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Abstract

This research aimed to develop robust and thorough chemical separation procedures to support
the development of novel diagnostic, therapeutic and/or theranostic nuclear medicine using
several terbium isotopes, *°Th, °2Tb, *Tbh and !Th. Little explored extraction
chromatography resins were investigated for the separation of these terbium isotopes from
other lanthanide impurities which are present after their production via various routes. Stable
element standards and ICP-QQQ-MS analysis were used throughout method development
experiments and, when possible, the developed methods were validated using radioactive

terbium samples produced via the associated production route.

In a mass-separated, proton-induced spallation source of *Th (t% = 5.32 d), a significant
polyatomic 13°Ce®0 impurity (t¥2 = 136.7 d) remained. Selective oxidation of cerium using
NaBrOs was investigated and was shown to markedly change the chromatographic behaviour
of cerium whilst leaving terbium unaffected. Separation of Th(lll) from Ce(IV) was studied
separately on three extraction chromatography resins and an anion exchange resin. Through a
series of batch separation and column separation experiments, UTEVA extraction
chromatography resin (Triskem International) was shown to provide the best separation out of
the four studied resins. A column-based UTEVA method was developed and formed an
essential part of a larger processing procedure that was used to purify Th sources that are
produced by proton-induced spallation. This procedure was shown to be capable of isolating
high purity **Tb (>99% radiological purity) and subsequently facilitated SPECT imaging

studies, nuclear data measurements and a world-first primary standardisation of **Th.

Further study identified that this UTEVA method was not capable of isolating terbium from
other lanthanide impurities present in mass-separated, proton induced spallation sources of
149Th, 152Th and >Th. The presence of these other long-lived or stable impurities would reduce
the specific activity of a radiopharmaceutical. This necessitated investigation into an alternative
method which was capable of isolating terbium from all other lanthanide elements.

A series of batch and column separation experiments led to the development of a semi-
automated, three-step column separation method which utilised the LN extraction
chromatography resin (Triskem International). The method was capable of isolating terbium
from trace quantities of all other lanthanide impurities. An ICP-QQQ-MS method, which
utilised two quadrupole mass filters and an O2 reaction cell, was used throughout the method



development process to ensure accurate percentage recovery and purity information could be
derived by removing tailing and polyatomic measurement interferences. Using the developed
LN resin method, high purity terbium fractions (>90% terbium recovery, >99% terbium purity)
could be isolated in <120 minutes using a 200x7 mm LN resin column and a 0.5 mL/min
mobile phase flowrate. This method results in a separation of comparable quality to the
commonly used a-HIBA, cation exchange methods. Initial studies using a smaller LN resin
column (50x5 mm) reduced the separation time significantly with minimal impact on the
terbium recovery and purity (<15 mins). Use of these smaller columns should be considered
for the shorter-lived terbium isotopes, **°Tb (%2 = 4.12 h) and *?Tb (%2 = 17.5 h) to reduce
losses of the isotope due to radioactive decay.

The separation of trace quantities of terbium (ug) from bulk quantities of gadolinium and
europium (<100 mg) was then studied separately using the same stepwise LN resin method
(200x7 mm column) to assess whether the method was also suitable for processing terbium
produced in cyclotron or nuclear reactor facilities. The capacity of the resin was derived using
a novel batch separation method (6.89 mg — 12.48mg Gd/mL of LN resin) and was shown to
be a limiting factor for bulk-trace lanthanide separations. In all cases high terbium recovery
(>80%) and significant removal of the bulk element was achieved (decontamination factor
~10%), with separation quality decreasing at higher bulk element concentration.

The LN resin method was subsequently used as the third stage in a three-part separation for
processing **°Th produced by the irradiation of gadolinium targets with protons at the
ARRONAX cyclotron facility and performed in a comparable manner to the stable element
studies (i.e., >80% *°Tb recovery). The final ***Tb preparations were of a high radionuclidic
purity (<0.05 % °Tb impurity) and were successfully used in radiolabelling studies (>99%
radiolabelling yield), SPECT imaging studies, and nuclear data measurements, all of which
were conducted by other researchers.

This work has laid the foundations for using extraction chromatography resins for isolating
radioactive terbium for applications in nuclear medicine. The developed LN resin method not
only provided high quality lanthanide separation, but also showed itself to be an easier-to-use

alternative to the commonly used cation exchange method.
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Chapter 1. introduction



1.1 Rationale

Nuclear medicine is a topic that has attracted interest ever since the discovery of radioactivity
and radioactive elements in the late 19" century by Henri Becquerel. and Pierre and Marie
Curie. The potential of using radiation and radioactive elements in therapeutic or diagnostic
medicine was recognised as early as the 1890s and has developed over the past century into an
essential medical tool, used as a standalone procedure, or to complement other medical
procedures®. This can be achieved by the application of diagnostic and/or therapeutic nuclear

medicine.

The development of computed X-ray tomography (CT), single photon emission computed
tomography (SPECT) and positron emission tomography (PET) has contributed to the
improvement in the diagnostic capabilities of radionuclides®. Rapid and accurate diagnostic
procedures allow the identification of diseased areas (e.g., malignant tumours) and thus,
facilitates the application of suitable therapeutic procedures. Currently %°™Tc, a metastable
gamma emitting radionuclide, is the most commonly used diagnostic radionuclide worldwide.
Complexation of diagnostic isotopes to targeting moieties, such as monoclonal antibodies or
molecular substrates, allows accurate targeted imaging of diseased tissue®®. Due to its
relatively short half-life (= 6.0 h)®, ®°™Tc can be produced from its parent isotope **Mo (tx=
66.0 h) in a technetium generator at the hospital that is conducting the medical imaging
procedure’. The Mo required for the generator is isolated from other fission products
following the induction of a fission reaction in 2°U targets with neutrons within a nuclear
reactor. The global supply of ®*Mo is dependent on a very small number of facilities and has
been disrupted in the past and is vulnerable to future disruption®®. To endure lapses in the
supply of ®™Tc, novel methods for production of alternative diagnostic radionuclides are
required to meet the current and increasing demand for accurate diagnostic imaging. These
alternative diagnostic radionuclides also augment ®MTc by having different functionalities®
(e.g. isotopes which decay by routes which could have diagnostic and therapeutic uses).

Therapeutic nuclear medicine, on the other hand, utilises the linear energy transfer (LET) of
decay particles (i.e., Auger electrons, conversion electrons, B~ or a particles) into surrounding
tissue to damage or kill diseased cellst. Therapeutic isotopes, which emit these decay particles,
can also be bound to targeting molecules which allows the treatment of diseased areas with

minimal effect on healthy tissue. The application of radioiodine (*3!1) in the treatment of thyroid



diseases has been studied since the early 1950s and is commonly used around the world®2. A
number of therapeutic medicines which use #Sr, ¥*3Sm and, more recently, 22°Ra have been
developed for palliative treatment of bone metastases’®!. These, and other therapeutic

radionuclides, have been used for the treatment of many benign and malignant disorders*®.

The efficient combinative use of diagnostic and therapeutic radionuclides in clinical practice is
referred to as theranostic nuclear medicine and has received increased interest over recent

years'®-2L, Theranostic nuclear medicine has the potential to facilitate personalised medicine.

Recent developments in the production and isolation of some novel radioactive isotopes have
made them available for medical related studies and highlighted their suitability as diagnostic
or therapeutic radionuclides. Among these are various isotopes of the lanthanide series
including **°Pm, 1%®Ho, "Lu and four terbium isotopes (**°Th, °2Tb, 15Tb and 61Th)??23, The
production, isolation, and complexation of these isotopes, amongst others, is at the forefront of
current radiopharmaceutical research. Both ***Ho and ’’Lu-based radiopharmaceuticals have
reached clinical use in several countries?*?. Pre-clinical studies and some initial clinical
studies have also been conducted for the aforementioned terbium isotopes*?6-33, There is,
however, a need for the establishment of robust production and chemical purification processes
if these isotopes are to undergo comprehensive clinical study and for them to reach routine

clinical application.

The four terbium isotopes are of particular interest due to their theranostic potential®2327-%,
Each terbium isotope has identical chemical properties and different decay properties, meaning
that a combination of two or more of these terbium isotopes could be used to give a procedure
with excellent therapeutic and diagnostic capability. However, due to the production of these
isotopes having not been studied to any great degree, and with the challenges associated with
their chemical purification, the production of high purity single terbium isotopes in a large

enough activity for medical application is a challenging task.

The aim of this study was to develop robust, efficient and reproducible chemical separation
methods to allow the production of high purity and high specific activity terbium sources to
enable further investigation towards the clinical use of these four terbium isotopes - “°Tb,
12T, 155Th and 61 Th.



1.2 Introduction to nuclear medicine

1.2.1 Radioactive isotopes

1.2.1.1 Fundamentals of radioactivity

Radioactive nuclei are inherently unstable. In order to reach a more stable energy state, the
nuclei undergo spontaneous radioactive decay through the emission of particles and/or
electromagnetic radiation. The probability of radiative decay of a particular nucleus is defined

by the decay constant, A (s*). The decay constant reflects the rate of decay and is defined as:

In2
A=— (1.1)
Ly,
where, t is the half-life of a particular radionuclide in seconds; the time in which it takes for

the activity of a radionuclide to reduce by half (Figure 1.1).

Activity
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Figure 1.1 - A graphical illustration of radioactive half-life.

Common decay types are detailed below. In all cases, after radioactive decay, the resultant

nucleus is closer to a physically stable state3*,

e Alpha decay (a) — involves the emission of a helium nucleus (3He?*) with kinetic
energy (see example Equation 1.2). This type of decay typically occurs in nuclei which

have an atomic number greater than 83; however, there are a few exceptions (e.g.,



149Th). Alpha particle energies are typically 4-8 MeV and have an inverse relationship
to the parent nucleus’ half-life (i.e., the shorter the half-life the higher the alpha
energy)®. The energy of the emitted alpha particle is characteristic of the parent nucleus
and can allow its identification. Alpha particles have a high linear energy transfer

(LET), meaning that they deposit their energy in a very small volume of matter,
*%Ra - 2gTh+ ja (1.2)

[ (negatron) decay — involves the emission of a nuclear electron with kinetic energy
along with an antineutrino (see example Equation 1.3). The electron has a lower LET
than an alpha particle and has a greater range on passing through matter. - decay occurs
in neutron-rich nuclei. The total decay energy (Emax) released during the decay process

is shared between the beta particle and the antineutrino.
5 > HiXet+ B+ 7, (1.3)

S (positron) decay — involves the emission of a positron with kinetic energy along with
a neutrino (see example Equation 1.4). After the positron loses enough of its kinetic
energy, it annihilates with an electron, producing two 511 keV gamma rays which are

emitted in opposite directions. p* decay occurs in neutron-poor nuclei.
BF > 80+ 98 + v, (1.4)

Electron capture (EC) — an decay route that competes with B* decay (see example
Equation 1.5). The parent nucleus captures an inner orbital electron which combines
with a proton, yielding a neutron. A neutrino and X-rays are also produced in this
process. The daughter nucleus is the same as that which is produced as a result of p*

decay from the same parent.

87Ga + _Je - SiZn+ v, (1.5)



B-O-

Figure 1.2 - llustration of the changes in number of protons (Z) and number of neutrons (N) as a result
of the most common types of radioactive decay®’.

Internal conversion (IC) — the process competes with y-ray emission during the de-
excitation process within a nucleus. IC occurs when an orbital electron absorbs the
energy released from an excited nucleus and is emitted from the atom with Kinetic
energy. In this process, vacancies in the electron shells are filled by outer shell
electrons, which results in the emission of fluorescent X-rays (e.g., Ka) or an Auger
electron. These X-rays are characteristic of the daughter nucleus (e.g., ®°Ag). As with
[ particles, 1C electrons also dissipate energy and have therapeutic benefit if used in-
vivo.

EC(100%) IC (96%), ¥ (4%)
198Cd —— %BAg ——— 'PAg (1.6)

Auger electrons — as an electron from an outer shell fills an electron shell vacancy
(caused by either electron capture or internal conversion), either an X-ray or an Auger
electron can be emitted in order to release energy (Figure 1.3). As with 4 particles and
IC electrons, Auger electrons also dissipate energy and have therapeutic benefit if used

in-vivo.
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Figure 1.3 - An illustration of the competitive processes of x-ray emission and Auger electron emission
which occurs after an electron vacancy is filled.

e Fission — either a spontaneous process or induced in an atomic nucleus through the
interaction with a subatomic particle which has kinetic energy, typically neutrons. The
nucleus splits into two fragments, releases a large amount of energy, and emits a
number of fast neutrons. In nuclear reactors, fission is induced in enriched 23U rods
with thermalised neutrons and the energy release is used to generate power. Fission of
other nuclides (e.g. 2°Pu) is also well understood®. A wide mass range of nuclides are
produced as a result of fission and those with a high fission yield have the potential for

being isolated and used for other purposes (Figure 1.4).

233U + in - 238U - 3iSn+ P9Mo + 3(¢n) (1.7)
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Figure 1.4 - The distribution of fission products and their fission yields from the fission reaction of 2°U
induced by thermal neutrons®



e Gamma radiation — follows all of the aforementioned decay types if the initial decay
leaves the daughter nucleus in an excited energy state. Gamma radiation is emitted as
the nucleus falls from an excited energy state to a lower energy state. The energy of the
gamma radiation is equal to the difference of the energy of the two energy states (i.e.
E, = E1 — E2). Gamma radiation is a very low LET radiation type and therefore,
experiences little attenuation as it passes through low density matter. Denser materials,
such as lead blocks, are therefore required to provide sufficient shielding of gamma

radiation.

In most cases, a radioactive nucleus can decay by more than one route. The probability of one
of these routes taking place is given by the branching ratios (%). The example in Figure 1.5

shows how “°K can decay by one of three routes, each with a different probability of

occurrence.
40
' 0 19K
EC. 10.67% 1252 10°y 5 80280
Ep max = 1310.89 keV
E,=1460.8 keV EC. 0.05% 20
' 20Ca
STABLE
40
1841
STABLE

Figure 1.5 - The decay scheme for “°K; showing the possible decay routes and their branching ratios®.

1.2.1.2 Sources of radioactive elements

Radioactive isotopes can either be naturally occurring or anthropogenic. Naturally occurring
radionuclides are either long-lived, part of a decay chain with a long-lived parent (e.g., ?°Ra)
or are of cosmogenic origin (e.g. **C). Some industrial processes, such as those within the oil
and gas industry, produce waste which is enhanced in naturally occurring radionuclides®.
Anthropogenic radionuclides are artificial and are produced, typically, by the irradiation of a

target material with charged particles or neutrons.



For nuclear medicine, radionuclides are most commonly obtained from anthropogenic sources.
The processes which are used to produce artificial radionuclides are discussed in greater detail
later (Section 1.3).

1.2.2 The use of radioactive isotopes in medicine

Nuclear medicine has become a fundamental tool in both diagnostic and therapeutic clinical
procedures. The development of targeted diagnostic and therapeutic agents has increased the
efficacy of nuclear medicines for a wide range of diseases, particularly cancers, neurological

diseases and cardiac diseases*!.

Diagnostic imaging in nuclear medicine is achieved by using either positron emitting isotopes
for positron emission tomography (PET) or gamma emitting isotopes for single photon
emission computed tomography (SPECT). SPECT and PET procedures are functional imaging
modalities which use radiotracers to visualise physiological processes. These are routinely
coupled with anatomical imaging techniques, particularly computed tomography (CT), to
provide spatial imagery to allow for accurate identification of diseased areas*?. This is
particularly useful for the identification of metastatic cancers and to improve the precision of

surgical procedures.

PET/CT ('%F) SPECT/CT (%°™Tc)

Figure 1.6 - Comparison of a PET/CT scan and a SPECT/CT using International Electrotechnical
Commission (IEC) standard body phantoms containing **F and *™"Tc respectively (Taken from Bailey
and Willowson)®,

Isotopes which emit alpha particles, beta particles, Auger electrons or conversion electrons can
be used in therapeutic nuclear medicine. Here, energy transfer from the emitted particle to the

diseased cells is exploited in order to kill or damage the cells (i.e., cytotoxicity)*.



Accurate diagnosis and therapy are dependent on the effective use of targeting molecules,
which direct the radionuclide to the diseased cells. A variety of targeting molecules have been
developed including monoclonal antibodies, labelled glucose and small, receptor-specific,

molecules®.

The activity of a final radiopharmaceutical preparation must be accurately determined prior to
its clinical use to ensure that an appropriate dose is administered to the patient for diagnostic
investigation or for therapy. The activity can be determined using a radionuclide calibrator; an

instrument typically incorporating a calibrated well-type ionisation chamber.

Henceforth, each diagnostic and therapeutic tool is briefly discussed before describing how
they can be combined advantageously to provide a theranostic capability. The suitability of

four terbium isotopes as theranostic candidates is then discussed.

1.2.2.1 Diagnostic nuclear medicine

Single photon emission computed tomography

Single photon emission computed tomography (SPECT) is the most frequently used diagnostic
tool in nuclear medicine*. As previously mentioned, it uses radionuclides which emit gamma
rays. Commonly used SPECT radionuclides include *™Tc, *!In and %31, amongst others
(Table 1.1).

Detection of the emitted gamma rays is typically achieved by two, or less commonly three,
thallium doped sodium iodide (Nal(Tl)) crystal scintillation cameras. Signals are amplified and
processed to give a functional image which is coupled with an anatomical image to allow
accurate identification of diseased areas. Nal(TI) crystals are nearly ideal scintillators for the
detection of the 140 keV gamma photons emitted from **™Tc; however, the detectors function
across a 40-960 keV energy range*’. Therefore, novel SPECT tracers must emit gamma rays
within this range, but ideally at an energy close to 140 keV to ensure high sensitivity and

resolution.
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Table 1.1 - Commonly used and novel SPECT radionuclides®”*. @ currently under pre-clinical
assessment.

Radionuclide  Half-life, t Main energy (Ey) Example radiopharmaceutical

’Ga 3.26d 93.3keV (38.8%)  [*'Ga]-citrate *3

99MT ¢ 6.01h 141 keV (88.5%)  [®™Tc]-MDP

e [ 2.80d 245 keV (94.1%) [1**In]-penteteoride °
123) 13.2h 159 keV (97.2%)  [*=1]-MIBG 5°

155Th 5.32 d 86.6 keV (32%) 2155Th-chCE7 29

105 keV (25%)

MDP = methyl-diphosphonate, MIBG = meta-iodobenzylguanidine, chCE7= an anti-neuroblastoma monoclonal
antibody. d = days, h = hours.

Positron emission tomography

Positron emission tomography (PET) is a technique that uses neutron deficient, positron
emitting radionuclides to image diseased areas of the human body. As the radionuclide decays,
positrons generally travel less than a few mm in vivo before they annihilate with an electron,
producing two gamma rays (E, = 511 keV) that are emitted in opposite directions (Figure 1.7)%2.
These gamma rays are detected in coincidence by scintillator detectors positioned in a ring that
fully surrounds the patient. Typically, bismuth germanate (BGO) or lutetium-yttrium
oxyorthosilicate (LYSO) crystals are used as the scintillator, the latter being more common at
present. These crystals are capable of providing highly sensitive images with good spatial
resolution (~5 mm). Again, PET procedures are routinely coupled with computed tomography

(CT) to provide anatomical imaging to allow for better identification of diseased areas.

11
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Figure 1.7 - An illustration of positron-electron annihilation and the production of the resultant two
characteristic gamma rays (E, = 511 keV).

PET has gained particular interest due to its higher image resolution and sensitivity in
comparison to SPECT. PET can be used as a dosimetric tool®2. This is particularly useful for
theranostic medicine as it provides an estimation of the dose to different areas of the body, in
particular this is useful for assessing target and organ uptake of the administered
radiopharmaceutical. Commonly used PET tracers include 8F, most frequently in the form of
fluorodeoxyglucose (**F-FDG), and %Ga (Table 1.2). SPECT based dosimetry has been

investigated; however, it currently is not as developed as with PET®3,

Table 1.2 - Commonly used and novel PET tracers?”*!. @ currently under clinical assessment.

Radionuclide Half-life, t:. Example
radiopharmaceutical

ic 20.4m [!C]-Choline >*

18F 1.83h [‘®F]-FDG

%4Cu 12.7h [3*Cu]-ATSM %6

8Ga 67.8m [°8Ga]-DOTANOC *7

1527 17.5h 2 [*°2Th]-DOTATOC 3t

FDG = fluorodeoxyglucose, ATSM = diacetyl-bis[N4-methylthiosemicarbazone], DOTANOC = conjugate of
1,4,7,10-tetraazacyclododecane-N,N',N",N""-tetraacetic acid (DOTA) and the somatostatin analogue 1-Nal3-
octreotide (NOC), DOTATOC = conjugate of 1,4,7,10-tetraazacyclododecane-N,N',N",N""-tetraacetic acid
(DOTA) and [Tyr3]octreotide (TOC). h = hours, m = minutes.
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1.2.2.2 Therapeutic nuclear medicine

Rather than using gamma rays, which pass through a large distance of tissue with minimal
attenuation, therapeutic nuclear medicine utilises alpha particles or electrons (beta particles,
Auger electrons and/or conversion electrons). These particles dissipate their kinetic energy as
they interact with cells, resulting in damage or death of the affected cells. The linear energy
transfer (LET) of a radiation particle is the measure of how efficiently it dissipates its energy.
“LET describes the rate at which the energy is transferred per unit length (keV/um)%8.
Generally, alpha particles have an LET that is much greater than that of beta particles®®. Table
1.3 details a variety of radionuclides which are used in routine treatment, as well as others

which are being investigated in the literature.

Targeted radionuclide therapy involves using a therapeutic radionuclide bound to a targeting
molecule that seeks out the diseased area. This allows for maximum efficiency in the treatment

of particular diseases whilst also minimising unnecessary damage to healthy tissue.

Table 1.3 - Commonly used and novel therapeutic radionuclides®”***%% 2 currently under pre-clinical

assessment. ® currently under clinical assessment.

Radionuclide Half- Decay Main energy Example Radiopharmaceutical
life, tw. mode

’Cu 2.58 d I’a 577 keV $’Cu-CPTA-mADb35 ©2

895y 506d fp 1.50 MeV (100%)  Strontium chloride (3°SrCl.) 3
0y 267d  p- 2.28 MeV (100%)  [*®Y]-microspheres

1497 412h  « 3.97 MeV (16.7%)  *[“Tb]-rituximab

22Ra 114d « 5.98 MeV (100%)  Radium chloride (***RaCly) ®°
25A¢ 100d « 5.83 MeV (100%) P [?®Ac]-lintuzumab (HuM195)

CPTA = Cu-4-(1,4,8,11-tetraazacyclotetradec-1-yl)-methyl benzoic acid tetrachloride. d = days, h = hours

13



1.2.2.3 Targeted nuclear medicine

Molecules which target disease specific proteins are commonly used to facilitate the accurate
imaging or treatment of diseased areas using radioactive isotopes'64>67, There are a wide range
of targeting agents available for the diagnosis and treatment of a wide range of disorders and
diseases. A radionuclide can be bonded covalently to the targeting molecule, as is the case with
1BE-FDG (Figure 1.8.a); or complexed to a targeting molecule using a chelator, as is the case
with [Y’Lu]-PSMA-617 (Figure 1.8.b)%3%. Monoclonal antibodies (mAbs), such as
votumumab™ or trastuzumab™, can also be labelled by attaching radionuclides via a chelating
ligand such as DOTA or DTPA.

H OH

['8F]-FDG

(b)

Figure 1.8 - Molecular structure of (a) [*|F]-FDG and (b) the PSMA-617 targeting molecule.

1.2.2.3 Theranostic nuclear medicine

Theranostic nuclear medicine is achieved by either (i): the separate application of two
radionuclides, one being diagnostic and the other being therapeutic (Table 1.1, Table 1.2 and
Table 1.3), bound to the same molecule, or (ii): the use of one radionuclide that produces

radiation by two decay modes (Table 1.4), one diagnostic mode and the other therapeutic®723,

The former, (i), has use in dosimetric measurement and facilitates the application of

personalised medicine. The administration of a diagnostic radionuclide (e.g. Ga) bound to a

14



molecule that targets a particular disease allows for toxicity and efficacy assessment of a
particular radiopharmaceutical. If the resultant diagnostic image indicates that there is a high
uptake of radioactivity in the diseased cells, then the use of a therapeutic radionuclide (e.g.
7 u) bound to the same, or a similar, targeting molecule should provide effective treatment
for the patient. However, if the resultant diagnostic image indicates insufficient uptake of
radioactivity in the diseased cells, or significant uptake in a particular organ, treatment using
an alternative targeting molecule may afford better therapeutic results for the patient. Due to
the PET dosimetric capability, PET tracers are currently better suited as the diagnostic

component. SPECT tracers, however, would still provide valuable diagnostic information®2.

The latter (ii), allows for monitoring of an administered therapeutic agent’. Isotopes used in
this type of theranostic medicine have both a therapeutic and diagnostic decay mode. Use of
1311 conjugated to metaiodobenzylguanidine (MIBG) as a theranostic agent has been reported
since then mid-1980s. Other radionuclides (Table 1.4) and targeting molecules have been
identified as suitable single entity theranostic agents.

Table 1.4 - Commonly used and novel single entity theranostic radionuclides?” #6061,

Radionuclide Half-life, tw Decay modes Main energy
®4Cu 12.7h )ia 579 keV (38.5%)
i 653 keV (17.5%)
131 8.02d )’a 606 keV (89.4%)
y 364 keV (81.4%)
61T 6.89 d p- 154 keV (100%)
y 25.7 keV (23%)
Ly 6.65d )’a 498 keV (79.3%)
y 208 keV (10.4%)

1.2.2.4 Terbium in nuclear medicine

In recent years, terbium has gained particular interest in the field of nuclear medicine. Four
terbium isotopes have been identified as therapeutic, diagnostic or theranostic agents (Table
1.5). Initial proof-of-concept and pre-clinical studies using these isotopes have highlighted their

in vivo capability for theranostic nuclear medicine.
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Table 15 - The four terbium

isotopes with clinical potential, their applications and

radiopharmaceuticals synthesised and used in proof-of-concept and/or pre-clinical studies’.

Isotope Half-life, t.  Application Proof-of concept/pre-clinical studies
149Th 4.12h Alpha therapy 149Th-cm09 #
PET imaging 9Tp-rituximab *
1527 17.5h PET imaging 12Tph-cm09
152Th-DOTATOC 28
155Th 5.32d SPECT imaging 155Th-cm09 27128
Auger therapy 15Th-DOTATATE %
155Tb_MD 29
15Tp-chCE7 2°
161Th 6.89 d Beta therapy 181Th — octreotide ™
Auger therapy 11Th - DOTATATE

SPECT imaging

161Th — cm093 %’
161Th — PSMA-617 %°

DOTATATE = conjugate of 1,4,7,10-tetraazacyclododecane-N,N',N",N""-tetraacetic acid (DOTA) and [Tyr3]-
octreotate, MD = minigastrin analogue, PSMA = prostate-specific membrane antigen. d = day, h = hours
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1.3 Production of radionuclides

In order to be able to use routine and novel radionuclides they need to be produced and isolated
in quantities fit for their purpose; be it for clinical use, nuclear data measurements or primary
standardisation (Section 1.5). Typically, low MBq to low GBq quantities of radionuclide are
required for each nuclear medicine procedure’®. This can be achieved by the exploitation of
natural processes (i.e., spontaneous fission or radioactive decay) or, in most cases, by the
induction of nuclear reactions (i.e., induced fission, induced spallation or activation reactions).
There are some general concepts that apply to all artificial isotope production methods, as

stated below’”.

1. Anincident particle is required, with sufficient energy, to induce a nuclear reaction.

2. The energy of the incident particle has a direct impact on the type of nuclear reaction
that occurs and therefore the product nucleus that is produced. The energy must be high
enough in order to overcome any repulsive forces and activation barriers but low
enough to minimise the co-production of unwanted isotopes.

3. Multiple reactions could occur on the same target, but the probability of a certain
reaction occurring is dependent on the target nuclei and the energy of the incident
particle.

4. The density of particles in the incident particle beam (i.e. beam current or flux) has a
proportional effect on the yield of product.

5. The length of time of irradiation also has a proportional effect on the yield of product.

6. There isa maximum activity that can be achieved which is influenced by the production
route and capability of the production facility. The maximum activity is reached at the
point at which the rate of isotope production is equal to the rate at which that isotope is

decaying™® ",
The typical nomenclature for a nuclear reaction is demonstrated in the equation below’’:

72X (xi, %) 72X’ (1.8)
where, X is the target nucleus with proton number, Z, and mass number, A; xi is the incident

particle; xr is the released particle (or reaction type) and X" is the product nucleus with proton

number, Z’, and mass number, 4.
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When choosing a suitable production route, the lengthy processing and transit time between
production and administration of the radionuclide must be considered as it can result in a
significant loss in radiochemical yield when preparing a radiopharmaceutical. The
radiochemical yield takes into account losses of the isotope during the transport, chemical
separation and/or radiolabelling process, including any losses due to radioactive decay. This is
particularly relevant to shorter lived radionuclides where time has a significant impact on the
potential specific activity of the radiopharmaceutical. For the synthesis of short-lived
radiopharmaceutical tracers, the use of radionuclide generators, such as **Mo/*"Tc¢ and
8Ge/%®Ga, is common and advantageous®’. They utilise suitable, longer-lived, parent nuclei to
reduce the loss of radiochemical yield prior to administration of the agent. Shorter lived
radionuclides can also be produced locally, using hospital-based cyclotrons. Longer-lived
isotopes can be produced using less-accessible, more elaborate facilities and can be transported

large distances without significant impact on the radiochemical yield.

This section describes methods used in the production of radioactive isotopes and concludes
with a summary of studied production routes of the aforementioned terbium isotopes (14°Th,
152Th, 155Tb and %1Th).

1.3.1 Isotope production methods

1.3.1.1 Proton induced spallation

One method of isotope production involves the proton-induced spallation reaction, where a
high energy proton beam is used to irradiate a target (e.g., high purity tantalum). As the protons
interact with the target nucleus they induce a spallation reaction (p,sp) where atomic (or
subatomic) fragments are ejected from the nucleus of the target®-2. This process produces a
wide mass range of isotopes. To isolate a desired isotope, on-line or off-line mass separation

can be applied.

The CERN-MEDICIS facility (Medical Isotopes Collected from ISODLE) is used for the
production of radionuclides for medical applications®84 and is an extension of the Isotope
Separator On-Line Device (ISOLDE). The facility utilises previously unused protons (Ep= 1.4
GeV) which have not interacted with the ISOLDE (primary) target to induce a spallation
rection in a secondary target. As only approximately 15% of the protons from the proton
synchrotron booster (PSB) interact with the primary target, a MEDICIS (secondary) target is

placed at an optimum distance behind it (Figure 1.9). The secondary target must also have an
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increased volume and density in comparison to the primary target (about 4 times the volume)

in order to maximise the irradiation efficiency of reactions.

1x10%3
1x10%?

1x101t

1x10%°

protons/microC

1x10°

1x108

1x107

Figure 1.9 - Fluka simulation® showing the incoming proton beam on an ISOLDE target (3.5 g/cm?
UCx for the purpose of the simulation) and intercepting the MEDICIS target downstream (Courtesy of
T. Stora, CERN)®,

The lower atomic number target materials, Ti and Y203, have been used to prepare similarly
low atomic number isotopes including *+#'Sc and 81-54Cu respectively. More recently a tantalum
target has been irradiated to produce three terbium isotopes, *°Tb, ¥2Th, *Tb. Proof of
concept studies have shown the promising therapeutic or diagnostic capabilities of these

spallation-produced isotopest’:2"87,

Future irradiations of a uranium carbide target, UCx, have been planned in order to produce
high mass isotopes by proton induced spallation. Uranium carbide spallation reactions have

been previously studied at the ISOLDE facility for the production of noble gas isotopes®°,

As with all irradiation experiments, a high purity target must be used to minimise unexpected
products. Subsequent on-line or off-line mass separation techniques and/or chemical separation
techniques must be applied in order to obtain a chemically and isotopically pure source that

would be suitable for application in nuclear medicine.

1.3.1.2 Cyclotron based nuclear reactions

Radionuclides for use in nuclear medicine can also be produced using a cyclotron. Hospital-
based cyclotrons typically use protons (< 20 MeV) as the incident particle and are often used

to produce short-lived radionuclides including *F and 84Cu °*°1, Research cyclotrons, such as
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the MC40 cyclotron at the University of Birmingham®? (Figure 1.10) or the C70 cyclotron at
Arronax®3, are able to accelerate a range of incident particles across a wider energy range.

In general, the use of controllable energy particle beams (typically < 80 MeV) in a research
cyclotron allows tailored irradiation of a specific target. Protons (p, *H*), deuterons (d, 2H"),
alpha particles (a, *He?*) and light helium nuclei (®He?*) are commonly used as incident
particles®. Heavier ions, such as 'C, can also be used as incident particles in suitable facilities.
The charged particles are accelerated by applying an electric field between two hollow “D”
shaped magnetic field regions (known as “dees”). The dees are separated by a small gap where
the particle acceleration occurs. The path of the charged particle is circular and increases in
radius with each time it passes the acceleration gap. The beam is then focused along a beam

line where it irradiates a target.

Figure 1.10 - The internal view of the MC40 cyclotron (left) and the target set up on the beam line used
for irradiations (right) at the Positron Imaging Centre at the University of Birmingham, UK (curtesy
of R. Trinder, University of Birmingham)

The lower and better controlled energy range of a cyclotron is an advantageous characteristic
in comparison to using a synchrotron particle accelerator. Using a cyclotron, it is possible to
alter the conditions (e.g. particle, particle beam energy, target material) of the isotope
production experiment in order to optimise the production of the isotope of interest and to

minimise the production of radionuclide impurities®.

There are threshold energies required to induce a nuclear reaction; however, if the projectile
energy is too high, a range of reactions will be observed (e.g. (p, n), (p, 2n), etc.). Therefore,

there is an optimal projectile energy range which guarantees high production yield and low
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impurity levels. Optimising the conditions, therefore, allows for methods for purification of the
product nuclei from the target to be studied prior to irradiation whilst also minimising
radioactive waste produced. In particular, the use of enriched, single isotope targets will result
in fewer unwanted side-reactions occurring during production. These enriched targets,

however, are much more expensive and are often harder to acquire.

The incident particle has to overcome energy barriers to induce a particular reaction: the
Coulomb barrier and the Q value®. The Coulomb barrier is the energy required for the incident
particle to overcome the electrostatic repulsion between itself and the target nucleus. This
energy is often very high, but quantum tunnelling allows nuclear reactions to occur at energies
much lower than the Coulomb barrier’®™. The Q value is the mass difference between the
reactants and products in terms of their energy. The Q value is calculated using the following

equations:

0= 931.4AM (1.9)

where,

AM = (mt +mi) — (mp + mr) (1.10)
where, 4M is the mass difference before and after the reaction; mr is the mass of the target

nucleus; mi is the mass of the incident particle; mr is the mass of the released particle; and mp

is the mass of the product nucleus.

If the Q value is positive (Q>0) then the nuclear reaction is exoergic, meaning there is a net
release of energy. This means the Coulomb barrier is the highest energy barrier to overcome.
If the Q value is negative (Q<0) then the reaction is endoergic and requires a net input of
energy. In this case a greater amount of energy, in addition to the Coulomb barrier energy, must
be supplied to the system for the nuclear reaction to proceed. Due to the effect of quantum

tunnelling, the energy barrier in reality is still much lower than the Coulomb barrier.

The nuclear reaction cross-section (o) is another factor that influences the type of nuclear
reaction that occurs. The cross-section reflects the probability of a nuclear reaction occurring
along a specific route (i.e., producing X’ from X via route Y) at defined reaction parameters.
The cross-section is measured in barns (1 b = 10%* cm?). Computational modelling programs,
such as PACE4, TALYS 1.6 or ALICE/ASH, allow for predictions of cross-sections or

production yields prior to experimental irradiations®~*°, It is important to consider the isotopic
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composition of the target and also the cross-sections of all possible nuclear reactions that could
take place on that same target within the achievable incident particle energy range at the
irradiation facility. This will allow an optimal particle energy to be chosen which will produce
maximum yield of the desired radionuclide whilst minimising the occurrence of unwanted side

reactions.

1.3.1.3 Neutron activation

Nuclear reactors are a source of neutrons that can be used to irradiate a target. The energy and
flux (i.e. density of neutrons in a beam) of a neutron beam has a significant influence on the

type and efficiency of a neutron-induced nuclear reaction (Table 1.6)%.

Table 1.6 - Main classes of neutrons involved with or produced in nuclear reactions.

Neutron class Energy range Information
Thermal 0.025 eV Induces fission reactions.
Epithermal 1eV -10 keV More likely to induce

neutron capture reactions.

Fast > 10 keV Released as a product of
nuclear fission.

Typical neutron capture reactions include (n,y), (n,p) and (n,a) reactions. The emitted particle,
and the energy it is released with, are dependent on the neutron flux and the energy of the
incident neutron®*. Neutron capture reactions are typically induced by thermal or epithermal
neutrons. Absorption of these neutrons causes an instability in the nucleus causing it to release
energy in the form of gamma rays or particles with kinetic energy, such as protons or small
nuclei. Hence, radioactive isotopes can be produced. An example of a neutron capture reaction

is 18Yb(n,y)""Yb which undergoes subsequent B~ decay to give the theranostic radionuclide,
177Lu 101.

Fission (n, f) is another type of neutron induced reaction, caused by the absorption of thermal
neutrons into the target which results in the split of the nucleus into two smaller nuclei®?. Fast
neutrons are released in this process. One of the products of the neutron induced fission of a
235U target is %Mo, the radioactive precursor to ®MTc. Molybdenum-99 has a fission yield of

approximately 6% 1%,
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Research reactors are currently the primary source of neutron capture and fission product
radionuclides, but they are diminishing in number. The use of research reactors as a source of
medical isotopes is therefore not sustainable and alternative sources are required. Alternative
production routes for these isotopes, such as **Mo and *!I, must be found to maintain the

supply or alternative isotopes with sustainable production routes should be used%.

1.3.2 Mass separation technology

Unwanted isotopes are often co-produced during production experiments. These additional
isotopes are produced, either, as the particle beam interacts with other isotopes in the target
material, or because different particle combinations are emitted from the nucleus during the
reaction’’. The former is dependent on the impurities present in the target material, the latter
on the probability of a particular nuclear reaction taking place under specific reaction
conditions (i.e. reaction cross section). Isotopes of the same element cannot be separated
chemically due to their identical chemical properties. To isolate an isotope from other isotopes

of the same element, mass separation techniques must be used.

There are several on-line isotope separation (ISOL) facilities around the world®1%5-197 The
ISOL technique uses an instrument which consists of a target, ion source and an
electromagnetic mass analyser/separator coupled in series'®. ISOL systems are often used to
produce single A/g ion beams in order to induce reactions in other nuclear physics experiments,
but these ions beams can be collected after mass separation, processed and used for other

applications such as nuclear medicine studies.

Off-line mass separation, where isotope production and mass separation are conducted on
separate systems, is also available but is less common. CERN-MEDICIS is one such facility
and was used throughout this research (Figure 1.11)1%110 Details about the specific methods

used are detailed in Chapter 2.
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lon Optics

MELISSA Laser

Mass Separator
set to A/q value

Target/Sample

Catcher Foils
(e.g. Zn/Au)

Figure 1.11 — A simplified schematic of the CERN-MEDICIS off-line mass separator. lon beams are
denoted in red. MELISSA ionisation laser is denoted in blue (Adapted from Gadelshin et al.)*®. A/q =
mass-to-charge ratio.

Typically, surface ionisation or plasma ionisation methods are used to extract ions from an
irradiated target or sample by passing a voltage across the sample. The extracted ions are
accelerated and directed towards the electromagnetic mass separator that is set to an optimal
setting to separate ions of a particular A/g value. The resultant ion beams can then be implanted
into catcher foils (e.g. a zinc coated gold foil). Surface ionisation offers limited selectivity, so
isobaric and pseudo-isobaric impurities will contaminate the ion beam meaning that a single
isotope cannot be isolated. In some cases, a combination of mass-separation and chemical

separation techniques are required to isolate a high purity single isotope?”8°.

If available, the resonance ionisation laser ion source (RILIS) technique can be used to increase
the selectivity of the ion extraction process'®!! A laser is used to induce a multi-step
photoexcitation and ionisation of atoms of a desired chemical element before the mass
separation step. At the CERN-MEDICIS facility, the MEDICIS Laser lon Source for Separator
Assembly (MELISSA) is used®.
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1.3.3 Production routes for terbium isotopes

The production of the four medically interesting terbium isotopes, 14°Th, %2Tb, $Tb and 16 Tb,
has been studied using the aforementioned irradiation techniques. These terbium isotopes are
not produced in significant quantities as a result of 2°U fission (<<1%). Therefore, it is not
feasible to isolate the isotopes from the irradiated 2*°U target. Table 1.7 details the studied

production routes for the four isotopes.

Terbium-161 is regularly produced by the neutron irradiation of a 1%°Gd target, which has
facilitated pre-clinical and clinical investigation?2730:327510L112 The other isotopes, “°Tb,
152Th and 5Th, are currently only produced in significant quantities via the proton-induced
spallation of a tantalum target. However, as this not a long-term sustainable method of
production, the other methods of production are under investigation. More detail about some

of these production routes is discussed in the relevant chapters (Chapters 2-5).
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Table 1.7 - Studied production routes of the terbium isotopes with potential applications in nuclear medicine.

Isotope Studied nuclear reactions Production facility Incident particle energy References
199Th Ta(p,sp)*°Th Synchrotron 1.4 GeV (CERN-MEDICIS) Allen et al.}?
51Eu(a,6n)°Th Cyclotron 65 MeV II'inskaya et al.}14
141pr(12C,4n)°Th ~ Heavy ion cyclotron 65 MeV Beyer et al. 1*°
151Eu(®He, 5n)149Th Cyclotron 40-70 MeV Zagryadskii et al.}1®
152Th Ta(p,sp)'*2Th Synchrotron 1.4 GeV (CERN-MEDICIS) Allen et al.113
151Eu(a,3n)5?Th Cyclotron 34 — 40 MeV Trinder et al.*Y’
155Gd (p,4n)'%2Th Cyclotron 39 MeV Steyn et al.18
155Th Ta(p,sp)'*Th Synchrotron 1.4 GeV (CERN-MEDICIS) Midiller et al 27119
155Gd(p,n)*%5Th Cyclotron 11 MeV Vermeulen et al.*?
158Eu(a,2n)'55Th Cyclotron 28 MeV Kazakov et al.*?!
161Th 180Gd(n,y)181Gd -> 161Th Nuclear reactor (flux = 10*3- 10%* neutrons cm2 s%) Lehenberger et al.”™
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1.4 Chemistry of the lanthanide elements

The four terbium isotopes (**°Tb, 1%2Tb, °Tb and 'Tb) can be produced by the irradiation of
other lanthanide targets (e.g. production of 2Tb by the neutron activation of gadolinium’) or
via the proton-induced spallation of a tantalum target. The isolation of the desired isotope from
the bulk target material, any daughter nuclei and any other trace impurities is required prior to
clinical trials and use in order to minimise toxic and radiological side-effects, as well as to
maximise the efficiency of the radiopharmaceutical preparation. For fundamental
measurements to be made, such as nuclear data measurements and primary standardisations,
the removal of radioactive impurities is essential. The removal of non-radioactive impurities is

not required for this purpose (Section 1.5.1).

Currently, chemical separation is a necessary process in the preparation of high purity
radionuclide sources for applications in nuclear medicine, even with the existence of
preparative mass separation (i.e. ISOL techniques). The separation of lanthanides from other
lanthanides, however, is challenging due to slight differences in chemical properties throughout
the lanthanide series (La=>Lu). Three main factors contribute to the similarity?:

1. Oxidation states — In aqueous conditions, all lanthanides readily lose three electrons
from the 6s and 5p electron subshells and therefore lanthanides exist very stably in the
I11+ oxidation state. Due to the fact that empty (4%, half-filled (4f") or filled (4f'%)
subshells are more stable, cerium can be easily oxidised to the I\V+ oxidation state, and
europium can be (less) easily reduced to the 11+ oxidation state. A change in oxidation
state significantly changes chemical behaviour and this can be used when trying to
remove or isolate these elements from other lanthanide elements!Z,

2. lonic size — The 5s and 5p orbitals exist at a similar energy to the 4f sub-shell. The 4f
orbital is therefore not shielded from an increasing nuclear charge. Hence, a gradual
decrease in ionic radius is observed throughout the lanthanide series with increasing
atomic number (La->Lu). This phenomenon is referred to the as lanthanide contraction
(Figure 1.12)22, This, coupled with the 111+ oxidation state, means that the lanthanides
exhibit similar binding properties when interacting with organic chelators (e.g. EDTA
or DTPA)'?4,

3. Coordination number — Coordination numbers of the lanthanides range between eleven
and two and there is a general reduction in coordination number with increasing atomic

number; however, this is dependent on the coordinating species. Most commonly, early
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lanthanides (La-> Tb) exist with a coordination number of nine and the later lanthanides
(Dy=>Lu) have a coordination number of eight!® Steric effects, electrostatic
interactions, hydrogen bonding and w-interactions between the ligands and other
counter-ion species all have a significant impact on the coordination number. This

makes predicting the coordination numbers difficult, particularly for complex systems.

Differences in these factors are not significant between neighbouring lanthanides which gives
reason to the difficulties found in the literature with successfully purifying single lanthanides

from neighbouring elements.
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Figure 1.12 - Graphical representation of the trend of atomic and ionic radii for the lanthanide

elements*?.

During the separation of lanthanide elements, slight changes in separation conditions often
have a significant impact on separation efficiency. The optimisation of neighbouring lanthanide
separation methods has been the focus of many studies over recent years, typically using
chromatographic techniques. With the increased interest in radiolanthanide applications in

nuclear medicine, the impact of research in this field has grown?3,

1.4.1 Chromatography of the lanthanides

Chromatography is a technique which aims to separate components of a mixture by taking
advantage of the differences in affinity of the components to a stationary phase and a mobile
phase!?. In most scenarios, the mobile phase is an aqueous solution which is passed over or
through a solid stationary phase. Chromatography techniques are commonly used as analytical

tools, but as the identified radionuclides have an intended use after separation, namely nuclear
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medicine procedures or as primary standards, preparative chromatography techniques have

been the focus of the work reported here.

