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Abstract

Plain language summary

Background ??°Ac is one of the most promising short-lived radionuclides for application in
targeted alpha therapy (TaT). However, quantitative detection of ?**Ac and its daughter
radionuclides by y-spectroscopy has so far been unattainable. Achieving this would enable
precise organ dosimetry and better targeting of the therapeutic potential of the ?*Ac decay
series.

Methods In this study, an X-ray and y-spectrum of an ?**Ac sample (89 kBq) was recorded
with a Metallic Magnetic Calorimeter (MMC) detector over a wide energy range of 5 to
125keV.

Results Here, we show the feasibility of detecting y-lines of ?°Ac, #'Fr, 2'°Bi, and 2Tl with
ultra-high-resolution spectroscopy (FWHM of 23 eV @ 5.9 keV). By analyzing characteristic
X-ray fluorescence lines, it is also possible to distinguish 22'Fr, 2'"At, 2'°Bj, 2'*Po, and ?*Pb in
this sample. Additionally, particle induced X-ray emission from ?*Ac is found.
Conclusions To the best of our knowledge, this first MMC based X-ray and y-spectrum of
25Ac demonstrates the detector’s potential, as it enables the separate detection of most
nuclides in the ?*Ac decay chain (all except ?*'Ra and *'"Rn) with high sensitivity, excellent
energy resolution, and precise energy calibration, paving the way for key technological
advancements in research and clinical applications in nuclear medicine.

Targeted alpha therapy (TaT) is a promising treatment method in which  alpha  decay

releases

2°Ac is a radioactive material. It releases tiny
high-energy particles that can destroy cancer
cells very precisely, and because of that, it can
be used for a cancer treatment called “targeted
alpha therapy.” During targeted alpha therapy,
25A¢ can decay into various other products
that can distribute throughout the body and
cause side effects. It is important to be able to
differentiate these decay products from the
intended ?*Ac, but current methods can only
detect two of the many **Ac decay products.
In this study, we analyzed ***Ac using a special
measurement device so called “Metallic Mag-
netic Calorimeters.” Using this method allows
us to identify **Ac and more decay products
than previously reported, and therefore further
allows us to track the products of the main
decay chain of ?°Ac. Continued work in this
area could support future research and
improve medical uses of **°Ac.

large amounts of energy over short

highly energetic alpha particles are selectively delivered to cancer cells,
destroying them while minimizing damage to healthy surrounding tissues in
the tumor environment'. The most promising candidates for therapeutic
application in TaT currently include **Ac, **’Ra, *’Th, or **Bi*. The mass of
an alpha particle is ~8000 times higher than the mass of a beta particle, and

distances of 50-100 um. Due to the high linear energy transfer (LET ~
100 keV/um), a more specific destruction of tumor cells is possible”.

**Ac has a half-life of 9.9 days and decays via a-emission in more than
99% of cases. Its decay chain, which contains four successive alpha decays, is
shown in Fig. 1. Although **Ac is currently the most promising candidate
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Fig. 1 | Decay chain of **Ac and its daughter

radionuclides, including four subsequent a- Ac-225 |a-decay| Fr-221 |a-decay| At-217 |o-decay a-decay
— . 221 —f — — —l
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ZZIRa, 217At, 217Rn, ZnBi, 213P0’ ZOQTL 209Pb) and 209Bi
(blue: B -decay; yellow: a-decay).
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for TaT, there are still limitations. A chelator complexes the radionuclide in
a radiopharmaceutical and thereby enables its targeted delivery. However,
during decay, the daughter nuclides such as **'Fr have altered chemical
bonding interaction, suboptimal chelation and hence liberation of the
radiometal ion. Further, the energy released and the recoil effects during the
alpha decay can break the chemical bonds. Thus, the liberated radionuclide
can migrate to undesired locations in various organs, resulting in a sig-
nificant dose burden to healthy organs and tissues. To understand the
behavior of all free radionuclides in the body, both quantitative and quali-
tative detection of **Ac and all its daughter radionuclides is desirable.

