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Introduction

The radionuclides are often used in medicine for diagnosis, treatment and research. The
radioactive tracers which emit gamma radiation can offer a large amount of information about the
anatomy and the well functioning of different organs in the human body, as they are often used
for tomography investigations (single photon emission computed tomography, PET scanning).
Also, the radionuclides (gamma and beta emitters) have become a promising method for the
treatment of some tumors.

This thesis is mainly focused on the production and characterization of some medically
relevant radionuclides, the calculation of their activation cross section values for induced
reactions with neutrons, protons, deuterons or alpha particles on thin targets in the energy range
of 15- 40 MeV. The experimental data presented in this thesis have high reliability as they are
measured relative to well known recommended monitor cross sections that were determined
simultaneously [17]. Our results are compared with a number of earlier investigations [11-15, 20,
21, 22, 24, 26-36, 40, 46, 54, 56] and some discrepancies can be due to outdated nuclear data or
different measuring techniques.

Chap.1 presents a short introduction of the preparation and production techniques of
artificial radionuclides, methods of preparation of labeled compounds with radioisotopes and
their applications in medicine (radiopharmaceuticals used in diagnosis and therapy).

Chap.2 presents the main techniques of production of radioisotopes used for medical
applications by neutron activation and by charged particles irradiation and consists of 2
subchapters. Subchapter one presents the study of the radioisotopes production and their
characterization by the neutron activation and some medical applications of radioisotopes
produced by neutron reactions. The second subchapter describes the radioisotopes production and
their characterization by charged particles irradiation at a cyclotron (the deuterons irradiations on
®47n targets at a cyclotron up to 19.5 MeV and the production and separation of a medically
applied radioisotope ®*Cu).

Chap.3 presents the study of the excitation function for the deuteron induced reaction
®Ni(d,2n) for the production of NCA®*Cu and some impurities (**Cu candidate for
radioimmunotherapy) up to 20.5 MeV.

Chap.4 presents the study of the excitation functions for the radioisotopes
(NCA *¥9Sc) and **Ti, by protons irradiation on *°Sc targets at energies up to 37 MeV.

Chap.5 presents the study of the production of **Pd used for brachytherapy, by protons
irradiation on '°*Rh targets at energies up to 28 MeV.

Chap.6 consists of the study of the excitation functions for some radionuclides of W, Ta
and Hf by deuterons irradiation on *®'Ta targets at energies up to 40 MeV.

Finally, Chap.7 presents an experimental study of the excitation functions and possible
production pathways by induced alpha reactions on "Cd targets at energies up to 38.5 MeV for
radionuclides of medical interest such as: NCA™'™Sn, NCA™*™In and NCA™In.

The general conclusions highlight the most important results obtained in these
experiments, some of them studied for the first time, regardless to the production cross section
values and the yield of some new radioisotopes used for medical applications.

43)¢ 4344.44mg .
)

Keywords: radionuclides, neutron activation, proton, deuteron, alpha induced reaction, cyclotron,
thin target, stack foil method, HPGe detector, y spectrometry, cross-section, excitation function,
thick target yield.



Chap.1.1 The natural and artificial radioisotopes

The radioisotopes are the result of the nuclear reactions, the interaction between a
projectile particle (neutron, proton, deuteron, alpha particle, photon) and an atomic nucleus. The
probability of interaction between the nucleus and the bombarding particle is the cross section of
the reaction.

The most often reaction by neutrons is the one in which the target element is irradiated by
thermal neutrons (n,y) and the radioisotope of the same element is obtained. A series of
radioisotopes can be obtained by neutron irradiation in a neutron reactor or by charged particles
at a cyclotron, this last one being more technologically profitable.

1.2 Applications of radioisotopes

The radiopharmaceuticals labeled with radiotracers are often used for diagnosis and
therapy in nuclear medicine. They mainly have two compounds: the radionuclide and the
pharmaceutical compound. The radionuclide is important for the detection or to release a
radiation dose and the radiopharmaceutical product dictates the bio-distribution and the in vivo
localization in the human body.

