the first time.

e A Treatment Planning System for BNCT has been developed and tested for
the case of a Glioblastoma patient, using the beam delivered by the BSA
designed before. The test case has been compared with the actual treatment
with conventional RT received by the patient, and with the simulation of a
FiR-1 treatment with the same patient.
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Outlook

This thesis has led to a series of results discussed before. Together with this, there
are some research developments that can be continued from this thesis and other
applications that can profit from the experience obtained with this work.

e Other neutron induced reactions of interest in medical physics can be mea-
sured at n_'TOF and analyzed using these techniques. This is the case of the
$5Cl(n,p) reaction, which was measured in the same experimental campaign
as the MN(n,p) reaction at n_ TOF. This measurement will be analyzed soon
after the defense of this thesis, and its implications will be studied in a similar
manner as in the *N(n,p) case.

e Concerning the design of the BSA, a prototype including the main features
is expected to be manufactured and tested in order to check consistency with
the simulations. For such duty, techniques such as the time-of-flight and the
multi-foil activation (described in Appendix C) can be used to characterize
both the spectrum and beam profile. Other aspects such as the out-of-field
dose, long-term activation of the BSA and other radioprotection considerations
are also being analyzed.

e Regarding the TPS, several improvements in terms of runtime efficiency and
analysis capabilities are being proposed and included. For instance, the gen-
eralization of the codes to be used with different types of malignancies and
body locations, the use of machine learning techniques to better identify tis-
sues and organs from CT scans. The use of imaging techniques such as SPECT
and Compton Cameras is also needed to determine the location of the boron
administered to the patients, in order to improve the accuracy of the dose es-
timations. The development of a multi-criteria optimization algorithm is also
pursued in order to define best-suited treatment plans for any given case.
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Appendix A

Nuclear Data from the 14N(m,p)

reaction measurement at n TOF

A.1 Experimental Nuclear Data

Table A.1: Experimental data from the 4N(n,p) measurement at n TOF EAR-2. The
columns correspond to the four series of data from MicroMegas, two from the Backward
Sample (MGAS BW) and two from the Forward Sample (MGAS FW), and the DSSSD
data. MGAS series are separated in High Intensity (HI) and Low Intensity (LI).

Table A.1
Energy (eV) | MGAS BW HI (b) MGAS BW LI (b) MGAS FW HI (b) MGAS FW LI (b) DSSSD (b)
7.13-10°3 2.882 + 0.010 2.888 + 0.017 2.866 + 0.012 2.989 + 0.021 -
1.13-10°2 2.640 + 0.008 2.660 + 0.013 2.631 + 0.010 2.706 + 0.016 2.684 + 0.020
1.42:10°2 2.291 + 0.006 2.203 + 0.010 2.288 + 0.007 2.349 + 0.013 2.356 + 0.015
1.79-10°2 2.079 + 0.005 2.087 + 0.008 2.083 + 0.006 2.138 + 0.010 2.114 + 0.012
2.25:102 1.822 + 0.004 1.813 £ 0.006 1.818 & 0.004 1.866 =+ 0.008 1.864 £ 0.009
2.84-102 1.649 =+ 0.003 1.648 + 0.005 1.647 £ 0.004 1.702 + 0.006 1.693 £ 0.008
3.57-102 1.4555 + 0.0025 1.448 + 0.004 1.443 + 0.003 1.491 =+ 0.005 1.486 + 0.006
4.50-102 1.3072 £ 0.0022 1.299 + 0.004 1.297 + 0.003 1.349 =+ 0.005 1.314 £ 0.006
5.66-102 1.1550 & 0.0020 1.150 £ 0.003 1.149 + 0.002 1.184 £ 0.004 1.177 £ 0.005
7.13-10°2 1.0298 + 0.0019 1.031 £ 0.003 1.028 + 0.002 1.065 £ 0.004 1.054 £ 0.005
8.97-102 0.9265 + 0.0019 0.922 + 0.003 0.919 + 0.002 0.955 + 0.004 0.932 + 0.005
0.113 0.8194 + 0.0021 0.821 + 0.004 0.815 + 0.003 0.840 + 0.004 0.825 + 0.005
0.142 0.7350 + 0.0024 0.727 + 0.004 0.734 + 0.003 0.760 + 0.005 0.748 + 0.006
0.179 0.6520 + 0.0026 0.652 + 0.004 0.647 + 0.003 0.663 + 0.006 0.660 + 0.007
0.225 0.5859 + 0.0027 0.580 + 0.005 0.585 + 0.003 0.610 % 0.006 0.586 + 0.007
0.284 0.5222 + 0.0026 0.523 + 0.005 0.521 + 0.003 0.546 + 0.006 0.517 + 0.007
0.357 0.4649 + 0.0025 0.465 + 0.004 0.462 + 0.003 0.472 + 0.005 0.471 + 0.007
0.450 0.4157 + 0.0024 0.407 + 0.004 0.411 + 0.003 0.427 + 0.005 0.399 + 0.006
0.566 0.3638 + 0.0023 0.366 + 0.004 0.366 + 0.003 0.384 + 0.005 0.361 + 0.006
0.713 0.3317 + 0.0021 0.332 + 0.004 0.333 + 0.003 0.340 + 0.005 0.331 + 0.006
0.897 0.2944 + 0.0020 0.287 + 0.003 0.294 + 0.003 0.303 + 0.004 0.289 + 0.005
1.13 0.2607 + 0.0020 0.262 + 0.003 0.2606 + 0.0025 0.265 + 0.004 0.255 + 0.005
1.42 0.2332 + 0.0018 0.233 + 0.003 0.2322 + 0.0023 0.240 + 0.004 0.230 + 0.005
1.79 0.2083 + 0.0017 0.205 + 0.003 0.2069 + 0.0021 0.213 + 0.004 0.210 + 0.004
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Appendix A. Nuclear Data from the *N(n,p) reaction measurement at n ' TOF

Continuation of Table A.1

Energy (eV)

MGAS BW HI (b)

MGAS BW LI (b)

MGAS FW HI (b)

MGAS FW LI (b)

DSSSD (b)

2.25
2.84
3.57
4.50
5.66
7.13
8.97
11.3
14.2
17.9
22.5
28.4
35.7
45.0
56.6
71.3
89.7

1.13-102

1.42:102

1.79-102

2.25-102

2.84-102

3.57-102

4.50-102

5.66-102

7.13-102

8.97-102

1.13-103

1.42:103

1.79-103

2.25-103

2.84-103

3.57-103

4.50-103

5.66-103

7.13-103

8.97-103

1.13-10*

1.42-10*

1.79-10*

2.25.10%

2.84.10%

3.57-10%

4.50-10%

5.66-10%

7.13-10%

8.97-104

1.13-10°

0.1857 4+ 0.0016
0.1648 £ 0.0015
0.1458 £ 0.0015
0.1304 £+ 0.0014
0.1169 £ 0.0013
0.1039 £ 0.0012
0.0931 £+ 0.0011
0.0828 £ 0.0011
0.0724 £+ 0.0010
0.0665 £+ 0.0009
0.0595 £ 0.0009
0.0511 £ 0.0008
0.0468 + 0.0007
0.0431 £ 0.0007
0.0370 £ 0.0007
0.0338 £ 0.0006
0.0307 £ 0.0006
0.0278 £ 0.0006
0.0234 £ 0.0005
0.0211 £ 0.0005
0.0191 £ 0.0005
0.0168 £ 0.0004
0.0150 £ 0.0005
0.0133 £ 0.0004
0.0119 £ 0.0003
0.0106 £ 0.0003
0.0098 £ 0.0003
0.0087 £ 0.0003
0.0072 £ 0.0003
0.0067 £ 0.0003
0.0058 £ 0.0003
0.0050 £ 0.0003
0.00483 + 0.00024
0.00415 + 0.00022
0.00409 =+ 0.00020
0.00316 + 0.00019
0.00282 + 0.00017
0.00272 +£ 0.00015
0.00228 + 0.00017
0.00231 +£ 0.00014
0.00207 £ 0.00012
0.00157 £ 0.00014
0.0016 £ 0.0004
0.00134 £ 0.00018
0.00112 +£ 0.00014
0.00110 £ 0.00014
0.00084 + 0.00025
0.00131 + 0.00011

0.186 + 0.003
0.164 £ 0.003
0.1451 £ 0.0025
0.1297 £+ 0.0023
0.1180 £ 0.0022
0.1041 £ 0.0021
0.0938 £+ 0.0019
0.0823 £+ 0.0018
0.0730 + 0.0017
0.0672 £+ 0.0016
0.0570 £+ 0.0015
0.0532 + 0.0014
0.0474 + 0.0013
0.0440 + 0.0012
0.0373 £+ 0.0012
0.0332 £ 0.0011
0.0315 £ 0.0011
0.0268 + 0.0010
0.0254 + 0.0009
0.0213 £ 0.0009
0.0180 =+ 0.0008
0.0180 =+ 0.0008
0.0152 £ 0.0009
0.0136 + 0.0007
0.0125 £ 0.0006
0.0112 £ 0.0006
0.0097 £ 0.0005
0.0086 + 0.0005
0.0069 £ 0.0005
0.0064 £ 0.0004
0.0053 £ 0.0004
0.0059 £ 0.0005
0.0043 + 0.0004
0.0036 + 0.0003
0.0039 £ 0.0003
0.0033 £ 0.0003
0.0028 £ 0.0003
0.0036 + 0.0003
0.0027 £+ 0.0003
0.00233 £ 0.00023
0.00204 £ 0.00020
0.00168 £ 0.00020
0.0022 £ 0.0005
0.00145 £ 0.00025
0.00097 £ 0.00018
0.00126 + 0.00019
0.0008 =+ 0.0003
0.00104 + 0.00015

0.1866 + 0.0020
0.1635 + 0.0019
0.1468 + 0.0018
0.1282 + 0.0017
0.1170 + 0.0016
0.1034 + 0.0015
0.0922 + 0.0014
0.0810 + 0.0013
0.0713 + 0.0012
0.0653 + 0.0012
0.0577 + 0.0011
0.0522 + 0.0010
0.0453 + 0.0009
0.0431 + 0.0009
0.0366 + 0.0009
0.0324 + 0.0008
0.0306 + 0.0008
0.0268 + 0.0007
0.0238 + 0.0006
0.0199 + 0.0007
0.0183 + 0.0006
0.0172 + 0.0005
0.0147 £ 0.0007
0.0135 £ 0.0005
0.0122 + 0.0004
0.0109 + 0.0004
0.0095 + 0.0004
0.0091 + 0.0004
0.0074 £+ 0.0004
0.0069 + 0.0003
0.0059 £ 0.0004
0.0048 + 0.0003
0.0047 + 0.0003
0.0051 + 0.0003
0.0041 + 0.0003
0.0037 + 0.0003
0.00328 + 0.00022
0.00337 £ 0.00021
0.00255 + 0.00023
0.00256 + 0.00019
0.00218 + 0.00017
0.00166 + 0.00019
0.0011 % 0.0005
0.00131 + 0.00025
0.00146 + 0.00020
0.00176 + 0.00021

0.200 £ 0.004
0.176 £ 0.003
0.149 £ 0.003
0.135 £ 0.003
0.121 £ 0.003
0.103 £ 0.003
0.0966 £ 0.0024
0.0873 £+ 0.0023
0.0740 £ 0.0021
0.0677 £+ 0.0020
0.0598 £ 0.0019
0.0528 £ 0.0017
0.0484 £ 0.0016
0.0446 + 0.0015
0.0382 £ 0.0015
0.0344 £+ 0.0014
0.0316 + 0.0013
0.0272 £ 0.0012
0.0236 + 0.0011
0.0212 £+ 0.0011
0.0205 £ 0.0010
0.0179 £ 0.0009
0.0150 £ 0.0011
0.0142 £ 0.0009
0.0132 £ 0.0008
0.0102 £ 0.0007
0.0092 £ 0.0007
0.0074 £ 0.0006
0.0073 £ 0.0006
0.0067 £ 0.0006
0.0060 £ 0.0006
0.0042 £ 0.0005
0.0047 £ 0.0005
0.0037 £ 0.0004
0.0039 £ 0.0004
0.0031 £ 0.0004
0.0036 £ 0.0004
0.0034 £ 0.0003
0.0022 £ 0.0003
0.0025 £ 0.0003
0.0022 £ 0.0003
0.0015 £ 0.0003
0.0012 £ 0.0007
0.0015 £ 0.0004
0.0014 £ 0.0003
0.0011 £ 0.0003

0.184 £ 0.004
0.164 £ 0.004
0.151 £ 0.004
0.128 £ 0.003
0.113 £ 0.003
0.104 £ 0.003
0.092 £ 0.003
0.089 £ 0.003
0.0714 £+ 0.0025
0.0672 £+ 0.0024
0.0604 £ 0.0023
0.0560 £ 0.0022
0.0479 £ 0.0020
0.0423 £+ 0.0019
0.0351 £+ 0.0017
0.0333 £+ 0.0016
0.0298 + 0.0015
0.0286 + 0.0015
0.0227 £+ 0.0013
0.0234 £+ 0.0013
0.0195 £ 0.0012
0.0187 £ 0.0012
0.0144 £+ 0.0012
0.0134 £+ 0.0010
0.0130 £ 0.0010
0.0106 £ 0.0009
0.0088 £ 0.0008
0.0085 £ 0.0008
0.0077 £+ 0.0007
0.0068 £ 0.0007
0.0059 £ 0.0007
0.0058 £ 0.0006
0.0052 + 0.0006
0.0048 + 0.0006
0.0042 £ 0.0005
0.0034 £ 0.0005
0.0036 £ 0.0005
0.0023 £ 0.0004
0.0026 + 0.0004
0.0024 £ 0.0003
0.0019 £ 0.0003
0.0019 £ 0.0003
0.0023 £ 0.0006
0.0017 £ 0.0003
0.00149 + 0.00023
0.0019 £ 0.0003
0.0011 £ 0.0003
0.00120 £ 0.00019
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Continuation of Table A.1