The chemical properties of the mobile and stationary phases influence how elements will
behave during a chromatographic separation, so should be considered carefully. In particular,
the pH and concentration of the mobile phase can cause changes to chemical form of the
stationary phase as well as the elements undergoing the separation. These changes will affect
how strongly each element will interact with the two phases, thus affecting the quality of
separation that can be achieved. In addition to this, the chemical and physical structure of the
phases can influence how elements will interact with them (i.e. steric hinderance and/or

complex formation). These concepts can be explained further by example:

e the pH of the mobile phase will govern whether functional groups of a stationary phase
will be protonated (e.g. amide, R-NHz, or protonated amide, R-NHzs"). The pH of the
mobile phase, therefore, has a significant influence on the ionic interactions that will
occur between the components of a sample and the stationary phase.

e the mobile phase may induce a redox reaction that will alter the oxidation state of the
elements undergoing separation. This will change the ionic size and charge of the
element, changing how it will interact with the two phases.

e chelating mobile phases, such as ethylenediaminetetraacetic acid (EDTA), can form
complexes of varying strength with elements within a sample. The probability of
forming complexes is influenced by the size and charge of the ion, and the pH of the
chromatographic system. How these complexes interact with the stationary phase will
also be influenced by chemical conditions of the chromatographic system (e.g. the pH

or concentration of the mobile phase).

These chemical parameters can be tailored advantageously to selectively isolate single
components of a specific elemental mixture. In addition to the chemical parameters of a system,
other characteristics of the chromatographic system can affect the quality of separation. These

are discussed in section 1.4.1.1.

When carrying out column-based separations, elution methods used in chromatography are
typically isocratic, stepwise or gradient (Figure 1.13). Isocratic elution is where there is no
change in the composition of the mobile phase during all or part of the analysis; the

concentration and pH remain constant. Gradient elution is where there is a gradual change in
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the composition of the mobile phase. A combination of isocratic and gradient conditions is
often used to optimise separation time without compromising the quality of the

separation?”128,

ISOCRATIC STEP-WISE GRADIENT

%A

VOLUME

Figure 1.13 - Comparison of the variations in the composition of mobile phase (%A) for different elution
methods. These are often used in combination.

1.4.1.1 Variable parameters in column chromatography

As components of a mixture pass through a column they behave differently, allowing for
separation to be achieved. As they elute from the column, their peak shape, and thus the
separation resolution between components, is governed by Kkinetic processes, such as the rate
of mass transfer between the two phases, as well as the probability of interaction of each
component under the defined chemical and physical conditions. Beyond changing the type of
mobile phase and stationary phase used for a given separation, there are several parameters

which can be varied to improve the separation resolution. These are described as follows!2%1%:

1. The flow rate of mobile phase through the packed column naturally affects the
separation time, but also affects the magnitude of band spreading (i.e., the peak width
on elution)?®. At a slower flow rate, elution peaks sharpen and therefore improve the
separation resolution. This is because the effect of the rate of mass transfer is
minimised.

2. The column length also has an impact on the bandspreading. The longer the column the
greater the bandspreading meaning that the analyte will elute in a greater volume. A
longer column gives a greater resolution; however, larger volumes (mL) are required to

ensure the elution of all analytes and thus results in an increased separation time.
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3. A decrease in the particle size of the stationary phase results in a decrease in the height
equivalent to the theoretical plate (HETP) value. This means that the degree of
bandspreading reduces®!. Using a chromatography resin with a smaller particle size
results in the sharpening of elution peaks and therefore gives an improved separation
resolution.

4. The resin capacity is another factor that will impact on the efficiency of separation. The
total resin capacity describes the maximum amount of element that can be loaded on to
the resin. This value is typically stated as the number of moles (mmol) of an element
per unit volume of resin (mL). If this value is exceeded then the active sites of the resin
will be saturated, resulting in breakthrough, loss of analytes and inadequate separation.
The operating resin capacity, however, is dependent on the separation conditions and
is the capacity at which the quality of separation becomes affected by the increasing
concentration of analyte. This is a particularly important factor to consider when
processing target material to isolate a produced isotope. As said by Stephen Heinitz:
“high column loading results in inferior lanthanide separation”?,

5. As mentioned previously, altering the composition of the mobile phase has a significant
impact on the chromatographic behaviour. The concentration, pH and ionic strength of
the mobile phase all influence the speciation of both the stationary phase functional
groups and the analytes requiring separation. This heavily influences how the analytes
interact with the two phases and therefore has a significant impact on the separation.

lon-exchange chromatography and extraction chromatography techniques have been shown to
be suitable methods for preparative separation of the lanthanides and are henceforth discussed

in further detail.

1.4.1.2 lon exchange chromatography

lon exchange chromatography utilises the reversible interaction of ionic species between a
stationary and a mobile phase in order to separate components of a mixture. A variety of ion
exchange methods are commonly used for the separation of biomolecules, small molecules

and/or elemental mixtures!3?,

lon exchange stationary phases are typically cross-linked polymeric chains with ionic
functional groups. These ionic groups are fixed on the resin and are the sites at which ion-
exchange takes place (see simplified diagram, Figure 1.14, where the sulphonate (SO3°) groups
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are the site of ion-exchange). A range of mobile phases can be used including ionic solutions
(e.g. NaOH) and chelating species (e.g. EDTA). The characteristics of solid stationary phase
and the aqueous mobile phase both heavily influence the quality of separation.

Figure 1.14 - Diagram showing an example of the macroporous cross-linking structure of a strong acid

cation exchange resin and its sulphonic acid exchange sites™.

Historically, ion exchange is the most commonly used tool for the separation of the lanthanide
elements®134, The use of a column packed with cation exchange resin and an o-HIBA mobile
phase has been used for the preparation of the high purity lanthanides to ensure accurate
analysis of geological and nuclear forensics samples, as well as for the preparation of
radionuclides for nuclear medicine research?®2".7>13_precise control of the concentration and
pH of the a-HIBA solutions is required to ensure effective isolation of single lanthanide

elements.

O

b
HaC OH

OH

Figure 1.15 - Chemical structure of alpha-hydroxyisobutyric acid (a-HIBA).

It should be noted that the exposure of ion-exchange resins to high levels of ionising radiation
can lead to resin breakdown, reducing the efficiency of the separations and the operating
lifetime of a column?®3®1%¢_ This is a particularly important factor to consider when designing
chemical separation methods capable of preparing the high activity sources of radioisotope

required for nuclear medicine applications.
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1.4.1.3 Extraction chromatography

Extraction chromatography combines the selectivity of solvent extraction techniques with the
ease-of-use of solid-phase column chromatography techniques™’. The stationary phase
extractant, typically a hydrophobic organic molecule, is incorporated into a porous inert
support, together forming a solid-phase extraction chromatography stationary phase (Figure
1.16). Mineral acids are typically used as the mobile phases in extraction chromatography

separations (e.g., HCIl or HNOs3).

MOBILE
PHASE

INERT
SUPPORT

STATIONARY
PHASE

Figure 1.16 - Illustration of an extraction chromatography bead. Adapted with reference to Horwitz
(1998)"%,

Extraction chromatography resins have been used for the preparation of environmental,
geological, decommissioning and nuclear forensics samples for elemental characterisation, as
well as for the purification of radioisotopes for use in nuclear medicine!3®. These resins exhibit
high radiation and chemical resistance, being able to operate efficiently whilst using high acid

concentrations and highly radioactive samples'4%14L,

A series of extraction chromatography resins, (i.e. the LN resin series) using phosphorus-based
extractants have been developed and designed for the separation of the lanthanide elements
(Figure 1.17)137142 In recent years, the use of these extraction chromatography resins to purify
radioactive lanthanides for use in nuclear medicine has been studied, but research is in its

infancy?3.
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Figure 1.17 - The stationary phase extractants which are present in each of the three extraction
chromatography resins used for lanthanide separations (LN, LN2 and LN3)*,

1.4.2 Chemical isolation of terbium

Both ion-exchange and extraction chromatography techniques have been applied to situations
requiring the isolation of terbium from matrices containing other lanthanide elements. The
strict control of separation conditions is key to achieving high quality separations and this is
clear in the methods reported in the literature. Here, a summary of some of the methods used

in previous studies are presented allowing for comparison in later chapters.

1.4.2.1 lon exchange chromatography

The o-HIBA/cation exchange method has been applied to isolate pure sources of terbium?”
29143 produced by proton induced spallation, namely 4°Tb, ¥2Tb and *°*Tb, and by neutron

bombardment, namely 61 Th.

Beyer et al. (2004)!*® reported the use of a step-wise a-HIBA/cation exchange method in order
to isolate 1*°Th produced at CERN-ISOLDE by proton-induced spallation with subsequent
mass separation. A small Aminex A5 column was used (NH4* form, 3 x 60 mm) and notable
terbium/gadolinium peak overlap was observed which resulted the isolation of a high purity,
but moderate recovery (~80 %) “°Tb source. The terbium fraction (~0.2 mL) was eluted in

0.25 M a-HIBA at a flow rate of 0.1 mL/min and was recovered within ~5 minutes.

A similar method was applied by Miller et al. (2012)?" and involved the separation of terbium
on a strong acid cation exchange column (50 x 5 mm) using ~0.15 M a-HIBA at pH 4.75. The
exact resin, and the chemical purity and recovery of terbium post-separation, was not reported
in this study. Reproducing this data would therefore be a challenge. The terbium sources
produced here were of a suitable quality to radiolabel to a DOTA—folate conjugate cm09 and
achieved a good radiochemical yield of >96%. Initial diagnostic and therapeutic pre-clinical

trials were conducted using these **Th-cm09 samples.
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For the isolation of *%1Tb produced by neutron bombardment of an enriched %°Gd target, the
method reported by Lehenberger et al. (2012)” involved the separation of trace levels of
terbium from a 40 mg %°Gd target and 0.2 mg of dysprosium. A 150 x 7 mm Aminex A6
column (17.5 pm particle size, NH4" form) was used. This method successfully recovered 90
% of the 1Th in 0.13 M a-HIBA (pH 4.5) whilst reducing the gadolinium content in this
fraction by >10° and the dysprosium content by >10? (i.e., decontamination factors). It is a
relatively slow method as it required the separation to be carried out at a low flowrate and using

large volumes of mobile phase (~0.2 mL/min, ~90 mL, separation time ~ 450 minutes).

In a similar, more recent study by Gracheva et al. (2019)**® a combination of different column
properties (Sykam microporous cation exchange resin, 12-22 um particle size, NH4* form, 170
x 10 mm column) and a faster flowrate (~0.6 mL/min) were used to isolate high purity 11 Th
from gadolinium target material. The loading and terbium elution conditions were the same as
reported in Lehenberger et al. (2012)"°. The increased column volume and faster flowrate
allowed for a high radionuclidic purity terbium (>99%) to be isolated from bulk quantities of
Gd203 material (up to 140 mg) in a shorter time of ~100 minutes. Rapid concentration of the
161Th was achieved using LN3 extraction chromatography resin column (6 x 5 mm) and HCI
elution (0.05 M, 500 uL). The purity of the terbium fraction was estimated using the radioactive
tracers during method development steps, but no stable element analysis was conducted to
quantify any gadolinium impurity remaining in the terbium fraction. Radiolabelling studies
with DOTANOC (> 99% radiochemical yield, 180 MBg/nmol specific activity) showed that

the terbium fractions were of a sufficient quality for further pre-clinical investigation.

1.4.2.2 Extraction chromatography

Monroy-Guzman et al. (2015)41% investigated the use of LN extraction chromatography
resin for the separation of lanthanide pairs. Their work describes the separation of micro/macro
component systems of neighbouring lanthanide pairs, namely Pm/Nd, Th/Gd, Ho/Dy and
Lu/Yb, using 12 x 70 mm columns packed with Ln spec resin (50 — 100 um, Eichrom
Industries). The flow rate of solution through the column, and therefore separation time, is not
defined in this study. The authors claim, and elution profiles suggest, effective separation of
trace levels of terbium from bulk quantities of gadolinium (10 mg Gd(NO)z3) using a stepwise
elution. The gadolinium was eluted in 0.8 M HNO3 followed by the elution of terbium in 3 M
HNOs. The degree to which the bulk gadolinium target material is removed is unclear, as no

stable element content analysis of the micro-component fractions is reported. No radiolabelling
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studies were conducted, as per Gracheva et al. (2019)**3, which would have indicated whether

a suitable quality had been achieved.

Jiang et al. (2015, 2017)46147 reported the successful isolation of %1 Tb from fission products
using LN resin prior to its determination by liquid scintillation counting for nuclear forensics
purposes. The reported method involved the isolation of the lanthanides, as well as some other
chemically similar elements (e.g. yttrium), from a complex matrix using an anion exchange
method and selective precipitation. The isolation of 1Tb from other lanthanide fission
products which remained was achieved using a column packed with LN resin (50 — 100 um,
Triskem International, 107 x 7 mm). Separation and collection of individual lanthanides was
achieved using a stepwise elution profile (0.01 M - 8 M HNOs). The %Tb fraction was further
purified by passing the solution through another LN resin column (2.1 cm?®). There is no
indication to the quantities of each element in the mixture used in this study, or to the flow rate
and separation time required for efficient separation. Details regarding the stepwise elution
method and are also absent, all of which making reproducing this method challenging.

Kazakov et al. (2018)'?! investigated the production of ***Tb by alpha bombardment of Eu203
targets (~200 mg). They showed the removal of bulk europium material by means of chemical
reduction using zinc chloride and subsequent sulphate (SOs%*) precipitation. Isolation of
terbium from remaining gadolinium and europium impurities was carried out using an LN resin
column (3 cm?®). A nitric acid stepwise elution was carried out at an unknown flowrate; 0.6 M
HNOs (40mL) allowed the elution of europium and gadolinium from the column before the
elution of terbium using a 3.0 M HNOz (15 mL) solution. Radiochemical yield of the *Tb was
reported to be ~90 % with a radionuclide purity of >99 %. Column dimensions were not

reported in this article.

Aziz et al. (2016, 2020)14314° reported the isolation of high radionuclide purity *6Th (>99 %)
from small G20stargets (5 mg) using a similar method to the one reported by Monroy-Guzman
et al. (2015)1%4145, Details regarding the column dimensions, solution volumes, flow rate,

terbium recovery and stable impurity profile are absent in this article.

These examples highlight the importance of precise control of separation parameters in order
achieve reproducible results. Slight changes in separation parameters markedly change the time
required for, and quality of separation. A thorough description of methods is essential in order

to ensure reproducibility of the methods as well as to allow for a fair comparison of the method
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with others. Gracheva et al. (2019)* is a good example of this. Some of the other manuscripts,
however, were lacking in important information (e.g., column properties, separation time,

purity and recovery of terbium post-separation).

In all these cases, a stable impurity profile of the purified terbium fractions is lacking. A
complete understanding of the stable impurities would be helpful when it comes to
radiolabelling and (pre)-clinical studies. Alternatively, as seen in Miiller et al. (2012)?" and
Gracheva et al. (2019)3, successful radiolabelling of bioconjugates with the purified terbium

sources can be used to indicate a suitable chemical purity has been achieved.

Finally, self-evaluations of these reported methods mainly focus on beneficial aspects. A
complete evaluation and discussion of the method would be helpful in informing the readers
of potential applications and limitations of the reported methods as well as allowing for fair

and comprehensive comparison to other methods.
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1.5 Requirements for the metrological and (pre)-clinical use of

radioactive terbium sources

The purity and specific activity requirements for applications post-separation need to be
considered. The application of purified terbium sources can be split into two general categories
that are to be considered within the remit of this study:

1. their use for the realisation of high-quality metrological information

2. their use in the development of novel nuclear medicine

The background to each of these applications and reasons behind purity requirements will be

discussed in detail in this section.

1.5.1 Determination of metrological information for radioactive isotopes

1.5.1.1 The role of metrology and traceable measurement in nuclear medicine

Primary standardised radioactive sources are required to derive accurate metrological
information. These include accurate nuclear data. Nuclear data measurements provide
fundamental information about the decay of the studied isotopes. Half-life and energy level
measurements can be conducted using these primary standards in order to validate or improve
historic records. The derivation of ionisation chamber calibration factors (i.e., pA/MBq
response), and SPECT or PET attenuation correction factors, is essential for carrying out safe
and effective nuclear medicine procedures and this can also be achieved using primary
standards. Accurate nuclear data are essential as they facilitate the qualitative and quantitative
determination of the radionuclides present in more complex radionuclide mixtures when
measured by decay counting techniques (e.g. gamma spectrometry, liquid scintillation counting
and alpha spectrometry). The quality of nuclear data has significant implications on the

accurate application nuclear medicine procedures.

A thorough characterisation of the radiological purity of the primary standards is of great
importance. If any radiological impurities are present, they could have a significant impact on
the accuracy of all metrological measurements and thus the safety and efficiency of nuclear

medicine procedures.

In all clinical applications, the accurate determination of the activity of a radiopharmaceutical

preparation ensures that a patient receives a suitable dose of targeted radiation. This facilitates
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efficient, and in some cases quantitative, diagnostic imaging and/or efficient therapy and this
minimises the probability of administering a harmful dose to a patient™. Typically,
radionuclide calibrators that incorporate pressurised well-type ionisation chamber are used for

this purpose.

Adherence to traceability procedures gives confidence to end-user measurements by ensuring
that radionuclide calibrator measurements, which are made at a hospital, are accurate and are
traceable to primary standards derived by national measurement institutes (NMI, e.g. NPL in
the UK) and to the International System of Units (SI units, Figure 1.18).

1.5.1.2 Production of radioactivity standards

Primary standards of radioactivity are absolute activity sources which are made by NMIs,
traceable to the Sl units, and have a minimised but well-defined uncertainty budget®*.
Radioactive sources must first be produced (see section 1.3) and undergo chemical separation
(see section 1.4) to remove radiological impurities before they can undergo primary

standardisation.

The derived uncertainty of the radioactive primary standard is ideally independent of any other
measurements (i.e., nuclear decay data). This independence would minimise the need for
uncertainty propagation and thus lead to a greater confidence in the measurement (i.e., lower
uncertainty). To achieve this, these primary standardisation measurements are typically made
using high geometry counting methods (i.e., 4w or 2z geometry) such as liquid scintillation
counting, or coincidence counting methods such as 4nB-y coincidence counting®. For
radionuclides which undergo alpha decay, defined solid angle (DSA) counting is often used
because it provides a significant improvement in the derived uncertainty of the measurement

in comparison to other methods®®L,

To guarantee traceability, these activity measurements — which are described using a derived
Sl unit, becquerel — should be directly traceable to the base SI units (Figure 1.18). Mass, time,
frequency and length measurements are relevant here. For example, any mass measurement
made in the primary standardisation process should be conducted using a high precision
analytical balance which has been calibrated using a set of weights which are directly traceable
to the fixed value of Planck constant (h)*®2,
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Figure 1.18 - A simplified measurement traceability hierarchy, illustrating the unbroken chain of
measurements or calibrations required to ensure that a measurement it traceable to the International
System of Units (SI).

Secondary standards are made with reference to a national primary standard and are, in some
cases, used to provide a high-quality calibration of measurement instruments. Reference, or
working, standards are in turn made by comparison to a secondary standard and are typically
used to check the operating accuracy and precision of the relevant processes and analytical
instruments (i.e., quality control/assurance). As alluded to before, traceability from the SI units

to the end-user measurements ensures confidence in these measurements.

Throughout all steps of radioactive standard production, measures are taken to minimise the
uncertainty introduced at each step, thus minimising the uncertainty on the end-user

measurement.

1.5.1.2 Ideal characteristics of radioactive standards and their use in the field of nuclear

medicine

The purity of a radioactive source which undergoes standardisation is an important factor to
consider. The presence of radioactive impurities will result in inaccuracies in the activity,
nuclear data and half-life measurements. In some cases, mathematical corrections can be
implemented to account for any impurities present (e.g., 121 impurities in 12°1), however this

adds an additional uncertainty to the derived activity®,

40



An absolute activity measurement value (i.e., primary standardisation measurement) of a
standard pertains to a specific reference date and time due to the depreciating nature of
radioactive isotopes. Therefore, for later measurements, corrections accounting for the
radioactive decay over time must be applied. Hence, the half-life of the radionuclide needs to
be well known for accurate corrections to be made when a standard is used for calibrations or

for quality control measurements.

In the field of nuclear medicine, primary, secondary and reference standards are used for the
calibration and quality assurance of ionisation chamber-based radionuclide calibrators.
Standards also have the potential to be used for the establishment of quantitative imaging that
is traceable to the SI units™>.

1.5.2 Purity requirements for radiolabelling and (pre)-clinical studies

To make the four terbium isotopes (**°Tb, 1°2Th 1%°Th and 'Th) isotopes available for large-
scale clinical use, they first need to undergo (pre)-clinical study using sources of suitable purity.
To enable targeted nuclear medicine, the terbium isotopes need to be chemically bound to a
targeting molecule so that they can be used effectively in nuclear medicine procedures. Each
isotope/molecule combination needs to undergo rigorous (pre)-clinical study in order to assess
their efficacy and safety in-vivo.

Radioactive impurities, particularly those which emit high LET particles on decay, will
introduce an unnecessary additional dose of radiation to the subject. The presence of
radioactive impurities will also have an impact on the image quality for SPECT and PET
studies. For dosimetric imaging studies, if the impurities are known and quantified then they
could potentially be corrected for to allow for improved contrast and quantitative accuracy*®®.
Generally, the presence of radioactive impurities should be minimised by means of chemical
separation, to maintain patient welfare and to ensure effective application of the nuclear

medicine procedures.

Requirements for commonly used radiopharmaceuticals are stated within monographs of the

International Pharmacopoeia®®. Requirements relevant in this study include:

e Radionuclidic purity — the minimum level of radionuclidic purity (%) as well as the
maximum level of radionuclide impurities (%). Radionuclidic purity is commonly

derived by means of gamma-ray spectrometry.
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e Radiochemical purity — the amount of radionuclide that has been successfully labelled
onto the molecule (%). Radiochemical purity is commonly assessed by means of paper
or thin layer chromatography.

e Chemical purity — assessment of the presence of stable isotope impurities which could
be present as a result of production, chemical separation and/or radiolabelling. This is
sometimes implied by the radiochemical purity. Chemical purity is derived by

comparison to standard solutions.

Requirements for the clinical use of novel radionuclides and radiopharmaceuticals are not
defined within the International Pharmacopoeia and thus some assumptions must be made for
the sake of this study. Monographs of similar radionuclides, in terms of their half-lives and
decay type and energy, can be used as a guide to inform researchers of purity requirements for
novel ones. It is important to only take this as a guide, as requirements stated in International
Pharmacopoeia monographs are a result of thorough safety assessment through years of clinical
trials and use. Defining these purity requirements for the terbium isotopes is beyond the scope
of this project, so established monographs have been used throughout this study for the purpose

of comparison (e.g. ' Ga-citrate for $>5Th)*’,
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1.6 Aims and objectives

The production and subsequent purification of the terbium theranostic isotopes (}4°Th, %Tb,
155Th and *¥1Th) is currently in its infancy and is of fundamental importance if the scientific
community is to fully explore their theranostic capability and clinical viability.

The primary aim of this study is to develop efficient radiochemical methods which are suitable
for the processing of terbium sources post-irradiation. For this, extraction chromatography
resins were studied. The aim was to acquire metrological information to quantify the quality of
separation achieved using the studied extraction chromatography resins, allowing for a
comparison to be made with the commonly used a-HIBA/cation-exchange method!#. The aim
was to develop and optimise methods capable of preparing high purity terbium sources from
several of the production routes detailed in Table 1.7.

Method development was conducted using stable isotopes and quantified by mass
spectrometry. Method validation was conducted when possible by applying the developed
methods to **5Th sources produced within the remit of the CERN-MEDICIS collaboration®324,

This work aims to understand the suitability of extraction chromatography for the purification
of terbium with the purpose of encouraging and facilitating further investigation into the
metrological and medical use of the four terbium isotopes (i.e., production, (pre)-clinical

applications, phantom imaging studies and primary standardisation).
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Chapter 2.Materials and Methods
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2.1 Isotope production

Isotope production experiments were an essential part of this research; however, these were
not conducted by the author of this report. All isotope production experiments referred to in
this report were carried out other researchers within the remit of the CERN-MEDICIS
collaboration. This collaborative group brings together research institutes from across Europe
and facilitates access to isotope production facilities (e.g., at CERN or Arronax), radiochemical
expertise (e.g., at NPL or KU Leuven) and pre-clinal study capability (e.g., at PSI or CTN) to

encourage the development of novel nuclear medicine®8,

Two production routes at the following facilities are particularly relevant to this study and thus

are discussed in more detail here and in the relevant chapters.

2.1.1 Proton-induced spallation at CERN-ISOLDE/MEDICIS and mass separation

Information about the production and mass separation processes at CERN-MEDICIS was
provided by Charlotte Duchemin, Thierry Stora and Reinhard Heinke at CERN on 04.09.2020
(European Organization for Nuclear Research, Esplanade des Particules 1, 1217 Meyrin,

Switzerland).

This section expands on the content found in section 1.3.1.1. and is related to research reported
in Chapter 3 and Chapter 4. Some of the previously mentioned terbium isotopes (1491521%5Tp)
are produced by the proton-induced spallation reaction on a tantalum target. An example
irradiation scheduled from 27th September to 1st October 2018, which was conducted by

researchers at CERN, is detailed herein:

High energy protons (1.4 GeV) from the proton synchrotron booster at CERN are focussed
onto and interact with a secondary target containing multiple rolls of high purity tantalum foil
which were arranged in a long tantalum tube coupled to a rhenium surface ion source (99.95%

purity, 12 pm thick, 15 mm wide, 2 cm diameter, total mass 357 g).

After production, a wide range of elements and isotopes are present. To isolate isotopes of a
selected mass (mass-to-charge ratio, A/q), off-line mass separation is available at the CERN-
MEDICIS facility (see section 1.3.2)884 The separated isotopes are collected in a catcher

material, often a zinc-coated gold foil (Figure 2.1). The mass separation of a *Th produced
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by proton irradiation of a gadolinium target is describe here as an example (see Chapter 5).

Mass separation work was conducted by scientists at CERN.

In preparation for the collection of °Tb, the extraction voltage was set to 60 kV, and the
extraction electrode positioned after an acceleration gap of 60 mm from the ion source’s exit.
This way the beam profile displays a gaussian shape of sigma = 0.8 mm at the position of the
beam diagnostics before the implantation chamber. Respective currents of 400 A (1300 °C)
and 290 A (2100 °C) were applied to heat the target and the line and to allow for preliminary
optimization steps on a stable ***Th mass marker. Terbium-155 was extracted from targets that
were heated up to 2200 °C (corresponding to a current of 750 A). The mass-separated **°Tb
beam was implanted into a solid catcher (zinc-coated gold foil, thickness: 0.1 mm, purity:
99.95%, Goodfellow Cambridge Ltd. Huntingdon, UK).
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Figure 2.1 — (top) Screenshot taken with the beam scanner, located before the implantation chamber.
Beams at A/q = 154,155,156 are seen (153, 157 partly visible). The collected beam is centred on A/q =
155, while isotopes present at other masses are physically removed from the implantation using
mechanical slits located ahead of the foil. The horizontal scale is in mm. (bottom) Two zinc-coated gold
foils in the collection chamber seen from the rear®.

As of 2019, the use of a resonance ionisation laser ion source (MEDICIS’s Laser Ion Source
for Separator Assembly, MELISSA!'?) allowed the enhanced ionisation of a desired element
through tuning the laser to the transitions between atomic energy levels and inducing stepwise
excitation. This reduces the presence of isobaric and pseudo-isobaric impurities. MELISSA
was not available at the CERN-MEDICIS facility for the study reported in Chapter 3%. In later
studies (Chapter 5) MELISSA was used to selectively enhance the ionization of ***Th, using a

two-step resonant excitation scheme with respective output powers of 0.8 and 1.2 W.

46



2.1.2 Cyclotron production of terbium isotopes from lanthanide targets

2.1.2.1 The ARRONAX facility

Information about the production at the ARRONAX facility was provided by Nathalie Michel,
Ferid Haddad, Cyrille Alliot and Nadia Audouin at ARRONAX on 01.02.2021 (GIP-
ARRONAX, Rue Arronax 1, 44800, Saint-Herblain, France).

Production of terbium isotopes by the irradiation of gadolinium target material was studied by
researchers (stated above) using the cyclotron at the ARRONAX facility in Nantes, France®®,
The cyclotron routinely operates with hydrogen and helium beams of tuneable energy and
current (Table 2.1).

Table 2.1 - Table summarising the characteristics of the ion beams available at ARRONAX. Taken and
adapted from Haddad et al. (2008)*°.

Incident Particle =~ Beam energy Intensity (uA)
range (MeV)

H- 30-70 < 350 (x2)

HIHY 17.5 <50

2H- 15-35 50

‘He?* 70 <35

Gadolinium metal foil targets (>99.9% purity, 25 mm x 25 mm, 25 um thickness, natural
isotope abundance) were sandwiched between two graphite plates (500 um thickness) and were
inserted in between two copper plates (Figure 2.2). This package was then loaded into the target

station for irradiation with protons (34 MeV H-on target).
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natd foil
(25%25x0.025 mm)

Figure 2.2 - A simplified schematic of the target arrangement used at the ARRONAX facility (left) and
an image of the deconstructed target prior to irradiation (right). (Figure courtesy of N. Michel et al.)
After the production, an initial two-step chemical separation was conducted by researchers at
the ARRONAX facility using an LN resin method. This significantly reduced the gadolinium
excess prior to being sent to CERN-MEDICIS for mass-separation. Mass separation was
carried out by scientists at CERN-MEDICIS as per the method reported in section 2.1.1. The
samples were then sent to NPL for further chemical processing to isolate the **Tb from
remaining isobaric and pseudo-isobaric impurities using the method developed in Chapter 4 of
this study. Purified Th samples were then sent onto other laboratories for SPECT imaging
(NPL and KU Leuven), radiolabelling (KU Leuven and Lausanne University Hospital) and
metrological studies (NPL).

2.1.2.2 The MCA40 cyclotron at the University of Birmingham, UK

Information about the production at the MC40 Cyclotron facility at the University of
Birmingham was provided by Ross Allen, Rebeckah Trinder and Tzany Kokalova-Wheldon
on 16.07.2021 (University of Birmingham, UK).

Production of terbium isotopes by the irradiation of either gadolinium or europium target
material was also studied using the MC40 cyclotron at the University of Birmingham, UK’
This cyclotron also routinely operates with hydrogen and helium beams of tuneable energy and
current (Table 2.1). This collaborative work is at an earlier stage, so does not feature heavily
in this report but was important to consider when developing and optimising the chemical

separation methods.
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Table 2.2 — A summary of the achievable energy ranges of the ion beams available at the University of
Birmingham. Taken and adapted from the University of Birmingham’s ‘MC40 Cyclotron Facility’

webpage (date accessed 21.04.2021)%,

Incident Particle ~ Beam energy Intensity (LA)
range (MeV)

4 2.7-40 <20

2H- 15-35 <20

3He?* 8- 50 <4

‘He?* 10.8 - 40 <4

Some initial investigation into two terbium production routes was conducted in collaboration

with the University of Birmingham:

0] the irradiation of gadolinium targets with protons - "*Gd(p,xn)

(ii)  the irradiation of europium targets with alpha particles - "Eu(a,xn)

Two forms of high purity target material can be used at this facility: metal oxide powders and

metal foils. When metal oxide targets with natural abundance isotope ratios were used, they

were prepared using the following method (Figure 2.3) and secured in the irradiation position

using a custom target holder.

1. A known mass of target material (>99.99% purity, oxide form) was added to the

target holder

2. The powder was then lightly compressed unto the target holder using a spatula

3. A moulded circle of titanium foil (0.025 mm thickness, ~25 mm diameter) was

added on top of the compressed powder and was secured using glue (Loctite ®

Super Glue).

4. The targets were compressed further using a packing tool, before being labelled and

packaged for shipping to the University of Birmingham.
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Figure 2.3 - A target holder used for the irradiation of gadolinium oxide powder with dimensions
annotated (left). The preparation of a 1 g Gd.Os target sealed with a thin titanium foil (middle and
right)

Metal foil targets were prepared by scientists at the MC40 Cyclotron Facility at the University
of Birmingham. The larger foil was cut into nine smaller pieces (>99.9% purity, 0.5 mm
thickness, natural isotope abundance, ~7 mm x 7 mm) and one piece was secured within a
target holder (Figure 2.4). These targets were water-cooled from behind during the irradiation

to reduce the chance of the foil melting due to the intensity of energy transfer during irradiation.

Figure 2.4 - positioning of a europium metal foil within the target holder (Image courtesy of Rebeckah
Trinder, University of Birmingham)
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2.2 Chemical purification methodology

In these studies, extraction chromatography methods were investigated for the separation of
the lanthanide elements in order to prepare high purity radioactive terbium sources. Stable
element standards were used throughout for method development and inductively coupled
plasma mass spectrometry (ICP-MS) was used for subsequent quantitative analysis. A
chemical separation method developed using stable mixtures will perform in the same way

when applied to radioactive mixtures®®,

Chromatography-based studies were conducted under either batch or column conditions. Batch
studies provide useful information about how each component behaves in a given
chromatographic system (i.e., using certain stationary and mobile phases). Batch studies allow
for the determination of suitable conditions for a column-based separation and thus, contribute
to the development of an efficient column-based chromatographic separation method. Both
concepts - batch and column studies - are conducted throughout this work and are henceforth
discussed in more detail. An introduction to chromatography and its application to the

lanthanide elements is discussed previously in section 1.4.

2.2.1 Batch studies

The distribution coefficients (Kd) can be derived by means of experimental batch separation
and is used to illustrate how different elements behave in the presence of a chromatography
resin. The Kq value reflects how likely an element is to be held by the studied resin; the higher

the Kq value, the higher the probability of strong interaction and vice versa.

Batch studies were conducted across a range of acid concentrations in order to understand how
the Kq value of an element varies when using a particular chromatography resin. For this,
solutions of known elemental concentration, typically 100 ng/mL, were made up in a range of
acid concentrations. An aliquot of each solution was taken and analysed by ICP-MS to derive
the instrument response for analytes in the initial solutions (CPSo). A larger aliquot (2 mL) of
each solution was then added to separate 15 mL centrifuge tubes containing 0.100 g (+ 0.005
g) of chromatography resin. The mixtures were shaken and left for approximately 24 h to ensure
that system equilibrium had been reached'?4137139161 The aqueous phase was isolated by
passing the mixture though filter paper (Whatman 41 ashless filter paper, 2025 um pore size).
An aliquot of each filtered solution was then taken and analysed by ICP-MS (CPS). Variations
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from this method are detailed in the chapters where they arise. Distribution coefficients can

then be calculated using the equation below:

_ (CPSo—CPS) V.

K
d CPS, m

(2.1)

Where, (CPS)o and (CPS): are the concentrations of analyte in the aqueous phase before and
after equilibration, respectively, as measured by ICP-MS, V is the volume of solution added to

the resin (mL) and m is the mass of resin used (g).

Acid dependency of k' for various ions at 23-25°C.
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Figure 2.5 - The trend of distribution coefficients of several actinide elements shown on UTEVA resin
at varying acid concentrations'®?,

Between two different elements, the ratio of Kq values under the same separation conditions
gives the separation factor (SF, equation below). This reflects the difference in affinity the

elements have for the two chromatography phases and allows the identification of suitable

52



conditions for a column-based separation. The higher the separation factor between two

elements, the more efficient the separation will be under column conditions.

_ Ka(4)
SF Kq(B) (2.2)

2.2.2 Column studies

Column-based separations are required for lanthanide mixtures due to the similarities in
chromatographic behaviour of the lanthanides. Separation can be achieved by loading the
aqueous mixture onto either a commercially available, pre-packed column or a self-prepared
column. Pre-packed extraction chromatography columns are available in a limited range of
volumes and dimensions which limits the flexibility during method development and

optimisation steps.

For situations where an efficient separation cannot be achieved using the commercially
available columns, columns of suitable dimensions can be prepared using bulk chromatography
resin and empty columns. Throughout this work, glass Econo-Column® columns (BioRad)
were used which can be used in combination with a peristaltic pump allowing for flow rate

control.

A slurry of the resin was prepared by mixing it with a weak acid solution. The slurried resin is
then added to the empty column and allowed to settle under gravity to allow for uniform
packing. Excess solution was removed from the column before more resin slurry was added to
the column. This process was repeated until the column was full of resin and the resin was
sealed into the column using a frit. The packed column was then ready to be used but, to ensure
that the column does not dry out, it is capped at either end and filled with an excess of dilute

acid solution whilst being stored in-between uses (Figure 2.6).

53



/\/

l dilute HNO3 ]
v ll i
Bulk resin Z/ ['-F]

(b) c
(a) CREATE A SLURRY OF RESIN LEAVE RESIN TO SWELL AND
WEIGH OUT BULK RESIN USING A SUITABLE SOLUTION SETTLE BEFORE PIPETTING THE
(e.g. dilute acid) RESIN INTO A COLUMN

—a

ﬂ oY

Repeat The column
steps (c) and (d) is then ready l
until the column to conduct ||
[—] WASTE is full of resin. [—] chemical separations [l;ll
(d) e l
ALLOW FOR RESIN TO SETTLE WITHIN ONCE THE COLUMN IS FULLY PACKED,
THE COLUMN BEFORE PIPETTING OFF A SOAKED FRIT IS THEN PLACED
ANY EXCESS SOLUTION TO SEAL THE RESIN IN THE COLUMN

Ay

Figure 2.6 - The process of packing a glass Econo-Column® Column with a chosen chromatography resin.



The same generic steps tend to be used when conducting a column-based separation. An
example from Carter (2012)% of the separation of uranium and thorium on UTEVA resin is
used here to illustrate each step. The properties of the mobile phase can be chosen in order to
maximise the separation factor based on information found from batch separation studies and

the subsequent distribution coefficient calculation, or from previous column separation studies.
The steps are as follows:

e Pre-condition — the packed column is pre-conditioned with the same concentration of
mobile phase that the element mixture will be loaded onto the column with (e.g., 2 M
HNO3).

e Load — the solution that contains the elements requiring separation is loaded on top of
the pre-conditioned column (e.g., U and Thin 2 M HNO3).

e Wash —asolution that ensures that elements which are not bound strongly to the column
under the loading conditions are washed off the column (e.g., 2 M HNO3).

e Elution — the solutions which are used to selectively elute the components remaining
on the column (e.g., 5 M HCI to elute Th, then 0.02 M HCI to elute U). The order in
which the solutions are passed through the column is of vital importance.

e Regeneration — a solution passed through the column to ensure all components have
been stripped off the column to allow for its reuse (e.g., 0.02 M HCI).

e Recondition — a solution used to prepare the column for either storage in between uses
(e.g., 0.01 M HNOg) or to pre-condition the column for immediate reuse (e.g., 2 M
HNO3).

The fit-for-purpose concentration and volume of these solutions are derived through the
method development. These separation method variables, as well as others, have a significant
impact on the quality of separation. Flow rate, the column dimensions and the resin particle

size are other characteristics which can be changed to optimise a separation procedure.

In this study, the flow rate of the mobile phase through the column was controlled using a
Gilson Miniplus peristaltic pump and was set using the following method:

1. Attach tubing to the pump and fill (‘prime’) the tubing with DI water.

2. Weigh a 50 mL beaker.

3. Set pump to 1.00 rpm and pass DI water through the tubing for 5 minutes and collect
in the weighed beaker.
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4. Weigh beaker (+ DI water) and calculate ‘mL/min’ flow rate at 1.00 rpm from the mass
difference.

5. Calculate the ‘rpm’ flow rate equivalent to the ‘mL/min’ flow rate required for the
separation

6. Repeat steps 2-4 at new ‘rpm’ flow rate to check ‘mL/min’ flow rate

To assess the quality of separation throughout all method development steps, fractions of the
solutions which eluted from the column were collected and diluted with HNOs (2% v/v) prior
to ICP-MS analysis. The instrument response for each fraction was then compared to the
instrument response of the initial mixture to allow the calculation of the percentage recovery

of each element after separation.

(CPS);
(CPS)o

Element Recovery (%) = X 100 (2.3)
where, (CPS)o and (CPS)r are the instrument’s response for an element in the aqueous phase
before separation and in an individual fraction after separation, respectively, as measured by
ICP-MS.

If no sample was taken before the separation was conducted, the sum of the instrument
responses of all fractions was used (3_(CPS)s), equation 2.4). Calculating the element recovery
in this way assumed that all of the elements had been recovered from the column. This has

been termed as the normalised elemental recovery.

(CPS)y

— X .
S(CPS)) 100 (2.4)

Normalised Element Recovery (%) =

where, (CPS)r is the concentration of an element in an individual fraction after separation as
measured by ICP-MS, and Z((CPS)y) is the sum of the CPS values for that same element from

all fractions.

The (CPS) values used in these calculations were blank, dilution and/or internal standard
corrected. When necessary, the total element recovery of an element was calculated by the sum

of multiple or all element recovery values.
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2.3 Measurement methodology
2.3.1 Inductively coupled plasma mass spectrometry overview

An Agilent 8800 series inductively coupled plasma triple quad mass spectrometer (ICP-QQQ-
MS, Figure 2.7) was used for the measurement of samples containing stable isotopes mixtures.
The instrument is equipped with two quadrupole mass filters, one positioned either side of an

octopole collision/reaction cell. The instrument was operated using Mass Hunter version 3.71%4,

An autosampler allows for multiple samples to be run in a single procedure. Aqueous samples
are introduced into the instrument using a peristaltic pump. The aqueous solutions pass through
a nebuliser which produces an aerosol of the sample that passes to a spray chamber (in this
study a double pass spray chamber design). The spray chamber sorts droplets by size, allowing
smaller droplets that are more easily ionised to pass into the plasma. Larger droplets are rejected
and pumped out of the spray chamber as waste. The spray chamber is Peltier-cooled and
maintained at a temperature of 2°C, so that droplets of a uniform size pass into the plasma,
even if environmental conditions in the laboratory change during the course of a run. This is
important as the ionisation efficiency in the plasma will vary if the droplet size fluctuates with
spray chamber temperature. The amount of sample that passes through to the plasma varies

with nebuliser and spray chamber design, but in this study is ~8-9 %.

The sample passes into the inductively coupled plasma (ICP). Argon gas flows into the quartz
torch, and an electric spark introduces free electrons into the gas. An RF oscillating magnetic
field is connected to an induction coil that accelerates the electrons at 27 MHz, causing
electrons to combine with argon atoms to produce positive argon ions. These argon ions then
combine with electrons to produce argon atoms, and this equilibrium produces an inductively
coupled plasma, with a temperature of approximately 10,000 Kelvin. lons in the sample are
introduced to the ICP, where they are evaporated, atomised and ionised to produce a beam of

singly charged positive ions.

The ion beam passes from atmospheric conditions during sample introduction to vacuum
conditions, causing the ion beam to expand. Sample and skimmer cones positioned after the
torch focus the central part of the ion beam, followed by an off-axis extraction lens at a negative
voltage. Positive ions in the beam follow the path of the extraction lens, whilst photons and

neutral species are removed, reducing instrument background.
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A quadrupole mass analyser is used to separate ions by their mass-to-charge ratio. The
quadrupole consists of two positive and two negative poles, across which a voltage is applied.
The voltage is unique to each mass-to-charge ratio, with ions of the selected value passing
between the poles to the detector. lons at all other mass-to-charge ratios will collide with one
of the poles, lose their charge and not reach the detector. Multiple mass-to-charge ratios can be
measured within a single run. The instrument in this study has an additional quadrupole and a
collision-reaction cell, the roles of which are explained later in this section.

The instrument is equipped with a dual-mode secondary electron multiplier detector. The
output from the detector is in counts per second, with ‘pulse mode’ operating up to 1.5x10°
CPS, and ‘analogue mode’ operating at higher count rates. The detector has a linear dynamic
range of nine orders of magnitude and automatically switches between pulse and analogue

modeslGS,lGG
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Figure 2.7 - A schematic of the Agilent 8800 ICP-QQQ-MS. Arrows denote the direction of sample
through the instrument when both quadrupoles and the collision/reaction cell is used (Agilent ICP-MS
MassHunter Workstation software v. 3.7, Agilent Technologies).

A daily tune procedure was run prior to analysis using a mixed element standard (1 ng/mL
beryllium, yttrium, cerium and thallium in 2% v/v HNOs3). This method assesses the sensitivity
of the instrument across a mass range (Be, Y and TI) and identifies the degree to which oxide

polyatomic species and doubly charged ions are formed within the plasma (Ce). The tune

58



procedure also assesses the uncertainty in the measurement at each mass, the peak mass, and
the peak axis resolution. Threshold values for each parameter assessed in the tune procedure is

summarised in Appendix A.

Instrument stability throughout analysis runs was monitored using an internal standard (e.g.,
10 ng/mL In, 2°Bi). The internal standard was introduced via a dedicated line positioned
before the nebuliser. The tubing was loosely tied up to encourage a more turbulent flow.
Corrections were made for any instrumental signal drift by comparing the change in internal

standard signals to the first internal standard measurement.

A blank sample was run at the start of the procedure and throughout analysis runs. There was
also an instrument wash cycle between each sample. All of this helped to minimise cross-

contamination between samples.

Raw data from the ICP-MS were collected using ICP-MS MassHunter Workstation®* and
analysed using Microsoft Excel 20197 and OriginPro 20208, Corrections were made to
account for the background signal and any instrumental drift during analysis runs using the
internal standard. Any sub-sampling and dilutions were also corrected.

