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The picture which represents the black-to-white color transition denotes ʠsolving a
riddleʡ in actinide science. The point illumination implies Cherenkov radiation, of which
Date Masamune, the legendary warrior and leader in Sendai, is heading for the center.
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Program
Mon., July 10
Hall

8:00 Registration

8:30 Opening

Plenary 1, Chair: T. Ogawa
9:00 MoA-1(Plenary)

Hajimu Yamana Nuclear Damage Compensation and Decommissioning Facilitation
Corporation
Actinide research for the legacy of damaged nuclear facilities

9:45 Break

Physics 1, Chair: R. Caciuffo
10:05 MoA-2(Invited)

Johann Bouchet CEA/DAM/DIF
Vibrational properties of uranium and plutonium

10:35 MoA-3
Alexander V. Andreev Institute of Physics, Academy of Sciences, Na Slovance 2,
18221 Prague, Czech Republic
Magnetic properties of UCo1−xOsxAl solid solutions: transition from itinerant meta-
magnetism to ferromagnetism

10:50 MoA-4
Ladislav Havela Faculty of Mathematics and Physics, Charles University, Prague
Influence of hydrogen on electronic properties of U

11:05 MoA-5
Ai Nakamura Institute for Materials Research, Tohoku University
Single Crystal Growth and de Haas-van Alphen Effect of ThCu2Si2

11:20 MoA-6
Fuminori HONDA Institute for Materials Research, Tohoku University
Single crystal growth and physical properties of AnTSi3 compounds (An = actinide,
T = transition metal)

11:35 MoA-7
Yudai Shigekawa Osaka University
Measurement of half-life and IC-electron-spectrum variation of 235mU for various
chemical environments

12:05 Lunch

12:50 Poster MoPS

Environment 1, Chair: A. Kitamura
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14:50 MoA-8
Atsushi Ikeda-Ohno Helmholtz-Zentrum Dresden-Rossendorf, Institute of Resource
Ecology
Fate of Plutonium Released from a Former Nuclear Weapons Test in Australia

15:05 MoA-9
William R Bower The University of Manchester
Alteration of uranic particles in flow-through sediment systems

15:20 MoA-10
Kristijonas Plausinaitis Imperial College London
Reversible Pb Adsorption in Geological Waste Repository Conditions

15:35 MoA-11
Norikazu Kinoshita Institute of Technology, Shimizu Corporation
Search for Pu-244 in manganese crusts

15:50 Break

Chemistry 1, Chair: S. Suzuki
16:15 MoA-12

Attila Kovacs European Comission, Joint Research Centre, Karlsruhe, Germany
Molecular and electronic structure of actinyl nitrates

16:30 MoA-13
Lei Mei Institute of High Energy Physics, CAS
Effects of Cucurbituril-based Inclusion on Coordination Assembly Behaviors of Dicar-
boxylates with Uranyl

16:45 MoA-14
Elodie DALODIERE Institut de Chimie Separative de Marcoule, UMR 5257, CEA-
CNRS-UM-ENSCM, Site de Marcoule, BP17171, 30207 Bagnols sur Ceze, France
Facile Sonochemical Preparation of Pu(V) in Aqueous Solutions and Its Characteri-
zation by XAS and NMR

17:00 MoA-15
Kenji Takeshita Advanced Nuclear Fuel Cycle Unit, Institute of Innovative Re-
search, Tokyo institute of Technology, Japan
Extraction Chromatographic Separation of Am(III) and Eu(III) by Porous Silica coat-
ing TPPEN-NIPA Gel

17:15 MoA-16
Yuji Sasaki Japan Atomic Energy Agency
Mutual separation of trivalent lanthanide and actinides by hydrophilic and lipophilic
multidentate diamides
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Conference Room

9:45 Break

Fuels 1, Chair: Y. Pipon
10:05 MoB-1(Invited)

Masahide Takano Japan Atomic Energy Agency
Phases and morphology in U-Zr-Gd-Fe-Ca-O systems as main component of oxide
corium

10:35 MoB-2(Invited)
Romain Vauchy CEA, DEN, MAR, DMRC, SFMA, LCC, Centre de Marcoule,
F-30207 Bagnols-sur-Ceze
High temperature X-ray powder diffraction study of lattice thermal expansion of
Pu1−zAmzO2 mixed oxides

11:05 MoB-3
Ki-Hwan Kim Korea Atomic Energy Research Institute
Interaction Studies between U-Zr Alloy System and Ceramic Plasma-spray

11:20 MoB-4
Marjorie Bertolus CEA, DEN
Atomic scale investigation of Krypton diffusion in uranium dioxide

11:35 MoB-5
Eleanor Lawrence Bright University of Bristol, UK
Uranium Nitride Thin Films for Accident Tolerant Fuels Research

11:50 MoB-6
Hirokazu Hayashi Nuclear Science and Engineering Center, Japan Atomic Energy
Agency
Dissolution and chemical analysis of ZrN-based nitrides

12:05 Lunch

12:50 Poster MoPS

Decommissioning, Chair: T. Kimura
14:50 MoB-7

Richard Wilbraham Engineering Department, Lancaster University
Raman and Electrochemical Studies of Advanced Gas Reactor Simulated Spent Nuclear
Fuels under Geological Disposal Conditions

15:05 MoB-8
Michael Uwe Ochs Arcadis Switzerland
Retention of Uranium in Cement Systems: Effects of Cement Degradation and Com-
plexing Ligands

15:20 MoB-9
Takamitsu Ishidera Japan Atomic Energy Agency
Sorption Behavior of U, Np and Am on Zeolite
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15:35 MoB-10
Toru Kitagaki IRID / JAEA (CLADS)
Characterization of the VULCANO test products for fuel debris removal from the
Fukushima Daiichi Nuclear Power Plant

15:50 Break

Nuclear Forensics, Chair: Kimura, Halevy
16:15 MoB-11

Itzhak Halevy Department of Physics, IAEC-NRCN, Beer-Sheva, Israel
Image Processing And Particle Analysis Of Fission-Truck-Analysis In Nuclear Foren-
sic

16:30 MoB-12
Chu-Ting Yang Institute of Nuclear Physics and Chemistry, China Academy of
Engineering Physics
Separation and Analysis of Uranium in the SRM IAEA-384 and 385

16:45 MoB-13
Anya C Keatley University of Bristol / AWE
An investigation into the heterogeneity of vein type uranium ore deposits: Implications
for nuclear forensic analysis

17:00 MoB-14
Alonso Castro Los Alamos National Laboratory, USA
Rapid Determination of Uranium Isotope Ratios by Laser Absorption Spectroscopy

17:15 MoB-15
Yoshiki Kimura Japan Atomic Energy Agency
Material Discrimination Analysis by Particle Shape of Nuclear Materials for Nuclear
Forensics Application
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Tue., July 11
Hall

8:00 Registration

Plenary 2, Chair: Kenji Takeshita
8:30 TuA-1(Plenary)

Karsten Meyer Friedrich-Alexander University Erlangen-Nurnberg
Electrocatalytic Production of H2 from Water with f-element-based molecular catalysts

Separation and reprocessing 1, Chair:T. Grimes
9:15 TuA-2(Invited)

Andreas Geist Karlsruhe Institute of Technology (KIT)
SO3-Ph-BT(B)P, highly efficient complexing agents for actinide ions �- insights from
basic studies applied to process development

9:45 TuA-3
Marie Simonnet Japan Atomic Energy Agency, Materials Research Center, Actinide
Group
Cesium liquid-liquid extraction by calix-crown-ethers

10:00 TuA-4
Hirohide Kofuji Japan Atomic Energy Agency
Characteristics of TPDN/SiO2-P adsorbent for MA(III) recovery

10:15 Break

Separation and reprocessing 1, Chair:T. Grimes
10:35 TuA-5(Invited)

Artem V Gelis Argonne National Lab
Progress in Research and Development of the Actinide Lanthanide SEParation Process
� ALSEP

11:05 TuA-6
Suliang Yang China Institue of Atomic Energy
Spectroscopic study on the mechanism of extracting Nd(III) from nitrate/perchlorate
media by tetraoctyl-diglycolamide in 1-octanol

11:20 TuA-7
Evgenia V. Lyzlova Federal State Unitary Enterprise MAYAK Production Associ-
ation
Development of the Sorption Method for Selective Extraction of Americium and Plu-
tonium from Intermediate Level Waste Nitric-Acid Solutions

11:35 TuA-8
Clotilde Gaillard Institut de Physique Nucleaire de Lyon,CNRS, university of Lyon,
France
Use of ionic liquids for the extraction of actinides and lanthanides: synergic effects,
task-specific extractants

12:05 Lunch

Plenary 3, Chair: L. Havela
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13:00 TuA-9(Plenary)
Krzysztof Gofryk Idaho National Laboratory, Idaho Falls, ID 83415, USA
Exotic thermal behaviours in uranium dioxide

Physics 2, Chair: L. Havela
13:45 TuA-10(Invited)

Peter S Riseborough Physics Department, Temple University, Philadelphia, PA 1,
USA9122
Unusual Magnetic Field-Dependence in the Hidden Ordered Phase of URu2Si2

14:15 TuA-11(Invited)
Dai Aoki IMR, Tohoku University
Ferromagnetic Superconductivity and Field Induced Phenomena in Uranium Com-
pounds

14:45 TuA-12
Rikio Konno Kindai University Technical College
Thermal Expansion of Nearly Ferromagnetic Metals Resulting from the Volume De-
pendence of Localized Spin Fluctuations That Include Zero Point Component

15:00 Break

Physics 3, Chair: Y. Onuki
15:25 TuA-13(Invited)

Shin-ichi Fujimori Materials Sciences Research Center, Japan Atomic Energy
Agency
Probing U 5f electronic structure of strongly correlated uranium compounds by photo-
electron spectroscopy

15:55 TuA-14(Invited)
Roberto Caciuffo European Commission, Joint Research Centre (JRC), Postfach
2340, DE-76125 Karlsruhe, Germany
Synchrotron radiation studies of the heavy-fermion superconductor PuCoGa5

16:25 TuA-15
Fabrice Wilhelm ESRF
Magnetism of actinides probed with XANES and XMCD spectroscopy

16:40 TuA-16
Emma Rose Gilroy University of Bristol
Uranium Based Spintronics

16:55 Break

Chemistry 2, Chair: Y. Okamoto
17:10 TuA-17

Evgeny V. Alekseev Institut fur Nukleare Entsorgung, Forschungszentrum Julich,
52428 Julich, Germany / Institut fur Kristallographie, RWTH Aachen University,
Jagerstrase 17-19 52066 Aachen, Germany
NEW INSIDE INTO U(V) CHEMISTRY IN SIMPLE AND COMPLEX OXIDES

17:25 TuA-18
Marcus ALTMAIER Karlsruhe Insitute of Technology (KIT-INE)
Aquatic chemistry and thermodynamics of actinides at elevated temperature: research
within THERMAC, a German collaborative project
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17:40 TuA-19
Jun Wen Institute of Nuclear Physics and Chemistry, China Academy of Engineering
Physics
Solvent effects in the colorimetric detection of UO2+

2 by substituted tetraphenylethene
17:55 TuA-20

Taishi Kobayashi Kyoto University
Thermodynamic Study on the Complexation of U(IV) with Isosaccharinic Acid
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Conference Room
Nuclear Medicine, Chair: T. Yamamura

9:15 TuB-1
Koshin Washiyama Institute of Medical, Pharmaceutical and Health Sciences,
Kanazawa University
Optimization of 225Ac labelling to DOTA conjugated peptide for targeted alpha therapy

9:30 TuB-2
Peter Kunz TRIUMF, 4004 Wesbrook Mall, Vancouver, BC V6T 2A3, Canada /
Department of Chemistry, Simon Fraser University, Burnaby, BC V5A 1S6, Canada
Medical Isotopes from ISAC Actinide Targets

9:45 TuB-3
Yukie Yoshii National Institutes for Quantum and Radiological Science and Tech-
nology
Development of method to reduce radiation exposure to the large intestine during 223Ra
alpha therapy with barium sulfate

10:15 Break

Fuels 2, Chair: R. Vauchy
10:35 TuB-4(Invited)

Ondrej Benes European Commission, Joint Research Centre, Karlsruhe
Thermophysical properties of minor actinide containing fuel for transmutation

11:05 TuB-5(Invited)
Yves Pipon Univ Lyon, CNRS-IN2P3, IPNL, France
Study of molybdenum and caesium migration in stoichiometric and hyperstoichiomet-
ric uranium dioxide

11:35 TuB-6
Masahiko Machida Japan Atomic Energy Agency
Ab-inito Calculations of Thermal Properties of Actinide Dioxides

11:50 TuB-7
Dominik Legut IT4Innovations Center, VSB - Technical University of Ostrava,
Czech Republic
Correlations effects and the importance of spin-orbit coupling for lattice dynamics of
UC and UO2

12:05 Lunch

Material Science 1, Chair: B. Ao
13:45 TuB-8

Xiaolin Wang China Academy of Engineerign Physics
Recent Advances in the Research on Uranium Hydriding Behavior in China

14:00 TuB-9
Ephraim Bulemela Canadian Nuclear Laboratories (CNL)
Synthesis and Characterization of Th(IV) and U(IV) triflates by X-Ray Photoelec-
tron Spectroscopy (XPS) and Scanning Electron Microscopy-Energy Dispersive X-ray
Spectroscopy (SEM-EDS)

14:15 TuB-10
Joseph Edward Sutcliffe University of Bristol
Isothermal Martensitic Transformations in Metastable Uranium Alloys
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15:00 Break

Separation and reprocessing 2, Chair:A.V. Gelis
15:25 TuB-11

Yan Zhang China Institute of Atomic Energy
Spectroscopic Study on the Extracted Complexes of Nd(III)/Eu(III) with DEHDGA

15:40 TuB-12
TORU KOBAYASHI Japan Atomic Energy Agency
Actinides extraction and complexation mechanisms of O, N-hetero donor ligand PTA

15:55 TuB-13
Gael Loubert Unite de Catalyse et Chimie du Solide (UCCS) / Commissariat a
l’Energie Atomique (CEA)
Study of the quantitative precipitation of uranyl ion by organic ligands in concentrated
aqueous nitric acid solution

16:10 TuB-14
Michael Anthony Bromley Lancaster University
The Effects of Nitric Acid on the Extraction Properties of TODGA During Fission
Product Management

16:25 TuB-15
Weiqun Shi Laboratory of Nuclear Energy Chemistry, Institute of High Energy
Physics, Chinese Academy of Sciences, Beijing 100049
Achieving Actinide and Lanthanide Group Separation with Hard�Soft Donor Com-
bined Ligands

16:40 TuB-16
Kalman Toth European Commission, Joint Research Centre, Directorate for Nuclear
Safety and Security, Standards for Nuclear Safety, Security and Safeguards Unit
Research on long-term stability of mixed U and Pu large-sized dried (LSD) spikes for
fissile material control

16:55 Break

18:20 MEXT project Special Session -Actinides Basics for decommissioning of
Fukushima Daiichi Nuclear Power Station (tentative) -
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Wed., July 12
Hall

8:00 Registration

Plenary 5, Chair: D. Clark
8:30 WeA-1(Plenary)

Stefan George Minasian Lawrence Berkeley National Laboratory
Harnessing the Principles of Coordination Chemistry to Control the Growth of Ac-
tinide Materials

Physics 4, Chair: S. Fujimori
9:15 WeA-2(Invited)

Shunichiro Kittaka Institute for Solid State Physics, University of Tokyo, Kashiwa,
Chiba 277-8581, Japan
Field-angle-resolved Specific Heat of Uranium Superconductors

9:45 WeA-3
Hideki Tou Department of Physics, Kobe University
Anomalous superconducting phase diagram in heavy fermion superconductor UBe13
studied by surface impedance measurements

10:00 WeA-4
Jean-Christophe Griveau DG Joint Research Centre-JRC
Extensive studies of 242PuCoGa5 single crystal at low temperature

10:15 Break

Material Science 2, Chair: P. Allen
10:35 WeA-5

Brice Ravat CEA - Centre de Valduc, 21120 Is sur Tille, France
Oxidation kinetics of Pu stabilized in delta-phase

10:50 WeA-6
Dominic Laventine Lancaster University, Department of Engineering, UK
Direct Mass Analysis of Water Absorption onto Ceria, Urania and Thoria Thin Films

11:05 WeA-7
James Edward Darnbrough Univeristy of Bristol
The interaction between hydrogen and uranium thin films studied by synchrotron X-ray
radiation

11:20 WeA-8
François Delaunay CEA, Centre de Valduc, F-21120 IS-sur-TILLE, FRANCE
H2O Adsorption and Dissociation on oxidized Pu metal

11:35 WeA-9
Akihiro Uehara Research Reactor Institute, Kyoto University
High temperature reactions of UO2, ZrO2, B4C, CaO, and SiO2: X-ray absorption
fine structure and X-ray diffraction analyses
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11:50 WeA-10
Sergey E. Vinokurov Vernadsky Institute of Geochemistry and Analytical Chem-
istry of RAS
Magnesium potassium phosphate matrix for immobilization of actinide-containing ra-
dioactive waste: phase composition, structure, mechanical and radiation stability, hy-
drolytic resistance

12:05 Lunch

12:50 Poster WePS

15:10 Group Photo

15:30 Excursion

19:00 Conference Dinner
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Conference Room
Environment 2, Chair: A. Ikeda-Ohno

9:15 WeB-1
Jian Zheng National Institute of Radiological Sciences, QST, Japan
Pu distribution in seawater and sediments in the Pacific off Fukushima after the
FDNPP accident

9:30 WeB-2
Masato Morita Department of Applied Physics, Kogakuin University
Development of micro-imaging technique for trace analysis of radionuclide by using
multicolor resonance ionization

9:45 WeB-3
Hauke Bosco Institute for Radioecology and Radiation Protection, Gottfried-
Wilhelm-Leibniz-University Hannover
Spatially resolved ultra-trace analysis on actinides and their fission products by rL-
SNMS

10:15 Break

Chemistry 3, Chair: Karsten Meyer
10:35 WeB-4

Michael A Chimes Lancaster University
Reduction Reactions of Neptunium & Neptunium Analogues with Nitrogen Oxide
Species

10:50 WeB-5
Christopher Zarzana Idaho National Laboratory, Idaho Falls, USA
Gas-Phase Spectroscopic Characterization of Ionic Liquid-Hexafluorouranate Clusters

11:05 WeB-6
Gabriel L. Murphy School of Chemistry, University of Sydney, New South Whales,
Australia. / Australian Nuclear Science and Technology Organisation, Lucas Heights,
New South Whales, Australia.
A Phenomenological Study into the Anomalous Transformative Behaviour of SrUO4

11:20 WeB-7
Jean Aupiais CEA DAM DIF
Contribution of capillary electrophoresis � ICPMS for the study of actinide � protein
interactions

11:35 WeB-8
Satoru Tsushima Helmholtz-Zentrum Dresden-Rossendorf
Site-specific binding affinity of Eu(III) towards Ca-binding protein calmodulin: A
combined spectroscopic and theoretical study

11:50 WeB-9
Andrej Skerencak-Frech Karlsruher Institute of Technology / Institute for Nuclear
Waste Disposal
Complexation of Cm(III) with Dicarboxylic Acids: A combined Spectroscopic, Ther-
modynamic and Quantum-Chemical Study

12:05 Lunch

12:50 Poster WePS

15



16



Thr. July 13
Hall

8:00 Registration

Plenary 4, Chair: T. Yaita
8:30 ThA-1(Plenary)

Tatsuya Higashi National Institute of Radiological Sciences (NIRS) National Insti-
tutes for Quantum and Radiological Science and Technology (QST)
Recent advances of Targeted Radioisotope Therapy (TRT) research

Chemistry 4, Chair: D. Clark
9:15 ThA-2

Martin Maximilian Maiwald Universitat Heidelberg, Physikalisch-Chemisches In-
stitut
Thermodynamics of the neptunium (V) complexation with fluoride and sulfate at el-
evated temperatures

9:30 ThA-3
Carsten Koke Heidelberg University, Germany
Fluorescence Spectroscopy of Aqueous Cm(III) Halide and Pseudohalide Complexes
at Elevated Temperatures

9:45 ThA-4
Jeongmook Lee Korea Atomic Energy Research Institute
Surface characterization of (U,Nd)O2: comparison with (U,Gd)O2 and (U,Th)O2

10:00 ThA-5
Chao XU Institute of Nuclear and New Energy Technology, Tsinghua University
The Complexation Behavior of U(VI) and Np(V) in Ionic Liquids

10:15 Break

Physics 5, Chair: H. Yamagami
10:35 ThA-6

Klaus D.A. Wendt University of Mainz
Laser-Spectroscopy of the Actinides �- Investigation of Atomic Structures and Ion-
ization Potentials

10:50 ThA-7
Hideki Tomita Nagoya University, Nagoya, Japan / RIKEN Nishina Center, Wako,
Japan
Resonance Ionization Scheme Development for Actinide Elements using an Automated
Wide-Range Tunable Ti:Sapphire Laser System

11:05 ThA-8
Xie-Gang Zhu Institute of Materials, China Academy of Engineering Physics
Fabrication and electronic structure characterization of Ce-La single crystal thin films

11:20 ThA-9
Yu Yang Institute of Applied Physics and Computational Mathematics
Roles of d states on the chemical properties of uranium
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11:35 ThA-10
Ping Zhang Institute of Applied Physics and Computational Mathematics
First-principles studies of plutonium oxides and their surface interaction with gaseous
molecules

11:50 ThA-11
Takeshi Aoki Tokyo Institute of Technology
Impacts of 240Pu self-shielding effect and uncertainties of σ(n, γ) at resonance energy
on the reactivity controllability in HTGR inert matrix fuel

12:05 Lunch

Plenary 6, Chair: Y. Nagame
13:00 ThA-12(Plenary)

Hisaaki Kudo Department of Chemistry, NIigata University
Discovery of New Element, Nihonium, and Perspectives

Chemistry 4, Chair: Y. Ikeda
13:45 ThA-13

Roger Kloditz Helmholtz-Zentrum Dresden-Rossendorf, Institute of Resource Ecol-
ogy
Real-space bonding analysis of tetravalent actinide complexes with N-donor ligands

14:00 ThA-14
John Arnold University of California, Berkeley / Lawrence Berkeley National Lab-
oratory
New Reactivity in Actinide Chemistry Facilitated by Supporting Ligand Design

14:15 ThA-15
Kongqiu Hu Institute of High Energy Physics, Chinese Academy of Sciences
Solvent-Dependent Synthesis of Porous Anionic Uranyl�Organic Frameworks Fea-
turing a Highly Symmetrical (3,4)-Connected ctn or bor Topology for Selective Dye
Adsorption

14:30 ThA-16
Christelle Tamain CEA Marcoule
Coordination of tetravalent actinides with DOTA - from dimers to hexamers

14:45 ThA-17
Shu-Xian Hu Beijing Computational Science Research Center
Electronic structure and characterization of a uranyl di-15-crown-5 complex with an
unprecedented sandwich structure

15:00 Break

Chemistry 5, Chair: S. Tsushima
15:25 ThA-18

Juliane Marz Helmholtz-Zentrum Dresden-Rossendorf
Coordination Chemistry of Uranium (U(IV) and -(VI)) with Bidentate N-donor Lig-
ands, 2,2’-Bipyridine and 1,10 Penanthroline

15:40 ThA-19
Thomas Radoske Helmholtz-Zentrum Dresden-Rossendorf
Interaction of Tetravalent Actinides (An(IV)) with Mixed N/O-Donor Imine Type
Ligands
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15:55 ThA-20
Sebastian Schone Helmholtz-Zentrum Dresden-Rossendorf, Institute for Resource
Ecology
Synthesis and characterization of the first chiral benzamidinate complexes of tetrava-
lent actinides (An(IV))

16:10 ThA-21
Shuao Wang Soochow University
What can Actinides Do for Metal-Organic Frameworks and What can Metal-Organic
Frameworks Do for Actinides and Fission Products?

16:25 ThA-22
christophe Volkringer Unite de Catalyse et Chimie du Solide (UCCS) ? UMR
CNRS 8181, Universite de Lille, ENSCL, Bat C7, BP 90108, 59652 Villeneuve d’Ascq,
France
Coordination polymers of tetravalent neptunium with aromatic polycarboxylate ligands

16:40 Break

Chemistry 5, Chair: S. Tsushima
16:55 ThA-23

Koichiro Takao Laboratory for Advanced Nuclear Energy, Institute of Innovative
Research, Tokyo Institute of Technology
Uranyl Lewis-acid Catalysts in Nucleophilic Acyl Substitution of Acid Anhydrides

17:10 ThA-24
Jipan Yu Institute of High Energy Physics
Phosphonate-Based Covalent Organic Framework for Selective Removal of U(VI): A
Breakthrough under Strong Acid Condition

17:25 ThA-25
Matthieu Virot Universite de Montpellier, Institut de Chimie Separative de Mar-
coule, UMR 5257, CEA-CNRS-UM-ENSCM, Site de Marcoule, BP17171, 30207 Bag-
nols sur Ceze, France.
Preparation of a Water Soluble Plutonium (IV) Cluster: A preliminary Study

17:40 ThA-26
Joy Hannah Farnaby University of Glasgow
Hetero-metallic radical complexes of the f-elements
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Conference Room
Separation and reprocessing 3, Chair:A. Geist

9:15 ThB-1(Invited)
Travis S. Grimes Idaho National Laboratory, ID, United States
Kinetics of the Autoreduction of Hexavalent Americium in Nitric Acid

9:45 ThB-2
Masaumi Nakahara Japan Atomic Energy Agency
Electrochemical Properties of Zirconium in Highly Concentrated Plutonium Nitrate
Solution

10:00 ThB-3
Seung Park KAIST
Evaporation and Oxidation Characteristics of Europium Chloride in LiCl-KCl Molten
Salt

10:15 Break

Separation and reprocessing 3, Chair:A. Geist
10:35 ThB-4

Kathleen Schnaars TU Dresden, Department of Chemistry and Food Chemistry,
01062 Dresden, Germany
4-Phosphorylpyrazolones as receptor molecules for f-block elements

10:50 ThB-5
Masahiko Nakase Japan Atomic Energy Agency
EXAFS study on gel/liquid extraction of f-block elements

11:05 ThB-6
Yaxing Wang School for Radiological and Interdisciplinary Sciences (RAD-X), Soo-
chow University, China / Institute of Nuclear Science and Techology, Sichuan Uni-
versity, China
Lanthanide Separations by Borate Crystallization �- A New Strategy to Lanthanide
and Actinide Separations

11:20 ThB-7
Konstantinos Kavallieratos Department of Chemistry and Biochemistry, Florida
International University / Applied Research Center, Florida International University
Sulfonamide and Pyrazole Ligands and Analogs for Coordination and Extraction of
Lanthanides and Actinides

11:35 ThB-8
Hiroyuki Kazama Laboratory for Advanced Nuclear Energy, Institute of Innovative
Research, Tokyo Institute of Technology
Synthesis and Characterization of 1-D Coordination Polymer Chains of Uranyl Ni-
trates with Double-Headed 2-Pyrrolidone Derivatives

12:05 Lunch

Superheavy Elements, Chari: Y. Nagame
13:45 ThB-9(Invited)

James B Roberto Oak Ridge National Laboratory 1 Bethel Valley Road Oak Ridge,
Tennessee 37831-6196
Element-117 discovery
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14:15 ThB-10(Invited)
Alexander Yakushev GSI Helmholtz Center for Heavy Ion Research
Gas-phase chemistry of SHE at TASCA, GSI

14:45 ThB-11
Narumi Kondo Graduate School of Science, Osaka University
Liquid-liquid extraction of element 104, Rf, in the Aliquat 336/HCl system

Superheavy Elements, Chari: Y. Nagame
15:25 ThB-12(Invited)

Michael Block GSI / HIM / JGU
Laser spectroscopy on nobelium isotopes at GSI

15:55 ThB-13(Invited)
Tetsuya K. Sato Japan Atomic Energy Agency
First Ionization Potentials of Heavy Actinides

16:25 ThB-14
Hiroyuki Koura Advanced Science Research Center, Japan Atomic Energy Agency
‘Island of stability’ of superheavy nuclei

16:40 Break

Material Science 3, Chari: Y. Haga
16:55 ThB-15

Ruizhi Qiu China Academy of Engineering Physics
Density-functional study of plutonium monoxide monohydride

17:10 ThB-16
Shai Cohen Nuclear Research Center ? Negev
Surface Characterization and Oxidation of U(AlxSi1−x)3 at Elevated Temperatures

17:25 ThB-17
Olivier TOUGAIT Universite de Lille1 / Universite de Rennes1
Phase formation, stabilities and thermodynamical properties of the intermediate
phases of the U-Al-X, X = Ga, Ge, ternary systems.

17:40 ThB-18
Silvie Maskova Department of Condensed Matter Physics, Faculty and Mathematics
and Physics, Charles University, Prague, Czech republic
U3Si2 � interaction with hydrogen

17:55 ThB-19
Elizabeth A Howett Lancaster University, LA1 4YW, UK
The Behaviour of Advanced Gas Reactor Simulated Spent Nuclear Fuels in Wet In-
terim Storage Conditions
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Fri. July 14
Hall

8:00 Registration

Plenary 7, Chair: M. Altmaier
8:30 FrA-1(Plenary)

Dhanpat Rai Rai Enviro-Chem, LLC, Yachats, Oregon, USA
Thermodynamic Data Development: Solubility Method and Future Research Needs

Materials Science 4, Chair: Xiaolin Wang
9:15 FrA-2(Invited)

Patrick G Allen Lawrence Livermore National Laboratory
Characterization of Radiation Damage in Plutonium Alloys

9:45 FrA-3(Invited)
Bingyun Ao China Academy of Engineerign Physics
Light Impurity Atoms as the Probes for the Electronic Structures of Actinide Dioxides

10:15 FrA-4
Boris Dorado CEA, DAM, DIF, F-91297 Arpajon, France
First-principles calculation of self-diffusion coefficients in actinide compounds

10:30 FrA-5
Hiroki Nakamura Japan Atomic Energy Agency
A First-Principles Study on Point Defects in Plutonium Dioxide

10:45 FrA-6
Michael Shandalov NRCN
A New Solid Solution Approach for the Study of Self-Irradiating Damage in non-
Radioactive Materials

11:00 Summary

11:30 Presenting Actinides 2021

11:45 Closing
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Conference Room
Spectroscopy, Chair: Y. Takeda

9:15 FrB-1
Igor N. Izosimov Joint Institute for Nuclear Research
Laser Spectroscopy and Detection of Actinides/Lanthanides in Solutions

9:30 FrB-2
James Gerard Tobin University of Wisconsin Oshkosh
Covalency in oxidized uranium

9:45 FrB-3
Vanessa Maren Timmermann Centre for Radiochemistry Research, School of
Chemistry, The University of Manchester
Evaluating the solution structure of uranium(IV) DOTA-type complexes by 1H NMR
spectroscopy

10:00 FrB-4
Tsachi Livneh Department of physics, NRCN, Israel
Correlating temperature and pressure effects on the Raman scattering in UO2

10:15 FrB-5
Hee-Kyung Kim Korea Atomic Energy Research Institute
Spectroscopic studies of Am(III) and Eu(III) hydrolysis reactions

10:30 FrB-6
Nicole Adam Karlsruhe Institute of Technology, Institute for Nuclear Waste Dis-
posal
Interaction of human serum transferrin with Cm(III) using time-resolved laser fluo-
rescence spectroscopy (TRLFS)

10:45 FrB-7
Peter Kaden Helmholtz-Zentrum Dresden-Rossendorf (HZDR), Institute of Re-
source Ecology, 01328 Dresden, Germany
NMR investigations of paramagnetic effects in metal-organic complexes of trivalent
and tetravalent actinides with soft-donor ligands
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Poster MoPS (Monday 12:50)

MoPS-1 Akira Kirishima Study on leaching behavior of actinide elements from nuclear
fuel debris generated by severe accident

MoPS-2 Hirohito Watanabe Synthesis and Magnetic Measurement of Uranium Ph-
thalocyanine

MoPS-3 Masashi Kaneko Development of Uranyl Ion Sensing Method using
Aggregation-Induced Emission Phenomenon

MoPS-4 Shogo Nakajima SAXS study on temperature dependence of the solid phase
transformation on the solubility of zirconium hydroxide

MoPS-5 Toshiyuki Fujii Cation-Cation Interaction between NpVO+
2 and Li+ in a Con-

centrated LiCl Solution
MoPS-6 Rafik BESBES Self-diffusion of Bk3+ in aqueous solutions at neutral pH and

pH 2.5. Comparison with the trivalent f-elements (Eu3+, Gd3+, Tb3+, Tm3+)
MoPS-7 Tomoo Yamamura Uranium Superphthalocyanine: Purification and Electro-

chemistry
MoPS-8 Hideaki Shiwaku In situ observation of uranyl solution photoreduction reac-

tion
MoPS-9 Keiichi Yokoyama Concept of Laser-assisted Separation and Recovery for

f-electron elements
MoPS-10 Masashi Kaneko Time-Dependent Density Functional Study on Tetravalent

Uranium Hlides in Tetrahydrofuran Solution
MoPS-11 Reisuke Doi Determination of the standard redox potential of the

(Se2−
4 /HSe−) system by cyclic voltammetry

MoPS-12 Tae-Hong Park Spectroscopic and Electrochemical Study of Neptunium Com-
plexes in LiCl-KCl Molten Salts

MoPS-13 Kazuki Ouchi The Behavior of Deposition following the Valence Change of
Uranium in Weak acid Solution

MoPS-14 Cristian Andree Celis-Barros Electronic Structure of [BkCl6]3− and
[CfCl6]3−

MoPS-15 wei liu Highly Sensitive and Selective Uranium Detection in Natural Wa-
ter Systems Using a Luminescent Mesoporous Metal�Organic Framework
Equipped with Abundant Lewis Basic Sites

MoPS-16 Gui Da Xiang Hydrolytically Nanoporous Thorium Mixed Phosphite and Py-
rophosphate Framework Generated from In-situ Redox-Active Ionothermal Re-
actions: an Inorganic Structural Analogue of MOF-5

MoPS-17 Lin Xu Uptake Mechanisms of Eu(III) on Hydroxyapatite: A Potential Perme-
able Reactive Barrier Backfill Material for Trapping Trivalent Minor Actinides

MoPS-18 Jian Lin Probing the Influence of Acidity and Temperature to Th(IV) on Hy-
drolysis, Nucleation, and Structural Topology

MoPS-19 Yanli Li Probing electronic structure and chemical bonding of actinides by high
resolution photoelectron imaging

MoPS-20 Kaitlin Kim Karlotta Kammerlander A spectroscopic and computational
study of trivalent f-element sorption onto α-chitin

MoPS-21 Naoyuki Tateiwa Pressure dependence of spin fluctuation parameters in ura-
nium ferromagnetic superconductor UGe2

MoPS-22 Chihiro Tabata Synchrotron X-ray Structure Analysis of UNi4B
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MoPS-23 Mizuho Maeda Third-order Magnetic-Susceptibility of Itinerant-elecrton
Metamagnet UCoAl

MoPS-24 Noriaki Kimura Electrical Resistivity in the Vicinity of the Metamagnetic
Critical Point in UCoAl

MoPS-25 Yoshichika Onuki Single Crystal Growth and Fermi Surface Properties in
ThSb2 and ThBi2

MoPS-26 Kohei Ohashi Systematic study of the UNiX2 ternary compounds (X=C, Si,
Ge, Sn)

MoPS-27 Akira Yamaguchi Construction of dc and ac magnetic-measurement system
for a ferromagnetic superconductor, uranium digermanide

MoPS-28 Hiroshi Amitsuka Crossover between Fermi-liquid and non-Fermi-liquid
states in Th1−xUxBe13 (0 < x < 1)

MoPS-29 Shota Nakamura Magnetization Study on the Ising Ferromagnet URhGe with
High-Precision Angle-Resolved Magnetic Field near the Hard Axis

MoPS-30 Yoshinori Haga New actinide compounds with Al- and Ga- rich phases
MoPS-31 Hiroshi Yamagami Long-range correlated band structure of uranium monon-

itride with LDA+STLS theory
MoPS-32 Akira Oyamada Anomalous Hall Effect in a Triangular-Lattice Antiferro-

magnet UNi4B
MoPS-33 Jason Jeffries Emergent Ferromagnetism in USb2 at High Pressure
MoPS-34 Anton Filanovich Thermal expansion and bulk modulus of strongly correlated

superconductor PuCoGa5 from first principles
MoPS-35 Stepan N Kalmykov COMPOSITION OF URANIUM IONS ON THE SUR-

FACE OF UO2 (111) SINGLE CRYSTAL FILM
MoPS-36 Kimihiko Yano R&D Strategy on Mid- and Long-Term Behavior of Fuel De-

bris
MoPS-37 Yukio Tachi Sorption Parameter Setting Approaches Considering Perturba-

tion Effects for Radioactive Waste Disposal : Sorption Reduction Factors for
Organics

MoPS-38 Takayuki Sasaki Validation of actinides dissolved from 1F fuel debris into
the cooling water system

MoPS-39 Yosuke Akagi Diffusion and Sorption Behavior of HTO, Cs, I and U in OPC
Mortar

MoPS-40 Peter George Martin Investigating uranium-containing particulate from
within Fukushima Prefecture
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Poster WePS (Wednesday 12:50)

WePS-1 Anatoly B. Melentev The Neptunium Behavior Control in the SNF Repro-
cessing Flowsheet of RT-1 Plant

WePS-2 Yuri A. Voroshilov The Experimental Testing of Americium and Curium
Separation Process With the Use of the Solid TODGA-Based Extractant

WePS-3 Ryuhei Motokawa Third Phase Formation Induced by a Growth of Hierar-
chical Aggregation Structure in Biphasic Solvent Extraction Systems

WePS-4 Olga Shmidt Sorbtion of Lanthanide and Actinide Ions from Nitrate Solutions
on TODGA-Containing Sorbents

WePS-5 Shinichi Suzuki Actinyl Elements Separation by branched N,N-
dialkylmonoamide

WePS-6 Tatsuo Matsumura Current status of R&D on minor actinide separation
process with CHON Extractants in JAEA

WePS-7 Dong-Yong Chung Development of a process for treatment of uranium waste
WePS-8 Haruka Tateno Direct Extraction of Platinum Group Metals from Ni-

tric Acid Solution Using Phase-Transition of Thermoresponsive Poly(N-
isopropylacrylamide)

WePS-9 xuemiao yin Lanthanide and Actinide Separations by Borate Crystallization
WePS-10 Seong-Yun Kim Separation Behavior of Y(III) and Sr(II) from Acid Solu-

tions by Extraction Chromatography using HDEHP impregnated Resin and Its
Medical Application

WePS-11 Michal Cibula Separation of platinum group metals in HNO3 using thiodigly-
colamide and amide-containing tertiary amine extractants

WePS-12 Gerald Jomard Coupled first-principles and experimental positron annihila-
tion study of defects in actinides mixed oxides

WePS-13 Masashi Watanabe Raman spectra of non-stoichiometric (U1−yCey)O2 solid
solution

WePS-14 Taku Matsumoto Temperature dependence on Inter-diffusion coefficient of
Actinide Elements in MOX Fuel

WePS-15 Yoshihisa Ikusawa Evaluation and Formulation of MOX Fuel Thermal Con-
ductivity

WePS-16 Yoshihiro Okamoto Chemical state analysis of simulated corium debris by
EXAFS

WePS-17 Seiya Takaki Lattice expansion in ZrN and Dy0.3Zr0.7N irradiated by 200
MeV Xe ions

WePS-18 Hiroto Ishii Behavior of Liquid Caesium Halides on Solid Uranium Dioxide
WePS-19 Ross Stuart Springell Actinide thin films: the study of nuclear fuels be-

haviour
WePS-20 Lilian Berlu PM-IRRAS studies of gas-metal interactions
WePS-21 Yaping Sun The study on chemical durability of natural titanite
WePS-22 Gaku Motoyama Crystal Structure and Magnetic Properties of New Ternary

Uranium Compound U3TiBi9
WePS-23 Maayan Perez Chemical Deposition of (Pb,Th)Se Thin films for Self-

Irradiating Damage Studies
WePS-24 Tetsuhiro Sekiguchi Absorbent property of Fullerene for Cesium Isotope Sep-

aration using X-ray Photoelectron Spectroscopy
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WePS-25 Eriko Suzuki Effect of atmosphere on the vaporization behavior of CsFeSiO4
WePS-26 Kunihisa Nakajima Atmospheric effect on Cs chemisorption behaviors onto

stainless steel
WePS-27 Yukiharu Takeda Soft x-ray magnetic circular dichroism study on UGe2
WePS-28 Shimon Zalkind In-Situ X-ray Diffraction Measurements of U-0.1w%Cr Ox-

idation
WePS-29 Oshrat Appel The Influence of External Stress on Hydrogen Attack in Ura-

nium
WePS-30 Haruyoshi Otobe High-temperature reaction of B4C with (Pu,U)O2
WePS-31 Alex Viktorovich Samodolov On Materials Damage at the End of the α-

Particle Path
WePS-32 Anton Evgenievich Kanunov The development of ceramic matrices on the

phosphate basis with NaZr2(PO4)3 structure for immobilization of actinides
WePS-33 Victor Alexeevich Pushkov On Dislocation Mechanism of Dynamic Defor-

mation of Uranium
WePS-34 Olivier TOUGAIT Evaluation of the thermal stability of uranyl peroxide

clusters.
WePS-35 Daniel Alexander Chaney A Thin Film Approach to Investigating High

Temperature Point Defect Recovery in γ-(U-X)
WePS-36 Martin Weis α-track detection as a localization method for SIMS and rL-

SNMS and investigation of actinide containing particles in environmental sam-
ples

WePS-37 Taro Shimada Study on Criticality in Natural Barrier for Disposal of Fuel
Debris from Fukushima Daiichi NPS

WePS-38 Timothy M. Dittrich Sorption and Biosorption of An(III) in High-Ionic
Strength Systems

WePS-39 Philippe Devaux Capture of radionuclides in Metal-Organic Frameworks
WePS-40 Yuichiro Nagame Adsorption of Lawrencium (Lr) on a Metallic Tantalum

(Ta) Surface
WePS-41 Kazuma Kitabayashi Stabillity constants of EDTA, DOTA, EDTMP and

DOTMP complex with Th(IV) for nuclear medicine
WePS-42 Xiao mei Wang Syntheses and Structural Characterization of Uranyl Com-

plexes with Glycine
WePS-43 Jian Xie New Potential Application of Uranyl Organic Framework as Highly

Sensitive Ionizing Radiations Dosimeter
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Actinide research for the legacy of damaged nuclear facilities 

H. Yamana1* 
1	Nuclear Damage Compensation and Decommissioning Facilitation Corporation	

*yamana-hajimu@ndf.go.jp 

Introduction 
 In Japan, Fukushima-Daiichi NPP accident suggested the importance of studies for the 
decommissioning and remediation.  The decommissioning of Fukushima-Daiichi is steadily 
progressing, but there is still unknown but necessary information about the basic property and 
behavior of the actinide-bearing substances. A new enahanced approach to the actinide  research 
for the response to the legacy of abnormal facilities will be expected. 

