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Abstract

ROTON THERAPY is a form of radiotherapy that allows maximizing the deposited dose inside the
P tumour while reducing the dose in the healthy tissues, thanks to its superior depth-dose distribu-
tion when compared against conventional photon therapy. Uncertainties in the beam range, however,
require considering additional safety margins to ensure the tumour coverage and the non-irradiation
of surrounding tissues. In this context, a method to validate the range of the beam in-vivo should lead
to better treatment designs, minimizing normal tissue complications and hence improving tumour
control. Among the different options proposed for this, PET range verification has received a very sig-
nificant attention in the last 15 years and has even been clinically tested. Correspondingly, there is a
worldwide effort to make it feasible and reliable aiming at its eventual clinical implementation.

PET range verification requires a comparison of the measured (with a PET scanner) and expected
(from Monte Carlo simulations) 3" activity distributions produced by the proton field in the patient’s
body, which can be, depending on the half-life of the isotope involved, online (ms to seconds) or of-
fline (minutes). The accuracy of the mentioned expected activity distribution is based, among others
factors, on the accuracy of production cross sections resulting in 3* emitters used as input in the
Monte Carlo simulations, which are ''C with t1/2=20.36 min, 3N with t1/2=9.97 min, and 20 with

t1/2=122 s, produced in C, Ny O, 2N with t1/2=11.0 ms, produced in C, 38m

K with t;/,=926 ms, pro-
duced in Ca and *’P with t, /2=4.14 s, produced in P. Unfortunately, the situation is such that experi-
mental data are completely missing for some reactions of interest and there are sizable discrepancies
between the data sets available in EXFOR. Therefore, both the IAEA nuclear data evaluators and the
medical physics community have call for a significant improvement of these nuclear data in order to
reduce the uncertainties in the estimation of the activity distributions to a level that allows detecting
beam range variations within 1 mm.

In this context, the work developed in this thesis consists on the determination of the cross sections
up to 200 MeV of the reactions involved in PET range verification to improve the simulations of the
expected activity distributions in the patient. The reactions of interest are 11 in total, producing either
the long-lived isotopes via '*C(p,x) "' C, *C(p,x) °N, "'N(p,x)''C, " N(p,x) °N, “N(p,v*°0, "*0(p,x"'C,
°0(p,x) "N and '°O(p,x)'*0, or the short-lived isotopes via "*C(p,x)'°N, *’Ca(p,x)**"K and *' P(p,x)*’P.

In this manuscript, a description of the experiments, analyses and results is presented. The exper-
iments have been performed at the National Center of Accelerators (CNA, Spain), the West German
Proton Therapy Center (WPE, Germany) and the Heidelberg Ion-Beam Therapy Center (HIT, Ger-
many), using three different detection systems (PET scanners, Nal and LaBr; detectors). The data
presented herein have been obtained either by the multi-foil activation technique combined with the
measurement with a PET scanner or by single foil activation and conventional detectors. A wide vari-
ety of strategies have been implemented to validate and ensure the accuracy of the results.

In order to assess the impact for PET range verification of these new cross sections, in some cases
measured for the first time, they have been used to simulate the 3" production and activity profiles
(as a function of time) of each isotope in tissue-equivalent phantoms and compared with the ones
calculated with the current evaluations. The results illustrate the importance of new data and the
need of revised evaluations for a reliable implementation of PET range verification. This is specially
relevant for some of the reactions producing long-lived isotopes, but it is of upmost importance for
reactions producing the short-lived isotopes needed for online verification, as these are the first cross
section data ever. Overall, the new cross sections data base is expected to have an impact on the
eventual implementation of both offline and online PET range verification aiming at adaptive proton
therapy treatments.
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Resumen

A PROTONTERAPIA es un tipo de radioterapia externa que se emplea para irradiar zonas tumorales,
L especialmente para tumores cercanos a 6rganos de riesgo y canceres pedidtricos. Dicha técnica
presenta, como ventaja fundamental frente a la radioterapia convencional, una deposicién de dosis
mads baja en los tejidos sanos adyacentes al tumor y una alta deposicién de dosis justo al final del
recorrido del haz, en el denominado pico de Bragg, permitiendo una excelente conformacion de la
dosis en el tumor y una reduccion de la dosis en los tejidos sanos. A pesar de que esta técnica ya se
aplica en decenas de clinicas en todo el mundo, uno de los puntos clave de la protonterapia reside en
el control del rango del haz de protones y por tanto de la posicién del pico de Bragg, para reducir los
amplios mérgenes de seguridad aplicados actualmente. Para ello, es necesaria la verificacién del rango
"in vivo" del haz de protones, que se puede realizar por ejemplo mediante la deteccién de radiacién
secundaria emitida desde el interior del cuerpo.

En concreto, esta tesis doctoral estd enfocada en la verificaciéon de rango usando tomografia por
emisiéon de positrones (PET). En esta técnica, la exactitud del tratamiento (en particular, la posicién
del pico de Bragg) es verificada mediante la medida con un escaner PET de la actividad 5" inducida
por la interaccién del haz con el cuerpo del paciente. Dicha medida se puede realizar durante el
tratamiento (verificacién online), observando isétopos de vida media muy corta (~ms-s), o justo de-
spués del tratamiento (verificacién offline), observando is6topos de vida media larga (~min). En am-
bos casos es necesario comparar la distribucién de actividad medida con el escaner PET con una curva
esperada, calculada mediante simulaciones Monte Carlo y cuya precisién depende de la exactitud de
las secciones eficaces de produccién de estos is6topos. En cuanto a estas, varios estudios han puesto
de manifiesto su precisién méas que limitada y han destacado la necesidad de nuevas medidas de las
reacciones nucleares de interés, varias de ellas nunca antes estudiadas, en todo el rango de energia
(hasta ~200 MeV).

Es por ello que este trabajo tiene como objetivo fundamental medir las secciones eficaces de las
distintas reacciones nucleares que tienen lugar en el cuerpo humano durante un tratamiento de pro-
tonterapia y que dan lugar a los emisores de positrones de interés. Estos son tanto de vida media larga
*'C con t1/2=20.36 min, N con t1/2=9.97 min, y %0 con t1/2=122 s, producidos en C, Ny O) como de

38K con t1/2=926 ms, producido en Cay *p

vida media corta (**N con t/2=11.0 ms, producido en C,
con ty/,=4.14 s, producido en P). Las medidas se han realizado en el Centro Nacional de Aceleradores
(CNA), en Sevilla (Espafia), en el West German Proton Therapy Center (WPE), en Essen (Alemania), y
en el Heidelberg Ion-Beam Therapy Center (HIT), Heidelberg (Alemania). Esta memoria describe el
procedimiento experimental seguido en cada caso, el andlisis de los datos y las estrategias empleadas
para validar los resultados.

El fruto de esta tesis doctoral es un conjunto de secciones eficaces referentes a once reacciones
nucleares: "*C(p,x)''C, *C(p,x) "N, “Np,x''C, “Np,x "N, “Np,x "0, opx''c, "*opx N,
16O(p,x)l‘BO, 12C(p,x)lzN, 40Ca(p,x)gsmK y 31P(p,x)ng, en todo el rango de energia de interés en pro-
tonterapia. Se ha estudiado ademads el impacto de estos nuevos datos en cdlculos de verificacion de
rango mediante la comparacién de curvas de actividad inducidas en materiales equivalentes al cuerpo
humano, utilizando los datos de esta tesis y las evaluaciones actuales. Los resultados ilustran la im-
portancia de los nuevos datos y la necesidad de actualizar las evaluaciones para una correcta y precisa
implementacién de la técnica de verificacion del rango, especialmente para las reacciones ma4s rele-
vantes en carbono y oxigeno. Ademads, los datos de produccién de is6topos de vida media corta, me-
didos por primera vez en este trabajo, son fundamentalespara comenzar a trabajar en la verificacién
online, que permita un tratamiento de protonterapia adaptativo en tiempo real.
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Chapter 1

Context and motivation

In this chapter, an overview of the incidence of cancer and current treatments are presented, with a
specific emphasis on the rationale for particle therapy. The current status of this technique and issue
of range uncertainty are discussed. In this context, the motivation, scope and outline of this thesis are
presented.
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ADIATION THERAPY is one of the main procedures to treat malignant tumours. This technique con-
R sists in the irradiation of the tumour with ionizing radiation to induce irreversible damage to the
DNA. Along with other techniques, such as surgery or chemotherapy, radiation therapy can be applied
for multiple purposes: to treat, minimize side effects or control the tumour. In radiation therapy, it is
fundamental to control the deposited dose in the patient and verify the actual dose delivered to the
tumour. For that reason, research worldwide is devoted to conform and monitor the radiation dose in
the patient.

1.1 Incidence of cancer and current treatments

In accordance with the definition of the World Health Organization (WHO), cancer, neoplasm or ma-
lignant tumours are generic terms for a large group of diseases that can affect any part of the body. It
is defined as the rapid creation of abnormal cells that grow beyond their usual boundaries and invade
surrounding parts of the body, the so-called metastasis process [1].

Cancer is one of the two leading causes of death in most countries with a high Human Develop-
ment Index (HDI), accounting for nearly 10 million deaths in 2020, or nearly one in six deaths. Due
to the increased life expectancy, its incidence is expected to increase by about 70% over the next two
decades. The most common cancers vary between countries, with breast (2.26 million cases), lung
(2.21 million cases) and colon and rectum (1.93 million cases) being the most common in terms of
new cases of cancer during the year 2020. During that year, the most deadly cancer was lung (1.80
million deaths), followed by colon and rectum (916.000 deaths) and liver (830.000 deaths). Cervical
cancer was the most common in 23 countries. Each year, approximately 400.000 children develop
cancer. However, thanks to a continuous worldwide effort in science and technology, nowadays many
cancers can be cured when detected early and treated effectively [1].

Depending on the type of malignancy, location, stage of the disease and patient’s health, there are
different procedures and drugs available. Treatment usually includes one or several of the following:
surgery, radiation therapy, and/or systemic therapy (such as chemotherapy, hormonal treatments or
targeted biological therapies). A correct cancer diagnosis is essential for an appropriate and effective
treatment because every cancer type requires a specific treatment regimen.

Local treatments, like surgery or radiation therapy, are used to treat a specific tumour or area of
the body. When the tumour is operable, surgery is the most preferable option because it directly re-
moves all the cancerous tissues. Systemic treatments or pharmaceutical drug treatments, on the other
hand, affect the entire body, being the most commonly-used chemotherapy, which targets the rapidly-
growing cells, such as cancer ones, in the whole body. For this reason, chemotherapy is, although ef-
fective, an aggressive treatment for patients, as it also affects normal cells causing considerable side
effects [1]. Radiation therapy, a localised treatment that uses ionising radiation to kill cancer cells or
to slow their growth by damaging their deoxyribonucleic acid (DNA), is also a very frequently used
treatment. It can be performed as an independent procedure, or in combination of other therapy
modalities, such as surgery, chemotherapy, and immunotherapy. Radiation therapy may be given be-
fore, during, or after other treatments to improve its effectiveness. The timing and type of radiation
therapy depends on the type of cancer and whether the therapy aims at treating the cancer or easing
its symptoms. Overall, about 70% of all patients diagnosed with cancer receives curative or palliative
radiation treatments [2].
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FIGURE 1.1: (Left) An example IMRT treatment plan [6]. (Right) Dosimetric comparison of
photon and proton treatment plans for a child treated of craniospinal tumour [7].

1.2 Rationale for particle therapy

When applied properly, radiation therapy destroys cancer cells or reduces their growth by irreversible
damaging their DNA so they stop dividing. Once the cells die, they are decomposed and removed by
the body. There are two main types of radiation therapy, external beam and internal therapy, the use
of which depends on many factors, including the type, size and location of cancer, general health of
the patient and proximity of the tumour to other organs at risk (OAR) [2].

Internal radiation therapy consists on introducing radiation sources inside the body. In brachyther-
apy treatments, radiation sources as part of seeds, ribbons or capsules are placed inside the body, em-
bedded or in the vicinity of the tumour, thus considered to be a localised procedure. However, in other
internal radiation therapies (so-called systemic therapies), the radiation emitting isotopes travel in the
blood, seeking out and adhering to cancer tissues [2].

External radiation therapy consist in the irradiation of the body using an external beam. There are
many types of external beam therapy, all of which share the objective of delivering the highest pre-
scribed dose of radiation to the tumor while sparing the normal tissue around it. The choice of one
or another type relies on the diagnostic images and calculations techniques that allow predicting the
most precise dose and treatment path possible. The 3D Conformal Radiation Therapy (CRT) is the
most commonly used procedure, which uses body images to design radiation beams that conform to
the shape of the tumor. As exemplified in Figure 1.1 (left), the Intensity Modulated Radiation Ther-
apy (IMRT), a type of 3DRT, uses many, but smaller, beams, and the intensity of the beams in some
areas can be modulated to give higher doses to certain parts of the tumour. At present, the IMRT is
one of the cutting edge technologies. Typically, multiple fields coming from different directions are
combined to deliver a patient specific radiation dose, aiming at maximising the dose in the tumour
while minimising it in the adjacent normal tissues [2-4]. The number of patients effectively treated
with radiation therapy due to the improvement of this treatment modality has increased during the
last decades, thus having a significant effect on the global outcome of cancer treatment [5].

Nowadays, radiation therapy is most commonly delivered with external beams of X-rays or elec-
trons, generated by linear accelerators. However, the use of protons or light ions (commonly known
as particle therapy) is of growing interest for its multiples advantages [8]. In some situations, con-
ventional radiation therapy is not sufficient to conform the dose in the tumour and it results in the
delivery of a radiation dose in healthy tissues adjacent to the tumour, as shown in Figure 1.1 (right),
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having considerable side effects in the patient when the tumour is located close to OARs and the re-
ceived radiation dose is above their tolerance. The necessity of a clinical solution to treat these cases
has stimulated the technological development for the use of particle beams.

The key advantage of particle therapy over conventional radiation therapy is its superior depth-
dose distribution in the patient. During the interaction of X-rays with the patient’s body, the photons
energy is transferred to secondary electrons, mainly by Compton Scattering, which deposit the radi-
ation dose by ionization processes, damaging the DNA of the cells. The characteristic spatial dose
distribution of the photons is displayed in Figure 1.2. The X-ray beam deposits its energy slowly and
mainly exponentially as it penetrates tissue, due to attenuation effects.

However, particle therapy allows the delivery of the same dose to target while delivering less than
half of the integral dose of the X-ray beam, as illustrated in Figure 1.2. This is explained by the charac-
teristic of the interaction of the charged particles with matter. Their depth-dose distribution features
a well-defined and finite penetration depth in the body and a high dose deposition close to the end
of the trajectory, the so-called Bragg peak, which exhibits a rapid fall-off [9]. In order to target a well-
defined region at a certain depth in the body, beams of different energies are used. The resulting
superposition is called the spread-out Bragg peak (SOBP) [8]. Figure 1.2 shows nine proton beams
traversing 25 cm of water-equivalent tissue, where the tumour volume is located at a depth between
11 cm and 16 cm. The conformal dose at the tumour forms the SOBP.

In addition to the energy loss mechanism of charged particles and its benefits over conventional
radiation therapy, the use of particles in radiation therapy is advantageous due to its important bio-
logical effects, since their higher number of ionisation processes during their path induce more severe
damage to the cells. This superior biological effects and the different cellular responses are quantified
by the Relative Biological Effectiveness (RBE), defined by the ratio between a reference radiation dose
(generally 250 keV photons) and the dose of a considered radiation type producing the same biological
effect [10].

Considering the previous paragraphs, tumours indicated for particle therapy are generally those
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close to OARs, specially to the brain, head and neck, and spinal regions, being chordomas and chon-
drosarcomas of the base of the skull and eye tumours some common cases. In accordance with the
NIH, long- and short-term side effects are reduced for those who received particle therapy in com-
parison to those who received traditional radiation. Thus, this technique is very well suited for chil-
dren and young patients, as they are expected to have a long life expectancy and can therefore be
affected by long-term side effects such as secondary radiation-induced tumours. This technique is
also appropriate for patients with genetic radiosensitive syndromes [11]. In fact, the high-precision
and non-invasiveness of the technique would be advantageous for most cancer cases.

1.3 Brief history and state of the art of particle therapy

In 1946, Robert Wilson established the therapeutic interest of protons and proposed the use accelerator-
produced beams of protons to treat tumours in humans [9]. Less than ten years later, in 1954, the first
patient was treated of a pituitary-gland tumour with the 340 MeV proton beam of the Lawrence Berke-
ley Laboratory (Berkeley, CA, USA) [12]. In 1962, specialized radiosurgical proton treatments started at
the Harvard Cyclotron Laboratory [13, 14], followed in the mid 1970s by treatments for ocular cancers
[15] and larger tumours [16]. During the last two decades, translation of proton, and in general par-
ticle, therapy technology from nuclear research laboratories to hospitals made it a more commonly
available treatment option.

Today, particle therapy has grown into an advanced clinical modality, counting more than 325.000
patients treated worldwide with particles per end of 2021, close to 280.000 with protons, about 42.000
with carbon ions and about 3.500 with helium and other ions [17]. Even so, the widespread of par-
ticle therapy has been slow compared to the development of other techniques, as for instance the
development of intensity modulated photon therapy. The main reason for this is the expensive cost,
both in terms of initial investment and expenses per treatment. Although commercial proton delivery
systems appeared in 2001, the cost of particle therapy equipment remains significantly higher than
that of comparable photon therapy gear, then requiring to weigh the cost-benefit ratio, which in some
cases is controversial [18].

However, investment in technology development and research helps reducing prices while clinical
evidence of the advantages of particle therapy is being demonstrated. Hence, today there are 112
particle therapy centres in operation worldwide, with another 36 under construction [17].

Technological developments to customize the lateral and longitudinal distribution of the beam,
often with a specific time structure, have significantly increased in the last years, resulting in new and
more convenient beam delivery modalities. In addition, further advances in accelerators and beam
extraction systems to reduce the cost of clinical implementation would enable the spread of particle
therapy.

1.4 Range verification in particle therapy: uncertainties and needs

Figure 1.2 illustrates how the depth-dose distribution in the patient using particle beam allows a
higher dose deposition in the tumour whereas it reduces the radiation dose in the healthy tissues
surrounding the tumour. However, this distribution does not take into account the uncertainty in the
position of the Bragg peak when the beam is delivered to the patient.

Therefore, one of the most critical challenges of particle therapy lies on the accuracy on treat-
ment delivery. There are different sources of uncertainty that can vary the beam range, and thus, the
position of the Bragg peak, just where the beam features its sharpest dose gradient. Some of these
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FIGURE 1.3: Statistics of patients per end of year treated with protons, C-ions and in total,
from all facilities worldwide (in and out of operation). Data extracted from the Particle Ther-
apy Cooperative Group (PTCOG) annual reports [17].

sources of uncertainty are related to patient positioning, anatomical changes or uncertainties in the
estimation of stopping power from the X-ray computed tomography imaging used later in treatment
plannings (see Section 2.3.1 for more details) [19].

Considering all of this, variations in the beam range could lead to the distal edge of the tumour not
receiving the proper dose and/or substantial increment of the dose delivered in the healthy tissues
close to the tumour. For that reason, range uncertainties are incorporated as part of treatment plan-
nings adding a safety margin to the distal surface of the target. This comes with the cost of additional
dose being delivered to ensure that the tumour is receiving the proper dose. Other compromises might
be required when the target is located near an OAR [19].

A reduction of the uncertainty in the beam range is highly desired in order to reduce the above-
mentioned limitations of particle therapy. There are several areas of current research to reduce the
range uncertainty. Among others, positron emission tomography (PET) monitoring of the dose de-
livered is considered to be a promising technique, which could reduce the sizeable safety margins
applied nowadays in the clinic [20]. This verification technique consists on the comparison of the
measured 3" activity distribution induced in the patient’s body by the proton beam with that expected
from the treatment plan. A detailed overview of the technique, advantages, limitations and objectives
of this work are given in the following chapter.

1.5 Structure of this thesis

This thesis is focused on the experimental determination of the reaction cross sections of the 3" emit-
ters of interest in PET range verification. These new nuclear data have been obtained in the full energy
range of interest in proton therapy, from the reaction thresholds up to 200 MeV, in three different fa-
cilities. This thesis is structured as follows:
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Chapter 2 discusses the physical and biological characteristics of proton therapy in comparison
to conventional radiation therapy. The different techniques of implementation of proton therapy, in-
cluding novel types of acceleration technologies, beam delivery modes and procedures of dose verifi-
cation are presented. Finally, a detailed description of PET range verification, current status and needs
of nuclear data are also included, followed by the objectives of this thesis.

Chapter 3 presents the methodology to measure the production cross sections. The different fa-
cilities in which this work has been performed (CNA, WPE and HIT), detection systems, methods and
validation strategies are presented.

Chapter 4 summarizes the analysis of the measurements carried out at the CNA, WPE and HIT
facilities. It includes detailed discussions about the corrections, decay curve fitting and validations
strategies. Last, the determination of the cross section values from the observables is explained and
the summary of uncertainties assessed.

In chapter 5, the results of the reaction cross section are presented, discussed and compared to
the previous evaluations and data in the literature. Along the cross sections comparisons, the last
section contains realistic calculations of activation of phantoms to illustrate the impact of the new
cross section data in PET range verification.

Finally, Chapter 6 summarizes the main conclusions of this thesis and provide recommendations
for future work and strategic new lines of research.
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Chapter 2

Fundamentals of particle therapy

This chapter summarizes the theoretical background of particle therapy and range verification. A brief
introduction to the physical and radiobiological mechanisms of the interaction of protons with matter,
the implementation of particle therapy in the clinic and sources of range uncertainties are presented.
This chapter introduces the state-of-the-art range verification methods. In this respect, a detailed
overview of PET range monitoring and current requirements are discussed.
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ARTICLE THERAPY allows to maximize deposited dose inside the tumour while reducing the dose
P in the healthy tissues, thanks to its superior depth-dose distribution when compared against
conventional photon therapy. Range uncertainties in the particle beam, however, require the use of
additional margins to ensure the tumour coverage and the non-irradiation of surrounding OARs. Due
to these limitations, a method to validate the beam range in-vivo should lead to better treatment de-
signs, minimizing normal tissue complications and improving tumour control. In this context, PET
range monitoring is one of the main verification techniques. Research projects worldwide are focused
on the improvement and clinical implementation of this technique. In particular, this thesis is focused
on the characterization of the nuclear interactions relevant for PET range verification.

2.1 Interaction of charged particles with matter

This section describes the physics governing the interaction of protons and light ions (hereinafter
referred as charged particles) with atoms and nuclei, which determines the dose deposition by the
beam in the patient. The corresponding damage caused by the radiation in the human tissues and its
relevant biological parameters are also addressed.

2.1.1 Physical processes
2.1.1.1 Electronic energy loss

When charged particles, in particular protons or light ions such as helium or carbon ions, penetrate
through matter, they interact primarily through Coulomb forces between their positive charge and
the negative charge of the electrons of the absorbing medium. Depending on the energy transferred
to the electrons, the atoms can be either excited or ionized; in which case the freed electrons can cause
further ionisations [21].

Macroscopically, the energy transferred from the charged particle to the electrons is quantified by
the linear stopping power, defined as the differential energy loss (dE) of that particle in the corre-
sponding differential path length (dz).

The linear stopping power for protons and light ions can be approximated by the relativistic version
of the Bethe-Bloch formula, considering the shell and density corrections [22-24]:

2 2 2 2 2,2
_@ —4r e NaZp =z In 2moc Y B _62_€_§ , 2.1)
dx 4’/T60 AMu moC2/62 I Z 2

where my is the electron rest mass, c is the speed of light, e is the electron charge and = is atomic num-
ber of the incident ion, N4 is the Avogrado’s number, and p is the mass density, Z the atomic number
and M 4 the molar mass of the medium. The parameter I represents the average excitation and ion-
ization potential of the medium and is normally treated as an experimentally-determined parameter
for each element. Equation 2.1 is generally valid for different types of charged particles provided their
velocity is large with respect to the velocities of the orbital electrons in the absorbing atoms. Equation
2.1 is written as a function of the relativistic parameters 8 = v/cand v = (1 — 62)_1/ ?. The shell and
density correction factors, C and ¢ respectively, are derived from relativistic theory and quantum me-
chanics. The shell correction C' is important when the projectile velocity approaches to the velocity of
atomic electrons (below few MeV for protons [25]). The Equation 2.1 is built on the assumption that
the electrons are stationary with respect to the incoming particle, but this assumption is not true for
low velocities, and therefore the shell correction C' is needed, which is generally small. The density
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FIGURE 2.1: Comparison of the electronic stopping powers of protons and He ions in water

(p = 1.00 g/ecm®), cortical bone (p = 1.85 g/cm®) and air (p = 1.20E-03 g/cm®), expressed in

MeV [cm, over the energy range used in particle therapy. Data extracted from the PSTAR and
ASTAR Databases for Protons and Helium Ions [27].

effect §, instead, arises as the energy and thus the velocity of the incoming particle is high (close to
1 GeV for protons in biological materials [26]). This effect is originated from the fact that the electric
field of the projectiles will flatten and extend. This electric field tends to polarise atoms of the medium
along its path. Due to this polarization, electrons far from the incoming particle will be shielded from
the full electric field. Collisions with these shielded electrons will contribute less to the total energy
loss than predicted by the original Bethe-Bloch formula and thus this effect increases with the particle
energy.

Figure 2.1 shows the energy loss of two incident particle with different charge and mass, protons
and He ions, in three different materials, as a function of energies of relevance for clinical practices (up
to 230 MeV). Equation 2.1 is highly dependent on the target material, as it can be shown in Figure 2.1.
This dependency comes from the I value and the material density. Although the I value varies from
about 19 eV for hydrogen to about 820 eV for lead, being 78 eV the one used in water [28], this term
scales with In (1/7). This effect is, although small, non-negligible. On the other hand, the material
density has a strong influence on the stopping power. For instance, figure 2.1 shows how the energy
loss can vary between the air in the lung to the cortical bone by about three orders of magnitude.

Due to the 1/3° dependence of the stopping power in Equation 2.1, the energy loss increases as the
particle slows down. This determines a larger amount of energy deposited by the end of its path rather
than at its beginning, which is extremely beneficial for clinical applications. As shown in Figure 2.1, the
stopping power tends to vary by a factor of ~50 for energies of proton in water between 1 and 230 MeV.
The depth-energy deposition curve by a particle is known as Bragg curve, and its maximum is usually
indicated as Bragg peak. Figure 1.2 shows the deposited dose in a water phantom for several incident
proton beam energies. In this figure, one can conclude that the clear advantage of particle therapy over
conventional radiation therapy stems from the characteristic Bragg peaks, where the energy deposited
in the surrounding tissues is reduced.
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FIGURE 2.2: Stopping power of protons in water. Figure representing the contribution of the
electronic and nuclear energy loss to the total one. Data extracted from the PSTAR Databases
for Protons [27].

2.1.1.2 Elastic scattering

While the interaction of incident particles with the atomic electrons of the absorbing material hardly
contributes to changing the direction of the incident particles, due to the significant mass difference
between them, the repulsive Coulomb field of the atomic nuclei allows the deflection of the incident
particles from its original straight-line trajectory, then leading to a lateral broadened beam width and
energy loss. The single scattering, described by the usual Rutherford formula, gives a very small av-
erage deviation angle. Plural scattering, when the number of Coulomb scattering events increases
but remains under few tens of interactions, occurs in thin targets and is the hardest case to model.
For thicker targets, lateral spread is dominated by multiple Coulomb scattering (MCS), which are well
described by the Moliére’s theory [29, 30].

The nuclear stopping power refers to the energy loss due to these elastic collisions between the
projectiles and atomic nuclei. Figure 2.2 shows an example of its contribution to the total stopping
power for a proton beam in water. This contribution is minor ( ~10~* in the energy range of interest)
due to the lower number of particles featuring elastic collisions with atomic nuclei when compared
against the interaction with the bound electrons in the medium.

In particle therapy, the MCS is responsible for the lateral penumbra sharpness of the beam: a punc-
tual proton beam of 230 MeV traversing 30 cm of water has a radial straggling of ~5 mm. Due to their
comparably higher mass, this beam broadening is significantly lower for carbon ions: ~1 mm after
travelling also 30 cm of water. During a particle therapy treatment, not only the beam spreading due
to scattering in the patient tissues needs to be considered, but also that due to scattering in the exit
window, beam monitor ionization chambers and multi-wire chambers upstream of the patient. These
components, which form the so-called beam nozzle, typically have a total water-equivalent thickness
of 2 mm. That is significant when considering that the distance from nozzle to patient of typically 1 m
and a small angular spread translates into a significant enlargement of the beam spot. This scatter
component is particularly important for pencil beams and low beam energies.
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FIGURE 2.3: Mean range in water, cortical bone and air as a function of the proton energy in
the clinical energy range. Data extracted from the PSTAR Databases for Protons [27].

2.1.1.3 Nuclear reactions

The incidentions can undergo inelastic nuclear reactions during the collisions with the target nuclei in
their way through matter, provided their energy exceeds the corresponding Coulomb barrier. Nuclear
reactions can produce excitation of the target nuclei, formation of compound nuclei, or interaction
of the incident particle with individual components of the nuclei. These processes are followed by a
significant reduction of primary incident particles and deviation, entailing a shorter range than that
of the corresponding primary particles.

Considering these nuclear reactions is required for an adequate implementation of particle ther-
apy: the ejected particles of such reactions must be considered during calculations of the prescribed
dose delivered to the patient and in radiation protection and shielding issues. For instance, the result-
ing neutrons of nuclear interactions in the beam nozzle or patient’s body have very long penetration
lengths. This causes undesirable dose in healthy tissues far away from the tumour region. Therefore,
nuclear interactions have a strong influence on the actual delivered dose profile [11, 31, 32], therefore
accurate characterization of these nuclear reactions is essential for the radiation transport codes used
in dose calculation.

Furthermore, these nuclear reactions also produce radioactive residual nuclei of interest for par-
ticle therapy applications. For instance, the production of unstable nuclei is one of the most relevant
elements in dose monitoring techniques, and a comprehensive study of these reactions is required for
their development and clinical implementation.

2.1.1.4 Bragg peak, energy straggling and beam range

During their path inside the matter, the incident particles are slowing down as previously described
in Section 2.1.1.1 by Equation 2.1. The distinctive energy loss of the incident particles as a function of
their path is known as the Bragg curve. This curve is characterised by a sharp peak called Bragg peak,
which represents the greater amount of energy deposited close to the end of the trajectory. As seen in
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Equation 2.1, particles energy loss increases while slowing down due to the 1/ v* dependence. Figure
1.2 shows different Bragg curves of different proton energies in a water phantom.

