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Abstract

Radionuclides are important in the diagnosis and treatment of, amongst others, cancer. A promising ther-
apy is targeted radionuclide therapy, where the radionuclide is brought to the tumor by a targeting specific
vector. Bringing the radionuclide directly to the tumor, should reduce the dose to the healthy tissue. For
targeted radionuclide therapy, a radionuclide with a high specific activity is required. Some radionuclides,
with promising half-lives and decay energies, are currently not produced with the required specific activity.
This problem occurs mainly for radionuclides that are produced via (n,y) reactions in nuclear reactors. For
radionuclides that are produced via this reaction, it is nearly impossible to do a chemical separation between
the target material and the produced radionuclide, because these are of the same element. This is why new
production routes have to be investigated.

In this thesis a feasibility study has been done for a new production method, which should increase the
specific activity of radionuclides that are produced via a (n,y) reaction. For this production method, the tar-
get material is labeled with a chelator. Due to the Szilard-Chalmers effect the bond with the chelator will be
broken, when the target material is activated by a neutron. This enables the separation of the produced ra-
dionuclide from the target complex and therefore, the extraction of the radionuclide. The production method
will be loop-based, in order to enable continuous activation of the target material and extraction of the ra-
dionuclide. Furthermore, the loop-based design should minimize the effect of radiolysis and relabeling. The
loop will be placed close to the reactor core. In this thesis, the elements holmium and lutetium have been
used. It has been determined which chelator is most suitable to label with holmium and lutetium. Further-
more, the stability of this complex has been investigated for: higher temperatures, time and the effect of the
y-radiation. The effect of the y-radiation was determined because this results in radiolysis. The extraction
of the radionuclide has also been investigated. These parameters have been used in the calculation of the
possible achievable specific activity of 'Ho and '7"Lu, when using this loop-based production method.

Labeling was possible with the chelator DOTA, which resulted in a stable complex, even for higher tem-
peratures. Labeling happened fast, which also results in fast relabeling. The effect of radiolysis, due to the
y-radiation, was determined by fitting the experimental data. The fit gave negative values for short irradia-
tion times, which is not possible. Therefore, two possible fits were made, which did not give negative results.
The first fit was shifted over the y-axis and for the second fit the negative values were assigned to be zero. Be-
cause the fit of the data points had to be adapted, this shows that there is a large uncertainty of the radiolysis
at short irradiation times. Extraction of free lutetium from LuDOTA is possible using Dowex resins.

When taking into account the experimentally determined factors, as well as the recoiling factor from
the literature, the following results for the achievable specific activities of holmium and lutetium were ob-
tained. For holmium, the specific activity without the Szilard-Chalmers effect and the loop is SAyithoutsz = 0.93
GBq/mg. When using the shifted function for the radiolysis, f sradiolysis, the calculated specific activities are
SAwithszloop = 3-21 GBq/mg with the loop and SAy;msz = 6.40 GBq/mg with only the Szilard-Chalmers effect.
When the cut-off radiolysis function, fcadiolysis, is used, the calculated specific activities are SAyithszioop =
22015 GBq/mg with the loop and SAyihsz = 6.79 GBq/mg with only the Szilard-Chalmers effect. For lutetium
the specific activity without the loop and SZ effect is SAyithoutsz = 0.76 GBq/mg. When using the shifted
function for the radiolysis, the calculated specific activities are SAwitmszioop = 1.31 GBq/mg with the loop and
SAvithsz = 2.39 GBq/mg with only the Szilard-Chalmers effect. When the cut-off radiolysis function is used,
the calculated specific activities are SAwithszioop = 89.9 GBq/mg with the loop and SAyitsz = 2.76 GBq/mg with
only the Szilard-Chalmers effect. This concludes that using the Szilard-Chalmers effect in the production of
radionuclides increases the specific activity. It might be possible to have an even higher specific activity, when
using the loop-based production, however, this is very dependant on the radiolysis for short irradiation times,
which had a high uncertainty in the calculations. To be able to determine if the loop system is beneficial, the
radiolysis for short irradiation times has to be determined.
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Introduction

Radioisotopes have several applications, such as in nuclear medicine and the oil and gas industry [1]. The
demand for radioisotopes is the highest in nuclear medicine, since worldwide every year around 30-50 mil-
lion patients are diagnosed using radionuclides or treated with radionuclides, in over 10,000 hospitals [2].
A promising group of radionuclides are the radiolanthanides, the lanthanides are a group of elements with
their atomic number from 57-71 [3]. Since the lanthanides have very similar chemical properties [4], this
could lead to a group of radionuclides with different half-lives and decay energies, from which can be chosen
depending on the treatment [5]. Many radiolanthanides are produced in nuclear reactors, via a (n,y) reaction
[6]. When the production is done via a (n,y) reaction, the target material and the produced radionuclide are
of the same element. In this thesis, the target material is defined as the stable nuclide that is labeled with a
chelator and irradiated. The produced radionuclide is the product of the (n,y) reaction of the target material.
Since the target material and the produced radionuclide are of the same element, it is nearly impossible to
have a separation between the irradiated target and the produced radionuclide, since they are chemically
identical [7]. This results in a low specific activity (SA), the activity divided by the sum of the mass of all the
isotopes of the element in question that are present in the solution. The low specific activity is a problem for
certain treatments [8]. Therefore, alternative production routes are investigated which could lead to a higher
specific activity [9].

In this thesis, a method is investigated to increase the specific activity of radionuclides, that are produced
via a (n,y) reaction. The target material, a lanthanide, will be labeled with a chelator. Once the target material
is excited by a neutron, the bond between the excited nuclide and the chelator will be broken, due to the
Szilard-Chalmers effect [10]. As a result of this, it is possible to separate the produced radionuclide from the
target material, because the target material is still coupled to a chelator and hence, chemically different from
the produced radionuclide. This separation will happen during the irradiation, in order to reduce relabeling
of the radionuclide with the chelator. Furthermore, the y-radiation, that comes from the reactor core, affects
the stability of the lanthanide-chelator complex. This can result in radiolysis [11], a ruptured bond between
the target material and the chelator. This will lower the specific activity, because the target material is chemi-
cally the same and cannot be separated from the produced radionuclide. because of this, the radiolysis has to
be minimized. In order to have continuous activation, continuous extraction and minimization of the effect
of radiolysis, the production method will be loop-based. This loop will be placed close to the reactor core.

The use of the Szilard-Chalmers effect, for the production of high specific activity radionuclides that are
produced via a (n,y) reaction, shows to be promising, based on some research that has already been done.
This research has been done for: %Mo [12, 13], '%Ho [14-16], ®Re and '®Re [17].

The aim of this thesis is to investigate the feasibility of achieving a higher specific activity, for radionu-
clides that are produced via (n,y) reactions. In this thesis the elements holmium (Ho) and lutetium (Lu)
are used. Holmium was selected, because some promising research has already been done on producing
holmium with a higher specific activity, when using the Szilard-Chalmers effect [14-16] . Lutetium was cho-
sen, because it has a high cross section, which enhances the chance of excitation via a (n,y) reaction. The
investigation of the feasibility of a loop-based production, for higher specific activity radionuclides, will be
done by looking at different requirements for the loop. The requirements include: to be able to label the
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target material with a chelator, to determine the stability of this lanthanide-chelator complex and to deter-
mine how the extraction of the produced radionuclide can be done. These requirements have an effect on
the achievable specific activity when using this loop-based production. Once it is known if labeling and ex-
traction are possible and how stable the complex is, this can be used to determine the possible achievable
specific activity for the produced radionuclide in the loop. These different requirements of the production
loop are investigated by answering the following research questions:

1. Which lanthanide-chelator complexes can be used in the loop-based production?

2. What are the effects of temperature and gamma radiation on the stability of various lanthanide-chelator
complexes?

3. Which extraction method can be used for instant separation of the produced radionuclide from the
target material?

4. When taking into account the aspects above, what is the possible achievable specific activity when
using this loop-based production?

In Chapter 2 the theoretical background on which this thesis is based is given. The used methods and
materials for the experiments are described in Chapter 3, as well as the reasoning behind the programming
script to determine the achievable specific activity. The results of the experiments and the calculations are
given and discussed in Chapter 4. In Chapter 5 the conclusion is given by answering the research questions.
Also recommendations for further research are given in this chapter. In Appendix A some additional figures
are given of the fitted radiolysis functions and the calculated specific activities and in Appendix B the Python
code for the specific activity calculations is given.



Theoretical Background

In this chapter the relevant theoretical background for this thesis is given. While the focus is on two elements,
holmium and lutetium, the concepts in this chapter can also be applied to other elements.

2.1. Radionuclides in medical applications

There are two main applications for radionuclides in medical applications, namely imaging and treatment
[18]. Single photon emission computed tomography (SPECT) is one of the main imaging techniques, using
y-ray emitting radionuclides such as "™ Tc [19]. Another imaging technique is positron emission tomography
(PET), using positron emitters such as '®F [20]. The imaging techniques can for example be used for diagnosis
of malignancies [21]. Some other examples of the use of radionuclides in medical applications are given in
Figure 2.1. These radionuclides emit a-, -particles or auger electrons that damage the DNA of the tumor
which can result in apoptosis [22].

Bone-seeking
agents

Intratumoral
cancer treatment

Skin patches \ / ': a8 -@"gf@f-: . -'-.".:..‘.'
166 3
Ho

Brachytherapy

/ Targeted Radiosynoviorthesis
therapies

s = e ® SIRT ~4& J

Antibody  Tumor cell ¥, |

|
receptor - %

Figure 2.1: Different medical applications for the radionuclide '6Ho, with the Y and g indicating emissions. The -emission is used for
treatment and y-emission can be used for real-time imaging [23].
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An important aspect of cancer treatment is to reduce the damage to the healthy tissue. An option to ef-
fectively target the tumor cell is targeted radionuclide therapy (TRT) [24]. In TRT the radionuclide is bound
to a targeting vector, which interacts with the tumor [25]. In Figure 2.2 a schematic representation of TRT is
given. The B-radiation of 7“Lu is used for the treatment, /“Lu also emits y-radiation which can be used for
real-time imaging during the treatment [26]. A limiting factor in TRT is the amount of available target recep-
tors on the tumor [27]. Therefore it is favorable to have 100% isotopic abundance of the needed radionuclide
injected, i.e. then every target receptor is optimally used for the treatment. The specific activity is the activ-
ity divided by the sum of the masses of all isotopes of the element in question present in the injection [28].
Meaning, if there is less contamination of other isotopes in the solution, this results in a higher specific activ-
ity. This makes the achievable specific activity one of the characteristics on which the radionuclide is chosen
for TRT. Some of the other factors are: the physical half-life, decay products, decay energy and potential of
fast attachment to the targeting vector [25].

Radio- ] Radionuclide + Gon ’

. )
h ad\. ’—
pharmaceutical Targeting vector —» "(‘_,
Target
receptors
| Tumor treatment

radlatlon

-JUJJ,

o)

Figure 2.2: A schematic overview of targeted radionuclide therapy [25].

2.2. Decay schemes

The decay energy and decay products of a certain isotope can be obtained from the decay scheme, often also
the half-life is given. For each decay route the yield is given. The decay schemes of '%Ho and "7 Lu are shown
in Figures 2.3a and 2.3b, respectively. Both isotopes emit 8- particles and y-rays during decay, making real
time imaging during treatment possible. The y-emission, given by the vertical arrows, can be detected using
a gamma detector. $-emission is indicated by the sloping arrows.

166 7Ly
(Qﬂ =0.4971 MeV)
(Qg= 1.853 MeV) T,=6.716
Other energy

levels 0.32132
80.578 keV 0.11295

9.7 %
$8.8% 0.24967

156Er \

“7Hf 0
(a) The decay scheme of 1660 to the stable 166 Er based on [29, 30] (b) The decay scheme of 17714 to the stable 177 Hf [26].

Figure 2.3: The decay schemes of 16Ho and 177Lu are given, indicating both the emission of §-particles and y-rays.
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2.3. Production routes

Radionuclides can either be produced in a nuclear reactor or in an accelerator. Accelerator produced ra-
dionuclides can be made in a linear accelerator or by bombarding the nuclide with a beam, coming from a
cyclotron [31]. The benefit of using a cyclotron is that the produced isotope is, in general, another chemical el-
ement than the isotopes in the target material. This makes them suitable for chemical or physical separation,
which then results in a higher specific activity [32]. In a reactor, neutrons are used to create radionuclides,
the following reactions occur in a reactor [33]:

1. Neutron radiative capture (n,y)
2. Neutron capture followed by particle emission (n, p), (n, @), (n,n’)
3. Fission (n,f)

The current production routes of '6Ho and '"Lu are shown in Figures 2.4a and 2.4b, respectively. For
both radionuclides a direct and an indirect production route exists [23, 34].

176 ©.n
Yb 177
c=2.85b Yb
Indirect route
() Decay
(1) 165Hg 166H o 166 Tip=19h [P decay
i o= 1.85; 1,77 MeV (48.8; 48.9%)
1= 81 keV (B.6%)
T,z = 26.8 hours
177
(2) 1540 () 165D {ny) 135D Lu
y e y —_— y (Product)
= 2660 barns @ = 3600 bams
Decay g = 400; 81 kel (97%; <d%
= 82 KeV (14%)
Tyg= &1.6 hours
166Ho IT(21.7% 1774 ¢
Decay /. = 185 1.77 MeV (48,5, 49.9%)
y =81 keV (6.6%)
T.z® 26.8 hours
166E ¢ 177m[_y
Stable non radioactive (Impuril\')

(a) The current direct (1) and indirect (2) production routes of 16611, the

decay to the stable 166Er js also given [23]. (b) The current indirect and direct production routes of 177 Lu [34].