2.3.2. Interferences

Interferences need to be removed in order to have confidence in the final measurement. The
Agilent 8800 series ICP-QQQ-MS used in this study is capable of carrying out on-line spectral
interference removal: namely, the removal of isobaric, polyatomic and tailing interferences®®-

171 These interferences are defined as follows:

e Isobaric interferences — components of the plasma gas or the sample which have a very
similar mass as the analyte to be measured, which the detector cannot resolve. For
example, “°Ca and “°Ar isotopes interfere with the detection of *°K at m/z 40.

e Polyatomic interferences — a compound most commonly formed in the plasma with
atoms present in the sample matrix (e.g., *H, 0) and/or plasma (e.g., “°Ar). For
example, *HoH" is a polyatomic species which interferes with the detection of erbium
at m/z 166 (Figure 2.8)72173,

e Tailing effects — where an element of a neighbouring mass (one or two mass units on

the high or low mass side) to the analyte is present, typically in larger quantity
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compared to the analyte. The signal tails over into the m/z of the analyte and therefore
interferes with the detection of the analyte (Figure 2.8). For example, a bulk quantity
of 1%Ho may tail and interfere with the measurement of erbium at m/z 166 and
dysprosium at m/z 164.

0.1+

0.01 5

0.001

Normalised CPS

1E-5

1E-6

T T T T T
164 165 166
m/z

Figure 2.8 - The tailing of a signal at 165 m/z, from a 10 pg/mL Ho solution, into the neighbouring
masses (164-166 m/z) measured in SQ mode. The formation of a holmium hydride polyatomic (HoH+)
could also be contributing to the signal at 166 m/z.

2.3.3 ICP-QQQ-MS interference removal

The instrument can be operated in one of four modes: single quad mode (SQ), SQ gas mode,
MS/MS mode and MS/MS gas mode. The gases can be used individually or in combination
and can be either a reaction gas (O2, NHs/He, H2) or a collision gas (He). Each mode can

provide different degrees of interference removal and are these summarised below:

e SQ mode —only uses the second mass filter quadrupole (Q2) set to analyse at the optimal
m/z of the elements of interest. This method is commonly used for analysis where the
presence of polyatomic, isobaric, and tailing inferences is unlikely. For example, a
mixture containing europium and terbium can be measured, simultaneously, in SQ
mode at m/z 153 and m/z 159, respectively.

e SQ gas mode — Sample ions enter the reaction/collision cell and interact with a chosen

gas before undergoing mass filtering.
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o If a collision gas is chosen (e.g., He), polyatomic species will have a higher
probability of interacting with the gas resulting in a loss of kinetic energy. The
cell has kinetic energy discrimination at the exit, therefore, only ions with
enough Kkinetic energy at the chosen mass-to-charge (m/z) ratios will be
analysed. The analyte ion will lose some energy and transmission of analytes
out of the collision cell will be slightly reduced, but this will happen to a greater
extent for polyatomic species. This method is therefore efficient at reducing the
measurement interference caused by polyatomic interferences.

o If areaction gas is chosen (e.g., O2), the ions will form polyatomic species in
the cell to different degrees depending on formation probabilities. By example:
SQ mode (no gas) is not be a suitable method!™ to quantify *°Sr* in samples
also containing the isobaric interference, ®Zr*. However, if the ions enter the
reaction cell containing Oz (i.e., using SQ gas mode), it is thermodynamically
favourable for ©Zr* to form *zr*%0*, whilst **Sr remains on mass. Therefore,
%Sr can be measured at the mass-to-charge ratio of its ion (i.e., ®Sr*at m/z =
90) and, if required, ®°Zr can be measured at the mass-to-charge ratio of the
polyatomic species formed (i.e. ZrO* at m/z = 106). However, if germanium is
present in the sample, then the polyatomic species, "#Ge!®0*, could form in the
reaction cell, which would result in the formation of a new interference in the
detection of %Sr*.

MS/MS mode — lons pass through both mass filters (Q1 and Q2) set at the optimal mass
to detect the desired elements. This method is particularly effective at removing tailing
interferences. By example: for the detection of trace quantities of *°Er in the presence
of a significant quantities of %°Ho", the use of only one quadrupole (i.e., SQ mode)
would not get rid of tailing interferences when analysing the 1%°Er* at 166 m/z. It is
therefore advantageous to run the instrument in MS/MS mode. It should be noted that
this method would not remove any hydride polyatomic species (i.e., *®*Ho*H*) that may
have formed, and this still would result in inaccurate quantification of the 1%Er* present.
The abundance sensitivity in MS/MS mode is ~ 10", compared to ~10 in SQ mode.

MS/MS gas mode — lons undergo mass filtering before they enter the collision/ reaction
cell, such that ions of only one m/z value will interact with the reaction/collision gas.
After passing through the cell, the ions will undergo a second level of mass filtering

before detection. An example is shown in Figure 2.9.
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Figure 2.9 - The interference-free measurement of *Er in the presence of a bulk amount of ***Ho using
MS/MS mode with O, reaction gas'’>*",

In situations where measurement interferences were absent, the instrument was run in SQ mode
(Table 2.3). When interferences remained, further instrumental tuning was required. These

methods are described in detail in the relevant chapters.

Table 2.3 - The standard SQ mode operating parameters for ICP-MS measurement.

Parameter Setting
Scan mode SQ

Plasma conditions Low Matrix
RF Power (W) 1550 W
Plasma gas flow rate (L/min) 15.0

Nebulizer gas flow rate (L/min) 1.0

S/C temperature (°C) 2
Extract 1 (V) 0.0
Extract 2 (V) -200.0

2.3.2 Gamma-ray spectrometry

Gamma-ray spectrometry was used throughout this study to quantify the presence of
radioactive isotopes in samples produced at isotope production facilities (see section 2.1).
Gamma-ray spectrometry analysis was not conducted by the author of this paper, but by

colleagues in the Nuclear Metrology Group at the National Physical Laboratory8®177:178,

The detectors used in this work were placed withina 1.5 m x 1 m x 1 m lead shield container
with 10 cm thick walls. The container was graded with a liner of 0.5 mm cadmium and 0.7 mm

copper to reduce interferences from background radiation and lead fluorescence X-rays in
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spectrum. Samples were mounted approximately 15 cm from the detector window along the
horizontal axis using a kinematic mounting plate holding a precision engineered sample holder
(Figure 2.10). This sample holder enabled highly reproducible geometric source positioning.

Figure 2.10 — the gamma-ray spectrometry set-up at the National Physical Laboratory showing the
HPGe gamma-ray detector, sample holder, mounting plates, lead shielding and graded
copper/cadmium lining. Sources measured for this work were placed in the mounting plate on the left,
~15cm from the detector.

For the work in Chapter 3 an n-type High Purity Germanium (HPGe) y-ray spectrometer with
a resolution (full width at half maximum, FWHM) of 1.79 keV at 1.33 MeV and relative
efficiency 28% was used for the measurement of fractions before and after chemical separation.

This allowed for the determination of the *3°Ce/**Tb ratio (see section 3.2.3).

For the work reported in Chapter 5, the measurements that were conducted at NPL used a p-
type HPGe gamma-ray spectrometer with a resolution (FWHM) of 585 eV and 1.8 keV at
122 keV and 1.33 MeV respectively and a relative efficiency of 9.5 % was used to determine

the activity of the radionuclides present in the collected samples.

In both cases, the pulse signals from the pre-amplifier were processed using a CANBERRA
LYNX digital signal analyser (DSA) and the spectrum recorded using the CANBERRA
GENIE 2000 v3.4.1 spectrometry software'’®. The full-energy peak (FEP) detection efficiency
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of each detector for a geometry of 1 g of H20 in a 2 mL 1SO ampoule had been previously
determined across an energy range from 60 keV to 1836 keV using a suite of standards
traceable to primary standards developed at NPL. The FEP detection efficiency curve was fitted
using the CANBERRA GENIE 2000 v3.4.1 software using two polynomials to fit the region
between 60 keV to 122 keV (quadratic) and 122 keV to 1836 keV (order 4) (see Collins et al.1’’
for more details).

The nuclear data (half-lives and y-ray emission intensities) used to determine the activities of
detected radioisotopes were taken from the evaluated databases of ENSDF® and the DDEP*#?,

or using values derived at NPL which are yet to be published (see Table 5.2)

2.4 Materials and reagents

A range of HNOgs (Trace Analysis Grade, Fisher Scientific) and HCI (Trace Analysis Grade,
Fisher Scientific) solutions were prepared by diluting the concentrated acids with ultra-pure
water (ELGA PURELAB Flex, Veolia Water, Marlow, UK, 18 MQ c¢m, <5 ng/mL Total
Organic Carbon). These solutions were used for both column and batch studies, and for ICP-
MS analysis.

For the majority of the chemical separation method development and the ICP-MS detection
method development processes, stable element standards were used. The starting
concentrations of the standards were between 100 — 10 000 pug/mL (Ba > Lu, Fisher Chemical,
Alfa Aesar SpecPure, Assurance SpexCertiprep and Johnson Matthey) and these were diluted

down to the desired element concentration using HNOs or HCI solutions.

Solid reagents used for separation method development steps included: sodium bromate
(NaBrOs, Alfa Aesar), gadolinium oxide ("*Gd20s, Alfa Aesar, <10 pm powder, 99.999%
purity), potassium chloride (KCI, Acros Organics, 99%+ purity) and zinc chloride (ZnClz,
Aldrich, 99.995% purity).

All chromatography studies reported used extraction chromatography and/or ion-exchange

chromatography resins. Used resins and their characteristics are summarised in Table 2.4.
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Table 2.4 - A summary of the chromatography resins used.

Resin name Resin type Manufacturer  Active component Bead size
UTEVA Extraction Triskem DAAP 100-150 pum
TEVA Extraction Triskem Aliquat® 336 100-150 um
TK100 Extraction Triskem HDEHP and crown ether  100-150 um
AG1-X8 Anion exchange Bio-Rad Quaternary amine, 106-180 um
chloride form

LN Extraction Triskem HDEHP 50-100 pum
LN2 Extraction Eichrom HEH[EHP] 50-100 um

DAAP = diamyl, amylphosphonate, HDEHP

ethylhexylphosphonic acid mono-2-ethylhexyl ester

di-(2-ethylhexyl)phosphoric acid, HEH[EHP] =

2-

Commercially available 2 mL pre-packed cartridges (UTEVA and TEVA) or self-packed Bio-

Rad glass Econo-columns (LN resin) were used for column-based separations. The mobile

phase was introduced to the column using a peristaltic pump (Gilson Miniplus evolution) and

connective tubing (Gilson PVC tubing), allowing for flow rate control. For less precise flow

rate control, a vacuum box (Vacuum box, polycarbonate, 12 positions, Triskem International)

was used.

Plastic centrifuge tubes (15 mL and 50 mL, Fisherbrand) were used throughout for batch

studies, for collection of column fractions during chromatography method development and

validation steps, as well as for ICP-MS method development and sample analysis.
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Chapter 3. Removal of radioactive
cerium impurities from >Tb sources

produced by proton-induced spallation
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This work was published in Nature Scientific Reports (Appendix O):

B. Webster, P. Ivanov, B. Russell, S. Collins, T. Stora, J. P. Ramos, U. Koster, A. P.
Robinson and D. Read, Chemical Purification of Terbium-155 from Pseudo-Isobaric
Impurities in a Mass Separated Source Produced at CERN, Sci. Rep., 2019, 9, 108843¢

3.1 Impurities present in ™ Tb sources produced by proton-
induced spallation at CERN

One of the routes for producing significant quantities (MBq) of ***Tb is by proton-induced
spallation on a tantalum target (sections 1.3 and 2.1)83#, Subsequent mass separation can be
used to provide some initial separation of the terbium from the target material and from some
other co-produced isotopes, but it does not alleviate the need for further chemical separation as
some isobaric (i.e., ¥°Gd, °Eu and °Dy) and pseudo-isobaric (i.e., *°Ce’0, ¥ a%0)
impurities, both stable and radioactive, remain. One substantial radioactive impurity, **°Ce,
was identified in a mass separated **Tb source supplied to NPL by CERN-ISOLDE in
September 201781182

The isolation of individual lanthanide elements is challenging and requires well-defined
separation procedures in order to be effective. Ordinarily, the application of preparative
chromatography techniques is used to isolate a single lanthanide element, but these often are

time and skills intensive (see section 1.4).

Cerium is an exception amongst the lanthanide series, as it can be easily oxidised from a I11+
oxidation state to a I\V+ state in relatively mild oxidising conditions*. This change in oxidation
state has a significant effect on its chemical behaviour, particularly in terms of its speciation
and coordination number in aqueous solution, and this can be utilised alongside
chromatographic techniques to allow for its isolation from other lanthanide elements. Terbium,
however, is very stable in a I11+ oxidation state. Terbium can only be oxidised to the IV+ state
using much stronger oxidising reagents and this has only been observed in concentrated

carbonate solutions or in inorganic solids®+-18¢,

Therefore, the selective oxidation of cerium and subsequent chromatographic separation was
investigated in the attempt to develop a quicker and easier-to-use alternative to the traditional
lanthanide separation approaches. Extraction and ion exchange chromatography resins were

chosen based on their affinity for I\V+ species.
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Currently, no purity requirements have been set for °Tb in the international pharmacopoeia
due to the infancy of research into its clinical use. Therefore, the purity requirements for ®’Ga
(t%2 = 3.26 d'®") have been used here as a guideline and comparison®’. Gallium-67 was chosen
due to its similar decay properties to **°Tb (i.e., half-life, decay type, main gamma energy).
The monograph for ®’Ga-citrate states that a radionuclidic purity > 99% is required®’. Thus,
the separation method was designed to achieve a terbium purity > 99% as well as to maximise

terbium recovery.

3.2 Chemical separation of terbium from cerium impurities

All method development studies were conducted using stable element standards which have
identical chemical properties to radioactive isotopes of the sample element. Measurement of
samples throughout the method development process was achieved using ICP-MS analysis in

SQ mode with no reaction/collision gas (Table 2.3).

3.2.1 Method development

3.2.1.1 Batch separation studies

The adsorption of terbium and cerium onto ion exchange (AG1l) and extraction
chromatography resins (TEVA, UTEVA and TK100) was studied over a range of nitric acid
concentrations (2-10 M). Nitric acid solutions (2 mL), containing a mixture of 100 ng/mL
stable cerium and terbium, were prepared by the dilution of standard element solutions (10 000
pg/mL Ce, Assurance SpexCertiprep and 1 000 pg/mL Th, Johnson Matthey). An aliquot was
taken from each solution for ICP-MS measurement. The remaining solution was added to 0.1
g of resin (UTEVA, TEVA, TK100 or AG1). Sodium bromate (0.1 M, 0.03 g, Sigma Aldrich)
was added to identical samples to assess changes in adsorption to the resin as a result of
selective oxidation of cerium. In all cases, the samples were shaken and left to equilibrate for
24h. After equilibration, the solutions were filtered to isolate the aqueous phase (Whatman 41
ashless filter paper, 20-25 pm pore size). An aliquot was taken from each sample, diluted with
HNOs (2% v/v) and analysed by ICP-MS.

The adsorption of terbium and cerium onto each resin was quantified by calculating distribution
coefficients (Kq) using the previously described method (equation 2.1). Separation factors (SF)
between terbium and cerium in the same chemical environment were calculated using equation
2.2.
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Pronounced cerium adsorption was observed in the presence of an oxidant (0.1 M NaBrOz) on
all of the studied chromatography resins. The adsorption behaviour of terbium was unchanged
in the presence of the oxidant. This suggests that selective oxidation of Ce(l1l) to Ce(1V) was

achieved, leaving terbium in its 111+ oxidation state (Figure 3.1, Appendix B).

Significant cerium adsorption (Kd = 100-1000) was observed at high HNO3 concentrations (8-
10 M) on all four resins, whilst terbium adsorption remained minimal across the concentration
range (Ka=0.1-10). The highest separation factors (equation 2.2, SF > 100) were obtained on
TEVA and UTEVA resins. Owing to the information obtained from these batch studies it was
decided that only TEVA and UTEVA resins were to be investigated further (Figure 3.2).
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Figure 3.1 - Distribution coefficients (Kq) of Tb(lll), Ce(lll) and Ce(IV) on UTEVA extraction
chromatography resin across a range of HNO3 concentrations. (Appendix B)
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Figure 3.2 - Distribution coefficients (Kq) of Tb (111) and Ce(1V) across a range of HNO3 concentrations
on (a) AGI ion exchange resin, (b) TEVA resin, (c) TK100 resin, (d) UTEVA resin. (Appendix C)

3.2.1.2 Kinetic studies

Single experiments were conducted using UTEVA resin to demonstrate the kinetic behaviour
of terbium and cerium. The rate of adsorption and the rate of cerium oxidation were studied by

means of batch separation in order to identify any rate limiting factors of the separation method.

For the derivation of the rate of adsorption, a 10 M HNO3/0.1 M NaBrOs solution containing
100 ng/mL of both cerium and terbium was prepared. The solution was left for 24 hours to
allow for the oxidation of cerium. Aliquots (2 mL) were added to separate vials containing
UTEVA resin (0.1 g) and these were left in static conditions before filtering at regular time

intervals under vacuum (60 seconds — 180 minutes).

Similarly, to assess the rate of cerium oxidation, NaBrOs (0.1 M, 0.03 g) was added to a 10 M
HNOs solution (2 mL) containing 100 ng/mL cerium, 100 ng/mL terbium and 0.1 g UTEVA
resin. Repeat samples were left in static conditions before filtering at regular time intervals
under vacuum to ensure rapid removal of the aqueous phase from the chromatographic material

(90 seconds — 180 minutes).
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Throughout both studies, aliquots of the solutions were taken before and after contact with the
resin. These aliquots were diluted with HNO3 (2% v/v) and analysed by ICP-MS. The
distribution coefficients (Kd) were then calculated using equation 2.1 which allowed the rates

of adsorption and oxidation to be estimated.

Both rapid cerium adsorption (<60 s, Figure 3.3.a) and rapid cerium oxidation (<90 s, Figure
3.3.b) were observed, which suggested that neither the rate of adsorption nor the rate of

oxidation would be a limiting factor whilst carrying out column-based separations.
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Figure 3.3 - Kinetics of the (a) adsorption of Th (I1l) and Ce (IV) to UTEVA resin, and of the (b)
oxidation of cerium in a 0.1 M NaBrOs/10 M HNO; solution. Measured as the change in distribution
coefficient (Kq) as a function of time.

3.2.1.3 Column separation studies

Owing to the favourable adsorption and kinetic behaviour, the column-based separation of
terbium from cerium was subsequently studied using commercially available UTEVA and
TEVA cartridges.

A pre-packed UTEVA cartridge (2 mL, 50-100 pm, Triskem International) was pre-
conditioned with 8 M HNOs. An 8 M HNOs solution (10 mL) containing 0.1 M NaBrOs, 100
ng/mL cerium and terbium was introduced onto the resin. Nitric acid (8 M, 10 mL) was washed
through the cartridge to ensure terbium elution. Elution of cerium was subsequently achieved
using 0.1 M HCI (20 mL). A flow rate of approximately 0.3 mL/min was used throughout the
separation. Fractions (1 mL) were collected and were diluted in HNO3 (2% v/v) before analysis
by ICP-MS. This separation procedure was also repeated using a conditioned pre-packed
TEVA cartridge (2 ml, 50-100 pm, Triskem International). No measurements were taken of
the initial terbium/cerium mixture. The terbium purity and recovery were estimated by the
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comparison of the instrument response (CPS) of the terbium fractions to total instrument

response of all fractions.

The column-based separation of terbium and cerium using a pre-packed 2 mL UTEVA
cartridge provided excellent terbium purification (0.30 % + 0.28 % cerium recovery) and
recovery (98.25% + 1.00 % terbium recovery) in the initial load and subsequent wash solutions
(20 mL, 8 M HNO:s). The cerium was also recovered from the column in a later elution step
using 0.1 M HCI (<10 mL). Repeating the method using a TEVA cartridge afforded a less
successful separation, with a significant cerium impurity (11.27 % + 7.29 % cerium recovery)
remaining in the terbium fraction (Figure 3.4, Appendix D). Elemental recovery values quoted
here were calculated using equation 2.4 and refer to the proportion of the element present in

fractions 1-15 and the standard deviation between repeats (n=3).

\ 8 M HNO, 1 0.1 M HCI \ 8 M HNO, 1 0.1 M HCI
Load Wash "Elution Load Wash "Elution
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Figure 3.4 - Elution profiles showing the separation of Th from Ce impurities on a pre-conditioned 2
mL UTEVA resin cartridge (left) and pre-conditioned 2 mL TEVA resin cartridge (right). (Flow rate ~
0.3 mL/min, n=3)

This separation contributed to a more complete method designed to process mass separated
155Th sources deposited onto a zinc-coated gold foil (Figure 3.5). A final chemical conversion
of terbium into its chloride form is also reported to allow for further use in metrological and

(pre)-clinical studies.
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Figure 3.5 - Optimised method for the radiochemical separation and preparation of high radionuclidic
purity *°Tb.
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3.2.3 Method validation

3.2.3.1 Measurement of **>Tb prior to separation

Gamma spectrometry measurement was carried out by researchers in the Nuclear Metrology
Group at NPL as per the method detailed in section 2.3.2. For a mass separated *>Th source
received at the National Physical Laboratory (NPL), UK, from CERN-ISOLDE, Switzerland,
gamma ray spectrometric analysis identified the presence of a significant ***Ce impurity
(Ao(***Ce)/Ao(**Tb) = 0.30 + 0.02, Table 3.1, where Ao refers to the activity which has been
decay corrected to the reference time: 2017-09-29 12:00 UTC).

3.2.3.2 Isolation of 155Th from 139Ce impurities

The derived separation method (Figure 3.5) was applied to this **>Th source by scientists within
the Nuclear Metrology Group at NPL and removed 13Ce such that it was no longer observable
above the Compton continuum background (Dro(*3°Ce)/Ac(***Tb)= 0.00021, Figure 3.6,
where D orefers to the detection limit of the stated radionuclide above the Compton continuum
background, decay corrected to the reference time: 2017-09-29 12:00 UTC). Total terbium
recovery was 97.3% with a radiochemical purity > 99.9% (Table 3.1).

Table 3.1 - Radioisotope composition of a **Tb source received from CERN-ISOLDE before and after
chemical separation (reference time: 2017-09-29 12:00 UTC).

Isotope  Tw Activity of material Activity following
supplied (MBQ) separation

1%9Ce 136.7 d 2.79 £ 0.068 <1.90 kBq

155Th 5.32d 9.28 + 0.63 9.03 + 0.049 MBq
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Figure 3.6 - Gamma ray spectra of the ***Tb source preparation before (grey) and after radiochemical
separation (red) (reference time: 2017-09-29 12:00 UTC).

3.3 Discussion and summary

A novel method (Figure 3.5) has been developed for the purification of **>Th sources from
139Ce impurities produced by proton-induced spallation at CERN-ISOLDE and CERN-
MEDICIS, one of the main producers of the isotope to date. The method was developed using
stable analogues and ICP-MS elemental analysis which significantly reduces the amount of
radiation that the researcher is exposed to. It also prevented radioactive waste being generated
during the method development stages. These stable element experiments showed that the
developed method, selective cerium oxidation and subsequent chromatographic separation
using a UTEVA column, is capable of separating 100 ng/mL terbium and 100 ng/mL cerium
from a 10 mL solution. This is equivalent to separating ~6 GBq ***Tb from ~0.25 GBq **°Ce.

This method was successfully applied to an active sample, producing a high radionuclide purity
source (>99% 5Tb purity, > 97 % 5°Tb recovery). Sources of this quality would be suitable
for complexation to targeting molecules and for subsequent (pre)-clinical study as they meet
the purity requirements®®’ of the similar SPECT isotope, %’Ga. Sources produced in this way
were also of sufficient purity to allow other researchers at NPL to carry out nuclear data

measurements and a world-first primary standardisation (results yet to be published)!88-1%,

The terbium recovery and radionuclide purity achieved here was comparable to what can be
achieved using the a-HIBA, cation exchange chromatography method as reported by Gracheva

et al.1*3. The UTEVA method is also more rapid (~ 50 minutes vs. ~100 minutes). Use of faster
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flowrates (>0.3 mL/min) was not studied here but would be worth considering in future studies

in order to further minimise losses of isotope due to radioactive decay.

This method had not been validated for the removal of other stable (e.g., **La, ***Gd) or longer-
lived, radioactive (e.g., 1*°Eu) isobaric impurities; as with ***Ce'®0, they would not be removed
by mass separation. The presence of stable impurities would not have a negative impact on the
quality of nuclear data measurements or on the ability to produce a primary radioactive
standard, but they could have an impact on the safe and efficient use of ***Tb in nuclear

medicine procedures.

These lanthanide impurities might not pose a significant toxicological risk if they were to enter
the body%-19 put they would also form stable complexes with DOTA (log K > 22)?* and
DOTA-containing targeting molecules?>%®, This would result in competitive complexation with
the °Tb meaning that an excess of targeting molecule would be required to ensure that all
155Th is incorporated into the molecule. The presence of stable impurities would therefore lead
to a reduction in the specific activity and efficacy of the radiopharmaceutical. Further
investigation into the comprehensive purification of the **Tb and the other terbium isotopes
produced by proton-induced spallation, namely ¥**Tb and **2Th was therefore required. These
issues have been addressed in Chapter 4.
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Chapter 4. separation of terbium
from trace stable and radioactive

lanthanides
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The method reported in Chapter 3 has shown that a high radionuclidic purity source of ™Tb
can be produced by proton-induced spallation, mass separation and the utilisation of a UTEVA
cartridge-based chemical separation method®. This method was efficient for the removal of a
major 13°Ce impurity; however, it was not validated for the removal of other lanthanides, which
are produced in the same process. Owing to the similar chemical properties of neighbouring
lanthanides, it is not expected that the method reported in Chapter 3 will be capable of
producing chemically pure terbium sources. Therefore, the separation of trace terbium from
neighbouring lanthanides was investigated and the ‘fit-for-purpose’ method was applied to
simulant solutions which mimic mass-separated proton induced spallation sources of “°Tb,
152Th and *°Th.

4.1 Production information and requirements for chemical

separation

4.1.1 Characteristics of mass-separated terbium sources produced by proton-induced
spallation at CERN-ISOLDE/MEDICIS

A number of stable, radioactive, isobaric and/or pseudo-isobaric lanthanide impurities are co-
produced during the production of *°Tb, 12Tb and ***Tb by proton-induced spallation and are
not removed subsequent mass separation (Table 4.1). Regarding their quantities, Duchemin et
al.18 reports that “°Th, °2Th, Th and *™Ce are produced at a rate of >10° Bg/pAh, and
139Ce is produced at a rate of >107 Bg/pAh. The significantly longer half-life of ***Ce compared
to the others means that the reported production yield activities indicate a similar mass quantity
of each mentioned isotope (10-1000 ng/pAh). The production yields of other potential

impurities (i.e., longer-lived, or stable isotopes) are not reported in the article.

In addition to the lanthanide impurities, the product ion beams can be captured on either NaNOs
discs'®, zinc coated gold foils?’8® or KNO3s coated aluminium backings* during the mass
separation process. The removal of the capture material must also be considered when
developing the chemical separation method.
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Table 4.1 - Potential impurities found in ***Tb, *2Tb and ***Tb sources produced at by proton-induced
spallation after mass separation’'%, (*radionuclides)

Sources of impurities 149Th 152Th 155Th
Isobaric 149Gd* 149Eu* 152Dy* 1SZGd 155Dy* 155Gd
(trace) 1495m’ 149Pm* 152EU*, 1528m 155Eu*
Pseudo-isobaric 133Ba*, 133Cs 136Ce, 136Cs*, 13Ba  139Ce, 1¥9La*,
139

(trace) Pr*
Daughter products EY*, 145gm*, 1%2Gd 15%Gd

145Pm* 145Nd
(trace) :

4.1.2 Requirement for the removal of stable impurities

Regarding the stable impurities, the majority are lanthanide elements and these are generally
of low to moderate toxicity when in their ionic form, with gadolinium and ytterbium being
exceptions!®1%° All lanthanide impurities, including gadolinium and ytterbium, do not pose a
significant toxicological risk if they are present in trace quantities (~ng) and are administered
with a DOTA or DTPA containing targeting molecule (Figure 4.1). These chelators display
high complex stability with all lanthanide elements (i.e., high logK), ensuring that they will be
held strongly within the targeting molecule complex, even under in vivo conditions30:124:196-200
In this scenario, most of the lanthanide impurities will be excreted, rather than accumulating
within the body. Despite this, if substantial quantities of impurities are present, then the specific
activity of the radiopharmaceutical preparation will be reduced significantly. An excess of
targeting molecule will be needed to ensure all of the diagnostic or therapeutic radionuclide

has been successfully chelated.
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Figure 4.1 - The chemical structure of two aminopolycarboxylic acid bifunctional chelators which can
incorporate lanthanides (Ln%"); (left) 1,4,7,10-Tetraazacyclododecane-1,4,7,10-tetraacetic acid
(DOTA); (right) diethylenetriaminepentaacetic acid (DTPA)**,

The removal of both radioactive and stable impurities is essential to maximise the efficiency
of diagnostic or therapeutic medicine. The development of a fast and highly efficient method

is therefore required for the recovery of these short-lived terbium radioactive isotopes.

4.1.3 Reasons for the chosen separation approach

Cation exchange methods have been the most commonly applied chromatography methods to
purify proton-induced spallation terbium sources to date?”?°, however, the use of LN extraction
chromatography resin methods have received little attention for this purpose.

Separation methods, incorporating LN resin steps, have been developed to process ®'Th
produced by neutron irradiation of 1%°Gd targets!4414>148201 and have also been used in the
purification of Tb produced by the irradiation of europium targets with alpha particles?.

There are no reports of using LN resin to process spallation-produced terbium.

In these previous studies, high quality information about radiochemical recoveries and purities
are reported; however, details about the removal of stable impurities are vague (see section
1.4.2). In some cases, key details about the separation conditions are also not included. The
impact of stable impurities is more significant when they are in bulk quantities (see Chapter 5);
however, it is still important to understand how comprehensive the developed methods are. For
these reasons the aim was to develop a well-defined and reproducible LN resin method that
can process proton-induced spallation sources of terbium with well understood purity and

recovery information.
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4.2 Method development
4.2.1 Materials and reagents

Throughout this study, single element and multiple element solutions were prepared by diluting
certified atomic spectrometry standards with a chosen concentration of nitric acid. For batch
studies, bulk LN resin (50-100 um, Triskem International) was used. For column studies, pre-
packed UTEVA columns (2 mL, 50-100 um) and glass Econo-Columns® (BioRad) packed
with LN resin were used. General information about methods of packing and using
chromatography columns are found in section 2.2. Specific details have been presented in text

when necessary.

To mimic the radioactive mass-separated, proton induced spallation terbium sources, simulant
solutions were prepared for each of the radioisotopes of interest (**Tb, 1°2Tb, 1°Tb). These
simulant solutions (Table 4.2) contained stable element standards corresponding to the
potential impurities present in the mass-separated 14%152155Tp sources (Table 4.1). These were
prepared in acid concentrations suitable for the column-based separation.

Table 4.2 - Composition of ‘simulant **9¥°215Tp” solutions used to chemically mimic mass-separated,
proton induced spallation produced, terbium sources (100 ng/mL in nitric acid solutions)’®182,

Simulant solution Components

19T Cs, Ba, Nd, Sm, Eu, Gd, Tb
1527 Cs, Ba, Ce, Sm, Eu, Gd, Th, Dy
15T La, Ce, Pr, Eu, Gd, Th, Dy
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4.2.2 Interference free measurement of trace lanthanides using ICP-QQQ-MS

Interference free measurement is an important factor to consider when developing chemical
separation methods which can isolate one element from one or more other elements. This is
because interference free measurement allows for the accurate assessment of the method

through the derivation of highly accurate percentage recovery and purity information.

As implied in section 2.3.1, the lanthanide elements actively form hydride polyatomic species
within the ICP (e.g.,**®Gd'H") which interferes with the measurements of a neighbouring mass
(e.g., *°Tb)?%2, Most lanthanides will also form oxide (e.g., ***Gd'®0*) and less commonly
hydroxide (e.g., 1*®Gd'®0O*H") polyatomic species which can interfere with the measurement of
other lanthanide elements (e.g., '2Y* and 1°Yb*, respectively)}’®2%, The near identical
chemical properties of neighbouring lanthanide elements make the interference removal and
accurate measurement of single lanthanides a challenge (e.g., ionisation potentials, likelihood
of forming polyatomic species in the plasma etc.). Some of the lanthanide elements have
several naturally occurring isotopes (e.g., 152:154155.156.157.158.160G ) and will potentially interfere
with the detection of other lanthanide elements. The adjustment and optimisation of instrument
parameters, as well as the tactical use of reaction/collision cell technology, can be used to

minimise the presence of measurement interferences.

A method reported by Sugiyama?®? reports to be able to provide interference free measurement
of the lanthanides using a MS/MS method with Oz reaction cell gas. This method was used
here to identify and quantify single lanthanide elements in lanthanide mixtures (Table 4.3).
Accurate measurement was an essential part of the characterisation of the novel chemical

separation method developed in this chapter?®,
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Table 4.3 — The Agilent 8800 series ICP-QQQ-MS operating parameters used for the interference
minimised measurement of lanthanide element mixtures throughout the method development stages of
Chapter 4 and Chapter 5.

Parameter Setting
Scan Mode MS/MS
Plasma Conditions Low Matrix
RF Power (W) 1550
Extract 1 (V) 0

Extract 2 (V) -175
Reaction Cell Gas Oxygen
Oxygen Flow Rate (mL/min) 0.3 (30% of full-scale)
Octopole Bias (V) -5.0

Energy Discrimination (V) -7.0
Octopole RF 200

4.2.3 Suitability of the UTEVA method for the separation of neighbouring lanthanides

Initially, to understand whether the method reported in Chapter 3 (Figure 3.5) was suitable for
the isolation of terbium from lanthanide impurities other than cerium, the three simulant
solutions (10 mL, 8 M HNOs, Table 4.2) were exposed to the oxidant NaBrOs (0.15 g, 0.1 M)
and passed through a pre-packed and pre-conditioned 2 mL UTEVA cartridge. The step-wise
elution was carried out as per the reported method and the quality of the separations were

assessed using ICP-MS analysis in MS/MS O2 mode?®2.

It was shown that using the UTEVA method to isolate terbium from more complex lanthanide
mixtures was an ineffective approach. The separation between terbium and cerium occurred as
previously reported; however, separation of terbium from other lanthanides did not occur (e.g.,
‘simulant 12Tb solution’, Figure 4.2). This reinforced the need for investigation into alternative

separation methods.
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Figure 4.2 - Attempted separation of ‘simulant ***Tb’ mixture using the UTEVA method (Chapter 3).

4.2.4 Investigation of LN resin for the isolation of terbium from lanthanide impurities

4.2.4.1 Batch studies

As previously ascertained, the LN extraction chromatography resin is suitable for lanthanide
separations and investigation into its use for processing spallation produced terbium isotopes

is justified.

The behaviour of lanthanide elements on LN resin was studied in batch conditions over a range
of HNOs concentrations. Nitric acid solutions (2 mL) containing a mixture of 100 ng/mL stable
europium, gadolinium, terbium and dysprosium were prepared. An aliquot was taken from each
solution for ICP-MS measurement (CPSo). The remaining solution was added to individual 15
mL centrifuge tubes containing LN resin (0.1 g, 50-100 um, Triskem International). Each
mixture was shaken and left to equilibrate for ~24 h before being filtered through filter paper
in order to isolate the aqueous phase (Whatman 41 ashless filter paper, 20-25 pum pore size).
An aliquot was taken from each filtered sample, diluted with HNOs (2% v/v) and analysed by
ICP-MS (CPSt) using the method summarised in Table 4.3.

The adsorption of the studied elements onto LN resin was quantified by the calculation of
distribution coefficients (Kd) and separation factors (SF) using the methods described in section
2.2.1.
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These batch separation experiments with LN resin indicated a minimal variation in separation
factors (SF, < 5) between neighbouring lanthanides across a wide HNO3 concentration range.
This was expected due to the similar chemical properties of lanthanide elements. In general
terms, strength of adsorption to the resin increased (i.e., Kd value) with increasing atomic
number, but decreased with increasing HNOs concentration (Figure 4.3 and Figure 4.4,
Appendix E). These findings agree with previously reported data'®*"!4? and allowed the
estimation of appropriate column chromatography conditions for the isolation of terbium from
lanthanide impurities.
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Figure 4.3 - Distubution coefficient (Kq) variation with nitric acid conentration of europium,
gadolinium, terbium and dysprosium.
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Figure 4.4 - Distribution coefficient (Kq) variation with nitric acid conentration of gadolinium, terbium
and dysprosium —zoomed in to highlight conditions which were used in initial column-based separation
studies.

4.2.4.2 Column separation studies

Column separation studies were conducted using self-packed 200 x 7 mm BioRad Econo-
Columns® (see Figure 2.6). Mobile phase was introduced to the column at a defined flow rate
using a Gilson Miniplus peristaltic pump and associated silicon tubing and connectors. The
flow rate was controlled using the pump and was calculated before carrying out a separation
(Section 2.2.2).

Peristaltic

LN resin pump
column
Manually C-
collected elution |
fractions — Mobile phase
solutions (HNO3)

Figure 4.5 - The apparatus set-up used for column-based separations.
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Nitric acid solutions containing 100 ng/mL of the investigated elements were used throughout
the column-based separation method development process. An aliquot of the initial solution (1
mL) was taken, diluted with HNOs (2% v/v) and measured by ICP-MS in order to identify its
starting concentration. Another aliquot of the solution (1 mL) was taken and added to the top

of a pre-conditioned column to undergo separation.

A variety of acid concentrations and volumes were used in order to optimise the separation of
terbium from gadolinium and dysprosium. Throughout, a stepwise elution was applied. As
previously described (see section 2.2.1), 1 mL fractions were collected from the column in
order to compile elution profiles and thus identify how each component of the mixture behaved
on the column. In all cases, analysis of the fractions was conducted using ICP-MS in MS/MS
O2 mode (Table 4.3) and data was processed using the method described in section 2.2.2 in

order to calculate elemental recovery (equation 2.3).

The increasing distribution coefficients (Kd) observed with increasing atomic number indicates
that, when applied to a column-based system, the lanthanides will elute from an LN resin
column in the order of increasing atomic number (i.e., lanthanum — lutetium). Due to the
similarities in Ka between neighbouring lanthanides (low SF), a long column (200 x 7 mm,
7.70 mL) was initially used to ensure a sufficient separation resolution. Even though it would
produce an excellent separation resolution, using a very long column would be impractical as

it would result in a long separation time and larger volumes to elute components of the mixture.

The initial focus was to optimise the process of isolating terbium from gadolinium and
dysprosium impurities on LN resin and was achieved through a series of single run separation
experiments (Figures 4.6 — 4.11). Once optimised, this derived method would also be suitable

for isolating terbium from all lanthanides.

Initial trials involved the use of 0.10 M HNOs (40 mL) to pre-condition the column and to load
a mixture of terbium and gadolinium onto the column. These conditions ensured that both
elements were retained on the column prior to the investigation of different elution conditions.
A stepwise change in nitric acid concentration, at a flow rate of 1 mL/min, afforded moderate
separation of terbium from gadolinium with a slight peak overlap being observed (Figure 4.6).
It was concluded that larger volumes of each acid concentration (i.e., 0.75 M and 2.00 M) might

improve peak resolution.
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Figure 4.6 - Initial column chromatography trial using a 200 x 7 mm glass Econo-Column® packed
with LN resin (50-100 x«m). Elution steps and conditions are summarised in the table (Flow rate ~1.0

mL/min).

A slight change in the wash conditions, coupled with the increased elute 1 and elute 2 volumes

gave an improved separation (Figure 4.7). Further investigation of different pre-condition,
wash and elute conditions (Figure 4.8 and Figure 4.9) showed that the use of 0.75 M HNOs (20

mL) allowed the selective elution of gadolinium from the column. Terbium began to elute from
the column after 25 mL of 0.75 M HNO:s. It was concluded that 0.75 M HNOs was suitable for

both the pre-condition and load steps, as well as for the elution of gadolinium.
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in 0.10 M HNO; (1 mL)
Wash 0.20 M HNO;3 (20 mL)
Elute 1 0.75 M HNO; (20 mL)
Elute 2 2.00 M HNO; (20 mL)

Figure 4.7 - Column chromatography study using a 200 x 7 mm glass Econo-Column® packed with
LN resin (50-100 um). Differences in elution conditions are highlighted. (Flow rate ~1.0 mL/min)
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Figure 4.8 - Column chromatography study using a 200 x 7 mm glass Econo-Column® packed with
LN resin (50-100 xm). Changes to the wash conditions are highlighted. (Flow rate ~1.0 mL/min)
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Figure 4.9 - Column chromatography study using a 200 x 7 mm glass Econo-Column® packed with
LN resin (50-100 «m). Changes to the pre-conditioning, loading and elution conditions are highlighted.

(Flow rate ~1.0 mL/min)

An intermediate elute solution (1.0 M HNOs, 20 mL) was used to encourage faster elution of

terbium from the column (Figure 4.10). This allowed the isolation of terbium from both

dysprosium and gadolinium. Some peak overlap was still observed.

Separation at a decreased flow rate, 0.5 mL/min, resulted in an improved separation resolution

(Figure 4.11). Using even slower flow rates would have provided little improvement in the

separation resolution between peaks at the expense of the acheivable ‘radiochemical’ yield.

Thus, it was decided that using a flowrate of 0.5 mL/min was sufficient for this application.
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Figure 4.10 - Column chromatography study using a 200 x 7 mm glass Econo-Column® packed with
LN resin (50-100 um). Changes to the elution conditions are highlighted. (Flow rate ~1.0 mL/min)
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Figure 4.11 - Variation of the elution profiles of separations conducted at different mobile phase flow
rates: ~1.0 mL/min (left) and ~0.5 mL/min (right). Separations were conducted under identical

chemical conditions (see also Appendix F).

4.2.4.3 Method Summary

The method summarised in Table 4.4 was shown to be suitable for the separation of terbium
from neighbouring lanthanides. Even though the separation resolution could be improved upon
further, a flow rate that is too slow would have a significant impact on the radiochemical yield
of the short-lived radionuclides. Faster flow rates had a negative effect on the separation
resolution and thus, on the purity of the terbium fraction. Results deemed that a separation

using a flow rate of 0.5 mL/min was suitable for the separation of terbium from neighbouring
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lanthanides. The isolation of high purity terbium (>95 % purity) was shown to be achievable

in 80 minutes, with the majority of the terbium being isolated in fractions 25-40.

Table 4.4 - The developed separation method and parameters for the isolation of terbium from
lanthanide impurities

Separation step Conditions
Pre-condition 0.75 M HNOs (40 mL)
Load 0.75 M HNOs (1 mL)
Elute 1(Gd) 0.75 M HNOs (20 mL)
Elute 2 (Th) 1.00 M HNOs (20 mL)
Elute 3 (Dy) 2.00 M HNOs (20 mL)
Resin LN resin (50 — 100 pm)

Column dimensions 200 mm x 7 mm

Flow rate 0.5 mL/min

4.3 Method validation and optimisation

For a large portion of this PhD project, a series of upgrades to CERN’s facilities meant that
proton-induced spallation produced terbium isotopes were not available to validate the method
developed in this study. Therefore, to validate the chemical separation method, ‘simulant **Tb’
solutions were used to mimic active proton-induced spallation sources and they contained

elements that might be present after production and mass-separation (Table 4.2).

4.3.1 Separation and measurement of ‘simulant **Tb’ solutions

These ‘simulant **Tb’ solutions underwent separation (‘simulant **°Tb, 2Th and *°Tb’,
Table 4.2) using the developed LN resin method (Table 4.4). As with previous separations, 1
mL fractions were collected from the column and analysed using ICP-MS in order to compile
elution profiles. A single separation run was conducted for each in order to demonstrate

feasibility (see also Appendix G).
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4.3.1.1 ‘Simulant 1*°Th’

The elution profile of the ‘simulant **°Tb’ solution showed the successful isolation of high
purity terbium (>99 %) with a high terbium recovery in fractions 25-40 (96.9 %, Figure 4.12).

Due to the short half-life of 1*°Tb (t;, = 4.118 h), the time required for separation will have a
significant impact on the radiochemical recovery of *4°Th when this method is applied to an
active sample. A terbium recovery of 96.9% was achieved after 80 minutes using the reported
separation process. This recovery would correspond to a 14°Tb radiochemical recovery of 77.4
%. This radiochemical recovery only takes into account losses of the isotope during the
chemical separation process and not time required for any processing before or after the
separation. Therefore, in practice, the radiochemical recovery would be significantly lower.
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Figure 4.12 - Elution profile of the separation of a ‘simulant ***Tb’ solution, containing Cs, Ba, Nd,
Sm, Eu, Gd, Tb (1 mL fractions).

4.3.1.2 ‘Simulant 152Th’

The elution profile of the ‘simulant ®2Tb’ solution also showed a good level of terbium
isolation (Figure 4.13). These data were inaccurate due to internal standard correction not being
used during ICP-MS measurement. For this reason, an accurate terbium recovery could not be
calculated at this stage. However, the elution profile still provided some qualitative insights;
namely, identifying the presence of a minor cerium impurity which remained in the terbium

fraction (~8 % cerium, ~92% terbium).
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The elongated cerium elution observed in the profile is uncharacteristic of the lanthanides and
suggests that the chemical behaviour of the cerium does not follow the trend under these
conditions. It was thought that this was due to cerium existing in either its I\VV+ oxidation state
in aqueous solution or it being present with a mixed oxidation state (i.e., Ce (111/1V)). Further
investigation was required in order test this hypothesis and to alter the method so that it was

able to remove the cerium impurities remaining in the terbium fraction.