The range of a particle is defined as the distance traversed until it loses its energy. After the particle
stops, no radiation dose is deposited further along the beam path. From an analytical point of view and
under the hypothesis of Continuous Slowing Down Approximation (CSDA), the range R of an incident
particle with initial energy E,, is calculated by integrating the inverse stopping power (Equation 2.1) as
follows [33]:

o 1
R= JE,, m dE (2.2)

Figure 2.3 shows the relation between the proton energy and the range in water, cortical bone and
air. In particular, a 230 MeV proton has a range of 33 cm in water and 23 cm in cortical bone, compared
to more than 300 m in air. This energy is hence sufficient to reach tumours throughout the human
body, being this the typical maximum energy used in proton therapy.

However, due to the fact that the details of microscopic interactions undergone by the charged
particles and their respective energy loss are statistical processes, a spread in energy always results
after a beam of mono-energetic particles traverses a medium. The width of this energy distribution
is called energy straggling. It affects the depth reached and is described by the asymmetric Vavilov
distribution [34]. Figure 2.4 represents the 2D energy distribution of a initial mono-energetic proton
beam as it traverses a water phantom calculated with the Geant4 Monte Carlo simulation toolkit [35].
The figure illustrates how the beam spreads in energy and space along its path, leading to the so-called
range straggling related to variations in the range of individual particles. The range of a beam therefore
is different from that defined above: given the stochastic nature of the processes involved, the mean
range is defined as the depth at which 50% of the beam particles have stopped (see Figure 2.5).
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FIGURE 2.5: Ratio of the fluence of primary and secondary protons to the total incident pro-

tons (black line) and deposited dose (blue line) as a function of the depth, calculated with a

Geant4 simulation of a 150 MeV mono-energetic beam impinging on a water phantom. The

dotted red line corresponds to the beam range at the 50% and 80% drop-off of the fluence
curve and dose curve, respectively.

In this figure, the gradual depletion of protons from entrance to near the end of range is caused by
removal of protons undergoing nuclear reactions. Furthermore, in the fluence calculations it should
be considered both primary incident protons and secondary protons produced in such nuclear reac-
tions. In clinical practise, the range of a beam is normally defined relative to a certain point in the dose
distribution, usually at the distal 80% of the maximum dose (so-called R80). The 80% dose fall-off co-
incides approximately with the mean range. For the sake of simplicity, in the following, we will refer to
the mean range as range.

2.1.2 Radiobiological aspects
2.1.2.1 Radiation damage in DNA structures

Ionizing radiation is able to damage the cancer cells by destroying their DNA molecules. This process
takes place directly via the breakage of the DNA structures by ionization processes or indirectly via the
interaction with water molecules surrounding the DNA molecule. The indirect interaction produces
highly reactive molecules known as free radicals which can then react with the DNA. The induced
biological damage in the tissues is a consequence of the lesions in the DNA that can not be repaired,
eventually leading to the death of the cells. This ionizing radiation, such as photons, protons or heavy
ions, produces two main types of DNA damage: Single-Strand Breaks (SSB) and Double-Strand Breaks
(DSB). SSB, or injuries affecting only one strand of the double helix, can be potentially repaired by
using the specular information of the DNA molecule. On the other hand, DSB is not as easily repair,
leading to the induction of lethal lesions in the cells.

In this context, the main advantage of particle therapy over conventional photon therapy resides
in the different microscopic and nanoscopic ionization patterns. The ionization density is much more
localised in the case of charged particles when compared against photons, implying a higher proba-
bility for DSBs, and thus a more severe damage and death of the cells [36].
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2.1.2.2 Definitions of absorbed dose and linear energy transfer

The absorbed dose D is defined as the mean energy per unit mass deposited by ionizing radiation in a
mass element:

p=9E 2.3)

dm

This physical quantity serves to characterise the damage induced in the tissues of the patient during a
radiation therapy treatment. The International System (SI) unit for the absorbed dose is the Gray (Gy),
where 1 Gy=1J kg™ ". The Linear Energy Transfer (LET) is also a physical quantity used to describe the
radiobiological damage, and it is defined as the mean energy lost in the medium by a slowing-down

particle in a track segment of length. It is usually measured in keV ym ™"

dE
LET = - (2.4)
From the physical point of view, it is equal to the electronic stopping power, but addressing the en-
ergy locally transferred to the medium rather than the energy lost by the incident particle. As pre-
viously mentioned, densely ionizing radiation (high-LET radiation), like ions, is more effective than
sparsely ionizing radiation (low-LET radiation), like photons, because a dense ionization pattern pro-

duces more lesions to the DNA helix, such as DSBs [10, 37, 38].

2.1.2.3 Relative biological effectiveness (RBE)

The induced damage in cells is often studied with isolated cells (in-vitro), monitoring what fraction
of the cell population survives for a specific absorbed dose. A cell-survival curve represents the frac-
tion of survival cells as a function of absorbed dose and is modelled by a linear-quadratic function as

follows:
S _ ~(aD+BD?)
So '

Where the a-term represents the lethal DNA damages induced by a single incident particle and the

(2.5)

p-term represents the lethal DNA damages resulting from the interaction of different radiation tracks.

Figure 2.6 displays the survival curves for two types of incident radiation: photons and carbon
ions. The dose to produce the same biological effect, i.e., fraction of survival cells, varies for different
incident radiation. As the radiobiological effect of photons is well-known, the absorbed dose in a
particle therapy treatment is weighted by the relative biological effectiveness (RBE), so that treatment
plans for different radiation therapy techniques become comparable in form of biologically equivalent
doses and damage. Therefore, the RBE is defined as the ratio of the doses of the low-LET reference
radiation (photons) and the light ion of interest (such as protons, He ions or C ions), that produce the

same biological effect:
Dref'

Dtest iso

RBE =

(2.6)

Where D,..; and D,., are the respective doses of the low-LET reference radiation and high-LET charged
particle.

As previously mentioned, protons and light ions with high LET show an increased RBE in compari-
son to photons due to the concentrated energy deposition along their tracks, irreparably damaging the
DNA more effectively than low-LET radiation. In particular, in previous studies using proton irradia-
tions, it was obtained, on average, a 10% larger damage compared to conventional photon irradiation
with the same absorbed dose [41, 42]. However, this effect is still under investigation, and, the RBE
value for protons oscillates between 0.9 and 2.1 on different studies. Typically, that parameter is sim-
ply estimated as RBE = 1.1 [41-43]. This is a rather strong simplification and the actual RBE depends
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strongly on the dose. Therefore, a biophysical model that can predict accurately and fast the values of
RBE is still required for the biological treatment plan optimization in particle therapy.

2.2 Implementation of particle therapy

2.2.1 Particle accelerators

During the first decades of particle therapy, treatments were performed in nuclear physics laborato-
ries equipped with particle accelerators, normally isochronous cyclotrons or synchrocyclotrons. Most
of the particle therapy research and treatments were performed at the facilities of Berkeley (Califor-
nia, USA), Cambridge (Massachusetts, USA), PSI (Switzerland) and Uppsala (Sweden), until the first
hospital-based facility was built in Loma Linda in 1992 (California, USA) [44]. Since then, commercial
companies have developed clinical accelerators and now offer complete treatment facilities, combin-
ing accelerator and gantries. The treatment rooms of these facilities can be designed with fixed beams,
usually horizontal, and are used for specific treatments. They can also include a rotating gantry, to
easily treat the patient with beams from multiple angles.

In this section, a general overview of the currently-used particles accelerators is presented. The
experimental work of this thesis has been carried out at three facilities: the National Center of Accel-
erators (CNA, Spain), the West German Proton Therapy Center (WPE, Germany) and the Heidelberg
Ion-Beam Therapy Center (HIT, Germany), the first two based on a isochronous cyclotron and the
latter on a synchrotron accelerator.

2.2.1.1 Cyclotron

The modern isochronous cyclotrons specifically designed for proton therapy are more compact than
the classical cyclotrons in nuclear laboratories, with a magnet height of approximately 1.5 m. The
diameter oscillates between 3.5 m (100 tons) and 5 m (200 tons) depending on the use or not of super-
conducting coils. Despite the additional space required to host the ion source and support devices,
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spiral-like trajectories. Figures extracted from [44]

cyclotrons are well suited to a hospital environment due to their relatively compact size and simplicity
[44].

Therapeutic cyclotrons can accelerate protons to a fixed energy of about ~230 MeV. H™ ions are
injected in the center of the cyclotron and, a radio frequency (RF) system providing strong and alter-
nating electric fields between two or four electrodes (so-called "Dee"), accelerate the particles as they
cross the gap between consecutive Dees. The strong and fixed magnetic field created by the magnets
is perpendicular to the direction of particle motion, so the Lorentz force forces the particle into an
arc-shaped orbit inside the Dee. In two-Dees cyclotrons, H™ ions turn 180° along their trajectory. The
repeatedly acceleration is caused by the RF system: the alternating electric field between Dees allows
to accelerate the particle from one Dee to the following, and it has a fixed frequency of several 10 MHz
up to 100 MHz, which depends on the treatment machine, and a power of several 10 kW. After multi-
ple rounds in the cyclotron defined by the energy and charge exchange by using a stripping foil, the
beam is extracted from the cyclotron with an additional electromagnetic field [44]. Figure 2.7 shows
a general view of the cyclotron components previously mentioned together with the acceleration and
extraction systems.

The main advantages of a cyclotron are the continuity of the beam and the fact that its intensity
can be easily adjusted. Although the cyclotron has a fixed energy, the beam energy at the patient can
be accurately tuned using a degrader together with an appropriate beam line design, so reducing the
energy from ~230 to ~60 MeV.

2.2.1.2 Synchrotron

The main advantage of a synchrotron over a isochronous cyclotron is that the particles are accelerated
at a specific energy of choice. This means that almost no radioactivity nor secondary particles (as
neutrons) are generated by beam interaction with the degrader. Also, low-energy beams have the
same intensity as high-energy ones because there is no transmission loss in the degrader. Moreover,
while both cyclotrons and synchrotrons are used for proton therapy, synchrotrons are the only devices
currently in operation for heavy-ion (e.g. He or C) therapy, improving the treatment options. On the
other hand, the space required by a synchrotron is larger than the required by a cyclotron. A proton
synchrotron has usually a diameter of 6-8 m, compared to the 3-5 m of a cyclotron [44].
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FIGURE 2.8: (Left) Schematic view of the major components of a Hitachi synchrotron, includ-
ing a RF device, magnets and extraction elements (ion injector not depicted). (Right) A typical
spill from a synchrotron. Figures taken from [44]

Therapeutic synchrotrons accelerates protons between, ~60 and 250 MeV. In this case, the injec-
tion system consists on an ion source, one or two linear accelerators in series and a beam transport
system, about 6-10 m long. After this pre-acceleration process (up to 2-7 MeV, depending on the linear
accelerator), a bunch of ~10' particles is transferred into the circular beam line of the synchrotron,
equipped with quadrupole magnets to focus the beam, sextupole magnets to increase the acceptance
of beam energy spread, and a radio-frequency (RF) unit to accelerate the particles. In this type of ac-
celerators, the particles are confined to a single path, thus the strength of the magnetic fields must
be increased during the acceleration process to maintain the trajectory and focus of the beam. Given
the path length, the time period for a particle to make one revolution of the accelerator depends on
the particle velocity during the acceleration cycle. Therefore, the frequency of the RF system must
maintain synchronicity between the arrival of the particle bunch at a cavity and the phase of the RE

Once the particles are accelerated up to the desired energy, they are extracted, and the unused
remaining ions are decelerated and dumped. This sequenced process in a synchrotron takes place
over cycles (so-called spills, see Figure 2.8, right). It is necessary to start with a new process when
the energy needs to be changed [44]. Figure 2.8 shows a general view of the mentioned synchrotron

components.

2.2.1.3 Novel accelerator technologies

The main objective in particle accelerator research is to scale down the size and price of treatment
facilities, so the cost of a particle therapy treatment can be eventually comparable to a photon ther-
apy treatment. In this spirit, facilities with multiple rooms reduce the cost per treatment because all
rooms share a single common accelerator. Indeed, R&D activities during the last decade made particle
therapy as accessible as photon therapy, both in the field of the currently-used accelerators (cyclotron
and synchrotron) and in the development of new and novel acceleration techniques, such as the ones
described below:
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Fixed-field alternating gradient (FFAG) accelerators

In recent years, fixed field alternating gradient (FFAG) accelerators for particle therapy have been the
subject of several studies [45-47]. These studies claim that this type of acceleration technique offers
the benefits of both synchrotrons and cyclotrons, while enabling a rapid dose delivery thanks to their
variable energy extraction and high repetition rate.

As with a synchrotrons, FFAGs have a ring type design. However, like a cyclotron, the magnetic
fields remain constant during the acceleration process. It is able to confine the particles into a ring
because the strong radial gradient of the magnetic field, therefore a particle follows paths in the region
of stronger magnetic fields as its velocity increases. However, although FFAGs have the advantage of
using less expensive fixed magnets than a synchrotron, the large gradient changes require a complex
design process and operation [48].

Linac-based accelerators

The most widely used accelerators in radiation therapy are linear accelerators (linac), which can ac-
celerate electrons to typically 6-25 MeV. These electrons can be directly used in electron therapy, or,
create an electromagnetic radiation during their deceleration into a target (Bremsstrahlung) and be
used in photon therapy.

However, it is harder to accelerate protons or heavy ions [44] to the desired energy for particle ther-
apy. Therefore, low-energy linear accelerators are used only as injectors for other kind of accelerators,
such as the previously described synchrotron.

Several projects aim to develop a suitable linear-based accelerators for proton therapy. One of
them is LIGHT (Linac for Image Guided Hadron Therapy) [49, 50], an innovative linear accelerator
using a Radio Frequency Quadrupole and more than ten RF systems, which will provide a better qual-
ity beam. The current design allows LIGHT to generate an extremely focused beam of 70 to 230 MeV
and to target tumours in three dimensions, by varying the depth at which the radiation dose is deliv-
ered much faster than existing circular accelerators can. Other projects, such as the "cyclinac" option,
combines a cyclotron (used as injector) with a high frequency linac [51, 52]. This would reduce the
number of acceleration cavities, and thus, the length of the accelerator. Once a sufficient repetition
rate and accuracy of the dose delivery per pulse is achieved, a linac might be suitable for rapid spot
scanning in proton therapy.

Laser-driven accelerators

Generating energetic proton beams might be interesting using a laser, since the laser and light trans-
mission components are as large as a typical room and do not require to be surrounded by heavy
shielding [53].

At the moment, most research has been done with the target normal sheet acceleration (TNSA)
method. It consists on the irradiation by a high-intensity laser of the front side of a hydrogen-enriched
solid target. At the front surface, a plasma is created due to the energy absorption by the foil. The
electrons in this plasma are heated to high energies, and penetrate through the target and emerge
from the opposite surface. This induces strong electrostatic fields, which pull and accelerate ions and
the protons out of the rear side of the target [54].

Besides the quest to obtain high proton energies, the obtained energy spectrum is concerning. The
observed energy spectra show a broad continuum not suitable for proton therapy. Although some fil-
ter and energy compression techniques have been studied, it must be considered that this can produce
secondary neutrons, very important if produced close to the patient [55, 56].
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FIGURE 2.9: Schematic examples of (a) double scattering technique with block and compen-
sator and (b) pencil scanning technique. Figures modified from [59].

2.2.2 Beam delivery modalities

Different treatment modes are used in clinical practice to deliver particle fields. In the following, a
general overview of the different delivery modes is presented. During the experimental work of this
thesis, a pencil beam has been used at both particle therapy facilities: WPE and HIT.

2.2.2.1 Passive Beam Scanning

As shown in Figure 2.9 (a), this technique consists on the scattering of a small beam coming to the
nozzle. The scatterers are specially designed so that the beam has a uniform penetration and uniform
intensity across the tumour, collimating the beam to match the tumour shape with the so-called com-
pensators. At the same time, the energy of the beam is modulated (typically using a Lucite or PMMA
blocks with varying thicknesses) to spread out the location of the Bragg peaks over the target volume in
depth. The system is usually configured to produce a homogeneous dose distribution and to produce
the same beam penetration [57].

This is the conventional method to create a particle field over the tumour. A disadvantage of this
method consists on the sizeable production of secondary neutrons and other particles, by interactions
of the beam with the scattering and collimating devices. This results in a undesired dose distribution
in the patient [58].

2.2.2.2 Pencil Beam Scanning

Pencil-beam scanning is a more recent method, where the pencil-beam is directly sent into the pa-
tient without interacting with any scattering or energy-modulation devices. The dose distribution in
the tumour is created by steering the beam with magnetic dipoles to reach the full lateral extent of
the tumour. The beam energy is modified to irradiate at multiple depths. Compared to passively scat-
tered delivery, pencil-beam scanning has more degrees of freedom, enabling the dose distribution of
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each beam to conform with the proximal and distal surfaces of the tumour. Another advantage is the
avoidance of the production of secondary neutrons in scattering devices [60]. The beam delivery is
monitored by several ionization chambers to measure the delivered dose and the lateral position of
the delivered treatment fields.

If using intensity-modulated particle therapy (IMPT), the homogeneous dose distribution over the
target volume is constructed by the combination of two or more treatment fields. The beam intensity
of each field is also customized. The beam fields can be delivered with fixed beam lines, mostly im-
plemented as horizontal beam lines, or a beam line can be mounted on a gantry system, which can
be rotated 360° around the patient, nearly every geometry for the irradiation is possible. The gantry
weights about 100 tons because the beam line needs several magnets for beam alignment and focusing
[44].

2.2.2.3 Recent developments in beam delivery
Mini-beams therapy

Proton minibeam radiation therapy (pMBRT) is a novel dose delivery method consisting in the irradi-
ation of the tumour with submillimetric beams, roughly one order of magnitude smaller than state-
of-the-art pencil beams. pMBRT has proven to be promising in terms of reduced side effects, due
to the spatial dose fraction, and its apparent superior tumour control, which encourage the possible
application to patient treatments [61]. Recent investigations aim at an optimized implementation of
pMBRT in a clinical pencil beam scanning system [61-63].

Arc therapy

In arc proton therapy, the proton beams are delivered continuously as the gantry rotates around the
patient. During this rotation, the beam energy and intensity are adjusted to match the desired dose
distribution in the target volume. Although arc proton therapy is a beam delivery method technically
challenging, it offers improved target dose conformity and better sparing of nearby vital organs when
compared against IMPT, being a technique more robust to changes in patient set-up and anatomy [64,
65]. Novel investigations have been doing since it was first proposed in 1997, extending the technique
to spot-scanning hadron arc therapy using He and C ions [66].

FLASH therapy

FLASH therapy is the delivery of ultra-high dose rate radiation several orders of magnitude higher than
what is currently used in conventional clinical therapy. In such irradiation, a phenomenon known as
FLASH effect takes place. It consists on the ultra-high dose rate reducing toxicities in healthy tissues
while maintaining local tumor control. This effect has been confirmed in several studies in recent
years for electron beams, but studies with proton beams, although increasing over the last years, are
yet scarce. The underlying mechanisms responsible for this effect are yet to be fully understood. This
technique seems to be a very promising technique, but further investigations are still required [67].

2.3 Beam range verification

A particle therapy treatment is based on a carefully personalized plan, elaborated using a computed
tomography (CT) of the patient in the same position as used during treatment. The treatment plan-
ning system consist on the design of the dose delivered to the patient, as described in Section 2.2.2.
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FIGURE 2.11: Safety margins applied at different clinical proton therapy facilities.

This process is optimized with complex computer algorithms to create a high and uniform dose in the
tumour and avoid OAR and healthy tissues.

However, there could be problems related to the calculation of the beam range or to the actual
implementation of the irradiation that could potentially cause the treatment beam to miss the distal
part of the tumour or irradiate more healthy tissue behind the tumour, as represented in Figure 2.10.
In the following, the main sources of range uncertainty and verification techniques are discussed.
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2.3.1 Sources of range uncertainty and safety margins

There are multiple sources of uncertainties in the beam range that can limit the advantages of particle
therapy over conventional radiation therapy, which were collected and evaluated, for instance, by H.
Paganetti in [20] and [44].

One of the main sources of uncertainty stems from the determination of the stopping powers in
the body of the patients using the CT images. It consists on a conversion from the CT numbers (the
so-called CT Hounsfield units, HU) to tissue densities and thus stopping powers [68]. Its calibration
is not exact, requiring certain assumptions on the composition and ionization potential of the tissues
[69]. For instance, the uncertainty in the I-values results in a difference in the range of about 1.5-2.0%.
Furthermore, the HU calibration can be affected by the fact that the same X-ray attenuation (i.e. the
same HU) might correspond to different stopping powers, image noises [70] and/or spatial resolution
[71]. These uncertainties generally are systematic for most of the tissue traversed by a typical beam.
Therefore, the magnitude of the total uncertainty is proportional to the range of the beam. In [20],
the estimation due to this source is approximately +2.5% of the beam range in water for most tumour
sites, with larger values in specific cases, such as when there are metal implants. Furthermore, the
algorithm used in treatment planning systems to calculate the range of the particle beams can be a
source of uncertainty due to its complexity, especially when particles traverse tissues with different
densities and the analytical algorithms are not able to correctly predict the effect of range degradation
caused by multiple Coulomb scattering, where an additional +2.5% uncertainty can be introduced.
Monte Carlo dose calculations may be needed to ensure more accurate dose computations to improve
target coverage and sparing of OARs in proton therapy.

Moreover, changes in the patient anatomy or position from the initial plans are also sources of
uncertainty [72]. The patient conformation may change from day to day (e.g. change in metabolism)
or even during the beam delivery (e.g. breathing motion). In this regard, due to its motion during the
treatment, tumours in the lung or abdomen are particularly susceptible.

Besides that, there are uncertainties that are independent of dose calculation, for instance, the
reproducibility of the beam delivery, the degraders design to ensure lateral and distal target confor-
mation, or the commissioning measurements in water. In this regard, and together with the patient
setup and modifications, a random uncertainty of about +1 mm is additionally considered [20].

Clinically, the aforementioned uncertainties are taken into account by adding a safety margin to
the prescribed range to ensure the coverage of the tumour. Some of these safety margins assumed in
the treatment planning are described in [20]. Figure 2.11 illustrates the range bonus applied to the
prescribed range at different facilities. For instance, the safety margins at the Massachusetts General
Hospital (MGH) is assumed as 3.5% of the range plus an additional 1 mm, while the MD Anderson
Proton Therapy Center in Houston, the Loma Linda University Medical Center and the Roberts Pro-
ton Therapy Center at the University of Pennsylvania apply 3.5% + 3 mm. On the other hand, the
University of Florida Proton Therapy Institute uses 2.5% + 1.5 mm.

Overall, the safety margins applied to make sure that the full tumour volume is correctly irradiated
results in a overdose of nearby healthy tissue or, worse, OAR. For instance, the 3.5% + 1 mm margin
at the MGH results in an actual delivered range of 15.625 cm for a prescribed range of 15 cm, i.e. an
overdose for more than 6 mm.

2.3.2 Techniques of range verification

Considering all the above-mentioned, it is highly desirable to reduce the safety margins related to the
beam range uncertainty to profit from the superior depth-distribution of particle therapy. In response
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to this need, there are various methods for range verification under development. The main strategies
under study are:

PET imaging

Positron Emission Tomography (PET) range verification is based on the detection of 5* emitters pro-
duced in the body of the patient by nuclear reactions induced by the protons in the beam. As with
~-ray imaging, this technique requires the comparison of the measured activity distribution with a
simulated one. The PET imaging can be applied online or offline depending on the half-lives of the 5"
emitters that one looks at, which can vary from milliseconds to minutes.

PET range verification is the main motivation behind this thesis, which aims at improving the ac-
curacy of the corresponding simulations by providing a complete set of production cross sections for
the production of the " emitters of interest.

Prompt y-ray imaging

On its way through matter, the incident beam undergoes inelastic nuclear reactions, which result in
the excitation of target nuclei followed by a nearly instantaneous emission of y-ray photons with ener-
gies of up to tens of MeV. As the emission of these y-rays is directly correlated with the beam trajectory,
it can be employed for range verification by means of the comparison with simulations of the expected
activity distributions [73].

The main advantage of v-ray imaging is the potential for real-time verification, as the half-lives of
the most relevant nuclear excited states are in the order of femtoseconds to picoseconds. The imple-
mentation of this technique is challenging, and has not yet been performed clinically, but plenty of
ongoing research focuses on Monte Carlo simulations and improving the detector systems, such as
Compton cameras with a high detection efficiency [74, 75].

Neutron emission

As a result of the nuclear interactions of the particle beam with the body, secondary neutrons are
produced and can be thus used as verification system of the range [76]. Implementing this technique
requires not only detecting the secondary neutrons but also determining their origin in space. Very
recent studies have proposed detector concepts based on a hydrogen-rich converter material followed
by two charged particle tracking detectors. Neutrons incident on the converter material are converted
into protons through elastic and inelastic (n,p) interactions. The protons are subsequently detected
in the tracking detectors. The information about the direction and position of these protons is then
employed by a reconstruction algorithm to estimate the depth distribution of neutron production by
the incident beam, that correlates with the beam trajectory and hence its range.

Acoustics

The acoustic signature of the pulsed proton beam could also be used for range verification. This tech-
nique was first proposed in the late 1970s [77], and received more attention in the last few years [78].
The main advantage of this method is the direct relation between the dose and the signal. If the
proton beam is pulsed with a sufficient number of protons per pulse, sound waves due to the thermal
effects of the radiation beam can be detected with ultrasound equipment. However, the considerable
difficulties to model the propagation of the wave to the surface of the patient and the required pulse
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delivery not being compatible with current acceleration systems, make the implementation of this
technique very challenging.

Direct dose measurement

Direct dose measurement using implantable dosimeters could also be an option for some treatments,
such as prostate tumours. Whereas this technique is limited to specific tumours, it has the advantage
of directly measuring the dose, in contrast to other methods based on secondary radiation, and it
could be a complimentary technique for other in vivo range verification methods [79].

Magnetic Resonance Imaging

Another methodology proposed for range verification consists on the conventional magnetic reso-
nance imaging (MRI) [80]. This technique is based on the interpretation of standard T1-signal inten-
sity, as in the conventional use of MRI scans, but the signal is induced by the radiation. This signal can
be detected as early as 10 days after radiation therapy and it is observed to persist up to 21 months
after the treatment. Although the verification technique can not provide real-time verification for a
specific patient, such post-treatment verification could provide essential clinical information for im-
provement of population-based treatment margins in specific indications.

2.3.3 Positron Emission Tomography (PET) range verification

This section focuses on the basis of PET range verification, data acquisition strategies, state-of-the-art
and requirements for clinical implementation.

2.3.3.1 [decay

A small fraction of the incident beam particles, usually 0.5-1%, undergoes nuclear reactions which
sometimes results in radioactive nuclei as illustrated in Figure 2.12 (a). These unstable isotopes can
decay via 8 emission or electron capture. Proton-rich nuclei decay either by electron capture or 3*
emission, while neutron-rich nuclei decay by 8~ emission. Electron capture is the radioactive decay
process by which an atom’s inner orbital electron is absorbed by the nucleus, within which a proton is
converted into a neutron emitting an electron neutrino. In 5~ decay, a neutron of the atomic nucleus
is transformed into a proton while releasing an electron and an electron antineutrino. On the other
hand, in 8" decay, a proton of the atomic nucleus is transformed into a neutron while releasing a
positron and an electron neutrino. In all cases there is nuclear transmutation: an atom of one chemical
element is changed into another with an atomic number that is different by one unit.
In the case of 3" decay:
IX op X +e +u,. @2.7)

Isotopes which undergo 5" decay and thereby emit positrons are called 3" emitters (see Figure 2.12
(b)).
The total energy available following a 3" decay is the difference between the initial and final states:

Qs = [mn(ZX) = mn(7.1X) —m. ], 2.8)

where my are the nuclear mass of the parent and daughter atom and m. is the electron mass. This
energy has to be shared between the three bodies involved (the daughter nucleus, the positron, and
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FIGURE 2.12: Illustration of (a) a (p,pn) nuclear reaction by incident proton colliding with "*N

target nucleus and producing '°N product nucleus, secondary proton and neutron. (b) The

'*N unstable radionuclide decays via 3" emitting a positron and a neutrino. (c) The positron

is subsequently annihilated with an electron of the medium emitting two 511 keV photons in
opposite directions.

the neutrino). Therefore, the emitted 3" particles feature a continuous distribution of energies, from
Zero up to Qg-.
Taking into consideration that the atom’s neutral mass can be expressed as

N

m(7X)” = my(3X)E + Zme® =y B, 2.9)
=1
where B is the binding energy of each i-electron, the@ s+ value can be calculated as:

Qs+ = [m(zX) = m(7-1X) - 2m. ] . (2.10)

From Equation 3.4, one can conclude that the 3" decay is energetically possible as far as the mass
of the parent atom exceeds by at least two electron masses the daughter atom (1.022 MeV) [81].

Fermi’s theory applied to 3* decay

In 1934, Fermi developed a theory for g decay based on Pauli’s neutrino existence hypothesis [82]. In
general terms, Fermi assumed that the 3 decay is a transition that depends on the strength of coupling
between the initial and final states and the number of ways the transition can happen (i.e. the density
of the final states). Fermi developed an expression which is now referred to as Fermi’s Golden Rule:

21
Aios = 7|Mi_f|2pf, 2.11)
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FIGURE 2.13: Expected positron energy distribution from Equation 2.13. These distributions
are drawn for Q=0.960 MeV and Q=1.735 MeV, corresponding to the Q-values of the decay of
"¢ and "°0 isotopes, respectively.

where \,_; is the transition probability between the initial and final state, A the reduced Planck con-
stant, M;_; the matrix element for the interaction and p, the density of final states. The transition
probability ) is also called the decay probability (also refereed as decay constant), and it is related to
the mean lifetime 7 of the state by A = 1/7. The matrix element describes the coupling between the
initial and final states. In this case, a transition will proceed more rapidly if the coupling between the
initial and final states is stronger. The matrix element can be placed in the form of an integral where
the interaction causing the transition is expressed as a potential V' that operates on the initial state
wave function:

M ;= Jqf}v\pi dv, (2.12)

where ¥ is the wave function for the initial and final state and V represent the operator for the phys-
ical interaction that couples the initial and final states of the system. The transition probability is
proportional to the square of the integral of this interaction over the spatial domain. The transition
probability is also proportional to the density of final states p;. It is reasonably common that the final
state is composed of several states with the same energy. These states are called "degenerate" states.
This degeneracy is sometimes expressed as a "statistical weight" that appears as a factor in the tran-
sition probability. In many cases, there is a continuum of final states, so this density of final states is
expressed as a function of energy.

