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ABSTRACT

This thesis presents the results of an investigation of the use of collimators in proton
therapy. The problem to solve is that in the proton therapy, we do not have the certainty if the
target-tumor is receiving all the energy to destroy it or if we are really shooting at this one, so the
remaining question is: where the beam is hitting? How to know it? to answer those questions our
work has the propose of study proton therapy to determine where the proton interactions occur,
these kinds of interactions usually produce gamma rays, and we simulated in GEANT4 the gamma
production of a radial source interacting with a collimator made of lead, so our study focused on
getting characteristic of the detected gammas and relate those characteristics to a location of the

gamma source. The detector was placed behind the collimator, as shown in chapter 4.

Each simulation of GEANT4 captured the signal in the detector and this information was
analyzed with the program ROOT CERN, providing us the signal in regions of the detector to

suggest some characteristics of a detector device.

The results obtained are simulations for the number of gammas obtained as a function of
the position along the detector, the previous was repeated for different configurations of the

detector and different positions of the gamma source, as shown in chapter 5.

Vi
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CHAPTER 1: INTRODUCTION

Medical physics is the application of physics to medicine and it is commonly focused on
the use of nuclear and atomic physics for diagnostics and treatment, especially of cancer. An
important part of the mission statement for medical physicists (see e.g. European Federation of
Medical Physicists, [Guibelalde, 2012]) is to use devices to measure and limit patient risks and
protection from associated x-rays, electromagnetic fields, and other beams. A particular activity
connected to this is dosimetry measurements, that is, the measurement of doses administered to

patients.

A newer treatment in radiation oncology physics is proton therapy which uses a beam of
protons to irradiate diseased tissue in the treatment of cancer. The main advantage of proton
therapy is that protons tend to deposit their energy in a narrow range by minimizing the irradiation
to other parts of the body. Proton therapy uses an accelerator to target a tumor with a beam of

protons damaging the DNA of cells and killing them.

Proton therapy started in 1946 at the Harvard Cyclotron Laboratory [Wilson, 1946], and
continued at the Berkeley Radiation Laboratory in 1954. The treatment was refined and
implemented in hospitals at the Clatterbridge Centre for Oncology in the UK in 1989 [PTCOG,
2013] to be followed by many hospitals worldwide, including the Mayo Clinic Cancer Center in
Scottsdale, AZ [Mayo, 2018]; the present project is a collaboration between Dr. Jorge A. Lopez’s

group with Dr. Ricardo Alarcon’s group from the Arizona State University and the Mayo Clinic.

Protons present several advantages over other types of radiation. As protons are more

massive than electrons, for instance, they tend to have little lateral side scatter in the tissue keeping

1
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FIGURE 1.1 SPREAD OF X-RAY RADIATION COMPARED TO PROTON RADIATION.

Figure 1.1 Spread of x-ray radiation compared to proton radiation. The spread-out Bragg peak
(SOBP) is actually produced by several Bragg peaks (blue lines) at different energies [Levin,

2005].

the beam narrow and focused on the tumor. Calibrating the proton energy allows the beam to
deliver its energy in a certain range, mainly on the last few millimeters of the particle’s range, i.e.
in the Bragg peak [Camphausen, 2008]. A typical spread-out Bragg peak (SOBP) is illustrated in

Figure 1.1 where it is compared to the radiation produced by an x-ray beam.

Typical energies of the proton beams are in the range of 70 to 250 MeV. Adjusting the
proton energy can focus the damage within the tumor, delivering reduced radiation to tissue closer
to the surface of the body and an immeasurably small radiation to cells beyond the Bragg peak
[Metz, 2006]. In practice protons of different energies are used to add Bragg peaks at different

2



Recoil nucleus

FIGURE 2. PROTON INTERACTION MECHANISMS: (A) PROTON-ELECTRON INTERACTIONS,

(B) DEFLECTION OF PROTON BY THE NUCLEUS COULOMB FIELD, (C) PROTON-NUCLEUS

Figure 1.2. Proton interaction mechanisms: (a) proton-electron interactions, (b) deflection of

proton by the nucleus Coulomb field, (c) proton-nucleus collision [Newhauser, 2015].

depths to treat an entire tumor. Notice that the tissue in front of the tumor receives smaller doses

and those beyond the SOBP almost none.

In spite of the theoretical knowledge about the energy deposition of the proton beam on
the human tissue, a lingering question is, where exactly is the energy being deposited? This is
especially needed to be able to adjust the beam energy (and the SOBP) during real-time
irradiations. As it is impossible to perform in situ inspections during the irradiation, it is necessary
to rely on indirect observations. This is the ultimate goal of this thesis, namely, to determine the

location of the area irradiated.

