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Abstract

The main focus of this thesis is to investigate a novel pathway for producing the
two medical isotopes ®*Cu and %"Cu through the **Zn(n, 2)%*5"Cu reactions. Since
6467Cy are of the same element, they have similar chemical properties which makes
them interesting as a theranostic pair. They can be labelled to the same chemical
or biological substances and used in both diagnostic and therapeutic applications.
4Cu has a half-life of around 12 hours which makes the production of this isotope
preferable to do on-site, without any transport time. The experiment producing
the data for this master project was performed at the Lawrence Berkeley National
Laboratory’s 88-Inch Cyclotron. The aim was to produce neutrons through a
deuteron breakup process (using deuteron beams of 16 MeV and 33 MeV) that were
then used to activate natural zinc and other monitor foils. The monitor reactions
Y (n,2n)%Y, *"Al(n,r)*Na and "*Zr(n, z)*Zr have well-characterized cross
sections and are used to compare to our results on the cross sections measurements.
The activation of each foil (as a function of time since end of beam) was measured
through gamma-ray spectroscopy with a high-purity germanium detector. Fitting
the activity to find activity at end of beam and using the monitor cross sections to
find the average neutron flux, the spectrum average cross sections for every product
made in the targets was found. This experiment showed that the production of
6457Cu thorough the ™Zn(n, x)%%"Cu reactions is a viable pathway for producing
these isotopes. Both 16 MeV and 33 MeV deuteron beam produces more %*Cu than
7Cu, but 33 MeV deuterons will increase the relative ’Cu production. This work
resulted in 33 measurements of cross sections using neutrons to irradiate all natural
zing, zirconium, indium, yttrium and aluminum foils, where many of them are first
time measurements. The results are compared to previous experiments from the
EXFOR-database and simulations using ALICE-2017, CoH-3.5.3, EMPIRE-3.2.3,
TALYS-1.9 and TENDL-2019.
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Chapter 1

Introduction

Count only the good days.

— Irene Jensen, A-Hus 2017

The usage of medical radionuclides can be traced back to as long as late 1890s
when Henry Becquerel discovered radioactivity when he was studying a sulfate
of uranium, and two years later when Marie Curie together with her husband,
Pierre Curie, found activity in the ore where they had extracted uranium from
[1]. Since then, many studies on animals and humans have been done which led
to development of radionuclides used in therapy and imaging with radiotracers.

According to the National Cancer institute [2] there were 1.735.350 people diag-
nosed with cancer in 2018 in the United States alone, and approximately one third
died. The amount of deaths caused by cancer worldwide in 2018 is approximately
9.6 million people [3]. Without modern medicine like chemotherapy and internal
and external radiation, the number of deaths would be much higher. Since radioac-
tivity was discovered in the 1890s, many new applications have been developed
in the medical field, such as the use of x-rays by Roentgen in 1895. The tracer
approach was developed in 1913 by George de Hevesy [4] when he was investigating
the absorption of radioactive lead in plants. In 1927, Blumgart and Weiss [5] used
an aqueous solution of radon to study the pulmonary circulation]in a man.

Today, nuclear medicine is used for both diagnostics and treatment of a patient.

!Pulmonary circulation is the portion of the circulatory system that carries deoxygenated
blood from the right side of the heart to the lungs, where the blood oxygenates and returns to
the left side of the heart.



PET and SPECT are two imaging techniques that are commonly used in diag-
nostics. '®F is currently the most used radionuclide in PET scans. Attached to
a sugar molecule (FDG), it will find cancerous cells in the body because of the
high metabolic activity in cancer cells. In SPECT scans, **™Tc is often used to
diagnose coronary artery disease and stroke. These two illnesses are the number
one killer worldwide and ?*™Tc¢ is therefore the most widely used radioisotope.
Nearly 80% of all imaging procedures use **™Tc. Therapeutic applications use
a radioactive compound and placing it or injecting it into a patient to treat a
disease.

In this master thesis, the production of medical isotopes is discussed with the
main interest on the production of %%7Cu. ®Cu and ®"Cu are two interesting
isotopes that can be used for diagnostic (**Cu) and theranostic (°’Cu) applications.
They are of the same element, and therefor, because of their same chemistry
they can be paired together and used for theranostic applications. *Cu is fairly
easy to make using a ®!Ni target and irradiating it with protons, but "Cu on
the other hand, is not. Therefore, a novel pathway of producing both of these
isotopes is discussed in this thesis. The production of these two medical isotopes
through the "*'Zn(n, x)64’67Cu reactions using deuteron breakup is something that
has never been done before. This new way of making *%"Cu is therefore really
exciting. In this experiment, we used 16 MeV and 33 MeV deuterons through
a deuteron breakup process, which produces a neutron flux with an energy of
approximate 6 MeV and 16 MeV. Five targets (zinc, zirconium, indium, yttrium
and aluminum) were irradiated with the neutron flux, producing reaction products
such as "In, 87Y, ®Cu and %"Cu, to mention a few. Measuring the activity at end
of beam through gamma-ray spectroscopy allows for the calculation of relative cross
sections. The precise neutron flux needed for obtaining “absolute” cross sections
which is determined using the monitor reactions with known cross sections. This
experiment will give one spectrum-average cross section result at each energy for
both %Cu and %"Cu as well as the relative production yields of *+%7Cu.

The experimental results are compared with monitor reactions (with known cross
sections) and modern reaction codes such as ALICE, TENDL, TALYS, CoH and
EMPIRE [6HI0]. The main motivation of this thesis is then: can we produce two
theranostic medical isotopes in a large enough quantity that they can be used in
diagnostic and therapeutic applications? And if so, is the production route, using
a cyclotron and deuteron breakup a preferable way of doing this?

In this thesis, the characteristics of a medical isotope, why those are important
aspects in the production of medical isotopes, and the decision on which isotope
that is going to be used is described in [chapter 2| A discussion on why *57Cu are



interesting theranostic isotopes is presented in [chapter 3] followed by a description
of details in the experiment, including target stack design and deuteron breakup
in[chapter 4 How we analysed the data from the experiment is shown in
followed by the results and discussion in [chapter 6| Finally, the summary and

outlook in [chapter 7]
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Chapter 2

Principles of making medical
isotopes

All human things are subject to
decay, and when fate summons,
Monarchs must obey.

Mac Flecknoe
— John Dryden

2.1 Characteristics of medical radionuclides

Radionuclides for both therapeutic and diagnostic use have three principal factors
that affect the ability for them to perform as a suitable and effective medical
isotope [I1], their biological, physical, and chemical properties. The biological and
chemical properties affect the stability in a living organism, biological half-life,
toxicity, tissue targeting and retention of radioactivity in the tumor [12]. The
physical characteristics include physical half-life, energy of the radiation, purity of
the radionuclide, type of emission and daughter product(s) [12]. In addition, the
method of production is important as it decides how easily available the medical
isotope can be.

There are different ways to treat cancerous cells; surgery, chemotherapy, brachyther-
apy, external beam therapy and targeted radionuclide therapy are some common
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techniques. The aim of surgery is to remove as much of the cancerous cells as
possible while chemotherapy uses a drug that kills and prevents the cancerous
cells to divide and grow [I3]. Brachytherapy generally uses beta-, and electron
capture or auger sources for therapy but also isotopes that emit gamma rays and
x-rays [14]. The source is placed in the targeted location to produce a high dose
delivery without damaging healthy tissue [14]. External beam therapy also uses
x-rays and protons to kill cancer cells. This method delivers a low-intensity beam
or several beams to a patient with a tumor. The beam can deposit the dose to the
area of the tumor without much damage to the healthy surrounding tissue [I15].
Targeted radionuclide therapy differs from external beam therapy in the way that
it uses an antibody or other targeting molecule together with a radioactive isotope
to find and irradiate a biologic area of interest. This will allow the irradiation to
be at a cellular level rather than a bigger volume [16].

In this chapter, basic theory on general nuclear reactions, high purity germa-
nium detectors, production of medical isotopes and a description of PET-scans is
presented. Much of the basic nuclear theory here is adapted from Krane [17].

2.1.1 Half-life

The physical half-life, ¢,/,, of a radioactive substance is the time it takes for a
given amount to be reduced by half as a consequence of its decay and is described
by the formula:

N(t) = Noe™™ (2.1)

where Ny is the amount of initial substance, N(t) is how much there is left after

time, t, and X is the decay constant. Using [Equation 2.1] the half-life of the

decaying quantity is given as:

In(2)
A

tij2 = (2.2)

When a radioactive pharmaceutical gets injected into a human body, the biological
half-life is important. It is the time it takes for a living body to eliminate half of
a substance through its biological processes. Therefore, this has to be considered
carefully when a radiopharmaceutical is intended to be used in a patient’s body.
The half-life should be long enough to do a procedure, but short enough to avoid
unnecessary damage to healthy tissue. In diagnostic applications, the half-life
should generally be only a few hours. The radioisotope begins to decay immediately
after it is produced, so it is important that the physical half-life is long enough
such that it can be labelled and given to the patient. If a patient is taking a
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PET-scan, the duration will vary depending on the radionuclide. For example,
a procedure using '°F usually takes 30-60 minutes to execute. Therefore, the
radiopharmaceutical should have a lifetime longer than it takes from production
of the radioactive substance to the end of the procedure.

For a therapeutic isotope, the half-life should approximately be a few days. It
should be long enough to deliver the right amount of dose to the area of interest.
But the most important factor is the effective half-life, the combination of both
physical and biological half-life within a patients organ [12]. The physical half-life
is well known, but the biological half-life is dependent on several things, including
what kind of tracer is used, metabolism, uptake and how the pharmaceutical leaves
the body [12]. The choice of tracer and isotope depends on the uptake mechanism,
type of tumor and method of administration [12]. If the patient has a low uptake,
the physical half-life should be longer such that it will minimize the dose before
it has reached the tumor, but not too long such that it contributes excess and
unwanted dose on its way out of the body.

Travel time is also a factor when choosing an isotope. If there are cyclotrons in
the hospital they can produce isotopes on-site, such as '*F with half-life of 109
minutes [18], that is used in PET scans. In those cases, the half-life can be shorter
than if it has to be transported to another part of the county.

2.1.2 Stopping power

When a charged particle penetrates an absorbing medium it will gradually slow
down due to energy loss, a process characterized by a quantity called stopping
power. There are three known methods of stopping power [19], electronic, S.q,
nuclear, S,,. and radiative, S,.q that contributes to the total stopping power.
Seor is a result of the charged particle’s interaction with orbital electrons in the
medium, 5,,. is when the charged particle interact with the nuclei in the medium
and S, is due to radiative loss. The total stopping power is given by:

Stot = Scol + Snuc + Srad

Electrons can lose energy by Bremsstrahlung(S,.q) and by ionization(Sey) [20].
Even though the majority of the energy loss for electrons is through collisions, the
emission of bremsstrahlung photons is also important. Bremsstrahlung happens
when an electron is traveling close to an atomic nucleus and decelerate due to the
Coulomb field of the nucleus and atomic electrons. When this happens, energy
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releases as photons. The bremsstrahlung yield scales with both the electron’s
initial kinetic energy, as well as the atomic number of the stopping medium.

When it comes to photons, the beam intensity I(z) will decrease with
I(x) = [ye ™™ (2.3)

where p is the attenuation coefficient and depends on the energy, hv, of the photon
and the atomic number Z of the medium [19]. I is the initial intensity of the
beam at the surface of the incident medium where the distance = = 0.

Photons will also interact with a medium through three mechanisms: the photo-
electric effect, Compton scattering and pair production, which are briefly discussed

in [subsection 2.2.3l

Linear energy transfer (LET)

For therapy, the biological effect depends on how the isotopes decay, and how
they distribute the energy of their decay radiation to the surrounding medium. A
large LET will concentrate the deposited energy to a small area near the particle’s
tracks, as a result there will be more damage to the DNA and other cellular
structures. LET is closely related to the linear energy loss ¢£ except that LET

dx
does not include radiative energy losses.

m
e o ° “target” o °
[] []

. 60Co y-rays

250 kVp x-rays

a Particles

Figure 2.1: An illustration [2I] of how ~-rays, x-rays and « particles ionize through
a target area. « has a high-LET and v has a low-LET. The dots along each particle
track represent charge carriers created by the particle’s ionization of the “target”
medium.

As shown in [Figure 2.1} high-LET radiation (such as alpha particles, auger elec-
trons, neutrons, and heavy ions) will do more damage in a smaller area and
the therapeutic effect is significantly higher than for low-LET radiation (such as
photons and beta particles). Low-LET, as shown in , distributes little
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ionization throughout the medium, which results in little to no damage on the
cells along the way. In diagnostic procedures, we want to use isotopes that decay

with low-LET radiation emissions, and therapeutic procedures seek isotopes with
high-LET decay radiation.

Bragg peak

Stopping pover [MeV/cm]

Range (mm)

Figure 2.2: Illustration of the bragg curve for charged particles.

Since the ionization of a material increases when the energy decreases for charged
particles [19], the energy deposition will be more significant at the end of its tracks.
shows how the stopping power increases with increasing depth in a
medium. The peak at the end is called the “Bragg peak”, and is correlated with
high-LET, as the charged particle will deposit the majority of its energy in a
small volume near the end of its range. By tuning the energy of the beam, the
irradiation can be selected so that the brag peak hits the tumor.
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2.2 Decay modes

When a patient undergoes diagnostic or therapeutic procedures with radioisotopes,
the isotopes that are used must be selected based on decay properties and on the
disease being studied. In general, for diagnostic procedures, decay modes that
have intense emission branches for low-energy positrons or photons are preferred.
In therapy, isotopes which emit alpha particles, auger electrons, or low-energy
beta particles are generally preferred. Alpha decay will not be discussed here, as
no alpha-emitting radionuclides were produced in this work.

2.2.1 [(-decay

[ decay occurs for nuclei that have an imbalance between their proton number
and neutron number through three different mechanisms: beta-minus (5~) decay,
beta-plus (87) decay, and electron capture. In 5~ decay, the mechanism is written
as:

n—pt+e +1, (2.4)

and the mechanism for S decay is written as:
p—onte +u, (2.5)

where n is a neutron, p is a proton, e~ is an electron, 7, is an antineutrino e is a
positron and v, is a neutrino.

As the electron deposits all of its energy by ionizing matter on its path, S~ decay
may be used for therapeutic applications, while S decay is also used in diagnostic
applications. If we want to take a picture of the biological activity in a patient,
the e™ is used as a source of two 511 keV photons for imaging in PET scans, which

will be discussed in [section 2.5

Compared to « particles, 5 particles travel much further and create less ionization
to the surrounding medium on their path, leading to a more broad-range dose
delivery with less total dose per volume. This is important when selecting an
isotope based on the size and shape of the tumor, as the biological effect of
these two routes differ greatly. There are however, differences in the range of
the multiple isotopes that undergo [ decay, based on the maximum energy for a
given 3 emission branch. Low-energy (-particle emitters have a relatively short
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range of approximately 0.1-10 mm, in tissue where one cell is the size of 0.10 mm
(for ~100-300 keV g particles), making them potentially suitable for treatment of
small tumor metastases [20]. Higher-energy (> 1 MeV) [-emitters have a much
longer range in tissue, penetrating 10’s to 100’s of mm, and can be used to treat
diseases including rheumatoid arthritis, which is an autoimmune disorder that
often affects joints.

The energy of § particles are not discrete, but a continuous spectrum.
is an example of the beta-particle energy spectrum. Ez“" is the total energy
available for both the electron(positron) and the anti-neutrino(neutrino). The
energy of the emitted [ particle follows this well-known distribution built upon
the Fermi function, based on the energy and emission angle of the (anti)neutrino.
The energy will vary from almost zero to the maximum energy, E7'**, and the
average energy is approximately one third of the maximum energy.

E, = 0.0497 MeV

: E g™ =0.156 MeV

Relative number emitted
(arbitrary units)
T

L i . I | :
0.00 0.04 0.08 0.12 0.16 0.20
B-particle energy (MeV)

Figure 2.3: An graph of a typical # energy spectrum, in this case, for the decay
of 1C [22].

Since the amount of absorbed dose in tissue is proportional to LET and [ particles
penetrate further into a medium than « particles, 8 particles have lower LET than
« particles. Exposure to  generally results therefore in less dose pr volume.

PY is a popular long-range isotope used in f therapy, it has a multiple decay
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branches and the highest-intensity branch has a mean range of 4.3 mm in water
[23] with an average energy of 933 keV [23]. A widely used short-range beta
emitter is "*'T where the highest-intensity branch for *'I has a mean range of 0.4
mm in water with an average energy of 182 keV [23].

2.2.2 Auger electron created through electron capture and
internal convention

An Auger electron is a low-energy electron that can be a product of electron
capture or internal convention. When an electron from the inner shell is removed,
leaving a vacancy, an electron from a higher orbit fills the vacancy and releases
energy. Often, the energy is emitted as a photon, but the energy can be transferred
to an electron which gets ejected form the atom. The ejected electrons are called
an Auger electrons. The distance the auger electrons travels is less than a cell in
biological tissue [24]. These electrons have high-LET and will therefore do a lot of
damage to the DNA and other important structures in the cellular nucleus that
are important for the cell to live. This makes the auger electrons highly effective

for treating cancerous cells (see [Figure 2.4b)).

In an electron capture (EC) decay, an electron can be captured by the nucleus,
converting a proton turn into a neutron. When this happens, there will be a
vacancy created in the inner shell (closest to the nucleus) which one of the electrons
in the outer shell will try to fill. As 8~ decay, EC will lead to a change in element:

EC
X =5, AY (2.6)

where X is the parent nucleus with mass number A and Z protons, and Y is the
daughter nucleus.

