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Abstract

Radioisotopes are employed in nuclear medicine for diagnostic imaging, ther-
apy, and sterilization of equipment. However, the search and utilization of
unique and novel therapeutic radioisotopes is required due to the contin-
uous development of nuclear medicine and treatment methods. In nuclear
medicine, *™Tc is the most frequently used radioisotope. It is employed in
80% of all nuclear medicine procedures.

In this thesis, the production routes were studied for the formation of
medically important radioisotope %Mo/%™Tc generators using accelerator
facilities in Cracow, Poland. The medical radionuclides were produced using
n2tMo targets and proton and electron beams. The nuclear reaction cross
section o(F), and target yield, TY (E), were obtained experimentally and
used to discuss the feasibility of optimal large-scale production conditions for
the %Mo /%™ Tc radioisotope generator. Long-lived radioimpurities produced
in the ™Mo target by (p, ) and (7, x) reactions were also investigated.
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Chapter 1

Introduction

Radioisotopes are employed in a variety of applications in nuclear medicine,
including research, imaging, therapy, radiopharmaceuticals, and equipment
sterilization [1, 2]. Over 40 million medical procedures involving radioisotopes
are conducted each year world-wide, with an expected annual increase rate of
5%. About one out of every 50 people in developed countries uses diagnostic
nuclear medicine each year, and about one-tenth of this involves radioisotope
therapy [1].

Radioisotopes which are used in medicine for both diagnostic and ther-
apeutic purposes need to be guided to reach the place in the human body,
where they are expected to act. For this purpose, radioisotopes are bond
to biologically active molecules called biomolecules and this binding process
is called radiolabeling. For scanning, radiotracers are used. Depending on
the purpose of a scan, different biomolecules are employed. Some tracers
make use of chemicals that connect with a specific protein or sugar in the
body, also patient’s own cells can be used as a biomolecule. In most nuclear
medicine diagnostic investigations, the radioactive tracer is given to the pa-
tient through intravenous injection. Other ways to administer a radioactive
tracer are through inhalation, oral ingestion, or direct injection into an organ
of interest. The method of tracer administration is determined by the disease
process being investigated.

Tracers that have been approved are referred as radiopharmaceuticals
because they must meet the Food and Drug Administration’s (FDA) exact-
ing standards for safety and appropriate performance for approved clinical
use [3]. The tracers accumulate in specific tissues and organs by physiolog-
ical/metabolic processes in the body. Thus, radioactive emissions from the
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tracers can be utilized to noninvasively image these processes (diagnosis) or
kill cells in areas where radionuclides have accumulated (therapy).

Researchers from University of Pennsylvania, David Khul and Roy Ed-
wards for years worked on a new method for detecting radioactive isotopes
in the body using a tomographic imaging technique [4]. This work led to
the development of today’s most reliable diagnostic technique Single Photon
Emission Computed Tomography (SPECT).

SPECT creates three-dimensional (3D) images of tissues and organs us-
ing radionuclides that emit gamma rays. ™Tc is the most commonly used
radionuclide in MBq quantity for a single diagnosis [5]. A gamma camera is
used to detect individual gamma rays emitted by the decay of these radio-
tracers (i.e. single photon emission). The basic principle behind the SPECT
system relying on the rotating camera concept is to collect a series of planar
images while rotating the camera through either 180 or 360 degrees around
the patient. 3D SPECT images are then generated by a computer program
using a large number of 2D images captured from different angles. Most of
the gamma cameras used in present SPECT systems are based on single or
multiple Nal(T1) scintillation detectors [6], though semiconductor detectors
become more and more common, offering better performance [7]. Fig. 1.1
shows the schematic of a SPECT system.

Even though radioisotopes occur naturally (like uranium **U and ra-
dium #?Ra), most of the medically important radioisotopes are produced ar-
tificially in nuclear reactors or cyclotrons [1]. In 1957, Brookhaven National
Laboratory (BNL) invented the %Mo /%™ Tc generator system. Technetium-
99m (%™Tc) produced through this generator has become the most com-
monly used radioisotope in medicine. It is exploited in almost 85% of nuclear
medicine procedures and has an annual market share of approximately $ 500
million [1]. Since #™Tc and its parent molybdenum radioisotope (*?Mo) have
short half-lives (6 and 66 hours, respectively), thus they cannot be stored up.
Therefore, they need to be produced and processed daily to meet the global
demand [8]. The majority of Mo is produced either through the reactor-
based nuclear fission reaction **U(n, f)?Mo using enriched uranium-235, or
by the neutron capture reaction ®*Mo(n,)*Mo. The latter is favourable if
the target is irradiated with a high-density neutron flux [9]. The neutron-
induced fission reaction of enriched ?**U produces, along with the desired
9Mo a lot of long-lived radioactive waste which amounts to about 50 Ci per
1 Ci of Mo [10]. This raises a number of safety and security problems.
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Figure 1.1: Schematics of SPECT system (figure taken from [6]).

Until early 2010, the National Research Universal (NRU) reactor in Chalk
River, Ontario, U.S.A. and the High Flux Reactor (HFR) in Petten, Nether-
lands, were used to supply 60% of the global demand for %Mo [11]. The
former reactor was on standby, only to resume production in the case of a
supply shortage during 2018 [1]. Later in the same year, it was shut down
completely. The HFR was closed in 2010 due to water leakage [11]. Most of
the supply formerly produced at NRU is set to be produced at the University
of Missouri Research Reactor (MURR), which is a 10-MW pool-type reactor,
and the production process makes use of low enriched uranium (LEU) tar-
gets [1]. Additionally to MURR, a network of 11 cyclotrons across Canada
also deliver %™Tc¢ [12] and help satisfy the demand locally,exploiting enriched
10Mo as a target that can only be purchased from Russia [1, 12]. The cost

12



of the cyclotron-produced *™Tc is estimated to be three to ten times higher
than when produced in reactors.

Due to their aging, many of the reactors that are currently used to produce
radioactive ingredients for radiopharmaceuticals are scheduled for shutdown
within the next few years. This makes the reactor-based production unreliable
over the longer term [13]. Therefore, other production paths, which do not
require the use of reactors, are sought for. One of the possible options is the
use of accelerators, which have a number of advantages compared to reactors
for radionuclei production such as lower operating cost, safety, and a reduced
amount of radioactive by-products. Accelerators can be located close to the
places where the isotopes are used, thus minimizing the transportation time.
Many accelerators with several MeV proton energy range are available for
radioisotope production for medical applications. Mo can be produced via
proton induced reaction through 1%Mo(p, pn)*Mo and **Mo(p, 2n )%™ Tc re-
actions. The proton energy range of 10—25 MeV is the optimal for production
of ™ T¢ and 15—35 MeV for the "°Mo(p, pn)?”Mo reaction. Deuteron beams
can also be used to produce radioisotopes from "**Mo via the “$1%Mo(d, x)
reaction. Currently, in several centers, radioisotopes are being produced using
proton and deuteron beams accelerated by cyclotrons [14].

%Mo can also be produced through the 1%Mo(v,n)*Mo reaction. Lin-
ear electron accelerators (linacs), however, are in practice not exploited for
this purpose, although many research studies showed this option would be
feasible [9, 10, 13, 15-21].

The thesis aims to explain the nuclear physics behind the generation of
radioisotopes. Mo /?9™T¢ generator was chosen to study and meet the above
mentioned purpose. Production cross section and target yield of ®Mo/%™Tc
radioisotopes along with the long-lived radio-impurities studied with the use
of accelerator facilities located in Cracow, Poland.
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Chapter 2

Theoretical background

2.1 Radioactivity and reaction cross section

In the nineteenth century, an Englishman named John Dalton proposed his
atomic theory, which stated that all atoms of the same element were identi-
cal. This went unchallenged for 100 years, until experiments by the British
chemist Frederick Soddy proved conclusively that the element neon was made
up of two types of atoms. Chemically, they were all the same, but some had
an atomic weight of 20 and others had an atomic weight of 22. He coined the
term ”isotope” to refer to one of two or more atoms with the same atomic
number but different atomic weights [22].

Radioisotopes are isotopes that are unstable, i.e., spontaneously emit ra-
diation. They occur naturally or can be created artificially, e.g., by bombard-
ing suitable targets with neutrons, which are presently abundant in atomic
reactors. However, certain radioisotopes are more satisfactorily produced by
the irradiation of protons, deuterons, photons, or other subatomic particles,
given their sufficiently high energy.

Radioactivity has a feature that is virtually unaffected by any of the fac-
tors that are used to control the rate of chemical reactions, such as tempera-
ture and pressure. The structure of the unstable (decaying) nucleus appears
to be the only factor influencing the rate of radioactive decay. Each radioiso-
tope has its own half-life, which is the amount of time it takes for half of the
nuclei present in a sample to decay. The half-lives range from fractions of a
second to millions of years, depending on the nuclide and decay type. The
majority of radioisotopes created artificially are short-lived. This has two con-
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sequences. First, it means that only a small amount of material is required to
obtain a significant number of disintegrations, since the disintegration rate is
inversely proportional to the half-life. Second, after 10 half-lives, the activity
will have decreased by factor of 1024, and the amount of radioactive material
will be so small that it is usually no longer significant.

Since radioisotopes are unstable, their mean life-time 7 is inversely related
to the decay constant A:

1
= . 2.1
r=3 (2.)
Furthermore, the radioisotope half-life T}, is given as:
In2
T = B (2.2)

The unstable radionuclide loses energy through decay (in the form of
ionising radiation), generally the radioactive nucleus emits radiations through
B/~ decay, o decay, electron capture (EC), isomeric transition (IT), and
the spontaneous fission process. Any radioactive decay process other than IT
leaves the residual nucleus excited. The de-excitation proceeds via emission
of photons (v rays) of energies E., and with intensities I,. Some isotopes
can have an isomeric metastable state, which represents the excited state of
nuclei with 73 2 which is identical to other decay half-lives. The activity A(t)
of radioisotope 1 is defined as the number of decays d/N; of N; nuclei in the
given period dt:

dN;(t)
dt

and it is expressed in becquerel [Bq]. The solution of that equation is given
by

= —A(t) = =X Ny(1), (2.3)

A(t) = A(0) - e, (2.4)

where A(0) is the activity at the beginning of the decay process. If the decay
product is still unstable, then the second decay occurs. The rate at which
radioisotope 2 is produced is

AN, (1)
dt

= —Xo - No(t) + Paec - A1 - Ni(2), (2.5)

15



where Py is the probability at which radionuclide 1 decay to radionuclide
2. Solving for As(t)
)\2 : Pdec
Ay — N\
The Eqn. 2.6 gives the solution for the so-called ”parent-daughter” decay.