This information is essential for determining radionuclide dis-
tribution and doses to organs and tissues, which are the prerequisite for
adequate treatment planning and the determination of the patient-
specific optimal amount of activity for treatment. This is mandatory in
order to maximize the dose applied to the tumor while limiting toxicity to
organs that should be spared.

Understanding radionuclide distribution may help to design more
efficient ways to deliver or retain these radionuclides. State-of-the-art
methods for visualizing the distribution of radionuclides include Posi-
tron Emission Tomography (PET), which detects the gamma rays of the
positron B*p -annihilation of 511 keV, enabling detection of positron-
emitting nuclides. Additionally, Single-Photon Emission Computed
Tomography (SPECT) detects strong y-lines in a high energy range and is
therefore applicable to broader range of radionuclides. However, with the
current SPECT detection methods, only **'Fr and *"’Bi are imageable in
the **Ac decay chain since they emit y-rays with suitably high energies
and substantial emission probability (218keV with I=11.4% and
440 keV with I =25.9%). Even this is challenging because the quantities
used for TaT are small, making SPECT difficult to perform. Moreover,
the detectors, mostly sodium iodide (NaI) and cesium iodide (CsI)
thallium-doped scintillators’, applied in SPECT suffer from low energy
resolution. This results in a broad main peak at about 78 keV, in an **Ac
spectrum, which effectively consists of different y-lines of *Ac and the
various daughter radionuclides (**'Fr and *"’Bi)*. In addition to the low
energy resolution, the spatial resolution is limited by the aperture size of
the collimator to a few millimeters’.

In comparison to Nal scintillation detectors’ used in SPECT a High
Purity Germanium (HPGe) detector has a higher energy resolution of about
0.5keV @ 5.9keV and 0.75 keV @ 122 keV*™. A disadvantage is the limited
efficiency (<10%)™". In the energy range below 100 keV*, peaks overlap,
resulting in peaks that merge into a large background. Additionally, pileup,
where multiple y-photon events occur too close together for the system to
distinguish, lead to overlapping signals that increase the apparent back-
ground as well and distort the energy spectrum. This can result in spurious
counts and reduced energy resolution'’, leading to an inability to

differentiate y-lines from different radionuclides like *"’Bi, **'Fr and **Ac in
the low-energy region (<100 keV)">".

An even better energy resolution of ~125 eV @ 5.9 keV MnK, line is
achieved by Silicon Drift Detectors (SDDs)'. The incident radiation leads to
ionization processes; the resulting high-energy photoelectrons cause a cas-
cade of ionization events, generating electron-hole pairs. The intensity of
the generated current pulse is proportional to the energy of the incident y or
X-ray radiation. The potential distribution is created by surface electrodes
and bias voltages to small collecting anode’”. However, the energy range is
typically limited to below 20-30 keV'.

The energy resolution of detectors that use Metallic Magnetic Calori-
meter (MMC) surpasses that of all previously mentioned technologies. An
energy resolution of 10 eV Full Width at Half Maximum (FWHM) has been
demonstrated at the 60 keV y-line of an **' Am source'”"*. A single MMC
consists of a paramagnetic temperature sensor and a particle absorber in
close thermal contact, which are together weakly connected to a thermal
bath at 20 mK. When energy is deposited by an incident y- or X-ray, the
temperature of the calorimeter increases and the temperature-dependent
magnetization of the sensor changes. The resulting change in magnetization
of the sensor, which is located in a small magnetic field, changes. This can be
precisely measured using a highly sensitive Superconducting Quantum
Interference Device (SQUID) magnetometer.

In this study, an 89 kBq *Ac sample is investigated, to the best of
our knowledge, for the first time with an MMC-based detector"™". For
this purpose, calibration recordings are carried out and a suitable method
for analyzing the data is developed. In addition to the already possible
visualization of y-lines of **'Fr and *"’Bi with previously used detectors,
this study clearly identifies **Ac and **Tl in the spectrum. Characteristic
X-rays of *'Fr, ?At, *"Bi, *’Po, and **Pb are also observed in the
experimental data. This is, to the best of our knowledge, a first step
towards qualitative and quantitative detection of all radionuclides of the
decay chain of **Ac, which is highly desirable for its application in
nuclear medicine.

