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1. Abstract

The Nuclear Chemistry Research Team develops production technologies of unique radioisotopes (RIs) at RIKEN RI Beam Fac-
tory (RIBF) and applies them in the research fields of physics, chemistry, biology, engineering, medicine, pharmaceutical and envi-
ronmental sciences. The purified RIs such as ©Zn, 4’Cu, 3Sr, 38, and '%°Cd are delivered to universities and institutes 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, and chemical materials such as metallic 2**U, 2*U0O,, and “*Ca0O for ECR ion sources of the heavy-ion accelerators at
RIBE.

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, and chemical 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 "Li beams from the AVF
cyclotron, we presently produce about 100 RIs from "Be to 2**Np. Among them, Zn, 7Cu, #Sr, #Y, and '®Cd are delivered to
Japan Radioisotope Association for fee-based distribution to the general public in Japan. Our RlIs are also distributed to researchers
under the Supply Platform of Short-lived Radioisotopes for Fundamental Research, supported by MEXT KAKENHI in FY2016-2027.
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 2*2Th 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 2022, we developed production technologies of RIs such as 2Mg, *Sc, 44Ti, 4’Cu, 30Y, 1 Ag, 13°Ce, 4!Ce, 'Tb, '9FEr,
109yp, 180Re, 195 Au, 2! At, 212Pb, 22*Ra, 2% Ac, ?*’Pa, and 2*°*Np which were strongly demanded but lack supply sources in Japan. We
also investigated the excitation functions for the >’ Al(a, x), "™Zn(p, x), " Sm(’Li, x), ™ Gd(p, x), "Re(d, x), "“Re(a, x), "“Ta(a, x),
narWw(p, x), “Pt(p, x), "'Pt(a, x), and 209B4(7L4, x) reactions to effectively and quantitatively produce useful RIs. We used radiotracers
of 13¥Ce, 211 At, and 2%°Pa for application studies in chemistry, Mmge 67Cy, lllAg, 14lce 186Re 211 At and 2% Ac in nuclear medicine,
and 28Mg, damge 67Cy, 80y, 169yh, 186Re, and 2! At in engineering. We also produced 6571, 97Cu, 8Sr, 38Y, and % Cd for our scientific
research on a regular schedule and supplied the surpluses through Japan Radioisotope Association to the general public. In 2022, we
accepted 4 orders of %Zn with a total activity of 12.7 MBgq, 4 orders of 33Sr with 6.7 MBq, and 1 order of 8Y with 0.1 MBq. We
also distributed 2Mg (1 MBq x 2), ’Cu (10 MBq x 1 and 100 MBq x 1), 3Y (5 MBq x 1), 8Zr (1 MBq x 2), > Nb (2 MBq x 2),
HTAg (1 MBq x 1), '*1Ce (0.24 MBq x 1), 'Hf (1 MBq X 2), '7°Ta (1 MBq x 1), and 2!' At (5 MBq x 4, 10 MBq x 1, 30 MBq X 2,
50 MBq x 1, 80 MBq X 2, 90 MBq X 1, and 100 MBq x 2) under the Supply Platform of Short-lived Radioisotopes for Fundamental
Research.

(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), 2’Db (Z = 105),
26580 (Z = 106), and 2°Bh (Z = 107) are produced in the 2*3Cm('80, 51)?°'Rf, 28Cm('°F, 51)*°’Db, 2*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 SRILAC. This system is
a promising approach for exploring new frontiers in SHE chemistry: the background radiations from unwanted products are 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 2022, 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 71, < 1s). To
realize aqueous chemistry studies of Sg and Bh, we have been developing a continuous and rapid solvent extraction apparatus which
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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, co-precipitation behavior of No (Z = 102)
with BaSOy and CaC,0, was investigated with 2%No produced in the 2*8Cm('2C, 51)>>>No reaction at the AVF cyclotron. We also
produced radiotracers of 8Zr, “>Nb, " Hf, and ""Ta at the AVF cyclotron and conducted model experiments for aqueous chemistry
studies on Rf and Db.