As it will be seen in detail in the next Chapter, protons interact with the tissue through the
mechanisms illustrated in Figure 1.2, namely by inelastic Coulombic interaction with an atomic
nucleus, deflection of proton trajectory by repulsive Coulomb elastic scattering with a nucleus, or

by a direct collision with a nucleus removing a proton or neutron while creating a gamma ray.
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Since all these processes happen in any irradiation, one can focus on, e.g. the production of gamma

rays to study the location of the energy deposition.

Gamma rays are high-energy photons which interact with matter in a variety of ways,
namely Madossbauer Effect, Coherent Scattering, Pair Production, Photoelectric Effect and
Compton Effect (see e. g. [PhysMed,2018] ). The first three have no relevance to nuclear medicine
while the other two are more important for medical imaging. In our case, luckily, we only need to
determine the location of where the gamma rays have been produced and, for that, no interaction
is needed. That is, by detecting gammas (their direction and energy) it is possible to determine the
location of the source and, thus, the area where the irradiation is taking place. This thesis will focus

on relating the detection of gammas and their point of origin.

Thus, the need for detecting the gamma rays being produced in proton irradiation. At a
difference with optical light, gamma rays (and x-rays) cannot be focused to produce images and,
at best, one can only filter the beams with collimators to produce parallel rays which can be used
to determine the main direction of a burst, and use it to determine the possible location of the
source. A collimator is a device that filters a shower of gamma rays allowing only those parallel
to a specified direction to go through. In this thesis gamma-ray collimators will be studied for an

optimal location of the source of the rays.

In particular, in this thesis, we study the design of collimators needed to determine the
directionality of gamma rays produced in proton therapy. In the next section, we will talk about
the physics related, to be followed in chapter 3 by GENAT4 program and the last chapters are

from analysis, data process and its interpretation.


https://en.wikibooks.org/wiki/Basic_Physics_of_Nuclear_Medicine/%20Interaction_of_Radiation_with_Matter

CHAPTER 2: PHYSICS OF PROTON THERAPY

Medical physics is an applied branch of physics in charge of the application of theoretical
concepts, diagnostic methods, and treatment of human diseases. It goes hand in hand with medical
electronics, bioengineering and health physics. In general, a medical physicist contributes to three
main areas: applications in clinical service and consultation, research and development, and
teaching. The applications essentially focus on radiological imaging and radiation treatment. Most
of the development is on therapeutic technics, monitor equipment and design of treatment plans

with radio-oncologists [AAPM, 2018].

2.1 BASICS OF PARTICLE-MATTER INTERACTIONS

The main players in medical physics are the basic particles (electrons, protons, and
neutrons), and electromagnetic radiation (x rays and gamma rays). Other participants are the
neutrinos, positrons, and lower electromagnetic radiation (microwave and radio waves). Although
complex theories exist to understand the interaction among these particles and radiations, for
medical physics it suffices to take the existence of these particles as granted, and their interactions
as Coulombic, i.e. through their electric charges. All of these participants are generically known
as ionizing radiation, for their ability to “ionize” (i.e. to remove electrons) from matter through

which they propagate.

X rays are produced, like any other electromagnetic radiation, through the acceleration or
deceleration of electric charges. For an electromagnetic radiation to be considered as soft X rays,

their energy must be in the range between 5 to 10 keV (or wavelength between 0.2 to 0.1 nm), and
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as hard X rays if they have higher energies. Hard X rays are useful in medical radiography because
their wavelengths are comparable to the size of atoms and can penetrate soft matter (tissue), while

soft X-rays are not as useful as they are rapidly absorbed in air.

X rays are produced when atomic electrons jump from a high energy level to a low energy
one releasing the difference in energy as a photon. X rays of specific energies can be produced by
selectively exciting atomic electrons of certain atoms to particular orbits to produce a large number
of photons with similar wavelengths; these X rays are known as K-shell or M-shell X rays.
Conversely, when atomic electrons are excited at a wide range of energies, the X rays produced
have a large range of wavelengths; because these rays are usually produced when a beam of
electrons is stopped by a metallic target (usually tungsten, aluminum, etc.) exciting the target’s
electrons and producing X rays with varying wavelengths, such radiation is known as

bremsstrahlung (braking radiation).