Considering the above-mentioned factors for the case of 5 decay, the resulting continuous energy
distribution of the emitted /3 particles is:

N(Tp) = k\JT2 + 2T3m.c*(Q - T5)*(Tp + m.c”), (2.13)

where T} is the kinetic energy of the resulting positrons and k is a constant [81]. An example of the
energy probability distribution is shown in Figure 2.13. The consequence of featuring a continuous
energy distribution up to a sizeable energy is that the positrons emitted and of interest for PET range
verification will travel a variable distance from their origin before they are annihilated with electrons of
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the medium, which has to be considered for the corresponding clinical implementation of this range
verification method. The result of this annihilation is the emission of two 511 keV-photons in opposite
directions as follows:

et +e o v+ . (2.14)

This process must satisfy conservation laws, i.e. conservation of electric charge, linear momentum,
total energy, angular momemtum and net mass or lepton number (which is the number of leptons,
such as the electron, minus the number of antileptons, such as the positron) [81]. Figure 2.12 (c)
illustrates the annihilation of the emitted positron.
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2.3.3.2 Basis and requirements of PET range verification

The basic goal of PET range verification is to determine the 3" activity distribution of the irradiated
patient and compare it with the expectation from simulations, so that potential differences in dose de-
position with respect to the treatment planning can be identified, and then the planning re-adapted.
The " activity distribution is measured with a PET scanner, conformed by multiple scintillators de-
tectors forming a ring (see Figure 2.14). When two photons are detected within a coincidence time
window, it is assumed that the the annihilation has taken place along the line, so-called line of re-
sponse (LOR), that connects those two detectors. The scintillators convert the photons in a light signal,
which is subsequently converted into a charge signal by the SiPM and processed by read-out electron-
ics. The tomographic reconstruction of the signals from multiple, intersecting LORs, provides a 3D
distribution of the positron annihilation. This emission is correlated to the delivered dose in the pa-
tient. Further improvements have been implemented to improve spatial resolution, e.g. time of flight
(ToF-PET), a method consisting in reconstruction algorithms based on the timing information from
the two photons reaching the detectors. Although conventional PET scanners were initially designed
for diagnostic applications, they offer considerable advantages for the clinical implementation of PET
range verification [84-89].

However, there is not a straightforward correlation between the 3" activity distribution from the
PET image and the delivered dose, since 3" emitters are produced by nuclear interactions and the de-
livered those by electromagnetic processes. The activity distribution drops prior to the dose distribu-
tion due to the threshold energies for the production of 3 isotopes [85, 86], thus the fall-off positions
of the activity and dose distribution are shifted with respect each other, as illustrated in Figure 2.15.
Furthermore, the activity distribution changes depending on the time span between the irradiation of
the patient and the PET image, due to the different half-lives of the variety ﬂ+ isotopes produced [86].
Another effect of this time span is the blurring of the PET image as the activity signal washes-out over
time due to the diffusion of the 5* emitters produced in the body [89].

All these factors prevent a direct range verification by simply comparing dose and activity profiles.
In consequence, the 5" activity distribution must be predicted using Monte Carlo simulations to com-
pare against the measured activity patterns. Only from this comparison it is possible to evaluate the
correctness of the dose profile delivered and, if necessary, update the treatment planning to compen-
sate the dose profile accordingly; delivering thus the desired dose distribution by the end of the overall
treatment.

The Monte Carlo tools available nowadays are capable of simulating very well the transport of the
light ions of interest through the patient’s body. However, in order to make estimations of the corre-
sponding 8" activity profile, they need as input detailed information of the associated reactions. The
problem, pointed out for instance in Ref. [71, 90-93], is that these nuclear data, the cross section of
the reactions producing the 5* emitters of interest, are not as well-known as it would be desirable.
The current data bases and evaluations available do not allow to predict activity curves with a submil-
limetric accuracy [20], and it is precisely the aim of this work to develop the technique and perform
experiments and analysis necessary to produce a new data base that solves this issue.

2.3.3.3 Types of PET range verification, current status and clinical implementation

In-vivo PET range verification can be performed either in-beam [88], in-room [94] or off-line [89],
depending on when and where the imaging acquisition is performed, as illustrated in Figure 2.16.
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FIGURE 2.16: Three operational modalities for PET verification of proton therapy: in-beam

PET, which uses PET detection panels integrated with the beam delivery system; off-line PET,

the patients walk to a nearby PET facility for the verification scan; in-room PET, which uses a

stand-alone, full-ring PET scanner positioned in the treatment room to scan the patient (still
in the treatment bed) soon after treatment.

Off-line images are recorded using a conventional PET scanner located outside the treatment room.
These images show activity from radioisotopes whose half-life is equal or longer than the time re-
quired for transportation and positioning of the patient, i.e. basically "' C (t; /2 = 20.36 min) and BN
(t1/2 = 9.97 min). This method has been successfully tested in some specific treatment centers, such
as the Hyogo Ion Beam Medical Center of Hyogo, Japan [95], at the Massachusetts General Hospital
(MGH), USA [89, 96] and at the Proton Therapy Institute, University of Florida, USA [97]. In this ap-
proach, commercial, full-ring PET scanners have been used and, when combined with a CT scanner
(PET/CT), have enabled an accurate correlation between the treatment and imaging position, which
helps compensating for the unavoidable patient movement caused by transportation and/or reposi-
tioning. This constitutes a promising technique because it employs conventional scanners, without
requiring the acquisition of new specific devices.

The main disadvantage of off-line PET range verification is the influence of disturbing biological
wash-out processes which blur the images [89] due to the diffusion of the produced radioisotopes by
the fluids of the body before they decay. Furthermore, one does not have real-time feedback control of
the dose delivered to the patient, and the signal represents an accumulation of the different treatment
beams (with different directions and energies) that have been delivered.

The online in-beam PET acquisition is an alternative to the off-line method. It reduces the in-
fluence of disturbing biological wash-out effects, repositioning of the patient is not required and, in
principle, online corrections of the treatment would be possible if differences between measured and
predicted activation distribution are observed. In online PET verification, all PET nuclides, indepen-
dent of their half-life, contribute to the image, with the shortest-lived ones, defined as isotopes with a
half-life shorter than that of '°C (t, /2 =19.29 s), contributing more (relative to their production rate).
The most abundant short-lived isotopes produced in the human body have been studied and dis-
cussed in [98]. This study concluded that the 3* emitters of interest for online PET imaging are '"°N
(tij2=11ms), 3smp (t;/2 =925 ms) and 2p (t;/2 =4.14 s) produced in carbon, calcium and phosphorus,
respectively.

Online acquisition requires PET devices coupled to the beam nozzle and a specific beam duty cy-
cle, so PET acquisition can be performed between consecutive spills. The integration of a PET scanner
with the nozzle is geometrically challenging and typically results in a dual-head configuration, with
the corresponding reduction of efficiency. Furthermore, this technique has to deal with the produc-
tion of background radiation during beam extraction and the synchronization of the PET data acqui-
sition with the beam control system. This challenging method is currently being investigated at, for
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TABLE 2.1: 8" emitters, half-lifes and reaction channels of interest for PET range verification
in proton therapy.

Isotope Half-life Qs+ (MeV)  Reaction channel Threshold (MeV)

“cpx''c 17.9
"'C  20.36 min 0.960 “Npx'c 3.13
Yopx''c 23.6

IQC(p,X)BN _
BN 9.97 min 1.198 “Np,x) "N 8.93
Yopx "N 5.55

14 15
15 N(px) "0 -
122 1.735

0 S 50(px) 0 143
N 11 ms 16.316 “Cpx "N 19.6
B/mg 0.925 5.022 0 Ca(p,x)**"K 14.0
*p 4.14s 3.921 Sppx*P 15.6

instance, the Italian National Center of Oncologic Hadrontherapy (CNAO) [99], the Gesellschaft fuer
Schwerionenforschung (GSI), Germany [100], the Heavy Ion Medical Accelerator in Chiba, Japan [101]
and the Kashiwa Center, Japan [102].

A compromise solution between offline and online PET measurements is to use an in-room, stand-
alone PET system [94]. In this case, the imaging is performed directly after the treatment, using the
same patient immobilization and treatment couch. The in-room PET approach is a good compromise
to solve the problems of online and off-line verification, because it reduces relatively the wash-out
effects while enabling a feasible clinical implementation using conventional PET scanners. Although
all PET nuclides contribute to the image, shorter-lived isotopes than in off-line monitoring but longer
than in online monitoring are envisaged, being 150 (t/2 = 122 s) the best candidate.

The 5" emitters produced in the main elements of the human body (carbon, nitrogen, oxygen,
calcium and phosphorus) of interest for offline, in-beam and in-room PET range verification, their
half-lives, endpoint energy, production reaction channel and energy threshold are listed in Table 2.1.

2.3.3.4 Therole of nuclear data: available cross sections and requirements

As already mentioned, PET range verification relies on the comparison of the measured activity dis-
tribution with an expected curve by a Monte Carlo simulation of the treatment plan, such as the one
represented in Figure 2.15. In this figure, the induced activity distributions of the radioisotopes pro-
duced in water by a mono-energetic proton beam is calculated with the Geant4 simulation toolkit
[35]. The long-lived 5+ emitters produced in water are 11C, 13N and 15O, hence one of the inputs of the
Monte Carlo simulation is the probability with which the incident beam produces these 5" emitters
in the elements of the human body. These nuclear reaction probabilities are usually expressed in the
form of cross sections, which represent the area that the target nucleus presents to the projectile for
the particular interaction process of interest. For instance, to obtain the Figure 2.15, the ICRU63 cross
sections library [83] has been used as input to the Geant4 simulation.

The cross section databases available in the literature contain experimental and evaluated data.

The EXFOR library [103] contains an extensive compilation of experimental nuclear reaction data.
The web database provides data search, output to various formats, plotting and comparison to a eval-
uated library, re-normalization old data to new standards, calculating data for inverse reactions and
kinematics, constructing correlation matrices from partial uncertainties, etc, containing data from
more than 24.400 experiments.
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FIGURE 2.17: Available evaluated and experimental cross section data of '' C(p,x)"' C.

The number of experimental data regarding the production of the 5* emitters listed in Table 2.1
varies depending on the nuclear reaction. In general, there are several experiments addressing the
longer-lived 3" emitters in proton-induced reaction on '*C, *N and '°0. Most of them, however, were
performed below 30 MeV, which is the energy range of interest for the production of medical isotopes
for diagnostics. If one considers up to ~200 MeV, which is the range of interest in proton therapy, the
most studied reaction channel is '*C(p,x)"'C, as it is 3" isotope most-copiously produced in the hu-
man body at these energies. As shown in Figure 2.17, there are quite some data sets in the literature,
some of them very recent [104, 105], but none of them covers the full energy range of interest and
there are deviations from 15 up to 25% between different measurements. It is important to note that
this is the best scenario: other reactions producing the mentioned long-lived isotopes have been less
investigated and the data are very scarce, with significant deviations with respect to the evaluations.
As an example, the reaction cross section to produce "cin oxygen (the most abundant element in the
human body) and the reaction cross section to produce '°N in nitrogen are also displayed in Figures
2.18 and 2.19, respectively. As illustrated in these figures, the data are scarce and differ significantly
between them. For instance, in 16O(p,x)HC reaction there are differences of ~40% at low energy (~50
MeV) and even larger discrepancies above the reaction threshold. The situation presented herein re-
flects the necessity for new data with enhanced accuracy covering the full range of interest in proton
therapy.

Regarding the short-lived isotopes listed in Table 2.1, there are no previous data regarding the ex-
citation functions of these isotopes up to clinical energies in proton radiotherapy, besides the integral
production yield below 55 MeV studied by [98]. The different evaluated databases do not agree be-
tween them, which makes sense because there are no previous experimental data and they depends
only on theoretical calculations. A complete comparison between the data available in the literature
for all the reactions of interest listed in Table 2.1, including our measurements, is presented in Chapter
5.

Due to the differences between the different data sets, some of them incomplete, the available ex-
perimental cross section data have been combined and analyzed by experienced nuclear physicists to
produce “evaluated” libraries over the years. This is done in the context of national or regional nuclear
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FIGURE 2.19: Available evaluated and experimental cross section data of '*N(p,x)'*N.

data projects from USA, Europe, Japan and China that have developed their own databases which con-
tain recommended evaluated cross sections, angular distributions, fission product yields and other
nuclear data of interest. These are usually generated using nuclear reaction models benchmarked to
the available experimental data, and, in some cases, these libraries introduce ad hoc corrections to
ensure the compatibility of different experimental data. The major evaluated data libraries are:

e ENDEF/B (US Evaluated Nuclear Data File)
* JEFF (Joint Evaluated Fission and Fusion Library)
* JENDL (Japanese Evaluated Nuclear Data Library)

e CENDL (Chinese Evaluated Nuclear Data Library)



2.3. Beam range verification 37

¢ BROND (Russian Recommended Evaluated Neutron Data Library)
e RUSFOND (Russian file of evaluated neutron data)
e TENDL (TALYS-based Evaluated Nuclear Data Library)

Although these major libraries are specifically dedicated to neutrons, some of them contain also
evaluated cross section data for proton-induced reactions. This is the case of the JENDL, with data up
to 3 GeV, and ENDF/B and TENDL libraries, with data up to 150 MeV and 200 MeV, respectively. The
data from the ENDEF/B library [106], being the ENDF/B-VIIL.0 the latest version, were provided by the
evaluation performed in the 1990s at Los Alamos National Laboratory (USA) up to 150 MeV, referred
also as LA-150 [107]. In 2001, the International Commission on Radiation Units and Measurements
(ICRU) reported a comprehensive tabulation of nuclear data especially relevant for medical, indus-
trial, research, and protection applications. This ICRU63 library [83] is the extension to 250 MeV of
ENDF/B-VI.0 library for several isotopes of particular interest in proton therapy (as the ones studied
in this work).

Additionally, there are theoretical calculation codes for modeling of nuclear reactions, such as EM-
PIRE or TALYS. In particular, the above mentioned TENDL nuclear data library is based mainly on
TALYS calculations, although from version TENDL-2019, it includes ENDF/B data whenever they are
available. As both ICRU and TENDL-2019 are based on the ENDF/B library (with no detected changes
between versions VI and VIII) in the following we refer to all of the data libraries as the ENDF/B-VIII.0
library.

Due to the significant differences between the experimental data sets available in the literature,
the evaluations do not reproduce all of them, as expected. Furthermore, the ENDF/B-VIII.0 and
JENDL/HE-2007 differ significantly with each other, as they are based on different models and exper-
imental data sets. In the best case scenario (the *C(p,x)"' C reaction), all measurements indicate an
underestimation of the corresponding ENDF/B-VIII.0 evaluation, whiles the JENDL/HE-2007 evalua-
tion reproduces the data from [105, 108, 109] as illustrated in Figure 2.17. On the other hand, as shown
in Figures 2.18 and 2.19, the ENDF/B-VIIIL.0 evaluation is over- and underestimated in comparison
with the experimental data, while the JENDL/HE-2007 evaluation has been performed to reproduce
the data from [110] and [111], respectively.

The International Atomic Energy Agency (IAEA) has performed two evaluations for the reactions
14N(p,x)HC and 16O(p,x)l?’N [112] below 30 MeV, since these are the typical reactions for PET diagnos-
tic imaging and, therefore, there was a general interest concerning this radioisotope production for
medical purposes. However, at higher energies and for the rest of nuclear reactions involved in PET
range verification, there is not any IAEA evaluation yet, as the data set corresponding to these reac-
tions are quite limited, especially for energies above 20 MeV, and show sizable discrepancies. The need
of new measurements and subsequent data evaluations of these reactions at higher energies has been
highlighted at the IAEA Technical Meeting held in Vienna on December 2018 [113] and also by [92, 93].

Moreover, the need of an accurate characterization of the production cross sections in order to
reduce uncertainties in the estimation of the activity depth profiles, enabling the aimed millimetric
beam range verification, has been also addressed by the medical physics community [20, 114]. As an
illustrative example of the effect of cross sections in the calculation of 3" activity profiles, the activity
distribution of the 3" isotope ' C produced by a 150 MeV proton beam in carbon has been calculated
with Geant4 using:

¢ A data set combining the experimental data from Hintz et al. (1952) [115], Aamodt et al. (1952)
[108] and Backer et al. (2019) [104], because all of them follow the same tendency and, combined,
allow covering the full energy range.
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FIGURE 2.20: Comparison of the activity distribution of "' C produced by a 150 MeV proton
beam in carbon, calculated with different cross sections data sets.

¢ A data set combining the experimental data from Matsushita et al. (2016) [116] and Gauvin et al.
(1962) [109], for the same reason.

e The ENDF/B-VIILO library.

e The JENDL/HE-2007 library.

The results are displayed in Figure 2.20. It is evident that the activity curves differ significantly,

about 60% in the intermediate depth region. More surprisingly, the results differ (by 2 mm) in the

position of the activity curve fall-off near the end of the range, which is the key feature to relate the

activity and dose delivered profiles.

2.4 Objective of this thesis

In summary, the very limited reliability of the cross section data used in the activity calculations for

PET range verification is related to the fact that:

- The available experimental data sets for all the reactions of interest do not always cover the full

energy range up to 200 MeV.

- When available, their accuracy is very limited, resulting in sizable discrepancies between differ-

ent data sets.

- The evaluations available, relying on models and the mentioned limited data base, are hence not

accurate enough neither consistent with each other.

In this context, the work developed in this thesis combines basic and experimental nuclear physics

investigations to improve PET range verification. The main goal is to measure the nuclear reactions

involved in this verification technique in order to improve the calculations of the expected induced

activity distribution in the patient. Thus, this thesis contains a compendium of new nuclear cross
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FIGURE 2.21: Schematic representation of the objectives of this thesis: Measuring the pro-

duction cross sections of the long-lived B" emitters (~min) e BN, 0 in C, N and O, and

the short-lived 8 emitters (~ms-s) *°N in C, **"K in Ca, *°P in P, in the full energy range of

interest in proton therapy (from threshold, indicated as ¢, up to 200 MeV). The background

colours indicate the accelerator-based facility in which energy range of each reaction is mea-
sured.

section values of interest in PET range verification from threshold up to 200 MeV, and a prelimi-
nary study of their impact in the accuracy of the corresponding Monte Carlo simulations. As illus-
trated in Figure 2.21, a total of 11 reaction cross sections have been measured: the proton-induced
reactions for the long-lived isotopes 12C(p,x)uC, 12C(p,x)lsN, 14N(p,X)11C, 14N(p,x)13N, 14N(p,x)l‘r’O,
16O(p,x)HC, 16O(p,x)lSN and 16O(p,x)150, and the proton-induced reactions for the short-lived iso-
topes "*C(p,x)"*N, “’Ca(p,x)**"K and *'P(p,x)*’P.

In this manuscript, a description of the experiments, analyses and results is presented. The exper-
imental measurements have been performed at the National Center of Accelerators (CNA, Spain), the
West German Proton Therapy Center (WPE, Germany) and the Heidelberg Ion-Beam Therapy Center
(HIT, Germany), using three different detection systems (PET scanners, Nal and LaBr; detectors). Fur-
thermore, the point-wise cross sections have been used to define an analytical curve that reproduces
them accurately and can be used for PET range verification calculations and serve as starting point
in forthcoming evaluations. In order to assess the impact of these new cross sections, in some cases
measured for the first time, they have been used to study the production profiles of each isotope in
tissue-equivalent phantoms and compared with the ones calculated with the previous cross section
data and evaluations.
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Chapter 3

Cross sections measurements:
principles, tools and strategies

This chapter introduces the concept of cross section and presents the activation method to measure
the proton-induced reaction cross sections of 3* emitters. It introduces the different proton facili-
ties where experiments have been performed, detection systems and applied techniques, with special
emphasis on the validation strategies used in this work.



42 Chapter 3. Cross sections measurements: principles, tools and strategies

NUCLEAR REACTION [117] refers to the change in the identity or characteristics of an atomic nu-
cleus, induced by bombarding it with an energetic particle, which, if positively charged, must
have enough energy to approach the positively charged nucleus to within range of the strong nuclear
force.

3.1 Introduction to cross section measurements

This section introduces the basic concepts of nuclear reactions and defines the relevant terms related
to the cross sections and integral yields measurements. The nuclear activation technique is also de-
scribed.

3.1.1 Nuclear reactions

A typical nuclear reaction is denoted as:
a+A—-b+ B, (3.1)

where « is the accelerated projectile, A is the target, and B and b are the reaction products. Usually,
B is a heavy product, while a and b are nucleons or light nuclei. An alternative and compact way of
expressing the reaction is:

A(a,b)B, (3.2)

which is convenient since it provides a natural way to refer to a general class of reactions with common
properties, for instance, (p,n) or (n,7) reactions.

In this work, different approaches are applied to experimentally determine the proton-induced
reactions of interest in PET range verification, where A stands for the target nucleus in the initial state
(carbon, nitrogen, oxygen, phosphorus, calcium), a stands for protons, and b and B stand for the
ejectiles and target residual in the final state, respectively. In this work, the target residual would be
the radioisotope decaying by 3" emission.

For instance, as shown in Figure 3.1, the proton-induced reaction on a 2c target nucleus pro-
duces the 8% emitter ''C, together with either a secondary proton and neutron or a deuteron. If the
projectile, target and products are all well-known, the cross section for this specific channel is called
exclusive cross section. In this example, they will be denoted as ">C(p,pn)''C or "*C(p,d)"''C, respec-
tively. Typically, only a part of the final state is measured in experiments because this considerably
reduces the complexity of the experimental setup. Therefore, if one is looking just at the ''C product,
the corresponding reaction would be called 12C(p,x)HC, where the unidentified parts are denoted with
x. The cross sections obtained in such experiments are called inclusive cross sections or production
Cross sections.

The conservation law of the total relativistic energy in a nuclear reaction leads to:
2 2 2 2
meC + Ty +myc + Ty =myc + Ty + mpe” +Tg, (3.3)

where T stands for the kinetic energy and m stands for the mass at rest. The reaction Q-valueis defined
as the difference between the initial and final mass energies:

2 2
Q = (minitial - mfinal)c = (ma +my —mp — mB)C y (34)
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FIGURE 3.1: Schematic illustration of a proton beam impinging in a foil containing C and O

atoms. The reaction products of the nuclear reactions are 3" emitters ¢, N or %0), and

nucleons, which can be emitted individually and/or forming light nuclei, such as « particles
or deuterons.

The kinetic energy of the final products (T, + Tg) depends on the the initial kinetic energies (T, + T 4)
and this Q-value, as:
Ty+Tg=T,+Ts+Q. (3.5)

The Q-value may be positive, negative, or zero. If Q > 0, the reaction is called exothermic. In that
case, nuclear mass or binding energy is released as kinetic energy of the final products. When @ < 0,
the reaction is endothermic, and the initial kinetic energy is converted into nuclear mass or binding
energy. In this case, the threshold energy is defined as the absolute minimum energy value of 7,
and below this value the reaction is not possible. From Equations 3.4 and 3.5, the threshold can be

calculated as:
my +mp

T = =@ smg —my. (3.6)

3.1.2 Measuring reaction cross sections

The cross section (o) is a physical quantity that describes the interaction probability for a given process
of a particle with a specific nucleus, and represents the area that the target nucleus presents to the
projectile in order to produce such process. Cross sections in nuclear and particle physics are typically
given in units of barn (1 b = 10">* m?), which corresponds to the approximate order of magnitude of
the cross-sectional area of the atomic nucleus.

Figure 3.2 illustrates the different interaction mechanisms (a, b, ¢) of a proton beam impinging on
a thin foil, which are described in Section 2.1.1. Focusing on the interaction with atomic nuclei, two
processes can occur: elastic scattering and nuclear reactions.

The total cross section o1 encompasses the different specific processes that may occur when a
particle interacts with a given nucleus and is defined as:

O =0¢ +OR, (3.7)

where the partial cross sections o, is the elastic cross section for the elastic scattering of the projectile
with the target nucleus (interaction (b) in Figure 3.2) and o, is the reaction cross section for inelas-
tic nuclear reactions (interaction (c) in Figure 3.2). The partial cross section for the different reaction
channels changes drastically for different reaction channels and depends strongly on the proton ki-
netic energy, due to the sensitivity to the structure of the involved nuclei. The reaction cross sections
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FIGURE 3.2: Schematic illustration of a proton beam impinging in a thin foil and interac-

tion mechanisms: energy loss (E; — E') via inelastic Coulombic interactions (a), deflection

of protons trajectory by the screened Coulomb and nuclear elastic scattering with nuclei (b),

removal of primary protons and creation of secondary particles via non-elastic nuclear inter-
action (c).

as a function of the projectile energy, also known as excitation functions, are of great interest for mul-
tiple applications such as fission, fusion, radiation therapy, medical diagnostic, waste management,
radiation safety, etc.

Besides that, another quantity of interest in such applications is the integral cross section or thick
target yield, which is obtained as:

L 1dE]™
Y = I(x)~p-adx—[0 I(x)a[ﬁ%] dE. (3.8)
Considering a constant flux in function of the depth, the thick target yield can be calculated by inte-
gration of the cross section divided by the stopping power from zero up to the corresponding energy:

0
o(E) g 3.9)

Y =] .
)5, S(E)

The nuclear cross sections can be predicted with models or measured in laboratories. The cross
section evaluations, already introduced in Section 2.3.3.4, are the result of the combined analysis of
theoretical predictions, models and the (necessarily) limited set of available experimental data in an
attempt to produce point-wise nuclear data as accurate as possible covering the full energy range of
interest and including all the partial cross sections.

Indeed, most of the current theoretical models divide the reaction process depending on the time
scale of the interaction within the nucleus and incident particle [118-120]. We concentrate in the
reaction mechanisms of interest in the energy range of proton therapy (up to about 250 MeV).

» At the highest energies (approximately above 150 MeV), when the wavelength is comparable to
intra-nucleon distances, the projectile “sees” the target nucleons individually and the reaction
is modeled by the cascade models, describing it as a series of binary collisions of the projectile
with target nucleons which lead to a sequence of particle emissions.

» At lower energies of the projectile (or when the excitation energy of the nuclear system falls be-
low a certain threshold if it comes from the cascade stage), the pre-equilibrium mechanism takes
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over. Pre-equilibrium reactions are the doorway to the equilibrium stage (compound nucleus)
where the energy imparted by the projectile is partially shared by the target nucleons. During this
phase the nuclear system evolves towards equilibrium (namely: the excitation energy is increas-
ingly shared by the nuclear degrees of freedom) through a series of internal transitions which
compete with nucleon or light cluster emissions, which in turn may take place when they gather
enough energy.

¢ At the lowest energies of the projectile (or when the excited nuclear system reaches the thermal
equilibrium if it comes from the pre-equilibrium stage) the compound nucleus mechanism is the
responsible of the final deexcitation of the nuclear system via particle emissions (nucleons, light
clusters and even intermediate mass fragments), photon evaporation, statistical fragmentation,
break-up and, eventually, fission.

The previous reaction mechanisms are the ones included in the software tools for Monte Carlo sim-
ulations of radiation transport. They are the main contributors to the nuclear interactions between the
beam and the nuclei of the target materials and, moreover, provide probability distributions suitable
for their implementation in the codes. On the other hand, the direct reactions (transfer of nucleons
and surface excitations) take place in approximately the same range of incident energies as the pre-
equilibrium reactions, but play minor role in the global description since only a small number of target
nucleons intervene (hence they also called “grazing” collisions). Moreover, while the pre-equilibrium
and equilibrium mechanisms can be described by relatively simple statistical models, the direct reac-
tions ask for a strict quantum mechanical treatment by solving the Shroedinger equation with nuclear
structure information via the interaction potential and form factors. Accordingly, although the direct
reaction mechanisms are fundamental for studies of nuclear physics, they are omitted for simulations
of radiation transport.

The timescales of the various reaction mechanisms are very different. Whereas the tipical times
of direct reactions, due to their “grazing” nature, are of the order of the passage through the nuclear
region (10_21 s), pre-equilibrium and, mainly, equilibrium stages take longer, since the imply thermal-
ization among the nuclear degrees of freedom (10~ '%-107"° s typically).

In experimental nuclear physics, the cross sections of reactions that, as in our case, result in ra-
dioactive nuclei, are often measured using the activation technique of very thin foils, which are re-
ferred to as a target where the energy loss is negligible with respect to the projectile energy itself and
the reduction in the number of incident particles as they pass through the foil is negligible.

As schematized in Figure 3.1 and 3.2, this method considers the projectiles as point particles with
incident beam intensity /,, (particles per unit of time), impinging on a very thin target of a given iso-
tope with areal density of target nuclei n, (nuclei per unit area). In this situation, one can detect the
radiation emitted as a consequence of the decay of the radioactive nuclei to determine the nuclear
reaction rate R (reactions per unit time) for a specific k-process. It must be proportional to the above-
mentioned magnitudes, being the proportionality constant the reaction cross section:

Ry =0y I, n,, (3.10)

where o, is the cross section for k-process, featuring units of area. Indeed, considering the classical
point of view (the incident particles are point particles and the target nuclei are solid spheres), o can
be understood as the characteristic cross-sectional area, where a larger area means a larger probability
of interaction.
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FIGURE 3.3: Schematic illustration of a proton beam impinging in a foil containing O atoms
and producing '>O. The magnitudes to determine the reaction cross sections are marked as
“illuminated” by each schematic measuring device.

Therefore, experimentally the cross section can be determined as:

Ry,

)
I, ng

o) = 3.11)
which means that one needs to measure the reaction rate and the intensity of incident particles, and
to ascertain the target composition and geometry. Considering that the cross section depends on
the incident particle energy, the quantity of interest of PET range verification is the energy differential
cross section, which means than both the reaction rate and the particle flux will have to be determined
as function of the beam energy.

3.1.3 Observables in the reaction cross section measurements of 3 emitters

As illustrated in Figure 3.3, the activation methodology to determine the excitation functions or energy
differential cross section requires a mono-energetic proton beam, a thin sample as isotopically pure
as possible, and an activity detection system. As explained in the previous section in Equation 3.11,
the cross section are calculated by determining the following physical quantities:

¢ The number of nuclei per area (n,) that the beam finds in its path through the thin foil, which is

calculated as:
nil)

M,,’

ng=p-2-Ny (3.12)

where p is the mass density of the foil, z is the foil’s thickness, N, is the Avogrado’s number
(6.02214 - 10** molecules/ mol), n, is the number of target nuclei = in each molecule and M,, is
the molecular mass.

¢ The flux of incident particles. The different techniques to measure the beam current during each
irradiation are described in Section 3.2.

¢ The reaction rate, i.e., number of produced radioisotopes per second. The observable quantity
in these measurements is the counting rate C}, which, in this case, is the number of detected
511 keV photons using scintillator detectors.



3.2. Irradiation facilities 47

12:0 2 041(6) min

15
EC O

0.12%

99.88%

stable 12.0

15N

FIGURE 3.4: Simplified decay scheme of *°O.

Taking into account the fundamental law of radioactivity, the activity A (in units of Bq = 1 disinte-
gration per second) is expressed as the decay rate of a particular radionuclide with decay constant A
and the number of atoms N: AN

—E:/MN:A. (3.13)

The decay constant, ), is the reciprocal of the mean lifetime (7), which is the average lifetime of a
radioactive particle before decay. The half-life, ¢ 5, is defined as the time taken for a given amount of
aradioactive substance to decay to half of its initial value as ¢/, = In2/x.

