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CHAPTER 1

INTRODUCTION

Diagnosis and therapy are the main fields in nuclear medicine that require medical
cyclotrons to produce affordable and efficient radionuclides. The invention of the
cyclotron dates back to the late 30s, and since then, it has been the primary source
for the radionuclide production. Therefore, installation of the cutting-edge medical
cyclotrons, rarely equipped with a beam transport lines, are essential for the health
centers dedicated to the nuclear medicine [16]. A radionuclide is necessary to per-
form PET measurements that allow to observe metabolic changes during the imaging
process, to diagnose, and eventually to cure the diseases. The cyclotron produced
radionuclides have become more crucial to achieve the measurements of possible
biological abnormalities in vivo. Energy consumption of the tumor cells are rela-
tively high comparing to the normal cells, and hence, a derivative of glucose, 2-*8F -
fluoro-2-deoxy-D-glucose (FDG) is the most widely used conventional PET radio-
pharmaceuticals. It is highlighted by its slightly different structure from the glucose
molecule, and thanks to this difference, FDG is partially consumed by the tumor
cells. An ideal PET radioisotope can be categorized regarding its half-life and prop-
erties of the decay kinematics, especially the cross-section. The 43Sc radioisotope is
considered as a novel candidate for the PET technique with its remarkable proper-
ties. Particularly, its half-life of 3.89 hours is not only long enough to reveal possible
abnormalities in the body cells, but also short enough to leave the body immediately
after the imaging process is completed. It has also a low positron energy of 1.2 MeV,
a high positron decay probability of 71%, a low gamma ray emission energy of 373

keV, and a decay probability of gamma ray with 22.5%.



The Bern medical cyclotron laboratory was constructed in order to fulfill both the
production of PET radioisotopes and the scientific researches at the same time. The
IBA Cyclone 18/18 HC medical cyclotron is installed with a 6 m-long Beam Trans-
port Line (BTL) mounted on one of the extraction ports of the cyclotron. Although
the cost of its installation is relatively high, the BTL is a significant factor to enable

the multidisciplinary studies simultaneously [11].

The processes performed in this thesis are related to irradiation of the enriched TiO,
target by proton beams to produce the “3Sc radioisotope and to obtain the most effi-
cient measurements of its cross-section. Time of the irradiation, current on the target,
and energy of the proton beam should be optimized for the best results. However, the
energy of the Bern cyclotron is fixed at 18 MeV. To overcome this constraint, alu-
minum absorber foils in various thicknesses are used to degrade energy of the proton
beam, where the SRIM Monte Carlo code is used for the simulation of the degra-
dation. On the other hand, the accelerator itself should be equipped with different
types of target stations in order to access a large spectrum of radionuclides. For that
purpose, the Bern medical cyclotron is equipped also with a solid target station. The
48V radioisotope is produced via "*T i (p; X) “8V reaction. It has a half-life of 16 d,
50% of positron emission, and two high abundance gamma rays, one at 984 keV and
the other at 1312 keV. After the irradiation process is completed, the target is cooled
to be placed into a high purity germanium detector (HPGe). The obtained gamma ray
spectrometry is used to calculate both activity of the irradiation and the cross-section.
The results are represented as a function of the proton energy and the cross-section

values.

The present thesis introduce nuclear medicine and imaging techniques in Chapter
2. Both the traditional and the modern methods are explained regarding their fields
of utilization, working principles, and their comparisons with each other. Chapter
3 focuses on the medical cyclotron and their importance for the nuclear medicine.
The working principle of a state-of-the-art-technology cyclotron is also described in
detail. Chapter 4 provides a methodology for irradiation and for measurement of the
cross-section. In other words, all information for the production of “3Sc and %8V are
found in this chapter. Chapter 5 represents the all results for the different cross-section

measurements and their comparison with the theoretical and the experimental values.