Energy (eV)

MGAS BW HI (b)

MGAS BW LI (b) MGAS FW HI (b)

MGAS FW LI (b)

DSSSD (b)

1.42-10°
1.79-10°
2.25-10%
2.84-10%
3.20-10%
3.27-10%
3.35.10%
3.43-10%
3.51-10°
3.59-10%
3.67-10%
3.76-10°
3.85-10%
3.94-10°
4.03-10%
4.12-10°
4.22.10°
4.32.10°
4.42.10°
4.52.10°
4.62-10°
4.73-10°
4.84.10°
4.95-10°
5.07-10%
5.19-10°
5.31-10°
5.43-10°
5.56-10°
5.69-10°
5.82-10°
5.96-10%
6.10-10°
6.24-10°
6.38-10°
6.53-10%
6.68-10°
6.84-10°
7.00-10%
7.16-10°
7.33.10%
7.50-10%
7.67-10%
7.85-10%

0.0016 + 0.0003
0.00137 £ 0.00022
0.00138 £ 0.00018
0.00129 +£ 0.00018

0.0007 £+ 0.0007

0.0

0.0
0.0013 £+ 0.0010

0.0

0.0009 £ 0.0009

0.0050 + 0.0023

0.0021 + 0.0013

0.008 £ 0.004
0.0031 + 0.0015
0.013 £ 0.005
0.017 £ 0.005
0.023 £ 0.006
0.029 £ 0.007
0.036 £ 0.008
0.072 £ 0.016
0.083 £ 0.018
0.068 £ 0.015
0.039 £ 0.008
0.038 £ 0.010
0.021 £ 0.006
0.028 £ 0.008
0.040 £ 0.013
0.050 £ 0.015
0.054 £ 0.014
0.12 £ 0.04
0.11 £ 0.03
0.14 + 0.04
0.14 + 0.04
0.17 + 0.06
0.12 + 0.04
0.11 + 0.05
0.10 + 0.04
0.035 £ 0.011
0.12 + 0.09
0.040 £ 0.020
0.028 £ 0.013
0.017 £ 0.008
0.019 +£ 0.009
0.026 £ 0.014

End of Table A.1
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Appendix A. Nuclear Data from the *N(n,p) reaction measurement at n ' TOF

A.2 ENDF-6-formatted pointwise data
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.292307+5
.315128+5
.338107+5
.361246+5
.384545+5
.408005+5
.431629+5
.455416+5
.479367+5
.503485+5
.527770+5
.552223+5
.576846+5
.601640+5
.626605+5
.651744+5
.677056+5
.702545+5
.728209+5
.754052+5
.780074+5
.806276+5

W WWwWWwwwwowowowowowowowowowowowowowwwwwwNner ~NWERr oo NF,ONFE,ENWERLOOPRNEFE,ONRER,NWR O
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.388278+1
.0000E+00

0
.038159+0
.150851+0
.522686+0
.077979+0
.631507-1
.402692-1
.824812-1
.707758-1
.916943-1
.357089-1
.607416-2
.801477-2
.815004-2
.408661-2
.413016-2
.708079-2
.208963-2
.555059-3
.051449-3
.277484-3
.020371-3
.131210-3
.509717-3
.098402-3
.875203-4
.484470-4
.008391-3
.013013-3
.017785-3
.022716-3
.027815-3
.033093-3
.038561-3
.044232-3
.050121-3
.056242-3
.062613-3
.069252-3
.076181-3
.083423-3
.091005-3
.0989566-3
.107308-3
.116097-3
.125366-3
.135161-3
.1455632-3
.156540-3
.168251-3
.180741-3
.194095-3
.208413-3
.223807-3

W WWwWwwwwowowwowowowowowowowowowowowowowowowwwweEer o PPN, OAONRFPENWFR,OPNEFEFONRFENWERE 0PN

.129463-2
.253574-2
.496472-2
.971641-2
.790078-1
.571675-1
.126428-1
.421909+0
.837082+0
.660723+0
.129463+1
.253574+1
.496472+1
.971641+1
.790100+2
.571700+2
.126400+2
.421910+3
.837080+3
.660720+3
.129463+4
.253574+4
.496472+4
.971641+4
.790078+5
.165923+5
.187868+5
.209965+5
.232215+5
.254620+5
.277180+5
.299896+5
.322770+5
.345802+5
.368994+5
.392347+5
.415862+5
.439539+5
.463381+5
.487388+5
.5115662+5
.535903+5
.560412+5
.585092+5
.609942+5
.634965+5
.660162+5
.6855633+5
.711080+5
.736804+5
.762706+5
.788788+5
.815050+5

P RPrRPrPRPRPRRPRPRRPRRRPRPPPRPRPRPRRPRPRPRPPPPRPRPRPRPRPRPPORPRPRPNODCONRPPEPNOPMODORLREPNWDNDMOOR,RELN

.707761+0
.916948+0
.357095+0
.607499-1
.801587-1
.815154-1
.408866-1
.413291-1
.708477-1
.209506-1
.562601-2
.061799-2
.291344-2
.037927-2
.150518-2
.522237-2
.077366-2
.623001-3
.391104-3
.809502-3
.688954-3
.898025-3
.350829-3
.004696-3
.692815-4
.006389-3
.009915-3
.014586-3
.019410-3
.024396-3
.029554-3
.034894-3
.040428-3
.046170-3
.0562135-3
.068337-3
.064795-3
.071528-3
.078559-3
.085912-3
.093613-3
.101693-3
.110187-3
.119132-3
.128570-3
.138551-3
.149128-3
.160362-3
.172324-3
.185092-3
.198756-3
.213419-3
.229199-3

W WWwWWwwWwwWwwwwwowowowowowowowowowowwwwowwwwNnrFr,rOoaONEFE,ENWEFR,OPdNEF,FONRFRENWEROOPNEOND -

.421909-2
.837082-2
.660723-2
.129463-1
.263574-1
.496472-1
.971641-1
.790078+0
.571675+0
.126428+0
.421909+1
.837082+1
.660723+1
.129500+2
.253600+2
.496500+2
.971600+2
.790080+3
.571670+3
.126430+3
.421909+4
.837082+4
.660723+4
.129463+5
.253574+5
.173221+5
.195217+5
.217365+5
.239666+5
.262123+5
.284735+5
.307503+5
.330430+5
.353515+5
.376761+5
.400167+5
.423736+5
.447468+5
.471365+5
.495427+5
.519657+5
.544054+5
.568620+5
.593356+5
.618264+5
.643345+5
.668599+5
.694029+5
.719635+5
.745418+5
.771380+5
.797522+5
.823845+5
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.413295+0
.708482+0
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.291510-1
.038155-1
.150847-1
.522680-1
.077972-1
.631407-2
.402557-2
.824627-2
.707459-2
.9165681-2
.356596-2
.600658-3
.792135-3
.802379-3
.392280-3
.393797-3
.691577-3
.213865-3
.337621-4
.851787-4
.006882-3
.011456-3
.016177-3
.021054-3
.026096-3
.031313-3
.036716-3
.042319-3
.048133-3
.054175-3
.060460-3
.067008-3
.073838-3
.080973-3
.088438-3
.096263-3
.104477-3
.113116-3
.122221-3
.131834-3
.142007-3
.152796-3
.164265-3
.176486-3
.189542-3
.203527-3
.218549-3
.234730-3
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A2

ENDF-6-formatted pointwise data

GO oo oooooooooooOOoOoo DD DD DD DR DD DD DD DD DD DD DR DD DD DD DD WWwWw W W W W

.832660+5
.8569227+5
.8856978+5
.912914+5
.940037+5
.967348+5
.994848+5
.022539+5
.050422+5
.078498+5
.106769+5
.135236+5
.163900+5
.192763+5
.221826+5
.251090+5
.280557+5
.310228+5
.340105+5
.370190+5
.400482+5
.430985+5
.461699+5
.492626+5
.523768+5
.555125+45
.586700+5
.618493+5
.650507+5
.682743+5
.715202+45
.747886+5
.780797+5
.813936+5
.847304+5
.880904+5
.914737+5
.948804+5
.983108+5
.017649+5
.0562430+5
.087452+5
.122716+5
.1568225+5
.193980+5
.229983+5
.266236+5
.302739+5
.339496+5
.376508+5
.413776+5
.451303+5
.489089+5
.527138+5
.565450+5
.604028+5
.642873+5
.681988+5

O 0000 NNNNNNANOORRL PP EPEPNWORNWRELNWONR, P, ONOPR P WWONMNNMNNNNMNNNR,RP,PRrRPRPRrRPR,PPRrRRrRPRRPRRRPR R

.240405-3
.258357-3
.277835-3
.299038-3
.322197-3
.347585-3
.375519-3
.406376-3
.440601-3
.478724-3
.521383-3
.569345-3
.623543-3
.685119-3
.755481-3
.836381-3
.930020-3
.039191-3
.167482-3
.31956565-3
.501559-3
.721730-3
.991293-3
.3256855-3
.747605-3
.288920-3
.998463-3
.951983-3
.272355-3
.169076-3
.202164-2
.657156-2
.441303-2
.941969-2
.251254-2
.578539-1
.362746-1
.820615-1
.288978-1
.577962-2
.942107-2
.655203-2
.944031-2
.514646-2
.238748-2
.0563827-2
.267383-3
.387462-3
.787609-3
.400384-3
.184676-3
.116446-3
.183627-3
.383378-3
.720825-3
.208837-3
.868673-3
.731521-3

QOO oo oo DRSSPSR D P DPDOOLOWLWLOW

.841495+5
.868123+5
.894936+5
.921934+5
.949120+5
.976494+5
.004057+5
.031812+5
.059759+5
.087900+5
.116236+5
.144769+5
.173499+5
.202428+5
.231558+5
.260890+5
.290425+5
.320165+5
.350110+5
.380264+5
.410627+5
.441200+5
.471985+5
.502983+5
.534196+5
.565625+5
.597273+5
.629140+5
.661227+5
.693538+5
.726072+5
.758831+5
.791818+5
.825033+5
.858478+5
.892156+5
.926067+5
.960213+5
.994595+5
.029216+5
.064077+5
.099179+5
.134525+5
.170116+5
.205953+5
.242040+5
.278376+5
.314963+5
.351805+5
.388902+5
.426256+5
.463869+5
.501743+5
.539879+5
.578280+5
.616947+5
.6556881+5
.695086+5
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.246231-3
.264671-3
.284700-3
.306527-3
.330397-3
.356596-3
.385460-3
.417386-3
.452846-3
.492405-3
.536738-3
.586666-3
.643185-3
.707518-3
.781178-3
.866055-3
.964526-3
.079626-3
.215262-3
.376541-3
.570227-3
.805433-3
.094659-3
.455407-3
.912769-3
.503698-3
.284361-3
.343320-3
.826492-3
.987371-3
.329601-2
.869821-2
.830517-2
.749507-2
.219929-2
.098704-1
.650803-1
.191565-1
.009718-1
.459701-2
.417660-2
.374013-2
LT77942-2
.409575-2
.169044-2
.006173-2
.937271-3
.160406-3
.637368-3
.310900-3
.146354-3
.124107-3
.235385-3
.480087-3
.865900-3
.408374-3
.131861-3
.007138-2

GO OO AN OO oo oo oo od AR DR DDA RBRDADADRDDARNBRAEARDDADRNBRDAEADRDDADDOWWWWW

.850351+5
.877040+5
.903914+5
.930975+5
.958223+5
.985660+5
.013288+5
.041106+5
.069118+5
.097324+5
.125725+5
.154323+5
.183120+5
.212116+5
.241313+45
.270712+5
.300315+5
.330123+5
.360138+5
.390362+5
.420794+5
.451438+5
.482293+5
.513363+5
.544648+5
.576150+5
.607871+5
.639811+5
.671973+5
.704357+5
.736966+5
.769801+5
.802864+5
.836156+5
.869678+5
.903433+5
.937422+5
.971647+5
.006109+5
.040810+5
.075751+45
.110934+5
.146362+5
.182034+5
.217955+5
.254124+5
.290543+5
.327216+5
.364142+5
.401325+5
.438765+5
.476465+5
.514426+5
.552650+5
.591139+5
.629895+5
.668919+5
.708214+5
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.252213-3
.271161-3
.291765-3
.314244-3
.338856-3
.365903-3
.395740-3
.428787-3
.465546-3
.506615-3
.552714-3
.604718-3
.663693-3
.730951-3
.808118-3
.897233-3
.000873-3
.122332-3
.265878-3
.437109-3
.643480-3
.895098-3
.2056910-3
.59565698-3
.092620-3
.739304-3
.600733-3
.780964-3
.454277-3
.092965-2
.479456-2
.126933-2
.319117-2
.8156842-2
.196009-1
.742394-1
.409174-1
.674404-1
.070056-2
.6056828-2
.997058-2
.140241-2
.636284-2
.318337-2
.107795-2
.640336-3
.645292-3
.961266-3
.508789-3
.239288-3
.123757-3
.146534-3
.301906-3
.592413-3
.028310-3
.627937-3
.418944-3
.044050-2
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Appendix A.