Experimentally, the number of produced radioisotopes (N}) can be calculated as 4x/x. The induced
activity is determined by measuring the counting rate (counts per unit of time, C}) of 511 keV photons
after the irradiation, but considering the detection efficiency of each specific detection system (g 4.;)
(see Section 3.3) and the probability intensity associated to each specific decay (/;) (for instance, Fig-
ure 3.4 represents the decay diagram of "°0, which can decay either by electron capture (0.12%) or 8
emission (99.88%)).

Considering the number of produced radioisotopes as a function of the induced activity and inte-
grating the number of incident particles during the entire length of the irradiation (C;,;), the cross
section at a specific beam energy can be expressed from Equation 3.11 as a function of the induced
activity at the end of the irradiation:

R\ Cy B Ay,
Uk(Ez) - Ctota,l c N - A Edet * Il : Ctotal * N - A Cgfotal : ns7 (3.14)
where the term: A
E)=—*F (3.15)
yk( ) A Ctotal

is defined as thin-target yield at F;. Fundamentally, the experiments performed in this thesis consisted
on the irradiation of very thin samples with a well-known proton flux and the subsequent activity
measurements to determine the reaction cross sections. In the following, the experimental setup in
each irradiation facility and detection systems will be described.

3.2 Irradiation facilities

This section describes the irradiation facilities where the experiments have been carried out. Three
accelerator-based facilities are presented: the National Centre of Accelerators in Seville (Spain), the
West German Proton Therapy Centre in Essen (Germany) and the Heidelberg Ion-Beam Therapy Cen-
tre in Heidelberg (Germany). In the following, a brief description of the characteristic elements in each
facility, irradiation lines and beam current measurements are presented.
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FIGURE 3.5: Schematic representation of the experimental beam line at CNA (not to scale).

3.2.1 National Centre of Accelerators

The National Centre of Accelerators ("Centro Nacional de Aceleradores”, CNA) [121, 122] is a joint sci-
entific research centre of the University of Seville, Regional Administration ("Junta de Andalucia") and
National Council of Scientific Research ("Consejo Superior de Investigaciones Cientificas", CSIC). It is
denominated as a Spanish Unique Scientific-Technical Facility (ICTS), dedicated to interdisciplinary
research and open to external users. It has six different installations: a Van de Graaff 3 MV tandem
accelerator, a 18/9 MeV cyclotron accelerator, a 1 MV Cockcroft-Walton tandem accelerator used for
mass spectrometry, a PET/CT scanner, a radiocarbon dating system, and a ®’Co irradiator.

The cyclotron Cyclone 18/9 from the IBA company (Ion Beam Applications, Louvain La-Neuve, Bel-
gium) accelerates protons and deuterons up to 18 and 9 MeV, respectively, with maximum beam in-
tensities in the internal target ports of 80 pA for protons and 35 A for deuterons. Seven out of the eight
target ports are devoted to the production of PET radioisotopes used in diagnostic imaging, and the
remaining port is employed for the transport of the beam to an external beam line for interdisciplinary
research.

The external beam line of the cyclotron at CNA is sketched in Figure 3.5. The first part is inside
the cyclotron vault and it includes a series of remote control permanent elements to monitor and to
define the beam current and size. It has a retractable graphite Faraday cup (FC) to stop the beam
and measure the beam current, a variable graphite slit with a maximum aperture of 15 x 15 mm, a
XY set of magnetic steerers and a doublet quadrupole. Moreover, there is a neutron shutter to protect
the downstream section of the unused beam line from radiations originated in the cyclotron vault.
The second part is outside, separated from the other by a two-meters thick wall, and it is equipped
with a single quadrupole, a 15 mm diameter collimator, a pumping station and another FC with a
phosphor scintillator (ZnS:Ag) in order to see the size and shape of the beam by means of a video
camera. Several nozzles with different sizes are available, where diverse materials windows can be
adapted, and is possible to accommodate graphite collimators with various diameters.

As depicted in Figure 3.5, the 18 MeV proton beam produced by the cyclotron, proceeds horizon-
tally to the experimental room. The end of the beam line was closed by a 125 ym thick Mylar win-
dow and the irradiations were performed in air. A target holder placed just after the exit window was
specifically installed to place the thin foils in a motorized table, hence allowing the remote control
and minimizing the time between consecutive irradiations. The beam current during the irradiation
is monitored using a Brookhaven 1000c Current Integrator. An electrically isolated 2 mm thick graphite
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FIGURE 3.6: Schematic representation of the WPE facility.

foil, which was placed after the target foils during the experiments, was used as beam dump and con-
nected to the current integrator. The total charge is calculated considering the secondary electron
losses (of about 10%) in graphite characterized in a previous work by biasing a graphite target into a
vacuum chamber. The model 1000c Current Integrator accepts pulsed or continuous currents rang-
ing from a small fraction of a nanoampere to 20 milliamperes. It provides a series of digital output
pulses proportional to the accumulated quantity of charge. A digitizing rate of 1000 pulses per second
is achieved at full-scale input current and an external connector makes the digital pulses available for
external counting by a computer [123]. In the experiments carried out in this work, the beam cur-
rent was calibrated using a standard reaction from the International Atomic Energy Agency (IAEA), as
described later in Section 3.4.3.2.

3.2.2 West German Proton Therapy Centre

The West German Proton Therapy Centre ("Westdeutsches Protonentherapiezentrum Essen", WPE)
[124] is one of the leading institutions for proton radiotherapy in Germany, which is specialised in
sensitive or deeply-located tumours and, specifically, in paediatric tumours. The WPE is an affiliate
centre of the University Hospital Essen and works closely with neighboring hospitals and institutes,
being part of one of the largest oncological centres in Germany (Westdeutsche Tumorzentrum, WTZ).

The cyclotron at the WPE is a 230 MeV isochronous cyclotron from IBA, implemented in a Pro-
teus Plus system with four treatment rooms and five clinical beam lines. Three treatment rooms are
equipped with a gantry which can be rotated 360° around the patient. The fixed-beam treatment room
features a conventional beam line, comparable to the beam lines in the gantry treatment rooms but
fixed to a horizontal beam direction, and a dedicated beam line for eye treatment which features a
special treatment mode with high dose rates and low ranges. A sketch of the facility is shown in Figure
3.6.

The degrader system mounted at the cyclotron exit delivers proton energies between 100 MeV and
226.7 MeV, which correspond to R80 (see Section 2.1.1.4 for definition) of 7.7 cm and 32 cm in water,
respectively. This system consists on a wheel-mounted wedge followed by analyzing magnets and
energy slits. Lower residual range for patient treatment can be achieved with PMMA range shifter (RS)
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mounted on the nozzle exit [125]. For the different treatment rooms, two or three RS with defined
water-equivalent thicknesses can be used for treatment with PBS delivery mode.

The experiments were performed in the horizontal fixed beam line, which can operate in PBS
mode. As previously mentioned in Section 2.2.2.2, the PBS has the advantage of less production of
secondary particles, like neutrons, which results in more accurate results for the measurement of ac-
tivation cross sections due to the delivery of quasi mono-energetic proton beams. Furthermore, PBS
treatment fields can be implemented more easily in Monte Carlo simulations when compared to pas-
sively scattered treatment fields. An additional advantage is that the beam can be deflected by dipole
magnets in order to select the desired lateral position on a time scale in the order of milliseconds.

The beam line is also equipped with an ionization chamber placed at the nozzle entrance to check
the centering of the beam, and two monitor chambers placed close to the nozzle exit to check the
spot position and width. The number of protons per dose were determined prior to the presented
studies in Ref. [126] modifying a Faraday cup (FC) from Ref. [127] and considering the impact of
nonelastic hadronic interactions in the FC on the fluence of charged particles by means of Monte
Carlo simulations. Since then, the stability and consistency of the dose measurement was verified in
the frame of periodical quality assurance (QA) for clinical operation. The number of protons for each
field was determined with an accuracy of about 1%, and it is internally measured in so-called monitor
units (MU).

3.2.3 Heidelberg Ion-Beam Therapy Centre

The Heidelberg lon-Beam Therapy Centre ("Heidelberger Ionenstrahl-Therapiezentrum", HIT) [128]
was the first European hospital-based facility for proton and heavy ion radiotherapy, which started its
operation in 2009 and utilizes scanned ion beams for the irradiation of tumours. HIT is linked to the
National Center for Tumor Diseases (NCT), which is a joint institution of the German Cancer Research
Center (DKFZ), the Heidelberg University Hospital (UKHD) and the German Cancer Aid (DKH). In
addition, it is the first facility to use cooperating robots for automated imaging and ultrahigh-precision
patient positioning and the first heavy ion therapy facility with a 360° rotating beam delivery system.
Therefore, the state-of-the-art and most innovative treatment methods are available at HIT for most
cancer types, being a leading oncological center in the world [129].

HIT is a synchrotron-based particle therapy center with two horizontal fixed-beam rooms, a gantry
that can rotate 360° around the patient and an experimental fixed-beam room for technical and sci-
entific research. A sketch of the facility is shown in Figure 3.7. Three ion sources provide several ion
types in parallel, which are first pre-accelerated by a two-stage linac up to ~7 MeV/u, and then in-
jected into the synchrotron, where six 60° magnets bend the particles into a circular path and the RF
system accelerates them to the desired energy. At HIT, both carbon ions and protons are currently
used for therapy, while helium and oxygen ions are used for experiments. The beam spot size is ad-
justed by quadrupole magnets close to the patient, with typical FWHM at the isocentre of 4 to 30 mm.
In order to reach penetration depths of 2 to 30 cm in human tissue, the particles can be accelerated in
the synchrotron to 255 different energy levels from 48 up to 221 MeV/u for protons and from 88 up to
430 MeV/u for carbon ions. The beam delivery system at HIT allows to irradiate tumours using IMPT.
Typical intensities at HIT are 2 - 10°to 1-10® and 8- 10" to 4 - 10 particles per second (pps) for carbon
and protons, respectively. Including the different gantry-angles, more than 10° combinations of beam
parameters are available [130].

After the extraction, the beam is sent to one of the rooms and then passed through a monitoring
system (so-called BAMS), which consists of three ionization chambers (ICs) and two multi-wire pro-
portional chambers (MWPCs) in the beam line before the exit window with the goal of monitoring
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FIGURE 3.7: Schematic representation of the HIT facility.

the beam position, width and intensity [130-132]. The experiments described in this thesis were per-
formed in the experimental room, which is also equipped with the BAMS system. The beam current
is measured with an IC placed at the nozzle before the exit window. The number of protons I, is
determined from the secondary current /.. measured with the IC as [133]:

- I

dEN™" W,
) . T secy (316)

Ibeam = (%

chamber

where the active length of the BAMS-IC (L pamper) is 2 cm, the W-value of Argon is 26 eV and % is

the energy loss according to the Bethe-Bloch-formula (Equation 2.1) in the target material of the IC
(mainly Ar).

3.3 Detection and acquisition systems

This section describes the systems employed for measuring the 511 keV photons following the decay
of the 5" emitters: a commercial PET/CT scanner typically used for clinical diagnostic, and scintillator
detectors commonly used in nuclear physics experiments.

Both detection systems consist of scintillation detectors. The ~y-rays can interact with the detector
material by means of photoelectric effect, Compton scattering or pair production. In the photoelectric
process, the v-ray interacts with an electron of an atom, vanishing and giving all its energy to the elec-
tron, which escapes. In Compton interactions, the incoming ~-ray is undergoes elastic scattering with
an electron from the outer shells of an atom. In the process, the y-ray can be scattered to any angle
and the fraction of its energy transferred to the electron will depend on that specific angle, following
the laws of conservation of energy and momentum. Finally, the process of pair production is energet-
ically possible when the v-ray energy exceeds twice the rest-mass energy of an electron (1.022 MeV).
In this interaction, which takes place in the Coulomb field of a nucleus in order to conserve the linear
momentum, the photon disappears and is replaced by an electron-positron pair.
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FIGURE 3.8: Schematic representation of (a) the emission of 511 keV photons in the annihila-

tion of a positron produced in the 5* decay of a radionuclide, and (b) PET scanner (multiples

scintillator detectors forming a ring) detecting pairs of 511 keV photons emitted in coinci-
dence.

Photoelectric absorption predominates for low-energy ~-rays (up to a few hundred keV), pair pro-
duction predominates for high energy photons (above 5-10 MeV), and Compton scattering is the most
probable process over the intermediate range of energies. In each case, the resulting electron, so-
called fast electron, interacts with the atoms of the scintillator, producing multiple excitations and
consecutive de-excitations, emitting photons in the visible (or near-visible) light range. The number
of photons produced is proportional to the energy deposited by the initial photon, i.e. carried by the
fast electron. The light pulses are collected by a photocathode. Electrons, emitted from the photo-
cathode by photoelectric absorption, are accelerated by the applied high voltage and amplified at the
dynodes of the attached photomultiplier tube (PMT), resulting in an electric pulse proportional to the
absorbed energy.

3.3.1 PET/CT scanners
3.3.1.1 Principles of PET/CT scanners

Positron Emission Tomography - Computed Tomography (PET/CT) is a nuclear medicine technique
that combines, in a single equipment, a positron emission tomography scanner and an X-ray com-
puted tomography (CT) scanner. It acquires sequential images from both devices in the same session,
and combines them into a single superposed image. Thus, functional imaging obtained by PET, which
depicts the spatial distribution of metabolic or biochemical activity in the body, can be more precisely
aligned with the anatomic image obtained by CT scanning.

The PET system (see Figure 3.8) consists on multiples scintillator detectors forming a ring in order
to detect pairs of 511 keV photons emitted in coincidence, following the annihilation of a positron pro-
duced in the 8" decay of a radionuclide. These detectors are made of inorganic scintillation materials
with a very high effective atomic number and a high density, thus making them detectors with a high
detection efficiency. For instance, the ones used in this work are made of Lutetium Oxyorthosilicate
(LSO).

The fact that, depending on their spatial origin, the ~v-rays have to traverse different amounts of
material before reaching the detectors is accounted for by an “attenuation” correction that the sys-
tems applies to the acquired image considering the information from the CT scanner. As a result, the
tomographic reconstruction of the detected photons in coincidence provides a 3D activity map. This
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FIGURE 3.9: View of PMOD interface for imaging processing.

can be achieved using a numerical reconstruction algorithm, such as True X [134] or iterative [135]
protocol, with or without the time of flight (ToF) algorithm.

PET/CT scanners have been conventionally used and manufactured for diagnostic applications.
In these kind of applications, the radionuclide, known as tracer, is introduced into the body on a bio-
logically active molecule, such as fludeoxyglucose (FDG), and the imaged concentration of the tracer
indicates where the glucose has been uptaken by the tumor cells. However, as referred in Section 2.3.3,
these clinical devices can be also employed to monitor the dose delivered to the patient in a proton
therapy treatment. Nevertheless, in this work, PET/CT scanners are devoted to measure the activity
induced by nuclear activation, serving as an innovative detection system, not-previously used in com-
mon nuclear physics experiments. While in conventional applications the PET scanner is operated in
a static mode (accumulating signals during a specific time), in this novel application the PET scanner
is operated in dynamic mode, recording 60 s-interval acquisitions during several hours in order to fol-
low the decay in time of the different 3" emitters produced by the beam in the human body, which
feature different half-lives.

Imaging analysis

PMOD (v.4.203, 2020) [136] is a software environment developed exclusively for imaging research.
It provides the required infrastructure to import DICOM (Digital Imaging and Communications in
Medicine) images [137] from the PET scanner, which have been previously corrected by the PET/CT
Siemens software using the gamma attenuation information from the CT images. The Image Pro-
cessing and VOI Analysis Tool (PBAS) allows the viewing, processing and quantitative analysis of the
reconstructed images. The volumes of interest (VOI) functionality enables the creation of specific vol-
umes of different shapes and size to extract quantitative information from the image inside each VOI.

Figure 3.9 shows the software interface, with the corresponding PET image and defined VOIs. Defin-
ing the corresponding VOI for each foil, it is possible to quantify the induced activity by the activation
of each foil (explained later in Section 3.4.1). The output of the PMOD software is the number of counts
per second (“propcps”) as a function of time (thanks to the dynamic PET acquisition mode), which was

+ 22

converted into activity by measuring a calibrated 8~ ““Na source together with the activated foils.
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TABLE 3.1: Technical specifications of Biograph Vision and Biograph mCT. Data taken from

[139].
Vision mCT
Crystals LSO, 3.2x3.2x20 mm LSO, 4.0x4.0x20 mm
Detector elements Silicon photomultipliers Photomultiplier tubes
Axial FoV 26.1 cm 22.1cm
ToF timing resolution 210-215ps 540 ps

Transverse spatial resolution (measured at 1 cm

vertically from the centre of the FoV with 181 3.7 mm (FWHM) 4.4 mm (FWHM)
Sensitivity (according to NEMA NU-2 2012) 16.4 keps/MBq 10.0 keps/MBq
Time coincidence window 4.7ns 4.1ns
Energy window 435-585 keV 435-650 keV
Bed overlap 49% 43%

3.3.1.2 PET/CT scanners at CNA and WPE

Both PET scanners are provided by Siemens Healthineers. The technical specifications of both PET
scanners are listed in Table 3.1. The system at CNA is a Siemens Biograph mCT PET scanner with
a 221 mm axial field of view, coupled to a CT scanner, that allows to obtain 64-slices images. The
PET scanner is made of 144 LSO scintillator with 4 photomultiplier tubes each and looks for ~-rays
depositing energy between 435 and 650 keV within a time window of 4.1 ns [121].

The system at WPE is a Siemens Healthineers - Biograph Vision PET/CT scanner from the Nuclear
Medicine department of the University Hospital Essen, but located at the same building than the WPE.
This scanner is made of 3.2x3.2x20 mm”® LSO crystals and silicon photomultiplier (SiPMs) providing a
time resolution of just 214 ps and a higher spatial resolution than the previous one [138].

Since the radioactive isotope ' °Lu, with ¢, /2:3.78-1010 years, amounts to a 2.6% of the natural
lutetium present in LSO detectors, there is an intrinsic background in PET images due to the decay by
B~ emission and the three ~-rays of 88, 202 and 307 keV. As both scanners at CNA and WPE are made
of the same scintillator material and provided by Siemens, they have similar characteristics in terms
of the intrinsic radioactivity, reconstruction protocols and FoV.

3.3.1.3 Efficiency calibration of the PET scanners

PET scanners for medical imaging do not require a very accurate efficiency calibration, neither in ab-
solute value nor in its dependency with the position. Therefore, an spatial efficiency calibration of
these devices is required for an absolute measurement of the induced activity and subsequent calcu-
lation of the reaction cross sections.

The strategies followed in each experimental facility to determine the scanner efficiency calibra-
tions are limited by the available operating time and the resources to perform the experiments. In the
following, the employed methodology, experiments and results for each facility are described.

PET/CT scanner at CNA

The characterization of the spatial efficiency and statistic uncertainty of the PET scanner was carried
out using a calibrated **Na source. The calibration from “propcps” to activity units was achieved by
measuring a 120.8(24) kBq *’Na source, and comparing it against the obtained number of “propcps”
within the corresponding VOI. The activity of this source was corrected by a 1.04 factor and its uncer-
tainty reduced from 6% to 2%, as explained in Section 3.3.2.2.

The spatial efficiency map of the scanner was made by placing the source in different positions and
recording static 1 min images. The source was placed at a total of 72 positions in a polyethylene (PE)



3.3. Detection and acquisition systems 55

FIGURE 3.10: Axial, sagittal and coronal PET/CT image of the two planes of the polyethylene
matrix with the **Na source in their corresponding positions.
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FIGURE 3.11: Spatial calibration efficiency of PET/CT scanner at CNA.

matrix (9x4 holes inside the PE matrix, in two different planes), serving as converter of the emitted
positron, in order to cover the full field of view (FoV). This PE matrix is also used during the measure-
ment of the irradiated foils because the range of the positrons of interest in this work, emitted by 11C,
*N and '°0, is of 5, 6 and 9 mm in PE, respectively, compared to more than 8 m in air for the lowest
end-point energy isotope (0.960 MeV, in the case of ' C). Figure 3.10 shows the superimposed PET/CT
images of the calibrated source inside the holes in the PE matrix. The results, depicted in Figure 3.11,
show variations in the order of 5-10%, being fairly constant at the center of the scanner FoV.

Besides that, the possible statistical variations were assessed by measuring two different *?Na sources
of ~120 and ~800 kBq during 2 and 10 minutes, then covering the range of activity reached during the
experiments of the production cross sections. The results of the static PET images show that 2 min-
utes acquisitions provide a 1% statistical variation, while 10 minutes acquisitions reduce the variation
to 0.5%, for both *Na sources. In this regard, a 4% statistical variations in the determination of the
number of counts is considered for the dynamic 1 minute measurements to determine the production
Cross sections.
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In conclusion, the detection efficiency and uncertainty during the experiments at CNA were con-
sidered as follows:

* The number of “propcps” are converted to activity units by measuring a calibrated *Na source,
embedded in the PE matrix together with the rest of the irradiated foils.

¢ The measured activity in each foil is divided by the detection efficiency at that (x,y,z) position (as
displayed in Figure 3.11) to take into account the significant variations in the 3D spatial efficiency
map of the PET scanner.

* The resulting uncertainty in the PET scanner efficiency is affected by the uncertainty in the cal-
ibration source (2%) and the statistical uncertainty (estimated as 4%), giving a 4.5% overall un-
certainty.

PET/CT scanner at WPE

The available time at WPE was more limited than that at CNA, so it was not possible to measure a
3" source in each position. However, fortunately, it was possible to produce an extensive 5* source.
Therefore, the spatial calibration efficiency map was assessed by measuring this extensive source, in-
stead of measuring the point-like source in each position. The spatial efficiency of the scanner is
assessed as follows.

First, a calibrated 1.70(3) kBq *Na source was placed at 5 different positions and static PET im-
ages were taken in intervals of 1 and 15 minutes, to check the reproducibility of the measurements.
The shorter exposure of 1 minute resulted in values in agreement within 3.3%, a reproducibility that
improved down to 0.7% for the 15 minutes exposures.

Then, two 150x30x1 mm® graphite sheets were activated with a 150 MeV proton beam to produce
a homogeneous ''C source via (p,x) reactions, as shown in Figure 3.12 (left). The broad beam, ob-
tained by scattering in a degrader, covered the large area of the sheets with an accuracy of 1.5% in the
number of delivered protons [140]. Following the irradiation, these two graphite sheets were placed
into two different planes of the PET scanner (see 3.12, right) inside a PE matrix, where the conversion
of the positrons into two 511 keV photons emitted in opposite directions takes place. Then, dynamic
PET images of 1 minute interval during 30 minutes and static images of 3 minutes were taken. The
3 minutes images were reconstructed using two different protocols: iterative and True X, both with
ToF algorithms. The analysis was performed selecting as VOIs the same used later for the experiment
(described later in Section 4.1) and avoiding the edges of the PE matrix to prevent border effects. The
outcome from the 3 minutes images evidences that both reconstruction protocols provide the same
result within 1%, thus in the following only True X with ToF is considered. The number of counts
per second from the selected VOIs in the dynamic 30 minutes images were extracted as a function of
the time and fitted to the decay of HC, with a half-life of 20.36 min. Using the known *2Na source to
calibrate from number of counts to activity, the estimated activity at the end of bombardment of the
selected VOIs is, on average, 3.04 kBq, with a standard deviation of 4.4%.

Overall, the PET spatial efficiency is considered as constant and, since the activities produced in
the irradiations to determine the cross sections are in the order of tens of kBq, with some of them of
just a few kBq, a conservative value of 4% is chosen as spatial efficiency uncertainty.

In conclusion, the detection efficiency and uncertainty during the experiments at WPE were con-
sidered as follows:

e The results from the *>Na source show that, in this case, the PET spatial efficiency can be consid-
ered practically constant, where the observed deviations are merely statistical, due to the limited
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FIGURE 3.12: (Left) Irradiation of two graphite sheets. (Right) PET/CT measurement of the
activated sheets inside the PE converter.

1_1 T T T T T T T T T T ™7 T T [ T T T T T

1.05

0.95

I
©

0.85

Normalized efficiency

o
®

0.75

X position

FIGURE 3.13: Relative induced activity at the end of bombardment for each specific VOI of
the graphite sheets at WPE.

acquisition times and/or low activities. Furthermore, the outcome from the analysis of the acti-
vated graphite sheets confirms the mentioned homogeneity of the PET spacial efficiency, within
the mentioned 4.4%. Therefore, the PET spatial efficiency map will be considered as constant.

* The absolute calibration from number of counts to activity is performed using a a calibrated **Na

source, embedded in the PE matrix together with the rest of the irradiated foils.

The mentioned 4.4% variation is consistent with the contributions from the statistic variations
of 1 minute acquisitions (estimated as ~3% for a few kBq) and the 1.5% inhomogeneities of the
irradiation field used to activate the graphite sheet. Therefore, since the activities produced in
the irradiations to determine the cross sections are in the order of tens of kBq, with some of then
of just a few kBq, a conservative value of 4% uncertainty is chosen in regard of the statistical
variations.

The resulting uncertainty in the PET scanner efficiency is affected by the uncertainty in the cal-
ibration source (1.7%) and the statistical uncertainty (estimated as 4%), giving a 4.4% overall
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uncertainty.

3.3.2 LaBr;(Ce) and Nal(TIl) detectors
During the experiments described in this work, two types of inorganic detectors have been used [141]:

e A 2" x 2" cylindrical sodium iodide crystals (Nal(Tl)) optically coupled to the photomultiplier
tube (PMT). It was manufactured by Bicron Corp./Saint Gobain (model 2M2/2-X).

¢ A1.5" x 1.5" lanthanum bromide crystals (LaBrs(Ce)), coupled to the PMT. It was manufactured
by Saint Gobain (model 38538/1.5).

Both Nal and LaBrj crystals and PMTs are directly coupled to a Canberra 2007 or 2007P bases respec-
tively, which contains a high-voltage divider network to supply the bias voltages for the PMTs. The
Model 2007P includes a preamplifier, but it was not used in the experiments performed in this work.
Our group owns two LaBr3(Ce) detector and four Nal(Tl), so one type of detector or another is used as
required by the experimental setup.

Since the radioactive isotope **La, with ¢, /2=1.O3-1011 years, amounts up to a 0.09% of the natu-
ral lanthanum present in LaBr; detectors, there is an intrinsic radioactivity due to its decay: a 788 keV
'%8Ce, and 1435 keV y-ray from 3" and EC decay to stable '**Ba. Further-

more, the radioisotope 22T Ac, with t1/2=21.8 years, can be found in these detectors as a trace. This iso-
235

~-ray from 5~ decay to stable
tope, which occurs naturally as part of the U decay series, is chemically very similar to lanthanum
and is directly below it on the periodic table, which is why this contaminant is found in the scintillator.

207

The **"Ac’s radioactivity is due to its decay chain to stable **"Pb, which includes five a decays.

3.3.2.1 Data acquisition systems

The data acquisition systems (DAQ) employed during the experiments are CAEN Digitizers [142].
These systems are platform-independent instruments housing high speed multichannel Analog-to-
Digital Converters (ADC) with local memory and Field-Programmable Gate Arrays (FPGA) for real-
time data processing. This digital systems allow to acquire and process detector signals without addi-
tional electronic modules. Two types of CAEN Digitizers are used:

1. Model DT5730: It is a portable (15x16x5 cm) desktop digitizer that can be directly connected via
USB to a PC. It has 8 channels, and features a 14 bits Flash ADC module sampling at 500 MS/s,
which is well suited for mid-fast signals.

2. Model V1751: It consists on a VME 64X compliant connected to a PC via optical link. It has 8
channels and features a 10 bits Flash ADC sampling at 1 GS/s, which is well suited for fast signals.

Both models are compatible with the CAEN Multi-PArameter Spectroscopy Software (CoMPASS).
CoMPASS software is a user-friendly interface to manage the acquisition. It allows an easy setting of
the acquisition parameters and to display different plots and histograms at the same time. CoOMPASS
incorporates the ROOT Analysis Framework [143] and provides the possibility of saving the output files
(lists waveforms and spectra) in the ROOT TTree for an easy post processing [144]. The detectors are
connected directly to the inputs of the digitizer and the software returns the integral, time and Pulse
Shape Discrimination (no needed to this experiment) of each signal, providing as well visualization of
a selection of histogram during the data taking.



3.3. Detection and acquisition systems 59

1025"' T e ! ———T1 3 r T ]
i LaBr,(Ce) 3 10 -+-+ Detector LaBr, (1) |-—
I — cs ] L \ —e— Detector LaBr, (2) ]
10H 4 i n n — "o B sk \ —e— Detector Nal(Tl) ||
HIB Background| § w 4
— HIH ] 1 = 4
@ ; D o “\j Nal(T) 1 o \ ]
| L IH WA e cs 1 o

E ] Will -~ “Go 5 ]
Q | Background| § @ r -
© i ik 1 df Ly ]
: n ] r "‘“s-......._--......___u R ]
1071 T 1 2 e ]
L i ek A s Hl PO L) . 3 0 L. . L P L P L

0 500 1000 1500 2000 2500 600 800 1000 1200 1400

Energy (keV) Energy (keV)

FIGURE 3.14: (Left) Energy spectrum taken with two types of scintillation crystals. (Right)
Energy resolution for two LaBr; and a Nal crystals.

3.3.2.2 Energy resolution
The energy resolution of each detector is determined as [21]:

_ FWHM

R T

(3.17)
where FWHM is the FWHM of the photopeak and H, is the centroid of the photopeak due to pho-
toelectric absorption. In order to characterize the energy resolution of the different detectors, -y-rays
sources of *’Na, ®’Co and "*"Cs have been measured. The corresponding photopeaks which can be
observed in Figure 3.14 (left), have been fitted to a Gaussian distribution and the resolution has been
calculated from the corresponding centroids and standard deviations, taking into consideration that:

FWHM =2v2lIn2o. (3.18)

The resolution of each detector as a function of the energy is displayed in Figure 3.14 (right), noticing
the better energy resolution of the LaBr; crystal compared to the Nal.

3.3.2.3 Detection efficiency

As previously mentioned, the calculation of the production cross sections depends on the absolute
value of the induced activity produced by the proton beam within the foils. Therefore, the detection
efficiency of the LaBr; and Nal detectors must be determined. The detection efficiency relates the
number of particles detected in the photopeak to the total of particles emitted from the source, which
depends, for a given scintillator material and source material, on the energy deposited in the detector,
spatial distribution of the emitting source, distance from the source to the detector and size of the
detector.

In order to determine the detection efficiencies for each experimental setup, it is required an ac-
curate Monte Carlo calculation in which all the mentioned factors are taking into account. In order to
validate the developed Geant4 simulation and to characterize the detector geometries, a comparison
with experimental detection efficiencies using calibrated v-rays sources was performed. The general
idea is to reproduce the 511 keV photons-emitting source at its corresponding distance from the front
face of the detector, counting the number of 511 keV photons depositing all its energy in the sensitive
volume of the detector.
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FIGURE 3.15: (Left) Detection efficiency of the LaBr; detector as a function of the energy.