Results and Discussion 
 The safe management of actinide nuclides has been a major issue of the backend and nuclear 
fuel cycle, and significant progresses have been made in the area of nuclear fuel cycle, partitioning 
and transmutation, and waste management including geological disposal.   
 
 In Japan, Fukushima-Daiichi NPP accident happened in 2011 created a difficult problem of the 
decommissioning of the damaged reactors and the clean-up of the site.  In particular, the recovery 
of the fuel-debris from the heavily damaged reactors under severe condition will be the biggest 
technological challenge to overcome.  Management of the solid wastes that will be generated from 
the debris retrieval operation and the future demolishing of the buildings will become a big issue 
in terms of their socially acceptable diposal in the future.  Worldwide, there are several nuclear 
sites in UK, USA, and some other countries that have coped with the difficult and complex situation 
of the legacies generated by historic nuclear activities.  In the future, in Japan and worldwide, there 
will arise many requirements of the decommissioning of retiring radioactive research facilities that 
may have accumulated miscellaneous legacies. 
 
Some common difficulties for the legacies are, unknown conditions and properties of the existing 
nuclear materials, extraordinarily large volume of the radioactive wastes with complicacy, and 
technologically difficult recovery which requires special safety management with remote operations.  
In some cases, radioactive substances that have already diffused into buildings and neighboring 
environment will make a special difficulty entailing extra cost and time. 
 
Response to these legacies in terms of the actinide management should be carefully considered.  
Major part of the challenge will be rather technolgical, in terms of remote devices and civil 
engineerings, but it should be noticed that some basic researches on actinide chemistry and 
physics would influence the efficiency and reliablity of the technological design.  Chemical 
behaviors of less-understood compounds of TRU elements and fission products should be studied 
more.  Studies on the properties of unique compounds or chemical status of actinide elements with 
concrete, metalic substances, lagging materials for piping as well as other members and 
components of the reactors will be essential.  Analytical studies on these substances such as fuel-
debris, MCCI product, sludge, soluble species in water, colloid, and unique particulate will be also 
quite important. 
 
Actinide chemistry in the environment is also important  because the behavior of the radioactive 
nuclides spread into the environment by the accident or aging of the facility may be different from 
the past studies for the fallout by weapon testing. 
 
In this presentation, the latest status of the response to the aftermath of the Fukushima-Daiichi 
accident will be provided, to promote awareness of the important researches for the response to 
the legacies from accident facilities and aging facilities. To compare to Fukushima-Daiichi 
decommissioning, some worldwide similar challenges for the decommissioning and remediation of 
the aging sites will be referred. 
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Vibrational properties of uranium and plutonium 

J. Bouchet1*, F. Bottin1, B. Dorado3 
1	CEA/DAM/DIF	

*e-mail: johann.bouchet@cea 

Introduction 
 Density functional theory (DFT) has been an extraordinary successful tool to understand the 
ground state properties of the actinides and to show the fundamental role played by the 5f  
electrons. The inclusion of temperature effects in the calculations is even more challenging but 
crucial for studying the rich phase diagram exhibited by these elements. 
 Usually, thermal vibrations of atoms can be taken into account via the so-called quasiharmonic 
approximation (QHA). In this framework, the phonon dispersion relations are calculated at 0 K 
using density functional perturbation theory (DFPT) and the temperature is included only via the 
thermal dilatation, i.e., by computing the phonon spectrum at different volumes. This method has 
been applied with success to Th. However with only one f electron and a fcc structure, Th does 
not show all the complexity found in the heavier actinides. In particular, this method cannot be 
used on structures stabilized at high temperature by anharmonic effects and therefore dynamically 
unstable at 0 K such as the bcc structure adopted by the whole actinide series before the melting 
point. 

Results and Discussion 
 Here we show the results of a new method based on ab-initio molecular dynamics simulations 
to obtain the phonon spectrum of a material at high temperature and capture the anharmonic 
effects1.  Whereas all previous attempts based on the QHA failed to reproduce the behavior of the 
phonon modes of uranium as a function of temperature, this method can capture the effects 
responsible for the CDW phase transition in α-U2. We also show the phonon spectrum of the γ bcc 
structure at high temperature. Using the phonon density of states we calculate the free energies 
of the  α and the  γ structure to obtain the transition line in pressure and temperature3. 
We also present new results for the phonon spectra of the α, δ and ε phases of plutonium and we 
discuss the different mechanisms governing the stability and the phase transitions of these 
structures4. 

References 
1. O. Hellman, I. A. Abrikosov, and S. I. Simak, Phys. Rev. B 84, 180301 (2011).	

2. J. Bouchet and F. Bottin, Phys. Rev. B 92, 174108 (2015)	

3. J. Bouchet and F. Bottin, Phys. Rev. B 95, 054113 (2017)	

4. B. Dorado, F. Bottin and J. Bouchet, Phys. Rev. B 95, 104303 (2017)	
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Magnetic properties of UCo1-xOsxAl solid solutions: transition from 
itinerant metamagnetism to ferromagnetism 
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Introduction 
 UCoAl belongs to a UTX family (T is a late transition metal of 3d, 4d or 5d series, X is a p-

metal Al, Ga, In or Sn) with the hexagonal crystal structure of the ZrNiAl type. In magnetic field of 

0.7 T applied along the c-axis, UCoAl undergoes a metamagnetic transition to a forced 

ferromagnetic state [1]. The ground state of UCoAl is paramagnetic [2], so it has to be classified 

as itinerant metamagnet with uniquely low critical field Hcr of the transition. Due to so low Hcr 

value, UCoAl is extremely sensitive to any influence like dilution of the U sublattice, external 

pressure or substitution. When Co is substituted by T = Fe, Ru, Rh and Ir in the UCo1-xTxAl 

systems, Hcr rapidly decreases and already 1-2% doping stabilizes spontaneous ferromagnetism. 

Opposite, for T = Ni, Pd and Pt, Hcr increases and paramagnetism is stabilized. 

Results and Discussion 
 Influence of only one of late d metal, Os, on the metamagnetism in UCoAl was not studied 

previously due to metallurgical problems (melting temperature of Os exceeds evaporation 

temperature of Al). Now we solved these problems, prepared UCo1-xOsxAl solid solutions and 

studied their crystal structure and magnetic properties. 

 Terminal compound UOsAl does not form the ZrNiAl-type structure but hexagonal Laves 

phase of the MgZn2 type. It is temperature-independent paramagnet, similar to the isostructural 

compound UFeAl. No field-induced transition is observed in fields up to 60 T. UCo1-xOsxAl solid 

solutions with x < 0.2 have the ZrNiAl crystal structure. The compound with x = 0.2 has traces 

(~2%) of an impurity phase, so we consider this Os content as a homogeneity limit. 

 Magnetization measurements performed on single crystals (except for x = 0.2, this alloy was 

studied on isotropic polycrystal) showed that compounds with x ≥ 0.01 are ferromagnets. 

Spontaneous moment increases from 0.32 µB/f.u. at x = 0.01 to 0.55 µB/f.u. at x = 0.20, which is 

almost twice larger than the magnetic moment induced at the metamagnetic transition in UCoAl. 

TC increases from 16 K at x = 0.01 to 54 K at x = 0.20. All the compounds within the homogeneity 

range exhibit strong field and thermal hysteresis. At very low Os content, UCo0.998Os0.002Al, the 

ground state of the compound is still metamagnetic like in UCoAl. Transition field at 2 K is 0.35 T, 

which is already as twice as lower than that in UCoAl. Hcr increases with increasing temperature 

in the same way as in UCoAl. UCo0.995Os0.005Al has a mixed ground state with metamagnetic and 

ferromagnetic components. Ferromagnetic component has Ms = 0.2 µB and TC = 8 K. 

UCo0.99Os0.01Al is already a pure ferromagnet with TC = 16 K and Ms = 0.32 µB. All compounds 

within the homogeneity range exhibit huge uniaxial magnetic anisotropy. The anisotropy field, 

defined as the field where the hard-axis curve reaches Ms value (or M just above metamagnetic 

transition in the case of metamagnets), is at least 120-130 T. 

 Except the low solubility, influence of the Os doping on the magnetism of UCoAl is found to be 

very similar to that of Fe and Ru and considerably stronger than of Rh and Ir. 

References 
[1] A.V. Andreev, R.Z. Levitin, Yu.F.Popov, R.Yu. Yumaguzhin, Sov. Phys. Solid State, 27, 1145 

(1985). 

[2] V. Sechovský, L. Havela, F.R. de Boer, J.J.M. Franse, P.A. Veenhuizen, J. Šebek, J. Stehno, 

A.V. Andreev, Physica B, 142, 283 (1986). 
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Influence of hydrogen on electronic properties of U 

L. Havela1*, M. Paukov1, V. Buturlim1, M. Dopita1, M. Cieslar1, I. Turek1, M. Divis1,  
S. Maskova1, S. Sowa1,2, T. Gouder3, F. Huber3, A. Seibert3  

1	Charles	University,	Faculty	of	Mathematics	and	Physics,	Prague,	Czech	Republic	
2	Institute	of	Physics,	Pedagogical	University	Cracow,	Poland	

3	European	Commission,	DG	Joint	Research	Centre	–	JRC,	Karlsruhe,	Germany	
	

*e-mail: havela@mag.mff.cuni.cz 

Introduction 
 a-U is a weak Pauli paramagnet. No magnetic moments can develop due to the large 5f-5f 
overlap. The g-U phase, stable at high temperatures, exhibits only a small volume expansion, the 
paramagnetic susceptibility is almost invariable, and the only effect is a certain increase of the 
Sommerfeld coefficient from 10 to 18 mJ/mol U K2. It can be measured if the bcc phase is retained 
to low temperatures by alloying and quenching.1 All g-U alloys are superconducting. Another step 
in volume expansion can be performed using hydrogen absorption. The a-UH3 phase is the U bcc 
phase filled by H atoms to the stoichiometry UH3.The U-U spacing increases to 360 pm. The same 
density but shorter specific U-U bonds are found in the stable form, b-UH3. We explore possible 
variations of UH3 provided by hydrogenation of various U-T bcc alloys. Such research pinpoints 
interesting general features, as e.g. relatively high Curie temperatures, which relate to specific 
characteristics of electronic structure.2 In addition, we prepared UH3 in thin film form and performed 
a study of electronic structure by XPS, UPS, and BIS. 

Results and Discussion 
 We prepared U-hydrides alloyed with Mo, Zr, and other d-elements. Irrespective of composition 
and structure type (a-UH3, b-UH3, nanocrystalline), the Curie temperature remains high and 
exceeds in some cases 200 K. This suggests that the U-H interaction may be more important than 
the U-U spacing. Ferromagnetism is thus obtained even for the U-U spacings inferior to the Hill 
limit (340 pm). Ab-initio calculations suggest that charge transfer from 6d, 7s into the H-1s states 
may be the key, releasing the 5f states, staying at the Fermi level, from hybridization. Photoelectron 
spectra exhibit not only variations of the 5f states around EF, but also large shift of the U-6p states 
towards higher binding energies. The 6p states are not part of the valence band, but represent a 
sensitive indicator of occupancy and spatial distribution of the valence-band states. The monolithic 
form of the new hydrides allows to measure both heat capacity and transport properties. They are 
generally bad metals with resistivity around 1000 µWcm, the Sommerfeld coefficient exhibits small 
variations in the range 30-35 mJ/mol K2.  
 This work was supported by the Czech Science Foundation under the grant No. 15-01100S. 

 References 
1. I. Tkach, N.T.H. Kim-Ngan, A. Warren, T. Scott, A.P. Gonçalves, L. Havela, “Electronic 
properties of γ-U and superconductivity of U-Mo alloys“, Physica C 498, 14-20 (2014).  

2. L. Havela et al., “UH3-based ferromagnets: New look at an old material“, J. Mag. Mag. Mater. 
400, 130-136 (2016).  
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Single Crystal Growth and de Haas-van Alphen Effect of ThCu2Si2 

A. Nakamura1*, Y. Homma1, F. Honda1, Y. Shimizu, A. Maurya1, D. X. Li1,  
Y. Ōnuki2, H. Harima3, D. Aoki1 

1"Institute for Materials Research, Tohoku University, Oarai, Ibaraki 311-1313, Japan"
2"Faculty of Science, University of the Ryukyus, Nishihara, Okinawa 903-0213, Japan"
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Introduction 
 Since the discovery of a cerium-based heavy fermion superconductor CeCu2Si2,1 many 
experimental studies have been done to investigate the heavy fermion state and anisotropic 
superconductivity for cerium- and uranium-based compounds.2-4 In the 4f-electron system, the 
heavy fermion state with a large effective mass at low temperatures is caused by competition of 
the Ruderman-Kittel-Kasuya-Yosida (RKKY) interaction and the Kondo effect. To clarify the 
electronic states, the de Haas-van Alphen effect (dHvA) measurement and the energy band 
calculations played an important role in understanding the strongly correlated nature of f-electron 
systems. 
 Generally, the topology of the Fermi surface in the cerium compound with magnetic ordering 
is similar to that of the corresponding non-4f reference lanthanum compound, because the 4f 
electron is localized at the Ce site. On the other hand, some cerium compounds do not order 
magnetically. The observed dHvA braches in these cerium compounds, which are highly different 
from the dHvA branches in corresponding lanthanum compounds, are well explained by the 4f-
itinerant band model.5 The dHvA branches in these cerium compounds are sometimes similar to 
that of the corresponding thorium compounds, such as ThIn3

 6 and ThRu2Si2 7. The number of 
valence electron in thorium is same if the 4f electron in cerium becomes itinerant. A significant 
difference the 4f-itinerant cerium compound and thorium compound is most likely of the cyclotron 
effective mass. The elucidation of the electronic state of a thorium compound plays important 
role in understanding the correlated electron behaviour of related cerium and uranium 
compounds. 

Results and Discussion 
 To confirm these Fermi surface properties, we have grown a single crystal of ThCu2Si2 and 
measured the electrical resistivity, specific heat, and dHvA effect. Moreover, the present 
experimental results are compared to the results of the energy band calculations based on the 
FLAPW method with local density approximation (LDA). We grew single crystal of ThCu2Si2 by 
the Sn-flux method, with the typical size of 0.5 x 0.5 x 0.05 mm3. The residual resistivity ρ0 and 
residual resistivity ratio RRR (=ρRT/ρ0, ρRT: resistivity at room temperature) are 0.83 µΩ•cm and 
28, respectively in ThCu2Si2, revealing a high-quality sample. The Sommerfeld coefficient γ is 3.7 
mJ/(K2 mol). To clarify the Fermi surface property of ThCu2Si2, we carried out the de Haas-van 
Alphen experiment using a micro cantilever and the energy band calculations. The Fermi 
surfaces of ThCu2Si2 were a square circle and spheroidal hole Fermi surfaces and a 
compensated rectangular electron Fermi surface. The cyclotron effective masses are in the 
range from 0.25 to 0.98 m0 (m0: rest mass of an electron). The Fermi surfaces of ThCu2Si2 are 
compared to that of CeCu2Si2 (LDA). 
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Introduction 
 The wide variety of electronic properties in f-electron compounds provides ample opportunity 
for systematic studies from both the fundamental interest and application points of view. This 
variety originates from the hybridization effect of f-electrons with surrounded ligands of d- and/or 
p-electrons. For a systematic understanding of the nature of f-electrons, we focused on the 
compounds having non-centrosymmetric crystal structure and started investigation of their 
electronic properties. The compounds without inversion symmetry in the crystal structure has 
been receiving increasing attention, since the lack of inversion symmetry yields unique physical 
properties, such as skyrmion1, superconductivity with parity mixing2, etc. One of the typical 
examples studied recently is a RTX3 (R: rare-earth, T: transition metal, X: metalloid) system with 
having the BaNiSn3 type-tetragonal structure. We have tried to grow single crystals of ThTSi3 and 
UIrSi3 with various techniques in order to study basic physical properties of actinide 1-1-3 
compounds. 

Results and Discussion 
 Although a lot of 1-1-3 compounds are known to 
exist in rare-earth compounds, there are only few 
compounds reported in actinides, which are ThTSi3 (T 
= Rh, Ir), UNiGa3, and UIrSi3. Among them, ThTSi3 
are superconductors with the superconducting 
transition temperature (Tsc) of about 1.8 K, and 
UNiGa3 and UIrSi3 are antiferromagnets with the Néel 
temperature of 39 and 42 K, respectively. So far, no 
detailed investigations were done in these 
compounds. We have tried to grow single crystals of 
ThRuSi3 and UIrSi3 with various techniques. We 
succeeded to grow tiny single crystals of a new 
compound ThRuSi3 by means of a Bridgman 
method, where arc-melted ThRuSi4 was used as a 
starting composition. ThRuSi3 is found to be a 
superconductor with Tsc = 0.55 K in a preliminary 
investigation. We have also succeeded in growing 
single crystal of UIrSi3 for the first time with floating zone method as shown in Fig.1. Anisotropic 
magnetic properties and a unique magnetic history effect are observed in UIrSi3. We will present 
single crystal growth and basic physical properties of ThRuSi3, UIrSi3, and related compounds. 
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Fig.1	(a)	As	grown	single	crystal	by	FZ	
method,	(b)	cleaved	surface	and	(c)	Laue	
photo	of	UIrSi3.	
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Introduction 
 The nucleus 235mU is the isomeric state of 235U with extremely low excitation energy (76.8 eV), 
and decays through the internal conversion (IC) process. Because outer-shell electrons are 
dominantly involved in the IC process of 235mU, the decay constant (half-life) of the isomer varies 
depending on its chemical environment1. The half-life variation did not show simple tendency for 
some chemical forms of 235mU, and the mechanism is not understood well. In order to elucidate the 
deexcitation process of 235mU, we are trying to measure the energy spectra of IC electrons in 
addition to the half-lives for various chemical environments. In this work, we succeeded in these 
measurements for several kinds of chemical forms. 

Experiments 
 We collected 235mU recoiling out of a 239Pu source on Cu sheets by using Collection Apparatus 
for Recoil Products (CARP)2, and we measured the half-life and the energy spectrum using a 
retarding-field type spectrometer as shown in Fig. 1. By the reaction of 235mU with several gases 
(HF, HCl, O2), we changed the chemical forms of 235mU and measured the half-lives and energy 
spectra of the samples. 

Results and discussion 
 We observed clear difference in half-life between 235mU on Cu and 235mU samples reacted with 
HF and HCl gases. Moreover, we successfully obtained energy spectra for 235mU on Cu and 235mU 
reacted with HF gas and observed difference in the peak intensity ratios among 6p-orbital peaks. 
We performed relativistic DFT calculation to understand the energy spectra, and discussed the 
origin of the half-life variation based on the energy spectra and the results of DFT calculation. 
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Fig. 1 The retarding field spectrometer for measuring half-life and energy spectrum of IC 

electrons for 235mU 
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 A series of the British nuclear weapons tests conducted between 1953 and 1963 at the 
southeast area of the Great Victoria Desert, South Australia (Fig. 1(a)), dispersed long-lived and 
radioactive nuclear debris including plutonium (Pu). A reliable assessment of the environmental 
impact of these radioactive contaminants and their potential implications for human health 
requires an understanding of their physical/chemical characteristics at the molecular scale. This 
study focuses on the physical/chemical characterisation of the Pu contaminant, the most 
problematic radioactive contaminant remaining at the former testing sites, by synchrotron-based 
X-ray microscopy / spectroscopy. 
 The Pu legacy samples investigated in this study were collected at one of the former testing 
sites, the Taranaki site at Maralinga (Fig. 1(b)). The collected soil samples were physically sieved 
several times and further fractionated by heavy liquid density separation to isolate a small 
particle with significantly high radioactivity. The isolated particles were then transported to the X-
ray fluorescence microscopy (XFM) beamline at the Australian Synchrotron. The X-ray 
fluorescence mapping indicates that the particle forms an inhomogeneous core-shell structure 
composed of a concentrated Pu core coated by the external layer containing Ca, Fe and U.1 This 
suggests that most of the Pu within the particle is currently unavailable for interaction with the 
environment, but the bioavailability of Pu could potentially increase in the future when the particle 
morphology is further changed by surface weathering. These findings also highlight the 
importance of the comprehensive characterization of radioactive contaminants for reliable 
environmental- and radiotoxicological assessment. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 1. Geographical location of Maralinga on an Australian map (a) and a local map of the 
Taranaki test site at Maralinga (b). 
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Introduction 
The exploitation of nuclear energy over the last 70 years has led to numerous authorised and 

accidental releases of radioactive material to the environment. The impact of such releases 
depends on the physical, chemical and biological properties of the source term, but current 
impact assessments and management decisions take little to no account of the fact that many 
radionuclides are dispersed in particulate form [1]. Lack of knowledge concerning the behaviour 
of particle-bound radionuclides makes prediction of their impact difficult [1], [2].  

 
Results and Discussion 
In the work presented here, model particles representative of nuclear fuel (UO2), refined U ore 

(UO3) and Uranium Ore Concentrate (UOC) proxy materials (U3O8) (25 – 50 μm) were emplaced 
in sediment / groundwater column systems, using sediments representative of the Sellafield site, 
UK. These particles were then reacted under flowing conditions using two groundwater 
chemistries: (i) fully oxygenated, and (ii) Fe(III)- to sulfate-reducing. Following 6 months reaction 
under these conditions the columns were sacrificed and sub-cored anoxically. One subcore from 
each system was sectioned and geochemically characterised. Another subcore from each 
system was resin embedded under anoxic conditions and then, using Beamlines I18 and B18 at 
the Diamond Light Source, microfocus XRF mapping and XAS measurements were used to 
document changes in U speciation and elemental distribution across the uranic particles and into 
the bulk sediment. Our measurements revealed significant U migration under both redox regimes 
owing to subtle changing in U speciation.  
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Introduction 
 Lead (Pb) is one of the constituents in intermediate level radioactive waste: being formed at the 

end of the U-decay chain. It is soluble, mobile and highly toxic – there is no known level of lead 

exposure that is considered safe, according to the World Health Organisation (WHO).  It is 

therefore important to understand the behaviour of soluble Pb ions - in particular their sorption on 

to, and migration within, the cement backfill barrier in a geological waste disposal facility. To 

understand the long term safety of these engineered barriers it is critical to quantify how the 

evolving cement matrix may effect efficacy of capture of mobile species by sorption and /or 

precipitation processes. 

Results and Discussion 
 In this work, batch sorption analysis of Pb on to hydrated Nirex Vault Reference Backfill (NRVB) 

cement powder indicates a Langmuir-like process: a near-linear uptake followed by a plateau due 

to saturation at increasing concentrations. Leaching (desorption) experiments were also carried 

out which suggested that the sorption process is reversible. 

	 	

Figure	1	a)	Sorption	isotherm	for	NRVB	cement	exposed	to	Pb	(standard	deviation	errors	bars	are	too	small	to	display),	b)	
SEM	micrograph	of	Pb	bearing	cement	network	showing	lead	–	bearing,	calcium	–	rich	platelets.	

The homogeneity of surface interaction was assessed using spatially resolved chemical analysis. 

In particular, scanning electron microscopy (SEM), energy dispersive X–ray spectroscopy (EDS) 

and secondary ion mass spectrometry (SIMS) were used to provide information on surface 

concentrations and distribution. These data indicated that the uptake of Pb is relatively 

homogenous across the cement surface with no sites with significantly higher concentration 

observed. This suggests that lead is primarily uptaken on to the calcium silicate hydrate (C – S – 

H) gel since this is the most abundant phase in the cement (up to 60% volume fraction).  

The results contrast with a number of previous studies
,1,2

, where the Pb was introduced during 

cement hydration, which showed that Pb was not released significantly: these may not be relevant 

from a geological waste repository perspective where the Pb will only come in contact with the 

cement after hydration is completed. 
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 Numerous stable and unstable nuclides are synthesized by supernovae. Not only do 
supernovae contribute to nucleosynthesis of the elements, they also shape the local interstellar 
environment [1]. Short-lived radionuclides such as 60Fe (T1/2=2.6 Myr) and 244Pu (T1/2=80.0 Myr) 
are produced in supernovae and other explosive cosmic events. These radionuclides have a 
potential for the use as tracers in the history of the cosmos [2]. We have measured depth profiles 
of 60Fe in deep-sea archives using accelerator mass spectrometry (AMS) [3]. Two distinct peaks 
of global 60Fe inputs were found at 1.5-3.2 Myr ago and 6.5-8.7 Myr ago. The input at 1.5-3.2 Myr 
ago was suggested to originate from one or more supernovae that potentially occurred within the 
Scorpius-Centaurus association [4].  
 In contrast to 60Fe, significant amount of 244Pu were also produced by nuclear tests. Several 
researchers have attempted to measure 244Pu using AMS so far [5, 6]. Significant amounts of 
anthropogenic 244Pu was detected from samples in layers corresponding to the nuclear era, a 
few counts were also detected in older layer [7] predating anthropogenic activities. The data 
provide upper limits of accumulation of 244Pu synthesized in cosmic explosions.  
 We have continued our search for such tracers by analyzing the same Pacific manganese 
crust for both extra-terrestrial 60Fe and 244Pu. Iron and plutonium were chemically isolated from 
the crust material. The content of 60Fe and 244Pu is now being measured with AMS at the 
Australian National University (ANU) and the Australian Nuclear Science and Technology 
Organisation (ANSTO), respectively. Preliminary results for 244Pu and 60Fe, and its astrophysical 
implications will be presented. 
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 Actinyl nitrate anions, AnO2(NO3)2
- with An = U - Cf, have been detected by electrospray 

ionization mass spectrometry. While the An = U - Am series proved to be quite stable, a 
considerably decreased stability has been observed for the ions with An = Cm - Cf. In order to 
elucidate the origin of this trend, relativistic quantum chemical calculations have been performed 
on all the seven molecules. The molecular and electronic structures have been clarified by 
multireference CASPT2 calculations. The symmetry of the molecular structures showed a 
decreasing trend along the actinide row: the high D2h symmetry of An = U - Pu decreased to C2v 
in the species with An = Am and Bk, while the Cf analogue showed the lowest C2 symmetry. 
These structural characteristics can be explained by differences in the electronic structures, 
elucidated by a detailed analysis of the molecular orbitals. 
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Introduction 
 Metal-organic materials with dynamic components, such as mechanically-interlocked rotaxane 
molecules (MIMs), integrate the attractive feature of flexibility into rigid frameworks as well as 
broad functionalities. Among plenty of rotaxane-based coordination polymers, transition metal 
ions and lanthanide ions have been intensively studied due to their rich coordination patterns and 
availabilities. However, polyrotaxanes containing actinide cations, such as uranyl or thorium 
cations, have been never reported. Hence, we are currently pursuing the preparation of actinide 
polyrotaxanes from uranyl cation and pseudorotaxanes ligands containing cucurbituril.1-5 Our 
initial results indicate that cucurbituril-involving pseudorotaxane precusors with different 
molecular integral rigidity as well as the reaction conditions can produce various secondary 
building units (SBU) and geometric appearance for uranyl polyrotaxanes. It is, however, still 
unknown how the cucurbituril-based supramolecular inclusion affect the coordination assembly of 
the ‘axle’ linker, a simple but conventional organic ligand, with uranyl species. A direct 
comparison between hydrothermal products from the ‘axle’ ligand before and after 
supramolecular inclusion will help us understand the effects of macrocyclic inclusion during the 
coordination assembly process. 

Results and Discussion 
 We selected an organic dicarboxylate compound, L1 ([BzBPCEt]Br2), as the ‘axle’ ligand 
(Scheme 1), of which the semi-rigid bis(pyridinium)-1,4-xylylene linker can ensure good 
crystallization capacity of final coordination compounds, and meanwhile afford a well-matched 
recognition site for cucurbit[7]uril (CB7) so as to achieve the assembly of the corresponding 
[2]pseudorotaxane ligand, L1@CB7 ([BzBPCEt]Br2@CB7). The hydrothermal products with 
uranyl for both of L1  and L1@CB7 ligands have been prepared and characterized. And a detailed 
comparison on them has been conducted, demonstrating the significant influence of CB7-based 
inclusion on the coordination assembly of the ‘axle’ ligand by combined effects of improved 
stability and increased steric hindrance. 
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Introduction 
In acidic aqueous solutions, plutonium exhibits the extraordinary ability to possibly coexist within 
four oxidation states from +III to +VI. The relative abundance of each oxidation state is highly 
dependent upon the Pu concentration, pH, presence of complexing agents, ionic strength, and 
solution potential.1 These oxidation states are relatively stable, excepted for the pentavalent state 
particularly because of disproportionation concern. Investigations devoted to Pu(V) solution have 
been poorly reported however it is gaining more interest because of its higher mobility in the 
environment. It has long been known that water sonolysis under argon leads to the homolytic 
splitting of water molecules producing OH˙ and H˙ radicals which can recombine into H2 inside 
the cavitation bubbles and H2O2 at the bubble liquid interface.2 Sonication, which allows the in 
situ generation of species without dilution of solution or addition of side chemicals, has been 
considered as an original alternative for redox control of actinides. Sonication of aqueous 
solutions in various conditions (ultrasonic frequency, gaseous atmosphere, concentration, etc.) is 
investigated for the preparation of pure and stable Pu(V) solutions through the in-situ generation 
of H2O2. The concentrated and relatively pure solutions are prepared without any side chemical 
or traces of organic solvent and are then characterized by XAS (XANES/EXAFS) and NMR.  

Results and Discussion 
This work describes the facile and original preparation of relatively stable and pure Pu(V) 
solutions under acoustic cavitation at 20°C. Pu(VI) reduction occurs through the ultrasound 
generation of H2O2 which can be dramatically enhanced under Ar/O2 atmosphere and high-
frequency ultrasound (203 kHz). Millimolar Pu(VI) solutions can be totally reduced into Pu(V) 
under high frequency ultrasound in a couple of hours. Prepared solutions were found to be stable 
for almost one month. The solutions were characterized by XANES and EXAFS spectroscopies 
which evidenced the presence of Pu(V) characterized by 2 trans-dioxo bonds at 1.81 Å and 5  
Pu-O interactions at 2.47 Å in agreement with the literature for the pentavalent state of Pu(V) in 
non-complexing aqueous media.3 Furthermore, this method allowed NMR measurements which 
enabled to determine for the first time the magnetic susceptibility and Curie temperature of 
Pu(V). Generally, the pure and relatively stable Pu(V) solutions prepared in these conditions 
enable environmental studies for sorption and reactivity.  
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Introduction 
 N,N,N',N'-tetrakis(2-pyridylmethyl)ethylenediamine (TPEN) is a podand-type ligand with six 
nitrogen-donors and recognizes the slight difference in the softness between trivalent MA (minor 
actinide) and Ln (lanthanide). A co-polymer gel with a TPEN derivative, N,N,N',N'-tetrakis(4-
propenyloxy-2-pyridylmethyl)ethylenediamine (TPPEN), and an acrylic monomer, N-
isopropylacrylamide (NIPA), was synthesized and the applicability of the co-polymer gel to the 
MA/Ln separation was tested. From a practical point of view, a new chromatographic agent, 
porous silica coated with the copolymer gel on the surface of pores, was prepared and a new 
extraction chromatographic process for the separation of MA and Ln was proposed. 

Separation of MA/Ln by TPPEN- NIPA Copolymer Gel  
The extraction of typical trivalent MA (241Am(III)) and Ln (152Eu(III)) into the copolymer gel was 

tested.  High separation factors of Am(III) over Eu(III) (SF=26) was observed In weakly acidic 
range of pH 4 to 5. TPPEN-NIPA gel is suitable for the MA/Ln separation. TPPEN-NIPA gel is a 
thermosensitive polymer (LCST: 32°C), which is swollen at 298K and shrunken at 313K. To 
understand the extraction behaviour of metal ion in the gel, the temperature dependence of the 
extraction of metal ion into TPPEN-NIPA gel was studied by both the batch extraction tests and 
the X-ray absorption fine structure (XAFS) analysis. The complexation of metal ion with TPPEN 
was very weak at 298K, because of the hydration complex formation of metal ion. Eu(III) was not 
interacted with TPPEN and only Am(III) was complexed weakly. On the other hand, the 
complexation of metal ion with TPPEN was improved at 313K. Then Eu(III) was complexed 
weakly with TPPEN and Am(III) made a strong complex with TPPEN. The unique temperature 
effect of TPPEN-NIPA gel, which occures by the hydration and dehydration of poly-NIPA, is 
available for the establishment of a new MA/Ln chromatographic separation process. The 
isolation of MA ( i.e. the purification of MA) can be attained at temperature lower than LCST and 
the recovery of MA at higher temperature.  

Extraction Chromatographic Process for the Separation of MA/Ln 
A new technique to coat gel thinly on the pore surface of porous silica, which consists of the 

impregnation of porous silica with a monomer solution with TPPEN and NIPA by the interfacial 
tension, the rapid radical polymerization at 343K and the removal of unreacted monomers by 
water washing, was developed. Thin film of TPPEN-NIPA gel (average thickness: 30-60 nm) was 
immobilized on the pore surface in porous silica particles (average diameter: 50μm, average 
pore diameter: 400 nm).  

A column packed with the gel-costed silica particles (diameter : 1cm and height : 1cm) was 
prepared and the elution tests using the mixture of Am(III) and Eu(III) were carried out at 298K 
and 313K.  At 298K, the gel is in the swelling state by the hydration of poly-NIPA. Then, Eu(III) 
was little adsorbed to the gel by the formation of hydration complex and flowed out from the 
column by an eluent of pH4. This adsorption behaviour is applicable to the purification of MA. 
Am(III) was remained in the column at pH4 and recovered from the column easily by an acidic 
eluent of pH2. At 313K, the gel is in the shrinking state by the dehydration of poly-NIPA. Then, 
the adsorbability of the gel was improved. Eu(III) was adsorbed weakly, but released easily by 
the eluent of pH4. Am(III) was adsorbed strongly and recovered completely by the eluent of pH2. 
This adsorption behaviour at 313K is applicable to the recovery of MA.  These results suggest 
that the contentious separation of MA/Ln is attainable by a new extraction chromatographic 
process with two columns adjusted to different temperatures of 298K and 313K. 
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Introduction 
 Actinide (An) separation from lanthanide (Ln) is required for the purpose of removal of matrix 
lanthanides, reduction of neutron scavenging nuclides, and reduction of strong radioactivities and 
heats.   In addition, it is also important to separate Am from Cm, the reasons why are the 
decrease of the heat source from MA fuel and reduction of the radioactive exposure by the 
neutrons that Cm-244 emit owing to the spontaneous fission.   However, it is well-known that the 
mutual separation of these metals is quite difficult because these metal ions show the same 
oxidation state, similar ionic radii, and adjacent in the periodic table.   In this work, we take the 
solvent extraction method using lipophilic and hydrophilic diamides and aminopolyacetic acid 
dissolved in both aqueous and organic phases, in order to get high separation factors. 

Results and Discussion 
 We use TODGA (N,N,N‘,N‘-tetraoctyl-diglycolamide) or DOODA (C8) (N,N,N‘,N‘-tetraoctyl-
dioxaoctanediamide) for the extractant of lanthanides and actinides from HNO3 media.   Both of 
extractants indicate over 10 of D(Ln) from HNO3[1-2], An and Ln can be extracted simultaneously.   
The mutual separation of trivalent An and Ln is hardly accomplished by using extractant alone, 
then we use the masking agents for the purpose of increase of their separation factors.   For the 
separation of An/Ln, we use DTPA (Diethylenetriamine-N,N,N‘,N‘‘,N‘‘-pentaacetic acid) or 
DTPAbisamide (Diethylenetriamine-N,N,N‘,N‘‘,N‘‘-triacetic bisamicacid) in the aqueous phase, 
and for the separation of Am/Cm, water soluble DGA or DOODA are employed.    
   Some of the results are shown here.   The separation factors of Nd/Am and Nd/Cm are 
approximate 10 for 0.01M DTPA/ 1M NaNO3 at pH 1.8 and 0.1M TODGA/n-dodecane.   DTPA 
show low solubility in water, in order to modify about the disadvantage, we prepared the 
DTPAbisamide.   The synthetic method of this compound is used as the reaction between 
diethylamine and  DTPA unhydride.   DTPAbisamide is very soluble in water and ready to do 
experiments.   The similar separation factors of Nd/Am and Nd/Cm using DTPAbisamide to those 
obtained by DTPA were found.   The separation factor of Am/Cm is obtained to 3.26 for 0.1M 
TDdDGA/n-dodecane and 0.2M DOODA(C2)/ 3M HNO3.    
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Introduction 
 (U,Zr)O2 solid solution is considered as the main component of the oxide corium generated in 

the core-meltdown accident
1
. A significant feature in the UO2–ZrO2 binary system is the low 

mutual solubility at low temperatures, namely U-rich cubic phase and Zr-rich tetragonal phase 

coexist
2
. The perfect solid solubility is accomplished above 2500K to form cubic phase. 

Therefore, the cooling rate of core-melt strongly influences the characteristics of the solidified 

corium. In addition to the simple U-Zr-O system, the actual oxide corium is expected to contain 

some minor solutes such as lanthanides from burnable poison (Gd) and fission products, Fe from 

stainless steel, and Ca from see water and concrete. In this paper, influences of these minor 

elements on the phases, morphology, and oxidation behavior of (U,Zr)O2 is investigated. 

 For the sample preparation, the powders of UO2, ZrO2, Gd2O3, Fe2O3, and CaO were used as 

starting materials. Total 15 compositions were examined. The ball-milled powder mixtures were 

pelletized and then sintered at 1873~1973 K for 6 h in Ar gas flow (pO2 ≤ 10
-7

 atm) to simulate 

the low cooling-rate condition. Some of the sintered pellets were additionally heat treated at 1273 

or 1673 K in Ar-O2 mixed gas flow (pO2=1x10
-3

 atm) to examine the oxidized states. On the other 

hand, to simulate the rapid cooling from melt, the pelletized mixture was melted in a tungsten 

crucible by a light-concentration heating technique with a 3kW Xe lamp. The lamp was turned-off 

immediately at the melting state to achieve quenching. The cross section of each sample was 

analyzed by X-ray diffraction (phases) and SEM/EDX (morphology and elemental composition). 

Results and Discussion 
 First, the solubility of Fe in (U,Zr)O2 was determined on the sintered and oxidized pellets. The 

solubility in UO2 and U-rich cubic (U,Zr)O2 under the low oxygen condition is 1.5-2.0 at% as 

Fe(II). That in Zr-rich tetragonal phase is at least 6 at%. The Fe exceeding the solubility 

precipitates as metal along the grain boundaries. On the other hand, under the oxidizing 

condition the solubility in UO2+x and cubic (U,Zr)O2+x increases up to 4 at% as Fe(III). The Fe 

inclusion tends to form a complicated microstructure of U-rich and Zr-rich phases tangled in µm-

scale, which is similar to that of the molten-pool region of TMI-2 accident core samples. 

 The influence of Ca inclusion is the stabilization of Zr-rich tetragonal phase into cubic phase 

when the O/M ratio is within hypostoichiometric range. Therefore, U-rich and Zr-rich cubic 

phases coexist. This effect is not observed on the oxidized hyperstoichiometric samples. The 

impact of lanthanide inclusion is that the cubic (U,Zr)O2+x domain expands to lower temperatures 

region where UO2 and (U,Zr)O2 is oxidized to U3O8-z and orthorhombic U(V)-Zr-O. 