The theoretical data are obtained from TENDL (TALY S-base evaluation nuclear data
library) whereas the EXFOR database is used for the experimental calculations. The

interpretations and the discussions of the results are presented in this chapter.






CHAPTER 2

NUCLEAR MEDICINE AND IMAGING TECHNIQUES

Nuclear medicine and molecular imaging techniques are state-of-the-art-technologies,
which have the ability to observe the abnormalities in picomolar quantities. They
mostly provide a good prognosis by early detection of tumor cells or metastasis. Stag-
ing and treatment steps are other functions ensured by these tools. While the nuclear
imaging techniques such as PET and SPECT provide physiological information of a
specific organ or tissue, the traditional methods such as CT or MRI focuses only on
the anatomical structure of the body [17]]. During the imaging process, small quanti-
ties of the medical radioisotopes are used as an indicator to decide precise location of

the tumor.

2.1 SPECT and Other Techniques

Single Photon Emission Computed Tomography (SPECT) is a nuclear imaging tech-
nique that aims to provide physiological information, such as the blood flow and
metabolic activity in vivo with 3-dimensional distributions. Radio-pharmaceuticals
are injected into the patient’s body to label the tumor cell. In SPECT, gamma rays
emitted by a radiotracer, are detected directly by the Nal(TI) scintillation detectors.
The scintigraphic detections allow better localization compared to the other methods
[18]. The basic working scheme for SPECT can be found in Figure 2.1.

lodine-123 emits rays with an energy of 159 keV. This is ideally suited for imaging
in the SPECT cameras, as they have been optimized for using with 99m Tc ( ray

energy =140 keV). For the SPECT agents, ™ Tc is the most widely used accounting
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for approximately 80 % of all studies in nuclear medicine. This is primarily due to its
availability through the ®°*Mo/**™Tc¢ generator [19].

Even though high possibility of obtaining low image quality in SPECT is a disadvan-
tage for molecular imaging, some hybrid techniques, such as SPECT/CT can be seen
as a promising solution. High image resolution of CT, and a wide variety of radio-
tracer sources dedicated to SPECT enable all required information about the tumor
localization. These factors lead to a desired combination of both the anatomic, and
the functional data [20]. As a traditional imaging method, Computing Tomography
(CT) helps to receive anatomic information of the body to identify current diseases
accurately. Its working principle bases on detection of the narrow beam x-rays pro-
duced by a rotating gantry around the patient. Inside of the gantry, there is an x-ray
tube to shot the rays through the body. These rays are absorbed by the special x-ray
detectors positioned on the opposite side of the source (Figure 2.2). After the detec-
tion, obtained information are immediately directed to computers for the data analysis
with 2D image slices. The data is collected at various angles to make the image re-
construction accurate [4]. Another traditional imaging method, that uses the magnetic
spins of hydrogen atom and align these spins like a compass under an external mag-
netic field, is Magnetic Resonance Imaging (MRI). Hydrogen atoms before and after
the alignment are represented in Figure 2.3. The hydrogen atoms that are presented
in the chemical structure of water and fat have unpaired protons and magnetic spins.
These atoms are rotated by radio waves during the process, and simultaneously emit
RF pulses, which are specifically binded to hydrogen. Consequently, detailed MR
images of the tissues are created by these signals [5].



Rotating Nal(Tl) Detector Module
with Pb/W Collimator in Front

Direction of Rotation —s——_ /
Signals to electronics

= ~ Scintillation site for Y-ray
parallel to collimator holes

I !>Absorbed in collimator
E
i :
\ v
N AN SN
\ patent /- /(Tacer) (aser)

—__ Ery- (o)
Radioisotope decay

by 7 emission

Figure 2.1: The working principle of SPECT [3]

7 ¥onl

-
ahs/a te

Q‘ X-ray tube

I «— X-ray pencil beam
1N

Scanned |

slice

N\

’ Slice Plane

thickness =T
<

o

X-ray beam
thickness =T

~w

Scintillation
detector

Figure 2.2: The working principle of CT and its X-ray tube [4]



990 =

[
Q_ O o <( : ) (@
& 9 9

Figure 2.3: Hydrogen atoms in free space (left), and alignment of hydrogen atoms
under a magnetic field (right) [5].