Figure 2.4: The current direct and indirect production routes of '66Ho and 177 Lu.

The chance of interaction between the neutron and the target material is given by the cross section o [b],
with [b] indicating the unit barn, which is 10724 cm? [33]. The cross section depends on the energy of the
incoming neutron. The cross section is higher for neutrons with a lower energy [35]. For the production of
medical radionuclides with a (n, y) reaction the lower energy neutrons, the thermal neutrons and epithermal
neutrons, are therefore of importance [36]. The chance of interaction between the target material and the
thermal neutron is given by o [b] and the chance of interaction between the epithermal neutron and the
target material is given by Ij [b], the resonance integral [36]. Both o and Ij are used in the calculation of the
reaction rate, see equation 2.3.

When activated by a (n,y) reaction, the only difference between the targeted nuclide and the produced
nuclide is the mass of one neutron. This results in chemically very similar characteristics, which makes sep-
aration challenging [15]. After irradiation the solution contains not only the produced radionuclide, but also
the target material, resulting in a low specific activity. A possibility for making radionuclides with a high
specific activity via a (n,y) reaction is investigated in this thesis. The production method is based on the
Szilard-Chalmers effect.
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2.4. Szilard-Chalmers effect

The Szilard-Chalmers effect is the mechanism on which the new production route is based. The Szilard-
Chalmers effect was discovered in 1934 by L. Szilard and T.A. Chalmers. They discovered that after neutron
irradiation of ethyl iodide, an iodine radioisotope could be isolated [10]. This was possible, because after
the neutron is captured in the compound, the excess energy is released by emission of a prompt gamma.
In this process, recoil energy is emitted, depending on the mass of the radioisotope and the energy of the
prompt gamma [12]. When there is a high enough recoil energy, the bond between the target complex and
the radioisotope is broken [15]. The radioisotope is emitted in the opposite direction of the prompt gamma,
because of conservation of momentum [37]. After the recoil, the radioisotope is in a different chemical state
than the target complex. This enables the extraction of the radioisotope and producing a radionuclide with a
high specific activity [38].

In order to achieve a high specific activity with the Szilard-Chalmers effect a few conditions have to be
satisfied [39]:

1. The bond between the chelator and the produced radionuclide must be broken

2. The produced radionuclide must not recombine with the chelator, which would lead to relabeling
3. The produced radionuclide must not interchange with other inactive atoms

4. It must be possible to separate the produced radionuclide

The, to be investigated, idea is to label the targeting nuclide to a chelator, this compound will be irradiated
in the reactor. After the Szilard-Chalmers effect the produced radionuclide will be separated from the chela-
tor, enabling the chemical separation between the targeting nuclide and the produced radionuclide, since
the targeting nuclide is still bound to the chelator. A schematic overview of this process is given in Figure 2.5,
with lutetium labeled with DOTA (LuDOTA) as the lanthanide-chelator complex.

g O
OY\ D 176Lu ::\']—-'-O E— ?f.\..rtl::leu*""'\i
O\\ HN\/go \ _/
o N
b OW
Y )

Figure 2.5: A schematic overview of the Szilard-Chalmers effect for 176 LuDOTA resulting in activated and from DOTA separated 177 Lu
due to the energy from the prompt gamma.
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2.5. Chelators

Chelators are complexes which can be used to bind to a nuclide. The stability of the chelators depends on
whether it is a cyclic or a linear chelator [40]. The stability is given by the stability constant Kz, which is
described by equation 2.1 [8], it determines how likely it is that a compound will degrade.

[ML]

forML=M+L 2.1)
[M][L]

ML =

With ML being the concentration of the metal complex, M the concentration of the metal ion and L
the concentration of the polydentate chelator. Cyclic chelators are more stable than linear chelators, which
makes them more favourable [40]. In this project, a water soluble chelator is needed, since the solvent in
the loop will be water based. The solvent will be water based, because of safety regulations. Possible water
soluble chelators are: 1,4,8,11-tetra-azacyclotetradecaan (cyclam), 1,4,7,10-Tetraazacyclododecane-1,4,7,10-
tetraacetic acid (DOTA), diethylenetriaminepentaacetic acid (DTPA), ethylenedinitrilotetraacetic acid (EDTA)
and nitrilotriacetic acid (NTA) [7, 41, 42]. Furthermore, the chelator should not label with the isotope too fast,
because this would lead to relabeling before separation is possible. The complex should also remain stable
under higher temperatures and gamma radiation. Based on the stability EDTA, DTPA and DOTA are the
most promising with the following stability constants for: holmium labeled with EDTA (HOEDTA) KioepTA =
18.05, holmium labeled with DTPA (HoDTPA) Kyoprpa = 22.78 and holmium labeled with DOTA (HoDOTA)
Kuopora = 24.5 [43, 44]. The chemical structure of EDTA, DTPA and DOTA are shown in Figures 2.6a, 2.6b and
2.6c respectively.

HOOC—, /—\ ,—COOH

N N
COOH
e [ j
N N

HOOC—, ,— , COOH HOOC—, ,— | — ,—COOH ]
N N N N N HooC—" ./ “—COOH
’ %
_ L i N
HOOC COOH HoOC—/ " COOH
EDTA DTPA DOTA
(a) The chemical structure of EDTA. (b) The chemical structure of DTPA. (c) The chemical structure of DOTA.

Figure 2.6: An overview of the chemical structure of the chelators EDTA, DTPA and DOTA [45].

2.6. Neutron spectrum

The hot atom production loop will be placed inside the DLDR tube of the Higher Education Reactor (Hoger
Onderwijs Reactor or HOR) of the Delft University of Technology. Therefore, for the calculations in this thesis,
the neutron flux in the DLDR tube has to be known. The neutron flux in the DLDR tube has been obtained
using MCNP 6.1 simulation software [46]. The relative neutron flux as a function of the distance from the
middle of the tube is given in Figure 2.7. To obtain the neutron flux [s~'cm™2] the relative neutron flux is
multiplied with 1.5*10'7 s~'cm™2.

The loop is for the purposes of this thesis assumed to be a square with a maximum size of 15x15 cm,
since the diameter of the DLDR tube is 15 cm [46]. Because of this, the neutron flux is approximated to be
a constant inside the loop. This results in the following fluxes, see Table 2.1. The thermal flux range is up to
0.55 eV, this is the cadmium cut-off energy [36].

Table 2.1: The neutrons fluxes in the DLDR tube of the HOR at the TU Delft [46].

Type of neutrons flux [s~Tcm 2]

Thermal neutrons [0 €V - 0.55 eV] 4.25 % 102

Epithermal neutrons [0.55 eV - 100 keV] | 6.69 x 10!

Fast neutrons [100 keV - 20 MeV] 5.30 % 1011

Neutrons at 1 eV 1.56 % 1010
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Figure 2.7: The relative neutron flux as a function of the distance from the middle of the tube. To obtain the neutron flux [s~!cm™]

multiply the relative neutron flux with 1.51017 s7le¢m=2 [46].
The effect of the neutrons is given by the activation rate R4 [s~'], which is given by equation 2.2 [36].
(e 9] (e 9)
RAzf (D(v)a(v)dvzf ®(E)o(E)dE (2.2)
0 0

With @ [s"'cm™2] the neutron flux and o [b] the capture cross section. The integral can be divided into
integrals over the thermal, epithermal and fast neutrons. This derivation is done by Blaauw et al. [36], by
ending with the Hogdahl convention, this results in the following reaction rate.

Ra=09Dy + (D, (2.3)

Here o [b] is the thermal capture cross section at 0.025 eV, @, [s"'em™2] the thermal flux, Iy [b] the
resonance integral and @, [s"lcm™2] the epithermal flux at 1 eV. The values for gy and Iy can be found in
tables and literature, such as the literature by De Corte [47]. The values for '®*Ho and !7Lu are given in Table
2.2.

Table 2.2: The thermal cross section o [b] and resonance integral I [b] values for 165H0 and 176Lu [47).

oo [b] | Ip [b]
165Ho 58 632
764 | 2065 | 1087

2.7. The Hot Atom Loop

In this section an overview is given of the loop-based production method, which can increase the specific
activity of radionuclides produced via a (n,y) reaction. A schematic overview of the loop is given in Figure 2.8.
In this schematic overview, lutetium is the addressed element and DOTA the used chelator. The lanthanide-
chelator complex goes into the loop, which is placed close to the reactor core. The neutrons from the reactor
core initiate the Szilard-Chalmers effect, resulting in a bond rupture between the excited isotope, the pro-
duced radionuclide, and the chelator. Then the produced radionuclide (i.e. 7714) is separated from the
lanthanide-chelator complexes. The produced radionuclide can be extracted from the loop. Because of the
loop system, this activation and extraction is a continuous process. The fast extraction is needed to have a
low possibility of relabeling, which would result in "’ LuDOTA. If the isotope relabels with the chelator, ex-
traction is not possible anymore. Besides the neutrons, also y-radiation comes from the reactor core. This
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y-radiation can lead to a bond rupture between the target material (i.e. 1’°Lu) and the chelator, this is called
radiolysis. Due to radiolysis the specific activity will be lower, because the target material will be extracted
with the produced radionuclide.

As can be seen in Figure 2.8, it is possible to close the small loop, that is close to the reactor core. Because
of this, it is also possible to have multiple rounds of irradiation before the extraction takes place. It will be
investigated whether, it is beneficial to have multiple rounds of irradiation before extraction takes place. This
will depend on how fast the produced radionuclide relabels and what the effect of the radiolysis is. For correct
functioning of the loop, the following requirements have to be investigated:

1. Labeling
2. Stability

(a) Time and temperature

(b) Gamma radiation
3. Szilard-Chalmers reaction
4. Extraction

These requirements are further explained in the subsections 2.7.1-2.7.4. Except for the Szilard-Chalmers ef-
fect, the requirements will be experimentally investigated. The experimental investigation of the Szilard-
Chalmers effect was not possible, because the HOR was not operating at the time of this thesis. The results
from these experiments can be used to determine the theoretical specific activity that can be achieved in the
loop.

Core

Szilard-
Chalmers
ny reaction

TSLUDOTA TS uDOTA
177Lu
DOTA
Extraction
76LuDOTA 177,
DOTA tu
Input
complex:
s LuDOTA

Figure 2.8: A schematic overview of the hot atom loop. The blue background indicates the swimming pool around the reactor core. Grey
was chosen as background colour for better contrast.



10 2. Theoretical Background

The loop is called 'The Hot Atom Loop’, because hot atoms are formed during the (n,y) reaction. Hot
atoms are atoms "in an excited energy state or having kinetic energy above the ambient thermal level, usually
as a result of nuclear processes” [48].

2.7.1. Labeling

The target nuclide and the chelator have to be labeled. Usually this is done at higher temperatures, e.g. the
protocol for labeling LuDOTA is 30 minutes at 90°C [25], for labeling lutetium with EDTA (LuEDTA) the proto-
colis 15 minutes at 45°C [49] and for labeling lutetium with DTPA (LuDTPA) the protocol is 15 minutes at 90°C
[50]. An optimum has to be found to label all the nuclides with the least amount of chelators. Aiming for an
ideal ratio of element:chelator of 1:1, because then there are less chelators that could lead to relabeling. Due
to the heat coming from the reactor core, the temperature inside the loop will likely be 40°C. Therefore, label-
ing should not happen too fast at 40°C, because fast labeling at 40 °C, can lead to fast relabeling. As a result
of this, the unchelated produced radionuclide (i.e. ”"Lu) could label again with DOTA, before the extraction
takes place. Once it has relabeled it is not possible anymore to extract the produced radionuclide.

2.7.2. Stability

After labeling, the target material goes into the loop. The temperature in the loop is likely 40°C, therefore
the stability of the complex has to be known at this temperature. Another factor affecting the stability is the
Y-radiation from the reactor core. This radiation can break the bonds between the chelator and the target
material or between different parts of the chelator [14]. To see if parts of the bonds between different parts
of the chelator are broken, proton nuclear magnetic resonance (NMR) experiments can be done. For more
information about NMR see Clayden et al. [51].

If due to the y-radiation the target material is released from the chelator, this will lower the maximum
achievable specific activity. The SA will be lower, because it is not possible to extract the unchelated activated
radionuclide from the unchelated target material. This is because, both nuclides are of the same element and
therefore chemical separation is nearly impossible. The gamma dose rate coming from the reactor core is
265 kGy/h [13]. An option to lower the amount of y-radiation is by shielding the loop, this has been studied
for the HOR in the flexible irradiation facility (Flexibele Bestralings Faciliteit or FlexBeFa), the lead shielding
from the FlexBeFa results in a gamma dose rate which is 6.3 times lower with the same neutron flux [52].

2.7.3. Szilard-Chalmers effect

The theory behind the Szilard-Chalmers effect has already been explained in section 2.4. The neutron in-
teraction needed for Szilard-Chalmers has been explained in section 2.6. Due to the Szilard-Chalmers effect
there will be unchelated radionuclides (i.e. 17“Lu) and DOTA in the loop. The radionuclides are extracted in
the extraction step. The unlabeled DOTA remains in the loop. The amount of unlabeled DOTA will be deter-
mined, to determine whether it is necessary to have an extra step in the loop for relabeling this DOTA. If there
is an excess of free DOTA, this increases the chance of relabeling. This can be prevented by adding an extra
step, after the extraction, where the free DOTA is labeled with new target material.