The radionuclides used in radiotherapy can be localized at the level of the target structure
as well as those used in diagnosis, being attached to a chemical or biological compound. In the
case of diagnosis, the radiopharmaceuticals are given to the patient and the emitted radiation
inside the human body is then to be measured by using a gamma camera for the radiation
detection (nuclear scintigraphy). In the case of therapy, the radiopharmaceuticals are given for
the treatment of some diseases [7] and preferably they should contain only beta emitters with the
energy of 0.5-1 MeV and to have a relative short half life as about 4 to 10 days and also, they
should not present any toxicity for the human tissues [7]. The most recent diagnosis techniques
are PET (Positron Emission Tomography) and SPECT (Single Photon Emission Computer
Tomography), in which beta emitters radionuclides produced at a cyclotron are used, which
provide information about the metabolism, neuronal transmission and blood circulation in the
human body (Fig.1.2.4). A suitable PET candidate is the NCA®*Cu, a positron and a beta emitter,
used for labeling a wide range of radiopharmaceuticals for both PET imaging, as well as
immuno-radionuclide therapy of tumors [13]. Another interesting radionuclide is ***Pd, used for
the brachytherapy of tumors in the United States since 1986 and can be produced at a cyclotron
by irradiation of rhodium targets.

Fig.1.2.4 Examples of PET and SPECT images using radionuclides



Presently, approximately 100 radionuclides are used in medical and biological centers,
from which about 30 are often used in therapy and diagnosis. It is well known that presently the
applications of radiopharmaceuticals reflect the economical development degree of a particular
country and that there is a strong connection between the industrialization and the
radiopharmaceuticals consumption. In the United States this consumption became almost double
to the one from the United Kingdom and 4 times more than the one from France in 1963.

Chap.2.1 Techniques of radioisotopes production used for medical applications

2.1 The study of the radioisotopes production and their characterization by the neutron
activation

Some radioisotopes with medical applications can be produced by different nuclear
reactions, which can take place in nuclear reactors or in accelerators. The production method of
radionuclides by neutron irradiation consists in bombarding some elements with neutrons at
different energies [9, 11], obtained with neutron isotopic sources type (o,n) (** Am—°Beof 5 Ci
and **Pu—°Beof 33 Ci). It was thus noticed that by using neutron isotopic sources, some
important radioisotopes with applications in nuclear medicine can be produced at the place of
their application in clinical laboratories, such as: ***™In, **®Au, *®Mn, ®*Cu as presented in Tablel.
The samples containing the target isotopes, were irradiated with neutron sources and their spectra
were acquired with the help of a Ge(Li) detector type CANBERRA, coupled at a multichannel
analyzer and a software GENIE 2000 for data acquisition.

Table.1 The specific activity and spectral chracteristics of some radionuclides produced by neutron activation

Radionuclide Nuclear reaction Mainy emission (keV) Specific activity at
(Abundance %) saturation (Ci/g)
Y Au(n,y) ®Au 411.80 (96) 8
198Au
T1/2 =2.70d
**Mn »Mn(n,y)**Mn 846.77 (98.9) 3.9
1810.77 (27.2)
T1p,=258h 2113.12 (14.3)
T IBIn(n,y) " n 416.86(27.7) 21
818.71 (11.5)
Ty2=54 min 1097.32 (56.2)
1293.55 (84.4)
1507.67 (10.0)
*¥Cu Bcu(n,y)®cu 1345.84 (0.473) 0.79
T1/2 =12.70h
o %5Cu(n,y)*Cu 1039.23 (9.0)
Cu
T1/2: 5.15 min




By analyzing each gamma spectrum, it was able to determine the new produced
radioisotopes and also their half life from the disintegration curve, especially if they interfere on

the annihilation peak at 511 keV, such as the copper isotopes [15] ®*Cu (T, =1270 h, B~ 578

keV EP, 38 %, B, 653 keV EP, 18 %; y at 1345.84 keV, 0.473 % [23], Fig.2.1.12). Its properties
ensure this radionuclide a great potential to serve a dual function in order to develop new
molecular agents used for the positron emission tomography (PET) and radiopharmaceuticals
used for the radioimmunotherapy in oncology [12, 14, 24].
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Fig.2.1.12 Characteristic spectrum of *Cu Fig.2.1.7 Characteristic spectrum of **Au

Another radionuclide **®Au (Fig.2.1.7) is often used as agent in the nuclear medicine for
clinical applications (rheumatoid arthritis) and also for the SPECT technique or as implants for
the brachytherapy for the treatment of prostate cancer [41]. Recent studies [42] show that the
*®Mn from manganese superoxide dismutase (MnSOD) is a proper candidate for the treatment of
prostate tumors by brachytherapy. Also, ***™In is used for the scintigraphy of carotid tumors [43].

