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The radionuclide '52Tb, decaying by #* emission and electron capture to '52Gd with T,,, = 17.8784(95) h,
has been shown in its first-in-human use to be suitable for positron emission tomography (PET) imaging. As a
member of the terbium theragnostic quartet, this radionuclide has potential applications in personalised cancer
treatments. Sources of 2Tb were produced by proton-induced spallation of a tantalum target followed by
on-line mass separation at CERN-ISOLDE. The sources were delivered to ILL Grenoble, where gamma-gamma
coincidence spectroscopy of excited states populated in '>2Gd following the decay was carried out using the

Fission Product Prompt y-ray Spectrometer (FIPPS). Preliminary analysis has resulted in the identification
of multiple previously unreported excited states in 1>2Gd, thirteen of which are reported here at excitation
energies up to 3746 keV. Angular correlation analysis has been used to provide initial spin and parity
assignments to excited states. The result of the completed spectroscopy will be a revised gamma-ray and
p* dose to patients compared to the current expected values.

1. Introduction

Terbium-152 is a radionuclide with attractive properties for nuclear
medicine. Decaying from the J” = 2~ ground state by electron capture
and f* decay to 152Gd, 152Tb is suitable for positron emission tomogra-
phy (PET) imaging. The decay has T/, = 17.8784(95) h (Collins et al,,
2023) and Qpc = 3990(40) keV (Martin, 2013), and in-human trials
have shown good performance in PET imaging of prostate cancer and
neuroendocrine tumours in patients (Baum et al., 2017; Miiller et al.,
2019).

The terbium theragnostic quartet is a group of four terbium isotopes,
each having different decay properties and therefore different medical
uses. Comprising 49152155161 Th_ the quartet is a key avenue of research
in the field of theragnostics, combining diagnostics and therapy into a
unified treatment for cancer (Miiller et al., 2018). Due to the shared
chemical properties of isotopes of the same element, each member of
the quartet is compatible with the same targeting molecules that deliver
the radionuclide to the site of the tumour in the patient. This allows the
uptake of the radiopharmaceutical (composed of the targeting molecule
labelled with the radionuclide) to be measured using the imaging
isotope, guiding the subsequent application of the therapeutic isotope
using the same delivery vector. The treatment plan can therefore be

tuned to the requirements of each specific patient, making theragnostics
a personalised approach to cancer treatment (Gomes Marin et al.,
2020). It is the membership of this quartet that gives 152Tb its main
advantage over traditional PET isotopes.

Quantification of the radioactive dose received by patients depends
on accurate nuclear data, in particular the photon and charged particle
spectra emitted in the decay. A comprehensive level scheme detailing
gamma-ray energies and emission probabilities, as well as the beta
feeding into each level, are therefore valuable in determining the
patient dose.

The most recent evaluation of the nuclear data for the decay of
152Tb took place in 2013 (Martin, 2013), with the most recent pub-
lished study taking place in 2003 using a pair of high purity germa-
nium (HPGe) detectors to measure gamma-gamma coincidences (Adam
et al., 2003). The highest identified energy state populated in the 152Gd
daughter following the decay is at 3358 keV, more than 600 keV below
the Q. Furthermore, 248 out of the 635 transitions identified in this
study remain unplaced on the level scheme (Nichols, 2022). Further
excited states have been reported up to 3570 MeV in a 2014 PhD thesis
based on gamma-gamma coincidence analysis, but these results have
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Fig. 1. Preliminary efficiency curve for FIPPS, fit to peaks in the decay of a !52Eu
calibration source (black) using the coincidence counting method. Gamma rays emitted
in the decay of '>2Tb are shown in red for comparison.

not been confirmed in a peer-reviewed publication (Beller, 2014). A
level density calculation reports over 400 states in the range 3-4 MeV
that may be populated by allowed beta decays from 1>2Tb, suggesting
that many further levels remain undetected (Capote et al., 2009).

