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1. Abstract

The Center for Nuclear Study (CNS) aims to elucidate the nature of nuclear system by producing the characteristic states where
the Isospin, Spin and Quark degrees of freedom play central roles. These researches in CNS lead to the understanding of the matter
based on common natures of many-body systems in various phases. We also aim at elucidating the explosion phenomena and the
evolution of the universe by the direct measurements simulating nuclear reactions in the universe. In order to advance the nuclear
science with heavy-ion reactions, we develop AVF upgrade, CRIB and SHARAQ facilities in the large-scale accelerators laboratories
RIBF. The OEDO facility has been developed as an upgrade of the SHARAQ, where a RF deflector system has been introduced to
obtain a good quality of low-energy beam. A new project for fundamental symmetry using heavy Rls has been starting to install new
experimental devices in the RIBF. We promote collaboration programs at RIBF as well as RHIC-PHENIX and ALICE-LHC with
scientists in the world, and host international meetings and conferences. We also provide educational opportunities to young scientists
in the heavy-ion science through the graduate course as a member of the department of physics in the University of Tokyo and through
hosting the international summer school.

2. Major Research Subjects
(1) Accelerator Physics
(2) Nuclear Astrophysics
(3) DONUTS/NUSPEQ
(4) Quark Physics
(5) Nuclear Theory
(6) OEDO/SHARAQ
(7) Exotic Nuclear Reaction
(8) Fundamental Physics

3. Summary of Research Activity
(1) Accelerator Physics

One of the major tasks of the accelerator group is the development of ion sources and the optimization of the beam transport
system for the experimental devices installed in the E7 experiment room. In 2023, HyperECR ion source was operated for 1,888
hours. A novel stability control system for the ion source is currently under development using machine learning technology. For
the first step, a beam current prediction model was developed using plasma images and control parameters. It was tested on several
operation data and performed adequately in some cases. For the development of the pepper-pot emittance monitor, the experiment
was planned and performed in the MALT (Micro Analysis Laboratory, Tandem accelerator, The University of Tokyo) to search the
measurement error. The prototype of the beam shutter system to devoid heating the monitor while exposing ion beam was tested. The
shutter speed was achieved within 0.27 second.

(2) Nuclear Astrophysics

The main activity of the nuclear astrophysics group is to study astrophysical reactions and special nuclear structures, using
the low-energy RI beam separator CRIB. The experiments at CRIB with the presence of international collaborators on-site had been
suspended since 2020, but restarted from the '“O(«, p) reaction measurement performed in March, 2023. We carried out an experiment
separated into two beamtimes in May 2023 and January 2024, using a ®He beam at CRIB, for measuring *He+p elastic scattering and
“He(p, 1)/(p, d) transfer reactions. To obtain an improved detection efficiency of the °He beam, multi-wire drift chambers (MWDC)
were first introduced for the main measurements at CRIB.

(3) DONUTS/NUSPEQ

The Low Energy Nuclear Reaction group studies exotic structures in high-isospin and/or high-spin states in nuclei. In the spring
of 2023, we focus on the analysis of the experimental data which were obtained before. As a result, the parts of InPACT17-02-01 and
-2, the transmutation of the long-lived fission products with protons and detereons, and the surrogate reaction of the neutron capture
reaction, have been published. The data analysis of the other experiments are in progress. In addition, as a pilot experiment of the
fusion reaction measurement at OEDO in the future, we launched a new project to evaluate the fusion reaction cross sections of the near
symmetric system at HIMAC. Also the ASAGI board for the readout of SR-PPAC is being developed. The CNS GRAPE (Gamma-Ray
detector Array with Position and Energy sensitivity) is a major instrument for high-resolution in-beam gamma-ray spectroscopy. The
digital signal processing equipment for the GRAPE is under development.