2.2. The study of the radioisotopes production and their characterization by charged
particles irradiation at a cyclotron

Radionuclides are often used as radiotracers to follow processes in different systems, such
as the radiotracers applied for diagnosis in medicine, clinical chemistry, molecular biology,
different problems that occur in industry and research [29]. The radionuclides low in neutrons,
produced by irradiation with charged particles at a cyclotron offer a special advantage because they
are often No Carrier Added (NCA) and have a high activity, which makes them useful to be used
as radiopharmaceuticals [27].

2.2.3 The experimental study of deuteron irradiations on natural Zn and *Zn targets at the
JRC lIspra cyclotron

The production method is based on the study of the experimental excitation function for
the deuterons induced reactions ®*Zn(d,2p)®*Cu and **Zn(d,an)*'Cu, irradiating thin Zn targets
(the stack foil technique) at a cyclotron up to 19.5 MeV. The NCA*Cu is therefore produced
together with other impurities such as: ®'Cu, ®"zn, ®°zn, ®’Ga, ®Ga [14, 19] as presented in
Table 2 and Fig.2.2.19, which can be chemically separated in the final product used for PET.



Table. 2 Main induced nuclear reactions by deuterons irradiation on zinc targets and the spectral characteristics
of the produced radionuclides

Radionuclide Nuclear reaction Main y emission (keV) Thick target yield
(Abundence %) (MBg/pA.h)
¥Cu ¥7n(d,2p) 1345.84 (0.473) 14.12
867n(d,a) 8.60
T1,=12.70h 877n(d,an) 3.36
%8Zn(d,a2n) 0.01
sum: 26.09
*ICu Zn(d,on) 656.01 (10.77) 179.20
T 12 = 3.33h
*Ga %Zn(d,n) 184.58 (21.2) 15.28
%77n(d,2n) 300.22 (16.8) 3.78
T, =326d %87n(d,3n) 393.53 (4.68) 0.21
sum: 19.27
®Ga %Zn(d,2n) 833.50 (5.896) 109.12
877n(d,3n) 1039.35 (37.00) 0.29
T1,=949h sum: 109.41
®mzn ®Zn(d,p) 438.63 (94.77) 28.06
07n(d,pn)
T 12 = 13.76 h
®Zn *Zn(d,p) 1115.55 (50.6) 0.29
867n(d,p2n) ~0
Ty = 244.26 d $Zn(d,n)+ decay -0
sum: 0.29

The activities produced in the irradiated samples were then measured by gamma
spectrometry at HPGe detectors type CANBERRA and EG&G ORTEC USA, with the help of
the acquisition softwares Gamma Vision (Model A66-B32, Version 5.10) and GENIE 2000. The
detectors were calibrated in energy and efficiency with standard sources of **2Eu (1uCi, 10uCi),
am, B¥'Cs, ®Co (ENEA Italy, DAMRI and CERCA France). For the production of the
radioisotope **Cu, only the y line at 1345.84 keV (0.473 %) [19, 24] was used for the activity
estimation with a good resolution (Fig.2.2.18).

[ 3R AT ™ om

Fig.2.2.18 Spectrum counts/channel vs. gamma energy (keV) for the peak of **Cu
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Fig.2.2.19 Spectrum counts/channel vs. energy (keV) for **Cu and impurities, measured in a stack of *Zn
foils after one day and respectively two days from the end of irradiation

The transmitted deuteron energies through the stack of Zn foils were calculated with the
help of the SRIM code 2006 [15, 16], taking in consideration the errors of the thickness of
different foils in the stack. The cross-section values for each foil in the stack were determined by
using the activities measured and other constant parameters by using the activation formula (as
for the production of ®‘Cu) [19]:

AO:p'NAvog'f'I '(1'e_kt)'G(E)/M'd

p = 8.92000 10 g/mm?® (the density of the obtained Cu isotope)

M = 63.54 u.a.m. (the atomic mass of the target Zn isotope)

f = 1 the isotopic abundance of the target (*Zn)

Navog = 6.02300° 10" atoms

t = the irradiation time (3 h)

| = the measured current in the irradiated foil (0.3 pA)

1 pA = 6.2500 - 10" p/s

d = the thickness of the irradiated Zn foil (0.14 mm)

A=1n2 -t/ Typ, Tip = the half life of the radioisotope %4cu (12.7 h)
A=Ay -e ' = the measured activity of the produced radioisotope in the Zn foil
o (E) = the measured cross section.