2.2 PET and Its Advantages/Disadvantages in Medicine

Positron Emission Tomography (PET) is utilized in a wide variety of clinical appli-
cations such as determining localization of the malignant tissues by using the non-
metabolized radio-pharmaceuticals, and tumor imaging including brain, neck, head,
and whole-body scans with a high accuracy. In other words, PET is not only used in
the diagnosis of cancer tissues, but also plays a significant role in monitoring, staging
and following steps after the therapy [21]. Epilepsy and Alzheimer are other illnesses
that can be diagnosed by PET.

As the basic principle of this technique, positron-emitter molecules are injected into
a vein to label the malignant cells for enabling observations of the biochemical func-
tions [22]]. It allows to detect tumor cells in the very early stages, and to prevent
any possible metastases by estimating the spread rate of tumor cells easily. It also
helps to distinguish the malignant and the benign tumors by providing enough stag-
ing information. By comparison with SPECT, PET provides more accurate results,
image resolution with higher quality, and lower radiation exposure. Moreover, prepa-
ration and processing time for SPECT changes between 3 and 5 hours, which is quite
long due to the low cost-efficiency rate. For instance, even though time required for
the myocardial perfusion is 12 minutes in the SPECT scan case, the same process
takes only 3.5 minutes with the 8Rb-PET scan [6]. The images illustrated in Figure

2.4, belong the same patient, and clearly show the resolution differences between the
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SPECT, and the PET images.

Rb-82 PET
o

Figure 2.4: Comparison of the SPECT and the PET images [6]

Although it has many advantages, the applications of PET are limited due to availabil-
ity of its radiotracers. In order to produce the PET radiopharmaceuticals, a medical
cyclotron is required. However, installation of the cyclotrons are still not common in

many medical centers because of its high cost.

2.3 The PET Radioisotopes

On the basis in the radionuclide production, structure of the target nucleus is modi-
fied after being bombarded by the charged particles. Characteristics of these charged
particles, such as positron emission probability, and required energy to initiate a bom-
bardment, have an influence on the possible outcomes of corresponding reactions
[19]. Although fission reactions, occurred in the nuclear reactors, might be assumed
as an alternative source for the radionuclide production, particle accelerator based
radionuclides have a priority over other techniques. 'C (t;-, = 20:3min), N
(tio = 10min), 0 (t;-, = 2:03min), and *¥F (t;-, = 110min) are the four well-
known positron emitting, and cyclotron-produced radionuclides. 'C has a 100%
positron decay with maximum * energy of 968 keV. It is most commonly found in
the forms of 1*CO, and *CH,. 3N decays to stable 3C with 100% of positron

emission as well, and can be produced by several reactions. However, its low half-
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life and requirement of the enriched materials, to be used as targets, result in some
limitations for its utility. The decay properties of the four common radioisotopes and

the possible reactions are listed in Table 2.1.

Table2.1: Comparison of features of the four common radionuclides and their possi-
ble nuclear reactions, (a); These reactions required enriched target material. [1]

. . Decay . Energy
Radionuclide t1- mode Reaction (MeV)
11c 20.3 min + UN(p, ) 11-17
16
13N 9.97 min + O ) 19

BCEN@ 11
BN@pn® 11
150 203min  + ¥N(@d2n) 6
BN(@p,n®  >26
BO(pn)®  11-17
natNe(d, )  8-14

