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1. Abstract

The Nuclear Chemistry Group develops production technologies of useful radioisotopes (RIs) at RIKEN RI Beam Factory (RIBF)
and applies them in the research fields of physics, chemistry, biology, engineering, medicine, pharmaceutical and environmental
sciences. The purified 657n, 7Cu, 8Sr, 8Y, 19°Cd, and *°Ce are delivered to universities, institutes, and companies through Japan
Radioisotope Association. We also develop new technologies of mass spectrometry for the trace-element analyses using accelerator
techniques and apply them to the research fields such as cosmochemistry, environmental science, archaeology, and so on. We perform
various isotopic analyses on the elements such as S, Pd, and Pb using ICP-MS, TIMS, and IRMS. We also develop radioactive targets
and sources for nuclear physics experiments and ion-source materials such as 2¥U0, and **CaO for ECR ion sources of the heavy-ion
accelerators at RIBF.

2. Major Research Subjects
(1) Research and development of RI production technologies at RIBF
(2) RI application research
(3) Development of trace element analyses using accelerator techniques and their applications to geoscience and archaeological
research fields
(4) Development of radioactive targets and sources for nuclear physics experiments and ion-source materials for ECR ion sources
of the heavy-ion accelerators at RIBF

3. Summary of Research Activity
(1) Research and development of RI production technologies at RIBF and RI application research

Due to its high sensitivity, the radioactive tracer technique has been successfully applied for investigations of the behavior of
elements in the fields of chemistry, biology, engineering, medicine, pharmaceutical and environmental sciences. We have been de-
veloping production technologies of useful radioisotopes (RIs) at RIBF and conducting their application studies in collaboration with
many researchers in various fields. With 30-MeV proton, 24-MeV deuteron, 50-MeV alpha, and 70-MeV 7Li beams from the AVF
cyclotron, we presently produce about 100 RIs from ’Be to 2°Np. Among them, Zn, ¢’Cu, % Sr, Y, '%°Cd, and *°Ce are delivered
to Japan Radioisotope Association for fee-based distribution to the general public in Japan. Our Rls are also distributed to researchers
under the Supply Platform of Short-lived Radioisotopes for Fundamental Research (FY2016-2027) and the Radioisotope Collaborative
Interdisciplinary Development Platform (FY2023-2032) supported by MEXT. On the other hand, RIs of a large number of elements
are simultaneously produced from metallic targets such as "'Ti, "™ Ag, "'Hf, 197 Au, and 232Th irradiated with a 135 MeV/nucleon “N
beam from the RIKEN Ring Cyclotron. These multitracers are also supplied to universities and institutes as collaborative research.

In 2024, we developed production technologies of Rls such as "Be, 28Mg, 48y 103pq 18T 155ThH 1957y, 211A¢ 212pp, 224Rg,
225 Ac, 22°Pa, and 2*°Np which were strongly demanded but lack supply sources in Japan. We also investigated the excitation func-
tions for the 7 Al(’Li, x), ¥3Sc(a, x), " V("Li, x), "Fe(’Li, x), "*Cu(a, x), **Nb(a, x), '*Rh(e, x), "Sn(a, x), ""Ce(a, x), ' Ho(a, x),
natpy(q, x) reactions to effectively and quantitatively produce useful RIs. We used radiotracers of "Be, ¥V, 18Te, 153Tb, 1% Au, 2! At,
212pp, 224Ra, and 2*’Pa for application studies in chemistry, ¢’Cu, '8Te, 2! At and ?*° Ac in nuclear medicine, and '3Te, 1°Yb and
195 Au in engineering. We also produced Zn, $3Sr, and '%°Cd for our scientific research on a regular schedule and supplied the sur-
pluses through Japan Radioisotope Association to the general public. In 2024, we accepted 6 orders of Zn with a total activity of
26.4 MBq, 3 orders of 3°Sr with 17.4 MBq, and 2 orders of '°°Cd with 2 MBq. We also distributed "Be (2.4 MBq x 1), 2Mg (1 MBq
x 2), 7Cu (10 MBq x 1), 38Zr (1 MBq x 1), '%Pd (20 MBq x 1), '7>Hf (1 MBq x 1), '3'W (1 MBq x 1), and ?!' At (20 MBq X 2,
30 MBq x 1,40 MBq x 2, 60 MBq x 1, 70 MBq % 1, and 100 MBq X 5) under the Supply Platform of Short-lived Radioisotopes for
Fundamental Research and the Radioisotope Collaborative Interdisciplinary Development Platform.