The experimental excitation functions for the deuteron induced reactions ®*Zn(d,2p)®*Cu
and ®*Zn(d,on)**Cu were then compared with theoretical estimations made with the help of the
theoretical codes EMPIRE and AliceMC [19, 44, 45]. Fig.2.2.24 presents the experimental
excitation function for the reaction ®*Zn(d,2p)®*Cu up to 19.5 MeV, compared with the
theoretical estimation made with the theoretical codes AliceMC and EMPIRE and shows a good
agreement. Fig.2.2.25 presents the experimental excitation function for the reaction
®7n(d,on)®*Cu, here the theoretical values follow the trend of the experimental curve and are
higher than the experimental values, compared also with other data from literature measured for
this reaction.
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Fig.2.2.24 The excitation function for the reaction ®Zn(d,2p)**Cu in a stack of *Zn foils
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Fig.2.2.25 The excitation function for the reaction *Zn(d,an)®*Cu in a stack of *zn foils

Cap.3 Study of the excitation function for the deuterons induced reaction ®Ni(d,2n) for the
production of **Cu used for medical applications

The production of ®*Cu was studied also via the reaction ®*Ni(d,2n)**Cu using the stack
foil technique. Several stacks, each containing 8 foils of enriched ®*Ni (96.1 %, impurities **Ni
1.95 %, ®Ni 1.31 %, ®Ni 0.13 %, ®*Ni 0.51 %) were irradiated by deuterons up to 20.5 MeV at
the VUB CGR-560 cyclotron. The ®*Ni targets were obtained by electrodeposition on foils of Au
(99.95 %). The cross section values for the reaction ®*Ni(d,2n)®*Cu were calculated with the help
of the activation formula and are presented in Fig.3.3.29, as being a single set of values from two
different irradiations. The excitation function is also compared with results previously obtained
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for this reaction by the group from VUB Brussels (Hermanne et al. and values from literature
[20, 26]) and show a good agreement.
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Fig.3.3.29 The excitation function for the reaction ®*Ni(d,2n)**Cu, comparison with literature values

By making a fit over all cross section values, the thick target yields were calculated for
different deuteron energies (Fig.3.3.31), extrapolating our experimental values up to 25 MeV, the
thick target yield can increase up to 30 %.
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Fig.3.3.31The thick target yields for the reactions *Ni(d,2n)®**Cu and *Ni(p,n)*Cu

By comparing our results with thick target yield values obtained by protons irradiation on
enriched **Ni targets (Adam Rebeles et al. [20]), it is obvious that the deuterons induced reaction
becomes more profitable than the protons reaction in the same energy range higher than 18 MeV.
Possible contaminants of Ni and Co in the final product NCA®*Cu can be chemically separated,
necessary also in order to recycle the expensive target material of Ni.
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Cap.4 The study of the excitation functions for ©*K, *****Msc and **Ti by protons irradiation
on *°Sc targets at energies up to 37 MeV

In the nuclear medicine for the positron emission tomography (PET), the injected positron
emitter leads to two back-to-back 511 keV y-rays, detected by crystals in most commercial
cameras. The number of B* y emitters is quite large, but it can be restricted to those that have
some useful properties. One of the most promising radionuclide is **Sc, it has a good B* vy yield
(94.3 %) and there is only one additional y-ray with energy of 1157 keV. Its radionuclidic
properties, its facile labeling chemistry and the lack of specific in vivo trapping make it an
attractive candidate for RAIT (radioimmunotheraphy) [65].

In this experiment, the main purpose was to investigate the excitation functions for the
reactions *°Sc(p,2n)**Ti and *Sc(p,pn)**?Sc, but also the results about possible contaminants
such as **K, **Sc and *™Sc. The B* emitter radionuclide ***Sc can be directly produced by
protons irradiation on Sc targets, but also it can be obtained from a generating system such as the
daughter radionuclide with long half life **Ti of 60 years (can also be produced in meteorites
through cosmic-ray interactions), obtained from the same irradiation, giving the possibility to
hospitals and laboratories to have this certified tracer always at disposal.