In this process, characteristic x-rays and several auger electrons will be emitted
from the daughter nucleus [22].
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\.

Auger electron

(a)

Figure 2.4: Panel (a) is an illustration of emission of an auger electron [25]. Panel
(b) shows the range of auger electron compared to o and § particles [20].

Internal conversion (IC) is a type of de-excitation, where a nucleus returns from an
excited state to the ground state. When this happens excess energy is released and
transferred to an orbital electron. This internal conversion electron gets ejected,
leaving a vacancy in the inner shell. An electron from a higher energy level will
move to the vacancy and releases an x-ray or an Auger electron [25].

2.2.3 ~7-decay and X-rays

Gamma rays and x-rays are both forms of electromagnetic radiation. The difference
between them is that X-rays have their origin from electronic transitions outside
of the nucleus and ~’s are created from nuclear transitions. Both X-rays and
~’s penetrate a medium and depending on their energy, they can create different
effects in the body by ionization. y-rays and x-rays can interact with a medium in
three different processes: photoelectric effect, Compton effect or pair production.

The photoelectric effect happens when an orbital electron absorbs the incoming
photon. The energy absorbed will eject an orbiting electron, E., from the atom.
This electron is called a photoelectron [20]. The electron cannot be emitted if the
incoming photon energy is lower than the binding energy of the electron (Ej). The
energy of the electron emitted is E, = I, — I, where E, is the incident photon’s
energy. The probability of photoelectric effect happening is measured as the cross
section 7:

T X —= (2.7)
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where Z is the atomic number and n is equal to 4 or 5 [27], p. 140].

In Compton scattering, an external photon is scattered by an atomic electron.
When an incident photon interacts with an atomic or free electron, it will deflect
from its original path with an angle from 6 = 0° to 6 = 180°, and the electron
recoils with an angle ¢. The energy is shared between the emitted electron and the
photon, where the incident photon will transfer some of its energy to the electron.
The atomic cross section for Compton scattering is 0. = N Zo, where o, x E% is
the electronic cross section, assuming a free electron [20].

| | | | | | | | I

106 |-

§ Photoelectric

© | Absorption

2]

£ Total Cross Section

§ 103 (Experimental)

5 Thomson .

B = Scattering

@

w

i -

g %

= \ "= Electron-Positron
© 100 ’ L Y Pairs

A Compton §
— & Scattering A\ n Photonuclear
- %

I \ Absorption
l\. ] p:u ]

i L1 |"—: I
108 106 10°

Photon Energy (eV)

Figure 2.5: Cross section for photoelectric effect, Compton scattering and pair
production for copper as a function of photon energy [2§].

The last interaction mechanism is pair production. The incoming photon anni-
hilates in the nucleus’ Coulomb field, causing an electron-positron pair in the
vicinity of a nucleus, which are emitted collinearity (180 degrees apart). This can
only happen if the energy of the photon is greater than the total rest mass of an
positron-electron pair, 1.022 MeV, where the energy is split between the electron
and positron. The cross section for pair production (7) is proportional to Z2 .

shows how the three main interactions of a photon depend on energy.
For lower energies the photoelectric effect is dominant, pair production is more
probable to happen at higher energies, and Compton scattering dominates in
between.
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Since X-rays and ~’s can penetrate long distances without ionizing the medium,
has a low-LET and can emerge from the body, they are ideal to use for diagnostic
procedures using different imaging techniques.

~v decay

Following radioactive decay, the nucleus is often left in an excited state which will
de-excite by emitting a photon [20]. This process is described in
where A is the atomic number, Z is the number of protons in the nucleus X and
X™ is an excited nucleus:

OX* = OX 4y (2.8)

The excitation energy is transferred to a v photon plus the recoil energy.

Most nuclear exited states are very short-lived (t;2 < 1 ps). However, if the A
notation includes an “m”, the nucleus is in a long-lived (¢1/, > 1 ps) isomer state,
(e.g., PTc) [20]. The de-excitation of this isomer state will then be described as
an isomeric transition (IT).

~-ray emission and internal conversion (IC) are two competing ways for the nucleus
to de-excite. In internal conversion, the nucleus will electromagnetically interact
with a shell electron which leads to emitting of the orbiting electron [29].

A nucleus can be excited either by the creation of a compound nucleus, with a
direct reaction or if a nucleus decays with one of the decay modes described in
into an exited state in another nucleus. The nucleus will decay into its
ground state by emitting one or more y-rays. The latter is illustrated in [Figure 2.6
for the decay level scheme of *"Zn.
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MeV
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184.6
184.5

83.3

67Zn 9.8

Figure 2.6: An illustration of how "Cu is S-decaying down to Zn. [30]

As shows, the +’s that are emitted in °"Zn when the nucleus de-excites
will have different energies. The emitted 4’s can then be detected with a detector.
In this experiment, a high-purity germanium detector was used.

2.3 High-purity germanium (HPGe) detectors

Most semiconductor detectors are based on the n-p junction, which is a boundary
between two different types of doped semiconductor, seen in A crystal
is doped on one side with a material that has excess electrons in the outer shell
and therefore is called the negative side, or n-type. The other side is doped with a
material that has electron vacancies in its outer shell, leaving a “hole”. This side
is called p-type, since it is more positive. When these two types are interfaced
together, the electrons from the n-type will be attracted to the holes in the p-type,
leaving a depletion zone free of charge carriers, around the junction interface, with
a net negative charge on the p-side and a positive charge on the n-side. This
creates an intrinsic electric field which makes it hard for any electrons produced
in the depletion zone to travel to the p-side unless there is a voltage applied to
the crystal.

The effect of having an electric field, either intrinsic or externally-applied, is that
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n-doped p-doped

B —
E-field

Figure 2.7: Example schematic for the n-p junction of a semiconductor.

a pair of charge carriers generated inside the depletion region between the two
crystals, the holes and the electrons will be pushed away and collected at their
respective electrodes. This can be used in different ways: if you don’t apply any
voltage from the outside, the depletion zone will be quite small. The depletion
zone can be used for detection, if ionizing radiation creates a free electron inside
the depletion zone, it will be swept out by the electric field and may be collected as
a voltage pulse. However, hole-pairs that are created outside of the depletion zone
can’t be collected because they will quickly recombine. If the goal is to efficiently
detect radiation, a big depletion zone is preferable [31, p. 226]. This is done by
reverse biasing.

Reverse biasing is done by applying an external voltage where a positive terminal
is connected to the n-type side and a negative terminal to the p-type side. This
will cause the holes and electrons to drift so the depletion zone become larger.
The larger the voltage, the bigger the depletion zone, unless too much voltage is
applied. In this extreme, the material can break down and damage the detector.
The maximum depletion you can obtain is inversely related to the density of the
doping. If a lot of doping is added in the material to make it work, it means
that one can only produce a narrow depletion zone. This is why high-purity
semiconductors are often used in radiation detection; since a pure material doesn’t
need as much doping, less doping means that the detector can have a thicker
depletion zone. This translates to having more material where you can detect
particles and read out the deposit charge as pulses, leading to improved detector
efficiency.
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2.3.1 How to get a spectrum from gamma-rays

Since v-rays do not have a charge, they can only interact with the detector through
different electromagnetic interactions. In these interactions the -ray energy is
transferred to electrons or an electron and positron pair in the detector medium,
as described in [subsection 2.2.3| It is these electrons that are being detected in
the reverse-biased detector and in the electronics as an electric charge, can vary in
energy from almost zero to the full energy of the gamma [32, p. 30]. The electrical
charge that is registered in the detector is proportional to the gamma-ray energy
absorbed in the detector [32, p. 61]. The charge is then collected and converted
into voltage pulses before it is sorted by pulse height. The electronics count the
number of pulses within the pulse heights and assigns them to a channel number,
which gives rise to a gamma spectrum [32], p. 61]. The peaks in the spectra are
due to the decay of the sample in the detector, as seen in

Backscatber FEP - photopeak
Peak

Compton
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Counts

X-ray

Peak Annihilation

Paak
Campton
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Figure 2.8: A typical detected gamma-ray spectrum for a given incoming £, (FEP)
where the visualisation of the different gamma interactions are shown [33].

shows a typical spectrum from an HPGe detector. At low energies
the characteristic X-ray peaks are created when gamma-rays interact with the
detector shielding. The Compton continuum happens when a gamma-ray from
Compton scattering leaves the detector and transfers only a portion of its energy
to an electron in the detector. The energy received by the electron can vary due
to the angle of the photon scattered. The Backscatter peak appears when the
scattered gamma-ray from a Compton scatter happens outside of the detector
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and the backscattered photon enters the detector with an angle # = 180°. The
backscatter peak has the same energy as the backscattered photon [32].

The full-energy peak happens when the a gamma-ray is absorbed with full energy
in the detector. This most often happens through the photoelectric effect but in
theory it can happen in all cases of interactions.

Annihilation peak occurs due to pair production. If a positron annihilates with
an electron outside of the detector, it creates two 511 keV gammas where one of
them moves onto the detector, a peak with 511 keV will appear [32]. If, however,
the pair production happens inside the detector and creates the two 511 keV
gammas, a few different things can happen: If both gammas interact with the
detector and does not undergo Compton scattering but photoelectric effect, they
contribute to the full-energy peak. If one gamma escapes the detector there will
be a single-escape peak with the energy of a full-energy peak - 511 keV. If both
of the 511 keV gammas escapes, a double escape peak is created with the energy
of full-energy peak - 1022 keV.

2.3.2 Calculation of activity from fitted peaks

The activity follows the radioactive decay law, which describes the behaviour of a
large number of nuclei:

AN = —\Ndt (2.9)

where N is the number of atoms in a radioactive sample, dN is the change in
N during a change in time, dt, A is the decay constant. If A is the activity of a
source, A decreases exponentially with time and is given as:

—dN
A= —" =)\N 2.10

Using [Equation 2.9, rewriting and taking the integral, gives:

AN AN
= AN %/%:/—)\N —InN=X+C (2.11)

C'is an arbitrary constant of integration. Assume that at ¢ = 0 there are no atoms,
Ny, present gives C' = [nNy. [Equation 2.11] can be written as:
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— =- 2.12
lnNO At (2.12)
or N
— =M 2.1
No= (213)

Since the activity in a sample is proportional to the number of atoms present, the
activity can be defined as:

A At

—=ec 2.14

AO ( )
where A is the activity at time t = 0. Thus, the activity can be written as:

A(t) = Age™ (2.15)

where A(t) is the activity at a specific time. When a spectrum is counted from a
time point after end of beam (Aty) with a counting time (At.), the calculation of
the number of decays can then be written as:

Y e VI Ao _antagq  oaac
Np = Ape” Mdt = —e (1—e ) (2.16)
Aty A
inserting A(t) gives:
Alt
Np = %(1 — g ARk (2.17)

When a spectrum from the detector is created, the only known information is the
number of counts, N,, which is dependent on the efficiency of the detector, €.y,
the intensity of the gamma-ray per decay, I,, and the number of decays, Np:

Nc = eeff[nyD (218)
N, can then be written as:
Alt
N, = eeff]7¥(1 — e AAe) (2.19)
The activity then becomes:
AN,

Ceprly(e7280e)(1 — emARa)
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or:

N.A
AW = LA 220

2.4 Production of medical isotopes

There are many ways in which radionuclides can be produced. Neutron induced
reactions, charged particle induced nuclear reactions, fission, selective separation
and gamma induced reactions are the most important ones [19]. These ways of
producing radionuclides are done either with a cyclotron, a generator or a nuclear
reactor. This subsection will only describe a cyclotron since that is what has been
used in the experiment in this thesis.

To produce one or more new isotopes, the nucleus and an external particle have to
interact with one another. When this occurs, some reactions can happen: neutron
induced fission, fusion, nuclear decay and transmutation. Fission is where a heavy
nucleus splits into two lighter nuclei. Fusion on the other hand, is the opposite.
Two lighter nuclei merge together to create a heavier nucleus. If the product
nucleus is left excited, it can de-exite by emitting a ~ radiation or it can follow
nuclear decay. This is a process where an unstable isotope transforms into a
different isotope by decaying through 3=, 8 or a, emitting ionization radiation
as a result. Transmutation is where high energy radiation or neutrons are used to
irradiate a specific target with the intention to create a radioactive isotope. For
example, in this experiment, natural zinc was bombarded with neutrons to create
copper-64 and copper-67 which can be used in diagnostics and therapy.

Nuclear reactions: Compound vs direct reactions
The general equation for a nuclear reaction is:
a+A—=>b+B+Q (2.22)

where A is the target nucleus, a is the projectile, B is the product nucleus, b is
the outgoing particle(s), and Q is the mass difference between the initial and final
nuclear configurations, often referred to as the “Q-value”. The nuclear reaction is
often written as:

A(a,b)B (2.23)
A nuclear reaction occurs when an interaction between two nuclei or nuclei particles
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happens and produces one or more nuclei in the process. If there is no production
of a new nuclei, the process is called nuclear scattering. A nuclear reaction can be
a direct reaction or a compound reaction. A direct reaction happens where the
incoming particle knocks out the incoming particle(s). [Equation 2.22| defines this
process [19]. But for a compound reaction, the incoming particle is absorbed by
the target, transferring energy to the nucleus. This leaves the nucleus with excess
energy, this energy gets concentrated in one neutron and escapes the attraction.

2.4.1 Accelerator designs

The medical field was revolutionized by the invention of the cyclotron. Ernest
Lawrence build the first cyclotron in Berkeley, CA with the intention of accelerating
particles to a high enough energy so they can be used to produce new particles
[34]. From a German article written by Winderée on multiple acceleration on
a positive ion, Lawrence and his brother John realized that this can be used in
medical applications. John was a medical doctor and was interested in the use
of radioisotopes to treat cancer, and in 1935 he came to Berkeley to test **P for
therapy in mice which had a positive outcome. In 1937 John moved to Berkeley
and performed his first treatment on a human using radioisotopes. In fact, Ernest
and John’s mother was diagnosed with cancer in her uterus and given a few months
to live. John and Ernest got her to a special clinic that gave her novel radiation
therapy and she lived for another 15 years [34].

The cyclotron and the linear accelerator are two designs for accelerators that are
commonly used to accelerate particles today. The cyclotron used in this thesis to
produce medical isotopes and is described in [chapter 4] [section 4.3 A cyclotron
consists of two D-shaped conducting chambers, called “dees”. An alternating
electric and a perpendicular fixed magnetic field causes the charged particles to
move in an circular orbits. The ions get injected into the center of the cyclotron
and start to accelerate by a high frequency electric field that is produced in the
gap between the two dees [35], illustrated in [Figure 2.9,
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Figure 2.9: Structure of a cyclotron [36].

The rotation frequency is constant as the velocity increases and thus the radius of
the movement increases until it exits the cyclotron [35]. The charged particle can
then hit a target to produce other isotopes. The centripetal movement is provided

by the Lorentz force:

mu?

— =quB (2.24)

r
where B is the magnetic field, ¢ is the particle charge, m is the particle mass, r is
the radius of the circular movement to the particle in the dees and v is the particle
velocity. This shows that the particle’s energy is dependent on the magnetic field

and the diameter of the dees.
Cyclotrons in hospitals

Cyclotrons in hospitals are important for modern medicine. They can be used for
proton therapy and radioisotope production for both PET and SPECT isotopes
[37]. The different usage of cyclotrons require different energies. For proton
therapy a cyclotron that can produce beam with up to 200-250 MeV is needed,
while for medical isotope production, an energy of up to 15-30 MeV or higher is

required [37].

Linear accelerators (linacs) are used to treat patients with cancer through external
beam therapy. Such a linac produces high energy electron beams that are shaped
to cover the tumor that is being treating. The principle of operation is to accelerate
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particles with an electric field [35].

2.5 PET-scans

In the 1950s, positron emitters and their usage in imaging techniques were de-
scribed by Frank R. Wrenn, Myron L. Good and Philip Handler [38]. This opened
up to the possibility to use radioactive isotopes to identify and diagnose different
diseases. Prior to the discovery of *™Tc in 1964 [39], the most commonly used
radionuclide for diagnostic purposes was '*'I and was used to study and diag-
nose thyroid disorder [40]. After Paul Harper and his colleagues used *™Tc for
brain scanning [39], because of its flexibility for labeling, ™ Tc was used to study
various organs in the body. The gamma decay properties of *"™Tc¢ were proven
to be useful for imaging, and the fact that it could be produced in a long-lived
generator made it attractive for usage in hospitals [39]. Another big development
was the mathematics to produce a complete image of a body based on angular
views around the patient [40]. This technique was important for the evolution of
nuclear imaging, and is the basis for imaging procedures used today like SPECT,

CT, MRI and PET.

Positron emission tomography (PET) is an imaging technique to monitor the
biological processes in the body by using radiotracers [41]. PET uses annihilation
photons that are produced when a positron interacts with an electron and thus,
the radiotracer that is being used must be a positron emitter. The basic principle
of PET imaging is when a positron interacts with an electron near the site of the
positron decay in the body, they will annihilate and the energy converts into two
photons that will get released in the opposite direction with 180 degrees between
them [42]. The energy of the photons are identical (511 keV) and will be detected
by detectors that are placed around the patient. The observation of the two
photons is done by the principle of annihilation coincidence detection (ACD). It
assumes that the annihilation happens at a straight line from where the two ~’s
is detected, illustrated in figure [2.10b] This makes it possible to find their origin
along a line between the detectors [42].
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(b)
Figure 2.10: Subfigure (a) shows a clinical PET machine that is used in hospitals
and subfigure (b) visualizes the detection of photons [42].