(2) Superheavy element chemistry

Chemical characterization of newly-discovered superheavy elements (SHEs, atomic number Z > 104) is an extremely interesting
and challenging research subject in modern nuclear and radiochemistry. We are developing SHE production systems as well as rapid
single-atom chemistry apparatuses at RIBF. Using heavy-ion beams from SRILAC and AVF, %°'Rf (Z = 104), ’Db (Z = 105),
20580 (Z = 106), and 2°°Bh (Z = 107) are produced in the >*3Cm('30, 51)?°'Rf, 22Cm('°F, 51)*°’Db, *Cm(**Ne, 51)*%Sg, and
28Cm(*Na, 5n)*°°Bh reactions, respectively, and their chemical properties are investigated.

We installed a gas-jet transport system to the focal plane of the gas-filled recoil ion separator GARIS at RILAC. This system is
a promising approach for exploring new frontiers in SHE chemistry: the background radiation from unwanted products is strongly
suppressed, the intense primary heavy-ion beam is absent in the gas-jet chamber, and hence the high gas-jet extraction yield is attained.
Furthermore, the beam-free condition makes it possible to investigate new chemical systems. In 2024, we continued to develop an
ultra-rapid gas-chromatograph apparatus, which consists of an RF carpet gas cell and a cryo-gas-chromatograph column with a Si
detector array, at the focal plane of GARIS for the future gas-phase chemistry of the short-lived SHEs (half-life 7/, < 1 s). To realize
aqueous chemistry studies of Sg and Bh, we have been developing a continuous and rapid solvent extraction apparatus which consists
of a continuous dissolution apparatus Membrane DeGasser (MDG), a Flow Solvent Extractor (FSE), and a liquid scintillation detector
for a/SF-spectrometry. On the other hand, in collaboration with Osaka University, the solid-liquid extraction of No (Z = 102) with the
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Eichrom Sr resin was conducted using 2°No produced in the 2**Cm('2C, 51)>*No reaction at the AVF cyclotron. We also produced
radiotracers of 33Zr, Mo, ! Hf, 17"W, and '8'W at the AVF cyclotron and conducted model experiments for aqueous chemistry
studies on Rf and Sg.

(3) Development of trace element analyses using accelerator techniques and their applications to geoscience and archaeological
research fields

We have been developing the ECR Ion Source Mass Spectrometer (ECRIS-MS) for trace element analyses. We renovated the
detection system of ECRIS-MS and evaluated its sensitivity and mass resolution power. We equipped a laser-ablation system with an
ion source and a pre-concentration system to achieve high-resolution analyses for noble gases such as Kr and Xe.

Using the ICP-MS, TIMS, IRMS, and so on, we studied Pb and S isotope ratios on cinnabar and biological samples (collagen)
from ancient ruins in Japan to elucidate the distribution of goods in the archaic society. We have established a sampling technique
for pigment without any damages on the artifacts or wall paintings, using a sulfur-free adhesive tape since 2019. This technique was
applied to analyze vermilion samples collected from archaeological sites. In FY2024, three types of vermilion were analyzed. The
first was vermilion excavated from tombs dating from the Kofun Period in Japan, the second was excavated from tombs dating from
the Pre-Qin Period (the Shang, Spring and Autumn, Warring States Period, etc.) in China, and the third was excavated from the
Jomon period to the Yayoi period in Izumo area. Furthermore, since 2021, we have been developing a method for the analyses of 3
isotopic abundance ratios (*2S, 3*S, and 3*S) of sulfur as a new parameter for identification of source mine. We analyzed the possibility
of exploring the MIF (mass-independent-fractionation) effect. This is also expected to provide a new parameter for the analysis of
environmental dynamics.

In FY2024, we operated ICP-MS, making it a shared-use instrument, and we handled 452 analysis requests from 15 laboratories.