Gamma rays are also electromagnetic radiation but with more energy than the values that
can be achieved by transitions of atomic electrons. Gamma rays are produced by collisions
between particles and the atomic nucleus, and are in the order of MeVs with very small

wavelengths (such as 107! m). Due to their small wavelength tissue is transparent to gamma rays.

There are many different types of interactions between particles and radiation, but the ones
involving proton of interest for this thesis are those illustrated in Figure 1.2. Collisions between
protons and atoms can result in proton-electron collisions (a), proton-Coulomb field interaction
(b), and proton-nucleus collisions (c). The focus of this thesis is to locate the point of interaction
between protons and tissue, although in any proton irradiation all three types of proton-atoms
interactions occur, only the third one provides a signal that can be used to determine the location

of the interaction: gamma-ray emission.



Protons can interact with atomic nuclei and produce gamma rays in several manners.
Identifying nuclei as A, B, C, etc. excited nuclei as A*, B*, etc., protons as p, and gamma rays as

v, these interactions are:

A) Radiative capture: p + A > B* > B + v, such as p + 2’Al > 28Sj +y.
B) Inelastic scattering: p+ A > A* > A +y,suchasp + Al > p+ Al +y.

C) Rearrangement collisions: p + A > C* > C + v, such as p + 2’Al = “He + 2*Mg +1.

The gamma rays from these reactions are emitted with a wide range of energies, but usually in the
few MeVs. The proton-nucleus interaction is a quantum process that involves the nucleus’ proton
and neutron energy levels, specifically, the incident proton loses energy exciting the charges of the
nucleus producing gamma rays in a process similar to the emission of x rays by bremsstrahlung.
At some energies, however, the energy transferred from the incident proton to the nucleus is
exactly what is needed to make the nucleons change levels exciting the nucleus which de-excites
by emitting gamma rays of a specific energy; these energies are known as resonance energies (Er)

and the gamma yield peak is known as “Lewis Peak”.

Figure 2.1 shows a characteristic gamma-ray spectra produced in proton-induced reactions
with the resonant peaks clearly visible; those peaks are used in the technique known as PIGE
(proton induced gamma-ray emission) to identify the gamma-emitting nucleus. Table 2.1 lists a

few characteristic gamma-producing proton-induced reactions and the energies involved.

Gamma rays can ionize atoms they encounter in their trajectory, but most gamma rays will
simply exit the body without any interaction. Gamma radiation is the most penetrating of the
radiation known, it penetrates easily body tissue, and it can only be stopped by a few centimeters
of lead or about 1 meter of concrete. Since tissue and bone are practically transparent to gamma
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rays, once produced inside a human body, the gammas will exit in straight lines, and thus it is
feasible to use this type of radiation to determine the point of creation of the gamma rays, i.e. the

region being affected by the proton beam.
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FIGURE 2.1. CHARACTERISTIC GAMMA RAY SPECTRA IN PROTON-INDUCED REACTIONS

[CHIARI, 2013]. CLEARLY VISIBLE ARE THE RESONANT PEAKS.




TABLE 2.1. CHARACTERISTIC GAMMA RAY ENERGIES IN PROTON-INDUCED REACTIONS [CHIARI,

2013].

Element Reaction Er (keV) Gamma ray energy (MeV)

Li "Li(p,y)®Be 441.4 17.7,14.7

B UB(p, y)tC 163 4.43

C 13C(p, y)**N 1748 9.17

N UN(p, 1)°0 | 1059 8.3,5.2, 3.0
5N(p, Y)2C | 429 17.7,14.7

0 180(p, )F | 1167 6.3, 2.6

F F(p, y)0 340.5 6.1

Na BNa(p, 1)*°Ne = 1011 1.63

2.2 FUNDAMENTALS OF PROTON THERAPY

There are many ways to treat cancer, and proton therapy is one of the newer approaches.
The main advantage of using protons is that high-energy protons have a well-defined range (due
to its pronounced Bragg peak). In this subsection, a brief review of the use of protons in cancer

therapy is presented.

2.2.1 HISTORY OF PROTON BEAM THERAPY

In 1946 Robert R. Wilson was the first person that suggested using protons in a medical

treatment. The application took place in the 1950s in nuclear physics research facilities and limited



to few parts of the body. It was not until the late 1970s that the advancement in imaging, computers,
accelerators, and beam delivery technology made proton therapy more practical for cancer

treatment [MDACC, 2018].