As(t) = A1(0) (Mt — ety 4 A,(0) - et (2.6)

2.1.1 Nuclear reaction cross section

Cross section is the likelihood that a given atomic nucleus or subatomic
particle would exhibit a specific reaction (for example, absorption, scattering,
or fission) in relation to a specific species of incident particle in nuclear or
subatomic particle physics. The barn [b] (equivalent to 1072* ¢m?) is the
reaction cross section unit. The cross section of a reaction depends on the
energy of the colliding particles and the type of reaction.

Integration of the differential cross section j—g over the full solid angle
yields the total cross section (o):
do 2m ™ do
- —dQ:/ d/—'@d@, 2.7
77 )i a9y o o a™" 27)

where 6 is the scattering angle of the particle and d$2 = sinfdfdyp the element
of the solid angle.

2.2 Production of radionuclides using charged
particles

Let us consider a solid target which is in the form of a single layered thin foil,
which contains N stable nuclei of o cross section for the interaction and S
is the surface of the target as shown in the Fig. 2.1. Then the probability of
the interaction is given by

U'Nst
S

If F be the flux of the charged projectiles, impinging perpendicular on
the target, then the nuclear reaction rate R is defined as

(2.9)



Single-layer
target foil

projectile

— s‘
@ @ target nuclei

Figure 2.1: Projectile impinging on the single-layer foil of surface S, with o
cross section of Ny target nuclei.

When the interaction between the projectile and the target nucleus oc-
curs, a new nuclide is produced. If it is radioactive, it has a non-zero A decay
probability. The rate at which radioactive nuclei are formed and decay in the

time dt is:
ANyqaq(t) _ Ny-o-F

at S
If Ny is assumed to be constant during the irradiation time (%), the
above equation has the following solution:

Ny -o0-F
Nrad(tirr) = Tsi)\

Consequently, the activity Agop at the end of bombardment (irradiation)
can be calculated by differentiation of the above equation
Nst 0 - F
S

Let us introduce N = N /S as the areal density of target nuclei. Then
the equation looks like

— X Nyaa. (2.10)

(1 = e M), (2.11)

AEOB<tirr) == (1 — G_A.tirr). (212)

Apop(tie) = N-o - F - (1 — ™M), (2.13)

The charged particle flux delivered by the particle accelerator is the same
as the beam intensity /. If we know the total charge ¢ delivered by the beam
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during the time of irradiation t;,, we can calculate the beam current

I =—. 2.14
tirr ( )

If the beam particles have the charge of Ze each, where e is the elementary
charge, then the projectile flux is related to the beam current by:

F= = — (2.15)

which can be reduced to

I [pA
Fs~63 102, [g] (2.16)
The number of nuclei per unit area IV is proportional to the number of
stable nuclei per unit mass (ng), the target thickness d and the density of
the target material p:

N=d-p-ng. (2.17)
On the other hand,
N
ng = H - MA (2.18)

where N4 is Avogadro’s number, M represents the molar mass of the target,
and H is the isotopic abundance of the target. The areal density = [g/cm?]
isx=d-p.

Now, substituting /N in Eqn. 2.13 using the above relationships, we obtain:

Ny I
M Z-e
If the target is thick such that the energy loss of the charged particle is
not negligible, then the stopping power of the projectile in the target material
(dE/dzx) and energy-dependent cross section need to be accounted for when
finding Agog:

Apop(ty) = H w0 (1 —e M), (2.19)

Ny 1 v Emaz o(E)
Apop(t,) = H - =2 (1 — e M / ) k. 2.20
EOB( ) M 7. ( e ) o dE/dI' ( )

During the production of a specific radioisotope, it is essential to know
the efficiency of the production to optimize the irradiation conditions. Target
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yield (TY) is a parameter which helps to optimise the production. TY is

defined as:
Aron

I- tirr ‘

If the time of irradiation is long such that the produced activity decays

during the irradiation, then Agop will be lower than expected, after consid-
ering the decay factor then the above equation changes as:

AEOB A

TY = (2.21)

TY = . 2.22

] . (1 J— €_>\'tirr> ( )
Comparing Eqn. 2.20 and 2.22 and solving for T'Y":
H'NA')\ Emaa: O’(E)

Ty = S SATA / dE. 2.23

M-Z-e Jg, dE/dx ( )

2.3 Production of radioisotopes using pho-
tons

In general, photo-nuclear reactions can be explained as two-step phenomena.
At first, the nucleus gets excited by absorbing a photon. In the next step, the
excited nucleus de-excites by the emission of photons, neutrons, or charged
particles.

Below 10 MeV photon energy, photon absorption by the nucleus usually
leads to an excitation of a single nuclear level, and the excitation energy is
insufficient to allow particle emission. In the photon energy range between 10
to 30 MeV, a giant dipole resonance (GDR) is observed, which is a collective
excitation that is likely to result in the emission of single nucleons. Hence,
this energy range is favourable for radioisotope production. Photons with
energies above 30 MeV are likely to induce unwanted few-nucleon emission
at the cost of a reduced single nucleon emission. This range is therefore less
favourable. However, when the photon energy is higher than 140 MeV, photo-
absorption cross section increases, since this is a threshold energy of m-meson
production [13].

Large cross section of photoinduced nuclear reactions leads to a large
total induced activity. However, the photoneutron reaction which leads to
the production of a particular radioisotope of interest is small fraction of all
photonuclear reactions, hence the nuclei of interest are produced together
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with other impurities. These can be eliminated, thereby increasing the spe-
cific activity of the radionuclide of interest, by separating the daughter nuclei
from the parent. If the parent and daughter are for different elements then
it is easy to separate them. However, the parent-daughter nuclides are of
the same chemical element and thus difficult to separate. In Ref. [13], the
authors suggest to use the kinematic recoiling method to separate the par-
ent and daughter nuclei. In the kinematic recoiling method, when a high
energy photon removes a neutron from the nucleus of the target, some of
the produced daughter nuclei have a kinetic energy sufficient to escape from
the target. Subsequently, the recoils can be caught in the other material,
so-called catcher, that is in contact with the target. As the target thickness
decreases, the probability of such an escapement increases.

If the number of atoms in the target is Ny and I represents the convolu-
tion of photon flux and the cross section, then the daughter nuclei production
rate N is given by

N' =Ny -1, (2.24)

where [ is expressed as

Emaz
I= /E " o(B,) - o(B,)E, (2.25)
Here, ¢(E,) is the photon flux and o(E,) is the reaction cross section.

The value of integral I can be calculated using a photonuclear cross sec-
tion and the energy distribution of the photon flux determined either via
measured or Monte-Carlo simulations. Through this method N’ is estimated
and finally the activity at the end of the irradiation can be calculated as

follows:
A= N (1—e M), (2.26)
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Chapter 3

Experimental environment

In this work, the production of medical radioisotopes is studied with the
use of two accelerator facilities located in Cracow, Poland: Cyclotron Cen-
tre Bronowice (CCB), is a part of the Institute of Nuclear Physics, Polish
Academy of Sciences, and the National Synchrotron Radiation Centre SO-
LARIS. Both accelerator facilities are described in this chapter, along with
the detectors used for the measurements.

3.1 Cyclotron AIC-144

Proton irradiations were conducted using the external beam of AIC-144 cy-
clotron located at Institute of Nuclear Physics, Polish Academy of Sciences,
Cracow, Poland. The cyclotron is an isochronous type which is capable of
accelerating protons in the form of a highly focused beam of 60 MeV energy
and the intensity of 80 nA. The cyclotron delivers mono-energetic proton
beam of fixed energy. To achieve the desired beam energy, one needs to use
low-Z material as an energy degrader. The photo of the AIC-144 cyclotron
is shown in Fig. 3.1.

3.2 Synchrotorn SOLARIS

To study the photon-induced reactions, we used an accelerated electron
beam from the linac injector of the National Synchrotron Radiation Cen-
tre, SOLARIS, Jagiellonian University, Cracow, Poland. Fig 3.2 (a) shows
the schematic of SOLARIS linac system and we installed the target just at
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Figure 3.1: AIC-144 cyclotron of Cyclotron Centre Bronowice, Cracow
Poland.

the end of the linac end flange as shown in Fig 3.2 (b). The facility is capable
of accelerating a beam of electrons up to 550 MeV with a maximum charge
of electron bunch of 0.2 nC. Specific beam conditions during each irradiation
will be discussed later in detail.

3.3 HPGe detectors

3.3.1 Semiconductor detectors - operation principle

Radiation detectors are of vital importance in nuclear medicine. They are
used in a broad range of applications, such as dosimetry, SPECT/PET imag-
ing or determination of activity in the irradiated target material. A radiation
detector is a sensor which produces a signal when radiation interacts with the
detector material and the signal can be processed electronically to extract
the required information. For X-rays and v radiation, the main interaction
mechanisms are photoelectric effect, Compton scattering, and eTe™ pair pro-
duction. The cross sections of those processes depend on the detector medium
properties and the radiation energy. There are different types of radiation de-
tectors: gas detectors, semiconductor detectors, and scintillating detector. In
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Target position

Figure 3.2: (a): Schematics of the linac at SOLARIS, (b): Side view of the
linac injector with the target position indicated.
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this study, only semiconductor detectors were employed due to their supe-
rior energy resolution, thus other types of detectors are not discussed here.
Fig. 3.3 shows the working principle of a semiconductor detector.