Methods

A X-ray and y-spectrum of an **Ac sample and in addition spectra of *°Fe,
Ba, and **' Am sources were measured and analyzed. An MMC detector
was applied for the recordings'”.

Material and set-up

The **Ac stock was obtained from Solumedics (Obernetfelden, Switzerland),
containing pure *’AcCl; The stock solution (89kBq) was filled in an
Eppendorf tube, sealed with Epoxy and placed into a second sealed Eppendorf
tube as a second containment (photo of set-up in Fig. S1). To obtain the
ultra-high-resolution spectrum, the **Ac sample, which was in secular
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equilibrium with its daughter radionuclides, was placed at a distance of ~8 cm
in front of the MMC detector (with a gold absorber with an area of 16 mm>
thickness: 20 um) for a period of 48.1 h. Figure S2 shows the activity profiles of
the sample. The detector was located in a side arm of a dilution refrigerator.
Additionally, a **Fe source was present to identify gain drifts of the detector.
For comparison, an SDD (Amptek, FAST SDD®, 70 mm? active area, 12.5 pm
Be-window, Bedford) was placed at a distance of a few cm from the sample and
collected data for 4 h. For calibration, spectra of *Fe, *’Ba, and **' Am were
measured for 32 h, of which 10 h were before and 21 h were after the **Ac
detection. A spectrum with a pure **Fe sample was recorded for 9 h to exclude
any potential influence of the **Fe source during the “*Ac recording,

Analysis of data
The acquired signal traces from the detector were saved with a data
acquisition software (PAQS™). The saved traces were fitted based on a
whitened matched filter, pileup- and y’-filtered, corrected for temperature
and gain drifts, and energy calibrated with a development version of
a Python library (fitfiles)”. The **Ac spectrum is energy calibrated with the
eight most prominent lines from the calibration sources from 5.9 to 81 keV
(MnK,, MnKg, NpLg;, AmL,,, CsKg,, CsKyy, Amyy, Bay). The spectral
analysis was performed with Origin. By comparing the three spectra, the
**Fe y-lines from the calibration data were subtracted from the recorded
*®Ac, *Fe spectrum. The theoretical y-lines and their transition prob-
abilities for **Ac and its daughter radionuclides (**'Fr, *"Rn, *"7At, *"Po,
2pg, 23Bj, 21'Bi, 2°T1, 2Tl and **Pb) were obtained from a radionuclide
database (radionuclide converter, JEFF-3.1, Nucleonica)***.

The theoretical efficiency of the MMC was calculated in the range of
10-125 keV based on the absorber thickness of 20 um*". Figure S3 shows this
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Fig. 2 | Energy resolution comparison between SDD and MMC detector recorded
spectra. The spectra of the **Fe, ** Ac sample recorded with an SDD (orange) and an
MMC detector (black) demonstrate a significant difference in energy resolution. The
FWHM at 5.9 keV is ~125 eV for the SDD, compared to 23 eV for the MMC.
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efficiency curve. The theoretical y-spectrum was compared with the
detected histogram, and the individual y-lines were assigned to their
respective radioisotopes. Additionally, the energies of the Ly, and Lg,
characteristic X-ray fluorescence lines of **Ac and its daughter radio-
nuclides were determined, taking into account their emission probabilities,
using the Hephaestus program within the Demeter suite’” and PyMca™, a
collection of Python tools. This methodology enabled the assignement of
peaks in the experimental spectra.

Statistics and reproducibility

During the detection of the 89kBq ***Ac sample with the MMC
array, a total of 470,000 events was collected over a period of 48 h. In
order to verify reproducibility, the spectra were compared at different
measurement times to reveal statistical deviations. The spectra show
no differences in the positions of signals at different measurement
times. In addition, the signal-to-noise ratio is sufficient for all eval-
uated peaks in all energy ranges.