The half-life of the isotopes used in PET-scans can vary. It depends on what kind
of biological processes that are of interest but, the half-life is relatively short (from
a couple of minutes to a few hours) compared to isotopes used in therapeutic
applications. These isotopes have to be produced as-needed and most preferably,
on site [43]. Since most diseases do not change the anatomy in the body and are
dependent on some kind of activity, the isotopes used in PET scans are attached
to a compound that targets different parts in the body, such as protein, sugar and
water [43]. A table of some isotopes used in PET scans is listed in

Isotope Physical half-life  Decay mode (%) Production

o 20.36 m 3% (100) Cyclotron
BN 9.965 m B* (100) Cyclotron
50 2.03 m S* (100) Cyclotron
R 109.77 m 37(100) Cyclotron
%4Cu  12.701 h B+ (61.50) Cyclotron
37(38.50)
%Ga 67.71 m ST (100) Generator
1241 4.1760 d B+ (100) Cyclotron

Table 2.1: Isotopes used in PET and their half-life [18, [44H50].

Applications of PET

The use of PET scans requires an isotope that will emit a positron, and *F is
currently one of many isotope used in diagnostics. It has a half-life of 109 minutes
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[18], and is the most common isotope used in PET. Increased local uptake for
¥F_fludeoxyglucose, or FDG, in the tissue indicates that there is a pathological
condition that increases the tissue’s metabolic rate relative to surrounding tissue
[42]. The fact that FDG can be used for a whole-body scan makes 'F a favorite as
a medical isotope. As shows, FDG-PET is a good imaging technique
not only to detect cancer, but also to find metastases and to see how the treatment
is working. Combining PET with CT gives a more precise anatomical localization

of the radioactive substance that is inside the body.
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Figure 2.11: (a) shows an FDG-PET scan of a 47-year-old woman with primary
breast cancer, but as the PET scan shows, also metastases in hip bone. Taken
from [51]. (b) shows an FDG-PET scan of a brain with and without Alzheimer
disease. The normal brain has a much higher uptake of glucose than the brain
with Alzheimer disease [52].

®F can also be used in neuroimaging. The brain uses glucose as fuel and for
this reason FDG-PET is not well-suited for imaging the brain for cancer. But,
Alzheimer’s disease usually decreases the brain’s metabolic activity, leaving the
brain with less oxygen and glucose [53]. As shown in Figure there is less
activity in the brain with Alzheimer’s disease. FDG can also be used to find other
neurodegenerative diseases, dementia, epilepsy, neurodevelopmental disorders and
psychiatric disorders [42].

One other radiotracer used for PET-scans is °O; used along with water as a tracer.
It is used for studying blood flow, oxygen flow, blood volume and oxygen volume

32



54, [55].

Two interesting radionuclides used for therapy and diagnostics are 4°"Cu. They
are a new theranostic pair that are promising to this relativly new field of nuclear

medicine [56]. Further details on **%"Cu are given in [chapter 3| as these are the
main nuclei of interest in this thesis.
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Chapter 3

A deep-dive into Copper

The pessimist complains about
the wind; the optimist expects it
to change; the realist adjusts the
sails.

— William Arthur Ward

Nuclear medicine is a growing field, where the basis of research is in diagnosis and
treatment of patients. It is important to produce patient-friendly isotopes that
can be used in theranostic applications that allows to switch between diagnostics
and therapeutic applications when a disease is investigated. Copper is one element
with six isotopes that is under research for use in a theranostic approach and will

be discussed in [section 3.2

3.1 The role of copper in nuclear medicine

There are six copper isotopes that are suited for usage in nuclear medicine: *Cu,
61Cuy, ®2Cu, *Cu, ®Cu and ®"Cu. Of these, because of the short half-life, °°Cu and
2Cu are preferable to image fast processes in vivo, such as renal and myocardial
perfusion [57, 58]. *'Cu, **Cu and ®"Cu have longer half-life and thus, are used to
study slower processes in vivo that have an accumulation of a specific targeting
agent [59]. Because of the short half-life and its high-energy 3~ emission, ®°°Cu can
be used for treatment of tumors in a cocktail approach, where %Cu is combined
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with 7Cu or %Cu for a better therapeutic effect [60)].

Isotope Half-life Decay (%) Main Radiation [keV]  Application
OCu 23.7 m EC/BT (100) BT :1981.8(49.0%) Imaging

~v: 1332.5 (88.0%)
1Cu 3.33 h EC/A* (100) Bt :1215.5(51.0%) Imaging

v: 656.0 (10.8%)
02Cu 9.67 m EC/B* (100) BT :2936.9(97.6%) Imaging
4Cu 12.07 h EC/B* (61.5) ~: 1345.77(0.475%) Imaging

BF 1 653.03(17.60%)

£7(38.5) B~ :579.7(38.5%) Therapy

AugerL : 0.84(57.7%)
AugerK : 6.54(22.5%)

%6Cu 6.12 m 5~ (100) 5~ 1 2640.9(90.7%) Therapy

7Cu 2.57 d B~ (100) B~ 377.1(57%) Therapy
B+ 468.4(22.0%)
B~ 1 561.7(20.0%)
AugerL : 0.99(19.14%)
AugerK : 7.53(6.87%)
v+ 91.266(7.00%) Imaging
v :92.3(16.10%)
v 184.5(48.7%)

Table 3.1: Properties of some copper isotopes [30} 47, 61-64]

Targeting molecules

Copper is found naturally in the human body and is important for the function
of many enzymes and thus, for our metabolism [65]. It has an important role in
several funtions, including cell signaling, oxygen transport, strength of the skin
and blood vessels [66]. Copper is absorbed in the gut and binds to a protein
called albumin, from there it is transferred to the kidney and liver [67] where the
regulation of copper occurs [68]. In the cellular structure, one of many roles of
copper is that it works as a cofactor to an enzyme called cytochrome C oxidase,
also called coplex IV. It is a part of the electron transport chain, which takes
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place in the mitochondria where it plays a vital role in the detoxification of free
radicals. It pump H* (protons) into the intermembrane and as a result, helps the
cell’s energy process (ATP) [69]. Copper is also a crucial cofactor for enzymes
that regulates the production of neurotransmitters, iron transportation from cells,
blood clotting and more [66, 70, [71]. A mice study by Zhou et al. [72] shows that
lack of copper in the diet of newborn mice can cause severe heart hypertrophy.
Copper has a vital role in many physiological processes and is therefore important
to investigate.

Copper is generally bound with a protein or peptide in vivo [68]. When copper is
injected into a patient, radiocopper with a bifunctional chelator can be labelled
with proteins, nanoparticles, antibodies, peptides or small molecules that have
high selectivity accumulation to the targeted area [59][73]. In the human body,
Cut is usually found in the intercellular medium and Cu?" in the extracellular
space, the difference in their oxidation states gives them very different chemical
properties [74]. Cu™ is more unstable in aqueous solutions because its bonds
are labile, this means that a ligand exchange can happen and thus, Cu' is not
often used as a radiopharmaceutical [60]. For a pharmaceutical in PET scans,
Cu?* is the preferred chemical form of **Cu. Designing a chelator that prevents
other copper chelator proteins in vivo from stealing the Cu?* ion is challenging
[73]. The oxidation state of copper plays a role when choosing a chelator, as the
binding affinity to the copper and stability are major selection factors for in vivo
applications [75]. Since copper bonds easily to nitrogen, the copper can bind to
other nitrogen molecules in the body and be stripped from the chelator. As shown
in [Figure 3.1 DOTA and TETA are two chelators that are most commonly used
together with %*Cu for PET-scans. Because of better stability, Trientine (TETA)
is the preferred chelator for labelling to proteins, antibodies and peptides 76}, [77].

Hogc/\ / \ /““COZH
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Figure 3.1: Chelators that are commonly used with copper. Picture from [73].

TETA is not only useful for PET-scans. TETA was originally produced as an
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alternative to D-penicillamine which is a chelating agent for the treatment of
Wilson’s disease (caused by an overabundance of copper in the body), and showed
effective results [78]. Because if its binding capacity to copper, TETA has also
shown promising results for treatment of Alzheimer’s disease [79],the prevention
of organ damage due to diabetes [80] and tumors [81]. DOTA is not always the
most stable in vivo but is the most commonly used chelator [73]. Because of
the labeling condition needed for DOTA (low temperature for 20 minutes), the
stability for up to 48 hours in serum and availability, it is approved from Food and
Drug administration for use [73]. DOTA can be fitted with a range of different
radionuclides, such as '"In for SPECT [82], *°Y for treatment of neuroendocrine
tumors [83] and **Ga for PET-scans [84].

Copper toxicity

As previously mentioned, copper is naturally found in the body. Copper is con-
sumed through water and food, and plays an important role in many metabolic
processes. Too much copper on the other hand, can be toxic to the body and the
levels of biological copper are therefore important. If an adult consumes an esti-
mated level of 10-20g of copper, untreated it can be lethal [85]. Copper is mostly
stored in the brain, kidney and liver (~ 5 pg/g) due to the metabolic activity that
copper plays a role in [86]. The daily recommended intake for copper is 1.1-1.2
mg/day and an upper limit of 10 mg/day for adults [86]. Copper toxicity in the
body can lead to acute symptoms such as: vomiting blood, low blood pressure and
abdominal pain [87]. The kidney and liver can be damaged by long term effects
where a large amount of copper is stored in the body or consumed.

Since the essence of this Master’s thesis are the production and cross sections of
64Cu and ®Cu, the main focus in the rest of this section will be on these two
isotopes.

Copper-64

As shown in , %1Cu decays via both S and EC. This means that in
principle *Cu can be used for both diagnostics and therapy. %*Cu is a low-energy
positron emitter with only a single 3% emission branch, seen in [Table 3.1] It has
a half-life of 12 hours [47] and its range in tissue is on average 0.7 mm [56] for
positrons, which makes it a favourable radioisotope for PET scans. %*Cu is in itself
a theranostic isotope since it has both diagnostic and therapeutic decay radiation.
The fact that %*Cu decays with 51 in 61.5% of the cases, and that the half-life is
a bit short for a therapeutic approach which makes it less favorable for treatment.

%4Cu is currently used in clinical trials for imaging applications including blood
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flow, hypoxia, prostate cancer, neuroendocrine tumors and colon cancer [88].

111I1n-DTPA-octreotide 64Cu-DOTATATE

Figure 3.2: A comparison of In-DTPA-octreotide in SPECT with ®‘Cu-
DOTATATE in PET in a patient with multiple endocrine neoplasia type I syn-
drome. The patient has therefore multiple soft-tissue and bone metastases as
shown in the multiple dark areas in this figure. The ®*Cu PET scan has visibly
superior resolution compared to the "'In SPECT scan, and noticeably reduced
uptake in the stomach. Image taken from [89].

As shows, %*Cu gives a clear image on where the cancer is in the patient
using PET. In this first-in-human study done by A. Pfeifer er al. [89], "' In-DTPA-
octreotide was compared to Cu-DOTATATE. ®Cu-DOTATATE was shown to
localize lesions that were not found in previous images and lesions in organs that
previously had not been identified as metastatic sites [89]. Compared to the most
commonly used radioisotope for PET scans, '®F, ®/Cu has a lower branching ratio
and therefore, it requires 5.5 times higher activity [56] to give the same quality in
the image, which is a drawback.

Copper-67

With its half-life of 2.57 days [30], it is the longest lived radioisotope of copper,
thus, it has a preferable decay time for therapeutic applications. It decays via g~

and emits y-rays (184 keV) in the process, seen in [Table 3.1, This makes 7Cu,
in principle, suitable for both therapeutic and diagnostic (SPECT) use [56]. But
there is no gamma energy emitted by ®’Cu close to 140 keV, which is important for
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imaging with SPECT and because of its half-life where the dose rate to the tumor
is high, “Cu is mainly studied with regard to therapeutic use. Several studies
[90-92] comparing the effect of '*'I-labeled Lym-1 antibodies with ®’Cu-labeled
Lym-1 antibody used to treat non-Hodgkin’s lymphoma in patients and mice have
shown promising results. Another study done on bladder cancer consisted of 16
patients with ®’Cu-labeled Anti-MUC1 Mucin Monoclonal Antibody C595 [93]
had the conclusion that “Cu is promising for usage in bladder cancer.

3.2 Theranostic applications

Nuclear medicine is being advertised as a form of personalized medicine. This
indicates that the patient’s characteristics such as anatomy, physiology and genet-
ics are evaluated when radioisotopes for diagnostic and therapy are chosen [56].
To make the planning and execution of a treatment easier and more efficient, re-
searchers look at different ways to combine therapy and diagnostics, an approach
referred to as “theranostics.”. %Cu and %"Cu are two isotopes that are being
evaluated for theranostic use [56]. When radioisotopes used for diagnostic and
therapy have the same chemical properties they can be attached to the same type
of carrier agent and injected into a patient’s body at the same time.

Generally, theranostic pairs use isotopes of the same element, but recent work
has explored the use of two different isotopes labelled with the same targeting
molecule. **Cu / Cu [94], '**1 / "1 [05] and ®*Ga-DOTATATE (diagnostic)
/ Y"Lu-DOTATATE (therapy) [05] are three examples of isotope pairs that can
be used in theranostic techniques. Since the theranostic applications in nuclear
medicine are becoming more valuable, there are a range of isotopes that are being
researched. A study from 2019 done on tumors in mice by Cristina Miiller et al,
[96] shows that the radionuclide **Sc together with *"Sc are good isotopes to be
used as a theranostic pair in the future. Another study [97] done on **Y and Y
in 2017 concluded: “we believe that this radionuclide represents a valuable choice
for radiotheranostics”.

The combination of diagnostics and therapy can be delivered in one package. It
can be used for imaging and monitoring the diseased tissue, controlling the ability
to tune the therapy and dose, drug efficacy and delivery kinematics [98].

%41Cu and %"Cu are two interesting isotopes that can be used for theranostic appli-
cations because of their favourable nuclear properties. Copper is naturally found
in organs and cells, it is a part of several enzymes [99] where the highest levels
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of copper is found in the brain and liver in both newborn and adults [99]. Dis-
eases such as Wilson’s disease, where there is a mutation in a specific gene that
is responsible for the extraction of copper through the bile, can be investigated
through imaging with copper [100].

A study done by Biggin et al, [94] compares the usage of **Cu/%’Cu with ®*Ga/!""Lu
as a theranostic pair. The study concluded that imaging with PET using %*Cu
paired with "Cu provides advantages for a range of different tumor types.

66Zn 67Zn
STAELE STAELE
27.73% 4 04%

66Cu
5120 M

fi-: 100.00%

64Ni
STAELE

- ,
0.9255%

Figure 3.3: The decay of ®*Cu and ®Cu. Both decay down to a stable isotope.
Figure from [101].

Together, *Cu and ®"Cu are a interesting new pair for theranostic application,

shown in Both %'Cu and "Cu decay down to stable isotopes, they
have the favourable decay for both diagnostics and therapy and as will
discuss, there are different ways to produce them.
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3.3 Production of Copper-64 and Copper-67

Even though %Cu and ®’Cu are two interesting radioisotopes, there are some
challenges in making them. The most common way to produce %*Cu is through
the ®Ni(p,n)%Cu reaction using a cyclotron [102, 103]. Another way to make
%4Cu is in reactors, where fast neutrons are used in the *Zn(n, p)*Cu reaction
[104]. A reactor is not a preferable way of doing production on ®*%"Cu. The
fraction of fast neutrons compared to thermal neutrons are low and since the cross
sections rise at approximate 2 MeV (discussed in [chapter 6]), the thermal neutrons
are not of any use. However, ®’Cu is more difficult to produce and therefore there
are not many biological studies done with this isotope. One way to produce "Cu
is with a higher-energy proton accelerator with an energy of over 70 MeV [105]
where the ®*Zn(p, 2p)®"Cu reaction is aimed at. Another production route is the
"7n(p, a)®"Cu reaction that was produced with a low energy proton beam [106].
The most common way to get ’Cu, is through *Zn(n, p)®’Cu in a nuclear reactor
[56]. The different production routes of **Cu and ®’Cu gives not only cross section
measurements, but also production yields (discussed in [chapter 5| [section 5.4)).
Some reported yields for %Cu and ®"Cu through different reaction routes are listed
in [Table 6.1] While many other exotic routes exist (such as the use of heavy ion
fusion-evaporation reactions), the focus here is limited to those production routes
capable of being used by the existing medical cyclotrons.