18 110 min +

The most commonly used radio-labeled PET tracer is a glucose derivative, namely
2-18F -fluoro-2-deoxy-D-glucose (FDG). It is obtained by replacing oxygen in the
structure of glucose with 8F (Figure 2.5). Since cancer cells grow at a high rate
compared to normal cells, there is a direct relation between their energy demands and
glucose consumption of the cells. This relation is named as metabolic trapping’ [23].
Even though glucose is completely metabolized through the whole-body, glycolysis
process is only possible for FDG up to a certain rate because of the ¥F labeling.
This structural difference causes a high accumulation of FDG in cancer cells, and are
detected as positive hot spots during the imaging step. Moreover, it has a desired
half life of 110 min, which provides not only enough time for diagnosis after being
injected into the patient, but also allows to remove the radioactive tracer from the
body as soon as possible after the imaging process is completed. In addition, a long
half-life enables fast and effective transportation between the production and the PET

centers.
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Figure 2.5: Difference of glucose and FDG [7]

2.3.1 Why Scandium is proposed as a new radioisotope

An ideal radioisotope should have a half life long enough to observe abnormalities of
cells, and also short enough to leave the body as soon as possible after the imaging
process. It also requires to be a good emitter of the gamma rays. Gamma rays are
highly penetrating, and they are less ionizing than alpha and beta particles. There-
fore, once they penetrate into patient’s body, they give minimum damage. In addi-
tion, it should have a desirable production cross-section to obtain effective production
yields. Regarding these properties, scandium might be considered as one of the most
convenient choices with its ideal nuclear decay properties. It has a half-life of 3.89
hours, which is relatively long for both the diagnosis and the therapy purposes, with
agreeable decay properties. Scandium may be labeled with either a positron-emitting
isotope for the diagnostic purposes, or with a  particle for the therapy [16]. It is
an 88.5% + emitter, and emits low energy gamma rays at 372.9 keV with the prob-
ability of 22.5% [24]. Besides that, the threshold energy to start the reaction is 3.142
MeV for 4T i(p; )*Sc, while it has a Q value of -3.0748 MeV [25]. Some decay
properties of scandium radioisotopes are shown in Table 2.2. The decay percentages

of each isotope are indicated in the parenthesizes.

2.4 Working Principles of PET

After injection of the corresponding radiotracer into the vein, the nucleus emits an
energetic positron, known as positively charged electron. Subsequently, it travels a

small distance through the tissue to encounter a free electron so that they collide,
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Table2.2: Ground state properties of scandium isotopes (A < 45) [2]

Isotope 40 41 42 43 44
Type of decay + + + T + EC
Half-life 0.18  0.60s 0.68s 3.89h 3.92h
5.73 (50)
end-point 7.53 (15) 0.80(23)
energy (MeV)  8.76 (15) 561 539 11977) (99)
9.58 (20)
0.73(41)
1.11(7)
sfollowing - 00(24) 1.156 (100)
+ decay (MeV) 2.02(22) 0.375(100)  1.500 (0.8)
3.19(13) 2.656 (0.14)
3.73(100)
3.92(18)

and produce an unstable positronium. As a consequence, the collision ends with
an annihilation process, where a photon pair is formed with individual energies of
511 keV (the rest mass of electron and positron). These photons are the gamma ray
signals moving in the opposite direction, and they are detected by the ring-shaped
PET scanners (Figure 2.6). While the ring-shaped detectors help to collect data with
a wide range of angles through the related organs, having a simultaneous detection
of photons is essential to be counted as an event. It is provided by the collinearly
aligned detectors, and obviously, this detector technology allows PET to be a highly
sensitive device compared to the other imaging techniques [22]. The varying positions
of the radioactive source are computed in slices, and recorded as 3-D images of the
tissue [8]. Nevertheless, estimation of the tracer location is not very accurate, since
the positron travels for a while before resulting in an annihilation; i.e. turning into
photons. This location uncertainty might be considered as a reason for possible errors
in the imaging [26].