<= do/dt

electrons

i
LI o

holes . .
pn junction

0 Vv

Figure 3.3: Schematics of the working principle of a semiconductor detector.
Figure adapted from [23]).

The semiconductor detector is made up of p-type and n-type semicon-
ductor materials, just like a regular semiconductor diode. For nuclear spec-
troscopy, particularly for determination of the energy of radiation quanta,
this detector has become the standard.

A pure germanium crystal placed between two electrodes is almost non-
conducting. At room temperature, the electrons in the material are almost
entirely valence electrons bound to individual Ge atoms with an energy of
0.75 eV. When such an energy is transferred to a valence electron, it moves
to a band of overlapping energy levels that are not associated with a spe-
cific atom. In this ”conduction band”, the electron moves freely through the
crystal, indicating that the crystal conducts electricity. Nuclear radiation can
provide the energy required to transfer valence electrons to the conduction

band.
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Since part of the deposited energy is used for crystal excitation, the aver-
age energy required to produce an electron-hole pair in germanium at room
temperature is 2.9 eV rather than 0.75 eV. A vacancy or "hole” is created
when an electron is withdrawn from the valence band. Hence, the ionization
process produces an electron-hole pair. The charge through the Ge detector
is given by equation:

AQ _ € - EL . 5.
Here, e is electron charge, E} represents total energy deposited by the par-
ticle in the detector, ¢ is the detector efficiency of collecting the charge, and
w denotes the energy required to produce a pair of charge carriers in the
detector medium, the constant is the charge of a single charge carrier.

The values of w is 2.95 eV for germanium at 80 K. It is seen that the
signal is directly proportional to the energy absorbed in the detector as long
as ¢ is constant. Because w is much smaller in semiconductor detectors than
in gas and scintillation detectors, more primary electrons are released in
each radiation absorption event, which gives better statistics and thus better
energy resolution.

Germanium is much more efficient for radiation detection due to its
higher atomic number and due to lower average energy necessary to cre-
ate an electron-hole pair. Because of the higher atomic number, Ge has a
much lager linear attenuation coefficient, which leads to a shorter mean free
path. The germanium detectors can have a depleted, sensitive thickness of
a few centimeters, and therefore can be used as a total absorption detector
for gamma rays up to a few MeV. This makes HPGe detectors particularly
well-suited for nuclear spectroscopy [24].

Germanium semiconductor detector made without lithium doping (drift-
ing) is called high purity germanium (HPGe) detector. Continuous cooling is
less critical with HPGe detectors; it is not required when storing the crystals,
but it should be employed during measuring to increase resolution and avoid
crystal overheating due to thermal movement of electrons. HPGe crystals can
be either n- or p-type, depending on the type of dominant dopant. Because of
the detector capsule wall and insensitive entrance layer, p-type HPGe detec-
tors often have a lower energy cutoff starting at around 100 keV. The relative
efficiency of commercially available p-type detectors ranges from 10 to 100
percent. On the other hand, n-type HPGe-detectors can be constructed with
a very thin entrance layer and have a lower energy cutoff starting at roughly
6 keV when fitted with a Be-window. In general, n-type HPGe detectors have

(3.1)

26



lower relative efficiency than p-type detectors, ranging from 10% to 80%.
Intrinsic germanium detectors are increasingly replacing lithium-drifted ger-
manium detectors due to their ease of use at a comparable cost and a similar
energy resolution [25].

When a large number of photons from the same type of nuclear process
interact with the detector crystal, clear patterns form in the a registered
pulse height spectrum. The Fig. 3.4 depicts the pulse height spectrum from
a measurement with a Co-60 sample. The most pronounced feature of this
spectrum is the occurrence of events that form two sharp peaks at specific
energies, so-called photo-peaks or full-energy peaks. The area of each peak
corresponds to the number of photons at that given energy that interact with
the detector via the photoelectric effect.

@
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Figure 3.4: ©°Co of 7 spectra, collected with HPGe detector-I1I. Here (a) and
(b) represent the 1173 and 1332 keV photo-peaks respectively.

In theory, all photons interacting via the photoelectric effect would be
sorted into the same channel, resulting in a full-energy peak with a channel
width of one. Due to variations in the number of electron-hole pairs created by
each interaction, in reality, the full-energy peak shape is close to a Gaussian
function. The Full Width at Half Maximum (FWHM) of a full-energy peak
is a practical measure of a detector resolution.

Ionizing radiation is present everywhere. Environmental radiations such
as radon in indoor air, cosmic radiation, ground, and building materials are
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all sources of concern for us. Those external sources contribute background
in any spectroscopic measurement, also those of this thesis, aiming at a pre-
cise determination of radionuclide content in the examined samples. Energy
selectivity along with careful passive shielding of the detectors allowed to
suppress the environmental background. When trying to create an effective
shield that takes up as little space as possible, a higher attenuation coefficient
is preferable. When v-radiation interacts with the shielding material, vacan-
cies in the atom’s inner electron shell can form, resulting in the emission of
x-rays once the vacancy is filled. This is known as a material characteristic
X-ray radiation, manifesting as peaks in the pulse height spectrum of an
HPGe detector. To avoid these effects, the inner layer of the detector shield-
ing could be made of a lighter material that can absorb the characteristic
X-rays without self-emitting interrupting X-rays.

3.3.2 Energy calibration

The multichannel analyzer assigns each event to a channel but does not spec-
ify the energy to which each event corresponds. Before taking measurements,
an energy calibration is required for proper interpretation of a pulse height
spectrum.

The gamma energies of certified standard radioactive samples can be used
for energy calibration of the spectrum. A linear dependence between the given
gamma energy and the position of the corresponding gamma peak in the
observed spectrum needs to be determined for this purpose. Fig. 3.4, showing
the °Co spectrum recorded with an HPGe detector, illustrates the procedure,
delivering two calibration points: the peak at channel 2271 corresponds to
1173 keV and the peak at channel 2582 is the 1332 keV ~ peak.

The calibration sources such as 2! Am, 33Ba, 1%°Cd, %°Co, 3"Cs, %?Eu,
and **Na were put on the detector surface, and measurements were taken
until good statistics were obtained. After the measurement, the photo-peaks
were marked, and the tabulated energy of each peak was assigned. A linear
function was fitted to all collected data points:

E,=po+p-C, (3.2)

here: E, is v photon energy [keV], py is intercept coefficient [keV], p; repre-
sents the coefficient of slope [keV/channel] and C' is the channel number.
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Example of the energy calibration of one of the HPGe detectors used in
this study is shown in Fig. 3.5. The valid energy calibration is a prerequisite
for a correct identification of the radioisotopes based on their gamma lines.

> -
() [ %2 7 ndf 1288729
=, 18007 po 8.577 +4.921
2 L pL 05178 + 0.005078
B 1600 ¢ measurements
c H — fit
W 1400

1200~

1000}~

800[—
600—
400—
200

0 500 1000 1500 2000 2500 3000 3500
Channels

Figure 3.5: Energy calibration curve after the measurements of standard ra-
dioactive sources ! Am, *3Ba, 19°Cd, °Co, 3"Cs, ?Eu, and **Na.

3.3.3 Efficiency calibration

The probability that a photon interacts with a detector varies with the pho-
ton’s energy. The relative efficiency of the detector to register a photon via
photo-effect as a function of energy can be determined using standard ra-
dioactive calibration sources that produce several photo-peaks at different
energies, along with known relative intensities of the different peaks. This is
referred to as detector efficiency calibration.

When a 7 quanta of E, energy is emitted from a radioactive source, it
has a certain probability of being fully absorbed by the detector at a given
geometry, i.e. the source-detector distance and the detector geometry. This
probability is called the efficiency of the detector (¢). To obtain the efficiency,
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one needs to register the spectrum of a calibration source of known activity
Agource, for a fixed source and detector geometry. After the energy calibration,
the spectrum is recorded and the number of counts in each peak (Nyps) is
obtained by fitting a Gaussian function and removing the linear background.
Since the activity of the source and the branching ratio (/) associated with
the peak are known, the efficiency is calculated using the following equation:

— Nobs “A
N ASaurce . IW ' (1 - 6(_/\'tm€a8)) )

Here, Ny and I, are the number of counts and the branching ratio of the
photo-peak, respectively, Agource and A represent the activity and the decay
constant of the calibration source, and t;,, is time of measurement.

Fig. 3.6 shows the efficiency calibration measurements at different ener-
gies, performed for the ORTEC HPGe detector at the Institute of Physics of
the Jagiellonian University. A fit is performed to account for the uncertain-
ties and ensure continuity of the efficiency calibration in gamma energy. In
this work, the following fit function is used (for all detectors):

5 (3.3)

4

In(e) = > a,(InE)", (3.4)

n=0

where a,, are the fitted calibration coefficients.

3.3.4 Gamma-spectroscopy for radioisotope identifica-
tion

The procedure of detecting a radioisotope’s gamma-ray energy is known as
gamma-ray spectroscopy (gamma spectroscopy). Gamma-rays can be de-
tected with simple radiation detectors. Gamma-ray spectroscopy, on the
other hand, combines a radiation detector with advanced electronics to form
an energy spectrometer.The energy spectrometer not only detects but also
measures gamma-rays.

Every radioactive material is made up of radioisotopes that emit one or
more gamma rays. Each gamma-ray has a distinct and well-defined energy. A
gamma-ray database such as [26-28] keeps track of the gamma-ray energies
of all radioisotopes. The radioactive material can be identified by measuring
the gamma-rays emitted by it and comparing them to a gamma-ray database.
Gamma-rays are the radioactive material’s unique ”fingerprints.”
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Figure 3.6: Efficiency calibration curve of the Ortec HPGe detector obtained
using an %2Eu source located 13 cm above the detector surface.