 The quenched samples from melt have dense microstructure, and consist of single cubic 

phase as expected. They are similar to the upper crust region of the TMI-2 accident core 

samples. An example of the U/Zr/Gd/Fe elemental composition in the melted region is 

58.5/36.5/4.5/0.5 (at%), comparing with the mixing composition of 64/21/4/11. Decrease in U and 

Fe is due to vaporization loss. The Fe content in deep region (not fully melted but sintered) is 

around 2 at%, which is consistent with the solubility value determined on the sintered pellets. 
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Introduction 
 Solids containing Minor Actinides (MAs) were, and are still, hardly studied experimentally due 
to the scarcity of available materials and also because of the intrinsic difficulty in handling them 
as a result of their high radiotoxicity. Consequently, fundamental properties of these materials 
remain mostly unexplored, thus few data describing these systems are available in the literature, 
especially at elevated temperatures. In particular, accessing such fundamental thermal 
properties of actinide oxide systems is of prime interest, but challenging, for developing MA 
bearing nuclear fuel for transmutation1,2. More precisely, thermal expansion behavior is a key 
property for evaluating fuel cladding interactions under irradiation3. Since most of current nuclear 
reactors operate uranium dioxide or uranium plutonium mixed oxide (known as MOX) fuel, 
thermal expansion of these materials is investigated for decades4,5. To our knowledge, no similar 
studies were performed on plutonium americium mixed oxides, probably as a result of both the 
scarcity of these samples and because of the intrinsic difficulty in handling such radiotoxic MA 
bearing solids in a glove box. Nevertheless, estimating the thermal properties of such materials 
remains of prime interest, especially within the frame of homogeneous transmutation of minor 
actinides6,7. 

Results and Discussion 
 Plutonium americium mixed oxides Pu1-zAmzO2-x with various Am contents (z = 0.018; 0.077, 
0.21, 0.49, 0.80 and 1.00) were studied in situ by high temperature X ray diffraction (HT-XRD). In 
this study, the lattice thermal expansion of the six compounds (powders) subjected to heat 
treatments up to 1773 K under reconstituted air (N2 + 21% O2 + ~5 vpm H2O) was investigated. 
The diffraction patterns collected were fitted according to the Pawley method. The materials 
remained monophasic all along the heat treatment and, depending upon the americium content, 
the lattice parameter of the fcc phase did deviate from linear lattice expansion at elevated 
temperatures as a result of the progressive reduction of Am(IV) to Am(III). 
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Introduction 
A sodium-cooled fast reactor (SFR) is being developed in combination with the pyro-

electrochemical processing of spent fuel at KAERI. U-Zr and U-TRU-RE-Zr metal fuels have been 
considered as the driver fuels for SFR in Korea 1. Metal fuel slugs with a driver fuel assembly have 
been generally fabricated by the injection casting of fuel alloys under a vacuum state. Metal fuels 
such as the U-Zr alloy system have been melted in slurry-coated graphite crucibles and cast in 
slurry-coated quartz tube molds to prevent melt/material interactions. A dense ceramic plasma-
spray coating of non-reactive materials that does not require re-coating is very desirable for a 
reusable crucible. In this study, various combinations of coating condition including bond coating 
materials were investigated to prevent the interaction between metal fuel and ceramic plasma-
spray coated crucible substrate. Injection casting experiments of U-10wt.%Zr and U-10wt.%Zr-
5wt.%RE fuel slugs were also performed to investigate the feasibility for a reusable melting crucible 
of metal fuel slugs. 
 

Results and Discussion 
 Plasma-spray coating methods were applied to Nb and graphite rods, and graphite crucibles. 
High-temperature ceramic powders were plasma-spray coated with a protective atmosphere onto 
Nb and graphite rods, and graphite crucibles, respectively. Approximately 100� thick coatings 
were deposited by controlling the number of coating layers. The coated rods were immersed in U-
10wt.%Zr and U-10wt.%Zr-5wt.%RE (RE: rare-earth elements comprising 53% Nd, 25% Ce, 16% 
Pr, and 6% La by weight) alloy melt contained in a coated graphite crucible under an inert 
atmosphere. Melt dipping tests were conducted in which the samples were lowered into the melt 
at 1600°C. Metal fuel slugs were also fabricated using an injection casting method with a graphite 
crucible coated with promising coating materials. A scanning electron microscope (SEM) and an 
energy-dispersive X-ray spectroscope (EDX) were used to study the microstructure and 
composition of the phases in the coated specimens. 

All plasma-spray coated methods maintained a sound coating state after a dipping test with U-
10wt.%Zr melt. A single coating Y2O3(150) layer and double coating layer of TaC(50)- Y2O3(100), 
showed a sound state or little penetration in the protective layer after a dipping test with U-
10wt.%Zr-5wt.%RE melt. The other plasma-spray coated layers showed the penetration of the fuel 
melt by cracking through the coating layers and separations in the coating interface after melt 
dipping test. Injection casting experiments of U-10wt.%Zr and U-10wt.%Zr-5wt.%RE fuel slugs 
have been performed to investigate the feasibility of a re-usable crucible of the metal fuel slugs. 
U–10wt.%Zr and U–10wt.%Zr–5wt.%RE fuel slugs have been soundly fabricated without 
significant interactions of the graphite crucibles. Thus, the ceramic plasma-spray coatings are 
thought to be promising candidate coating methods for a reusable graphite crucible to fabricate 
metal fuel slugs. 
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Introduction 
Fuel behaviour under irradiation is extremely complex due to the combined effect of radiation and 
temperature. Actinide fission produces large quantities of defects and fission products, which 
have a significant influence on the structural, thermal and mechanical properties of nuclear fuels 
and claddings. A better understanding of atomic transport properties in these materials is central 
to getting further insight into the irradiation driven micro-structural changes.  

An efficient approach to unravel the basic mechanisms governing these properties is to couple 
separate effect experiments and modelling at the atomic scale1-3.  
 

Results and Discussion 
We will present the study of the diffusion of krypton in uranium dioxide (UO2) using atomic scale 
calculations4. The migration barriers of the elementary mechanisms for interstitial or vacancy 
assisted migration are calculated in the DFT+U framework using the nudged elastic band method. 
The attempt frequencies are obtained from the phonon modes of the defect at the initial and 
saddle points using empirical potential methods. The diffusion coefficients of Kr in UO2 are then 
calculated by combining this data with diffusion models accounting for the concentration of 
vacancies and the interaction of vacancies with Kr atoms. We determined the preferred 
mechanism for Kr migration and the corresponding diffusion coefficient as a function of the 
oxygen chemical potential μO or nonstoichiometry. 
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Introduction 
 

Uranium nitride, UN, is of significant interest to the nuclear industry due to its improved 
thermal conductivity in comparison with uranium dioxide, UO2, the most commonly used nuclear 
fuel1. In addition to the enhanced thermal conductivity providing an improved accident response2, 
UN also benefits from an increased uranium density, allowing for lower enrichment and higher 
fuel burn up. Despite these advantages, there is concern over the high reactivity of UN in water. A 
better understanding of this, and properties such as thermal conductivity and irradiation 
performance is required for UN to be selected as an accident tolerant fuel. 

 
  

Results and Discussion 
 

In order to investigate these properties, single crystal thin films of UN and U2N3 have been 
synthesised using DC magnetron sputtering to provide idealised samples for single variable 
studies. Initial investigations have been conducted to compare the oxidation of UN to UO2, with 
post oxidation characterisation using x-ray diffraction, transmission electron microscopy and x-ray 
photoelectron spectroscopy showing the formation of a U2N3 interlayer, an intermediate oxidation 
product. Further studies into the reaction of polycrystalline UN, U2N3, and UO2 thin films with 
water have shown the higher reaction rate of UN and U2N3 compared to UO2. However, when 
H2O2 is used to simulate the radiolysis of water, the reaction rate of UN is slower than UO2, 
suggesting higher corrosion resistance in high radiation environments. Understanding the 
behavior of uranium nitride in such environments is a key step in assessing the suitability of UN 
as a potential next generation nuclear fuel. 
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Introduction 
Uranium-free nitride fuel has been chosen as the first candidate for transmutation of long-lived 

minor actinides (MA: Np, Am, Cm) using sub-critical accelerator-driven system (ADS) under the 
double strata fuel cycle concept by Japan Atomic Energy Agency (JAEA). The advantages of 
nitride fuel are good thermal properties and large mutual solubility among actinide elements.  
Typical composition of the fuel is considered as 30 wt.% of MA nitride, 20 wt.% of Pu nitride, and 
50 wt.% of ZrN (corresponds to MA0.18Pu0.12Zr0.70N). Pu is added to mitigate the burn-up 
reactivity swing, and ZrN is the first candidate of the dilution material to adjust the power density. 
Flexibility of the ratio of MA, Pu, and Zr in the solid solution type fuel compound (MA,Pu,Zr)N is 
appropriate for the detailed design of the fuel [1, 2]. 

In the fuel pellet fabrication process, analysis of the samples is important because the 
composition of the nuclides should be controlled precisely. Recovery and reuse of the TRU 
contained in the scraps generated during the process is necessary to reduce the losses of TRU 
[1,2]. Both of them need dissolution of ZrN-based nitrides into aqueous solution, but it has not 
been studied enough [3]. UN-based nitride fuel is reported to be easily dissolved in nitric acid [4], 
but chemical stabilization of actinide nitrides in ZrN-based nitride can affect the dissolution 
behavior. On the other hand, direct dissolution of spent nitride fuels into nitric acid is one of the 
key technologies on adapting aqueous reprocessing to spent ZrN-based nitrides.   

In this study, dissolution behavior of ZrN-based nitrides in nitric acid is examined using 
lanthanides as surrogate materials of TRU elements. Chemical analysis of the ZrN-based 
lanthanide nitrides dissolved in nitric acid is also carried out. 

Results and Discussion 
ZrN and DyN powder were prepared by nitridation of the hydrides in N2 gas flow; the hydrides 

had been prepared from the corresponding metal rods. Solid solution sample 0.4DyN-0.6ZrN 
was prepared by heating the compacted mixtures of well ground nitrides at 1873 K for 5 hours 
under N2 gas flow as in [5]. High density pellet samples of ZrN and 0.4DyN-0.6ZrN were 
prepared by sintering the green pellets at 1923 K for 5 hours under N2 gas flow. Powder samples 
for the experiments were obtained by grinding the sintered pellets with a tungsten carbide mortar. 

Dissolution of ZrN powder in 8M HNO3 solution needs long period (more than 100 days) at 
room temperature or heating (boiling for 15 hours), though 0.4DyN-0.6ZrN solid solution powder 
was easily dissolved in 8M HNO3 solution at room temperature.  

Chemical analysis of the metal elements were carried out using ICP-AES after dissolving the 
samples in nitric acid. Determination of the contents of nitrogen and oxygen impurity was also 
carried out. Chemical compositions of the samples were determined from these results.  
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Abstract 
The direct disposal of spent nuclear fuel into a geological repository is part of the nuclear waste 
policy of several mature nuclear states. The vast majority of this fuel is from light-water 
moderated reactors (LWR) and a significant amount of research has been carried out to support 
the direct disposal concept in terms of the physical and aqueous durability of the container, the 
cladding and the irradiated fuel. In the UK, the vast proportion of spent nuclear fuel (SNF) is from 
our indigenous advanced gas reactors (AGR), which has several unique characteristics. First, the 
UO2 fuel is annular in shape and clad in stainless steel rather than zircalloy. Secondly, fuel 
assemblies are moderated via a graphite core and coolant exit temperatures are almost twice 
that of LWR reactors. With the shift in UK energy strategy towards geological disposal rather 
than reprocessing, understanding of the durability of AGR fuels under disposal conditions 
relevant to UK geology has become a pressing research area. 

However, handling of highly radioactive AGR spent nuclear fuel presents many barriers to the 
detailed scientific study of such parameters. Thus, in 2011 a consortium of Lancaster University, 
Cambridge University, Imperial College London, the National Nuclear Laboratory and Nuclear 
Decommissioning Authority was set up to create the first UK specific simulated AGR nuclear fuel 
(SIMFuel), a suitable low and high burn-up fuel surrogate that can be studied in an academic 
laboratory without the complication of an intense radiation field. A detailed microstructural 
analysis of these SIMFuel samples has been previously reported1. Here we report on combined 
electrochemical and µ-Raman studies of the effect of the SIMFUEL dopants on the UO2 matrix 
as well as the corrosion behaviour of such samples under simulated repository conditions. 

µ-Raman measurements reveal an increase in UO2 lattice distortion, associated with dopant 
vacancy sites, with increasing burnup. However, the same measurements also show that the 
UO2 matrix remains mostly fluorite. Cyclic voltammetric and potentiometry studies of the AGR 
SIMFuels	under repository conditions reveal them to be more susceptible to electrochemical 
oxidation then LWR SIMFuel samples. Such behaviour is ascribed to the introduction of a greater 
degree of Ln(III) acceptor levels within UO2, causing a significant increase in the p-type character 
of UO2 and consequent movement of the fermi level into the U5F band, so generating more U(V) 
sites. Finally, potentiometry measurements on high burnup AGR SIMFuel samples in intimate 
contact with 20/25/Nb stainless steel clad have shown that they exhibit a mixed potential lower 
than that found for uncoupled SIMFuel samples in the same media, suggesting fuel-clad coupling 
due to fuel swelling actively protects against fuel corrosion at the expense of the AGR clad. 
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Introduction 
 The clean-up activities related to the accident at the Fukushima nuclear power plant give rise 
to several types of wastes containing cementitious materials, such as concrete. Further, the use 
of cement-based barriers may be considered, due to their favorable and stable chemical 
properties, including their ability to sorb or incorporate radionuclides. Prevention or sufficient 
retardation of radionuclide transport to the biosphere by waste matrices or engineered barriers is 
critical for the safety of any radioactive waste disposal system. Based on their origin, wastes from 
Fukushima differ in their composition from wastes generated in the frame of nuclear power 
production and are expected to contain substances that can have perturbing effects on retention, 
especially organic complexing substances, boron, and chloride salts. Uranium is a relevant 
component of many waste types originating form Fukushima clean-up operations. The present 
study focuses on a methodology for quantifying the retention behaviour of UVI) and U(IV) in cement 
materials of different degradation and in the presence of organics, boron, and salts on the basis of 
available literature information.  

Results and Discussion 
In view of the many variables involved in defining the magnitude of uranium uptake in cement 

systems (degradation state and mineralogy of the cement material, U(VI/IV) speciation as a 
function of conditions, effects of perturbing ligands), a stepwise approach is proposed and 
illustrated for Kd setting: 1) definition of conditions and 
U speciation in each relevant degradation state, 2) 
best possible assessment of U(VI/IV) uptake 
processes for each state based on a critical review of 
literature information, 3) Kd setting on the basis of 
original experimental data that are consistent with the 
identified processes and speciation, 4) assessment of 
ligand effects based on data preferably from ternary 
systems, or from speciation and analogue 
information. 

The uptake of U(VI) roughly follows the 
concentration trend of Ca and of the UO2(OH)3– 
species (Fig. 1). U(IV) is approximated by Th, with no 
clear trend vs. pH. The effect of ISA can be estimated 
based on data from the U-ISA-cement system. 
Comparisons with speciation calculations show that 
the consideration of speciation alone would likely lead 
to an overestimation of sorption reduction effects. 
Due to the lack of data from ternary systems, effects 
of boron and NaCl are evaluated based on speciation 
and solubility data, keeping the above finding in mind. 

References 
1. M. Ochs et. al, Radionuclide and metal sorption on cement and concrete, Springer (2016). 
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Fig. 1: Schematic representation of 
sorption data for U(VI) in blue, and for 
Th(IV) in orange on cement phases 
as a function of degradation (from [1]) 
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Introduction 
 In Fukushima Daiichi Nuclear Power Station, radionuclides are removed from contaminated 
water by the decontamination system using zeolite. The zeolite used for the decontamination will 
be disposed referencing the existing concept of radioactive waste disposal based on the category 
of radioactivity. For categorizing the used zeolite, inventory of radionuclides in zeolite should be 
estimated as accurately as possible. In this study, sorption properties of U, Np and Am on 
chabazite, which is the zeolite used in the second cesium adsorption apparatus (SARRY), were 
investigated by batch sorption experiments to obtain fundamental information for predicting the 
radionuclides inventory. The batch sorption experiments were performed using simulated sea 
water to evaluate the distribution coefficients considering the actual contaminated water condition. 
In addition, experiments as functions of sodium ion and total inorganic carbon concentration were 
carried out to clarify the factors causing the variation of distribution coefficients depending on the 
change of contaminated water composition. 

Results and Discussion 
Fig. 1 shows the distribution ratios of U, Np and Am to chabazite in simulaterd sea water 

(SW100) and the simulated sea water diluted 10 times by deionized water (SW10). The distribution 
ratios of U, Am and Np reached equilibrium within around 20 days. Comparing the distribution 
coefficients (Kd), which is the distribution ratio after the sorption equilibrium is reached, high Kd 
values were observed for U in SW10 and Am in SW100, suggesting that the inventory of U and 
Am are large under these conditions. Slimilar Kd values between in SW100 and in SW10 were 
observed for Np, while Kd of U in SW100 was obviously lower than that in SW10. This result 
suggests that the change of contaminated water composition will strongly affect the inventory of U. 

Batch sorption experiments of U were carried out as functions of sodium ion and total inorganic 
carbon (TIC) concentration to investigate the difference of sorption behavior caused by the change 
of uranium aqueous species. Fig. 2 shows the changes of uranium Kd with pH. In the pH range 
higher than around 8, the Kd obtained at 0.005 mol/dm3 TIC were around 2 orders of magnitude 
lower than those at 0.0005 mol/dm3. The aqueous species of U in 0.005 mol/dm3 TIC are 
UO2(CO3)2

2- and UO2(CO3)3
4-, while (UO2)2CO3OH- coexists in 0.0005 mol/dm3 TIC according to 

the thermodynamic calculation1. The increase in Kd can be, therefore, understood as the sorption 
of (UO2)2CO3OH- on chabazite. Consequently, aqueous species of radionuclides and their sorption 
behavior need to be considered to estimate the inventory of radionuclides in zeolite. 

References 
1. A.Kitamura et al, JAEA-Data/Code 2014-009 (2014). 

�  
 
  

Fig. 1 Changes of distribution ratios of U, 
Np and Am to chabazite with time 

Fig. 2 Dependency of uranium distribution 
coefficient (Kd) on pH 
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Introduction 
Fuel debris removal is one of the most important processes for decommissioning the severely 

damaged Fukushima Daiichi Nuclear Power Plant (1F). Characterization of the fuel debris is 
required to develop fuel debris removal tools1. In case of 1F, molten core concrete interaction 
(MCCI) would occur in the containment vessel. However, information on characteristics of the 
MCCI products is limited because previous researches on the severe accident, pertaining MCCI, 
were mainly focused on concrete ablation phenomena. In general, the properties of a material 
depend on its composition and preparation process; therefore, it is assumed that the test products 
generated in the large scale MCCI experiments under 1F similar conditions have similar 
characteristics to the 1F MCCI products. Thus, some products of the VULCANO test series2 can 
be used as a simulated material for 1F MCCI products. In this study, similar test conditions were 
selected from the VULCANO test series and the products have been characterized. 

Results and Discussion 
 The concrete and corium composition of 1F was compared with that of the VULCANO 

test series. Furthermore, the concrete ablation volume ratio under the estimated 1F condition 
which was estimated using TOLBIAC-ICB was also compared. As a result, the VULCANO 
VBS-U4 test2 was selected as 1F similar conditions. The test products were categorized into five 
regions according to their locations: upper crust, bulk of molten pool, metallic layer in the inferior 
region, lateral crust, and bottom crust. Five samples were selected from each location, and the 
characteristics were examined. 

The macro structure of each sample shows the features of the MCCI progression. The upper 
crust would be formed at the early stage of MCCI because it is composed of a metallic part and 
massive oxides. In the molten pool sample, the round-edged corium-rich oxides region, with 
diameters of 1–10 mm, is surrounded by a concrete-rich oxide region. It shows convection of the 
molten pool. Other samples also show the features of the MCCI progression. 

The main chemical forms of the samples are SiO2 forming a variety of crystal structures, 
(U,Zr)O2 in varying proportions, α-Fe, Fe3O4, Cr2O3, and ZrSiO4. From this result, the cooling 
condition and oxygen potential of each region will be discussed. 

The difference in Vickers hardness between the metallic phases, e.g., HV/333, and the oxide 
phases, e.g., HV/1031, is a distinctive characteristic from the point of view of mechanical 
properties. A core-boring machine is a useful tool for TMI-2 fuel debris removal operation. 
Different core boring bits were used for a metallic structure and oxide-rich corium. It can be noted 
that the heterogeneous distribution of metallic phases in 1F MCCI products interrupt with the 
removal operation such as by damaging the core-boring bit and interrupting the oxide 
fragmentation process. 
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Particle analysis is a key discipline in safeguards and nuclear forensic investigations, as  
well as in environmental research. The radioactive Particles are usually in the micrometric size 
range, and intermixed within huge populations of other particles, like air-borne dust, soil, industrial 
exhaust pollutants or estuary sediments. 
We are using the Fission Truck Analysis (FTA) technique. In that technique plastic detectors used 
for raping a Lexan catcher with the particles and together are radiated in nuclear reactor with 
thermal neutrons. The Fission Truck are trucks done by the fission products. The fission material 
is dominant in producing the trucks, namely the 235U isotope. The Fission Truck could be more 
visible by special etching and can be used to locate the particles.  
From that point, the analysis of Fission Truck is an image processing. Scanning the detectors is a 
time-consuming procedure. Automated scanning and fission star recognition will make all the 
Analysis easier to quantify.  An example of fission truck is given in figure 1. 
 
 
 
 
 
 
Figure 1. Three types of FT clusters developed in lexan (polycarbonate SSNTD) after etching . 
 
The challenge, therefore, consists in scanning and imaging a relatively large area detector, at a 
resolution of about 1µm, and locating the FT clusters while rejecting the artefacts. 
Image processing was done using the Fiji distribution of ImageJ. The algorithms shown in this 
report were implemented using either the ImageJ macro language or the ImageJ Python scripting 
engine. Basic noise removal, Illumination correction and Segmentation are the basic of the imaging 
analysis. Results of this new Automated software are shown in figure 2.  
 
 
 
 

 

Figure 2. Fission Truck Analysis picture and the results of the automated FTA software.  
 
Corolation between forensic and image processing parameters will be defined.  
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Introduction 
 The IAEA reference material can be used for assurance/quality control of the analysis of 
radionuclides in the environment, as well as for the development and validation of analytical 
methods.1-4 Furthermore, the isotope ratio may provide a valuable contribution to environmental 
monitoring and nuclear forensic analysis. Herein, the pretreatment, separation, and analysis of 
the IAEA -384 and 385 samples have been done. 

Results and Discussion 
 Quantitative analysis values of uranium measured by TIMS were 1.37E-4(234U), 
0.0161(235U), 2.26 (238U) ug/g in IAEA-384, and 1.24E-4 (234U), 0.0164(235U), 2.30(238U) ug/g in 
IAEA-385. The massic activities of uranium isotopes were 42.1408±0.19(234U), 1.7284(235U), 
37.5892±0.19(238U) Bq/Kg in IAEA-384, and 27.1015±0.05(234U), 1.3166(235U), 
29.2706±0.06(238U) Bq/Kg in IAEA-385, respectively(See Table 1). The results were in line with 
the certified mass activity of CRM (dw 95% confidence interval). The isotope ratios of 235U and 
238U in the environmental soil samples were in good agreement with natural Uranium. 

Table 1. The massic activities of uranium isotope in IAEA-384 and IAEA-385 samples by TIMS 

Sample No. 
R(234U) 

Bq/kg 

R(235U) 

Bq/kg 

R(238U) 

Bq/kg 
Sample No. 

R(234U) 

Bq/kg 

R(235U) 

Bq/kg 

R(238U) 

Bq/kg 

IAEA-384-1 42.01±0.05 1.72±0.06 37.42±0.06 IAEA-385-1 28.05±0.06 1.31±0.05 28.48±0.06 

IAEA-384-2 42.27±0.05 1.74±0.06 37.76±0.05 IAEA-385-2 26.15±0.05 1.32±0.06 28.74±0.06 

IAEA-384-3 42.16±0.05 1.73±0.06 37.58±0.05 IAEA-385-3 27.38±0.06 1.31±0.05 28.61±0.06 

Av. 42.15 1.73 37.59 Av. 27.19 1.31 28.61 

Reference 
value 40±5 1.74±0.16 35.3±1.7 Reference value 27±1 1.35±0.09 29±1 

95% confidence 
interval 35-43 1.60-1.96 33.4-36.8 95% confidence 

interval 26-28 1.25-1.44 28-30 
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Introduction 
 The International Atomic Energy Agency (IAEA) has recorded 2734 incidents of illegally 
trafficked nuclear materials since 19951. Questions including what the material is; where the 
materials were sourced and why the material is being trafficked need to be answered in order to 
close trafficking routes and stop these materials falling into the wrong hands. To do this, the 
material is analysed by a suite of analytical techniques in order to form a characteristic nuclear 
forensic fingerprint. This can then be compared to a nuclear forensic database containing 
representative samples of known origin to find a match2. 
 One of the key limitations of these databases is within-mine heterogeneity. Representative 
sample databases only contain few and often small physical samples which are assumed to 
accurately represent a large geographical area. An increasing number of studies have determined 
significant within-mine variation in signatures, which in some cases is larger than the variation 
between two different sites. 

Results and Discussion 
 Here the heterogeneity of a set of nuclear forensic signatures within vein-type uranium deposits 
at a selection of different geographical scales is determined. Sample sets from South West 
England and the Berias region of Portugal were analysed to deduce if small database samples are 
actually representative of large mining areas. The nuclear forensic tools focused upon in this study 
were uranium and gangue mineralogy, major and minor elemental analysis, REE patterns and 
uranium isotope ratios. 
Significant heterogeneity was found at all geographical scales tested. This indicates that databases 
need to be regularly updated as a deposit is extracted, and should include a moving average and 
range in signatures per site rather than a single physical sample. Although significant heterogeneity 
was found, in most cases, by using a selection of signatures, individual mines could be separated. 
It is also tested if these key signatures are modified by the first stage of the uranium processing 
route; acid leaching. It was concluded that much of the within-mine variation observed in the ore 
sampled could be transferred through acid leaching during processing. In most cases elemental 
impurity patterns were not significantly affected by acid leaching, but uranium isotope signatures 
were variably affected and could not be traced back to their parent ore. 
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Introduction 
 The isotopic analysis of nuclear material samples in the field has important applications in 
nuclear forensics, safeguards, and post-detonation debris analysis. Mass spectrometry remains 
the gold standard for high-precision, high sensitivity analysis of for isotopic determinations, but its 
complexity, sample preparation requirements, and utility requirements (e.g. voltage/power, high 
vacuum, compressed gases, strong acids) make it unsuitable for deployment in the field. 

Results and Discussion 
We present our results on the development of a spectroscopic technique for the rapid, direct 

determination of isotope ratios in solid uranium samples. We generated collimated atomic beams 
from solid samples by placing ~ 50 mg of uranium in metallic or oxide form in tantalum foil micro-
crucibles. Electrical currents of 100 amps at 4 volts were applied to the terminals of the micro-
crucible, which heat the sample to 2000 °C. At this temperature, uranium metal exhibits a vapor 
pressure of 0.1 mmHg, sufficient for the generation of stable atomic beams. The micro-crucible 
assembly is placed inside a chamber to which rough vacuum (5 millitorr) is applied. The output 
beam from a diode laser operating at 861 nm and 2 mW of power is directed through windows in 
the chamber at right angles from the atomic beam. The laser frequency is rapidly scanned (10 Hz) 
around the uranium absorption line at 861.031 nm, which corresponds to the transition f3ds2 5L6 ® 
f2d2s2 5K5 (0 ® 11613.977 cm-1). The absorption spectrum is obtained by measuring the laser 
beam intensity with a silicon photodiode after it has traversed through the atomic beam. The output 
of the photodiode is digitized at several kHz, and a single spectrum is obtained with each scan of 
the laser. The scan range is 0.16 cm-1 or 5 GHz. The resolution of our instrument, a convolution of 
the very narrow linewidth of the laser (150 kHz) and the minimally Doppler-broadened atomic 
transition, is estimated to be as low as 170 MHz. Isotope ratios are simply obtained from the areas 
under the absorption bands of each isotope. 
(LA-UR-17-22759) 
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Introduction 
 Japan Atomic Energy Agency (JAEA) has initiated an R&D activity on nuclear forensics (NF) 
technical capabilities from 2011 JFY, based on the national statement issued by the Japan 
Government at Nuclear Security Summit 2010 (Washington D.C., USA). Morphological 
characteristics of nuclear material is one of important characteristic for material discrimination 
(called as nuclear forensics signatures) in nuclear forensic analysis [1], and JAEA has studied the 
methods and procedures for quantifying particle shapes for nuclear forensics application for 
improvements of accuracy and speed of nuclear forensic material discrimination. In this paper, 
current status of the works for material discrimination analysis by particle shapes of nuclear 
materials for nuclear forensics application in JAEA will be discussed.  

Results and Discussion 
 JAEA has continued the development of a computational tool analyzing nuclear material 
particles for nuclear forensics purpose. This tool has been developed based on OpenCV image 
analysis library, and it captures morphologiacal characteristics of nuclear material particles and 
quantify the particle shapes (Figure 1).  
 

  
Figure 1: JAEA computational tool for nuclear material particle image analysis 

 
 An example of the results of particle shape quantification by the JAEA nuclear forensics image 
analysis tool for SEM images of two types of nuclear materials (yellow cake: ADU, uranium 
dioxidide: UOX) is shown in Figure 2. The JAEA image analysis tool can well caputure the nuclear 
material particle shapes and it has been confirmed that the particle shape could be a usable 
characteristic for material discrimination in nuclear forensics analysis. It is recognized as the 
challenges for this work that the analytical procedures and protocols for collecting microscopic 
images, validation of the JAEA computational tool, and the methodologies to make discrimination 
analysis based on the quantified particle characteristics. These issues will be addressed by the 
research collaboration project between USDOE and JAEA.  

  
Figure 2 : Particle characteristics caputuring by JAEA computational tool 
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Introduction 
 Research on renewable energies and energy storage, such as H2 production from H2O, has 
become a key challenge for our society.  The low efficiency of conventional H2O electrolysis 
precludes large-scale applications.  Thus, catalysts are desired to make this otherwise 
convenient strategy more applicable.  Due to the high reactivity and oxophilicity of trivalent 
uranium complexes, as well as the large-scale availability of depleted uranium (238U, DU), 
uranium complexes are widely discussed as effective and economic catalysts for stable 
substrates. 

Results and Discussion 
In our previous studies of the uranium-monoarene complex [(Ad,MeArO)3mes)U] (1), unique 

electrochemical and well defined synthetic behavior were found, rendering trivalent 1 a perfect 
candidate for electrocatalysis. 

 

 
Indeed, the mesitylene-anchored tris(aryloxide) uranium coordination complex 1 (see figure 

above) was found to be the first molecular uranium catalyst for electrocatalytic H2 production.  
Utilization of 1 during H2O electrolysis lowered the overpotential by 0.5 V, increased the steady-
state electrolysis current by a factor of 10, and lowered the faradaic resistance of the reaction by 
three orders of magnitude.  Isolation of key intermediates, such as the rare U(IV) hydroxide and 
the U(V) oxide as well as in situ EPR experiments allowed to determine the reaction mechanism 
of H2O reduction with low valent U(III).  This reactivity is now studied in a series of lanthanide 
complexes [(Ad,MeArO)3mes)Ln] (2–Ln), which allows for fine-tuning of overpotential and reactivity 
of the catalyst by choice of the lanthanide ion.  Preliminary results suggest a distinctively different 
reaction mechanism that involves divalent Ln species. 
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N-donor ligands have been studied and developed for many years as potential extracting 

agents for actinide ions with selectivity over lanthanide ions. Among them, 2,6-bis(1,2,4-triazin-3-
yl)-pyridine (BTP) and 6,6’-bis(1,2,4-triazin-3-yl)-2,2’-pyridine (BTBP) compounds have evolved as 
promising candidates for the development of solvent extraction processes for separating actinide 
ions from lanthanide ions.1 More recently, water soluble versions of the above molecules2,3 have 
been developed, tested and successfully been applied in laboratory scale actinide separations 
process demonstrations.  

This development was actually triggered by findings from fundamental studies on lipophilic 
BT(B)P extracting agents: While determining stability constants of complexes formed between 
Cm(III) or Eu(III) and BT(B)P extracting agents in aqueous solutions it became evident that the 
selectivity observed in these studies was in excellent agreement with the extracting agents’ 
selectivity observed in biphasic solvent extraction experiments.4,5 The next logical step was 
synthesising water soluble BT(P)P and assessing them as agents for selectively stripping actinides 
from a solvent phase containing both actinide and lanthanide ions.  

Indeed surprised by its excellent properties, a water soluble BTP, SO3-Ph-BTP,2 was used to 
develop an i-SANEX process6 for separating Am(III) and Cm(III) from PUREX raffinate solutions 
and the EURO-GANEX process7 for co-separating the TRU (Np, Pu, Am and Cm) from used fuel 
dissolution solutions.  

Alternatively, SO3-Ph-BTBP3 is useful for separating only Am(III) from PUREX raffinate (in this 
case, Cm(III) is routed together with Ln(III) and other fission products to the raffinate).  

Returning from process development to fundamental studies, spectroscopic investigations on 
the complexation of Cm(III) and Eu(III) with SO3-Ph-BT(B)P were performed. These studies 
supplied complex stability constants to be implemented in codes for calculating flow-sheets and 
helped explaining some peculiarities observed in solvent extraction experiments.8,9  
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Introduction 
 137Cs is a dangerous fission product because of its half-life of 30 years and its high production 
yield. After several years, it becomes one of the main heat generator in nuclear waste; it would 
thus be beneficial to remove it before deep repository storage. Cesium also shows high mobility in 
the environment, thus being one of the most dangerous material released in accidental situation. 
 Because the chemistry of cesium is close to these of sodium and potassium, found in great 
amount in water, cesium recovery requires very high separation factor towards these elements. 
Calix-crown-ether compounds show high extraction of Cs, and Na separation factor up to 106 (up 
to 104 for K), depending on experimental conditions and extractant structure1. This study attempts 
to qualitatively and, when possible, quantitatively describe these dependencies. Focus has been 
made on HNO3 concentration (0.01M to 6M), solvent nature, and extractant structure, based on 
the already well-documented di-octyloxy-calix[4]mono-crown-61,2.   

Results and Discussion 
 Extraction efficiencies of five calix-crown-ethers have been studied. Addition of a benzene on 
the crown-ether increases the distribution ratio DCs whatever the solvent is, whereas results 
depend on solvent for addition of two benzenes. Increasing the alkoxy chain length by 4 carbons 
led to a slight increase of DCs. Branched alkoxy chain (ethyl-hexyl) showed much lower DCs. 
 The diluent currently used in nuclear reprocessing, a derivative of dodecane, is not able to 
solvate calix-crown-ethers. To find suitable substitutes, a literature review1,2 led to testing several 
solvents; those presented here are either pure compounds such as n-octanol (n=1, 2, 3), or 
mixtures of 1-octanol + 10% modifier. Modifiers are tributylphosphate (TBP), 3-
methylcyclohexanone (MCHK) and nitrophenyloctylether (NPOE). Results are shown in Fig. 1.  

Every solvent shows a maximum distribution ratio but 
at different initial nitric acid concentration, leading to 
difficult comparison. Therefore, an analytical model 
has been proposed, consisting in competitive 
extraction of (Cs+, NO3

-), equilibrium constant KCs, and 
of molecular HNO3, equilibrium constant KHL. The 
model is shown on Fig. 1 by continuous lines. The 
fitted equilibrium constants were then plotted versus 
several solvent characteristics to find macroscopic 
criteria to rank solvents. A linear trend with dielectric 
constant has been obtained for KCs, but no global 
correlation for KHL.  

      Figure 1: DCs versus initial HNO3	concentration	 	 	 	 	Cs/Rb separation factors have been determined for 
several solvents as a function of nitric acid concentration. Quite high differences (up to a factor 
3) can be found when modifying the solvent at same nitric acid concentration. Separation 
factor also decreases with increasing nitric acid concentration, mainly due to a better 
extraction of Rb. This latter result could partially explain the first one, as the nitric acid 
concentration at which maximum DCs is found switches with solvent nature.  	
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Introduction 

 Partitioning and transmutation of trivalent minor actinides (MA(III): Am(III) and Cm(III)) is an 
important strategy for reduction in volume and radiotoxicity of the vitrified waste. Japan Atomic 
Energy Agency has been developing the extraction chromatography technology for the recovery 
of MA(III) from spent nuclear fuel. In this technology, porous silica based particle coated by styrene 
divinyl benzene copolymer (SiO2-P) with an extactant impregnated into it is utilized as the 
adsorbent. Series of fundamental studies for charactering the adsorbents and designing an 
appropriate flow-sheet have been carried out on adsorbents with several extractants such as 
CMPO, TODGA, and HDEHP etc1. However, a deciding extractant which possesses enough 
durability against acid or radiations and ability to separate MA(III) from trivalent lanthanides (Ln(III)) 
with simple operation has not been discovered so far. We currently focus on a newly developed 
soft doner extractant N,N,N’,N’-tetrakis(2-pyridylmethyl)ethylenediamine (TPDN) as one of the 
most promising extactants regarding its fundamental performance obtained in solvent extraction 
system2. 

Experimental 

TPDN impregnated adsorbent was prepared according to an article3, and then 
adsorption/elution performance of Am(III) and Eu(III), durability against acid and radiations, thermal 
perperties and local structure of complex formed in the adsorbent were investigated. In order to 
propose a disposal procedure of the adsorbent, a vitrification experiment with using SiO2 in the 
adsorbent as a constituent material of the glass was also carried out. 

Results and Discussion 

In batch-wise adsorption experiments, 241Am(III) in 0.01 M HNO3 solution was selectively 
adsorbed on the adsorbent with leaving 155Eu(III) in the solution, and then the charged 241Am(III) 
was properly desorbed into 1 M HNO3 solution. This result implies that separation of MA(III)/Ln(III) 
is possible by only changing acidity of the supplying solution into the TPDN/SiO2-P adsorbent 
packed column. In addition to that, TPDN/SiO2-P was revealed to be thermally stable and 
possesses high enough flash and ignition points to be used in hot cells of the reprocessing plants. 

In the presentation, other experimental results will be also reported and design of appropriate 
flow-sheet for the column separation experiment will be discussed. 
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Solvent	extraction	systems	that	combine	neutral	and	acidic	extractants	are	being	investigated	to	provide	a	
single	process	solvent	for	separating	the	minor	actinide	(MA)	and	trivalent	lanthanides	(Ln)	elements	from	
acidic	high-level	liquid	waste.		This	approach	of	combining	extractants	is	referred	to	as	the	Actinide-
Lanthanide	SEParation(ALSEP)1	process.		The	current	ALSEP	solvent	formulation	consists	of	N,N,N,N	-2-
ethylhexyl	diglycolamide	(T2EHDGA,	neutral	extractant)	and	2-ethylhexylphosphonic	acid	mono-2-ethylhexyl	
ester	(HEH[EHP],	acidic	extractant),	dissolved	in	n-dodecane.		

The	results	of	the	experiments	on	the	partitioning	of	the	fission	products	(FPs),	lanthanides	and	americium	
using	an	ANL	centrifugal	contactor	are	reported.	It	has	been	found	that	the	co-extraction	of	Am	and	Ln	from	a	
PUREX-type	simulated	raffinate	demonstrates	fast	kinetics.	The	Am	partitioning	is	at	the	expected	level;	no	
issues	with	FP	and	Ln	partitioning	have	been	observed.		
	
The	Am/Ln	separation	step,	conducted	by	a	buffered	solution	in	a	pH	range	between	2.0	and	3.0	containing	
either	DTPA	or	HEDTA	complexing	agents	is	somewhat	time	dependent.	The	separation	rate	greatly	improves	
as	pH	decreases	or	temperature	increases.	The	Am	backward-extraction	rate	further	improves	at	lower	
concentration	of	HEH[EHP].		Separation	factors	(SF)	over	20	for	the	most	difficult	separation	Am/Pm	were	
accomplished;	SF	>	40	are	reported	for	the	rest	of	the	Ln	series.	Based	on	the	obtained	results,	a	flowsheet	
has	been	designed	for	a	“hot”	multistage	demonstration	of	the	ALSEP	process	in	2017.		The	speciation	and	
partitioning	of	the	minor	actinides,	lanthanides	and	fission	products	will	be	discussed	in	detail.		
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Introduction 
 To partition actinide ions from high level liquid waste (HLLW), N,N,N’,N’- tetraalkyl-
diglycolamide (TRDGA) ligands, have been developed for the extraction of actinide and 
lanthanide ions from acidic solutions. Despite the significant progress made in the last two 
decades, the mechanism of the extraction still remains unclear. In this work, investigation on the 
extraction of Nd(III) by tetraoctyl-diglycolamide (TODGA) in 1-octanol was conducted with 
spectral titration method.  