Isotope Ei-Ey Reported Units Production Target
(MeV) yield route thickness
%Cu [102] 15.5 5.0 mCi/pAh  *Ni(p,n)**Cu 311 pm
%4Cu [T07] * 1.983 mCi/pAh  *Ni(p,n)**Cu 144 pm
%4Cu [108] 16 4.89 MBq/pAh  %Zn(d,2p)%*Cu 325 ym
%4Cu [T08] 16 8.24 MBq/pAh  %Zn(d, a)®Cu 325 pm
%4Cu [109] 70-35 21.0 mCi/pAh  %Zn(p, 2pn)**Cu20 pm
%4Cu [109] 25-10 1.8 mCi/pAh  ®Zn(p, z)%*Cu 50 pm
%4Cu [109] 37-21 5.0 mCi/pAh  %Zn(p, 2)%Cu 50 ym
67Cu [I10]  70-50 0.46 mCi/pAh  %Zn(p, 2p)*"Cu 10 pm
7Cu [108] 19.5 0.01 MBq/pAh  %"Zn(d,2p)%"Cu 325 pm
7Cu [1I11] 8-18 2.9 MBq/pAh  “Zn(p,a)®Cu <

Table 3.2: Reported production yields for %Cu and %"Cu. E; is the initial energy
and E; is the final energy of the irradiation. (*) “The %/Ni target was bombarded

with a 5043 pA proton current” [I07]. (¢) Thin “Zn layers of 1.6-20 mg/cm?
was prepared by an electrolytic deposition method [111].
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None of the production reactions listed in produce both %*Cu and ®"Cu
at the same time. In this experiment, a novel way of creating these isotopes
simultaneously is presented. Using "*'Zn as a target, deuteron breakup, creating a
neutron flux in the two irradiation’s for this thesis, was used to produce both **Cu
and "Cu. The neutron flux had an average energy of approximately 6 MeV and
12 MeV, corresponding to a deuteron energy of 16 MeV and 33 MeV, respectively.
The experiment was done using the 88-Inch Cyclotron at Berkeley, CA. Using two
different energies will create ®*Cu and ®’Cu in different ratios, this means that the
tuning the energy of the beam will adjust the production of the isotopes.
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Chapter 4

The Experiment

He who is brave is free.

— Seneca

In this thesis we have to studied the "*Zn(n, z)%*%"Cu reactions. In|section 4.1} the
experiment itself is discussed together with the beam tuning and the irradiation of
the targets. Section describes the HPGe detector that was used for counting,
and includes the energy, peak and efficiency calibration. The Lawrence Berkeley
National Labratory’s 88-Inch Cyclotron was used in this experiment and the
deuteron breakup process is introduced in [section 4.3l How the targets were
stacked together during irradiation is discussed in

4.1 The experimental setup

The experiment was performed in August 2018 at the Lawrence Berkeley National
Laboratory where deuterium beams with an energy of 16 and 33 MeV were used.
The deuterium beam was focused to irradiate a beryllium target, creating a neu-
tron “beam” through the deuteron breakup process. Five targets (zinc, zirconium,
indium, yttrium and aluminum) were then irradiated with the neutrons, as illus-
trated in [Figure 4.1 For the 16 MeV run, the targets were irradiated with an
average of 247.7 nA of deuterons for 7 hours and 57 minutes, and 2 hours and 20
seconds with an average of 354.5 nA (measured with an external Faraday cup) of
deuterons for the 33 MeV run. The run duration and beam current for the two irra-
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diations were separately chosen, based on knowledge of the relative neutron yields
at each beam energy. A higher energy beam and a longer irradiation time will open
up additional reaction channels and increase the dose from the activated targets
in addition to driving activities closer to saturation. The irradiation conditions
must be balanced such that enough activity is made to quantify the weakly-fed
reaction products, without causing excessive dead time in the HPGe detectors
used to count these targets. For the breakup of 33 MeV deuterons, we know from
previous work at the 88-Inch Cyclotron (as discussed in [subsection 4.3.1)) that
the total neutron yield (per nA of deuterons) is approximately two to three times
higher than for 16 MeV. This increased yield allows for the shorter irradiation
time for the 33 MeV deuteron case.

Be Zn Al Zr
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e—— " In Y  NaCl
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Figure 4.1: Illustration of the kinematics of the deuteron breakup neutron emission
and how the activation foils were positioned relative to the breakup target.

The irradiation took place in Cave 0, as seen in [Figure 4.2] In this figure, the green
line entering this cave is the beam line, which is connected to the cyclotron. The
beam arrives at Cave 0 via two bending magnets where any deuterons which are
accidentally extracted from the cyclotron at the wrong energy will be lost when
the beam is bent to the correct beamline. Cave 0 has the thickest shielding of all
experimental caves at the 88-Inch Cyclotron, when a high energy beam enters the
cave there will be an intense flux of neutrons and x-rays in the room. Shielding is
therefore one of the main reasons why high energy experiments are done in Cave
0.
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Before the irradiation, the beam had to be tuned such that it was a well-collimated
pencil beam (without significant convergence or divergence) before it hits the
beryllium target. Since the neutrons from deuteron breakup are emitted from
the beryllium target with an angular distribution, the goal is to get a intensely
forward-focused neutron beam. The targets were placed 10 cm away from the
beryllium target in order to minimize the emission angle of neutrons which hit
the targets, as this maximizes the neutron energy. The amount of neutrons that
reaches the targets is represented as the solid angle. Solid angle (or geometry
factor) is a 2D angle in a 3D space, it is a measure of the amount of particles from
a point source that enters a disk surface, as shown in

Targets

Be target

Deutrons

ﬁ

MNeutrons

Xx=10cm

2

p

Figure 4.3: An illustration of a circular plane that represents the beam profile
with an angle 6, having an area A where the centre lies at a distance, x, and
perpendicular to the point source, S. €1 is the solid angle defined by A.

As seen in the further back the target stack is placed, more of the
forward-focused neutrons will hit the targets, since the targets will only have a
small planar angle 8. However, since the neutron flux will decrease with solid
angle, ), there is a trade-off between getting only the highest-energy neutrons and
maximizing flux.

In the calculation of the cross sections in [chapter 6] [section 5.5, includes the
correction for solid angle. That correction accounts for the fact that there is a
slightly different neutron flux on each monitor foil because of the spacing between
them in the experiment, also the solid angle dependence of the breakup neutron
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flux. The foils are therefore getting a slightly different number of neutrons, but
the neutron flux per solid angle should be constant within uncertainty. Since our
deuteron beamspot illustrated in is not a point source, the solid angle
is calculated for each of the targets with a Monte Carlo simulation [112].
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Figure 4.4: Pictures of the deuteron beam spots in this work, developed using
Gafchromic EBT3 film. (a) shows the beam spot of the front film where the
Beryllium target is placed and (b) shows the beam in the back where all of the
other targets are placed during the 16 MeV run, and (c) and (d) shows the beam
spot for the 33 MeV run.

The Gafchromic EBT3 films in are used for visual measurements of
ionizing radiation [I13] and in this experiment, they were used to image the
deuteron beam spot incident on the beryllium target during the beam tuning.
The films are usually used for dose mapping and dose verification for external
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photon therapy, Gafchromic films do not need any post-irradiation processing
compared to other radiographic films like EDR2 [114], which is a standard film for
dosimetry. The Gafchrimic EBT3 films have an active layer which consists of an
active component, stabilizers, a marker dye and other components; these give the
film a near energy-independent response [I13]. When the films are irradiated, the
active layer will react and the blue coloured polymer will show where the radiation
was hitting the film [I13]. In previous work, Gafchromic film has been used to
directly image the spatial intensity profile of the beam spot [114], 115].

After tuning a centered and uniform beam spot, the targets were mounted in
an aluminum target box and then placed into the beamline and sealed down to
vacuum, as seen in The vacuum is needed to decrease the amount of
interactions between the air particles and the incident deuterons inside the target
holder.

Figure 4.5: Figure (a) shows how the targets were stacked inside the target holder
prior to irradiation. (b) is the position where the target box was placed at end of
the beam line inside Cave 0.

During the irradiation, the target stack was connected to a beam current integrator
in the control room, which measured the current on the beryllium target and
reported an integral current for each run, IAt. This is done to check how much
total current the targets receive and to make sure that the irradiation is stable over
time. If the irradiation is unstable it will affect the calculations on the activity by
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modifying the term ®(1 — e~*r) in [Equation 5.12|in chapter 5| [section 5.3[. A
plot of the current integrator readout over the time for the 33 MeV irradiation is

shown in [Figure 4.6,

Beam current during the 33 MeV irradiation
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Figure 4.6: A plot of how the beam integrator changes during the irradiation run
with 33 MeV deutrons. After 8 minutes, the beam was turned off for approximately
6 minutes because of missing cooling water.

At the end of the irradiation, the current integrator for the 16 MeV run was at
1182 coulombs and the Full-scale Amps setting (a scale on the current integrator)
was 6-107%. For the 33 MeV run, the current integrator was at 4302 coulombs and
the Full-scale Amps setting was 6 - 1077. These give an average deuteron beam
current for each irradiation of:

1182-6-1076
B t = —————— = 247.7 nA 4.1
eam currentigazeyv 59690 7.7n (4.1)
4302-6-1077
B faangey = 2 220 3531 A 49
eam currentssysey =340 n (4.2)

After completed irradiation, the targets were removed from the end of the beam
line. Before entering cave 0, where the irradiation took place, the dose levels in
the cave were verified to be safe (< 1 mSv/hr) using a handheld Victoreen 451P
ion chamber survey meter. When the dose fields in the cave dropped to safe levels,
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the target holder was removed from the beam line. The targets were sealed in
plastic bags to prevent the spread of contamination and brought to the counting
room where they were counted using a high-purity germanium detector.

4.2 Gamma-ray spectroscopy

A lead-shielded ORTEC GMX-50220-S HPGe detector was used for counting the
gammas for all samples in this experiment. This is a n-type germanium detector
where the outer contact layer is doped with boron and lithium is used to dope the
hole contact layer.

(a) (b)

Figure 4.7: Pictures of the germanium detector used for counting of the gamma-
rays. (a) shows the ORTEC GMX-50220-S from the outside of its lead shielding
and (b) shows the ORTEC GMX-50220-S and counting shelves from the inside of
the shielding.

The counting started approximately 15 minutes after end of beam for both the 16
MeV and 33 MeV irradiations. To make sure that all of the short-lived products
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were not lost, targets were initially counted for short live time and gradually
moving to progressively longer count times. This made sure that all of the gammas
that were of interest were detected. The targets and the calibration sources were
counted with different heights from the detector. As figure [£.7a] and [£.7b] show, a
plastic tower with different fixed shelf distances were placed over the detector in
order to collect data from different heights repeatedly. In the counting process of
the targets, shelves with 5 cm, 10 cm, 18 cm and 22 c¢m distance from the detector
were used, all of which require calibration.

4.2.1 Energy and peak calibration

Before any measurements of the targets, an energy calibration had to be done. For
this calibration, 1 pCi of: *"Cs (t1,5 = 30.08) years [116], '**Ba (t;/» = 10.551)
years [117] and "*Eu (t,/, = 13.517) years [I18] standard sources were used. They
have several well-known gamma lines with known energy listed in table
and the sources used are shown in [Figure 4.8, The relationship between the

channel number and energy is linear and is obtained from a fit to:

E=a+b-C (4.3)

where FE is the energy of the gamma, a is the intercept, b is the gradient of the
line and C' is the channel number of the center of the photo peak [32].

The detector was calibrated at every height that was used during counting of the
targets from the experiments.

Both the energy and peak shape calibration were done in the gamma spectroscopy
program FitzPeaks. Using the gamma-lines for the counting sources in
the built-in function in the program calibrates the energy and peak shape for each
shelves used in the counting process.

4.2.2 Efficiency calibration

The total efficiency of a HPGe detector is the number of detected events divided
by the number of emitted events. To make an efficiency calibration of the detector
shelves, the calibration sources with known gamma-energies and gamma branching
ratio listed in were used. Since the total efficiency depends on both
the shape and the density [32] it takes the intrinsic efficiency and the geometric
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Figure 4.8: The calibration sources that were used in this efficiency calibration
of the detector (Na-22 was not used in the calibration). Picture from private
communication with Hannah Ekeberg.

efficiency into the calculation. The intrinsic efficiency is defined as the number of
events registered per gammas strikes on the detector and the geometric efficiency
is the fraction of the source radiation that is geometrically intercepted by the
detector volume.

Solving [Equation 2.20|and [Equation 4.4} they are is used to calculate the efficiency
€crf from every height of the detector that was used for counting our foils in this
experiment:

B AN,
Ceff = AoL,(1— e DL (e~ AAk)

where A is the decay constant, N, is the number of counts in the fitted peaks, Ay
is the activity at a reference time, I, is the intensity of the vy, At. is the counting
time and Aty is the delay time since end of beam.

quation 4.4 is an analytical efficiency that gives the efficiency for a given F..
When the activity of a given sample is unknown, the efficiency has to be inter-

polated to a model so that it gives a general efficiency that can be used for the
unknown F., lines from this experiment. Together with the efficiency, this inter-

(4.4)
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polated efficiency can be used to calculate activity in a sample by calculating the
number of emitted events. The model used here is based on the work of Gallagher
[119] where he and Cipolla measured the efficiency at several energies of Si(Li)
and Ge(Li) detectors. This model takes the dead layer and the probability of
interacting with the detector into account and the equation that is used in this
model is given as:

e(B,) = By M (1 - e33E54) (4.5)
dead layer N=—————

detector volume

where the B-values are model parameters which represent the physical interactions
of the ~-rays with the detector. Since is non-linear, the fitting of
this model was done by minimizing x? [I19] which is an algorithm that measures
how observed data compares to expectations within measurement uncertainties.
More detail on y? fitting is provided in Appendix

4.3 The 88-Inch Cyclotron

Berkeley Lab is located in the Berkeley hills, directly over the University of
California, Berkeley, overlooking San Francisco Bay. Responsible for the invention
of the cyclotron, as well as building the first cyclotron used to produce medical
isotopes [34], Lawrence Berkeley National Laboratory still produces radionuclides
that are a part of the research on the medical applications.

The 88-Inch Cyclotron at Berkeley Lab is used in research spanning multiple fields
including astrophysics and nuclear structure. The accelerator is a 300-ton, K =
140 sector-focused cyclotron with the ability to run with both heavy (Z2<92) and
light ions. The K-value characterizes the strength and radius of the cyclotron’s
magnetic field, and represents the maximum kinetic energy a proton can reach in
the cyclotron and can be used to rescale the maximum energy for protons to other
ions with a given charge-to-mass ratio:

Ey, = AK(%)Q (4.6)

where A is the ion’s mass number, () is the charge state of the ion and Ej is

the maximum energy that the ion can be accelerated to in the cyclotron. From
[Equation 4.6 using deuterium where A = 2 and Q = 1, the 88-Inch Cyclotron
can accelerate deuterium particles up to 70 MeV.
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4.3.1 Deuteron breakup process

Since an intense source of fast neutrons is needed to study their use in isotope
production, the thick-target deuteron breakup neutron source was used in this
work. This process has been studied by Meulders [120] and Saltmarsh [121] and
it involves splitting deuterons into a proton and a neutron using a thick target of
beryllium.

Deuteron breakup can be done on any material but natural beryllium has been
used as a breakup target in this work, for several reasons. Beryllium is a dense
metal and a good conductor of heat, it is impossible to produce a radioactive
activation product using deuterium, it will only produce stable isotopes. Be has
a low Z which is preferable for producing a harder breakup neutron spectrum, as
neutrons from breakup on high-Z targets have a more downshifted spectrum. This
is because the breakup protons are emitted at increased energy in high-7 targets
due to enhanced “acceleration” during the breakup process within the Coulomb
field of the target. There are no bound excited states in deuterium [122] and
because of the low binding energy of 2.22 MeV [122], it will easily split into one
proton and one neutron when it hits the beryllium target and excites it above its
binding energy.

Deuteron breakup occurs through a combination of two main mechanisms: a direct
“stripping” process, and excitation of the deuteron. The first one happens at higher
energies when the deuteron interacts with a beryllium nucleus in the target and
strips off the proton in a direct (d,n) reaction, allowing the residual neutron to pass
through the beryllium target. At lower energies, the breakup process is dominated
by excitation of the deuteron. If the deuteron is excited above its binding energy,
this unbound state will decay by separating into its components, a proton and
neutron. The energy distribution of the breakup neutron spectrum is illustrated
in for breakup of 16 MeV and 33 MeV deuterons on a range of different
breakup targets. At both energies, the neutron yield increases in magnitude and
the spectrum shifts towards higher neutron energy for targets with a lower atomic
number.
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Figure 4.9: Neutron energy spectra produced in deuteron breakup for (a) 16 MeV
deuterons and (b) 33 MeV deuterons [120].

shows how the neutron energy varies with its emission angle (with
respect to the deuteron beam) in the breakup process. At larger emission an-
gles, the neutron spectrum decreases in magnitude, and becomes much “softer”
(shifting towards lower energy) due to the disapperance of the “peak” observed at
approximately half of the incident deuteron energy [120]. Even going from zero
to ten degrees decreases the neutron flux by a factor of two. It is this sharp de-
cline that is what gives the breakup spectrum its highly “forward-focused” nature.
While this figure illustrates the 50 MeV breakup spectrum on a beryllium target,
a similar energy-angle trend is observed for breakup at all deuteron energies. In
this experiment the activation foils were positioned to give the smallest angle as
reasonably possible (without sacrificing flux by moving to much farther distances),
since both the neutron flux and energy will decrease with the angle [120].
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Figure 4.10: Illustration of the angular dependence of the neutron spectrum in
deuteron breakup, for 50 MeV breakup on a beryllium target [120]. A similar
energy-angle relation is observed for breakup at all deuteron energies, illustrating
the forward-focused nature of the breakup neutrons.