As was the case for the ‘simulant 1*°Tb’ separation, the relatively long separation time would
also have an impact on the radiochemical recovery of the %Tb if this method was applied to
an active sample. The time required for the isolation of the terbium fraction (i.e., 80 minutes),
however, would have a less significant impact on the radiochemical recovery of %2Th (t% =
17.5 h) due to its longer half-life relative to 14°Th. If a 95% terbium recovery could be achieved

using this method, the corresponding radiochemical recovery of **2Th would be 90.2 %.
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Figure 4.13 - Elution profile of the separation of a ‘simulant ***Tb’ solution, containing Cs, Ba, Ce,
Sm, Eu, Gd, Tb, Dy (1 mL fractions).

4.3.1.3 ‘Simulant 1°°Th’

A significant difference was observed when separating the ‘simulant *Th’ solution (Figure
4.14). All elements eluted later than previously seen. Terbium even eluted in different
conditions (2.00 M HNOs3). These observations were likely due to changes in the separation

conditions, thus further investigation was required in order to identify the cause.
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Due to the relatively long half-life of *>Tb (t¥2 = 5.32 d), the 120 minutes separation required
here would have a minimal impact on the radiochemical recovery of ***Tb when applied to an

active sample.
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Figure 4.14 - Elution profile of the separation of a ‘simulant ***Tb’ solution, containing La, Ce, Pr,
Eu, Gd, Th, Dy (1 mL fractions).

When the method was repeated using freshly made acid solutions and a freshly packed column,
the same peak drift was observed. This suggested that there were differences in the resin

composition between batches, as a new batch of resin was used for these separations.

4.3.2 Findings and areas for further optimisation

Several issues with the developed method (Table 4.4) were identified when separating the

‘simulant **Tb’ solutions. The issues were as follows:

e Inaccuracies in the measurement of recoveries — in some cases the raw data could
not be processed to provide reliable percentage recovery and purity information due to
a lack of internal standard correction to account for ICP-MS instrumental drift during
measurement runs.

e Shift in elution peaks between LN resin batches — results suggested that there were

differences in the composition of LN resin between batches that caused significant

94



changes in the elution behaviour of the lanthanide elements and thus impacted upon the
isolation of the terbium fraction.

e A remaining cerium impurity in terbium fraction — elongated cerium elution
indicated chemical behaviour that did not follow the lanthanide trend. This resulted in
a small cerium impurity remaining in the terbium fraction.

e Separation time causing a negative impact on radiochemical recovery — due to the
short half-lives of **Tb and 2Tb in particular, a long separation time (>80 minutes)

results in significant losses of the isotopes due to radioactive decay during separation.

Each of these issues were investigated and discussed further to correct for them and/or to

provide further optimisation of the separation method to ensure that it was fit-for-purpose.

4.3.2.1 Correcting inaccuracies in the ICP-MS measurements

Further repeats were conducted allowing high quality metrological information to be calculated
relating to the achievable terbium recovery and purity (Table 4.5). These values related to the
elemental content of fractions 41-50 (see Figure 4.14). Stated uncertainties were calculated by
the propagation of uncertainties from the ICP-MS counts per second measurement (n=10)>%.

This data assumes that instrumental drift was minimal throughout the analysis runs.

Table 4.5 — A summary of the terbium recovery and purity information achieved using the LN resin
separation method developed in this study (Table 4.4). (see also Appendix H)

Terbium recovery (%) Terbium purity (%)
Simulant 1°Th 100.58 + 1.96 96.65 + 2.82
Simulant *2Th 98.99 + 2.96 97.31+4.29
Simulant **°Th 93.83+£1.05 99.40+1.14

Due to time constraints on this project, use of an internal standard was not implemented here
Regular use of an internal standard (e.g., 10 ng/mL indium in 2% HNO3) should be used in
future studies to ensure that instrumental drift is corrected for in order to improve the reliability
of the results. The internal standard can be introduced with each sample via a dedicated line

positioned before the nebuliser (section 2.3.1).
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4.3.2.2 Optimising method to account for resin batch variation

A shift in elution peaks was observed when a new batch of LN resin was used. Repeat
separations with newly made columns and nitric acid solutions suggested that human error was
not the cause of the variation between separation (see Chapter 5). This was supported by the
generation of comparable results when the method was repeated by other users (section
5.3.4.3). The method is therefore both repeatable and reproducible, suggesting that the issue
lies with the resin itself.

A private communication with Triskem International informed NPL that there was no
significant difference recorded in the manufacture of the two batches of resin used in this study
(e.g., quality of employed raw materials, fabrication process and quality control). Testing of a
third batch of resin would be necessary to identify if variations between resin batches were the
cause of the observed peak shift. This was not tested during this study due to time constraints,

but it would provide a useful insight and should be tested in future work.

One advantage of this peak shift, however, was that the separation resolution between
gadolinium and terbium was improved (Figure 4.14). This is of particular benefit to the
separation of terbium from bulk quantities of gadolinium which is studied and discussed in
Chapter 5.

The separation resolution between terbium and dysprosium was lower with the new resin batch,
but a clear distinction between their elution peaks was still observed under the same elution
conditions (Table 4.4). A high purity terbium fraction could therefore still be isolated. Should
a dysprosium impurity be present after the chemical separation of a mass-separated terbium
source, it would be in small quantities. This is because most of the dysprosium content would
have been removed during chemical separation. The *°Dy (t%2 = 4.20 m), 2Dy (t%2 = 2.38 h)
and Dy (t% = 9.9 h) decay into the medically interesting terbium isobars (***Tb, 1%Tb, and
155Th respectively). The half-lives of these dysprosium isotopes are shorter than their daughter
terbium isotopes, meaning that the relative activity of the terbium isotopes will increase over

time whilst the activity of any remaining dysprosium impurity decreases.

The potential benefits of this peak shift could not be relied upon until the reason for it could be
identified. Both batches of LN resin were still capable of isolating high purity terbium (Table
4.5), but, to account for the potential difference in elution behaviour between batches, analysis

of fractions would be essential when the method is applied to active sources. For active
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samples, HPGe gamma spectrometry can be used. For stable element samples, mass

spectrometry methods can be used.

Most of the future separations in chapters 4 and 5, used the second batch of resin and the
method summarised in Table 4.4. Elution patterns were comparable to that shown in Figure
4.14 (Appendix K and L).

4.3.2.3 Optimising cerium removal from the terbium fraction

Significant tailing of the cerium elution peak was observed during separation. This suggested
that cerium exists in a mixed oxidation state when in the HNOgs load solution (0.75 M). To test
this hypothesis, the method (Table 4.4) was repeated with the addition of an oxidant, sodium
bromate (NaBrOs, 0.1 M), in an attempt to improve cerium removal in a similar manner to the

method reported in Chapter 3 by its oxidation to Ce(IV).

The addition of the oxidant caused an even broader cerium elution which resulted in an
increased contamination of the terbium fraction (Figure 4.15). These findings suggested that
the cerium had successfully been oxidised to Ce(IV) but caused a negative impact on the

separation.

Potassium iodide (KI, 0.1 M) was used as a reducing agent in a similar manner and resulted in
the elution of most of the cerium in a smaller volume compared to when no redox agent was
used. This suggested that more of the cerium was present in the 111+ form. Removal of cerium
from the terbium fraction was not significantly improved with the addition of KI. The elution
of all other lanthanides remained unaffected. In particular, the elution of europium was
unaffected, suggesting minimal europium reduction. This was expected as strong reducing

conditions are required to reduced europium to its 11+ state®?!,

In conclusion, the use of an oxidising agent resulted in an increased cerium contamination
within the terbium fraction. It also introduced a small bromine contamination into the terbium
fraction. The addition of mM quantities of KI also introduces a significant quantity of iodine
contamination into the terbium fractions which nullifies the slight improvement in cerium
removal (Figure 4.15). It was decided that no redox agents should be used due to insignificant

improvement in the separation.
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Figure 4.15 - The behaviour of cerium in absence of redox agents and in the presence of a reducing
agent (KI) and an oxidising agent (NaBrOs). The terbium elution in the absence of redox agents has
been included here for comparison.

4.3.2.4 Reducing separation time to minimise losses in radiochemical recovery

The time taken to isolate terbium using this method (i.e., 80 — 120 minutes, Table 4.4) will
have significant impact on the radiochemical yield when it is applied to active samples
containing the shorter-lived terbium isotopes. A smaller column and use of smaller acid
volumes at the same flow rate can be used to downscale a method, reduce the separation time

and improve the radiochemical yield post-separation?°®.

Initial trails using a smaller, 5 x 50 mm, glass Econo-Column showed similar elution patterns
with reduced peak resolution compared to longer column studies (‘Simulant *°Tb’, Figure
4.16, Table 4.6, Appendix I). The reduced resolution between elution peaks is also due to the
smaller number of fractions taken throughout the duration of the separation (i.e., fifteen, 0.5
mL fractions, Figure 4.16, compared to sixty, 1 mL fractions, Figure 4.14). In future

separations, the collection of smaller fractions should improve the resolution

Good terbium recovery was achieved (94.96 %) when using this downscaled method. Good
separation of terbium from gadolinium impurities was observed, whereas increased overlap of
terbium and dysprosium elution peaks was observed (21.72% dysprosium impurity). For

reasons previously discussed, this is not a significant issue (see section 4.3.2.2).
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Table 4.6 - The downscaled separation method which used smaller nitric acid volumes and a smaller
column to encourage faster isolation of terbium from trace lanthanide impurities (Figure 4.16)

Separation step Conditions
Pre-condition 0.75 M HNOs (5 mL)
Load 0.75 M HNOs (1 mL)
Elute 1 0.75 M HNOs (2.5 mL)
Elute 2 1.00 M HNOs (2.5 mL)
Elute 3 2.00 M HNOs (2.5 mL)
Resin LN resin (50 — 100 pum)

Column dimensions 50 mm x 5 mm

Flow rate 0.5 mL/min
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Figure 4.16 - The profile showing the elution behaviour of components of the ‘simulant **Th’ solution
on a shorter LN resin column and using smaller quantities of nitric acid (Table 4.6).

Isolation of the terbium fraction was achieved in < 15 minutes, eight times faster than the
previously reported method. The quicker separation would significantly reduce the losses of
isotope during the separation process due to radioactive decay when the method is applied to

active samples (Table 4.7).
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Table 4.7 - The proportion of terbium isotope that would be lost during chemical separation due to
radioactive decay. A summary and comparison of two column sizes and associated separation times.
*this assumes 100% chemical and therefore does not account for chemical losses during the separation.

Proportion of activity, relative initial activity, lost during
separation due to radioactive decay (%)*

149Tb 152Tb 155Tb
Using a 50 x 5 mm column
o 4.2 1.0 0.1
(Separation time ~ 900 s)
Using a 200 x 7 mm column
28.6 7.6 1.1

(Separation time ~ 7200 s)

4.4 Fit-for purpose method and conclusions

A fit-for-purpose LN resin extraction chromatography method has been developed to isolate
terbium from impurities present in mass-separated proton-induced spallation sources of 1*°Tb,
152Th and 5Tb (Table 4.4). High terbium recovery (> 90 %) and high terbium purity (> 95 %)
was repeatedly achieved within 120 minutes when using a 200 x 7 mm column packed with
LN resin (50-100 um). This method presents itself as an easy-to-use alternative to the
commonly used a-HIBA/cation exchange method due to the use of simple nitric acid solutions
and lack of pH control. The quality of terbium sources produced using this method are

comparable to those produced using the a-HIBA/cation exchange method*27-2%143,

An initial trial showed that shorter columns (50 x 5 mm) can be used to reduce the separation
time’s effect on radiochemical yield (Table 4.6) suggesting that it should be considered for the
purification of the shorter-lived terbium isotopes, *4°Th and °Th. Despite recovering a high
proportion of the terbium (> 90 %), use of a shorter column had negative impact on the purity
of the terbium fraction. The remaining dysprosium impurity would have a minimal impact on
the achievable radiolabelling yield, a minimal impact on the efficacy of therapeutic (}*°Tb)
studies and a reducing impact on the image quality during PET or SPECT imaging studies
(*°2Tb and 5T, respectively) due to previously discussed reasons. The co-collection of the
dysprosium and terbium isobars, alongside a suitable decay period, has been used to enhance

the terbium isotope activity post-production in the past and is reported in the literature10.207.208,
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Further optimisation of the method is not essential but could contribute towards greater
separation resolution and, therefore, terbium purity and recovery. Optimisation will also
improve the reproducibility and repeatability of the method. Some suggestions for method

optimisation are as follows:

e Use of LN resin with finer particle size (e.g., 20 — 50 um, Triskem International). Peak
shape and separation resolution could be improved further by using a smaller particle
size chromatography resin if needed (see section 1.4.1.1). Finer particle size resins are
more expensive, and therefore the benefit-to-cost ratio should be considered.

e Testing of a third batch of LN resin (50-100 um, Triskem International). This would be
advisable to confirm whether variations in composition of different batches is the cause
of the shift in elution peaks that was observed between the two batches of LN resin used
in this study.

e Consistent use of an internal standard during ICP-MS measurements in order to correct
for any instrumental drift during measurement runs. This would improve the reliability
of the reported metrological information.

e Automation of the method, for example, by its adaptation for use in a HPLC system.
This would reduce the impact of human error and increase the repeatability and
reliability of this method. This would be an important future step in developing an LN
resin method capable of preparing terbium isotopes for regular clinical study or use

under Good Manufacturing Practice (GMP).
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Chapter 5. isolation of radioactive
terbium from bulk lanthanide target

material
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5.1 Alternative terbium production routes

So far, only the purification of terbium sources produced by proton induced spallation and
subsequent mass separation has been investigated (Chapters 3 and 4). In these cases, the
isolation of trace quantities of terbium (~ug) from trace quantities of lanthanide impurities was
achieved. The purification of terbium sources produced via other production routes, which
make use of lanthanide targets, were not investigated in these earlier chapters (Table 5.1).
These alternative routes of production have the potential of producing the terbium isotopes in
quantities sufficient for clinical use at localised facilities, thus making the isotopes more
accessible for general use. Further investigation into the production and purification of

theranostic terbium isotopes is therefore warranted.

Table 5.1 - Established and proposed routes for the production of selected terbium isotopes from
lanthanide target materials. The use of "Gd targets with subsequent mass-separation is often a more
obtainable route of production.

Isotope Facility Reaction Particle characteristics References
152Th Research  'Gd(p,4n)***Tb  ~ 39 MeV protons (*H")  Steyn et al.*®
Cyclotron
Research  ™Eu(a,3n)**Tb 34 — 40 MeV alphas Trinder et al. **
4 2+
Cyclotron (*He™) Moiseeva et al. 2%
55Th Research/ '*°Gd(p,n)**Tb  ~11 MeV protons (*H")  Vermeulen et al.'®
Medical
Cyclotron

Research  *Eu(e,2n)™Tb  ~29 MeV alphas (‘He**)  Kazakov et al.**

Cyclotron
161Th Nuclear  '%°Gd(n,y)'**Gd  Neutron flux Lehenberger et al.”
Reactor ~ —''Tb+p 10" - 10* ncm?s Gracheva et al.'*®

Of these examples summarised in Table 5.1, the production, purification and (pre)-clinical use
of 11Th has received the most attention due the relative accessibility and ease of its production
route compared to other terbium isotopes. As a result, initial pre-clinical and clinical studies
have shown its suitability as a theranostic agent (B-/Auger therapy and SPECT diagnostics),
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with results showing that it has the potential to be a more efficient theranostic agent than
17Ly%0210, The chemical isolation of the trace quantities of 1*1Tb (~ug) from the bulk quantities
of the enriched 1%°Gd target (10-100 mg) has commonly been achieved using cation-exchange
methods with elution in a-HIBA solutions (Section 1.4.2)2329.30.75.143211 “More recently, an
additional step using a small LN3 extraction chromatography column was used with dilute HCI
(0.05 M) to provide further purification, concentration of the isotope and conversion into the
chloride form, all of which is useful for the labelling process'#3. Other studies have investigated
the use of LN extraction chromatography resin for the purification of *%1Tb sources (Aziz et
al. 1814 and Monray-Guzman et al.}414%) however these studies often lack detail, making the

methods difficult to reproduce (see Section 1.4.3).

The production of °°Tb, by irradiation of *°Gd targets with protons, has received little
attention beyond initial cross-section and theoretical yield studies*?®. Another study has
investigated the production of ***Th by the irradiation of europium oxide targets (~200 mg)
with alpha particles!?. The isolation of the terbium from the remaining trace lanthanide
impurities involved the use of an LN resin method, which afforded a high terbium recovery

and radiopurity. The production yield, however, was low (~kBq **°Tb).

The production of **°Th and 5Tb from lanthanide targets has not been studied beyond initial

cross-section and theoretical yield studigs?®:182:208.209

For all these proposed production routes, the use of enriched single isotope targets would be
advantageous as it minimises the production of unwanted isotopes, but production of the
desired isotopes from natural abundance targets is also a viable option. Natural abundance
target materials are cheaper than enriched ones and are easier to acquire. Terbium isotopes
produced using natural abundance targets would require mass separation to remove unwanted
terbium isotopes which are co-produced during irradiation. Chemical processing before and
after mass separation would also be required to produce a high purity single terbium isotope

suitable for medical applications®.

The LN resin method reported in Chapter 4 (Table 4.4) was shown to be capable of separating
trace quantities of terbium from lanthanide mixtures, but further study of the method was
required to assess its suitability for isolating terbium produced from bulk gadolinium targets
and/or bulk europium targets (Table 5.1).
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This work was conducted in collaboration with CERN-MEDICIS (Geneva, Switzerland),
ARRONAX (Nantes, France), Lausanne University Hospital (Lausanne, Switzerland) and KU
Leuven (Belgium).

5.2 Reagents and measurement methodology
5.2.1 Materials and reagents

Mixed element solutions were used throughout the method development process and were
prepared in HNOs (Trace Analysis Grade, Fisher Scientific) and diluted to the required
concentration with ultrapure water (ELGA PURELAB Flex, Veolia Water, Marlow, UK, 18
MQ cm, <5 ng/mL Total Organic Carbon). For lower concentration solutions, 1000 pug/mL
element standards of europium, gadolinium and terbium were used as the starting solutions
(Johnson Matthey or Assurance CertiPrep, in 5% HNOs). For higher element concentration
solutions, high purity oxide powders (Gd203, 99.99% REO, Alfa Aesar and Eu203, 99.9%,
Aldrich) were dissolved in concentrated HNO3s, evaporated to dryness and redissolved in a
suitable concentration and volume of HNOzto give the desired element concentration.

As per Chapter 4, glass EconoColumns® (BioRad, 200 x 7 mm) were packed with LN
extraction chromatography resin (Triskem International, 50 — 100 um particle size). Flow rate
of solutions through the column were controlled using a Gilson Miniplus Evolution peristaltic

pump with associated PVC tubing and connectors.

Active samples of ©°Th, used for method validation, were prepared and delivered to NPL as
part of the CERN-MEDICIS collaboration. Details of the production process are included in
section 2.1.2 and later in this chapter (Section 5.3.4).

5.2.2 Interference reduced measurement of trace-bulk lanthanide pairs using ICP-QQQ-
MS

ICP-MS methods have been used in previous chapters because of their ability to accurately
determine ng/mL quantities of a single element in complex element mixtures. Again, ICP-MS
methods were used for the stable element analysis during the method development section of
this chapter.

Bulk-trace pairs were the subject of analysis in this chapter meaning that the presence and

impact of measurement interference is larger (see section 2.3.1). In the case of measuring trace
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quantities of terbium in the presence of bulk quantities of gadolinium, it is particularly difficult
to achieve interference free measurement due to their neighbouring mass to charge ratios (m/z)
and their near identical chemical behaviour?®2-204, As previously discussed, the lanthanide
elements actively forms hydride, oxide and hydroxide polyatomic species within the ICP which
results in measurement inferences across the lanthanide series (section 4.3.2). When measuring
mixed element solutions, tailing of measurement signals into neighbouring masses are more
apparent when one element is in large excess, and it can cause significant measurement
interference. This is the case when measuring terbium in the presence of bulk quantities of

gadolinium.

The ICP-MS measurement method detailed in Chapter 4 was used throughout this chapter in
the attempt to accurately measure terbium whilst in the presence of large excesses of
gadolinium or europium. This method is summarised in Table 4.3 and is based on the work of
Sugiyami and Woods?°>2%%, The ability of this method in the detection of bulk-trace lanthanide
pairs is discussed later in this chapter (section 5.5.3).

Blank and internal standard corrections were carried out using 2% v/v HNOs and 10 ng/mL
indium solutions, respectively, to correct for environmental variations throughout analysis runs

(see section 2.3.1).

5.2.3 Measurement of radioactive isotopes using gamma-ray spectrometry

Measurement and analysis of radioactive components in solutions was carried out by
researchers at NPL using the p-type HPGe gamma-ray spectrometer set up described in section
2.3.2.

The activities of individual radioactive isotopes which were present in samples before and after
chemical separation were determined using the GENIE 2000 v3.4.1 software!’® and an in-house
developed software package (GAMMANAL v2.1). Net peak areas were calculated, modifying
the peak fits using the GENIE 2000 interactive peak fitting application where required, and the
activity determined using GAMMANAL. The gamma-ray emission intensities used to
determine the activities of **°Tb are given in Table 5.2, along with the emission intensities
taken from preliminary determinations made at NPL, which is going to be published shortly.
The half-life of **°Tb is taken from preliminary determination made at NPL, with a value of
5.237(10) d. Using these new values resolves a number of discrepancies found in the current
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literature®*2, These values have a significantly improved precision. The half-life and gamma-

ray intensities of 1*Tb have been taken from the evaluation of Reich (2012)23,

Table 5.2 - Preliminary gamma-ray emission intensities of ***Th determined at NPL (yet to be published)

used to determine *°Th activity and purity of samples measured at NPL.

Energy /keV Gamma-ray emissions per 100 decays
86.6 30.71+£0.25
105.3 25.57£0.13
148.6 2.504 + 0.015
161.3 2.609 £ 0.018
163.3 4.310 £ 0.029
180.1 7.003 + 0.046
262.3 4.802 £ 0.032
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5.3 Chemical separation of terbium from bulk quantities of

gadolinium
5.3.1 Experimental working capacity of LN resin

Initially it was important to understand the working capacity of the chromatography resin
before then assessing the quality of separation that could be achieved with increasing excesses

of gadolinium.

The variation in the distribution coefficients (Kq) of terbium with increasing gadolinium excess
was studied in order to derive the working capacity of LN resin (50-100 um). This was done
by means of batch separation and was studied in 0.1 M HNOs solutions due to the high affinity

of gadolinium to the resin at this concentration.

A series of 0.1 M HNOs solutions containing increasing quantities of gadolinium (0.5 — 10000
pg/mL) were prepared. An aliquot was taken from each solution (CPSo, 1 mL) for ICP-MS
measurement. Another aliquot from each solution (1 mL) was added to separate centrifuge
tubes containing 0.10 = 0.01g of LN resin. Mixtures were shaken and left for 3 h to reach
equilibrium before isolating the aqueous phase by filtration (Whatman 41 ashless filter paper,
20-25 pum pore size). An aliquot was taken from each filtered sample (CPSt), diluted with 2%
v/v HNOs and analysed by ICP-MS. The Kd values were calculated using the method detailed
in section 2.2.1. This experiment was carried out in triplicate (n=3). ICP-MS measurement was
conducted in SQ mode (Table 2.3)

A notable reduction in Kad value was observed between ~2 mg Gd/mL LN resin and ~20 mg
Gd/mL LN resin. Further investigation identified a working capacity of 6.89 mg — 12.48mg
Gd/mL of LN resin (Figure 5.1, n=3, standard deviation; Appendix J). A physical change in
the HNOs/LN resin mixtures supported this finding, where in resin particles were seen to
coalesce at higher gadolinium content.

Glass Econo-Columns (BioRad, 200 mm x 7 mm) packed with LN resin (Triskem
International, 50 um -100 pm) were used throughout this study. The working capacity of the
column was estimated to be within the range of 53.07 mg — 96.11 mg Gd (equivalent to 61.16
mg — 110.78 mg Gd203).
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Figure 5.1. - The variation of K4 with increasing excess of gadolinium (Gd, n=3, standard deviation)
(left). Physical change observed between samples suggesting that the working capacity had been
exceeded. Left tube = 7.44 mg £ 0.54 mg Gd/mLresin, right tube = 11.35 mg + 1.14 mg Gd/mL resin

(right).
5.3.2 Assessment of column performance for the isolation of terbium from an increasing

gadolinium excess

Stable element mixtures containing trace quantities of terbium and bulk quantities of
gadolinium were subjected to separation using the method described in Chapter 4 (Table 4.4)
in order to assess its suitability for processing terbium isotopes produced by the irradiation of
gadolinium targets (e.g., ***Gd(p,n)*>>Tb or *¥Gd(n,y)°Th = ¥1Th). The quantities of Gd203
were chosen based the experimental working capacity of the column and target masses found
in the literature (7.3 — 94.9 mg Gd203 from Gracheva et al. 2019)4,

Three nitric acid solutions (0.75 M, HNOs) containing 10 000 ug dissolved Gd20O3s/mL, 50 000
ug dissolved Gd20s/mL and 100 000 pg dissolved Gd20s/mL were prepared. Each solution
was spiked with a small volume of terbium standard solution to give 1 ug/mL terbium, whilst

minimising the dilution of the gadolinium.

An aliquot of each of these three solutions were taken, diluted with 2% HNO3 (up to 10000x
dilution) and analysed using the previously described ICP-QQQ-MS method (Table 4.3). In
separate experiments, another aliquot of each solution was added to the top of a pre-conditioned
LN resin column (200 x 7 mm column, 50 — 100 um resin particle size). The stepwise elution

was carried out as previously described with the collection of 1 mL fractions throughout. Some
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of these 1 mL fractions underwent sequential dilution to afford a maximum gadolinium
concentration of 10 pg/mL (Fractions 1-40, up to 10000x dilution). Knowledge of the elution
behaviour of the studied elements from previous studies, allowed the remaining fractions to
undergo lesser dilution (Fractions 41-60, 10x dilution). These diluted fractions were then

analysed using the same ICP-QQQ-MS analysis method.

The degree to which the bulk gadolinium contaminant was removed from the terbium fraction

was quantified by the calculation of the decontamination factor (DF, Equation 5.1)%14,

DF = £PSid)

= CPSrp(A) (5.1)

where CPSi(A) is the concentration of analyte, A, in this case gadolinium, in the initial solution
and CPSrb(A) is the concentration of the analyte, A, in the terbium fractions post-separation
(Fractions 41-50).

Measurement interference in the terbium measurement, significant dilution factors (up to
10000x) and sampling error contributed to inaccurate terbium recovery information being
calculated when using equation 2.3. Therefore, element recovery data was normalised using
equation 2.4 in order to provide a more realistic estimation of terbium recovery. The benefits
and drawbacks of using this method are discussed in section 5.5.3.

Table 5.3. - Summary of the achievable separation of trace quantities of terbium (Th, 1 xg) from bulk
guantities of Gd203 in 0.75 M HNOs solutions. Information related to fractions 41-50 unless otherwise
stated. Decontamination factor is the degree to which the bulk Gd,O3 contaminant is removed. Reported
uncertainties are the standard deviation between repeats (Appendix K).

10 mg Gd;03 (n=3) 50 mg Gd,0; (h=1) 100 mg Gd.0O; (n=1)

Decontamination

1.18 +0.13 x 10°* 1.20 x 10 5.16 x 10°
Factor
Tb recovery 104.69 + 18.19 % 100.65 % 87.42 %
Normalised Tb g5 3,001 00596  90.54 % 83.86 %
recovery
Tb purity 5359%+2.76%  9.82 % 4.15 %
Gd/Tb ratio
(after 0.87 +0.01 0.18 23.12
separation)
Gd recovery 94.52 + 1.57 % 91.24 % 93.45 %

(fractions 1-40)
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5.3.3 Behaviour of zinc on LN resin

During the mass-separation process conducted at CERN-MEDICIS, the ion beam, A/q 155 in
this study, is implanted into a zinc-coated gold foil. Understanding the chemical behaviour of
zinc across a nitric acid concentration range is important to ensure that it will be removed from

the terbium fraction during chemical separation.

Separate HNOs solutions containing 100 ng/mL Zn were prepared by dilution of a zinc standard
elemental standard (1 000 pg/mL Zn, TraceCERT®) with HNO3z solutions (0.005 — 2.0 M).
Batch separation studies were conducted as per the method described in section 2.2.1 to derive

distribution coefficient information across the HNOs concentration range (Figure 5.2).

100000 5
—0—12n

10000 -
1000 4
v 100 —2

104

b’ —O—0— O—_

oMl———T 7 T 7T
0.0 0.5 1.0 15 2.0

[HNO,] /M

Figure 5.2 — Distribution coefficient (Ky) variation of zinc on LN resin across a nitric acid concentration
range (50 — 100 pum particle size).

This study showed that zinc is not retained strongly by LN resin in nitric acid conditions (Figure
5.2, K¢ <10, >0.05 M HNO:s) suggesting that zinc is unlikely to cause contamination of the
terbium fraction if present in a solution processed using the LN resin column separation method
(Table 4.4).
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5.3.4 Isolating mass-separated *°Tb from remaining gadolinium target material

Information about the production and initial chemical separation was provided by Nathalie
Michel, Ferid Haddad, Cyrille Alliot and Nadia Audouin at ARRONAX (GIP-ARRONAX,
Rue Arronax 1, 44800, Saint-Herblain, France).

5.3.4.1 Production of *°Th source by proton irradiation at cyclotron facilities and initial

processing

Three °Tb sources were produced by researchers at ARRONAX using the proton activation
method described in section 2.1.2.1 (i.e., "™Gd(p,xn) using protons with an ingoing energy of
34 MeV). After irradiation, targets were dissolved in 2 M HNOs. An aliquot was taken to
measure ‘end of bombardment’ (EOB) activity of **Th and radioactive contaminants by
gamma spectrometry (Table 5.4). All samples were measured using the same high-purity
germanium (HPGe) detector at ARRONAX which had been calibrated previously with

standard liquid source from Eckert & Ziegler, Germany.

Table 5.4 — Summary of the beam intensity and the *°Tb activity at the ‘end of bombardment’ (EOB) in
each source shipped to NPL.

Production Date Cumulated beam intensity 155Th EOB activity
(LAh) (MBq)

08.06.2020 392 831+41

29.07.2020 360 692 + 34

27.10.2020 362 751 + 37

These *Th sources underwent an initial chemical separation conducted by researchers at the
ARRONAX facility to reduce the gadolinium content ahead of offline mass separation
conducted at the CERN-MEDICIS facility.

A two-step chemical separation method using LN resin was used, similar to the one developed
in this study (Table 4.4). The first step in this separation was conducted (Table 5.5) and all
terbium fractions were combined, evaporated to dryness at 125 °C and then recovered with
0.75 M HNOs ahead of the second separation step (Table 5.6).
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Table 5.5 — The first chemical separation step used at ARRONAX to process ***Th sources ahead of
isotope separation at CERN-MEDICIS.

Separation step

Conditions

Precondition

0.75 M HNOs

Load

Target residue in 0.75 M HNOs (12 mL)

Gd elution (Step 1)

0.75 M HNOs (32 mL)

Gd elution (Step 2)

1.00 M HNO3z (60 mL)

Tb elution (Step 1)

1.00 M HNO3z (20 mL)

Tb elution (Step 2)

2.00 M HNOs (85 mL)

Resin LN resin (100 - 150 um)
Column volume 36.9 mL
Flow rate 1 mL/min

Table 5.6 - The second chemical separation step used at ARRONAX to process ***Th sources ahead of
isotope separation at CERN-MEDICIS.

Separation step

Conditions

Precondition

0.75 M HNOs

Load

Target residue in 0.75 M HNOs (12 mL)

Gd elution

1.00 M HNOs (15 mL)

Tb elution (Step 1)

1.00 M HNO3 (10 mL)

Tb elution (Step 2)

2.00 M HNO3 (20 mL)

Resin LN resin (100 - 150 um)
Column volume 8.6 mL
Flow rate 1 mL/min
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After the second separation step was conducted, fractions containing >1% of the initial **Tb
activity were combined and evaporated to dryness at 175°C. The residue was recovered in 0.01
M HNOs (3 mL) and transferred to a dedicated sample holder developed at CERN. The final
solution was evaporated to dryness at 175°C in the sample holder. High terbium recovery was
achieved (>80%) using this method, with the *°*Tb:Gd ratio being reduced from ~1:1 000 000
to <1:100. The method used to calculate the **°Th:Gd ratio was not shared, and no detailed

radioactive or stable impurity information was provided for these sources.

These *°Tb sources were then sent to CERN-MEDICIS for offline mass separation to remove
other co-produced terbium isotopes which were not removed in the chemical separation
(section 2.1.3). The mass separated **°Tb source was then shipped to NPL for further chemical
processing in order to prepare the ***Tb for radiolabelling studies, SPECT imaging studies and

for fundamental measurements.

5.3.4.2 Measurement of 1*Tb source prior to separation

One *°Tb source (production date: 27.10.2020) was measured by gamma spectrometry by
researchers at NPL prior to chemical separation in order to identify any major radioactive
impurities and to allow for the calculation of percentage recovery information post-separation
(Table 5.7).

For this source, the zinc layer of the foil was dissolved in approximately 10 mL of 6 M HCI.
An aliquot (~0.2 g) was taken from this solution, made up to 1 mL with 6 M HCI, and measured
by HPGe gamma-ray spectrometry using the previously described method (see section 2.3.2).
The remainder of the dissolved zinc layer was processed using the separation procedure
presented in this work (Table 4.4).
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5.3.4.3 Isolation of **5Th from remaining gadolinium target material

The application of the LN resin method to the mass-separated **Tb sources aimed to remove
the zinc collection material as well as to remove any remaining gadolinium impurities. The
method was not capable of removing any remaining °**Th impurities from the **>Tb due to the

fact that different isotopes of the same element have identical chemical behaviour.

The chemical separation was carried out as previously reported (Table 4.4) and afforded high
terbium recovery (> 80%) akin to the stable element separations (Table 5.7). These results were
comparable to those achieved in the initial chemical separations conducted by ARRONAX
(section 5.3.3.1). Due to time constraints, stable element analysis was not conducted to quantify

the presence of gadolinium and zinc impurities present in the final source.

Significant differences in the activity reported at EOB and post-chemical separation were
observed. Significant processing times and long transport times did contribute to this
difference. Information about other possible contributors, such as the recovery yield when

using mass-separation techniques, were not available from the supplied information.
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Table 5.7 — Characteristics of **Th sources sent to, and chemically purified at NPL. fo.156 = Amb-156/ATb-155 pOst separation. N/A = not applicable.

Reference Activity of Tb Activity of ©*Tb post- Yield Detected gamma-ray emitting Post-separation application
time (UTC) pre-separation separation (MBq) (Apost/ Apre) radionuclide impurity
(MBq)

Radiolabelling studies with
20_20'07'20 Not measured at 0.981(11) N/A fb-156 = 0.000359(36) Trastuzumab at Lausanne
12:00 NPL . ; -

University Hospital

Radiolabelling studies with
2020-08-05  Notmeasuredat 5 19850 N/A fro-156 = 0.000381(57) DOTAGA-HGA at KU
12:00 NPL

Leuven

SPECT imaging studies at

NPL and KU Leuven.
2020-11-03 _

1200 18.45(14) 15.31(10) 0.8298(63) fro-156 = 0.000454(75) Nuclear data measurements at

NPL (primary standardisation
and half-life measurement)
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5.3.4.4 Post-separation use of 1*Tb sources

The first of the three sources (production date: 08.06.2020, 0.981MBq *°Th) was sent to
Lausanne University Hospital, Switzerland, on 24.07.2020 for radiolabelling studies with
Trastuzumab, a monoclonal antibody. Researchers at Lausanne University Hospital prepared
CHX-A"-DTPA-Trastuzumab, which was added to a buffered ***Tb solution and incubated for
60 min at 38°C. A >99% radiolabelling yield of CHX-A"-DTPA-Trastuzumab with Th was
reported and confirmed by instant thin-layer chromatography (iTLC) with no free **°*Tb being

observed.

The second *°Tb source (production date: 29.07.2020, 2.198 (20) MBq *°*Tb) was sent to KU
Leuven on 07.08.2020 for radiolabelling studies with DOTAGA-HSA. Researchers at KU
Leuven directly labelled DOTAGE-HSA with °Tb from a buffered HCI solution (0.005 M
HCI, pH 4.7, °*TbCls) by incubation at 40°C for 60 min. A >99% radiolabelling yield of
DOTAGA-HSA with ***Tb was reported and confirmed by iTLC and radio-size exclusion
chromatography (radio-SEC).

These successful radiolabelling studies showed that the post-separation ***Tb fractions were of
suitable purity. Even though remaining gadolinium and zinc impurities were not quantified,
they were sufficiently low to allow efficient labelling of two different biomolecule compounds
with 15Th.

In addition to these radiolabelling studies, half of the final ***Tb source (production date:
27.10.2020, ~7.5 MBq °Th) was sent to KU Leuven on 05.11.2020 for radiolabelling studies.
The remaining activity (~7.5 MBq *Tb) remained at NPL for SPECT imaging studies and

nuclear data measurements (i.e., a primary standardisation and a new half-life measurement).

5.4 Chemical separation of terbium from bulk quantities of
europium

The method has been shown to be capable of separating terbium from bulk quantities of
gadolinium, but terbium radioisotopes (**2'%°Tb) can also be produced by the irradiation of
europium targets with alpha particles at suitably equipped cyclotron facilities (i.e., *****Eu(a,
xn) nuclear reactions)*”2%, The use of the method developed in this work (Table 4.4) for the
isolation of terbium from bulk europium material was therefore investigated. Research into this

alternative production method is only in its infancy and at present only one initial study has
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reported experimental data for the production of ***Tb in this way!?!. Poor production yields

were achieved (~kBq) from large targets (~200 mg europium metal).

In this previous study, Kazakov et al. used a LN resin method, similar to the one described in
this report, to isolate the produced ***Tb from the remaining trace quantities of europium target
material. Most of the europium target material had already been removed in a selective
reduction and precipitation step. This study showed the resin to be capable of isolating ***Th
from trace europium. To build on this work, here the separation of bulk europium and trace

terbium was investigated.

The quantities of Eu203 used in this section were based on the derived experimental working
capacity of the column and target masses found in the literature for the production of 1%1Tb by
neutron irradiation of a %°Gd target (7.3 — 94.9 mg Gd20z from Gracheva et al. 2019)*3,
Kazakov et al. used a 200 mg europium metal target in their initial study, however, as it is
unlikely that the size of column used in these studies (7.7 mL, 200 x 7 mm) would have been
capable of efficiently isolating trace quantities of terbium, solutions containing <100 mg
dissolved Eu203 were used in these initial studies. Using the same quantities of Eu203 as used
for the bulk Gd experiments (section 5.3.2) also allowed for direct comparison between the

two.

Solutions containing bulk quantities of europium were prepared by the dissolution of Eu20s3 in
concentrated HNOs, evaporation to near dryness and redissolution of the residue in 0.75 M
HNOs to give the desired europium concentration. A low volume (100 pL) of a terbium
standard solution was added to give 1 pg/mL terbium whilst minimising the dilution of the
europium. An aliquot of each of these solutions were taken for ICP-MS analysis. Separately,
another aliquot of each solution (1 mL) was added to the top of a pre-conditioned column and
the separation procedure was carried as described in Table 4.4. Fractions (1 mL) were collected
throughout, diluted with 2% v/v HNOs and analysed by ICP-MS. Decontamination factors

were calculated as per Equation 5.1.

As with the bulk gadolinium separation, significant dilution factors (up to 10000x) and
sampling error may have contributed to inaccurate terbium recovery information. Data was
therefore normalised using equation 5.2 to provide an estimation of terbium recovery. This also
allowed comparison to be made between the bulk europium and bulk gadolinium separations.
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Table 5.8. - Summary of the achievable separation of trace quantities of terbium (Tb, 1 xg) from bulk
quantities of europium in 0.75 M HNOjs solutions (see also Appendix L). Information related to fractions
41-50 unless otherwise stated. Decontamination factor is the degree to which the bulk europium
contaminant is removed.

10 mg Eu,03(n=1) 50 mg Eu;03(n=1)
Decontamination 2 45 x 10° 193 x 10*
Factor
Tb recovery 102.49 % 111.71 %
Normalised Tb 99.92 % 99.92%
recovery
Tb purity 71.02 % 27.86 %
Eu/Tb ratio
(after separation) 0.41 2.59
Eu recovery 90.16 % 87.74 %

(fractions 1-40)

5.5 Discussion and summary of results
5.5.1 Derivation of LN resin’s working capacity

The working capacity of a resin is a useful and important piece of information to be aware of
when designing or assessing the suitability of a chromatography resin for different separation

challenges. Exceeding the column capacity may give reason to sub-optimal separation.

A novel batch separation approach was developed in this study to derive resin capacity
information (section 5.3.1). This approach produced results of adequate precision for LN resin
(~10% relative standard deviation, RSD). The calculated capacity range was supported by a
change in physical appearance in the resin-solution mixture (see Figure 5.1), and a fall in
column separation performance at higher gadolinium content (Table 5.3). The column capacity
was derived to be in the range of 6.89 mg — 12.48mg Gd/mL of LN resin from 0.1 M HNOs
solutions. This capacity range is inflated due to the inclusion of the variation between repeats
(= 1o). The working capacity of the resin was identified as being the main limiting factor for
the column separation method used in this chapter. Importantly, significant co-elution of
terbium with the bulk element was not observed in the column separation. A drop in column
performance was observed however at increased bulk element concentrations (~100 mg)

causing an increased contamination of the terbium fraction.
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In a recent study, Smith and Dietz?!® investigated the impact of HDEHP support loading on
column performance. As part of this, they derived a method for the determination of resin
capacity information. Noting that the LN resin used in this study has a HDEHP support loading
of 40 % (w/w), the value derived here is comparable to the value reported by Smith and Dietz
for a different HDEHP-based extraction chromatography resin (11.04 mg Eu/mL bed at 40%

wiw).

The resin’s manufacturer, Triskem International, however, states a capacity of 0.16 mmol/mL
LN resin for lanthanides and trivalent actinides and this was taken from the original Eichrom
data. This equates to 25.2 mg Gd/mL LN resin which is significantly higher than the range
derived in this study. The method used to derive this value is unknown, so no comment can be

made on its accuracy.

Here, the capacity of LN resin was studied for gadolinium from 0.1 M HNO3 solutions only.
These conditions were chosen due to gadolinium being the initial focus of this chapter, and
because lanthanides have the highest affinity at this HNO3 concentration. For this reason, the
derived capacity range likely reflects the maximum working capacity of the resin for all other
lanthanides. The results of column separation studies (Table 5.8) and the values reported by
Smith and Dietz?*® supported this hypothesis.

Repeats of the experiment, studying the behaviour of a range of elements under different
mobile phase compositions, would prove useful in further assessing the ability of this novel
batch separation approach for deriving useful capacity information. It will also contribute to a
greater understanding of the characteristics and limits of the resin. This should be considered

in future studies.

Comparison to other capacity deriving methods, such as the column-based approach reported
by Horwitz et al.?® for resins based on tetraalkyldiglycolamides, would also be helpful

assessing the accuracy and reproducibility of this novel batch separation approach.
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5.5.2 Suitability of the LN resin separation method

The separation method developed in Chapter 4 was shown to be capable of isolating terbium
from a bulk amount of either gadolinium or europium (Table 5.3 and Table 5.8, respectively,
decontamination factor ~10% terbium recovery >80%). This extraction chromatography
method is comparable to the commonly used a-HIBA/cation exchange method for isolation of

terbium from bulk lanthanide impurities (<100 mg)*.

As was expected, better separation of terbium from bulk europium was achieved compared to
separation of terbium from bulk gadolinium. This is due to the larger terbium-europium

separation factor (Figure 4.3, Appendix L).

The method was used to process radioactive *°Tb sources produced from gadolinium foil
targets. Post-separation, these sources were used in radiolabelling studies conducted at KU
Leuven, Belgium and Lausanne University Hospital, Switzerland. These radiolabelling
experiments were successful, with both laboratories reporting a radiolabelling yield of >99%
and this highlighted the potential of this chemical separation method to enable pre-clinical
studies. This method was, however, only applied to the ***Tb sources once two separation steps
and a mass separation step had already been applied. Further testing of this method would be
required to fully assess its ability to isolate terbium from bulk impurities and thus its ability to
produce high quality terbium sources for nuclear medicine applications. Stable element
analysis of the terbium fraction would also be useful to better understand the quality of

separation.

In order to isolate radioactive terbium from greater quantities of target material (>100 mg),
further method development work would be required to scale up the method by means of an
increased column length or volume. This would result in an increase in processing time and its

impact on the radiochemical yield should be evaluated in further studies.

In a private communication, researchers at ARRONAX, informed NPL of a similar stepwise
LN resin method that they used to isolate radioactive terbium from bulk quantities of
gadolinium target material (>100 mg gadolinium metal, see section 5.3.3.1). As expected,
larger columns and mobile phase volumes were used. Their results suggest a reduction in
gadolinium excess by >10% however their findings are yet to be published and the details
provided in this private communication are limited. This limits the comparison that can be

made to the method developed in this study.
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Terbium recoveries and decontamination factors could be improved upon by using a smaller
particle size LN resin. This would result in sharper peaks due to a reduced effect of mass
transfer of elements between the two phases?!’. Batches of LN resin with smaller particle size
are more expensive and this increased cost should be considered against the degree to which
the smaller particle size improves the separation outcomes. A resin with increased HDEHP
loading would also provide a higher capacity resin, capable of processing larger targets?'®. This
is something which is being investigated by the manufacturer.

Stable-element method development studies suggested that ~90% of the original target material
could be recovered post-chemical separation (in fractions 1 — 40). Recovery of the gadolinium
or europium fractions and further processing (e.g., calcination to oxide form) would allow the
target material to be used for additional production runs. This would be of particular benefit if

enriched single isotope targets are used as it would make them a more affordable option®?.

5.5.3 Assessment of the ICP-QQQ-MS measurement approach

ICP-QQQ-MS techniques are renowned for high resolution, high sensitivity measurement
across a wide linear dynamic range (~10° and has an impressive measurement interference
removal capability. In Chapter 4, an efficient method was used to enable the interference-free
measurement of trace quantities of neighbouring lanthanides (section 4.3.2). In this chapter,
the same ICP-QQQ-MS method was used in the attempt of providing interference-free

measurement of trace lanthanide/bulk lanthanide pairs.