Results and Discussion 
 Two extracted complex species of Nd(III) were identified from the 1 M Na/HClO4 system, 
while three species were identified from 1 M Na/HNO3 system. The extraction equilibrium 
constants were calculated, and the molar absorption spectra of the complex species were de-
convoluted from the spectral titrations by using the Hyperquad program. As shown in Fig.1, the 
speciation and molar absorption spectra of the species were abstracted from a set of spectra of a 
representative spectral titration for the extraction of Nd(III) by TODGA in 1-octanol. 

 
Fig.1  Representative spectral titration for the extraction of Nd(III) by TODGA. Organic phase: 

0.025-0.25 M TODGA in 1-octanol. Aqueous phase: 0.05 M Nd(ClO4) solutions in 1 M NaClO4. 
Phase ratio is 1:1. Upper left: absorption spectra of the organic phases collected. Upper right: 

normalized absorption spectra of the organic phases. Lower left: molar absorption spectra from 
deconvolution. Lower right: speciation of Nd(III) with different concentrations of TODGA. 
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Introduction 
To cope with the topical task of effective extraction of americium from liquid nitric-acid 

radioactive waste containing small amounts of plutonium, the research work was performed 
using sorption materials on the basis of a liquid extracting agent N,N,N’,N’-tetraoctyl-3-
oxapentane-1.5-diamide of diglycolic acid. The sorption materials were: impregnated sorbent 
TODGA generated by application of extracting agent on the matrix of styrene-divinylbenzene 
copolymer, and a solid extracting agent Axion MND 40T generated by introducing the extracting 
agent at the stage of copolymerization of styrene with divinylbenzene1,2. For the purposes of the 
study, a sample of the impregnated sorbent produced by Sorbent-Technologies LLC (Moscow), 
and a sample of solid extracting agent synthesized by Axion Rare and Noble Metals JSC (Perm), 
were used.  

Results and Discussion 
In the course of the works performed the investigators defined the optimum conditions of 

americium and plutonium extraction from simulation nitric-acid solutions using the examined 
sorbent samples under static conditions. The desorbing solutions were also chosen to enable 
selective extraction of americium and plutonium from the phase of sorbents. It was found out that 
under the examined conditions, TODGA and AXION MND 40Т were sufficiently stable overtime 
when in dynamic mode. The study showed the possibility to extract americium and plutonium 
from medium-level nitric-acid solutions using the examined sorbent samples under dynamic 
conditions. 

The results obtained allow assuming a possibility of using the impregnated sorbent TODGA 
and the solid extracting agent Axion MND 40T as collectors of americium from nitric-acid waste. 

A technology was proposed to separate radio nuclides of plutonium and americium at the 
stage of sorption and to efficiently extract americium from solutions. The technology comprises 
such stages as plutonium extraction from nitric-acid medium-level waste using Purolite S957 
cationite, and extraction of americium from a cationite filtrate using the examined sorption 
materials. Pilot testing of the method developed confirmed the operability of the facility for 
extraction of americium and plutonium from nitric-acid medium-level waste in multicycle mode; a 
high-quality preparation of americium-241 was generated as well. 
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Introduction 
Room-Temperature Ionic liquids (IL) are solvents entirely composed of ions, liquid at room 
temperature. They have been widely studied over the last years for metal ion extraction, as their 
unique physico-chemical properties can be adjusted by selecting their ionic components for a 
specific need. For the extraction of metal ions like actinides (An) and lanthanides (Ln), IL can be 
used in several ways: as solvent in replacement of conventional molecular solvents1, as extracting 
molecule by using task-specific ionic liquid synthesised from a well-known extracting pattern, or as 
synergistic agent in a traditional extractant/molecular solvent system. 2  

The presentation will be focused on the extraction or separation of actinides and lanthanides, to 
illustrate how the use of IL can result in higher efficiency and/or selectivity. With the support of 
spectroscopic techniques, UV-Vis and EXAFS, to identify the nature of extracted complexes and 
a modelling of the extraction data, we also demonstrate the mechanisms involved in the ion 
extraction, and compare them with those occurring in conventional extracting systems using 
molecular solvents. The advantages and drawbacks of the IL use will be discussed. 

Results and Discussion 
Typical examples on the use of IL for the An and Ln separation will be presented. First, we will 
focus on how the extraction of uranium(VI) proceeds in a hydrophobic IL used in replacement of 
the usual organic solvent. Two extracting systems were investigated, using either TBP or a 
malonamide extractant. Then, we will present the An(III)/Ln(III) separation using a task-specific 
ionic liquid based on the CMPO pattern. We show that it allows a sequential separation of U(VI) 
and Eu(III)/Am(III), just by changing this ligand concentration in the organic phase. Finally, we will 
show how the extraction of uranium(VI) from nitric acid solutions with TODGA into the molecular 
solvent dichloroethane can be strongly enhanced by addition of a small amount of the ionic liquid 
C4mimTf2N in the organic phase, by the mean of a synergistic effect.3  
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Uranium dioxide (UO2) is a prime nuclear fuel and perhaps the most thoroughly studied 

actinide material to date. Its thermal and magnetoelastic properties, however, remain an 
unsolved puzzle resulting from lacking thorough understanding of the microscopic processes that 
control its transport and thermodynamic properties and from strong couplings between 
magnetism and lattice vibrations1. In particular, it is not clear how different degrees of freedom 
and quasiparticle excitations interact and what is the relationship to the thermal behaviour. UO2 
is a Mott-Hubbard insulator with well-localized 5f-electrons and its magnetic state is 
characterized by a non-collinear antiferromagnetic structure and multidomain Jahn-Teller 
distortions2,3 that could be behind novel thermal properties4. In the talk I will give a broad 
overview of the physical behaviour of UO2 focusing on recent unexpected thermal and 
thermodynamic results.4,5 I will present that strong spin-phonon coupling and resonant scattering 
are important for understanding the general thermal behaviour, and also explains the observed 
anisotropy in its thermal conductivity.4 Then, I will show that in the magnetic state UO2 subjected 
to strong magnetic fields (up to 95 T) exhibits the abrupt appearance of positive linear 
magnetostriction leading to a trigonal distortion. Upon reversal of the field the linear term also 
reverses sign, which is a hallmark of piezomagnetism. The switching phenomenon persists 
during subsequent field reversals, demonstrating robust magneto-elastic memory. This is the first 
example of piezomagnetism in an actinide spin system and the magnetoelastic memory loop 
here is nearly an order of magnitude wider in field than those previously observed,6 making UO2 
the hardest piezomagnet known. The unusually strong correlations between the magnetic 
moments in U-atoms and lattice distortions are a direct consequence of the non-collinear 
symmetry of the magnetic state. A model that stabilizes the 3-k magnetic structure and 
reproduces the observed phenomena will also be discussed. I will discuss implications of these 
results. 
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Introduction 
 Despite the 30 years that have elapsed since its discovery, the nature of the phase found in 
URu2Si2 below the critical temperature THO=17.5 K remains unknown. This enigmatic low-
temperature phase has come to be known as the ``Hidden Order" (HO) phase. The HO transition 
is marked by the formation of a gap which extends over 60% of the Fermi-surface. The search 
for the proper symmetries which are broken at the HO transition continues. 

Results and Discussion 
 We report calculations on an unusual phase of the Underscreened Anderson Lattice 
Model that has been proposed as describing the ``Hidden Order" (HO) phase of URu2Si2 [1]. We 
determine the effects of applied magnetic fields. Since the proposed hidden ordering [1] is 
associated with a spin condensation in a spontaneously chosen plane, the electronic properties 
of the system become anisotropic below the critical temperature THO. In particular, the magnetic 
susceptibility acquires an unusual anisotropy in the symmetry-broken phase, similar to that found 
by Okazaki et al. [2].  We show that, for fields applied parallel to the normal of the plane, THO 
decreases towards zero and that the HO transition changes from second-order to first-order at a 
critical value of the magnetic field, similar to the behaviour observed by Jaime et al. [3]. We show 
that within the hidden ordered phase, there is a cascade of field-induced Lifshitz transitions 
similar to that reported in Refs. [4,5]. We compare our results with experimental findings. 
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The coexistence of ferromagnetism and superconductivity is one of the most interesting topics in 
the correlated electron systems1. The microscopic coexistence is established in three uranium 
ferromagnets, UGe2, URhGe and UCoGe. The ordered moment of U atom is small, compared to 
the free ion value for 5f2 or 5f3, thus the 5f electrons are itinerant. The large internal field due to the 
ferromagnetism is not compatible with the superconductivity based on the spin-singlet state. 
Therefore the spin-triplet state is believed to be realized. Surprisingly the field-reentrant or 
reinforced superconductivity is observed with the extremely large upper critical field. The unusual 
superconducting behavior is due to the ferromagnetic fluctuations and Fermi surface instabilities 
under magnetic field. We  review our recent studies on URhGe and UCoGe with fine tuning field 
angle and pressure, focusing on the Fermi surface instabilities and field induced phenomena2,3,4,5. 
This work was done in collaboration with G. Bastien, A. Gourgout, B. Wu, G. Knebel, A. Pourret, 
D. Braithwaite, J. P. Brison, A. Nakamura, S. Araki, Y. Tokunaga, A. Nikitin, A. de Visser and J. 
Flouquet. 
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Introduction 
 We have investigated thermal volume expansion of nearly ferromagnetic metals by assuming 
localized spin fluctuations with wave vector independent damping constant. According to the 
Takahashi's theory of magneto volume effect1, thermal expansion is derived from the volume 
dependence of the free energy of spin fluctuations that include both of the thermal and zero-point 
components. 
 

Results and Discussion 
Our thermal expansion consists of the thermal and the zero-point components. The temperature 

dependence of the thermal component at low temperatures corresponds to the Gruneisen’s 
relation between the thermal expansion coefficient and the specific heat of the lattice vibrations.  

The contribution of zero point spin fluctuations to the thermal expansion has no temperature 
dependence, in contradiction to the weak dependence in usual nearly ferromagnetic metals. This 
theory is applicable to thermal expansion in UPt3 because 5f electrons are almost localized. 
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Introduction 
One of the most remarkable properties of actinide compounds is the coexistence of 

superconductivity and magnetic ordering which has been realized in several strongly-correlated 
uranium based compounds. In these compounds, both superconductivity and magnetic ordering 
originate from U 5f states. To understand the origin of the coexistence as well as the mechanism 
of the superconductivity, it is essential to reveal their U 5f electronic structures. In this presentation, 
the U 5f electronic structures of heavy Fermion superconductors UPd2Al3 and URu2Si2 studied by 
photoelectron spectroscopy using soft x-rays from SPring-8 BL23SU are presented [1,2].  

Resonant photoemission study of UPd2Al3 
U 4d-5f resonant photoemission experiment was performed for UPd2Al3, and its partial U 5f 

spectrum was revealed experimentally. Figure 1 shows the comparison of U 5f spectra of UPd2Al3 
obtained by the resonant photoemission and the U 5f partial density of states obtained by the band 
structure calculation treating U 5f electrons as being itinerant. Comparison suggests that although 
the overall U 5f DOS are explained by the band structure calculation, there is a satellite structure 
around EB~0.5 eV, suggesting the electron correlation effect is also taking an essential role in this 
compound. 

Three-dimentional ARPES study of URu2Si2 
In recent years, we have established the experimental technique which measure the incident 

photon energy and angular dependence of ARPES spectra of target materials, and obtain their 
complete three-dimensional (3D) electronic structures. We have applied the technique to the 
hidden order compound URu2Si2, and revealed its complete 3D electronic structure in the 
paramagnetic phase. We have found that U 5f states in URu2Si2 form bands with their energy 
dispersions of sub-electron volts, and contribute to the Fermi energy. This suggests that U 5f 
electrons in URu2Si2 have an itinerant character. Furthermore, comparison of the result of non-5f 
analogue ThRu2Si2 is also presented to reveal the nature of U 5f states in URu2Si2.  
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Fig. 1 Comparison of U 5f difference 
spectrum obtained by U 4d-5f resonant 
photoemission spectroscopy and U 5f 
partial density of states obtained by band 
structure calculation treating U 5f 
electrons as being itinerant. 
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Introduction 
 The presence of valence fluctuations in PuCoGa5 has been recently suggested by resonant 
ultrasound spectroscopy, providing evidence for the proximity to a valence critical end point 
involved in the unconventional superconductivity. However, the identification of the fluctuating 
order parameter responsible for the anomalous softening requires information on the thermal 
expansion of the lattice, which is not available. Moreover, the absence of lattice distortions, at or 
above Tc, has not yet been investigated. To address these points, we have performed X-ray 
diffraction (XRD) measurements with a resolution of Dd/d~10-6. 

To shed further light on the properties of PuCoGa5 we have also measured X-ray Magnetic 
Circular Dichroism (XMCD) spectra at the Pu M4,5 absorption edges. The experiment probes the 
vortex phase below Tc and shows that an external magnetic field induces a Pu 5f magnetic 
moment at 2 K equal to the temperature independent one measured in the normal phase by a 
SQUID device. This observation is in agreement with theoretical models claiming that the Pu 
atoms in PuCoGa5 have a nonmagnetic singlet ground state resulting from the hybridization of 
the conduction electrons with the intermediate-valence 5f electronic shell. 

 
Results and Discussion 
 The experiments have been performed on freshly prepared samples of 242PuCoGa5 (Tc = 18.7 
K). XRD results2 show that the tetragonal symmetry of PuCoGa5 is preserved down to 2 K. The 
lattice thermal expansion is isotropic down to 150 K, and becomes anisotropic for lower 
temperatures. The c/a ratio decreases with increasing T to become almost constant above ~150 
K. A continuous linear shrinking of the volume is observed below Tc, whereas the thermal 
expansion coefficient αV has a jump at Tc, a factor ~20 larger than the change predicted by the 
Ehrenfest relation for a second order phase transition. Although the deviations observed for 
PuCoGa5 are about ten times larger than the statistical errors, in the absence of a quantitative 
theory it is not possible to establish the occurrence of critical valence fluctuations near Tc. 

 XMCD spectra have been measured between 2 and 30 K. The signal is small requiring 
the application of an external field of 17 T to observe the induced moment of 0.03 μB. Because of 
the large penetration depth (~250 nm) and small superconducting coherence length (~ 2 nm) the 
XMCD probes the normal state even below Tc. The spectral form does not change as a function 
of temperature and the narrow linewidth at the M4 edge is similar to that observed in localized Pu 
materials. The spin and orbital components of the induced magnetic moment are estimated by 
using a value of the magnetic dipole operator calculated in intermediate coupling approximation 
or by combining XMCD and SQUID data. In both cases, the XMCD signal shows that below ~18 
K the (opposite) spin and orbital components of the 5f magnetic moment increases with 
decreasing T, following a Curie-Weiss-like behaviour. We suggest that this result indicates a 
breakdown at Tc of the complete Kondo-like screening of the local 5f moment, which becomes 
partially exposed upon opening of the superconducting gap. 
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Straggling the magnetic properties of localized magnetism in rare-earth materials and itinerant 
magnetism of 3d- transition metals, actinides based compounds exhibit a large variety magnetic 
behaviours, such as Pauli paramagnetism, localized and itinerant magnetism, and heavy fermions. 
The element and shell specific X-ray absorption near edge structure (XANES) and X-ray Magnetic 
Circular Dichroism (XMCD) spectroscopy technique have been proven over last decades to be 
suitable technique to probe via the M4,5 absorption edges the electronic and magnetic ground state 
properties of the actinide 5f shell1,2. The XANES spectroscopy allows one (i) to estimate the 
number of 5f holes and therefore to probe the oxidation state of the actinide atom (ii) to discriminate 
the coupling scheme governing the ground state via the angular part of the 5f spin-orbit coupling, 
the latter being further related to the occupation of the individual spin-orbit-split electron shells 5f 
5/2 and 5f 7/2. The XMCD spectroscopy, which is the difference between XANES recorded for right 
and left circularly polarized x-rays, adds magnetic sensitivity to the XANES spectroscopy and 
allows to determine quantitatively using the magneto-optical sum-rule the orbital and spin magnetic 
moments carried by the 5f shell under given assumption regarding the magnetic dipole contribution. 
It offers therefore the unique possibility to isolate the contribution of the actinide magnetism 
separately from other contributions3,4. Both together, XANES and XMCD experiments have been 
reported for a great number of uranium compounds and have permitted to understand which is the 
ground state of uranium. This talk reviews recent advances in use of polarized x-rays to study local 
magnetic properties and electronic structure of uranium based compounds. 
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Introduction 
Spintronic devices utilise the spin degree of freedom of conduction electrons and are widely used 
in technology. The next generation of spintronic devices, such as spin transfer torque devices, 
require highly spin polarised currents for efficient operation. Such currents can be created by the 
spin Hall effect in non-magnetic materials with a large spin orbit coupling (SOC). Since nominally 
SOC is proportional to Z4, heavy metals such as platinum and gold have been intensively studied. 
In this work we focus on creating spintronic devices with uranium (U), which is expected to show 
even stronger SOC. Initial investigations into uranium as a spintronics material were carried out by 
Wilhem et al.1 A key discovery in that work was the existence of an induced moment in the U layer 
when grown on a ferromagnetic metal. This moment was relatively small in the case of Co and Ni 
but as large as ~0.125 μB in the case of U/Fe interfaces. Additionally, the magnitude of this induced 
moment was found to oscillate with U thickness, shown in Fig. 1. This is key phenomenon in 
exchange coupling2 seen by Parkin et al.3, in a variety of materials, but the element sensitivity in 
the case of U is intriguing.  

 

Results and Discussion 
This previous work motivates magnetotransport studies of U/ferromagnet systems to understand 
the role of the large U mass, and the induced moment. Here we examine the U/Fe bilayer system 
in first instance, with the U thickness varied over the range 0-10 nm, using room temperature 
magnetometry, anisotropic magnetoresistance, anomalous Hall Effect, and ferromagnetic 
resonance measurements. Oscillatory behaviour of properties such as switching fields, with 
changing U thickness, were seen in preliminary studies, supporting previous work. 
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Figure 1. Oscillatory induced 
magnetic moment for various U 
thicknesses as probed by X-ray 
circular dichroism measurements1. 
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The ThermAc project is extending the chemical understanding and available thermodynamic 

database for actinides, long-lived fission products and relevant matrix elements in aquatic 
systems at elevated temperatures. To this end, a systematic use of estimation methods, new 
experimental investigations and quantum-chemistry based information is used. ThermAc has 
started in March 2015 and is projected for three years. The project is funded by the German 
Federal Ministry for Education and Research (BMBF) and is coordinated by KIT-INE.  

 
The ThermAc project is developed with the aim of improving the scientific basis for assessing 

nuclear waste disposal scenarios at elevated temperature conditions. Adequate scientific tools 
must be available to assess the related chemical effects and their impact upon safety. A clear 
focus of ThermAc is on long-lived actinides in oxidation states III, V and VI, with selected fission 
products and important redox controlling matrix elements like Fe also receiving attention. 
Tetravalent actinides and detailed investigations of redox processes are excluded from the 
current ThermAc work programme. ThermAc mainly addresses the temperature range from ~5°C 
up to ~90°C, focusing on systems at low or intermediate ionic strength. Chemical analogs for the 
actinide elements will be used, especially in order to gain information on solid phase 
transformation processes. Ion-interactions are treated with the Specific Ion Interaction Theory 
(SIT), in agreement with the approach favored by the NEA-TDB project. Quantum chemical 
calculations are used to support the interpretation of experimental findings, and establish a 
fundamental understanding of chemical effects on a molecular level. 

 
Within the scope of ThermAc, a significant impact can be realized within a strong collaborative 

and integrated concept with the following strategic components: (1) Systematic use of estimation 
methods for thermodynamic data and model parameters. (2) Comprehensive experimental 
validation of the estimations. (3) Fundamental studies for improved process understanding of 
actinide chemistry at elevated T. (4) Critical evaluation of the work performed within (1-3).  

 
Selected examples from recent studies performed within ThermAc project will be shown to 

highlight the experimental approach and overall research strategy including actinide solubility 
studies and spectroscopic investigations. 

 
Acknowledgement: This project has received funding from the German Federal Ministry for 

Education and Research (BMBF). KIT-INE is working under the contract 02NUK039A.  
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Introduction 
 Uranium is a representative element of an actinide metal that has naturally radioactivity and 
widely distributed in the environment [1]. Uranium is one of the main fuel in nuclear energy 
generation, and it also has been used in nuclear weapons [2]. With the growing human demand 
for nuclear energy, the worldwide uranium consumption is continuous increasing.  For uranium, 
the most stable and common ionic form is appears as a complex of the uranyl ion (UO2

2+), 
because uranyl is water soluble, it is readily migrated to environment. Unfortunately, uranium is 
radioactive and chemically toxic, it was reported that human exposure to uranium could give rise 
to lung cancer, urinary system disease and genetic diseases. Considering the widespread use of 
uranium and its toxic properties, the development and improvement of analysis methods for the 
determination of uranium are vital. Therefore, many techniques have been used for the 
determination of uranium. Among these analysis methods, colorimetric detection is a simple, 
rapid, highly selective, and low-cost method for metal ion determination. However, only few 
reports on the application of this technique to uranium ion analysis have been published. 
Moreover, solvents are only considered as reaction media in the system of determination, even 
though solvents have been known to effect metal ion coordination for some time.[3] 

Results and Discussion 
 In order to obtain insight into the impact of solvent on selectivity, we synthesized a novel 
molecule, T-PADAP, and found that the coordination of metal ions could be adjusted by varying 
the amounts of H2O and DMSO. Under the optimized conditions, T-PADAP exhibited a high 
selectivity, low detection limit, wide effective pH range, and good anti-interference qualities as a 
colorimetric sensor for UO22+. This work provides a simple method for the detection of uranyl 
ions, and illustrates the use of solvent effects to regulate the coordination ability of sensors. 
	

	

Figure 1. Image of the solutions of T-PADAP (10-5M)/cation (10-5M) mixtures at a fw of 40% taken under natural 
light. 
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Introduction 
 Safety assessment of radioactive waste disposal requires a reliable prediction of the solubility 
limit of radionuclides under relevant conditions. Isosaccharinic acid (ISA), a degradation product 
of cellulose found in low- and intermediate radioactive waste, is known to form strong complexes 
with radionuclides. Under repository conditions in the presence of such organic acid, the solubility 
of radionuclides could potentially be enhanced. Since the solubility behaviour of tetravalent 
actinides (An(IV)) is primarily controlled by the solubility of sparingly soluble amorphous hydroxide 
solid phase (An(OH)4(am)), it is necessary to quantify the impact of complexation ability of the 
organic acid. Although several literatures have investigated the interaction of ISA with An(IV)1, 
U(IV) is one of the An(IV) lacking the experimental data to establish a thermodynamic description 
of U(IV)-ISA complexation. The present study investigated the solubility of U(OH)4(am) in the 
presence of ISA as a function of hydrogen ion concentration (pHc = -log [H+]) and ISA 
concentration. Thermodynamic analysis of the solubility data revealed the dominant soluble 
species and complexation constants were discussed in comparison with those of other tetravalent 
actinides and their analogue elements. 

Results and Discussion 
 Fig. 1 shows the solubility of U(OH)4(am) in the 
presence of 0.03 M ISA. The solubility in neutral pH 
region was independent of pHc, while those in 
alkaline pH region slightly increased with increasing 
pHc. The solubility was investigated as a function of 
ISA concentration and found to increase with a 
slope of approximately 2 with increasing ISA 
concentration. It was therefore suggested that 
U(OH)4(ISA)2

2- and U(OH)5(ISA)2
3- were the 

dominant U(IV)-ISA complexes, which were similar 
to those observed in Zr(IV)-ISA system3. Complex 
formation constants were determined by the least 
square fitting analysis of the solubility data and the 
calculated solubility curve well reproduced the 
experimental data (Fig. 1). Comparing the 
determined complexation constants to those for 
U(IV) hydrolysis and other organic acids and to those 
for An(IV)-ISA, the complexation ability of ISA was 
discussed.  
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Introduction. 
Targeted alpha therapy is a promising option for cancer therapy due to the high linear energy 

transfer and short path length of alpha particles in tissue which results in irreparable damage to cancer 
cells. Although there are several alpha emitting candidates suitable for radionuclide therapy, actinium-
225, 225Ac (t1/2= 9.92 d) has been paid attention to cure cancer because of the nature of the in vivo 
generator having high radiation dose. However, due to the high cost and low availability of 225Ac, the 
basic science of actinium has not been extensively studied. Generally, actinium binds to antibodies or 
peptides using a chelating agent such as 1,4,7,10-tetraazacyclodoedecane-1,4,7,10-tetraacetic acid 
or DOTA. However, the labeling yields reported so far have never been high. In this study, we 
examined the labeling conditions of 225Ac for DOTA or DOTA conjugated peptide. 

Materials and Methods 
Actinium-225 was separated from its parent nuclide 229Th and purified at the Institute for Materials 

Research, Tohoku University. The chelating agent DOTA and the bifunctional ligands p-SCN-Bn-
DOTA or 4-arm DOTA and DOTA-NHS-ester or 3-arm DOTA were purchased from Macrocyclics. Both 
4-arm and 3-arm DOTA were conjugated with alpha-melanocyte-stimulating hormone (α-MSH) which 
is a specific binding peptide to melanocortin receptor overexpressed on melanoma. In order to 
optimize the labeling condition of 225Ac, we changed the pH of the reaction solution, reaction 
temperature, reaction time, and the concentration of DOTA conjugates. The labeling yields were 
evaluated by using thin-layer chromatography. 

Results and Discussion 
 It was found that high labeling yield of 225Ac was achieved when used under basic pH and high-
temperature conditions. In addition, we also found that a molar ratio of DOTA to 225Ac of greater than 
about 50,000: 1 is required for labeling. In a comparison of the labeling yields for the 4 and 3 arm 
DOTA peptides, 4 arms can be labeled with high labeling yield even at lower pH. 

We are planning to synthesize 225Ac labeled 4-arm DOTA conjugated peptide c(RGDfK) which is 
specific for accumulation to pancreatic cancer to evaluate the therapeutic efficacy of 225Ac using 
pancreatic tumor-bearing mice. 
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The ISAC facility (Isotope Separation and Acceleration) at TRIUMF provides a wide range of

radioactive  isotope  beams (RIB)
1
 for  research  in  the  fields  of  nuclear  astrophysics,  nuclear

structure and material science by irradiating ISOL-type (Isotope Separation OnLine) targets with

a 480 MeV proton beam from the TRIUMF H
-
 cyclotron.

Recently,  a  program was  initiated  at  TRIUMF to  deliver  pure  isotope  samples  from proton-

irradiated  actinide  targets  for  pre-clinical  medical  research,  mainly  towards  Targeted  Alpha

Therapy (TAT) and imaging applications. We have developed a compact collection device for the

implantation of mass-separated RIB on a target disc at energies between 20-55 keV, including

ion beam positioning and current monitoring capabilities. The collection vessel is also used for

sealed transport under vacuum of the accumulated activity to the radiochemistry lab. We also

have developed a method to retrieve >95% of activity from the implantation target by chemical

etching and have investigated alpha recoil  separation of  
213

Bi  from a  
225

Ac/
225

Ra implantation

source.

Progress has been made with regard to purification, radiolabeling and SPECT imaging with 
225

Ac

and its decay products
2
. Also,  

209/211
At activities for preclinical studies have been produced from

213
Fr and 

211
Fr beams

3
, and a 

211
Rn/

211
At generator system has been investigated

4
.

We  can  also  report  on  progress  with  regard  to  actinide  target  developments.  A  Geant4

simulation, using the latest hadronic cascade models, to calculate isotope production rates has

been implemented for ISAC targets. It has been used to extrapolate yield rates, in particular from

uranium  and  thorium  targets,  and  to  determine  average  release  times.  The  carbothermal

reduction  process  to  fabricate  composite  uranium  carbide  targets
5
 has  been  revisited.  A

simplified, faster process that combines reduction to UC2 and sintering of composite ceramic

target  discs  in  one step  is  under  development.  Finally,  we discuss  the first  online test  of  a

composite ThO2/Nb target at ISAC and the potential of thorium targets for Ac and Ra isotope

production.
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Introduction 
 Alpha therapy with Radium-223 dichloride (223RaCl2) is used for the treatment of patients with 
castration-resistant prostate cancer, symptomatic bone metastases without known visceral 
metastatic disease. 223Ra is a calcium analogue, which forms complexes with hydroxyapatite in 
activated osteoblastic regions near metastases. From clinical studies, intravenous injection of 
223RaCl2 caused gastrointestinal disorders, such as nausea, abdominal discomfort and diarrhea 
as the most frequent adverse events due to radiation exposure. Here, we proposed a novel 
strategy to reduce accumulation of 223Ra in the large intestine by oral administration of barium 
sulfate (BaSO4) known as a coprecipitating agent of Ra.  

 
Methods 
     In this study, we examined a feasibility of BaSO4 to reduce accumulation of 223Ra in the large 
intestine with mice. 223RaCl2 (10 kBq/mouse) was intravenously injected in ddY mice with or 
without oral administration of BaSO4 (150 mg/mouse) at 1 h before injection of 223RaCl2. The 
biodistribution was examined at 1, 2, 4, 6, and 24 h after 223RaCl2 injection. In addition, for 
laxative treatment, 50% glycerin enema solution (0.3 mL) was administered rectally at 3 h after 
223RaCl2 injection, with or without BaSO4 administration in a manner described above, and the 
biodistribution was studied at 1 h after glycerin enema (4 h after 223RaCl2 injection). The organs 
of interest, including blood, liver, kidney, small intestine, large intestine, spleen, and femur, were 
collected and weighed; and urine and feces were also collected. Radioactivity was counted with 
a γ-counter. 
  

Results and Discussion 
     BaSO4 significantly reduced 223Ra accumulation in the large intestine at 1, 2 and 4 h after 
223RaCl2 injection (P < 0.05). 223Ra activity was slightly increased in the urine and feces in the 
BaSO4 group at 24 h after 223RaCl2 injection, compared to the control group. Glycerin enema 
decreased 223Ra accumulation in the large intestine to a similar level of BaSO4. However, no 
additional effect of glycerin enema to BaSO4 was observed.  

     In conclusion, the use of BaSO4 was effective to reduce 223Ra accumulation in the large 
intestine during 223RaCl2 therapy and glycerin enema would help to clear BaSO4 from the body 
without lessening the effect of BaSO4. This method could be useful to reduce adverse events on 
223RaCl2 therapy. 
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Introduction 
 Minor actinides such as americium, neptunium a curium are long lived radioactive elements 
and the main responsible for long-term radiotoxicity of nuclear waste produced in current light 
water reactors. One of the envisioned options to reduce the toxicity of the waste is to separate 
these minor actinides and use them in future fast reactor concepts as part of fissionable material 
and thus transmute them into short lived fission products. In this context a uranium oxide based 
fuel with significant content of neptunium and americium has been studied for determination of its 
physico-chemical properties which are important parameters to determine the fuel performance 
in the reactor. 

Results and Discussion 
 The so-called Superfact fuel has been synthesised at JRC Karlsruhe and consisted of four 
different fuel compositions. Among them the SF4 fuel which has the highest content of americium 
with overall composition (U0.6Np0.2Am0.2)O2. The fuel has been subject of this study and the 
determined physico-chemical properties have been interpreted in a broader context of general 
behaviour of major oxide fuels, particularly UO2 and the MOX fuels.  
 Using drop calorimetry the enthalpy increments have been measured up to 1800 K and from 
the obtained results the high temperature heat capacity has been derived. Attention has been put 
on investigation of oxygen Frenkel pairs formation which are typical for oxide fuels at elevated 
temperatures, as discussed in our earlier study [1].  
 Additionally, vapour pressure of the SF4 fuel has been determined using a world unique 
Knudsen cell mass spectrometer installed within a gamma-shielded glove box allowing handling 
of highly radioactive samples. From the obtained results the partial pressures of actinide 
containing gaseous species have been determined, and thus the activity coefficients of UO2, 
NpO2 and AmO2 species which are a measure of thermodynamic stability of the fuel.  
 Using the same technique a helium release from the fuel was investigated and compared with 
the total inventory estimated based on americium content and the storage time. Results of the 
helium release will be compared with the release from the irradiated fuel sample irradiated in the 
fast neutron spectrum Fénix reactor. This will be complemented with release of major fission 
products, including volatile elements such as caesium and iodine and major fission gases xenon 
and krypton, the latter included in Figure 1. 
 

 
Fig. 1: Helium and fission gas release from irradiated fast reactor fuel. 
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Introduction 
 The background of this study is related to the safety of nuclear power plants. The 

experience feedback from the accident of Fukushima Dai-Ichi (Japan) in March 2011 has stressed 

the importance of developing predictive capabilities for the evolution of accidental sequences in 

nuclear facilities. Particular interest is focused on the quantity, chemical speciation and isotope 

inventory of radionuclides produced by fission and which could be released to the environment. To 

do so, it is necessary to understand fundamental mechanisms governing the nuclear fuel behaviour 

in accidental conditions.  

In the case of an accident in a Pressurized Water Reactor (PWR), the rupture of the fuel 

cladding might occur and expose the nuclear fuel to oxidizing conditions. Consequently, the fission 

products may escape from the fuel and be released to the environment. As the quantity of oxygen 

increases in the fuel, UO2 oxidizes leading to the formation of hyperstoichiometric uranium dioxide 

UO2+x. The fuel local microstructure and chemistry are then affected which modify the fuel 

behaviour and the release rate of fission products (FP). In view to elaborate a good modelling of 

the phenomena occurring during accidental conditions, it is crucial to have a precise understanding 

of the behaviour of each fission product in this oxidized fuel.  

In the frame of two PhD theses made in collaboration with IRSN (French Institute for Nuclear 

Safety and Radioprotection), we study the molybdenum and caesium behaviour in UO2 and UO2+x. 

Our goal is to characterize the Mo and Cs mobility as a function of different conditions: fuel 

stoichiometry, high temperature (up to 2000°C), and effects of electronic excitations or ballistic 

damages produced by irradiation.  

Results and Discussion 
 For our studies, stable isotopes of molybdenum and/or caesium are introduced in UO2 and 

UO2+x pellets by ion implantation at a mean depth around 100 nm from the surface. The evolution 

of their concentration profiles in the samples, before and after irradiation and/or annealing 

treatments, is followed by Secondary Ion Mass Spectrometry (SIMS). To do so, we have used an 

innovative device (rotating sample holder) that allows overcoming the preferential abrasion of UO2 

grains due to their preferential crystalline orientation. In parallel, Raman spectroscopy and X-ray 

diffraction are used to characterize the evolution of UOx microstructure.  

We will present our results dealing with the thermal migration of Mo and/or Cs in UOx, evidencing 

the influence of the uranium dioxide stoichiometry and the simultaneous presence of caesium. The 

coupled effect of electronic excitations and temperature was also investigated. Swift heavy ions 

irradiations were also performed on UO2 samples inducing electronic stopping powers ranging 

between 5 and 30 keV/nm. During these irradiations, the samples were heated at 600°C or 1000°C 

(representative of normal reactor conditions). We show that under these conditions the main factor 

governing Mo migration are the defects created by the electronic excitations. In particular, our 

experimental observations can be related to the threshold of track formation in UO2, and have been 

modelled using the inelastic thermal spike model. 
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 Actinide dioxides, such as UO2 and PuO2, are the main components of mixed oxide nuclear 
fuel (MOX). Therefore, in order to develop MOX fuels, it is important to hold detail knowledge of 
thermal properties of actinide dioxides. However, it is difficult to accurately measure them 
especially at high temperature in experiments. In such cases, numerical calculations are 
expected to compensate insufficient experimental data. 
 Although there are various calculation methods to evaluate thermal properties, first-principles 
calculations have been very recently used frequently. Ab-initio calculation based on the density 
functional theory (DFT) is considered to be the most reliable method since it requires only 
fundamental information about constitutional elements of the target materials and needs no 
empirical parameters. However, DFT with ordinary local density approximation (LDA) has failed 
to reach the ground state in the case of actinide dioxides. Then, we know that both strong 
correlation through LDA+U method and spin-orbit coupling are supplemental to reproduce the 
paramagnetic insulating state of PuO2, confirmed by experiments1. 
 Based on the correct electronic states obtained by the above developed scheme, we 
evaluated thermal properties. In order to estimate heat capacity of PuO2, we calculated phonon 
heat capacity and Schottky heat capacity. Phonon heat capacity is caused by lattice vibration 
(phonon) which can be obtained through forces calculated by DFT. On the other hand, Schottky 
heat capacity is due to the excited states of f-electrons at Pu atoms. The excited energy was 
calculated through the crystal field theory whose parameters can be also obtained by DFT. 
Combination of phonon heat capacity and Schottky heat capacity agreed well with experimental 
data2. 
 We also evaluated thermal conductivity of PuO2. In the temperature range between 300K and 
1500K, thermal properties of actinide dioxides are governed by phonon heat transfer. Thus, we 
evaluate phonon thermal conductivity through the lowest-order perturbation of third-order 
anharmonic phonon couplings using DFT. The calculated thermal conductivity was also 
consistent with the experimental data. 
 In this paper, we will report calculation results on various thermal properties of actinide 
dioxides based on ab-initio DFT. We will also discuss availability of our schemes and application 
to other nuclear fuel materials. 
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Introduction

Uranium monocarbide, a potential fuel material for the generation IV reactors, is investigated
within  density  functional  theory. Its  electronic,  magnetic,  elastic,  and  phonon  properties  are
analyzed and discussed in terms of spin-orbit interaction and localized versus itinerant behavior
of the 5f electrons. 

Results and Discussion

We  demonstrate  that  the  theoretical  electronic  structure,  elastic  constants,  phonon
dispersions,  and  their  densities  of  states  can  reproduce  accurately  the  results  of  x-ray
photoemission  and  bremsstrahlung  isochromat  measurements  as  well  as  inelastic  neutron
scattering  experiments  only  when  the  5f states  experience  the  spin-orbit  interaction  and
simultaneously remain partially localized [1]. The partial localization of the 5f electrons could be
represented by a moderate value of the on-site Coulomb interaction parameter of about 2 eV.
The results of the present studies indicate that both strong electron correlations and spin-orbit
effects are crucial for realistic theoretical description of the ground-state properties of uranium
carbide. We compare the novel material UC to the  presently used nuclear fuel material, UO2

oxide.  Here  our  calculations  show  that  considering  the  exchange  and  electron  correlations
effects  the  generalized  gradient  approximation  was  successful  in  describing  the  phonon
dispersion spectrum, thermal expansion, and heat capacity w.r.t to the recorded data [2]. For
both  materials  the  so-called  direct  method,  based  on  the  harmonic  and  quasi-harmonic
approximation, was used [3]. To study the pressure dependence of the phonon frequencies of
UO2 we  calculated  phonon  dispersions  for  several  lattice  constants.  Our  computed  phonon
spectra demonstrate the opening of a gap between the optical and acoustic modes induced by
pressure. Taking into account the phonon contribution to the total free energy of UO2 its thermal
expansion coefficient and heat capacity have been computed from first-principles [2]. 
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Introduction 
 Understanding the corrosion behavior of uranium in atmosphere is very important for the 
safety handling of uranium. Among which, the uranium hydriding behavior is one of the key 
points because of the ignition nature of uranium hydride and have attracted lots of research 
interest in the last few decades. Until now, it has been revealed that, many factors, including 
oxide layer, impurities, microstructure could influence the pitting behavior for uranium hydriding. 
However, the underlying mechanism for the interaction between uranium and hydrogen, 
especially the controlling factors for the initial hydride nucleation sites, is still not fully understood. 
Therefore, continuous research efforts in this direction have been carried out in China in the last 
few years. 

Results and Discussion 
 In this report, We will show the in-depth investigation results on the hydriding behavior of U-
X(Ti, Nb) alloy based on the thus obtained data. Firstly, we would like to shown how the alloyed 
element Nb influence the hydriding kinetics in the initial period, and a general trend between the 
amount of Nb, phase structure and the hydriding will be given.  

Besides, it is well known that the microstructure of U-X alloy could be influenced by the 
heating treatment history. Different kinds of precipitates, or inter-metallic alloy could be formed, 
which could influence the hydride nucleation and growth behavior. Hence, in this part, we will 
present the heterogeneous hydriding nucleation results in different kinds of heat-treated U-Ti 
alloy. In addition, the influence of precipitate will be discussed.  

It is already clearly revealed that impurity element Si could accelerate the hydriding of 
uranium from experimental and theoretical research. Through combination usage of Raman 
Spectroscopy and Hot-cell Microscope, it is also found that Si could influence the hydriding for U-
Ti alloy dramatically.  