A simple radionuclide identification is done as discussed in the above
paragraph. However, in an advanced analysis, one can determine the quan-
titative composition of the radioactive sample. To do this, one need to addi-
tionally analyse the photopeak areas of the spectrum considering the energy-
dependent efficiency of the spectrometer, the gamma emission probability,
and activation parameters if necessary.

3.3.5 HPGe detectors in this work

The following HPGe detectors have been used to perform spectroscopic mea-
surements of the irradiated targets:

e HPGe detector constructed at the Institute of Nuclear Physics PAS.
Crystal type - p, relative efficiency - 2.5%, energy resolution - 3.4 keV
FWHM at the 1332.5 keV peak of %°Co (characterized and operated at
the Institute of Nuclear Physics PAS),

e HPGe detector constructed at the Institute of Nuclear Physics PAS.
Crystal type - p, relative efficiency - 10%, energy resolution - 3.4 keV
FWHM at the 1332.5 keV peak of ®Co (characterized and operated at
the Institute of Nuclear Physics PAS),
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e HPGe detector manufactured by ORTEC, model: GMX25P4-70, Crys-
tal type - p, relative efficiency - 25%, energy resolution 1.88 keV FWHM
at the 1332.5 keV peak of %°Co (characterized and operated at the In-
stitute of Physics, Jagiellonian University).

For simplicity, we named the detectors at the Institute of Nuclear Physics
PAS as "detector-I” and ”detector-II", and the one used at the Institute
of Physics, Jagiellonian University as ”detector-II1". Although the detector
efficiency is larger for small source-detector distance, it is useful to increase
that distance in the case of high activity sources to reduce dead time. When
operating the detector-I, the distances were varied from 5 cm to 52 cm. That
detector was coupled to the SILENA International Multichannel Analyzer
mod.8919/PC. For measurements with detector-II, the sources were placed
at a distances between 7.45 cm and 28.8 ¢cm and. Signals from that detector
were analyzed and acquired using the ORTEC Multichannel Analyzer 919E
EtherNIM. For detector-III, two geometries were exploited: a close one where
the sample was kept directly on the top of the detector cap and the far
one at 13 cm above it. the detector-III signals were fed into the TUKAN
8k Multichannel Analyzer. Analysis of all the acquired data was performed
using the ROOT framework (6.10/06 version) .

Detector-I and II were calibrated with 24!Am, ¥3Ba, 1%°Cd, ®°Co, 137Cs,
1%2F 4, and #*Na calibration sources (both energy and efficiency), whereas
detector-III calibration was done using a '*?Eu source. Detector-III is shown
in Fig. 3.7 as an example of an HPGe detector used in this work. Table. 3.1
gives the nuclear data of the used calibration sources. All detector systems
were equipped with low-background lead shielding to reduce the background
radiation contribution to the measurement spectra.
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Table 3.1: Nuclear data of the calibration sources used in this work (data
taken from [26-28]), Uncertainties of the half-life, photon energies and the
corresponding intensities in the last valid digits are in italics.

Prominent v

Source Iy lines [keV] Branching ratio (%)
2Na | 2.6019 4 y 1274.53 2 99.944 14
0Co | 52714 5y 1173.237 4 99.9736 7

1332.501 5 99.9856 4
19Cd | 462.6 4 d 88.04 5 3.61 10
137Cs 30.07 3y 661.657 3 85.1 2
133Ba 1051 5 y 80.9971 14 34.06 27
276.398 2 7.164 22
302.853 I 18.33 6
356.017 2 62.05 19
383.851 3 8.94 3
12Fn | 13537 6 y 121.7817 3 28.58 6
244.6975 &8 7.583 19
344.2785 12 26.5 4
778.9040 18 12.942 19
964.079 18 14.605 21
1085.869 24 10.207 21
1112.074 4 13.644 21
1408.006 3 21.005 24
2MAm | 4322 7y 59.5412 2 35.9 4
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Figure 3.7: ORTEC HPGe detector (detector-1I1), (a): cryostat with liquid
nitrogen, (b): thick lead shielding and (c):HPGe crystal.
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Chapter 4

Performed experiments

This chapter presents the performed experiments, setup and data acquisi-
tion. "*Mo is used as a target in both proton and photon irradiation. The
isotopic composition of the target is given in Table. 4.1. Targets were 99.9%
pure metallic discs of 25 mm diameter and the thickness adjusted for each
experiment (will be specified in later sections), and were purchased from
Goodfellow Cambridge Limited, UK.

Table 4.1: Isotopic enrichment of ™Mo target, data taken from [29].

Isotope Abundance

92Mo 14.53%

%Mo 9.15%

%Mo 15.84%

%Mo 16.67%

9Mo 9.60%

%Mo 24.39%

1000\ o 9.82%

4.1 Irradiation with proton beam
In this work, to study the production of %™ Tc /%Mo through (p, x) reactions,

we irradiated the " Mo targets in two configurations: using a standard single
thick target and exploiting the stack-foil activation method.
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4.1.1 Single target activation

In this approach, a single 0.5 mm thick ®*Mo disc was irradiated at an exter-
nal beam line of the AIC-144 cyclotron in the Institute of Nuclear Physics,
PAS, Cracow, Poland. As discussed in Sec. 3.1 the cyclotron produces a col-
limated beam of proton with 60 MeV energy. To reduce the proton energy, a
99% pure aluminum foil of 11.7 mm thickness was used as a degrader. The
experimental setup is shown in Fig. 4.1. The Mo target was placed just be-
hind the Al-degrader. The average beam energy at the exit of the degrader
was calculated using SRIM [30] and Geant4 simulation software [31]. This
value was found to be 26 MeV and energy straggling was 0.16 MeV. Irra-
diation of the target took place for 5 h and after the end of irradiation the
target was left to cool down for 18 h (cooling time, t. = 18 h). Using SRIM
~v-ray attenuation was calculated and the beam spread inside the degrader
and the target was studied through Geant4. The size of the proton beam at
the entrance position of Al degrader was 5 mm in diameter (measured using
a fluorescent sheet).

/ natMo (0.5 mm) \

A
Proton
beam
(60 MeV) 26 MeV 19 MeV
Al degrader
11.7 mm

Figure 4.1: Schematics of the single ™Mo target irradiation setup used at
the AIC-144 cyclotron. The "*Mo target was kept adjacent to the degrader.

The beam diameter changed from 5 mm to 2 cm after passing through the
11.7 mm degrader and at the exit of "*Mo target beam was 2.3 cm which is
less than the diameter of the target. Therefore, the entire beam was incident
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on the target. Within the "**Mo target, the gamma attenuation on average
was about 0.5%.

Assuming the incident proton beam energy of 26 MeV on "**Mo target,
the energy loss of beam protons in the target was calculated using SRIM
and Geant4. Since the target used in the irradiation was quite thick, the
incident energy was degraded by 6.7 MeV. There, the average energy within
the target defines the energy scale of all deduced parameters. In this experi-
ment, integrated beam current was determined using the "*Mo(p, x)™ 8% Tc
monitoring reaction [32].

4.1.2 Stack-foil activation

The experiment was performed using an external beam of AIC-144 cyclotron.
To decrease the beam energy to the desired value, a 99.9% pure Al foil of
13.2 mm thickness was used as a degrader. The target setup consisted of 6
metallic discs of ™Mo of 0.01 mm thickness and 25 mm diameter sandwiched
between copper foils (0.01 mm thick). Copper foils were used to monitor the
beam current. The stack of targets was irradiated for 5 h and allowed to cool
down for 8 h after the end of bombardment. Fig. 4.2 shows the experiment
setup. The entire target setup was kept adjacent to each other without any
space between the degrader and other target foils.

A fluorescent sheet was placed before the Al-degrader to measure the
proton beam dimensions. The diameter of the beam was 5 mm before the
degrader and the energy was 60 MeV. Using Geant4 simulations, beam energy
distributions on the front and the rear plane of each setup element were
calculated. The energy at the end of the degrader was found to be 17.5 MeV
with a 0.8 MeV spread and the beam size was 20 mm in diameter.

The beam profile at the end of the target stack was 24 mm broad. Thus,
the entire beam profile was contained within the target perimeter. To calcu-
late the beam current throughout the stack, "**Cu(p, )%2%3%Zn monitoring
reactions [32] were used. In this experiment, we have studied proton-induced
reactions from 17.3 to 3.3 MeV range. Table. 4.2 shows the experimental
conditions during the irradiation in both single and stack-foil setups.

As shown in Fig. 4.2 a thin natural Al-foil (0.02 mm thick) was kept just
after the degrader, to stop the ejected heavy product nuclides (recoils) from
the preceding targets.
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Figure 4.2: Scheme of the stack-foil irradiation setup composed of "*Mo,

nat AT and "2tCu

targets, irradiated with a proton beam of the AIC-144 cy-

clotron.The target stack was kept adjacent to Al degrader.

Table 4.2: Experimental conditions of irradiation setup.
Method of No. of targets De'grader Beam  Beam . Tm.le (?f Tnn(? of
target activation irradiated thickness energy current irradiation cooling
mm]  MeV] Al [ 1]
Single 1 11.7 26 28.5 5 18
Stack-foil 6 13.2 17.5 26 5 8

4.2 Irradiation with photon beam

To study the (v,x) reactions on "*Mo, experiments were done using 60,
100, 200 MeV electron beam accelerated in the linac injector of the National
Synchrotron Radiation Centre SOLARIS, Jagiellonian University, Cracow,
Poland. Table. 4.3 lists the beam conditions during the irradiation. In all
irradiations, the size of the electron beam spot was 3 mm.