Nuclear Data from the *N(n,p) reaction measurement at n TOF

.721373+5
.761032+5
.800966+5
.841176+5
.881665+5
.922435+5
.963487+5
.004824+5
.046448+5
.088359+5
.130562+5
.173057+5
.2156847+5
.258933+5
.302318+5
.346003+5
.389992+5
.434285+5
.478885+5
.523795+5
.569016+5
.614550+5
.660400+5
.706567+5
.753055+5
.799865+5
.846999+5
.894461+5
.942251+5
.990372+5
.038827+5
.087618+5
.136747+5
.186216+5
.236029+5
.286187+5
.336692+5
.387548+5
.438756+5
.490318+5
.542239+5
.594519+5
.647162+5
.700169+5
.753545+5
.807290+5
.861407+5
.915900+5
.970770+5
0.0

NN AN AN ANANAAAAAANANANANAAATATTNDOOOOOODDODSDODDDDDDDOOOOOOOOHNOEONO”O”O OO O, oo ool »n
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.084109-2
.225756-2
.406354-2
.637285-2
.934357-2
.319760-2
.824979-2
.495132-2
.3956233-2
.618579-2
.295700-2
.596200-2
.269846-1
.666733-1
.116476-1
.511693-1
.699968-1
.610633-1
.322912-1
.970249-1
.640519-1
.365422-1
.146407-1
.746049-2
.397591-2
.330930-2
L4TT797T7-2
.787788-2
.222670-2
.754707-2
.363090-2
.032157-2
.749996-2
.507449-2
.297392-2
.114234-2
.953535-2
.811741-2
.685979-2
.573910-2
.473612-2
.383498-2
.302244-2
.228744-2
.162068-2
.101426-2
.046150-2
.995671-2
.949500-2

0.0

N NANNAANAAAATATAAATAAATATATNTNODOODODOOOODODSD OSSOSO OOOOSO®”OOOS O OO 0110101 01 01Ol

.734562+5
.774313+5
.814338+5
.854641+5
.895224+5
.936087+5
.977234+5
.018667+5
.060386+5
.102395+5
.144694+5
.187287+5
.230176+5
.273361+5
.316846+5
.360632+5
.404722+5
.449118+5
.493821+5
.538834+5
.584159+5
.629798+5
.675753+5
.722028+5
.768622+5
.815540+5
.862783+5
.910354+5
.958254+5
.006487+5
.0550563+5
.103956+5
.153199+5
.202782+5
.252710+5
.302983+5
.353605+5
.404578+5
.455904+5
.507586+5
.559626+5
.612026+5
.664791+5
.717920+5
.771418+5
.8256287+5
.879529+5
.934148+5
.989145+5

0

F P NNDNNMNDNDMNDNNDNDNMNMNNNMNOWWWWOWPS PO N0OR, P, P RPNNNMNNNMNNNNNR,R,RPRNOOPDWOWONDNNDRE PP~

.127560-2
.281140-2
.477065-2
.728018-2
.051682-2
.472956-2
.027307-2
.765680-2
.761494-2
.119554-2
.984030-2
.063371-1
.392976-1
.814376-1
.261788-1
.604028-1
.699809-1
.529942-1
.206874-1
.8565299-1
.542302-1
.286534-1
.084415-1
.260241-2
.014483-2
.025699-2
.231928-2
.587069-2
.0567039-2
.616548-2
.246690-2
.933185-2
.665134-2
.434123-2
.233591-2
.068363-2
.904324-2
.768164-2
.647204-2
.539254-2
.442513-2
.3556487-2
.276932-2
.206802-2
.141219-2
.082435-2
.028817-2
.979823-2
.934993-2

0

NN NN A AT A AT AAATAAAATTODDDDDNDDDDODDNDDOONDNDOOONOD OO OOl G101 U1 O

.T4T7782+5
.787624+5
.827742+5
.868138+5
.908814+5
.949772+5
.991013+5
.032541+5
.074357+5
.116462+5
.158859+5
.201551+5
.244538+5
.287823+5
.331408+5
.375295+5
.419487+5
.463984+5
.508790+5
.5563907+5
.599337+5
.645081+5
.691143+5
.737523+5
. 78422645
.831252+5
.878604+5
.926284+5
.974295+5
.022638+5
.071317+5
.120333+5
.169688+5
.219386+5
.269429+5
.319818+5
.370557+5
.421647+5
.473091+5
.524892+5
.577052+5
.629574+5
.682460+5
.735712+5
.789333+5
.843326+5
.897694+5
.952438+5

F NN NNDNNDNNDNDNNDNODNDNOWWWWDD DD POOoOOOONOR, PP ERPNNMNNNMNNMNNDMNNEREREO0OCD ONDNRE =P -

.174674-2
.341201-2
.5563849-2
.826773-2
.179766-2
.640814-2
.249901-2
.064577-2
.167673-2
.676472-2
.748516-2
.156659-1
.5256628-1
.965636-1
.3956625-1
.667790-1
.668864-1
.432234-1
.088240-1
.745041-1
.450613-1
.213650-1
.027278-1
.811842-2
.659766-2
.742005-2
.002324-2
.399037-2
.901306-2
.486201-2
.136525-2
.839244-2
.584372-2
.364173-2
.172593-2
.004841-2
.857095-2
.726272-2
.609871-2
.506841-2
.412491-2
.328416-2
.252443-2
.183586-2
.121013-2
.064016-2
.011996-2
.964438-2
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A.3. Kerma Factor for ICRU-33 tissue

A.3 Kerma Factor for ICRU-33 tissue

Energy (eV) | ks (Gy-cm? ) || Energy (eV) | k (Gy-cm? ) || Energy (eV) | ks (Gy-cm? )
1.000-104 3.323-10°12 5.617-1073 4.431-10°13 0.3159 5.914-10°14
1.121-104 3.137-10712 6.302-10°3 4.183-10°13 0.3544 5.582-10714
1.257-10 2.961-10712 7.071-103 3.947-10°13 0.3976 5.270-10714
1.411-10* 2.794-10712 7.934-10°3 3.726-10°13 0.4462 4.978.10°4
1.583-10* 2.638-10712 8.902-1073 3.519-10°13 0.5006 4.701-10°4
1.776-10% 2.492-10°12 1.000-10°2 3.323-10713 0.5617 4.439-10°4
1.993-104 2.353-10712 1.121-1072 3.137-10°13 0.6302 4.191-10°4
2.236-10 2.221-10712 1.257-1072 2.961-10713 0.7071 3.956-10714
2.509-10™* 2.096-10712 1.411-1072 2.794-10°13 0.7934 3.737-10°14
2.815-10 1.978-10°12 1.583-1072 2.638-10713 0.8902 3.530-10714
3.159-10™* 1.868-10712 1.776-1072 2.492-10713 1 3.335-10714
3.544-10™ 1.764-10712 1.993-10°2 2.353-10713 1.121 3.151-10°14
3.976-10° 1.665-10712 2.236-1072 2.221-10°13 1.257 2.976-10714
4.462-10™ 1.572-10712 2.509-102 2.095-10°13 1.411 2.810-10°14
5.006-107 1.483-10712 2.815-1072 1.978-10713 1.583 2.656-10714
5.617-10 1.400-10°12 3.159:102 1.868-10°13 1.776 2.511-1014
6.302-10" 1.323-10°12 3.544-1072 1.764-10713 1.993 2.374-10°
7.071-10° 1.249-10712 3.976-1072 1.665-107'3 2.236 224510714
7.934-107 1.179-10712 4.462-1072 1.572-10713 2.509 2.123-10°14
8.902-10™ 1.113-10°12 5.006-1072 1.483-10°13 2.815 2.008-10714
1.000-10°3 1.050-10712 5.617-1072 1.401-10°13 3.159 1.901-10°14
1.121-103 9.915-10°13 6.302-1072 1.323-10°13 3.544 1.801-10°4
1.257-1073 9.364-10°13 7.071-102 1.249-10713 3.976 1.707-1014
1.411-103 8.842-10713 7.934-1072 1.179-10°13 4.462 1.618-1074
1.583-103 8.346-10713 8.902-102 1.113-10°13 5.006 1.536-101
1.776-10°3 7.877-10713 0.1 1.050-10713 5.617 1.459-1071
1.993-10°3 7.433-10°13 0.1121 9.923-10°14 6.302 1.388-10°14
2.236-10° 7.020-10°13 0.1257 9.371-10° 7.071 1.320-10°1
2.509-103 6.630-10713 0.1411 8.848-10714 7.934 1.260-10714
2.815-103 6.259-10713 0.1583 8.352-10714 8.902 1.204-10°4
3.159-10°3 5.909-10713 0.1776 7.882-10714 10 1.153-1074
3.544-10°3 5.576-10°13 0.1993 7.439-10°14 11.21 1.106-1014
3.976-1073 5.263-10713 0.2236 7.027-10°14 12.57 1.065-1071
4.462-1073 4.971-10°13 0.2509 6.636-1071* 14.11 1.028-10°1
5.006-1073 4.694-10°13 0.2815 6.266-10714 15.83 9.960-1071°
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Appendix A. Nuclear Data from the *N(n,p) reaction measurement at n ' TOF

Energy (eV) | ky (Gy-cm?) || Energy (eV) | k (Gy-cm?) | Energy (eV) | ky (Gy-cm? )
17.76 9.688-10°15 1.000-10° 1.021-10°13 5.617-10* 4.260-10712
19.93 9.468-10°1° 1.121-103 1.142-10713 6.302-10% 4.645-10712
22.36 9.295-10°15 1.257-10° 1.279-10°13 7.071-10* 5.054-10712
25.09 9.184-1071° 1.411-103 1.432.10°13 7.934-10% 5.485-10712
28.15 9.123-10°1° 1.583-103 1.604-10°13 8.902-10* 5.943-1012
31.59 9.120-10°15 1.776-10° 1.796-10713 1.000-10° 6.420-10712
35.44 9.183-10°1% 1.993-10° 2.011-10°13 1.121-10° 6.921-10°12
39.76 9.310-10°*° 2.236-10° 2.251-10713 1.257-10° 7.449-10712
44.62 9.505-1071° 2.509-10° 2.521-10713 1.411-10° 8.003-10712
50.06 9.783-10°15 2.815-103 2.822-10713 1.583-10° 8.578-10712
56.17 1.014-10° 3.159-103 3.158-10°13 1.776-10° 9.177-10°12
63.02 1.059-1074 3.544-103 3.534-10713 1.993-10° 9.799-10712
70.71 1.114-10° 3.976-10° 3.954-1013 2.236-10° 1.045-1071
79.34 1.179-10°4 4.462-10° 4.423-10713 2.509-10° 1.113-10°1
89.02 1.257-10714 5.006-103 4.945-10713 2.815-10° 1.184-10°1

1.000-10? 1.348-107 5.617-103 5.527-10713 3.159-10° 1.260-10°1
1.121-102 1.453-10°4 6.302-10° 6.174-10713 3.544-10° 1.345-10°11
1.257-102 1.574-10°4 7.071-103 6.893-10713 3.976-10° 1.479-10°1
1.411-102 1.713-10° 7.934-103 7.692:10713 4.462-10° 1.734-10°1
1.583-102 1.872-107 8.902-103 8.578-10713 5.006-10° 1.623-10°11
1.776-102 2.053-10714 1.000-10* 9.558-10713 5.617-10° 1.689-10°11
1.993-102 2.260-10714 1.121-104 1.065-10712 6.302-10° 1.785-10711
2.236-102 2.493-10714 1.257-10% 1.186-10712 7.071-10° 1.881-10°1!
2.509-102 2.757-10°14 1.411-10% 1.319-10712 7.934-10° 1.989-10711
2.815-102 3.056-10°14 1.583-10% 1.465-10712 8.902-10° 2.124-10°11
3.159-102 3.393-10°14 1.776-10% 1.626-10712
3.544-102 3.773-10°14 1.993-10* 1.801-10712
3.976-102 4.201-10°14 2.236-10* 1.996-10°12
4.462-102 4.683-10°14 2.509-10% 2.207-10°12
5.006-102 5.225-10714 2.815-10% 2.436-10712
5.617-102 5.834-10714 3.159-10% 2.685-10712
6.302-102 6.519-10°14 3.544-10% 2.956-10712
7.071-102 7.288-10714 3.976-10% 3.248-10712
7.934-102 8.151-10°14 4.462-10% 3.563-10°12
8.902-102 9.119-10°14 5.006-10% 3.900-10712
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Appendix B

MCNP input of the Treatment
Planning Simulations

B.1 MCNP input of the Treatment Planning

Here an example of the MCNP model for the Treatment Planning is shown, corre-
sponding to the calculation of the Brain doses. Most of the data is retrieved from
separate files of large size, and read from inside the mcnp input via the READ card.
Some few lines of those files will also be shown below.