2.7.4. Extraction

An extraction method is liquid-liquid extraction, enabling a constant production process. Another extraction
method is ion exchange extraction, which can be done using Dowex resins [25]. A cation exchange resin
can be used to adsorb the cations (i.e. 1’Lu®"), where the anions (i.e. '"SLuDOTA~ [53]) remain in the liquid
phase [54]. When washing the resins with a high molarity of hydrochloric acid (HCI), '”“Lu3* will be adsorbed
in the HCl and can be eluted [55]. Depending on the effects of the gamma radiation and the relabeling, the
extraction can be done after a certain amount of irradiation rounds or after each round. The batches that are
extracted during the irradiation will be collected on the column with the resins.

2.8. Specific activity calculations
The radioactivity gives the amount of decayed radionuclides. The expressions for the activity are given by
equation 2.4 [56].

dN()
= AN(¢
dt (2) 2.4)
A(f) = A(0)e M

A =—
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Where A(t) [Bq] is the activity at time ¢. A(0) [Bq] the activity at a known moment ¢ = 0. N(¢) is the number
of unstable nuclei, ¢ [s] is the decay time and A [s~!] the decay constant . The decay constant A depends on
the half-life t% [s], the time in which the activity has become half of the original value. This relation is given

by equation 2.5.

In(2)

1= N (2.5)

t

To determine the possible achievable specific activity with the loop-based production method, the equa-

tion for the specific activity has to be known. The general equation for the specific activity is given in equation

2.6, taking into account the decay of the product during the irradiation [26]. The capture cross section is as-

sumed to follow the % law. The activation rate, Ry [s™!] is the activation rate from equation 2.3, taking into
account both the thermal and epithermal excitation.

A(t) AN() NoRa
= = = *
Mot Mot Mot

SA (1-e (2.6)
With Nj the initial target atoms, m;,; [g] the total mass of all the nuclides and ¢ [s] the irradiation time. Ny
can be calculated as given in equation 2.7.

No=Nag*xVxM=xh 2.7

With N, [atoms/mol] being Avogadro’s number, V' [L] the target volume, M [mol/L] the molarity of the target
material and /4 the isotopic abundance. The equations for the specific activity in the loop, taking into account
the Szilard-Chalmers effect are based on the equations from Zhernosekov et al. [14]. The specific activity
when taking into account the Szilard-Chalmers effect is given in equation 2.8.

(2.8)

Here mgx [g] is the mass specific for this situation, which is explained further in equation 2.10. Ny is
the number of uncomplexed activated radionuclides (i.e. 166110), the produced radionuclides. N, can be
calculated with the formula for N, in the paper from Zhernosekov et al. this is given in equation 2.9.

RyaNo(1-F) _
Ny = Nic = ————-e Aty 2.9)

F is the fraction of produced radionuclides retained in the complex (i.e. '®HoDOTA). Equation 2.10
expresses the division of the mass and which fraction is needed for the specific activity calculation.

Miogr =M1+ My +ms+my

(2.10)
msa=my+ms=(fi + fsz) * Moy

The masses with different subscripts are: m; [g] is the separated target material (i.e. 1650) due to radiol-
ysis, m; [g] is the target material retained on the complex (i.e. ' HoDOTA), ms [g] is the recoiled produced
radionuclide (i.e. '%Ho), due to the Szilard-Chalmers effect and m4 [g] is the relabeled produced radionuclide
(i.e. 1% HODOTA). mg, exists only of the masses of the radiolysed target material and the recoiled produced
radionuclide, since it is assumed that total separation of the complexed and not complexed isotope is possi-
ble. f; gives the fraction of radiolysed target material and fs the fraction of recoiled produced radionuclides
due to the Szilard-Chalmers effect. A final equation for the specific activity, when taking into account the
Szilard-Chalmers effect is given in equation 2.11.

(@0Do + Ip®e) No(1 - F)(1 — e~)
SAsz =
(fr ""fSZ) * Miot

(2.11)
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2.9. Instant thin layer chromatography

Instant thin layer chromatography (iTLC) is a separation method, using a strip (the stationary phase) and a
liquid (the mobile phase). iTLC can be used to determine the radiochemical purity of a sample, the amount
of the sample in the desired radiolabeled form. Usually the stationary phase is a strip of silica gel or polysilicic
acid [57]. A drop of the sample, containing a radioactive tracer (i.e. 1"/ Lu), is applied to the strip after which
the strip is placed in the developing chamber, which contains a small layer of the mobile phase. The mobile
phase will go up the strip, due to capillary forces. The compounds having more affinity with the stationary
phase will stay behind, whereas the compounds having affinity with the mobile phase will move upwards,
separating the different compounds [58]. The strip should be placed in the mobile phase in such a way that
the sample is above the mobile phase, in order to not contaminate the sample. A schematic overview of this
is given in Figure 2.9.

. | Solvent front
(sf)
@ ———fF— Origin
—f§— Mobile phase

Figure 2.9: A schematic overview of the working of iTLC strips.

It is of importance to have a clear distinction between the spots belonging to the different compounds.
The solvent front (Sf) must remain beneath the end of the strip. Once taken out, the strip must be dried, after
which the placement of the activity on the strips can be made visible using a phosphor imager. The distance
traveled by the compounds is given by the Ry value which is defined as given in equation 2.12, which is a
value between 0 and 1 [59].

R Distance between the sample and the origin 2.12)
/'~ " Distance between the Sfand the origin '

To determine the ratio of the different components, the strip can be imaged or cut, in two or more parts if
there are more than two different components and corresponding dots. The activity on the different parts of
the strips can be measured using a gamma counter.



Methods and Materials

In this chapter the methods and materials are explained. The neutron activation will be investigated com-
putationally, since the HOR was not operating during the time of this thesis. More iTLC-based separation
methods have been investigated than the method described in this chapter. Those protocols are not de-
scribed here, because the protocols did not give a consistent separation. The ratios of the nuclide compared
to the chelator in the samples is given by (nuclide:chelator) in front of the sample.

3.1. Materials

MilliQ water (MQ), EDTA, DTPA and TLC silica gel strips 60 F254 from Merck (Darmstadt, Germany). DOTA
was purchased from Chematech (Dijon, France). Sodium acetate anhydrous >99%, holmium(III) chloride
hexahydrate, sodium hydroxide, deuterium oxide 99.9%, Dowex 50WX8 50-100 mesh hydrogen form resins
and ammonium acetate (NH4Ac) from Sigma Aldrich (Zwijndrecht, The Netherlands). Acetonitrile chroma-
solv for HPLC far UV, acetone, methanol and acetic acid from Honeywell (Seelze, Germany), ammonium
hydroxide solution and sodium chloride from J.T. Baker (Roskilde, Denmark). HCI 30%, PS semi-micro cu-
vettes 340-900 nm, 2 mL sample vials and 20 mL sample vials from VWR International BV (Amsterdam, the
Netherlands) and lutetium(III) chloride hexahydrate from ABCR (Karlsruhe, Germany). The iTLC silica gel
impregnated strips were purchased from Agilent Technologies (Amstelveen, the Netherlands) and " Lu was
received from the Erasmus Medical Centre (Rotterdam, the Netherlands), in HCI pH 2 solution. 50 mL plastic
tubes and 1.5 mL Eppendorf vials were purchased from Sarstedt (Niimbrecht, Germany). 4 mL sample vials
from Roth (Karlsruhe, Germany) and NMR tubes from Norell (Saint-Aubin, France).

The following equipment was used: A thermoshaker from Labnet International, Inc (Edison, USA). A
Packard cyclone storage phosphor system and a Wallac Wizard 2 3" Automatic Gamma Counter, for which
a lutetium specific protocol was made, from Perkin Elmer (Rotterdam, The Netherlands). An UV-6300PC
Double Beam spectrophotometer from VWR International bv (Amsterdam, the Netherlands). A princeton
gamma tech model LG22 germanium detector from EG&G ORTEC (Meerbusch, Germany). A 744 pH Meter
from Metrohm (Barendrecht, the Netherlands) and PEHANON pH paper, numbers 904 : 11, 13, 15, 16, 17, 20
and 21 from Machery-Nagel (Diiren, Germany). Freezdrier EZ-DRy from KINETICS (Bangkok, Thailand), a
400-MR DD2 NMR spectrometer from Agilent Technologies (Amstelveen, the Netherlands) and a GC220 60Co
gamma source with a dose rate of 0.59 kGy/h.

13
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3.2. Labeling holmium

The following protocol was used to determine the labeling of holmium with the chelators. In the protocol
the parameter C was used for DOTA, DTPA and EDTA. The buffer was a 1 M sodium acetate acetic acid pH
4.3 buffer. The following samples were made: a holmium sample (1 mL 10 mM Ho and 1 mL buffer), the
chelator samples (1 mL C and 1 mL buffer), the samples containing holmium and the chelator (1:10000)Ho:C
(0.5 mL 10 mM C, 0.5 mL 1 uM Ho and 1 mL buffer) and (1:1)Ho:C (0.5 mL 10 mM C, 0.5 mL 1 mM Ho
and 1 mL buffer). The HoODOTA and HoDTPA samples were stirred at 300 rounds per minute (rpm) for 15
minutes at 90°C in the thermoshaker. HoOEDTA samples were stirred at 300 rpm for 15 minutes at 45°C in
the thermoshaker. The samples were placed in a cuvette for the measurement with the spectrophotometer.
Furthermore, two cuvettes were filled with 2 mL MQ. First a background measurement was done with the two
MQ samples. Then the other samples were measured, with a MQ sample as reference.

3.3. Labeling lutetium

3.3.1.iTLC

To determine the labeling of lutetium, first the mobile phase and stationary phase for the iTLC were deter-
mined. The mobile phase was 5% acetonitrile and the stationary phase was an iTLC silica gel strip. Two
samples were used to determine whether the separation was possible, one with only Lu (120 uL buffer, 25 uL
1 mM LuzCl and 2 uL '77Lu (20 kBq)) and the other with (1:10000)LuDOTA (120 uL buffer, 25 uL 1 uM LuzCl,
25 pL 10 mM DOTA and 2 pL "7Lu (20 kBq)). An excess of DOTA was added, to be sure, that all the lutetium
will be labeled. The labeling was done by stirring (1:10000)LuDOTA at 300 rpm for 15 minutes at 90°C in the
thermoshaker. Radioactive !“/Lu was used as a tracer, which was visualised with the phosphor imager.

To determine the labeling percentage iTLC was used. The iTLC strips were cut in pieces of 15 cm x 0.8 cm.
For the mobile phase 5% acetonitrile was used. 5 uL of the sample was applied 2 cm from the bottom and
placed in the developing chamber for 9 minutes. After this the strip was dried by air for 30 minutes and then
packed in duct-tape to prevent radioactive contamination. The spotting and developing of the samples are
shown in Figures 3.1a and 3.1b.

(a) The setup to apply the sample on the iTLC strip. (b) The chambers to develop the iTLC strip.

Figure 3.1: The setup to measure the labeling percentage by using iTLC.

After this the development on the iTLC strip was either made visible using the phosphor imager or the
activity was measured using the Wallac gamma counter. To use the phosphor imager, first the phosphor plate
was cleaned by exposure to the lamp for 30 minutes. Then the plate was exposed to the radioactive iTLC strip
for 15 minutes. For this the plate was placed inside the cassette, together with the iTLC strips, to prevent
contamination from light. After this an image was created using the phosphor imager. This setup is shown in
Figure 3.2.
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_7 Black Box et

Phosphor Imager

Lamp

Phosphor Plate
Phosphor Cassette

Figure 3.2: The phosphor imager setup. Showing the lamp to clean the phosphor plate, the phosphor plate itself, the phosphor cassette,
the black box and the phosphor imager to create the image.

To determine the labeling percentage the strip was cut at 11 cm from the bottom, resulting in two separate
parts. These parts are placed in different counting vials. Those vials were measured using the Wallac gamma
detector, this is illustrated in Figures 3.3a and 3.3b. The labeling percentage can be determined with equation
3.1

LuDOTA = —2above 150, (3.1)
Aabove + Abelow

LuDOTA [%] gives the labeling percentage, Aapove [Bq] the activity on the upper part of the iTLC strip and
Apelow [Bq] the activity on the lower part of the iTLC strip.

(a) The cut iTLC strips in different counting vials. (b) The Wallac gamma detector.

Figure 3.3: The setup to measure the activity on the top and the bottom of the iTLC strip with the Wallac gamma detector.

3.3.2. Temperature and ratio

The labeling efficiency was determined for different temperatures and for different ratios of Lu : DOTA. So-
lutions of different concentrations of LuzCl and DOTA were made, being: 1, 2, 3 and 10 mM. The samples
contained 120 uL buffer, 25 uL. X mM LusCl, 25 yL Y mM DOTA and 2 pL '"“Lu (20 kBq), the X and Y in-
dicating the variable concentrations. To determine the labeling of the isotope with the chelator at a certain
temperature, the thermoshaker was set to a that temperature for 15 minutes and 300 rpm. The temperatures
that were measured are: 20°C, 30°C, 40°C, 50°C, 60°C, 70°C, 80°C and 90°C.
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3.3.3. Solvent

The time dependence of the labeling at 40°C, was determined by making (1:1)LuDOTA (120 uL buffer, 25 pL
1 mM LuzCl, 25 uL. 1 mM DOTA and 2 pL '"7Lu (20 kBq)). The thermoshaker was set on 40°C for 15 minutes
at 300 rpm. The labeling percentage was determined after 1, 3, 5, 10 and 15 minutes.