In the final part, future research plan in this direct will be discussed.. 
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Introduction 
 Studies involving the interaction of Th and U with various ligands are essential to 
understand the co-ordination chemistry of actinides.  For this purpose, the interactions of Th and 
U tetravalent triflates (trifluoromethanesulfonates) with Lewis bases have been performed to 
synthesize respective organometallic compounds, MIV(SO3CF3)x(L)y, M = U(IV) and Th(IV), L = 
Lewis base ligands.  The reaction of triflic acid with UO2 solids, according to the method described 
in our previous work1, resulted in a clear green solution which after slow evaporation, has resulted 
in the formation of very hygroscopic U(SO3CF3)4 precipitates.  A similar treatment of solid mixed 
oxide (Th,U)O2 with triflic acid has yielded hygroscopic, mixed precipitates of Th(SO3CF3)4 and 
U(SO3CF3)4.  The interactions of Th and U triflates with pyridine, 2, 2’-bipyridyl and acetonitrile 
ligands at room temperature have produced their respective stable adducts.  The oxidation states 
of U and Th have been determined using XPS technique.  Also the surface morphology and 
composition of these Th, U-adducts have been examined by SEM-EDS technique.   

Results and Discussion 
 The high-resolution U 4f and Th 4f spectra of the adduct samples containing uranium (U2B) 
and mixtures of thorium and uranium (SM1B and Th,U) are shown in Figures 1a and 1b. 
 
1a 1b 

 
It can be seen from Figure 1a that the binding energy of the U 4f7/2 and U 4f5/2 components 
correspond to U(IV) oxidation state, confirming that UO2 dissolves in triflic acid solutions without 
undergoing any oxidation. These tests show that Uranium and thorium triflates provide a simple 
way to prepare stable Lewis base adducts and organometallic derivatives.  These findings 
involving structural and physico-chemical properties of solid Th, U-adducts may complement those 
observed in aqueous media. 
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Uranium alloys, when quenched from the high temperature bcc phase, produce a range of 

metastable states not possible in pure uranium, fig 1, often with advantageous mechanical and 
corrosion properties [1-4]. Compositions close to the eutectoid exhibit strong shape memory 
tendencies [5]. The displacive transformation which produces the martensitic variant, α”, 
athermally, has been observed to produce the same phase isothermally under a stress-induced 
martensitic reaction. Here we present analysis of the crystallographic and chemical changes 
which have occurred under low temperature ageing as assessed by x-ray diffraction, electron 
backscatter diffraction high resolution transmission electron microscopy and atom probe 
tomography. 

We compare recent developments in the production of uranium alloy thin films both 
representative of the bulk and extraneous to the conventional binary phase diagram with the 
implications on the production of a bcc-U film. These alloys form a class of materials that have 
been proposed as potential high density nuclear fuels [6-8]. For which, a thorough 
understanding of all crystallographic and microstructural changes over the temperature-time 
landscape is required.  
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Fig 1: Phase diagram, of the U-Nb system. Inset shows metastable phase 
diagram produced by quenching from the high temperature bcc phase. 
Image adapted from: Vandermeer [5] and Koike [9]. 
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The extracted complexes of Nd(III)/Eu(III) with N,N-di(2-ethylhexyl) 
diglycolamic acid (DEHDGA, Fig. 1) were spectroscopically investigated.  

 

Fig 1.  Structure of N,N-di(2-ethylhexyl) diglycolamic acid, DEHDGA, HL. 

 
Different mechanisms were confirmed for the extracted complexes from nitric 

acid solutions of varying concentration. Two species, NdL2NO3(H2O) and NdL3, were 
identified and the ion-exchange mechanism was observed for the extraction of Ln(III) 
from solutions at pH region and of low acid concentration. In contrast, from solutions 
of high acid concentration, the mechanism of HL bonding as neutral ligand is 
suggested and two species of nitrate, Nd(HL)2(NO3)3 and Nd(HL)3(NO3)3, were 
recognized. With the combined mechanisms, at first DEHDGA behaves as a typical 
acidic extractant for the extraction of Nd(III)/Eu(III) at low acid concentration region, 
the extraction sharply decreases with the increasing acid concentration. As the acid 
concentration is increased to around 1M HNO3, the extraction is gradually dominated 
by the mechanism of HL bonding as neutral ligand, and increases with the increasing 
acid concentration.. 
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Introduction 
 Development of extractant, which can efficiently separate actinides, is of increasing importance 
because it concerns establishment and simplification of separation techniques in nuclear fuel cycle 
and decontamination of radioactive wastes. Particularly, in nuclear fuel cycle, the separation of Pu 
and U which are recyclable metal, and Am and Cm which are long-lived radioactive waste would 
be key techniques to develop the simple separation system. However, the separation of specific 
actinide, especially the separation of trivalent actinides and lanthanides, is difficult due to their 
similarities in chemical properties. Recently, we developed the N-alkyl-N-phenyl-1,10-
phenanthroline-2carboxamide (PTA) as new actinide separation reagent1,2. This compound is 
composed by hard oxygen donor which shows high affinity to both actinides and lanthanides and 
soft nitrogen donors which can recognize softer actinides, and successfully separates tri- and tetra-
valent actinides over lanthanides even in highly acidic condition. Thus, in this study, we 
investigated the actinides extraction properties and separation mechanism based on detailed 
structural analysis by using crystallography and EXAFS method.   

Results and Discussion 
 As a result of extraction experiments, it was revealed that PTA can selectively extract Am3+ and 
Pu4+ over Eu3+ even form highly concentrated nitric acidic solution. Furthermore, interestingly, the 
extraction behaviors drastically change with variation of acid concentration of aqueous phase. In 
lower acidic condition, the extractabilities for Pu4+, Am3+, UO2

2+ and Ln3+ decrease with an increase 
in HNO3 concentration. In contrast, in higher acidic condition, the extractabilities for Pu4+ and UO2

2+ 
increase with an increase of HNO3 concentration, though the extractabilities for Am3+ and Eu3+ 
decrease. This result means that the extraction selectivity can be controlled by changing of acid 
concentration in aqueous phase. In addition, structural analysis and speciation studies revealed 
that the nitrogen donors improve the selectivity for Am3+, and the oxygen donor promotes binding 
of the ligand with the metal ion over the competing protonation reaction. That is, combining of both 
soft and hard donor atoms in the molecule leads to high extractability and selectivity for trivalent 
actinide. In this presentation, we will also discuss the separation mechanism of tetra-valent metal 
ion based on structural analysis by using EXAFS method. 
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Introduction 

 Uranium has a particular place in the periodic table since it represents the main element of the 

current nuclear fuel. It therefore constitutes the most studied metal among the actinides family. Its 

chemical interaction with many types of inorganic (oxides, fluorides silicates, vanadates,…) or 

organic (O-donor, N-donor, …) ligands has been intensively investigated. Indeed, a large number 

of basic crystallographic structures has been listed in the literature
1 

and describes the association 

of uranyl ions and organic ligands in various complexes. However, very little information on their 

use as potential precipitant agent is available from aqueous medium. In this context, our research 

is focused on the identification of complexing organic ligands allowing the quantitative precipitation 

of uranyl ion in concentrated aqueous nitric acid medium, in order to recover uranium from liquid 

effluents with high efficiency. 

Results and Discussion 

 During our investigations, we paid a special attention on the study of four particular ligands 

allowing a massive precipitation of the uranyl ion. Two of them are derivatives of the 

hydroxybenzoquinone family, corresponding to the chloranilic acid or tetrahydroxybenzoquinone. 

The two other molecules of significant interest are nitrogen-bearing organic molecules. It concerns 

the use of dipicolinic acid, which is widely studied in the literature. The second one is the 

adamantane acetamide, which can be considered as a derived species of N-cyclohexyl-2-

pyrrolidone. The reactivity of the latter molecule with uranyl nitrate has been intensively studied by 

the group of Ikeda
2
 who proposed this type of ligand as precipitating agent in highly acid aqueous 

medium. 

 This contribution deals with the determination of the precipitation yield of uranyl cation in 

aqueous acid solution by varying different parameters (U/ligand ratio, HNO3 or uranyl nitrate 

concentration, kinetics…). The resulting precipitates have been further characterized by single-

crystal X-ray diffraction, Infrared spectroscopy and thermogravimetric analysis, and shows 

different molecular uranyl complexes with distinct U/ligand ratio for one given organic molecule. 

The ability to functionalize the present organic molecules was considered in order to vary the 

hydrophobic part and determine its influence on the precipitation yield of the uranyl complexes. 

Finally, the thermal conversion into uranium oxide is presented together with the variation of the 

crystal morphology during the thermal treatment.  
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Nuclear power is of great importance to the future of low carbon energy production and the ability to 
separate and recover the actinide elements from spent fuel is a key requirement for a sustainable 
nuclear fuel cycle. While the extraction of U and Pu for the fabrication of new fuel is well established 
with the PUREX process, recovery of the actinides, and their separation from the chemically similar 
lanthanides, remains challenging. 

A range of new organic extractant molecules, such as N,N,N’,N’’ tetraoctyl diglycolamide (TODGA), 
have been developed for the recovery of trivalent actinides through solvent extraction processes and it 
is important that they be well characterised and the associated chemical extraction mechanisms and 

kinetics understood. As such, studies of the interfacial and mass transport kinetics of cerium extraction 
by TODGA have been conducted at Lancaster University using a rotating diffusion cell (RDC). 

Findings to date reveal significant insights into the Ce(III) / TODGA extraction system; an interesting 
dependency on local hydrodynamics at the solution phase boundary indicates that the key complexation 
reaction occurs within the aqueous phase; and a decrease in the rate of cerium extraction by TODGA 
is observed as organic phase acidity increases. The latter effect has been identified both as a 
consequence of pre-contacting of the organic solution phase with an acidic aqueous phase, and from 
the increase in organic phase acidity due to simultaneous extraction of HNO3 by TODGA within the 
RDC.  

Investigation into the influence of HNO3 reveals an increase in organic phase viscosity with increasing 
organic phase acidity, suggesting HNO3-driven aggregation of the TODGA into reverse micelles. Such 
aggregation may be inhibitive of the transition of the extractant molecule into the aqueous phase where 
complexation has been shown to take place, thus reducing the rate of fission product extraction. 

Given the acidic environments associated with solvent extraction processes, these findings are of 
consequence to the use of such molecules in separation and reprocessing and the effects of organic 
phase HNO3 concentration on the extraction properties of TODGA remain the subject of further 
investigation. 
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Group separation of actinides over lanthanides is extremely challenging in spent nuclear reprocessing. Traditional 

extractant tributyl phosphate (TBP) used in PUREX process can efficiently extract uranium(VI) and plutonium(IV), 

whereas it has no extractability towards trivalent minor actinides(MA). In recent years, nitrogen atom-containing 

soft donors such as 2,6-bis(5,6-dialkyl-1,2,4-triazin-3-yl)pyridine (R-BTP), 2,6-bis(5,6-dialkyl-1,2,4-triazin-3-yl)- 

2,2’-bipyridine(R-BTBP), and 2,9-bis-(5,6-dialkyl-1,2,4-triazin-3-yl)-1,10- phenanthroline (R-BTPhen) ligands 

have been considered as successful representatives for the separation of Ln(III)/MA(III).Nevertheless, these ligands 

are not efficient towards uranium(VI) and plutonium(IV). Hence, it is meaningful to design a versatile ligand which 

can extract all actinides. After tremendous systematically theoretical works, we successfully found a 

phenanthrolinebased tetradentate ligand with hard−soft donors combined in the same molecule, 

N,N′-diethyl-N,N′-ditolyl-2,9-diamide-1,10-phenanthroline (Et-Tol-DAPhen), for the group separation of actinides 

over lanthanides. This ligand exhibits excellent extraction ability and high selectivity toward hexavalent, tetravalent, 

and trivalent actinides over lanthanides in highly acidic solution.  
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The European Commission - Joint Research Centre (EC-JRC) is the main provider of isotopic 
actinide certified reference materials (CRMs) in compliance with ISO/IEC 17034. Particularly, 
EURATOM Safeguards entrusts the JRC, according to J.O. C 126 (1994), SEC (92) 515 and 
JRC BXL MOU 32924 - 2012 with the development of analytical and quality control tools. The 
IRMM-1027 series of Large-sized dried (LSD) spikes are tailor-made U/Pu reference materials 
certified for the mass of 235U, 238U and 239Pu per unit and the uranium and plutonium isotope 
amount ratios. They are a fundamental part of the fissile material control of irradiated nuclear fuel 
applied at the two EURATOM safeguards on-site laboratories, at Sellafield-site and at the 
Japanese Nuclear Fuel Ltd - Rokkasho Reprocessing Plant (JNFL-RRP). They enable 
laboratories to meet the international target values (ITV 2010). No prior dilution of the input 
solution sample is needed, simplifying the spiking procedures for Isotope Dilution Thermal 
Ionization Mass Spectrometry (ID-TIMS) by remote operation in hot-cells. 

The IRMM-1027 LSD spikes contain UO2(NO3)2 and Pu(NO3)4 embedded in a polymer matrix 
with U to Pu ratio of about 30. The integrity of the spikes cannot be assured without a protective 
substrate, chemical modification or alloy formation, since the dried uranyl and plutonium nitrate 
are in powder form and do not adhere to glass vials. Until to date a polymer material, cellulose 
acetate butyrate (CAB), has been used to preserve the spikes during transport and long-term 
storage. After a certain time, cracks appear on the surface and the material starts to flake off. 
Henceforth the certified values cannot be guaranteed and the spike has to be reconditioned or 
replaced. Therefore the JRC started a research project called "Innovative nuclear CRMs for 
EURATOM safeguards and industry" (INS-CRM) to investigate alternative materials that 
withstand better the radiation beyond 3 years while dissolving 'readily' in hot nitric acid and are 
not interfering during analysis. Results from different approaches, spike preparation, ageing and 
characterization will be presented for the following matrices: 

- The Carboxymethyl Cellulose (CMC) forms a foam while drying down from nitric acid 
solution.1 This foam incorporates very well the spike material as demonstrated by electron 
microscopy analyses. The main advantage of the CMC is its high U/Pu complexation capacity, 
allowing for spikes to be produced with wide range of U/Pu ratios. CMC fixes the material at the 
bottom of the vial and so far shows no tendency towards flaking or cracking or any interference 
during chemical separation and ID-TIMS measurements. The foam might collapse with time to 
form a viscous gum, but it remains firmly attached to the glass and continues to ensure the 
integrity of the spike material. 

- Improvement of the current CAB matrix by mixing CABs with different butyryl content and 
additives (plasticizer, radical scavenger). The mixing helps to increase the resistance to 
radiation, the plasticizer improves the mechanical properties and the radical scavenger protects 
against the secondary effects of radiation. 

- H3PO4 is used mainly for reconditioning of LSD spikes. Phosphoric acid is known to serve as 
a fixator but more research is required to define its suitability as a cover of strong α-emitters. 

 
1. R. Carlos-Marquez, R. Buda, K. Lützenkirchen, A. Sánchez Hernández, P. van Belle. 

"Stabilisation of Uranium/Plutonium dried spikes with a cellulose matrix." Proceedings of 37th 
ESARDA Symposium, Manchester, UK, 19-21 May 2015; 498-505. 
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Introduction 
Recent research has shown that nuclear fuels designed with nanometer-sized grains can 

provide pathways for fission gas release, improve radiation tolerance, and increase heat transfer 
capabilities.1 Further improvements in the performance of advanced nuclear fuels will require 
additional understanding of how processes occurring on the nanometer scale can be an 
advantage or a limitation to fuel designs. The primary objective of this work is to synthesize 
actinide nanomaterials in a manner that provides control over composition, structure, and 
reactivity. The research is based on the hypothesis that directional bonding can be harnessed in 
the molecular building blocks of actinide materials to promote specific orientations of atoms that 
support nucleation and growth of ordered materials. The results show that new synthetic 
methodology can be invented by employing advanced methods for physical characterization to 
determine the role of the coordination chemistry on material growth mechanisms. 

Results and Discussion 
 Our work leverages recent studies which showed that ligand K-edge X-ray absorption 
spectroscopy provides a direct and quantitative probe of electronic structure and bonding in 
actinide molecules.2 Our template-directed synthetic approach involves deposition of molecular 
precursors into the pores of an inert framework by sublimation, followed by decomposition at 
elevated temperature or with reactive gases to form nanoparticles. Imaging from transmission 
electron microscopy (TEM) has proven the utility of this approach and shown that growth of 
actinide oxide nanoparticles is limited to 2-3 nm by the templates, which also have 3 nm pore 
sizes (Figure 1). Because the synthetic targets are complex multi-component systems, the TEM 
results were compared with images from scanning transmission X-ray microscopy (ALS 11.0.2) 
as well as oxygen K-edge (ALS 11.0.2) and actinide L3-edge X-ray absorption spectroscopies 
(SSRL 11.2) to determine composition, and crystallographic phase. This presentation will also 
discuss our preliminary efforts to show how controlling properties including particle size and 
composition in well-defined actinide materials can affect the outcome of processes relevant to 
the use and storage of advanced nuclear fuels. 
 

 
Figure 1. Methods used for the physical characterization of uranium oxide nanoparticles 
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Introduction 
 Exotic superconductivity has been discovered in various uranium compounds in which 
electrons are strongly correlated. In order to narrow down candidates of pairing mechanism, 
clarification of the gap symmetry is crucial. For this purpose, the location of gap nodes provides 
important hints and it can be identified from the field-angle variation of low-energy quasiparticle 
excitations. This technique takes advantage of the fact that the amount of zero-energy 
quasiparticles excited around nodes by the Doppler energy shift, dE µ vF ∙ vs,  depends on the 
angle between the magnetic field (H ^ vs) and nodal direction (vF; the Fermi velocity at a node). 
By measuring the field-angle-resolved specific heat at low temperatures, which is a useful probe 
to detect heavy quasiparticles in the bulk, we can investigate nodal structure of unconventional 
superconductors.1 

Results and Discussion 
 We have measured the specific heat of the first-generation uranium superconductors, i.e., 
UBe13,2 UPt3,3 URu2Si2,4 and UPd2Al3.5 Thanks to the development of a technique to grow high-
quality single crystals, we have succeeded in detecting low-energy quasiparticles in these 
superconductors from low-temperature specific heat measurements. Recently, by measuring the 
specific heat under magnetic fields rotated within the ac plane, we have obtained evidence for 
the presence of a horizontal line node in the gaps of tetragonal URu2Si2 and hexagonal 
UPd2Al3.4,5 Moreover, we have unexpectedly found that cubic UBe13 is in a full-gap 
superconducting state that is supported by the absence of nodal quasiparticles.2 By contrast, the 
gap structure of UPt3 is obscure because no remarkable anomaly related to nodal structure was 
detected in the field-angle dependence of the specific heat,3 whereas thermal conductivity 
measurements have suggested the E1u gap symmetry.6 These findings are key to resolve the 
gap symmetry of these uranium superconductors.  
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Introduction 
 The heavy fermion superconductor UBe13 attracted much attention because of its unusual 
normal and superconducting (SC) properties.  The SC 
transition occurs at around Tc~0.85 K with large specific heat 
jump, Δ Ce/Tc~11, 2. In the SC state, the power law temperature 
dependence of the specific heat, the NMR spin-lattice 
relaxation rate, magnetic field penetration depth, etc., suggest 
an unconventional superconducting state2,3,4. Furthermore, 
the SC phase diagram has anomalous B*-line inside in the B-
T phase diagram, where magnetization5, surface impedance6, 
and specific heat exhibit anomalies around B*(T)~0.6Bc2(T). In 
the present stage, the origin of the B*-line has not been clear 
yet. Here we present recent progress in frequency 
dependence of the surface impedance measurements.  

Results and Discussion 
A single crystalline sample of UBe13 was used for RF surface impedance measurements, where 

the impedance Z was measured by the LC resonator method at various frequencies of 6.3, 29, 71, 
and 97 MHz, by using a Netwoek analyzer (Advantest R3767) and an NMR probe circuit. Details 
of the surface impedance (Zs = Rs + iXs) measurements were 
reported elsewhere7, where Rs and Xs are the surface resistance 
and surface reactance, respectively. 

The field dependence of the Rs at 100 mK measured at 
several frequencies are shown in Figure 2. The unusual 
suppressions of Rs (H) at Ha1 and Ha2 are distinct at low 
frequency and Rs (H) is independent of frequency above 70 
MHz. This results suggest the free-flux flow state is realaize  
above 70 MHz within the frame work of the conventional theory. 
This feature indicates that the anomalies are not attributed to the 
``conventional'' vortex pinning effect but rather to the change of 
the flux-flow resistivityρf . The present results strongly suggest 
that the quasiparticle life time τchagnes at around  Ha2.  In our 
presentation, we will discuss the origin of the B*-anomalies from 
the results of the surface impedance measurements.  
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Figure 1 B-T phase diagram of 
UBe13 

Figure 2 Magnetic field 
dependences of Rs at 
various frequency B-T phase 
diagram of UBe13 

Ha1 
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Introduction

PuCoGa5
1 remains  a  fascinating  plutonium compound  presenting  record  superconducting

features such as a transition temperature Tc ~ 18.5 K, one order of magnitude above all other 5f
based systems reported and an astonishing estimated critical field Hc2~ 80 T, similar to the High
Tc oxides  Superconductors.  One key aspect  for  the studies  of  PuCoGa5 is  the presence of
defects and self-heating effect taking place in the material due to the presence of  239Pu atoms
and preventing reliable deep analysis at low temperatures. Defects and disorders generated by
self-decay of the plutonium atoms could be at the origin of numerous artefacts which could have
been reported initially as intrinsic to the material leading to a localized magnetic picture of  5f
electrons  and a strong  correlated  heavy fermion  superconductor.  Several  studies2 based on
ageing effect on transport properties and magnetization pointed out the importance of pure single
crystals  with  a  low  self-heating  effect  reducing  defects  creation  to  clearly  progress  on  the
understanding of the ground state properties of this compound.

Results and Discussion

Here we report an extensive study on the basic properties of extremely pure 242PuCoGa5 single
crystals in the normal and in the superconducting state presenting a very low self-heating effect.
DC and AC magnetization, transport properties and heat capacity have been examined down to
1.8  and  0.6  K  respectively  giving  access  to  interesting  new  features  not  yet  reported.
Magnetization measurements in the normal state on a gram scale single crystal have revealed
the absence of any Curie-Weiss behavior in the material. Superconducting transition temperature
is close to 18.8 K which is a record for this compound. Heat capacity measurements have been
performed  on  a  microgram scale  sample  leading  to  access  sub  kelvin  temperatures  in  the
superconducting state. Symmetry analysis of the very low temperature heat capacity have bben
performed below Tc/20 range. The linear electronic coefficient estimated above Tc in the normal
state is  clearly  reduced compared to  previous  reported  values  and points  to  PuCoGa5 as a
moderate  heavy  fermion  superconductor.  Transport  measurements  do  not  strongly  support
classical  correlated  electronic  system  features  reported  to  the  Cerium  counterparts3.  These
features suggest new scenarios for the ground state and at the origin of the coupling mechanism
especially the superconducting order symmetry.
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Introduction 
To improve our knowledge of plutonium oxidation related to safe and long term storage, the 
reactivity of a highly metastable δ-Pu alloy was studied under controlled atmosphere. The 
originality of this work lies in an in situ X-ray diffraction (XRD) analysis performed during the 
oxidation process, enabling phase identification as well as characterization of the oxides growth 
kinetics. 

Results and Discussion 
XRD analysis was performed under dry and wet atmospheres of O2 during different isothermal 
holds between 100°C and 200°C using a temperature chamber mounted in a θ/θ diffractometer 
inside a glove box. In order to be able to analyse the microstructure of the Pu oxides, the 
recorded diffraction diagrams were analysed using a novel method based on a modified Rietveld 
refinement allowing the assessment of the thickness of staked layers. This formalism was 
developed and integrated into the TOPAS5 software enabling a full profile refinement.  

As shown in Figs. 1a and b, the individual monitoring of each scale growth during the oxidation 
process has highlighted that the oxidation parabolic growth is mainly connected to the 
development of the α-Pu2O3 layer since the PuO2 scale is very thin at the beginning of oxidation. 
Then, a breakaway in the oxidation kinetics is observed. This acceleration of the oxidation 
process appears to be exclusively linked to the PuO2 scale growth. Further SEM analyses have 
revealed the presence of surface spalling. Furthermore, lattice parameter analysis of α-Pu2O3 
layer has also showed an increase in compressive stress which could be at the origin of the 
surface cracking and promote the acceleration of the oxidation rate. 

(a) (b) 

Fig. 1a and b: Thicknesses of overall oxide layer as well as PuO2 and α Pu2O3 scales deduced 
from X-Ray diffraction analysis during isothermal holds at 150 °and 200 °C under a dry 
atmosphere of 100 mbar of O2.  

Regarding more specifically the parabolic growth stage, the apparent parabolic oxidation 
constants were determined at different temperatures for the overall scale and for each oxide and 
compared to data available in the literature showing a good agreement. Furthermore, the 
oxidation kinetics were also analysed to obtain the intrinsic parabolic oxidation constant of each 
material taking into account the growth of the oxide and its consumption by the upper scale as 
well as the partitioning of the incoming flux(considered as being oxygen interstitials). The 
obtained values were then compared to the intrinsic constants as defined by Wagner et al. 
(1933) in order to improve the understanding of the corrosion mechanism of plutonium. 
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Introduction 
 About 100 tonnes of Pu are stored at the UK Sellafield site alone, the product of 
approximately 50 year’s civil nuclear fuel reprocessing. Interim storage of actinide waste is 
generally as calcined actinide oxide powders contained within a series of nested stainless steel 
cans with the outer can welded to maintain storage integrity. Under certain circumstances, high-
level actinide wasteforms have been observed to cause gas generation within the cans and 
consequent pressurisation of the storage package. This comprises one of the most serious fault 
scenarios that must be considered in the safety cases for long term actinide storage and avoided 
in practice. Water adsorption on PuO2 has previously been investigated by measuring 
headspace pressure as a function of temperature within a closed system containing in the 
presence of varying amounts of added water. There currently exists a gap in the knowledge 
regarding the exact mass of water which adsorbs on AnO2 powders in the closed, heated 
conditions within a storage container. 
 
Results and Discussion 
 
We have coated thin films of ceria (CeO2), thoria (ThO2) and urania (UO2, U3O8) onto piezo-
active crystals and used QCM methodology to directly measure any mass changes under a 
range of temperatures and humidities. The mass changes, combined with accurate 
measurements of surface area, can then be used to calculate the amount of water adsorbed onto 
the ceria surface and the thermodynamic requirements for its desorption. 
 
The films were deposited onto quartz or gallium phosphate wafers through spin-coating with a 
precursor actinide nitrate solution or oxalate dispersion, followed by calcination. SEM, XRF and 
AFM were used to determine the thickness and porosity of the layers produced. The coated 
crystals were mounted within the pressure vessel using a crystal holder which exposed one face 
of the crystal to the pressurized environment of controlled water vapour composition. The 
resonant frequency dependence of the crystals was first measured in the absence of moisture, to 
allow for compensation of purely temperature induced changes. Thereafter, a number of studies 
were undertaken that allowed the adsorption of water to be measured under a variety of real-
world applicable conditions, through variation of temperature, relative humidity, and pressure. 

As expected, it was found that increasing relative humidity of the environment by addition of 
water resulted in mass gain due to increased amounts of water absorbed onto the ceria layer. 
Analysis of the resulting absorption isotherms allowed the surface area of the AnO2 films and the 
enthalpy of absorption of water to be calculated. Varying the temperature of the system from 
ambient to approximately 400ºC was found to decrease the mass of water absorbed onto the 
actinide oxide layers, due to desorption and evaporation from the surface. In a closed system, 
this effect appears to be primarily driven by the increased moisture carrying capacity of the 
heated atmosphere, with small amounts of water still absorbed onto the actinide oxide suraces 
even at 400°C. Work to further increase the system temperature and apply this methodology to 
PuO2 films is ongoing. 
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The safe storage of uranium metal requires a thorough understanding of its corrosion 
reactions and in particular with hydrogen. We have studied the interaction between 
various epitaxial uranium films (covered by ~30 nm films of textured UO2) with small 
partial pressures of hydrogen at the XMaS beamline at the ESRF synchrotron in 
Grenoble, France. The films were produced, at the University of Bristol, using either 
Nb or W buffer layers deposited on a-plane sapphire with U-thicknesses between 30 
and 60 nm. Hydrogen exposure was attained in steps up to 500 mbar of 4% H2/Ar at 
temperatures of 80, 140 and 200°C. Both X-ray reflectivity and X-ray diffraction 
were recorded as a function of time for different exposures and temperatures. 
Dramatic changes were observed, showing preferential reaction with the (110) U 
planes. In addition, the β-UH3 (210) reflection was observed under certain 
experimental conditions, indicating the formation of crystalline uranium hydride. 
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Introduction 
Plutonium metal is particularly sensitive to corrosion even at ambient temperature. Corrosion 

during storage is industrially under control, however the fine mechanisms are not well known, not 
to say controverted especially with presence of H2O [1,2].The goal of this study is to describe first 
stages of corrosion mechanisms of plutonium metal under water vapor at room temperature. The 
knowledge of these first stages is important because they tend to control the corrosion way. 

 
 

Results and Discussion 
Photoelectron spectroscopy (PES) is a powerful technique for the purposes of studying 

various properties of surfaces, e.g. their composition, oxidation state, chemical and electronic 
properties. 

The plutonium alloy surface was prepared by following a defined procedure (electropolished, 
cleaned by Argon ions sputtering and annealed) in order to produce a clean surface of a 
multilayer composed of a PuO2 thin film on Pu2O3 film on Pu metal bulk easily repeatable in 
terms of nature and thickness. These initial surfaces were exposed to water vapor at different 
pressures (from 5.10-7 mbar to 1 mbar) at ambient temperature. 

The X-ray photoelectron spectroscopy (XPS) measurements were obtained on an 
EscaLab 250® from ThermoFisher Scientific connected to a glove box, using monochromatic Al-
Kα X-rays. Pu4f and O1s transitions fitting (performed by CasaXPS [3]) gave respectively the 
proportions of oxides (PuO2 and Pu2O3) and the proportion and nature of chemisorbed species 
on the surface. XPS spectra extrinsic loss structures modelling (performed by QUASES 
Generate [4]) allowed determining the structure and the thickness of PuO2 film grown on Pu2O3. 
These new analytic results enable to suggest mechanisms of H2O adsorption/dissociation as a 
function of the nature, the thickness and defects of the formed PuO2 oxide. 
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Introduction 
 The pressure vessel at the Fukushima Daiichi Nuclear Power Station operated at very high 
temperatures. Under such conditions, uranium and several other radioactive materials reacted with 
zircaloy(Zry) and/or its oxide, ZrO2, present in the fuel cladding, to form fuel debris at the accident 
in 2011. The melt core, solidified at the lower head of the pressure vessel, mainly consists of the 
control rods (stainless steel rod filled with B4C) and fuel assembly (UO2 and Zry) materials. In 
addition, the melt core solidified at the lower head of the pedestal consisting predominantly of fuel 
assembly and cement materials (CaO and SiO2). In order to forward a safe and controlled 
decommissioning process, studies have been conducted to examine structural and 
thermodynamic estimations of the fuel debris under various atmospheric conditions such as 
reducing and oxidizing atmospheres1-2. In the present study, the local structure of basic 
uranium/zirconium compounds has been characterized in different oxidation states and under 
treatment in the presence of B4C, CaO and SiO2 in atmospheric conditions ranging from 1473 to 
1873 K. These reactions are of specific interest to the interaction between nuclear fuel and cladding 
tube materials.  

Results and Discussion 
 The uranium and zirconoum compounds were fully characterised by X-ray diffraction and X-ray 
absorption spectroscopy (XAS) of the U LIII edge and Zr K edge. Spectra were collected of standard 
U and Zr compounds as well as mixed oxide materials of UO2 and ZrO2. The exact speciation of 
the samples was determined by comparison to a comprehensive catalogue of standards. For 
uranium, these were: UCl3, UO2, UCl4, UB4, FeUO4, CrUO4, UO3, UO4, UO2Cl2, U3O8 and for 
zirconium we included: metallic Zr, ZrF4, ZrCl4, ZrO2, Zr(OH)4, ZrOCl2 and ZrO(NO3)2. In the XAS 
data, the white line of the U LIII absorption edge depends strongly on the oxidation state of U. Bond 
distances between U or Zr and their neighboring elements were determined by curve fitting to 
theoretical standards in the extended X-ray absorption fine structure region. The XAS 
measurements of UO2 and ZrO2 mixtures, treated at temperatures from 1473 to 1873 K under an 
oxidizing atmosphere (Ar + 2% O2), indicate that U2Zr5O15 and ZrU2O7 formations occur < 1573 K, 
whereas, UO2 was the main product at temperatures > 1773 K. In the absence of ZrO2, UO2 was 
oxidized to U3O8, indicating that UO2 was stabilized by the formation of solid solution of ZryU1-yO2. 
An equilibrium between UO2 and UB4 formation was observed under a reducing atmosphere (Ar + 
10% H2) from 1473 to 1873K. However, when ZrO2 was present within mixtures along with UO2 
and B4C, it was found that Zr was more reactive than U by forming ZrB2 at 1773 K. The inclusion 
of CaO in a mixture with UO2 under an oxidizing atmosphere resulted in the formation of CaUO4. 
Solid solution was the main product of the CaO and UO2 mixture under a reducing atmosphere. 
This investigation goes some way to understanding the interaction between the nuclear fuels and 
the cladding materials enabling an examining possible decontamination procedures. 
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Introduction 
 Magnesium potassium phosphate (MPP) matrix MgKPO4·6H2O1 is a promising mineral-like 
matrix for the immobilization actinide-containing radioactive waste (RW) with complex chemical 
composition. MPP matrix is an analog of the natural K-struvite2 mineral and it is formed at room 
temperature by the oxidation-reduction reaction MgO + KH2PO4 + 5H2O � MgKPO4·6H2O. 
 The effect of the composition of the solutions on the matrix samples composition and properties 
was determined after immobilization of aqueous solutions of cesium, strontium, sodium, 
ammonium, lanthanum and iron nitrates, as well as solution simulated actinide-containing RW 
(mineralization 589 g/l, pH 5.6). Specific activity of 152Eu and 239Pu in the synthesized samples was 
4.0∙103 and 1.6∙105 Bq/g, respectively. 

Results and Discussion 
 The main crystalline phase of MPP matrix studied is MgKPO4∙6H2O, containing macroscale 
metal and ammonium ions. The KNO3 phase (Niter) is present in the samples obtained, that 
indicates on substitution of the potassium by metals and ammonium cations. It is confirmed by the 
presence in the samples of the various element orthophosphate phases, the structure of which 
corresponds to MgCsPO4∙6H2O, Sr3(PO4)2, MgNaPO4∙6H2O, Na3PO4 (Olympite), 
MgNH4PO4∙6H2O (Struvite), LaPO4∙0.5H2O (Rhabdophane-La). 
 The compressive strength of various MPP matrix samples was 12-17 MPa. The incorporation 
of mineral modifiers (wollastonite, bentonite and clinoptilolite) leads to increase the mechanical 
stability of the samples, for example, the compressive strength of a sample containing 38 wt% of 
wollastonite is 22 MPa. The compressive strength of MPP samples after long-term contact with 
water (92 days), as well as of samples containing not less than 23 wt.% of wollastonite or 
clinoptilolite after radiation (108 rad) and thermal (at 450°C for 4 hours) influence is a value above 
5 MPa, which corresponds to the requirements for cement compounds. The crystallization water 
was removed from the structure MgKPO4∙6H2O by heating MPP matrices and peak of the 
endothermic effect corresponds to 118°C.  
 The integral leaching rate of 239Pu and 152Eu for 28 days of contact of samples with distilled 
water (23±2 0C) is 8.1∙10-6 and 1.1∙10-3 g/(cm2∙day), respectively. Incorporation of the wollastonite 
into the composition of MPP matrix samples leads to decrease of the integral leaching rate of 152Eu 
to 2.6∙10-4 g/(cm2∙day). The 152Eu leaching index from MPP matrix according to the ANS 16.1 is 
11.5, which corresponds to the requirements (>6). 
 Thus, it was established that MPP matrix is a promising material for practical use, primarily it 
can become the effective alternative to cement compound for immobilization of high-salt RW with 
complex chemical composition. 
  
 The study was financially supported by the Russian Science Foundation (project                                  
№ 16-13-10539) 
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Introduction 
 On March 11, 2011, a magnitude 9.0 earthquake occurred in the western North Pacific about 
130 km off the northeast coast of Japan followed by a tremendous tsunami which arrived at 
Fukushima Daiichi Nuclear Power Plant (FDNPP) about 45 min later. The tsunami severely 
damaged the nuclear reactor cooling system, leading to hydrogen explosions in the reactor 
buildings. As a result, massive radionuclides were released into the environment. As one of the 
most important actinides, Pu isotopes attracted great public attention after the FDNPP accident 
because they present a high risk for internal radiation exposure via ingestion of contaminated 
agricultural crops and seafood. Although a large amount of radionuclides were released into the 
environment through air pathways, over 70% of them finally deposited in the western North 
Pacific as a result of the prevailing of westerly wind during spring in the accident area. Besides 
the possible atmospheric deposition of Fukushima-derived Pu in the marine environment, 
contaminated water was directly discharged into the offshore of the FDNPP site, which is another 
possible pathway of Pu to enter the marine environment after the accident. It is necessary to 
clarify whether the entrance of Pu derived from the FDNPP accident had a remarkable influence 
on the background Pu distribution in the western North Pacific or not.  

Results and Discussion 
 To better understand the Pu contamination in the marine environment after the accident, we 
made a 4-years continuous investigation on the distribution of Pu isotopes in seawater and 
marine sediments. We determined Pu isotopes in seawater collected from the near coastal area 
(mostly within the 30 km zone) and from the open ocean 900 km away from the FDNPP site. The 
239+240Pu activities were 4.16-5.52 mBq/m3 and the 240Pu/239Pu atom ratios varied from 0.221 to 
0.295. These values were compared with the baseline data for Pu distribution in the western 
North Pacific and its marginal seas before the FDNPP accident. The results suggested that there 
is no significant Pu contamination in seawater from the accident. To fully understand this 
possible contamination of Pu isotopes from the FDNPP accident to the marine environment, we 
also collected marine sediment core samples within the 30 km zone around the FDNPP site in 
the western North Pacific about two years after the accident. Pu isotopes (239Pu, 240Pu, and 
241Pu) and radiocesium isotopes (134Cs and 137Cs) in the samples were determined. The high 
activities of radiocesium and the 134Cs/137Cs activity ratios with values around 1 (decay corrected 
to 15 March 2011) suggested that these samples were contaminated by the FDNPP accident-
released radionuclides. However, the activities of 239+240Pu and 241Pu were comparable with the 
background level before the FDNPP accident. The Pu atom ratios (240Pu/239Pu and 241Pu/239Pu) 
suggested that global fallout and the Pacific Proving Ground (PPG) close-in fallout were the main 
sources for Pu contamination in the marine sediments. As Pu isotopes are particle-reactive and 
they can be easily incorporated with the marine sediments, we concluded that the release of Pu 
isotopes from the FDNPP accident to the marine environment was negligible.  
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Introduction 
 By the accident of Fukushima Daiichi Nuclear Power Plant, a large amount of radioactive 
species was released. Among these the radio isotopes such as 93Zr, 90Sr which emit a-rays or b-
rays are detected by a radiation analysis with difficulty, and which are called a "difficult-to-
analysis nuclide (DAN)". The influence by external exposure is slighted because a-ray and b-ray 
can be sheltered easily. However, the dynamics during the environment must be urgent 
elucidated, because the anxiety of internal exposure. 
 Trace isotope determination by resonance ionization mass spectrometry (RIMS) is known as 
a highly-selective analytical technique especially for DAN. On the other hand, secondary ion 
mass spectrometry (SIMS) is one of the imaging techniques, and is suitable for the trace analysis 
of micro area, but it has a problem of mass interference which derives from non-ionization-
selectivity1. In order to analyze the dynamics of DAN in environment, we combine these 
techniques (which is called "resonant laser SNMS") and are aiming at micro-area imaging of 
specific nuclides. However, there are no tunable-laser with both a high repetition rate and high 
power, which can realize a practical micro-imaging. In this study, high repetition, high power and 
tunable-laser based on Ti:Sa laser was developed, and we tried to analyze DAN with high spatial 
resolution image. Table 1 shows the development goals of our project.  