To convert t

he electron beam into a photon beam, one can take advan-

tage of the bremsstrahlung process. For this purpose, the electron beam was
impinged on a natural tungsten brick (99.95% pure) located 26 mm from
the linac exit window. The isotopic composition of ™W brick is given in
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Table 4.3: Characteristics of electron beams used in experiments.
Charge of

Beam Repetition clectron Average Time of  Time of

energy frequency bunch current  irradiation cooling
(MeV) (Hz) (nC) (e7/s) (h) (h)
60.0 £ 0.5 10 0.1 0.62x 1010 2 2
100.0 £ 0.5 1 1.7 1.06x10 1 5
200 £ 1 1 1.7 1.06x10 1 23

Table. 4.4. Tungsten was chosen as a radiator because of its availability and
physical properties such as high atomic number and large density, favour-
ing bremsstrahlung production [20]. The lateral dimension of the tungsten
radiator was 25 x 25 mm? and the thickness was 6 mm. Such a thickness
was sufficient to stop the electron beam and was optimized to obtain the
highest photon flux, again by means of the Geant4 simulations. A metallic
disc of "™ Mo target of 99.9% purity, 0.5 mm thickness and 25 mm diame-
ter was irradiated by placing adjacent to the radiator. The dimension of the
natMo target was chosen such that it could encompass the cone of emitted
bremsstrahlung radiation. A schematic of the experimental setup is shown in
Fig. 4.3.

Table 4.4: Isotopic composition of "W radiator.
Isotopes 180W 182W 183W 184W 186W

Abundance (%) | 0.12  26.5 14.31 30.64 28.43

4.3 Spectroscopic measurements

4.3.1 Proton-induced reactions

The gamma spectroscopy of radionuclides produced from (p, ) reactions on
a single thick ™Mo target was performed using an energy- and efficiency-
calibrated HPGe detector (detector-1, for detector naming see section 3.3.5).
The sample was kept 52 cm from the detector window throughout the mea-
surements. The dead time of the detector was monitored and kept below 10%
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Figure 4.3: Schematic of the experimental setup to study the (v, z) reactions
on "**Mo.

to avoid pile-up effect. To identify the radioisotopes contributing to each pho-
topeak, we conducted a series of sequential measurements, initially in 20 min
intervals, then 2 h intervals.

Similarly, to study the activity induced in the target with the stack-foil
experiment, the energy and efficiency calibrated detector-II was used. Due
to the large activity, and to reduce ~v-ray coincidences, five different detector
geometries were used in the measurements. The distance between the detector
window and the targets varied between 7.45 cm and 28.8 cm. Each target from
the stack was examined multiple times at different times after irradiation. A
single measurement time varied between 20 min and 5 h and was driven by
the counting statistics. Table 4.5 contains the nuclear data of the identified
radionuclides adopted from Refs. [26-28]. Fig. 4.4 shows the first registered
gamma spectrum from the single target activation experiment.
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Table 4.5: Nuclear data for radionuclides produced via proton-induced reac-
tions in a ™Mo target [26-28]. Gamma ray energies used in the analysis are
in bold. Uncertainties of the half-life, photon energies and the corresponding
intensities in the last valid digits are in italic.

Radio- Contributing Q-value
nuclide bz Ey [keV] L [%] reactions [MeV]
S Te 275h 5 1363.02 4 66 %Mo (p,~) 4.086

1477.13 4 875 Mo (p,2n)  -13.661
152037 9 2448 %Mo (p,3n)  -21.030
Mo (p,4n)  -30.185
9BmTe decay
9Tc 293 min 1 449.2 3 333 Mo (p,n)  -5.038

702.622 19 99.6 18 %Mo (p,2n) -12.407
849.74 7 95.7 18 %Mo (p, 3n) -21.562

871.09 18 100 94mTe decay
916.10 15 7.6 4
9mTe 520 min 10 871.091 18 94 “\o (p,n)  -5.038

993199 2213 Mo (p,2n)  -12.407
1522.11 20 453 Mo (p,3n)  -21.562
1868.68 & 5.7 8 9mTe decay
®Tc  200h1  765.794 7 93.8219 Mo (p,7)  4.896
947.67 2 1.951 19 %Mo (p,n) -2.473
1073712 3744 %Mo (p,2n)  -11.627
Mo (p,3n)  -18.448
9mTe decay
mTe  61d2 204117 2 63.2513 Mo (p,y)  4.896
582.082 8 29.96 5 %Mo (p,n) -2.473
835.149 5 26.63 19 %Mo (p,2n)  -11.627
9"Mo (p, 3n) -18.448

% e 4.28d 7 314.337 71 243 19 %Mo (p,n) -3.756
778.224 15 99.9 Mo (p, 2n) -10.577
812.581 15 82 4 %Mo (p, 3n) -19.219
849.929 13 98 4 %mPe decay
1126.965 21 152 12

9m e 6.01 h 1 140.511 1 89 %Mo (p,~) 6.500

10Mo (p, 2n) -7.796
Mo decay
YMo  65.94h 1 14055 1 89.43 23  'OMo (p,pn)  -8.294
181.063 8 5.99 7
366.421 15 1.191 13
739.50 2 12.13 12
777.92 20 4.26 5
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Figure 4.4: Gamma spectrum of Mo target irradiated with 26 MeV proton

beam, recorded after 18 hours of cooling time.
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4.3.2 Photon-induced reactions

Detector-111, after energy- and efficiency calibration, was used to record the
gamma energy spectra from the irradiated target. The dead time of the de-
tector was monitored and kept below 5% to avoid the pile-up effect. Table 4.6
contains the nuclear data of the identified radionuclides. To identify the ra-
dioisotopes contributing to each gamma peak, we conducted a series of se-
quential measurements. For measurements with targets irradiated with the
bremsstrahlung of 200 MeV electron beam, we registered the energy spectra
of the emitted photons initially in 20-minute intervals, then in 2-hour inter-
vals. For targets irradiated at other beam energies, we proceeded similarly,
but with 2-hour measurements only. Fig. 4.5 shows the first registered gamma
energy spectrum from the target subjected to the 200 MeV beam irradiation.
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Figure 4.5: Gamma energy spectrum of the "*Mo target irradiated with a
200 MeV photon beam, recorded for 20 min, after 23 hours of cooling time.



Table 4.6: Nuclear data for radionuclides produced by gamma-induced reac-
tions in a ™Mo target [26-28]. Gamma ray energies used in the analysis are
in bold. Uncertainties of the half-life, photon energies and the corresponding
intensities in the last valid digits are in italic.

Radionuclide  Half life (Ty2) B, [keV] I, [%] C::;Z;?;:;ng Q-value [MeV]
89%r 78.41h 12 908.96 4 100 92Mo (v, 2pn) -24.582
%Mo (v, 2p3n) -42.330
%Mo (v, 2p4n) -49.700
%Mo (v, 2p5n) -58.854
9"Mo (v, 2p6n) -65.675
%No (y,2p7n) -74.318
100Mo (y, 2p9n) -88.537
ONb 14.60 h 5 141.18 18 66.8 7 92Mo (v, pn) -19.507

1129.224 15  92.7 4 91Mo (v, p3n) -37.255
1611.76 3 2387 %Mo (v, pdn) -44.625
1658.10 4 0.335 15 %Mo (v, pon) -53.779

( )
( )

2186.242 25 17.96 16 Mo (v, pbn -60.600
2318.968 10 82.03 16 %Mo (v, pTn -69.243
10Mo (v, pTn) -83.462
92mNh 10.15d 2 934.46 5 99 %Mo (v, pn) -17.321
%Mo (v, p2n) -24.690
%Mo (v, p3n) -33.844
9Mo (v, p4n) -40.665
%Mo (v, pon) -49.308
10Mo (v, pTn) -63.528
9%6Nb 23.35h 5 218.98 13 297 5 9Mo (v, p) -9.230
459.88 12 26.62 19 %Mo (v, pn) -17.873
568.80 12 58.0 3 Mo (7,p3n) -32.093

719.562 14 6.85 9

810.8 2 11.09 10
849.929 13 20.45 19

1091.34 12 0.49 14
97Nb 1.2h 7 658.08 6 98 %Mo (v, p) -9.799
190Mo (v, p2n) -24.019
Mo 5.56 h 1 257.34 4 78 8 92Mo (v,2n) -22.779
%Mo (v, 4n) -40.527
%Mo (v, 5n) -47.896
%Mo (v, 6n) -57.050
Mo (v, 7n) -63.871
%Mo (v, 8n) -72.514
Mo 65.94 h 1 140.55 1 89.43 23 1000Mo (7y,n) -8.294

181.063 & 5.99 7
366.421 15 1.191 13
739.50 2 12.13 12
777.92 20 426 5
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Chapter 5

Data analysis methods

5.1 Proton-induced reactions

5.1.1 HPGe v spectroscopy and activity

The procedure of spectroscopic data analysis comprised the following se-
quence of steps. At first, the HPGe detector was calibrated for energy and
efficiency, and then the irradiated targets were examined. Fig. 5.1 shows one
of the collected gamma energy spectra from the stack-foil activation experi-
ment. The spectra were normalized by measurement live time. Then, in each
spectrum, a region of interest were defined around each of the identified
peaks, where a sum of a Gaussian peak and a linear background was fitted
(as shown in Fig. 5.2), yielding the peak integral n; ;. Subsequently, the peak
integrals were transformed into the activities at the time of measurement
according to the formula

A, = il (5.1)

fiejmi(1 — e tmeasi/73)

where the index ¢ runs over the collected spectra at different times after
irradiation, j enumerates the identified peaks, 7; are the mean lifetimes, f;
represents the relative emission probabilities per decay of a parent nucleus,
¢; stands for the energy-dependent detector efficiency and #yeas; denotes the
duration time of the i-th measurement.

In the next step, for each peak j we constructed a plot of the registered ac-
tivity versus time after irradiation, and fitted it with an exponential function
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Figure 5.1: Energy-calibrated gamma spectrum from one of the " Mo targets
irradiated in the stack-foil activation experiment.
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Figure 5.2: Example of photo-peak fitting with a Gaussian function and a
linear background, the part of the spectrum is taken from Fig. 5.1.