3.4. Stability lutetium

3.4.1. Time and temperature

(1:1)LuDOTA (100 kBq) was placed in the thermoshaker at 40°C. The labeling percentage was measured after
0.5, 1, 2, 4, 24, 72, 168 and 504 hours. The percentage of complexed versus uncomplexed lutetium was de-
termined by measuring the iTLC strips with the Wallac. The same experiment was done, with the samples at
room temperature (RT), 20°C, to determine the effect of time on the stability. The samples at RT were not in a
thermoshaker.

3.4.2. Gamma radiation iTLC

Radioactive (1:1)LuDOTA samples were made by adding 25 L 10 mM DOTA, 25 pyL. 10 mM Lu and 120 pL
buffer and 2 uL of 7"Lu (300 kBq) as a tracer. The samples were left at 90°C for 15 minutes for the labeling.
The percentage of complexed versus uncomplexed lutetium of the samples was determined, by measuring
the iTLC strips with the Wallac. After this the samples were placed inside the %°Co source, to be irradiated.
The samples were measured after 0, 68, 163 and 330 h. For each time the percentage of complexed versus
uncomplexed lutetium was measured again to determine the effect of the gamma radiation.

3.4.3. Gamma radiation NMR

The non radioactive (1:1)LuDOTA samples were made by adding 250 uL 10 mM DOTA, 250 uL 10 mM Lu
and 1 mL buffer. The samples were left at 90°C for 15 minutes at 300 rpm for the labeling. One sample was
placed inside the °Co source, to be irradiated with 298.5 kGy. The other sample, the reference sample, which
was left under the same conditions, except for the gamma radiation. Also reference samples containing only
Lu, DOTA and the sodium acetate acetic acid buffer were made. The samples were freeze dried overnight at
-50°C, see Figure 3.4a. After the liquid had evaporated, the samples were put in the NMR tubes and dissolved
using 330 uL D, O, see Figure 3.4b. The samples were measured with H-NMR at 399.7 MHz.

(a) Samples inside the freeze drier. (b) The samples in the NMR tubes, dissolved in Do O

Figure 3.4: Preparation of the NMR samples. First the samples were freeze dried, then the samples were put in the NMR tubes and
dissolved in D 0.
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3.5. Extraction lutetium

First the pH dependence of the attachment of free lutetium and LuDOTA to the resins was determined. For
this the procedure was the same for all the different pH values, only varying the pH of the HCI solution,
therefore pH X will be used in the protocol as a parameter. 15 mg of the Dowex resins was placed in an
Eppendorf vial. The resins were activated by washing with 200 uL MQ for 5 minutes at 20°C and 1000 rpm, in
the thermoshaker. Then washed with 200 uL pH X also 5 minutes at 20°C and 1000 rpm. 550 uL pH X HCI
solution, 120 L pH 4.3 HCl solution, 25 uL. 1 mM LusCl and 5 pL '7“Lu (20 kBq) were added to the resin and
stirred for 10 minutes 5 minutes at 20°C and 1000 rpm in the thermoshaker. After which 600 uL was pipetted
in an Eppendorf, Eppendorf 1 in Figure 3.5. The resins with 100 pL of the solution remained in the other
Eppendorf vial, Eppendorf 2, as shown in Figure 3.5. The activity of both Eppendorf vials was measured with
the Wallac gamma detector. The activity on the resins and the activity in the liquid phase was determined
with the following equations 3.2. The visual explanation of A;, A, A3, V1 and V5 is given in Figure 3.5.

V2
Az = A1 * 7
1
3.2
Aliq =A1+ A 3.2
Ares = A3 - AZ

To validate the extraction method, partly labeled lutetium is extracted. This is determined by the extrac-
tion of (3:1)LuDOTA with the Dowex resins, the resins were washed with 200 L MQ, 5 minutes at 20°C and
1000 rpm and the same procedure with 200 uL 10~> M HCl solution. Then the (3:1)LuDOTA (120 uL pH 4.3
HCl solution, 25 uL.3 mM LusCl, 25 uL. 1 mM DOTA, 5 uL 7" Lu) was labeled by stirring at 300 rpm for 15 min-
utes at 90°C. 525 uL 107> M HCl solution was added to the Eppendorf vial together with the (3:1)LuDOTA, the
total volume being 700 pL. The solution was mixed for 20 minutes at 20°C and 1000 rpm. After which 600 yL
was pipetted in an Eppendorf vial, Eppendorf 1. The resins with 100 uL of the solution remained in the other
Eppendorf vial, Eppendorf 2. The activity was measured with the Wallac gamma detector. The 100 pL was
pipetted out of the Eppendorf vial containing the resins, 700 uL 4 M HCl solution was added. The Eppendorf
vial was again mixed for 20 minutes at 20°C and 1000 rpm after this 600 uL was placed in a new Eppendorf
vial 1. The activity in both Eppendorf vials was measured again. For the activity on the resins and in the liquid
phase, equation 3.2 can be used. If the liquid contained 1 M HCI or a higher amount of HCI, the vials were
measured using the germanium detector, since this was not allowed with the Wallac gamma detector.

Figure 3.5: The separated liquid phase (left) and the resin phase (right).
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3.6. Theoretical specific activity

The effect of the Szilard-Chalmers reaction and the Szilard-Chalmers reaction with loop-based production,
was modeled using a Python script. The setup for the simulation is given in the block scheme in Figure 3.6.
The input variables are the volume, the total irradiation time, tj;;, the number of rounds before extraction, Re,
and the constants, such as the half-life and the neutron flux.

Input:
Volume
tirr
Re
Constants
tmax = tround*Re
l st_batch = st[Re]*frelabeling
Msa patch = Msa_patch[Re ]
ND —_— mSA_act_bitch = mSA_act_batch[Re]
:‘tot Nbatch= t =
max
sz
Mgy st_bulk[O] =0
Mep et mSA_act_bqu[O] =0
= Msa_puil0] =0

Foriin Range(Ny,-1)

R _ o —At
st_bulk[|+1] - st_bulk [I]*e + st_batch
11— S, —AL
mSA_act_bqu[|+1] - mSA_act_bqulll*e + lNﬂSA_act_batch
Mo puklit1] = Moa punclil + Mo patch

: _ }LNSZ bulk[i+1]
SAoud1+1] ) Mgp ace pukli+ 1 +Msa pyli+1]

- l

SA SAIoop = SAbulk *fextraction

Figure 3.6: A block scheme of the used Python script.

With the input variables the number of target nuclides, Ny, the mass of the target material, m, the
irradiation time of one batch, t;,x and the number of activated and recoiled radionuclides, N, are calculated.
Ng, is calculated using equation 2.11. Also the mass of the radiolysed target material, mgy and the mass
of the recoiled activated radionuclides, mgp _4¢¢ are calculated, these are fraction of the m¢q;. From this the
activity, Ao, and the specific activity, SA, are calculated as a function of the irradiation time. Furthermore,
the calculations for in between extraction are done. To determine the effect of in between extraction, Ng,
mgp and mgp_,c¢ are determined for one batch. The batches indicate the extraction during irradiation. Based
on these extractions the bulk can be determined, this is what remains on the column, where the batches are
collected in the case of ion exchange extraction. The decay of the previous batches is accounted for in the
calculation of the bulk, also in the mgp 4¢t, because the decay products can be chemically separated. The
extraction of the batches is repeated for the total amount of batches, Npa¢ch, which depends on the total
irradiation time and the irradiation time of one batch. SAyk is the specific activity on the column. The part
of the activated isotope that cannot be eluted, fexraction, is accounted for in the calculation of the final specific
activity, SAjoop-



Results and Discussion

In this chapter the results of the experiments are shown and discussed. The error bars were calculated using
the standard deviation, based on at least three measurements. Some error bars are too small to be visible
in the figure. The results are given in the same order as the methods were explained. First the results of
the experimental data for the requirements of the loop are given and discussed. This data is used in the
calculations of the possible specific actitivity.

4.1. Labeling holmium
Holmium-chelator complexes were measured with a spectrophotometer, the chelators being DOTA, DTPA
and EDTA. This was done to determine whether it was possible to measure these complexes with a spec-
trophotometer. For each different chelator a measurement has been done for a (1:10000) Ho:chelator com-
plex and a (1:1) Ho:chelator complex. The (1:10000) Ho:chelator complex should represent 100% labeling,
since there is an excess amount of chelator present. In order to be able to conclude something about the
labeling, the Ho:chelator complexes should give a deviating peak, a peak at a different wavelength, than the
peaks from holmium or the chelator. This peak then corresponds with the holmium-chelator complex.

The results of the labeling experiments of holmium with the chelators are given, HoODOTA in Figure 4.1a,
HoDTPA in Figure 4.1b and HoEDTA in Figure 4.1c. The results have been obtained by subtracting the back-
ground measurement, of MQ with MQ.
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(a) The absorbance spectrum of 10 mM Ho, 10 mM DOTA, (1:10000)HoDOTA complex and (1:1)HoDOTA complex.
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(b) The absorbance spectrum of 10 mM Ho, 10 mM DTPA, (1:10000)HoDTPA complex and (1:1)HoDTPA complex.
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(c) The absorbance spectrum of 10 mM Ho, 10 mM EDTA, (1:10000)HoEDTA complex and (1:1)HoEDTA complex.

Figure 4.1: The absorbance results of the measurements with the spectrophotometer.

As can be seen in Figures 4.1a-4.1c, in each of the measurements there was an absorbance spectrum
present for the 10 mM Ho sample, while none of the chelators show an absorbance spectrum. The (1:1)
Ho:chelator complexes do show an absorbance spectrum. This spectrum shows absorbance peaks at the
same wavelength as the holmium sample. The holmium peaks were expected to be at: 345, 361, 385, 416,
451, 485, 536 and 640 nm, with the peaks at 345 and 385 nm being low compared to the other peaks [60].
These wavelengths correspond with the wavelengths that were obtained during the measurements with the
spectrophotometer. For the chelators no absorbance spectra were found in the literate. For DTPA it was even
found in the literature that it would not show an absorbance spectrum [61]. The (1:10000)complexes do not
show an absorbance spectrum. There are also no peaks visible that corresponds to the peaks of holmium, this
could be because the concentration of holmium is too low to be measured [62]. Since there are no deviating
peaks in the (1:10000)complexes, there is no peak that corresponds to 100% labeling. For the (1:1) complexes
there was also not a deviating peak that could be used as an indicator for the labeling. Therefore, it was not a
feasible method to use to determine the labeling of the complex.

Because it is not possible to draw conclusions about the labeling when using the spectrophotometer and
there was no radioactive holmium available, the rest of the experiments were performed using lutetium.
Lutetium is a promising element, because of its high cross section. Since a radioactive tracer was available
for lutetium it was possible to do iTLC experiments instead of experiments with the spectrophotometer.
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4.2. Labeling lutetium
4.2.1.iTLC

To determine the labeling efficiency of LuDOTA, iTLC was used. In Figure 4.2 a clear separation between free
lutetium and LuDOTA can be seen. The experiments have been done in triplicate to be sure that a consistent
separation is possible. iTLC silica gel strips were used for the stationary phase and 5% acetonitrile as the
mobile phase, as described in the literature [25].
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Figure 4.2: The visualisation of the separation of free lutetium and LuDOTA using iTLC.

As can be seen in Figure 4.2 LuDOTA goes up with the mobile phase and free lutetium stays at the origin,
the sample in the middle shows the separation of a (3:1) LuDOTA sample, meaning 1/3 is LuDOTA and 2/3 is
free Lu. By measuring the percentage of the activity that stayed at the origin (free Lu) and the percentage that
went up with the mobile phase (LuDOTA), the labeling percentage can be determined.

More mobile phases and stationary phases were tested, to determine if a separation between free lutetium
and the lutetium-chelator complex was possible. An overview of these experiments is given in Table 4.1, these
mobile phase and stationary phase combinations did not give a separation between free Lu and the complex.
The reference on which the separation method was based is also given.

Table 4.1: An overview of mobile phases and stationary phases that did not give a (reproducible) separation. iTLC/TLC means both
stationary phases were tried.

Complex Stationary Phase Mobile Phase Reference

LuEDTA iTLC/TLC silica gel saline solution (0.9% NacCl) [49]

LuDTPA iTLC/TLC silica gel ammonium hydroxide : methanol | [50]
: water (1:20:20)

LuDTPA iTLC silica gel saline [63]

LuDOTA iTLC/TLC silica gel ammonium hydroxide : methanol | [50]
. water (1:20:20)

LuDOTA iTLC/TLC silica gel 10% ammonium acetate : | [64]
methanol (1:1)

LuDOTA iTLC/TLC silica gel saline solution (0.9% NacCl) [65]

LuDOTA iTLC silica gel EDTA-NH4Ac [66]




22 4. Results and Discussion

The separation of LuDTPA and Lu with ammonium hydroxide : methanol : water (1:20:20) and TLC strips
was performed as was described in the literature [50]. The other separation were based on the literature,
however, in the literature a different separation was done. Saline was chosen based on the iTLC separations
of three researches: the separation of Lu and Lu-DOTA coupled to an antibody [49], the separation of Tc and
Tc-DOTA coupled to a nanocolloid [65] and the separation of Tc and Tc-DTPA [63]. The mobile phase 10%
ammonium acetate : methanol (1:1) was based on the separation of Lu-[bis- (phosphonomethyl)) carbamoyl]
methyl-7,10-bis(carboxymethyl)-1,4,7,10-tetraazacyclododec-1-yl)acetic acid (BPAMD) and Lu with iTLC as
stationary phase [64]. The mobile phase EDTA-NH4Ac with iTLC was based on the separation of '''InDTPA
[66]. That the combinations of mobile phases and stationary phases did not give a separation for Lu and
LuDOTA, is probably because the methods were described for different complexes and especially for different
chelators. However, for LuDTPA with ammonium hydroxide : methanol : water (1:20:20) and TLC the complex
was the same, therefore, it is unclear why a reproducible separation was not possible. An explanation could
be that the TLC strips were not treated exactly the same for each measurement. Because, for separation with
iTLC, it is important that all strips are treated in the same way. Same size, same time in the development
chamber, same mobile phase and the sample should not touch the mobile phase [59].