At present, the evaluated nuclear data are likely to be limited by
the pandemonium effect: the low efficiency of high-resolution gamma-
ray detectors at high energies limits the detection of gamma rays
depopulating high-energy excited states; in turn this limits knowledge
of the low-energy beta decays populating these excited states (Hardy
et al.,, 1977). As a consequence of the high density of states as the
excitation energy increases, this leads to a significant low-energy beta
emission component that is missing from the current evaluation of the
decay. This systematic error can be partially mitigated with the use of
higher efficiency detector arrays, supported by complementary exper-
imental techniques such as total absorption gamma-ray spectroscopy
(TAS) (Rubio et al., 2017).

Recent studies of similar p*-decaying medical isotopes have re-
vealed that decay schemes may be far more complex than previous
measurements indicate. The identification of further gamma rays and
energy levels has lead to significant shifts in beta decay strength
functions, and relative reductions in positron emission probabilities of
over 10% in some cases (Gula et al., 2020; Nichols, 2022). A revisited
spectroscopy of 152Tb with a higher efficiency array setup is likely
to result in a similar shift in the beta decay strength function, and a
subsequent revision of the beta dose.

2. Experiment

152Tb was produced at the ISOLDE facility at CERN, using a 1.4 GeV
proton beam incident on a tantalum target. The spallation products
diffuse out of the ~2000 °C hot target and into a ~2000 °C tantalum
ioniser. Cumulative 1°2Tb yields were significantly boosted by resonant
laser ionisation of the radioactive precursor 152Dy (Koster, 2002).
Following acceleration to 30 keV the ions were mass-separated by
deflection in a magnetic dipole, and the A = 152 ions were implanted
into a pair of Al foils for gamma—gamma spectroscopy as well as a
further metallised Mylar foil for electron-gamma spectroscopy. After
decay of 152Dy to 152Tb, the samples were delivered to ILL. The first
measurement began ~40 h after collection at CERN. By this time, the
small 1>2™Eu (T, /2 = 9.3116 h (Martin, 2013)) admixture had decayed
to < 1% relative to 152Tb (Collins et al., 2023). The activities of the
two Al-backed sources were approximately 1 x 10° Bq and 5 x 10° Bq
at a reference time of 12:00 EST on 3rd May 2023, the first day of
the experiment, estimated from the intensity of the 344-keV transition
measured in later runs.

Gamma-gamma coincidence spectroscopy of the pair of decaying
Al-backed sources was performed using the Fission Product Prompt
y-ray Spectrometer (FIPPS), an array of 64 HPGe detectors arranged
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into 16 clovers (Michelagnoli et al., 2018; Cieplicka-Oryniczak et al.,
2020). The clover configuration consists of four HPGe crystals encased
in a bismuth germanate (BGO) Compton suppression shield. Of the 64
detectors, 14 were excluded from the current data analysis due to signal
losses and distortions in the data. With this reduced configuration, the
absolute full-energy peak efficiency of the array has been estimated
to be approximately 9% at 344 keV using the coincidence counting
method applied to a '>2Eu calibration source (Collins et al., 2018).
The preliminary efficiency curve is shown in Fig. 1, with gamma
rays emitted in the decay of °2Tb shown for comparison. The final
efficiency curve will be extended to higher energies using Monte Carlo
simulations paired with previously known transitions in the decay of
152},

A parallel electron-gamma spectroscopy experiment was carried out
using the Mylar-backed third 152Tb source from the same ISOLDE
production run. Measurements were taken using the LOHENGRIN/PN1
conversion electron spectroscopy setup at ILL, consisting of an HPGe
clover paired with two lithium-drifted silicon (Si(Li)) detectors. Pre-
liminary results from this parallel experiment will be presented in a
subsequent paper (O’Sullivan et al., 2025).

3. Data analysis

Gamma-ray data were collected from FIPPS in singles mode, with
a 120 ns coincidence window applied in off-line analysis. A total of
seven days of data were collected between three source configurations:
each of the two sources separately, followed by both together. After
Compton suppression and HPGe clover detector addback, 9.6x10° single
events were collected from the higher activity source of the pair. Data
from the lower activity source and from the combined sources are still
being processed to correct for gain drift between and during runs. The
energy calibration was carried out using a 1>2Eu source, the - decay
of which shares the same '>2Gd daughter as °2Tb, combined with a
self-calibration using previously known transitions in the 152Tb decay
up to energies of 3479 keV.