(4) Quark Physics

Main goal of the quark physics group is to understand the properties of many-body QCD system such as quark-gluon plasma at
extremely high-temperatures and color-glass condensate at extremely high-energies. The group has been involved in the PHENIX
experiment at Relativistic Heavy Ion Collider (RHIC) at Brookhaven National Laboratory, the ALICE experiment at Large Hadron
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Collider (LHC) at CERN, and the ePIC experiment at the Electron-Ion Collider (EIC) at BNL, where the EIC is the future collider
project at BNL and will start its operation from 2030. As for ALICE, the group has involved in the data analyses, which include the
measurement of low-mass lepton pairs in Pb-Pb collisions, the measurement of long range two particle correlations in p-Pb collisions,
searches for thermal photons in high multiplicity pp collisions. The group has involved in the ALICE-TPC upgrade using a Gas
Electron Multiplier (GEM), where the group is very active in the development and benchmarking of the online space-charge distortion
corrections using machine learning techniques running on the Graphical Processing Unit (GPU). The group has started R&D for the
MAPS silicon pixel detector for the ALICE ITS3 and ALICE3 upgrade. The group newly joined in the ePIC experiment for the EIC
and started some activities for the development of streaming data acqusition system.

(5) Nuclear Theory

The nuclear theory group is conducting large-scale shell-model calculations, having a strong relationship to the project “Program
for Promoting Researches on the Supercomputer Fugaku.” One of the key achievements in FY2023 is investigation of triaxiality
based on our calculations reproducing rotational bands of nuclei around '°Er. We are also performing shell-model calculations for the
structure of neutron-rich nuclei in collaboration with experiments carried out in RIBF, RIKEN, focusing on the region around *Ca. In
FY2023, we have accepted two graduate students from the University of Oslo, and instructed them on skills of large-scale shell-model
calculations for analyzing experimental data concerning the Oslo method.

(6) OEDO/SHARAQ

The OEDO/SHARAQ group pursues experimental studies with RI beams by using the high-resolution beamline and the SHARAQ
spectrometer, and the OEDO for the decelerated RI beams. The uniqueness of the OEDO-SHARAQ system is its versatile performance
in low-energy RI production and high-resolution spectroscopy. Since there is no experiment in 2023, we focus on the analysis of the
data and maintaining the beam line. The result of SHARAQI11, the search for a trineutron state, has been submitted. The results of
the mass-measurement of proton-drip line nuclei has been summarized as a PhD thesis of the University of Tokyo. The experimental

study of 0~ strength in nuclei using the parity-transfer charge exchange ('°0, 'F) is in the final stage. We are also discussing the
future plan of OEDO/SHARAQ.

(7) Exotic Nuclear Reaction
The Exotic Nuclear Reaction group studies various exotic reactions induced by heavy-ion beams. We continued the data analysis
of the the double charge exchange “*Ca('>C, '?Be) reaction taken in 2021 for a search of double Gamow-Teller resonance.

(8) Fundamental Physics

The development of a quantum sensor to search for a permanent electric dipole moment (EDM) with an optical lattice interferom-
eter is in progress at RIKEN RIBF. In this fiscal year, we have developed a thermal 22! Fr atom source for its magneto-optical trapping.
This new device allows to continuously supply thermal ?2'Fr atoms into a magneto optical trap system, as a consequence realizing
a large amount of laser-cooled ?2!Fr atoms used for the EDM measurement. As the measurement precision strongly depends on the
number of trapped 22! Fr, the newly developed apparatus is essential towards searching the EDM with high precision.
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of the APS Division of Nuclear Physics and the Physical Society of Japan, Hawaii (Hilton Waikoloa Village), USA, November 26—
December 1, 2023.

R. Yokoyama (oral), “Study of the S-delayed multi-neutron emission process through y-neutron spectroscopy of gallium isotopes,” 6th
Joint Meeting of the APS Division of Nuclear Physics and the Physical Society of Japan, Hawaii (Hilton Waikoloa Village), USA,
November 26—December 1, 2023.

N. Kitamura (invited), “OEDO-SHARAQ: achievements and prospects,” 2023 Annual Meeting of JSPS/NRF/NSFC A3 Foresight Pro-
gram “Nuclear Physics in the 21st Century,” Xi’an, China, December, 2023.

N. Imai (invited), “Physics with the decelerated RI beams,” Advancing physics at next RIBF (ADRIB24), Wako (RIKEN), Japan, January
23-24,2024.

R. Yokoyama (invited), “Systematic beta3 measurement around octupole magic at Z = 56 and N = 88,” A3F-Workshop on frontier nuclear
studies with gamma-ray spectrometer arrays, Osaka University Minoh Campus, March 26-28, 2024.