(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 asphalt samples 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 FY2022, three types of vermilion were analyzed. The first was
vermilion excavated from tombs dating from the Yayoi Period to 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, efc.) in China, and the third was used for
murals on the Roman sites in the Iberian Peninsula. Furthermore, since 2021, we have been developing a method for the analyses of 3
isotopic abundance ratios (*2S, 33S, and **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 FY2022, we operated ICP-MS, making it a shared-use instrument, and analyzed 294 samples from seven laboratories.

(4) Development of chemical materials for ECR ion sources of the heavy-ion accelerators at RIBF
In 2022, we prepared 2*UO, on a regular schedule for 2¥U-ion accelerations with the 28-GHz ECR of RILAC2.
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H. Sakai (invited), H. Haba, K. Morimoto, and N. Sakamoto, “Facility upgrade for SHE research at RIKEN,” Zakopane Conference on
Nuclear Physics “Extremes of the Nuclear Landscape,” Zakopane, Poland, August 28—September 4, 2022.

M. Tanaka (oral) for nSHE Collaboration, “Optimal energy for element 119 synthesis via 3!V + 2*Cm reaction probed by quasielastic
barrier distribution measurement,” Zakopane Conference on Nuclear Physics “Extremes of the Nuclear Landscape,” Zakopane, Poland,
August 28—September 4, 2022.

A. Yamaguchi (invited), Y. Shigekawa, H. Haba, M. Wada, and H. Katori, “Laser spectroscopy of triply charged thorium ions towards a
nuclear clock,” 2022 URSI-Japan Radio Science Meeting (URSI-JRSM 2022), Bunkyo-ku, Tokyo, September 1-2, 2022.

W. Xian (oral), S. Chen, M. Rosenbusch, S. Yan, D. Hou, S. limura, A. Takamine, M. Wada, J. Lee, J. Liu, P. Schury, F. Browne,
F. Flavigny, H. Haba, S. Kimura, H. Koura, T. Niwase, Y. Ito, T. Sonoda, T. M. Kojima, Y. X. Watanabe, S. Naimi, S. Michimasa,
H. Miyatake, J. Y. Moon, S. Nishimura, H. Ishiyama, and H. Wollnik, “New mass measurements of neutron-rich nuclei of Ge, As, and
Se, and an accuracy study of the new ZD-MRTOF system,” The 28th International Nuclear Physics Conference (INPC 2022), Cape
Town, South Africa, September 11-16, 2022.

S. Sakaguchi (poster) and M. Tanaka for nSHE Collaboration, “Probing optimal energy for synthesis of element 119 from °'V + 2#Cm
reaction,” The 28th International Nuclear Physics Conference (INPC 2022), Cape Town, South Africa, September 11-16, 2022.

A. Takamine (invited), D. Kaji, H. Haba, M. Wada, P. Schury, H. Koura, H. Wollnik, H. Miyatake, H. Ishiyama, K. Morimoto, M. Rosen-
busch, S. Kimura, T. Niwase, Y. Hirayama, Y. Ito, Y. Watanabe, and P. Brionnet, “Multi-reflection time-of-flight mass spectroscopy of
superheavy nuclides,” 19th International Conference on Electromagnetic Isotope Separators and Related Topics (EMIS 2022), Daejeon,
Korea, October 3-7, 2022.

G. Damdinsuren (poster), M. Aikawa, K. Tegshjargal, N. Erdene, N. Ukon, and H. Haba, “Production cross sections of '°*¢ Au in proton-
induced reactions on natural platinum,” 2022 Symposium on Nuclear Data, Higashiosaka, Japan, November 17-18, 2022.

H. Haba (invited), “Production and distribution of radioisotopes at RIKEN RI Beam Factory,” PRISMAP workshop on emerging infras-
tructures and technical developments, Padova, Italy & Online, November 21-22, 2022.
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H. Haba (invited), “Production of radioisotopes for application studies at RIKEN RI Beam Factory—Search for new elements through
diagnosis and therapy of cancer,” The Fifth International Conference on Application of RadiotraCers and Energetic Beams in Sciences
(ARCEBS 2023), Purulia, India, January 31-February 5, 2023.