Results
Energy resolution of the MMC-based detector
First, the energy resolution of the MMC detector is investigated. For this
purpose, a spectrum of the *Fe** Ac sample recorded with an SDD (orange) is
compared with a spectrum measured using the MMC detector (black) (Fig. 2).
Despite the SDD having much better energy resolution than a standard
y-counter and its peak FWHM being one order of magnitude smaller than
that of HPGe detectors’, a clear improvement in resolution is observed in the
MMC spectrum. An illustrative comparison can be made in the energy
range between 11.6 and 12.3 keV. Here, the SDD shows only one, whereas
the MMC detector reveals two distinct features at 11.9 keV and 12.0 keV,
separated by 30 eV (Fig. S4). Additionally, in the energy range between
14 keV and 15 keV (Fig. S5), two overlapping peaks are observed with the
SDD, whereas the MMC detector clearly resolves four distinct peaks at 14.3,
14.5, 14.8, and 15.0 keV. This clearly illustrates the superior energy reso-
lution of the MMC detector compared to the SDD, allowing precise attri-
bution of intensities at specific energy positions to **Ac and its daughter
radionuclides. In this experiment, the individual MMC pixels have a median
FWHM energy resolution of 23 eV @ 6 keV and 61 eV @ 60 keV with an
individual calibration uncertainty of about 1 eV.

Calibration of the MMC detector

To be able to correct for time-dependent gain drifts of the detector response,
the recording of a **Fe source with its well-known lines is taken alongside the
*®Ac sample. Additionally, a spectrum of *Fe’*' Am'*’Ba is recorded with
the MMC detector to calibrate the **Ac and **Fe spectra and identify the
**Fe peaks. Figure 3, panel (a) shows an overview histogram of the total
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Fig. 3 | Energy calibration spectra using several radionuclides. Recorded y- and X-ray spectra of ***Ac, *Fe sample (black), **Fe, **' Am, and '*’Ba sample (green) and **Fe as

calibration data (pink) in energy regions of 0-200 keV (a) and 5-17 keV (b).
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Fig. 4 | y-and X-ray spectrum of **Ac and its daughter nuclides. Recorded y- and
X-ray spectra of **Ac sample (black, left y-axis) and theoretically calculated y- and
X-ray spectra of **Ac and its dautghter nuclides (Nucleonica®**’, Hephaestus”**)

with the efficiency of MMC detectors being taken into account (colored, right y-
axis) (binsize:70 eV). The K,-X-rays of the respective isotopes are marked with
arrows.

counts in the range 0-200 keV, while panel (b) is a close-up of the energy
region between 5 and 17 keV.

The energy peaks of the calibration sample are observed in the low-
energy region, with the most intense peak at 5.89 keV. No significant signals
from *°Fe are detected above 7 keV; therefore, all signals above this energy
can be attributed to **Ac and its daughter radionuclides. Figures $6-S12
show the experimental MMC spectrum of **Ac and **Fe across different
energy regions.

Detected isotopes of ?*Ac and its daughter radionuclides

It is possible to assign gamma-lines of *’Ac and its daughters to specific
signals using information from the calibration procedure and simulated
spectrum of a 89 kBq **Ac sample (radionuclide converter, JEFF-3.1,
Nucleonica)”. This simulated spectrum is then corrected by the calculated
efficiency of the MMC detectors and is visible as colored bars together with
the recorded sample spectrum in the energy region of E=70-125keV in
Fig. 4. The comparison is in logarithmic scale is plotted in Fig S13. The
experimental spectrum is well-defined, shows minimal overlap of individual
signals and has a low background. The theoretically predicted data matches
the detected signals not only in energy positions but also in the relative
intensities of the peaks as shown in Fig. 4. In Table 1 the significant peak are
compared with theoretical data. As a result, in this energy range (E = 70-
125 keV), the individually separated signals can be clearly assigned to the
decay of the following radioisotopes: **Ac, *'Fr, *"Bi, and **Tl. Their
y-lines and X-rays are fairly intense and appear as isolated signals. **Ac
provides a distinct signal pattern, including several lines and therefore a
fingerprint in the spectrum. Attention: K,-X-rays from **'Fr occur during
the decay of *’Ac to **'Fr and are therefore characteristic signals for acti-
nium presence. Of particular note are the two K,-lines at 79.29 keV and at
78.95 keV, which occur during the decay of **Bi and **'Fr, which are
resolved separately despite the small energy difference (AE < 0.5keV). In
addition, several characteristic peaks of *’Ac can be resolved within the
energy region around 100 keV, as well as individual sharp peaks that stand
out prominently for the decay of **'Fr (81.52 keV) and *"’Bi (76.86 ke V). The
signal of *”Tl at 117.2 keV can be identified as characteristic for the detec-
tion of **Ac. The relative intensity ratio of experimental and calculated
spectra is also of the same order of magnitude. However, there is still room
for improvement with regards to the detector efficiency calculation, as the
theoretical intensities in the energy range of 70-80 keV are lower than those
determined experimentally.