N. Kitamura (invited), “Detailed in-beam gamma-ray spectroscopy using GRETINA: the case of >Mg,” A3F-Workshop on frontier
nuclear studies with gamma-ray spectrometer arrays, Osaka (Osaka University Minoh Campus), Japan, March 26-28, 2024.

S. Hanai (invited), “Mass measurement in the vicinity of 2 proton emitters,” RCNP workshop Microscopic approach from pair correlation
to pair condensation, Osaka (RCNP, Osaka University), Japan, September 26-28, 2023.

T. Chillery (oral), “Astrophysical Reactions Important in - and vp processes Measured Using (d, p) Transfer Reactions at OEDO-
SHARAQ,” Nuclei in the Cosmos XVII, Daejeon, Korea, September 17-22, 2023.

N. Imai (oral), “Possible experiments with 8pi,” A3F-Workshop on frontier nuclear studies with gamma-ray spectrometer arrays
(gamma24), Osaka (Osaka University Minoh Campus), Japan, March 26-28, 2024.

S. Michimasa (oral), “OEDO-SHARAQ system: Its multifaceted performance and recent experimental achievements,” The 4th Interna-
tional Conference on Advances in Radioactive Isotope Science (ARIS2023), Avignon, France, June 4-9, 2023.

J. T. Li (poster), “Development of a mosaic type array formed by Si photodiodes for charged-particle detection in heavy-ion collisions,”
International Conference on Heavy-Ion Collisions at near-barrier energies (FUSION23), Shizuoka, Japan, November 15-19, 2023.

J. T. Li (poster), “Performance of the Si photodiodes for the ancillary detector of in-beam y experiments,” A3F-Workshop on frontier
nuclear studies with gamma-ray spectrometer arrays (gamma24), Osaka (Osaka University Minoh Campus), Japan, March 26-28,
2024.

S. Hanai (poster), “Direct mass measurement of neutron-deficient Fe isotopes,” Advances in Radioactive Isotope Science (ARIS2023),
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Avignon, France, June 4-9, 2023.

D. Sekihata (oral) for the ALICE Collaboration, “Electromagnetic radiation in pp and Pb—Pb collisions with dielectrons in ALICE,”
Quark Matter 2023-XXXth International Conference on Ultra-relativistic Nucleus-Nucleus Collisions (QM2023), September 3-9,
2023, Houston, Texas, USA

Y. Sekiguchi (poster) for the ALICE Collaboration, “Measurements of long-range two-particle correlation over a wide pseudorapidity
range in p—Pb collisions at 5.02 TeV,” Quark Matter 2023-XXXth International Conference on Ultra-relativistic Nucleus-Nucleus
Collisions (QM2023), Houston, Texas, USA, September 3-9, 2023.

D. Sekihata (oral) for the ALICE Collaboration, “Electromagnetic radiation in ALICE at the LHC,” 52nd International Symposium on
Multiparticle Gyongyos, Dynamics (ISMD2023), Hungary, August 21-26, 2023.

H. Murakami (oral) for the ALICE Collaboration, “Electromagnetic radiation in pp and Pb—Pb collisions with dielectrons in ALICE,”
European Physical Society Conference on High Energy Physics (EPS-HEP2023), Hamburg, Germany, August 21-25, 2023.

D. Sekihata (oral) for the ALICE Collaboration, “Low mass dielectron measurements in Pb—Pb collisions with ALICE at the LHC,” 9th
Asian Triangle Heavy-lon Conference (ATHIC2023), Hiroshima, Japan, April 24-27, 2023.

H. Murakami (oral) for the ALICE Collaboration, “Dielectron production in high-multiplicity pp collisions at /s = 13 TeV with ALICE,”
9th Asian Triangle Heavy-lon Conference (ATHIC2023), Hiroshima, Japan, April 24-27, 2023.

H. Baba (oral) for the ALICE Collaboration, “Studies of space-charge distortion corrections using machine learning techniques,” 9th
Asian Triangle Heavy-lon Conference (ATHIC2023), Hiroshima, Japan, April 24-27, 2023.

Y. Sekiguchi (invited), “QGP in small systems (Experiment),” 9th Asian Triangle Heavy-lon Conference (ATHIC2023), Hiroshima, Japan,
April 24-27, 2023.