Results and Discussion 
 The prototype laser which was mainly developed by Prof. Tomita group in Nagoya University 
was introduced into FIB-TOF-SIMS appratus at Kogakuin University. Neutrals of 238U sputtered 
by Ga focused ion beam irradiation from an autunite sample were resonantly ionized by this laser. 
Figure 1 shows the 238U distribution and secondary electron (SE) image of autunite on an indium 
plate. The distribution of the uranium which corresponds to a SE image was confirmed. In this 
case, second harmonic of Ti:Sa laser (repetition rate of 1 kHz) was made, and one color and two 
photon ionization process by the resonant wavelength of the 376.64 nm was employed. 
Improvement of image quality is expected by improvement of equipment and search of an 
appropriate ionization scheme, which are included in this project. 
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Table 1  Comparison of a conventional method and 
development goals 

Fig. 1  238U image in autunite 
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Introduction 
 Radioactive fission products as well as actinides were released into the environment by 
nuclear weapons’ testing and are therefore ubiquitous in nature. Additionally, radiotoxic nuclides 
were released by a number of accidents in nuclear facilities such as the ones in Chernobyl or 
Fukushima. Some of these isotopes, in particular a- and b-emitters, are hard to detect by 
radiometric methods, either due to their low decay energies or rather long half-lifes, e.g. Pu-239, 
U-235, Tc-99 or Sr-90. On the other hand, quantification of their activity concentrations is 
important and chemical speciation at trace level and under environmental conditions is required 
for prediction of radionuclide mobility. Therefore, specific measurement techniques for these 
long-lived isotopes with highest sensitivity and low background are required. In the case of 
plutonium, resonance ionization mass spectrometry (RIMS) proved to reach a detection limit of 
only 1E5 atoms1. By combining the surface sputtering of static SIMS as an atomization technique 
with resonant laser ionization of the target element as in RIMS, surface analysis of hot particles 
and contaminated materials becomes feasible with superior element selectivity and isobaric 
suppression, maintaining the high lateral resolution of down to 70 nm as provided by TOF-SIMS. 
Such a resonant laser secondary neutral mass spectrometry (rL-SNMS) system has been set up 
and tested for ultra-trace analysis of uranium, plutonium, technetium and strontium at the 
Institute for Radioecology and Radiation Protection (IRS) at the Leibniz University Hannover.  

Results and Discussion 
 Ion trajectory simulations and test 
measurements of synthetical samples under 
controlled conditions have been performed on 
uranium, plutonium, technetium and strontium at 
the rL-SNMS system in Hannover2. Additionally, 
recent analyses of hot particles originating from 
the Chernobyl exclusion zone are presented. 
Uranium, plutonium and strontium isotopic 
compositions and surface mapping of these 
elements have been measured on one specific 
environmental particle from the Chernobyl 
reactor number four, as given in figure 1. Future 
investigations will focus on the chemical 
speciation of Pu in hot particles by e.g. ESI-
Orbitrap-MS. On the spectroscopy side, 
identification and implementation of further 
optical excitation schemes for extending rL-
SNMS to additional elements is in progress. 
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Figure 1: Uranium-SNMS image gained 
from a hot particle	 
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In reprocessing flowsheets for spent nuclear fuel, one challenge which needs to be addressed is 
the controlled routing of neptunium. This is of importance as neptunium, along with the other minor 
actinides, contributes significantly to the long term radiotoxicity of radioactive waste and can be 
highly mobile in the environment. Its presence across various reprocessing streams also 
contributes to the radiolysis of the nitric acid medium as well as other species present. Radiolysis 
of nitric acid, largely due to Pu/minor actinide alpha and fission product gamma gives rise to 
significant in-process concentrations of redox-active nitrous acid; the following chemical reactions 
of this radiolytically generated HNO2 then giving rise to a range of similarly active nitrogen-oxygen 
redox species such as NO2, N2O4 and NO. 

 

 

 

 

 

Figure 1 Redox ladder showing standard 
redox potentials for various nitrogen oxide 

species and Np(VI) 

The effect of the concentrations of nitrous and nitric acid on the extent of oxidation of neptunium 
is dependent on the HNO3:HNO2 ratio - control of the Np(V)/nitrous ratio has been found to be key 
in achieving near-complete Np extraction as Np(VI).	
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Work in these laboratories in attempting to fit Np(V) oxidation data to the current accepted kinetic 
expression however has shown inconsistencies, most especially with respect to  
(i) The key oxidant in the forward going conversion of Np(V) to Np(VI); and 
(ii) The nature of the so-generated reductant for the reverse reduction of Np(VI) to Np(V). 
Thermodynamic analysis based on the redox ladder of Figure 1 suggests that the key oxidant in 
reaction (i) is N2O4. This generates NO, hitherto unconsidered in the reduction of reaction (ii).  
Therefore, examination of the kinetics with respect to the net production of the known reducing 
agent NO is needed to determine its role in the oxidation/reduction reactions of the actinides. 

Results and Discussion 
In order to support method development prior to experiemnts on real Np samples, UO2

2+ and VO2
+ 

were used as analogues. Uranium was picked as an analogue due to its similar electronic 
configuration and its ability as the U(V) to disproportionate to U(IV) and U(VI) – whilst vanadium 
shows more similar electrochemical potentials for the VO2

+ reduction to the VO2+ ion. This likely 
makes it a better thermodynamic analogue, while the removal of the bonded oxygen has been see 
to make it kinetically slower. Additionally, both these analogues are seen to form the 
uranyl/pervanadyl, making them similar in bonding to the neptunyl form seen for Np(VI). The 
limitations of using these as analogues will be discussed and experiments with real Np samples 
presented. 
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Introduction 
Nuclear energy is a key component of the future global low-carbon energy portfolio. One of 

the challenges for large-scale nuclear deployment is the ultimate disposition of used nuclear fuel. 
Partitioning and transmutation schemes can reduce the overall volume and heat load of nuclear 
waste, increasing the capacity of storage repositories. However, partitioning processes add to 
the overall cost of nuclear energy, reducing its appeal. One of the most significant cost factors of 
current used fuel separation processes is large solvent consumption, which increases costs due 
to the volume of solvent required and generation of significant amounts of low-level waste. Ionic 
liquids have unique, tunable properties that may enable the development of new partitioning 
processes with lower solvent consumption, lower waste generation, and greater safety then 
traditional separation processes.  

We have investigated the ability of the fluorinating ionic liquid, 1-ethyl-3-methylimidazolium 
fluorohydrogenate [(EMIm)F(HF)2.3]

1, to act as a solvent for used fuel separations. Significantly, 
solid UO2, one of the main components of used nuclear fuel, dissolved in neat [EMImF(HF)2.3] to 
generate a blue-green solution2. Analysis of this solution by electrospray mass spectrometry 
revealed the primary anion component to be UF6

- representing U(V), indicating that 
[EMImF(HF)2.3] oxidizes and fluorinates uranium upon dissolution.  
 Development of an efficient ionic-liquid-based separation scheme requires a detailed 
understanding of the interactions between actinides and the ionic liquid components. 
Electrospray of the uranium-containing solutions produced an abundance of clusters containing 
EMIm+ cations and UF6

- anions. Infrared multiphoton dissociation (IRMPD) spectroscopy in 
collaboration with the FELIX laboratory (Free Electron Laser for Infrared eXperiments, Nijmegen, 
Netherlands) was used to collect gas-phase infrared spectra of these clusters to gain insight into 
the interactions between the ionic liquid cations and uranium fluoroanions in the gas-phase. 

Results and Discussion 
 IRMPD experiments of the UF6

- ion (m/z = 352) resulted in photoelimination of a fluorine 
radical at about 510 cm-1, very nearly the same frequency predicted by DFT (502 cm-1) for an 
octahedral structure.  Electrospray in cation mode produced an abundant ion at m/z=574 that 
corresponded to the [(EMIm)2UF6]

+
 cluster. This complex exhibited a band corresponding to U-F 

stretching modes in the region around 528 cm-1, slightly blue shifted from the uncomplexed [UF6]
- 

anion. Careful examination of the portions of the IRMPD spectrum corresponding to the 
imidazolium ring hydrogen atoms showed both in-plane, and out-of-plane vibrational modes, and 
that the latter were strongly shifted upon complexation, which indicates that these H atoms, were 
responsible for coordinating with the fluorine atoms on the UF6

- complex. These data suggest a 
mixture of cluster structures involving the ring H atoms, but not the side-chain H atoms. 
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Introduction 
 Investigations of ternary uranium oxides are pertinent in the context of nuclear wasteform 
research and allow for further understanding of the peculiar and poorly known properties of 
materials containing, or which can access, 5f electrons. SrUO4 is one such oxide, it is postulated 
to form from the reaction of spent UO2+x and the fission daughter Sr-90 under oxidising conditions. 
Previous studies have shown that SrUO4 undergoes an irreversible phase transformation 
between its rhombohedral, α-SrUO4, and orthorhombic, β-SrUO4, forms1,2, with suggestions that 
oxygen vacancies and, by extension, reduced uranium valence states are possible in the former 
but absent in the later. The current study of SrUO4 has employed a phenomenological approach 
combining in situ experimental techniques and computational theoretical methods to elucidate the 
relationship between the uranium redox chemistry, the ability of the crystal lattices to form defects, 
the ability for such defects to order to understand how these can influence the high temperature 
structural transformative behaviour of SrUO4.    
 
Results and Discussion 
 We have shown, through a combination of in situ synchrotron X-ray powder diffraction and X-
ray absorption spectroscopy, that during its first order phase transition under oxidising conditions, 
α-SrUO4 undergoes a spontaneous reduction of the uranium valence state through oxygen 
vacancy formation3. The process is synergetic, as the triality of oxygen vacancy formation, 
subsequent ion diffusion and uranium reduction, seemingly reduces the activation energy barrier 
for the transformation to, the thermodynamically favoured, stoichiometric β-SrUO4. However 
formation of β-SrUO4 is only possible if a source of oxygen is present, without this, the oxygen 
deficient α-SrUO4-x remains rhombohedral as shown by in situ neutron powder diffraction 
measurements. When α-SrUO4-x is placed in a highly reducing and high temperature 
environment, the oxide undergoes a phase transformation. This newly formed phase, δ-SrUO3.6-x, 
was found to form, after continual heating, a high temperature ordered monoclinic superstructure. 
These phase transformations are found to be reversible as shown by in situ synchrotron X-ray 
diffraction measurements, and cooling the sample yields the corresponding rhombohedral 
structure again.  It is remarkable that the ordered monoclinic structure is favoured at high 
temperatures and the disordered rhombohedral structure at low temperatures. These 
experimental observations are complemented by ab initio DFT+U calculations using the self 
consistently calculated Hubbard U parameter values and bond valence sum calculations2,3. This 
investigation into SrUO4 highlights the fascinating redox chemistry of uranium and its ability to 
coerce anomalous phase transformations in crystalline materials relevant to the nuclear fuel 
cycle.  
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Introduction 
 Actinide elements exhibit both radiological and chemical toxicities for human beings. 

They may induce severe damages at different levels, depending on their biokinetics and 
molecular targets. In case of contamination, sequestering agents must be quickly injected to 
sequester and eliminate the actinide elements before they are stored in target organs (liver, 
kidneys, or bone). Efficient decorporating reagents must have higher binding affinities than those 
of proteins naturally present in blood or in cells, as transferrin, alpha circulating glycoprotein, or 
calmoduline, which have been shown to be targets of actinides as uranium, plutonium and/or 
americium. Despite significant recent increase in thermodynamic studies of protein-actinide 
interactions, there is a lack of quantitative thermodynamic data concerning very radioactive 
actinides as plutonium or americium, due to the extreme difficulty to manipulate these elements. 
In this context, we present here pioneering results demonstrating the interest of CE-ICPMS for 
the quantitative analysis of proteins -actinides interactions. 

Results and Discussion 
 The high sensitivity of CE-ICPMS is ideally suited to study metal-protein interactions involving 
toxic metals or radionuclides. Among the actinides, we first studied plutonium and americium 
radioelements. Nitrilotriacetate anion (NTA) was used to prevent actinides from hydrolysis1. By 
studying the competition between AnIII,IV(NTA)2 complexes and proteins, binding constants have 
been obtained for transferrin (Tf)2, alpha-CG, and calmoduline derivatives (see Table 1). The 
figure at left shows, as example, the clear separation of the competing PuIV(NTA)2 and PuIV-Tf 
species, allowing to determine the relative bands areas as a function of Tf concentration (figure 
at right). At the intersection point, the stability constant can be calculated. 
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Example of separation: 25 °C, V = +5 kV, capillary N-CHOTM from Beckman 
Coulter, L = 65 cm, internal diameter 50 µm, CNTA = 10–6 M or 20.10–6 M, pH 6.0, 
NaCl/MES buffer, I = 0.1 M, [PuIV] = 10–8 M, [Transferrin] = 0.05 to 200xCNTA 

Area variation of Pu(NTA)2 (square symbols) and PuTf (round symbols) peaks as 
function of [Transferrin] by using two different coated capillaries N-CHO™ (full 
line) and Neutral™ (dash line). 

Table	1	:	binding	constants	at	25	°C	and	0.1	M,	pH	6	(otherwise	noted)	for	some	proteins	with	Pu	and	Am.	
Element Protein Log K Element Protein Log K 
Pu Calmoduline derivative type #1 21.3±1.5 Pu Human Transferrin (pH 7.4) Under progress 

Calmoduline derivative type #2 22.4±1.5 Human alpha-CG (pH 7) 26.20±0.24 
Calmoduline derivative type #3 22.8±1.5 Human Transferrin 22.50±0.19 
Calmoduline derivative type #4 22.55±0.23 Am Calmoduline derivative type #2 12.38±0.14 

Calmoduline derivative type #4 14.28±0.15 
References 
1. L. Bonin, J. Aupiais, M. Kerbaa, P. Moisy, S. Topin, B. Siberchicot, RSC Adv., 6 (2016) 62729. 
2. S. Sauge-Merle, D. Lemaire, R.W. Evans, C. Berthomieu, J. Aupiais, Dalton Trans., 46 (2017) 
1389. 
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S.Tsushima1*, S.Samsonov2, B.Drobot1, J.Raff1, Y.Komeiji3, Y.Mochizuki4  
1"Helmholtz-Zentrum Dresden-Rossendorf (HZDR), Dresden, Germany 

2 Department of Chemistry, University of Gdańsk, Gdańsk, Poland"
3"National Institute of Advanced Industrial Science and Technology, Tsukuba, Japan 

4"Department of Chemistry, Rikkyo University, Tokyo, Japan"

*e-mail: s.tsushima@hzdr.de 

Introduction and Methodology 
 Molecular modelling of actinide interaction with large biomolecules by quantum chemical 

calculations is restricted by request for huge computational resources. We challenged this 
problem by applying Fragment Molecular Orbital (FMO) method. In FMO, the molecular system 
is partitioned into small fragments and each fragment and fragment pair is subjected to self-
consistent field calculations which drastically reduces computational cost.1 We are upgrading 
FMO program Abinit-MP 2 to implement f orbitals. Here, interaction of Eu3+ with Ca-binding 
protein calmodulin (CaM) was studied. Calculations were performed in the following way. Using 
the crystal structure of Ca2+-bound CaM, all four Ca2+ ions were replaced by Eu3+, protonation 
state of Eu-CaM was adjusted, and 12 Na+ were added for neutralization. The structure was 
immersed in a TIP3P water bath of 8 Å thickness around Eu-CaM and submitted to 100 ns 
molecular dynamics (MD) run. Structure at each 1 ns was collected (100 samples), waters were 
stripped off to 4 Å coverage (Fig.1), and the structures were used in FMO calculations at MP2 
level. The statistical average of inter-fragment interaction energy (IFIE) was calculated. 

Results and Discussion 
 Average coordination number of Eu in Eu-CaM during 100 ns MD run is between 8.9 and 

9.1. Eu sits in the same binding site as Ca but with increased bidentate coordination. 
Additionally, increased water coordination is observed. In EF Hand 1, 2, and 4, there is an 
average of 1.7 to 1.9 coordinating waters to Eu whereas in Hand 3 there is an average of 2.9 
waters. This result perfectly matches with previous spectroscopic findings where 2 waters was 
found at sites 1 and 2 and at either site 3 or site 4, with 3 waters at the remaining site.3 When we 
compare four metal-binding sites in Eu-CaM, the IFIE between Eu3+ and the corresponding 
binding site are overall similar among three of the four binding sites, namely EF Hand 1, 2, and 4. 
On the other hand the IFIE for Hand 3 is clearly smaller 
pointing to that Hand 3 is the weakest binding site. The 
reason for this is clear; EF Hand 3 carries only three 
negatively charged residues, whereas the other motifs 
have four of them. Consequently, Eu binding in EF 
Hand 3 exhibits relatively larger fluctuations compared 
to other binding sites which causes structural disorder 
to Eu-CaM. We also performed titration and Eu 
luminescence lifetime measurements which are found 
to be consistent with MD and FMO results.  
 
  This work was partially funded by the Ministry 
of Education, Culture, Sports, Science, and 
Technology of Japan (MEXT). 
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"

Fig.1 Eu-CaM after 100 ns MD run from 
which TIP3P waters are stripped off to 4 Å 
coverage. This structure is used for FMO 
calculation at the MP2 level.  
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COMPLEXATION	OF	CM(III)	WITH	DICARBOXYLIC	ACIDS:	A	COMBINED	SPECTROSCOPIC,	
THERMODYNAMIC	AND	QUANTUM-CHEMICAL	STUDY	

A.	Skerencak-Frech(1),	M.	Trumm(1).	D.	Fröhlich(2),	P.	J.	Panak(2)	
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(2)		Universität	Heidelberg,	Im	Neuenheimer	Feld	253,	D-69120	Heidelberg	

	

Organic	 molecules	 are	 abundant	 in	 natural	 waters,	 ranging	 from	 small	 carboxylic	 acids	 to	 large	
macromolecular	 matter	 (e.g.	 humic	 acids).1	 Furthermore,	 organic	 polymers	 (e.g.	 superplasticizers)	
are	 widely	 used	 as	 additives	 for	 commercial	 concrete	 mixtures.	 The	 degradation	 of	 these	 large	
compounds	 will	 lead	 to	 an	 additional	 formation	 of	 a	 variety	 of	 small	 organic	 ligands.	 The	 ligands	
might	act	 as	 complexing	agents	 towards	 trivalent	actinides	and	may	 influence	 their	 speciation	and	
geochemical	behavior.	A	detailed	knowledge	of	these	interaction	processes	on	the	molecular	scale	as	
well	as	their	thermodynamic	description	is	of	major	importance	for	a	comprehensive	understanding	
of	 the	aquatic	 chemistry	of	 trivalent	actinides.	The	present	work	 is	 a	 systematic	 spectroscopic	and	
quantum	chemical	study	of	the	complexation	of	Cm(III)	with	the	dicarboxylic	acids	oxalate,	malonate	
and	succinate.	The	results	give	fundamental	insights	into	the	impact	of	the	structure	of	the	ligands	on	
the	coordination	modes	towards	Cm(III)	which	in	turn	influences	the	reaction	thermodynamics.	

The	log	K0n(T)	decrease	with	increasing	carbon	chain	length	of	the	ligand,	which	is	in	agreement	with	
the	 size	 of	 the	 formed	 chelate	 rings.	 Furthermore,	 the	 log	 K0n(T)	 increase	 slightly	 with	 the	
temperature,	 which	 is	 reflected	 by	 small	 endothermic	 reaction	 enthalpies.	 The	 ΔrH0

m	 values	 are	
distinctively	lower	compared	to	the	analogous	monocarboxylic	acids	acetate	and	propionate.2,3	This	
indicates	a	chelating	coordination	mode	of	the	dicarboxylic	acids	towards	the	Cm(III)	ion.	Due	to	the	
high	 positive	 reaction	 entropies,	 all	 complexation	 reactions	 are	 strongly	 entropy	 driven.	 The	ΔrS0m	
values	of	the	stepwise	formation	of	the	different	oxalate	and	succinate	complexes	are	comparable.	
The	 ΔrS0m	 of	 the	 Cm(III)	 malonate	 species	 deviate	 significantly	 and	 decrease	 visibly	 for	 each	
successive	complexation	step.	

In	 order	 to	 explain	 this	 effect,	 quantum	 chemical	 structure	 optimizations	 using	 density	 functional	
theory	(DFT)	with	subsequent	calculation	of	the	interaction	energies	on	the	MP2	level	are	performed	
to	determine	the	geometries	and	binding	energies	of	the	different	[Cm(H2O)9-2n(L)n]3-2n	(L	=	Ox2-,Mal2-,	
Succ2-;	 n	 =	 1,2,3)	 complexes. All	 possible	 combinations	 of	 side-on	 (chelating)	 and	 end-on	 (non-
chelating)	 coordination	modes	 of	 the	 ligands	 are	 calculated. For	 all	 complexes	 the	 lowest	 binding	
energy	is	found	for	the	structures	with	only	side-on	coordinated	ligands,	showing	the	preference	of	
the	dicarboxylic	 acids	 for	 a	 chelating	 complexation.	 In	 contrast	 to	oxalate	 and	 succinate,	 however,	
the	 energy	 difference	 between	 the	 all	 side-on	 structure	 and	 the	mixed	 structure	 with	 one	 ligand	
binding	 in	 end-on	mode	 is	 rather	 small	 for	 the	malonate	 complexes. This	 effect	 is	 explained	by	 an	
analysis	of	the	calculated	complex	structures,	showing	that	malonate	is	capable	of	forming	hydrogen	
bonds	 to	 inner-sphere	 water	 molecules	 when	 in	 end-on	 coordination.	 This	 stabilizes	 the	 end-on	
coordination	of	the	malonate	ligand	to	some	extent	and	lowers	the	binding	energy.	

This	work	presents	a	detailed	study	of	the	complexation	of	Cm(III)	with	different	dicarboxylic	ligands.	
The	 results	 show	 how	 the	 structure	 of	 the	 ligands	 influences	 their	 complexation	mechanism	with	
trivalent	 actinides	 on	 the	 molecular	 level,	 affecting	 the	 thermodynamics	 of	 the	 reactions	 on	 the	
macroscopic	scale.	The	present	data	contributes	to	a	fundamental	understanding	of	the	interaction	
processes	of	trivalent	actinides	with	natural	organic	matter	in	aquatic	solution.	
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Recent advances of Targeted Radioisotope Therapy (TRT) research 
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 QST and our department were established in April 2016, focusing the researches in targeted 
radioisotope therapy (TRT). Recently, TRT attracted attention because a newly-developed 
commercially available pharmaceutical, Ra-223 chloride (trade name; Xofigo), an alpha particle 
emitting TRT agent. Despite the conventional TRT agents, such as I-131, Sr-89 and Y-90, are beta 
emitting phamaceuticals, Ra-223 chloride is a first-ever alpha particle emitting TRT product and 
shows a strong therapeutic effect in patients with bone metastases from prostate cancer because 
of its poweful cell killing effect of alpha particle irradiation. In TRT research fields, there are several 
promising alpha particle emitting TRT agents, and one of these promising alpha particle emitting 
TRT agents is Ac-225 labelled PSMA-617 (Prostate Specific Membrane Antigen-617), which is a 
newly developed TRT agent and showed a suprising therapeutic effect in two metastatic prostate 
cancer patients in end-stage (case report in J Nucl Med 2016). QST and our department recently 
developed and reported one promising candidate for TRT, meta- At-211 astato-benzylguanidine 
(At-211-MABG). At-211-MABG is also an alpha-emitting radiopharmaceutical targeting the 
treatment of neuroendocrine tumors, such as malignant pheochromocytoma. In this session, we 
would like to show our recent advance in the research of At-211-MABG. One of our research goals 
is to develop Japan’s first-ever Japanese-made pharmaceutical products for TRT including Ac-225 
labelled TRT agents. In addition, we would like to show our strategies in the future development of 
preclinical and clinical researches, dosimetric researches, and regulatory science, especially in the 
field of alpha emitter TRT pharmaceutical products.  
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Introduction 
The disposal of high-level radioactive waste will be performed in deep geological formations. A 
detailed thermodynamic description of the aqueous geochemistry of the actinides is of high 
importance for the understanding of migration and retention processes of actinides. In the past a 
broad variety of complexation reactions of actinides in their most important oxidation states with 
different ligands were studied in aquatic solution. The thermodynamic functions (log b0

j(T), DrH0
m, 

DrS0
m, DrC0

p,m) and modelling parameters (εT(i,k)) are summarized in the NEA thermodynamic 
database.1 However, most data are valid only at 25 °C. Temperatures up to 200 °C are expected 
in the near field of a repository for high level nuclear waste, which will alter the thermodynamics 
of the geochemical reactions. Thus, detailed thermodynamic data at 25°C as well as at increased 
temperatures are mandatory for a comprehensive long-term safety assessment. In the past the 
complexation of Np(V) with F- and SO4

2- at elevated temperatures has been studied.2 However, 
no systematic studies on the ionic strength dependence of the complexation reactions are 
available. 

Results and Discussion 
In this work the complexation of Np(V) with F- and SO4

2- is studied as a function of the 
temperature (20 – 85 °C) and the ionic strength (Im = 0.5 – 4.0 (NaClO4)) using near infrared 
(NIR) absorption photometry. The formation of two distinct complex species [NpO2(F)n]1-n (n = 1, 
2) for F- and one complex species [NpO2(SO4)]- for SO4

2- is confirmed. Applying the specific ion 
interaction theory (SIT) and the integrated Van´t Hoff equation the thermodynamic functions 
(log b0

j(T), DrH0
m, DrS0

m) and the binary ion-ion-interaction parameters (εT(i,k)) for the different 
complexation reactions are obtained. With increasing temperature the chemical equilibrium is 
shifted towards the complexed Np(V) species for both ligand systems, which is reflected by an 
increase of the thermodynamic stability constants by 0.5 - 1 orders of magnitude. The positive 
values of DrH0

m and DrS0
m show that the complexation reactions are endothermic and driven by 

the entropy. 
Furthermore, the effect of F- and SO4

2- on the redox stability of Np(V) is studied at increased 
temperatures. At T > 25 °C and increasing F- concentration a significant decrease of the Np(V) 
concentration is detected. Simultaneously Np(IV) is formed, indicating a partial reduction of 
Np(V) at elevated temperatures. This effect is not described in the literature so far and is not 
observed in the SO4

2- system. 
This work provides detailed insights into the complexation reactions of Np(V) with F- and 

SO4
2- in aqueous solution at T > 25 °C. The derived thermodynamic data is a valuable 

contribution to the thermodynamic database which will be the basis of a reliable safety 
assessment for a nuclear waste repository. Furthermore, the work shows that increased 
temperatures might favour chemical processes which may be irrelevant at 25 °C, highlighting the 
need of an in-depth understanding of the aqueous geochemistry of actinides at ambient as well 
as at increased temperatures. 
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Introduction 
The long-term safety assessment of a nuclear waste repository in deep geological 

formations requires a well-founded thermodynamic description of the processes relevant for the 
migration and retention of the actinides. In the past, a broad variety of complexation reactions of 
actinides in their most important oxidation states were studied. The stability constants (log β0

n) 
and the thermodynamic data (ΔrH0

m, ΔrS0
m) are listed in thermodynamic databases.1 However, 

the majority of this data is valid only for 25 °C. Due to the radioactive decay, temperatures above 
25 °C are expected in the near field of a repository for high level nuclear waste, which will have a 
distinct impact on the geochemistry of the actinides. Thus, thermodynamic data for the actinides 
at elevated temperatures is of high importance for a comprehensive long-term safety assessment. 
The range is usually limited to a maximum of 200 °C. Due to weakening of the hydrogen bond 
network in aqueous solutions at elevated temperatures, shielding of individual ions is weakened 
and ion-pair formation increased. Similar to the lanthanides Ln3+, a temperature-dependent 
equilibrium between octa- and nona-aqua complexes of trivalent actinides An3+ from Cm3+ to Es3+ 
has been suggested from Gibbs-energy calculations2 and confirmed by spectroscopy for Cm3+.3 

In context of conditions in saline waste repositories, this type of equilibrium is also likely to be 
present in case of weak coordination interactions, such as naturally abundant chloride,4 as well 
as media bearing bromide, or thiocyanate. 

Results and Discussion 
In this work we present spectroscopic evidence of hydration equilibria of  

[CmXn(H2O)(m-n)](3-n)+ (X = Cl-, Br-, SCN-; m = 8,9) complexes. Further, the thermodynamics of the 
aqueous complexes are investigated by time-resolved laser fluorescence spectroscopy (TRLFS) 
in dilute to saturated solutions of alkali and alkaline earth metal chlorides and bromides at T = 25 
to 200 °C, as well as NaSCN solutions. Using the specific ion-interaction theory (SIT) the 
conditional log β‘2(T) are fitted in the range of Im < 6.0 m, yielding log β0

n(T) and Δε0n(T). The 
temperature-dependency of the log β0

n(T) is fitted by Van’t-Hoff-based regression and the 
thermodynamic functions of the respective complexation reaction (ΔrH0

m, ΔrS0
m , ΔrC0

p,m) are 
determined. This work provides a spectroscopic insight into the structure of weak Cm(III) 
complexes in aqueous solutions. 
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Introduction 
 After irradiation in the reactor, actinide (An) and lanthanide (Ln) elements in the fission of 
uranium can form solid solutions with UO2 fuel.1,2 These dissolved fission products can modify 
the physical and chemical properties of spent fuel.2 In particular, the structural and chemical 
states of the fuel surface are strongly related to the chemical reactivity, oxidation, and corrosion 
processes of spent fuel.3 In this study, to understand the surface characteristics of spent fuel, the 
surface structure of (U,Nd)O2 as a simple simulated spent fuel is characterized using X-ray 
diffraction (XRD), Raman spectroscopy, and scanning electron microscopy (SEM). The results 
are discussed against those of (U,Gd)O2  and (U,Th)O2. 

Results and Discussion 
 The linear relation of the lattice parameters caculated 
from XRD spectra with various Nd contents indicates that Nd 
is well dissolved in a UO2 matrix. Raman spectra of of 
(U,Nd)O2 are deconvoluted, as shown in Fig. 1. The peak at 
~ 530 cm-1 attributed to the creation of oxygen vacancies is 
observed. Raman spectra of (U,Gd)O2 also showed similar 
features.4 However, there is no peak related to oxygen 
vacancies in Raman spectra of (U,Th)O2.

5 It seems that the 
creation of oxygen vacancy is from the compensate for a 
charge imablance of (U,An)O2 or (U,Ln)O2. SEM images of 
(U,Nd)O2 show that the grain size decreases with increase in 
Nd contents, similar to the case of (U,Gd)O2. For SEM 
images of (U,Th)O2, there is no significant chage in grain 
size according to the Th contents. These results illustrate 
that the microstructure of the surface of (U,An)O2 or (U,Ln)O2 
is more affected by the oxidation state of the element than 
the element type. It is expected that the oxidation kinetics of 
(U,Nd)O2 should be similar with those of (U,Gd)O2.

3 
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Figure 1. Deconvoluted Raman spectra 
of U0.99Nd0.01O2-x(up) and U0.95Nd0.05O2-

x(bottom) with dashed Lorentzian 
peaks. The black open circles and 
magenta line represent the 
experimental data and fitted line, 
respectively.  
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Introduction 
 As a novel and functional solvent, ionic liquid has received increasing attentions in nuclear 
industry for its potential application on the extraction and separation of radioactive metal ions.1 
Compared with the number of studies on the liquid-liquid solvent extraction of metal ions using 
ionic liquids, studies on the fundamental complexation behavior of metal ions in ionic liquids are 
relatively rare. The present work focuses on the complexation of actinide in ionic liquids. The 
complexation of U(VI) and Np(V) with several ligands was studied by means of spectroscopic and 
thermodynamic techniques. 

Results and Discussion 
 The species of uranyl complexes formed in ionic liquids and the corresponding thermodynamic 
parameters such as conditional stability constants, enthalpy, and entropy have been obtained. The 
thermodynamic and structural results provide additional insight into the unique solvation 
environment of ionic liquids and help us further understand the biphasic extraction behavior using 
ionic liquids.2 Preliminary results on the complexation of Np(V) with some simple ligands such as 
nitrate has also been obtained.  
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Introduction 
 The combination of multi-step resonant laser excitation and ionization with mass spectrometric 
techniques has delivered most valuable results concerning both fundamental study as well as 
selective ultra-trace determination on numerous elements of the series of actinides.. 

Results and Discussion 
The successful determination of the fundamental quantity of the first ionization potential is one 

example. It has been realized so far for altogether ten lighter actinide elements either by using the 
saddle point model1 or -more recently and more precisely - through determination of convergences 
of Rydberg levels2. An analysis of this data in comparison to the lanthanide series is found in Wendt 
et al.3. Just the two radioactive elements Protactinium (Z=91) and Promethium (Z=61), the 
isoelectronic partner of Neptunium, so far have not been studied due to their highly complex 
spectra, which is in addition significantly affected by quantum chaos. The heavier actinides with 
atomic number of Z > 99 so far have not been accessed by laser spectroscopy due to their low 
production rate and short half-lives. The only exception is Nobelium, where first spectroscopic 
results have been published recently4.  

On-going refinements on the side of the spectroscopic technologies concerning spectral 
bandwidth of the experimental arrangement and the laser system in use today enable high 
resolution studies on hyperfine structures and isotope shifts also on actinide elements. Such 
investigations focused e.g. on the search for the exceptionally low lying nuclear isomeric state of  
229mTh 5 as well as on the determination of nuclear moments and charge radii of a series of 
Plutonium isotopes 6. 
 Laser based trace analysis techniques with highest elemental and isotopic selectivity use rather 
similar experimental approach and identical laser systems7. In combination with sputtering 
atomization using well focused initial ion beams spatially resolved techniques for hot particles and 
direct surface analysis of radioactive contaminations are under development8. An overview of the 
status of research in the field will be given. 
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Introduction 
 Resonance ionization of atoms by laser light is a well-established efficient and selective 
technique to produce ions of the element of interest. For ultra-trace analysis of pure alpha/beta 
emitting and/or long-lived radioactive isotopes of actinide and few other elements, resonance 
ionization mass spectrometry has been specifically developed up to routine application. In 
addition, for the investigation of atomic and nuclear properties of exotic nuclei including heavy 
elements, resonance ionization laser ion sources are widely applied at several on-line radioactive 
beam facilities worldwide. Pulsed high-repetition rate tunable Ti:Sapphire lasers are particularly 
well suited for resonance ionization due to their reliable and maintenance-free long term 
operation. Conventional Ti:sapphire lasers have an output power of up to several Watts in the 
fundamental at 10 kHz operation and offer a wide spectral tuning range via the exchange of laser 
cavity mirrors1. However, this laser design does not allow for “mode-hop free” wide range tuning, 
which is required for the development of highly efficient ionization schemes and to rapidly 
exchange between different ionization schemes or even between different elements. Therefore, a 
dedicated automated wide-range tunable, grating-assisted Ti:sapphire laser system was 
developed. Its applicability is demonstrated on ionization schemes for the actinides Th and Pu. 

Results and Discussion 
 The grating-assisted Ti:sapphire laser is computer-controlled for wavelength tuning and 
automatically tracking intra-cavity second harmonic generation. Mode-hop free tuning was 
successfully demonstrated in the fundamental as well as in the second harmonic spectral range. 
A two color ionization scheme of Th via autoionizing states was developed and its relative 
efficiency was compared with that of a known three color scheme2. Analysis of 232Th by RIMS 
using a small time-of-flight mass spectrometer was characterized. Furthermore, spectroscopic 
investigations of the ionization scheme of neutral Pu atoms evaporated in a gas cell have been 
carried out at the Accelerator Laboratory JYFL of the University of Jyväskylä, Finland. Three step 
laser ionization scheme for Pu, used conventionally for ultra trace analysis under high vacuum 
conditions,3 turned out to be inefficient and unsuitable in the case of gas cell applications due to 
strong quenching of excited states by collisions with buffer gas atoms. Alternative two step 
ionization schemes for Pu were investigated by wide wavelength scanning in the blue spectral 
range.  
 Presently we prepare to install the Ti:sapphire laser system at a secondary neutral mass 
spectrometry for multicolor post resonance ionization for direct and spatially resolved micro-
imaging of actinides and other radionuclei in aerosol particles and on surfaces4.  
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Introduction 
 The 4f electron of Cerium is quite unique among the lanthanide elements, as the only 4f electron 
of Cerium behaves both itinerantly and localized, which results in the different behaviours of the 
various phases of Cerium. The subject of phase diagram and phase transition of Cerium has been 
a hot topic, especially the mysterious γ-α phase transition attracts quite a lot of general interests. 

Results and Discussion 
 Here in our work, we managed to fabricate atomic flat and high quality Cerium and Cerium-
Lanthanum alloy single crystal thin films by the state-of-art molecular beam epitaxy (MBE) 
technique, and by the aid of scanning tunneling spectroscopy (STM) and angle-resolved 
photoemission spectroscopy (ARPES), we systematically studied the surface topography and 
electronic structures of them. And a detailed insight oft he itinerancy and localization of the 4f 
electron has been achieved. 
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Roles of d states on the chemical properties of uranium 
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Abstract: Surface hydrogenation, oxidation, and other corrosion-related reactions of uranium 
have attracted continuous concern for many years, because these processes are not only of great 
scientific interest, but also of significant practical importance for nuclear industries. Through 
several theoretical studies, we reveal that the 6d electronic states play important roles on the 
chemical properties of uranium. Our research progress can be summarized as follows: i) On γ-U 
surface, H2 molecules dissociate barrierlessly due to s-d electronic hybridizations; ii) On α-U 
surface, there are also “s-d interaction” adsorption channels along which H2 molecules dissociate 
barrierlessly; iii) Interactions between the three frontier molecular orbitals with surface d states 
lead to that H2O dissociate spontaneously on the γ-U surface; iv) U-6d state is the only evolving 
state in different UnOm clusters, which hybridizes with U-5f states in U-rich clusters, and 
hybridizes with O-2p states in O-rich clusters. 
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First-principles studies of plutonium oxides and their 
surface interaction with gaseous molecules 
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Abstract: Plutonium is very easy to react with oxygen in the environment to form surface oxides, 
such as PuO2 and Pu2O3, due to its strong chemical activities. It is a crucial research goal in the 
plutonium community to fully understand the characteristics of these surface plutonium oxides by 
studying the competitive diversity in 5f orbitals, such as delocalization/localization, spin-orbit 
coupling, directionality and anisotropy in chemical bonding. We have carried out systemic 
first-principles calculations to study the plutonium oxides and their surface interaction with 
gaseous molecules. Our research progress, which can be summarized as follows: (1) The 
electronic structure, mechanical, and thermodynamic properties of the plutonium oxides have been 
studied by DFT+U theory. By comparing with the ground-state electronic structures of a series of 
actinide oxides, it is found that the covalent Pu-O, U-O, and Np-O bonds are all stronger than that 
of Th-O one, i.e., the ionicity in the Th-O bond is strongest in these difference actinide oxides. (2) 
The dielectric function and optical properties of PuO2 and a-Pu2O3 have been calculated and 
compared with each other by using the linear-response theory in the framework of DFT+U. The 
results provide a useful optical criterion to distinguish different plutonium oxides. (3) We have 
obtained the DFT+U phonon dispersions of PuO2 and a-Pu2O3. Prominently, our predicted 
phonon dispersion of PuO2 was subsequently confirmed by inelastic X-ray scattering 
measurement from Lawrence Livermore National Laboratory and the Argonne National 
Laboratory. (4) We have studied the thermodynamic equilibrium and oxidation-reduction 
transformation between PuO2 and a-Pu2O3. The obtained spontaneous reduction conditions of 
PuO2→a-Pu2O3 are in good agreement with the experiments. (5) The point defects and helium 
diffusion behavior in PuO2 have been investigated from first principles. It is revealed that the most 
stable dissolved sites in PuO2 are linked to the concentration of oxygen vacancies. Helium atoms 
tend to occupy the octahedral interstitial sites and oxygen vacancies in intrinsic and 
oxygen-vacancy pre-existing PuO2 systems, respectively. (6) Our first-principles molecular 
dynamic simulations based on DFT+U+vdW approach show that it is difficult for H2 to get close 
to the PuO2 surface directly. However, H2 can penetrate into the a-Pu2O3 layer and then reach the 
plutonium layer while still keeping its molecular state. This theoretical result supports the 
experimental observation that a-Pu2O3 can accelerate the hydrogenation of plutonium with respect 
to PuO2. (7) PuO2(111) has been found to be the most stable surface, while for PuO2(001), there is 
a prominent surface reconstruction. (8)  The interactions between H2O molecules and plutonium 
oxide surfaces have been largely clarified by our most recent first-principles studies. (9) The 
temperature-dependent diffusion coefficients of oxygen defects in plutonium oxides have been 
theoretically predicted. 
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Introduction 
 As one of the options for plutonium management and transuranic (TRU) treatment, deep 
burning of TRU fuel in high temperature gas cooled reactors has been studied[1], in which the 
mitigation of 240Pu self-shielding effect has been investigated for efficient plutonium incineration in 
inert-matrix-fuel (IMF). The resonance (n, γ) reaction of 240Pu is one of the dominant factors to the 
self-shielding effect and the reactivity controllability. In the present study, impacts of the mitigation 
of the self-shielding effect and nuclear data uncertainties for the resonance (n, γ) reaction of 240Pu 
on the reactivity controllability are discussed for various fuel designs. 

Methodologies 
The core model used in this study is based on the Clean Burn reactor which is specifically 

designed prismatic type HTGR for rapid Pu incineration[2]. The neutron transport and burnup 
calculations were conducted for a two-dimensional cell model using a Monte Carlo code on a 
statistical geometry describing the dispersion of TRISO fuel particles. TRU oxide (TRUOx) and 
IMF which is a homogeneous solid solution of TRUOx and yttria stabilized zirconia (YSZ), were 
modelled as the fuel kernels. The composition of TRU comes from recycled TRU from the light 
water reactor spent fuel without cooling. The mixing ratio of TRUOx and YSZ (TRUOx:YSZ = 100:0; 
90:10; 77:23; 60:40; and 49:51 [wt.%]) and pitch of cells (6.1, 5.6, 5.1, 4.6, and 4.1 cm) dominant 
to neutron spectrum were changed for the IMF kernel with fixing amount of plutonium contents in 
the fuel compact. The uncertainties of nuclear data were also evaluated based on the covariance 
data in JENDL4.0 library[3].	