The neutron spectra for 33 MeV and 16 MeV will have a similar shape at each angle
as in but with spectrum endpoint shifted down in energy based on the
incident deuteron energy. The spectra are expected to have an average neutron en-
ergy for the 16 MeV deuteron beam of approximately 6.5 MeV and approximately
16 MeV for the 33 MeV beam, whose spectra are shown in

4.4 Stack design

To measure the production of ®%’Cu and other reaction products, as well as
monitor the neutron flux at each position, a target stack was built, consisting

o6



of five different natural targets, all purchased from Goodfellow, Zn (with an
abundance 49.17% of %Zn, 27.73% of ®Zn, 4.04% of ®"Zn, 18.45% of ®Zn, and
0.61% of ™Zn), Zr (with an abundance 51.45% of *°Zr, 11.22% of *'Zr, 17.15% of
9271, 17.38% of **Zr, and 2.80% of **Zr), In (with an abundance 4.29% of ***In,
95.71% of °In), Y (with an abundance 100% of *’Y) and Al (with an abundance of
100% *7Al). All foils were measured by mass, thickness and diameter, see
after they were cut into 1 cm diameter discs and sealed into small “packets” using
Kapton tape, as shown in [Figure 4.11] This was done to prevent the loss of any
foil material during handling or irradiation, as since the targets were fragile, they
could easily break. While sealed in Kapton tape, any scattered material from
the activated foils is sealed inside, preventing the spread of contamination, and
ensuring that no material is lost prior to counting, which would systematically
shift the magnitude of all activities counted in that foil.

© Nora Pettersen

Figure 4.11: Picture of how the targets were sealed before irradiation. From the
top left to right: Zn, NaCl, Zr and bottom left to right: In, Y, Al. The NaCl
target was there for a different experiment.

The Kapton tape used in this work is 3M 5413-Series Kapton polyimide film tape.
For each target we measured their mass, weight, thickness and length, and width
to calculate the areal density of each target. The targets were each attached to a
1.6 mm-thick plastic frame (over a 3 cm circular aperture in the frame) and were
placed in the end of an aluminum target holder box. The targets were placed
with 10 cm between the beryllium breakup target (3.5 mm thick) and first foil
in the stack, and approximately 3 cm thickness of empty frames were placed as
thermal spacers behind the foils. This position was chosen as a good compromise
between the planar angle and neutron flux for the foil stack. A metal spring was
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Target Diameter [mm] Thickness [mm] Mass [mg] Areal density [g/cm?]

AT01 1290 0.830 258 0.19700 £ 0.00055
12.86 0.852 257
12.89 0.830 257
0.831
Al02 1293 0.882 258 0.19600 4 0.00160
12.97 0.901 256
12.83 0.842 255
13.02 0.890
Zn 01  12.45 1.044 648 0.66300 = 0.02400
12.51 1.031 848
13.26 1.061 854
1.043
Zn 02 12.89 1.041 842 0.64600 = 0.01100
12.66 1.077 843
13.10 1.023 839
1.058
Zr 01  12.37 1.098 756 0.63600 £ 0.00450
12.21 1.086 757
12.34 1.080 755
1.093
Zr 02 12.34 1.119 755 0.63500 £ 0.00360
12.35 1.163 757
12.23 1.116 755
1.134
Y 01 12.65 1.195 207 0.40200 <+ 0.00170
12.65 1.195 206
12.65 1.195 503
Y 02 11.80 1.151 466 0.42600 £ 0.00053
11.80 1.151 466
11.80 1.151 465
In01 13.90 0.255 275 0.18000 == 0.00440
14.15 0.255 280
14.19 0.255 278
In02 13.83 0.255 270 0.17800 <+ 0.00270
14.17 0.255 273
13.89 0.255 274
In03 13.95 0.255 277 0.17700 £ 0.00180
14.16 0.255 275
14.19 0.255 275
In04 13.99 0.255 271 0.17800 == 0.00220
13.73 0.255 268
13.91 0.255 267

Table 4.1: Characterization of the targets used in this thesis.
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placed between the Be target at the foil stack, to ensure that the foils did not shift
position during the irradiation. A photograph of the assembled 16 MeV stack is

shown in [Figure 4.5a]
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Chapter 5

Analysis

If you ever start thinking too
seriously, just remember that we
are talking monkeys on an
organic spaceship flying through
the universe.

— Joe Rogan

5.1 Analysis of gamma spectra

FitzPeaks

FitzPeaks Gamma Analysis and Calibration Software was the program used in this
thesis work for gamma spectroscopy analysis [123]. The performance of the peak
fitting process is using the SAMPO method [124]. It is a mathematical algorithm
that uses the first and second derivative of the spectrum to fit the peaks. The first
derivative changes the sign at the centroid of the peak and the second derivative
finds the minimum at the centroid [32], p. 186]. The peaks are fitted to a Gaussian
distribution with an exponential tail on both sides of the peaks [32, p. 186]. In
this kind of a fit, the area under the curve, position and width are determined at
the same time by using nonlinear least square fit on all the peaks [32, p. 192].
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Figure 5.1: Figure of an example spectrum collected in this experiment looks like,
in this case it is a spectrum of the activated zinc targets from this experiment.

Adding a gamma spectrum into fitzpeaks, allows the fitting of each peak in the
spectrum. This is done automatically, except if a peak doesn’t have a Gaussian
shape. This can occur if there are multiple overlapping peaks with approximately
the same energy. Manually, the peak(s) are evaluated to be one single peak or two
peaks. After the program has gone through all the peaks in the gamma spectrum,
a fitzpeaks report is created, an example shown in The report contains
information on the date of the irradiation, live time, peak energy, centre channel,
FWHM of the peak, significance, goodness of fit, peak area (number of counts),
relative uncertainty of peak area and detection rate.
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be used for evaluation purposes
14-Mar-2819 11:15

PEAEK FIT REPORT

Spectrum file Analysed: ARBB11118_18cm Zn@l.Chn
Sample Title : Cs137

Spectrum saved on 25-0ct-2818 at 16:15 Collected on 12-Aug-2818 at 12:19

Sample Taken on 12-Aug-2@818 at 12:19 Decayed @ Days, @ mins.
Detector file number used: 1
Energy Calibratiom Perfermed on 13-Mar-2819 at 17:27

Peak Shape Calibration Performed on 13-Mar-2819 at 17:31

Datetime: 12-Aug-2818 12:19

Live: 5510.00
Mass: 138
Shelf: 1@

Reported Activity wvalues were rounded
FitzPeaks Version: 3.71 23rd January 2014

Peak Centre Fii@HM Goodness Peak % Gammas % 2 Sigma
Energy Channel (KeV) Signif of Fit Area lUncert. per sec. Uncert. Background
72.7 388.4 0.94 15.5 1.85 3873 6.3 5.576%9e-01 6.3 2213
74.8  400.1 0.54 22.7 1.85 5349 4.1 9.708Ze-01 4.1 24589
B4.7 452.8 0.96 10.9 B.92 2118 7.8 3.8444e-01 7.8 2266
B7.3 466.8 0.96 5.4 B.92 643  22.2 1.1667e-81  22.2 2266
1B4.6 985.8 1.87 5.4 1.88 778  24.4  1.4128e-01 24.4 3423
366.4 1955.9 1.28 3.6 1.16 237 48.9  4.20853e-82 4B8.9 1264
438.7 2341.8  1.37 22.9 B.84 3515 3.6 7.le54e-01 3.6 455
511.8 2727.% 3.8@8 35.4 37.85 173488 8.9  3.14B5e+01 8.9 3374
669.7 3574.9 1.62 7.4 B.96 416 11.5  7.5463e-02 11.5 69
B46.5 4518.8 1.82 3.8 B.89 67 43.9 1.2185e-82  43.9 56
962.1 5135.6 1.85 5.8 1.16 267 14.1  4.B8430e-02 14.1 35
1115.5 5854.2  2.12 6.4 1.13 358 12.6  6.4926e-02 12.6 58
1345.6 7182.5 2.45 18.7 B.92 1831 6.1 1.871@e-01 6.1 18
1368.5 7304.5 2.40 4.8 B.70 161 18.3  2.918%9e-82 18.3 28
1481.6 79@B.4  2.53 6.4 B.B1 397 11.8 5.5698e-02 11.8 16
2753.7 1465%7.7  3.97 3.8 B.58 B1 33.5 1.4653e-082 33.5 3

Figure 5.2: An example of a fitzpeaks report

From a FitzPeaks report such as the one in the peak energy was used to
identify what kind of isotopes were made during the irradiation. When the isotope
was identified, its decay radiation dataset was looked up (from its most recent
evaluation) to find the intensity of the gamma, the uncertainty of the intensity
and half-life. Information from the FitzPeaks report and the knowledge of the
different isotopes that were created were then used to calculate how much activity
that was made of the different isotopes during the irradiation.

Peak fit uncertainty

Since the peaks are fitted as a Gaussian peak, it gives rise to systemic and statistical
errors. Since radioactive decay follows Poisson distribution, the probability of
observing N events is [31], p. 85]:
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pNe
TN
where 4 is the expected mean value of the decay rate and is equal to the variance
0? = u [31, p. 86]. The Poisson distribution is dependent on p and is not a
symmetric distribution. It will, however, be more symmetric and approach a
Gaussian distribution when p gets large.

P(N) (5.1)

The uncertainty gets smaller when the number of counts in the peak gets higher.
The statistical uncertainty in a channel of the detector can be approximated to

the whole peak.
VO, 1
Statistical uncertainty = Y-t = — (5.2)

N; VN
To reduce the statistical uncertainty, an energy-peak were aimed to have 10 000
count (¢ = 10 000) so that the relative uncertainty would be less than 1%.

5.2 Peak counts to activity since end of beam

Using [Equation 2.21] along with a self-attenuation correction, the activity since
end of beam can be calculated as:

AN,

ABt) = R o et

(5.3)

where e.¢s is the efficiency of the detector, I is the intensity of the gamma per
decay, p is the photon attenuation coefficient from XCOM database on photon
cross section [125] and pAr is the areal density of the foil.

Knowing the half-life and number of counts of each of the different produced
isotopes from the FitzPeaks reports, the activity at some time Aty after end of

beam can be calculated using [Equation 5.3|

FitzPeaks in the reports are shown in and gives information needed to
identify each peak for the zinc, zirconium, yttrium, Indium and aluminum foils
for both 16 MeV and 33 MeV and are listed in [T'able C.1| - [Table C.5| Using
the number of counts, N., along with the uncertainty for each foil in the peak fit
reports, the I, and the uncertianty from [Table C.1]-[Table C.5| the efficiency from
F.quation 4.5 the areal density from [lable 4.1 and p from XCOM photon cross
section database [120] in , the activities for a specific product as a

function of time since end of beam was calculated.
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Parent-daughter relationship

When a radioactive nucleus decays, it can decay into a stable or unstable daughter.
The parent, A, is decaying with a decay constant A\, and the parent activity follows
[127, p. 40]:

Ay(tg) = Age= 1 (5.4)

where Ag is the activity at end of beam and t; is the time since end of beam.
shows how the activity decreases where there is no feeding from another
decaying isotope.

500 -

450 A

400 A

350 -

300 -

Activity, Bq

250 - 3

200 -

150 ~

0 10 20 30 40
time since eob, hours

Figure 5.3: The activity of °’Cu in an activated zinc target as a function of time
since end of beam, for the 33 MeV irradiation.

However, for a multiple decay chain, the Bateman equation [Equation 5.5( [12§]
gives the activity of the daughter in a parent-daughter mixture. The fact that the

parent is decaying and produces more daughters at the same time as the daughter
is decaying makes it more tricky, and is given as:
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n

A, =\, Z
=1

the equation sums over all nuclei in a decay chain, where A, is the activity of a
nuceli n in a decay chain and A, is the corresponding decay constant. In this work,

single and double decay (n=1,2) were detected and can be simplified
to:

j=1 " TiF]

=Y “a
Agt) = M Aaoh A e (5.6)
) >\p _ )\d )
where d is daughter and p is parent nucleus.
B?‘mnr'
2500 - — O
BTer
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T
e
> 1500 A
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D 4
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Time since EoB, (Hours)

Figure 5.4: Decay of the parent, 3"™Y, daughter Y, and granddaughter 3"™Sr
(not directly observed) produced in the irradiation of an activated yttrium target,
for the 33 MeV irradiation.

shows an example of what the activity curve looks like when the parent
decays down to an unstable daughter with a longer half-life. The parent, in this
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case ™Y, has a half-life of 13.37 hours [129] and its daughter, ®?Y has a half
life of 79.8 hours [129]. ®"™Sr has an isomer with a half-life of 2.815 hours [129]

and is the granddaughter to ®"™Y which implies that n = 3 in [Equation 5.5] Even

though the gamma lines for ®"™Sr were not observed, the prediction of the activity

that was expected to be seen, is also a part of the activity plot in

5.3 Production of isotopes

The number of nuclei produced follows the differential equation:

dN = Rdt — A\Ndt (5.7)

where N is the number of nuclei and A is the decay constant of the nucleus. R
is the rate of production and is dependent on the average flux of the beam, &,
the reaction cross section, ¢ and the number of target nuclei, Ny. R can then be
written as:

R = &Ny (5.8)

Solving gives:

N(t) = =(1—e™) (5.9)

S

The instantaneous decay rate of a radioactive sample is defined as the total activity
of the nucleus:

—dN
A(t) = —— = AN 5.10
(1=~ (5.10)
Using [Equation 5.10] and putting it in for N(¢)A in gives:
A(t) = R(1 —e™M) (5.11)

Replacing R with [Equation 5.8/in [Equation 5.11} and at the end of beam A(t;,..) =
AO:

Ag = Npo®(1 — e~ Mim) (5.12)

This assumes either that the neutron spectrum is monoenergetic or that ® repre-
sents an average flux.
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quation 5.12/can be used to find the average cross section for production assuming
a monoenergetic beam during the irradiation and can be written as:
© Np®(1 — e~ M)

(5.13)

g

Monitor foils

Knowing the neutron flux on each target is important for the calculation of cross
sections. The deuteron current is known from the beamline current integrator,
and the neutron flux on each target were measured in this experiment through
the use of monitor foils.

There is well characterized data across the neutron energy range in this experiment
for different monitor reactions. These are trusted for neutrons and were used to
determine the average neutron flux based on each reaction. These reactions have
peaks at different areas of the spectrum, and as a consequence, the average neutron
flux can be calculated. After finding the average neutron flux on the monitor foils,
the cross section can be calculated. Since the monitor reactions have well known
cross sections, by comparing the International Reactor Dosimetry and Fusion
File (IRDFF) [130] database cross sections with the calculated cross sections for
the monitor reactions, the results from this experiment can be calculated with
confidence that they are correct. The monitor reactions used in this thesis:

Target Reaction route
Yttrium %Y (n,2n) %Y
Aluminum  ?"Al(n,x)*Na

Zirconium  "*Zr(n,x)*Zr

Table 5.1: The monitor reactions used in the calculation of average neutron flux.

Initially, indium was included in the stack as one of the monitor foils with
the monitor reactions *In(n,2n)'"*"In, *°In(n,n’)**"In, **In(n,n’)**"In and
15T (n,2n)"*™In. But these reactions are very sensitive to population through
thermal neutron capture and since thermal neutrons are present during irradiation
(produced by room-return), these cross sections will shift the average neutron flux
down and thus make the spectrum average cross section apparently larger than it
actually is. For this reason, all indium monitor reactions were excluded from the
calculation of the average neutron flux.
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5.4 Finding the average neutron flux

For the case of deuteron breakup the spectrum is not monoenergetic, it is a broad
spectrum and therefore, from [Equation 5.12/the Ay can more accurately be written

as:
d

Ag = NrQ2(1 — e t”r)/a( )dz (5.14)

where % is the flux distribution, o(FE) is the energy dependent average cross-

section, and € is the solid angle subtended by a foil. The integral in this equation
accounts for the different production rates as a function of neutron energy.

Given the energy-dependent monitor cross sections (from IRDFF) and a spectral
shape for the neutron flux obtained by Morrell(New data listed in Appendix @
and Harrig [131], the expected activity after a certain length of time was calculated.
The observed activity for the monitor data was used to calculate the intensity of
the neutron flux that produced that activity. Using [Equation 5.14] the average
neutron fluxes for each of the monitor channels can be found:

Ao
NrQ(1 — e Mirr) [ o(E)%dE

dE

¢avg — (515)

Similarly, the flux-weighted average energy for neutrons in [Equation 5.16|is used
to calculate the average flux energy for each of the foils:

[E-%4E
e

This Eq,4 is used as the average energy when plotting the calculated cross sections
for each foil.

Eowg = (5.16)

I[Equation 5.15| and [Equation 5.16| were used for the monitor channels to find the
average value of the flux and neutron energy for each foil. The average energy
and the FWHM of the energy distribution was used to characterize the spectrum
when reporting the results of this very broad-energy irradiation spectrum.

The uncertainty on the weighted average flux is the total uncertainty and combines
both the systematic uncertainty and the statistical uncertainty. The systematic
uncertainty is the observed spread in the reaction fluxes, calculated as the standard
deviation of all monitor fluxes. The statistical uncertainty is that the spectrum
is broad and every reaction samples a different energy location, calculated as the
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propagated uncertainty in the weighted average neutron flux. This is done to
make sure that the uncertainties in the cross sections we report reflect that this is
a broad spectrum.

Comparison of neutron flux spectra

The data on neutron flux for both 16 and 33 MeV deuteron breakup from Meulders
[120] collected in 1974 does not include deuteron breakup energies lower than 3
MeV. With that knowledge, data from an experiment done on 16 MeV deuteron
breakup in 2018 by K. Harrig, at al. [I31] and physically-informed re-normalization
of Meulders data, using foil activation with 33 MeV neutron flux by Jonathan T.
Morrell [132], are being compared with Meulders data. This will give a better
insight on why the newer data gives a more accurate cross sections results in this
analysis.