T. Gunji (oral), “Hadron Physics at EIC,” Fourth Internatinal Workshop on the Extention Project for the J-PARC Hadron Experimental
Facility, Tokai, Japan, February 19-21, 2024.

D. Sekihata (oral), “Overview of direct photon measurements at the LHC,” EMMI Rapid Reaction Task Force for Direct Photon Puzzle,
Heidelberg University, Germany, July 24-27, 2023.

T. Gunji (invited), “Online data processing using hardware accelerators for nuclear physics experiments,” 6th Joint Meeting of the APS
Division of Nuclear Physics and the Physical Society of Japan, Waikoloa, Hawaii, USA, November 26-December 1, 2023.

T. Gunji (invited), “Future prospects of hot and cold QCD physics at RHIC and LHC,” 6th Joint Meeting of the APS Division of Nuclear
Physics and the Physical Society of Japan, Waikoloa, Hawaii, USA, November 26-December 1, 2023.

H. Murakami for the ALICE Collaboration (oral), “Dielectron production in high-multiplicity pp collisions at sgrts = 13 TeV with
ALICE,” 6th Joint Meeting of the APS Division of Nuclear Physics and the Physical Society of Japan, Waikoloa, Hawaii, USA,
November 26—December 1, 2023.

H. Baba (oral) for the ALICE Collaboration, “Application of machine learning techniques for the ALICE TPC space-charge distortion
correction and for particle tracking in Si detectors,” 6th Joint Meeting of the APS Division of Nuclear Physics and the Physical Society
of Japan, Waikoloa, Hawaii, USA, November 26-December 1, 2023.

S. Shindo (oral) for the ALICE Collaboration, “Simulation studies of Monolithic CMOS Si sensor with gain layer for timing mea-
surements,” 6th Joint Meeting of the APS Division of Nuclear Physics and the Physical Society of Japan, Waikoloa, Hawaii, USA,
November 26-December 1, 2023.

Y. Sekiguchi (oral) for the ALICE Collaboration, “Measurements of long-range correlations and v»(n7) in small system with ALICE,”
6th Joint Meeting of the APS Division of Nuclear Physics and the Physical Society of Japan, Waikoloa, Hawaii, USA, November
26-December 1, 2023.

Y. Tsunoda (invited), “Large-Scale Shell-Model Calculations in Medium-Heavy Nuclei and Neutrinoless Double-Beta Decay Matrix
Elements,” The 2023 Gordon Research Conference on Nuclear Chemistry, New London, USA, June 11-16, 2023.

Y. Utsuno (invited), “Overview of shell evolution in the N = 28 — 40 region,” Symposium on Direct reactions and spectroscopy with
hydrogen targets: past 10 years at the RIBF and future prospects, York, UK, July 31-August 4, 2023.

Y. Tsunoda (invited), “Nuclear Structure in neutron-rich Ni region,” Symposium on Direct reactions and spectroscopy with hydrogen
targets: past 10 years at the RIBF and future prospects, York, UK, July 31-August 4, 2023.

T. Otsuka (oral), Y. Tsunoda, and N. Shimizu, “Structure of medium-mass nuclei studied by Monte Carlo shell model calculations,” Sixth
Joint Meeting of the Nuclear Physics Divisions of the APS and The JPS (HAWAII 2023), Hawaii, USA, November 26-December 1,
2023.

Y. Tsunoda (invited), “Nuclear structure studied by shell model calculations using two-nucleon amplitudes,” Reimei Workshop “Intersec-
tion of Nuclear Structure and Direct Reaction,” Tokai, Japan, February 28—March 1, 2024.

Y. Tsunoda (invited), “Nuclear shapes studied by Monte Carlo shell model calculations,” The workshop on frontier nuclear studies with
gamma-ray spectrometer arrays (gamma24), Minoh, Japan, March 26-28, 2024.

A. Sakaue (oral), “Search for double Gamow-Teller giant resonance using the double charge exchange ('>C,'? Be(03)) reaction,” 6th Joint
Meeting of the APS DNP and JPS, Hawaii, USA, November 27, 2023.