Y. Shigekawa (oral), W. Yang, Y. Xiaojie, A. Nambu, and H. Haba, “Progress toward observing y-rays emitted from ??*"Th by doping
fluoride crystals with 22°Pa,” The Fifth International Conference on Application of RadiotraCers and Energetic Beams in Sciences
(ARCEBS 2023), Purulia, India, January 31-February 5, 2023.

H. Haba (invited), “Synthesis of radioactive isotope for gamma-ray imaging,” Workshop on Double Photon Emission Computed Tomog-
raphy and beyond, Bunkyo-ku, Japan, March 24, 2023.

[Domestic Conferences/Workshops]
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Guan Ming (HIJE¥R), WHRZ—, Kjeld Beeks, BiAEAZ, KB, FHEEE, [RFHH, EAEE, igEdr, NE)IIKE, SRS, bR
A, MERT], SEHZE, EAREM, £, Thorsten Schumm, M7 #, BEIMEK, SV KH, EEBHE, TR, 1EEE], 1EE
5, L8k, ZHEE, AH R, 5 RETE, SRER], FHKE, “New methods in searching for vacuum ultraviolet signal from the
isomeric state of 229-thorium,” HAYIHEF 2 2022 FkFAS, FILT, 2022 4£ 9 H 6-8 H.

JEERIE S (DA, MR, FAES, AKIE—ER, KIL—5h, B, PIGELE, BISES, FElEE—, A PSMA-5 %
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APERES 2022 FKEARE W), HEX, 2022 £ 9 A 12-15 H.

7z Th-228 ¥RIR DB ITIEDOMET 1, HARBEHMEE RS 66 MRS (2022), XX, 2022 £ 9 A 15-17 H.
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MG, ARG LR 66 HFHRE (2022), XX, 2022 £ 9 A 15-17 H.

E/IR R R X —53R), FaEfiHEA, fYIR, $aRMEKER, HEFPAAEA, P57, Production cross sections of 22 Ac and **°Ra in the
B2Th(N, xnyp) reactions (2)J, HARBGHMEERE 66 [EIEEHE (2022), SUHIX, 2022 49 A 15-17 H.

BOIAR (KA X —33%), AR, AR R, P57, TProduction of “Ti via the *Sc(p, 2n)*Ti reaction for “*Ti/**¢Sc generator
development], HAMEHLAEARE 66 BIFIEHE (2022), XX, 2022 42 9 A 15-17 H.

PRHME (R 2 X —3E3%), HE N, BB, BRE, T, TIEEE, SRS, BIRESL, 2 r7u< 2757 41—V At
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HIY e U= ER G RBOAGH IR OGS ), HABEHEZ2REE 66 BIFTFHS (2022), XAHIX, 2022 4£9 A 15-17 H.
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256 66 [EETHRE (2022), XAX, 2022 49 A 15-17 H.

FRILFIE (RA X —HRK), W8 W, PIGEY, HKkEER, AEARER, PmE2ANELEZ-SBANET 7 — L ORENICE T 2
7%, BABEHEFEE 66 BIETERE (2022), XHRKX, 2022 4£ 9 H 15-17 H.
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O At VA BT 2 E ROV T, BABIHEZERE 66 RIFTHRE (2022), SXHX, 2022 9 A 15-17 H.

ATIERE (OUERER), WHEE, Hiss, REEE, 2L PUEE, BMES, MOLEE, B E, SHE, P R, FIHE—HE,
Whtsett, TEBERERET S L~ 7 2% A 2 A i30T FGEFR4 HiiRIC X 2 iR s sk ofat), HARBEHEZE RS 66
EIFTERE (2022), CHIX, 2022 49 H 15-17 H.
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Press Release

HERMERIIIRDS A% 7L 7 7 S TR FE DIRFESE % Fl 7= R AT EAER O Y & BRah—, KBOKZE, BALZERSERT, 717 7
72— a v4, 2022 4 11 A 17 H, https://www.riken. jp/press/2022/20221117_2.
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SPEGEHE, T7 V7 7 3ESRBICIENT 727 AR F 211 OKEBEIERM OS], 2022 FEEHERIGEE, 2023 F£3 H 22 H.
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