A;(t) = Agon,j exp(—t/Tj). (5.2)
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The 7; of the function corresponds to the decay time of the radioisotope, and
the intercept describes its activity at the end of bombardment. The decay
time thus obtained was compared with the literature data, which allowed us
to cross-check the identification by peak energy. Fig. 5.3 demonstrates the
radioisotope identification process for three different spectral lines. Here we
can see that the half-lives of radioisotopes are in agreement with the literature
data (Table 4.6) within the 30 uncertainties for all the identified lines.
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Figure 5.3: Examples of for proton induced reaction: activity versus time
dependencies. Red lines represent fitted exponential functions to the data
yielding information about the radioisotope activity of the radioisotope at
the end of bombardment and its half-life.

Many radionuclides produce gamma lines of the same or nearly the same
energy, as discussed in [33-36]. As an example, the radioisomers **Tc and
9mPe emit 871.09 keV gamma quanta. Also the radioisotope pairs *Tc —
94Nb, PTc — PNb, and %Tc —*Nb and many others that decay to the same
product, emit gamma of the same energy. The analysis of the 140.51 keV
spectral line is the most difficult example in our investigation as it is associ-
ated with a decay of “°Nb, %Mo, and *™Tc radioisotopes.

In general, to determine the cross section of *™Tc through direct pro-
duction, an intense beam with a short irradiation time and cooling period
must be used. Both irradiation and cooling time should be less than l—loth of
the half-life of *™Tc for accurate estimation [34]. Then the direct production
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cross section of ?™Tc can be calculated using the simple standard activation
formula. If the above mentioned conditions are not met, necessary modifica-
tions to the measured gamma yields must be made, or the standard activation
formula must be modified [36]. In the analysis of the single target activation
experiment we ignored the contribution of “°Nb since the **Mo(p, x)?°Nb
reaction cross section at 19-26 MeV proton energy is insignificant [37]. The
standard activation formula was used to find the activity of **Mo and for
9mTe the modified formula described below is used

AMo '
ATc(t) =zl (O'TC =+ PMOMUMO) (1 o e_ATCt“"T‘>6_>\TCt
)\Mo - )\Tc

(5.3)

AT .
_PM()*CO-MO(]_ _ 6_)\Motw7‘)€_>\Mot
>\Mo - )\TC

here, the subscripts Mo, Tc refer to Mo and *™Tc radioisotopes, Py, =
0.876 is the decay fraction of Mo to %™ Tc, and all other terms are the same
as previously described.

9mTe can be produced directly in the reaction "*Mo(p, z)*™Tc and in
the decay of Mo during the irradiation. Hence the activity of ™Tc is a
sum of two exponential components, as can be seen in Eqn. 5.3, one with
a decay constant of ™Tc and the other with a decay constant of “Mo.
Therefore, to deduce the production cross section of *™T¢ from the yied of
the 140.51 keV gamma peak, Eqn. 5.3 was used. All other cross sections were
calculated using the standard activation formula (Eqn. 2.19).

For radioisotopes contributing multiple lines to the energy spectrum, the
obtained activities were checked to match within 20 and as a final result a
weighted mean was calculated.

5.1.2 Cross section and yield
Substituting the Agop value from Eqn. 5.2, into the standard activation

formula (Eqn. 2.19) and determine the reaction cross section o [mb]

. Z'e'M'AEOB
_H-NA-p-d-]-(1—6(_’\‘“”))'

o(E) (5.4)

Here, Z is the atomic number of the projectile, e is the elementary charge, M
represents the atomic mass of the target material, H stands for the abundance
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of the target, N, is the Avogadro’s number, p is the target density [g/cm?]
d is the target thickness [pum)], I stands for the beam current [uA], A denotes
the decay constant of the radioisotope [s_l] and t;,,. represents the irradiation
time [s].

If Agog is induced in thick targets by projectiles of energy E, the experi-
mental value of target yield TY can be obtained from the equations discussed

in Sec. 2.2
Agros

- I T . (1 — eiA'tir'r‘) ’

TY (E) (5.5)

5.1.3 Beam intensity

Beam current was determined using the monitoring reactions. From several
monitoring reactions (recommended by IAEA [32]), a suitable one should be
chosen, with cross-section data in the energy range of the study and the type
of projectile employed. In the single target activation using proton beam,
nat\o(p, )™ 9% Tc reaction was used to determine the beam intensity. For
the stack-foil activation, "*Cu foils were used as monitoring foils and the
corresponding reaction cross-section data was taken from [32]. Copper is an
ideal material for a monitoring foil due to its physical, chemical and mechan-
ical properties. Table. 5.1 gives the details of the monitoring foils used in this
work along with the lists of the radioisotopes produced in them and used for
monitoring. Activity induced in those foils with a well-known reaction cross
section, gives the information about the particle flux impinging on the foils.
During the preparation of the monitoring foils, special care is taken so that
the same area of monitoring foil and production target is exposed to the
beam, hence the same particle flux passes through both materials. Monitor-
ing foils were examined in the same manner as the activated target, using
the HPGe detectors, then the activities Agop of the radioisotopes used for
monitoring were calculated for each foil.

From Eqn. 2.19 we can calculate the beam intensity based on the obtained
activities of the radionuclides used for monitoring Agog and the literature
cross-section value taken at the mean proton energy in the monitoring foil o;:

- AEOB'M'Z’e
o H-Ny-oy(E)-p-d-(1— et

For proton energy ranges for which more than one monitoring reaction was
available, the average beam current was calculated. The obtained beam in-

I (5.6)
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Table 5.1: Details of monitoring foils used in this work and the characteristics
of the radioisotopes produced in them and used for beam current determina-
tion.

Thickness

Foil Product T/ 7 lines [keV] (intensity)
[mm]
62Zn 9186 h  507.6 (14.8%), 548.35 (15.3%), 596.56 (26%)
miCy o 0.01 63Zn  38.47 min 669.62 (3.2%), 962.06 (6.5%)
©Zn  243.96 d 1115.539 (50.04%)
miAl (.02 2Na  14.950 h 1368.626 (100%)
Mo 0.5 %Te  428d  778.224 (100%), 812.581 (82%), 849.929 (98%)

tensity was used in further analysis to calculate the cross section o (Eqn. 5.4)
and the target yield TY (Eqn. 5.5).

5.1.4 Beam energy

Monitoring foils can also be used to verify the beam energy irradiating the
target [38]. If more than one monitoring radioisotope is produced in the
same foil, or by utilizing more than one monitoring foil (of same or different
material), then the Agop; of each i—th radioisotope produced in the foil
of thickness x; and M; molar mass and with reaction cross section o; is
measured. Solving Eqn. 2.19 for o;, for a pair of the produced radioisotopes
(i = 1,2) we can determine the cross-section ratio (r,):

o1 AEOB,l M1 ~xy9 1 — 6(_>\2't"’")

(5.7)

Te = = . . — '
02 AEOB,2 My-zy 1-— e(—Artirr)

data base measurements

The obtained experimental value (right hand side) can be confronted with
the 7, (E) calculated based on the recommended cross-section values [32] for
each proton energy (or foil). The impinging projectile energy is assumed to
be the value where the measured and expected r, match. If one uses more
than one monitoring foils, then the difference in the energy impinging on the
foils should be negligible.

Once the monitoring foils activities were extracted, the cross-section ratio
r, was calculated for the following pairs: %2Zn/%37Zn, 2Zn /%7Zn and %37Zn/%Zn
and confronted with the expected values based on the reference literature
data. This methodology was employed in the stack foil activation experiment.
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To verify the above discussed method and to calculate the energy dis-
tribution in the target, SRIM and Geant4 simulations were performed. For
the single target activation, only simulation values were considered since no
monitoring foils were irradiated during the experiment.

Fig. 5.4 shows the proton energy distribution in the subsequent **Mo tar-
gets (stack-foil activation). The energy distribution in the targets is Gaussian
for both proton beams entering and leaving the target. The energy range AFE
in the target is calculated as follows

AE = E;, + HWHM(E;) — (Eowe — HWHM(E,u,)) (5.8)

where F;, and E,, represent mean proton energies at the front and back
plane of the target, respectively, and HWHM(z) stands for the half width at
half maximum of the x variable distribution.
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Figure 5.4: Geant4-simulated energy distributions in the subsequent Mo
targets, on the front surface (black) and back surface (red) for targets in
stack-foil activation experiment.

5.2 Photon-induced reactions

The analysis of spectroscopic data is performed exactly in the same manner
as described in the previous section, that is by examination of the activated
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targets using an energy and efficiency calibrated HPGe detector. The ob-
tained gamma energy spectra are normalized by the measurement live time.
After that, each identified peak was fitted with the sum of a Gaussian and
a linear background (as shown in Fig. 5.5). Further, the corresponding ra-
dionuclide activity at the end of bombardment was calculated using the peak
integral value using Eqn. 5.1.

Counts
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Figure 5.5: A zoom of the gamma energy spectrum collected from a
natMotarget irradiated with a photon beam of 100 MeV endpoint energy.
Fits of Gaussian peaks on linear background used to determine peak inte-
grals needed in the analysis are shown as red lines.

For each identified peak j, the activity-versus-time plots were constructed
and the data were fitted with an exponential equation Eqn. 5.2 as shown in
Fig. 5.6. The fit yields the value of the decay time of the radioisotope and
its activity at the end of bombardment Agog.

For radioisotopes that contribute more than one photopeak to the spec-
trum, the obtained activities were checked to ensure that they matched within
2 o, then a weighted mean was calculated as a final result. To deduce the
reaction cross section and production yield, respectively, Eqns. 5.4 and 5.5
were used similarly as for the proton-induced reactions.
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Figure 5.6: Examples of peak identification for the photon-induced reactions:
activity versus time dependencies. Red lines represent exponential fits to
the data yielding information about the radioisotope activity at the end of
bombardment and its half-life.