Results and Discussion 
For the TRUOx kernel, 240Pu and 242Pu significantly increase as burnup while 239Pu decreases 

rapidly. In particular, the high resonance σ(n, γ) of 240Pu at 1.05 eV caused a significant neutron 
flux depression at the resonance region by the self-shielding effect. It limits the fuel discharge 
burnup and results in high multiplication factor (kinf) = 1.3. 

The surveys on the mixing ratio for the IMF kernel revealed that a higher dilution ratio leads to 
a lower initial excess reactivity, smaller burnup reactivity fluctuation and higher burnup because 
the mitigation of the self-shielding effect increases the neutron capture reaction rate of 240Pu and 
241Pu production. For the surveys on the pitch of cell, a smaller pitch results in a lower initial excess 
reactivity and higher maximum burnup becuase the mitigation of self-shielding effect decreases 
thermal neutron flux and fission reaction rate of 239Pu. Finally, the initial excess reactivity 
decreased to around kinf = 1.05. The Pu incineration ratio could be improved from 45 wt.% to 53 
wt.% by optimizing the fuel design resulting from the mitigation of the self-shielding effect of 240Pu. 

Nuclear data uncertainty of 240Pu σ(n, γ) at resonance energies is one of the dominant factors 
to the feasibility of reactivity control. The uncertainty in the reactivity will be evaluated based on 
the nuclear data of 240Pu σ(n, γ). 
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 Experiments for producing heaviest elements by a cold-fusion type reaction were performed 
using a gas-filled recoil ion separator, GARIS, at the RIKEN linear accelerator facility. After 
confirmation experiments of heaviest nuclides by the reactions of 208Pb(64Ni,n)271Ds (Z=110)1, 
209Bi(64Ni,n)272Rg (Z=111)2, and 208Pb(70Zn,n)277Cn (Z=112)3, a new superheavy nuclide 278113 
was searched by the reaction of 70Zn on 209Bi. Totally 3 decay chains due to 278113 were 
observed during the net irradiation time of 576 days. (See Figure 1.) The 1st and 2nd decay 
chains consisted of four alpha decays from 278113 to 266Bh, and terminated by spontaneous 
fission of 262Db4,5. The 3rd chain was observed in 2012 and consisted of 6 consecutive alpha 
decays down to 254Md6. The decay properties of the corresponding members of the observed 3 
decay chains were consistent with each other. In 2009, we examined the decay properties of 
266Bh produced by the reaction of 23Na on 248Cm to establish the connection to known nuclides 
and the cross-reaction of 278113 decay chain7. As a result, 14 events were clearly assigned to 
decay chains from 266Bh based on a genetic link to the known nuclide 262Db which decays both 
by an alpha particle emission and a spontaneous fission. Thus, the decay properties of 266Bh 
were well established and 266Bh can be regarded as an anchor nuclide of the 278113 decay chain. 
We concluded that the observed 3 decay chains from 278113 were connected to the anchor 
nuclide, 266Bh, and thus the production of 278113 was confirmed.  
 The name nihonium and symbol Nh 
were proposed for the element 113, and 
they were approved by the International 
Union of Pure and Applied Chemistry.  
 A new research program toward 
discovery of heaviest elements by hot 
fusion reactions has been started at RIKEN. 
In 2013-2015, the production of Lv isotopes 
was examined by the reaction of 48Ca on 
248Cm using GARIS in order to examine the 
performance of the GARIS facility relevant 
to the future plan8. The results will be given 
in the presentation and a newly constructed 
gas-filled recoil ion separator (GARIS-II)9 
will be also introduced briefly. GARIS-II is 
designed for hot-fusion reactions. 

                                                          Figure. 1.  Observed Z=113 decay chains. Values    
are Ea(MeV) and lifetimes.                       
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The electronical properties of f-elements, especially of the actinides, are a very puzzling topic to 
investigate. The frontier orbitals (5f, 6d, 7s) all lying in a similar energy regime along with open 
shells and relativistic effects contribute to a very complex situation, where single-reference 
methods like DFT and Hartree-Fock are not suitable any more1. In recent years, the investigation 
of actinides in combination with organic ligands revealed a very rich chemistry with many forms of 
coordination and chemical bonding. Besides that, many visually appealing and intuitive tools have 
been developed, with which the chemical bond can be analysed. These tools for bond analysis 
include natural-bonding orbitals (NBO) and the methods of real-space bonding analysis, e.g. 
quantum theory of atoms in molecules (QTAIM), bond path analysis, the electron localisability 
indicator (ELI-D) and non-covalent interaction plots (NCI). The aim of this study is therefore to 
apply these bond analysis tools to a range of tetravalent actinide complexes with N-donor ligands, 
like Schiff bases and amidinates (Figure 1), to elucidate their complicated electronic properties. 
The influence of spin-orbit coupling on the chemical bonding in terms of ELI-D2 as well as 
thermodynamic computations on the stability of the complexes will be presented. In addition, 
various spectra, such as NMR and IR, acquired from the calculations will be compared with the 
experimental results to understand the chemical properties of the actinides and predict yet 
unknown complexes. 
 

                                    

Figure 1: (left) Molecular structure of [UCl2(salophen)(THF)2] complex, where the orange atoms 
are substituted by H, OH or F and (right) the molecular structure of [AnCl(S-PEBA)3] complex (An 
= Th(IV) or U(IV)). 
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Introduction 
 Molecular chemistry of the actinides is a burgeoning area of inorganic chemistry. The versatile 
coordination chemistry of the actinides and their ability to exist in various oxidation states make 
the actinide metals excellent candidates for the discovery of new structural types, reactivity, and 
physical and spectroscopic properties. Actinide metallocenes and related Cp species dominate 
this area but more examples of alternative supporting platforms have been reported recently. We 
have been active in this are over the last few years and this presentation will focus on some of our 
recent efforts. 

Results and Discussion 
NHCs as supporting ligands in actinide chemistry. We have demonstrated that careful ligand 

design not only affords reactive thorium-NHC compounds but also creates the steric and electronic 
environment necessary to stabilize unusual molecular and electronic structures. Indeed, the 
thorium-bis(NHC)borate complex has been synthesized along with its reduced bpy and terminal p-
tolylimido derivatives.  

The new mesityl-substituted bis(NHC)borate scaffold has supported a reactive thorium complex 
through trans-formations with cabonylated substrates and p-tolylazide. Moreover, the steric 
environment afforded by this material was ideal to stabilize the first example of an unusual 
terminally-bound thorium-imido complex bearing a redox active ligand in its coordination sphere.  

 
Homoleptic uranium aryls. We have isolated the homoleptic 

uranium(III) aryl, (Terph)3U, in high yield. Intramolecular proton 
abstraction is responsible for its thermal decomposition. In the presence 
of excess iPrN=C=NiPr, it is rapidly and cleanly converted to the double-
insertion product, [TerphC(NiPr)2]2U(Terph). The U–C bonds are also 
prone to protonolysis, yielding uranium(IV) tetrakis alkoxide and amide 
products. These results indicate the use of bulky ter-phenyl ligands in 
actinide chemistry is a fruitful endeavor that we aim to develop further 
in ongoing studies. 

 
 Actinide chemistry with amidinate and guanidinate ligands. A new 
thorium mono-alkyl complex supported by a tris-amidinate framework 
undergoes insertion of chalcogen atoms resulting in alkoxide, thiolate, disulfide, selenolate, and 
tellurolate complexes. Insertion was achieved by balancing the thermodynamic driving force of 
chalcogenolate formation versus the BDE of the pnictogen-chalcogen bond in the transfer reagent. 
Utilizing oxygen atom transfer reagents bearing adjacent C-H bonds in-stead led to activation and 
SiMe4 extrusion rather than oxygen atom insertion. 
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Introduction 
In the past two decades, metal-organic frameworks (MOFs) have been gaining more and 

more attention due to their intriguing porous architectures and potential applications in various 
scientific fields. Therefore, a large number of MOFs with different topological structures have 
been synthesized1. In contrast to the splendid and systematic works of MOFs based on transition, 
main group and lanthanide metals, the actinide-based MOFs still remain less developed, even for 
those from uranium, one of the representative actinides. 

Results and Discussion 
 Two novel highly symmetrical (3, 4)-connected uranyl-organic frameworks (UOFs) were 
synthesized by a judicious combination of D3h symmetrical triangular [UO2(COO)3]- and Td 
symmetrical tetrahedral tetrakis(4-carboxyphenyl)methane (H4MTB). These two as-synthesized 
UOFs possess similar structural units and coordination modes but totally different topological 
structures, from ctn net to bor net. Solvent-induced interpenetration and morphology control are 
observed. In addition, the two compounds exhibit crystal transformation via dissolution–
crystallization process. Adsorption experiments in CH3OH solution indicate that both of them can 
selectively-remove positively charged dyes over negatively charged and neutral ones. 
 

 
Figure 1. Synthesizing two novel uranyl-organic frameworks (UOFs) based on MTB4- ligand by 
altering solvents. They own similar structure units and coordination modes but totally different 3D 
structures featuring ctn-type and bor-type topology, respectively. 
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Introduction 
 Nanosized actinide oxide as well as hydroxide actinide clusters play an important role in 

the nuclear chemistry impacting the different industrial separation processes1 and the release 
and migration of actinide in the environment2. Actinide(IV) are particularly involved because of 
their very low solubility and their ability to be easily hydrolyzed. The competition between 
hydrolysis and complexation is likely to lead to the formation of soluble polynuclear species that 
could largely influence the chemistry3. Significant discrepancies in thermodynamic data exist 
between different studies and/or reality due to oversimplified and incorrected chemical models. 
Even if the presence of such soluble oligomeric species is now well-established, they are largely 
absent in thermodynamic descriptions of aqueous speciation because of a lack of 
thermodynamic data.  
 

Results and Discussion 
Herein we report the structure of new actinide(IV) polynuclear species from dimers, 

[An2(H2O)10(H2DOTA)2].4(NO3
-).4H2O, to hexamers, [An6(OH)4O4]12+ (An = U, Np, Pu), 

[An6(OH)4O4(H2O)8(HDOTA)4].HNO3.nH2O. The cluster is stabilized with a polyaminocarboxylic 
acid, DOTA (1,4,7,10-tetraazacyclododecane-1,4,7,10-tetraacetic acid), which is an hydrophilic 
ligand considered in separation processes and in actinide interaction with human body. In 
addition to the crystallographic description obtained thanks to single crystal XRD, EXAFS 
investigations combined with UV-vis spectroscopy were carried out and evidenced the same 
local structure in moderate acidic and neutral solutions. The synthesis mechanism was partially 
elucidated and the cluster main physical chemical properties (pH range stability, solubility, 
synthesis mechanism and protonation constant) were determined highlighting the importance of 
this polynuclear species consideration in thermodynamic models. 
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Introduction 
Understanding of the nature and extent of chemical bonding in uranyl coordination 
complexes is crucial for the design of new ligands for nuclear waste separation, uranium 
extraction from seawater, and other applications. Condensed phase studies have shown 
two possible isomers depending on the experimental conditions: those with direct metal–
crown interactions and those with the crown ether hydrogen-bonded to metal-coordinated 
water molecules. Anhydrous conditions are required for the formation of inclusion 
complexes in which uranyl(VI) is encapsulated by the crown ether. Despite the fact that 
there have been several published experimental studies for uranyl(VI)–crown ether 
complexes, information about structures of uranyl–crown ether complexes has been rather 
limited.  

Results and Discussion 
We report here the synthesis, infrared spectroscopic characterization, and quantum 
chemical studies of a molecular uranyl–di-15-crown-5 complex. The structure and bonding 
of this unique complex featuring a distinctive 6-fold coplanar coordination staggered 
sandwich structure and an unusual nonperpendicular orientation of the uranyl moiety are 
evaluated using density functional theory and chemical bonding analyses. The results 
provide fundamental understanding of the coordination interaction of uranyl with oxygen-
donor ligands. 

 
Fig. 1 Stationary uranyl di-15C5 sandwich complex structure according to DFT calculations. 
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Introduction 
 Because of their remarkable stability towards a wide variety of transition metals1, the bidentate 
N-donor ligands 2,2’-bipyridine (bipy) and 1,10-phenanthroline (phen) have attracted considerable 
attention in the field of coordination chemistry over the last decades. The coordination chemistry 
of uranium (U) with these N-donor ligands has been also explored primarily for its hexavalent state 
(U(VI) as UO2

2+), whilst much less attention has been paid for the lower oxidation states, such as 
tetravalent (U(IV)). Here we present a systematic study on the coordination chemistry of U(IV) and 
-(VI) with bipy and phen under different chemical conditions, such as different solvents and 
changing the metal / ligand ratio. 

Results and Discussion 
 We succeeded to obtain a series of U(IV) complexes with the U:ligand ratio of 1:1 and 1:2, all 
showing the eight-fold coordination geometry of the uranium centre. In addition to the ligand, chloro 
and methanolato ligands are also coordinating to the metal centre for charge compensation. 
Interestingly, the complexation between U(IV) and the ligand does occur even in protic solvents, 
in which the ligand is expected to be protonated. We also obtained another series of U(VI) 
complexes with both bipy and phen, underlining the versatile coordination chemistry of uranyl 
(UO2

2+). That is, the coordination between uranyl and the ligand depends strongly on the pH of the 
solvent used. For instance, as shown in the right of Fig. 1, dinuclear uranyl arrangements with 
hydroxo-brinding are dominated in the media with higher pH. As illustrated in Fig. 1, bipy and phen 
are forming isostructural complexes both with U(IV) and- (VI). The electronic structure of the 
complexes is further studied by quantum chemical calculations. 

 
Figure	1.	Preparation	of	U(IV)	and	-(VI)	complexes	with	bipy	(L1)	and	phen	(L2)	and	their	molecular	structures	determined	by	
SC-XRD. 
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Introduction 
 Because of their unique electronic properties originating from 5f-orbitals, the coordination 
chemistry of actinides (An) is still an attractive research field in terms not only of nuclear 
engineering but also of basic chemistry. In particular, the early An show profound complex 
chemistry due to a wide variety of possible oxidation states ranging from +II to +VII, which is in 
contrast to the dominant trivalent state for their chemical analog of lanthanides. The aim of our 
research activities is to gain knowledge about the interaction of An with a variety of hard- and 
soft-donor ligands, eventually providing a comprehensive understanding of the electronic nature 
of actinide compounds. To this end, the focus of this study lies on the characterization of Th(IV) 
and U(IV) complexes with the imine ligand salen and its derivative (Figure 1). The ligands 
possess both O- (i.e. hard) and N-donor (soft) groups in the structure, which could be also 
considered as a simplified model of naturally relevant organic O-/N-donor ligands. 

 

 
Figure 1: Chemical structure of salen (H2Le, left) and its derivative (H2Lp, right). 

Results and Discussion 
 A series of single crystals of the U(IV)-salen complexes were obtained as a function of M:L 
ratio and pH by liquid-liquid diffusion methods. SC-XRD measurements on the obtained crystals 
revealed the new crystal structures, all showing the eight-fold coordination of the U centre with a 
trigonal dodecahedral geometry with the ligands on the primary coordination sphere of U. 
UV-visible absorption measurements of U(IV)-salen solution as a function of M:L ratio indicate 
the existence of two independent solution species in the system, assigning as the U(IV)-salen 
complexes with the M:L ratios of 1:1 and 1:2. 1H-NMR spectra of the dissolved complex [UIV(Le)2] 
and the pure ligand in solution were recorded. All expected multiplets of the complex can be 
clearly identified and confirm complexation. The spectra also showed a significant high-field shift 
due to proximity of the paramagnetic uranium(IV) centre, indicating that the metal is positioned at 
the centre of the coordination polyhedron formed by the two ligand molecules. 
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Introduction 

In contrast to the dominant trivalent state for the lanthanides (Ln(III)), a wide variety of oxidation 
states (from +II to +VII) of actinides (An) makes their chemistry intricate but attractive. Especially 
the early An of thorium (Th), uranium (U), neptunium (Np) and plutonium (Pu) form highly 
charged cations with the oxidation state four (An4+), which are of particularly interest for the 
coordination chemistry due to their strong interaction with organic ligands. The focus of our 
investigations lies in the comprehensive characterization of tetravalent An (An(IV)) complexes 
with soft ligand donor atoms, such as nitrogen. The present study focuses particularly on the 
interaction of An(IV) with benzamidinate ligands, which could be considered as a simplified 
model of naturally occurring N-donor organic compounds.  
Recently, the lanthanide complexes with the chiral benzamidine, (S,S)-N,N-Bis-(1-phenylethyl)-
benzamidine ((S)-HPEBA), have been successfully synthesized by the group of Prof. Roesky1,2. 
The present study is inspired by these precedent studies to synthesize a new series of 
benzamidine compounds with An(IV).  

Results and Discussion 

This study has succeeded to obtain the first chiral benzamidinate 
complexes of An(IV) [An((S)-PEBA)3Cl] (An= Th and U). The 
structure of these complexes was determined by SC-XRD, 
indicating that the An(IV) center is coordinated by three chiral 
benzamidinates and one chloro ligand in a monocapped distorted 
octahedral coordination geometry. Interestingly, all the three 
benzamidinate ligands are coordinating to the metal center 
asymmetrically. The complexes were further characterized in 
solution with UV-visible absorption and NMR spectroscopy. 
Additional investigations on the synthesized U(IV) complex show 
the reduction of U(IV) to –(III), eventually forming a dimeric U(III) 
complex [{U((S)-PEBA)2}2(µ2-Cl)2], which is isostructural to the 
previously reported Ln(III) complexes2, allowing the direct 
comparison of the physical/chemical properties of the relevant 
amidinate complexes between An(III) and Ln(III).  
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Introduction 
 During the past three years, our group in Soochow University has deeply looked into two 
parallel research directions, both combining two fields of radiochemistry and metal-organic 
frameworks (MOFs). The first one is the synthesis and characterizations of actinide MOF 
compounds. This system is unique not only because compared to the transition metal and 
lanthanide systems, the actinide based MOFs are substantially less explored, but also that these 
compounds cannot be simply mimicked/predicted based on those analogues of transition metals 
and lanthanides owing to the uniqueness of actinide ions in bonding and coordination. In addition, 
we have found many interesting potential applications for these compounds including actinide 
waste form design, ion-exchange, and detection of extremely low-dose ionization radiations, 
further highlighting the bright future of adopting actinide ions in building of unique MOF structure 
with potential applications in the nuclear industry. The other research direction is the design and 
build of non-radioactive MOFs for rapid, efficient, and selective removal and detection of soluble 
radioisotope ions including UO2

2+, Sr2+, Cs+, and TcO4
- from aqueous solutions. Specifically, I will 

talk about three interesting examples within this direction: the first experimental investigation of 
99TcO4

- removal by a cationic MOF material showing many promises over the traditional anion-
exchange materials; several single-crystalline zirconium phosphonate MOFs that are able to 
survive from fuming acids including aqua regia and can remove large amounts of uranium even 
from acidic solutions; a luminescent mesoporous MOF equipped with abundant Lewis basic sites, 
which can be used for sequestration and detection of trace amounts of uranyl ion in the natural 
water systems including seawater. These works clearly reveal that all the possible advantages 
for ideal radioisotope sorbent materials including high capacity, fast kinetics, excellent selectivity, 
and great stability and recyclability etc. can be indeed integrated in the MOF system.       

Results and Discussion 
  Searching for new chemically durable and radiation-resistant adsorbentmaterials for 

actinides and their fission products generated in the nuclear fuel cycle remain highly desirable, 
for both waste management and contamination remediation.  Here we present a rare case of 3D 
uranyl organic framework material built through polycatenating of three sets of graphene-like 
layers, which exhibits significant umbellate distortions in the uranyl equatorial planes studied 
thoroughly by linear transit calculations.  This unique structural arrangement leads to high β and 
γ radiation-resistance and chemical stability in aqueous solutions within a wide pH range from 3 
to 12.  Being equipped with the highest surface area among all actinide compounds known to 
date and completely exchangeable [(CH3)2NH2]+ cations in the structure, this material is able to 
selectively remove cesium from aqueous solutions while retaining the polycatenated framework 
strcuture.1 
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Introduction 
 Coordination polymers are organic-inorganic complexes built up from the association of 

metallic centers with O- or N-donor ligands. In the particular case of actinides (An), previous 
literature mainly has reported the synthesis of solid networks bearing U(VI) or Th(IV). Trans-
uranium elements have been much less studied due to their high radiotoxicity and limited amount 
of the material source. Among the possible oxidation states of An, the tetravalent state has been 
investigated most actively and large polynuclear oxo-clusters have been isolated for U1,2 or Pu3. 
In contrast, there are very few data concerning Np(IV) compounds. In 2012, Takao et al.4 
reported the formation of Np(IV) hexanuclear cluster in an aqueous solution. The knowledge of 
the formation of such polynuclear An(IV) species could be of significant importance for the fate of 
An in contaminated soils containing O-donor ligands, such as humic acids or organic pollutants. 

Results and Discussion 
In this work, we studied the crystallization of Np(IV) with various aromatic polycarboxylate 

ligands in different solvents and analyzed their crystal structures. In water, an infinite chain of 
Np2O2(H2O)2(1,2-bdc)2 were isolated in the presence of phthalate.5 This compound crystallizes 
as orange aggregates, whereas the analogue compound with uranium is obtained as green 
crystals. With mellitic acid the oxidation of Np(IV) to Np(V) was observed and led to large green 
plates, involving layers of {NpO7H2O0-2} units linked to each other via trans-dioxo neptunyl bonds.  

The use of other solvents allowed the crystallization of large polynuclear discrete Np(IV) 
clusters. For example, using DMF, the hexanuclear unit of [Np6O4(OH)4] has been obtained with 
different dicarboxylic ligands and is the basic building unit to form an open-framework structure 
(Figure 1, left). The corresponding structures revealed the isolation of the hexanuclear cluster 
An6O8 with Np(IV). These clusters are linked by the ligand creating tetrahedral and octahedral 
voids in the structure. The formation of larger neptunium-based polyoxo clusters will be also 
presented. 

 
Figure 1: View of the structure (left) and optical microscope picture (right) of 

[Np6O4(OH)4L6(H2O)6] 
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Introduction 
 Although uranium is undoubtedly the most important element in the current nuclear energy 
systems, the less abundant fissile isotope, 235U (0.72%), is exclusively employed. Even though the 
major isotope of naturally occurring uranium, 238U (99.28%), is actually fertile to give fissile 239Pu, 
a huge amount of depleted uranium is left after operating the nuclear power plants. Recently, there 
have been numerous studies towards the use of uranium compounds as catalysts in organic 
syntheses to develop a sophisticated use for depleted uranium that has already been refined. The 
uranyl ion is the most accessible uranium species because of its stability in the ambient 
atmosphere. This species is highly Lewis acidic and exhibits strong hardness according to 
Pearson’s HSAB principle. Therefore, any undesired side reactions arising from organometallic 
behavior of the metal center can be avoided. Previously, Taiwan group studied the catalytic activity 
of oxo ions like VO2+ and MoO22+ in the nucleophilic acyl substitution reaction of acid anhydrides, 
and successfully found a high efficiency of these catalytic systems.1,2 This information strongly 
motivated us to examine the catalytic activity of the Lewis acidic uranyl ion.  

Results and Discussion 
 Catalyst screening has been done at the first stage of this study. We selected several uranyl 
complexes bearing different equatorial ligand systems like monodentate O-donors 
([UO2(OPPh3)4]2+, [UO2(DMF)5]2+), bidentate E-diketonate (UO2(dbm)2EtOH), and tetradentate 
Schiff base (UO2(salophen)EtOH). Consequently, [UO2(OPPh3)4]2+ was found to be the best Lewis 
acid catalyst in the acyl substitution of acetic anhydride (Ac2O) with ethanol (EtOH) in CD2Cl2 to 
give ethyl acetate and acetic acid. The number of coordination sites in the uranyl equatorial plane 
varies 3 to 6, and mainly depends on size of entering ligands. In fact, [UO2(OPPh3)4]2+ accepts an 
additional OPPh3 to form the 5-fold species [UO2(OPPh3)5]2+ in CD2Cl2 below −40°C.3 Therefore, 
some Lewis acidic vacancy would be still left in the equatorial plane of the 4-fold coordination 
structure of [UO2(OPPh3)4]2+. Based on kinetic 
and spectroscopic experiments, a catalytic 
mechanism was proposed (see figure). At the 
initial state, [UO2(OPPh3)4]2+ interacts with 
Ac2O to give [UO2(Ac2O)(OPPh3)3]2+. This 
actual catalyst further reacts with an additional 
Ac2O to form an intermediate species in a rate-
determining step.  
 We further prepared a novel [3+1+1] uranyl 
complex with an auxiliary tridentate 
diglycoldiamide and O-donating solvent 
molecules like DMF, and studied its potential as 
a Lewis acid catalyst.   
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Introduction 
   UO2(VI) ions are highly toxic and widely spread as environmental pollutant. A phosphonate-
functionalized COF material, COF-IHEP1, was “bottom-up” integrated with multifunctionality for the 
selective detection and facile removal of uranium(VI): the π-conjugated framework as the signal 
transducer, the evenly and densely distributed phosphonate groups as the UO2(VI) receptor, the 
regular pores facilitating the real-time detection and mass transfer, together with the robust COF 
structure for recycle use. This research not only demonstrates the utilization of fluorescent COFs 
for both sensing and removal of metal ions but also highlights the facile construction of 
functionalized COFs for environmental applications.  

Results and Discussion 
    A phosphonate-based hydrazone-linked COF-IHEP1 was rationally designed and easily 
constructed for highly sensitive detection and effective removal of UO2(VI). The material 
Possesses the unique nature of the extended π-conjugation framework, tunable functionality, and 
regular pore structure. With these elegant features, COF-IHEP1 achieves unprecedented high 
performance in removing Hg(II) from aqueous solutions by achieving capacity, effectivity, durability 
over a wide pH range, especially under strong acid condition. These results set a new benchmark 
for removing toxic radioactive uranium. 

 
Figure 1. Synthesizing novel phosphonate-based COF-IHEP1(a). PXRD profile(b). Removal 
efficiency with different pH values. 
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Introduction 
Hydrogen peroxide has been considered as an important reagent for actinide chemistry because 
of its redox, acido-basic and complexing properties. Particularly, H2O2 has been used for redox 
control of plutonium ions and Pu(IV) precipitation in acid media.1 The addition of hydrogen peroxide 
to Pu(IV) solutions may lead to brown and red peroxo complexes absorbing respectively at 495 
and 540 nm, and 513 nm, respectively. Further addition of H2O2 leads to green precipitates of 
Pu(IV) peroxides that crystallizes in the hexagonal or cubic form.1 Other related complexes or 
polynuclear Pu species involving peroxo ligands are really scarce. It has long been known that 
sonication of aqueous solutions may generate H2 gas and H2O2 that accumulates in solution. 
Previous investigations showed for instance that the 20 kHz sonication of aqueous nitric solutions 
(with anti-nitrous reagent) of Pu(III) or Pu(IV) allows redox processes through the accumulation of 
H2O2 in solution.2 Nevertheless, such process has never been investigated in near neutral 
conditions.  

Results and Discussion 
This work deals with the sonication of Pu(III) in weakly acid aqueous solutions. Several parameters 
were studied including the concentration of Pu, the acoustic frequency, and the saturating 
atmosphere. The sonicated Pu(III) can be totally converted into a new Pu complex absorbing at 
455 and 660 nm which was found to be stable for several months (Figure 1.a.). The kinetics related 
to this specie accumulation can be dramatically enhanced under high frequency ultrasound and 
Ar/O2 atmosphere. The investigations revealed a strong decrease of H2O2 accumulation rate in the 
presence of Pu(III) demonstrating its contribution to the process. XAS investigations at the Pu LIII 
edge confirmed the presence of Pu(IV) (XANES) and evidenced the formation a polynuclear cluster 
characterized by several coordination spheres (EXAFS) indicating the presence of several Pu-O 
distances and at least 4 Pu atoms (Figure 1.b.). Most probably, hydrogen peroxide and nitrate can 
contribute to the complex stabilization. This water soluble Pu(IV) cluster has, to the best of our 
knowledge, never been reported in the literature.  

 
Figure	1:	(a.)	UV-Vis	absorption	spectra	of	the	sonicated	Pu(III)	solution	and	the	formed	Pu(IV)	cluster,	(b.)	Fourier	transform	

of	the	k3-weighted	EXAFS	spectrum	of	the	cluster	 
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Introduction 
 The F-elements have unique electronic, photophysical and magnetic properties with wide 

application in materials science and are a critical resource in low-carbon and renewable energy 
technologies. To develop future functional materials for energy science, there is a need for a 
“bottom-up” synthetic routes and better understanding of structure/property/function relationships 
in different size regimes. Our interest is in the synthesis of multi-metallic, redox-active lanthanide 
and actinide systems from organometallic building-blocks.  

Results and Discussion 
 This research uses the 1,10-phenanthroline-5,6-dione (pd) ligand. The neutral complexes 
[(X)3M(N,N¢-pd)] where X = a monoanionic ligand and M = a rare earth, lanthanide or actinide 
element have been synthesized in high yields and fully characterized. The synthetic route from 
metal oxide to [(X)3M(N,N¢-pd)]  in  2 steps was developed using M = Y and X = 
hexafluroacetylacetonate. The reduction of [(X)3M(N,N¢-pd)] with a transition metal metallocene 
results in the formation of the radical anion (pd).-, charge balanced by the corresponding 
metallocinium cation (Scheme 1).1 Spectroscopic data and an initial rationalization of observed 
experimental trends will be presented. 
 

 

Scheme 1: Synthetic route to hetero-metallic radical complexes 
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Introduction 
Numerous solvent extraction processes have been proposed in an attempt to fully close the 

nuclear fuel cycle and incorporate recycling of the reusable materials. One common component 
among the industrially relevant separations systems is the oxidation state manipulation of Pu and 
Np. Recent efforts to streamline the processes necessary to recycle used nuclear fuel have 
included oxidizing americium, one of the minor actinides found in the fuel after irradiation. Oxidizing 
Am(III) to Am(VI) would simplify used fuel recycling by incorporating a group actinide 
decontamination where hexavalent U, Np, Pu, and Am are co-extracted in one step and then 
selectively back extracted into appropriate product streams. Americium(III) oxidation to the 
hexavalent state is achieved in a high nitric acid medium using the powerful oxidant sodium 
bismuthate. Since hexavalent americium is thermodynamically and radiolytically unstable, a 
complete understanding of autoreduction kinetics of Am(VI) back to Am(III) is needed to develop 
the process to achieve group decontamination.  

Results and Discussion 
The rate of reduction of hexavalent 243Am due to self-radiolysis was measured across a range 

of total americium and nitric acid concentrations.  These so-called autoreduction rates exhibited 
zero order kinetics with respect to the concentration of hexavalent americium, and pseudo-first 
order kinetics with respect to the concentration of total americium.  However, the rate constants 
did vary with nitric acid concentration, resulting in values of 0.0048 ± 0.0003, 0.0075 ± 0.0005, and 
0.0054 ± 0.0003 h-1 for 1.0, 3.0, and 6.5 M HNO3, respectively. This indicates the reduction is due 
to reaction of hexavalent americium with the radiolysis products from americium alpha decay.1,2 
Multi-scale radiation chemical modelling using a reaction set with both known and optimized rate 
coefficients was employed to achieve excellent agreement with the empirical rate constants and 
indicates radiolytically-produced nitrous acid from nitric acid radiolysis, and hydrogen peroxide 
from water radiolysis are the important reducing agents. Since these species also react with each 
other, modeling indicated the highest concentrations of these species available for Am(VI) 
reduction occurred at 3.0 M HNO3. This is in agreement with the empirical finding that the highest 
rate constant for autoreduction occurred at the intermediate acid concentration. 
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Introduction 
 In Japan, nuclear fuel reprocessing plant, Rokkasho Reprocessing Plant (RRP), has been 
operated by aqueous separation technique. The PUREX process which recovers U and Pu from a 
dissolver solution derived from an irradiated nuclear fuel with HNO3 and tri-n-butyl phosphate/n-
dodecane is adopted in the plant. The Pu evaporator is made of Zr in the RRP because Zr has 
high corrosion resistance for a HNO3 solution1. In this equipment, Pu nitrate solution is condensed 
under the condition of 50−250 g dm−3 of Pu and 3−7 mol dm−3 of HNO3 at boiling point2. Several 
research results for the corrosion and electrochemical properties of Zr in the Pu nitrate solution 
have been reported3,4. However, these data were obtained only in the condition of low Pu 
concentration (~ 100 g dm−3). In this study, electrochemical experiments were carried out with Zr 
in the highly concentrated Pu nitrate solution (~ 250 g dm−3), and the effects of Pu concentration 
and its valence were investigated in addition to those HNO3 concentration and temperature. 

Results and Discussion 
 The open circuit potentials and polarization curves of Zr in the Pu nitrate solution  (~ 250 g dm−3 
of Pu) were measured by electrochemical technique. The Pu, HNO3 concentrations and 
temperature in the Pu nitrate solution were varied in view of the operational conditions of Pu 
evaporator, and the Pu valence was adjusted to Pu(IV) before the measurements. The open circuit 
potentials of Zr increased with increasing Pu, HNO3 concentrations and temperature. Those in the 
solution where Pu(VI) co-exists were also investigated,  and the effect of Pu(VI) was not significant 
in highly concentrated Pu nitrate solution. The polarization curves of Zr showed that the corrosion 
potential stays at the passive region and it is enough lower than passivation breakdown potential 
under any experimental conditions. These results suggest that Zr will have high corrosion 
resistance even in highly concentrated Pu nitrate solution. This work includes experimental results 
under the auspices of the Nuclear Regulation Authority. 
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Introduction 
 Pyroprocessing is considered a promising technology to recycle used nuclear fuels and reduce 
the burden of nuclear waste disposal by extracting high-level radioactive materials. Anoxic 
condition without any moisture is postulated to be governed in electrorefining and electrowinning 
process to prevent the unintentional oxidation of used nuclear fuels, which can reduce the process 
efficiency1. Europium can generally be present in the divalent state in high temperature molten salt 
and possesses somewhat different physical and chemical properties from other trivalent 
lanthanides. In this study, the evaporation and the oxidation state of europium chloride have been 
studied using spectroscopic method. 

Results and Discussion 
 The reactions of EuCl2 and EuCl3 with oxygen and moisture were investigated using Raman 
spectroscopy. Both were eventually hydrated under atmospheric condition at room temperature 
with a relative humidity of 25 ± 6 %. The Raman spectrum of each species was confirmed with the 
aid of its characteristic XRD pattern, and the dehydrated and hydrated forms have been 
distinguished using the in-situ Raman spectra. EuCl3 and EuCl2 were mostly hydrated to be EuCl3
�6H2O and EuCl2�H2O under atmospheric condition, respectively. Under oxygen gas environment 
(99.99% purity, 0.7 atm.) without moisture, both compounds did not react with oxygen. However, 
it has been reported that europium chloride is oxidized to form oxychloride in LiCl-KCl molten salt2. 
EuOCl was produced in the presence of oxygen and moisture, and its characteristic Raman 
spectrum was measured (Fig. 1). 

 
Figure	1.	Raman	spectrum	of	(EuCl2)0.1-(LiCl-KCl)0.9	re-solidified	after	melting	

EuCl3-LiCl-KCl was violently evaporated as the concentration becomes higher in contradiction to 
the case of EuCl2-LiCl-KCl. Its co-existence ratio was electrochemically evaluated using the open 
circuit potential of the cell. 
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Introduction 
 The similar chemical properties of f-block elements are still a challenging task in the separation 
of nuclear fuel waste material by hydrometallurgical methods. Extractants based on phosphorus 
(e.g. D2EHPA, PC88A, TBP) are typically used in industrial recovery processes.1, 2 Chelating 
agents, such as 4-acylpyrazolones received remarkable attention as extractants for rare earth 
elements.3 Our approach is to achieve suitable reagents for selective separation of lanthanides and 
actinides by implementing the phosphoryl group in the backbone of pyrazolones. This is the first 
publication on 4-phosphorylpyrazolones4, 5 with respect to their coordination behaviour towards f-
block elements. 

Results and Discussion 
 Herein, we report the synthesis of several 4-phosphorylpyrazolone ligands (Figure 1) which we 
have used in the separation of selected 4f-block elements (Ln = La, Eu, Yb). Solvent extraction 
studies reveal an enhanced separation ability of the ligands between the light and heavy 4f-block 
elements depending on their substitution pattern. Furthermore, we show that some of the 
4-phosphorylpyrazolone ligands form coordination complexes with 4f- and 5f-block elements of 
type [Ln(Ln)3S] (S= solvent), [Ln/An(Ln)3HLn] and [An(Ln)4] (An(III) or (IV), An = U or Np).  
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Figure 1: Overview of the synthesized ligands (left), molecular structure of [Np(L9)4] (right). 
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Introduction      
 Selective recognition and separation of trivalent actinide over lanthanide by solvent extraction 
is regarded as difficult work due to the chemical similarity in nuclear reprocessing field. By 
introducing ligands into thermosensitive gel, it is possible to control extractability of specific metal 
ions by only changing temperature or pH without using organic phase1-5. Many factors affect 
gel/liquid extraction but fundamental are not still clearly understood. Therefore, EXAFS 
measurement was implemented to compare solution and gel. 

Results and Discussion 
 N,N’-tetraallyl pyridine diamide (Tetraallyl-PDA) was newly synthesized and copolymerized with 
N-isopropylacrylamide(NIPA, monomer) and N,N'-Methylenebisacrylamide(Bis, crosslinker)(Fig1). 
Nd(III) and Eu(III) in nitric acid were absorpted to gel, respectively. Then, EXAFS measurements 
were carried out in Spring-8, BL11XU, 2016A3504 and 2016B3508, with defferent temperature (0-
60C) since the phase transfer temeprature NIPA-Bis gel is about 37C). Temperature dependence 
of Nd(III) in solution and in gel were compared by radial structural functions(Fig2). When 
temperature of Nd(III) solution was increased, position of first peak which indicates O atoms of 
hydrated water did not change but the height of the peak was lowered due to the increase of 
thermal vibration. In case of NIPA-Bis-PDA gel with Nd(III), the positions of first peak was shifted 
to shorter direction which may indicate a slight change in number of hydrated water molecules or 
something else. The same tendency was observed in Eu(III). Theoretical fitting was inplemented 
and details will be discussed. By understanding the difference of complexation in solution and gel, 
selective recognition and separation of specific f-element will be possible. 
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Introduction 
 Trivalent lanthanides and actinides possess similar chemical properties and nearly identical 
ionic radius, rendering extreme challenge in their separation given that urgent demand for 
artificial transmutation of long-lived actinide. In last five years, systematic investigation on 
actinide borate shows discontinuity in actinide borate series from Pu(III) to Cf(III), even their 
chemistry is distinct from their lanthanide analogues. The polymerization of borates is extremely 
sensitive to subtle change in ionic radius across actinide series, leading to significantly different 
structural architecture in neighbouring actinide which were synthesized under the same borate 
flux reaction condition. Hence, it is desirable to explore binary lanthanide/actinide crystallization 
in this reaction condition. In this report, we present chemical difference across lanthanide with 
kinetic control crystallization in molten boric acid, leading to formation of six different group 
across lanthanide under identical reaction parameters.1 Binary lanthanide separation in different 
group was achieved through selective borate crystallization.1 The present work provides a 
fundamental for lanthanide and actinide separations by borate crystallization.  

Results and Discussion 
  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
The significant difference in crystal structure (b), coordination sphere (c), borate networks 
around metal ion centres (d), leading to unique periodic trend across lanthanide series (a) under 
identical borate flux reaction. A series of binary lanthanide crystallization experiments were 
conducted to investigate its application on separations, especially between lanthanides forming 
different structures. Promising separation strategies to binary lanthanide were available by 
selective borate crystallization in molten boric acid. We expect this purely inorganic chemical 
recognition could be used in lanthanide and actinide separation. 
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Introduction 
 Sulfonamide, amide and thioamide ligands with N- and S- soft binding sites have potential for 
selective extraction and separation of actinides. Proper orientation of functional groups can be 
provided by the versatile and robust alkyl-aromatic frameworks, which can stabilize additional 
metal coordination through cation-π interactions. Use of functional groups with N-donor sites, and 
tunable acidity, such as aromatic sulfonamides (pKa = 9-11) and 1-substituted pyrazoles is 
promising for binding of trivalent actinides in a wide range of pH. Possibilities of modification of 
lipophilicity of ligands by introduction of alkyl- and alkylaromatic substituents can lead to increased 
solubility in non-polar organic solvents and potential applicability for use in extraction processes 
involved in the Nuclear Fuel Cycle. Tripodal pyrazoles with thioamide groups have up to six softer 
binding sites for selective extraction of An(III) vs Ln(III) from acidic used nuclear fuel. 