There are several reports of **Ac spectra examined with different types
of detectors; for example a Nal detector was applied by Usmani et al.". In
comparison to our spectrum, the authors recorded a much higher back-
ground which makes weak peaks indifferentiable. Furthermore, due to low

energy resolution and low sensitivity in the low energy region, no individual
signals could be assigned to **Ac and its daughters. Instead, they show three
broad main peaks (78, 218, and 440 keV) which include several y-lines of all
radionuclide daughters of *’Ac. In comparison to a Nal detector, a Can-
berra high-resolution y-spectrometer based on an HPGe detector achieves
an energy resolution of 1.5keV. This type of detector was applied by
Apostolidis et al.”. However, the signals at E < 100keV were still over-
lapping in comparison to the detected spectra using the MMC detectors in
our study. Bertuccio et al. reached an energy resolution of 124 eV @ 5.9 keV
(*°Fe line) with an SDD. However, up to now no **’Ac spectra are recorded,
possibly because the accessible energy range is relatively limited” and the
detectable nuclides are restricted. The MMC detectors offer a high energy
resolution across a very broad energy range. As a result, it is possible to
obtain sharp signals of *’Ac and to detect additional daughter nuclides
beyond **'Fr and *"*Bi, even below 100 keV. In particular, intensities of **Ac,
'Fr, *PBi, and **T1 are assignable and can therefore clearly be detected.

The high energy resolution (FWHM 23eV @ 59keV) and the
comparison of the recorded spectrum with the theoretical spectrum of
*®Ac and its daughter radionuclides enables the clear assignment of
radionuclides to spectral signals. In Fig. 3 a substantial portion of the
detected signals in the low energy region can be assigned to *Fe. Other
signals, such as those at 11.1 and 11.4 keV, are also detected, which do not
corespond to **Fe.

The spectrum in Fig. 5 shows the experimental spectrum of the **Ac
sample in the energy range of 9.5keV to 17.5 keV (in Fig. S14, comparison
on a logarithmic scale). In this energy region, no y-lines of *’Ac and its
daughter radionuclides are expected. However, several features are detected
in this energy area. These are due to emission of characteristic X-rays from
the different daughter nuclides of **Ac. The decay leaves the atom in an
excited state. To reach a ground state it—amongst others—emits char-
acteristic fluorescence. The L, emission of **Ac and its daughters is located
in the energy range from 10.3 to 12.6 keV, while the Ly X-ray emission lines
are found between 12.21 and 15.71 keV. Their theoretical values are plotted
in different colors in Fig. 5"**. The theoretical intensities are scaled by the
activity of the nuclide as well as a factor of 7 for Ac, 5.5 for Bi, 20 for Pb and
Po, 500 for Fr, and 80 for At, to match the highest experimentally observed
peak. In particular, the radionuclides *'Fr, *"7At, **’Bi, **Po, and **Pb
exhibit characteristic X-ray emission peaks at the energy positions detected
by the MMC detector. This clear assignment holds the promise of future
quantification of additional nuclides in the decay chain. L,- and Lg- signals
from the undecayed ***Ac mother nuclide are also potentially recognizable
but fairly weak. This may be explained by the effect of Particle Induced X-ray
Emission (PIXE) or, less probable, because of gamma-induced L-edge
excitation by weak gamma emission lines over the entire decay chain. PIXE
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Table 1 | Comparison of significant peaks for X-Ray and y-spectra of 2°Ac determined with MMC detector experimentally and

theoretical data from Nucleonica, Hephaestus and PyMca

24,27-29,37

Experimental MMC Data Theoretical Data

Experimental MMC Spectra Theoretical Data

Peak Energy Error Peak Energy Error [keV] Peak Energy Error Peak Energy Error [keV]
Name Position [keV] Name Position Name Position [keV] Name Position
[keV] [keV] [keV] [keV]