Several contaminants have been identified in the singles spectra.
Runs at the beginning and end of the experimental period were ex-
amined to highlight those contaminants with lifetimes differing from
152Th, These consist of several isobaric (:*?™Eu, 152Eu) or near-isobaric
(151Tb, 152Tb, 153Gd) species, as well as quasi-isobars which form
molecules with M = 152 (133Ba, 33mBa, 134Ce/La), which may pass
through the mass separator. All contaminants detected have activities
less than 0.3% relative to the '>2Tb activity. The activities of these
contaminants, as well as upper limits on other possible undetected
contaminants seen in similar production runs, will be calculated once
the appropriate efficiency corrections have been established.

An energy-dependent time cut was applied to the gamma-gamma
coincidence matrix, narrowing the coincidence window width to 40 ns
for E, > 800 keV to select for only prompt coincident gamma rays. A
time random background was sampled using the same time gate offset
by 120 ns, and subtracted from the coincidence data to remove chance
coincident events. This resulted in 3.3 x 10° coincident events from the
higher activity of the two sources.

Gamma-gamma coincidence analysis was the primary method used
to identify and place transitions on the level scheme. Coincidence spec-
tra were produced by gating the coincidence matrix on a gamma-ray
peak and subtracting a Compton background. Gating “from below” was
used to investigate low-intensity gamma rays resulting from the decay
of high-energy states in the daughter nucleus, the most likely states
to have remained unidentified in previous studies. By gating on high-
intensity transitions depopulating low energy states in 152Gd, these
high-energy transitions can be revealed where they may otherwise
have too low an intensity to be clearly visible in the singles spectrum.
The placement of these transitions can be validated by reversing the
gating, and examining the other transitions that appear in the same
deexcitation cascade.
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Fig. 2. Spectra showing singles events collected from 48 h of measurement of the
higher activity source using FIPPS, on linear (top) and logarithmic (bottom) scales. The
Qpc value is marked at 3990 keV, along with the highest energy gamma ray placed
in the previous study (3140 keV) and the highest energy level previously identified
(3358 keV) (Martin, 2013). The two most intense gamma rays, at 344 keV and 271 keV,
are marked on the top spectrum.

Spins were assigned to energy levels using angular correlation anal-
ysis, made possible by the FIPPS array geometry (Knafla et al., 2022).
The detectors were considered clover-by-clover to increase the statistics
available at each data point, giving a total of six possible angles
between detector pairs. Since the array consists of two different HPGe
clover types, the FIPPS and IFIN clovers, three different detector pair-
ings are possible each with different corrections for the pair efficiency.
As a result three different angular correlation distributions are pro-
duced, with a simultaneous minimisation performed across the three
distributions to fit the overall angular correlation function for the
cascade.

4. Results

The preliminary spectra from the higher activity source indicate
many previously unidentified peaks in the decay. All excited state and
gamma-ray energies are reported to the nearest keV in these prelimi-
nary results. The singles spectrum in Fig. 2 marks the previous highest
energy identified transition at 3140 keV, with many further peaks
clearly visible at higher energies. The highest energy state identified
in evaluated data is also shown at 3358 keV, again with many peaks
visible above this energy. These support the suggestion of further
high-energy states populated in 152Gd following the decay of 152Tb,
previously unreported due to the limited efficiency of setups used in
previous experiments compared to FIPPS.

The presence of strong peaks close to the Qp value suggests a
comprehensive level scheme can be constructed from this dataset, espe-
cially with the use of gamma-gamma coincidence analysis to identify
low-intensity peaks. While the pandemonium effect still limits this
experiment in its ability to precisely measure the intensity of weak
transitions, the expanded level scheme will allow for complementary
techniques such as TAS to correct for this systematic error.