(4) Development of radioactive targets and sources for nuclear physics experiments and ion-source materials for ECR ion
sources of the heavy-ion accelerators at RIBF
In 2024, we fabricated 2*Cm,O; targets by a molecular plating method to search for new element 119 in the
28Cm('V, xn)***119 reaction under the nSHE collaboration. We prepared 2*UQ, and metallic °Ti for the 28-GHz ECR ion
sources of the heavy-ion accelerators at RIBF.
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oftumors expressing fibroblast activation protein (FAP),” The 12th China-Japan-Korea Symposium on Radiopharmaceutical Sciences
(CJKSRS2024), Kanazawa (Kanazawa Art Hall), Japan, September 19-20, 2024.

T. Watabe (oral), S. Takeda, M. Katsuragawa, A. Yagishita, K. Kaneda-Nakashima, Y. Kadonaga, K. Ooe, A. Toyoshima, H. Haba,
J. Cardinale, F. L. Giesel, K. Fukase, T. Takahashi, and N. Tomiyama, “Comparison of therapeutic effect of [*!' AtIPSMA-5 and
absorbed dose: a preclinical study using a novel semiconductor imaging system,” 37th Annual Congress of the European Association
of Nuclear Medicine (EANM 2024), Hamburg (CCH—Congress Center Hamburg), Germany, October 19-23, 2024.

M. Kajita (poster), K. Orihara, Y. Funase, K. Suzuki, S. Usuda, A. Nambu, and H. Haba, “Preclinical evaluation of Cadherin 3 (CDH3)—
targeted alpha radiopharmaceutical therapy, 223 Ac-PPMX-T002 for the treatment of solid cancer,” 37th Annual Congress of the Eu-
ropean Association of Nuclear Medicine (EANM 2024), Hamburg (CCH—Congress Center Hamburg), Germany, October 19-23,
2024.

H. Haba (invited), “Present status and perspectives of superheavy element research at RIKEN,” International Conference on Shapes and
Symmetries in Nuclei: from Experiment to Theory (SSNET’24), Orsay (IJCLab), France, November 4-8, 2024.

H. Haba (invited), “Production of medical radioisotopes at RIKEN RI Beam Factory,” Symposium on Nuclear Data 2024, Kumatori
(Kumatori Town Communication Plaza Smiles Renga-kan), Japan, November 14-15, 2024.

N. Otuka (poster), M. Aikawa, S. Takécs, S. Ebata, and H. Haba, “Decay branching ratios of 197 mHg and 195 mHg determined by decay
curve analysis,” Symposium on Nuclear Data 2024, Kumatori (Kumatori Town Communication Plaza Smiles Renga-kan), Japan,
November 14-15, 2024.

H. Haba (invited), “Synthesis of superheavy elements at RIKEN,” International Conference “50 Years of Cold Fusion,” Yerevan (National
Academy of Sciences of the Republic of Armenia and Ramada Hotel & Suites by Wyndham Yerevan), Republic of Armenia, November
20-23, 2024.

Y. Watanabe (oral), S. Michimasa, H. Haba, T. Ohnishi, N. Imai, H. Yamaguchi, and Y. Hirayama, “Diverse RI production techniques
at RIBF,” Korea-Japan Symposium on TOPTIER Platform in Extreme Rare Isotope Science, Seoul (Seoul National University Hoam
Faculty House), South Korea, December 15-17, 2024.

M. U. Khandaker (oral), H. Haba, and N. Otuka, “Studies of "' Gd(p, x) nuclear reaction cross-sections for optimized production of
theranostic '*>Tb radionuclide via AVF cyclotron,” The 12th International Topical Meeting On Industrial Radiation and Radioisotope
Measurement Applications (IRRMA) 2025, Riyadh (King Saud University), Saudi Arabia, January 26-30, 2025.
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E. Khult (oral), M. Kaneko, H. Kazama, R. Wang, K. Shibamoto, M. Konno, Y. Itakura, R. Kikuchi, K. Mori, K. Kawamoto, H. Haba,
A. Nambu, K. Takamiya, M. Inagaki, and Y. Kasamatsu, “Solid-liquid extraction of group 2 elements with DGA-resin towards the
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