The generation of useful qualitative data was relatively unaffected despite the large gadolinium
or europium excess present in these studies (e.g., understanding how each element behaves on
the column/building of elution profiles). When generating quantitative data, several factors
shed uncertainty on the results, particularly regarding the precision and accuracy of the

calculated decontamination factor and percentage terbium recovery values.

Because of the high concentration of the bulk element in the starting mixtures, up to 100
mg/mL, sequential dilution was required to bring the concentration down to a level that could
be accurately quantified by ICP-QQQ-MS (<10 pg/mL, up to 10,000x dilution for the starting
solution and fractions 1-40). This significant dilution allowed the determination of the bulk
element in the starting solutions and in individual fractions, and therefore allowed an estimation
of the amount of target material that could be recycled after separation. The quantification of

the trace elements, however, was more challenging when such a high dilution factor was used
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(1 pg/mL in starting solution, < 0.1 ng/mL terbium after dilution). In particular, for trace
terbium/bulk europium separation, the measurement of trace gadolinium in fractions 1-40 was
not achievable using the ICP-QQQ-MS method.

Knowledge of the elution behaviour of europium, gadolinium, and terbium from the previous
studies in chapter 4 allowed for smaller dilutions to be made for the later fractions (fractions
41-60, 10x dilution). This increased the counting statistics of the trace element measurements

and allowed a more realistic estimation of percentage terbium purity and recovery information.

Repeat experiments would improve the precision of the calculated data and would allow the
calculation of the standard deviation of data points. Repeat experiments were only conducted
for Gd203:Th, 10000:1, but should be conducted for the others in future studies. Repeats,
however, will not highlight the presence of any systematic error that may arise from the
measurement itself. Two sources of systematic error were identified: the presence of

polyatomic interferences and high/low mass tailing.

Polyatomic interferences and high/low mass tailing interference are more apparent when
isotopes of neighbouring masses are at a large excess. These measurement inferences, although
greatly reduced when using the ICP-QQQ-MS method (Table 4.3), are still observed when
measuring terbium as *°Tb!0 at m/z 175. When gadolinium is in a large excess, up to
100000x in the case of this study, tailing interference from %8Gd!®0 and %°Gd®Q, and
polyatomic interference from *8Gd*®O*H will contribute to the signal detected at m/z 175. This
was observed when separating ~100 mg gadolinium from 1 pg terbium where co-elution
seemed to appear on the elution profile (100000x excess, Appendix K, Figure K.3). Total
terbium recovery values exceeded 100% when calculated using equation 2.3, which suggested
that the cause was not co-elution but rather measurement interference. Terbium recovery for
the other bulk gadolinium, trace terbium experiments at lower gadolinium content (10 mg and
50 mg Gd203) also exceeded 100%, although this was not as obvious on the elution profiles.
On average 0.00141 % + 0.00022% of the gadolinium signal at m/z 173 was showing up in the
instrument response at m/z 175 (based of fractions 11-30, see Appendix M, n=5), supporting
the hypothesis that measurement interferences were contributing to the inaccurate terbium

recovery information.

To provide a more realistic estimate of the terbium recoveries, the data were normalised by

assuming that exactly 100% of the terbium was recovered during separation (see equation 2.4).
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This corrected for sampling error between the aliquots taken and added to the column, and
those taken for the (CPS)o measurement (see equation 2.3). It did not correct for any
measurement interference, however. Therefore, the normalised terbium recovery will be more
accurate for the lower bulk element excess experiments (e.g., 10 mg Gd20s, 1 pg terbium
separations), where polyatomic and tailing interferences were less apparent. The low standard
deviation between repeats supports this statement (98.34 % * 0.05 %, n=3). In all cases, the
normalised terbium recovery values are likely to be an under-estimation due to them not
correcting for increased CPS input from the polyatomic and tailing of gadolinium into the
terbium measurement. Consistently using this approach, despite its obvious drawbacks,
allowed the identification of trends in the quality of separation with increasing bulk element

excess and allowed for comparison between different bulk elements experiments.

An alternative measurement approach to improve the accuracy of the trace element
measurements could involve spiking bulk element solutions with moderately long-lived
isotopes of the trace elements (e.g., 1°Tb, t,=72.3 (2) d) and then measuring them by gamma
spectrometry. This approach is used frequently in the literature?’143144147.214  The pulk
gadolinium or europium content could still be measured by ICP-QQQ-MS methods. This
alternative approach would avoid the error imposed by polyatomic interferences, tailing
interferences and significant dilution. It would also improve the accuracy of the trace element
measurements within each fraction, thus improving the accuracy of calculated terbium
recovery and purity information as well as providing a better understanding of the elution

behaviour of all elements under these extreme conditions.
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5.6 Chapter conclusion

The LN extraction chromatography method developed in chapter 4 was shown to be capable
of isolating trace quantities of terbium from bulk quantities of either gadolinium or europium
(<100 mg). Bulk element content was reduced by about four orders of magnitude whilst still
recovering a high proportion of the terbium (>80 % recovery). Repeat experiments and use of
alternative method development approaches should be a priority in future studies to improve
the reliability of the metrological information reported in this chapter (i.e., decontamination

factor, terbium recovery and terbium purity).

This method was successfully applied to mass-separated *>Th sources produced from the
irradiation of large gadolinium targets. Resultant *>Th sources were used for radiolabelling
studies, SPECT imaging studies and nuclear data measurements conducted by various leading
European research institutions, all of which suggesting that a suitable **Tb purity had been

achieved as a result of the chemical separation.
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Chapter 6. Summary and

concluding remarks
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Four terbium isotopes, *°Tb, ¥2Tb, *Tb and 'Tb have been identified as excellent
candidates for use in all aspects of nuclear medicine. Therapeutic ***Tb or 161Th nuclides used
in combination with the diagnostic ***Tb or *Th have the potential to facilitate theranostic,
and therefore, personalised medicine. Even though interest in these isotopes has grown
considerably over recent years, research into the use of these isotopes in medicine is still in its
infancy and, therefore, a pipeline for their production, purification and radiopharmaceutical
preparation is yet to be put in place. To enable investigation into the pre-clinical use of these
isotopes, this project investigated the suitability of extraction chromatography methods for the
chemical separation and preparation of high quality terbium sources. Methods were developed
using stable element standards and ICP-MS measurement and, where possible, procedures were
validated using active samples provided to NPL by members of the CERN-MEDICIS
collaboration. This work enabled further radiolabelling studies, medical imaging studies and

the taking of fundamental measurements.

Initially, a separation method was developed, capable of isolating ***Th from the significant
13%Ce impurities present in mass-separated proton-induced spallation **Th sources. High
radiological purity >°Tb sources (>99 %) were isolated by the selective oxidation of cerium,
using sodium bromate, and subsequent separation on a UTEVA extraction chromatography
column (Figure 3.5). The resultant **Tb sources were used for a world-first primary
standardisation, nuclear data measurements, radiolabelling studies and SPECT imaging

studies, all conducted by other researchers as part of the CERN-MEDICIS collaboration.

This UTEVA extraction chromatography method, however, was unable to isolate terbium from
any other long-lived or stable lanthanides isotopes present in proton-induced spallation 4°Tb,
152Th and Tb sources. Any significant contamination that remains impacts negatively upon
the efficiency of radiolabelling studies and, depending on the contaminant, introduces an
unnecessary dose of radiation to a patient. This necessitated further study into alternative

extraction chromatography methods.

As a result, a new semi-automated method using LN extraction chromatography resin (Table
4.4) was developed to isolate trace quantities of terbium from trace quantities of other
lanthanides. An ICP-QQQ-MS method (Table 4.3) using two quadrupole mass filters and an
Oz reaction cell was successfully applied in this study to achieve interference free

measurement.
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Midway through the separation method development process, an unexplained shift in elution
peaks was observed between the two batches of LN resin used in this study. Further study
would be required to understand the cause of this difference and thus improve the
trustworthiness of the developed method. Both batches of resin, however, were still capable of
isolating high purity terbium fractions, so the study continued. This method was then tested
using ‘simulant **°Th, ¥**Tb or **Tb’> which contained stable analogues of other lanthanide
isotopes expected to be found in mass-separated proton-induced spallation terbium sources.
This method was shown to capable of isolating a high proportion of terbium (>90% terbium

recovery) from all lanthanide impurities (>99% terbium purity).

To develop this study further, it was important to assess the suitability of this LN resin method
for isolating the terbium isotopes produced by other production methods, namely by the
irradiation of gadolinium or europium targets at cyclotron or nuclear reactor facilities. Initially
the working capacity of the resin was calculated in order to understand the limitations of the
method. A capacity range of 6.89 mg — 12.48mg Gd/mL of LN resin was determined using a
novel batch separation method. This value agreed with one other found in the literature?®, but
disagreed with the value reported by the manufacturer**?, Column separation studies with bulk

quantities of gadolinium also supported the value derived in this work.

Column experiments studying the separation of trace amounts of terbium from bulk quantities
of gadolinium or europium (<100 mg Gd203 or Eu203) recovered a high proportion of terbium
(>80% terbium recovery) whilst removing a significant proportion of the bulk element
(decontamination faction ~10%). Bulk element contamination of the terbium fraction increased
with the excess, suggesting that the column capacity had been exceeded and column

performance had reduced at the higher concentrations (e.g., 100 mg Gd203).

Although it was shown to be capable of achieving interference-free measurement of trace
quantities of neighbouring lanthanides, the ICP-QQQ-MS method (Table 4.3) did not achieve
interference-free measurement for the bulk gadolinium experiments. This resulted in inaccurate
terbium recoveries being calculated. Unquantified error in the sampling and dilution also
contributed to inaccuracies. Normalisation of the terbium recovery allowed for a more realistic
estimation of the terbium recovery by correcting for sampling error but would likely be an
underestimation due to it not correcting for measurement interferences. Despite the

measurement challenges, the method was fit-for-purpose.
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Researchers at NPL subsequently applied the LN resin method to three mass-separated **°Th
sources produced by the irradiation of gadolinium targets. As per the stable element studies,
good terbium recovery was achieved (>80%) with resultant solutions being of suitable purity
to facilitate successful radiolabelling studies (>99% radiolabelling yield), SPECT imaging

phantom studies and nuclear data measurements.

Further improvement of this method by testing other HDEHP-based resins which have
increased capacity (higher HDEHP %w/w) and finer particle size (sharper peaks, reduced
mass-transfer effects) would improve the removal of bulk element from the terbium fractions.
Investigation into the use of larger columns would also allow for larger targets to be processed
without negatively impacting the chemical recovery. Repeats are essential in future studies in

order to improve reliability and reproducibility of the methods.

Converting this method into an automated system would also be of interest in future studies.
Automation would result in improved ease of use, increased reliability and reproducibility, and
would result in reduced exposure to radiation due to minimised human interaction during the

separation (e.g., by adaptation of the method for HPLC).

In summary, this work has laid the groundwork for using LN extraction chromatography resin
for isolating radioactive terbium from trace and bulk lanthanide impurities which are present
after isotope production. This work has found the use of LN extraction chromatography
methods comparable to the commonly used a-HIBA/cation exchange chromatography

methods*3.

This project has also contributed to the larger aim of making the medically interesting terbium
isotopes, 149152155161Th more widely accessible to the research community, by assessing
alternative routes of radiochemical processing. As a result of this work, radiolabelling studies,
SPECT imaging studies, nuclear data measurements and a world first primary standardisation
have been conducted for *°Th. The methods reported here are capable of providing
radiochemical purification of all of the aforementioned terbium isotopes for various cyclotron,

nuclear reactor and synchrotron-based production methods.
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Appendix A — ICP-MS tune parameters and pass criteria

Table A.1 - Summary of the pass criteria for the ICP-MS quality control tune process.

Tune parameter Elements measured Pass criteria

Low mass Be* > 1500 CPS at 9 m/z

Medium mass 8y+* > 20000 CPS at 89 m/z

High mass 205 > 13000 CPS at 205 m/z

Oxide formation 1490Ce160*/140Ce* < 2 % ratio between signals at 156 m/z
and 140 m/z

Formation of doubly ~ 140Ce**/*°Ce* < 2 % ratio between signals at 70 m/z

charged ions and 140 m/z
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Appendix B — Data to accompany Figure 3.1

The ‘Mean Kq’ data within these tables (Table B.1 - B.3) were used to compile Figure 3.1. *

denotes samples for which the Kq value could not be calculated. In these cases, the aqueous

phase was not successfully isolated at the end of the batch separation due to it being absorbed

by the filter paper. In future studies, larger volumes of aqueous phase (>2mL) or alternative

ways of isolating the aqueous phase should be considered in order to avoid this.

Table B.1 — Distribution coefficient values (Kq) for cerium on UTEVA resin across a nitric acid
concentration range (Ce — without oxidant).

HNOs (M) Repeat 1 (Kq) Repeat 2 (Kq) Mean Kg
2 4.29 4.74 451
4 * 3.66 3.66
6 7.70 2.61 5.16
8 4.61 2.51 3.56
10 6.89 1.17 4.03

Table B.2 — Distribution coefficient values (Kq) for cerium on UTEVA resin across a nitric acid
concentration range in the presence of an oxidising agent, NaBrO3 (Ce — with oxidant).

HNOs (M) Repeat 1 (Kq) Repeat 2 (Kad) Repeat 3 (Ka) Mean Kq
2 14.71 6.78 3.81 8.43

4 36.52 32.30 35.12 34.66

6 158.50 190.71 170.52 173.24

8 452.79 356.29 357.72 388.93
10 253.94 * 278.34 266.14

Table B.3 — Distribution coefficient values (Kq) for terbium on UTEVA resin across a nitric acid
concentration range in the presence of an oxidising agent, NaBrOs (Tb — with oxidant).

HNO3 (M) Repeat 1 (Ka) Repeat 2 (Kq) Repeat 3 (Kq) Mean Kq
2 4.74 4.35 1.80 3.63
4 3.66 2.33 0.12 2.04
6 2.61 1.38 4.06 2.68
8 2.51 3.62 1.63 2.58
10 1.17 * 0.91 1.04
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Figure B.1 — Maximum, minimum and mean distribution coefficients (Kq) of Th(llI), Ce(l1l) and Ce(1V)

on UTEVA extraction chromatography resin across a range of HNOj3 concentrations (linked to Figure
3.1).
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Figure B.2 — Duplicate of Figure B.1 with colour to show maximum and minimum Ky values more
clearly.
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Appendix C — Data to accompany Figure 3.2

Table C.1 — Distribution coefficient values (Kq) for cerium on AG1 ion-exchange resin across a nitric
acid concentration range in the presence of an oxidising agent, NaBrO:s.

HNOs (M) Repeat 1 (Ka) Repeat 2 (Ka) Repeat 3 (Ka) Mean Kg
2 -0.37 -0.16 3.90 1.12

4 5.02 19.06 24.82 16.30

6 35.64 165.77 140.50 113.97
8 79.33 340.67 261.62 227.21
10 183.25 553.66 341.66 359.52

Table C.2 — Distribution coefficient values (Kg) for terbium on AG1 ion-exchange resin across a nitric
acid concentration range in the presence of an oxidising agent, NaBrOs.

HNOs (M) Repeat 1 (Ka) Repeat 2 (Ka) Repeat 3 (Ka) Mean Kg
2 -1.09 -0.44 2.26 0.24
4 2.17 -0.01 3.02 1.73
6 3.28 1.07 0.70 1.69
8 3.29 2.66 0.49 2.15
10 4.03 5.05 3.29 4.12

Table C.3 — Distribution coefficient values (Kgq) for cerium on TEVA extraction chromatography resin
across a nitric acid concentration range in the presence of an oxidising agent, NaBrOs.

HNO3s (M) Repeat 1 (Ka) Repeat 2 (Ka) Repeat 3 (Ka) Mean Kg
2 62.84 237.11 238.88 179.61
4 158.37 572.23 1232.90 654.50
6 436.91 437.79 624.50 499.73
8 594.41 404.93 414.00 471.11
10 329.82 363.28 420.88 LS
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Table C.4 — Distribution coefficient values (Kgq) for terbium on TEVA extraction chromatography resin
across a nitric acid concentration range in the presence of an oxidising agent, NaBrOs. # denotes the
Kq value which was plotted onto Figure 3.2 and Figure C.1 instead of the mean Ky value. This was
needed where the ‘mean Kq’ value was negative.

HNO3 (M) Repeat 1 (Kq) Repeat 2 (Kq) Repeat 3 (Kq) Mean Kg
2 2.06 3.25 1.30 2.20

4 5.13 1.69 2.03 2.95

6 1.73 -1.42 4.05 1.45

8 -4.20 0.06 # -1.42 -1.85

10 0.29 # 0.14 -1.21 -0.26

Table C.5 — Distribution coefficient values (Kgq) for cerium on TK100 extraction chromatography resin
across a nitric acid concentration range in the presence of an oxidising agent, NaBrO:s.

HNO3 (M) Repeat 1 (Ka) Repeat 2 (Kq) Mean Kq
2 26.86 120.70 73.78

4 63.16 307.45 185.31

6 79.80 321.06 200.43

8 299.27 436.36 367.81
10 568.87 713.01 640.94

Table C.6 — Distribution coefficient values (Kq) for terbium on TK100 extraction chromatography resin
across a nitric acid concentration range in the presence of an oxidising agent, NaBrOs.

HNOs (M) Repeat 1 (Ka) Repeat 2 (Kq) Mean Kg
2 0.79 1.99 1.39
4 4.82 2.19 3.51
6 10.72 0.79 5.75
8 1.85 2.89 2.37
10 2.54 -0.40 1.07
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Table C.7 — Distribution coefficient values (Kq) for cerium on UTEVA extraction chromatography resin
across a nitric acid concentration range in the presence of an oxidising agent, NaBrOs. * denotes a
sample for which the Ky value could not be calculated. In this case, the agueous phase was not
successfully isolated at the end of the batch separation due to it being absorbed by the filter paper.

HNOs (M) Repeat 1 (Kq) Repeat 2 (Kq) Repeat 3 (Kq) Mean Kg
5 14.71 6.78 3.81 8.433

4 36.52 323 35.16 34.66

6 158.50 190.71 170.52 173.24

8 452.79 356.29 357.72 388.93
10 253.94 * 278.34 266.14

Table C.8 — Distribution coefficient values (Kq) for terbium on UTEVA extraction chromatography
resin across a nitric acid concentration range in the presence of an oxidising agent, NaBrOs. * denotes
a sample for which the Ky value could not be calculated. In this case, the aqueous phase was not
successfully isolated at the end of the batch separation due to it being absorbed by the filter paper.

HNO3 (M) Repeat 1 (Kq) Repeat 2 (Kq) Repeat 3 (Kq) Mean Kq
2 4.74 4.35 1.80 3.63
4 3.66 2.33 0.12 2.04
6 2.61 1.38 4.06 2.68
8 2.51 3.62 1.63 2.58
10 1.17 * 0.91 1.04
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Figure C.1 - Maximum, minimum and mean distribution coefficients (Kq) of Tb (I11) and Ce(IV) across
a range of HNOs concentrations on (a) AGI ion exchange resin, (b) TEVA resin, (c) TK100 resin, (d)
UTEVA resin. (linked to Figure 3.2)

Table C.9 — Separation factors (SF) between terbium and cerium on the different studies resins at
defined HNO; concentrations (mean Kgy(Ce)/mean Kq(Tb), see equation 2.2). *denotes when the highest
positive value was used out of the repeats, due to negative mean Kq for terbium.

HNOs (M) AG1 TEVA TK100 UTEVA
2 4.61 45.92 53.16 2.32

4 9.45 153.41 52.84 17.02
6 67.59 3635.08 34.84 64.58

8 105.67 13375.31* 199.34 107.53
10 87.21 1722.78* 64.09 227.09
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Appendix D — Data to accompany Figure 3.4

Table D.1 — Summary of the blank and dilution corrected ICP-MS measurement (CPS) of cerium at m/z
140 in fractions collected from the stepwise chemical separation using a UTEVA cartridge. 1 mL
fractions were collected throughout. (see Figure 3.4 and Figure 3.5 for the elution profile and method,
respectively)

EL?;;SSP Repeat 1 (CPS) Repeat 2 (CPS) Repeat 3 (CPS) Mean Ce CPS
1 680.05 4520.85 2870.41 2690.44

2 3677.28 5671.27 3383.84 4244.13

3 3893.97 3753.95 4000.70 3882.87

4 1500.14 210.01 7148.54 2952.90

5 4207.41 1170.10 2780.37 2719.29

6 956.74 263.35 2563.67 1261.25

7 6568.27 203.34 2563.67 3111.76

8 2140.24 253.35 2680.36 1691.32

9 1580.17 286.68 2730.39 1532.42

10 8622.62 223.35 2847.06 3897.7

11 2333.61 253.35 3167.13 1918.03

12 1746.85 376.70 2963.76 1695.77

13 17072.71 1536.87 2967.08 7192.22

14 39911.98 1503.48 5164.43 15526.63
15 81750.36 2376.96 7121.84 30416.39
16 125769.48 6014.73 10256.98 47347.06
17 199353.93 13562.80 17209.60 76708.78
18 259281.72 17770.37 25821.06 100957.72
19 306811.98 27644.06 36447.88 123634.64
20 382010.34 39033.74 50032.84 157025.64
21 572037.91 49832.72 79945.11 233938.58
22 11541110.25 77079.19 3736311.19 5118166.87
23 15042912.28 12932505.63 22949318.82 16974912.24
24 129716.47 11209643.97 149600.41 3829653.62
25 18591.61 45016.06 45643.81 36417.16
26 7190.06 29136.92 9129.68 15152.22
27 5301.64 14607.26 7198.63 9035.84
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28
29
30
31
32
33
34
35
36
37
38
39
40

3841.03
2790.67
2363.89
1550.31
2163.82
1713.72
750.15
486.77
1073.54
346.73
380.08
286.71
506.75

12391.98
12952.40
9166.45
6931.85
5201.13
7048.57
4717.62
13556.23
14613.77
3280.50
3153.83
3447.20
1643.52

5844.66
5357.77
4500.84
3813.98
3377.17
2930.40
2420.29
2183.59
1463.48
2276.95
2020.24
2070.28
1930.24

7359.23
7033.62
5343.72
4098.71
3580.71
3897.56
2629.35
5408.86
5716.93
1968.06
1851.38
1934.73
1360.17
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Table D.2 — Summary of the blank and dilution corrected ICP-MS measurement (CPS) of terbium at
m/z 159 in fractions collected from the stepwise chemical separation using a UTEVA cartridge. 1 mL
fractions were collected throughout. (see Figure 3.4 and Figure 3.5 for the elution profile and method,

respectively)

Fraction

Number Repeat 1 (CPS) Repeat 2 (CPS) Repeat 3 (CPS) Mean Th CPS
1 133.34 413.36 76.67 207.79

2 613068.46 305112.78 203622.32 373934.52
3 2361237.41 1904592.06 2005052.42 2090293.96
4 2958161.62 2459204.81 2676931.00 2698099.14
5 2958111.00 2593847.77 2803616.32 2785191.70
6 3030350.58 2606336.21 2817291.83 2817992.87
7 3035649.54 2616439.96 2836179.75 2829423.08
8 3059237.35 2565676.57 2861839.53 2828917.82
9 3012025.37 2628092.51 2846971.72 2829029.87
10 2966616.83 2532099.23 2878475.37 2792397.14
11 2823615.48 2523006.94 2855866.31 2734162.91
12 2621346.63 2470427.05 2722030.89 2604601.52
13 385394.87 1844245.65 821870.37 1017170.30
14 46981.41 223108.11 113855.13 127981.55
15 33114.37 105512.83 63383.01 67336.74
16 32533.15 91701.30 58756.12 60996.86
17 32840.40 110113.75 64935.34 69296.49
18 31905.14 96796.52 62108.05 63603.24
19 30305.33 92667.51 61840.23 61604.36
20 31474.40 92170.10 58869.66 60838.05
21 33895.94 85934.10 64631.41 61487.15
22 33668.65 95781.30 64440.42 64630.12
23 12832.26 95791.29 32696.79 47106.78
24 580.03 27280.08 1293.44 9717.85

25 1240.10 296.68 1763.50 1100.10

26 466.70 240.01 563.37 423.36

27 366.68 233.35 586.71 395.58

28 203.34 140.01 213.35 185.57

29 170.01 223.35 246.68 213.35
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30
31
32
33
34
35
36
37
38
39
40

276.68
300.02
253.35
326.69
143.34
143.34
310.02
176.68
166.68
216.68
256.68

136.67
163.34
133.34
213.35
136.67
313.36
276.68
80.00

120.01
103.34
116.67

283.35
256.68
213.34
190.01
273.35
206.68
366.69
456.70
296.68
300.02
176.67

232.24
240.01
200.01
243.35
184.46
221.12
317.80
237.79
194.46
206.68
183.34

Table D.3 — A summary of the information used to calculate the elemental recovery of terbium and
cerium in the main terbium fractions (1-15) after separation using a UTEVA column. Counts per second
(CPS) reported in this table value were calculated by summing the mean values of relevant fractions.
Uncertainties are based on standard deviation between repeats (n=3).

Ce

Tb

Fractions 1-15 (CPS)

Total (CPS)

\ 84733.10 + 81222.63

| 26859866.52 + 2123235.81
Mean elemental recovery (%) \ 0.30 £0.28

28529404.17 +1265848.91
29100801.01 + 995646.93

98.25+1.00
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Table D.4 — Summary of the blank and dilution corrected ICP-MS measurement (CPS) of cerium at m/z
140 in fractions collected from the stepwise chemical separation using a TEVA cartridge. 1 mL fractions
were collected throughout. (see Figure 3.4 for the elution profile)

EL?:]:S:P Repeat 1 (CPS) Repeat 2 (CPS) Repeat 3 (CPS) Mean Ce CPS
1 1181.10 1833.08 1233.55 1415.91

2 2545.44 2711.54 781.72 2012.90

3 1008.79 359.53 144.14 504.15

4 1524.26 1184.62 37.91 915.60

5 1239.36 1199.46 274.45 904.42

6 834.12 -120.65 719.49 477.66

7 1978.77 794.11 739.75 1170.87

8 2521.36 1223.72 1823.51 1856.20

9 2277.74 2378.85 667.81 1774.80

10 1182.89 680.70 1893.51 1252.37

11 1216.51 334.84 477457.57 159669.64
12 34937.29 750781.41 1136296.53 640671.74
13 354932.44 1658686.39 1124572.60 1046063.81
14 202508.39 1112388.79 1000022.00 771639.72
15 171571.93 729274.26 833978.05 578274.75
16 167432.37 638589.73 706109.69 504043.93
17 147215.61 600914.30 701866.68 483332.20
18 119078.40 518291.64 688829.65 442066.56
19 142534.52 531012.36 629375.67 434307.52
20 144257.22 691154.87 1921942.19 919118.09
21 372439.23 1283244.58 21247171.98 7634285.26
22 2108837.99 2449281.42 707901.36 1755340.26
23 2294398.30 1700382.69 75711.34 1356830.77
24 2377079.57 1117214.86 23404.40 1172566.28
25 2066378.48 1034672.28 12091.37 1037714.04
26 1839880.19 1311705.84 7488.16 1053024.73
27 1800500.55 1288619.52 6987.14 1032035.74
28 1824005.46 1546761.30 4628.56 1125131.77
29 1554894.48 1654995.63 4831.81 1071573.97
30 1302555.32 876524.63 3696.19 727592.05
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31
32
33
34
35
36
37
38
39
40

1259578.81
1151122.84
1020343.83
827211.10
759638.33
681679.67
696081.24
575261.37
388666.04
416253.90

840136.84
764645.29
662932.27
695334.96
504802.50
439831.10
409575.81
344059.82

*

*

3131.19
3108.11
2679.77
2455.07
2186.98
2851.06
3489.60
3206.42

*

*

700948.95
639625.41
561985.29
508333.71
422209.27
374787.28
369715.55
307509.21
388666.04
416253.90
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Table D.5 — Summary of the blank and dilution corrected ICP-MS measurement (CPS) of terbium at
m/z 159 in fractions collected from the stepwise chemical separation using a TEVA cartridge. 1 mL
fractions were collected throughout. (see Figure 3.4 for the elution profile)

EL?:]:S:P Repeat 1 (CPS) Repeat 2 (CPS) Repeat 3 (CPS) Mean Th CPS
1 51456.23 687280.80 1537890.84 758875.96
2 2640930.72 3401452.95 4003022.18 3348468.62
3 4081238.74 4036152.29 4006488.41 4041293.15
4 4423205.77 3674870.51 4548517.90 4215531.39
5 3780346.56 3825742.49 3966193.29 3857427.45
6 3670794.96 3636318.75 3785525.22 3697546.31
7 3701122.70 3683303.22 4228908.02 3871111.31
8 3685275.74 3732412.65 3804506.60 3740731.66
9 3733474.03 3578826.35 4196823.03 3836374.47
10 3684005.98 3397832.82 4163030.61 3748289.80
11 4382705.25 3516243.94 809659.98 2902869.72
12 1589318.51 043814.24 24945.38 852692.71
13 30317.88 11681.86 11948.51 17982.75
14 17089.39 7856.41 9645.20 11530.33
15 16486.34 9386.19 8772.77 11548.44
16 16407.03 9579.86 8599.01 11528.63
17 43569.15 6807.67 9535.04 19970.62
18 15036.98 9287.70 9141.42 11155.37
19 16540.25 6397.22 8505.05 10480.84
20 14768.08 8946.34 8659.10 10791.18
21 16011.55 6615.22 6587.31 9738.03

22 2397.67 -69.58 781.85 1036.65

23 -619.66 868.23 1179.92 476.17

24 -641.56 514.99 474.78 116.07

25 -691.94 602.65 1158.31 356.34

26 -554.78 505.04 329.47 93.25

27 -412.33 502.30 289.25 126.41

28 -606.49 705.98 580.17 226.55

29 -846.11 303.10 269.46 -91.19

30 -856.84 501.37 233.04 -40.81
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31
32
33
34
35
36
37
38
39
40

-681.91
-637.09
-674.81
-784.54
-851.13
-877.67
-621.95
-1084.33
-1192.17
-1004.40

193.86
430.46
403.23
480.65
283.62
371.95
200.38
198.49

*

*

786.25
582.38
517.74
244.63
317.15
277.90
823.10
594.13

99.40
125.25
82.05
-19.75
-83.46
-715.94
133.84
-97.24
-1192.17
-1004.40

Table D.6 — A summary of the information used to calculate the elemental recovery of terbium and
cerium in the main terbium fractions (1-15) after separation using a TEVA cartridge. Counts per second
(CPS) reported in this table value were calculated by summing the mean values of relevant fractions.
Uncertainties are based on standard deviation between repeats (n=3).

Tb

Fractions 1-15 (CPS)

Total (CPS)

Mean elemental recovery (%)

3208604.54 + 2107933.35
28110989.00 + 2820228.77
11.27 £7.29

38912274.08 + 692888.63
38987670.16 + 717412.83

99.81 +0.08

161



Appendix E — Data to accompany Figure 4.3 and Figure 4.4

Table E.1 — Distribution coefficient values (Kq) for europium on LN resin across a nitric acid
concentration range. # denotes the Kq value which was plotted onto Figure 4.3 and Figure D.1 instead
of the mean Kq value. This was needed where the ‘mean Ky’ value was skewed by an outlying value.

HNO3s (M) Repeat 1 (Ka) Repeat 2 (Ka) Repeat 3 (Ka) Mean Kq
0 1244.79 943.22 759.50 982.50
0.007 4832.73 3485.54 3799.40 4039.22
0.010 37060.23 19818.32 10235.77 22371.44
0.050 53524.06 23262.34 25628.82 34138.41
0.100 3887.99 3594.80 3674.98 3719.26
0.198 339.16 316.91 242.19 299.42
0,500 11.16 16.80 12.44 11.80
0.801 2.42 5.08 6.06 4.52
1.001 2.18 1.23 1.45 1.62
1087 0.51# -2.45 1.01 -0.31

Table E.2 — Distribution coefficient values (Kq) for gadolinium on LN resin across a nitric acid
concentration range. # denotes the K4 value which was plotted onto Figure 4.3 and Figure D.1 instead
of the mean Kq value. This was needed where the ‘mean Ky’ value was skewed by an outlying value.

HNO3 (M) Repeat 1 (Ka) Repeat 2 (Kq) Repeat 3 (Kq) Mean Kq
0 1016.67 634.57 715.81 789.02
0.007 4453.44 1973.99 2271.57 2899.66
0010 20402.61 4457.54 10412.85 11757.67
0.050 27233.71 44088.12 31441.64 34254.49
0.100 5750.88 6767.63 4386.83 5635.12
0.198 510.49 517.99 593.02 540.50
0.500 24.35 22.36 16.28 21.00
0.801 5.36 1.29 4.84 3.83
1.001 2.53 4.89 3.83 3.75
1.987 0.32# 0.44 -0.72 0.02

162



Table E.3 — Distribution coefficient values (Kq) for terbium on LN resin across a nitric acid

concentration range.

HNOs (M) Repeat 1 (Kd) Repeat 2 (Kd) Repeat 3 (Ka)  Mean Kqd
0 554.00 971.02 914.30 813.11
0.007 2486.53 2384.09 2531.21 2467.28
0.010 4166.64 4435.43 6236.20 4946.09
0.050 78163.66 35318.99 83382.32 65621.66
0.100 26283.38 23618.34 27624.59 25842.10
0.198 683.91 2563.07 3140.51 2129.16
0.500 131.61 114.39 172.84 139.61
0.801 26.42 17.91 17.26 20.53
1.001 11.92 22.19 12.89 15.67
1.987 1.99 0.69 1.69 1.46

Table E.4 — Distribution coefficient values (Kq) for dysprosium on LN resin across a nitric acid
concentration range. * denotes a sample for which the Kq value could not be calculated. In this case,
the agueous phase was not successfully isolated at the end of the batch separation due to it being
absorbed by the filter paper.

HNO3 (M) Repeat 1 (Ka) Repeat 2 (Kq) Repeat 3 (Kq) Mean Kq
0 792.68 644.41 580.07 672.38
0.007 1770.87 2831.73 2476.61 2359.74
0.010 3515.25 2228.95 4612.88 3452.36
0.050 31756.91 51653.87 48485.22 43965.33
0.100 65411.13 48594.21 49156.97 54387.43
0.198 7481.26 8263.57 8469.74 8071.52
0.500 371.58 * 397.21 384.40
0.801 76.58 74.46 72.71 74.58
1.001 35.40 34.13 34.13 34.55
1.987 4.06 0.80 3.29 2.72
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Figure E.1 — Maximum, minimum and mean distribution coefficients (Kq4) of Eu, Gd, Tb and Dy across
a range of HNO; concentrations on LN resin (50 — 100 um). (linked to Figure 4.3)
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Figure E.2 — Maximum, minimum and mean distribution coefficients (Kq) of Gd, Tb and Dy across a
range of HNO3 concentrations on LN resin (50 — 100 um) — zoomed in to highlight conditions which
were used in initial column-based separation studies. (linked to Figure 4.4)
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Appendix F — Data to accompany Figure 4.11

Figure F.1 — Summary of the calculated elemental recovery (%) values for the stepwise separation of
gadolinium, terbium and dysprosium on an LN resin at a mobile phase flow rate of 1.0 mL/min. 1mL

fraction were collected throughout. This data was used to collate Figure 4.11 (left).

Fraction Number Gd (%) Tb (%) Dy (%)
1 0.00 0.00 0.00
2 0.00 0.00 0.00
3 0.00 0.00 0.00
4 0.00 0.00 0.00
5 0.00 0.00 0.00
6 0.00 0.00 0.00
7 0.19 0.00 0.00
8 2.02 0.00 0.00
9 7.20 0.00 0.00
10 16.63 0.00 0.00
11 22.43 0.00 0.00
12 18.43 0.00 0.00
13 11.34 0.00 0.00
14 6.56 0.00 0.00
15 4.75 0.00 0.00
16 3.40 0.00 0.00
17 2.59 0.00 0.00
18 2.01 0.00 0.00
19 1.46 0.00 0.00
20 1.14 0.00 0.00
21 1.01 0.00 0.00
22 0.78 0.00 0.00
23 0.54 0.01 0.00
24 0.37 0.07 0.00
25 0.21 0.27 0.00
26 0.13 0.90 0.00
27 0.10 2.48 0.00
28 0.06 450 0.00
29 0.04 7.68 0.00
30 0.03 10.83 0.00
31 0.03 12.77 0.00
32 0.02 13.50 0.00
33 0.01 11.81 0.00
34 0.02 10.52 0.00
35 0.01 6.78 0.00
36 0.01 4.36 0.00
37 0.00 2.61 0.00
38 0.00 1.50 0.00
39 0.01 0.85 0.01
40 0.00 0.57 0.05
41 0.01 0.25 0.42
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42 0.01 0.09 2.52
43 0.01 0.04 10.31
44 0.00 0.02 23.60
45 0.00 0.01 29.14
46 0.00 0.01 19.75
47 0.00 0.00 8.08
48 0.00 0.00 1.94
49 0.00 0.00 0.29
50 0.00 0.00 0.07
51 0.00 0.00 0.02
52 0.00 0.00 0.01
53 0.00 0.00 0.01
54 0.00 0.00 0.01
55 0.00 0.00 0.01
56 0.00 0.00 0.00
57 0.00 0.00 0.00
58 0.00 0.00 0.00
59 0.00 0.00 0.00
60 0.00 0.00 0.00

Figure F.2 — Summary of the calculated elemental recovery (%) values for the stepwise separation of
gadolinium, terbium and dysprosium on an LN resin at a mobile phase flow rate of 0.5 mL/min. 1mL
fraction were collected throughout. This data was used to collate Figure 4.11 (right).

Fraction Number Gd (%) Tb (%) Dy (%)
1 0.01 0.00 0.00
2 0.00 0.00 0.00
3 0.01 0.00 0.00
4 0.02 0.00 0.00
5 0.01 0.00 0.00
6 0.01 0.00 0.00
7 0.41 0.00 0.00
8 9.00 0.00 0.00
9 25.26 0.00 0.00
10 27.00 0.00 0.00
11 15.69 0.00 0.00
12 8.48 0.00 0.00
13 4.49 0.00 0.00
14 2.28 0.00 0.00
15 1.17 0.00 0.00
16 0.58 0.00 0.00
17 0.33 0.00 0.00
18 0.17 0.00 0.00
19 0.08 0.00 0.00
20 0.05 0.00 0.00
21 0.03 0.01 0.00
22 0.02 0.06 0.00
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23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60

0.02
0.02
0.01
0.02
0.01
0.01
0.01
0.01
0.00
0.01
0.01
0.00
0.01
0.00
0.01
0.01
0.01
0.01
0.00
0.01
0.01
0.03
0.01
0.01
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00

0.18
0.64
211
5.05
8.87
13.59
16.97
15.56
11.88
7.47
4.25
2.33
0.95
0.34
0.14
0.06
0.03
0.02
0.01
0.01
0.01
0.01
0.01
0.01
0.01
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00

0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.01
0.01
0.03
0.06
0.76
8.45
35.37
38.62
12.04
1.18
0.08
0.02
0.01
0.01
0.00
0.00
0.00
0.01
0.00
0.00
0.00
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Appendix G — Data to accompany ‘simulant **Tb’ separations

Table G.1 — Summary of the calculated elemental recovery (%) values for the ‘simulant ***Tb’ solution,
containing caesium, barium, neodymium, samarium, europium, gadolinium, and terbium, after it had
undergone chemical separation using the method summarised in Table 4.4. The raw ICP-MS data was
blank, and dilution corrected before the elemental recovery was calculated using equation 2.3. 1 mL
fractions were collected throughout (see Figure 4.12 for the elution profile). Cause(s) of the negative
values were unknown, but could be due to contamination of blank samples, contamination of the
instrument introduction system, uncorrected instrumental drift and/or the unrecorded use of different
grade acids (i.e., analytical-grade vs. trace-grade).

Eﬁgé’r” Cs(%) Ba(%) Nd(%) Sm@®) Eu(®%) Gd(%) Tb(%)
1 0.00 0.05 0.00 0.00 0.00 0.00 0.00
2 0.00 0.11 0.00 0.00 0.00 0.00 0.00
3 1.23 2.43 0.00 0.00 0.00 0.00 0.00
4 5039  57.33  17.97  0.00 0.01 001 003
5 17.08  17.64 5046 481 0.00 0.02 0.07
6 8.43 9.54 1245 4272 040 0.00 0.02
7 453 5.07 8.07 2800 1413  0.03 0.01
8 2.15 2.55 3.53 0.87 3578  1.29 0.01
9 1.17 1.42 1.96 5.32 2586 1212 0.0
10 0.53 0.78 0.87 2.44 0.89 26.02  0.00
11 0.25 0.36 0.48 1.42 4.86 2725  0.00
12 0.11 0.21 0.23 0.62 2.27 1445  0.00
13 0.03 0.11 0.07 0.29 1.27 7.17 0.00
14 001 006 0.01 0.15 0.65 3.37 0.00
15 002  0.04 001 0.09 0.39 1.92 0.00
16 002 011 002 003 0.22 1.12 0.00
17 002 005 002 0.02 0.12 0.66 0.00
18 002 021 003 001 0.06 0.41 0.00
19 002 051 002 0.0 0.03 0.23 0.00
20 002 005 002 0.0 0.01 0.15 0.00
21 003 0.0 003 0.0 0.01 0.07 0.00
22 003 002 002 0.0 0.00 0.04 0.00
23 002 005 002  0.00 0.00 0.01 0.00
24 002 001 002  0.00 0.00 0.01 0.00
25 002 002  -003 000 0.00 0.01 0.00
26 002 003 003 0.0 0.00 0.01 0.03
27 002 001 003 0.0 0.00 0.00 0.31
28 002 001 003 0.0 0.00 0.01 1.53
29 002  0.04 003 0.0 0.00 0.01 4.93
30 002 004  -003  0.00 0.00 0.01 9.91
31 -0.03  0.03 002 0.0 0.00 0.00 15.55
32 003 0.0 003 0.0 0.00 0.01 18.16
33 002 002 002  0.00 0.00 0.01 17.49
34 002 001 002 0.0 0.00 0.01 13.31
35 002 003 002 0.0 0.00 0.00 8.27
36 002 003 002 0.0 0.00 001 436
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37 -0.02
38 -0.02
39 -0.03
40 -0.02
41 -0.02
42 -0.02
43 -0.02
44 -0.02
45 -0.02
46 -0.02
47 -0.02
48 -0.02
49 -0.02
50 -0.02
51 -0.03
52 -0.02
53 -0.02
54 -0.02
55 -0.03
56 -0.03
57 -0.02
58 -0.02
59 -0.03
60 -0.03
Total 93.78

0.04
0.03
0.06
0.01
0.02
0.02
0.01
0.01
-0.01
0.03
0.04
0.01
0.02
0.01
0.12
0.02
0.07
0.02
0.03
0.47
0.01
-0.01
0.04
-0.01

99.93

-0.02
-0.02
-0.03
-0.03
-0.02
-0.02
-0.02
-0.02
-0.03
-0.03
-0.02
-0.02
-0.03
-0.02
-0.02
-0.02
-0.02
-0.02
-0.02
-0.01
-0.03
-0.03
-0.01
-0.01
95.06

0.00
0.00
0.00
-0.01
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
-0.01
-0.01
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
95.76

0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
-0.01
-0.01
95.93

0.00
0.00
-0.02
-0.02
0.00
-0.01
0.00
0.01
0.01
0.01
0.00
0.00
-0.01
0.00
0.00
0.00
0.00
0.00
-0.03
-0.02
0.00
0.00
-0.02
-0.01
96.28

1.92
0.80
0.25
0.08
0.03
0.01
0.00
0.01
0.01
0.00
0.00
0.00
-0.01
-0.01
-0.01
-0.01
-0.01
-0.01
-0.01
-0.01
-0.01
-0.01
-0.01
-0.01
96.99

Table G.2 — Summary of the elemental recovery and elemental proportion information within the main
terbium fractions for the ‘simulant “**Tb’ separation.

*elemental proportion for barium, europium, gadolinium, and terbium would be 0.36%, 0.02%, 0.16%
and 99.46%, respectively, if the negative values were assumed to be zero (i.e., barium, europium and
gadolinium impurities and terbium purity).

Cs Ba Nd Sm Eu Gd Th
Elemental
recovery in i ) )
fractions 21-40 0.49 0.35 0.50 0.01 0.02 0.15 96.90
(%)
Elemental
proportion in 051 0.37 0.5 0.01 0.0 016 100,48

fractions 21-40

(%) *

169



Table G.3 — Summary of the calculated elemental recovery (%) values for the ‘simulant **°Tb’ solution,
containing caesium, barium, cerium, samarium, europium, gadolinium, terbium, and dysprosium, after
it had undergone chemical separation using the method summarised in Table 4.4. The raw ICP-MS
data was blank, and dilution corrected before the elemental recovery was calculated equation 2.3. 1
mL fractions were collected throughout (see Figure 4.13 for the elution profile). Cause(s) of the
negative values and inaccurate total elemental recovery values were unknown.