12
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Figure 2.6: Proton-electron annihilation and detection of photons by the ring-shaped
detectors [8]

2.5 The PET/CT Technique

Even though the data provided by PET is crucial for diagnosis, staging, and treatment
planning, improvements in the precision of the measurements are still required to
obtain more accurate results. In order to provide this, the PET/CT scanner plays an
innovative role as a hybrid technology in the nuclear medicine, which contains of both
the CT and the PET devices mounted in the same gantry. After the signals provided
by PET are converted into real images, and analyzed, CT information are computed
to finalize the process. First PET/CT device was constructed in 1998 by CTI PET
Systems in Knoxville, Tennessee, the company named as Siemens Molecular Imaging
now. After it was installed at the University of Pittsburgh (Figure 2.7) [9], it has
started to gain a remarkable repetition in the efficient diagnosis all around the world.
Indeed, it combines both the functional data of PET and the anatomical information
of the x-ray CT scanner. This combination allows to determine localization of the
tumor in early stages even if they cannot be seen as a structural change in the body.

More precise detections of small abnormalities are also possible by highlighting the
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FDG-accumulated organs (Figure 2.8) [23].

CT console PET console

Figure 2.7: The first PET/CT prototype design evaluated clinically at the University of
Pittsburgh. The CT and PET components were mounted on a single rotating support
and the data acquired from two separate consoles; the CT images were transferred to

the PET console and then used for CT-based attenuation correction and localization

[0
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Figure 2.8: Comparison of CT, PET and PET/CT Scans [10]
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CHAPTER 3

MEDICAL CYCLOTRONS

Cyclotron was conceived in Berkeley, U.S.A. in the beginning of 1930s, due to a need
arose from generating high speed ions without using of high voltages [27]. Ernest
Lawrance and Milton Livingston accelerated ions of the hydrogen molecule to the
energy of 80 keV with a 100 mm pole cyclotron in 1931. An improved version of
the cyclotron accelerated protons to the energy of 1.22 MeV and deuterons to the
energy of 3.6 MeV in 1932[28]. A high-speed deuteron beam was collided with a
carbon target in order to form a short-lived radioisotope. Hence, a new and safe way
of obtaining radioisotopes was found. A few years later from the discovery of these
machines, E. Lawrance’s brothers used Phosphorous-32 for leukemia [13]. This was
the first step to use the cyclotron-produced radioisotopes for medical purposes. Since
then, these short-lived and proton-rich radioisotopes are being extensively used in
medicine for both diagnostic and therapy purposes. In 1941, the first cyclotron for
medical purposes was installed at Washington University to produce radioisotopes
of phosphorus, arsenic, iron, and sulphur [29]. The medical cyclotrons are placed
mostly in hospitals, universities with the aim of research and development, and com-
panies that both produce and sell these radionuclides. Cyclotrons with rapidly de-
veloping technologies are offering a wide range of applications today. Biomedicine,
biology, pharmacology, agriculture, and geology are some important fields, which use

radionuclides as tracers [30].
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3.1 The Bern Cyclotron

As previously mentioned, medicine has two important fields; diagnosis and therapy.
These fields are substantially related to use of particle accelerators and detectors. On
this basis, a project, named as SWAN (Swiss hAdroN), was built by a collaboration of
the Bern University Hospital — the Inselspital — and the University of Bern in 2007 to
combine radioisotope production, proton therapy, and multi-disciplinary researches.
The Bern cyclotron laboratory was constructed underground, and it contains an IBA
Cyclone 18 MeV cyclotron. The cyclotron can be regarded as the heart of the SWAN
project to produce the PET radioisotopes for both industrial, and scientific aims (Fig-
ure 3.1). Apart from the cyclotron, there is a beam transport line (BTL) terminating in
a different bunker to carry out production and research at the same time [31]. SWAN
also includes radiochemistry and radiopharmacy laboratories, and two floors are ded-
icated to the treatment of the oncological patients and to nuclear medicine researches.

i
i

=

Figure 3.1: Scheme of the Bern Cyclotron Laboratory and location of the Cyclotron
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Table3.1: Main characteristics of the Bern Cyclotron and the BTL