5.2.1 Beam photon flux

There are no data available for photon-induced monitoring reactions in the
energy range of interest. Therefore, to determine the photon flux through
the target as a function of energy, Geant4 Monte-Carlo simulations were
performed. The resulting number of photons emitted into the forward hemi-
sphere per impinging electron, per cm? of radiator area and per 1 MeV of
outgoing photon energy range and per second are presented in Fig. 5.7. It is
visible that at the higher energy of the electron beam, the bremsstrahlung
production is enhanced. The TALYS [39, 40] prediction of the production
cross section of Mo through the gamma-induced reaction on a Mo tar-
get is superimposed in the same figure. The production rate of *Mocan be
calculated as the convolution of the simulated photon flux and the reaction
cross section, see Eqn. 2.24.
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Chapter 6

Results and discussion

6.1 Proton-induced reactions

The results of the single and the stack-foil target activation studies are dis-
cussed in this section. Results from the single target activation experiment
were published in [41] and those from the stack foil experiment were presented
in [42]. The cross-section data from both the experiments have been added
to the International Atomic Energy Agency (IAEA) database EXFOR [43].

As the proton energy in the single target activation experiment was de-
graded by nearly 7 MeV in the target, the obtained cross section is in fact
averaged over the energy range 19-26 MeV. The "**Mo(p, z)™ 8% Tc reaction
was used to calculate beam intensity, which was found to be 28.5 4+ 3.0 nA.
In the stack-foil activation experiment, we have studied proton-induced re-
actions on ™Mo target up to 17 MeV, each " Mo target in the stack cover-
ing a different energy range (Table. 6.1). To determine beam intensity, "**Cu
(p, £)5253857n reactions were exploited and yielded the result of 26.041.5 nA.

To compute the cross section, the activation formula of Eqn. 5.4 was used.
Table. 6.1 shows the obtained results, as well as the associated uncertainties
from both the single and the stack-foil activation experiments. The graphical
comparison of the obtained cross sections with the literature data is presented
in Fig. 6.1, the literature data were from the EXFOR database [43].
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Figure 6.1: Measured production cross sections of " Mo(p, z) reactions from
both the single and the stack-foil experiments are presented in black data
points (black circles are from the stack-foil experiment and black squares at
22.5 MeV are from the single target experiment) are shown together with
other existing literature data sets. Horizontal error bars represent the range
of energy degradation within the ®*Mo targets (eq. 5.8). The uncertainty of
absolute normalization oy is stated in each panel.
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Table 6.1: Experimentally determined production cross section for all iden-
tified radioisotopes in the (p,x) reactions in a ™Mo target.
Proton Radionuclide

energy [MeV] 9Tc 9T 9%Te 9m e 96T 99mTe Mo

33 +27 0.82+0.10 0.92 £0.10 3.47 £ 042 254 +0.28 145+0.13 138+ 0.15 1.01 £0.11
59+ 38 1.03 £0.12 1.05+0.11 108 +£1.2 6.02+0.66 1048 £0.95 2.09+0.22 1.11 £0.12
94+ 34 1.71£020 731 +0.77 55764 288432 1048+9.6 498=£52 2.16=£0.24
125 £27  211+£025 185+2.0 93+ 11 36.9 £ 4.1 140 £ 13 211 £ 22 109 £1.2
151 £ 24 136 £ 1.6 51.8+55 116 £+ 14 50.1 £5.5 125 £ 12 241 + 26 349 +£ 3.9
173+ 21 46.1 +£53 65.2+6.9 108 £ 13 48.8 £ 5.4 101 £9 242 + 26 64.8 £ 7.2
22.5 £ 438 60.1 £ 7.1 120 £ 10 404 £ 5.1 120 £ 10 110 £ 10 110 £ 10

6.1.1 Production cross section of Mo

The radioisotope Mo emits with a large intensity gamma quanta of 140.55
keV [89.43%]. However, this spectral line interferes with the *™Tc line. To
establish the Mo production cross section, alternative transitions with lower
intensities were used: 181.06 keV (I, = 5.99%) and 739.5 keV (I, = 12.13%)).
Reactions *Mo(p, pn)?*Mo and ®Mo(p, 2p)*°Nb are the production chan-
nels that contribute to the production of *Mo, with Nb (t; o= 15 s) de-
caying to *?Mo via the S-decay. Fig. 6.2 shows a comparison of our obtained
cross section with the previously reported data. Since the literature data are
reported for enriched *“Mo targets, our data was recalculated to the **Mo
abundance of 97.4% in the target. There is a satisfactory agreement among
the data.

6.1.2 Cross section of Tc isotopes production

The reaction which dominates the production of the Tc radioisotope (¢; /2=
2.75 h) is **Mo(p,2n) [39] and the decay of %*™Tc (¢ /o= 43.5 min), hence the
reported cross section is cumulative. The cross section of »*Tc production was
determined using the 1363 keV gamma line of (I, = 66%). Below 13.8 MeV,
the contribution from the *?Mo(p,y) reaction takes over [39]. The present
data are in good agreement with the literature data [33, 35, 44-46], as shown
in Fig. 6.1 (a). For beam energy above 19 MeV, the data points in Ref. [44]
are significantly above the trend of other data sets. “*Tc was not observed in
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Figure 6.2: Cross section of the '%Mo(p, z)*Mo reaction. Black data points
represent the results of this thesis, the horizontal error bars cover the range
of energy degradation within the ™Mo target (eq. 5.8). The oy represents
the uncertainty of the absolute normalisation.

the single target experiment because of long cooling time (compared to *Tc
half-life).

The photopeak of the 702.62 keV ~-line (I, = 99.6%) was used to de-
termine the production cross section of *Tc. We primarily evaluated the
excitation function of the "*Mo(p, x)*9Tc reaction, and the contribution
from *™Tc could be ignored because of its short half-life in comparison to
the measurement agenda, as described in Ref. [33-36, 41]. The results ob-
tained are in agreement with the literature data, as shown in Fig. 6.1 (b),
except of those from Ref. [44], which are for higher beam energies.

The %Tc radioisotope has a half-life ¢;= 20 h. The predominant the
decay mode is electron capture. The 765.79 keV (I, = 93.82%) gamma line
was used to determine the Tc activity. The Mo(p,n) and “*Mo(p, 2n)
reactions contribute to the production of Tec, with a little contribution
from the ™Tc¢ decay. Within the uncertainties, the current results are in
good agreement with the literature data from [33, 35, 44-50], as graphically
shown in Fig. 6.1 (c).

The long-lived ™Tc¢ isomer is produced the same way as *Tc. The
204.11 keV ~-line (I, = 63.25%) was used to calculate the cross section.
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Figure 6.3: Excitation function of the **Mo(p, )%™ Tc reaction. Black points
represent the data from this work. Overlaid are the results of theoretical cal-
culations of Ref. [36, 51] represented by red and green curves, respectively,
and very recent experimental data from Refs. [34, 46]. The horizontal er-
ror bars represent the range of energy degradation within the ™Mo target
(eq. 5.8). The oy represents the uncertainty of the absolute normalisation.

For the current proton energy range, the interference of “™Nb (I, = 2.3%)
photopeak of the same energy was negligible. The obtained radioisotope pro-
duction cross section is consistent with existing literature data, as depicted
in Fig. 6.1 (d).

The ™ T¢ (¢, /o= 51.5 min) decays to **Tc (I, = 98%) by gamma emission,
but the intensity is insufficient for quantitative research [48, 50]. The gamma
transitions with energies 778.22 keV (I, = 99.9%) and 812.58 keV (I, =
82%) were used to calculate the excitation function of %Tc. We can take
the determined cross section as the cumulative cross section of ™Tc and
%9T¢ due to the short ¢1/5 and high isomeric transition decay rate of %™ Tc.
The current data is compared to the available database in Fig. 6.1 (e). Our
findings are in good agreement with the data that have been published.

While decaying to the ground state, %™Tc emits only 140.5 keV gamma
quanta, which is used in medical applications. The production of *®T¢ ra-
dioisotope is dominated by *Mo(p, 2n)?*™Tc (natural abundance in **Mo
is 9.74%), with a small contribution from the **Mo(p, v)**™Tc process and
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Table 6.2: Experimentally determined target yield (7Y [MBq/uAh]) of pro-
duction of all detected radioisotopes through (p, ) reactions in a "**Mo target
from both single and stack-foil experiment.
Proton Radionuclide
energy [MeV] 9B Te %Te % Te 95T %Te 99mTe %Mo
33427 7024056 1854016 049 +0.04 0011 +0.001 010 %001 612+ 052 0.36 + 0.03
5.9+38 6534052 1.96+0.17 0954009 001340001 1.10 %009 7.09 +0.60 043 + 0.03
94+34 9394075 3204028 138+12 0144001 4524036 181415 0.77 % 0.06
125427  259+21 281424 201+26 018+002 826+ 066 206+18 2.07+0.17
151424  236+19 614452 491+44 0264003 105+08 314427 524+ 042
173421 127410 116+10 575452 049+ 005 148412 418 +36 542+ 043
225 + 4.8 - 196+ 16 118+9 060 +0.05 166+ 1.0 659 +53 228+ 1.9

Mo decay. The 140.5 keV gamma spectral line was used to extract the ac-
tivity of 9™Tc. This y-transition was analyzed as described in Ref. [41]. We
utilized a "**Mo target, however the % Tc cross section shown here is after
extrapolation to 97.4% of '°°Mo. The comparison of current and existing lit-
erature data is shown in Fig. 6.1 (f). Except for the data of Refs. [44, 48, 52],
which show the same trend as the others but smaller cross-section values,
there is good agreement with all data sets. In Ref. [36] and more recently
in Ref. [51], a theoretical method for modeling the production cross section
of *"Tc and ?Mo was proposed. A comparison of the present data with
the relatively recent literature data from Refs. [34, 41, 46] and theoretical
calculations of [36, 51] is shown in Fig. 6.3.

6.1.3 Target yield

Table. 6.2 shows the directly determined integral target yields of all investi-
gated radionuclides. Eqn. 5.5 was used to calculate the integral target yield.
The target yield is measured in MBq/Ah. The obtained results are plotted
as a function of the incident proton energy in Fig. 6.4 (all detected Tc ra-
dioisotopes) and Fig. 6.5 (**Mo radioisotope), and they are compared with
the literature experimental 7Y data from [35] and TALYS [39] predictions.