As shows, the average energy for the Harrig data measures down to a
lower threshold than the Meulders paper was able to measure. This means that
the neutrons with energy bellow 3 MeV are ignored by using the Meulders data.
Looking at the Harrig data, there are a lot of neutrons in the 1-3 MeV region that
contribute to a rise in neutron flux, and as a consequence, the cross section will
go down for reactions which dominate in this low-energy region. Additionally, the
overall magnitude of the Harrig spectrum is significantly smaller, relative to the
Meulders data.
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Figure 5.5: Comparison of Meulders [120] and Harrig [131] 16 MeV deuteron
breakup neutron spectra. In addition to a smaller magnitude, the Harrig data
shows additional low-energy structure to the spectrum, and an overall softer
spectrum than Meulders.

The neutron spectra that is used for 33 MeV deuteron breakup, is based on an
on-going work by Morrell [132] and while it has not yet been published, the data
has proven in this work to be better for cross section measurements. The data
used is listed in a table in Appendix [D] A comparison of the Meulders data with
Morrells data is shown in [Figure 5.6, The new data from Morrell includes the
lower energies not observed in the work of Meulders. The magnitude of the spectra
is also renormalized relative to the Meulders data, and therefore, the cross section
value will not change as much for 33 MeV as it did for 16 MeV with Harrigs data.
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Figure 5.6: Comparison of Meulders [120] and Morrell’s [132] 33 MeV deuteron
breakup neutron spectra. In addition to a smaller magniude, the Morrell data
shows additional low-energy structure to the spectrum, and an overall softer
spectrum than Meulders.

Selection of neutron spectra for analysis

A comparison is done to make a better justification for why the new data from
Harrig [I31] and by Jonathan T. Morrell [132] are used instead of the Moulders
data when the calculations of the results are done in this thesis. shows
how the average neutron flux and the individual neutron fluxes for the monitor
foils were impacted by the selection of neutron spectrum. For the
agreement of the individual fluxes improved when switching away from Meulders
data to data from Harrig and Morrell.
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1e7 Neutron flux using Harrig/Morell data
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Figure 5.7: A plot of the neutron flux for the monitor foils, where the two points
on the left side in the plots is with neutron flux with an energy of 16 MeV and
the points on the right side is for 33 MeV neutron flux. (a) is the average and
individual neutron fluxes using Meulders data. (b) the fluxes using Harrig and
Morrell’s data from newer experiments.

Using this knowledge, the Harrig data [131] at 16 MeV neutron flux and Jonathan
T. Morrell’s [I32] unpublished data for 33 MeV neutron flux will be the spectra
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used in the results of this thesis.

5.5 Spectrum-average cross-section

To calculate the cross sections, the average flux is used as shown in [Equation 5.15|
Since the spectrum is broad the cross section is, by consequence, flux weighted
average cross section and is given as:

[o(E)-£dE

s T % qE

(5.17)

[Equation 5.17] is the equation used for the final results that are discussed in

chapter 0]

Thick-target yield and purity

The spectrum-average cross section is determined by thick-target yields and purity
of the sample, therefore they are two important factors to discuss.

Production yield

The production yields gives an easy comparison when discussing different produc-
tion pathways. Comparing the cross sections was not enough because other things
have to be taken into account such as purity of the targets.

The production yields are a even comparison between the pathways. Since there is
no (direct) use of charged particles in this experiment, the units of the production
rates for this experiment will be different from a production yield of charged
particles. The charged particle yields are reported in units of (mCi/p Ah) and
(MBq/nAh) and we reported (mCi/p A/g/sr), which can be calculated as:

Ag
(l—efAtir'r)

D-current - target mass - target solid angle

Production yield = (5.18)

where Ag ) is the production rate. Ag is in the units of MBq, by multiplying

(lfe_ktirr

Ag with 3.72107 the units becomes mCi.
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The units for charged particles are a better comparison as our production was
based on neutrons as a secondary beam. To get units that are easier to compare to
other experiments done with traditional charged-particle production of producing
%4Cu and %"Cu. The units mCi / 1 Ah and MBq/pAh is based on the assumption
of t; = 1 hour. The equation for production yield in mCi/pAh and MBq/pAh is
used:

Production rate - (1 — e~ tirr=1thour)

D-current

Production yield = (5.19)

Even reporting in these units, it is not a perfect comparison because in this
experiment, not all deuterons breakup and produce neutrons which hit the target.

Using a neutron source as a beam with a certain flux, this is how much activity
that is expected:

Production rate

Neutron yields = (5.20)

Neutron flux
Purity

The isotopic purity and radionuclidic purity are used to evaluate the purity of a
medical isotope after the chemical purification. Since no radiochemical purification
was part of this thesis, looking at these purities before the purification process
gives an estimate on how pure our production path is, assuming everything but
copper are removed.

The isotopic purity (IP) is the number of nuclei produced for isotope of an element
over the sum of nuclei of all isotopes of the same element. Isotropic purity gives
information on how many actual nuclei there is in a sample and how many chelators
that can bind to the product. Radionuclidic purity (RNP) is the activity of an
isotopes over the sum of all activities of all isotope of the same element and is
used for patient dose calculation. These are defined as[133]:

Ny Aetay
Zi Nix) Zj Actjx
where N is the number of nuclei in a sample, X is the element, A is the mass
number and A is the activity of the nuclide.

IP = and RNP = (5.21)

The isotopic and radionuclidic purity are evaluated in this experiment for copper
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observed by gamma spectroscopy. Since Both IP and RNP changes with function
of time due to the decay rates in the different products, the common report time
is one hour after EoB.
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Chapter 6

Results and discussion

I am ready to face any challenge
that might be foolish enough to
face me.

— Dwight Schrute

In this thesis, the cross sections for production of **%"Cu through the "*Zn(n, 2)%"Cu
reactions have been measured. To contribute to the production of ***’Cu in hos-
pitals and other small cyclotrons using the deuteron break-up technique, the
deuteron beam energies that optimize production of the two isotopes must be
established. The measurements of cross sections and a discussion of *%"Cu are
presented in [section 6.2l In addition to the two Cu channels, we also present
cross section measurements on natural Zn, Zr, In, Y and Al targets. Of these, 13
out of 33 reaction channels are first reported measurements. The cross section
measurements for the monitor foils are described in [section 6.1l and results for the
remaining reaction channels are discussed in Appendix [E]

The cross section measurements are compared with other experimental data where
they exist and the reaction modelling codes ALICE-2017, TALYS-1.9, TENDL-
2019, EMPIRE-3.23 and CoH-3.5.3 [7, [§, 8-10]. These models are used in many
applications to calculate reaction cross sections over a large range of energies.
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6.1 Cross section results for monitor reactions

As discussed in [chapter 5], the neutron spectrum were used in the calculation for
spectrum-average cross sections. The spectrum-average cross sections calculating
using the neutron spectra from both Harrig/Morrell data and Meulders data are
shown in To be able to compare these two monitor reaction results
with the modeling codes and IRDFF, the cross sections for the modeling codes had
to be calculated as spectrum-average cross sections using [E.quation 5.15/ Together
with IRDFF these spectrum-average cross sections provides a better comparison
of our results.

Comparing the data from other experiments with these monitor reactions, the
measurements in this experiment shows overall good agreement. Using the newer
neutron spectra shows that the data from Harrig [131] and Morrell [I32] in
jure 6.1b|[Figure 6.1d|and [Figure 6.1 which account for the low-energy component
of the neutron spectrum, gives a better agreement with the cross sections. They
agree better with both the modelling results and the previous experimental data
points. This indicates that the newer spectra represent a better picture of foil
activation using deuteron breakup than the older data from Meulders.

[Figure 6.1¢| and [Figure 6.11] illustrate one monitor reaction where the data from
Greenwood [I34] do not agree with both the modelling codes, IRDFF and the
measured cross section in this experiment. Since the single measurement from
Greenwood was performed in 1987 and there is no other experimental data for
this reaction, it is unclear if this discrepancy is due to an error in the original
Greenwood measurement, or an needed update on the IRDFF evaluation. With
that in mind, the data from out measurements agrees with both IRDFF and all
of the modelling codes, that indicates that our measurements are more reliable,
until further measurements on this channel.

Since the data from this experiment agrees with the spectrum-averaged monitor
cross sections using Harrig and Morrell data for 16 and 33 MeV deuteron breakup,
and because the new spectra show better consistency, the final cross sections
calculated using Harrig and Morrell data will be reported here for the rest of the
results. Similar behavior of this impact is seen in many product channels, but one
specific example on the difference in cross section measurement by using Meulders

or the Harrig/Morrell data is given in [section 6.2]
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Figure 6.1: Plots of the observed cross section for the monitor reactions from this
work together with modeling codes and other experimental data from EXFOR
[135]. Figures (a), (c) and (e) are calculated using breakup neutron spectra from
Meulders [120], and (b), (d) and (f) using the newer data from Harrig [I31] and
Morrell [132].
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6.2 Cross section results for 4%"Cu

The cross section for "*Zn(n,z)%Cu reaction is both the Meulders data
[120] shown in [Figure 6.2a] and with the newer data on 16 MeV neutrons from
Harrig [131] and improved data on 33 MeV neutron flux produced by Morrell [132]
in [Figure 6.2b] A comparison of these figures shows a shift of the average neutron
energy to lower energies. This low-energy component normalizes the spectrum and
an overestimation of the cross section was avoided, compared to [Figure 6.2al The
measured data points from this work in show good agreement with
other data points from Uwamino et al. [I36] and the modelling results, compared
to [Figure 6.2a, EMPIRE is the only modelling code that does not show good
agreement with experimental data and the other simulations codes.
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Figure 6.2: Comparison of spectrum-averaged cross sections for **Cu in this work
where (a) shows the cross section calculated using Meulders neutron spectra [120],
(b) is the cross section calculated with the new data from Harrig [131] and Morrell
[132], with literature data from [136] for comparison. The new spectra show
improvement in agreement with modeling results and literature data.

The cross section for "**Zn(n, 2)%"Cu reaction is shown in [Figure 6.3 there
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is no other experimental data using neutrons to produce "Cu from natural zinc.
The result in this work show good agreement with the modeling codes, and in
particular ALICE. The spectrum-average cross sections for the modeling codes
are within the same magnitude, except for EMPIRE, which overestimates this
channel relative to the rest. This data show that producing ®’Cu on natural zinc,
using deuteron breakup is a potential pathway for production with higher "Cu
production with higher deuteron energies.

Zn(n,x)67Cu

40 | — ALICE-2017
—— TALYS-1.9
—— TENDL-2019
o —— CoH-3.5.3
£ 30 1 EMPIRE-3.2.3
S 1 &4 This Work
S _
0 20 -
wn ]
()]
wn
(@]
(j ]
10 -
O B T T T T

0 5 10 15 20 25 30 35 40
Neutron Energy (MeV)

Figure 6.3: Cross section results for Cu.

6.2.1 Discussion on **"Cu production

The results on cross section for 7Cu in this experiment show that the simultane-
ous production of these medical isotopes can be done via deuteron breakup. Since
a higher enriched ®’Cu production require higher energies, this pathway can be
used for simultaneous production and making it available with K = 35 cyclotrons.
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This is a big step towards producing and using this new theranostic pair in both
diagnostic and therapeutic applications. As seen in and
the production of **Cu and %“Cu depends on the beam energy being used, so by
tuning the beam, the decision on what ratio the isotopes can be produced in can
be controlled.

Thick-target integral yields

To calculate the production yields of ®*Cu and **Cu, in units of (mCi/pA/g/sr),
(mCi/pAh), (MBq/pAh) and the neutron yields, [Equation 5.18| [Equation 5.19|
and [Equation 5.20| were used. Neutron yields and the production yields are listed

in [Table 6.11

The production yield in mCi/pAh and MBq/pAh is much smaller compared to
other reported production yields seen in [chapter 3| [section 3.3, Unlike in charge
particle experiments where the entire beam is incident upon the target, in this
experiment, using deuteron breakup, a small fraction of the deuterons will undergo
breakup produce neutrons. The aim of the setup in this experiment was to make
use of the forward-focused neutrons from the breakup reaction, and thus, a small
fraction of the neutrons are going to hit the target. The fact that our numbers
are relatively small compared to the charged particle yield is therefore to be
expected. Assuming the same amount of neutron hitting the target as charged-
particles, the production yield will increase and are far more competitive compared
to the established (p,z) and (d,x) production pathways. By making the target
wider, more neutrons can be catched. Since neutrons don’t loose much energy
going through the target, making the target thicker gives a higher probability of
interaction with the target.

At both energies, “*Cu and %"Cu are co-produced in the target. And since the
separation of these two isotopes is difficult, both will always be present. But, the
ratio of the production yields (in mCi/pA/g/sr) shows that for 16 Mev, approx-
imately 164 times more %/Cu was produced than "Cu, and 17 times more *Cu
than "Cu for 33 MeV. For mCi/pAh, the ratio of Cu:%"Cu is 784:1 for 16 MeV
and 85:1 for 33 MeV which reflects the different in half-life for the two isotopes.
This means that if the aim is to produce more of *Cu for diagnostic applications,
a lower energy such as 16 MeV is preferable. The higher deuteron energy gives a
lesser ratio between %*Cu and %"Cu, so by tuning the beam energy gives the option
to choose the ratio between the two isotopes. This is a useful quality for making
isotopes for theranostic applications.

The ratio at end of beam (EoB) activities shows that the activity is 684 times
higher for ®*Cu than it is for "Cu at 16 MeV. This indicates how much of the
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Isotope Deuteron Production Units
Energy yield

%Cu 16 MeV 0.61592 mCi/pA /g/sr

7Cu 16 MeV 0.00374 mCi/pA /g /st

4Cu 33 MeV 2.27333 mCi/pA/g/sr

"Cu 33 MeV 0.12744 mCi/pA /g /st

%4Cu 16 MeV 0.00035 mCi/pAh

"Cu 16 MeV 4.40392e-07  mCi/pAh

%Cu 33 MeV 0.00128 mCi/pAh

7Cu 33 MeV 1.51199¢e-05  mCi/pAh

%4Cu 16 MeV 22.78919 MBq/pAh

57Cu 16 MeV 0.13854 MBq/pAh

%4Cu 33 MeV 84.11321 MBq/pAh

57Cu 33 MeV 4.71557 MBq/pAh

Neutron
yields

%Cu 16 MeV 3.79657¢-10  mCi/(neutrons/
(MeV-uC' - sr)

7Cu 16 MeV 2.30798e-12 mCi/(neutrons/
(MeV-nC - sr)

4Cu 33 MeV 1.67790e-10  mCi/(neutrons/
(MeV-nC - sr)

"Cu 33 MeV 9.40671e-12  mCi/(neutrons/
(MeV-nC - sr)

Table 6.1: Production yields for **Cu and ®’Cu.
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%1Cu isotope that was made compared to 5"Cu. The ratio at end of beam accounts
for the half life of each isotope to show how much that is produced per length of
beam. At 33 MeV, the ratio of **Cu:*"Cu is approximately 82.

Purity

To be able to use these isotopes not only the cross section is needed, but radiopurity
and specific activity (the activity per amount of atoms of a radionuclide) are two
important factors during production.

Isotope Energy IP % RNP %

51Cu 16 MeV 0.99262  99.262 0.99847 99.847
67Cu 16 MeV 0.00737 0.737 0.00152  0.152
64Cn 33 MeV 0.94217 94.217 0.98755 98.755
67Cu 33 MeV 0.05782  5.782 0.01244  1.244

Table 6.2: Isotopic purity (IP) and Radionuclidic purity (RNP) for “Cu and "Cu,
calculated at 1 hour after EoB, and prior to any radiochemical separations.

%4Cu and %"Cu were the only copper radionuclides produced from the zinc target.
No other copper isotopes were observed, stable isotopes such as **Cu and °Cu
will be present but cannot be detected with HPGe detector, therefore, RNP is
the most accurate. With known ratio between the end of beam activities and
production yields, the ratio between the purities of the two copper isotopes are
good approximations. There was trace production of “°Cu made from the zinc
target as well, but since its half-life is approximately 5 minutes [64], it will decay
and be gone by one hour after end of beam.

Looking at purity from the dose perspective, the Radionuclidic purity is the most
important because of the activity of each isotope. The isotopic purity is useful for
labelling chemistry because it serves as a proxy for concentration of the isotopes
competing in the sample during labelling.
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6.3 Discussion on the results of other produced
isotopes

As mentioned in the introduction to this chapter, many other isotopes were pro-
duced in this experiment and many are first time measurements. This means that
the results of the monitor reactions are heavily weighted, and as discussed, these
results are in good agreement with the evaluated data. The current results are
consistent with published and evaluated data (where they exist) which implies
that, the first time measurements for these new products are trustworthy. The
results and further discussion are given in Appendix [E]
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Chapter 7

Summary and outlook

Perhaps the best test of a man’s
intelligence is his capacity for
making a summary.