The cross section values for protons induced reactions on natural Sc (°Sc 100 %) at
energies up to 37 MeV, were determined by using the stack foil technique. Several palletes
containing powder of Sc,03 (99.5 %), enclosed in two Al foils, together with monitor foils of
"'Ti (99 %) were irradiated in the external beam of the VUB CGR-560 cyclotron. The cross
section values for the produced radionuclides **Sc, **™Sc, *49Sc and *Ti were calculated from
activity measurements and their spectral characteristics are presented in Table 3.

Table. 3 Main induced nuclear reactions by protons irradiation on Sc targets and their spectral characteristics

RADIONUCLIDE NUCLEAR REACTION E+n (MEV) MAIN 7y EMISSION (KEV)
(ABUNDENCE %)
®K ®Sc(p,3p)"K 19.47 372.76 (86.8 %)
T,=223h 617.49 (79.2 %)
sc *Sc(p,2np)*=sc 21.49 372.9 (22.5 %)
T,=389h
4amgg Sc(p,np)*™Sc 11.57 271.13 (86.74 %)
T,=24d 1157.002 (1.2 %)
#9gc *Sc(p,np)*Sc 11.57 1157.02 (99.9 %)
T Sc(p,2n)*Ti 12.65 1157.02 (99.9 %)
T,=60y (disint. of **¥Sc daughter)
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Fig.4.3.35 The excitation function for the reactions **Sc(p,np)**Sc and **Sc(p,2n)**Ti,comparison
with literature values

The experimental excitation functions were calculated with the help of the activation
formula and compared with literature values on the same reactions (Fig.4.3.35). By making a fit
over the cross section values measured for *“Ti, the thick target yield for the same radionuclide was
calculated. The thick target yield for proton energies from 15 MeV up to 50 MeV is presented in
Fig.4.4.38. In the range 22-15 MeV, the measured thick target yield values are in good agreement
with values previously measured by Dmitriev [32]. Our values were obtained by extrapolation on
the fitted curve at energies up to 50 MeV of the excitation function measured up to 36.4 MeV
(Fig.4.4.38).

14



This work
Thick target yield *°Sc(p,2n)*Ti = Dmitriev

1.8E-03
1.6E-03
1.4E-03
1.2E-03
1.0E-03

8.0E-04

vield (GBg/Q)

6.0E-04

4.0E-04

2.0E-04

0.0E+00
[0} 10 20 30 40 50 60

Energy (MeV)

Fig.4.4.38 The thick target yield for the reaction *Sc(p,2n)*Ti

Cap.5 The study of the production of 1%Pd by protons irradiation on '*Rh targets at energies up
to 28 MeV

1%pq with a Ti= 17 d, is a photon emitter at low energies often used as permanent
implants for the brachytherapy for the treatment of prostate tumors since 1986 in the USA. The
production method is based on the proton irradiation on rhodium metal targets via the reaction
193Rh(p,n)'*%pPd, followed by a chemical separation of the radionuclide from the expensive target
material.

The cross section values were determined by using the stack foil technique, 7 stacks contai
ning Rh foils (99 %) together with monitor foils of Ti, Cu and Ni were irradiated in the external
beam of the VUB CGR-560 cyclotron at energies up to 28 MeV. In Fig.5.2.40, a fit of our
experimental data for the production of 1>*Pd (cross section values derived from X and y lines and
data from Harper et al. [37]) is presented. The values are compared also with those measured
directly by Dmitriev [32] and are in good agreement. The thick target yield at energies up to 16.7
MeV (9.9 MBg/pAh) is higher than the value of 8.1 MBg/pAh calculated by Harper et al. [37].
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Fig.5.2.40 The excitation function fit for the reaction *®Rh(p,n)'**Pd and the thick target yield
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Cap.6 The study of the excitation functions for W, Ta and Hf by deuterons irradiation on **'Ta
targets at energies up to 40 MeV

A few tantalum radio-isotopes have found medical applications. **Ta wires were implanted
for radiotherapy of prostate neoplasms [39] and in head and neck tumors [40], while several studies
on bio-distribution in tumors were published [41]. The ®w- '®Ta generator received even
recently a lot of attention in angiographic studies [42].