Main Input File

Treatment Planning Sim from DICOM file with BSA from UGR

Simulation of BNCT treatment with beam from BSA (UGR) and GBM patient from HUVN

Project within the frame of NeMeSis, led by: I. Porras https://doi.org/10.1016/j.apradiso.2020.109247

BSA design from P. Torres-Sanchez, I. Porras et al. https://doi.org/10.1038/s41598-021-87305-9

Patient data (DICOM files) from Hospital Universitario Virgen de las Nieves (HUVN), Granada:

J. Expésito and J.M. Osorio-Ceballos

Glioblastoma (GBM) case in frontal lobe - Close to chiasma and optic nerves

MCNP Input by: P. Torres-Sanchez

Subsequent data analysis with Dose Maps and Dose-Volume Histograms by: P. Torres-Sanchez (python3: GBM_analysis)

CELL CARD

Data identification from DICOM files by P. Torres-Sanchez

(source: python3 ExtractContours.py then python3 IdentifyMaterials.py)
Cell definition in file, containing a lattice-universe geometry design
Content of each voxel of the lattice refer to a universe,

filled with one cell with the material of the same number

each universe corresponds to a material, namely:

1=air, 2=bone, 3=fat, 4=muscle, 5=brain, 6=skin, 7=eye and 8=lens

read file=./MatIdentification/CellCard.txt

eNeoNoNoNoNoNoNoNoNoNoNoNoNeoNoNo e

SURFACE CARD

paralelepipeds defining the lattice

1 = first voxel of the lattice, at front,left,bottom corner
7 = limits of the latticed region

RPP -9.765625 -9.6875 -11.71875 -11.640625 0 0.125

RPP -9.765624 9.765624 -11.718749 11.718749 0.000001 26.999999
Note from surface 7: parallelepiped limits are slightly less
than the sum of voxels to avoid void regions in the limit
Suggested by Randy Schwartz (MCNP instructor) at its web

99 SO 200 $ surrounding air to outside universe

301 PZ 0.0 $ surface needed for Source (SSR)

aaoaNrr OO0

C DATA CARD
C MATERIAL CARD
C material content list as found from DICOM identification. Element composition from ICRP - Densities in g/cm3
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Appendix B. MCNP input of the Treatment Planning Simulations

ml 6000 -0.000124 7014 -0.755267 8016 -0.231781 18040 -0.012827 $ air d=1.29E-3 g/cm3
m2 1001 -0.047234 6000 -0.14433 7014 -0.004199 8016 -0.446096 12024 -0.0022
15031 -0.104970 16032 -0.00315 20040 -0.20993 30064 -0.0001 $ cortical bone d=1.85
m3 1001 -0.119477 6000 -0.637240 7014 -0.007970 8016 -0.232333 11023 -0.0005 12024 -0.00002
15031 -0.00016 16032 -0.00073 17035 -0.0009044 17037 -0.0002856 19039 -0.00032
20040 -0.00002 26056 -0.00002 30064 -0.00002 $ adipose tissue d=0.92
m4 1001 -0.100637 6000 -0.107830 7014 -0.027680 8016 -0.754773 11023 -0.00075 12024 -0.00019
15031 -0.0018 16032 -0.00241 17035 -0.0006004 17037 -0.0001896 19039 -0.000302
20040 -0.00003 26056 -0.00004 30064 -0.00005 $ skeletal muscle d=1.04
m5 1001 -0.110667 6000 -0.125420 7014 -0.01328 8016 -0.737723 11023 -0.00184 12024 -0.00015
15031 -0.00354 16032 -0.00177 17035 -0.0017936 17037 -0.0005664 19039 -0.0031
20040 -0.00009 26056 -0.00005 30064 -0.00001 $ brain d=1.03
m6 1001 -0.100588 6000 -0.228250 7014 -0.04642 8016 -0.619002 11023 -0.00007
12024 -0.0000474 12025 -0.000006 12026 -0.0000066 15031 -0.00033 16032 -0.0015105
16034 -0.0000795 17035 -0.0020292 17037 -0.0006408 19039 -0.000792625 19041 -0.000057375
20040 -0.00015 26056 -0.00001 30064 -0.00001 $ skin d=1.10
m7 1001 -0.112 6000 -0.004 7014 -0.001 8016 -0.883 $ vitreous humor as eye (vitreous is ~80% of eye) d=1.031
m8 1001 -0.099269 6000 -0.193710 7014 -0.053270 8016 -0.653751 $ eye lens d=1.10
C PHYSICS CARD
C nuclear reactions include neutron incident reactions
C neutrons and photons are created as secondaries and transported
phys:n
mode n p
C SOURCE CARD
C source from SSR file - 14 cm aperture diameter + 65 cm radius out of beam - BSA from UGR
C particles recorded at surface 13 in BSA input, loaded onto surface 301 in this input
C source distributed (TR=D1) into one or multiple independent beams as defined in the BeamOrientation.txt file
SSR OLD 13 NEW 301 TR=D1
read file=./SourceBSA/BeamOrientation.txt

TALLY CARD
Four tallies corresponding to thermal neutron, fast neutron, boron and gamma doses
Tallies corresponding to cell 5 == Brain

Kermas from own calculations based on ENDF-VIII database and NIST

Kermas from 14N(n,p) derived from n_TOF Measurement

Calculations by: P. Torres-Sanchez and I. Porras

read file=./KermaFactors/kerma_M5_Brain.txt

PRDMP 2J 1 1 $ produce mctal file as output for faster posterior data analysis

CTME 10000000.0 $ infinite simulation time, in practice limited to number of primaries recorded in SSR file

aaoaaaaaQ

Cell Card File

998 0 -7 £ill=999 (0 0 0) imp:n 1 imp:p 1
999 0 -1 u=999 lat=1 imp:n 1 imp:p 1 £ill=0:250 0:299 0:216
11111111111111111111111111111111
11111111111111111111111111111111
11111111111111111111111111111111
11111111111111111111111111111111
1111111111111 1111111111111111111
11111111111111111111111111111111
11111111111111113111111111111113
62444444444444444444422224422222
22222225555555555555555555555555
5555555555555 5555555555555555255
55555555555555555555555555555555
5555555555555 5555555522222222222
22222442444444444444444423111111
11111111131111111111111111111111
1111111111131 1111111111111166444
44444444444444444224422222222222
22555525555555555525552555555555
55555555555555555555555525555555
555555555555 55555555555555555555
55555555255555522222222222222222
44444444444444444662311111111111
1113111111111 1111111111111111111
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B.1. MCNP input of the Treatment Planning

1111111111111 1111111111111111111
1111111111111 1111111111111111111
1111111111111 1111111111111111111
1111111111111 1111111111111111111
1111111111111 1111111111111111111
1111

11 -1.29E-3 -99 wu=1 imp:n 1 imp:p 1 $ air

2 like 1 but mat=2 rho=-1.85 u=2 imp:n 1 imp:p 1 $ bone

3 like 1 but mat=3 rho=-0.92 u=3 imp:n 1 imp:p 1 § fat

4 like 1 but mat=4 rho=-1.04 u=4 imp:n 1 imp:p 1 $ muscle

5 like 1 but mat=5 rho=-1.03 u=5 imp:n 1 imp:p 1 $ brain

6 like 1 but mat=6 rho=-1.10 u=6 imp:n 1 imp:p 1 $ skin

7 like 1 but mat=7 rho=-1.031 u=7 imp:n 1 imp:p 1 $ eyes

8 like 1 but mat=8 rho=-1.10 u=8 imp:n 1 imp:p 1 $ lens

1000 1 -1.29E-3 -99 7 imp:n 1 imp:p 1
9999 0 99 imp:n O imp:p O

Source Orientation File

SI1 L 10 20
SP1 0.5 0.5
TR10 2.49615 -5.32346 18.32820 0.61132 0.67320 0.41603 0.67320 -0.16603 -0.72058 -0.41603 0.72058 -0.55470
TR20 -4.82219 0.29210 18.32820 -0.45056 0.38867 -0.80370 0.38867 0.89586 0.21535 0.80370 -0.21535 -0.55470

Kerma Factors and Tallies File

C TALLY CARD

C Brain tallies - M = 5 - CELL = 5

£514:n (5<999 [0:250 0:299 0:216]) $ Thermal Neutron Dose
£524:n (5<999 [0:250 0:299 0:216]) $ Fast Neutron Dose
£534:n (5<999[0:250 0:299 0:216]) $ Boron Dose

£544:p (5<999[0:250 0:299 0:216]) $ Gamma Dose

fm544 0.01 $ cGy to Gy

C Brain Kermas

c Neutron Energy Kerma (Gy cm2)
# deb14 df514
1.10535e-11 6.25732e-12
1.1079e-11 5.07085e-12
1.11045e-11 5.06538e-12
1.11301e-11 5.05991e-12
1.11558e-11 5.05442e-12
1.11815e-11 5.04891e-12
1.12073e-11 5.0434e-12
1.12331e-11 5.03787e-12
1.1259e-11 5.03233e-12

1.1285e-11 5.02678e-12
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Appendix C

The neutron beam of the NEAR
Station at n. TOF

C.1 The NEAR Station

The n_ TOF NEAR Station is a new experimental area designed very close to the
spallation target, just outside of the shielding wall of the target-moderator assembly.
This new station was presented as a Letter of Intent to the INTC recently [124],
with the aim of characterizing the neutron beam during the Commissioning of the
n_TOF Facility after the Long Shut-Down 2 (LS2). The NEAR Station is placed
next to the spallation target with a lateral view with respect to the direction of
proton beam impinging onto the target, at an approximate distance of 3 m. Figure
C.1 shows the design o the n_ TOF Target Area, with the location of the NEAR
to the front. Figure C.2 shows the detail of the design of the new n_TOF Target
together with the hole in the lateral shielding wall towards the NEAR Station.

Figure C.1: Layout of the n_.TOF Target Area, redesigned after LS2. The proton beam
from the PS comes from the left and impinges onto the target, located at the center.
Neutrons come out of the target towards EAR-1 in the forward direction, and towards
EAR-2 in the upward direction. A hole in the shielding in the lateral direction allows
neutrons to come out towards the NEAR, Station.
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Appendix C. The neutron beam of the NEAR Station at n_ TOF

Stainless steel
insert with

Figure C.2: Lateral cross-sectional view of the n TOF Target and the shielding wall,
including the collimator position. A final marble wall closes the shielding, with an aperture
at the collimator position.

Due to the short distance and radiation conditions in the NEAR Station, this ex-
perimental area can not be accessed but for short interventions after few hours of
cooling of the n_ TOF Target (i.e. no beam). For this reason, and in order to profit
from the high neutron flux exiting from the n_'TOF Target, material irradiation and
posterior activation analysis is the main experimental technique to be used at the
NEAR. A list of possible applications for a physics program at NEAR is based on
this, namely integral cross-section measurements (with the possible measurement
of MACS if an appropriate neutron filter and/or moderator is used, e.g. filling the
collimator volume). Measurement of short-lived isotopes will be possible given the
high neutron flux. Other possibilities of this Station include neutron irradiation for
various applications as energy production (fission and fusion), radiation damage in
materials and electronic devices (SEEs).

The characterization of the neutron beam and experimental conditions at the NEAR
can not make use of the TOF technique due to the short distance from the collimator,
given the wide-energy spectrum covering from meV to over hundreds of MeV. To this
aim, the Multi-foil Activation Technique, consisting of irradiating a set of materials
with known cross-sections which then are used to extract information of the flux via
an unfolding procedure, is a best candidate both for characterizing the neutron beam
and testing the experimental capabilities and of work-flow of the NEAR Station.

C.2 The Multi-foil Activation Technique

The Multi-foil Activation Technique is based on the use of a set of materials whose
response to neutrons is different depending on the energy range of the neutrons. A
neutron beam is used to irradiate the foils, activating the material by producing
a series of radioactive nuclides depending on the production reaction cross-section,
whose activity can be subsequently measured by Gamma Spectroscopy. The produc-
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tion of an isotope (NV;) after neutron irradiation is controlled by the overlap between
the production reaction cross-section of the isotope (o;) and the fluence spectrum
(total number of neutrons per unit surface, ®), following the equation:

N, = nj/(I)(E)crj(E)dE (1)

where n; is the amount of parent nuclei in the sample, and index j runs over all the
produced isotopes of interest (M).

In reality, the neutron fluence noticed by the foil is not the same as the neutron
fluence under free-air conditions, due to the presence of effects that disturb the
beam, mainly the neutron interaction within the foil itself, that attenuates and
scatters along the foil, but also the beam changes provoked by surrounding materials
(e.g. another foils present in the stack of samples, specially those upstream). The

actual fluence inside the foil (®;) is then computable as the incident fluence (®)
affected by a correction factor (x;) so that, ®;(E) = ®(E)k;(E):

N; = nj/cﬁj(E)aj(E)dE = nj/@(E)fﬁj(E)oj(E)dE (C.2)

Likewise, the isotope production can be further normalized per unit mass or per
unit nuclei in each sample, obtaining the specific number of activations during the
irradiation, S;, which will be the main input data from the experiment:

Uz

In order to be useful for this technique, these isotopes have to live long enough so
that they can be detected after the irradiation finishes. Another constraint for the
selection of materials is that the produced isotope decays with subsequent emission
of gamma radiation with enough intensity so that gamma lines can be seen over
ambient background by means of Gamma spectroscopy.

Under these general conditions, the selection of materials is based on the shape of
the production cross-sections, in a way that having different reactions peaking in
well defined and separated energy ranges allows to determine the neutron fluence in
each energy range.

For this reason, the neutron fluence can be divided in a set of “Neutron Energy
Groups”, which can be chosen arbitrarily on origin, but in general correspond to the
shapes of the reactions under use, mainly defined by the presence of resonances or
thresholds. To this aim, the fluence spectrum can be divided in group-wise fluences,
®;, with index i running over the total number of energy groups (N), where the sum
of all group-wise fluences equates the total fluence:

®; = /EMCI)(E)dE Lo=) ", (C.4)
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In the same way, the total isotope production can be divided in the portions corre-
sponding to neutrons in each Energy Group and divided by the group-wise fluence,
which are the number of activations in the foil per unit flux in the corresponding
energy group, giving rise to the elements of the Response Matrix:

%:i/hhwmmwwmm,%zzm& (C.5)

E;

The right-side equation shows that the total isotope production can be computed
as the sum of the contributions from each energy range, as the group-wise fluence
weighted with the elements of the Response Matrix. This can also be shown in
matrix form:

S = R® (C.6)

where, S is the specific activation number vector, with dim(S) = M, @ is the fluence
vector, with dim(®) = N, and R is the Response Matrix, with dim(R) = N x M.

This matrix equation can be unfolded in order to solve for the fluence:

S=R®=R 'R®=R!S=9 (C.7)

This is specially relevant since the matrix has the constraint of M > N so that
the linear system of equations is solvable when trying to find ®. This way, the
total number of Neutron Energy Groups, which define the energy resolution of the
spectrum, are determined by the number of reaction products that can be found in
the irradiated samples. In the same way, having a low number of reactions whose
cross-section peaks in a certain part of the spectrum reduces the resolution in that
region. In general, only a relatively small number of materials (hence produced
isotopes) are available and adequate for being used in this technique, which causes
this method to have lower energy resolution than other techniques.