EL?ESSP Cs(%) Ba(%) Ce(%) Sm(%) Eu(%) Gd(%) Tb(%) Dy (%)
1 001 018  -003 000  -004 001 000 000
2 001 -009 -003 000  -004 000 000 000
3 00l 003 -003 000 -003 000 000 0.0
4 3041 3391 260 000  -003 003 000 0.0
5 46.02 4412 3566 004  -003 028 001 000
6 2024 2072 2460 1693 -003 017 000  0.02
7 1049 1101 1228 5412 266 010 000 0.6
8 598 637 738 2553 2769 021 000 0.3
9 375 410 545 1176 4550 523 000  0.01
10 238 263 409 678 2455 2479 000  0.01
11 157 185 343 444 1145 3948 000  0.00
12 087 094 231 233 524 2380 000  0.00
13 062 068 215 189 373 1393 000 0.0
14 037 031 173 127 244 705 000  0.00
15 024 020 155 090 179 453 000  0.00
16 013  -0.02 114 042 099 247 000  0.00
17 010 005 115 028 069 190 000 0.0
18 006 006 100 017 039 125 000 0.0
19 005 -013 104 013 025 084 000 000
20 003 -015 091 008 013 047 000  0.00
21 002 015 08 006 009 027 000 0.0
22 001 014 08 005 005 020 000 0.0
23 001 -010 076 003 002 013 001 000
24 000  -017 074 002 001 008 005 000
25 000 -018 060 002 000 007 021 000
26 000 016 062 001  -001 005 098 0.0
27 000  -018 062 00l  -002 004 334 000
28 000 -021 054 00l  -002 003 68 000
29 001 -021 054 000  -003 003 1298 0.0
30 0.00 014 055 001  -003 00l 1921 0.0
31 000 023 050 000 -003 001 2158 0.00
32 001 -023 042 000  -003 002 1851 0.00
33 001 -008 042 000  -003 001 1637 0.0
34 000 025 039 000  -003 00l 1097 0.0
35 001 -024 041 000 003 001 692 000
36 001 023 045 000  -004 000 419 0.0
37 001 025 032 000 -004 00l 156 0.0
38 001 -024 033 000  -004 001 078 000
39 001 -018 032 000  -004 001 037 000
40 001 -027 032 000 004 00l 016  0.00
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41 -0.01
42 -0.01
43 -0.01
44 -0.01
45 -0.01
46 -0.01
47 -0.01
48 -0.01
49 -0.01
50 -0.01
51 0.00
52 0.00
53 0.00
54 0.00
55 0.00
56 0.00
57 0.00
58 0.00
59 0.00
60 0.00
Total 123.17

-0.24 0.26
-0.25 0.26
-0.27 0.28
-0.27 0.28
-0.24 0.25
-0.27 0.23
-0.22 0.21
-0.25 0.18
-0.22 0.21
-0.22 0.16
0.10 0.00
0.12 0.00
0.00 0.18
0.14 0.17
-0.01 0.15
0.04 0.20
0.00 0.12
0.00 0.13
-0.02 0.13
-0.01 0.13
120.55 122.45

0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
127.32

-0.03
-0.03
-0.03
-0.03
-0.04
-0.04
-0.03
-0.03
-0.03
-0.03
-0.01
-0.01
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
126.66

0.01
0.01
0.01
0.00
0.01
0.01
0.00
0.00
0.02
0.00
0.00
0.00
0.00
0.00
0.01
0.01
0.01
0.00
0.00
0.00
127.64

0.07
0.05
0.03
0.03
0.03
0.02
0.01
0.01
0.01
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
125.32

0.00
0.00
0.01
0.09
0.82
6.28
23.57
39.71
38.34
9.93
0.00
0.00
0.04
0.02
0.01
0.01
0.00
0.00
0.00
0.00
118.98

Table G.4 — Summary of the elemental recovery and elemental proportion information within the main
terbium fractions for the ‘simulant **Tb’ separation.

# elemental recovery was estimated by normalising the elemental recovery fraction and total to a
maximum 100% by using equation 2.4.

*elemental proportion for cerium, samarium, gadolinium and terbium would be 7.88 %, 0.16 %, 0.71
% and 91.25 %, respectively, if the negative values were assumed to be zero (i.e., cerium, samarium
and gadolinium impurity and terbium purity).

Cs

Ba

Ce

Sm

Eu

Gd

Tb

Dy

Estimated
elemental
recovery in
fractions 21-40
(%) *

Elemental
proportion in
fractions 21-40
(%) *

-0.03

-0.03

-3.21

-3.03

8.61

8.13

0.18

0.17

-0.23

-0.22

0.78

0.74

99.78

94.24

0.00

0.00
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Table G.5 — Summary of the calculated elemental recovery (%) values for the ‘simulant **>Tb’ solution,
containing lanthanum, cerium, praseodymium, europium, gadolinium, terbium and dysprosium, after it
had undergone chemical separation using the method summarised in Table 4.4. The raw ICP-MS data
was blank, and dilution corrected before the elemental recovery was calculated using equation 2.3. 1
mL fractions were collected throughout (see Figure 4.14 for the elution profile). Cause(s) of the
negative values were unknown.

EL?;’S;’:‘ La(%) Ce(%) Pr(%) Eu(%) Gd(%) Th(%) Dy (%)
1 0.01 0.02 0.00 0.00 0.04 0.00 0.00
2 0.01 0.00 0.00 001 002 0.00 0.00
3 0.00 0.00 0.00 0.00 0.06 0.00 0.00
4 0.01 0.01 0.00 0.00 0.06 0.00 0.00
5 0.00 0.00 0.00 0.00 0.05 0.00 0.00
6 0.00 0.02 0.00 0.00 0.07 0.00 0.00
7 0.02 0.02 0.00 0.00 0.06 0.00 0.00
8 1297  1.00 0.25 0.00 0.04 0.00 0.00
9 2722 2300 1939 001 0.08 0.00 0.00
10 1550 1947 2424 0.0 0.10 0.00 0.00
11 9.95 11.83 1385  0.00 0.09 0.00 0.00
12 7.53 8.67 9.42 001 007 0.00 0.00
13 5.17 6.26 6.72 0.00 0.08 0.00 0.00
14 4.16 5.10 4.97 0.00 0.06 0.00 0.00
15 3.05 3.91 3.79 0.11 0.08 0.00 0.00
16 2.36 3.03 2.89 1.01 0.08 0.00 0.00
17 1.92 2.59 2.32 5.28 0.06 0.00 0.00
18 1.21 1.77 1.53 1223 0.04 0.00 0.00
19 0.94 1.36 1.11 1585  0.06 0.00 0.00
20 0.68 1.11 0.88 1388  0.13 0.00 0.00
21 0.61 0.98 0.67 1098 058 0.00 0.00
22 0.42 0.75 0.54 7.70 1.77 0.00 0.00
23 0.31 0.61 0.39 5.24 4.80 0.00 0.00
24 0.23 0.47 0.29 3.97 9.35 0.00 0.00
25 0.17 0.42 0.21 3.21 1320  0.00 0.00
26 0.13 0.34 0.18 2.92 17.46  0.00 0.00
27 0.10 0.25 0.12 2.44 1625  0.00 0.00
28 0.06 0.20 0.08 1.75 1277 0.00 0.00
29 0.07 0.17 0.06 1.20 8.25 0.00 0.00
30 0.05 0.15 0.04 0.77 5.10 0.00 0.00
31 0.03 0.13 0.04 0.42 3.03 0.00 0.00
32 0.02 0.09 0.03 0.20 1.67 0.00 0.00
33 0.02 0.08 0.03 0.09 0.86 0.00 0.00
34 0.02 0.06 0.01 0.04 0.51 0.00 0.00
35 0.01 0.06 0.01 0.05 0.20 0.00 0.00
36 0.01 0.05 0.01 0.03 0.10 0.00 0.00
37 0.01 0.05 0.01 0.01 0.06 0.00 0.00
38 0.01 0.04 0.01 0.01 0.03 0.00 0.00
39 0.01 0.04 0.00 0.01 0.06 0.00 0.00
40 0.01 0.03 0.00 0.01 0.03 0.00 0.00
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41 0.00
42 0.00
43 0.00
44 0.01
45 0.01
46 0.00
47 0.00
48 0.00
49 0.00
50 0.00
51 0.00
52 0.00
53 0.00
54 0.00
55 0.00
56 0.00
57 0.00
58 0.00
59 0.00
60 0.00
Total 95.05

0.03
0.03
0.01
0.02
0.04
0.03
0.02
0.01
0.02
0.01
0.01
0.01
0.02
0.01
0.01
0.01
0.00
0.01
0.01
0.01

94.45

0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00

94.14

0.02
0.01
0.01
0.00
0.01
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.01
89.45

0.03
0.02
0.03
0.02
0.04
0.04
0.03
0.03
0.01
0.01
0.02
0.01
0.00
0.00
0.01
0.00
0.01
0.02
0.01
0.01
97.76

0.00
0.00
0.00
0.00
0.01
0.13
2.29
21.48
49.88
20.05
1.70
0.13
0.03
0.01
0.00
0.01
0.00
0.00
0.00
0.00
95.73

0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.01
0.01
0.00
0.01
0.01
0.30
3.64
18.05
33.52
27.01
10.55
1.98
95.12

Table G.6 — Summary of the elemental recovery and elemental proportion information within the main
terbium fractions for the ‘simulant **Tb’ separation.

La Ce Pr Eu Gd Tb Dy
Elemental
recovery in
fractions 41-50 0.02 0.21 0.01 0.04 0.25 93.83 0.02
(%)
Elemental
proportionin 50> 023 002 005 027 9940  0.02

fractions 41-50
(%) *
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Appendix H — Data to accompany Table 4.5

Table H.1 — Summary of the caesium, barium and neodymium data used in the calculation of the terbium
recovery and terbium purity for the ‘simulant “*Tb’ chemical separation. Elemental recovery was
calculated using equation 2.4. Uncertainties are based on counting statistics only (n=10).

Cs Ba Nd
Fractions 41-50 (CPS) | 380.06 + 116.18 2163.48 +198.48  -26.70 + 55.70
Total (CPS) \ 1816161.02 + 29059.27 70532.49 + 564.68 122346 + 978.77
Elemental recovery in | o 55 4 .91 3.07+0.28 -0.02 + 0.05

fractions 41-50 (%)

Table H.2 — Summary of the samarium, europium and gadolinium data used in the calculation of the
terbium recovery and terbium purity for the ‘simulant ***Tb’ chemical separation. Elemental recovery
was calculated using equation 2.4. Uncertainties are based on counting statistics only (n=10).

Sm Eu Gd
Fractions 41-50 (CPS) | 90.00 + 34.64 -23.34 + 141.67 360.01 + 81.86
Total (CPS) | 05017.65+85521  293913.23 +4114.93 107469.72 + 1074.70
Elemental recovery in ‘ 0.09 + 0.04 -0.01 +0.05 0.33+0.08

fractions 41-50 (%)

Table H.3 — Summary of the terbium data used in the calculation of the terbium recovery and terbium
purity for the ‘simulant *°*Tb’ chemical separation. Elemental recovery was calculated using equation
2.4. Uncertainties are based on counting statistics only (n=10).

Tb
Fractions 41-50 (CPS) 678599.34 £ 11709.23
Total (CPS) 674665.04 £ 6072.05
Elemental recovery in
fractions 41-50 (%) LIS T ane
Terbium purity in 96.65 + 2.82

fractions 41-50 (%)

174



Table H.4 — Summary of the caesium, barium and samarium data used in the calculation of the terbium
recovery and terbium purity for the ‘simulant “°Tb’ chemical separation. Elemental recovery was
calculated using equation 2.4. Uncertainties are based on counting statistics only (n=10).

Cs

Ba Sm

Fractions 41-50 (CPS) | -150.00 + 135.81

Elemental recovery in 001 + 0.01

1573.44 £ 192.26 13.32 + 36.97

2.19+0.27 0.01 +£0.04

Total (CPS) ‘ 1791641.38 £ 25084.39 71848.13 £ 647.74 95034.05 + 1140.41

fractions 41-50 (%)

Table H.5 — Summary of the europium, gadolinium and dysprosium data used in the calculation of the
terbium recovery and terbium purity for the ‘simulant **Th’ chemical separation. Elemental recovery
was calculated using equation 2.4.Uncertainties are based on counting statistics only (n=10).

Eu Gd Dy
Fractions 41-50 (CPS) | 73.35 + 94.85 516.70 + 89.38 Baa2 5036
Total (CPS) | 289382.67 £ 4051.85 108385+ 1083.85  166380.71 * 1830.48
Elemental recoveryin | )5 1 4 o3 0.48 + 0.08 0.04 + 0.03

fractions 41-50 (%)

Table H.6 — Summary of the terbium data used in the calculation of the terbium recovery and terbium
purity for the ‘simulant “*Th’ chemical separation. Elemental recovery was calculated using equation
2.4. Uncertainties are based on counting statistics only (n=10).

Tb
Fractions 41-50 (CPS) 673671.89 + 19180.84
Total (CPS) 680516.50 + 6125.04
Elemental recovery in
fractions 41-50 (%) Jehen) S e
Terbium purity in 9731 + 4.29

fractions 41-50 (%)
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Table H.7 — Summary of the lanthanum, cerium and praseodymium data used in the calculation of the
terbium recovery and terbium purity for the ‘simulant *°Tb’ chemical separation. Elemental recovery
was calculated using equation 2.4. Uncertainties are based on counting statistics only (n=10).

La Ce Pr
Fractions 41-50 (CPS) | 176.64 + 110.60 1383.39+ 12221  146.67 +91.31
Total (CPS) 85661252+ 8566.36  649309.19 + 8441.77 1000121.34 + 8001.06
Elemental recovery in 1 4 5 4 0,00 0.21 +0.02 0.01 +0.01

fractions 41-50 (%)

Table H.8 — Summary of the europium, gadolinium and dysprosium data used in the calculation of the
terbium recovery and terbium purity for the ‘simulant *°Th’ chemical separation. Elemental recovery
was calculated using equation 2.4. Uncertainties are based on counting statistics only (n=10).

Eu Gd Dy
Fractions 41-50 (CPS) | 176.65 + 78.32 373.33 +57.14 46.66 + 24.29
Total (CPS) | 398063.71 +5573.08 14911667 + 1391.21 22091371 + 2430.14
Elemental recovery in ‘ 0.04 + 0.02 0.25 +0.04 0.02 +0.01

fractions 41-50 (%)

Table H.9 — Summary of the terbium data used in the calculation of the terbium recovery and terbium
purity for the ‘simulant **Tb’ chemical separation. Elemental recovery was calculated using equation
2.4. Uncertainties are based on counting statistics only (n=10).

Tb
Fractions 41-50 (CPS) 918239.33 +£ 6140.16
Total (CPS) 978578.34 + 8807.30
Elemental recovery in
fractions 41-50 (%) SEHE e 2
Terbium purity in
fractions 41-50 (%) 99.40£1.59
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Appendix | — Data to accompany Figure 4.16

Table 1.1 — Summary of the calculated elemental recovery (%) values for the ‘simulant **°Tb’ solution,
containing lanthanum, cerium, praseodymium, europium, gadolinium, terbium and dysprosium, after it
had undergone chemical separation using the method summarised in Table 4.6. The raw ICP-MS data
was blank, dilution and internal standard corrected before the elemental recovery was calculated using
equation 2.3. 0.5 mL fractions were collected throughout (see Figure 4.16 for the elution profile).
Cause(s) of the negative values were unknown.

Fraction

Number LA)  Ce(%) Pr(%) Eu(®) Gd(%) Tb(%) Dy (%)
1 5.39 3.39 2.64 0.00 0.32 0.00 0.00
2 6.64 4.20 3.27 0.01 0.62 0.00 0.00
3 4069 3737 3557 053 1.98 0.03 0.04
4 4162 4058 4516  4.36 0.62 0.00 0.00
5 4.33 9.14 1229 1830  3.00 0.00 0.00
6 0.47 1.38 0.54 4033 1432 0.00 0.00
7 0.33 0.95 0.38 2856 3352 0.0 0.00
8 0.06 0.48 0.08 5.43 4450  0.08 0.00
9 0.04 0.43 0.04 0.29 7.55 0.50 0.00
10 0.04 0.43 0.05 0.09 -0.87 2.32 0.00
11 0.04 0.41 0.04 0.08 -1.68 7.30 0.01
12 0.01 0.20 0.01 0.05 0.16 7288 419
13 0.01 0.16 0.00 0.01 -1.02 1478 2243
14 0.00 0.15 0.00 0.01 -0.79 0.33 43.17
15 0.01 0.13 0.00 0.00 -0.96 0.09 23.94
TOTAL | 99.66 9941 10008 98.06 10127 9832  093.78

Table 1.2 — Summary of the elemental recovery and elemental proportion information within the main

terbium fractions for the ‘simulant ™>Th’ separation on a smaller column.

*elemental proportion for lanthanum, cerium, praseodymium, europium, terbium and dysprosium
would be 0.04 %, 0.63 %, 0.04 %, 0,11 %, 77.46 % and 21.72%, respectively, if the negative value was
assumed to be zero (i.e., lanthanum, cerium, praseodymium, europium and dysprosium impurity and
terbium purity).

La Ce Pr Eu Gd Tb Dy
Elemental
recovery in )
ey 43 005 077 005  0.14 255 9496  26.62
(%)
Elemental
proportionin | oo g4 004 011  -212 7910  22.18

fractions 11-13

(%) *
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Appendix J — Data to accompany Figure 5.1

Table J.1 - Summary of the data showing the variation of distribution coefficient (Kq) with an increasing
concentration of gadolinium per unit volume of LN resin (50-100 um). Repeat 1 of 3.

Repeat 1 mg Gd/mL resin

Kd

3.73
7.99

10.85
15.19
20.48

28562.65
6099.67

1180.99
84.82
27.99

Table J.2 — Summary of the data showing the variation of distribution coefficient (Kq) with an increasing
concentration of gadolinium per unit volume of LN resin (50-100 um). Repeat 2 of 3.

Repeat 2 mg Gd/mL resin

Kd

3.60
7.42

10.54
16.21
20.55

65855.91
6217.55

1560.17
50.04
28.84

Table J.3 — Summary of the data showing the variation of distribution coefficient (Kq) with an increasing
concentration of gadolinium per unit volume of LN resin (50-100 wm). Repeat 3 of 3.

Repeat3  mg Gd/mL resin

Kd

3.67
6.90

12.65
15.79
17.78

41593.83
8512.74

380.70
48.63
38.25

Table J.4— Summary of the data showing the variation of distribution coefficient (Kq) with an increasing
concentration of gadolinium per unit volume of LN resin (50-100 xm). Mean and standard deviation

between repeats (n=3) is shown.

Mean mg Gd/mL resin
3.67 £0.07 45337.46 £ 18926.38
7.44 +0.54 6943.32 + 1360.43
11.35+1.14 1040.62 £ 602.13
15.73£0.51 61.16 + 20.50
19.61 £ 1.58 31.69 £ 5.70

178



Appendix K — Data to accompany Table 5.3

50

Volume (mL)

—— Gd

Figure K.1 - Elution profile illustrating the separation of bulk quantities of gadolinium (10 mg Gd,03)
from trace quantities of terbium and dysprosium (1 ug) on an LN resin column (50-100 um particle
size, 7x200 mm column dimensions). (Repeat #1 only)

Table K.1 — Summary of the internal standard, blank and dilution corrected ICP-MS data for the
separation of 1 g terbium from 10 mg gadolinium and 1 xg dysprosium (Repeat #1 only).

Fraction Number Gd (CPS) Tb (CPS) Dy (CPS)
1 1.72E+05 0 4.00E+03
2 1.32E+05 4.03E+03 0

3 1.51E+05 0 0

4 1.31E+05 0 0

5 1.55E+05 1.99E+03 0

6 1.18E+05 2.03E+03 0

7 1.91E+05 2.01E+03 0

8 2.01E+05 0 4.02E+03
9 1.51E+05 2.04E+03 0

10 1.80E+05 1.99E+03 0

11 1.74E+05 0 0

12 3.55E+08 6.11E+03 0

13 1.18E+10 1.46E+05 0

14 1.66E+10 2.10E+05 0

15 1.52E+10 1.51E+05 4.08E+03
16 1.33E+10 1.50E+05 0

17 1.07E+10 1.41E+05 -2.03E+03
18 8.78E+09 1.04E+05 -2.03E+03
19 7.28E+09 6.96E+04 0

20 6.11E+09 6.43E+04 0

21 4.22E+09 6.10E+04 4.07E+03
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22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60
Initial

3.61E+09
2.78E+09
2.00E+09
1.35E+09
1.05E+09
5.84E+08
2.02E+08
4.95E+07
1.61E+07
7.98E+06
5.76E+06
5.05E+06
3.88E+06
3.26E+06
2.97E+06
1.81E+06
1.60E+06
1.46E+06
1.22E+06
9.04E+05
7.91E+05
6.93E+05
6.13E+05
1.05E+06
1.72E+06
1.57E+06
1.24E+06
8.41E+05
6.70E+03
3.83E+05
2.59E+05
1.91E+05
1.36E+05
1.01E+05
7.90E+04
5.98E+04
5.05E+04
4.02E+04
3.95E+04
1.14E+11

5.11E+04
4.04E+04
4.42E+04
2.89E+04
1.01E+04
2.07E+03
2.05E+03
0

0

0

0
2.12E+03
-2.02E+03
0

0
2.05E+03
0
4.08E+03
6.11E+03
1.22E+04
4.59E+04
1.51E+05
4.20E+05
3.47E+06
2.79E+07
3.49E+07
9.44E+06
7.53E+05
6.37E+03
2.17E+04
8.54E+03
4.33E+03
2.14E+03
1.79E+03
9.52E+02
6.80E+02
6.22E+02
6.49E+02
2.57E+02
7.24E+07

.01E+03

OO OO OONOO

2.03E+03
2.07E+03
-2.02E+03
2.23E+03
-2.10E+03
-2.10E+03
0

0

0
6.11E+03

.07E+01

OO OO0 OOOOOoOOo

2.29E+04
6.05E+05
3.44E+06
5.79E+06
4.20E+06
1.56E+06
3.63E+05
6.09E+04
9.63E+03
3.51E+03
1.64E+07
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Table K.2 — Summary of the normalised elemental recovery data for the separation of 1 g terbium
from 10 mg gadolinium and 1 xg dysprosium. Calculated using equation 2.4 (Repeat #1 only).

Fraction Number Gd (%) Tb (%) Dy (%)
1 0.00 0.00 0.02
2 0.00 0.01 0.00
3 0.00 0.00 0.00
4 0.00 0.00 0.00
5 0.00 0.00 0.00
6 0.00 0.00 0.00
7 0.00 0.00 0.00
8 0.00 0.00 0.02
9 0.00 0.00 0.00
10 0.00 0.00 0.00
11 0.00 0.00 0.00
12 0.33 0.01 0.00
13 11.13 0.19 0.00
14 15.65 0.27 0.00
15 14.34 0.19 0.03
16 12.54 0.19 0.00
17 10.12 0.18 -0.01
18 8.27 0.13 -0.01
19 6.86 0.09 0.00
20 5.76 0.08 0.00
21 3.98 0.08 0.03
22 3.40 0.07 0.00
23 2.62 0.05 0.00
24 1.88 0.06 0.01
25 1.27 0.04 0.00
26 0.99 0.01 0.00
27 0.55 0.00 0.00
28 0.19 0.00 0.00
29 0.05 0.00 0.00
30 0.02 0.00 0.00
31 0.01 0.00 0.01
32 0.01 0.00 0.01
33 0.00 0.00 -0.01
34 0.00 0.00 0.01
35 0.00 0.00 -0.01
36 0.00 0.00 -0.01
37 0.00 0.00 0.00
38 0.00 0.00 0.00
39 0.00 0.01 0.00
40 0.00 0.01 0.04
41 0.00 0.02 0.00
42 0.00 0.06 0.00
43 0.00 0.19 0.00
44 0.00 0.54 0.00
45 0.00 4.42 0.00
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46
47
48
49
50
o1
52
53
54
55
56
57
58
59
60

0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00

35.58
44.46
12.04
0.96
0.01
0.03
0.01
0.01
0.00
0.00
0.00
0.00
0.00
0.00
0.00

0.00
0.00
0.00
0.00
0.00
0.14
3.76
21.39
36.03
26.14
9.68
2.26
0.38
0.06
0.02

Table K.3 — A summary of the repeat data for the separation of 1 ug terbium from 10 mg gadolinium

and 1 ug dysprosium.

Repeat 1 Repeat 2 Repeat 3 Mean
Tb purity 54.22% 50.57% 55.98% 53.59%
Gd impurity 45.77% 49.42% 44.00% 46.40%
Tb recovery 106.40% 121.97% 85.71% 104.69%
Normalised Tb 98.28% 98.35% 98.38% 98.34%
recovery
Gd/Thb ratio (initial) 10000 10000 10000 10000
Gd/Tb ratio (41-50) 0.84 0.98 0.79 0.87
Decontamination 1.21E+04 1.04E+04 1.29E+04 1.18E+04

factor
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Figure K.2 - Elution profile illustrating the separation of bulk quantities of gadolinium (50 mg Gd,03)
from trace quantities of terbium and dysprosium (I ug) on an LN resin column (50-100 um particle
size, 7200 mm column dimensions)

Table K.4 — Summary of the internal standard, blank and dilution corrected ICP-MS data for the
separation of 1 ug terbium from 50 mg gadolinium and 1 xg dysprosium.

Fraction Number Gd (CPS) Tb (CPS) Dy (CPS)
1 -1.36E+07 0 5.94E+04
2 2.50E+05 0 1.98E+04
3 -1.35E+07 -2.02E+04 0

4 -1.45E+07 3.03E+02 0

5 -1.29E+07 1.94E+04 -3.99E+04
6 -1.09E+07 2.01E+04 -3.99E+04
7 1.05E+08 2.02E+04 0

8 3.09E+10 7.77TE+05 0

9 7.13E+10 1.15E+06 3.91E+04
10 6.61E+10 1.28E+06 3.87E+04
11 5.59E+10 1.09E+06 0

12 4.49E+10 4.35E+05 5.68E+04
13 4.06E+10 5.51E+05 -3.87E+04
14 3.59E+10 4.11E+05 -1.92E+04
15 2.86E+10 6.16E+05 5.77E+04
16 2.47E+10 5.23E+05 0

17 2.00E+10 3.52E+05 0

18 1.73E+10 3.49E+05 4.11E+04
19 1.22E+10 2.18E+05 1.99E+04
20 9.41E+09 2.17E+05 1.97E+04
21 7.78E+09 6.23E+04 0

22 6.30E+09 1.18E+05 0

23 4.49E+09 8.04E+04 -2.01E+04
24 3.35E+09 4.05E+04 -2.01E+04
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3.08E+09
2.85E+09
1.53E+09
6.17E+08
2.05E+08
5.82E+07
1.86E+07
5.67E+06
1.14E+07
4 ATE+06
3.08E+06
8.83E+05
2.43E+06
1.58E+06
5.95E+05
-1.93E+06
3.66E+06
3.19E+06
2.81E+06
2.51E+06
4.41E+06
7.42E+06
7.73E+06
5.91E+06
4.11E+06
2.72E+06
1.87E+06
1.39E+06
9.12E+05
6.99E+05
5.12E+05
4.10E+05
3.08E+05
2.41E+05
1.93E+05
1.58E+05
5.35E+11

2.07E+04
-1.99E+04
-2.04E+04
-4.06E+04
2.04E+04
0

0

0
-6.25E+02
-2.06E+04
1.99E+04
1.99E+04
1.60E+05
1.82E+05
3.41E+05
3.87E+05
9.81E+05
1.54E+06
2.26E+06
3.14E+06
9.63E+06
3.28E+07
3.35E+07
5.70E+06
2.69E+05
3.67E+04
1.45E+04
6.73E+03
3.62E+03
2.45E+03
1.74E+03
7.73E+02
7.34E+02
5.11E+02
4 45E+02
1.17E+02
8.93E+07

0
3.98E+04
0
1.99E+04
0
1.99E+04
0
4.05E+04
2.00E+04
0
3.98E+04

99E+01

OO OOPRPLPOOOOOo

2.03E+01
6.00E+01
0

4.10E+02
1.29E+04
1.85E+05
1.39E+06
4.67E+06
7.56E+06
4.63E+06
1.30E+06
1.80E+05
2.40E+04
7.17E+03
2.89E+03
1.92E+07
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Table K.5 — Summary of the normalised elemental recovery data for the separation of 1 g terbium
from 50 mg gadolinium and 1 xg dysprosium. Calculated using equation 2.4.

Fraction Number Gd (%) Tb (%) Dy (%)
1 0.00 0.00 0.29
2 0.00 0.00 0.10
3 0.00 -0.02 0.00
4 0.00 0.00 0.00
5 0.00 0.02 -0.20
6 0.00 0.02 -0.20
7 0.02 0.02 0.00
8 6.34 0.78 0.00
9 14.61 1.16 0.19
10 13.53 1.29 0.19
11 11.45 1.10 0.00
12 9.20 0.44 0.28
13 8.32 0.56 -0.19
14 7.35 0.41 -0.09
15 5.86 0.62 0.28
16 5.06 0.53 0.00
17 4.09 0.36 0.00
18 3.54 0.35 0.20
19 2.50 0.22 0.10
20 1.93 0.22 0.10
21 1.59 0.06 0.00
22 1.29 0.12 0.00
23 0.92 0.08 -0.10
24 0.69 0.04 -0.10
25 0.63 0.02 0.00
26 0.58 -0.02 0.20
27 0.31 -0.02 0.00
28 0.13 -0.04 0.10
29 0.04 0.02 0.00
30 0.01 0.00 0.10
31 0.00 0.00 0.00
32 0.00 0.00 0.20
33 0.00 0.00 0.10
34 0.00 -0.02 0.00
35 0.00 0.02 0.20
36 0.00 0.02 0.00
37 0.00 0.16 0.00
38 0.00 0.18 0.00
39 0.00 0.34 0.00
40 0.00 0.39 0.00
41 0.00 0.99 0.00
42 0.00 1.55 0.00
43 0.00 2.27 0.00
44 0.00 3.17 0.00
45 0.00 9.70 0.00
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Figure K.3 - Elution profile illustrating the separation of bulk quantities of gadolinium (100 mg Gd.0s)
from trace quantities of terbium (1 ug) on an LN resin column (50-100 um particle size, 7%200 mm

column dimensions)

Table K.6 — Summary of the internal standard, blank and dilution corrected ICP-MS data for the
separation of 1 g terbium from 100 mg gadolinium and 1 g dysprosium.

Fraction Number Gd (CPS) Th (CPS) Dy (CPS)
1 1.12E+07 0 0

2 5.55E+06 0 0

3 7.34E+05 0 0

4 -2.24E+07 0 2.10E+04
5 -1.27E+07 -2.15E+04 0

6 8.10E+09 1.01E+05 0

7 1.26E+11 2.73E+06 0

8 2.28E+10 3.80E+05 0

9 1.03E+10 2.90E+05 0

10 1.00E+10 2.43E+05 0

11 1.09E+10 2.46E+05 0

12 1.07E+10 1.61E+05 2.02E+04
13 1.56E+10 2.39E+05 0

14 1.64E+10 1.00E+05 0

15 1.51E+10 2.48E+05 0

16 1.76E+10 2.26E+05 0

17 1.75E+10 3.72E+05 4.13E+04
18 1.62E+10 1.19E+05 0

19 1.55E+10 1.60E+05 0

20 1.42E+10 2.61E+05 0

21 1.60E+10 3.30E+05 0

22 1.50E+10 9.73E+04 0

23 1.28E+10 2.99E+05 -2.00E+04
24 1.21E+10 3.50E+05 -2.00E+04
25 1.28E+10 1.40E+05 0
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34
35
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2.66E+10
4.20E+10
4.60E+10
4.64E+10
4.71E+10
4.82E+10
3.09E+10
7.40E+09
1.61E+09
2.53E+08
5.32E+07
2.14E+07
1.47E+07
2.91E+06
-2.13E+06
1.63E+07
1.20E+07
1.09E+07
9.25E+06
1.28E+07
2.21E+07
2.16E+07
1.87E+07
1.18E+07
8.23E+06
5.71E+06
3.81E+06
2.73E+06
1.93E+06
1.36E+06
1.04E+06
8.22E+05
6.00E+05
4. 71E+05
4.06E+05
7.41E+11

3.54E+05
7.37E+05
6.95E+05
9.80E+05
8.40E+05
9.28E+05
5.11E+05
1.83E+05
9.71E+04
3.93E+04
1.18E+05
1.62E+05
3.07E+05
5.37E+05
5.48E+05
9.00E+05
1.08E+06
1.40E+06
1.68E+06
3.51E+06
1.02E+07
2.05E+07
2.59E+07
7.95E+06
4.93E+05
3.75E+04
1.39E+04
5.66E+03
2.85E+03
1.75E+03
1.48E+03
1.13E+03
6.37E+02
4.88E+02
4.28E+02
8.42E+07

0

2.05E+04
0.00E+00
3.92E+04

OO OO OO0OODOOCOOoO

1.87E+01
-2.03E+01
0

0

0
9.77E+01
1.21E+02
1.37E+02
9.24E+02
1.22E+04
1.18E+05
6.46E+05
2.14E+06
4.20E+06
4.61E+06
2.72E+06
7.70E+05
1.15E+05
1.63E+04
4.94E+03
1.47E+07
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Table K.7 — Summary of the normalised elemental recovery data for the separation of 1 g terbium
from 100 mg gadolinium and 1 xg dysprosium. Calculated using equation 2.4.

Fraction Number Gd (%) Tb (%) Dy (%)
1 0.00 0.00 0.00
2 0.00 0.00 0.00
3 0.00 0.00 0.00
4 0.00 0.00 0.14
5 0.00 -0.02 0.00
6 1.17 0.12 0.00
7 18.24 3.11 0.00
8 3.30 0.43 0.00
9 1.49 0.33 0.00
10 1.45 0.28 0.00
11 1.58 0.28 0.00
12 1.54 0.18 0.13
13 2.26 0.27 0.00
14 2.37 0.11 0.00
15 2.18 0.28 0.00
16 2.54 0.26 0.00
17 2.52 0.42 0.27
18 2.34 0.14 0.00
19 2.24 0.18 0.00
20 2.05 0.30 0.00
21 2.31 0.38 0.00
22 2.17 0.11 0.00
23 1.85 0.34 -0.13
24 1.75 0.40 -0.13
25 1.84 0.16 0.00
26 3.85 0.40 0.00
27 6.06 0.84 0.13
28 6.65 0.79 0.00
29 6.69 1.12 0.25
30 6.79 0.96 0.00
31 6.96 1.06 0.00
32 4.45 0.58 0.00
33 1.07 0.21 0.00
34 0.23 0.11 0.00
35 0.04 0.04 0.00
36 0.01 0.13 0.00
37 0.00 0.18 0.00
38 0.00 0.35 0.00
39 0.00 0.61 0.00
40 0.00 0.62 0.00
41 0.00 1.02 0.00
42 0.00 1.23 0.00
43 0.00 1.59 0.00
44 0.00 1.91 0.00
45 0.00 3.99 0.00
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Appendix L — Data to accompany Table 5.8
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Figure L.1 - Elution profile illustrating the separation of bulk quantities of europium (10 mg Eu.0s)
from trace quantities of terbium and dysprosium (1 ug) on an LN resin column (50-100 um particle
size, 7200 mm column dimensions)

Table L.1 — Summary of the internal standard, blank and dilution corrected ICP-MS data for the

separation of 1 g terbium from 10 mg europium and 1 xg dysprosium.

Fraction Number Eu (CPS) Tb (CPS) Dy (CPS)
1 -5.52E+04 0 -2.00E+03
2 3.06E+04 4.23E+03 -2.00E+03
3 3.04E+04 4.13E+03 -2.04E+03
4 -1.05E+05 0 -2.04E+03
5 -1.79E+05 -2.12E+03 0

6 -1.70E+05 -2.12E+03 0

7 -7.86E+04 1.93E+03 -4.41E+03
8 -2.05E+04 4.03E+03 -4.39E+03
9 6.49E+04 -2.10E+03 0

10 1.01E+07 -2.10E+03 6.21E+03
11 3.18E+08 4.17E+03 2.09E+03
12 8.78E+09 0 0

13 3.67E+10 0 0

14 3.40E+10 6.07E+03 0

15 2.59E+10 0 0

16 1.73E+10 0 4.00E+03
17 1.28E+10 -2.01E+03 2.05E+03
18 8.22E+09 -2.01E+03 0

19 5.44E+09 -4.12E+03 -2.06E+03
20 3.02E+09 -4.12E+03 -2.06E+03
21 1.86E+09 4.29E+03 0
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9.56E+08
5.27E+08
2.65E+08
1.52E+08
1.01E+08
4.52E+07
2.23E+07
1.03E+07
5.33E+06
4.15E+06
3.09E+06
2.14E+06
1.82E+06
1.34E+06
9.25E+05
9.31E+05
7.49E+05
1.45E+06
6.05E+05
6.25E+05
5.51E+05
4.84E+05
4.42E+05
6.06E+05
9.99E+05
1.21E+06
9.92E+05
6.96E+05
4.72E+05
3.58E+05
2.56E+05
1.88E+05
1.43E+05
1.05E+05
8.35E+04
6.95E+04
5.43E+04
6.21E+04
8.31E+04
1.74E+11

0
-2.00E+03
-3.88E+01
2.00E+03
0

0
0
0
0

0

2.05E+03
2.46E+01
6.40E+01
3.98E+03
2.08E+03
0

0

4.07E+03
1.23E+04
3.53E+04
9.63E+04
2.21E+05
4. 78E+05
1.97E+06
1.55E+07
4. 76E+07
2.08E+07
1.29E+06
5.93E+04
1.68E+04
8.63E+03
4 77E+03
2.33E+03
1.74E+03
1.09E+03
7.00E+02
5.15E+02
5.58E+02
2.05E+02
8.59E+07

.07E+03

OO PR~ROOOOOO

-1.91E+03
-3.95E+03
0

0

0
2.08E+03
0

0
2.03E+03
4.11E+03
0
6.00E+01
2.01E+01
4.04E+01
2.01E+01
2.05E+01
2.23E+01
4.21E-01
1.56E+02
7.28E+02
2.46E+04
3.49E+05
2.37E+06
6.55E+06
6.82E+06
3.10E+06
6.21E+05
7.74E+04
1.15E+04
4 58E+03
2.07E+07
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Table L.2 — Summary of the normalised elemental recovery data for the separation of 1 ug terbium from
10 mg europium and 1 xg dysprosium. Calculated using equation 2.4.

Fraction Number Eu (%) Tb (%) Dy (%)
1 0.00 0.00 -0.01
2 0.00 0.00 -0.01
3 0.00 0.00 -0.01
4 0.00 0.00 -0.01
5 0.00 0.00 0.00
6 0.00 0.00 0.00
7 0.00 0.00 -0.02
8 0.00 0.00 -0.02
9 0.00 0.00 0.00
10 0.01 0.00 0.03
11 0.20 0.00 0.01
12 5.61 0.00 0.00
13 23.44 0.00 0.00
14 21.75 0.01 0.00
15 16.58 0.00 0.00
16 11.05 0.00 0.02
17 8.17 0.00 0.01
18 5.25 0.00 0.00
19 3.47 0.00 -0.01
20 1.93 0.00 -0.01
21 1.19 0.00 0.00
22 0.61 0.00 0.00
23 0.34 0.00 0.00
24 0.17 0.00 0.00
25 0.10 0.00 0.00
26 0.06 0.00 0.00
27 0.03 0.00 0.00
28 0.01 0.00 0.02
29 0.01 0.00 0.00
30 0.00 0.00 0.00
31 0.00 0.00 -0.01
32 0.00 0.00 -0.02
33 0.00 0.00 0.00
34 0.00 0.00 0.00
35 0.00 0.00 0.00
36 0.00 0.00 0.01
37 0.00 0.00 0.00
38 0.00 0.00 0.00
39 0.00 0.00 0.01
40 0.00 0.01 0.02
41 0.00 0.04 0.00
42 0.00 0.11 0.00
43 0.00 0.25 0.00
44 0.00 0.54 0.00
45 0.00 2.24 0.00
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Figure L.2 - Elution profile illustrating the separation of bulk quantities of europium (50 mg Eu.0s)
from trace quantities of terbium (1 ug) on an LN resin column (50-100 um particle size, 7%200 mm

column dimensions)

Table L.3 — Summary of the internal standard, blank and dilution corrected ICP-MS data for the

separation of 1 g terbium from 50 mg europium and 1 xg dysprosium.

Fraction Number Eu (CPS) Th (CPS) Dy (CPS)
1 -3.18E+06 0 8.38E+04
2 -3.19E+06 0 4.32E+04
3 -3.04E+06 4.84E+02 0
4 -2.90E+06 -2.11E+04 0
5 -3.22E+06 0 4.19E+04
6 -3.28E+06 0 0
7 -2.77E+06 0 2.02E+04
8 1.46E+06 6.31E+04 0
9 2.74E+09 2.08E+04 0
10 1.49E+11 0 2.07E+04
11 1.36E+11 -4.23E+04 0
12 1.14E+11 -4.23E+04 4.11E+04
13 6.48E+10 2.11E+04 0
14 6.55E+10 2.08E+04 4.16E+04
15 4.70E+10 0 2.09E+04
16 -3.33E+06 0 2.04E+04
17 3.26E+10 8.02E+04 0
18 2.42E+10 6.07E+04 6.07E+04
19 2.18E+10 -1.98E+04 0
20 1.70E+10 -4.03E+04 0
21 1.10E+10 0 0
22 8.37E+09 0 0
23 6.38E+09 0 0
24 4.43E+09 0 0
25 2.88E+09 0 2.07E+04
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2.23E+09
1.57E+09
9.86E+08
4.66E+08
2.28E+08
9.24E+07
4.91E+07
3.45E+07
2.44E+07
1.59E+07
1.23E+07
8.87E+06
6.94E+06
4.56E+06
3.99E+06
4.82E+06
3.92E+06
3.31E+06
2.85E+06
3.90E+06
5.16E+06
6.17E+06
5.15E+06
3.76E+06
2.99E+06
2.16E+06
1.71E+06
1.07E+06
1.07E+06
6.39E+05
5.15E+05
4.00E+05
3.18E+05
2.58E+05
2.14E+05
8.12E+11

0
-2.08E+04
-2.08E+04
2.08E+04
6.02E+04
2.07E+04
0
-2.07E+04
-2.07E+04
0

0
-4.16E+04
-6.30E+01
-2.06E+04
-4,09E+04
4.01E+04
9.94E+04
2.58E+05
5.96E+05
2.68E+06
1.38E+07
4.30E+07
2.57E+07
2.95E+06
1.83E+05
2.56E+04
1.24E+04
6.58E+03
3.38E+03
2.32E+03
1.50E+03
8.87E+02
2.73E+02
5.93E+02
2.21E+02
8.00E+07

0
-2.08E+04
5.21E+01
0

0
-2.08E+04
-2.53E+02
2.04E+04
0

0

0

0
2.08E+04
0
2.00E+04
-2.04E+01
-6.12E+01
0

0
2.06E+01
0
-2.17E+00
-1.77E+00
1.93E+01
-2.11E+01
2.22E+03
7.44E+04
7.01E+05
3.88E+06
7.43E+06
5.76E+06
1.90E+06
3.08E+05
3.85E+04
8.49E+03
1.96E+07
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Table L.4 — Summary of the normalised elemental recovery data for the separation of 1 ug terbium from
50 mg europium and 1 ug dysprosium. Calculated using equation 2.4.

Fraction Number Eu (%) Tb (%) Dy (%)
1 0.00 0.00 0.41
2 0.00 0.00 0.21
3 0.00 0.00 0.00
4 0.00 -0.02 0.00
5 0.00 0.00 0.20
6 0.00 0.00 0.00
7 0.00 0.00 0.10
8 0.00 0.07 0.00
9 0.39 0.02 0.00
10 20.84 0.00 0.10
11 19.08 -0.05 0.00
12 15.94 -0.05 0.20
13 9.10 0.02 0.00
14 9.20 0.02 0.20
15 6.59 0.00 0.10
16 - 0.00 0.10
17 458 0.09 0.00
18 3.40 0.07 0.30
19 3.06 -0.02 0.00
20 2.39 -0.05 0.00
21 1.54 0.00 0.00
22 1.17 0.00 0.00
23 0.89 0.00 0.00
24 0.62 0.00 0.00
25 0.40 0.00 0.10
26 0.31 0.00 0.00
27 0.22 -0.02 -0.10
28 0.14 -0.02 0.00
29 0.07 0.02 0.00
30 0.03 0.07 0.00
31 0.01 0.02 -0.10
32 0.01 0.00 0.00
33 0.00 -0.02 0.10
34 0.00 -0.02 0.00
35 0.00 0.00 0.00
36 0.00 0.00 0.00
37 0.00 -0.05 0.00
38 0.00 0.00 0.10
39 0.00 -0.02 0.00
40 0.00 -0.05 0.10
41 0.00 0.04 0.00
42 0.00 0.11 0.00
43 0.00 0.29 0.00
44 0.00 0.67 0.00
45 0.00 3.00 0.00
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46
47
48
49
50
o1
52
53
54
55
56
57
58
59
60

0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00

15.48
48.13
28.70
3.30
0.20
0.03
0.01
0.01
0.00
0.00
0.00
0.00
0.00
0.00
0.00

0.00
0.00
0.00
0.00
0.00
0.01
0.36
3.41
18.89
36.17
28.06
9.24
1.50
0.19
0.04
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Appendix M — ICP-QQQ-MS measurement interference at m/z 175
caused by high gadolinium concentration

Table M.1 — The internal standard, blank and dilution corrected CPS values present in the main
gadolinium fractions (fractions 11-30) where no terbium was expected. The percentage contamination
in the m/z 175 signal was calculated to comment on the impact of gadolinium polyatomic species and
tailing on terbium measurement. Repeats 1-3 were taken from the experimental data from the
separation of 1 ug terbium from 10 mg gadolinium and 1 ug dysprosium

In fractions 11-30 Repeat 1 Repeat 2 Repeat 3
CPS at m/z 173 | 1.10E+11 1.06E+11 1.27E+11
CPS at m/z 175 | 1.65E+06 1.28E+06 1.44E+06

Proportion of m/z 173

0 0 0
signal at m/z 175 0.00150% 0.00121% 0.00114%

Table M.2 — The internal standard, blank and dilution corrected CPS values present in the main
gadolinium fractions (fractions 11-30) where no terbium was expected. Repeat 4 was taken from the
experimental data from the separation of 1 ug terbium from 50 mg gadolinium and 1 xg dysprosium.
Repeat 5 was taken from the experimental data from the separation of 1 ug terbium from 100 mg
gadolinium and 1 ug dysprosium.