(Right) Detection efficiency of the LaBr; detector as a function of the distance between source

and detector. The simulation considers the nominal (blue) and a reduced (red) detector vol-
ume.

The detection efficiency curve for both LaBr; and Nal detectors as a function of the energy at a dis-
tance of 100 mm were determined from a '*"Cs and a *Na ~-ray sources from CNA. The experimental
efficiency is calculated as:

_n-f
=S (3.19)

where n and f are the total counting rate of the photopeak of interest and the background, respectively,
A is the activity of the source, and ! is the intensity of the decay.

The Geant4 simulations were performed considering a point source, encapsulated in a 20 mm di-
ameter and 6 mm thick plastic disk and placed at 100 mm from the detector. It emits isotropically 661.7
(**"Cs source), 511 or 1274 keV (**Na source) photons. The efficiency was calculated by counting the
number of photons depositing all its energy in the detector.

Since the activity of the 137 Cs source was known with an accuracy of 1% (632(7) Bq), there is a high
confidence in the experimental value of the detection efficiency obtained for this source. The com-
parison between this experimental value and the Geant4 simulation indicates that the LaBrs crystal
size should be actually 1.44" x 1.44" to reproduce this experimental data. It is illustrated in Figure 3.15
(left), where the experimental and simulated efficiencies as a function of the energy is displayed, for
the nominal (1.5" x 1.5") and updated (1.44" x 1.44") size of the detector.

Besides that, the comparison between the experimental efficiency of the *’Na source, whose ac-
tivity (106(6) kBq) is known within 6%, with the simulated efficiencies using a 1.44" x 1.44" detector,
indicates that it is required to scale the **Na activity by a 1.04 factor in order to reproduce the experi-
mental values with a single simulated efficiency curve within a 1%, as illustrated in Figure 3.15 (left).

Furthermore, Geant4 simulations to obtain the efficiencies at 50, 100 and 150 mm were also per-
formed and compared to experimental measurements. The results are shown in Figure 3.15 (right).
This figure displays the experimental detection efficiency for the 511 keV and 1274 keV ~-rays at 50,
100 and 150 mm, calculated using the uncorrected and corrected (by 1.04) values of the source’s activ-
ity. Also, this figure shows the MC simulations of these 511 keV and 1274 keV ~-rays, considering the
nominal and updated size of the dectector. As previously mentioned, the comparison between the ex-
perimental (considering the corrected activity of the **Na source) and simulated efficiencies confirms
the actual size of 1.44" x 1.44" of the detector, instead of the nominal value, in order to reproduced the
experimental data with a single efficiency curve.

In conclusion, these experiences evidences that:
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* The activity in the **Na source at CNA used on the determination of the efficiency of the PET/CT
scanner needs to be scaled by a 1.04 factor.

¢ The size of the detectors used in the Geant4 simulations to reproduced the experimental data
needs to be lower than the nominal one.

Taking the above-mentioned geometry construction aspects into consideration, the absolute de-
tection efficiencies to obtain the production cross sections were calculated for each specific target foil,
distance from the detector, beam spot size in the target and actual 3" activity distribution. The MC
simulations must consider also the effect of the escaping positrons from the target and the photon
attenuation in the target itself and in the air. The results of the Geant4 absolute efficiencies to obtain
the production cross sections are detailed in Section 4.1.

3.4 The strategy to measure the reaction cross sections up to 200
MeV

This section describes the two experimental methods developed in this work to measure the reaction
cross sections in the full energy range of interest, both of them based on the activation technique. In
addition, a description of each of the set-ups and the employed validation strategies are described as
well.

In both methods, thin foils are irradiated with a proton beam that features a given energy distri-
bution and losses energy as it traverses it. In order to determine the actual proton energy distribution
inside each foil, the same procedure has been followed in all cases. First, the proton energy distribu-
tion at the entrance and exit of each foil has been calculated with Geant4 and each one of these energy
distributions has been fitted to a Gaussian distribution. The parameters of the fits (mean values and
standard deviations) have been used for the calculation of the energy distribution inside each foil.
Therefore, considering an initial and final proton energy distributions:

P, t(E) = G(E, ;5,04 ), (3.20)

where G is a Gaussian function and x4 (mean) and o (standard deviation) its parameters, we can extend
the proton energy distribution as a function of the depth z as:

P.(E) = G(E, p.,0.). (3.21)
Considering a linear dependence of the parameters of the distribution on z:
,uz(E) = au + bu * 2, (322)

0, (E)=a, +b, -z, (3.23)

The parameters a,, b,, a, and b, are calculated from the values at the entrance and at the exit distri-

butions as:
Ay = oy — Ay 2, (3.24)
:uZi - :LLZf
W= 2 (3.25)

Gy = 0Z; — Qg * Zi, (3.26)
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FIGURE 3.16: Calculation the energy distribution of the proton beam inside a Nylon foil (black

line), calculated from the simulated energy distribution at the entrance (dotted blue line) and
exit (dotted red line) of the target.

_ Oz; —0Zf
by = 7ETTa (3.27)
considering z; = 0, z; as the foil thickness, 1...=E., and p. =FE. .
Then, the probability distribution within the foil is calculated as:
1 ( E - Hz (E) ’
1 2 0u(B)
P(E)=———-¢ z (3.28)
)= o)

The proton energy in each foil is then defined as the mean value of the corresponding P(E) distri-
bution:
E = JE - P(E)dE, (3.29)

with an asymmetric energy spread calculated as the point in which the probability function reaches
its half maximum values. As an example, the energy distribution (P(E)), mean energy (E) and energy
spread (0 F) of a Nylon-6 foil irradiated with a 16.76(6) MeV beam, together the initial and final energy
distributions (P;(E£) and P;(FE)), are displayed in Figure 3.16.

3.4.1 Experimental Setup I: multi-foil activation combined with PET

In the frame of this thesis, a new method has been developed with the goal of obtaining energy differ-
ential cross sections in the full energy range of interest without having to perform one irradiation and
one activation measurement per energy value. The so-called multi-foil activation technique consists
on the irradiation of a target made as an assembly of thin foils in such a way that the beam features a
different energy as it traverses each foil. The novelty of the method employed in this work consists on
the subsequent measurement of the induced activity in all the foils individually but simultaneously, by
using a PET scanner as sketched in Figure 3.17. Inside the scanner, the foils are embedded in a matrix
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1. Single irradiation 2. Positioning 3. PET measurement

Beam ——— /)
 Foils embedded
in a PE matrix

serving as converter

FIGURE 3.17: Steps involved in the multi-foil activation technique with PET measurement:
(1) single irradiation of a target assembly of thin foils, (2) positioning of the thin films in a
polyethylene matrix, (3) activity measurement with a PET scanner.

TABLE 3.2: Detailed information of the multi-foil target assemblies irradiated at the 18 MeV
CNA cyclotron. *In bold, the dominant reactions for the production of '*C and **N below 18
MeV and the monitor reaction.

Material 3. Composition # foils Thickness (mm) Range (mm) Main reactions*
(g/cm’) foil total E,=16.7 MeV
12C( n) 11 C
PE 0.96 C,H, 15 0.198(2) 2.97(3) 3.03 IQC(P’p)BN
Py
16 11
PMMA 118 C;0,H; 14 01712) 23903) 2.36 Op3p3n) ~C
140(p,a)11N
Nylon6 113 C¢H,;NO 14 0.183(5) 2.56(7) 2.67 1&?"‘” )1§N
N(p,pn)
Copper 8.92 Cu 8 0.068(1) 0.544(8) 0.586 % Cu(p,n)**Zn

of polyethylene (PE) that serves both to position them inside the scanner and to ensure the annihila-
tion of the positrons into two 511 keV annihilation photons in the close vicinity of each foil. As all the
foils are measured simultaneously, this requires just a single irradiation; hence minimizing the errors
associated to reproducibility of the irradiation parameters as well as the irradiation and measuring
times, which are scarce and expensive, especially when using clinical beams.

This multi-foil activation technique has been applied in the experiments at CNA and WPE. At CNA,
the 18 MeV cyclotron allows to measure the energy differential reaction cross sections at the distal
fall-off of the induced activity curve in the patient, i.e. in the Bragg peak region. At WPE, the clinical
accelerator provides beam energies between 100 and 200 MeV, which has allowed measuring cross
sections between 30 and 200 MeV. Both experiments were performed minimizing the number of irra-
diations (one at CNA and four at WPE per target assembly) and consecutive activity measurements,
maximizing the efficiency in the outcome of the experiments, as all reactions of interest are measured
“simultaneously”.

As previously described, the energy distribution inside each foil within the multi-foil target were as-
sessed using Geant4 simulations, and the proton energy and its asymmetric energy spread, i.e. error-
bars, are defined as the mean value and values at half of the maximum of the corresponding distribu-
tion.
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FIGURE 3.18: Proton energy distribution inside nylon-6 foils at CNA.

TABLE 3.3: Details of the performed irradiations at CNA. *The current integrator was cali-
brated from the results of the integral activity of °°Zn induced in the copper target (see section
3.4.3.2)

Number of Cecay (%)
protons (x10"*)  (isotope of interest)

18.39(5) (*°N)

Target Current™ (nA) Duration (s)

PE 33.8(16) 300(1) 6.3(3) 8.73(3) ('C)

26.31(5) (**N)

PMMA 15.9(8) 420(1) 4.17(20) 12.373) ('C)
13

Nylon-6 33.4(16) 300(1) 6.3(3) 18.39(5) ( "'N)

8.73(3) (*'C)

3.4.1.1 Experimental setup at CNA

The irradiation setup at CNA consists on three stacks (multi-foil) of thin foils rich in carbon (polyethy-
lene), oxygen (Poly(methyl-methacrylate), abbreviated as PMMA) and nitrogen (polycaprolactam, ab-
breviated as Nylon-6) to study the reactions producing ''C and '*N. For each material, the stack was
made of a certain number of thin foils with a total thickness slightly smaller than the corresponding
beam range, so that the protons traverse the targets and exit with an energy just below the corre-
sponding reaction threshold, hitting the 2 mm graphite beam dump where the current is measured as
described in Section 3.2.1. The optimal thicknesses and the beam energy degradation along the target
assembly have been calculated via Geant4 simulations. For instance, the proton energy distributions
inside the foils of the nylon-6 assembly are shown in Figure 3.18. The characteristics of the targets are
summarized in detail in Table 3.2.

The three target stacks are mounted on a target holder coupled to a motorized table that allows
placing the targets of different materials in the beam without entering the experimental room (see
Figure 3.19, right). This setup minimizes the time span between the irradiations of the different tar-
gets, and hence the decay of the activity between the irradiations and the PET measurement. The laser
positioning system of the experimental room was employed for the alignment. A scintillator sheet was
also placed in the holder in order to visually verify the position, size and shape of the beam with a
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FIGURE 3.19: (Left) Experimental beam line at CNA. (Right) Irradiation setup at CNA.
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FIGURE 3.20: (Left) Positioning of the irradiated foils between the PE thick layers. (Right) PET
measurement of the activity of the irradiated foils embedded in the PE matrix at CNA.

video camera from the control room. A 125 ym thick Mylar vacuum window closes the beam line and
the irradiations are performed in air, at 55 mm from the window.

The details of each irradiation (duration, current, accumulated charge and fraction of isotopes that
decays during the irradiation) are summarized in Table 3.3. In all cases the current was low enough
to prevent damaging the targets and the duration of the irradiations was chosen to produce enough
activity in each target, but within the radio-protection limits of the facility. Following the irradiation,
and after the time span needed to access the experimental area, the targets were transported to the
measuring station at the PET/CT.

After the three irradiations, the activity of all the foils is measured simultaneously with the PET
scanner described in Section 3.3.1. A total of 46 foils were inserted into the PE matrix, forming two
layers as illustrated in Figure 3.20. As mentioned already, the PET scanner was operated in dynamic
mode recording 60 s interval acquisitions during five hours, although after the first three hours the
signal was already very close to the background level, as the half-lives of "'C and '®N are 20.36 and
9.97 min, respectively.

3.4.1.2 Experimental setup at WPE

The experiment at WPE consists on the irradiation of three stacks of foils rich in carbon (polyethy-
lene, C,Hy, PE), oxygen (silicon dioxide), SiO;) and nitrogen (aluminum nitride, AIN) at four different
energies, allowing the measurement of the reaction cross sections of "¢, N and '°0 from ~30 MeV
up to 200 MeV in narrow energy intervals. The optimal thickness of the foils during the experiment
at WPE was chosen to optimise the covered energy range with the minimum number of irradiations.
The target thicknesses were 1 mm for the PE and SiO, foils and 0.64 mm in the case of AIN (see Table
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TABLE 3.4: Detailed information of the target assemblies at WPE. *In bold the main reactions
for the production of ''C, **N and '°0. **Copper target placed always behind SiO, assembly.

Material p (gl cm®) Composition Thickness (mm) Reactions channels*

PE 0.96 CoH, 1 Pcpx''c

Quartz 2.2 Si0, 1 Yopx'c, opx N, opx) 0
Aluminum nitride 33 AIN 0.64 “Npx''C, "Np,x) "N, “N(p,7)'°0
Copper 8.92 Cu 1 ”“tCu(p,x)G?’Zn (monitor)

Protons

.
-

FIGURE 3.21: (Left) Experimental setup during the irradiations at WPE. (Right) The SiO, stack
made of 10 thin foils of SiO, between thicker PE degraders. The first and last foils are the PE

and copper monitor foils, respectively.
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FIGURE 3.22: Proton energy distribution inside PE foils at different initial beam energies for
the WPE and HIT irradiations. Dotted lines: Proton energy distributions inside PE degraders
placed between target foils.

3.4 for details), significantly thicker than the foils of hundred of ym used for low energy experiments

at CNA.

During the irradiations, the foils were embedded between 5 or 10 mm thick PE slabs (see Figure
3.21) to degrade the proton beam energy down to the desired value in each foil. As the minimum
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TABLE 3.5: Details of the performed irradiations at WPE, including the initial irradiation en-
ergy (E,), the polyethylene (PE) degrader thicknesses used in each case, the beam character-
istics and the accumulated charge.

Initial PE Beam size Accumulated

E; MeV) degrader PE degrader between foils charge (nC)

o, (mm) o, (mm)

5 mm after the first three foils and
100 40 mm 3 mm after the fourth foil 8.08 781 64.9(7)

5 mm (2 mm after the last two

100 i foils of AIN & SiO, assemblies) 8.08 781 64.9(7)
150 - 10 mm 5.53 5.23 87.2(9)
190 - 10 mm 4.07 4.02 103.0(10)

7 E =190 MeV

£
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E; = 100 MeV + 40 mm i

[ nitial PE degrader 5 cm

FIGURE 3.23: (Left) Irradiation of Gafchromic EBT3 foils placed between PE degraders.
(Right) Irradiated Gafchromic EBT3 foils at E;=190 MeV and 100 MeV, in the latter case us-
ing 40 mm of initial PE degrader in front of the assembly.

extracted energy at WPE is 100 MeV, in order to measure down to ~30 MeV, a PE slab of 40 mm was
used in front of each stack to degrade it down to 60 MeV. The optimization of the foils and degraders
configuration (summarized in Table 3.5) was assessed with Geant4 simulations. Figure 3.22 shows the
energy distributions inside each PE foil for each initial beam energy as an illustrative example of the
how the full energy range interest is covered at WPE.

The alignment and targets’ positioning at the isocenter was carried out with the help of the laser
positioning system. The lateral spreading of the beam as it traverses the degraders and target foils has
been verified using Gafchromic EBT3 foils for each one of the incident energy and degraders config-
uration. Figure 3.23 displays the irradiation setup and the irradiated Gafchromic foils at the extreme
cases of incident energies.

The experiments at WPE were performed using PBS, where the direction of the beam can be mag-
netically adjusted. This allows the irradiation of three stacks with the same initial beam energy with-
out entering the treatment room and without having to move the targets (as it was done at CNA). This
way, the time span between the irradiation of the different targets was practically negligible, and the
radioactive decay between the irradiations and the PET measurement was minimized. The total num-
ber of monitor units for each irradiation was fixed to 5000 MU. Table 3.5 summarizes the nominal
beam size and accumulated charge for each irradiation.

After each irradiation with a given beam energy, the activity from all the irradiated foils was mea-
sured simultaneously using the PET scanner in dynamic mode, recording 60 s images during four
hours, time enough to reach the background level. The PET/CT scanner at WPE is located close to
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FIGURE 3.24: (Left) Positioning of the irradiated foils between the polyethylene thick layers.
(Right) PET measurement of the activity of the irradiated foils embedded in the PE matrix at
WPE.

the treatment rooms, which allowed to transport and place the irradiated foils inside the PET scanner
rapidly enough to measure the decay of '°0, with a half-life of just 122 s. Figure 3.24 shows: (left) the
disposition of the irradiated foils in two layers within the PE matrix, (right) the complete PE matrix
inside the PET scanner at WPE. Equally to the determination of the spatial efficiency, the images were
reconstructed using the mentioned two protocols (iterative and TrueX, both with ToF), which provided
compatible results within less than 1%.

3.4.2 Experimental Setup II: single-foil activation at HIT

The experiments on long-lived (~minutes) isotopes at CNA and WPE left uncovered the energy region
between ~17 MeV and ~30 MeV, a region that is interesting because it corresponds to several reactions’
thresholds, and is hence a region with a rapid increase of the corresponding cross sections. Therefore,
an experiment was designed at HIT, which features a minimum beam energy of just 50 MeV (compared
to 100 MeV at WPE), to complement the mentioned experiments at CNA and WPE for long-lived 3"
emitters.

Additionally, a completely different set-up was designed in order to measure on-line the produc-
tion of short-lived (ms to s) 3" emitters in the full energy range from reactions’ threshold up to 200
MeV.

The two experimental set-up developed at HIT are described in the following.

3.4.2.1 Measurement of long-lived 3" emitters at HIT

The minimum initial beam energy available at WPE is 100 MeV, which means that the energy spread is
too large when the beam is degraded down to ~30 MeV. On the other hand, the maximum beam energy
available at CNA is 18 MeV. Therefore the production of long-lived 5 emitters in the energy range
between 18 and ~30 MeV was performed at the HIT facility, which can deliver proton beams with a
minimum of 50 MeV. Unfortunately, HIT is not equipped with a PET/CT scanner and hence a different
approach (from the previously described in Section 3.4.1) had to be implemented for measuring the
induced 8" activities.

Asin WPE, the proton energy was degraded using PE layers with different thicknesses to achieve the
desired proton energy distribution inside each foil (see Figure 3.25 (a)). The above-mentioned Figure
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TABLE 3.6: Details of the performed irradiations at HIT to measure the long-lived isotopes,
listing the initial irradiation energy (E;), polyethylene (PE) degrader used in each case, the
two target materials used in each irradiation, beam characteristics and accumulated charge.

PE degrader Beam size Accumulated
E; MeV) (mgm) Target1 Target2 FWHM (mm)  charge (nC)
50.6 14 PE PE 31.3 8.9(3)
50.6 15 SiO, SiO, 31.3 19.3(6)
50.6 13 AIN AIN 31.3 19.3(6)
50.6 16 AIN Cu 31.3 19.3(6)
50.6 16 PE Cu 31.3 19.3(6)

) | Pb + foil + Pb

(c)

4a

i PE dégfaders
I + foils + Cu E
m

FIGURE 3.25: Setup for the measurement of the long-lived isotopes of interest at HIT, con-

sisting on (a) irradiation of the target assembly and (b) measurement of the induced activity

using a LaBr; detector, and the measurement of the short-lived isotopes (c), showing on the
top of the figure an example of phosphorus powder target.

3.22 displays as well the energy probability distribution in the PE foils measured at HIT, illustrating the
improved energy resolution achieved at HIT with respect to WPE in the low proton energy range.

At HIT, five assemblies of two foils (the same foils as used at WPE) were irradiated. The reaction
cross sections in carbon and nitrogen were obtained at three energy values and two in the case of oxy-
gen. Table 3.6 summarizes the details of each irradiation: initial energy, targets, degraders in front of
each target, nominal beam size (FWHM) at the isocenter and accumulated charge. As in WPE, the ex-
periments were performed using PBS, positioning the assembly with the laser system, and measuring
with Gafchromic EBT3 foils the size of the beam at the foils positions.

After each irradiation, the activity in the corresponding foils were measured using the LaBrz -
ray detectors discussed in Section 3.3.2.1 (see Figure 3.25 (b)). These were placed just outside the
irradiation room, hence allowing to measure the decay of 0. During the measurements, each target
was sandwiched between a pair of 1 mm thick lead foils, acting as positron converters, and placed at
150 mm from the front face of the detector. The detectors were connected to the mentioned CAEN
DT5730 digitizer that provided the signals’ integral with the corresponding timestamp, allowing to
study the decay curve from the positron emitters of interest.

3.4.2.2 Measurement of short-lived 5" emitters at HIT

The short-halflife of the '*N, **"K and *’P produced in carbon, calcium and phosphorus, respectively,
prevented from moving the irradiated foils to any other detection system, such as the previously-
described PET. Therefore, the induced activity is measured simultaneously to the irradiation. Protons
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TABLE 3.7: Detailed information of the irradiated foils.

Foil p(g/cm®) Composition  Thickness (mm) Reactions channels

PE 0.96 C,H, 5 “Cpx "N
Ca 1.55 Ca 4 O Ca(p,x)**"K
P-1 1.70 red phosphorus 4 Sp(px)*°P
P-2 1.76 red phosphorus 4 p(p,x)*P
P-3 1.79 red phosphorus 4 HPpx*P

TABLE 3.8: Details of the performed irradiations at HIT to measure '°N, listing the initial ir-
radiation energy (E;), thickness of the Pb converter, nominal beam size, accumulated charge
and beam on/off cycles.

E, (MeV) Pb thick. Beam size Accumulated Beamon Beam off # cycles

¢ (mm) FWHM (mm) charge (nC) (ms) (ms)

50.60 2.5 31.3 9.3(3) 30 600 1000
50.60 2 31.3 9.3(3) 30 600 1000
60.90 2 26.3 9.3(3) 30 600 1000
70.03 2 22.8 9.3(3) 30 600 1000
80.04 2 19.6 9.3(3) 30 600 1000
90.70 2 17.4 9.3(3) 30 600 1000
110.24 2 14.4 9.3(3) 30 600 1000
130.52 2 12.5 9.3(3) 30 600 1000
160.09 2 10.6 9.3(3) 30 600 1000

are delivered as a succession of beam-on/beam-off periods, whose duration depends on the half-life
under study. As the background level is reached in each beam-off period, several cycles are summed
to improve the statistics.

Three different thin foils (see Table 3.7 for details) were irradiated at ~10 different energies in order
to obtain the reaction cross sections of interest from threshold (~20 MeV) up to 200 MeV. The tar-
get thicknesses were 5 mm for the polyethylene (PE) and 4 mm in the case of pure calcium and pure
phosphorus targets. In the case of the calcium foils, 8 foils of 30x30x2 mm® were assembled together
to form a 60x60x4 mm® target. In the case of phosphorus targets, red phosphorus powder was com-
pressed and packed in three capsules made of 50x50x2 mm® or 50x50x1 mm?® lead foils, depending on
the desired energy distribution inside each one. Figure 3.25 (c) shows the irradiation set up and an
example of phosphorus powder target.

During the irradiations, the targets were sandwiched between a pair of several millimetres thick
lead foils, acting as positron converters in order to maximize the conversion efficiency. The optimiza-
tion of the Pb thickness configuration, PE degraders and final energy distribution inside each foil were
assessed with Geant4.

As seen in Figure 3.25, the targets were placed perpendicularly to the beam. Then, a pair of LaBr3
detectors were used to measure the activity produced in each proton beam cycle. These were placed
one at each side of the target, at 10 cm from it and with an angle of 45 degrees to enhance the detection
efficiency. The detectors were connected to the CAEN V1750 digitizer that measured continuously,
that is during both beam-on and beam-off periods. The timestamp of the signals allowed to study
the decay curves of the 5 decays with and without applying coincidence conditions between the
detectors.

Table 3.8, 3.9 and 3.10 summarize the details of each irradiation for the PE, Ca and P targets, re-
spectively. The irradiations were also performed using the PBS mode. As mentioned in the previous
section, the centering of the foil was verified using the laser and Gafchromic EBTS3 foils.
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TABLE 3.9: Details of the performed irradiations at HIT to measure **™K, listing the initial
irradiation energy (F;), thickness of the Pb converter, thickness of the PE degrader, nominal
beam size, accumulated charge and beam on/off cycles.

E, (MeV) Pb thick. PE thick. Beam size Accumulated Beamon Beam off # cycles

g (mm) (mm) FWHM (mm) charge (nC) (s) (s)

50.60 2.5 - 31.3 16.0(5) 5 50 10
50.60 - 10 31.3 16.0(5) 5 50 10
50.60 - 5 31.3 16.0(5) 5 50 10
50.60 - - 31.3 4.81(14) 5 50 10
60.90 2 - 26.3 16.0(5) 5 50 10
60.90 - - 26.3 4.81(14) 5 50 10
70.03 2 - 22.8 16.0(5) 5 50 10
70.03 - - 22.8 4.81(14) 5 50 10
80.04 - - 19.6 4.81(14) 5 50 10
90.70 - - 17.4 4.81(14) 5 50 10
110.24 - - 14.4 4.81(14) 5 50 10
130.52 - - 12.5 4.81(14) 5 50 10
160.09 - - 10.6 4.81(14) 5 50 10
200.11 - - 8.4 4.81(14) 5 50 10

TABLE 3.10: Details of the performed irradiations at HIT to measure 2p listing the initial ir-
radiation energy (E;), thickness of the Pb converter, nominal beam size, accumulated charge
and beam on/off cycles.

E. (MeV) Pb thick. Beam size Accumulated Beamon Beam off # cycles

¢ (mm) FWHM (mm) charge (nC) (s) (s)

50.60 2 31.3 16.0(5) 5 50 10
50.60 1 31.3 4.81(14) 5 50 10
60.90 2 26.3 16.0(5) 5 50 10
70.03 2 22.8 16.0(5) 5 50 10
80.04 2 19.6 4.81(14) 5 50 10
90.70 2 17.4 4.81(14) 5 50 10
110.24 2 14.4 4.81(14) 5 50 10
130.52 2 12.5 4.81(14) 5 50 10
160.09 2 10.6 4.81(14) 5 50 10
200.11 2 8.4 4.81(14) 5 50 10

3.4.3 Validation strategies

The experiments reported herein have been performed at different facilities and using different exper-
imental set-ups. Furthermore, the preparation and analysis of the experiments are based on calcula-
tions and simulations that are not straightforward. Therefore, an effort has been made to design and
implement a strategy that has allowed validating the measuring and analysis techniques.

3.4.3.1 Monitor foils (in setup I)

In front of each target assembly in the multi-foil experiments there was a PE foil used for monitor-
ing purposes. The idea is that the activity induced in the monitor foils of the three stacks irradiated
with the same energy must be proportional to the beam charge accumulated by each stack. Further-
more, the measurement of activity of the monitor foils with the PET scanner requires to apply the
corresponding corrections associated to the decay during the irradiation and the transport of the foils.
Therefore, the agreement between the activity of the different monitor foils allows validating both the
relative beam current measurements and the decay corrections applied.
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TABLE 3.11: Details of the thick-target irradiations at CNA. *The current integrator was cali-
brated from the results of the integral activity of °*Zn induced in the copper target.

Number of Cdecay (%)
protons (x10*%) (isotope of interest)

2.75(6) (**N)

Target Current” (nA)  Duration (s)

PMMA 2.17(11) 48(1) 6.4(3) 13763) (')
9.60(5) (**N)

Nylon-6 2.15(11) 176(1) 23.7(12) £913) (10)

natoy 2.37(12) 31() 4.59(23) 0.464(15) (°*Zn)

3.4.3.2 The IAEA "*'Cu(p,x)**Zn monitor reaction (in setups I and II)

The cross section results from the experiments at CNA, WPE and HIT were all validated using a com-
plementary measurement of a well established reaction cross section: the IAEA standard reaction
"*Cu(p,x)**Zn [145), with the 3" emitter **Zn featuring a half-life of 38.47(5) min. A thick target of
"t Cu was irradiated independently (CNA) or together with at least one of the target foils (WPE and
HIT). This allows to measure the integrated (also referred to as “thick-target”) production yield below
~20 MeV and compare it against the expected value from the IAEA evaluation. In the following, the
setup in each facility is described.

1. At CNA, the irradiation of a 0.544 mm Cu target below 18 MeV was carried out independently
from the target assemblies (see Table 3.2 for target details and Table 3.11 for irradiation details).
The resulting activity was measured sandwiching the target within a pair of 1 mm thick lead
foils (acting as positron converters) and placing it at 9.8 cm from the front face of the already
mentioned 1.5"x1.5" LaBr; detector. In the case of CNA, this well-known reaction was used as
reference to calibrate against it the current integrator module.

2. At WPE, two C targets of 1 mm (see Table 3.4 for details) were placed behind the SiO, stack for
each specific initial beam energy, as shown in Figure 3.21. The induced activity was measured
simultaneously with the rest of the foils in the PET scanner.

3. At HIT, two Cu targets of 1 mm were irradiated behind a PE and a AIN targets, respectively (see
Table 3.6). The copper targets were the same as the used at WPE. The induced activity was mea-
sured with the LaBr; detectors.

3.4.3.3 Integral vs. differential yields of ''C and '°N at CNA

The experimental setup I previously described in Section 3.4.1 was applied for the first time at CNA, so
a complementary measurement to obtain the thick target production yields of '*N in oxygen and ''C
in nitrogen using conventional detectors was performed to validate the results from the differential
measurements in the PET scanner, and the results are shown in Section 4.5.3. Regarding the produc-
tion of "*N in oxygen and '' C in nitrogen, there are two IAEA evaluations below 30 MeV; since these are
the typical radioisotopes used in PET diagnostic. In Section 5.1, the experimental production yields
are compared against the value from the evaluation.

For this purpose, two targets of PMMA and Nylon-6 with the same thickness of the target assembly
used for the PET measurement were irradiated under the same conditions (see Table 3.11). Then, the
activity produced in the thick targets was measured with a Nal and LaBr; detectors, respectively, in
the same configuration as the one discussed in the previous section of "*Cu target, where the targets
were placed between Pb converters at 100 mm from the front face of the detector.
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Chapter 4

Data analysis

This chapter is devoted to the analysis of the measurements carried out at the CNA, WPE and HIT
facilities. It includes detailed discussions about the corrections (positron conversion efficiency, vy-ray
detection efficiency and decay during irradiation and transport), decay curve fitting and validations
(from monitor foils, the monitor **Cu(p,n)®*Zn reaction, and thick vs. multi-foil target tests). Last,
the determination of the cross section values from the observables is explained and the summary of
uncertainties assessed.
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HE DATA ANALYSIS procedure starts with the decay curves obtained with the different detection
T systems. The corresponding curve fitting allows determining the amount of 5* emitters pro-
duced per incident proton, but firstly the data have to be corrected by the positron annihilation and
~-rays detection efficiencies, and the decay during the irradiation and the transport of the targets. The
data are then normalized to the incident beam current and the curve fitting takes place. Before trans-
forming the results into cross section values, a series of tests and comparison are performed in order to
validate all the mentioned corrections and validations. Then, the duly corrected results from the curve
fitting are transformed into reaction cross section values with their corresponding uncertainties.