— Lytton Strachey

This thesis is motivated by the desire to characterize a novel pathway for produc-
tion of the 57Cu using deuteron breakup. The experiment was performed at
the Lawrence Berkeley National Laboratory’s 88-Inch Cyclotron in August 2018
where the aim was to produce neutrons through a deuteron breakup process. A
beryllium target was irradiate using deuteron beams of 16 MeV and 33 MeV
with the aim to produce neutron flux. The neutron flux were used to irradiate
a natural zinc target with the goal to produce the two medical isotopes through
the "™Zn(n, )%%"Cu reactions. In addition to the zinc target, zirconium, indium,
yttrium and aluminum targets were irradiated. Together with the zinc, 33 cross
section measurements are reported and discussed in this thesis. The targets were
irradiated for 7 hours and 57 minutes with approximately 247.7 nA average beam
current of 16 MeV deuteron. For 33 MeV deuterons, the targets were irradiated for
2 hours, 1 minute and 20 seconds with an average beam current of approximately
354 nA. The difference in length of the irradiation time is based on the knowledge
that the higher beam energy will open up more reaction channels. To activate the
channels that we want without producing too much activity, the limited time for
irradiation was necessary for the 33 MeV run. The neutron yield from deuteron
breakup is approximately two to three times higher at 33 MeV than for 16 MeV
which makes the shorter irradiation time preferable for 33 MeV deuterons.
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From the measurements on #%"Cu, both 16 MeV and 33 MeV deuteron breakup
produces more of %*Cu than ®"Cu, but the ratio of Cu:"Cu decreases with
higher deuteron energy. The data points from this experiment are in agreement
with both modeling codes and previous measurements of “Cu, but there is no
experimental data available for comparison with ®’Cu. For both the 16 MeV and
33 MeV deuteron beam, both %Cu and ®’Cu were produced, but the ratio of the
production yield in mCi/phA shows that it is possible to create approximately
164 times more ®*Cu than ®’Cu simply by tuning the beam to 16 MeV. For 33
MeV deuterons, the **Cu:*Cu were 17:1. Dependent on how much *‘Cu and /or
7Cu that is favourable to produce, the beam energy can be adjusted thereafter.

The cross section measurements were compared to the reaction modelling codes
ALICE-2017, CoH-3.5.3, EMPIRE-3.2.3, TALYS-1.9 and TENDL-2019. While no
code was overall the best in predictive power, ALICE, TALYS, CoH and TENDL
are the codes that generally had the best agreement with the data measured in
this experiment. EMPIRE was, perhaps, the modeling code that did not agreed
very well.

64.67Cy have been shown through previous research to be well suited for diagnostic
and therapeutic applications in nuclear medicine. The challenge of producing
6457Cy isotopes is one of the motivations for finding a novel way of making them.
The use of deuteron breakup as a way of producing neutrons is a new way of
making neutron flux to irradiate natural zinc for production of **%"Cu. Since
6467Cly forms a theranostic pair, it is clear that deuteron breakup is a feasible
production pathway for high specific activity radionuclides with great potential to
benefit this relatively new and upcoming field in medicine.

To answer my questions in the introduction: Can we produce 57Cu in a large
enough quantity that they can be used in diagnostic and therapeutic applications?
And if so, is the production route in this experiment a preferable way of doing this?
By comparing production yield from previous experiment with the results in this
thesis shows that it is possible to make 5#%"Cu in a large enough quantity for clinical
use. By making the target bigger or thicker the production yield will increase;
a thought for future experiments. This novel pathway of producing %*°’Cu has
shown in this experiment to be a promising production pathway and should be
repeated. Further investigations on this way of making %°"Cu is important. As
more experiments are performed, this gives more data which will be vital for
production for clinical use. A second experiment that includes additional and
higher deuteron energies, investigating how that would affect the production yield
ratio of %*Cu and %"Cu would be interesting and important to document.
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Appendix A

Calibration sources
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137CS 133Ba 152Eu
E,keV] L% E[keV]  E,[%) E,[keV] E,[%]

661.66 (3) 85.10 (2)  53.16 (6)  2.14 (3) 121.7817 (3)  28.53 (16)

79.61 (12)  2.56 (5) 244.6974 (8)  7.55 (4)

80.99 (11)  32.9 (3) 205.9387 (17) 0.440 (4)
160.61 (16) 0.64 (5) 329.41 (5) 0.1213 (24)
223.24 (13) 0.45 (3) 344.2785 (12) 26.59 (20)

276.40 (12) 7.16 (5) 367.7891 (20) 0.859 (6)
302.85 (5) 18.34 (13)  411.1165 (12) 2.237 (13)
356.01 (7)  62.05 416.02 (3) 0.1088 (19)
383.85 (12) 8.94 (6) 443.9606 (16) 2.827 (14(
444.01 (17)  0.298 (11)

488.6792 (20) 0.414 (3)
503.467 (9)  0.1524 (20)

563.986 (5)  0.494 (5)

566.438 (6)  0.131 (3)

586.2648 (26) 0.455 (4)
656.489 (5)  0.1441 (22)

674.64 (14)  0.169(3)

678.623 (5)  0.473 (4)

688.670 (5)  0.856 (6)

719.346 (7)  0.250 (8)

764.88 (4) 0.189 (4)

778.9045 (24) 12.93 (8)

810.451 (5)  0.317 (3)

841.574 (5)  0.168 (3)

867.380 (3)  4.23 (3)

919.337 (4)  0.419 (5)

926.31 (5) 0.272 (3)

963.367 (7)  0.140 (6)

964.057 (5)  14.51 (7)
100527 (5)  0.659 (11)

1085.837 (10) 10.11 (5)
1089.737 (5)  1.734 (11)

1109.18 (5)  0.189 (6)

1112.076 (3)  13.67 (8)

1212.948 (11) 1.415 (8)

1249.94 (5)  0.187 (3)

1292.78 (5)  0.101 (3)
1299.142 (8)  1.633 (11)

1408.013 (3)  20.87 (9)

1457.643 (11)  0.497 (4)

%9 1528.10 (4)  0.279 (3)

Table A.1: A list of all the energy lines of the calibration sources that were used
in the calibration. [IT6HITS]



Appendix B

Statistics and uncertainty

Standard deviation

When a sample is taken from a normal distribution, the uncertainty in statistics
refers to the deviation of the data, o. It is a measure of how the data points are
scattered around the mean value:

o= NZ(“’”’ —T)? (B.1)

r; = X1,s,..,ry are all the observed values in a sample, T is the mean value of
the observed values and N is the number of observations in a sample.

The y?-propagation

In regression, the chi-square distribution is used for testing the goodness of fit. It
is a test that tells how well theoretical distributions explain observed ones or how
good a fit to observed results are for theoretical distributions [31] and is given as
[137):

X2=i(%;yi>2 (B.2)

i=1
where y; is the value of the sample taken, Y; is the mean of the samples, and o is
the standard deviation of the samples.
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Propagation of uncertainty

For a function f with inputs, z, a set of linear parameters, a = a1, as, as, ..., a;,
and outputs, y, can be written as:

y=f(z,a) (B.3)

The variance-covariance matrix of the input parameters of a; is given as:

2
01 012 - O1in
2
021 05 ++° Ogp
v=| 7 (B.4)
2
0‘7’1,1 O-n,Q e O-n

and the Jacobian matrix of the measurements in function f is given as:

(J:%g_f;_f> (B.5)

The most general expression for the error propagation is:

oo =JVI" (B.6)
where o7 is the variance of y.
Weighted average

When measurements are correlated, the standard case of an uncertainty-weighted
average no longer applies. Instead, a general case for the weighted average of
correlated measurements is described here, in the context of calculating the average
neutron flux.

The beam flux is given as:

R
¢ = N
N
where R is the production rate, N, is the number of atoms in the target and o is
the flux-weighted average cross section.

(B.7)
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The uncertainty in flux is given by:

0\ ? 0o \? 06\ ?
0p = — | & 52 — | 4?2 B.8
¢ \/<8R) R+<8Na Na+ 80' o ( )
This will give one flux and one corresponding uncertainty per monitor reaction
channel.

The weighted average of a set of flux measurements is given as:

_ 2 94 i

ST

(B.9)

Taking the expectation value and calculating the uncertainty in the average flux:

ol = Z(V*l)m (B.10)

i?j

To get both the weighted average flux and its propagated uncertainty, the covari-
ance matrix has to be calculated. This is done in this thesis using the robust
sandwich estimator [138§]:

d )
Vij= cov(ﬁ%%’) = § 8_i »5%607“%(%7%)5%3_? ‘
¢ J

(B.11)

xT

where V; ; is the element of the covariance matrix between flux ¢ and flux j, and
is the sum over x, where z; € {R, N,,0}.

Setting up a correlation matrices of each of the monitor foils to get the elements,
converting it to get the averages. In this work the production rate R = 0.3. Since
the same Ge-detector is used, the activity is going to be linked and it is estimated
to be 30% correlated. The mass of the targets has no impact on the mass of the
flux. They are independent of each other, and thus, N, = 1. The cross section is
going to be partially correlated. Because we are using the same neutron energy
spectrum for the two different reactions, o = 0.3.
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Appendix C

Tables of nuclear and reaction
data

In these tables the produced nuclei together with their half-life, decay mode,
gamma energy and the intensity of the gamma-ray are listed.
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Product nucleus Half-life Decay mode E.(keV) L,(%)

%27Zn 9.193 (15) h €= 100% 40.85 (6) 25.5 (24)
243.36 (6)  2.52 (23)
246.95 (6)  1.90 (18)
507.60 (10)  14.8 (14)
548.35 (11)  15.3 (14)
596.56 (13)  26.0 (20)
%37n 38.47 (5) m € = 100% 669.62 (5) 8.2 (3)
962.06 (4) 6.5 (4)
%Cu 12701 (2) h € =61.50% 1345.77 (6)  0.475 (11)
%Ni 2.51719 (26) h B~ = 100% 366.27 (3)  4.81 (6)
1115.53 (4)  15.43 (13)
1481.84 (5)  23.59 (14)
%Cu 5120 (14) m B~ = 100% 1039.2 (2)  9.23 (9)
%7Cu 61.83 (12)h B~ = 100% 91.266 (5) 7.0 (10)
93.311 (5)  16.10 (20)
184.577 (10) 48.7 (3)
300.219 (10) 0.797 (11)
393.529 (10) 0.220 (8)
S9m7n 13.756 (18) h  IT = 99.967 % 438.634 (18) 94.85 (7)

Table C.1: Decay data for zn(n,x) reaction products observed in this thesis.
Uncertainties are listed in the least significant digit, that is, 78.4(12) hr means
78.4 £+ 1.2hr [30] 47, 63, [64], 139-141].
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Product nucleus Half-life Decay mode E.(KeV) L,(%)
897r 784 (12) h €= 100% 909.15 (15)  99.04 (3)
1620.8 (2)  0.073 (5)
1713.0 (6)  0.745 (13)
1744.5 (2)  0.123 (4)
oy 319 (6)h  IT =100% 20253 (3)  97.3 (4)
479.51 (5)  90.74 (5)
681.8 (6) 0.32 (3)
otmy 49.71 (4)m IT =100% 555.57 (5)  95.0 (3)
Y 354 (1) h B~ =100% 488.5 (1) 2.3 (3)
561.1 (1) 2.4 (3)
844.3 (1) 1.25 (14)
934.47 (7)  13.9 (15)
1405.4 (1) 4.8 (5)
By 10.18 (8) h 3~ =100% 266.9 (1) 7.4 (11)
947.1 (1) 2.1 (3)
P7r 64.032 (6)d B~ =100% 724.192 (4) 44.27 (22)
756.725 (12) 54.38(22)
PNb 34.991 (6) d B~ =100% 765.803 (6)  99.808 (7)
7Nb 721 (7)m B~ =100% 657.94 (9)  98.23 (8)
r 16.749 (8) h 5~ =100% 743.36 (3)  93.09 (16)

Table C.2: Decay data for zr(n, x) reaction products observed in this thesis. Un-
certainties are listed in the least significant digit, that is, 78.4(12) hr means 78.4
+ 1.2hr [142-148].

Product nucleus Half-life Decay mode  E,(KeV) L(%)
STy 1337 (3) b IT = 98.43% 330.79 (7) __ 78.05 (7.9)
STY 79.8 (3 )h c=100%  484.805 (5)  89.8 (9)
Y 106.627 (21) d e =100%  898.042 (3)  93.7 (3)
1836.063 (12) 99.2 (3)
2734.0 (5)  0.71 (7)
oy 3.19 (6) h IT = 100%  202.53 (3) 97.3 (4)
47951 (5) 9074 (5)

Table C.3: Decay data for y(n,z) reaction products observed in this thesis. Un-
certainties are listed in the least significant digit, that is, 78.4(12) hr means 78.4
+ 1.2 hr [129] 143, 149].
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Product nucleus Half-life Decay mode E.,(KeV) L(%)
Hn 2.8047 (4) d € =100% 171.28 (3)  90.7 (9)
245.35 (4)  94.1 (10)
H2myy 20.67 (8) m  IT = 100 % 156.61(3) 13.33 (16)
2 14.88 (17) m €= 62(4)% 617.517 (3) 6.7 (25)
H3myy 99.476 m IT = 100 % 391.698 (3)  64.97 (14)
HamTy 4951 (1) d  €=13.25(24)%  558.43 (3) 4.4 (6)
72524 (3) 4.4 (6)
HomTy 4486 (4)h  IT =950 (7) % 336.241 (25) 45.9 (1)
Hom Ty 54.29(17) m 3~ = 100% 13829 (2)  3.70 (9)
263.03 (3)  0.126 (4)
278.62 (2)  0.130 (4)
303.73 (4)  0.120 (6)
355.40 (2)  0.730 (11)
416.90 (2)  27.2 (4)
463.21 (2)  0.725 (11)
655.17 (2)  0.123 (3)
688.93 (2)  0.166 (4)
705.97 (2)  0.160 (3)
779.12 (22)  0.247 (5)
818.68 (2)  12.13 (14)
972.60 (2)  0.496 (7)
1097.28 (2)  58.5 (8)
1293.56 (2)  84.8 (12)
1507.59 (2)  9.92 (13)
1752.50 (2)  2.36(3)
2112.29 (2)  15.09 (22)

Table C.4: Decay data for in(n, z) reaction products observed in this thesis. Un-
certainties are listed in the least significant digit, that is, 78.4(12) hr means 78.4
+ 1.2hr [I50HI55].

Product nucleus Half-life Decay mode E,(KeV) L,(%)
“Na 14.997 (12) h B~ =100% 1368.626 (5)  99.9936 (15)
2754.007 (11) 99.855 (5)

Table C.5: Decay data for al
(n, )

reactionproductsobservedinthisthesis.Uncertaintiesarelistedintheleastsigni ficantdigit, thatis, 78.:
1.2 hr [156]
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Appendix D

Tabulated neutron spectra data

The improved data on the 33 MeV neutron spectrum by Morrell [132]. The data
in this table was used to find the spectrum-average cross sections in this thesis.

Energy (MeV) Flux (arb. unit) | Energy (MeV) Flux (arb. unit)
0.1 4338181616.67 | 16.8 11123753944.9
0.2 9559195990.52 16.9 109701318274
0.3 6388576222.98 17.0 10812953323.2
0.4 7004204269.99 17.1 10652456057.8
0.5 7478815255.26 17.2 10488888734.3
0.6 7851674167.8 17.3 10322509917.5
0.7 8147264709.78 17.4 10153586709.8
0.8 8382277733.45 17.5 9982393337.25
0.9 8568798710.17 17.6 9809209658.74
1.0 8715962614.04 17.7 9634319618.34
1.1 8830895876.38 | 17.8 9458009659.23
1.2 8919290698.74 17.9 9280567119.39
1.3 8985774362.88 18.0 9102278629.52
1.4 9034157039.5 18.1 8923428533.44
1.5 9067604070.19 18.2 8744297350.77
1.6 9088759584.14 | 18.3 8565160300.66
1.7 9099837983.3 18.4 8386285903.82
1.8 9102693943.52 18.5 8207934678.55
1.9 9098878029.61 18.6 8030357944.09
2.0 9089682730.59 18.7 7853796742.65
2.1 90761821159 18.8 7678480888.72
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Energy (MeV)

Flux (arb. unit)

Energy (MeV)

Flux (arb. unit)

2.2
2.3
24
2.5
2.6
2.7
2.8
2.9
3.0
3.1
3.2
3.3
3.4
3.5
3.6
3.7
3.8
3.9
4.0
4.1
4.2
4.3
4.4
4.5
4.6
4.7
4.8
4.9
5.0
5.1
5.2
2.3
5.4
9.9
2.6
5.7
5.8
2.9
6.0

9059267100.67
9039677357.1

9018030188.03
8994846202.69
8970571420.24
8945595458.67
8920265683.09
8894897491.63
8869781206.14
8845186231.73
8821363221.4

8798544940.81
8776946411.25
8756764760.04
8738179061.9

8721350332.85
8706421747.5

8693519089.83
8682751411.93
8674211857.89
8667978604.84
8664115876.09
8662674986.91
8663695391.44
8667205706.66
8673224696.13
8681762201.84
8692820017.21
8706392697.73
8722468308.25
8741029107.95
8762052175.02
8785509974.25
8811370870.89
8839599594.41
8870157656.15
8903003724.23
8938093959.61
8975382316.32
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18.9
19.0
19.1
19.2
19.3
19.4
19.5
19.6
19.7
19.8
19.9
20.0
20.1
20.2
20.3
204
20.5
20.6
20.7
20.8
20.9
21.0
21.1
21.2
21.3
214
21.5
21.6
21.7
21.8
21.9
22.0
22.1
22.2
22.3
224
22.5
22.6
22.7

7504628151.92
7332443577.09
7162118942.7

6993832356.59
6827747985.64
6664015914.15
6502772124.12
6344138589.09
6188223472.14
6035121417.93
0884913928.1

2737669808.88
5593445680.11
5452286534.69
5314226338.17
5179288658.28
0047487315.48
4918827045.57
4793304166.85
4670907244.83
4551617748.23
4435410691.24
4322255257.25
4212115400.71
4104950423.81
4000715525.89
3899362323.79
3800839342.06
3705092472.28
3612065401.42
3521700009.25
3433936735.27
3348714916.01
3265973093.5

3185649296.01
3107681292.4

3032006821.32
2958563796.62
2887290490.48



Energy (MeV)