M. Fukase (oral), “Present status of high intensity Fr source development to search for the EDM,” Symposium University of Tokyo - ETH
Zurich - University of Zurich, ETH Zurich Honggerberg Campus, October 15-17, 2023.

K. Nakamura (oral), “Current status of development of laser optics for Fr permanent electric dipole moment,” Symposium University of
Tokyo - ETH Zurich - University of Zurich, ETH Zurich Honggerberg Campus, October 15-17, 2023.

T. Nakashita (poster), “Search for Fundamental Symmetry by Trapping francium Atoms,” Summit of Mater. Science 2023 and GIMRT
User Meeting 2023, Sendai, Japan, November 21, 2023.

H. Nagahama (oral), “Electron EDM search with laser-cooled heavy elements,” 6th Joint Meeting of the APS Division of Nuclear Physics

-390 -



VI. RNC ACTIVITIES RIKEN Accel. Prog. Rep. 57 (2024)

and the Physical Society of Japan, Hawaii, USA, November 26—December 1, 2023.

H. Nagase (oral), “Development of a novel comagnetometer for high-precision measurement of the electron’s electric dipole moment
using laser-cooled francium atoms,” 6th Joint Meeting of the APS Division of Nuclear Physics and the Physical Society of Japan,
Hawaii, USA, November 26-December 1, 2023.

[Domestic Conferences/Workshops]

INERR (KR X —FK), HH AVF 4 A 780 ba Y TIRENZ KBEA 4 Y - 2HRy =Ry ML I v &2 RAESR
FASEDBLIR, 55 20 BIH AN ARFER, MG (HARRYIE T AHERS), 2023 £ 8 H29 H-9 A 1 H.

PEEKR (RRAX—HEK), HWFE % A7z HyperBECR A 4 > IEHIEIOSERIRDL, 55 20 [0l HARNE A RER, MG (HARKE
BT 2GR E), 2023 4 8 H 29 H-9 H 1 H.

/NEREIR (TEEFER), [TAVE ASTE — AR S HLEICT 2 ASAN Y F v — D2, 5 21 [B] AVF G5 Eh8, (EKERSN T
VUSR5, 2023 4 11 A 13 H.

PR TEK (OBHEFESR), THK HyperECR £ 4 YIROBLIK Y, 85 21 ] AVF GEHTH &b, FEREMN T3PS T5, 2023 4 11 A
13 H.

PAEK (OEAFESR), THHEIRY: HyperECR A 7 > IREMEEEHIENC AT 72 ¥ — A\ FRIE T L0, Idds - v — a9
DHEWEE 7 — 2 2 a v 772023, HDETH GRILSAWFFERT), 2023 4 11 A 27 H-29 H.

S. Hayakawa (oral), & “Recent Collaborations and activities at CRIB,” RIBF Users Meeting 2023, Session 3, Wako (RIKEN), Saitama,
Japan & Online, 2023 £ 9 A 6-7 H.

S. Hayakawa (invited), [CRIB TBAIES 2 FHIGHE ], 8 12 EHFIE - K# Rl ¥ — 2% WL YE5E 2 (12th SSRD),
Toshima, Tokyo, Japan, September 4-5, 2023.

N. Imai, “Study of the low-energy nuclear reaction at HIMAC,” HIMAC (23817 2 JR T 55 O JE ¥, Wako (RIKEN), Saitama,
November 17, 2023.

N. Kitamura, &2 BRERET 4 & % A4 % FW BIFEO TR ¥ B ), The 2nd Workshop on Signal processing and data acquisition
infrastructure (SPADI2024), Wako (RIKEN), Saitama, March 2024.

ARE] e (OBEFER), TEIC/ePIC FEB&TOD Streaming DAQ DR L VHEH ), HAYHEY X 2024 FEHEFRR, > 74 >, 2024
3 H 18-21 H.

REM K & (II9H%EFR) for the ALICE Collaboration, LHC-ALICE % H\W 27Xt H 72 h LRI FILF — 5.02 TeV $0+5A1H
ZCBIT 2B OEMR, HAYBER 2024 FEFRR, AV 74 >,2024 43 H 18-21 H.

T8 (MEEFER) for the ALICE Collaboration, W ER  N—F Y =277 7€ 7 L —XEHW\7z MAPS >V a Y RHERICE
\F 2 IREFFIREA, HARYIBESA R 2024 SEBEFRR, A2 74 >, 2024 4 3 H 18-21 H.