4.1 Escaping positrons and photon attenuation

The positrons emitted in the 8+ decay feature an energy distribution with a maximum corresponding
to the Q-value. The corresponding range is such that the annihilation of the positrons, which occurs
only once they come to rest, can happen outside the irradiated foil. As the positron endpoint energy
typically increases with decreasing half-life (see Table 2.1), the effect of escaping positrons is larger for
shorter half-lives; for instance, the range of the most energetic positrons (up to 16.3 MeV, in the case
of '?N) is about ~6.5 m in air, while it is reduced to ~7 mm in lead. While in some of the configurations
employed a complete annihilation of the positrons in the proximity of the target has been achieved,
in some case this has not been possible and a correction related to the fraction of escaping positrons
had to be estimated. In addition, once the positrons are annihilated and converted into a pair of
511 keV photons, these must traverse a not negligible amount of material (the foils themselves, the
positron converters and a given distance in air) before reaching the corresponding detection system.
The correction due to the attenuation of the photons had as well to be estimated for each specific
set-up.

These two corrections, escaping positrons and photon attenuation, are strongly dependent on the
experimental set-up and on the reaction under study.

In the experimental setups using the PET scanners at CNA and WPE, a 100% positron conversion
efficiency was ensured by the PE matrix within which the foils are placed. In this matrix, the distance
between foils was larger than the maximum positron range and hence the annihilation occurred in the
vicinity of each foil without overlap with its neighbor. Then, the photons attenuation was calculated
and corrected for automatically by the reconstruction software of the PET scanner based on the the
CT information, as it is custom in PET/CT diagnostics.

In the experimental set-ups using LaBr; and Nal detectors, both corrections, escaping positrons
and photon attenuation, were calculated with Geant4. The PrimaryGeneratorAction.cc class of the
Geant4 toolkit was adapted to simulate the isotropic emission of positrons with the energy predicted
by the Fermi theory of 3-decay (see Equation 2.13). The spatial origin of the emitted positrons source
was defined according to the size of the beam spot in each irradiation, i.e. the activated area, param-
eterized as a Gaussian distribution characterized by the FWHM of the beam for each beam energy.
The 5" emission depth was randomly distributed over the target thickness. The effect of escaping
positrons and the subsequent attenuation of the 511 keV photons was assessed simultaneously by
looking at the number of photons per emitted positron depositing precisely 511 keV in the actual de-
tectors. This was done in the realistic geometry corresponding to each experimental set-up, as it is
illustrated in Figure 4.1, which shows the LaBr; detector and Cu targets embedded between the lead
plates. Both LaBr; and Nal crystals are encapsulated in 2 mm and 2.5 mm thick aluminium, respec-
tively, and the actual size of the crystals is considered as described in Section 3.3.2.3.
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(a) LaBr; crystal

(b) LaBr; crystal
1.44 in. x 1.44 in.

1.44in.x 1.44 in.

1 mm thickness 5
.10 cm (45°)
~—

®.” Al shell
1 mm thickness

Pb+Cu+Pb

| Pb+P+Pb

FIGURE 4.1: Geant4 geometry model of the setup to measure (a) the induced activity in a
copper foil as described in Section 3.4.3.2, and (b) the induced activity of short-lived isotopes
as described in Section 3.4.2.2.

TABLE 4.1: ®*Cu(p, pn)® Zn reaction yield determined at CNA via the detection of the 511,

670 and 962 keV lines. In the case of the 511 keV line, the detection efficiency is calculated

by simulating directly the pair of 511 keV photons (as a point source emission) or the actual
positron (i.e. considering the realistic possibility of escaping positrons).

Yield*
Source 1(%) e(%) (kBq/nC)
(2x) 511 keV  92.8(5) 0.572(8) 1.80(9)
e’ 92.8(5) 0.459(6) 2.24(11)

670 keV 8.19(32) 0.1773(14)  2.31(11)
962 keV 6.50(16) 0.1284(18)  2.24(11)

*Values before the correction due to the emission
of secondary electrons (see Section 4.3).

The Geant4 application developed to estimate the detection efficiencies of each set-up (including
the effect of escaping positrons and photon attenuation) was validated through the analysis of the ac-
tivation of a copper target below 18 MeV at CNA using the experimental setup described in Section
3.4.3.2. A 544 um thick "* Cu target was irradiated (see details in Table 3.2) and the formed B7n (t, /2
=38.5 min) activity was studied with the LaBr; detector after sandwiching the target in between 1 mm
thick lead foils to increase the positron conversion efficiency. The analysis was made looking at both
the 511 keV photons from the annihilation of positrons (emitted mostly outside the target, in the con-
verters) and the y-ray lines of 670 and 962 keV from the decay of ®*Zn (hence emitted from inside the
target and without positron range effects). The efficiency for detecting the 670 and 962 keV photons
was calculated with Geant4 as described in 3.3.2.3. For the case of the 511 keV, the efficiency was cal-
culated assuming a direct emission from the target and also assuming the realistic case of positrons
emitted in the target, then transported and then, not always, annihilated within the target+converter
assembly. The results, summarized in Table 4.1 (see Section for discussion on the quoted uncertain-
ties), illustrate the compatibility within just 1.7% of the results from the analysis of the direct y-rays
emission (670 and 962 keV photons) and of that with study of the 511 keV photons when the realistic
simulation of positron emission is considered. However, if the positron annihilation is neglected and
the efficiency is calculated as if the two 511 keV photons were always emitted from the target itself,
the result is underestimated by 20% because the fact that some positrons escape the target assembly
is not considered; hence demonstrating the importance of a detailed simulation of the positron trans-
port and annihilation which, as mentioned above, is very dependent on the particular Q-value and
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TABLE 4.2: Detection efficiency for 3* decays obtained from Geant4 simulations using realis-
tic geometries and positron emission. The experimental set-up corresponds to that illustrated
in the left panel of Figure 4.1 for the off-line measurement of long-lived isotopes.

Foil (thickness) Pb thickness Isotope Qg (MeV) I (%) £ (%)
PE (1 mm) - e 0.960 99.750(13)  0.154(3)
e 0.960 99.750(13)  0.209(4)
Si0, (1 mm) 1 mm 13N 1.198 99.818(13)  0.223(4)
150 1.735 99.885(6)  0.219(4)
e 0.960 99.750(13)  0.207(4)
AIN (0.64 mm) 1.5 mm 13N 1.198 99.818(13) 0.178(3)
50 1.735 99.885(6)  0.228(4)
(2x) 511 keV (simplified) - - - 92.8(5) 0.546(12)

TABLE 4.3: Detection efficiency for 3" decays obtained from Geant4 simulations using realis-
tic geometries and positron emission. The experimental set-up corresponds to that illustrated
in the right panel of Figure 4.1 for the on-line measurement of short-lived isotopes.

oo . e (%) e (%)
Foil (thickness) Pb thickness Isotope Qg (MeV) Ig (E,=50 MeV)  (E,=200 MeV)

2.5 12 0.249(4) -

PE (5 mm) 5 N 16.316 96.17(5) 0.238(4) 0.246(4)

- 0.254(4) 0.238(4)
Ca (4 mm) 2 mm s8my 5.022 99.883(6) 0.302(5) -
2.5 mm 0.270(5) -
P-1(679(18) mg/cmz) 1 mm 0.389(7) -
P-2 (703(18) mg/cm®) 2 mm *p 3.921 98.22(3) 0.286(5) .

P-3 (718(19) mg/cm?) 2 mm 0.285(5) 0.308(5)

(2x) 511 keV (simplified) - - - 92.8(5) 0.546(12)

the experimental set-up.

The efficiency for detecting the 3* decays from each of the target foils in each of the configurations
used at HIT has been calculated and the results are given in Tables 4.2 and 4.3. The case of Table 4.2
correspond to the measurement of long-lived isotopes, which were brought to the measuring station
displayed in the left panel of Figure 4.1. On the other hand, Table 4.3 is related to the short-lived
isotopes that are measured in between irradiation cycles using the set-up displayed in the right panel
Figure 4.1. The two efficiency values correspond to beam spots and hence activated areas with FWHM
values of 31 and 8 mm corresponding to the beams with 50 and 200 MeV, respectively, and illustrate
the non negligible effect of the spatial distribution of the 3" emitters. In both tables there is a last line
corresponding to the simplified case in which a pair of 511 keV photons would be emitted from the
target position (as a point source) in the absence of target or converter. Once again, if the positron
annihilation is neglected both in the target and the converters and the efficiency is calculated as if the
two 511 keV photons were always emitted from the target itself, the results are underestimated by a
factor more than 2; hence demonstrating again the importance of a detailed simulation of the positron
transport and annihilation.
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FIGURE 4.2: Scheme of the reconstruction of the overall isotope production from the activity
measured some time after the irradiation, illustrating the effect of the decay during the irra-
diation and the transport.

4.2 Decay during the irradiation and transport

The differential equation describing the process of radioisotope formation by the activation technique
and subsequent decay is defined by two terms: the mentioned reaction rate Ry, defined by Equation
3.10, and the rate of decay given by the law of the radioactive decay, defined by Equation 3.13. There-
fore, the radioisotope formation process can be expressed as:

dN,
d—tk=R;€—)\-Nk=Nk~ak~Ip—/\-Nk, @.1)

Solving this equation for N, (0) = 0, the number of produced nuclei at the end of bombardment (EOB)

1 _ e_/\tirrad
=Np-op-Ip- tirrad— 7 (4.2)

irrad

EOB
Ny,

where the fraction in the right term accounts for the decay during the irradiation.

In order to keep this correction limited, the irradiation times were kept lower than three half-lives
of the isotopes of interest. This correction was the largest for the case of the CNA experiments where
the beam current had to be kept low in order not to damage the very thin (~100 xm) targets employed,
hence requiring long irradiation times. For instance, in the particular case of the PMMA targets, ~26%
and ~12% of the '*N and "' C isotopes decayed during the corresponding irradiation, respectively.

It must also be considered that the activity measurements are performed some time after the irra-
diation, with times ranging from ~5 minutes at HIT and WPE up to ~45 minutes at CNA. Therefore,
besides the above-mentioned correction, the measured activity must be corrected by the fraction that
decayed during the transport:

_ —AMiransport
Ctransport = 1-e s (4.3)

where t;,.,,5p0-+ Stands for time required to place the foils in the detection system since the irradiation.
The largest c¢;,qnsport COrrection occurred also for the case of the PMMA foils at CNA, which required 45
minutes to transport and place the foils inside the PET scanner. During that time, 95.5% of the amount
of ' C decayed. This very long transport time was due to the fact that the radio-protection rules of this
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facility did not allow entering the experimental room above a certain room dose limit.
The two corrections mentioned herein are illustrated in Figure 4.2.

4.3 Beam current monitoring: the effect of secondary electron emis-
sion

As described in Equation 3.15, the induced activity at EOB is normalized to the total number of inci-
dent protons during the irradiation to obtain the production yield y (activity per unit incident charge,

in units of Bq/C) as:
AEOB

Y¥=7 ) (4.4)

P M ti’r”r'

where I, is the proton beam current and t,,.,. is the irradiation time, with the AFOB previously corrected
by the factors described in the Section 4.2. Section 3.2 describes the procedure to measure the beam
current in each facility.

The experiments at the proton therapy centers (HIT and WPE) were performed at high energies
that enable the use of devices in the beam line upstream of the targets to measure the beam current.
However, in the experiments at CNA (with a maximum energy of 18 MeV), the beam current is mea-
sured using a beam dump placed behind the foils and connected to a current integrator, but neglecting
the the effect of secondary electrons not being recovered by applying a positive voltage, because it was
in air. Hence, the measured current was overestimated by a factor that had to be experimentally deter-
mined. In particular, we measured the production yield of the IAEA monitor reaction °*Cu(p,pn)**Zn
[145] at 16.76(6) MeV, the energy of the 18 MeV beam of the cyclotron after traversing the vacuum
window and the air gap. The expected %37n production yield was calculated as the convolution of the
IAEA production yield with the proton energy distribution incident in the Cu targets, given by a Geant4
calculation. The resulting value of 2.01(8) kBq/nC is 11% lower than those given in Table 4.1, indicat-
ing the size of the beam current overestimation due to the secondary electron emission. The beam
current measurements along the different irradiation at CNA were hence scaled down by applying a
factor of 0.90(4).

4.4 Analysis of the decay curves from activated foils

In all experiments, the measured quantity was the counting rate as a function of time. This is con-
verted into an activity per incident charge decay curve A(t) by dividing it by the efficiency of each
detection system (PET scanner, LaBr; or Nal in each case), the intensity associated to the decay (see
Table 4.2 and 4.3), and the integrated beam current. The time is set to zero at the exact moment when
the irradiation is stopped. Then, the corresponding activity value at the end of the bombardment
APOP is determined by fitting each decay curve to the linear combination of a constant background

plus the expected exponential decays of the isotopes produced:
Alt)y=C+y AT 4.5)

where i represents each 8" isotopes (*'C, >N, *N, '°0, *’P and/or **"'K) produced in the foil.

To obtain the production yields of "' C, N and 'O in the main elements of the human body in
the full energy range of interest in proton therapy, the experiments were performed at three different
facilities: CNA, HIT and WPE, each one covering a specific energy range. Then, the production yields
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of P *®K and '°N in phosphorus, calcium and carbon were measured at HIT in the full energy range
of interest. The following section contains the details of the analysis and decay curves fitting for a
selection of foils rich in carbon (PE), nitrogen (nylon-6, AIN), oxygen (PMMA, SiO,), phosphorus and
calcium irradiated in each facility.

4.4.1 Analysis of PE, PMMA and nylon-6 foils at CNA

At CNA, foils rich in carbon (PE), oxygen (PMMA) and nitrogen (nylon-6) were irradiated below 18 MeV
to obtain the production yields of ' C and "®N. The induced activity on each foil were fitted to :

FEOB - FEOB —MX13t EOB -
A(f) = C+A11% e Atct +A13(])V e Mapt +A18?‘ e )\lsFt, (4.6)

where the term corresponding to '°F (t; /2=109.77 min) has been included because it can be produced
via the 18O(p,n) despite the very low abundance of 0 in oxygen, ranging between 0.001(87) and
0.002(22) [146, 147]. Although the production of 18F can be studied, given the substantial variations
in the isotopic abundances of '*0 in natural and terrestrial materials, the absolute values of the cross
section of 0 were not obtained in this work.

Figure 4.3 shows a few examples of the decay curves for PE, PMMA and nylon-6, two foils of each
case. The fits reproduce very well the data and, in general, indicate a negligible constant term, as ex-
pected. As mentioned before, the parameters of the fit (A% (Z)B ) provide the activity per unit charge just
after the irradiation for each of the produced 3" emitters. Given the large count statistics acquired and
the sufficient length of the measurements that allow reaching the background level, the uncertainty in
the fit is in most cases negligible, i.e. less than 1%, as given by ROOT [143].

Regarding Figure 4.3:

* In the study of the production in carbon using the PE foils, ''C is only produced in the first foil,
whose energy is E;=16.4(4) MeV, an energy close to the energy threshold of the reaction. In this
case, both isotopes ''C and "*N contribute comparably to the total 3* production, as shown
in Figure 4.3 (a). In the rest of the PE foils, only 13N is produced (Figure 4.3 (b)), reaching the
negligible background level after approximately five '*N half-lives.

* The production in oxygen was studied using PMMA foils, which contain both oxygen and carbon
and therefore different reaction channels contribute to the production of the 8% emitters '' C and
13N. Below 18 MeV, the main 6+ isotope produced on oxygen is 13N via (p,a), which is shown to
be clearly identified and quantified in Figure 4.3 (c,d). However, the production of ''C is often
comparable to that of '®E see (c), or even considerably lower, see (d). This results in quite large
uncertainties in the determination of AﬁgB, which changes significantly if both or neither the
18F and background terms are considered, fixed or left free to vary. Therefore, the production
cross section of ''C in oxygen is not considered for this work.

* The production on nitrogen is studied using nylon-6 foils, which contains oxygen and carbon
besides nitrogen. Below 18 MeV, the main 3" isotope produced on nitrogen is "' C (see Figure
4.3 (e,f)) via (p,e), which is observed very well above the '*F and background level, which are
negligible. Then 13N is also clearly observed, but its origin is from oxygen via (p,«) rather than
from 14N(p,pn)l‘Q’N reactions.
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FIGURE 4.3: Decay curves for two PE (a,b), PMMA (c,d) and nylon-6 (e,f) foils measured with

the PET scanner at CNA. The lines correspond to the total and partial contributions to the fit

to Equation 4.6. For the sake of clarity, some decay curves are displayed only up to 200 min,
although they are fitted up to 300 min.

4.4.2 Analysis of PE, SiO, and AIN foils at WPE and HIT

Above 18 MeV, the experiments to obtain the production cross section of the long-lives isotopes ',
13N and **0O consisted on the irradiation of thin foils of PE, SiO, and AIN at HIT and WPE, as described
in Sections 3.4.1.2 and 3.4.2.1.

Figure 4.4 and 4.5 show an example of the decay curves of the PE, SiO, and AIN foils irradiated
at WPE (activity measured with a PET scanner) and HIT (activity measured with LaBr; detectors), re-
spectively. The fits correspond to the production of ''C, "N and 0, as:

EOB - EOB - EOB -M\is
A(t) =C+ Aug e Mgt + A13]Ov e Mayt + A15OO e M Ot. (47)
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FIGURE 4.4: Decay curves for two PE (a,b), SiO, (c,d) and AIN (e,f) foils measured with the

PET scanner at WPE. The lines correspond to the total and partial contributions to the fit to

Equation 4.6. For the sake of clarity, some decay curves are displayed only up to 130 min,
although they are fitted up to 250 min.

Compared to the case at CNA discussed above, the 150 (t1/2=122 s) has been included because the
transport time was short enough for it to have a sizable contribution, and '*F is not considered be-
cause its contribution was negligible above ~20 MeV.

Regarding the decay curves and fits for the data at WPE, corresponding to the energy from ~30
to 200 MeV, and shown in Figure 4.4, the data are nicely reproduced by the decay contributions of
the three mentioned isotopes and the constant background term is negligible. The three isotopes
under study are produced in SiO, and AIN foils, but with different probabilities depending on the
beam energy: for instance, the production in AIN at 190 MeV (f) is about one order of magnitude
lower than at 50 MeV (e). The figure illustrates how the decay curves are dominated by the decay of
one or another isotope depending on the time interval, for instance in (c) the decay of '>O dominates
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FIGURE 4.5: (a) Energy spectrum for an AIN foil measured at HIT. The read peak comes from

the the 511 keV annihilation photons. The dotted red lines indicate the energy range. In black,

the background energy spectrum. (b, ¢, d) Time spectrum of the 511 keV intensity peak for a

AIN (b), PE (c) and SiO, (d) foils measured at HIT. The dash-dotted green, blue and pink lines

show the fit of the decay of the *C, "*N and '°0, respectively. The dash-dotted yellow line
represents the background level. The red line shows the total fit.

during the few first minutes, but eventually e prevails.

The decay curves of the data at HIT, corresponding to the energy from ~20 to ~30 MeV, shown
in Figure 4.5, are produced by integrating as function of the time the 511 keV peak observed in the
deposited energy spectra of the LaBr; detectors, illustrated in the left panel of Figure 4.5 (a). The fits
show nicely the contributions to the decay curves of the different 5™ emitters, but in comparison to the
data from WPE a sizable background component is observed. This is related to the fact that the PET
at WPE operates in coincidence mode, while the LaBr; observes only one of the 511 keV photons and
hence is subject to all the background radiation whose Compton contributions fall within the 511 keV
range. Nevertheless, the background is well assessed and has a negligible effect in the determination
of the A" values from the fits.

4.4.3 Analysis of PE, Ca and P foils at HIT

The half-lives of >N, *’P and **"'K is so short that there was not enough time to irradiate the tar-
gets and then bring them to a detection set-up. Hence the LaBr; detectors were installed looking at
the targets in the beam line (see Figure 3.25) and the irradiation planning was adjusted to measure
in beam-on/beam-off cycles with a length associated to the half-life of interest (see Section Section
3.4.2.2). In Figures 4.6 and 4.7 the top panel shows the energy deposited spectra in the detector during
the beam on/off times, the middle panel shows the integral of the 511 keV peak as function of the time,
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FIGURE 4.6: (a) Energy spectrum for a PE foil measured at HIT, with the red points and lines

indicating the energy window to integrate the 511 keV peak of interest. (b) Time spectrum of

the integrated peak. (c) Summed time spectrum. The dotted blue and yellow lines show the

fit of the decay of the °N and the background level, respectively. The red line shows the total
fit.

illustrating the beam-on/beam-off cycles employed for the study of each * emitter, and the bottom
panel shows the decay curve resulting from the sum of all the cycles. In all cases, the results reported
later correspond to the average and standard deviation of all the cycles summed up and also, when
the statistics allows, of the first and last cycles analyzed individually. In some random cycles, mostly
in the very short ones, the DAQ could not stand the high counting rate registered during the beam-on
periods and the subsequent beam-off cycles are corrupted, in which case they are neglected in the
analysis.
Regarding the analysis of the decay curves in Figures 4.6 and 4.7:

e The production of °N (t; /2=11 ms) in C was assessed with a PE target using 30 ms on/600 ms
off duty cycle (see Figure 4.6). In this case, the production in each cycle is quite low and hence
all cycles are summed and fitted to the production of ‘>N plus a constant term, without any
additional contribution.

e The production of *’P (¢, /2=4.142 s) was assessed with a phosphorus target using a 5 s on/50 s off
duty cycle (see Figure 4.7, c). The curve fits shows a clean 2p contribution on top of a constant
background. In addition, in the last cycle the beam-off period is longer, which served to validate
the fitting with the longer-lived isotope *°P (t; /2=2.50 min).

¢ The production of ssmp (t1/2=924 ms) was assessed with a calcium target using as well a 5 s
on/50 s off duty cycle (see Figure 4.7, d). In this case, it was necessary to include in the fit a
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FIGURE 4.7: (a, b) Energy spectrum for phosphorus and calcium foils measured at HIT, with

the red points and lines indicating the energy window to integrate the 511 keV peak of interest.

(¢, d) Time spectrum of the integrated peak, showing the corresponding cycles. (e, f) Summed

time spectrum. The dotted lines show the fit of the decay of the **B, **'K or *"K. The yellow
line shows the background level. The red line shows the total fit.

slight contribution from Al (¢, /2=7.183 s) produced in the Mg impurities of the Ca target: if not

f 38m

included the production o Kis overestimated by up to 10%.
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FIGURE 4.8: Decay curves of the monitor PMMA and PE monitor foils irradiated at CNA (18

MeV) and WPE (150 MeV), respectively. In addition to the normalization to the integrated

beam current, the curves are corrected for the decay during the irradiation and the time offset
related to the corresponding transport times.

TABLE 4.4: A”°" values corresponding to the monitor foils employed at CNA and WPE.
EOB

Facility B, (MeV) A gtar.ld:.‘rd

PE PMMA/SiO,  Nylon-6/AIN ~ €€Viaton
CNA 18 57(62) Bq/nC  61(3) Bq/nC 56(3) Bq/nC 4.5%
WPE 100* 1.16(4) 1.12(4) kBq/nC  1.16(5) kBq/nC 1.8%
WPE 100 0.92(4) 0.94(4) kBq/nC  0.96(4) kBq/nC 1.7%
WPE 150 0.92(4) 0.94(4) kBgq/nC  0.92(4)kBq/nC 0.88%
WPE 190 0.69(3) 0.67(3) kBq/nC  0.68(3) kBq/nC 1.5%

* A 40 mm PE degrader was placed in front of the first monitor
to bring the initial energy of 100 MeV down to ~60 MeV.

4.5 Validation measurements and results

4.5.1 Validation with monitor foils

As discussed in Section 3.4.3.1, the first foil in each stack of the multi-foil experiments at CNA and
WPE was of PMMA and PE, respectively. These monitor foils were measured simultaneously with the
rest of the foils with the PET scanner.

The activity curves corresponding to CNA (18 MeV beam energy) and one of the irradiation at WPE
(150 MeV beam energy) are displayed in Figure 4.8. The data have been previously corrected by the
decay during the irradiation and a time offset corresponding to the time needed to transport the ir-
radiated foils from irradiation room to the PET scanner. The clear agreement between the activity of
the different foils validates simultaneously the reproducibility of the beam current measurement and
the corrections related to the decay during irradiation and transport. As summarized in Table 4.4, the
EOB yalues is 4.5% at CNA and better than 2% at WPE, uncertainties
that are later considered in the overall accuracy assessment of Section 4.7.

level of agreement between the A

4.5.2 Validation with the IAEA monitor reaction "“'Cu (p,x)63Zn

Among the available reference cross sections for charged-particle monitor reactions evaluated re-
cently by the IAEA [145], the mltCu(p,x)GSZn reaction has been used in this work.

The experimental set-up for the copper irradiation in each facility was described in Section 3.4.3.2.
The resulting decay curves are fitted to the sum of three exponentials, corresponding to the production
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FIGURE 4.9: Production yields for the """ Cu target at WPE. The dotted green, blue and yellow
lines show the fit of the decay of the ®®Zn, ®>Cu and ®*Zn, respectively. The red line represents
the total fit.

of ®*Zn (t,/,=38.47 min), “*Cu (t;/,=9.673 min) and **Zn (t;/,=9.186 h):

EOB -\ EOB —>\ EOB -\
A(t) =C + Asz e 09 znt + Aoz, € c2cut + As24, € 02 znt (4.8)

As an illustrative example, the activity curve at WPE and the corresponding fit to Equation 4.8 are
shown in Figure 4.9.

The experimental values are then compared to the expected **Zn production yields calculated as
the convolution of the IAEA reference cross section with the proton energy distribution incident in the
corresponding Cu target, which is calculated with Geant4 after the degradation occurred upstream for
the Cu targets. The experimental and calculated values are summarized in Table 4.5:

¢ At CNA, the measured thick target physical yield is 2.24(10) kBq/nC, 11% larger than the IAEA
evaluation for ®*Cu(p,n)**Zn for 16.7 MeV protons. As mentioned in Section 4.3, the beam dump
where the beam current was measured at CNA was not suppressed for secondary electrons, and
hence the IAEA monitor reaction is used for normalization purposes: i.e. the measured inte-
grated currents are scaled up by a 1.11 value.

¢ At WPE, the measured and expected thick target physical yields differ by only 4%, which is actu-
ally the quoted accuracy of the monitor reaction cross section.

e At HIT, two different copper targets were measured. In both cases, the measured and expected
thick target physical yields are also in a very good agreement, 4 and 6%.

nat

Considering that the "*'Cu(p,x)**Zn cross section is an IAEA monitor cross section featuring low
uncertainties, these results serve as validation of the measuring technique, the analysis strategy and
corrections applied for both experiments; it validates the beam current measurements, the detection

efficiency calculation and the decay corrections.
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TABLE 4.5: Comparison between the IAEA and experimental production yields of the
" Cu(p,x)**Zn reaction

Target with which

Experiment itis irradiated Y., kBg/nC) Yy, (kBq/nC) Ratio
CNA - 2.24(10) 2.01(8) 1.11%
WPE SiO, 2.72(11) 2.62(11) 1.04
HIT PE 2.28(8) 2.38(10) 1.04
HIT AIN 2.16(7) 2.28(9) 1.06

* This value is used as normalization for the CNA measurements (see text for details)

4.5.3 Validation with thick vs. thin multi-foil targets

Since the multi-foil activation technique combined with the subsequent PET measurements were first
applied in this work, a complementary measurement to obtain the thick target production yields using
conventional detectors was performed to validate the results from the differential measurements in
the PET scanner. The experimental procedure is described in Section 3.4.3.3.

In the case of the Nylon-6 target, the production of ¢ was determined as 502(17) Bq/nC. The
corresponding value from the PET measurement, obtained as the sum of the activities of each one of
the individual foils, amounts to 520(30) Bq/nC. In the case of PMMA, the integral production of "°N
was determined as 709(23) Bq/nC, and the corresponding value from the PET measurement as 760(40)
Bg/nC.

Both PET measurements are in agreement with the value from the thick target within 4% and 7%,
respectively. The average deviation of the integral and PET measurement (5%) is assumed by the un-
certainty related to the reproducibility of the irradiations, hence validating the use of a PET scanner as
a detector capable of making accurate absolute activity measurements. This is remarkable consider-
ing that the attenuation corrections are very different in both set-ups: 2 mm of lead in the stand-alone
scintillator detector case (accounted for via Geant4 simulations) vs. several centimetres of polyethy-
lene plus the bed in the PET scanner (accounted for the PET reconstruction software using the corre-
sponding CT image).

4.6 From activity to cross sections

The reaction cross section at a specific beam energy of the beam traversing a thin foil is calculated
using Equation 3.14, from the corresponding yield calculated in Equation 4.4, resulting in:

Af‘OB
Ti = ) (4'9)
J=e Ip N t’i'r'r- . >\i . ’I'LJ
where A¥°% is the activity at the end of bombardment, j and i stand for the seed and produced isotope,

n; is the surface density (atoms/barn) of the isotope j, p; is the isotopic relative abundance, I, - t;,.,. is
the integrated beam current, and ), is the decay constant of ;.

However, the PMMA and Nylon-6 foils used at the CNA experiments are not “pure” foils of oxygen
and nitrogen, as they contain also carbon, and oxygen and carbon, respectively, which also contribute
to the production of "'C and '"N. Therefore the production yield in oxygen and nitrogen were ob-
tained, respectively, by subtracting the carbon contribution (obtained previously from the PE films)
from PMMA and the carbon and oxygen contributions (obtained previously with the PMMA foils) from
Nylon-6. The production cross section of ''C and "*N in '°C, '°0 and "N can be written as:



88 Chapter 4. Data analysis

AFOB Ny * Opoi
3 d
Uj—»i = —. - X . ) - —TL' 5 (4.10)
Iy tipr o Xy omy k(zk“) j

where the terms with & refer to the other isotopes from which ¢ can be produced.
The subtraction term in Equation 4.10 for the experiments at CNA is case dependent:

* >C(p,): nothing needs to be subtracted.

J 16O(p,3p3n)11C: only extra 12C(p,pn)nC contribution to be considered. The subtraction term is
lower than 1%, as the production in carbon is negligible.