In general, the production cross-sections of many reactions widely overlap and/or
do not peak clearly at a single neutron energy, obstructing the choice of well defined
reactions for each energy range. There are various strategies that can be used
to overcome this, from the use cadmium covers to attenuate the thermal neutron
influence, to using pairs of samples of a material with strong resonances so that
the first foil acts as filter for the second foil, hence observing a so-called “black
resonance” (e.g. TAu(n,y) strong resonance at 4.9 eV), or by the use of materials
with dominating resonances which produce a significant amount of the total isotope
production, in the intermediate energy region, for instance °Co production. Also
using reactions with no strong resonances is adequate to be used as a contrast with
the others (e.g. %Sc(n,y)). For the high energy region, the use of threshold reactions
is paramount, as indicates the presence of neutrons of energy higher than the reaction
threshold. In this range, most isotopes present (n,p), (n,a) or (n,xn) reactions with
thresholds in the range of few to tens of MeV. A special feature of the (n,xn) reactions
is that the threshold increases with the number of secondary neutrons, providing
a set of well defined reactions to determine the flux at high energy. At energies
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higher than several tens of MeV, the reaction cross-section data is scarce, and so the
models, so only extrapolations can be used. In any case, the prior knowledge on the
maximum energy of the neutrons of the beam under study does not fall above the
hundreds of MeV, and the flux is expected to be much reduced in this region, which
reduces the need of reaction cross-sections sensitive to this energy range. Figure C.3
shows a set of cross-sections of reactions used in this study, comprising reactions
that provide information on the spectrum at low energy (below 1 MeV), such as
(n,y) from ¥7Au, %Co and **Sc, and threshold reactions in the MeV range, as
ZTAl(n,a)**Na, "°In(n,n’)**™In or several **Co(n,xn), *TAu(n,xn) and 2*Bi(n,xn)
reactions, among others.
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Figure C.3: Cross-sections of the reactions whose products were observed in the foils
irradiated at NEAR. The foils were chosen so that a few reactions provided information
at low energy (< 1 MeV) and a large set of threshold reactions provided details on the
spectrum at high energy. Each set of colors correspond to a material, namely grey for
Al yellow for Au, blue for Co, red for Sc, violet for Bi and green for In. Uncertainty in
the cross-section data are also shown as the shaded pattern filling. Data is extrapolated
above 60 or 200 MeV (depending on the data) due to the lack of data above these energies.
Cross-section data comes from ENDF-VIII for the (n,y) reactions, and TENDL 2019 for
the rest (threshold reactions).

C.3 Experimental Procedure

Two experiments were run in order to characterize and analyze possible applied
configurations the neutron beam off the NEAR Station collimator. The first exper-
iment aimed at characterizing the beam in free conditions, in order to measure the
neutron spectrum coming from the n_TOF target and its spacial homogeneity. The
second experiment aimed at testing the possibility of using some materials as filters
that could be used to create different configurations for the future applications of
the NEAR Station. In this case, a 70 cm aluminium bar was conceived as a filter
between the collimator and the sample’s irradiation position.
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Appendix C. The neutron beam of the NEAR Station at n_ TOF

C.3.1 First Irradiation: Beam Characterization

The aim of the first irradiation was to measure the beam conditions, including the
homogeneity of the beam and the spectrum. Samples were put in the central position
aligned in front of the collimator, and extra samples were put around this position
to check the possible variation in flux in all directions.

Set-up and Irradiation at NEAR

The set-up consisted of a sample holder with 9 “mini-holder” positions on it, where
disk-shaped foils could be placed, as shown in Figure C.4.
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Figure C.4: Design of the sample holder with nine mini-holder positions for sample
positioning and irradiation. The sample holder is made of Al. Dimensions are given in
mm. Each mini-holder is 18 mm in diameter, which allows for using foils of 1 inch in
diameter as the used ones from Shieldwerx [125]. The samples were held within the mini-
holder positions with the help of a Cd capsule (only at the downstream position) and two
mylar layers.

An Au sample was put in the first place from beam (upstream) in all mini-holder
positions. This was made so that the homogeneity of the beam could be tested based
on the same reactions in all positions. Au is a good candidate for this purpose
due to the overall well known cross-sections and due to the 3 different isotopes
produced during irradiation that could be measured later, namely "®Au from the
(n,7y) reaction, which provides information about the low energy part of the spectrum
(mainly thermal and around the 4.9 eV resonance), and '"®Au and ®*Au from
the (n,2n) and (n,4n) threshold reactions, which provide information above their
production thresholds at 8.114 and 23.26 MeV, respectively.

At the central position, a full stack of samples was put so that a wide range infor-
mation could be obtained from the irradiation. For this case, samples of Au, Co,
Sc, In and Al were used in that order from the neutron beam. A second Au sample
was put after all these in order to have a shadowed/attenuated beam to have extra
information about the low energy range by comparing the first and last Au samples.
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C.3. Experimental Procedure

Material ~Position Diameter (mm) Thickness (mm) Mass* (g)

Au 5-u 12.7 0.0508 0.1268
Co 5 12.7 0.0508 0.0644
Sc ) 12.7 0.127 0.0503
In 5 12.7 0.127 0.1309
Al 5 12.7 0.762 0.2552
Au 5-d 12.7 0.0508 0.1283
Au 1 12.7 0.0508 0.1167
Au 2 12.7 0.0508 0.1213
Au 3 12.7 0.0508 0.1154
Au 4 12.7 0.0508 0.1214
Au 6 12.7 0.0508 0.1257
Au 7 12.7 0.0508 0.1250
Au 8 12.7 0.0508 0.1243
Au 9 12.7 0.0508 0.1222

Table C.1: Foil sizes, masses and positions for the set-up of the first irradiation at NEAR.
Position stands for the mini-holder as in Figure C.4. 5-u and 5-d refer to the upstream
and downstream Au samples in position #5, respectively. * The precision of the scaler was
0.0001 g. Dimensions correspond to the sheet provided by the supplier.

Table C.1 summarizes the sizes and masses of all the samples of this irradiation.

The holder with the samples on it was mounted onto a support and put in place at
the NEAR Station for irradiation. The holder was left at 20 cm from the collimator
and aligned so that the central position coincided with the center of the collimator.
Figure C.5 shows the final position of the holder before irradiation.

Figure C.5: Set-up of the first irradiation at NEAR. The sample holder was mounted
onto a support and put on top of the rail. The samples were then positioned at 20 cm
from the collimator position and aligned to the center of the collimator with the aid of
the ruler, lasers and level.
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Appendix C. The neutron beam of the NEAR Station at n_ TOF

Neutron irradiation took place between 15" to 27" September 2021. For this irra-
diation, a total amount of 7.0067 - 10! protons were delivered on the n_TOF target.
Figure C.6 shows the irradiation history during the irradiation period, including all
beam stops for interventions at the other Experimental Areas, and beam stops and
instabilities of the proper functioning of the PS beam.

T T T T
1.4x1012 Proton Intensity — |

1.2x10%2
1x1012 ,ﬂ ‘ pr nl
8x101! "} !

I L}
I | I
6x1011 | l

4x1011

Proton Intensity on target (p/s)

2x101%

e——

0
15 16 17 18 19 20 21 22 23 24 25 26 27 28 29 30

Date (days)

Figure C.6: Irradiation History for the first experiment. Time is shown as date, in days
of the second half of the month of September 2021. Intensity is given as the intensity on
the n_.TOF target, in protons per second. The samples were mounted at NEAR on 15"
September, while irradiation started on late 16" September due to a programmed stop of
the beam to n_TOF.

After the end of irradiation at 01:01 h on 27" September, the holder with the
samples were left at their position for 13 hours of cooling time. Then the samples
were extracted from the NEAR in a scheduled access to the n_ TOF Target Area.
The samples were then moved to the n_ TOF Electronics Lab were the samples were
collected from the holder and prepared for measurement. Figure C.7 shows the
samples after they were taken out of the holder.
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Figure C.7: Samples after being collected from the holder from the irradiation, ordered
corresponding to their mini-holder position in the holder. Au samples can be seen in
all positions. Cd capsules can also be seen as the last foil in all positions. The even
positions were Cd-covered, hence the two pars of the capsules can be seen. Samples of
other materials as Sc, Co, Al and In are also shown.
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Gamma spectroscopy with HPGe detector

A series of scheduled measurements were made with the HPGe detector available
at the n_ TOF Electronics Lab. The HPGe detector is a P type coaxial Ge de-
tector by Mirion Technologies, model EGPC 25 S/N 54035. Data acquisition was
processed via a MCA Module AmpTek MCA8000D and the DPPMCA AmpTek dis-
play software. The HPGe detector was cooled via an electric cryo-cooling system by
Camberra. A series of different holders and spacers were used to keep the samples
at a fixed position with well defined distances to the detector. Figure C.8 shows
the measurement set-up including the cryo-cooling system and the detector with the
first spacer (labeled with “END”, 3 cm from the detector) on top of it.

Figure C.8: HPGe Detector used at the n_ TOF Electronics Lab, where the measurements
took place. The detector together with the preamplifier and the electric cooling system
are portrayed.

A total of 87 separate measurements were made during the period from 27" Septem-
ber to 19*" October 2021. The general rule under the schedule was to complete at
least 3-5 measurements of each sample at different times whenever possible. For
short lived isotopes, at least 2 measurements were made and all those were kept
within the first 2-3 days after irradiation. Due to the short half-life of some iso-
topes, two samples had to be put together in the detector for measurement. That
was the case of Al and In samples. Some few background measurements were in-
cluded within the schedule. Figure C.9 shows some representatives of the spectra
from each type of material foil.
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Figure C.9: Selection of a few Gamma spectra from the HPGe detector, from the mea-
surements of the samples of the first irradiation at NEAR. The black line corresponds to
the background measurement, made for a long run in the middle of the experiment, and
provides reliable information on the ambient radiation and prevents from considering con-
taminated lines. The spectra from Au-u (golden-coloured) corresponds to the upstream
Au sample, and also Co (blue) and Sc (red) contain the spectrum from a single foil. Con-
trarily, the green line corresponds to a joint measurement of the Al and In samples, which
had to be measured at the beginning due to the presence of short-lived isotopes. A special
remark can be also pointed regarding this spectrum, due to the presence of an intense line
from 2*Na at 2754 keV, whose photopeak cannot be seen in this spectrum, but Comp-
ton interactions and single- and double-escape lines can be notably observed above the
background in the 1500-2600 keV range.

C.3.2 Second Irradiation: Beam filtering with Al bar

The aim of the second irradiation was to test the possibility of filtering of the beam
with an Aluminum filter.

An aluminium bar was placed between the collimator and the sample’s position
in order to test the filtering. The Al bar was 70 cm long and its diameter was
large enough to cover the full area of the samples in the central position, but not
covering the full collimator. Two polyethylene cylinders were used additionally at
both ends of the Al bar, with 7.5 cm (close to the collimator) and 2.5 cm (far from
the collimator) of thickness. Figure C.10 shows the setup prepared in place for
irradiation at NEAR.
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C.3. Experimental Procedure

Material ~Position Diameter (mm) Thickness (mm) Mass* (g)

Au 5-u 12.7 0.0508 0.1271
Co 5 12.7 0.0508 0.0620
Sc 5 12.7 0.127 0.0523
Al 5 12.7 0.754 0.2503
Bi ) 12.7 0.254 0.3076
Au 5-d 12.7 0.0508 0.1219

Table C.2: Foil sizes, masses and positions for the set-up of the second irradiation at
NEAR. Position stands for the mini-holder as in Figure C.4. 5-u and 5-d refer to the
upstream and downstream Au samples in position #5, respectively. * The precision of the
scaler was 0.0001 g. Dimensions correspond to the sheet provided by the supplier.

Figure C.10: Set-up of the second irradiation at NEAR. The sample holder was mounted
onto a support and put on top of the rail, and aligned as in the previous case. In between
the collimator and the samples, an Al bar of 70 cm in diameter was placed, also centered
with the collimator. Two polyethylene blocks used to reduce thermal neutron fluence and
hence activation of the Al bar were put at both ends of the bar.

For this second irradiation, the central position was used with a stack of samples
similar to the one used in the first irradiation. In this case, the In sample was
replaced by a Bi sample, which provides more detailed information on the high
energy range (above 10 MeV). The aim was to check if such high energy neutrons

were present after filtering with Al. The stack configuration in that case was Au,
Co, Sc, Al, Bi, Au.

Table C.2 summarizes the sizes and masses of all the samples of this irradiation.

Neutron irradiation took place between 1% to 15* November 2021. For this irra-
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Appendix C. The neutron beam of the NEAR Station at n_ TOF

diation, a total amount of 1.2 - 10'® protons were delivered on the n_TOF target.
Figure C.11 shows the irradiation history during the irradiation period.
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Figure C.11: Irradiation History for the second experiment. Time is shown as date, in
days from the beginning of the month of November 2021. Intensity is given as the intensity
on the n_TOF target, in protons per second. The samples were mounted at NEAR on the
morning of 1% November, and irradiation begun shortly after. Irradiation ended on 15"
at 6:00 h, coinciding with the Year-End Technical Stop (YETS) as scheduled.

After the end of irradiation at 06:00 h on 15" November, the holder with the sam-
ples were left at their position for 27 hours of cooling time. Then the samples were
extracted from the NEAR in a scheduled access to the n_ TOF Target Area. The
samples were then moved to the n_ TOF Electronics Lab and prepared for measure-
ment.

For the gamma spectroscopy measurement, the experimental conditions were similar
to those of the first irradiation. The measurement period took place from 16"
November to 3™ December 2021. Figure C.12 shows some examples of the spectra
taken for the different material foils.

C.4 Data Analysis

The experimental data from the gamma spectrometry was used to calculate the ac-
tivity due to the different isotopes produced by neutron irradiation. The activity
data was then used to compute the number of activations inside each sample, taking
into account the irradiation history. The number of activations per atom in the sam-
ples was then the main input for the unfolding algorithm. The response function for
the unfolding routine was the other main input data, which includes the correspond-
ing isotope’s production cross-section together with experimental corrections such
as neutron attenuation along the stack of samples, the self-shielding of the sample
and other scattering effects around the set-up. The result of the unfolding of the
spectrum is the group-wise neutron flux.