Constructor lon Beam Applications (IBA), Belgium

Type Cyclone 18/18 HC

Accelerated particles H (D on option)

Energy 18 MeV (9 MeV for D )

Maximum current 150 A(40 AforD )

Number of sectors 4

Angle of the dees 30

Magnetic field 1.9 T on the hills and 0.35 T on the valleys
Radio frequency 42 MHz

Weight 24000 kg

Dimensions 2 m diameter, 2.2 m height

lon sources 2 internal PIG H

Extraction ports 8 (one of which connected with the BTL)
Extraction Carbon foil stripping (for single or dual beam)
Strippers Two per extraction port on a rotating carrousel

Isotope production targets 4 '8F |, °0 (*1C and solid target are foreseen)
Beam Transport Line (BTL) 6.5 m long
two quadrupole doublets (one in each bunker);
XY steering magnet; upstream collimator;
2 beam viewers; neutron shutter

IBA Cyclone 18/18 HC provides an energy of 18 MeV with a maximum of 150 A
extracted current. Moreover, it contains two different H ion sources to ensure con-
tinuity of the production process with the second source if any problems arise in the
other source. It also has eight different extraction ports; four for fluorine-18, one for
solid target station, one foreseen for carbon-11, and one for BTL. The four liquid tar-
gets dedicated to *8F take place so that they can be used in case of any maintenance
or any possible need without disturbing current production. Further technical details
on the Bern cyclotron and BTL are reported in Table 3.1.

3.1.1 The Beam Transport Line

Beam Transport Lines generally are not common in medical cyclotrons. In situations,
which they are combined with the cyclotrons, they share the same bunker. This com-
mon use situation prevents the possibility of both production, and research at the same

time. In the Bern cyclotron laboratory, there is a specific Beam Transport Line (BTL)

19



(Figure 3.2) to eliminate this negative consequence, and allows to study in multidis-
ciplinary research fields such as production and development of PET radioisotopes,

material sciences, and radiation protection in parallel.

Figure 3.2: The BTL and the bunker that is dedicated to the BTL

It is 6.5 m long, and allows production of radioisotopes at high currents up to 150

A with more than 95% transmission. This high transmission is important to avoid
any corrosion occurred on the radiation sensitive devices, and any possible activation
caused by undesired sub-interactions. Hence, different methods have been applied
in the design of BTL to enable the maximum high transmission. One method is
centering the beam through the beam line path. Although it has a curved shape inside
of the cyclotron, the beam must follow a straight path along the beam line. An XY
steering magnet is placed near to the extraction point of the beam to obtain a straight
path as much as possible. Using two different H-V quadrupole doublets is another
method for observing a precise beam path. These doublets improve the horizontal

and the vertical alignment of the beam. While the first doublet comes immediately
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after the X-Y steering magnet placed in the first bunker, the second one is located
in the other bunker reserved for BTL. Beam viewers and collimator are also help to
position the beam. All these apparatus ensure the maximum transmission during the
production. Furthermore, a wall with thickness of 180 cm is placed between the first
and the second bunkers, and a neutron shutter is mounted on BTL in order to increase

the transmission rate [11]. A detailed scheme of the BTL is available in Figure 3.3.

—
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Figure 3.3: A detailed scheme of the BTL and descriptions of its parts [11]

3.2 Working Principle and Construction

Cyclotrons use the magnetic field to drive charged particles in a circular path, while
they use electric field to accelerate the corresponding particles. As mentioned pre-
viously, the main aim of a cyclotron is accelerating particles up to possible high en-
ergies. Hence, direct proportionality between velocity and energy of the accelerated
particle is the basic factor that affects the process [1]. In the cyclotron, there are two
large electromagnets in order to create perpendicular magnetic field. Between these

two poles, there is a vacuum chamber, that involves an ion source at its center, and two
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