4.2.2,. Temperature and ratio

The labeling efficiency was determined for different temperatures and ratios of lutetium with DOTA. The
labeling was performed for the temperatures ranging from 20°C to 90°C. The results for 20°C and 30°C are
given in Figure 4.3a. The results for 40°C - 90°C are given in Figure 4.3b.
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(a) The labeling percentage between lutetium and DOTA as a function of the (b) The labeling percentage between lutetium and DOTA as a function of the
ratio at 20°C and 30°C. ratio and the temperature range 40°C to 90°C, respectively from left to right.

Figure 4.3: The labeling percentage between lutetium and DOTA as a function of the ratio and the temperature.

From the Figures 4.3a and 4.3b it can be concluded that (1:1)LuDOTA labeling is possible, when labeling
is done from 40°C up to 90°C. Smaller ratios were used for the higher labeling temperatures, because smaller
ratios are preferred. The smaller ratios are preferred, because if a labeling of (1:1)LuDOTA is possible there
is the least amount of necessary DOTA in the loop, resulting in less DOTA to with which the free lutetium
can relabel. This means that labeling with a (1:1) ratio would be optimal. From literature it was found, that
the labeling would be better at higher temperatures, since in literature a labeling temperature of 90°C is used
[25, 49, 50, 64]. As can be seen in Figure 4.3b this is actually not necessary, depending on the ratio of Lu:DOTA,
100% labeling can already be achieved at 40°C.

The labeling in Figure 4.3a at Lu:DOTA ratios of (1:5) and (1:10) were unexpectedly low. A higher labeling
percentage would be expected for labeling experiments containing an excess of DOTA, since this increases the
number of labeling sites, and thus the chance for lutetium to bind to the chelator. This could indicate that
the process is unstable at room temperature. At 30°C the result is as expected, a higher labeling percentage
when a higher amount of DOTA is present. In Figure 4.3b the experimental results obtained for the (3:1)
ratio at 40°C is deviating from the other results, this could be a coincidence since the experiment has been
done only once. It has been chosen to do the experiments only once, since the goal was to see a trend in the
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labeling. Furthermore, the amount of tracer can be neglected in determining the ratio, since in general the
stock solution of !”“Lu was around 240 MBq in 20 uL, from which a dilution was made of approximately 20
kBq/pL. This results in a molarity in the order of 1072° mol/L. This is negligible when using samples in the
order of mmol/L. Based on the results above and the literature [25] it was determined to use the protocol of
15 minutes at 90°C and 300 rpm in the thermoshaker for labeling (1:1)LuDOTA.

4.2.3. Solvent

The labeling percentage for (1:1)LuDOTA as a function of the time at 40°C was determined. This was done
to determine how fast relabeling will happen in the loop, since it will likely be 40°C inside the loop. The
labeling was determined for three different solutions, in which the samples were prepared, being a pH 4.3 HCI
solution, MQ and a 1 M sodium acetate acetic acid pH 4.3 buffer. The percentage of labeling was determined
after 1, 3, 5, 10 and 15 minutes, see Figure 4.4.
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Figure 4.4: The percentage of labeling as a function of the time for different solutions.

Alonger labeling time also gives an increase in labeling, the best environment for the labeling of LuDOTA
is the 1 M sodium acetate acetic acid buffer pH 4.3. The labeling is also possible in a pH 4.3 HCI solution
and even possible when the sample is prepared only in MQ. The high labeling affinity at 40°C in MQ was not
expected based on the literature [25], since there it was expressed that the labeling is pH dependent. It is
beneficial that labeling is possible in the pH 4.3 HCI solution and MQ. Because, if either of those solutions
could be used, there is less material in the solution in the loop, which would result in less radioactive by-
products. By-products from the sodium acetate acetic acid buffer can be 2#Na, with a half-life of 15 hours, a
cross section of o = 5.3*107° b and a resonance integral of Iy = 3.1¥107° b [47, 67]. Another by-product is *C,
with a half-life of 5730 hours, a cross section of o = 1.4*10™ b and a resonance integral of I, = 2.02*10~" b
[47, 68]. These cross section are low compared to the cross sections of holmium and lutetium, meaning that
the chance that these by-products are produced is low. However, if it is not necessary, it is best to produce as
little by-products as possible, especially if the by-product has a long half-life.

The results clearly show that the labeling is possible, even when MQ is used, the small error bars indicate
a stable process. In Figure 4.4 it can be seen that at one minute already 20% of the LuDOTA is labeled when
dissolved in MQ or pH 4.3 HCl and around 45% of the LuDOTA is labeled when it is dissolved in the buffer.
This indicates that the labeling happens fast and this has to be taken into account in the calculations of
the achievable SA in the loop, since it leads to relabeling. Two values have been determined for frelabeling,
which can be used in the calculations. The first value is for extraction after one round. One round in the
loop takes 23 seconds, however the extraction takes place earlier than this, since it is part of the loop. This
indicates that when extraction is done after each round, the extraction happens within a few seconds after
the breaking of the LuDOTA complex. Based on Figure 4.4 it is assumed that there will not be instantaneously
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relabeling, so for extraction after 1 round, frelabeling = 0, indicating no relabeling. For irradiation of > 100
rounds, it is estimated that around 80% has relabeled, meaning frelapeling = 0.8. This is an estimation, because
the experiment was not performed for this long, therefore, the largest value from the experiment has been
taken. This is a rough estimate, also because the situation is not the same in the experiment as it will be in the
loop. In the loop the solution will flow, whereas during the experiment the solution was kept in an Eppendorf
vial.

4.3. Stability lutetium

4.3.1. Time and temperature

The effect of time and temperature on the stability of the LuDOTA complex was investigated. This was done to
determine whether the complex is stable at room temperature (RT) and at 40°C, likely the temperature inside
the loop. In Figure 4.5 the stability is given as a function of time [h] for RT and 40°C. The measurements were
done after 0.5, 1, 2, 4, 24, 72, 168 and 504 hours.
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Figure 4.5: The stability measurement of LuDOTA at RT and 40°C.

Note that the y-axis goes from 95% to 102%, having a stability which is higher than 100% is not possible,
however this interval on the y-axis has been chosen to have the full representation of the data, including the
larger error bar that goes above 100%. Figure 4.5 shows that the complex is very stable both at RT as at 40°C
for up to 504 hours (3 weeks). This was expected, based on the literature, because in the literature LuDOTA
was measured to be a stable complex at 25°C and 37 °C [69]. The temperature of the samples during the
measurements at 40°C was very stable since the whole sample was inside the thermoshaker. The RT was
monitored during the experiment and was continuously at 20°C.

4.3.2. Gamma radiation iTLC

In Figure 4.6 the stability is given as a function of the dose [kGy]. The stability can be measured by measuring
the ratio of complexed lutetium versus free lutetium. In Figure 4.6 it is shown that bond rupture between
lutetium and DOTA has happened as a result of the gamma radiation. Because the samples were in the %°Co
source for 2 weeks, decay of the tracer has to be taken into account. Therefore, the !”"Lu that was added as
the tracer, had an activity of 300 kBq, to enable the detection with the gamma detector after the 2 weeks.



4.3. Stability lutetium 25

100 A

80

Stability [%]
3
>

e

B
[=]

20

0 50 100 150 200 250
Dose [kGy]

Figure 4.6: The effect of the gamma dose [kGy] on the stability of the LuDOTA sample.

The stability as a function of the dose, can be converted to the stability as a function of time in the DLDR
tube or in the DLDR tube with the FlexBeFa shielding. The lead shielding from the FlexBeFa gives a different
neutron flux and gamma dose rate. The shielding, as in the FlexBeFa, gives a factor 6.3 lower gamma dose
rate, when assuming the same neutron flux [52]. The dose rate coming from the reactor core is 265 kGy/h
[13], with the shielding this would result in a dose rate of 42 kGy/h. Based on this, the effect of the dose in the
80Co source can be converted to a time in the DLDR tube, with or without shielding. A best fit has been made,
by interpolating the data points, for the stability as a function of time. This was done for the DLDR tube, both
with and without shielding. The fits can be used in the calculation of the radiolysis. The best fits for the DLDR
tube and the DLDR tube with FlexBeFa shielding are given in equation 4.1.

f=-3.246%1"%971101.3

@.1
frtexBera = —1.584 % 193474 1+ 100.6

The f gives a percentage and t [h] is the time. A figure of the fit with the data points is given in Figure A.1 for
the DLDR tube and in Figure A.2 in appendix A. It must be noted that the fitted equations are such that at t=0
the fit does not correspond to 100% stability. The fitted functions give f =101.3% and f=100.6%, respectively,
for t=0, which is not possible. Since one of the experimental data points corresponds with stability = 100%
at t=0, this shows that the fitted functions have an uncertainty. However, the fitted function were still used
to determine the corresponding equations to calculate the fraction of radiolysis, fradiolysis- These are given in
equation 4.2.

fradiolysis = (100 — (—3.246 * 1"%%97 +101.3))/100

(4.2)
fradiolysisFlexBeFa = (100 — (=1.584 * 3474 +-100.6))/100

The fradiolysis is the fraction of radiolysis. For t=0 the fraction of radiolysis should be 0, because this corre-
sponds with the measurement of 100% stability at t=0. However, because of the uncertainty in both of the
fitted functions, the fraction of radiolysis becomes negative for small values of #. The function for fragiolysis
gives negative values for the first 244 seconds. The function for fragiolysisFlexBera gives negative values for the
first 221 seconds. This corresponds to approximately 4 minutes, on a time-scale of hours. Because the fraction
of radiolysis has to be zero at t=0, there are two options of adapting the fitted functions, which is necessary
since negative numbers are not possible. The first option is to force the fagiolysis to start at 0 for t=0, this is
done by a shift over the y-axis, by changing 101.3 and 100.6, respectively, to 100. In Figure 4.7 the fraction of
radiolysis is given when this forced start at 0 is applied. A magnification of the lines for the first minutes is
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also given. The new equations are given by equation 4.3. The other option is to assign fradiolysis=0 when the
value is negative. This is shown in Figure 4.8 and the equations are given in equation 4.4.

[ Stadiolysis = (100 — (—3.246 * 1*%%97 + 100.0))/100

4.3)
[ StadiolysisFlexBera = (100 — (—1.584 % %3474 +100.0)) /100
Cradiolvsis = (100 — (=3.246 * %3397 £ 101.3))/100
Y
if fradiolysis <0:f Cradiolysis = 0 (4.4)

[ CradiolysisFlexBeFa = (100 — (=1.584 * t***™ 1+ 100.6))/100

if f CradiolysisFlexBeFa < 0 f CradiolysisFlexBeFa = 0
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Figure 4.7: The fraction of radiolysis for the fits that has been shifted over the y-axis, f'Sradiolysis a1d f SradiolysisFlexBeFa-
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Since the shielding of the FlexBeFa corresponds to a lower dose rate, the fraction of radiolysis, at a certain
time, is expected to be lower than without the shielding. This corresponds with the results in Figures 4.7
and 4.8. In general there is a decrease in stability as a result of the gamma dose from the %°Co source. This
decrease in stability was expected, because this has also been reported in the literature [14]. Furthermore,
the reference samples, which were under the same conditions except for the gamma radiation, did not show
a decrease in stability, therefore, this decrease is indeed due to the gamma radiation.

A fit for the stability as a function of time is given for both the DLDR tube and the DLDR tube with FlexBeFa
shielding. This was done to give an indication of the stability under gamma radiation. The gamma radiation
in the %°Co source is not the same as in the DLDR tube, which is close to the reactor core. The energy of the
gamma radiation is different in the two situations [30]. Furthermore, the fitted functions, with and without
shielding, have a large uncertainty for short irradiation times (approximately 4 minutes). This is because for
short irradiation time, the function has either been shifted or cut-off, to prevent negative values. Probably,
neither of the fitted functions gives the correct situation, since for example, having no radiolysis is unlikely.
However, given the data that is available, these fits were made as closest available approximations, to be able
to determine the effect of radiolysis. Because of the uncertainty for short irradiation time, both options for the
fitted functions will be tested in the model, meaning f syagiolysis and f Cradiolysis Will be used to simulate the ra-
diolysis fraction in the DLDR tube and f SadiolysisFlexBeFa @Nd [ CradiolysisFlexBera Will be used for the simulation
in the DLDR tube with shielding.

4.3.3. Gamma radiation NMR

The effect of the gamma radiation on the structure of the sample was measured with NMR. This measure-
ment was done for samples without a radioactive tracer. These samples were measured to determine if bond
rupture in the DOTA complex would happen, because of the gamma radiation. Furthermore, the reference
sample, DOTA dissolved in D»O and the sodium acetate acetic acid buffer have been measured. The NMR
spectra are given in figure 4.9.
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Figure 4.9: The results of the NMR measurements for the buffer, DOTA, LuDOTA as a reference and LuDOTA having been irradiated in a
60Co source with 298.5 kGy.
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The peaks of the sodium acetate acetic acid buffer are slightly shifted compared to the peaks of the other
samples. This can be, because the measurement was not done on the same day. However it can be concluded
that the peaks correspond to the same H-atoms as in the other samples, since the peaks are given in regions,
corresponding to certain bonds [70]. The peak at 0 ppm belongs to the TMS [70, 71], this peak is missing for
the sodium acetate acetic acid buffer, since D,OTMS was not added to this sample. This made the calibration
also more difficult. The broad peak around 2 ppm belongs to the sodium acetate acetic acid buffer. The peak
of sodium acetate is at 1.92 ppm [72] and the peak of acetic acid at 2.09 ppm [73]. This can be checked since
the buffer was not present in the DOTA sample and in that sample the peak is not visible. The peaks between
3.0 ppm and 4.0 correspond to DOTA [74, 75] and 4.8 ppm corresponds to D, 0 [75].