C.4.1 Activity calculations

The experimental spectra from the gamma spectrometry were processed in order
to extract data on the number of counts of each of the photopeaks of the gamma
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Figure C.12: Selection of a few Gamma spectra from the HPGe detector, from the mea-
surements of the samples of the second irradiation at NEAR. The black line corresponds
to the background measurement, made for a long run in the middle of the experiment, and
provides reliable information on the ambient radiation and prevents from considering con-
taminated lines. The spectra from Au-u (golden-coloured) corresponds to the upstream
Au sample, and also Co (blue), Bi (violet) and Sc (red) contain the spectrum from a
single foil. In contrast with the measurements from the first irradiation, in this case the
Al sample was also measured alone (green). A change in gain with respect to the mea-
surements from the first irradiation allows to observe the intense line from 2*Na at 2754
keV. A noticeable change with respect to the measurements from the first irradiation is
the lower count rates in all cases, consistent with a lower activation due to the presence
of the 70 cm Al bar.

lines due to each isotope present in the sample. Separate measurements of ambi-
ent background together with the overall background (including the Compton-like
background from higher energy lines present in the sample) was subtracted via a
linear fit of the neighbourhood of the gamma line. Figure C.13 shows an example
of a fit of a photopeak together with the neighbouring background.

The count rate, C' was then computed from the total number of counts during the
measuring time, tj;. Dead time was kept below 1 % during all the measurements
and corrected in the count rate computation.

Subsequently, the activity of the sample A(ty ), measured after a waiting time since
the end of irradiation (EOI), can be computed following the equation:

Alty) = C M (C5)

— e
nyel—e Mu

where ¢ is the efficiency of the detector and n, is the absolute intensity of the
gamma line of interest. The second factor in the equation is a correction factor for

133



Appendix C. The neutron beam of the NEAR Station at n_ TOF

4x107'
3x107' —— CoFoil
2x107t ~ o] —— Ambient Background |

------ Fit Total Background

.| —— Fit Photopeak

s
770 780 790 800 810 820 830 840 850
Deposited Gamma Energy (keV)

Figure C.13: Example of fitting of a photopeak from a gamma spectrum. The data
corresponds to a measurement of the Co foil, and the observed line coincides with the
810.8 keV line from the decay of **Co, produced by the (n,2n) reaction. The ambient
background is shown in black. Over that, the observed spectrum with the Co foil in
place is shown in red. This spectrum shows an increased background, generated mainly
by Compton interactions from the 1173 and 1332 keV lines from the decay of %°Co, and
other less intense lines of higher energy. The dashed blue line corresponds with a fit of the
total background, by a linear fit of the counts in the vicinity of the line. The solid blue
line corresponds to the fitting of the 810 keV line. The final count rate was computed by
integrating the actual count rate data in the closest vicinity of the line (the same region
as used for the fit of the line), and subtracting the integral of the background’s fitting.

the reduction in activity of the sample during the measurement, which is also taken
into account. This factor is typically small due to the relative large half-lives of
most of the isotopes compared with the duration of the measurements (typically in
the range of one to few hours), except for some cases of fast decaying isotopes such
as 11mIn, MOy with half-lives of 4.486 h and 4.92 h in the In sample, ?*Na with a
half-life of 14.997 h in the Al sample, and to a lesser extent for the **Au with a
half-live of 38.02 h in the Au samples.

The efficiency of the detector is computed based on a previous calibration by E.
Stamati [126]. The efficiency calibration was computed at different distances from
the sample position to the detector (namely 3, 6, 9, 12 and 15 cm) making use of
the spacers and sample holder available for this detector. This efficiency estimation
was computed with a calibrated radioactive source of *?Eu, with a well measured
initial activity determination and an uncertainty under 2 %.

Since the efficiency calibration, €9, was made using a point-like source with a size
much smaller than the actual samples, additional correction factors, f,, had to be
considered in order to compute the actual efficiency for the measurements:
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C.4. Data Analysis

e=¢co- fs (C.9)

These correction factors were estimated via Monte Carlo simulations, using a MCNP6
model of the detector following the dimensions of the detector from the detector cal-
ibration. These correspond to the two main effects that reduce the efficiency in the
actual samples when compared to the initial, ¢ calibration. The sample extension
in diameter reduces the solid angle at which the detector sees the sample, thus re-
ducing the efficiency. The sample thickness reduces the efficiency due to the gamma
attenuation inside the material. A couple of simulations were made for each of the
lines observed in the spectra. The first simulation used a point-like isotropic source
at the position in the center of the holder, with the energy of the gamma line. The
second simulation included a model of the sample, including the sample dimensions,
including diameter and thickness. From the ratio between counts in the photopeak
from the second and the first simulation we can extract the correction factor. This
correction factor is dependent on the energy of the gamma line, the material of
which the sample is made, and the position (distance) of the sample to the detector.
Figure C.14 shows the correction factor for the samples of the first irradiation.
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Figure C.14: Correction factors for the efficiency of the detector due to the sample
size (attenuation inside material and reduction of solid angle due to sample extension).
Correction as a function of gamma energy are shown, with data-points corresponding to
the energy of the gamma lines observed from each sample. Each color correspond to
a different foil (namely grey for Al, violet for Bi, red for Sc, blue for Co, green for In
and yellow-ish for Au). The different shades of yellow correspond to the various sample-
detector distances used for Au samples (for the purpose of count rate reduction to avoid
large dead time losses). All other samples were always measured at 3 cm to increase
statistics. Al and Bi samples exhibit a greater reduction due to the larger thicknesses of
these foils, specially for Al.

Once the activity due to each of the isotopes present in the samples was measured
by means of the various lines observed in the spectra, the activity at the End Of
Irradiation (EOI) was computed via extrapolation from the decay equation:
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Altw)

oM

Apor = (C.10)

An error estimation for all the activity calculations was assessed, including the
statistical error from the number of counts in each photopeak of the spectra, the
error due to the efficiency calibration (2 %) and the correction factors (0.1-0.5 %),
and the uncertainty in the absolute intensity of the gamma lines (taken from the
ENSDF database).

Each separate measurement of the same sample provided an additional data-point.
The set of all activity estimations of the same isotope, from different lines and mea-
surements, was weight-averaged according to their uncertainty via inverse-variance
weighting. The compatibility of the measurements was assessed via a y? test. Figure
C.15 shows an example of all the independent activity estimations together with the
weighted average, taken as the final estimation of the Activity at End of Irradiation
for each observed isotope.
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Figure C.15: Set of four successive measurements of the %°Co activity in the Co foil of
the first irradiation. Light and Dark blue colors correspond to the estimates via the 1173
and 1332 keV lines. The final weighted average is shown in red, with extended black error
bars to account for additional systematic uncertainty (efficiency calibration).

The changing conditions of the proton beam that generates the neutron beam under
study does not allow a straightforward definition of a saturation activity, due to
the use of different average proton beam intensities, together with the multiple
beam stops, during the time of irradiation. For this reason, an strategy based
on the computation of the total number of activations during the irradiation was
followed. This procedure aims at computing the total fluence of the beam during
the irradiation, from which the actual flux for a given proton beam intensity can be
easily derived by normalization.
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C.4. Data Analysis

This way, the activity at EOI has to be further used to compute the total number
of activations in the sample during the irradiation, given the history of irradiation.

For such calculation, the conversion factor between activity (Agos) and number of
activations during the irradiation (/N), defined as in eq. C.11 has to be derived.

N
po V1

= C.11
Apor ( )

The total amount of activations depends on the total neutron fluence that impinges
onto the sample, ®(F), and the production cross-section, o(FE), multiplied by the
number of nuclei available for the neutron interaction, n:

Ny =n / O(E)o(E)dE (C.12)

The fluence can be interpreted as the sum of the instantaneous flux generated by a
proton pulse, ¢(FE), multiplied by the number of proton pulses at any given time,
T(t):

B(E) /0 ) s(E)t (C.13)

Taking these two expressions together and rearranging, we can separate the neutron-
energy dependent variables with the time-dependent ones on two separate integrals:

Npor = n /0 N ayr / 6(E)o(E)dE (C.14)

The activity at EOI can be computed from the number of active nuclei that remain
active at the sample at that time, Rgor, simply by multiplying by the corresponding
decay constant A\, as Agor = ARgor. The remaining active nuclei at the sample can
be computed as from equation C.14, just including a convolution kernel e=Atror=t),
This accounts for the decay of part of the isotopes generated at time ¢ and remain in
the sample at tgo;. Thus, after rearranging, the activity at EOI can be computed,
as:

tEor
Apor = nieMeor / T(t)eMdt / ¢(E)o(E)dE (C.15)
0
Finally, inserting C.15 and C.14 into C.11, we arrive at:

eMEor fJEOf T(t)dt

== [7EOTT(t)eMdt
0

(C.16)

This conversion factor has to be computed for each observed isotope with their
corresponding decay constant. As can be observed from the equation, this factor
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Appendix C. The neutron beam of the NEAR Station at n_ TOF

only depends on the evolution of the irradiation history (7°(¢)) and the half-life of
the isotope.

After this conversion from activity at EOI to total number of activations during
irradiation has been made, the normalization to the specific number of activations
yields the final result which then can be used as input for the Unfolding Routine.

C.4.2 The Unfolding Routine

Several methods have been developed to unfold the spectrum from the response ma-
trix and activation measurements, based on iterative computer codes. These codes
provide a “best fit” using the set of data from activation of a list of isotopes, and
an initial guess spectrum which serves as starting point for the iteration procedure.
These methods are able to provide good resolution in terms of energy, such as the
widely known 640-bin SAND-II code. However, those methods are highly depen-
dent on the initial guess spectrum, and in addition, they do not typically include the
uncertainty on cross-section data and experimental activation data into the compu-
tation of the final flux. Another aspect that is not well assessed by these methods
is the uncertainty estimation of the final spectrum, together with correlation esti-
mates. The use of Bayesian inference methods is able to overcome such problems,
and is part of some statistical techniques with growing importance over the last
decades, also in the case of multi-foil activation for spectrum measurements, such
as the papers by Chiesa et al., which are taken as reference for this study [127, 128].

Bayesian inference

Bayesian statistics is based on the Bayes theorem, expressed in the form of the
following equation:

P(datal@)

P(f|data) = “Pldata)

P(0) (C.17)

Here 6 is the set of parameters that we want to determine from the application of the
model (in our case the set of Energy group-wise fluxes). Each term of the equation
has a well defined meaning:

e P(6) is the so-called Prior distribution, which reflects the knowledge on the
value of the parameters before the measurement has taken place, i.e. the data is
included into the model. It can go from completely uninformative distributions
(any possible value is equally likely), through moderate restrictions on the
possible values (i.e. general constraints as non-negative values only or limited
to a range of few orders of magnitude around the expected value) to even well
known distributions in case of the existence of previous measurements or data
from reliable simulations, in whose case the new experimental data will serve
as fine refinements of the knowledge on the parameters.

e P(datalf) is the Likelihood distribution, determined via the model as the
probability of finding some experimental data given a set of values for the
parameters 6.
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e P(data) is a normalization factor, corresponding to the probability of getting
some experimental data irrespective of the value of 6.

e P(f|data), finally, is the so-called Posterior distribution, as the probability of
finding the set of parameters 6 given the experimental data. The Posterior
summarizes all the information on the possible values of the parameters after
doing the experiments, also including the a prior: information given by the
Prior.

The strategy followed when using Bayesian analysis consists of defining a model with
rules between data and the parameters of interest, in which the analysis provides
a mechanism to “update” the knowledge given by the Prior to the final results
found in the Posterior. By using reasonably uninformative Priors, the Posterior
distribution of parameters will be mostly determined by the actual data, specially
if the information inside the Likelihood is dominant, i.e. enough experimental data
is present.

Except for very simple models with few parameters, the Posterior distribution can
only be determined through computational techniques. The most adequate for this
aim are based on Markov Chain Monte Carlo (MCMC) simulations. MCMC is
grounded on drawing a sequence of iterations on the set of parameters of interest,
which tend to navigate around the parameter space with a likelihood equal to the
one given by the probability distribution. Given an initial set of values for the pa-
rameters, 6y, an algorithm such as the Metropolis-Hastings or the Gibbs sampler
are able, after a few iterations of “thermalization” or “burn-in”, to draw samples,
0;, of the Posterior distribution with the only information given by the Likelihood
functions P(datal@). This procedure also overcomes one of the biggest problems on
Bayesian inference, since the final parameters, sampled within the Posterior distri-
bution, provide a good estimate of a kernel of actual joint Posterior distribution,
without the need of complex normalization computations which would otherwise un-
dermine this strategy. The final results from the MCMC simulations provide samples
of the parameters from which the marginal distributions P(6;) can be obtained, and
also conditional distributions P(6;|6;). From these, the parameter uncertainties oy,
and covariance matrix (and correlations) (6;,6;) can be easily extracted.

In order to make this process of MCMC to obtain the Posterior from the Priors
and Likelihoods, the computational code JAGS (Just Another Gibbs Sampler) has
been used [129]. This program is able to analyze data using a Bayesian statistics by
using the Gibbs technique of sampling for the MCMC.