The metal tantalum has a very special composition as it consists of two isotopes: for more
than 99.98 % it is formed by stable **Ta and ***™Ta occurring for 0.012 % but it is the only
element in nature that contains a very long lived metastable state (***"Ta: half life over 1.2 10
years). The main radionuclides of W, Ta and Hf produced by deuterons irradiations on **'Ta targets
are presented in Table 4.

Table.4 Main induced nuclear reactions on *®Ta targets and their spectral chracteristics and the Q values

Radionuclide T Maln(\l((g\r;l)lssmn 1 (%) Nuclear reaction Q(“\A/:\I}J)e
1770Ta 56.6 h 112.95 7.2 181Ta(d,p5n) -31.23
1780Tq 2.25h 331.6 31.2 181Ta(d,p4n) -24.37
18094 8.1h 93 4.5 181Ta(d,p2n) 9.8
103.8

1820Tq 114 d 1121 35 81Ta(d,p) 3.8
1231 11.5
59.31 18
57.98 10.5
67.75 41.2

18y 121.2d 56.28 18.7 181Ta(d,2n) 3.2
57.53 32
65.14 11
67.25 2.8

180mpy 5.5h 3323 94.1 181Ta(d,2pn) -8.16
443.1 81.9

17empyf 25d 453.4 68 181Ta(d,2p2n) -15.5

The excitation functions for the reactions **'Ta(d,x) were measured at VUB cyclotron in
Brussels, Belgium and also at the CYRIC cyclotron at the Tohoku University in Sendai, Japan.
Also, in order to understand better the contributions of the individual reactions, some theoretical
codes such as ALICE-IPPE [44] and EMPIRE [45] were used for the comparison of the
experimental cross section values (Fig. 6.5.43 and 6.5.44).
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Fig.6.5.44 The excitation function for the reaction **'Ta(d,p)*®*Ta, comparison with literature values and
theoretical codes calculation

The thick target yield was calculated by fitting the experimental curves for 4 radionuclides
with practical importance: *"88%982T3 and #W. While for the short lived radionuclides *"®Ta and
80Ta high activities can be produced, for the long lived radionuclides **wW and '**Ta, these
activities are much lower (on a scale of 1000 in Fig.6.6.48).
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Cap.7 Induced alpha reactions on "™'Cd targets at energies up to 38.5 MeV: experimental and
theoretical studies of the excitation functions

Standardization of different production routes of medical important isotopes by means of
charged particle activation requires investigation of the activation cross-section of certain
reactions. Moreover, where the isotopes are produced by irradiation with high energy charged
particles, special care must be employed in order to diminish the percentage of impurities in the
end product. This can be done, where applicable, by chemical separation or by proper choice of
the irradiation parameters such as type and incident energy of charged particle, thickness of target
layer, decay time between end of bombardment and start of chemical processing based on
different half lives of all induced isotopes. The discussion above is for instance applicable to the
radioisotopes *™In (Ty,= 49.5 d, 96.7 % IT, to be used in radio-immunotherapy) and *'™Sn
(T12=13.6 d, 100 % IT, bone cancer therapy and pain palliation [147-53]), which are available in
a NCA form by protons, deuterons or alpha particles induced reactions on natural or enriched Cd
or Sn targets, as reported earlier in [54, 55]. Also, the clinically proven **In used for SPECT
(IAEA TECDOC 1211 [17]) and *'°*®In, possible PET candidates, are also present in the
samples (Table 5).
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Table.5 Main induced nuclear reactions by irradiation with alpha particles on Cd targets and their spectral

characteristics

Radionuclide

1mg,
TY%=13.76d

1g)
TY%=2.8d

110g| n

T % =69.1 min
110m|n

T%=49h
14my

T%=4951d

lOggln
T%=4.16h

Nuclear reaction

18Cd(a,3n)""™Sn

114Cd((1,1’1)117m3n

108Cd(a,p)1llmln

109Cd((1,p1‘1)111m|n
0Cd(a,p2n)*™Min
Med(o,p3n)™Min

*%Cd(a,pn)**’In

H9Cd(a,p3n)"°In

111Cd((1,p)114m|n

112Cd(0t,pr1)114m|n

113Cd(0t,p2r1)114m| n
114Cd(0t,p3r1)114m| n
1%8Cd(a,p2n)®In
199Cd(a,p3n)*®In

Et (MeV)