218 po 9.655 0.002 218 po 9.658 0.0075%7 209 ppy 72.82 0.018 2097 72.804 0.001%%%
27 A 9.9 0.002 217 At 9.897 0.0012%%7 25 Ac 73.87 0.003 25 Ac 73.86 0.02%
21 Fy 10.383 0.001 21 Fr 10.381 0.002%%?7 209 ppy 74.98 0.006 209 74.969 0.001%%%
209 ppy 10.551 0.001 209 ppy 10.551 0.0012%27 218 po 76.86 0.004 218 gj 76.862 0.002%%%
218 Bj 10.842 0.003 218 gj 10.839 0.001%%" 27 Ap* 78.95 0.004 21 Fr 78.95 0.003%%7
213 po 11.017 0.001 218 pg 11.016 0.001%%" 218 po 79.29 0.005 213 gj 79.29 0.001257
213 po 11.133 0.0005 218 po 11.13 0.001%#" 217 A 81.51 0.003 21 Fr 81.52 0.001%%7
7 AL 11.309 0.0004 217 At 11.306 0.001%%%7 21 Frx 83.22 0.004 25 Ac 83.23 0.001%%%7
A7 AL 11.428 0.0005 217 At 11.426 0.001%27 2097] 85.21 0.029 2097 84.936 0.001
21 Fr 11.900 0.0006 21 Fr 11.896 0.0012%%7 21 Frx 86.10 0.003 25 Ac 86.10 0.001%%%7
21 Fr 12.033 0.0005 21 Fr 12.031 0.0012%%7 25 A 87.42 0.004 25 Ac 87.41 0.02%
2% pp 12.619 0.002 209 ppy 12.6144 0.0012%%7 218 po 89.24 0.011 218 Bj 89.25 0.005%%%
21 Fy 13.255 0.0008 21 Fr 13.255 0.0012%%7 218 po 89.79 0.004 28 Bj 89.8 0.004%5%
218 po 13.341 0.002 218 pg 13.341 0.014%%27 21 Fr 91.71 0.003 21 Fr 91.72 0.001
218 po 13.446 0.0001 218 pg 13.443 0.003%?" 21 Fr 92.3 0.005 21 Fr 92.3 0.0112%%7
27 At 13.709 0.0004 217 A 13.708 0.013%#" 21 Fr/ 94.86 0.008 21 Fr 94.9 0.02%

25 Ac
27 A 13.877 0.0002 27 At 13.875 0.001%#" 21 Frx 96.79 0.007 25 A 96.81 0.005%%7
7 AL 14.077 0.001 217 At 14.073 0.006%%" 21 Fpx 97.45 0.005 25 Ac 97.47 0.001257
27 A 14.178 0.002 27 A 14.166 0.008%%" 25 Ac 99.59 0.010 25 A 99.65 0.004%
21 Fr 14.319 0.0006 21 Fr 14.319 0.007°%%" 25 A 99.86 0.004 25 Ac 99.9 0.004*
21 Fr 14.460 0.0005 21 Fr 14.458 0.015%%%" 25 pc/ 100.2 0.013 25 pc/ 100.9/100.25  0.03*

21 Fr 21 Fr
21 Fr 14.771 0.0003 21 Fr 14.770 0.001%27 25 Ac 108.31 0.008 25 Ac 108.4 0.02%
21 Fr 14.976 0.0004 21 Fr 14.978 0.008%%%7 25 A 111.42 0.014 25 Ac 111.53 0.02%
218 po 15.743 0.0006 218 po 15.742 0.002%%%7 2097 117.11 0.010 2097 117.2 0.001
27 A 16.249 0.001 217 At 16.249 0.003%%%7
221 Fy/ 16.743 0.0008 0.022%527
27 At
21 Fr 17.303 0.0004 21 Fr 17.302 0.002%%%7