When looking at the sample that has been irradiated in the 60Co source, the 'LuDOTA in buffer Co-60’
sample, in Figure 4.9, the peaks at 3.6 ppm and 4.0 ppm are the peaks corresponding to DOTA, indicating that
some LuDOTA bonds have been broken. This was also confirmed by the results in Figure 4.6. The peak at 2.4
ppm could indicate that the gamma radiation affected the buffer, resulting in a disconnected CHj3 part of the
buffer [70]. This disconnected part cannot correspond to DOTA, since the intensity of the peak at 2.4 ppm is
higher than the intensity of the peaks corresponding to DOTA, meaning there is not enough DOTA present to
have this many disconnected parts. At 3.2 ppm and 4.4 ppm there are small peaks, which are not present in
the LuDOTA reference sample, these could indicate broken CH; parts of DOTA or these peaks indicate noise.
The peaks are difficult to see and therefore an enlarged image can be found in Figure 4.10, with the arrows
indicating the peaks. In general based on these results, if the structure of DOTA is affected by the gamma
radiation, then only a small fraction of the DOTA is affected, which indicates that DOTA seems to be stable
under the gamma radiation.

Figure 4.10: The zoomed in part of the NMR spectrum of the LuDOTA sample from the 89 Co source and the reference sample.
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4.4, Extraction lutetium

To see if separation between free lutetium and LuDOTA is possible, a proof of concept for ion-exchange was
done. For this proof of concept the binding of the free lutetium and LuDOTA with the resins was determined.
The binding with the resins depends on the acidity of the wash. The binding is expressed as the percentage
of the activity that binds to the resin and is plotted as a function of the molarity of HCI, in Figure 4.11.
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Figure 4.11: The percentage of the activity attached to the resin, showing the binding with resins of LuDOTA and free Lu depending on
the amount of HCl in the wash. Going from a higher molarity to a lower molarity of HCL.

Figure 4.11 shows that for a more acidic environment the binding of lutetium with the resins is lower. This
is in line with the literature [55]. LuDOTA barely shows any binding with the resins, meaning it remains in the
liquid phase. This is because, LuDOTA is an anion and the used resins are cation exchange resins [53, 54]. For
107% M HCI (pH 5) 100% lutetium and almost 0% LuDOTA remains on the resins. Hence, washing with a 107>
M HCl solution results in a complete separation between lutetium and LuDOTA. The lutetium remains on the
resins, whereas the LuDOTA remains in the liquid phase. After this the resins can be washed with a higher
molarity HCI solution, to wash the lutetium of the resins, into another liquid phase. This solution contains
only the activated lutetium, which can be used for treatment. According to Figure 4.11, 4 M HCI can be used
for eluting the lutetium from the resins, because lutetium shows the lowest affinity with the resins at 4 M HCI.
The experiments for LuDOTA with a wash of more than 1 M HCI have not been performed since the current
graph, in Figure 4.11, already gives all the information needed.

To verify whether a separation is indeed possible, an extraction experiment has been done. For this exper-
iment a sample was used with 40% LuDOTA and 60% free lutetium, as was determined with iTLC. After the
first wash, approximately 60% of the activity (i.e. the free !”"Lu) should remain on the resin. After the second
wash almost 0% of the activity should remain on the resin, since the free lutetium should be eluted. The first
wash was performed with a 10~2 M HCI solution. The second wash was done with a 4 M HCI solution, the
results of this extraction are given in Figure 4.12.
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Figure 4.12: The activity on the resin, the expected result and the actual result after washing. To determine the fraction of free lutetium
that was extracted.

Figure 4.12 shows the expected and the actual result. The result after the wash with the 107> M HCI so-
lution is inside the expected range. The second wash shows that more activity remained on the resins than
was expected, so less free lutetium was eluted. Based on the results in Figure 4.11, only a few percent of the
lutetium should be retained on the resins. This makes it unclear why there is more lutetium on the resins
than was expected. It could be that the liquid phase was not homogeneous.

However, in general the results show that a separation between lutetium and LuDOTA is possible using
these resins. In the current setup it results in the extraction of 84% of the lutetium. This can be used in the
calculation for the specific activity as fextraction = 0.84.

For the extraction experiments that were done, it was assumed that the liquid phase is homogeneous,
so it can be assumed that the liquid that remained in the Eppendorf vial with the resins contains the same
concentration of Lu and LuDOTA. This is needed to calculate the actual activity on the resins and in the liquid
phase. The experiments have been done using Eppendorf vials, the extraction has not been done using a
column. Therefore, these experiments were proof of concept experiments. The proof of concept experiments
show that separation of free Lu and LuDOTA using ion exchange columns is feasible. The exchange with the
resins will probably be different when are used, since there is more reaction surface but less reaction time.
Therefore, the velocity of the solution and the length of the column have to be optimized.

The measurements of the very acidic samples (= 1 M HCIl) were done with a germanium detector. Since
only the measurements of the two Eppendorf vials that originated from the same sample are quantitatively
compared, those measurements always have to be done with the same detector. For the different samples it
is not of importance if they are measured with the same detector since only percentages are compared.
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4.5. Theoretical specific activity

The above results for relabeling, radiolysis and extraction, in combination with the constant for F from Zh-
ernosekov et al. [14] have been used to determine the theoretically possible specific activity. The specific
activity has been calculated for both holmium and lutetium in the DLDR tube and for the DLDR with the lead
shielding from the FlexBeFa. The shielding from the FlexBeFa results in a factor 6.3 lower gamma dose rate,
when assuming the same neutron flux.

For all the calculations the following parameters have been the same: V =0.5L, v = 0.025 m/s, M = 10
mmol/L, F = 0.132, fextraction = 0.84. For extraction after 1 round, frelabeling = 1 and for extraction after > 100
rounds, frelabeling = 0.2. For both the holmium and lutetium complex it has been experimentally tested that
10 mmol/L can be dissolved in MQ. For fragiolysis the fitted functions from equations 4.3 and 4.4 have been
used.

4.5.1. Holmium

For holmium an irradiation time of #;; = 240 hours has been used. The input material is "> HoDOTA. The

natural abundance of '®°Ho & = 1 with the molar mass M = 164.93 g/mol. The half-life of '®Ho is 1 =26.4 h
2

[30]. The thermal cross section is o = 58 * 10724 cm? and the resonance integral is Iy = 632 * 1072% cm? [47).

For these experiments it has been used that extraction of 166 gy jg possible [76], this is the decay product of

166Ho. In Figure 4.13 the activity [GBq], when taking into account the Szilard-Chalmers effect, is shown.
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Figure 4.13: The activity as a function of the irradiation time when taking into account the Szilard-Chalmers effect, the maximum activity
is A =636 GBq.

The maximum activity is A = 636 GBq. The activity stabilizes to this value because of the equilibrium that
is reached between decay and activation [26]. The results for the specific activity, when using the properties
of the loop are given. In Figure 4.14 the result is given, when the shifted equations for fragiolysis, are used.
These equations were given in equation 4.3.
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Figure 4.14: The specific activity as a function of the time. Given for the calculation with the loop and SZ effect, with only the SZ effect
and with the SZ effect and the loop properties. The shifted radiolysis fit was used.

The red line gives the SA without the SZ effect and the loop system. The green dash-dot line and the blue
dotted line give the SA when using the SZ effect without in between extraction, for with and without shielding,
respectively. The in between extraction is indicated by the cyan diamond and the black x, for with and with-
out shielding, respectively. These data points give the specific activity of the 'bulk’. The bulk contains all the
batches that have been extracted up to that point. The in between extraction in the loop is, each time, done
at the maximum possible specific activity. This maximum is only reached after a certain amount of time,
because the amount of radiolysed target material is dominant over the amount of recoiled radionuclides.
Therefore, new recoiled radionuclides increase the activity, however their mass is negligible. This results in
an increase of specific activity. The SA starts to decrease again, due to an increase of radiolysis.

In this situation it is more beneficial to use the SZ effect and extract after the total irradiation time, than
having in between extraction. This is because, if a batch is extracted it is collected in the 'bulk’ (on the col-
umn), this batch that is extracted contains both '5Ho and '®Ho. The '%°Ho in the ’bulk’ decays, which
lowers the activity. The mass in the 'bulk’ also decreases, because the decay product, '*6Er, does not have to
be taken into account because separation is possible. However, the '®*Ho remains in the 'bulk’. If a new batch
is added, which has again the maximum possible specific activity, the total specific activity becomes lower.
This is because the new specific activity in the 'bulk’ is a combination of the specific activity that was already
in the "bulk’ and the specific activity of the new batch. Since the specific activity in the 'bulk’ was lower due
to decay, the total new specific activity is lower than the maximum SA.

The result when using the cut-off equations, equation 4.4, is given in Figure 4.15. The result is only given
for a short irradiation time, to give an overview of the process. The result for the irradiation time of t=240
hours is given in Figure A.3 in appendix A. The red line for 'Without loop and SZ effect’ is the same as in
Figure 4.14, it only appears to be zero because of the scale of the y-axis.
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Figure 4.15: The specific activity as a function of the time, only given for a short radiation time. Given for the calculation with the loop
and SZ effect, with only the SZ effect and with the SZ effect and the loop properties. The cut-off radiolysis fit was used.

Since the fradiolysis = 0 for short irradiation time, the maximum specific activity is immediately reached.
If extraction is done after each round, a batch with this maximum specific activity is added to the 'bulk’ (the
column) each round. The '®®Ho collected in the "bulk’ will decay, however the mass of the decay product
does not have to be taken into account, because separation of '%Er is possible. This results in a constant
specific activity in the 'bulk’. The fast decrease of specific activity, for the green dashed dotted line and the
blue dotted line that correspond to not having in between extraction, correspond to the point where fragiolysis
is not 0 anymore. This shows the large influence of the radiolysis on the achievable specific activity. The
line that corresponds to 'without shielding’ starts to decrease later than the line that corresponds to 'with
shielding’ this is because, the fitted function that corresponds to 'without shielding’ gives negative values up
to t=244 seconds, whereas the fit for 'with shielding’ gives negative values up to t=221 seconds. This also
shows the large uncertainty in the fitted functions, because the radiolysis should be less when shielding is
applied and now the effect is less when there is no shielding.

An overview of the possible specific activities when making use of the Szilard Chalmers effect is given in

Table 4.2. The SA is given for when the properties of the loop are used, with the corresponding parameters of
the loop and also for the Szilard-Chalmers effect without the loop properties.

Table 4.2: The calculated SA [GBq/mg] at t=240 hours, when using the SZ-affect and with SZ effect in the loop. Depending on the
parameters Re, fradiulysis' fextraction frelabeling

Re Shielding Jradiolysis Sextraction Jrelabeling Calculated Calculated
SA(t=240h) SA(t=240h)
[GBq/mg] with | [GBq/mg]
loop

11534 | Noshielding | shifted 0.84 0.8 1.62 3.26

11534 FlexBeFa shifted 0.84 0.8 3.21 6.40

1 No shielding cutyss 0.84 0 22015.01 3.48

1 FlexBeFa CUtogf 0.84 0 22015.01 6.79

For comparison the SAyjtoutsz = 0.93 GBq/mg. This means that when the shifted f spdiolysiss function
is used, with the loop an increase of SA is achieved of a factor 3.45 and without the loop a factor of 6.88.

When the cut-off radiolysis function f cragiolysisc is used an increase of SA, with the loop of a factor of 23672 is
achieved and when only using the SZ effect the increase is a factor 7.3.
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These values are an indication of what is possible when using the SZ-affect in the production loop. It must
be noted that the radiolysis for short irradiation times has a large impact on the achievable specific activity.
When there is no radiolysis, this gives an extreme value. If it is indeed possible to approach this extreme
value, '%6Ho can be produced with a SA of a factor 2000x larger than the currently produced specific activities
of 9.25-11.10 GBq/mg [77]. Furthermore, there will also be by-products created, such as 166mpy, which is a
problem because of its half-life of 1200 years. Since its cross-section and resonance integral are lower than for
166 g (0 = 3.1 % 10724 cm? and [p=13% 10724 cm?, respectively) this will only account for a small fraction of
the total produced activity. Besides, the production of 6™ Ho is also a problem with the current production
routes [23, 78]. Furthermore, for the calculations, the experimental results from this thesis of LuDOTA have
been used. Itis assumed that HODOTA will react in a similar way as lutetium, since lutetium and holmium are
both lanthanides. The lanthanides are a group which have very similar chemical properties [4], which makes
it a valid assumption.

For confirmation of the code, extreme values have been calculated and compared with literature [26].
These extreme values are given in Table 4.3.