In fractions 11-30 Repeat 4 Repeat 5 Mean (n=5)
CPS at m/z 173 | 3.20E+11 4.27E+11 2.18E+11
CPS at m/z 175 | 5.02E+06 6.95E+06 3.27E+06

Proportion of m/z 173

0 0 0
signal at m/z 175 0.00157% 0.00163% 0.00141%
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Appendix N — Webster et.al. (2018)
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. Webster, P. Ivanov, S. Collins, B. Russell, A. Robinson, D. Read, Purification of Th-155

produced at CERN-MEDICS for applications in nuclear medicine. In: Annual Congress of the
European Association of Nuclear Medicine, 13-17 October 2018, Dusseldorf, Germany,
EJNMMI, 2018, 45, 1-844
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Purification of "**Th produced at CERN-MEDICIS for
applications in nuclear medicine

B. WeHEER -, P ivanow, 5 Coling, B. Ausselt, A Robinson™4,

D Read™?; 'Liniversity of Surrey, Guildford, LIWITED EINGDOM,
“Mational Physical Loboratory, Teddington, UNITED KINGDOM, 'The
Chistie WHS Founoation Trush, Manchester, LINTED KINGDOW,
“University of Manchester, Manchester, UNITED KINGDOM.

Intreduction: & quartet of terbium isotopes (*Th, "“Th, *Tb
and "'Th) has been identified as promising isotopes for use in
therapeutic, disgnostic or theranostic nuclear medicine. Terbi-
um-161 can be produced by neutron irradiation of a "Gd tar-
get followed by its subseguent beta decay’. The ather terbium
isotopes are mainky produced at the CERN-MEDICIS facility by
praton-induced spallation of a tantalum target followed by
the mass-separation and isolation of desired radionuclides™.
Gamma-emitting pohatomic impurities, such as ""Ce™0 in a
""*Th sample, are preduced but not separated in this process
which emphasises the need for further radicchemical sepa-
ration before their application in nuclear medicine. The aim
aof this study was to develop a rapid and effective separation
scheme that is capable of successfully isolating the desired
terbium from the cerium impurities. Methods: Separation of
terbium from cerium impurities has been studied using stable
element standards in nitric acid on various ion-exchange (A1,
Bio-Rad) and extraction chromatography resins (UTEWA, TK100
and TEWA, Triskemn International). The effect of cerium oxidation
with scdium bromate has been studied to encourage selective
adsorption of the tetravalent Ce(lV) impurity over the desired
Thilll} product. The rate of adsorption ta the resin and the rate
aof cerium oxidation have alsa been studied in arder to find the
aptimum conditions for rapid separation. Inductively coupled
plazma mass spectrometry (HCP-M3) and HPGe gamma-spec-
trometry have been used to quantify the quality of the s=pa-
rations achieved. Results and Conclusions: The process has
been optimised to provide a rapid radicchemical separation
to afford a high radiochemical yield. All resins performed best
at high nitric acid concentrations and separation was depen-
dent on the selective axidation of cerium from Ce(lll) to Callv).
LSeparation using a mixed resin bed (&G1, UTEVA and TEVA) suc-
cessfully removed a 31% ceriume-139 impurity with an excellent
terbium-155% recovery (>30%) This method allows for radiclog-
ically pure Th sclutions to be prepared which are suitable for
pre-clinical applications, SPECT phantom studies and primary
standardization. References: 1. 5. Lehenberger et al, Nudl. Med.
Biol, 2011, 38, 917-924. 2 C_Miller et al, Nucl Med. Biol, 2014,
41, e58-265. 3. Miller et al, S Mucl Med,, 2012,53, 1951-1939.
4. 8., Allen et al., Appil. Rodiat. lsot.,, 2001, 54, 53-58,
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Impurities in a Mass Separated
Source Produced at CERN

. BenWebster'?, Peter lvanov’, Ben Russell’, Sean Collins®, Thierry Stora (0%,

© Joao Pedro Ramos(H®*, Ulli Koster®, Andrew Paul Robinson®®” & David Read™?

. Fourterbium radicisotopes (24% 143, 14, 17h) constitute a potential theranostic quartet for cancer

. treatment but require any derived radiopharmaceutical to be essentially free of impurities. Terbium-155
prepared by proton irmadiation and on-line mass separation at the CERN-150LDE and CERN-MEDICIS
facilities contains radicactive ¥*Ce®0 and also zinc or gold, depending on the catcher foil vsed. A

. method using ion-exchange and extraction chromatography resins in two column separation steps

* has been developed to isolate **Th with a chemical yield of =55% and radicnuclidic purity = 59.9%.

. Conversion of tarbium into a form suitable for chelation to targeting molecules in diagnostic nedear

. medicine is presented. The resulting **Th preparations are suitable forthe determination of absolute

: activity, SPECT phantom imaging studies and pre-clinical trials.

| Four terhium isotopes (4915215051 Th) have been identified as having suitable physical properties (ie half-life
¢ [T,); emission type and quantity of emitted radiation) for use in cancer treatment and diagniosis. (Tahle 1),
. Initizl pre-clinical trials' have highlighted all four isotopes as being theranostic candidates using a folate-receptor
: derivative, cm09. Terbium isotepes form stable complexes with DOTA-containing targeting agents which show
* favourable in-vivo stability, emphasising their suitability for clinical use**. Terbium- 155 (T;= 5.32 d*) offers
: promise as an imaging tracer in single photon emission computed tomography (SPECT), with initial pre-dinical
¢ studies indicating excellent image quality even at low doses’. The administration of "**Tb alongside a therapeutic
. terbium isotope would give a theranostic pair with identical chemical properties; this is particularly advantageous
¢ asit facilitates the application of personalised medicine.

Terbium- 161 can be generated via newtron activation of a '**Gd target and subsequent decay of the "*'Gd

¢ product to give the desired "' Th (**Gd{n,~)"*"Gd (# ) "'Tb). The other isotopes (*****Th) have been
: produced mainly via a proton-induced spallation reaction on a tantalum target combined with on-line mass
: separation at the CERN-ISOLDE facility**. A high percentage of the 1.4 GeV protons delivered by the proton
¢ synchrotron booster de not interact with the ISOLDE targets and therefore, the CERN-MEDICIS facility was
: established to produce isotopes for medical applications by inducing spallation reactions in a secondary target.
! ALCERN-MEDICIS, off-line mass separation is applied to isolate isotopes of the same Afq value®. Terbium- 155
. sources used in this study were collected after mass-separation by implantation of the ion beam (155 Afq) into
i minc-coated gold foils. Further chemical separation is still required as mass separation is unable to differentiate
. between isobaric and psewdo-isobaric species. Removal of the foil matrix is also required.

Alternative methods of producing these isotopes have been investigated (Table 27", However, full-scale pro-

¢ duction at a radionuclide purity sufficient for clinical studies has not yet been demonstrated.

All lanthanides, especially neighbouring elements, have similar chemical properties due to small differences

in their ionic size/charge ratio, making the isolation of high purity individual lanthanide solutions challenging®®.

: 'Mational Physical Laboratory, Teddington, TW11 OLW, UK. ‘Department of Chemistry, University of Surrey,
+ Guildford, GU2 7¥H, UE. *CERM - Evropean Organization for Muclear Research, Esplanade des Particules 1, 1217,
;. Meyrin, Switzerdand. “KU Lewven, Institute for Muclear and Radiation Physics, Celestijnenlaan 2000, 3001, Heverles,
. Belgiumn. *Institut Lave-Langevin, 38042, Grenoble, France. *Christie Medical P hysics and Eng ineering (CMPE), The
: Christie MHS Foundation Trust, Manchester, M20 4B UK. 'University of Manchester, Manchester, M13 SPL, LK.
. Comespondence and requests for materials should be addressed to PL (email: peter.ivanovi@npl.co.uk)
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Table 1. Physical properties of four terbium Bolopes and thelr applications In nuclear medicine ' EC
~ glectron capture; PET - positron emission iomagraphy; SPECT - single photon emisston compuled
Lomograpity.
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They extst predominately in the [114- oxtdation state under agueeows conditions. The exceptions are ewroplum,
which can be selectively reduced to Eu{ll} under strongly reducing conditions, and certum, which can be easily
oxldised 1o Ce{TV). Changes In oxldation state markedly Influence chromatographic behaviour and this can be
exploited when developing separation methods.

A well-known method of separating lanthanide elements utilises catbon-exchange chromatography with
ve-hydronytsobutyric actd (- HIBA) eluent and provides good separation even from nelghbouring elements'~®.
However, the process Is slow and requires precise control of chemical conditons (pEH and - HIBA concentration)
Lo give optimal yield and purity. Attempts to accelerate separation tend Lo compromise berbilim recovery.

A significant "Ce (T, = 137.6 A7)} Impurity exists In "*Th sources from CERN-ISOLDE and
CERN-MEDICIS owing to formatson of the pseudo-1sobaric spectes, "Ce™0, which cannot be removed by mass
separation. Given its half-life, it constilutes an Increasing proportion of overall source activity during transport
&nd storage. In this study, we present a simiple methad for producing radiologically pure terblum preparations
n & chemical form sultable for chelatlon o targeting molecules as well as for shsolute activity measurements
znd phantom Imaging studles. Our alm was to develop a robust, effictent and rapld method capable of Isolating
terblum from the foll matrix as well as from "*Ce by selective oxtdation. Therefore, lon-exchange and extraction
chromatography resins were chosen based on thelr selectivity for tetravalent over trivalent spectes.

Results

Chemical separation. Ratch separaiion.  In the presence of an oxidant (sodium bromate, MaBr(,) and in
HMO, solutlons commerclal UTEVA, TEVA and TK 100 extraction resins { Triskem Internmional) and AG1 anlon
exchange resin { BroKad) all showed pronounced cerlum adsorption selectivity aver terblum (Fig. 1), The resulis
Imply oxidation of cerlum to Ce{TV} was achbeved, with Lerblum rematning In the trivalent state (Th{IIT}).

High Ce adsorption (K= 100- 1,000} was observed at high HNCY, concentrations (8- 10 M) on all four resins,
whilst terblum adsorption remained minimal {K;= 0.1-10) across the concentration range (Flg. 2). The best
separation resolutlons (Equation (2), SR = 100} were obtained using TEVA and UTEVA resins a1 high HNO,
concentrations; further studies were conducted on these resins using pre-packed cariridges.

Kinetic studies.  UTEVA extraction chromatography resin was chosen to demonstrale kinetic behaviour with the
rate of cerlum adsorption studied in 108 HNOy/0.1 M NaBr(), solutions; rapid adsorption (<60 s) was observed
{Fig. 3a). The rate of cerlum oxidatkon was also studied in 108 HNOL/0.1 M NaBr(), solutions. Solutlons were
filtered under vacuum afier a minimum of 605 In contact with the resin. Rapid oxidation (< 90s) of cerlum was.
observed (Fig 3b)

Memther the rate of adsorption nor the rale of oxidation were [imiting faclors In the separation, seggesting that
rapld column separation ks achievable under these condiions.
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Figure 1. Distribution coefficlents (K} for Ce(IV), Ce{II1} and Th{III} in HMO, solutions on UTEVA
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Figure 2. Distribution coefliclents (Ka) of Ce{IV) and Th{III} in HNOy solutions on (a) AG1 lon exchange
resin, {b) TEVA resin, {c} TE 100 resin, (d) UTEVA resin. (N =3}

Columm studies.  Column-based separation using a commerdally avallable pre-packed UTEVA cartridge (2 ml)
provided effective Isolation of terblum from cerlum Impurities. The elutton profile (Fig. 4) shows that terblum
{=9%%) was removed In the load solutton (10mL, 8 8 HNO.) and the subsequent wash solutlon (10mL, &8 M
HMOL) with minimal cerlum Impuritles remaining (< 0002%). Cerlum was successfully recovered by elullon
from the cartridge In hydrochloric solution (< 10mL, 0.1 M), The column-based separation was repeated wsing
a pre-packed TEVA cartridge (2 mL}); however, the separation achieved was less successful as --0.1% Ce was
detecied In the Th fraction under similar conditions (Fig. 4).

These column studies allowed the development of a separation scheme for the removal of " Tb from both
" e Isoloplc Impurities and the zinc-plated gold catcher foll matrix (Flg. 5.
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Figure 4. Flutlon profiles (N = 3) for Th and Ce from a pre-conditboned 2 ml UTEVA carirldge (left) and a
pre-condtioned 2 mL TEVA cartridge (right). Approximate Sow rate =0.3 ml/min.

Vaiidation with active "“Th.  The method has been validated on three sources (nominal ™“Th activity Bg
MEBq)over a two year perlod. A mass separaled source recelved from CERMN-IS0LDE in 2017 (EOB - 07090/ 1007
18:42:00) contained a significant "™ Ce imparity (Agl " Ce)l A" Th) = 0.30 £ 0.02), Table 3). The scheme detatled
In Flg. 5 removed e to the level of the Compton continuum background (12 0Ce)/ A Th) =0.00021).
Total terblum fracibon recovery, By (" ThWBy (™ Th), was 0973 +/— (L038 with a radiochemical purity of
99 98% (Table 3). This was conststent for zll validation expertments.

Discussion

In many cases, It 1s essential that sultable radichemical methods are avalable 1o provide radiomeclides in suf-
iclenl quantitles with relatively high specific activity, radionueclidic and chemical purity to Facilitate accurate
pre-dinical and clinlcal study. The method described is able to produce high radiological purity “Th sources,
sultable for absolute activity, neclear data and lontsation chamber measurements. The sources are also suitable
for bieconjugztion, molecular chelation and SPECT imeging studies. Although the "™ Ce impurity discussed here
does not possess sigmificant biologlcal toxicity™, 1t 15 radioactive and, if not removed, would result In an unneces-
sary additional dose 1o the patient.

Currently, proton-induced spallation is the main route for producing "*That CERN for (prel-clinical studses.
The dbenu:al'purlﬁcall.-:m meethod propesed here (Fig. 5) allows the quantitative separation of “Th from a zinc
andior gold matrtx and from “Ce Impurittes produced by spallation at the CERN-130LDE and CERN-MEDICIS
facilities. The method Is rapid, simple and can also be used 1o recover a high purity “™Ce source; a useful standard
In gammia spectrometry (£, = 165.86keV, 79.90%)".

The method has not yet been validated for the removal of other stable (e "#La"Cr, "(3d+) or longer-1ved.
radioactive (e.g. "*Eu') Isobaric impuritles; as with "™Ce'™(), they would not be removed by mass separation.
Such Impurities might not pose a2 slgnificant ioxdcological risk iF they were to enter the body ™™ but nevertheless,
would form stable complexes with [MITA (logkl = 22" and [MITA-contalning targeting molecules' and could
compele with the target Lerblum Isolopeds), reducing thelr efficacy.
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Table 3. Radiolsotopic composition of 2 ™Th source recetved from CERN-1SOLDE before and after chemical
separation (reference time 2017-09-29 12400 UTC).

Materials and Methods
Chemicals. Standard element solutbons at starting concentrations of 1000 ppm were purchased from Johnson
Matthey and Fluka Analytical (Th and Ce, respectively). Mixed standard soluttons were prepared in HNO,
{Trace Analysls Grade, Flsher Sclentific) and diluted to the reguired concentration with ultrapure water (ELGA
PURELAR Flex, Veolla Water, Marlow, UK, 18 M} cm, <5 ppb Total Organk Carbon). Anlon exchange resin
(B0 Rad AG1-X&, 100-200 mesh) and extraciion chromategraphy resins (TEVA, TK100 and UTEVA, Triskem
[nternational 100 150 pm} were used throughout.

The “Th source was provided by CERN-ISOLDE and CERN-MEDMCIS In the form of 2 xinc-coated gold foll.
HC1 (Trace Analysls Grade, Fisher Scientific) and HNO, were wsed for foll dissolutlon and MaBrll, (Alfa Aesar)
for certum oxidation.

Inductively coupled plasma mass spectrometry (ICP-M53).  Measurement of stable " Ce and "*Th
was carried out using a tandem 1CP-M5/MS (Agllent 8800) equipped with a collislon-reaction cell positioned
hetween two quadrupole mass Glters. The instument was rin in Single Cuad mode, with only the second mass fil-
ter operating. The instrument is fitted with a quartz double-pass spray chamber and a MicroMest nebuliser (Glass
Expansion, Melbourne, Australia) and nickel sample and skimmer cones (Crawford Sdentific, South Lanarkshire,
UKL It was tuned daily using a mixed | ppb standard solutlon (Ce, Co, 11, Mg Tl and Y in 2% viv HNOS) No
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Figure 6. Top: Fluka simulation™ showing the Incoming proton beam on an IS0LDE target (3.5 giom® UG,
fior the purpose of the simulatéon} and intercepting the MEDICIS target downsiream. Middle: Screenshot taken
with the beam scanner, located before the Implantation chamber. Beams at Afq = 154,155,156 are seen (153, 157
parily visthle). The collected beam ks centred on Afq = 155, while sotopes present at other masses are physically
removed from the implantation using mechanical slits bocated ahead of the foll. The hortnontal scale 1s In mm.
Bottom: Two xinc-coated gold fodls in the collection chamber seen from the rear. The collectton takes place on
the foll located on the befi.

additiona] terbium-specific tuning was carrled cut. A B (10 ppb sodition In 2% wiv HNO,) Internal standard
‘wals wsed (o mondtor and correct for instrumental deift durtng longer runs. Blank HMO, (2% viv) solublons were
maonitored regularly bo ensure no Ce or Th cross-contamination during & run.

Gamma-ray spectrometry.  An n-type HPGe ~-ray spectrometer with a resolutton (FWHM) of 1.79keV
al 1.33 MeV and relative efficlency 28% was used to defermine the ™ Ce/™Th activity ratlo. The detection system
sed-up and full-energy peak effictency calibration is described In detatl by Collins ef @l ™.

Thee nuclear data (half-ltves and ~-ray emission Intensities) used to determine the activities of "“Th and "Ce
were laken from the evaluated datshase of EMSDF and the DIDER respectively™™. As "*Ce could not be observed
after the chemilcal separation, the activity ratio of the "Ce/*Th In the chemically separated solutlon was esti-
mated from the delection limit of the detector for "™ Ce™.

Irradiation conditions and mass separation. Terblum- 155 sowrces used tn this study were produced
al the CERN-ISOLDE and CERN-MEDICIS facilies. Three “*Th sources were produced and provided o NPL
fior chembcal separation between 2017 and 2018, The rradiation conducted at CERN-MEDICIS was as follows:
A high purity Ta metal target { Tas47M) made of 12 rolls of Ta foll (99.95% purlty, 12 pm thick, 15 mm wide,
2cm dlameter) with a total mass of 357 g was arranged in a X0cm long Ta tube coupled to a rhenlum surface
ton sowrce. The target was irradiated with 1.4 GeV protons delivered by the Proton Synchrotron Booster accel-
erator {CERN, Geneva). The CERM-MEDICIS irradiation targel is located in the High Resolutlon Separalor
[HRS) beam dump position at ISOLDE (Fig. 6). and recefves a fractlon of the scattered 1.8 » 10" prolons down-
stream from a primary HRS target (623500, ISOLDE physics program). The irradiation was scheduled within the
MED0M approved expertment and took place from 27 September to 19 October 2008, The trradiated target was
then moved to the CERN-MEDICIS tsotope mass separator In order (o release and extract lon specles selected
&l mass-to-charge ratlo of 155° The separated bons were collected on a zinc-plated gold foll and removed on
3 Dctober. The following sotopes were Implanted upon sample retrieval: "™ Ce (Implanted as "™Ce" 0 6.9
MBg; "*Diy- 3.6 MBqg; "The 20 MBqg. Upon reception at NPL, ™Dy had decayed below the detection limit (1,

(") = 175 kBa).

Chemical separation.  Baich separation studles.  The adsorption of Th and Ce onto lon exchange (AG1,
BioFad) and extraction chromatography resins (TEVA, UTEVA and TE100, Triskem International ) was studied
ower a range of HNO, solution concentrations (2- 10 M) Nitric acld soluttons (2 m1) contalning a mixture of 100
ppb stable Ce and Th were prepared. An alkquot was taken from each solutton for [CP-MS measurement. The
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remalning solutlon was added to0.1 g of resin (UTEVA, TEVA, TE100 or AG1). Sodium bromate (001 M. 0.035)
was added to ldentical samples bo assess changes In adsorptlon to the resin as a result of selective oxldation of Ce.
I all cases, the samples were shaken and left (o equilibrate for 24 h. Afler eguilibration, the solutlons were filtered
1o Ispdate the aqueous phase (Whatman 41 ashless filter paper, 20-25 pm pore size). An allguot was taken from
each sample, diluted with 2% HNO, (2% w/v) and analysed by ICP-MS.

The adsorption of Th and Ce onto each resin was quantified by calculating the distribution coefictent (K;)

using Eq. {1/,

(CPS), — (CPS), ] [ ]

(CPE), m (n
‘Where {CP3), and {CPS), are the concentrations of analyte In Iheaqmumphase hefiore and after equilibration,
respectively, Vs the volume of solutlon (mL) and m 1s the mass of resin wsed (g).

The separation achlevable In the different HMO, solullons was quantified by caloulating the separation factor
wsing Eg. (2}

v [

;- | EATR)
kG | 2)

Kmetic studies.  Inorder to determine the rate at which Ce(TV) and Th(I1T} are adsorbed onto UTEVA, a HNO,
(10 M) solution containing 100 ppbCe, 100 ppb Th and sodlum bromate (001 M) was left for 24 b to allow for the
oxtdation of Ce(IIT) to Ce(TV]. Alkguots (2 mL) were added to vials contalning UTEVA resin (0.1 g) and were
left In static conditions before being fltered to tsolate the aqueows phase at regular tme Intervals under vacuem
(60 seconds- | S0 minules).

Likewise, bo determine the rate at which Ce ts oxkdised, an excess of sodium bromate (0.1 M, 0,03 gl was added
toa HNO, solution (2ml, 10M) containing 100 ppb Ce, 100 ppb Th and 0.1 g of UTEVA resin. Repeat samples
were lefi In static conditlons before belng filtered to Bsolate the agueous phase at regular tme Intervals under
vacuum (Slseconds - 180 minutes).

An aliguot of each Altrate was dibuted with HNO, (2% viv) before analysts by 1CP-MS. Distribution coeffi-
clents were caboulated using Eg. (1L

Cotur stuidles.  Column-hased separatbon was studied using a pre-packed 2 mL UTEVA cartridge (S0 100pm,
Triskern Irterrational). The resin was pre-conditioned with & M HMNO, (30mL & HNO, solution (10mL, 8 M)
contatning 0.1 M MaBr(), 100 ppb Th and 100 ppb Ce was loaded onto the resin. A wash solution of 10mlL
&M HMNO, was added to ensure removal of all Th from the cartridge. Subsequent elutlon of Ce was achleved
using 2ml. 0.1 M HCL This separation method was also repeated wsing a pre-packed 2 ml TEVA cartridge
(50— 100um, Triskem Imtermatiomal).

Throughoul the separations, 1 mL fractions were collected, diluted with HNO; (2% wiv) and analysed by
[CP-M5 Inorder Lo complle an elution profile. Column separations were carried out under gravily (approximate
flow rate =13 mL'min)

Method validation with active sample. Three unc-coated gold folls contaming "““Th and "*Ce were
recetved at MPL from CERN-150LDE and CERN-MEDICIE. The radionueclides were leached by dissolving the
#ne Layer in 20 ml & M HCI and the gold fodl in 20 ml agua regtia. Both layers were dissolved 1n order to maxim-
15¢ thie yleld of terblum from the souwrces recetved. The combined solition was evaporated gently on a hot plate
{~150°C) o Inciptent dryness and re-dissolved Ina 1mL &M HMNO,/00 M NaBrO), sohstion. An ampoule was
prepared for HPCGe gamma spectrometry in order to guantify the activity of ™*Th and “™Ce present. After analy-
sts, the portion was recombined with the bulk solutkon.

A pre-packed 2ml UTEVA cartridge { Triskem Infernational, 50- 100 pm) was condittoned with 20ml. 8 M
HMNOY,. The 10vmL sample was then loaded onto the column and the fraction collected under gravity. The col-
umn was washed with 10mL 8 M HNO,. This fraction was collected, under gravity, and combined with the
load fraction. The combined fractions were evaporated gently on a hot plate (- 150°C) to Inclplent dryness and
re-dissolved in 20mL 0.1 M HCL

An ampoile of the combined terbium fractions was prepared and analysed by HPGe pgamma spectrometry
In order 1o assess the resuliant purity of the " Tb source after separation. The terblum recovery was calculated
as follows:

Ny Mg - A
-E -
Baz _ Bigy-my e oy F
R L] L opAig A
o Ay | -y £ [l 25 Mgy (3

where R, and K , are the count rates of the 105 ke gamma-ray emisslon before and afier separation of the
e, respectively at the reference time 20017-09-2% 12:00 UTC. N, and N, are the net peak areas of the 105keV
full-energy peak measured before and afler separation, Al , and Al are the measurement live times, m, and m,
are the measured active masses of sedution, m,, and m,, are the total mass of solutlon used to dissolve the #n layer
of the target and eluent used in the chemical separation, respectively, X is the decay constant of "*Th, t, and t, are
the lime elapsed since the reference Ume and AL, and AL, are the measurement real Himes.
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Conclusion

A novel method has been developed for the 1solation of " Tb from sources produced at CERN-ISOLDE and
CERN-MEDMCIS, currently the main producers of the sotope. A high purity "*Th preparation was successfully
recovered from a #inc-coated gold matrix and from "*Ce Impurities using a chromatography-based system. The
method was shown to be capable of separating 100 ppb Th and Ce In a 1mL solutlon, equivalent to -6 GBq
1=5Th and ~0.25 GBg e The radiologically pure “=Th preparation was subsequently used for shsolute activity
measurements and lon chamber measurements. The preparations are also sultable for phantom Imaging and
pre-clinical studies.

Data Availability
The data penerated and analysed during this study are available, upon rezsonable requeest, from the corresponding
author.
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REE matrices

Introduction

Radiolzbeling refers to a technique where a compound or substance is labeled
{or tagged) with a radioactive isotope of an element. The labeled material can
then be used for controlled delivery of the radiation emitted by the active isotope,
or detected and traced from the radioactivity of the isotopic label.

The use of radiclabeled materials is growing steadily, with the market for
radiolabeled pharmaceutical compounds expected to be worth over 5 billion
US dollars by 2024 (7). Elements that can form useful radioisotopes include
the lanthanides — also known as rare earth elements (REESs). Radio-lanthanide
compounds are used in pharmaceutical and imaging applications.

To meet the rising demand for radio-lanthanides, there is a critical need for

analytical techniques to support the production of traceable, high purity, labeled
lanthanides (2). Production scale chemical purification and labeling of
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radio-lanthanides is challenging though, because all the
lanthanides have similar chemical properties and tend

o behave as a consistent group. To prepare a pure
radio-lanthanice, it is necessary 1o accurately characterize
the chemical composition of the non-radioactive natural

ar isotopically enriched starting material used, Before

a candidate starting matenial can be used for routine
radionuclide production, each batch must be tested and
validated ta ensure that radionuclide yields will be of the
desired quantity and quality (7)., To carry out this level of
quality assurance (JA), accurate analvtical procedures are
needed, particularly to determine the level of trace lanthanide
contarminants in the pure lanthanide starting rmatertal. Since
any impurities nead to be removed, the QA data is also
useful to guide the design of robust, reproducible chermical
separation methods (4), Determining the type and guantity
of impurities present in the starting material alse helps
manufacturers predict whether unwanted radioactive
side-products will be produced during iradiation.

Table 1 lists several radio-tlanthanide product isotopes that
have chemical and radicactive decay properties that make
them suitable for applications in radiolabeling. In maost of
thess examples, the starting material i a different elerment
ta the intended radio-lanthanide praduct isotope, This
avaids the radio-lanthanide product isctope being affected
by high concentrations of a stable isctope of the same
elernent in the irradated tanget, which cannot be removed by
subseguent chemical separation. Typically, the radicnuclides
are produced by irradiating a lanthanide or lanthanice axids
starting materizl target at a nuclear reactor or cyclotron
facility. For example, terbium-155 can be preduced from
gadoliniuwm (1) oxide {Gd, 0.} starting material in a cyclotron.
The stable isotope *°Gd is corvertad to the radicisctape
155Th via a {p, n) reaction, where a profon enters the nuclews
and a neutran leaves the nucleus simultanecusly,

Table 1. Slarting materials and produstion route for radio-lanbanidas
used in labeldng spplications.

e a— MP Reacticn m:;f' Aoutor
g - =Smin, v —= "5
Tk wEy EulHe, 5] - 'Tb
TE " " adm 0 — Tk
TE s Gy G = T B
=g iy =gln, " Oin, 4Dy — "=Ho * B-
Er gr i, y] — '7Er
"La g VBT, {1 — Lo +

* Saarting sty ae oflan mofooaly s el
1 [neusdon | @ doncines, Figamime. He fhetum-3)

The accurate characterization of REE materials is challenging
for corventional single quadrupole ICP-MS. The REEs

form fydride (MH?), ceade (RO ), and hydroxide (MOH®)
palyatamic ions in the plasma ar during ion extractian, and
these polyatomic ions can overlap the measured isotopes of
other REEs. High intensity REE matrix element peaks can also
cause peak tall overlaps on trace REE isotopes measured

at adjacent masses. This peak tailing effect, known as the
aburndance sensitivity (AS), is different far different types of
mass spectrameter, On cammersial single quadrupale 10P-
M instruments, the AS is typically 107, which means that
every 10 million counts at a high intensity peak contributes
one count to the adjacent masses. This AS performance
means that an intense major element peak can cause paak
tailing overlaps an trace analytes st adjacent masses when
measured by single quadnupale ICP-M3,

Compared to single guadrupole ICP-MS, Agilent triple
quadrupale ICP-MS (ICP-000) instrurments affer superior
resalution of polyatomic interferences using reactive cell
gases. This performance iMproves accuracy in complex
sample types, including analysis of trace REEs in geclogical
samples and materials applications (5, 6). Also, Agilent
ICP-000 instruments use a tandem mass speclrameter
configuration (MS/ME) with two full-sized quadrupole mass
analyzers, 01 and G2, bath hewsed in high vacuum regions
Twia mass filtering steps reduce peak tail overlaps, as the
overall AS in ME/MS is the product of the AS of the two
quadrupales, o 107 107, or 1074 (7).

Presdous studies suggest that ICP-0Q0 methads can
improwve the accuracy of analysis of trace impurities in the
larthanide starting materials/targets used for
radia-lanthanide production. Also, assessment of the
concentration af impurities in the starting material recovered
after chemical separation of the radicisotope could allow far
re-use of the recovered material.

The chermical separation methods used o purify
radia-lanthanide isotopes can be designed and optimized
using stable isotopes of each lanthanide, rather than the
radioactive material. ICP-000 can be used 1o measure the
intended lanthanide praduct elerment at trace (ppt) levels in
the presence of a high concentration (ppm level) af the bulk
target material. This capability enables realistic testing af
the separation scheme while using cheap, safe, and readily
available natural REE materials.

Im this study, several pairs of race REE analytes and
adjacent mass neighboring REE matrix elements relevant
to radia-lanthanide production were measured by ICE-Q00.
The samples included materials that are typically used as
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irradiation targets for radic-lanthanide production. The use
af ICP-000 for aptimizing radiochemical separation of target
lanthanides, and for reasuring REE impurities in irradiated
targets, was also demonstrated. The developed methods
will enable end users to compils a REE impurity profile of
materials of relevance to the production of radionuchides for
labeling applications.

Experimental

Sample preparation

For the detection limit (DL) stedy, calibration standards

fram 1 ppt to 100 ppb were prepared for each trace REE

in solutions containing 10 ppm of the neighboring REE
matrix element, All solutions were stabilized with 2% HNCI3.
These bulk-trace lanthanide pairs are summarized in

Table 2. Similar solutions were prepared 1o test the extraction
chromatography-based chemical separation procedures.

Table 2, Pairs of natural REE matno elemants and trace REE analytas used
lor preparation of calibration standard e1s 1o s resolutian of sdjacant
mass Intarfenences

Bulk BEE Matrix Trace REE Analyte
(5oaopic abundance, %) (atopic: abundancs, %)
g (99,01} '=Ce {B5.45]
1=C (00,45 iy (100}

5 (24,84 1% {100
“"I:rrl:ZBJ B-:I ®iHp [1IJIJ:|
=i (100} 1aEy {33.61)
Er (26.76) T (100
Ty (82 L (87.41)

The performance of the ICP-000 MS/MS method with O,
cell gas was investigated using analysis of Thin the presence
aof 8 Gd matrie. Gadalinium (I} oxide powder (Gd, 0, 99995
% purity) was gently dissalved in 8 M HMNO,, evaporated to
dryness, and then redissobved in 2% HMNO, o give a final
concentration of 10 ppm Gd.

Irradiated Gd, 0, targets were dissolved in concentrated
HMO,. To determine the target radio-lanthanide activity
lewels and any other radionuclides produced, an aliquot was
taken for measurement by gamma spectrometry. Following
this analysis the sample was left for enough time to allow
short-lived radionuclides to decay, after which the stable REE
impurities were determined by ICP-000

Instrumentation

A Agilent BBO0 ICP-000 was used in this study. The 3200
was equipped with & standard sample introduction system
comprising & glass concentric nebulizer, a quartz spray
chamber, a quartz torch with 2.5 mm i.d. injector, and nickel-
tipped interface cones. The general instrument operating
conditkans are surmmarized in Table 3.

Table 3. IGP-000 opersting parsmeters

Pararrwiar Satting
Scan Made MEME
Plasma Conditions Loy etz
R Power (W) 1550
Extract 1 (V) a
Exlract 2 (V) =175
Remction Cell Gas dmpgen
Dxygen Flow Rate (mLmin} 0.3 (30% of full-scale)
Octepale Biae (V) =50
Energy Discrimination (¥} =70
Octopale BF (V) 200

Results and discussion

Instrument sensitivity and interference remaval

To remave the matrix elerment hydride and peak tailing
interferences for each of the trace REE analytes investigated,
the 8800 ICP-0Q0 was operated in MS/ME mode with O
cell gas. To compare the performance of single qguadrupole
ICP-ME, the measurements were also performied using the
BBO0 in single quad mode, whesa Q1 does mot perfare any
mass selection.

Lzing the example of trace Th analysis in a Gd matrix, Th
was measured as the product ion "*TE"0* at mdz 175 using
miass shift. In singbe quad mode, the "™GEd'H and “2G6d
tailing imerferences were not effectively avaided using O,
cell gas. & 10 ppm Gd standard gave & signal at m/z = 175
of approwimately 1.3=10° counts per second (cps). This

high background meant Th could not be measured at
concentrations below 100 ppt.

Using MS/ME made with Q1 and 02 set to mdz = 159 and
175, respectively, the mdz 175 background signal in the

10 ppm Gd miatrix was reduced to -4, 400 cps, which enabled
accurate low-level Th measurement. Using MS/MS, a
detectan limit of 2.1 ppt was achéeved for Thin the 10 ppm
Gd matrix with background subtraction (Figure 1),
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Flgure 1, Calibration far Thin the presance of 10 ppm '“Gd. Th measuwred
a% VTR0 by ICP-MEME in D.. mass-=hill rmade

A similar trend was seen for the ather trace lanthanides listed
in Table 4. Operating the S804 in M5/ME with on-mass or
mass-shifl mode using O, cell gas, DLS in the low ppt range
wera achisved for mast analytas, Only Ho (measured at

miz 165) in a Dy (164) matrix and Er (166} in a Ho (165) matriz
showed higher DLz, up to 1.1 ppb in the case of Ho in Dy,

The ppt level DLs are equivalent to purity levels of up

10 21107 relative to the 10 pprm cancentration of each
respective matrix element. This sensitivity is significantly
better than the purity information currently provided by

the manufacturers of lanthanide powders, The purity
analysis also provides valuable information about possible
radionucldes that may be formed from contaminants during
irradiatian of the lanthanide starting material powders.

The single O, cell gas mode used for this study gave
acceptable data for all race lanthanides studied. The DLs for
zome REEs, e.g., trace Ha in Dy, could be improved by further
aptirmizing the ceall conditions ar using an alternative reaction
gas such as M0 ar MH, (6)

Table 4. Detection itz achieved by AB00 ICP-000 Tor trace AEES in
REE matncas, Anakysis hased on measunsmant of natural, stabie Isatope
elemerilal standards.

Tracs Elament omiaz Matrix Elemant DL of Trace:
(Measured motope) {10 ppm) Element (ppt)
o (180 140186 "Ly 1x2

Pri141) 1417157 ] n%

To (159} 1575 Bt 21

Hi (165) 1657181 Sy 1100

Er [160) TeE182 o T8

Tm (168} 166185 1HEr 13

Lu {175 175191 L] .3
4

Measureament of lanthanide oxide samples

The concentrations of trace lanthanides in a salution
containing 10 ppm Gd, 0, powder were determined wsing the
BEOD ICP-Q00 with O, cell gas. As shown in Figure 2, most
REE= were measured on-mass. Only “5Th, "™*¥h, and "™Lu
were measured as oxide product lons in mass-shift mode

to avedd interferences from "5Gd'H at myz 159, 556d"0 at
mdz 172, and "= Gd"0'H at myz 175 (Figure 2).

BE2E

E 1000

p
B

B
La-139 ) X0
Ce-140 — =162
Pr-141 1269
MNd-146 371
Sm-147 22
Ew-153 "W 45
Dy-163 — %86
Ho-165% 3 66
Er-166 #1101
Tm-168 3 178
ThD-17% 1 418

[T L — T

Yhir-188

Figure 2. Impurity profile and ICP-MS measurement uncenginties (2a) of
G0, poweder used for iradiation

Elermental standard scluticns are used to test chemical
separation proceduras, 50 the same ICF-000 method was
used to measure impurities in a Gd single-element ICP
standard, The results are shawn in Figure 3. The relatively
high measured concentration of YEO in the powder and
ICP standard suggests that the interference from "™ Gd" 0
ard G0 an D and TR0, respectively, were nat
full:,l rESI;ﬂ'-'EI:i. ¥ is also not very reactive with ceygen cell
gas, leading to low sensitivity for the YO product ion,
The method could potentially b= improved through further
cptimizing the cell conditions or using an alternative cell gas
such as M0 or NH_ (6, 7).

Dy-163 ¥ 18.2

Er-166 3 19.6

Tm-169 1 45.7
TR -175 :I-ﬁl

NE
Al
ii

Ho-165 "% 3.7

Enilf
mgﬁ
e ﬂn
53 EE £
 §

LeQ-191 1 663

Flgure 3. kmpurity profile and K3P-MS measurement uncertainties (20) of &
Gd ICP standard using BA00 ICP-0C0K in MSES mode with CI__ el gars
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Chemical separation results

Operating the 8300 in MS/MS mode with O, cell gas

and using stable element analogs in place of short-lived
radioactive samples enables the aptimization of separation
pracedures under realistic conditions. Realistic conditions
refer to the separating of a trace level target lanthanide

in the presence of high concentrations of a neighbarnng
lanthanide. This approach enables the development of rabust

radiochemical procedures before testing with active samples,

It al=o awoids the cost and safety issues of handling active
materials during method developrent.

Iri this study, Th was separated fram Gd using an extraction
chromatagraphy column packed with a LM (lanthanids) resin
{30-100 pm particle size, Triskern Internaticnal). Figure 4
shows an elution profile for Gd and Tk at a 4.5x10% excess
of Gd. Gd was expected o elute with 075 M HMO, while

Th was expected to be retained until canditions were
switched to 1.0 M HNG, (8). To check if the separation
scheme had been effective, 2ach 1 mL fraction was collected
and measured using ICP-MS/MS in 0, mass-shift mode.
The results showed that a small amount of " Th wag
recowared in the "SGd fraction.

The effectiveness of the ICP-000 methed to resalve Th
from Gd has been demaonstrated using trace Th standards

in a Gd matre. This performance gives confidence that the
signal at myz 159 sean in the Gd fraction was due to trace
%Th eluting together with the Gd, rather than an interference
from "™Gd'H, Also, based on the starting concentration of
Thb added to the column, the total Th recovery was <100%,
suggesting little or no contribution from Gd 1o the measured
Th signal.

- )
. = Gd
20 —s—Th
Z .
Eiﬂ .
& L -~
l_' ’ .".
g %
0
O 5 10 15 20 25 30 38 40 45 50 55 &0
Eluion Voburme (mi)

Flgure 4. Elution profile for Thand Gd.

Measurement of impurities in irradiated samples
Acompacted Gd 0, pewder targel was iradiated 10 producs
ETh (half-life of 532 days). The iradiated target was then
dissohved in concentrated HMO, and an aliguot was used

1o measure the activity level of ®*Th and other short-lived
radionuclides by gamma spectrometry. After leaving the
sample enaugh tirme far the radicisctopes o decay, the stable
REE isatopes remaining in the Gd, 0, sample were measured
using ICP-Q00

Lanthanum and Ce were the only REE contaminants detected
in the firal sample at concentrations af ~13.1 and 3.5 ppm,
respectively, However, the concentration of both La and Ca
was reduced to below background levels after chemical
separation. The detection of La and Ce in the iradiated

Gd 0, powder shows the potential for stable and long-lived
radionuclide impurities 1o be formed during irradiation. Tha
findings illustrate the importance of chemical separatiaon in
the production of high purity radio-lanthanides

The ICP-Q00 method can be used for post-separation
analysiz of the final radio-lanthanide product 1o assess
the cancentration of stable impurities still present, and to
help assess the effectiveness of the chemical separation,
[Depending on the application, enriched or recycled target
materials may be used that contain lanthanides at
nan-natural abundances, which will affect the kevel of
impurities that can be measured. The measurarment of
such impurities is impartant as a QA measure, as high
concentrations of impaurities can lead to competition for
the chelating agent used, which can reduce the radiclabeling
efficiency.

Conclusion

The use of radio-lanthanides is of increasing interest in
pharmaceutical and imaging applications. Preparation of
high purity radio-lanthanides often requires separation of the
low concentration tanget isctope from the high concentration
stable REE matriz. To check the purity of the starting REE
materiaks, the Agilent 8800 ICP-000 was operated in MS/ME
mizde with O, cell gas to measure all REE impurities in
high-purity REE matrices. The ICE-G00 method was much
mize effective at removing REE matris-based polyatomic
ard peak tailing interferences compared to single quadrupole
ICP-MS,

The measurement of trace levels of Tk in the presence of
bulk Gd was used as an example. The results abtained from
analyzing stable element standards showed that the method
was useful for a range of radio-lanthanides
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Owerall, the ICP-MS/MS method improved accuracy and
confidence of the measurermnents needed for a complete
REE impurity prafile of materials used in the production of
radionuclides for pharmaceutical and imaging applications.
The study has shown that the method is suitable for:
The measurement of REE impunties in the starting
powders ugad for iradiaton.
Qptimizing chemical separation conditions using
stable element analoags,

+  Assessing the REE impurities present in the iradiated
target material post-irradiation.
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Abstract. In this work alternative methods for the production of terbium Botopes, and in
particular **Th and ***Th, have heen investigated. Thess isotopes, which could be used for
theragnostics, have been produced using an alpha and a proton beam incident on europinm
and gadolinium targets, respectively. The experimental results have been compared with the
predicted cross-sections, caleulated using TALYS and PACEA code.

1. Introduction
Over time the diagnosis and treatment tools used to identify and remove cancer growths in
patients have evolved. New ideas and techniques are continuously being investigated to improve
the treatment of cancer. Table 1 lists some of the currently emploved techniques to diagnose
and treat cancer.

Table 1. Currently used techniques to treat and diagnose cancer.

Treatment Diagnostic Imaging
Surgery X-ray
Internal and External Radiation therapy CT [{Computerised Tomography)
Chemotherapy MRI (Magnetic resonance imaging)
Immunotherapy PET {Positron Emission Tomography)

Gamma Camera/SPECT

Hormone therapy - S \ . X
- {Single Photon Emission Computed Tomography)

Stom cell transplant Ultrasound

Targeted therapy Mammography

Internal radiotherapy, PET (Positron Emission Tomography) and SPECT (Single Photon
Emission Computed Tomography) imaging are techniques classified under ‘Nuclear medicine'.

r@m Content From this work may be wsed under the terms of the Creative Commons Attrbaton 3.0 lcence. Any further distribation
= ey of this work must maintam atiribution o the suthon(s) and the tide of the work, joamal cration and DOL
Published under licence by 10F Publishing Lid 1
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Muelear medicine works by introducing radicactive isotopes into the body and using the different
forms of decay to etther perform therapy or diagnostic imaging of a patient.

Therapy can be performed by using either heta or alpha emitting isotopes.  The beta or
alpha particles ionize the neighlouring cells cansing damage to the DNA, olten leading to either
single- or double-strand breakages, respectively. Positron emitting isotopes are used to perform
diagnoatic PET imaging and isotopes which predominantly emit gammas are used for diagnostic
SPECT imaging,

In muelesr medicine, cancer cells are located by atteching the redicactive nuclide to a
hiolagical targeting agent. For example, a glucose molecule can be replicated and maodified
such that a '®F atom is attached to form FDOG [Aucrodecxyglueose), see figure 1. In this case
the bisdogiesl tarseting agent reacts in the body as glueose does, Glueose 15 drawn into cells
which are using up energy in metabolic processes Le. the cells will break-down the glueose
molecule to release energy for the cell™s use. FDNG will hehave in the same way a2 glocose and
will thus concentrate in areas of high activity, e.g. active avcas of the brain aod cancer lesions,
It is the higher concentration of FIMG in these areas which will be highlighted in a PET and

SPECT images.