Stars (*) describe K,-X-rays from the respective isotopes.

describes a process in which high-energy charged particles, such as alpha
particles, with an energy of several MeV induce X-ray emissions in sur-
rounding atoms. Usually this is observed when alpha particles from, for
example, a **'Cm source irradiates the material to be analyzed™’'. PIXE can
be an explanation for the appearance of unexpected X-ray lines of unde-
cayed actinium in the MMC spectrum (12.65 and 15.71 keV). Previous
PIXE spectra mainly describe this phenomenon for light elements like
magnesium, aluminum and silicon by irradiation with 3-5MeV energy
helium ion beams produced by *°Po or **Cm sources’'. Heirwegh et al.”
and Cureatz et al.”' investigate Mg, Al and Si samples, while Pogrebnjak
et al.”’ treats Fe, Cu and Zn samples. According to Konya et al.*, trace
concentrations of elements from atomic number 13 onward can be detected.
For K-lines, the most sensitive range is 20 <Z<35 and for L-lines
75 < Z < 85", rationalizing the potential detection of L,- and Lg-lines for Ac
(Z=89) in our spectrum. Kurosawa et al. propose that elements from
sodium (Z = 11) can be detected with PIXE at a few ppm per sample (Ryan
et al.)”. Keizo Ishii et al., describe possible PIXE analysis from sodium up to
uranium (Z = 92) at an energy resolution of 220 eV™".

The existing PIXE recordings are limited by their detector technologies
due to limitations in detector efficiency, low energy resolution and self-
absorption in the sample. By combining improved detector efficiency and
energy resolution in a broad energy range, MMC detectors may access PIXE
experiments beyond the previous boundaries. The PIXE effect has been
investigated in the past, but primarily for lighter elements than the **Ac
investigated in this work due to limited detector technologies. Therefore,
finding of the PIXE effect within the **Ac sample seems at least plausible.

Discussion

This study demonstrates the remarkable capabilities of using an MMC
detector to record **Ac and daughters’ X-ray and y-spectra in a wide energy
range of 5-120 keV with high energy resolution, sensitivity, and precise
calibration, highlighting its potential to significantly advance both the
analysis and detection of these radionuclides. The ultra-high energy reso-
lution of the MMC detector yields a well defined **Ac spectrum (FWHM
23 eV @5.9keV and 61 eV @ 60 keV), revealing more lines than previously
published spectra. Individual y- and X-ray-lines occurring during decay of
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Fig. 5 | X-ray spectrum of **Ac and its daughter nuclides. Recorded spectra of **Ac sample ((MMC) black, left y-axis) and theoretical X-rays of **Ac and its daughters

(colored, right y-axis (Hephaestus and PyMca*"*")) are plotted (binsize: 10 eV).

**Ac, *'Fr, *’Bi, and *®TI are clearly resolved. Their relative intensities
match theoretical predictions and provide a basis for future precise quan-
titative analysis. Therefore, the high resolution in lower energy ranges
provides a level of detail previously unattainable. Moreover, the MMC
detector enables access to additional phenomena, such as possible a-
induced X-ray emissions from non-decayed ***Ac, as well as characteristic
X-ray emissions from the daughter nuclides **'Fr, *At, *”Bi, *"*Po, and
*®Pb in the energy range from 10.55 to 14.77 keV. In total, due to the ultra-
high energy resolution, the peaks in the detected spectrum can be assigned to
B Ac, ?'Fr, *Bi, *T1,>V At, *Po, and *Pb. This represents the entire decay
chain except for **'Ra and *"’Rn. This is, however, not surprising due to the
low decay probabilities and half-lives of **'Ra and *’Rn which are -as a
result- negligibly present in daughter nuclide mixtures.

With the demonstration that individual nuclides in the secular
equilibrium of **Ac with its daughters can be reliably characterised with
the MMCs high energy resolution, the application in quality assurance of
radionuclide and radiopharmaceutical production is evident. Addition-
ally, this selectivity is the foundation for potential in vivo imaging. Pre-
viously, various surrogates such as ®Ga, ¥Zr, ’Lu, '**Tb, '*’La, and **La
were proposed for the purpose of enabling **Ac imaging and dose dis-
tribution determination” . Due to chemical differences between these
surrogates and **Ac, all of these surrogate imaging methods can only to
some extend be used for the dose estimation. Also daughter nuclides
cannot be surrogated with these methods. In addition, previous methods
cannot take into account the phenomenon of **Ac being liberated from
the chelator of the radiopharmaceutical, which leads to a falsification of
the dose values®.