* '°0O(p,@)"*N: only extra *C(p,7)"*N contribution to be considered. The subtraction term ranges
between 3% and 9%, except below 7.7(6) MeV, where it is increased up to 24%.

o 14N(p,0¢)11C2 only extra 16C(p,Sp?')n)HN contribution to be considered, as the carbon contribu-
tion is negligible. The subtraction term is lower than 2%.

o 14N(p,pn)lSN: only extra 16O(p,a)BN contribution to be considered, while the carbon contribu-
tion is negligible. The contribution from '°0 is so important, >70% and higher at all energies,
that this reaction is not considered.

The experiments at WPE and HIT are not affected by this issue, since the foils used in both facilities
were “pure” foils of carbon (PE), oxygen (SiO,) and nitrogen (AIN), and pure foils of phosphorus and
calcium. SiO, and AIN foils were chosen and are considered “pure” because silicon and aluminum do
not contribute to the production of the long-lived isotopes under study in this work.

4.7 Estimation of systematic uncertainties

The systematic uncertainties of the reported cross sections resulting from this work have contribu-
tions from the detection efficiency (of the PET or the LaBr; detectors in each case), the uncertainty in
the foil thickness, the accuracy of the measurement in the beam current, and the corrections due to
the decay during the irradiation and transport (always less than 0.5%, so it is neglected in the discus-
sion below).

The different contributions mentioned are summarized in Table 4.6 for each one of the experimen-
tal setups used to measure the reaction cross sections of the long- and short-lived isotopes. Following
the rules of systematic error propagation via quadratic sum, the individual uncertainties add up to
a combined total systematic cross section uncertainty ranging between 4.6% and 6%. In addition to
these general considerations, each cross section value has an additional contribution of statistical na-
ture from the fit (given by ROOT [143]), which depends on each specific fit.

Overall:

¢ At CNA, the best accuracy reached amounts to ~6.1%, with contribution from the uncertainties
of the spatial dependence of the PET scanner efficiency (4.5%), the foil thickness (1%) and the
normalization of the integrated beam current using the mentioned "**Cu(p,xn)**Zn current in-
tegrator (4%). In this case, the total uncertainty has also contribution from the subtraction of the
competing reactions mentioned in the previous section (see Equation 4.10).

* At the WPE experiment, the best accuracy reached amounts to ~4.6%, with contributions from
the uncertainties of the spatial dependence of the PET scanner efficiency (3%), the activity of the
*2Na calibration source (1.5%), the foil thickness (1%) and the beam current measurement (1%).
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TABLE 4.6: Systematic uncertainties contributing to the overall accuracy of the reaction cross
section measured in this work.

Experiment Detection efficiency Foil thickness Beam current Total

CNA 4.5% 1% 4% 6.1%
WPE 4.4% 1% 1% 4.6%
HIT 2.2% 1% 5% 5.6%

» At HIT, the best accuracy is ~3%, with contribution from the uncertainties of the detection effi-
ciency at a specific target-detector distance determined from the Geant4 simulation (1.7%, see
Section 4.1), the **"Cs and ®°Co used to characterize the detector size (1% in both cases), the foil
thickness (1% when shipping by the manufacturer, and almost 3% for the “home-made” phos-
phorus targets) and the beam current measurement (5%).

Overall, the quoted systematic uncertainties allow reaching an accuracy of a few percent that is
in the order of that of the IAEA reference cross sections. Furthermore, for the particular purpose PET
range verification in proton therapy, the shape, i.e. the dependence with the proton energy, of the cross
sections is more important than the actual absolute value. In this respect, the uncertainties reported
herein do not feature a dependence with the beam energy and hence provide a very accurate “pure”
cross section. This is demonstrated through the very good agreement between different experiments
(irradiation energies and/or facilities) in the energy regions where they overlap, as it is discussed in
detail in the next chapter.
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Chapter 5

Resulting cross sections and their
impact in PET range verification

This chapter presents the results of the reaction cross sections of the long-lived ''C, "*N and "°0 in car-
bon, oxygen and nitrogen, and the short-lived >N, *’P and **”"'K in carbon, phosphorus and calcium,
respectively. While the detailed cross section values are listed in Appendix A, figures of each reaction
are presented individually and compared with the data available in the literature, both the experimen-
tal and evaluated values. Then, calculations of the activity induced in phantoms of different materials
are shown to illustrate the effects and implications of the new data for the implementation of PET

beam range verification in proton therapy.
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HE CROSS SECTIONS for all the reactions of interest have been calculated from the production yields
T using Equation 3.14. The data presented herein have been obtained either by the multi-foil ac-
tivation technique combined with the measurement with a PET scanner or by single activation and
measurements using conventional detectors. Both experimental procedures are described in Chapter
3, while the data analyses and the corrections applied are discussed in Chapter 4.

In the following, the results of this work for the production of 11C, 13N and 0 on C, N and O, and
and the production of >N, *’P and **”K in C, P and Ca, respectively are presented and discussed sepa-
rately. The cross section obtained for each particular reaction is discussed individually and compared
to the experimental and evaluated data available in the literature (ENDF and JENDL). Regarding the
evaluations, it should be noted that the original evaluated data of the ENDF/B-VIII.O library is consid-
ered but, in order to cover the full energy range of interest, the corresponding ICRU63 extrapolation
beyond 150 MeV has been included.

Along the cross sections comparisons, the energy thresholds are also discussed in detail because
they are of especial interest for PET range verification. This is discussed in the last section, which con-
tains realistic calculations of activation of phantoms to illustrate the impact of the new cross section
data in PET range verification.

5.1 Production cross sections of long-lived 3" emitters

Although the approach to measure the 3" emitters’ production cross sections via the determination
of the 511 keV photons followed in previous works is comparable to the standard one, also followed in
this work, the methodology (multi-foil vs. single-foil irradiation, PET scanner vs. conventional scintil-
lator detectors, and different experimental facilities) is quite different. Our complete data set includes
data from different facilities using different approaches. Also, the multi-foil activation combined with
PET acquisition is an innovative strategy that allows to measure multiple cross sections points as a
function of the proton energy with a single irradiation and single activity measurement.

Therefore, several validation strategies have also been followed in order to validate the developed
technique and our results: monitor foils (see Section 4.5.1), measurement of a standard IAEA reac-
tion cross section (see Section 4.5.2), cross-check of differential yields with integral yields (see Section
3.4.3.3), then enhancing the confidence in the obtained cross section data.

The results of the production cross sections at low energy measured at CNA, i.e., in the Bragg peak
region, have been published in [148]. The production cross sections obtained at HIT and WPE at
higher energies have been published in [149]. These publications include the point-wise values of the
reaction cross sections, which can be also found in Appendix A.

5.1.1 12C(p,x)”Creaction

There are quite some data sets in the literature for the '*C(p,x)"" C reaction, as it has been previously
considered for instance as reference cross section [150] or as a proxy for beam monitoring in proton
therapy [151]. However, all previous experiments cover only a restricted energy range.

From Figure 5.1 one can observe two main groups of data: one including the data of Hintz et al.
(1952) [115], Aamodt et al. (1952) [108], Backer et al. (2019) [104], and another one with Gauvin et al.
(1962) [109], Matsushita et a. (2016) [116] or Horst et al. (2019) [105]; the latter being about 15 to 25%
lower than the first one, even though there are recent works in both groups. It is noticeable that the two
most recent data sets, reported by Béacker et al. [104] and Horst et al. [105], show differences beyond
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FIGURE 5.1: Cross sections for the production of ''C on C.

15% around 100 MeV. Furthermore, all measurements indicate an underestimation by the ENDF/B-
VIIL.0 library. This situations illustrates the need of new data with enhanced accuracy covering the full
range of interest, as done in this work.

Since the energy threshold of this reaction is 17.9 MeV, ''C was only produced in the first foil of
the multi-foil assembly in the experiment at CNA, whose energy is E;=16.4(4) MeV, as illustrated in
Figure 4.3 (a). At higher energy, the experiments at HIT and WPE provided three and forty cross section
values, respectively. As shown in Figure 5.1, the cross section reported herein is in very good agreement
with the higher cross section data group mentioned before i.e. with Hintz et al. (1952) [115], Aamodt
etal. (1952) [108] and, the more recent, Biacker et al. (2019) [104].

While deviations of the cross section values obtained in the present experiments from values pub-
lished in the 1950s may not be particularly surprising, the deviation from the cross section at energies
higher than 100 MeV reported very recently (2019) by Horst et al. [105] is noteworthy, since these are
important energies for proton therapy dosimetry and the differences are in the range of 15%, which is
significant considering the quoted uncertainties.

5.1.2 16O(p,x)HC reaction

The 16O(p,x)HC production channel has been less investigated than others in previous studies, but
it is also of interest in PET range verification, as about the 65% of the human body is composed by
oxygen.

As illustrated in Figure 5.2, the previous data from Albouy et al. (1962) [110], Kettern et al. (2004)
[152], Akagi et al. (2013) [153] and Masuda et al. (2018) [154] show significant discrepancies, with
differences up to 40% in the low energy region (~50 MeV) and even larger discrepancies right above
the reaction threshold.

Considering the sizable uncertainty (~20%) of the only data available up to around 200 MeV (Ket-
tern et al. 2004), the new data presented herein are in a reasonable agreement with them; indicating
a ~25% overestimation and ~20% overestimation of the ENDF/B-VIIL.0 and JENDL evaluations, re-
spectively. The latter are based in the data of Albouy et al. (1962), which seems to be clearly far form
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FIGURE 5.2: Cross sections for the production of ''C on O.

the expected behaviour near and right above the 24 MeV threshold. Regarding more recent data, the
data of Akagi et al., (2013) show inconsistencies between neighboring data points and a sizable cross
section even below the threshold. Last, it seems that the previous most recent data (Masuda et al.,
2018) underestimate the reaction cross sections, with a starting point considerably above the energy
threshold. Overall, the cross section values measured in this work represent the most complete data
set, covering the whole energy range of interest from threshold up to 200 MeV, showing sizable differ-
ences with previous data and evaluations in both shape and absolute value in the region right above
the reaction threshold, which is the region closest to the Bragg peak and hence of most importance for
PET range verification.

5.1.3 14N(p,x)HC reaction

Nitrogen is the fourth most abundant element in the body after oxygen, carbon, and hydrogen. Re-
garding the production of "Cin N, although it is not as significant as the one in C or O, the 14N(p,x) He
reaction features a threshold of only 3.1 MeV, which makes it the dominant reaction for "' C production
at low proton energies, i.e. below the reaction thresholds around 20 MeV of the other reactions, hence
at the very end of the beam range.

In relation to its low threshold, this is the main reaction used to produce ¢ for PET diagnostics.
Therefore there is an IAEA evaluation, which is based on nine of the thirteen data sets available in
EXFOR in the region below 25 MeV: Blaser et al. (1952) (scaled up by 30% and shifted by -0.7 MeV)
[155], Nozaki et al. (three data sets) (1966) [156], Jacobs et al. (1974) [157], Ingalls et al. (1976) [158],
Casella et al. (1978) [159], Bida et al. (1980) (5 data points were removed)[160] and Kohl et al. (1990)
(scaled down by 29%) [161]. This data sets with a total of 306 cross section values was used as input
for a least-squares Padé fit with 75 parameters, which provided and analytical shape with accuracy
between 60% around 5 MeV, which decreases to better than 8% between 13 and 28 MeV and rises
again up to 10% at the highest energy [162].

The evaluation is displayed in Figure 5.3, together with the individual unmodified data sets and
the results of this work from the experiments at low energy performed at CNA. After the mentioned
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FIGURE 5.3: Cross sections for the production of ''C on N, including selected data from EX-
FOR for the IAEA evaluation and the corresponding recommended curve.
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FIGURE 5.4: Experimental and evaluated data considering the energy intervals of our mea-
surement and ratio with respect the evaluation for '*N(p,x)"" C reaction.

modifications, the deviations of the selected data sets from the evaluation are on average 4%. The
uncertainty of the point-wise cross section values of the evaluation is not given in [162], so we consider
as the uncertainty bars for this IAEA evaluation in Figure 5.4 the deviations of the selected data sets



96 Chapter 5. Resulting cross sections and their impact in PET range verification

140_|| LI B T T
i ! ! !
H !'\1} : :
120H ‘** —e— This work
j K —o— Kettern 2004 PH \oo (H
— Fassbender 1997 | || A7 s i A e e ey enee
g 100 ‘}"é"—ENDF/B-ano : Tk T 1 1
= H * JENDL/HE-2007 o
.g 80}]}* ...........
S oyt
n 60_'J ........ , ...........
w H N H
%) :'J I z z
s b
$) 40:H\ ...........
HI VU eSS S0V BN U O Y I
20 Elq\ . SR el bt b o w08 R
O—ll| L1 ||L| |‘i“|< | 1

0 20 40 60 80 100 120 140 160 180 200
Proton energy (MeV)

FIGURE 5.5: Cross sections for the production of ''C on N.

from the evaluation curve.

Our measurement reproduces the resonance structure quite well, even with the limited resolution
of our method at low energies, i.e. at the very end of the proton beam range. However, the graphical
representation of Figure 5.3 can be misleading in the sense that the experimental data (in particular
in this work) are integrated over an energy interval (shown as a error bar in the ex axis) corresponding
to the proton energy distribution in each thin foil, and hence they cannot be directly compared with
the analytical curve of the evaluation. Therefore, the evaluation has been convoluted with the energy
distribution inside each foil, i.e., in the energy intervals defined by our data points, resulting in the
values displayed in Figure 5.4. The cross section ratios displayed in the bottom panel of Figure 5.4
illustrate the good agreement of our data with the evaluation, with sizable discrepancies only in the
two lowest energy points at the tail of the resonance, thus having a very limited overall impact. On
average, considering the ratio weighted by the energy distribution in each foil, the agreement between
our results and the evaluation is a remarkable 2%.

At higher energies, the state-of-the-art for the '*N(p,x)'' C reaction is considerably different be-
cause there is almost no previous experimental data. As it can be seen in Figure 5.5, there are only two
data sets between 20 and 200 MeV, being our data well above those of Fassbender et al. (1997) [163]
and, compared to the recent data of Kettern et al. (2004) [152], not far below ~70 MeV but as much as
a factor two larger beyond 80 MeV.

5.1.4 12C(p,x)lgN reaction

Figure 5.6 displays the production cross section of 12C(p,x)l‘a’N, which features no threshold, obtained
from 2 to 16.4 MeV at CNA. The only other existing data are from Cohen et al. (1955) [164], with only
two data points without quoted uncertainties which are significantly above our data. The cross section
is indeed very small, in the 1 mb range, but the results form this work are considered accurate even
for such a small cross sections because: (a) The data correspond to the activation of the polyethylene
and hence there is no other progenitor for producing '°N, and (b) the decay curve shows only the ' N
contribution (except for some ''C in in the first), which allow for a very accurate fit.
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At higher energies, no production of '*N is observed when irradiating PE foils. This is illustrated
in Figure 4.4 and 4.5 for a selection of foils irradiated at WPE and HIT, respectively, featuring only

contributions from *'C and not from **N.

5.1.5 16O(p,x)l?’N reaction

As in the case of 14N(p,x)HC, there is an IAEA evaluation below 30 MeV for the 16O(p,x)l‘O’N reaction
related to the production of 13N for PET diagnostics. In this case, the evaluation is based in ten of the
fourteen data sets available up to 35 MeV, including the data of Whitehead et al. (1958) [165] (shifted
by -0.3 MeV), Furukawa et al. (1960) (scaled down by 30%) [166], Hille et al. (1961) [167], Maxson et
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FIGURE 5.8: Production cross sections for the '°O(p,x)"*N reaction.

al. (1961) [168], Dangle et al. (1964) [169], McCamis (1973) [170], Nero et al. (1973) [171], Gruhle et al.
(1977) [172], Sajjad et al. (1986) [173] and Kitwanga et al. (1989) [174]. The deviations of the selected
data from the evaluation are on average about 19%. This set of 607 data points was used as input for
a least-squares Padé fit with 40 parameters, providing an analytical shape of the cross section with
deviations of 65% near the reaction threshold, decreasing to better than 7% between 11 and 18 MeV
and then monotonically increasing to 12% at the highest energy [162]. The evaluation and the data
are illustrated in Figure 5.7, together with the results of this work. In this case, after the mentioned
modifications, the deviations of the selected data sets from the evaluation are on average 14%, which
we consider the uncertainty bars for this IAEA evaluation curve in Figure 5.8 as well.

As in the case of the 14N(p,x)HC reaction, the IAEA evaluated cross section considering the energy
intervals from this work and the corresponding cross section ratios are displayed in Figure 5.8. Our
data feature nicely the first very narrow resonance structure even with the limited energy resolution
of the method, which may be the cause of the slight different cross section shapes between 9 and
10 MeV. Above 10 MeV, our data are systematically larger than the evaluation, 20% considering the
ratio weighted by the energy distribution in each foil. This difference is significant but in the order
of that observed in other data sets. Indeed, the original data of Furukawa, Whitehead and Gruhle are
53%, 37% and 43% larger than the evaluation, respectively; sizable differences pointing in the same
direction than our results: an clear underestimation of the evaluated cross section.

Again, because most previous studies were motivated by the production of radioisotopes for PET
diagnostics, data above 30 MeV are not so prolific. Figure 5.9 shows the new data together with the
four data sets available: Foley et al. (1962) [175] (only one point), Albouy et al. (1962) [110], Valentin
et al. (1963) [176] and Kettern et al. (2004) [152]. Between 20 and 40 MeV, the data presented herein
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FIGURE 5.10: Cross sections for the production of **N on N.

are considerable lower than Albouy et al., which do not show the clear dip seen in our data and also
in the evaluations. At higher energies, our data are about a ~25-30% higher than Albouy et al., Kettern
et al. and Valentin et al, but about 20% lower than the evaluations, which were adjusted to pass by the
single data point of Foley et al. at 145 MeV. The low cross sections, of just a few mb, might be the cause
of the sizable disagreements observed.

5.1.6 1‘J‘N(p,x) "N reaction

Although the production cross section of '’N in N is larger than in oxygen, the latter is the most abun-
dant element in the human body and hence is the dominant seed for '°N. Maybe that is why the
14N(p,pn)l?’N reaction channel has not been investigated much in the past, being there only three
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data sets published so far: Valentin et al. (1965) [111], Sajjad et al. (1986) [173] and Kettern et al. (2004)
[152]. Regarding the evaluations, JENDL is explicitly mentioned to be based on the data of Sajjad et
al. and Valentin et al. below and above 30 MeV, respectively. However, both data sets disagree below
30 MeV, showing a significant energy shift of more than 5 MeV near the threshold that implies very
different activation profiles for PET range verification precisely near the Bragg peak, where it is more
important. This issue is solved with the new data reported herein, which confirm very clearly the va-
lidity of Valentin’s data in the full energy region, with just a slight overestimation in the 30 MeV peak.
Then, the recent data of Kettern et al. are far for any other measurements of evaluation, falls surpris-
ingly fast down to negligible values just at a few tens of MeV. Last, ENDF is also far from all data sets,
which indicates the need of a re-evaluation.

5.1.7 16O(p,x)150 reaction

In delayed PET range verification, the biological washout of the generated isotopes plays an important
role in the feasibility of the technique. Isotopes with shorter half-lives are recommended to avoid this
effect, for instance '°0, which is produced mainly by the "®O(p,x)'°O reaction (see Figure 5.11).

The increasing interest in using this isotope brings about new measurements, such as in Akagi et
al. (2013) [153], Masuda et al. (2018) [154] and Horst et at. (2019) [105], to complete the old ones from
Albouy et al. (1962) [110], Valentin et al. (1965) [111] and Sajjad et al. (1985) [177]. It seems that in this
case, our data and most previous measurements are in good agreement, especially below ~80 MeV,
while above that energy our data are slightly lower than all others. Again, the JENDL evaluation is
based on data, this time on Valentin et al., and hence is in good overall agreement with all available
data, while ENDF is based on models and falls far from the available data, which, again, indicates the
need of a re-evaluation.

5.1.8 14N(p,x)150 reaction

Although its role in the context of range verification in proton therapy is very limited, for the sake of
completeness, the production of '°0 in nitrogen has been obtained as well. In this particular case,
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FIGURE 5.12: Cross sections for the production of ">0 on N.

the previous measurements of Kuan et al. (1970) [178], Harakeh et al. (1975) [179] and Schroder et al.
(1987) [180] are not available in EXFOR database, so they have not been included in Figure 5.12.

The evaluated data are not available in ENDF/B-VIILO library (and therefore neither they are in
ICRU63 and TENDL-2019). The only data available are in older TENDL libraries, calculated with TALYS
code, which offer in general less confidence. This available TENDL data is also shown in Figure 5.12.

As displayed in Figure 5.12, the uncertainty in the cross sections value seems to be underestimated.
In this case, due to the very low production of >0 in N, the confidence in the low uncertainty values
obtained in the fitting (given by ROOT) should be called into question.

5.2 Short-lived 3" emitters

The N (¢, /2=11 ms) £" emitter is produced on carbon, which is abundant throughout the human
body. It is the most generally useful short-lived isotope for online PET range verification due to its
very short half-life of only 11 ms, which would allow practically immediate feedback on the delivered
dose and a quick response to reformulate the treatment plan.

The **"'K (¢, /2=0.924 s) and 2P (¢, /2=4.18) short-lived isotopes produced in calcium and phospho-
rus, respectively, are also of great interest in online PET range verification, as calcium and phosphorus
are the main constituent elements of bone tissues. The high density of these tissues reduces the range
of the positrons emitted by these radioisotopes and then the possible blurring of the images, making
these short-lived isotopes of significant importance for online range verification.

The point-wise cross section values obtained in this work are listed in Appendix A. The correspond-
ing publication is in preparation. There are no previous data regarding the cross sections of these iso-
topes, besides the integral production yield below 55 MeV studied by Dendooven et al. (2019) [98].
Therefore, in the following sections our results will be compared to this integral production by sim-
ulating the production of each isotope in a phantom similar to the one used in the experiments of
Dendooven et al., but using these new cross section values. Furthermore, the ENDF and JENDL eval-
uations are displayed, when they are available. In this case, also TENDL-2017 is displayed, in order to
illustrate the significant differences between evaluated databases, which makes sense because there
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FIGURE 5.13: Cross sections for the production of "*N on C.

are no previous experimental data and they depends only on theoretical calculations, hence evidenc-
ing the importance of experimental data.

5.2.1 12C(p,n)12Nreaction

The 12C(p,n) 12N reaction cross section has not been studied previously, apart from the data of Rimmer
and Fisher (1968) [181] (not available in EXFOR), a single point at 25.8 MeV by Schery et al. (1974) [182],
and the mentioned integral production below 55 MeV (4.46:10"* nuclei/proton). The data obtained
in this work are in fairly good agreement with all previous measurements. The production of ‘>N per
incident proton below 55 MeV was calculated using the new data, obtaining 8.0(8)- 10~* nuclei/ proton,
a 57% higher value with respect to the integral measurement of Dendooven et al. [98], then agreeing
in the order of magnitude but considerably higher than the most recent measurement.

Figure 5.13 displays the new values from this work and the previous measurement from Schery et
al., the ENDF and JENDL evaluations. As previous mentioned, the TENDL-2017 data is also shown,
with sizeable differences between them.

Therefore, the new data presented herein, covering the whole range of interest, constitutes the
basis for a new evaluation, based on both experimental and theoretical models of the reaction cross
section, in order to ensure a reliable implementation of online PET range verification.

5.2.2 “Ca(p,x)*" K reaction

The “°Ca(p,x)**"'K reaction cross section has not been studied previously. Figure 5.14 displays the
cross section from this work and the TENDL-2017 evaluation (the only available evaluation found in
the literature). As mentioned before, this is based exclusively on theoretical models, since there was no
previous cross section data of this reaction, and the reliability of this curve should be put into question.
The evaluation is, overall, smaller than the data by a factor that varies from ~2 at the 40 MeV peak to
~2 at 200 MeV.

Comparing with the mentioned integral measurement from Dendooven et al. [98] (4.79- 1072 nu-
clei/proton), the production obtained in this work is 40% lower (3.1(3)-10® nuclei/proton), which
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FIGURE 5.15: Cross sections for the production of *’P on P.

seems, however, as if the trend is in completely the opposite direction than in the previous case of 2N.
Nevertheless, the fairly good agreement between the two measurements improves the confidence in

our data in comparison to th

e evaluations.

Once again, this work provide the first production cross sections of the 3* emitter 38K in the full
energy range of interest for online PET range verification.

5.2.3 *'P(p,x)*’P reaction

Last, the *' P(p,x)*’P reaction cross section has also been obtained for the first time, covering the full
energy range of interest for online PET verification. The experimental data are displayed in Figure 5.15,
together with the currently available TENDL-2017, JENDL and ENDF evaluations. These are smaller
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than the data, showing very significant differences, larger in TENDL than in the ENDF and JENDL. In
this case, the production of ®pinp (1.37 (14).10_3 nuclei/proton) is a 17% lower than that of Den-
dooven [98] (1.67‘10_3 nuclei/proton).

5.3 Impact of the new data in PET range verification

The work presented in this manuscript is motivated by the increasing interest within the proton ther-
apy community to improve the dose delivery in the patient by means of PET range verification. This,
as discussed in Section 2.3.3, requires accurate production cross section data that should lead to more
precise cross section evaluations. The use of such updated and more accurate evaluations should def-
initely improve the accuracy in the Monte Carlo simulations to calculate the 3" activity distributions
in the body needed for implementing PET range verification [93].

In this context, in the following, a study of the production and activity profiles of different 3" emit-
ters in heterogeneous phantoms using the cross sections from this work and from the current evalua-
tions is presented. The phantoms considered in this work includes the main elements of the human
body (hydrogen, carbon, oxygen, nitrogen, phosphorus or calcium), which are seeds for the produc-
tion of the 3" emitters studied. This shall illustrate the importance and impact of the new data and
the subsequent need for new evaluations in the full energy range of interest in proton therapy.

5.3.1 Monte Carlo simulations of the 3" emitters’ production profiles

The production of 3" emitters as function of the depth in different phantoms can been calculated by
means of Monte Carlo simulations using for instance the Geant4 toolkit [35]. By default, Geant4 uses
models for estimating the probability of nuclear reactions; section 3.1.2 includes a brief description
of the reaction mechanisms which provide these probability distributions. However, a more accurate
treatment of nuclear reactions requires considering instead detailed cross section evaluations. This
can be done by including the G4ParticleHP package [183], which uses the ENDF/B-VII.1 evaluation
for proton-induced reactions up to 150 MeV, and TENDL for higher energies (up to 200 MeV). The
ENDEF/B-VII.1 evaluation contains reactions for production of 46 isotopes of interest in medical appli-
cations, including those considered in this work, except **"'K.

However, the reaction probabilities of interest for PET range verification are small, making this
microscopic treatment quite computationally inefficient. Therefore, a different approach has been
followed in this work. The new developed Geant4 application consists on two steps: i) the transport
of the proton beam in a phantom of choice using Geant4, and ii) the calculation of the corresponding
production of 3 emitters using an external cross section data of choice.

In more detail, the developed application simulates the transport of the individual protons through
the phantom, following the energy lost by each proton and calculating their energy and flux at each
of the depth distances previously defined, which in this case are 1 mm apart. In a second step, the
corresponding production rate P, of the radioisotope of interest along the phantom is calculated by
the convolution of the cross sections of choice (new data from this work or any evaluations) with the
previously calculated proton flux (energy and number of particles) at each depth, i.e.:

z+Az
P =n, [ (%)J(E)dE, 5.1)

where P, is the production rate (per mm and primary proton) of the given isotope, n, is the sur-
face density of target nuclei (atoms/barn), (dN/dE) is the proton spectrum at the given depth and
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FIGURE 5.16: Production profiles of ''C (top), "*N (middle) and '*O (bottom) produced by a
190 MeV proton beam in water.

o(F) (barn) is the interpolated cross section of choice (new data or evaluations) at that specific en-
ergy E. For the particular aim of this work, this two step method is equally accurate than using the
G4ParticleH P method.

Before proceeding to the calculations of interest for this work, a study was performed to validate
the macroscopic two step calculation method proposed herein against the microscopic Monte Carlo
simulation using G4ParticleHP. The simulation with G4ParticleHP were performed using the Geant4-
10-07 (patch-03) version and 10" primary protons to have enough statistics, thus lasting for days. The
simulation with the two step method developed in this work choosing the ENDF/B-VIIIL.0 evaluation
(equal to the previous ENDF/B-VIL1 version used in G4ParticleHP) considered only 10° primary pro-
tons, lasting only 10 minutes. The comparison, displayed in Figure 5.16, shows the production rates
of "'C, "*N and "°0 in a simple water phantom, demonstrating the consistency between the more
efficient two-step calculation and the microscopic Monte Carlo simulation. Some slight discrepan-
cies are observed and, although its study is out of scope of this work, several tests seem to indicate
that they could be associated to the implementation of G4ParticleHP. Aside the relatively small noted
discrepancies, this comparison shows a reasonable consistency between the two calculation method-
ologies. It can be appreciated the much better statistics of the two step method calculation reached
in a 10.000 shorter CPU time, because all the transported protons contribute to the calculation of the
probability of producing 3* emitters and because the reaction probability is not calculated as each
microscopic step. It is hence closer to what an adaptative treatment planning system would do for
PET range verification.
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FIGURE 5.17: Comparison of the profile distributions produced by a 150 MeV proton beam in
PMMA, calculated with different cross sections data sets. (Left) **C, **N and *°0 production
in oxygen nuclei. (Right) ''C and "°N production in carbon nuclei.

5.3.2 (" emitters’ production profiles: data vs. evaluations

Once the consistency of the two step macroscopic calculation was demonstrated, a set of simulations
were performed in order to assess the impact in PET range verification of the new data obtained in
this work. This has been achieved by determining and comparing the production of 3" emitters with
different external cross section data sets: the ones from this work and the currently available evalua-
tions.

An homogeneous phantom made of PMMA has been irradiated with a proton beam of 150 MeV
and the production profiles of ''C, >N and 'O has been calculated using the new data presented
herein as well as the ENDF/B-VIIIL.0 and JENDL/HE-2007 evaluations. PMMA was chosen due to its
resemblance to human tissues in terms of composition ((C50,Hg),) and density (1.18 g/ cm?®). The
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result of the simulations is displayed in Figures 5.17 for production of S+ emitters in carbon (right)
and oxygen (left).

* In carbon (see Figure 5.17 (right panel)), the calculations for the production of ¢ are different
but not so much when considering the new data and the evaluations, indeed the distal fall-off of
the profiles agree within ~2 mm. This nice agreement is related to the large amount of previous
data on the "*C(p,x)"' C, but this by far is not the case of the production of the short-lived '°N. In
this case, due to the absence of previous data, the evaluations are based only on models and are
thus really far from the reality.