2.2.2 PROTON THERAPY PHYSICS

The idea behind any radiologic cancer treatment is the elimination of cancerous cells by a
direct exposition of the cells to a beam of particles or electromagnetic radiation. For the case of
proton therapy, it is the interaction between protons and the atomic electrons of cancerous cells
what deposits energy in such cells killing them. This proton-electron interaction is electromagnetic
in nature and, due to its long range, it continuously transfers energy from the protons to the
electrons (and slowing down the proton). The rate of energy loss increases with smaller speeds

and, thus, in proportion to the depth penetrated; this is what makes protons especially appealing.
The stopping power of a medium is proportional to the rate of energy loss according to:

S(E) =22 (2.1)

oz

Ao

Where p is the density of the medium, S(E) is the stopping power of charged particles with
energy E, and z is the direction of motion. For charged particles that have masses much larger than
the electron mass me (such as the proton, my, =2000 me), expression 2.1 becomes the Bethe

equation:

S(E) = 0.3072

A

(i) (1 N ﬁz). 22)

BZ 2 12
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Where g = = L Tua is the maximum transferable energy to an electron, | is the mean

V=T
ionization potential of the media, A is the mass number, and Z the atomic number. In recent

applications, | has been replaced by actual measurements which can be extracted from tables.

. . . . 1
The stopping power of a material decreases as the beam speed v increases, i.e. S(E) a =

This combination of the Bethe equation with a statistical Coulomb interaction leads the curves
shown in Figure 2.2 of the absorbed dose deposited by as a function of depth along the axis of the
beam [Knopf, 2013]; the pronounced peak at a certain location is known as the Bragg peak. Figure
2.2 shows the great difference between the curve of photons and protons (cf. Figure 1.1). Noticing
that the area under each curve is proportional to the energy delivered indicates that different beams
cause a different amount of damage lengthwise along the trajectory of the beam. The advantage of
protons over other types of beams in depositing energy in a specific region is clearly observable
in Figure 2.2: by combining (pristine) beams at different energies it is possible to produce a spread-
out Bragg peak (SOBP) that irradiates a larger but specific area, not damaging healthy tissue

nearby.
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FIGURE 2.2. PERCENT DEPTH DOSE AS A FUNCTION OF DEPTH [BERNAM, 2015].

2.2.3 DELIVERY OF PROTONS

Protons are delivered in cancer treatments in a beam produced by an accelerator. The beam,
which is usually very thin, is widened through scattering with a foil generating a broad beam
suitable for therapy. The beam is then shaped to the geometry of the target, using an aperture (for
lateral dose), a range compensator (for distal conformation) and proton energy range modulation

to spread the dose along the beam direction forming the spread-out Bragg peak.

Additionally, depending on the geometry of the target, it is possible to have the beam
subjected to an active scanning across the target. This scanning is usually used with a narrow pencil
thick proton beam which scans through the objective combined with energy changes to produce

the SOBP.
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2.3 THISTHESIS

The perennial risk of radiotherapy is the inherent uncertainty of the method. Is the beam
depositing energy where is needed? Is any healthy tissue being damaged? Although these questions
can be answered by analyzing a biopsy, it would be better to be able to answer them during the
irradiation, i.e. in vivo; this can be done by capturing and studying the gamma rays produced during

the irradiation.

The purpose of this thesis tries to study gamma rays in vivo to determine their point of
origin. The study is done by simulating a source of gammas rays emitted by a patient, and a device
to capture the gammas. The simulations are performed using the platform GEANT4 (GEometry
ANd Tracking) which mimics the generation of particles and their passage through matter using
Monte Carlo methods; GEANT4 will be described in Chapter 3. The detection system will be

described in Chapter 4.
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CHAPTER 3: GEANT4

Geant4 is a powerful platform designed by the European Organization for Nuclear
Research known as CERN (Conseil Européen pour la Recherche Nucléaire) to do accurate
simulations of complex particle interactions based on the Monte Carlo method. GEANT4 is
routinely used to study nuclear and particle reactions, develop particle detectors, medical physics
processes, and a plethora of other physical mechanisms. This chapter presents a brief overview of

Geant4.

3.1 GEANT4HISTORY

The original code GEANT was written in 1974 in Fortran with the purpose of tracking
particles produced in nuclear reactions at CERN. As more detectors and information about
reactions were added, GEANT evolved into a more complex simulation package [12]. The
evolution of GEANT was possible thanks to the voluntary collaboration of physicists around the

world who use, debug and improve the program.

There have been major upgrades to the package named, respectively, GEANT2, GEANTS3,
and Geant4 (in lower case). GEANT2 maintained the skeleton of the original version while adding
many new features. GEANT3 differs from the previous version b