Before direct **Ac imaging without surrogates for in vivo applications
can be realized, further investigation of the absorption of X-rays in tissues is
needed. These absorption processes depend on the patient’s mass, the
location of the radionuclide in the body, and the energy of the photons.
Medical physics calculations are required before quantification of individual
radionuclides in in vivo experiments is possible. To obtain a rough estimate,
a simplified mouse model can be considered. Mice consist of ~70% water"'
and photon absorption in water varies with energy. Low-energy X-ray
transmission through 1 mm and 10 mm of water is plotted against photon
energy in Fig. S15 and Fig. S16. In the low-energy X-ray region around
14keV (Fig. 5), transmissions of 82% (1 mm) and 13% (10 mm) are
observed. Signals above background levels remain detectable, and absorp-
tion can be corrected for. Thus, for tissue sections 2-5 um thick, entire
organs, and potentially tumor tissue in mice, imaging using this region is
possible. Bone and organ densities can reach up to 1.5 g/cm?®, with corre-
sponding absorption shown in Fig. S17 and Fig. S18. Beyond the centimeter
scale, transmission decreases significantly for the low-energy X-rays. While
this can be partially offset by improved detector sensitivity, it remains a
limiting factor. However, this limitation loses significance for photons with

energies of 70 keV and above. This corresponds to the second energy region
(Fig. 4) investigated in this paper which achieve transmissions of 14% or
more even through 100 mm of water. It has very recently been shown that
photons in the 78 keV energy range can make important contributions to
dosimetry of **'Fr and *"’Bi in patients**. Future investigations will deter-
mine which energy regions in the spectrum are particularly useful for which
application.

For future work, we propose the development of a detector for y-
and X-ray spectroscopy up to 120keV or higher, optimized for
applications in medical physics. Such a detector will feature thicker
absorbers of ~100- 200 um. To maintain the, to the best of our
knowledge, unprecedented energy resolution, the lateral size of the
absorbers can be reduced accordingly, because the energy resolution
is roughly proportional to the square root of the volume of the
absorber. This would additionally lead to higher pixel density and
thus higher spatial resolution. Furthermore, improved statistics from
longer measurements can easily enhance the energy calibration and
spectral analysis. Another direction of MMC detector developments
could lead to ultra-high energy resolution, enabling the detection of
chemical shifts. From these, it will be possible to infer chemical
information about the changes in the speciation of the daughter
nuclides due to bond breakage or cellular interaction. This cannot be
obtained with any of the currently available detector technologies.
Additionally, employing collimator optics in vivo will facilitate high
spatial resolution, enhancing the precision and accuracy of in vivo
experiments. The well-resolved spectra allow the easy detection and
quantification of impurities and will further improve the reliability
and quality of radiation-based experiments and treatments. With
ongoing development, the MMC detectors can become invaluable
tools for advancing both basic research and clinical applications in
nuclear medicine and radiopharmaceuticals while advancing
personalized TaT.

To conclude, using MMC detectors with high energy resolution sig-
nificantly improves the identification of y and X-ray emissions from **Ac
and its daughter radionuclides, even in regions where weak signals are
typically difficult to differentiate. The results highlight the capability of these
detectors to resolve complex spectra, including characteristic fluorescence
arising from the PIXE effect, offering precise characterization of radioactive
materials. The results presented in this study form the basis for further work
and show that this approach to distinguish individual nuclides using the
high-energy resolution detector technology employed is fundamentally
feasible.

Data availability
Original experimental data of this study are available through Zenodo
https://doi.org/10.5281/zenodo.17795035%.
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Code availability
The code used for this study is released under the CC BY license and can be
obtained through Zenodo https://doi.org/10.5281/zenodo.17795035>.
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