* In oxygen (see Figure 5.17 (left panel)), because of its high abundance in the human body (65%
of the total mass vs. 18% of the total mass in the case of carbon), the accuracy of the produc-
tion cross section are of great importance for PET range verification. However, in this case the
discrepancies of the production profiles both in absolute value and shape, in particular the posi-
tion of the drop at the distal fall-off, are quite significant. The most extreme case corresponds to
"¢, with a difference of about 1 cm in the position of the distal fall-off. Regarding '°0, the new
data indicate the absence of the nice peak near the end of the range predicted by the ENDF/B-
VIIL.0 evaluations, which, if existing, could have been very useful for off-line in-room PET range
verification.

Overall, it can be concluded that the implementation of PET range verification with a precision in
the millimetre range requires updated evaluations of all the reaction cross sections of interest up to
200 MeV. This requires a new complete and accurate data base, which was the aim and is the result of
this thesis.

5.3.3 Activity depth profiles as function of time

The production of all the 8" emitters produced in a tissue-equivalent phantom by a 150 MeV proton
beam is illustrated in the top panel of Figure 5.18. For the sake of simplicity, this phantom considers
the average density and composition of the soft tissues in the human body (see Table 5.1).

Here, it is observed that the dominant production corresponds to '°0 in oxygen, followed by ''C in
carbon and oxygen. As expected, the production of '°O is almost one order of magnitude higher than
the production of '*N. The production in nitrogen nuclei are a almost two orders of magnitude lower
than '°0. However, it is worth noting the distinctive distal fall-off of the >N in oxygen depth profile,
due to the considerably lower energy threshold of this reaction, which could serve for an accurate
determination of the position of the Bragg peak.

However, in PET range verification what will be measured is not the number of produced isotopes
but the corresponding activities (decays per unit time), and hence the half-lives of the different g+
emitters come into play to change very significantly the situation. This is illustrated in the bottom
panel of Figure 5.18, where the dominant contribution in terms of activity now corresponds clearly
to "°N followed by "°0. And this is not the end of the story, as the activities of the different isotopes
decrease with time and hence the situation show in Figure 5.18 is not static but dynamic. Accordingly,
the activity profile will be very different if the PET acquisition is made online (within ms or s), in-room
(within a few minutes) or off-line (after tens of minutes). Therefore, in the following, the simulated
production profiles have been converted into activity profiles at different times by multiplying the
production profiles P, by the appropriate decay constants A\ and applying the corresponding expo-
nential decay:

A (t) = AP M (5.2)
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TABLE 5.1: Composition (fraction by total number of nuclei) and density of the heterogeneous
phantom used in this work.

Material 'H®%) “C@® "“N@) 0@ °*'P@) *Ca(®%) Density(g/cm®)
Soft tissue 62.0 12.0 1.0 25.0 - - 1.0
Cortical bone 5.1 14.4 4.2 44.6 10.5 21.2 1.85
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FIGURE 5.18: Production and activity profiles of e BN, **0and N produced by a 150 MeV
proton beam in soft tissue.

In order to both illustrate the evolution of the activity profiles with time, and at the same time
demonstrate the viability of online PET range verification using short-lived isotopes; an heteroge-
neous phantom has been used. Its geometry resembles a human body, in a very simplified manner,
as a 18.5 cm soft-tissue block with a 2.5 cm cortical bone inserted in the center. The composition and
density of each material is detailed in Table 5.1.

A sketch of the simulated phantom is shown at the top of Figure 5.19, where an exemplary 5 mm
thick “tumour” inside the soft tissue block is depicted at 13 cm. In order to treat such tumour, the
phantom is irradiated with a 150 MeV proton beam featuring a Bragg peak within the tumour volume,
precisely with a R80 of 13.7 cm.

The corresponding activity profiles as a function of time in Figures 5.19 and 5.20. Figure 5.19 dis-
plays the subsequent activity profiles for online PET range verification, i.e. at 0, 100 and 1000 ms after
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the irradiation. Then Figure 5.20 corresponds to times suited for offline PET range verification, i.e. up
to more than 10 minutes after the irradiation (10, 100 and 1000 s).

As illustrated in Figure 5.19, in t=0 the decay of the abundantly produced '*N isotope dominates
the PET images in the early stages of the verification acquisitions, followed closely by '*O. For tens of
ms after the irradiation, both '°N and '°O contribute equally to the total activity profile. As they are
produced in C and O, respectively, they appear all along the beam trajectory, i.e. both in soft tissue
and bone. This makes online PET range verification relying on the short-lived isotopes, especially "*N
during the very few ms after the treatment (~seconds for carbon-rich tissues), a very attractive option
because it provides practically immediate feedback of the dose profile delivered, which would allow for
adaptive proton therapy to correct deviations from the treatment plan. Moreover, the rapid acquisition
makes that these short-lived isotopes are the least influenced by biological wash-out effects, hence
reducing the blurring of the PET images.

Considering that in current PET diagnostics ~8 MBq/kg of '°F is introduced into the patient, i.e.
~1.2-10° "*F nuclei/mm?® in t=0, and that usually PET images takes ~30 min to have a good resolution,
then it is expected to have PET images with ~3.5-10° counts/mm?, for a PET coincidence detection
efficiency and attenuation of 511 keV photons of 15% and 17%, respectively [184, 185]. Estimating
the production of >N as ~4-10~° per mm and per incident proton, then it results in ~2.5-10~* Bq per
mm and per incident proton, considering the same efficiency than before, in ~6-10"® counts per mm
and per incident proton. The intensity of conventional proton therapy treatments ranges from 10% to
10" protons per seconds. Considering an irradiation of 30 ms and PET measurement long enough
to measure all produced isotopes (about 5 half-lifes of 12N), it results in ~20-2000 counts/mm, which
after the repetition and sum of several beam on/off cycles, then it could potentially provide enough
number of counts to reduce statistical fluctuations and reach the aimed millimetric precision.

Furthermore, the short-lived isotopes 29p and **™

K stand out in bone, which is rich in phosphorus
and calcium. Looking at the decay of these isotopes in this time scale would allow for a clear deter-
mination of the bone structures inside the body: i.e. the superposition of the PET with the treatment
planning reference images would serve to verify the position of the patient, enhancing the confidence
of the correctness of the dose delivered.

One second after the treatment all the '°N has decayed and the activity profile is dominated by '°0,
followed closely by "' C. Also, the induced activity of *’P and **"K in bone still dominates the activity
profile, then allowing again the identification of the bone structures inside the body.

In the time scale of tens of seconds, the total activity measured with a PET scanner is dominated by
the decay of '°0, which would be still about an order of magnitude larger than that of "' C. As discussed
before, the 150 half-life of only 122 s would allow the use of in-room PET range verification, which
makes use of conventional PET scanners placed inside the treatment room. Indeed, the reduction of
the complexity of the scanner compared to the online case, and the benefits from a faster response
and higher counting rate in comparison to offline acquisitions, make in-room PET range verification
looking at 'O very appealing. Furthermore, the increase activity in the bone structure should serve,
as discussed just above, to identify the position of the bones and hence ensure at the same time the
beam range and the correct positioning of the patient during the irradiation.

A few minutes after the irradiation, for t=1000 s, the major activity contribution stems from the
decay of the longest-lived isotope: e Itis worthy to mention again that, just at the end of the beam
range (below ~18 MeV), the low energy threshold reaction 16O(p,x)l?’N provokes an increment in the
PET activity and a peak in the total activity curve. This peak has aroused considerable interest to verify
the actual position of the Bragg peak and its feasibility has been addressed also by recent works [186,
187], although using more oxygen-rich phantoms than in this work. For the sake of simplicity, this
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FIGURE 5.19: Activity depth profiles of He, 18N, 150, 2P K and N produced by a 150
MeV proton beam, calculated with the cross sections data sets obtained in this work, for t=0
(top), t=100 ms (middle) and t=1 s (bottom).
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study considers an average abundance of oxygen in soft tissues and tumours, but this peak may be
arising more prominently for those tumours or tissue types with higher concentration of oxygen, all of
them contributing to make it a very promising technique to identify the Bragg peak position.

Although more studies are necessary to test the feasibility of PET verification in real clinical cases,
which deals with the challenges of acquisition system technologies, biological wash-out effect, ex-
pected activity distributions, etc., PET range verification has demonstrated to offer different possibili-
ties and advantages depending on the time scale in which its acquisition is performed. Hopefully, the
new cross section data sets resulting from this work will be implemented in the evaluations and then
in simulations codes for PET range verification and, together with further investigations, may possibly
constitute a baseline in overcoming some of the current constraints of proton therapy.
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Chapter 6

Summary, conclusions and future work

This chapter summarizes the work and main conclusions of the research presented in this thesis aim-
ing to improve the accuracy of PET range verification in proton therapy treatments. It also includes
some prospective work towards the implementation of PET range verification regarding the Monte
Carlo simulations that would use the data resulting for this work for calculating realistic activity pro-
files.
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ROTON THERAPY allows to maximize deposited dose inside the tumour while reducing the dose in
P the healthy tissues, thanks to its superior depth-dose distribution when compared against con-
ventional photon therapy. However, uncertainties in the proton beam range could limit the benefits
by the irradiation of surrounding healthy tissues while the tumour does not receive the actual dose
prescribed. To account for this and in view of the absence of clinical routines for range verification,
a safety margin around the targeted tumour is applied to ensure that the prescribed dose is delivered
to it. In general, a safety margin of about 2.5-3.5% of the total range is added in current treatments, a
fact that has remained relatively unchanged since the beginning of proton therapy and still limits the
full exploitation of the benefits of this technique. Furthermore, for specific treatment sites, additional
margins may be added, because of uncertainties due to the difficulty of the patient immobilization
and setup, or due to motion of the patient during treatment.

In this context, this thesis is focused on PET range verification. In this technique, the 8" activ-
ity that remains in the patient (produced by nuclear reaction induced by the proton beam) is mea-
sured with a PET scanner and compared with the expected curve from a Monte Carlo simulation of
the treatment plan. This should allow to identify any possible deviation of the beam range delivered
with respect to the plan. Related to its implementation, previous studies highlighted the need of more
accurate cross-section data of the reaction channels contributing to the production of PET isotopes
by proton beams up to 200 MeV [20, 93, 114]. These data are essential for improving the evaluated
databases, which shall improve the accuracy of the Monte Carlo simulations with which the measured
activity distributions need to be compared to look for deviations within a 1 mm precision.

6.1 Summary and final remarks

This work has addressed the need of new and more accurate production cross section values of the
nuclear reactions of interest in PET range verification by:

1. anew experimental methodology for the measurement of cross sections has been developed,

2. cross section measurements has been carried out making use of the accelerator facilities, two of
them featuring clinical beams,

3. aseries of validation strategies have been implemented in the experiments and analysis,

4. the impact of the new cross section data base in PET range verification calculations has been
assessed by Monte Carlo simulations.

The experimental method developed in this work for measuring long-lived 3" emitters (''C, '*N
and "°0, with half-lives in the range of minutes) combines the commonly employed multi-foil activa-
tion technique with the use of PET scanner as «-ray detector. This allows measuring the activity of all
the foils at the same time in a single PET acquisition, hence minimizing the number of irradiations
needed and reducing possible systematic errors in the irradiation and thus in the subsequent activity
determination. For the case of short-lived 5 emitters with half-lives in the order of milliseconds to
seconds (12N, 2P and 38""K), the methodology developed is more standard, consisting in the irradia-
tion of single foils and the detection of the 511 keV with conventional LaBr; detectors, but including
the design of adequate positron annihilation converters.

These two methods have been applied to the measurements of reactions displayed in Figure 6.1,
occurring on:

e Carbon: 12C(p,x)11C, 12C(p,x)12N and 12C(p,x)wN.



6.1. Summary and final remarks

115

TS L L B B L B B BN B _ _
@ ] ] ] ] ] ] ] ] —- Clbx ©
10 ;fa.k. e e L O A L S S S S “O(px)'"C
.y ?,*\: /— s"‘..7.l*%.1*'.‘-1.-~'—4-—i-0-.<. ; 3 = Npx)'C
. “,[ \ > 3 : H - ; 12 18
-Q : ?‘;%[kv ! V/ mx‘“ ; [P, ; : : 4 e 14C(p!X)13N
S R .? $ " TSt e - @ @ gie be o oo ey | | NPX) N
R R Y = B iy o oo, —= 0(px)"N
.2 et OO OO Wi hivte. cioeai=e T UL O OO SO
g 10 = *\“1 s SRR T MR e S o PO “N(p,x)"°0
17} - ;! .:// ‘_,-;'!"‘*i't”' b a3y :"."i‘:g‘-" el T eypiet "0(px)"*0
0 B i i : TS : ‘ : ]
AN I s 2O B B W T na
(&) % N s + s : B “Ca(p,x**"K
e ﬂ\ —— : : : _._120( )N
1t J',:, J_./’__ —] P,
) e vl =
- & i —
F % ‘ ‘ ‘ ‘ ‘ ‘ ‘ -
| H H H H H H H H
7\\‘ Il }.‘ Il Il Il ‘ Il Il Il ‘ Il Il Il ‘ Il Il Il ‘ Il Il Il ‘ Il Il Il ‘ Il Il Il ‘ Il Il Il ‘ Il Il Il
0 20 40 60 80 100 120 140 160 180 200

Proton energy (MeV)

FIGURE 6.1: The complete production cross section data sets obtained in this work. In green

shades, the production of

'1C; in blue shades, the production of 13N; in yellow shades, the

production of '°0, and in red shades, the production of the short-lived isotopes.

* Nitrogen: 14N(p,x)HC, 14N(p,x)l‘?’N andMN(p,fy)wO.

¢ Oxygen: 16O(p,x)nC, 16O(p,x)l?’N and 16O(p,x)lso.

¢ Phosphorus: 31P(p,x)29P

e Calcium: *’Ca(p,x)**"'K

The reactions yielding the long-lived isotopes ''C, '’N and '°0, featuring low reaction thresholds
of just a few MeV, required experiments at three different facilities. The low energy (<18 MeV) and
high energy (>50 MeV) were studied at the CNA (Spain) and WPE (Germany) facilities, respectively.
Both feature a PET scanner in the proximity of the irradiation rooms and hence the multi-foil plus
PET technique could be applied. Then, the intermediate energy region had to be studied at HIT (Ger-
many), which did not have a PET scanner available but which allowed for lower proton beams than
WPE, 55 vs. 100 MeV. The reactions yielding the short-lived isotopes >N, *’P and **"K required a very
flexible irradiation system in which beam-on/beam-off cycles could be adapted to the half-lives of
those isotopes, which vary between milliseconds and a few seconds. This was achieved again at HIT
(Germany), using the mentioned LaBr; detectors on-line.

In order to ensure the accuracy of the results from this work, a significant effort has been made to
implement several quality assurance and validation techniques:

¢ The multi-foil activation combined with PET measurements have been validated by means of
two integral production yield measurements using a Nylon-6 and PMMA thick targets and con-
ventional scintillator detectors. The agreement between integral measurements and the sum of
the activities of each one of the individual foils (4% and 7% for Nylon-6 and PMMA, respectively)
validates the use of the PET scanner for this purpose.

¢ A monitor foil has been placed in front of each multi-foil stack and used to validate both the
relative beam current measurements and the corrections applied during the analysis. The re-
sults indicates an agreement within 4.5% and less than a 1.8% at CNA and WPE, respectively.
Therefore, an uncertainty of these values related to the reproducibility of the irradiations in these
experiments were considered during the cross section uncertainty estimations.
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¢ The cross section results were validated using a complementary measurement of a well estab-
lished reaction cross section: the IAFA standard reaction "“tCu(p,x)GSZn [145]. Considering that
this IAEA monitor reaction features low uncertainties, the results (a 4% agreement at WPE and
an average 5% agreement at HIT) validates the measuring technique, the analysis strategy and
corrections applied for both experiments; it validates the beam current measurements as well as
the detection efficiency calculation.

¢ At WPE and HIT, the beam energies were chosen such that some data points are measured twice,
resulting in a agreement between them within uncertainties.

The outcome of the measurements and analyses is a complete new data set of cross sections of
interest for, but not only, PET range verification calculations, featuring:

¢ 11 different proton induced reactions on C, N, O, P and Ca, four of them studied in this work for
the first time.

¢ Coverage of the complete energy range of interest, i.e. between the corresponding thresholds
and 200 MeV.

* An energy grid of ~60 and ~10 data points for long-lived and short-lived isotopes, respectively.
* Analytical descriptions by means of least-squares Padé fits of all reactions.

In order to illustrate and assess the impact of the new data resulting from this work in the particular
case of PET range verification calculations, the following has been done. The * emitters’ production
and activity depth profiles in tissue-equivalent phantoms have been calculated with Geant4 Monte
Carlo simulations using as input the reaction cross sections from this work and then those from dif-
ferent evaluations. The comparison shows sizable differences in both shape and absolute value, and,
most importantly, in the position of distal fall-off of the activity curve. For some relevant reactions in
offline range verification, such as the "*O(p,x)"' C reaction, a variation of more than 10 mm is observed.

The overall role in PET range verification of the different isotopes studied has been discussed upon
the results of the mentioned activity depth profiles but for an heterogeneous phantom geometry and,
more importantly, its evolution in time. This is important for deciding whether online, in-room or
offline PET range verification are more of less well suited for clinical practice. The simulations indi-
cate that "°N dominates overall in the time scale of tens of milliseconds. From the estimated activity
curves for '°N, it is plausible that, for any tissue except carbon-poor one, online PET verification pro-
vides enough number of counts to be a reliable verification method. Regarding bone tissue, **"'K
dominates the activity profile until ~1 s, then P and then '°O dominate the activity curves; hence
bone structures will be clearly visible in online PET verification, serving as a patient positioning and
anatomical cross-check when comparing with the corresponding CT images. Looking at longer times,
>0 dominates the activity profile in the time scale of tens of seconds, while after 10 minutes only ''C
and "®N stand still. It is of particular interest the BN peak produced by the low energy threshold reac-
tion "°0(p,x)"*N, which has made it increasingly interesting to verify the position of the Bragg peak.

The results illustrate the importance of new data and the subsequent evaluations in the full en-
ergy range of interest in proton therapy for a reliable implementation of PET range verification. This
is more evident of the case of short-lived isotopes, for which this work has provided the first cross
section data ever. In order to contribute to an accurate implementation of PET range verification, the
nuclear data evaluations for the production of the long- and short-lived isotopes considered in this
work should be revised including this new data set. In this way, the corresponding PET measurements
and Monte Carlo calculations should allow for an accurate implementation of online and offline PET
range verification contributing to even real-time adaptive proton therapy treatments.
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6.2 Future work

This thesis has assessed the need of new and more accurate data of the production cross sections of
A" emitters of interest in PET range verification. From this new cross section data base, now Monte
Carlo simulations allow calculating more accurate than ever activity profiles in realistic geometries,
which can then be studied as function of time.

As a continuation of this work and in relation to the simulation using the new data base, and always
with the aim of contributing to the eventual implementation of PET range verification, the following
research topics have been identified:

* The Geant4 toolkit makes use of the G4ParticleHP package to simulate nuclear reactions. Cur-
rently, the underlying cross section database is ENDF/B-VII.1, and therefore, until a new evalu-
ation is released and Geant4 starts using it as reference, the new cross section database should be
translated into the required format to make it available for Geant4 calculations using G4ParticleHP
option.

¢ In this work, pencil beams were simulated to obtain and discuss the production and activity
profiles. As a next step, SOBP treatments will be simulated, with beams impinging from the
same or different directions to conform the tumour.

¢ B+ activity profiles should be simulated not just for heterogeneous phantoms but for realistic
patient’s geometry and clinical cases. This can be done by implementing CT geometries and
clinical treatments plans, which is possible for instance with the TOPAS toolkit (based on Geant4
but specially adapted to radiotherapy making it easier to use for medical physicists).

e Upon the availability of an online PET scanner, experiments of actual PET range verification
should be done, first with phantoms and then with patients, and compared to the activity pro-
files calculated with the new data. Indeed, in the frame of a collaboration with the group of C.
Domingo, from the Instituto de Fisica Corpuscular (IFIC), experiments were performed at CNA
at low energy [188], i.e. at the Bragg peak region, and HIT at clinical energies (analysis ongo-
ing), using the novel iTED detectors as a PET scanner. Future research lines will continue the
established collaboration.

* Due to the increasing interest of using carbon and helium beams for particle therapy, the cor-
responding 5" production cross sections for PET range verification will be also determined. In-
deed, experiments has been already performed at HIT, using an experimental approach and set-
ups similar to those described in this thesis. The analysis is ongoing.
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TABLEA.1: *C(p,x)''C and "*C(p,y)"*N reaction cross sections.

o (mb)

Facility E (MeV) 20p0'C  2Cpy =N

2.0(12) 0 0.79(6)
4.2(10) 0 1.89(15)
59707 0 2.09(17)
7.2(6) 0 1.82(15)
8.4(6) 0 1.41(11)
9.5(5) 0 0.88(7)
10.4(5) 0 0.74(6)
CNA 11309 0 0.56(4)
12.2(4) 0 0.60(5)
12.9(4) 0 0.54(4)
13.7(4) 0 0.56(4)
14.4(4) 0 0.47(4)
15.1(3) 0 0.45(6)
15.8(3) 0 0.46(4)
16.4(3) 0.29(3) 0.69(7)

23.6(12) 20.5(8) -
HIT 25.8(11) 44.4(18) -

27.9(10) 68(3) -
30(3) 87(3) -
32(3) 94(3) -
33(3) 97(4) -

35.2(24) 97(4) -

36.9(23) 97(4) -

38.4(23) 96(3) -

44.1(18) 94(3) -

51.9(15) 91(3) -

58.2(13) 89(3) -

68.1(11) 86(3) -

495714 86(3) -

56.6(12) 90(3) -

63.1(11) 87(3) -

69.1(10) 83(3) -

74.7(8) 81(3) -

80.0(8) 76(3) -

85.0(7) 73(3) -

89.8(6) 72(3) -

94.4(4) 71(3) -

98.9(4) 68.3(25) -
85.1(17) 66.1(24) -
93.7(15) 68.9(25) -

Continued on next page
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101.9(14)
109.5(12)
116.8(11)
123.8(10)
130.5(8)
136.9(7)
143.1(5)
149.2(3)
138.9(15)
145.1(14)
151.1(13)
157.0(12)
162.67175
168.2(10)
173.6(9)
179.0(7)
184.2(5)
189.3(3)

66.9(24)
64.8(23)
62.6(23)
59.5(21)
57.3(21)
56.3(20)
55.1(20)
56.6(20)
53.5(19)
54.3(20)
54.9(20)
53.3(19)
53.4(19)
52.9(19)
52.1(19)
49.8(18)
48.8(18)
48.9(18)
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TABLEA.2: **O(p,x) "' C, *O(p,x)"*N and "°O(p,x) 'O reaction cross sections.

o (mb)

Facilit E (MeV
aclity EMEV) 166, 91C ®0pxN  *0(px'°0

5.0(8) - 0 -
6.5(7) - 0.63(7) -
7.7(6) - 36(3) -
8.8(5) - 13.0(10) -
9.8(5) - 24.3(19) -
10.7(4) - 59(5) -
o 115@ - 40(3) -
12.3(4) - 35(3) -
13.1(4) - 27.9(22) -
13.8(4) . 48(4) -
14.5(3) - 42(3) -
15.2(3) - 34(3) -
15.8(3) - 19.3(15) -
16.4(3) - 9.8(8) -
HIT 20.272° 0.69(3) 8.7(5) 10.9(5)
24.8(21)  2.08(11) 3.24(19) 40.8(21)
2873 5.3(2) 0.82(7) 62.6(23)
32(3) 11.0(4) 0.98(8) 70(3)
35(3) 16.1(6) 1.32(11) 72(3)
38.272° 23.5(9) 2.51(19) 73(3)
41.2%5} 24.9(9) 3.39(25) 72(3)
439(19)  27.3(10) 4.2(3) 75(3)
46.571% 28.0(10) 4.7(4) 72(3)
49.0°1%  27.0010) 5.20(21) 72(3)
57.2(14) 25.6(9) 5.94(25) 66.2(24)
64.6(13) 22.7(8) 5.9(3) 57.8(21)
48.271°% 27.2(11) 5.3(5) 68.7(25)
51.8%1¢ 24.9(9) 5.4(3) 70(3)
55.3(15) 23.8(9) 5.7(3) 67.0(24)
62.9(13) 22.1(8) 5.3(3) 65.5(24)
69.7(12) 21.1(8) 5.8(3) 63.4(23)
76.2110 20.6(9) 5.6(5) 62.6(23)
82.2(9) 20.3(11) 5.9(5) 61.4(23)
87.9(8) 18.8(20) 6.0(5) 56.8(24)
93.3(8) 18.8(10) 5.6(5) 52.0(19)
wpg 9860 17.8(9) 5.6(5) 48.1(18)
77.3(21) 21.5(8) 5.60(21) 54.4(20)
87.4(19) 20.0(7) 5.78(21) 56.6(20)
96.6(16) 18.5(7) 5.54(20) 55.5(19)
105.2(14) 17.2(6) 5.91(22) 47.5(17)

Continued on next page
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113.3(12)
121.0(11)
128.4(9)
135.5(8)
142.3(6)
148.9(5)
133.7(17)
140.5(15)
147.2(15)
153.6(13)
159.9(12)
166.0(11)
172.0%579
177.8(8)
183.5(6)
189.1(5)

17.0(6)
16.8(6)
16.3(7)
16.3(6)
15.5(6)
15.4(6)
15.6(6)
16.8(7)
16.2(6)
15.9(6)
16.2(6)
15.6(6)
15.8(6)
15.5(7)
14.4(6)
15.2(6)

5.59(20)
5.40(20)
5.17(20)
4.88(25)
4.82(19)
4.5(3)
5.3(4)
5.4(3)
5.3(3)
5.3(3)
5.6(3)
5.0(3)
4.97(23)
4.8(4)
5.0(3)
5.4(3)

47.6(17)
46.5(17)
43.8(16)
41.8(15)
40.1(15)
40.8(15)
42.3(18)
39.7(14)
39.3(14)
37.0(13)
37.0(13)
37.0(13)
37.0(13)
36.0(15)
33.7(12)
31.7(11)
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TABLEA.3: “N(p,x)"'C, "*N(p,x)"*N and "*N(p,x)"° O reaction cross sections.

o (mb)

Facility ~E (MeV
acility - EMeV) uuym0ic NN MNpy PO

43%95 14.4(13)

6.0(7) 103(8)
7.3(6) 175(14)
8.5(5) 84(7)
9.5(5) 86(7)
10.5(5) 117(9)
o 113@ 96(7)
12.2(4) 102(8)
13.0(4) 108(8)
13.7(4) 123(9)
14.4(3) 99(9)
15.1(3) 96(8)
15.8(3) 81(7)
16.4(3) 70(5)
22.7(20)  24.3(12) 17.5(9) 6.1(3)
HIT  25.6(18) 6.1(3) 25.4(13) 5.1(3)
29.1(17) 9.0(5) 32.5(17) 7.1(4)
32(3) 13.6(9) 33.0(21) 3.7(3)
35(3) 17.0(12) 30.5(14) 6.0(5)
37.8(24) 18.8(8) 29.2(11) 4.5(3)
40.3%33 20.8(9) 26.8(11) 4.9(3)
42,7730 21.3(9) 24.3(10) 6.1(5)
45.1(19) 22.9(9) 23.5(14) 5.7(3)
475(17)  24.3(10) 23.3(9) 5.5(3)
49.6(16)  24.7(12) 22.4(11) 6.2(3)
57.6(14)  26.4(13) 19.4(10) 7.2(3)
64.7(12)  25.9(13) 18.1(9) 5.2(3)
48.271%2 25.5(10) 22.5(8) 5.5(5)
51.8(16)  25.5(10) 21.2(8) 5.0(4)
57.0(14)  25.5(12) 19.0(7) 5.1(3)
64.2(12)  26.3(11) 18.1(8) 6.4(5)
70.9(11)  26.0(11) 16.0(7) 6.5(5)
77.0(9) 25.5(10) 14.6(5) 6.4(4)
82.8(8) 25.5(10) 13.8(6) 5.4(4)
88.3(8) 25.8(11) 13.0(5) 6.8(5)
93.6(7) 25.8(12) 12.5(7) 6.3(5)
WPE 98.63§5§ 25.4(10) 11.6(6) 5.4(5)
79.07%0 26.1(10) 13.7(6) 4.5(3)
88.8(19)  24.6(14) 11.9(4) 4.7(3)
97.8(16) 24.6(9) 11.6(8) 4.76(20)

Continued on next page
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Continued from previous page

106.1(14)
114.1(13)
121.6(11)
128.8759
135.8(8)
142.5(6)
149.0(5)
134.8(17)
141.5(16)
148.1(14)
154.3(13)
160.6(12)
166.5(10)
172.3(9)
178.1(7)
183.7(6)
189.1(4)

24.6(9)
23.8(9)
23.8(9)
23.7(9)
23.5(9)
23.3(9)
22.9(9)
23.2(11)
23.6(9)
22.2(8)
22.0(8)
21.9(8)
21.7(8)
22.1(10)
22.0(8)
21.8(8)
22.4(8)

11.6(5)
10.5(4)
10.3(5)
10.3(5)
9.5(10)
9.5(4)
9.0(4)
10.0(6)
9.5(5)
9.8(4)
9.6(4)
9.2(7)
9.2(5)
9.2(5)
8.5(4)
8.2(4)
7.4(4)

3.90(18)
4.97(22)
4.76(20)
4.8(3)
5.29(22)
5.20(24)
4.45(21)
4.9(3)
4.9(3)
3.81(22)
4.07(23)
3.73(18)
3.79(20)
4.9(3)
4.58(22)
5.0(3)
4.9(3)
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TABLE A.4: ">C(p,x)"*N reaction cross sections.

E(MeV) o (mb)
23(7) 1.5(3)
28(6) 4.0(4)
40(4) 7.9(7)
53(4) 9.2(9)
66(3) 7.5(7)
77(3) 5.7(7)

99.572%  4.3(5)

120.7(22)  3.0(4)

152.0(19) 2.0(4)

38m

TABLE A.5: 40Ca(p,x) K reaction cross sections.

E(MeV) o (mb)
25(5) 15.0(16)
32(4) 44(10)

40(4) 87(9)
43(3) 99(8)
47(3) 96(6)
56(3) 88(9)
57(3) 87(6)

67.6(24) 82(9)
+2.2

77831 79(6)
88.0°75  74(6)
108.3(18)  70(7)
128.5(16)  66(7)
158.7(14)  60(6)
198.9(12)  53(5)

TABLE A.6: 31P(p,x)29P reaction cross sections.

E (MeV) o (mb)
30(6) 7.4(8)
39(5) 27.3(17)
43(4) 33.7(18)
56(4) 32.9(22)
67(3) 30.0(20)
78(3) 28.0(31)
100(3) 25.0(28)

1213753 22.9(26)

+2.1

1524725 21.8(24)
193.5(19) 20.7(24)
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