Table 4.3: The maximum possible SA [GBq/myg], calculated, calculated with the loop properties, theoretical. Depending on the parame-
ters Re, fradiulysis' fextraction frelabeling-

Re Jradiolysis Jextraction Jrelabeling Calculated Calculated Theoretical
maximum maximum SA [GBq/mg]
SA with SZ | SA in loop
[GBg/mg] [GBq/mg]

1 0 1 0 26208.35 26208.35 26863.47

1 0 0.84 0 22015.01 22015.01 22565.31

These values show that the maximum calculated SA is not higher than the maximum theoretical SA. Fur-
thermore, the development of the mass was checked. The red dotted line gives the total mass of the target
material and the blue line the mass of the uncomplexed nuclides, this line should never cross the red dotted
line.
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Figure 4.16: The total mass of the target material and the mass of the uncomplexed nuclides.
The mass of the uncomplexed nuclides does not become higher than the total mass of the target material

and the maximum specific activity does not become higher than the theoretical maximum specific activity.
Therefore, both checks confirm the correct functioning of the code.
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4.5.2. Lutetium

For the lutetium simulations, an irradiation time of tj; = 1500 hours has been used. The input material is
LuDOTA. The natural abundance of '"%Lu is h = 0.0259, the molar mass M = 174.94 g/mol. The half-life of
7 is t; = 6.64 days [30]. The cross section is o = 2020 * 1072* cm? and the resonance integral is Iy =

1000 * 10~2* cm? [47]. For these experiments it has been used that extraction of !”"Hf is possible [79], this is

the decay product of 7"Lu. In Figure 4.17 the possible activity [GBq] when taking into account the Szilard-
Chalmers effect is shown.
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Figure 4.17: The activity as a function of the irradiation time when taking into account the Szilard-Chalmers effect, the maximum activity
is A =553 GBq.

The maximum activity is A = 553 GBq. Here the activity also reaches a maximum over time, due to decay.
Also for lutetium the two different fits for fragiolysis have been investigated. In Figure 4.18 the result is given,
when using the shifted equations for fragiolysis, @s given in equation 4.3.
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Figure 4.18: The specific activity as a function of the time. Given for the calculation with the loop and SZ effect, with only the SZ effect
and with the SZ effect and the loop properties. The shifted radiolysis fit was used.
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The red line gives the SA without the SZ effect and the loop system. The green dash-dot line and the
blue dotted line give again the SA when using the SZ effect without in between extraction. The in between
extraction is indicated by the cyan diamond and the black x. This extraction was done for batches with the
maximum specific activity. Also for lutetium the maximum is reached after a certain time, because of the
dominance of the amount of radiolysed target material in the beginning. As a result of this, the mass that

corresponds to the increase of activity, is negligible. This results in an increase of specific activity. The SA
starts to decrease again, due to an increase of radiolysis.

Also for lutetium it is more beneficial to use the SZ effect and extract after the total irradiation time, than
having in between extraction. This is because if a batch is extracted it remains in the 'bulk’ (on the column),
this batch that is extracted contains both !"Lu/'"6Lu and 7“Lu. The /"Lu in the 'bulk’ decays, which lowers
the activity in the 'bulk’. The mass of the decay product, !”“Hf, does not have to be taken into account since
separation is possible. However, the 1751 34/178 Ly remain in the 'bulk’. If a new batch is added to the 'bulk’,
which has again the maximum possible specific activity, the total specific activity is lower, because the specific
activity in the "bulk’ was lower due to decay.

The result when using the cut-off equations, equation 4.4, is given in Figure 4.19. The result is only given

for a shortirradiation time, to give an insight in the process. The result for the irradiation time of t=1500 hours
is given in Figure A.5 in appendix A.
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Figure 4.19: The specific activity as a function of the time, only given for a short radiation time. The SA is given for the calculation with
the loop and SZ effect, with only the SZ effect and with the SZ effect and the loop properties. The cut-off radiolysis fit was used.

A constant SA is reached when extraction is done after each round, because fragiolysis = 0 for short irradia-
tion time (approximately 4 minutes). Which results in a carrier-free batch of !”“Lu. The 7"Lu collected in the
’bulk’ (on the column) will decay, however the corresponding mass does not have to be taken into account,
because separation of !”"Hf is possible. This results in a constant specific activity in the 'bulk’, for which the
total activity will increase over time. Since the same fitted functions for the radiolysis have been used, the
same trend for 'with’ and 'without’ shielding is visible as was explained for the holmium experiments. Shield-
ing should result in a higher SA, however due to the large uncertainty in the fitted functions for the radiolysis,
the SA that corresponds to 'with shielding’ starts to decrease first. Furthermore, in Figure 4.19, the impact of
the radiolysis on the possible specific activity is visible. Once the radiolysis is not zero anymore, the possible

specific activity rapidly decreases, this is shown by the green dashed-dotted line and the blue dotted line, that
correspond to the SA when there is no in between extraction.
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An overview of the possible specific activities when making use of the Szilard Chalmers effect is given in
Table 4.4. The SA is given when using the loop properties, with the corresponding parameters of the loop.
The SA is also given for using only the SZ effect.

Table 4.4: The calculated SA [GBq/mg] at t=1500 hours, when using the SZ-affect and with SZ effect in the loop. Depending on the
parameters Re, fradiulysis' fextraction frelabeling~

Re Shielding Jradiolysis Sextraction Jrelabeling Calculated Calculated
SA(t=1500h) SA(t=1500h)
[GBg/mg] with | [GBq/mg]
loop

67561 | No shielding | shifted 0.84 0.8 0.70 1.32

67561 FlexBeFa shifted 0.84 0.8 1.31 2.39

1 No shielding | cutyg 0.84 0 89.90 1.45

1 FlexBeFa CUutogf 0.84 0 89.90 2.76

For comparison the specifc activity without the loop and without the SZ effect is SAyithoutsz = 0.76 GBq/mg.
This means that when the shifted f sagiolysis function is used with the loop, an increase of SA is achieved of
a factor 1.72 and without the loop a factor of 3.27. When the cut-off radiolysis function f cradiolysis is used an
increase of SA with the loop of a factor of 123 is achieved and when only using the SZ effect the increase is a
factor 3.78.

Also for lutetium, the values are an indication of what is possible when using the SZ effect in the pro-
duction loop. This is because of the large impact of the radiolysis for short irradiation times and the fitted
functions for the radiolysed fractions have a large uncertainty for the short irradiation time.

Currently, commercial available !““Lu is produced with specific activities of 500-592 GBq/mg [80, 81].
This is higher than the SA that is produced in the loop, this is because in the calculations natural occur-
ring lutetium was used and the neutron flux is, in general, higher for commercial production. To achieve
a higher SA, enriched Lu has to be used. Enriched lutetium of 84.44% 17614 is commercially available [25].
When enriched lutetium is used and the cut-off radiolysis function, a specific activity of 2927 GBq/mg can
be achieved. However, this is again only an indication, due to the uncertainty in the fitted function. Fur-
thermore, for lutetium also side products will be produced, such as '’"™Lu, but this is also already a problem
when 7"Lu is produced via the direct route [26].

Another uncertainty in the calculation is the recoiled fraction. For the calculations of lutetium the value
F =0.174 has been taken from the paper of Zhernosekov et al. [14]. This value gives the fraction of retained
radionuclides, that was experimentally determined for HODOTA. The experiments could not be repeated for
LuDOTA since, the HOR was not operating during the time span of this thesis. There was no literature avail-
able with this data for LuDOTA. Because there was no other value available, the value from the literature for
HoDOTA has been used.

A confirmation of the code was also done for lutetium, this was done by calculating the extreme values.
For lutetium the abundance of 1"®Lu was also added as an parameter. The calculated values are compared
with the maximum theoretical SA [26].

Table 4.5: The maximum possible SA [GBq/mg], calculated, calculated with the loop properties, theoretical. Depending on the parame-
ters Re, fradiolysis: fextraction: frelabeling and the abundance of 1761,

Re Jradiolysis Sextraction Jrelabeling Abundance| Calculated Calculated Theoretical
maximum maximum SA
SA with SZ | SA in loop | [GBq/mg]
[GBg/mg] [GBq/mg]

1 0 1 0 1 4104.47 4104.47 4104.47

1 0 0.84 0 1 3447.75 3447.75 3447.75

1 0 1 0 0.0259 106.31 106.31 106.31

1 0 0.84 0 0.0259 89.30 89.30 89.30
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The mass check was done again, this is shown in Figure 4.20. The blue line should not cross the red dotted
line, because the red dotted line shows the original mass of the target material.
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Figure 4.20: The total mass of the target material and the mass of the uncomplexed nuclides.

The code works correct, since the extreme values (carrier-free) correspond with the theoretical values.
Also the mass of the uncomplexed nuclides is not higher than the mass of the target material. Furthermore,
in the code an assumption that has been, is that the input material is always 0.5 L of 10 mmol HoDOTA/Lu-
DOTA. As can be seen in Figures 4.16 and 4.20, there is a significant fraction of the mass, which is unchelated.
Therefore, this assumption is only valid if after the extraction step the unlabeled DOTA is labeled again with
holmium or lutetium.

In general, high specific activities can be reached when using the Szilard-Chalmers. The effect of the
loop system, however, is highly dependant on the fradiolysis for short irradiation time. Because of the high
uncertainty in the fitted functions for the fraction of radiolysis it is not certain if higher specific activities can
actually be achieved when the loop is used.



Conclusion and Recommendations

5.1. Conclusion

It can be concluded that for lutetium, it is possible to label lutetium with DOTA, which results in a stable
complex. Important for the research is that it is possible to determine the percentage of labeling with iTLC
experiments. The complex is stable for longer periods of time, when kept at 40°C, which is important since
this will likely be the temperature in the loop. A problem that occurred is the fast labeling of lutetium with
DOTA that also happens at 40°C, which results in relabeling. The complex is affected by the gamma radiation,
this can be reduced when using the FlexBeFa shielding. The fitted functions for the radiolysis effect have a
large uncertainty for short irradiation time, because for short irradiation time the fitted functions gave nega-
tive values. To prevent negative values, which are not possible, the fitted functions were manipulated. For the
first option the function was shifted over the y-axis. For the second option the negative values were forced
to be 0. Both functions have been used in the calculations of the specific activity. DOTA itself seems to be
stable under the gamma radiation. Extraction of free lutetium from LuDOTA is possible using Dowex resins.
By washing with a 107> M HCI solution DOTA will remain in the solution and lutetium will remain on the
resins. The lutetium can be washed off the resins with a 4 M HCl solution.

To calculate the possible specific activities with the Szilard-Chalmers effect in the loop, or only the Szilard-
Chalmers effect, the experimental data for the relabeling, radiolysis and extraction were used, together with
the literature value for the fraction of recoiling [14]. This results in the following maximum possible specific
activities for holmium. For comparison, the specific activity without the Szilard-Chalmers effect and without
the loop is SAwitoutsz = 0.93 GBq/mg. When using the shifted function for the radiolysis, f Siadiolysis» the
calculated specific activities are SAyitszioop = 3-21 GBq/mg with the loop and SAy;msz = 6.40 GBq/mg without
the loop. This results in an increase of specific activity of a factor 3.45 with the loop and without the loop a
factor of 6.88. When the cut-off radiolysis function fcradiolysis is used, the calculated specific activities are
SAwithszloop = 22015 GBq/mg and SAyinsz = 6.79 GBq/mg. This results in an increase of SA with the loop of a
factor of 23672 and when only using the SZ effect the increase is a factor 7.30.

For lutetium the specific activity without the loop and without the SZ effect is SAyithoutsz = 0.76 GBq/mg.
When using the shifted function for the radiolysis, the calculated specific activities are SAwitszioop = 1.31
GBq/mg and SAyimsz = 2.39 GBq/mg. This results in an increase of specific activity of a factor 1.72 with the
loop and without the loop a factor of 3.27. When the cut-off radiolysis function is used, the calculated specific
activities are SAyithszioop = 89.9 GBq/mg, SAyimsz = 2.76 GBq/mg. This is an increase of SA with the loop of a
factor of 123 and when only using the SZ effect the increase is a factor 3.78.

This concludes that using the Szilard-Chalmers effect in the production of radionuclides that are pro-
duced via (n,y) reactions, increases the specific activity. It depends on the radiolysis for short irradiation
times, whether it is possible to increase the specific activity even further by using a loop system. Based on
the data that was available in this thesis it was not possible to determine the radiolysis for the short irradi-
ation time. To be able to determine if the loop system is beneficial, the effect of the gamma radiation, from
the reactor core, on the stability of the complex has to be precisely determined for the first few minutes of
irradiation.
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5.2. Recommendations

Itis important to precisely determine the effect of the gamma radiation, from the reactor core, on the stability
of the complex, for the first minutes of irradiation. It is also important to investigate how the effect of radiol-
ysis can be minimized, by investigating more gamma shielding options. A gamma shielding option could be
using ascorbic acid in the loop [82], however, then also the safety regulations have to be checked.

Furthermore neutron activation experiments for LuDOTA have to be done, to determine the recoiling
fraction, due to the Szilard-Chalmers effect. This parameter has for now been taken from the literature about
HoDOTA, since this was the only available data. The procedure to determine the activated and recoiled frac-
tions are described in the paper by Zhernosekov et al. [14].

The effect of the gamma radiation on the structure of DOTA should be investigated when DOTA is irra-
diated close to the reactor core. To have a better resolution for DOTA than the current NMR experiments,
the NMR experiment should be done with samples that do not contain the buffer solution. This should give
a better resolution, since in the current results the buffer has the highest intensity. The resolution will also
be better if a higher molarity of the samples is used, or a larger volume is being irradiated, since both would
increase the amount of DOTA being present in the NMR tubes.