Bayesian Model

The statistical model for our flux unfolding is based on the matrix form of the
equation for the total amount of isotopes production. In order to define the model
on JAGS, the Priors and Likelihoods have to be described. For this work, uniform
(U(Zmin, Tmaz)) and Gaussian (N(p,0)) distributions will be used to model the
Priors and Likelihoods. In this model, we will consider uncertainties coming from
the experimental data (i.e. uncertainty in activity estimation), and also uncertainty
in the Response Function. The response function is computed using nuclear cross-
section data from standard libraries as ENDF-VIII and TENDL 2019, which provide
uncertainty estimates for a broad number of reactions and also in a wide energy
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range in most cases'. Additional uncertainty in the Response function comes from
the simulations used to estimate the effects of beam interaction with the stack
of material samples, as neutron scattering, beam attenuation, and self-absorption
within the material samples. For this case, the experimental values for specific
number of activations in each material sample (S;.,,) are considered as random
draws from a Gaussian distribution centered at the result from the folding of the
flux vector with the response matrix (>, R ;;®;), with an standard deviation equal
to the experimental uncertainty (AS;.,,) in the determination of such quantity:

Sj,emp ~N <:u - Z Rs,z’jq)iu 0 = ASj,e:pp) (C].g>

Also, for each element of the Response Matrix, random draws, R, ;;, are taken using
a Gaussian distribution centered at the computed value, R;; and with a standard
deviation as discussed in the previous paragraph:

Rs,ij ~ N (u = RZ‘]’, g = ARZ]) (019)

Since minimal information is wanted to be included in the Priors so as to minimize
possible bias, only uniform distributions will be used in this case:

(I),L' ~ U (xmm = 0, Tmaxr = M) (C20>

where M is an upper bound for the total fluence for this experiment, estimated as
two orders of magnitude greater than the expected fluence from simulations. This
is done so that any group-wise fluence will fall inside the range [0, M]. In case that
after analysis, the Posterior distribution of each ®; approached this limit or was
limited by it, this could be extended without altering the rest of the model.

After running the model with the experimental data (S}.,,) and Response matrix
R;; as inputs (comprised also the uncertainty estimates), the output of the program
is a list of samples of the joint Posterior distribution, P(®|Sexp, Rjj), from where
the estimates (i.e. mean and standard deviation) of each group-wise fluence and
the total fluence can be extracted. Special care has to be taken when adding up the
contributions from each energy group to the total fluence, due to the presence of
covariances that can be strong in some cases, specially if all response functions have
similar shapes for two or more energy groups. For this reason, a separate marginal
Posterior distribution can be computed from the sum of the group-wise components,
by adding the contributions from the samples themselves instead of using the final
estimates (mean and standard deviation) which lack that covariance information.

The result for the fluence can be further normalized to determine the nominal flux
of the beam of the NEAR Station (neutron flux per nominal pulse of 7-10'? protons
on target).

'For those cases where uncertainty was not provided, a conservative estimate of 30 % relative
error was used, following the same procedure as previous research. Where extrapolations had to
be performed (specially the linear extrapolation of (n,xn) reactions over 60 or 200 MeV, where no
cross-section data is available), a 50 % relative error was assumed.
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Calculation of the Response Matrix

The elements of the Response Matrix can be computed following equation C.5, which
is reproduced here:

1 Eiq
Rij = a/E ®(E)kj(E)o;(E)dE (C.5 revisited)

The spectrum correction factor x(E) can be computed by means of MCNP6 simu-
lations, which include the full geometry of the stack of samples. The result of this
simulations can be observed in Figure C.16 which shows the product ;(E)o;(E)
for the foils in the first irradiation, where the effects of beam attenuation due to the
presence of strong resonances is clearly observed in downstream foils.
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Figure C.16: Product of cross-section and the attenuation factor due to self-shielding
and the presence of upstream foils, for the geometry of the first irradiation. The effect is
small (negligible for the threshold reactions) in general except around the energy of strong
absorption resonances, such as the ''%In(n,y)''%In at 1.457 eV, 19T Au(n,y)'?®Au at 4.9 eV
and %?Co(n,y)%Co at 132 eV. The attenuation is also noticeably increasing through the
foils at low energy in the 1/v region. The attenuation in the pair of Au samples is notable,
specially the partially-black resonance effect. The 1.457 eV absorption dip, caused by the
absorption in the In foil, is only observed in the last Au-d foil, and produces the radioactive
isotope '™In, which could not be measured due to its shorter half-life of 54.29 min and
had already fully decayed after 13 h of cooling time.

An additional factor that has to be carefully addressed is that of the shape of the
intra-group fluence. The total fluence within the energy group is not relevant here,
since it is already accounted as a normalization factor via the ®; on the denominator.
However, the actual shape of the fluence within the group is relevant, since it works
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as a weighting factor contributing to the integral. This way, the intra-group fluence
shape can enhance some neutron energies at the expense of others, actually chang-
ing the overall effective cross-section in the energy group. This is a non-negligible
effect that has to be overcome by using additional information for the shape of the
spectrum, or alternatively, if this is not available, by a careful study of the uncer-
tainty propagation due to the use of different realistic shapes. As a matter of fact,
several previous details of the beam are known prior to the measurement and spec-
trum unfolding. These include the fact that the spectrum shows a maxwellian-like
shape at low energies, specially around and below kT = 25.3 meV. In addition, by
the way the neutrons are produced in a spallation source, high energy limits are
known, and a neutron evaporation peak is also expected. A partially flat spectrum
(relatively close to isolethargy) is expected at below MeV energies through the ep-
ithermal range. Overall, no sharp edges are expected in the spectrum, by no means
at the arbitrary positions of the energy group edges.

For this reason, an initial shape, following all the previous key points, is used to
perform the full analysis and extract a first estimate of the fluence. Subsequently,
a series of small variations of the shape of the fluence are performed in order to
iteratively converge towards a quasi-continuous shape for the fluence. These iter-
ations are performed “by-hand”, but always respecting the previous points. The
iterative process is finished once the spectrum appears as quasi-continuous, within
the uncertainties obtained via the bayesian inference procedure.
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C.5 Results

Table C.3 shows the activity at EOI and specific number of activations for each
sample in the stack of the central mini-holder in the first irradiation, Table C.4 does
the same for the Au foils in the non-central positions, and similarly, Table C.5 does

for the stack of samples of the second irradiation.

Foil  Reaction Half-life  Agor(Bq) S(10712/atom)
Y7Au(n,y)%Au 2.6941d 187900 & 5400 431 + 18

Auw-u Y7Au(n2n)1%Au 61669 d 864 £ 32 2.79+0.14
Y7Au(n,dn)%Au  38.02h 509+ 30 1.066 + 0.077
Co(n,y)%*Co 1925.28 d  205.1 +5.2 75.0+ 34
9Co(n,2n)%8Co 70.86 d 99.0 +2.8 1.393 £ 0.068

Co MCo(n,3n)°"Co  271.74d  7.04+0.25 0.367 £ 0.021
MCo(n,4n)*°Co  77.236 d  4.9540.36 0.0757 & 0.0070
59Co(n,p)*Fe 44.490d  13.56 £0.52  0.1231 £0.0073

Sc 458c¢(n,y)*Sc 83.79d 1435+ 36 23.14+1.2
WIn(n,n’ ) 5"n 4486 h 7135+ 250 7.7340.37

In Wn(n,3n)Mn 2.8047d 373+ 14 0.489 + 0.024
WIn(n,4n)"%m  4.92 h 181+ 15 0.196 + 0.019

Al 27Al(n,a)**Na 14.997 h 1605 + 51 0.2147 + 0.0087
Y7Au(n,y)"8Au 2.6941d 111300 £ 3000 252410

Au-d  Y7Au(n,2n)!%Au  6.1669 d 851 + 34 2.714+0.14
Y7Au(n,4n)!%Au  38.02h 585431 1.212 +0.079

Table C.3: Activity and specific number of activations per atom due to each of the
production reactions in the foils of the stack in the central position (#5) for the first
irradiation. The half-life of each produced isotope is also given.

C.5.1 Homogeneity of the beam

In order to analyze the homogeneity of the beam, Au foils were placed in the nine
miniholder positions. For each of them, the activity due to " Au, 1%Au and *®*Au
was measured. Each of these isotopes provide information on the size and shape of
the beam in different energy ranges, corresponding to their production cross-sections.
The homogeneity at low energy is provided by ®Au due to the strong resonance
of the (n,y) at 4.9 eV, but also a significant contribution comes from the thermal
1/v region. In the high energy region, '%Au and ' Au probe the beam shape in
the range 9.4-25.5 MeV and 26.5-44.6 MeV, where the peaks of the cross-section are
found, respectively.
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Reaction Foil Agor(Bq) S(10712 Jatom)
5 187900 + 5400 431+18
2 134400 + 3700 323 +13
4 125700 + 3400 302+ 12
6 129800 £ 3500 301 =+ 12
Y7 Au(n,y)%Au 8 124000 4+ 3300 291 + 12
1 11310043000 282411
3 115300 + 3000 291 + 12
7 107500 2900 251 + 10
9 113800 +3100 271+11
5  864+32 2.79 4+ 0.14
2 790435 2.67+0.15
4 695+ 32 2.34 +0.14
6  T44+34 2.42 +0.14
YTAu(n,2n)'%%Au 8 689 +31 2.27 4+ 0.13
1 549+24 1.92 +0.11
3 584+27 2.07 +0.12
7 468422 1.534 + 0.092
9  537+25 1.80 +0.11
5 509+ 30 1.066 + 0.077
2 523430 1.146 + 0.080
4 517+30 1.132 + 0.082
6 544432 1.151 £ 0.083
YTAu(ndn)'Au 8 523+31 1.117 +0.082
1 455425 1.037 £ 0.072
3 455427 1.048 £ 0.076
7 392+25 0.833 & 0.063
9 432427 0.939 £ 0.071

Table C.4: Activity and specific number of activations per atom due to each of the
production reactions in the Au foils in the nine positions for the first irradiation. Foils
at the same distance to the central point are arranged together for an easier comparison

(central, even positions at the edges and odd positions at the corners).

The activity at End of Irradiation provides a good estimate for the homogeneity of
the beam, but it needs to be corrected for the mass of the samples, which even being
in principle of the same dimensions and mass, showed differences up to 9 % in mass.
For this reason, the specific number of activations per atom in the sample produced
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Foil  Reaction Half-life  Agor(Bq) S(10712 /atom)
Y7Au(n,y)8Au 2.6941d 18540+ 640  60.3 4+ 2.9

Auv-u Y97Au(n,2n)!%Au 6.1669d  69.4 4 3.3 0.272 4+ 0.016
Y7Au(n,4n)'%Au 38.02h  63.4+7.9 0.206 + 0.028
Co(n,y)%°Co 192528 d  40.3 + 1.1 8.22 4+ 0.75
MCo(n,2n)®Co  70.86d  10.54+0.36  0.1570 4+ 0.0086

Co  Co(ndn)*®Co  77.236d  0.711 £0.042 0.01148 4+ 0.00092
Co(n,p)* Fe 44.490 d  1.049 £0.074 0.01020 £ 0.00093

Sc 458c¢(n,y)*Sc 83.79d 521413 8.22 4+ 0.41

Al 2TAl(n,a)**Na 14.997h  100.94+7.2  0.0230 +0.0018
209Bi(n,4n)?Bi  6.243d  92.3+2.6 0.1594 + 0.0058

Bi 209Bi(n,5n)2%Bi  14.91d  54.7+1.8 0.1554 + 0.0064

)29Bi 11.22h 692494 0.078 £ 0.011

)

209Bi(n,6n
209Bi(n,7n)%%3Bi"  11.76 h 61.2+9.7 0.088 £+ 0.015
YTAu(n,y)¥8Au 2.6941d 152004+ 550 51.542.6
Au-d  197Au(n,2n)'%Au 6.1669d  63.8+3.4 0.261 £+ 0.017
Y7Au(n,4n)'%Au 38.02h  69.6 +4.9 0.235 4 0.020

Table C.5: Activity and specific number of activations per atom due to each of the
production reactions in the foils of the stack in the central position (#5) for the second
irradiation. The half-life of each produced isotope is also given. T The amount of 2°3Bi
produced during the irradiation was measured and hence included in this table, though it was not
further used due to the lack of reliable cross-section data above 60 MeV, where the production is
expected to peak.

during the total duration of the irradiation is used to assess this issue. The activity
and number of activations in each sample are detailed in Table C.4. Figure C.17
displays this information, normalized to the activations in the central foil for each
reaction, for an easier comparison.

In total, a sample for the central position (miniholder #5), four samples for the edges
(miniholders #2, #4, #6 and #8) and four for the corners (miniholders #1, #3, #7
and #9) were used. The support and sample holder were aligned with the center of
the beam properly with the aid of lasers and a level, as shown in a previous figure
(Figure C.5). In principle, an uniform beam should have produced the same level
of irradiation in all samples in the same group, while the level of irradiation should
decrease from the center to the edges and the corners. The observed activations show
that this overall behavior is followed, with some remarks that have to be addressed.
The beam dimensions vary with the neutron energy, being better collimated at low
energy, with a sharp decrease (~ 30 %) in the activations from the center to the
edges, which then do not show a further decrease to the corners. In addition, the
irradiation appears to be slightly higher around the top part of the holder, decreasing
towards the bottom. This same effect is observed in the activation of 6 Au, though

145



Appendix C. The neutron beam of the NEAR Station at n_ TOF

in this case the decrease of irradiation from the center to the edges is not as sharp
(~ 5-20 %). A different behavior is found with the highest energy probe %A,
where a light increase in irradiation with respect to the center is found in the edges,
compatible within uncertainty with an uniform spectrum. In this case, the bottom
corners show less irradiation of around ~ 20 %.

As a summary, the beam shows a sharper edge at lower energy, being not evident
at high energy. Inhomogeneities in the beam are found, corresponding to a higher
irradiation in the top part, with reduced flux at the bottom edge and bottom corners,
which accounts up to 15 % in some cases. No relevant inhomogeneities are found in
the lateral left-right axis.
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Figure C.17: Number of activations per atom relative to the central foil, in the Au foils
used in the first irradiation to test the homogeneity of the beam. Color code corresponds
to the three reactions that probe low energy (n,y) red; 10-25 MeV (n,2n), green; and 25-
45 MeV (n,4n), blue. Miniholder positions are separated by their distance to the central
position, grouping them in “Center”, “Edges” and “Corners”. For a reminder of the
numbering code, Figure C.4 shows the holder design.