B B (KEE3ER) for the ALICE Collaboration, ALICE3 F2BRIZA1} 72 CMOS-LGAD MR DR fRREICB 3 5> 3 =
L—>a YRV, BARYBIYS 2024 FEFARR, A 71 >, 2024 43 A 18-21 H.

INEEKER (I8H5E3%) for the ALICE Collaboration, "ALICE-ITS3 7 v 7'2'L — RIZ[AIlY 7z babyMOSS O HEAEFAT, H AP~
R2024 FEFRR, AV T4 >,2024 F 3 H 18-21 H.

RO (O5ERSE), [7a—, ki 74HE8 1, 45 41 [6] Heavy Ion Cafe & %5 38 [A] Heavy Ion Pub A RIIZER, LB (HHEBAY) |
2023 4E 11 A 4 H.

FEO2 b (O8EFEK), (B0 — 7, 5 41 [6] Heavy lon Cafe & 5 38 [A] Heavy Ion Pub &M%, #di B (BdEK) |
2023 £ 11 H 4 H.

T. Gunyji (oral), “ALICE3 and EIC,” Platform B (Silicon) meeting : Semiconductor detectors for energy frontier experiments, KEK, Japan,
July, 14, 2023.

FHEPRE (FATFARTE), TRBIRGRIEARETERIC KX 2 M1 N> F O], ROCNP IR TRFZICB T 2 A HHEORD X
AFIZ A, RETH CRIRORS), 2023 4 12 A 11-13 H.

FHERE (OBEFER) |, HKHIZE, D. Patel, P. C. Srivastava, F&RIEREIEIC X 2 EF#E S F I v ARMEOMEMRE—X > +
L ETE DN 1, HAMHZER 2024 FHEFRR, A2 74,2024 4£ 3 7 18-21 H.

AEEN (OEER), T2 7V aBEil e 2 0RENTIEIC X 2EMEOMIE), THERAIIE) ERRrERs YRS Y
L0, SORX GRIBRZF B v > % R), 2023 4 12 A 18-20 H.

Y. Tsunoda (A, “Structure of medium-mass nuclei studied by Monte Carlo shell model,” HARYFRESS 2024 SEEFRE, 4~
74,2024 % 3 A 18-21 H.

B BAE, [ HEAEHRIE (°C,2Be(0)) WA —EHEY - 77 —EARMIBOHR), RCNP iR R THRFRICBIF 2 AY
YEHEDRD KT XA F 7 A, KA (RCNP), 2023 4 12 A 11 H.

S. %agase (DEEE\%E]?%), 175229 LKABKIRTREROREERE I ENT 7 M8 FHAFOIE R L B S ET P a0, HtE

,2023 F 8 H.

R G (DEFER), TH Fr T2 W7z EDM R 702 = 7 ~ OBIFIRM I, 8 12 [EHEIE - KH R ¥ — 4 % F W 724%50 0
W72 (12th SSRD, B EIX GZECKRY) 2023 49 H.

fegkEe (MEEFER), PP Ac ZHW 2'Fr B FRUROBFE, K7L 7 » RS, HEH GRALKRER TS E), 2023 £ 9 A
28 H.
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[Seminars]

T. Gunji, “High energy QCD physics,” International School for Strangeness Nuclear Physics, Tokai, Japan, December 11-15, 2023.

D. Sekihata, “Electromagnetic probes in ALICE at the LHC,” Nuclear Physics Colloquium, Goete University Frankfurt, Germany, Novem-
ber 16, 2023.

N. Imai, “OEDO, the deceleration and focusing device at RIBF, and the nuclear astrophysics program with OEDO,” GANIL, France, July
13,2023.

N. Imai, “Direct reaction and r-process nucleosynthesis,” Nuclear Physics School For Young Scientists (NUSYS-2023), Fudan University
in Shanghai, China, August 7-12, 2023.

N. Imai, “Direct reaction and r-process nucleosynthesis,” A3F-CNS Summer School 2023, August 4-10, 2023.

Award
J. T. Li, A3F-CNSSS23 Young Scientist Award, August 10, 2023.

-392 -