In order to extract Lu from LuDOTA more experiments have to be done. The use of columns should be
investigated, because these can be used in the loop. The length of the column and the velocity of the liquid
through the column should be determined, for optimal extraction. In literature a-HIBA is also used to extract
isotopes from the resins, this seems promising [14] and can be investigated to determine if a better extrac-
tion is possible. However, the benefit of using the HClI solutions is that it can be easily changed into a solution
which can be used for treatment. Another option is to investigate whether liquid-liquid extraction is possible,
because this could lead to an even more continuous process.

Lastly, it is also interesting to investigate the use of other radionuclides for the loop, such as 8°Re, 138Re
and '°Dy. The investigation could first be done computationally to give an insight in the factor of increase
of the specific activity.
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Appendix

In Figure A.1 the fitted function of the stability as a function of the time in the DLDR tube is given. In Figure
A.2 the fitted function of the stability as a function of the time in the DLDR tube with the FlexBeFa shielding
is given. The data points correspond to the data points, that were measured using the °Co source.
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Figure A.1: The fitted function for the stability as a function of the time in the DLDR tube.
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Figure A.2: The fitted function for the stability as a function of the time in the DLDR tube with shielding.
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48 A. Appendix

In Figure A.3 the specific activity as a function of the time for holmium is given, for the irradiation time
of t=240 hours. For this calculation the cut-off fitted function for the radiolysis was used. In Figure A.4 the
specific activity as a function of time is given, when the mass of the decay product is taken into account. This
results in a decrease of the specific activity, due to the decay of '*Ho to '86Er. The lines for 'Without loop and
SZ effect’, "With SZ effect with shielding’ and '"With SZ effect without shielding’ appear to be zero, however,
this is only because of the scale of the y-axis.
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Figure A.3: The specific activity as a function of the time for holmium. Calculated with the cut-off fitted function for the fraction of
radiolysis.
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Figure A.4: The specific activity as a function of the time for holmium, when taking into account the mass of the decay product. Calcu-
lated with the cut-off fitted function for the fraction of radiolysis.
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In Figure A.5 for lutetium the specific activity as a function of the time is given for the irradiation time
of t=1500 hours. For this calculation the cut-off fitted function for the radiolysis was used. In Figure A.6 the
specific activity as a function of time is given, when the mass of the decay product is taken into account. This
results in a decrease of the specific activity, due to the decay of !”"Lu to 7" Hf.
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Figure A.5: The specific activity as a function of the time for lutetium. Calculated with the cut-off fitted function for the fraction of
radiolysis.
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Figure A.6: The specific activity as a function of the time for lutetium. Calculated with the cut-off fitted function for the fraction of
radiolysis.






Appendix

The code to calculate the specific activity is given below. The functions were placed in a different Python file
and imported into the main file. This results in three separate Python files: main.py, functions.py and plot-
functions.py.

The main file main.py:

import numpy as np
import plotfunction as pf
import functions as f

#Input parameters

V = 0.5 #In liters

t_irr =1500 #In hours 1500 for Lu, 240 for Ho
R_e = 1 #Number of rounds before separation

# Constants

NA = 6.022%10%x23 #Avogadros number particles/mol

phi = 4.25%10%+12 #Neutron flux from HOR in seconds

phi_e = 0.156+10+x11 #Epithermic neutron flux at 1 eV [neutrons/cm2s]

# Constants Radionuclide
matType = f.Lutetium ()

# Experimental parameters

molarity = 0.01 #Amount of mol/L Lu input

dx = 0.15%4 #Length of the irradiated part of the loop in meters

v = 0.025 #Velocity minimum in m/s

t_Round = int(dx/v) #Time of one round in seconds

t_irr_sec = t_irr=3600

Rounds_max = int(t_irr_sec/t_Round) #Number of rounds in the irradation time
t = np.linspace (0, t_irr_sec ,Rounds_max)

t_max = R_ext_Round #Time before separation

# Choose one of the f_relabeling below, depending on the extraction time
f_relabeling = 1 #For extraction after 1+t_Round
#f_relabeling = 0.2 #For extraction after >100+t_Round

# Constans from Experiments

R = 0.132 #Retention factor from Zhernosekov
f_extraction = 1-0.16 #Chemically separable nuclides
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52 B. Appendix

# Calculations Loop

N_0, mtot = f.Nin(NA, molarity,V,matType) #number of target (input) atoms

Nsz, f_recoil = f.SZ_activation (N_0, phi, t,phi_e,matType,R,Rounds_max, t_Round)
#Szilard Chalmers effect

# Choose with or without the effects of the FlexBeFa

mSA_act, mSA, f_radiolysis = f.massfraction(t, f_recoil, mtot, f_relabeling)
#camma radiation effect

mSA_act_f, mSA f, f radiolysis_f = f.massfractionFlexBeFa(t, f_recoil, mtot,
f_relabeling) #Gwmma radiation effect FlexBeFa

SA, Atot = f.Activity (matType, Nsz, mSA, f_relabeling,f_extraction, mSA_act)
#(Specific) activity due to Szilard Chalmers effect

SA_f, Atot_f = f.Activity (matType, Nsz, mSA f,f relabeling,f extraction, mSA_act_f)
#(Specific) activity due to Szilard Chalmers effect with FlexBeFa

N_batch, t_batch, Nsz_batch, mSA_batch, mSA_act_batch =
f.batch(t_irr_sec,t_max,Nsz,R_e,f_relabeling, mSA, mSA_act)
#Number of batches and Nsz per batch

N_batch_f, t_batch_f, Nsz_batch_f, mSA_batch_f, mSA_act_batch_f =
f.batch(t_irr_sec ,t_max,Nsz,R_e,f_relabeling ,mSA_f, mSA_act_f)
#Number of batches and Nsz per batch

SA_loop, SA_bulk =

f.bulk (matType, N_batch,Nsz_batch,t_max, f_extraction ,mSA_batch, mSA_act_batch)
#Calculation of the SA in the end, taking decay into account

SA_loop_f, SA_bulk_f =

f.bulk (matType, N_batch_f,Nsz_batch_f,t max, f_extraction ,mSA_batch_f, mSA_act_batch_f)
#Calculation of the SA in the end, taking decay into account

#Calculation of SA without Szilard Chalmer or the loop
t_normal = np.linspace(0,t_irr_sec,t_irr_sec)
SA_normal = f.SAnormal(matType,N_0, phi, phi_e,t normal, mtot)

#Plot functions

t_plot = np.linspace(0,t_irr ,Rounds_max-1) #x—axis for the plots
t_plot_batch = (t_batch)/3600

t_plot_normal = t_normal/3600

figl = pf.myFigure ([ 'Time_[h]’, ’'Mass_[mg]’],0,900,0,t_irr)

figl .addLine (t_plot, (mSA[1:]1+mSA_act[1:]), ’b-’, 'mSA_tot’)

figl .addLine ([0, t_irr],[mtot, mtot], ’'r—-', ’Total_mass’)

fig2 = pf.myFigure ([ 'Time_[h]’, ’Fraction_of radiolysis’],0,0.4,0,t_irr)
fig2 .addLine(t/3600, f_radiolysis, 'r—-’, ’Radiolysis’)

fig2 .addLine(t/3600, f_radiolysis_f, ’'b-’, ’'Radiolysis _with_shielding’)

fig3 = pf.myFigure ([ 'Time_[h]’, ’'Specific_Activity _[GBq/mg]’],0,110,0,t_irr)
fig3 .addLine(t_plot_normal, SA normal, ’'r-’, ’Without_loop_and_SZ effect’)
fig3 .addLine (t_plot, SA_f, ’g-.’, ’With_SZ effect_with shielding’)

fig3 .addLine (t_plot, SA, ’'b:’, ’With_SZ effect_without_shielding’)

fig3 .addLine (t_plot_batch, SA_loop_f, ’cd’, ’Extraction_after  + str(R_e) +
’_rounds_with_shielding’)

fig3 .addLine(t_plot_batch, SA_loop, 'kx’, ’Extraction_after
’_rounds_without_shielding’)

’

+ str(R_e) +



functions.py:

import numpy as np
import operator
class Material ():

def __init__ (self, x, thalf, sigma_act, h, M, 10):
self.x = x
self.labda = np.log(2)/(thalf)
self.sigma_act = sigma_act

self.h = h
selff M =M
self .10 = I0

def Lutetium ():
material = Material ( ’'Lutetium’,
6.65%24x60+60, #In seconds from 177
2020%10%x-24, #Cross section from 176 to 177
2.59/100, #abundance depends on the enrichment of 176
175, #Molar mass

1000%10%+x—24) #resonance integral epithermal neutrons
return material

def Lutetiumenriched ():
material = Material ( ’Lutetium,_enriched’,
6.65%24%x60%60, #In seconds from 177
2020%10%x—-24, #Cross section from 176 to 177
84.44/100, #abundance depends on the enrichment of 176
175, #Molar mass

1000+10++-24) #resonance integral epithermal neutrons
return material

def Holmium () :
material = Material ( "Holmium’,
26.824+60+60, #In seconds from 166
58+10+x-24, #Cross section from 165 to 166
1, #abundance depends on the enrichment of 165
164.9, #Molar mass

632x10%x—24) #resonance integral epithermal neutrons
return material

def Nin(NA, molarity,V, matType):
N = NA:*molarity*V=matType.h
mtot = Vxmolarity*matType . M=10+%3 #in mg
return N, mtot

def SZ_activation (N_O, phi,t, phi_e,matType, R, Rounds_max, t_Round):

Nsz = np.zeros ((Rounds_max))

f_recoil = np.zeros ((Rounds_max))

for i in range(Rounds_max):
Nsz[i] = (phi*matType.sigma_act+phi_e*matType.I0)*N_0%(1-R)+*
(1-np.exp(-matType.labda=t[i]))/matType.labda
#Nsz in each round
f_recoil[i] = Nsz[i]/N_O

return Nsz, f_recoil
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def

def

def

def

def

massfraction (t, f_recoil, mtot, f_relabeling):

#Shifted radiolysis function

#f_radiolysis = (100-(-3.246+((t)/3600)#%0.3397+100.0))/100
#Cut—off radiolysis function

f_radiolysis = (100-(-3.246+((t)/3600)%+0.3397+101.3))/100
condition = (f_radiolysis <0)

f_radiolysis[condition] = 0

mSA_act = (f_recoil)*mtot
mSA = (f_radiolysis*f_relabeling)+mtot

return mSA_act, mSA, f_radiolysis

massfractionFlexBeFa(t, f_recoil, mtot, f_relabeling):
#Shifted radiolysis function

f_radiolysis = (100-(-1.584%((t)/3600)%+0.3474+100.0))/100
#Cut-off radiolysis function

f_radiolysis = (100-(-1.584+*((t)/3600)%+0.3474+100.6))/100
condition = (f_radiolysis <0)

f_radiolysis[condition] = 0

mSA_act = (f_recoil)+*mtot
mSA = (f_radiolysis*0.2)+mtot

return mSA_act, mSA ,f_radiolysis

Activity (matType,Nsz,mSA, f_relabeling ,f_extraction, mSA_act):
Atot = matType.labda*Nsz[1:]*10%%-9
SA = Atot/(mSA[1:]+mSA_act[1:])=f_relabeling*f_extraction

return SA, Atot

batch(t_irr_sec ,t_max,Nsz,R_e,f_relabeling, mSA, mSA_ act):
N_batch = int(round(t_irr_sec/t_max))
t_batch = np.linspace (0,N_batch-1,N_batch)*t_max

Nsz_batch = Nsz[R_e]+f_relabeling
mSA_batch = mSA[R_e]
mSA_act_batch = mSA_act[R_e]

return N_batch, t_batch, Nsz_batch, mSA_batch, mSA_act_batch

bulk (matType, N_batch, Nsz_batch,t_max, f_extraction ,mSA_batch, mSA_act_batch):
Nsz_bulk = np.zeros ((N_batch))

mSA_bulk = np.zeros ((N_batch))

mSA_act_bulk = np.zeros ((N_batch))

SA_bulk = np.zeros ((N_batch))

for i in range(N_batch-1):
Nsz_bulk[i+1] = Nsz_batch+Nsz_bulk[i]*(np.exp(-matType.labdax*t_max))
mSA_bulk[i+1] = mSA_batch+mSA_bulk[i]
mSA_act_bulk[i+1] = mSA_act_batch+mSA_act_bulk[i]+*np.exp(-matType.labdax*t_max)

SA_bulk[i+1] = matType.labda*Nsz_bulk[i+1]/(mSA_bulk[i+1]+mSA_act_bulk[i+1])*10%%-9

SA_loop = SA_bulk+f_extraction



55

return SA_loop, SA_bulk

def SAnormal(matType,N_0, phi, phi_e,t_normal, mtot):
SA_normal = 10#*-9x(N_Ox*(phi*matType.sigma_act+phi_ex*matType.I0)
*(1-np.exp(-matType.labdax*t_normal)))/ (mtot)

return SA_normal
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plotfunctions.py

import matplotlib. pyplot as plt
from matplotlib import cm
global plt

class myFigure ():
def __init__( self, label, bottom, top, left, right ):

self.plt, self.ax = plt.subplots(1)
#self.plot = plt. figure ()
self.ax.set_ylim (bottom, top)
self.ax.set_xlim (left,right)
self.ax.tick_params (axis="both’, which="major’, labelsize=20)
self.ax.set_xlabel (str (label[0]), fontsize=20)
self.ax.set_ylabel (str(label[1]), fontsize=20)
plt.ion ()
self. plt.show ()
self.legend = False

def addLine( self, x, y, font, legend):

if font[0]=="c :
markersize = 9
else:
markersize = 7
self.ax.plot(x,y, font, label=legend, markersize=markersize, linewidth=2.5)
self.ax.legend (fontsize=15, loc=7, bbox_to_anchor=(1, 0.75))
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