Preliminary gamma-gamma coincidence analysis primarily focused
on the 344-keV gate; this is the most intense gamma ray emitted in the
decay, and its decay directly to the ground state reduces the complexity
of the cascades seen in these spectra. Gates on the 344-keV 2t — 0%
and 271-keV 0t — 2% transitions are shown in Fig. 3. The singles
spectrum is also shown for comparison; the Q- value of 3990 keV is
marked, offset in each gate by the excitation energy of the depopulated
state (344 keV and 615 keV for the 344-keV and 271-keV transitions
respectively). Both gates show peaks close in energy to this upper
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Fig. 3. Spectra showing single events, and coincident events gated on the 344-keV and
271-keV transitions in 52Gd. These data were collected from 48 h of measurement of
the higher activity source using FIPPS. The Q. value is marked, with an offset in
each gate corresponding to the energy of the depopulated state (E; = 344 keV for the
344-keV transition, and E; = 615 keV for the 271-keV transition).
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Fig. 4. Spectra showing the coincidence gate placed on the 344-keV transition, with a
selection of prominent peaks labelled with transition energy in keV. K-shell x-rays and
the 511-keV annihilation peak are also marked on the spectra. Labels marked with an
asterisk are unplaced in evaluated data (Martin, 2013).

limit, with the lack of peaks seen above these limits demonstrating the
effectiveness of the Compton background subtraction and the prompt
time cut in limiting the presence of chance coincidences in the gates.
A more detailed view of the 344-keV coincidence gate is given in
Fig. 4, with a selection of 47 prominent peaks marked. Of the labelled
peaks nine are unplaced in the most recently evaluated decay data,
and their presence in these spectra indicate that these transitions occur
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Fig. 6. Spectra showing coincidence gates placed on the 3479-keV and 2909-keV
transitions.

as parts of various deexcitation cascades to the 344-keV level. By
examining which other coincidence gates these transitions appear in, as
well as reversing the gating where possible, the initial and final states
of each transition may be found.

High energy peaks observed in the 344-keV 2+ — 0% gate are likely
to decay directly to the 344-keV state, with no intermediate decay
channels available for transitions at energies greater than 3375-keV
(the energy difference between the Q. value and the 615-keV state).
Fig. 5 shows two previously unplaced high-energy transitions identified
in the 344-keV gate at 3401 keV and 3390 keV. The placement of these
transitions is verified by reversing the gating, showing only the 344-
keV transition and Gd K-shell x-rays (Ka; = 43 keV) visible in these
cascades. The origin of these gamma rays are previously unidentified
high-energy states at 3746 keV and 3735 keV respectively.

Further examples of gamma-gamma coincidence analysis are demon-
strated in Fig. 6, showing gates on the 3479-keV and 2909-keV gamma
rays. The 3479-keV gate shows no other gamma rays in coincidence
with this transition, only x-rays originating from the electron capture,
demonstrating that this transition is the result of the newly identified
3479-keV state decaying directly to the ground state. Both the 344-
keV and the 271-keV gamma rays are visible in the 2909-keV gate,
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Fig. 7. Angular correlation function produced by gating on the 344-keV and 778-keV
transitions in the '>2Eu calibration source, taken from 7 days of measurement with
FIPPS. Data points from each clover combination are shown, with FIPPS-FIPPS in red,
FIPPS-IFIN in blue, and IFIN-IFIN in green.

suggesting that this gamma ray populates the 615-keV state which
subsequently decays to the 344-keV state. This indicates that the origin
of the 2909-keV transition is the newly identified 3524-keV state.

Angular correlations are used to assign spins to energy states popu-
lated in the decay, based on the distribution of intensity of a coincident
pair of gamma rays with angle. Fig. 7 demonstrates this using the 152Eu
calibration source, which populates the same 1°2Gd daughter as 152Tb.
The normalised intensity of the 344-keV and 778-keV coincident pair
is shown at different angles, using the three possible clover pairings
to fit the overall angular correlation function W (). The resulting
distribution matches the expected shape for a cascade of this type:
spin/parity 3= — 2t - 0%.

Further possible angular correlation functions are illustrated in Fig.
8, taken from the decay of the 152Tb source. Each distribution matches
the expected shape, showing cascades of spin 0 - 2 - 0,4 - 2 - 0,
and 3 — 2 — 0 respectively.

The assignment of spin to a previously unreported state in 1°2Gd is
shown in Fig. 9. The known 2 — 2 — 0 cascade, consisting of the 1299-
keV and 344-keV transitions, is compared to the cascade depopulating
the newly identified 3567-keV state, consisting of the 3223-keV and
344-keV transitions. The function shapes match, suggesting a spin 2
assignment to the 3567-keV state.