Flux (arb. unit)

Energy (MeV)

Flux (arb. unit)

6.1
6.2
6.3
6.4
6.5
6.6
6.7
6.8
6.9
7.0
7.1
7.2
7.3
7.4
7.5
7.6
7.7
7.8
7.9
8.0
8.1
8.2
8.3
8.4
8.5
8.6
8.7
8.8
8.9
9.0
9.1
9.2
9.3
9.4
9.5
9.6
9.7
9.8
9.9

9014820809.3

9056359752.51
9099947970.13
9145532983.26
9193061174.4

9242477931.6

9293727774.39
9346754462.85
9401501091.62
9457910170.07
9515923689.91
9575483181.32
9636529758.75
9699004157.14
9762846759.52
9827997616.65
9894396459.49
9961982704.97
10030695455.8
10100473494.6
10171255273.1
10242978896.6
10315582104.1
10389002244.7
10463176249.7
10538040602.8
10613531305.5
10689583841.1
10766133135.6
10843113515.8
10920458666.6
10998101584.6
11075974531.6
11154008985.4
11232135589.9
11310284103.7
11388383348.0
11466361153.2
11544144305.2

99

22.8
22.9
23.0
23.1
23.2
23.3
23.4
23.5
23.6
23.7
23.8
23.9
24.0
24.1
24.2
24.3
244
24.5
24.6
24.7
24.8
24.9
25.0
25.1
25.2
25.3
254
25.5
25.6
25.7
25.8
25.9
26.0
26.1
26.2
26.3
26.4
26.5
26.6

2818125695.63
2751008868.09
2685880251.91
2622680987.15
2561353202.59
2501840094.3

2444085991 .4

2388036410.14
2333638097.31
2280839064.09
2229588611.38
2179837347.27
2131537197.68
2084641410.91
2039104556.72
1994882520.66
1951932494.24
1910212961.47
1869683682.27
1830305673.17
1792041185.81
1754853683.42
1718707815.85
1683569393.2

1649405358.53
1616183759.74
1583873720.88
1552445413.12
1521870025.44
1492119735.34
1463167679.48
1434987924.58
1407555438.53
1380846061.91
1354836479.78
1329504194.1

1304827496.55
1280785441.95
1257357822.29



Energy (MeV)

Flux (arb. unit)

Energy (MeV)

Flux (arb. unit)

10.0
10.1
10.2
10.3
10.4
10.5
10.6
10.7
10.8
10.9
11.0
11.1
11.2
11.3
114
11.5
11.6
11.7
11.8
11.9
12.0
12.1
12.2
12.3
12.4
12.5
12.6
12.7
12.8
12.9
13.0
13.1
13.2
13.3
13.4
13.5
13.6
13.7
13.8

11621658491.5
11698828246.6
11775576898.0
11851826511.9
11927497839.8
12002510265.7
12076781754.8
12150228803.0
12222766388.9
12294307927.3
12364765225.8
12434048444.6
12502066059.1
12568724827.4
12633929762.1
12697584107.9
12759589324 .4
12819845076.8
12878249233.2
12934697871.2
12989085293.6
13041304054.3
13091244996.2
13138797301.7
13183848556.4
13226284828.7
13265990765.8
13302849707.0
13336743816.8
13367554238.4
13395161269.8
13419444563.7
13440283352.2
13457556698.9
13471143779.3
13480924190.3
13486778291.6
13488587578.6
13486235088.6

26.7
26.8
26.9
27.0
27.1
27.2
27.3
274
27.5
27.6
27.7
27.8
27.9
28.0
28.1
28.2
28.3
28.4
28.5
28.6
28.7
28.8
28.9
29.0
29.1
29.2
29.3
294
29.5
29.6
29.7
29.8
29.9
30.0
30.1
30.2
30.3
30.4
30.5

100

1234525141.38
1212268590.06
1190570022.15
1169411931.07
1148777427.01
1128650214.95
1109014573.18
1089855332.58
1071157856.57
1052908021.64
1035092198.64
1017697234.54
1000710434.98
984119547.342
967912744.382
952078608.532
936606116.705
921484625.667
906703857.939
892253888.224
878125130.328
864308324.575
850794525.69

837575091.138
824641669.902
811986191.689
799600856.548
787478124.878
775610707.828
763991558.054
752613860.84

741471025.559
730556677.457
719864649.762
709388976.095
699123883.171
689063783.785
679203270.068
669537107.008



Energy (MeV)

Flux (arb. unit)

Energy (MeV)

Flux (arb. unit)

13.9
14.0
14.1
14.2
14.3
14.4
14.5
14.6
14.7
14.8
14.9
15.0
15.1
15.2
15.3
15.4
15.5
15.6
15.7
15.8
15.9
16.0
16.1
16.2
16.3
16.4
16.5
16.6
16.7

13479605841.0
13468587312.3
13453069945.1
13432947692.3
13408118594.5
13378485390.7
13343956160.2
13304444992.8
13259872685.9
13210167463.0
13155265711.2
13095112730.3
13029663489.6
12958883383.8
12882748981.2
12801248755.8
12714383792.7
12622168458.6
12524631025.8
12421814238.4
12313775810.9
12200588845.8
12082342161.3
11959140516.6
11831104725.6
11698371649.3
11561094060.5
11419440372.2
11273594227.1

30.6
30.7
30.8
30.9
31.0
31.1
31.2
31.3
31.4
31.5
31.6
31.7
31.8
31.9
32.0
32.1
32.2
32.3
32.4
32.5
32.6
32.7
32.8
32.9
33.0
33.1
33.2
33.3
33.4

101

660060226.21

650767719.913
641654835.221
632716968.571
623949660.406
615348590.051
606909570.797
598628545.161
590501580.334
582524863.807
974694699.153
567007501.982
559459796.042
552048209.472
544769471.196
537620407.453
530597938.458
523699075.193
516920916.309
510260645.157
503715526.919
497282905.853
490960202.634
484744911.805
478634599.31

472626900.123
466719515.97

460910213.123
455196820.288



Appendix E

Cross sections

In this thesis, many other cross sections were also measured and the results are
discussed below. In the tables [Table E.1] [Table E.2Table E.3|[Table E.4] we report
cumulative (c) and independent (i) cross sections. Cumulative nuclei are affected
by decay feeding, for example feeding from an excited state to the ground state.
It can also be a first observed element in a decay chain, if a precursor isotope with
too short of a half-life to be measured decays. If there was no feeding, the cross
section is reported as independent.

E.1 Other interesting cross section results

Neutron-induced reactions on zinc

Figure E.1|shows all the products created using the natural zinc target with the
abundance 49.17% of ®Zn, 27.73% of %Zn, 4.04% of *"Zn, 18.45% of %Zn, and
0.61% of “Zn.

The products produced along with its half-life, decay mode, gamma energy and

the intensity of each gamma is listed in [Table C.1]
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Figure E.1: Cross section measurements for products following n-induced reactions
on natural zinc target together with modeling codes and other experimental data

135,
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Production cross sections (mb)

E, (MeV)  6.557302 11.841521
527 n; 0.03 + 0.02 0.40 £ 0.04
637n; 4.76 £+ 1.15 51.41 + 3.73
6Cy 138.98 + 31.55 68.61 &+ 5.17
65N 0.69 + 0.16 1.13 + 0.08
657 n; 24.24 + 5.55 94.02 + 8.54
67Cy 0.84 + 0.19 3.86 + 0.26
69mzn; 1.08 4 0.24 1.87 + 0.13

Table E.1: The measured cross sections for ™Zn(n,z) reactions. Subscript i
indicates that the measurement is independent while subscript ¢ indicates that
the measurement is cumulative.

natZn(n, z)%?Zn

The measured spectrum-average cross section for %Zn shows good agreement with
the modeling codes shown in . To be able to produce %Zn from natural
zinc, a %Zn(n,3n) reaction is required, and thus, more energy. In this experiment,
two data points were obtained where the cross section for 6 MeV neuton energy
is of a low magnitude and thus, is not visible in [Figure E.Tal After approximately
23 MeV, the modeling codes scatters and only a single datapoint by J.Vrzalova et
al. [I57] with around 30 MeV has been measured.

natZn(n, 2)%Zn

The measured spectrum-averaged cross section for %Zn (Figure E.1b)) shows good
agreement especially with TALYS and CoH. For 6 MeV, the modeling codes are

in better agreement than for 12 MeV. EMPIRE has overall a lower cross section
prediction than the rest of the modeling codes. There are no other data points in
the 6-12 MeV region, but J. Vrzalova et al. [157] has reported some data points
from approximately 17-37 MeV.

natZn(n, z)%Ni

The measured spectrum-average cross section for Ni is shown in and
Table E.1l Even though the modeling codes are a bit scattered, ALICE, TALYS
and CoH show the best agreement. Looking at my data point at 6 MeV, EMPIRE
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is the best fit, but at 12 MeV EMPIRE overestimate the peak. Our data points is
agrees with the mentioned modeling codes and the datapoints from Y. UWAMINO
et al.

natzn(n, )% Zn

The measured spectrum-average cross section for **Zn is shown in and
able E.1} There are no measured data points near 6 MeV and 12 MeV, there are
however, data points by Y. UWAMINO et al,. [136] above 30 MeV. At 6 MeV, my
data point is almost 5 mb higher than the modeling codes. The closest modeling
code is TALYS and is within the cross section errorbar for my datapoint. At 12
MeV, both TENDL and ALICE are in good agreement with my datapoint.

natzn<n7 x)Gngn

The measured spectrum-average cross section for ®™Zn are shown in
and [Table E.1l Since there is no other measured data points for %™Zn, the
modeling codes are our only tool to measure how physically reasonable good of
a measurements this is. The modeling codes do scatter a bit, but for 6 MeV,
TALYS is the best fit, while EMPIRE and TENDL show good agreement with
my data point at 16 MeV. Looking at the spectrum for the modeling codes, the
three mention codes are in good agreement with each other. CoH and ALICE
gives very different estimates for what the cross section should look like for 10-25
MeV. Without measurements it is hard to know which one of the modelling codes
that is correct.

Neutron-induced reactions on zirconium

shows all the products created through natural zirconium with the
abundance 51.45% of “Zr, 11.22% of °'Zr, 17.15% of **Zn, 17.38% of *YZr, and
2.80% of *Zr.

The products produced along with its half-life, decay mode, gamma energy and
the intensity of each gamma is listed in [Table C.2|
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Figure E.2: Cross section measurements for products following n-induced reactions

on natural zirconium target together with modeling codes and other experimental
data [135].

Production cross sections (mb)

E, (MeV)  6.5575053 11.841521
90my 4.04 £+ 0.28
lmy 8.42 + 0.66
gy 0.49 £ 0.10
92y, 2.33 4 0.20
93y, 1.43 + 0.26
9571 13.56 4+ 3.12 21.39 4+ 2.70
7r; 0.24 4 0.06

Monitor reactions

8971, 28.09 + 8.98 219.76 + 14.90

Table E.2: The measured cross sections for "*Zr(n,x) reactions. Subscript i
indicates that the measurement is independent while subscript ¢ indicates that
the measurement is cumulative.

natzr(n’ x)QOmY
The measured spectrum-average cross section for ™Y is shown in [Figure E.2a
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and gives only one datapoint at 12 MeV. With no other datapoints to
compare this result with, CoH is the modeling code with best agreement to this
work. EMPIRE and ALLICE predict a bump near 12 MeV, but this is not seen
in our data. This is a first-time measurement, and therefore, more data is needed.

natzr(n7 x)QImY

The measured spectrum-average cross section for 'Y is shown in
and [Table E.2] The datapoint in this work is higher than the modeling codes and
is therefore not in good agreement. More experimental points are therefore needed
to see if the modeling codes are correct for this reaction.

natZr(n, r)*'Sr

The first-time measured spectrum-average cross section for *!Sris shown in
ure E.2d and [Table E.2l The datapoint in this work is in best agreement with
EMPIRE and TENDL. It would be interesting to see which modeling codes fit the
best if more experimental datapoints for this reaction were collected, as each code
provides a very distinct excitation function not seen in any of the others. The
modeling codes scatter and do not behave the same way for higher energies.

natZI‘(n, ZE) 92Y

The first-time measured spectrum-average cross section for %?Y is shown in

and listed in [Table E.2| This data point agrees well with all of the
modeling code, which are all in agreement for the shape of the excitation function

with each other, showing small differences in magnitude except EMPIRE, which
is a bit higher in magnitude compared to the rest.

natZr(n7 x)93Y

The first-time measured spectrum-average cross section for *Y is shown in

lure E.2¢| and listed in [Table E.2l This data point looks to agree well with the

modeling codes where all of the codes are in agreement with each other. They
follow the same shape of the excitation function. The measured cross section
in this work is a bit higher in magnitude, but not much. TENDL is within the
errorbar for our data point and is the best fit. The modeling codes do agree with
each other when looking at cross sections at higher energies.

patzy(n, x) % Zr

The first-time measured spectrum-average cross section for *Zr is shown in
ure F.2fl and listed in [Table E.2 The data points in this work show overall a
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good agreement with the modeling codes. The 6 MeV point is a bit higher than
the modeling codes but CoH is within the data point errorbar. All the modeling
codes is also in agreement for the shape of the excitation function with each other,
showing small differences in magnitude.

natzr(n, z) % Zr

The first-time measured spectrum-average cross section for *’Zr, shown in

and listed in The only data point from this experiment at
6 MeV is in best agreement with TALYS. The data point is small in value and

the modeling codes are pretty similar in their predictions. The modelling codes
behaviour at low energies is dominated by thermal capture.

Indium

shows all the products created using a natural indium target with the
abundance 4.29% of '%In, 95.71% of *In.

The products produced along with its half-life, decay mode, gamma energy and

the intensity of each gamma is listed in [Table C.4]
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Figure E.3: Cross section measurements for products following n-induced reactions
on natural indium target together with modeling codes and other experimental

data [135].

Production cross sections (mb)

E, (MeV) 6557205  11.84722]
1y, 2.87 £ 0.22
2mtgyy 56.56 + 14.84
112mIni 14.61 £+ 1.15

Table E.3: The measured cross sections for "*'In(n,z) reactions. Subscript i

indicates that the measurement is independent while subscript ¢ indicates that
the measurement is cumulative.
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natIn(n’ m) lllIn

Tn is a product made in this experiment that also is used in diagnostic appli-
cation. The spectrum-average cross section in shows an agreement
with the simulations on the production of this medical isotope for the 16 MeV
deuteron beam. Some examples on how 'In can be used are as a diagnostic tool
for brain studies [I58], bone marrow imaging [159] or it can be used to investigate
inflammation and infections by imaging white blood cells [160]. More data on
the production of this isotope is therefore needed. There are some data points at
higher energies by J. Vrzalova et al. [I57], but it would be interesting to compare
more experimental data points.

natIn(n’ ZE) 112]:1,1

The first-time measured spectrum-average cross section for **In is shown in
and listed in[Table E.3] The datapoint in this experiment agrees well with
the modeling codes and the modeling codes are also in agreement until energies
around 30 MeV, where they start to scatter due to the competition between *™In
and '?In.

natIn(n, LC) 112mIn

The measured spectrum-average cross section for "?™In is shown in
and listed in [Table E.3] The datapoint from this work is a bit lower in magnitude
compared to the modeling codes. It is closest to EMPIRE, but a couple of mb
off. An experiment done in 2013 by J. Vrzalova et al. [I57] shows a data point
at 17 MeV that has best agreement with EMPIRE and another data point at 30
MeV. All of the modelling codes agrees with out data, but EMPIRE is the closest
agreement.

Yttrium

shows all the products created using a natural yttrium target with the
abundance 100% of *Y.

The products produced along with its half-life, decay mode, gamma energy and
the intensity of each gamma is listed in [lable C.3|
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Figure E.4: Cross section measurements for products following n-induced reactions
on natural yttrium target together with modeling codes and other experimental

data [135].
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Production cross sections (mb)

E, (MeV)  6.551402 11.8412:21
87mgy. 0.07 + 0.01
8Tmtgy 7.31 + 0.61
87my. 19.99 + 1.67
90my, 0.35 £ 0.03

Monitor reactions

88y, 57.89 4+ 12.90 506.32 + 34.14

Table E.4: The measured cross sections for ™Y (n,z) reactions. Subscript i
indicates that the measurement is independent while subscript ¢ indicates that
the measurement is cumulative.

na‘ch(n7 x>87er

The first-time measured spectrum-average cross section for ®™Sr is shown in
and listed in , which is in relatively good agreement with
the modeling codes. At higher energies there is a scattering in the modeling odes.
The cross section itself is quite low, and as the modeling code estimates, the cross
section gets bigger with higher energies.

natY(’fL, l’) 87Y

The first-time measured spectrum-average cross section for *Y is shown in
and listed in [Table E.4 EMPIRE is the modeling code closest to the
data point in this work and they follow the same shape of the excitation function.
The modeling codes are in an agreement until energies over 20 MeV where they
start to scatter.

natY(n, I)87mY

The first-time measured spectrum-average cross section for ™Y is shown in ??
and listed in [Table E.4l The shape of the modeling codes are similar as for the
"%y (n, 2)®7Y reaction weich is to be expected. The shape will generally be similar
for the ground state and the isomer state. How the modelling codes partitions
these states are the big difference.

natY(n7 x)90mY
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The first-time measured spectrum-average cross section for ™Y is shown in

and listed in[Table E.4l The modeling codes are not in agreement with
each other and more experimental points are needed to identify which modeling
code that agrees best. For 16 MeV neutrons, TENDL shows the best agreement.
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