OH
OH
o]
HO o HO
HOH
HO o
on | F ou
Glucose FDG

Figure 1. Molecular diagrams of Glucose and FDO (Huorodeosvelueos:)

A morve specific method of cancer targeting s to use proteing (peptides). Cancer cells will
hawe apecifically shaped proteins on their outer membranes, If a complementary (e, fits like
a glove over a hand)] peptide 15 made, this will only attech to that specific cancer protein. A
radisactive nuclide can then be attached to this complementary peptide using a chelator {linker)
as ahown in figure 2. This can be a more divect and tailored method of targeting cancer lesions,

Peptide

Pepride fits complementary
target protein

|Linker]

Figure 2. Schematic diagram of a radicactive nuclide attached to a peptide targeting malecule

It is the conbination of therapy and diagnostic imaging (theragnostics) which aims to
provide a more tailored treatment to cancer. By monitoring therapy with diagnostic imaging the
effectiveness of the treatment can be seen and changed sccording to need. The radiation dose
received by a patient during treatment can also be monitored. Currently, a combination of Lu
and Ga i3 commonly nsed in hospitals for 3 therapy and PET diagnostic imaging, respectively,
These nueled are different elements, henee, they will not pecessarily chomically interact the same
within the body. This provides uncertainty in the comparing diagnostic imaging to therapy,
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which in turn provides doubt to the relianbility of a theragnostic treatment. A way of resolving
this 1=ue would be to use different isotopes of the same element to perform the therapy and
diagnoatic imaging. Scandinm. copper. arsenic and terbinm are a few examples of proposed
elements which have suitable properties for medical use. Some of the main properties Lo consider
are half-life and enersy of emitted radiation. The hali-life of a medical sotope must be of
reasonable length, s that it can be produced, transported, undergo radiochemical procedures
and pass regulation tests before being administered te the patient. There must then be enough
activity for the treatment or diagnostic mmaging to be carmed oot effectively. However, the
half-life must also be short enongh that the sotope is not providing an unnecessarily large dose
tor the patient and their surroundings, In addition to the half-life requirements, the energies
of the emitted radistion must alse be suitable for the task, For example, o SPECT isotopes
wontld ideally only emit gammas of a low energy (100-2000 keV) which lie within a region of
high efficiency for the gamma detectars: ideal PET isotopes would emic solely positrong and no
gaimma-rays other than 511 keV gamunas from positron annihilation. In additien to this, for
isotopes to be practical for hospital use, they should be able to be produced locallyv if ot within
the hospital. Hospital cvelotrons predominantly aceelerate proton beams up to 17 Med. This
limits the type of isetopes that can be produced and is important to consider when developing
new production methods.

Production of terbium by [SOLDE (lsotope Separator On Line DEtector) and MEDICTS
[ Medical Isotopes Collected from ISOLDE) [1] at CERN led to promising clinical trials over the
past 8 years carried ont by C. Miiller et al. [2, 3, 4, §] Consequently, these trials have motivated
research into alternative production methods.

Table 2. The decay modes and most intense gamma transitions of the terbium isctopes used
in theragnostics and their medical purpose. Here, E. is the energy of the emitted o particle,
Eyia the enevgy of the emitted 3 particle, £ s the epergy of the emitted -ray and L s the
Lranching ratic of cach -ray.

Isotope | DooaY mode Half life e E, (keV) | I (%) | Use
Anop [Branching ratio) e Average Fy (MEV) T T =
165.08(2) | 26.1(5)
L4 a(16.7%) Lot 3.967(3) 2202 | WA | a
B+ (1.1%) e 0.730(4) FREOTIZ) | 15.416) | therapy
- 652.12(2) | 16.2(5)
ZTLO9(7) | B.68(21)
. . _ . TA.ZR(1] | 63517 | PET
152 A+ (20.3%) 17.5 h 1.140(13) _wﬁ_g}g s:.uljf'zﬂ imoging
TTRO04(2] | 5.0 13)
B6.0503) | 32.0[18)
: . 05.318(3) | 260 | SPECT
155 EC (1009) 5.42 d N/A TED 1600 T 75T imaging
EE N R
256511 25.2015) |
_ . Ea1ny | o |
161 A= (100%) £.50 4 0.154(19) Auger
FTIOTT(E] [ TTO(0] | o
TLSo6T | 10.2(%)

The “guadruplet”™ of terbium isctopes (YY9Th, ¥ Th, " Th and "™Th) proposed for
theragnostic use possess the suitable properties for medical sotopes. These isotopes can be
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used for all four aspects of muelear medicine, o therapy, PET lmaging, SPECT maging and
37 therapy, respectively. Table 2 lists the half-lifes and energies of the emitted radiation from
each isotope, Both the half-lifes and emitted energies for each isotope are suitable for medical
PSS,

Looking at table 2, the terbinm isotopes can be paired according to their half-lifes. Both the
T and "™Th have similar half-lifes of hours and "“"Th and "' Th have similar half-lifes of
daya, The similar hali-lifes of these pairs means that each pair can be used together to perform
a more aceurate form of theragnosites for patient dose caloulations,

Medical studies carried out by C. Muller, et al [2, 3, 4, 3] have provided the evidence required
to further the investment into terbium production technigues.  Their studies suggest that all
four of the terbauwm isotopes would perform well for each of their designed foonctions, Toaddition
to this, there is strong evidence (5] that, for example, in the case of prostate cancer "1Th will
out perform "7 Lu beeanse "UTh emits a 4 with a lower energy and thus has shorter range in
tizsue than 17 Lu so can target a more localized region.

2. Production

The MO cyelotron at the University of Birmingham is capable of accelerating proton and
alpha particles up to 40 MeV and *He nuclei and deuteron particles can also be accelerated
[or fsotope production. With these capabilities it is possible to produce 2 Th and "5Th and
potentially ' Th and '“'Th [1].

The initial research focns was the production of the diagnostic imaging isotopes. The cross-
section of interaction depends on energy, By varying the energy of the proton or alpha beam
incident on the target the ratios of products produced changed. In order to create T sotopes,
targets of either gadolininm or enropium were used. Terbinm isotopes can then he separated
from the iradiate target wsing radio-chemical technigues being developed and NPL (National
Physics Laboratory) [6].

For initial tests natural enropinm and gadolininm targets were used to identify which terbinm
isotopes could he prodoced nsing the MO0 cvelotron,

2.1, Euwropivm fargel )
The reaction mechanism for the production of 2T and YT using and alpha beam on an
natural europinm target is as follows,

L5 Bl ev, 3n ) 5T
L5 Bl v, 2n) 4 T

Imitial invesiigations were done by looking at the PACE4 (Projection Angular-momeninm
Couples Evaporation Monte Carlo code) [7, 8] cross-section caleulations for the interaction of
alpha on a natural europinm target (see figure 3(b)).  The alpha beam energy was chosen
by selecting the energy where the eross-section was a maximum for " Th production.  The
irradiated Eu target was then place in front of a HPGe (High Purity Germaninm) detector to
identify products made using the emitted gammas. A small section of the gamma spectrum
collected is shown in figure 4. Looking at this section alone, it can be observed that '™ Th and
IS Th were identilfed but more importantly "2 Th in the ground state and exeited isomer state
were al=o identified. The isomeric state has a half life of 4 minotes compared to 17.50hrs for the
ground state. Thus when gamma spectra were collected an hour later the purely isomeric " Th
states were no longer visible,

Although PACES was used for the initial investigation, the code does not differentiate between
difforent isomers of terbinm.  An alternative code, TALYS (mmclear reaction code) [9) can
differentinte between isomeric states, Comparing the PACES and TALYS cross-section (see
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Figure 3. Cross-sections of interaction vs, energy of alpha beam on an natural Eu target
(a) TALY'S calculation (b)PACE4 calculation

figure 3(a}) there is a discrepancy between which alpha energy will produce the maximum cross-
section for "Th production. TALYS predicts a maximum cross-section at  34-36 MeV and
PACE4 at 40 MeV. In the energy region for the initial production, TALYS predicts a much
higher cross-section for the production of "Tb compared to PACE4. This was reflected in
the gamma spectra data collected in figure 4 which displays the presence of "Th. Therefore,
for future mvestigation TALYS was used to calculate cross-sections to predict snitable heam
energies.

An investigation to measure the cross-section of interaction for the production of terbium
using an alpha heam incident on a enropinm target has begun. Preliminary results are currently

being analysed.

152Tb
154Th 3442785100013 kev  — First reading
247.94 £0.03 keV 63.5.0£1.7% —— 1 Hour later
1.740.9%
152Tb* (e
| . 0 | s 344.26 20.0(7’k:V
‘ 159.19 10,10 keV 271,09 20.07 keV 20.041.2% 15218
] ~GAIS i — 4111165 £0.0013 keV
- sy 212.00 £0.02 kaV — 1samtm | :
, 31.021.8% | 2832: 9zoa.,"'os keV 3.6010.10%
§ f gt ' 152Tb* (¢)
. "A 411101 keV
600 | S bt 18.121.0%
125 225 125 425
Energy (keV)

Figure 4. Calibrated section between 125 keV and 425 keV of the irradiated natural Eu foil

gamma spectra, labelled with identified gamma energies and isotopes responsible for energy
peaks
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2.2, Gudolinewm targe!

To identify which terbinm isotopes could be produced vsing a proton beam incident on a
gadolininm target, a natural gadolinium target was used.  There are seven natural isctopes
of gadolinium compared to the fwo of curopium. This incresses the complexity of production
when comparing cross-section of interaction. The energy of the proton besm was selected using
TALYS cross-section ealculations. The energy select was to ideally produce a high yield of "5 Th.
A preliminary analvsis of the gamma spectra collected af the target (soe Gguee 5) revealed that
L5 Th was produced. The quantity of "Th produced and the identification of the other isotopes
present require further study.

FLTLEL H 152;b [ !EETh
AN | l
5 o j = A A | 1
| A L 2
o W =20 200 ] =) am

Channel Mumkser

Figure 5. Preliminary identification of 1% Th in an irradiated natural G foil

Summary

This preliminary study proved that the " Th isotope can successfully be produced at the MC40
eyclotron using an alpha beam on a europium target, and the Th isotope could also be
produced using 8 proton beam on s gadolinium target, The eross-section for the the production
of terhbinm in each of these cases will be caleulated from the spectra collected and compared to
the predicted cross-section made by PACE4, TALYS and EMPIRE [10].

The optimal Teeam energy for the production of cach =otope will then be determined from
the cross-sections. Enriched targets will be used to gain a higher yield of the desired isotope
and reduce other terbinum isotope contaminants which can not be removed by radio-chemical
separation at NIPL,
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The CERN-MEDICIS (MEDical Isotopes Collected from ISolde) facility has delivered its
first radioactive ion beam at CERN (Switzerland) in December 2017 to support the
research and development in nuclear medicine using non-conventional radicnuclides.
Since then, fourteen institutes, including CERN, have joined the collaboration to drive the
scientific program of this unique installation and evaluate the needs of the community
to improve the research in imaging, diagnostics, radiation therapy and personalized
medicine. The facility has been buiit as an extension of the ISOLDE (Isotope Separator On
Line DEvice) facility at CERN. Handling of open radioisotope sources is made possible
thanks to its Radiological Controlled Area and laboratory. Targets are being irradiated
by the 1.4 GeV proton beam delivered by the CERN Proton Synchrotron Booster
(PSB) on a station placed between the High Resolution Separator (HRS) ISOLDE target
station and its beam dump. Irradiated target materials are also received from external
institutes to undergo mass separation at CERN-MEDICIS. All targets are handled via a
remote handling system and exploited on a dedicated isotope separator beamline. To
allow for the release and collection of a specific radionuclide of medical interest, each
target is heated to temperatures of up to 2,300°C. The created ions are extracted and
accelerated to an energy up to 60 kV, and the beam steered through an off-line sector
field magnet mass separator. This is followed by the extraction of the radionuciide of
interest through mass separation and its subsequent implantation into a collection foil.
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In addition, the MELISSA (MEDICIS Laser lon Source Setup At CERM) laser laboratory,
in serdce since Aprl 2019, helps 1o increasa the separation eficiency and the salectivity,
After collection, the mplanted radicnuclides are dispatched to the biomedical research
centers, paricipating in the CERMN-MEDICIS eoflaboration, for Rasaarch & Developmant
in imaging or treatment, Since its commissioning, the CERM-MEDICIS facility has
provided itz partner institutes with nen-conventicnal medical radionuclides such as
Th-148, Th-152, Tb-1585, Sm-153, Tm-165, Tm-167, Er-168, Yh-175, and Ac-Z25 with
a high specific activity. This article provides a review of the achievements and milestones
of CERN-MEDICIS since it has produced its first radicactive isotope in Decembsr 2017,
with a special focus on its most recent opearation in 2020,

Keywords: CEAN, MEDICIES, medical, radionuclides, mass ssparation

INTRODUCTION

Since the publication of the first official use of radionuclides
administered to a patient to treat cancer in the 19305, huge
progress has been made. Several radionuclides are currently
widely available as radiopharmaceuticals and mainly wsed 1o
cither diagnose or treat cancer, Kesearch in nuclear medicine
is ongoing with a growing interest in personalized treatment
and diagnosis, the so-called theranostics appreach. Adapting
the trestment to each patients pathology requires to have
a large panel of approved radiopharmaceuticals available in
order to give access 10 novel and diverse treatment modalities.
The big advantage of personalized and tarpeted treatment is
that individual pathologies can be aken into account and the
destruction of the surreunding healthy tissue can be minimized
by careful selection of the adequate radionuclide. In order
1o ebtain such radiopharmaceuticals, ome needs o produce a
specific radionuclide with the highest isotopic and chemical
puritics within a standardized workflow and in sufficient
guantities, These radionuclides can be created via the irradiation
of @ stable target materal in particle accelerators or in nugclear
reactors. However, additional processes are usually needed to
reach the purity level necessary for the preclinical experiments
and <linical trials, Depending on the radionuclhide of interest,
such purification can be attained either by means of chemical
separation or by combining mass and chemical separation. Based
on the strong expertise in mass separation of radioisotopes
existing for more than 50 vears a1 CERN lsolope Separator
On-Line DEvice facility (IS0OLDE) (1), a project dedicated to
medical applications has been inftiated by CERN in 2010, The
idea behind this new and unique facility is to produce non-
conventional radionuclides having the required properties for
both imaging and treatment as well as to expand the range
of radionuclides available for the medical research in hospitals
and in research centers across Europe. The facility has been
funded with contributions from the CERN Knowledge Transfer
Fund, private foundations and partner institutes, as well as
benefitting from o European Commission Marie Sklodowska-
Curie training grant titled MEDICIS-Promed. After the ground-
breaking in September 2013 this new facility (see Figure 1),
baptized MEDICIS (MEDical Isotopes Collected from [Solde),

entered its commissioning phase in autumn 2017 (2). In Europe,
a number of fcilities producing radioactive beams by online
isotope mass separation (ISOL) are currently operating such as
1SOLDE at CERM, ALTO at IJC-Lab and SPIRAL-1 at GANIL,
while 15AC at TRIUMF in Canada is also exploiting [SOL rare-
isntope beams, While these facilities can technically produce
isotopes for medical applications, their research activities are
focused on fundamental and applied studies in nuclear physics
with pure exotic radioactive beams through mass separation,
Currently, CERN-MEDICIS is the only European facility which
dedicates its full program to the production and delivery of
medical isotopes for research in radiopharmacentical science,
operating in batch isotope mass separation mode, CERN-
MEDICIS is also at the heart of a new Buropean project called
PRISMAP which is a consortium of 23 institutes in order to
translate the emerging radionuclides into medical diagnosis and
treatment, in which isofope mass separation plays an important
role to achicve appropriate specific activities or radionuclidic
purities. In the future, the SPES facility in Italy and the
ISOLaMYRRHA Racility in Belgivm also aims to produce pure
exotic radioactive beams and medical isotopes.

THE MEDICIS COLLABORATION AND ITS
RESEARCH PROJECTS: FROM ITS
BEGINNINGS TO THE PRESENT

CERN-MEDICIS produced its first radionuclides for medical
research after an off-line mass separation on the 12th of
December 2017, Th-155 was the first radionuclide collected
at MEDMCIS, of the four terbium radicisofopes that are
highly promising for cancer diagnosis and treatment. After
this successful and promising commissioning phase, CERN-
MEDICIS formally became a collaboration the year after, with
the signature of the Memorandum of Understanding and the first
collaboration board meeting held at CERN. The members of the
collaboration {3} are experts in medical radionuclide production,
nuclear medicine, radiochemistry and nuclear research, They
hail from research institutes, hospitals and wniversities: GIF
ARRONAX (France), CHUV (Switzerland), EANM (Europe),
FABIS (Spain), HUG (Switzerland), ILL (France), [ST {Portugal),
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FIGURE 1 | Tha CERN-MEDICIS buldng compieted in 2017,

TABLE 1 | MEDICIS colaboration boards, number of rnatitutes takng part n the MEDICES collaboealion, rumber of submitted propcts and 51 of radionuchdas of mearnes).

Board number Date Number of insti n Number of project: Radionuclide{s) of interest
the collaboration

1 2102/2018 12 13 C-11, 5¢-43, Sc-44, Sc-47, Cu-87. Xe-131m Xe-133m. Th- 149,
Tb-152, Tb-155, Er-163

2 3 Sc-44, Sc-47, Te-149, Th-165

3 7 Fe-62, Fe-59, Th-149, Th-152, Tb-165, Tm-167, Er-168, Y&-175,
F1-191, Ft

4 ! AC-225

20/02/2020 ! Sm-153

6 17/092000 Ou-64, Ac-225

a o

-~

Ba-128/C8-128, Ce-134/L5-154, TD-149, Th-152, Ac-225

JGU Mainz (Germany), [RC Karlsruhe (Germany), KU Leuven theranostic applications (9). CERN-MEDICIS focuses also on
(Belgium}, NPL (UK}, PSI (Switzerland), PAEC (Pakistan), RTU-  the delivery of mass-separated Sm-153, Tm-167, Er-169, Yb-
LU (Latvia), PAEC and RTU-LU officially joined the MEDICIS 175, Hg-191/Pt-191 and the alpha emitter Ac-225, From the first
collaboration in 2021 (see Table 1). Biomedical projects are  year of operation in 2018 to the end of 2020, MEDICIS has
regularly submitted to the collaboration board, which evaluates  provided nine different external research institutes or hospitals
the needs of the community as well as the technical feasibilityand  with 41 batches of high specific-activity radionuclides. This
provides recommendations. In that way, the CERN-MEDICIS  has been done within the framework of 12 approved projects,
scientific program and list of radionuclides are defined. Since  Since 2017, production and mass separated isotopes at CERN-
2018, 31 projects have been submitted to the collaboration  MEDICIS support ongoing research programs by providing
board in the biannual collaboration meetings that have already  high purity products which are not accessible in c¢yclotrons
taken place (see Table 1). Through the list of approved projects  or reactors without mass separation. Even though some of
(3), one can see strong interest in lanthanides and particularly  the above-mentioned radionuclides can be efficiently produced
terbium radioisotopes including the alpha emitter TH-149 (4),  in reactors or cydotrons, they are produced with isotopic
the positron emitter Th-152 (5) and the gamma and Auger  impurities that can only be removed by going through a mas
emitter Tb-155 (6). The medical and scientific community  separation process. For example, Ac-227 will be a co-product
also identifiecd some scandium radioisotopes, such as Sc-44  of Ac-225 and some isotopes such as Th-153, Th-154, Tb-156
for Positron Emission Tomography (PET) {7) and Sc-47 for  will be generated as contaminants of Th-155. High Specific
use in both therapy and Single Photon Emission Computed  Activity (HSA) radionuclides from neutron activated targets
Tomography (SPECT) (8). Cu-67 is a radionuclide being can also be provided, such as HSA Er-169 which is otherwise
proposed among the projects that would be well-suited for  not achievable.
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MEDICIS’ MODES OF OPERATION FOR
RADIONUCLIDE PRODUCTION

QOne of the main features of CERN-MEDICIS is that it can
profit from several irradiation possibilities to produce its
isotopes before proceeding to the off-line mass separation of
the radionuclide of medical interest (10). The facility has the
opportunity to irradiate targets at CERN in the ISOLDE primary
area, Every target unit is compatible with both, the ISOLDE and
MEDICIS facilities, and is composed of an aluminum water-
cooled vacuum vessel. The latter encloses a tubular tantalum oven
inside of which a target material, ready for irradiation, is placed.
This oven is connected to an 1on source via a transfer line [more
details can be found in (11)]. The MEDICIS target is installed
for irradiation behind one of the ISOLDE target station (HRS)
and before the beam dump via an automatic rail conveyor system
{RCS). The MEDICIS target can be;

FIGURE 2 | Tha MEDHIS ratior about to transer a tarpet from the ACS to the
target shation

- directly irradiated by the 1.4 GeV proton beam delivered by
the CERN Proton Synchrotron Booster (12);

- indirectly irradiated by the fraction of the primary proton
beam (=65%) which did not interact with the HRS target, as
well as by its secondary particle showers [see more details in
(10)] - so-called parasitic mode.

Once the MEDICIS target has been irradiated, it is transported
back to a decay point via the same RCS. From this point onward
a dedicated robot, from the KUKA™ company, handles the target
(see Figure 2) and is used to safely connect the target to the
MEDICIS target station to subsequently start with the collection
of the radionuclide of interest. It should be noted that with this
mode of operation and since the full target unit is subjected to
the proton and secondary particle fluences, not only the target
material located inside the target oven is activated but the full unit
is. In 2017 and 2018, 11 targets were irradiated and used for mass
separation at CERN-MEDICIS, with some of them irradiated up
to five times.

However, since the start-up of the Large Hadron Collider
(LHC), accelerator operation at CERN is intermitted by extended
upgrade and mantenance periods called Long Shutdowns (LS),
During these periods the full accelerator chain is stopped and no
protons can be delivered to the various CERN experiments. The
first LS took place from February 2013 to mid-2014, followed by
the second from January 2019 to mid-2021. CERN-MEDICIS is
onc of the very few facilities at CERN which was still operating
durning the second Long Shutdown (LS2). During the years 2019
and 2020, CERN-MEDICIS performed off-line mass separation
of medically important radionuclides from materials irradiated
at external partner institutes, This operation mode is being
exploited since the first successful feasibility test carried out in
2018 with the mass separation and the collection of 18 MBq of
Er-169 from naturally abundant Er-168, irradiated in the reactor
of ILL in Grenoble {France) (13, 14}, Each externally irradiated
material to be mass separated is shipped to CERN-MEDICIS
and it arrives either in sealed quartz vials or inside a dedicated

Woltaga ines - Zinc-coated Goid 104s icture on ths right),

FIGURE 3 | FVD s6t-up with 2inc fled molybdanum boat (oictune on the left) wen (A) tha shutter, (B) e Moltbdanum anacitia with Zinc granuiates and (C) the Hgh
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FIGURE 4 | Dasa rahe measuremant on the frst colection of Th-155 &
CERN-MEDICIS,

sample holder, developed at CERN in 2019. It is a tight fit
made of a tantalum cylinder with an inner part rhenium foil
lining, coming with its plexiglass protection. The latter has been
designed to prevent any contamination of the transport container
and to guarantee an casy, rapid and safe transfer of the externally
irradiated sample into the empty oven of the target unit. It
was made to avoid any risk of dispersion and contamination as
well as to limit the radiation exposure of the operator. All the
externally irradiated materials imported to CERN-MEDICIS in
2020 were received inside this new piece of equipment and no
contamination incident has been reported to date. In the case of
reception of scaled quartz vials, the decontamination, opening
and transfer into the target’s empty oven were performed at
CERN-MEDICIS using a dedicated automatic transfer system,
Once the target unit is loaded with the radioactive material, it
is handed over to the robot which couples it onto the MEDICIS
target station in view of the mass separation and collection. It
should be noted that in the case of externally irradiated material
and in contrast to the mode of operation that involves the
irradiation with protons at CERN in the ISOLDE target area,
there is no activation of the target unit itself,

In 2019 and 2020, CERN-MEDICIS received and used 34
externally irradiated target materials. These radioactive samples
were provided by the GIP ARRONAX in Nantes (France), ILL in
Grenoble (France), JRC in Karlsruhe (Germany), PSI in Villigen
(Switzerland) and SCK CEN in Mol (Belgium).

Regardless of the irradiation conditions and modes utilized,
each target unit, once coupled to the target station by the robot,
is heated up to very high temperatures to allow for the diffusion
and effusion of the isotopes of interest. Even though the optimal
temperature differs for each target material and radionuclide to
be mass separated, these temperatures often reach more than
2,000°C. The isotopes pass through an ion source, where they are
ionized and subsequently accelerated to be sent through a mass
separator {dipole magnet) as Radioactive Ion Beams (RIBs). More
information regarding the MEDICIS beam line can be found
in (15). Furthermore, the MELISSA laser laboratory (16, 17)
helps to increase the separation efficiency and the selectivity. The

TABLE 2 | Pradicied activty gaing from & drect madiation in comparteon 10 the
ndroct mode

Target material Titanium Tantalum ThO:
Radoruchde Sc-d4  Sc-d7  To-49  Tb-152  Th-1S5 Ac-225
Activily ralio == 5 13 14 13 12 15

extracted radionuclides are usually implanted onto thin zinc-
coated gold foils. The foils are prepared under high vacuum using
99.995% pure zinc granulate thermally heated in a molybdenum
boat and evaporated onto the 0.25mm thick gold substrates
(Figure 3). With the assistance of a build-in INFICON thickness
sensor the layer thickness is determined to 500 nm in this Physical
Vapor Deposition (PVD) process, Preparation and cleaning of the
gold plates (surface roughening and ultrasonic cleaning) is crucial
for the zinc adherence and layer uniformity.

After the implantation, the foils are safely retrieved from the
collection chamber and transported to a shielded fume hood by
using a shielded trolley. This is followed by their shipment to one
of CERN-MEDICIS' partner institutes.

MEDICIS’ OPERATION FROM DECEMBER
2017 TO DECEMBER 2020: A REVIEW

2017: The First Radioactive Beam

The 10th of November 2017 marked the beginning of CERN-
MEDICIS® operation with the start of hardware commissioning
(power converters) and the polarization at 30 kV of the ion source
platform for secondary ion beam generation. It was followed by
the extraction of the first stable isotope beam 5 days later. The first
target, containing 250 g of tantalum rolls as material inside the
target oven, was irradiated for 24 h on the 5th of December 2017,
One month later, the commissioning of the facility was completed
with the first collection of Tb-155 (1 8) (sce Figure 4). One Th-155
sample was also shipped to the IST Lisboa (Portugal).

2018: A Full Year of Operation With the
CERN Proton Beam

The year 2018 began with a technical stop of several months
and stable beam tests, before CERN's proton beams were
available again. In May 218, CERN-MEDICIS was ready again
to operate with irradiated targets and launch its first operation
year. Beamtime was devoted to nine different approved projects
through the year. It included several developments within the
MEDICIS-Promed European Commission Marie Sklodowska-
Curie innovative training program with, as examples, the
successful separation of Er-169 from externally irradiated Er-
168 (13, 14) as feasibility tests in preparation for LS2, as well as
promising C-11 diffusion studies (19). In total, 5.5 x 10" protons
have been directed to the ISOLDE HRS target station in 2018,
among which 44% could be exploited for the MEDICIS program
(Le, 2.4 x 10" protons). It includes 6.0E18 protons {11%) that
have been directly sent to the MEDICIS irradiation point by
deflecting the proton beam below the upstream ISOLDE target
while the latter was being set up for physics runs, This direct
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TABLE 3 | Summary of the eclectiong perfonmed at CERM-MEDICIS in 2018, 2010 and 2020,

Year  Iradiation Madical isclopes Collected Ml dlecti Humber of batches Mumnber of projects  Number of new
moses mtivity {MBag) aflchnnoy® () dalivared COnCErned targets

Z1E CERM PSE R G171, The 128, The 1632, 226 1.6 4 2 12
exlemal Te- 155, Tm-165,
rradaticres Er-184

A% Edorral Tha 154, Er 15, o350 &0 =] h u
rradiations o175, P1-185m

2020 Exterral Sm-183, Th-158, 540 22,5 (53% separaled®) L] 3 3
rracdaticres T 167, Ao-F2h

FCain Ao AR M Gl Dalaaan i FR!achivily maserad o M cofachion K02 of Ma end of tha coliacn And’ tha il Dresend iaick the farped cantanar s b ar dhe calection.
Ban effckncy of 53% fad bedn mesrad by e on-Kne y-spactiometer ful AR o SoUTTeang Sfecls, pard of M Acily has Been fisf a0 tha 0" suppa and isics e

O on Chamder

irradiation mode allows for conslderably increasing the activity,
which can be produced in the MEDICIS targets. Based on FLUKA
Monte Carlo (20, 21) simulations (CERN version 4.1), a study
performed on the radionuclide production in such a target being
either directly or indirectly irradiated (see scenarios presented
in section MEDICIS Modes of Operation for Radionuclide
Production) has been carried out (22). [t focused on the activity of
several radionuclides of interest for CERN-MEDICIS produced
after different irradiation times ranging from lh to several
days, in combination with 1h of cooling time. For the indirect
irradiation scenano, 3 UCx target has been placed upstream of
the MEDICIS target. As a result, the gain in the activity produced
using the direct irradiation mode ranges on average between 12
and 15 for Ac-225, 5¢ and Th radicisotopes {see Table 2),

It should be noted that the high activity levels after the
retrieval of the target units did not allow for quantitative
activity measurements by gamma-ray spectroscopy. Dose rate
measurements of the full target units have been carried oul
which confirm an expected notable gain in activation levels after
direct irradiation. For example, a comparison of the previously
described scenario yielded a ratio of 10 in the case of Ta target
unitz. However, one should keep in mind that this value should
be understood as an indication as it is based on measurements of
the full target unit and not of a specific radionuclide.

Five radionuclides of medical interest were collected in 20018
Er-169, Th-149, Th-152, Th-155 and Tm-165, a generator of the
Auger electron emitter Er-165. The collected activities ranged
from 1 to 137 MByg with separation efficiencies up to 1.6%
{10}, Twa research institutes, the Centre Hospitalier Universitaire
Vaudois (CHUY) in Lausanne {Switzerland) and the National
Physical Laboratory (NPL) in Teddington (UK), respectively,
received batches of Th-14% and Th-155, Within this framework,
MEDICIS successfully showed its capability to collect and deliver
the short half-life radionuclide Th-14% (T);z = 4.1h) with a
delay between the end of the target irradiation and the shipment
departure of less than two half-lives. A total of 1.7 GBg of
activity was handled in 2018, including the activity coming
from isobars/impurities. Out of this value, 235 MBg could be
exploited for medical applications, Twelve target units, including
prototypes, were used for the CERN-MEDICIS program in 2018,
Some of these targets were irradiated up to five times. This
mode of operation significantly reduces the amount of generated

radioactive waste and the costs, Including machine development
runs, 220 h were devoted to the collection of radionuclides in
2018, CERN-MEDICIS profited from 20 irradiations slots and
could proceed with 15 collection campaigns (see summary in
Table 3). Although typically performed on zinc-coated gold foils,
preliminary tests have been performed with the implantation of
radionuclides in KNGy salt layer deposited on thin aluminum
fiils, The latter has been done within preliminary radiochemistry
developments performed at CERN-MEDICIS and in view of
simplifying the post-implantation radiochemistry process by
recovery of the implanted activity in bufered aqueous solutions,

After a second collaboration board meeting on the 3rd
of October 2018 (see Table 1), additional irradiation slots
on the MEDICIS irradiation point were approved fo extend
the so-called IS0LDE nuclear physics winter program. Long-
lived radionuclides were further extracted at the beginning of
CERNs shutdown pericd, with Be-7 and radium monoflusride
molecule beams, producing one of the ISOLDE physics resuli
highlights (23).

After the last proton beam delivered at CERN on the 12th
of November 2018, CERN-MEDICIS entered its technical stop
pertod for maintenance and upgrade.

2019: A Year Without Protons at CERN
Compensated by the Use of Externally

Irradiated Target Materials

CERN-MEDICIS second year of operation started with a &
months technical stop dedicated to maintenance and upgrade,
followed by a commissioning phase. Motably, in February the
MEDICIS target storage shelves became fully operational (see
Figure 5).

It was followed by the successful commissioning of the
shielded fume hood in March into which the collection foils can
be safely removed from their support, and where radiochemistry
developments can be performed. Another milestone was reached
in 2019 when the MELISSA laboratory (16, 17) became fully
operational in April. The installed laser setup consisted of
two Z-cavity Tisapphive lasers of the Mainz University/ CERN
design pumped by two 10kHz pulsed Nd:YAG lasers Innolas
Manio 532-18-Y (see Figure6). Using intra-cavity freguency,
doubling blue beams required for two-step resonant iomzalion
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FIGURE 5 | Tha shielded starage shalas and 1e rooot

of rare-earth elements could be generated by this setup. The
operating principle of MELISSA setup is identical to that of the
[SOLDE resonance sonization laser ion source (RILIS) system
(24). Since then, all collections performed at CERN-MEDICIS
have profited from the added value and selectivity provided by
MELISSA. The laser resonance ionization scheme for actinium
(25, 26) is given as an example in Figure 6. A regularly updated
compilation of laser schemes applied at RILIS systems can be
found at http://riliselements.web.cern.ch/.

In June 2019, the CERN-MEDICIS target station was back in
operation after the complete replacement of a defective extraction
clectrode on the MEDICIS beamline. The first collection of
radionuclides started on the 2nd of July. The externally irradiated
enriched Er-168 containing Er;Oj target was imported from
ILL (France), from which 79 MBq of Er-169 was collected for
shipment to PSI (Switzerland). CERN-MEDICIS operated in
2019 with target materials irradiated either at the nuclear research
reactor of ILL or at the GIP ARRONAX cyclotron (France) until
the end of the year.

Er-169, Yb<175 and Pt-195m have been produced in the
reactor of ILL by neutron capture on enriched Er-168, Yb-174,
and Pt-194, respectively. Due to the high quantity of stable
isotopes present in the samples after neutron irradiation, mass
separation allows to significantly increase the specific activity of
the radionuclide of interest. An activity of 92 MBq of Pt-195m
was shipped to the Hopitaux Universitaires de Genéve (HUG) in
Switzerland for preliminary tests prior to future mass separation,
Throughout the vear 2019, a total of 350 MBq of mass separated
Er-169 was provided to PSI, together with 520 MBq of mass
separated Yb-175 for radiochemical separation, quality control
and proof-of-concept preclinical experiments (27).

ARRONAX provided its first sample containing Th-155 at
the beginning of August 2019, to be mass scparated. It was
produced by irradiating natural gadolinium foils by the 30 MeV
proton beam on target delivered by its cyclotron (28), The
sample was shipped to CERN-MEDICIS to separate the Tb-
155 in mass from the stable gadolinium target atoms as well
as from the other produced terbium isotopes. Three additional

externally irradiated samples were provided by ARRONAX
throughout the year 2019. Given the difficulties in extracting
terbium isotopes from the irradiated gadolinium material, several
weeks of stable beam tests have been dedicated to the operation
optimization and laser scheme developments. In addition, post-
irradiation radiochemistry had been performed at ARRONAX
in order to reduce the proportion of gadolinium atoms in
the sample and increase the mass separation efficiency, Two
batches of mass separated Th-155 were delivered to the National
Physical Laboratory in the UK and to KU Leuven/SCK CEN
in Belgium for radiochemical studies, detector calibration and
isotope qualification,

The year 2019 can be summarized as 16 collection campaigns
carried out within 922 h of operation (not including the weeks of
operation devoted to stable beam tests), A total of 870 MBq of
mass separated activity were delivered to the institutes with the
addition of 92 MBq of Pt-195m. Four institutes and five different
approved research projects could profit from these radionuclides.
Eight target units were used throughout the year, with some of
them used up to three times. Moreover, collection efficiencies
up to 6% (for Yb-175) could be achieved which represents a
significant improvement in comparison with the operation year
2018 (see Table 3). Last but not least CERN-MEDICIS welcomed
1400 visitors during CERN's Open Days on the 14th and 15th of
September 2019,

2020: Record Separation Efficiencies
Achieved With Externally Irradiated Target

Materials

From January to March 2020 CERN-MEDICIS entered into a
new technical stop for maintenance and upgrade. It included,
among other works, the delicate replacement of a defective
extraction electrode (a highly contaminated part) and the
installation of a new gas injection system compatible with the
use of chloride gas in view of producing molecular beams in
the near future. Another improvement of the facility during the
first semester 2020 was the integration of a compact Cadmium
Zinc Telluride (CZT) y-detector from Kromek® for the on-
line monitoring of the collected activity being implanted onto
the collection foils (see Figure7) (29). The activity being
accumulated during a collection can thus be monitored together
with the radionudidic purity of the beam impinging on the
foil. Monitoring the implantation rate has helped in the daily
operation and allowed for a notable increase in the separation
efficiency, as shown in the following,

During the 5th collaboration board meeting, a new project
regarding the mass separation of Sm-153 from externally
irradiated targets of Sm-152 was proposed (see Table 1) (3), The
project was approved by the board members with high priority
for 2020.

The technical stop ended at the beginning of March, followed
by its commissioning. It included software and stable beam
tests until the 16th of March 2020. From that day onwards all
CERN installations suspended their activities due to the Covid-19
sanitary crisis. In total, CERN-MEDICIS’ operation was stopped
for 10 weeks, During that time the official CERN-MEDICIS
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website has been created as 2 portal for public outreach as weil
as exchange of information of the collaboration (3).

The operation of the facility restarted on the 25th of
May, with the successful conditioning of the newly installed
electrode, at voltages up to 65 kV. In parallel, an additional
laser, provided by Mainz University, has been received and
installed in MELISSA {see section 2019: A Year Without Protons
at CERN Compensated by the Use of Externally I[rradiated

Target Materials). It is a grating-tunable Ti:sapphire cavity that
considerably aids the scheme developments, Motorized etalon
mounts and a laser beam stabilization system were installed to
improve the long-term stability of the laser ion source. A beam
imaging system was implemented to enable remote monitoring
and diagnosis of the setup, These upgrades, combined with the
additional laser system, allowed for improving the performance
and reliability of the laser ion source during radionuclide
collections as well as for increasing the number of elements
for which the ion source can operate. In preparation of the
near future mass scparation of Sm-153, Th-155 and Tm-167,
the CERN-MEDICIS facility has dedicated several weeks of
stable beam tests in synergy with MELISSA. From the use of
an evaporated solution of Th-159 (in 5% HNO;) deposited
on a rhenium foil, 3% of terbium separation cticiency has
been achieved with target temperatures above 2,200°C
performed with stable samarium have shown a separation
ctficiency of up to 31% with an optimal operation temperature
found around 1,700°C. This temperature has subsequently
been confirmed during the radiocactive samarium collections
by monitoring the optimum implantation rate with the
online CZT detector. In addition, thulium separation efficiency
measurements were performed. A solution of natural thulium
was deposited and evaporated on natural Er; Oy, in order to
better reproduce the operation conditions with the irradiated
material, Efficiencies ranging from 65% (pure thulium) to
60% (thulium with erbium oxide surplus) were achieved and
dedicated systematic measurements on the influence of the
presence of contaminants on the laser ionization efficiency were
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performed by using different elements and 1on source materials
|more details can be found in (30)).

During the last week of June 2020 and after a successtul,
intensive and conclusive pericd of commissioning and stable
beam production, the CERN-MEDICIS facility received the
authorization to operate again with radicactive beams. The
facility received its first externally irradiated target material
of the year on 26th of June 2020, Radioactive ion beams
have been produced at the end of June 2020 until the
gth of December 2020, The scientific program of the year
focused on the mass separation, collection and delivery of
four radionuclides of medical interest, Tt included the mass
separation of Sm-153 (t)y = 46.5h), which is a [~ emitter
having the advantage of a y-emission at 103 ke that is detectable
by external imaging devices, Sm-153 was initially produced
from enriched Sm-152 targets and neutron capture reactions at
the SCK CEN BRZ reactor {21). Additional batches of mass-
separated Th-135 were provided by CERN-MEDICIS to two
partner institutes, This radionuclide had been initially produced
at ARRONAX and shipped to CERN-MEDICIS for further
processing. Moreowver, the therapeutic radionuclide Tm-167 was
produced Trom natural erbdum targets irradiated by 228 MeV
protens, at the Paul Scherver Institute (30). Two samples of
Ac-225 were provided to CERN-MEDICIS by JRC Karlsruhe in
order to perform preliminary studies on separation efficiency
and optimal operation temperatures within the framework of
a project proposal approved at the 4th MEDICIS collaboration
board, The study of the mass separation of this radionuclide was
performed one time with Ac-225 being only deposited and dried
on a rhenium foil and a second time with Ac-225 being deposited
on a sample of thorium oxide as potential future irradiation
target material,

The twe extractions of Ac-225 with Ac-225 alone and Ac-225
deposited on a sample of Thk, led to separation efficiencies of
12.5 and 9.8%, respectively. Both were performed using surface
andd laser wonization, In the ficst scenano L30OC was found
ta be the optimal temperature, whereas temperatures above
2,300°C were necessary o extract the Ac-225 from Th;. These
results represent important foundations for the operation in
2021 and provide input to the mass separation of Ac-225 from
ThOy targets irradiated by the 1.4 GeV proton beam delivered
by the CERN PS5 Booster. From the eight Sm-133 collection
campaigns, the mass separated activities were ranging from 20
ta 130 MEBg. Depending on the initial activity present inside
the target container at the start of the collection efficiencies of
up to 12.7% were encountered. Separation efficiencies ranging
between 1 and &% were achieved during the four Th-155
collections performed that year, to produce batches of mass
separated Th-155 with activities wp to 20 MBqg. By considering
ithe activity given by the CET p-spectrometer which is monitoring
the activity being implanted on the foils inside the collection
chamber (see Figure 7}, a maximum separation efficiency of
53% has been reached at CERMN-MEDICIS that vear, for the
mass separation of Tm-167, However, during the three Tm- 167
collection campaigns, sputtering effects of the implantation layer
led teva loss of the activity on the frame of the foils” support as well
as inside the collection chamber. From the activities measured

after removal of the foils, a maximum efficiency valug of 22,5%
was observed (see Table 3. This figure is computed from the total
activity measured on the collection foils during one collection
campaign as a function of the activity which was present inside
the target at the start of the collection on each foil (ranging from
75 to 120 MBg). The Tm-167 optimal operation temperature
window was determined using progressing heating steps and
found to be between 1,900 and 2,200°C, A detailed description
is given in {30},

In 20204 total of 17 collections have been performed with 16
batches shipped to four European partner institutes (P51, SCK
CEN/EL Lewven, CHUWY and NPL). This corresponds to a total
of 720 h of collection time. Only three new targets have been built
for operation in 2020. Among these targets, one has been used
8 times and 15 stall considered to be re-used in 2021 since no
abvious sign of faillure or decreased efficiency could be abserved.
In addition, three targets have been reutilized from 2019, Five
approved projects could profit from high pority radionuclides
delivered by CERN-MEDICIS in 2020 with a total of 530 MBq
collected and shipped to our partners.

The radiochemistry activities have also progressed, starting
fromm 2018, In 2020 the separation of the implanted isotopes
from the zinc laver could take place at CERN-MEDICIS itself.
Based on an ion-exchange chromatography, a method has been
developed for the separation of the lanthanides collected in
2020 and has been tested for low activity levels, below |
LA [Limite d'Autorisation according to the Swiss regulations
(32)). The parameters have been optimized specifically for
three rudiclanthanides, namely samarium, tecbium and thuliuvm,
An automated systemn s also being developed to separate
higher radicactivity levels. Irradiated metallic Pt-194 targets
were converted inte PClp at the partner institute PINSTECH
(Islamabad, Pakistan) for the MED-02Z project and will be
used either directly or for Pt separation tests. In addition,
the treatment of concentrated liquid radioactive acidic waste
was performed in order o transform it into easily disposable
solid waste.

MEDICIS IN 2021 AND BEYOND

Since its commissioning in December 2017, CERMN-MEDICIS has
shavem its capability to deliver nen-conventional radionuclides Lo
its partner institutes with a gradual and continuous improvement
of its capabilities. Despite the global public health crisis, the
vear 2020 brought important technical, operational and scientific
results, partly reflected in other manuscripts of this topical
issue (15, 27, 30, 31} It has been a successful vear for the
MEDICIS facility as well as for the new European Medical lsotope
program—FPRISMAP—which has been selected for funding
(22). PRISMAFP, backed by a consortium of 23 institutes, was
approved for funding by the Research Infrastructures program
INFRA-2-2020 of Horizon 2020 of the European Commission,
in which isotope mass separation has been idemtified as an
important step in the production of radiopharmaceuticals.
PRISMAPF aims to federate European key stakeholders for the
translation of emerging radionuclides into medical disgnosis
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and treatment. It has been initiated in May 2021, with mass
separation amd the CERM-MEDICIS facility at the center of
the project.

The operation of the facility is stopped between January and
May 2021 due fo the construction of a new laboratory for the
safe research and development of actinide nanomaterials as new
target materials, which is being built as an annex to the CERN-
MEDCIS laboratory, CERN-MEDICIS will continue providing
its external partners with high specific activity radionuclides
from June 2021 onward. Targets irradiated at CERN as well as
externally irradiated materials will be exploited, The irradiation
possibilities are foreseen to be extended thanks 1o a second
irradiation station installed behind the second ISOLDE General
Purpose Separator {(GPS) target station, The results collected
from the three past years of operation, together with the approved
sclentific program, have been used to set priorities on options
for the upgrade of the facility. This notably includes studies to
adapt the implantation layer to avoid sputtering, modification
of the collection chamber for lon beam rasterizing and the
possibility to collect multiple isotope beams in parallel. While
the LHC injector upgrade (LI} is coming to completion, proton
beams from the PSE wsing the new Linae 4 injecter will be
available for the next 4 years. The next CERM Long Shutdown
(L53) will take place from the end of 2024 onward during
which operation with external sources provided by the partner
institutes, and produced in cvclotrons oF reactors, will again
become possible.

Within the CERN-MEDICIS collaboration and the PRISM AP
Euwropean project, the list of isptopes will continue to be extended
according to the needs of the community. By gaining experience
during every vear of operation, progressively larger activities
will be produced and delivered to the research institute, With
the aim 1o achieve a sustainable production scheme, which is
among the goals of PRISMAF further evolution could take
place. This should be seen in the context of CERN upgrade
plans such as proton energy increases 1o 2 GeV oor higher
beam intensities that could further extend the present reach of
the facility.
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