20.8
5.4

5.9

13.5
23
31

16.3

34.1
5.7

15.4
22.24
31.6
24.6
32.2

Main y emission (keV)

(Abundence %)
158.56 (86.4 %)

171.28 (90 %)

245.39 (94 %)

657.76 (98 %)
884.68 (92.9 %)

190.27 (15.56 %)

203.5 (74 %)

The cross section values for reactions type tip (o,2pxn), (o,pxn) and (a,xn) on all stable
isotopes of ™'Cd, were calculated over the entire energy range by using also theoretical codes
such as ALICE-IPPE [57], GNASH [58] and EMPIRE-IlI [59] and compared with the
experimental cross section values and literature values for the same reactions (Fig. 7.3.52, 7.3.58,

7.3.60 and 7.3.63).
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Fig.7.3.52 The excitation function for the reaction "™ Cd(a,xn)**""Sn
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General conclusions

In this thesis, some production methods of medically relevant radionuclides for the
nuclear medicine are presented, mainly based on experimental studies of the excitation functions
of different types of induced reactions with charged particles and neutrons.

It was shown that, by using neutron isotopic sources, some radionuclides can be produced
at the place of their applications in clinical laboratories, such as: ***™In, **®*Au, **Mn and ®*Cu.
Several studies on thin targets irradiated with charged particles at the cyclotron were performed,
by making a calculation of the cross section values in each foil of the stacks (the stack foil
technique) and their thick target yield. The cross section values for deuterons irradiation on ®Zn
targets up to 19.5 MeV were calculated for the radionuclides ®**Cu and ®'Cu, isotopes than
generates a considerable interest for medical applications. The excitation functions for the
reactions ®*Zn(d,2p)®*Cu, studied for the first time and ®*Zn(d,an)®*Cu, were estimated by using
the activation formula and show a good agreement with literature values [13, 14, 15] and
theoretical calculations.

As an alternative production method, the activation cross section values for the reaction
®Ni(d,2n)**Cu for the production of the NCA ®*Cu by deuterons irradiation, were estimated in
the energy range 5- 20.5 MeV. It was shown that above 18 MeV, the deuteron energy for the
(d,2n) reaction is more interesting for the comercial production of ®*Cu than the (p,n) reaction in
the same energy range.

In this study, several cross section values for induced proton reactions on scandium
targets were studied in the energy range 17— 37 MeV by different reactions “°Sc(p,x), leading to
the formation of some radionuclides with medical applications, such as: **Sc, **™Sc, **%Sc and
“Ti. The radionuclides **Sc and **™Sc will always be present in the samples in small quantities,
*33c is a p* emitter and will capture the signal in the positron direction, while the long lived
radionuclide **™Sc behaves as an internal generator, which would allow kinetic PET studies over
a few days period of time. Our results were also compared with some earlier investigations of
other groups [27-29], some differences are due to some old nuclear data or different measurement
techniques.

Another experiment presents the production of a medically important radionuclide **Pd,
succesfully used for the brachytherapy of tumors. It can be produced by protons irradiation on Rh
targets, the results of the excitation function and thick target yield for this radionuclide show a
good agreement with literature values up to 18 MeV.

The excitation functions for the production of some radionuclides such as
1771789,1800.18215 18\ and 179™18Mf \were determined by deuterons irradiation on "Ta targets at
energies up to 40 MeV. Also, some comparisons with literature values and different theoretical
values calculated with the codes ALICE and EMPIRE, were performed and show a relative good
agreement.

Finally, the excitation functions for the production of some radionuclides such as
110,113g,117msn1 108m,g,109g,110m,110g,113m,114m,115m,116m,117m,gIn and 111m,115ng’ produced by irradiation
with alpha particles on "™Cd targets, were presented here for the first time in the energy range 6-
38 MeV. Some of these radionuclides are important for medical applications, such as
NCA"™Sn, NCA™™In, *In and can be produced in high doses at high energies. The
comparison of the measured cross section values with literature values and theoretical values,
obtained with theoretical codes EMPIRE [58], ALICE [57] and GNASH [59], show a relative
good agreement as well.
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