In case of Mo and *™Tc along with [39] prediction and literature data
[35], we also compared the results with data from Ref. [34]. It should be noted
here, that the TY from TALYS was derived using TALYS cross-section data
and not the TALYS produced yield data.
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Figure 6.4: Obtained experimental target yield TY for all studied Tc ra-
dioisotopes; the long dashed/green and dash-dotted/blue curves reflect the
experimental 7Y from [34] and [35], respectively here the lines represents
interpolation of the existing, high-precision data, while the solid/red curve is
from TALYS calculations. The error bar here shows the energy range in the
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Within the error limitations, the measured integral 7Y data agrees well
with [34], data from [35] is in agreement with our determined TY data ex-
cept Tc as seen in Fig. 6.4 (a) and Fig. 6.5. TALYS predictions overshoot
the experimental data for "*Mo(p, x)*%Tc, but in other cases they are in
agreement with experimental T'Y .
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Figure 6.5: Obtained target yield for the "*Mo(p,x)*Mo reaction ; the dash
dotted/green and long dashed/blue curves show the experimental TY from
[34] and [35], respectively, while the solid/red curve is from TALYS calcula-
tions. The horizontal error bars here reflect the energy range in the target,
not the energy uncertainty.

6.2 Photon-induced reactions
This section discusses the results from the y-induced reactions for 60, 100

and 200 MeV end point gamma energies. The results have been published in
Ref. [53].
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6.2.1 Long-lived impurities produced via "Mo(~, z) re-
actions

To estimate the production yield of the long-lived radio-impurities listed in
Table. 4.6, we used the Geant4-simulated photon flux convolved with the
TALYS package generated cross section of the "*Mo(~, n)*Mo reaction as
shown in Fig. 5.7. The scheme discussed in Sec. 2.3 was followed for the calcu-
lations. The knowledge of the amount of impurities produced along with the
radioisotope of interest is crucial to find the optimal beam conditions for the
production as well as to choose an appropriate separation method. Table. 6.3
presents the activity and yield of all studied radioisotopes. The activity is
also graphically presented in Fig. 6.6, where the values of *?Mo activity are
reduced by a factor of 100. The gamma lines in the spectrum that were used
for the determination of Agop are presented in bold font in Table 4.6. Due to
a longer target cooling time for 100 and 200 MeV electron beam irradiation,
the short-lived radioisotope “’Nb was not observed, while the induced *>™Nb
activity at 60 and 100 MeV was too small to allow conclusive analysis.
Separating therapeutically relevant radionuclides from radioactive con-
taminants produced in the target can be done by a variety of methods [14].
Only if the specific activity of the radioisotope of interest is high enough,
the resulting radio-impurities may be easily removed using a conventional
alumina column. However, the separation of Mo from *Mo (t;/2= 5.56 h)
and other Mo isotopes present in the target is challenging because they are
the same chemical element. Thus, instead of the chemical separation, the
kinematic recoil approach could be used as discussed in [13]. The low specific
activity column approach [54], which is specifically intended to handle such
instances, could also be exploited. However, the ideal would be the selection
of a set of experimental conditions in which the activity of contaminants is
minimal in comparison to the activity of the isotope of interest. The measured
Mo to Mo ratio, which is 25.3 at 60 MeV and is seven times lower than
at 100 MeV, similarly at 200 MeV the ratio is found to be 143.7 which is by
factor 1.3 lower than at 100 MeV, suggests that energies at around 100 MeV
are favorable for Mo production with low **Mo radioisotope contamination.

6.2.2 Production of Mo through “*Mo(v, n) reaction

The estimation of the production yield of Mo was performed similarly
as discussed in Sec. 6.2.1. The experimental activity was determined by
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Figure 6.6: Comparison of experimental activity at the end of bombardment
(Agog) for all studied radioisotopes. The results for %Mo are reduced by 100
for the sake of graphical representation.

analysing the 181 keV and 739.5 keV gamma lines. Although another spec-
tral line of Mo at 140 keV is very intense compared to other lines present
in the “Mo spectrum, it overlaps with the 141 keV gamma line of “°Nb hin-
dering its exploitation in the analysis. The resulting Mo production rate
was found to be 1.5 x 10% 7!, 4.8 x 10® s7! and 21 x 10% s~! for 60, 100 and
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Table 6.3: Activity and yield of the produced radioisotopes at the end of bom-
bardment. Columns with values are labelled with the electron beam energy
in MeV.

Activity [Bq]

Radionuclides 60 100 200
897r — (24+3) (0.1240.01)x 10?
9ONb (7919) (0.4940.05)x10%  (1.840.2)x103
92mNT, - - (29 + 3)
9Nb (29+2) (0.174£0.01)x10*  (0.64+0.05)x 103
9"Nb (1.740.2)x 103 - -
OMo (83+7) (0.3840.03)x10*  (1.6+0.1)x10?
Mo (2.14£0.2)x 103 (6.940.6)x 10* (2.340.2)x10°
Yield [Bq/(g-W:h)]
Radionuclides 60 100 200
897r - (0.154£0.02)x10%  (0.77+0.09) x 103
9ONb (0.50£0.06)x10*  (3.1£0.3)x10? (11.0£1.2)x10?
92mNT, — — (0.1840.02) x 103
9Nb (0.1840.01)x10*  (1.1£0.1)x10? (4.040.9)x 103
9"Nb (14.0+£1.4)x10? - -
OMo (0.55+0.04)x10%  (2.5+0.2)x10? (11.0£0.9)x 103
Mo (1341)x10? (4.340.4)x 10° (1.440.1)x 106

200 MeV electron beam energy, respectively. The experimental activity and
production yield of Mo are included in Table. 6.3.

Comparison between the experimentally obtained values and the calcu-
lated activity at EOB for all electron beam energies is shown in Table. 6.4.
The theoretical predictions overshoot the experimental activity values by
about 1.5 times for the 200 MeV beam energy and by about 1.2 times for the
two lower beam energies. The predicted yield is also subject to systematic
uncertainty, which is difficult to estimate. The calculation is based on the
knowledge of cross sections for photonuclear reactions in a very broad energy
range. In this work it was calculated using the TALYS package. There are
also other approaches to model such processes and calculate their cross sec-
tions [55-58]. It is difficult to validate the different libraries with the limited
experimental data. For photon end-point energies of 60, 100, and 200 MeV,
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Table 6.4: Comparison of Mo activity at the end of bombardment obtained
from Geant4d + TALYS prediction and from experimental data.

Agop Agop
Bearlil/[e{;ergy Geant4 + Experimental
(MeV) TALYS [MBq] [MBq]
60 0.025 0.0214£ 0.002
100 0.081 0.069+ 0.007
200 0.34 0.23+ 0.03

respectively, the disparities are 20, 20 and 30, where ¢ signifies the relevant
statistical uncertainty in each case. Given the unknown systematic uncer-
tainties, our results are consistent with the TALYS + Geant predictions.

69



Chapter 7

Summary and outlook

This thesis presents possible production routes of %Mo/*™Tc¢ medical ra-
dioisotope generator with the use of accelerators through proton- and photon-
induced reactions on "*Mo targets. For proton induced reactions excitation
functions and target yields data were obtained experimentally for the pro-
duction of the above-mentioned radioisotopes and other radioactive contam-
inants produced in the target.

The proton-induced reactions were studied through two methods, i.e., Sin-
gle thick target activation (19-26 MeV) and stack-foil activation (0-17 MeV).
The results from proton-induced experiments were also compared with other
reported literature data. The gamma-induced reactions were studied using
60, 100 and 200 MeV end point bremsstrahlung energies. The results from
100 and 200 MeV are the world first experimental reported data. The ex-
perimental results were used to estimate the conditions for the large-scale
production optimized to suppress impurities.

The findings of this study provide useful information about the accessi-
bility of the analyzed radioisotopes for research on the next necessary steps,
such as chemical separation and recovery of the target material, labelling of
biologically active molecules, and in vitro and in vivo experiments (biodistri-
bution, imaging quality or therapeutic effect), preclinical and clinical studies.
The ultimate goal in this march is the efficient production of effective radio-
pharmaceuticals using "**'Mo targets.

The price of enriched Mo is currently around $30,000 per gram, whereas
the price of ™Mo ranges from $0.25 to $0.80 per gram [59]. By increasing the
irradiation period and employing natural molybdenum targets, one can lower
the cost while still achieving the desired yield. Impurity formation can be
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reduced by using protons with the energy of 9-26 MeV. It was demonstrated
that the use of "Mo target could provide a very pure Mo source for ?™Tc
extraction by using traditional procedures [47, 60].

Our research indicates that the existing electron linacs are a viable and
interesting alternative to low-energy or dedicated facilities for the production
of Mo. The beam lifetime in the ring of synchrotrons is of the order of several
hours, and linac injectors are only used for a small part of that period. At
those facilities, Mo could be produced in a parasitic manner, in parallel with
other ongoing experiments. It would lead to a more efficient use of the existing
infrastructure while meeting the local demand for ??Mo, thereby eliminating
losses that are unavoidable in transportation. One could still use the enriched
Mo target to increase the yield and reduce the production of radioimpurities.
In case of photon-induced reactions, the yield could be further increased
by opting much thicker targets at higher beam energies, taking advantage
of electromagnetic cascades created by high-energy photons, in which the
secondary photons carry sufficient energy to induce photonuclear reactions.

More than 50 electron linac facilities, similar to SOLARIS, exist in re-
search institutes all over the world, delivering beams of energy more than
100 MeV. 22 of them are located in Europe [61, 62], and many of them de-
liver beam currents several times higher than SOLARIS. Those facilities can
be used to find optimal beam conditions for the Mo production via pho-
tonuclear reactions, leading to the development of standardized production
procedures for commercial applications. This kind of investigation has also
the potential to be extended to other radioisotopes relevant for medicine or
industry.
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