Angular correlations alone are not sufficient to assign parity to
the state, although a negative parity is suggested from the E1/M2
multipolarity mixing that produces this function shape. While a 2~ spin
and parity is most probable, as allowed beta decays from the 152Tb
J* = 2~ ground state populate only negative parity states in 1°2Gd,
further evidence is required to support this assignment. The parity of
this state determines the multipolarity, and thereby the intensity, of
the transition to the J” = 0* ground state: a 2% to 0* transition must
have multipolarity E2, while a 2~ to 0t transition must have an M2
multipolarity. Since magnetic transitions have a much lower probability
than electric transitions of the same order, we would expect to see
this ground state transition prominently only in the case of a 2% state
decaying. As there is no transition observed at this energy, we can
assign a 2~ spin and parity to the 3567-keV state.

5. Discussion

The placement of transitions to five previously unreported states
have been demonstrated, including the spin and parity assignment of
the 3567-keV state. All five are at energies greater than any excited
state previously identified, with the 3745-keV state at almost 400 keV
above the previous maximum energy level. Intensities are not reported
for these gamma-ray transitions in the current work, but will be pre-
sented in a future publication when corrections for detector efficiency,
summation effects, and radioactive background have been finalised.
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The transitions reported here range in intensity from approximately
0.09% to 0.001% relative to the 344-keV transition, as measured in
the 344-keV coincidence gate by comparison to the 586-keV gamma
ray. The finalised intensities, calculated from measured peak areas in
the gamma-gamma coincidence spectra, will be vital in calculating the
feeding into and out of each level, and thereby the beta decay strength.

Nine prominent unplaced transitions are presented in coincidence
with the 344-keV gamma ray, some of which confirm unpublished iden-
tifications of high-energy states in 152Gd (Beller, 2014). In particular
the placements of the 3156-keV and 3159-keV transitions confirm those
proposed by Beller, with the 3401-keV, 3057-keV, 3043-keV, and 2620-
keV gamma rays also within 1 keV of similarly placed transitions given
in the thesis. Beller also reports transition energies to the nearest keV
and without intensities, and as such the continued analysis of these data
will further develop the results achieved in the 2014 study.

A further eight excited states are presented following coincidence
analysis of these nine transitions (see Fig. 10). This demonstrates that
gamma-gamma coincidence analysis of these data has potential to
confirm the existence and identify the position of many of the 248
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of energy levels identified in the 344-keV coincidence gate. Levels marked in red have
not been previously reported in published work, and transitions marked in red have
not been placed in evaluated data.

unplaced transitions noted in the evaluated data to the level scheme,
in addition to the identification of previously unidentified transitions
and excited states. The density of gamma rays seen in these spectra
support the suggestion that many further levels may be identified from
these data, representing a significant change to the beta decay strength
function and therefore the dose received by patients.

Electron-gamma measurements using the LOHENGRIN/PN1 con-
version electron spectrometer will further support the construction of
the level scheme by measuring EO transitions and internal conversion.
These represent further transition intensity that is invisible to HPGe de-
tectors, and is not present on gamma-ray spectra. Furthermore, electron
emission represents a significant contribution to the dose received by
patients due to the near-complete deposition of energy in the patient’s
body compared to gamma rays. Internal conversion coefficients can also
be used to infer the multipolarity of transitions, further supporting the
spin and parity assignments from gamma-gamma coincidence data.
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6. Conclusion

Thirteen newly identified excited states are reported in 152Gd, pop-
ulated following the decay of 152Tb. These are based on the new
placement of fourteen gamma-ray transitions following gamma-gamma
coincidence analysis. The spin and parity of one of these states has
been assigned following angular correlation analysis of gamma rays
emitted in the deexcitation cascade. Spectra are presented suggesting
the existence of many further unidentified states, the analyses of which
are in progress using the methods and data presented here. The addition
of further high-energy states to the level scheme of this decay will have
significant implications for the medical use of '>2Tb in PET imaging,
with the re-evaluated decay strength function to result in a revised
gamma-ray and g+ dose to patients.
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