C.5.2 The unfolded spectrum at the central position

The result of the process of unfolding with the bayesian routine yields a set of samples
of the joint Posterior distribution, consisting of compatible values of each group-wise
fluence, which are linked through the distribution. From them, we can extract the
marginal Posterior distribution corresponding to each of the group-wise fluences,
and also for the distribution-like sum of them, in order to compute the total fluence.
Then, by normalizing taking into account the total number of protons during the
irradiation, we obtain the group-wise flux and the total flux. The estimate and
uncertainty (mean and standard deviation of the marginal Posterior distributions)
of each group-wise flux and total flux for the first irradiation, are shown in Table C.6.
The overall estimate for the total flux obtained from the characterization of the beam
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is (870 4 280)-10° n/cm? per nominal pulse of 7-10'% protons on the n_ TOF target.
Note that this value does not correspond to the sum of the group-wise fluxes, since
the correlations between each group-wise flux are taken into account through the
joint Posterior distribution. Likewise, the total flux has a slightly lower uncertainty
than the sum of the components due mainly to strong negative correlations within
some of the groups, which will be discussed later.

# Energy Group E; (eV) Ei;1 (eV) $:(10% n/cm?/(7 - 10'2 ppp))

0 1073 1.25-107" 3.454+0.76
1 1.25-107" 3.16- 10 19.6 £2.1
2 3.16-10'  2.14-10° 40.1+3.6
3 2.14-10°  5.01-10° 420 + 280
4 5.01-10°  3.72-10° 307 + 26

5 3.72-105  9.12-10° 38.2+ 7.0
6 9.12-10%  1.23.107 44412

7 1.23-107  2.51-107 7.96 £ 0.79
8 2.51-107  3.47-107 2.27 +0.48
9 3.47 - 107 10° 23.6 £ 1.9

# Total flux Ey(eV)  Enx(eV) ¢ =3¢ (n/em?/(7-10'2 ppp))

- 1073 10° 870 4 280

Table C.6: Energy groups, including lower and upper energy limits of each group (in eV),
and estimates of the flux within each energy group, normalized per nominal proton pulse.
Total flux along the complete energy range is also given in the last row. The estimate
and uncertainty for the flux is taken from the marginal Posterior distribution of each
parameter (group-wise flux) as mean and standard deviation.

The choice of the energy groups was driven by the available isotopes detected in
the irradiated material, by analyzing the production cross sections. Three different
reactions provided information below 600 keV, with additional information due to
two Au upstream and downstream samples, where the second provided a quasi-
black resonance case, and hence extra information in the region near the 4.9 eV
Au resonance. For this reason, four energy groups were used in this range, loosely
corresponding to thermal, Au resonance, Co resonance and keV range (no strong
resonances were present in 43Sc(n,y)%6Sc, so overall baseline structure was obtained
through this reaction). For the rest of the energy group, their limits were defined
by the presence of a threshold in one of the reactions, being the first above 500 keV,
from the '°In(n,n’)!*>™In reaction. No relevant structures or data is available above
60 MeV, hence a large energy group covers this range.

The unfolded spectrum is displayed in Figure C.18, compared to previous FLUKA
simulations of the flux at the same point where the irradiated foils were placed.
The spectrum follows the expected shape with a strong evaporation peak, and a
magnitude higher than that of simulations, which is larger in the epithermal range
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and also in the 5-20 MeV range, where reaches a factor of 4 in some cases. The flux
in Figure C.18 is displayed in two different ways, where the first (red) corresponds
to the flux in each energy group taken as a single value. The second way (purple),
includes the information of the intra-group flux shape, which is relevant for the
calculation of the Response Matrix. These shapes were defined so that the general
structure of the spectrum corresponded to a sum of spallation and evaporation peak,
a flat isolethargic component in the epithermal range and a maxwellian distribution
around the thermal range. The last case, however, was mostly overstepped by
the epithermal component leading only to a maxwellian decrease in flux below the
thermal range. An iterative process was made in order to obtain a quasi-continuous
shape for the flux, with no sharp changes in flux at the energy group edges, which
was achieved within uncertainties across the spectrum.
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Figure C.18: Unfolded Spectrum of the NEAR Station at the central position for the first

irradiation, normalized per nominal flux of 7 - 1012 protons on target. Group-wise fluxes

from the unfolding are given in red and scaled accordingly per unit lethargy. Same fluxes,

but shaped as with the intra-group flux shape used in response function computations are

shown in violet, also normalized so that total area equals the flux. Uncertainty is marked
as the width of the rectangles (one standard deviation).

Apart from obtaining estimates of group-wise fluxes from the joint Posterior distri-
bution, a dedicated analysis on the covariances and correlations between each pair
of energy groups was carried out. This analysis provides information on the ade-
quacy on the choice of the number and limits of the energy groups. In this regard,
a large number of energy groups, which would be convenient in order to increase
the energy resolution, would contribute to large correlations between groups and
not provide actual information but increase group-wise uncertainty. For instance,
any energy group could arbitrarily be divided into two separate energy groups in
order to increase energy resolution. In case that there is no significant difference
among the response functions between the two new groups, the neutron flux would
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not be better known due to that splitting. Thus, the sum of the two energy group
fluxes would have a lower uncertainty than the sum of the individual uncertain-
ties, leading to a strong negative correlation. Conversely, where sharp differences
are present in at least one response function, the group splitting would increase
the energy resolution compared to the non-separated group due to the absence or
small correlation between groups. The correlation matrix for the unfolding (scaled
to energy group sizes) is shown in Figure C.19. Examples of both of the previously
discussed situations are present here. For example, there is negligible correlation
between low energy and high energy energy groups, shown by pale yellow color-
ing in these cases, clearly revealing independent sources of information to compute
the low energy fluxes ((n,y) reactions) and high energy fluxes (threshold reactions).
Likewise, only adjacent energy groups in the high energy part show some amount of
negative correlation, which is due to reactions contributing strongly to both groups.
At low energy, a different situation is observed, with a small number of groups (due
to a small number of reactions in this energy range), and also similar shapes for
all the reactions. That is the case specially for the first and fourth energy groups,
where all response functions show clearly the same pattern, namely 1/v at the first
energy group and the Resolved and Unresolved Resonance Region (RRR and URR)
at the fourth, leading to same ratios of effective cross sections and hence similar ra-
tios of response function matrix elements, driving the system of equations to lower
discrimination between these groups.
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Figure C.19: Correlation matrix (%{;ﬂ)) for the unfolding of the flux of the characteri-
zation of the NEAR Station beam. The energy group sizes are scaled to their sizes in eV.
Color corresponds to correlation, being red fully correlated and blue fully anti-correlated,
with pale yellow uncorrelated. Red squares corresponding to the main diagonal correspond

actually to self-correlation which equals to 1.
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C.5.3 The unfolded spectrum of the filtered configuration

The unfolding of the spectrum for the Al-filtered beam was in general similar to the
previous case, with two main changes to remark. The first one is the use of a Bi
foil instead of an In foil, which changes the response function and hence the choice
of the limits of the energy groups. The second is the change in the intra-group flux
shape to adapt to the additional knowledge provided by the fact of using an Al filter.
By swapping In for Bi, we add extra information on the high energy region (n,xn)
with n > 4 at the expense of losing the In reactions, one of which provided relevant
information due to a low energy threshold below 600 keV. This change motivates
the choice of new energy limits for the high energy groups to account for the Bi-
related thresholds, and manifests for example on the addition of a second-to-last
group from 34.7 to 44.7 MeV. The total number of groups remains the same as in
the first irradiation, as well as the limits of the low energy groups. Regarding the
intra-group flux shapes that were used to define the response functions, in this case a
stronger thermal contribution was found, hence low weight of the epithermal-shaped
contribution in this part compared to the previous unfolding. More importantly,
since the beam in this case is measured after a 70 cm Al filter, a reduction in the
spectrum is expected as compared to the previous case, except in the range around
25 keV where a dip in the total cross-section of Al is present. For this reason, a
peak in this energy is added to the overall shape of the spectrum, with the additional
restriction that the maximum height of that peak should not exceed the observed
flux with no filtration, within uncertainties.

# Energy Group  E; (eV)  Eiyq (eV)  ¢:(10° n/em®/(7 - 10'2 ppp))

0 1073 1.25-1071 1.38+0.14
1 1.25-10"Y  3.16- 10! 0.76 + 0.35
2 3.16-101  2.14-10° 3.294+0.71
3 2.14-10%  1.58-106 146 + 81

4 1.58-10  3.72-10° 1.8+1.6

5 3.72-10°  9.12-10° 1.54 4+ 0.63
6 9.12-10% 245107 0.564 4 0.043
7 2.45-107  3.47-107 0.364 + 0.082
8 3.47-107  4.47-107 0.491 4 0.087
9 4.47 - 107 10° 1.18 £ 0.19

# Total flux Ey (eV) En (eV) o=, ¢ (n/em? /(7 - 102 ppp))

- 1073 10° 174 + 82

Table C.7: Energy groups, including lower and upper energy limits of each group (in
eV), and estimates of the flux within each energy group, normalized per nominal proton
pulse. Total flux along the complete energy range is also given in the last row. The
estimate and uncertainty for the flux is taken from the marginal Posterior distribution of
each parameter (group-wise flux) as mean and standard deviation. Note that the energy
groups are not the same as in the previous case, because of the different reactions utilized
for this unfolding.
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C.5. Results

Provided these observations, the unfolding routine was used in the same manner as
in the first case and then the intra-group shapes were adjusted by iteration so as to
achieve a quasi-continuous shape for the flux between groups, within uncertainties.
The results of the unfolding of the spectrum, including the group-wise fluxes together
with the total flux, all normalized per nominal pulse are shown in Table C.7. The
total flux of the filtered configuration is (174 4 82) - 10° n/cm? per nominal pulse of
7-10'2 protons on the n_TOF target, which corresponds to a reduction of a factor of
5 compared with the non-filtered beam.

The unfolded spectrum is displayed in Figure C.20 in blue and green, in this case
also in comparison with the characterization flux. The results show good agreement
in terms of a strong reduction of the beam flux, though not enough to eliminate
high energy neutrons from the beam. The reduction is stronger for high energy
neutrons, above 10 MeV, and less intense around the evaporation peak. Also strong
reduction of the flux is observed in the epithermal range, specially around the eV.
This could already be noticed simply by observing the smaller reduction of the
activation between the two Au samples when compared to the first irradiation,
remarking the smaller contribution of the 4.9 eV resonance to the total Au activation.
On the contrary, the thermal flux is only slightly reduced, most probably due to the
effect of over-moderation through Al but more importantly by the close polyethylene
cylinder in the set-up. A special mention is deserved by the 25 keV window that left
neutrons travel through Al, and is represented with an adequate weight compared
to the close fall of the evaporation peak so that the top of the peak does not surpass
the characterized flux from the previous irradiation as was previously discussed.

[ERy
<
T \HHH;

T HHH;

dn/dInE (n/cm?/(7-10* ppp))

10° 10? 10 1 10 10*® 10° 10* 10° 10° 107 10° 10°

Neutron Energy (eV)
Figure C.20: Unfolded Spectrum of the NEAR Station at the central position for the
second irradiation compared to the first one, normalized per nominal flux of 7-10'2 protons
on target. The spectrum of the characterization is given in red and violet as in Figure
C.18. For the second irradiation, Group-wise fluxes from the unfolding are given in blue
and scaled accordingly per unit lethargy. Same fluxes, but shaped as with the intra-group
flux shape used in response function computations are shown in green, also normalized so
that total area equals the flux. Uncertainty is marked as the width of the rectangles (one
standard deviation).
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Appendix C. The neutron beam of the NEAR Station at n_ TOF

In the same way as for the first case, a correlation analysis was assessed in this
case. The correlation matrix is shown in Figure C.21. The general features of the
correlation matrix are the same, portraying small correlation between low and high
energy groups as expected from the use of the same type of reactions. In this case,
however, in two cases larger values of correlation (first and second groups) and anti-
correlation (second and third groups) are found. A small remark can be added for
case of larger positive correlation, revealing the fact that the difference between the
two group-wise fluxes is better known than the separate groups themselves.

10° 1
108 0.8
7
10 0.6
% 10°
0.4
~ 5
310 .
= 4
5 10
g 10° 0
510 0.2
3 0.4
z
, -0.6
10
10*2 _08

-3

10°10°10™" 1 10 10” 10° 10* 10° 10° 10" 10° 10°
Neutron Energy (eV)
Figure C.21: Correlation matrix (%) for the unfolding of the flux of the Al-filtered
beam. The energy group sizes are scaleci to their sizes in eV. Color corresponds to correla-
tion, being red fully correlated and blue fully anti-correlated, with pale yellow uncorrelated.
Red squares corresponding to the main diagonal correspond actually to self-correlation
which equals to 1.
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Figure C.22: Marginal distributions of the total flux characterization and Al-filtered
beams, extracted from sampling the joint Posterior distribution obtained through the
unfolding routine. 20 credible intervals are displayed in color for each distribution, being
red for the first irradiation and blue for the second.
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C.5. Results

Finally, in order to show the possible values for the total flux for the first and second
irradiations, the marginal distributions of the sum of group-wise fluxes are displayed
in Figure C.22. These distributions correspond to a set of samples from the joint
Posterior distribution obtained by the unfolding using the bayesian inference proce-
dure, and allow to closely estimate the likelihood of each possible flux value, together
with the 20 credible intervals, displayed in color (red for the characterization and
blue for the Al-filtered beam), that constitute the final result of this study.
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