Results and Discussion 
 Binding and extraction of lanthanides in chlorinated organic solvents by tripodal sulfonamide 
and pyrazole ligands has been confirmed by ICP-OES, fluorescence, and NMR titration 
experiments. DFT calculations demonstrated various modes of Sm(III) and Am(III) binding by these 
ligands, and also showed the presence of cation-p interactions between the central aromatic ring 
of these ligands and the coordinated Ln(III) or An(III). Fluorescence titrations of tris-pyrazole 
ligands with lanthanides showed changes in the fluorescence spectra that were distinct from the 
fluorescence of the lanthanide salt. Furthermore, important differences in binding were observed, 
depending on the pyrazole subsitution, and between the thioamide and analogous amide ligands. 
Overall, these families of ligands have showed promise for binding, extracting,  and sensing f-
elements under different conditions. 

Figure: Structures of ligand famililies for Ln(III) and An(III) coordination and extraction 
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Introduction 
Spent nuclear fuel reprocessing is one of the most important process of the closed nuclear fuel 

cycle. In the most commercial reprocessing plants, spent nuclear fuels have been treated by 
PUREX method, in which U and Pu are selectively separated from fission products and minor 
actinides by a solvent extraction technique with tributyl phosphate. While this method allows to 
selectively recover U and Pu, there are still big challenges like complexity of the reprocessing 
process and a huge amount of radioactive wastes. To overcome such issues, we have proposed 
a simple reprocessing method based on selective precipitation of hexavalent actinides like uranyl 
and/or plutonyl, where well-designed 2-pyrrolidone derivatives (NRPs) are employed as 
precipitants. The most striking difference from the ordinary solvent extraction method like PUREX 
is that the recovery efficiency is exclusively governed by solubility of the actinyl nitrates with NRPs, 
AnO2(NO3)2(NRP)2 (An = U, Pu). In the former time, we have found 
that the hydrophobicity of NRP mainly affects the precipitation 
efficiency. However, we have also found that An4+ also forms oily 
product, when the hydrophobicity is too high.1 In order to solve these 
conflicting problems simultaneously, we herein propose a novel 
molecular design of NRPs as shown in Fig. 1, where two 2-
pyrrolidone moieties are cross-linked by aliphatic or aromatic group. 
Such a structure will lower its hydrophobicity because of two amide 
groups, and at the same time, it may allow to form a nearly insoluble 
infinite 1-D coordination polymer chain of AnO2(NO3)2 units. In this 
study, we performed synthesis and characterization of uranyl nitrate 
complexes with different double-headed NRPs shown in Fig. 1. 

Results and Discussion 
 Uranyl nitrate complexes prepared in this study were characterized by elemental analysis, 
single crystal X-ray diffraction, IR and Raman spectroscopy. As expected, the resulting compounds 
show a general formula of [UO2(NO3)2(L)]n (L = L1-
L5), where the UO2(NO3)2 moieties are bridged by 
L to form an infinite 1-D coordination polymer chain 
as shown in Fig. 2 (L = L1). The solubility of 
[UO2(NO3)2(L)]n in 3.0 M HNO3(aq) is ranging from 
10-3 M to 10-1 M, and generally tends to decrease 
with increasing packing efficiency of its crystal 
structure. Closer packing seems to be resulted 
from higher symmetry of the double-headed NRP. 
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Fig.	1.	Double-headed	
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study.�
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In November 2016, four new chemical elements, nihonium (Nh, Z=113), moscovium (Mc, Z=115), 
tennessine (Ts, Z=117), and oganesson (Og, Z=118) joined the periodic table1. Elements 117 and 
118 are the highest atomic numbers Z reached to date, and the atomic weight A=294 isotopes of 
these elements represent the heaviest nuclei ever synthesized.  The existence of these new 
elements, together with dramatically increasing lifetimes for superheavy isotopes as neutron 
number increases provide strong evidence for the long sought “island of stability” for superheavy 
nuclei as the nuclear shell closure at neutron number N=184 is approached.  Mc, Ts, and Og were 
discovered using the hot fusion process2, bombarding actinide targets with intense beams of 
doubly-magic 48Ca ions at the Dubna Gas-Filled Recoil Separator at the Joint Institute for Nuclear 
Research in Russia.  For element 117 a berkelium target from Oak Ridge National Laboratory was 
required.  The berkelium was produced by intense neutron irradiation at ORNL’s High Flux Isotope 
Reactor and separated at the adjoining Radiochemical Engineering Development Center3. The 
48Ca+249Bk reaction produced two isotopes of element 117 with atomic weights A=293 and 2944. 
These isotopes decayed into ten additional heaviest isotopes of elements 115, 113, 111, 109, 107, 
and 105, all closer to the predicted island of stability than previously achieved.  The discovery of 
element 117 will be described together with overall results of recent experiments in superheavy 
element research in the context of the critical importance of actinide target materials, implications 
for nuclear structure and “the island of stability”, and opportunities to synthesize even heavier 
nuclei, including heavy isotopes of element 118 and new elements 119 and 120. 
 
*Research supported by the U.S. Department of Energy, Office of Nuclear Physics, Isotope 
Development and Production for Research and Applications Program     
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 Long-lived isotopes of superheavy elements (SHE) with atomic number Z ≥ 108 can be 
produced via fusion reactions between heavy actinide targets and neutron-rich projectiles at a 
rate of single atoms per day or per week only. Investigating the neutron-rich SHE nuclei using 
rapid gas-chemical separation and subsequent on-line detection provides an independent 
chemical characterization and an alternative separation technique to electromagnetic recoil 
separators. Approaching the heaviest elements, the coupling of chemistry setups to a recoil 
separator promises extremely high sensitivity due to strong suppression of background from 
unwanted species. The use of combination of two separation techniques, physical pre-separation 
and gas phase chemistry opens the possibility for investigating new compound classes of 
superheavy elements [1,2]. 

Electron shells of SHE are influenced by strong relativistic effects caused by the high value of 
Z. Experimental studies on SHE are forced by extensive theoretical calculations. Early atomic 
calculations predicted copernicium (Cn, element 112) and flerovium (Fl, element 114) to be noble 
gas-like due to the strong relativistic stabilization of the closed-shell configuration 6d107s2 in Cn, 
and the very large spin-orbit splitting in 7p AOs resulting in the quasi-closed-shell configuration 
7s27p1/2

2 in Fl [3]. Recent fully relativistic calculations studying Cn and Fl in different 
environments suggest those to be less reactive compared to their lighter homologues in the 
group, but still exhibiting metallic character [4]. Experimental gas-chromatography studies on Cn 
have, indeed, revealed a weak metal-metal bond formation with gold [5]. In contrast to this, for Fl, 
the unexpected formation of a physisorption bond upon adsorption on gold was inferred from first 
experiments [6]. The second successful gas chromatography study on Fl upon the adsorption on 
gold was performed after the pre-separation with a gas-filled separator TASCA [7]. Two decay 
chains, one from 288Fl and one 289Fl were deposited on gold at room temperature. This result is 
indicative for the formation of a metal-metal bond between Fl and gold, and thus, demonstrates 
the metallic character of Fl [7]. Several further studies on Fl chemistry were performed. More Fl 
atoms were observed in experiments at TASCA. The newest data will be presented. 

Element 113, for wich the name Nihonium after Japan was proposed this year, is the next 
very hot topic in the SHE chemistry. First gas-phase studies on nihonium were performed at the 
FLNR, Dubna and at GSI, Darmstadt. Nihonium has one unpaired 7p3/2 electron, and therefore 
should be much more reactive compared to the neighbors Cn and Fl, which have closed shells. 
The results of the recent experiment on nihonium chemistry at TASCA will be presented. 
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Introduction 
 Superheavy elements (SHEs) with atomic number Z ≥ 104 are synthesized by heavy-ion-

induced nuclear reactions. It is very difficult to investigate the chemical properties of SHEs 

because of the low production rates and short half-lives of these nuclides.
1
 We aim at studying 

aqueous chemistry of element 104, rutherfordium (Rf). In our previous studies, we investigated 

the solid-liquid extraction behavior of Rf using Aliquat 336 as an extractant (anion exchanger) by 

confirming the rapid accomplishment of the extraction reaction equilibrium.
2,3

 The distribution 

coefficient (Kd) of Rf in 9 M HCl was different from those of Zr and Hf. In this study, liquid-liquid 

extraction experiments of Zr, Hf, and Rf in the Aliquat 336/HCl system were performed for further 

investigation of the chloride complexation of Rf.  

Experiments and results 
We first investigated the dependence of the distribution ratios (D) of Zr and Hf on Aliquat 336 

concentration ([Aliquat 336]) by a batch method to determine a net charge of the extracted 

anionic chloride complexes. We used 8-11.2 M HCl as aqueous phase, and CHCl3 or CCl4 as 

organic phase, and we used carrier-free radiotracers of 
88

Zr (T1/2 = 83.4 d) and 
175

Hf (T1/2 = 70 d). 

Consequently, we found that the net charge of the chloride complexes would change for different 

solvent. The slopes in the log D versus log[Aliquat 336] plots of Zr and Hf were both 1.9 in CHCl3, 

suggesting that the bivalent chloride complex is extracted. However, the slopes in CCl4 were 

both 1.2 for Zr and Hf, which suggests that the monovalent chloride complex is extracted.  

The flow-type liquid-liquid extraction apparatus called as “the flow Injection Solvent Extraction 

apparatus (ISE)”, which is suitable for the extraction of superheavy elements, was developed. As 

a model experiment of Rf, the online liquid-liquid extraction using the ISE was performed at the 

AVF cyclotron in Research Center for Nuclear Physics, Osaka University (RCNP) using the 

short-lived isotopes 
89m

Zr (T1/2 = 4.18 min) and 
173

Hf (T1/2 = 23.4 h) produced in the 
nat

Sr(α,xn) 

and 
nat

Yb(α,xn) reactions, respectively. The reaction products transported by a He/KCl gas-jet 

system were dissolved in aqueous phase with a dissolution apparatus and the solution was 

injected to the ISE. The D values acquired with the ISE in 9.3-11.2 M HCl were in good 

agreement with those acquired by the batch method, suggesting applicability of the present 

experimental method to the Rf experiment.  

Recently, we produced 
261

Rf (T1/2 = 68 s) in the 
248

Cm(
18

O,5n)
261

Rf reaction using the RIKEN 

AVF cyclotron, and carried out the liquid-liquid extraction of Rf in the Aliquat 336/HCl system. In 

the conference, the results for 
261

Rf will be also presented. 
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Precision measurements of atomic properties by laser spectroscopy allow probing an element’s 
electronic structure. This is of particular interest for the heaviest elements whose electronic 
structure is strongly affected by relativistic effects, quantum electrodynamics, and electron 
correlations1,2. In recent experiments performed at the GSI Darmstadt, a very sensitive method 
based on two-step laser-ionization has been employed for optical spectroscopy of nobelium3,4. In 
pioneering experiments several atomic transitions in nobelium atoms were identified for the first 
time5. To this end, nobelium ions produced online were separated from the primary beam by the 
velocity filter SHIP, slowed down in high-purity argon gas and accumulated on a filament. 
Following thermal evaporation from the filament, they were laser ionized and detected by their 
characteristic alpha decay. The lowest yield available at the experimental setup was on the order 
of one particle every ten seconds in the case of 252No. 
 
Besides the strong 1S0-1P1 transition from the atomic ground state of nobelium several high-lying 
Rydberg-states were identified in 254No. Based on the observed Rydberg series an accurate 
value of the first ionization potential of nobelium was obtained. In addition, the frequency shift of 
the 1S0-1P1 transition in the isotopes 252,253No was studied to obtain nuclear properties such as 
the changes in the mean square charge radius.  
 
In this contribution, recent experimental results will be presented and compared to predictions by 
state-of-the-art theoretical models. Perspectives for future measurements in heavier elements 
will be discussed. 
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 In heavy element region, especially in the seventh row of the Periodic table, strong relativistic 
effects influence the electronic structure even affecting ground-state configurations1. The first 
ionization potential (IP1), a measure of the energy required to remove one valence electron from a 
neutral atom, yields information on the valence electronic structure. IP1 values of heavy actinides 
beyond einsteinium (Es, Z = 99), however, have not been determined experimentally so far due to 
the difficulty in obtaining these elements produced in nuclear reactions on scales of one atom at a 
time. 

Recently, we successfully determined the IP1 value of the heaviest actinide element, 
lawrencium (Lr, Z = 103) for the first time by applying a surface ionization method to short-lived Lr 
isotope 256Lr produced in the 249Cf(11B,4n) reaction2. The measured IP1 value, 4.96 ± 0.08 eV, is 
in excellent agreement with the value of 4.963(15) eV predicted by state-of-the-art relativistic 
calculations. This result strongly suggests that the ground state electronic configuration of Lr atom 
is [Rn]5f147s27p1/2 as a result of strong relativistic effects, although that of its lanthanide homologue 
Lu is [Xe]4f146s25d. Moreover, the IP1 of Lr is distinctly low among actinide elements. In contrast 
to Lr, nobelium (No, Z = 102) is expected to have the highest IP1 among them due to its full-filled 
5f and 7s orbitals.  

Thus, we have also applied this method to IP1 measurements of other unmeasured heavy 
actinide elements, No, mendelevium (Md, Z = 101) and fermium (Fm, Z = 100) to confirm the 
closed shell structure in No. 

The experiments were conducted with the ISOL (Isotope Separator On-Line) system at the 
JAEA tandem accelerator facility. The surface ion-source coupled to a He/CdI2 gas-jet transport 
system was installed in the ISOL for a surface ionization of short-lived heavy actinide isotopes,  
257No (T1/2= 24.5 s), 251Md (T1/2 = 4.27 min), and 249Fm (T1/2 = 2.6 min), which were produced in 
the 248Cm + 13C, 243Am + 12C, and 243Am + 11B reactions, respectively.  

We ionized and mass-separated those isotopes with ionization efficiencies (Ieff) of 
approximately (0.5 ± 0.1)%, (1.2 ± 0.3)%, and (1.1 ± 0.2 ) % at 2800 K, respectively. From the 
obtained Ieff values, the IP1 values were determined based on the IP1 dependence of Ieff in the 
surface ionization process. The experimental results are in good agreement with the predicted 
ones by theoretical and/or semi-empirical calculations. The IP1 value increased with an atomic 
number up to No and fell dramatically at Lr, indicating the similar trend with that of heavy lanthanide 
elements. This behavior clearly indicates that the 5f orbital is filled up at No. In the presentation, 
details of the experiments and the results will be given. 
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Introduction 
 Nuclear decay modes and total-half-lives for superheavy nuclei are discussed with the use of 
a nuclear mass model and some decay models.  The mass model, we refer to as the KTUY 
mass model [1], is a type of macroscopic-microscopic models and the microscopic part is 
calculated with the spherical-basis method [2]. We perform a comprehensive calculation of 
nuclear decay modes with some decay model calculations [3,4] in the wide nuclear mass region 
of superheavy nuclei. 

Results and Discussion 
Figure 1 shows a result of calculated total half-lives in the superheavy mass region. Nuclei 

with half-life of one nanosecond or longer are plotted.  An island along N (neutron number)=184 
with Z (proton number) between 114 and 126 is expected to be the ‘island of stability’ of 
superheavy nuclei. The adopted nuclear potential in this work results in doubly magicity on 
spherical single-particle levels for 298Fl (Z=114) and 310[126] [5].  The total half-life for 298Fl 
(Z=114) is approximately ten days with alpha-decay dominance, while the nucleus 310[126] has a 
very short half-life. The nucleus with the longest half-life in this region is 294Ds, and its half-life is 
approximately three-handred years. [4] 

 In the much heavier region, a peninsula appeared along N=228 with Z between 114 and 126. 
The nucleus with the longest half-life in this region is estimated to be 254[126], and the half-life is 
order of  hundred years. 
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Figure 1 : Theoretical Calculation of total 
half-lives in the superheavy nuclear mass 
region. Nuclei with half-life of one 
nanosecond or longer are plotted.  
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Introduction 
 Plutonium monoxide monohydride (PuOH) is a potentially reactive compound formed by 
corrosion of Plutonium (Pu) in liquid water or moisture at room temperature1-7. In particular, 
PuOH is considered to initiate the rapid hydride-catalysed corrosion of PuOH-coated plutonium 
metals1,6, and identified as a key product to understand the chloride-catalysed corrosion of 
plutonium in glovebox atmospheres7. There are very limited experimental reports of the basic 
properties of PuOH, which may be attributed to the difficulties in preparing and handling the 
samples. Therefore, density-functional study emerged as an indispensable tool. 

Results and Discussion 
 In this work8, the structural, electronic, mechanical, optical, thermodynamic properties of 
PuOH are studied by density-functional calculations within the framework of LDA/GGA and 
LDA/GGA+U. From the total energy calculation, the lowest-energy crystal structure of PuOH is 
predicted to have space group F-43m (No. 216). Within the LDA+U framework, the calculated 
lattice parameter of F-43m-PuOH is in good agreement with the experimental value and the 
corresponding ground state is predicted to be an antiferromagnetic charge-transfer insulator. 
Furthermore, we investigate the bonding character of PuOH by analysing the electron structure 
and find that there are a stronger Pu-O bond and a weaker Pu-H bond. The mechanical 
properties including the elastic constants, elastic moduli and Debye's temperature, and the 
optical properties including the reflectivity and absorption coefficient are also calculated. We then 
compute the phonon spectrum which verified the dynamical stability of F-43m-PuOH. Some 
thermodynamic quantities such as the specific heat are evaluated. Finally we calculate the 
formation energy of PuOH, and the reaction energies for the oxidation of PuOH and PuOH-
coated Pu, which are in reasonable agreement with the experimental values. 
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Introduction 
The interest in the U-Al-Si system stems from its industrial applications and scientific properties. 

Al based alloys, containing silicon, are commonly used as cladding for uranium fuels and diffusion 
can occur between the cladding and the fuel. In addition, U-Al alloys can be used as a fuel for 
research reactors"1". Recently, a new ordered phase in the form of  U(AlxSi1-x)3 was discovered and 
reported"2". Therefore, there is a scientific interest in studying its surface properties and oxidation 
behavior, compared to other U based alloys reported in the literature"3,4".   

In the present study, segregation and oxidation behavior of the U(AlxSi1-x)3 surface was 
characterized at the temperature range 300-800 K, utilizing Auger electron spectroscopy (AES), 
X-Ray photoelectron spectroscopy (XPS) and direct recoil spectrometry (DRS). 

Results and Discussion 
It has been found that heating the sample surface under UHV conditions results in Al 

segregation to the surface that starts as early as 500 K and achieves maximal intensity at 700 K. 
However, above 700 K, there is some decrease in the Al concertation at the surface as a function 
of time, which is accompanied by an increase in the Si(LVV) signal. The thickness of the Al layer 
that segregates to the surface was evaluated from the attenuation of the U(OPV) AES signal to be 
0.7 nm at 700 K. 

Exposing the sputter-cleaned surface to oxygen, up to 1000 L revealed oxidation of both U and 
Al. However, XPS results suggest that the intensity and the type of the formed oxide is strongly 
dependent on the Al segregated layer. Up to 500 K, UO2 and aluminum oxide forms on the surface 
which corresponds to bulk oxidation, while at temperatures above 600 K thin Al oxide layer is 
formed on the surface (due to Al segregation). It seems that this thin oxide layer acts as passivation 
layer that prevents further uranium oxidation on the surface. The Silicon Si(2s) XPS spectra 
revealed metallic peak at 150.3 eV but also a higher binding energy component at 152.4 eV that 
corresponds to formation of Si oxide compound.   

Water adsorption experiments indicated a milder oxidation of the sample surface compared to 
oxygen exposure. DRS and XPS results reveal that initially a thin oxide is formed on the surface 
while at higher exposures, hydroxyls are adsorbed on top of the oxide layer.  
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UAlx-Al dispersed plates are still in use as fuel in Material Testing Reactors. The fabrication 

techniques comprise the production of UAl3 powder by grinding arc-casted buttons. Sieved particles 
are mixed to Al powder to form dispersion cores that are hot-rolled into aluminum clad fuel plates. 
Dilatometric measurements have shown that above 773 K, an important swelling occurs mainly 
due to the transformation of UAl3 to UAl4 through reaction with the Al-matrix1. Therefore to stabilize 
the UAl3 phase and to prevent the formation of UAl4, it has been suggested that ternary alloying 
can retard the reaction of transformation2, and that the most favorable additions are those that form 
an isomorphous compound to UAl3 with the AuCu3 structure. Therefore, elements like gallium, 
germanium, indium, lead, silicon, tin, or metal such as titanium, zirconium and thorium should 
stabilize the cubic UAl3 phase 3. 

Such assumption indicates that UAl3 would form large ternary extensions and that even low 
additions shift the tie-lines to equilibrium with Al. On the opposite, it points that UAl4 has a limited 
solubility in a third element and a low stability in these ternary systems. To probe the solubility of a 
third element in UAl3 and UAl4 and to derive the mutual substitution mechanisms between p-metals, 
the study of the U-Al-Ga and U-Al-Ge4 phase diagrams were undertaken for the whole 
concentration range. For both systems, the tie-lines and the solubility domains were experimentally 
assessed for the U-Ge, U-Ga and U-Al binaries, along with the characterizations of ternary 
intermediate phases.  

The identification of the phases, their composition ranges and chemical and thermal stabilities 
were determined by x-ray powder diffraction, scanning electron microscopy coupled to energy 
dispersive spectroscopy and differential thermal analysis. 

Our experimental investigation of the U-Al-Ge system reveals that the UAl3-UGe3 pseudo-binary 
form a complete isomorphous solid solution based on the AuCu3-type of structure. t. The 
substitution mechanism is based on an Al/Ge mixed occupancy on the 3c Wyckoff site of the !"3" 
space group. No ordering between Al and Ge could be detected, neither on single crystal nor on 
powder data. It forms by direct solidification from the liquid phase for Ge content above 10 at.% 
and by peritectic reaction for Ge content below. UAl4 was never observed in ternary samples even 
for those with a Ge-content as low as 2 at.% and no equilibrium line involving this binary compound 
could be experimentally assessed, confirming the minute solubility.  

Prior to the investigation of the U-Al-Ga ternary system, a critical evaluation of the literature data 
on the U-Ga system revealed some doubts, about composition, homogeneity domain, thermal 
stability and crystal structure for some binary compounds. To clear up of these uncertainties, a 
reinvestigation of the phase relations in the U-Ga was carried out. Both of these systems, the U-
Ga and U-Al-Ga systems were thermodynamically assessed by using the Calphad method using 
all available data, i.e., phase relations and thermodynamic properties. The new description of the 
U-Ga phase diagram improves the description of the compositions and temperatures for most of 
the invariant reactions. The U-Al-Ga system is characterized by large ternary extensions of all the 
binary phases, including UAl4 and the absence of ternary intermediate phase at any temperature. 
These experimental results were nicely reproduced by the Calphad assessment, allowing to extract 
the thermodynamic parameters further used to calculate the liquidus projection and the invariant 
reactions along with their temperature.  
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Introduction 
 U3Si2 (tetragonal structure with the space group of P4/mbm) was reported to be quite 
promising material as an accident-tolerant nuclear fuel1 with rather high melting point (1938 K) 
indicating a high thermodynamic stability. From this point of view, it is very important to study its 
resistance to oxygen or hydrogen, as it can significantly influence the integrity of the material. It 
was found that U3Si2 is oxidizing at elevated temperatures2. On the other hand, the hydrogen 
absorption was not studied in the past. Here we describe the hydrogen absorption capability of 
U3Si2. 

Results and Discussion 
 U3Si2 reversibly absorbs hydrogen, yielding U3Si2H1.8. The reaction, which yields 10 % volume 
expansion, proceeds at very low H pressures (kPa range) already. The desorption experiment 
showed that the hydrogen atom is located in one specific position only. When inspecting the 
atom arrangement in the crystal structure, two possible interstitial positions suitable for H were 
found - U3Si tetrahedra (similar to U3T tetrahedra in U2T2X compounds3 crystallizing in the 
Mo2FeB2 structure type - an ordered ternary derivative of the U3Si2 structure) and in the U6 
octahedra. The later confirmed as more plausible option by ab-initio calculations. Magnetic 
properties of U3Si2, which is a Pauli paramagnet, are limited by a small U-U spacing, which does 
not allow for formation of U magnetic moments. The volume expanded hydride reveals a Curie-
Weiss behavior and a weak and inhomogeneous ferromagnetism arising gradually below T = 100 
K. The location of U3Si2H1.8 at the verge of magnetic ordering is evidenced by the low 
temperature specific heat with an upturn in C/T and a dramatic enhancement of the Sommerfeld 
coefficient of electronic specific heat γ, which reaches 440 mJ/mol f.u. K2 (γ = 88 mJ/mol f.u. K2 
for U3Si2). 
 
This work was supported by The Czech Science Foundation under the Grant No. 15-01100S. 
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Spent	nuclear	fuel	(SNF)	from	Advance	Gas-Cooled	(AGRs)	in	the	UK	is	currently	reprocessed	at	
Thermal	Oxide	Reprocessing	Plant	(THORP)	at	Sellafield.	This	facility	will	cease	operation	within	the	
next	5	years.	The	future	plan	for	un-reprocessed	AGR	SNF	and	SNF	that	will	be	discharged	from	AGRs	
is	to	send	it	to	a	national	GDF	(geological	disposal	facility).	The	GDF	is	expected	to	start	taking	
intermediate	level	waste	in	the	late	2030s,	with	fuel	to	follow	after	the	bulk	of	the	accumulated	ILW	
has	been	disposed	of.	The	GDF	may	not	be	open	for	receipt	of	spent	fuel	until	~2075	and	until	then	
AGR	SNF	will	be	kept	in	interim	storage	ponds	at	Sellafield.	These	ponds	are	dosed	with	NaOH	(to	
pH≈11.4)	which	acts	as	a	corrosion	inhibitor.	Current	storage	periods	are	typically	less	than	10	years,	
although	this	may	extend	up	to	100	years.	

A	new	racking	system	for	the	THORP	receipt	and	storage	pond	has	been	developed	to	accommodate	
all	future	SNF	arisings.	This	will	cause	a	rise	in	the	temperature	of	the	storage	ponds	giving	an	
expected	peak	operating	temperature	of	~60°C	and	an	average	temperature	of	45°C.	Hence,	the	
evolution	of	fuel	cladding,	UO2	and	SIMFUEL	surfaces	upon	exposure	to	pond	water	as	a	function	of	
temperature	are	studied	using	electrochemical,	surface	imaging	and	spectroscopic	methods.			

The	baseline	corrosion	of	UO2	and	SIMFUELs	in	alkaline	conditions	with	varying	temperature	has	
been	established.	The	open	circuit	potential	(OCP)	for	pure	UO2,	UO2	with	simulated	burn	up	of	
25GWd/tU	and	43GWd/tU	are	-0.01,	0.05	and	0.06V	respectively.	Cyclic	voltammetric	analysis	of	
these	samples	in	simulant	pond	water	shows	that	the	OCP	of	pure	UO2	is	sits	at	the	foot	of	the	
current-voltage	peak	associated	with	the	onset	of	the	UO2	to	UO2+x	oxidation	process	whereas	the	
OCPs	of	both	the	SIMFUELS	sit	on	the	higher	anodic	side	of	this	wave	(i.e.	towards	potentials	where	
the	oxidation	to	UO2+x	will	be	more	advanced).	Increasing	the	temperature	of	the	simulant	pond	
water	does	not	have	much	effect	on	the	OCP	at	45	and	60°C	but	for	an	accident	scenario	of	90°C	the	
OCP	drops	to	-0.2V	where	a	stoichiometric	UO2	matrix	is	expected	within	the	grains.	An	increase	in	
peak	heights	and	general	corrosion	currents,	in	particular	the	peak	at	0.3V	associated	with	the	
formation	of	U(VI)	species,	is	evident	with	a	raise	in	the	temperature	of	the	simulant	pond	water,	
indicating	as	increase	in	oxidative	susceptibility.	

Raman	spectroscopy	was	also	performed	in	order	to	establish	a	better	understanding	of	the	surface	
behaviour	under	these	conditions.	Changes	in	the	two	characteristic	bands	of	simulant	spent	nuclear	
fuel	(445cm-1	and	500-650cm-1)	with	exposure	to	pond	water	are	evident	on	the	43GWd/tU	sample	–	
suggesting	that	surface	dissolution	of	the	UO2	matrix	may	be	occurring.	
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Abstract 

There are several methods for experimentally obtaining thermodynamic data (e.g., 
solubility, spectroscopy, ion exchange, potentiometry, isopiestic, calorimetry), most of which 
have some inherent limitations.  For examples: 1) Spectroscopic methods are not suitable to 
all species and generally require fairly high concentrations of the reactive species.  2) 
Solvent extraction is not suitable for all species because extractants are, for a wide variety of 
species, not available.  It is generally applicable only to a pH value or an extremely narrow 
range of pH values.  It is impossible, therefore, to investigate reactions in the entire pH range, 
making the usefulness of the information obtained very limited.  3) The solubility method is 
not well suited to solids that do not exhibit rapid precipitation/dissolution kinetics (e.g., 
crystalline tetravalent actinide dioxides at room temperatures), nor can solids with extremely 
high solubility be used to accurately develop complexation constants for various ligands.  
Therefore to obtain reliable data, it is always best to use combinations of as many methods 
as needed.   
 

The solubility method, aside from the limitations discussed above, is one of the most 
powerful tools to obtain reliable thermodynamic data for 1) solubility products of discrete 
solids, double salts, and solid solutions, 2) complexation constants for various ligands, 3) a 
wide range of pH values, 4) metals that form very insoluble solids (e.g. tetravalent actinides) 
that make it difficult to use methods requiring relatively high metal concentrations, 5) ligands 
(e.g. ethylenediaminetetraacitic acid) that form such strong complexes with metals (e.g. 
tetravalent actinides) that it is difficult to obtain reliable values for bare metal ion activities  
required to determine the complexation constants, 6) solubility-controlling solids in different 
types of wastes (e.g. radioactive waste glasses1 and contaminated soils2) which cannot be 
determined by any  other currently available techniques, and 7) elevated temperatures.  

 
The solubility method has been around for a long time.  However 1) a detailed 

description of the finer points of the method is not available, and 2) much of the older 
published data for different chemical systems are fraught with deficiencies/problems, and 
there are still articles currently appearing in print wherein these concerns exist.  The 
objectives of this presentation are 1) to describe the solubility method, 2) to list desirable 
criteria of the solubility method so that the reader can recognize which studies have been 
done in a way that yields quality information, 3) to present an example of how to use the 
evaluation criteria and describe some pitfalls in interpreting solubility data, and 4) to provide 
a few examples of future research for which the solubility method is ideally suited.  
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Summary 
 
 Plutonium metal exhibits a breadth of complex chemical and physical behaviours due to its 
position near the electron localization-delocalization boundary within the 5f actinide series. In 
addition, all isotopes of plutonium are unstable, and their nuclear decay results in the accumulation 
of continuous damage from self-irradiation. The effects of self-irradiation and the complexities 
driven by electronic properties in plutonium intermingle and conspire to reveal time-dependent 
changes in many important physical properties, giving rise to the field of study known as “plutonium 
aging.” 

 At present, plutonium-containing materials play an important role in international security, 
nuclear energy, and environmental stewardship. In each case, monitoring the stability and ensuring 
the safety of such materials is key. Although the main isotope in technologically relevant plutonium, 
239Pu, has a relatively long half-life of 24,000 years, its decay rate is still sufficiently high to lead to 
a significant accumulation of helium and radiation damage within the metal after several decades.  
This is similar to the condition of nuclear reactor materials, in which irradiation at higher doses 
leads to dramatic changes in engineering and mechanical properties, such as hardening and void 
swelling. Given the propensity for radiation damage to drive detrimental consequences and owing 
to the technological significance of 239Pu and its alloys, it is critically important to understand how 
the physical properties of plutonium evolve with damage and age. 

 This presentation will summarize recent research conducted at LLNL addressing 
fundamentals and consequences of self-irradiation in Pu metal alloys, reviewing those radiation-
damage processes that occur in plutonium, the resulting defect physics that generate time-
dependent changes in properties, and measurements of those properties in representative alloys.   
Specifically, a new defect based radiation damage rate theory for void and bubble swelling was 
derived that allows both vacancies and self-interstitial (SIA) atoms to be generated by thermal 
activation at all sinks (bubbles and dislocations).  In addition, they can also be produced by 
displacement damage from external and internal radiation. This generalized rate theory (GRT) is 
applied to swelling of gallium-stabilized d-plutonium in which a-decay causes the displacement 
damage. 

 The presence and slow growth of helium bubbles observed by transmission electron 
microscopy (TEM) in nominal Pu239 alloys and in material enriched with Pu238 is presented and 
analyzed, using different values for the formation energy of self-interstitial atoms (SIA) and two 
different sets of relaxation volumes for the vacancy and for the SIA. One set allows preferential 
capture of SIA at dislocations, while the other set gives equal preference to both vacancies and 
SIAs. It is found that the helium bubble diameters observed are in better agreement with GRT 
predictions if no preferential capture occurs at dislocations. Therefore, helium bubbles in d-
plutonium will not evolve into voids in the foreseeable future.  Additional data measuring using 
dilatometry confirms these predictions as well. 

 

This work was performed under the auspices of the U.S. Department of Energy by Lawrence 
Livermore National Laboratory under contract DE-AC52-07NA27344. Lawrence Livermore 
National Security, LLC. 
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Introduction 
 Available experimental and theoretical data on the electronic structures of actinide dioxides 
mainly concentrated on their perfect crystal structures. However, impurities are ubiquitous in the 
processes of production, purification, fabrication, storage and application of actinide dioxides. Yet, 
the trends and the comprehensive understanding of impurities behaviors are still unobtainable, 
mainly due to the difficulties in the experimental characterization of those radioactive materials. 
First-principles density functional theory (DFT) methods are considered as a powerful alternative 
to probe the impurities effects. Indeed, first-principles methods have contributed to our 
understandings of the microscopic behaviors and mechanisms of intrinsic defects and impurities 
in many metal oxides. 

Results and Discussion 
 First-principles DFT+U methods are used to calculate the formation energies of ten light 
impurities X (X: H, He, Li, Be, B, C, N, O, F and Ne) at seven actinide dioxides AnO2 (An: Th, Pa, 
U, Np, Pu, Am and Cm), in order to elucidate the relative stability of X and to obtain some trends 
of impurities behaviors. The Hubbard parameter U is used to describe the strongly correlated 
electron behavior of An 5f electrons. The results indicate that the formation energies of X 
significantly depend on the properties of AnO2 and X. For X at the octahedral interstitial sites of 
AnO2, F is the only energetically favorable impurity at all AnO2, owing to its strong oxidability; H 
at PaO2, O at PaO2 and UO2, Li at PuO2, AmO2 and CmO2, Be at AmO2 and CmO2 are also 
energetically favorable. The oxidability or reductivity of X and the delocalization→localization 
transition of 5f electrons across actinide series can account for the trends of the behaviors of X at 
AnO2. Particularly, H, a very typical amphoteric element, is chosen to illustrate its difference 
existence states at AnO2. H prefers to occupy the octahedral interstitial sites of early AnO2 or 
form hydroxyl group at the later AnO2. 
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Abstract 
 Atomic transport properties are relevant to practically all engineering aspects of a material. In 
actinide compounds, however, it is difficult to measure these important quantities because 
experiments are made more complicated and costly due to the difficulties associated with 
handling radioactive elements. In addition, should diffusion experiments be conducted, results 
usually suffer from a significant amount of scattering due to radiation enhanced diffusion, 
enhanced diffusion at grain boundaries and the fact that a careful monitoring of all relevant 
thermodynamic parameters (temperature, oxygen partial pressure, sample impurity content, etc.) 
has to be done during the experiments in order to get a reliable set of data. 
 From a theoretical standpoint, first-principles calculations based on the density functional 
theory (DFT) can be used to calculate self-diffusion coefficients, as has been done in aluminium, 
for instance1. The method is based on ground-state and phonon calculations of supercells with 
point defects and impurities in order to evaluate both enthalpic and entropic contributions to the 
diffusion coefficient. However, while it has been possible in systems like fcc Al, it has never been 
attempted in actinide based compounds because of the numerous layers of complexity of these 
materials, which are usually prone to strong electron correlations, metastable states, symmetry 
breaking2,3, etc.  
 In this work we calculate self-diffusion coefficients in several actinide compounds within a full 
ab initio framework. We calculate all terms of the diffusion coefficients and each layer of 
complexity is tackled using the most appropriate method: DFT+U for strong electron correlations, 
occupation matrix control2 (OMC) for metastable states, density functional perturbation theory4 
(DFPT) for phonon calculations in large systems with point defects, impurities, and no 
symmetries. This allows us to evaluate the vacancy formation entropy in !-U, as well as the 
oxygen and the plutonium self-diffusion coefficient in UO2 and Pu-Ga alloys, respectively. 
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Introduction 
 Plutonium oxide is one of the main components of mixed oxide nuclear fuel (MOX). 

Therefore, in order to develop MOX fuels, we have to have a detailed knowledge of plutonium 
dioxides. However, the determination of its properties through experiments is not easy owing to 
limitations associated with their handling. In such cases, numerical simulations are effective for the 
evaluation of the properties of nuclear fuels. 

So far, we have evaluated electronic states and thermal properties of stoichiometric plutonium 
dioxide based on the ground-state calculation using first-principles density functional theory (DFT) 
and successfully reproduced the observed quantities. However, it is well known that hypo-
stoichiometric plutonium oxide PuO2-x is stable and, therefore, oxygen vacancies play an important 
role on the physical and thermal properties of plutonium oxides. 

In this paper, we evaluated formation energies of oxygen vacancy and site-interstitial oxygen 
based on DFT with spin-orbit coupling and strongly-correlated electron effects using LDA+U 
method. We also estimated migration energies of oxygen defects and discuss their effects on 
plutonium oxides. 

  

Calculation Methods 
 PuO2 has the fluorite crystal structure whose space group is !"3". In the unit cell, Pu and O 
atoms occupy 4a and 8c Wyckoff positions, respectively. In the calculations, we adopted the 2×2×2 
supercell which contains 32 Pu sites and 64 O sites. For vacancy, we removed an oxygen atom 
from the supercell. On the other hand, we put an oxygen atom at 4b site for interstitial oxygen. In 
the calculations of migration energy, we employed the nudged elastic band method. In vacancy 
migration, the vacancy is expected to move to the nearest oxygen site. In the case of interstitial 
oxygen migration, we assumed that interstitial oxygen pushed off the nearest oxygen which 
migrated to another interstitial site (Fig. 1). In all DFT calculations, we adopted VASP code which 
supported the spin-orbit coupling and LDA+U method. 
  

Results 
 We found that vacancy with double positive charge and interstitial oxygen with double negative 
charge are the most stable. The estimated formation energy of a Frenkel pair agreed with the 
experimental results. The calculated migration energies also are consistent with experiments.  

 

Fig. 1 Migration path for vacancy(a) and interstitial oxygen(b). Large and small 
spheres correspond to Pu and O atoms, respectively. 

(a) (b)�
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We present a new method to produce a model system for the study of radiation damage in 
non-radioactive materials. The method is based on homogeneous incorporation of 228Th ions in 
PbS thin films using a small volume chemical bath deposition (CBD) technique. Controlled 
doping of the thin films with minute amounts of a-emitting radioactive elements such as thorium 
is expected to provide a unique path for studying self-irradiation damage in materials without the 
need of sealed enclosures, such as gloveboxes and hot cells.  

We developed CBD process for controlled doping of PbS thin films with active 228Th and 
stable 232Th isotopes1. The 228Th-doped films were characterized using x-ray powder diffraction 
(XRD), which indicated a single phase material. Film morphology and thickness were determined 
using scanning electron microscopy (SEM). Energy dispersive spectroscopy (EDS) mapping in 
the analytical transmission electron microscope (A-TEM), x-ray photoelectron spectroscopy 
(XPS) depth profiles and a-autoradiography indicated that the Th ions were homogeneously 
distributed throughout the films, suggesting Pb substitution by Th ions in the crystal lattice. 
Electrical resistivity studies were performed and decay-event damage accumulation was 
measured, followed by isochronal annealing, which presented two defect relaxation stages and 
additional sub-stages2. Photoluminescence (PL) studies of emissive defect states created in the 
bandgap due to self-irradiation are on the way. This is the first report on self-irradiating damage 
studies in IV-VI semiconductors and the resulting films present a novel method for the analysis of 
dilute defect systems in materials. 
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Introduction 
This work is devoted to applications of the time-resolved laser-induced luminescence 

spectroscopy and time-resolved laser-induced chemiluminescence spectroscopy for detection of 
lanthanides and actinides. Results of the experiments on Eu, Sm, U, and Pu detection are 
presented.  

Results and Discussion 
The use of luminescence methods with time resolution1-3 for detection of 

lanthanides/actinides in solutions allows the sensitivity to reach the limit of detection (LOD) up to 
10-13 mol/l (M). For Eu, Sm, and U analysis we used luminescence method with pulse (1ns) 
nitrogen laser excitation of the solution. We performed both spectral and time (TRLIF) resolution 
of the analytical signal. One of the most convenient way is the use of sodium polysilicate solution 
having a low self-background and providing limit of uranyl detection in our experiments up to 
0.005 ng/ml. However, this method is suitable only for analysis of inorganic samples. Biological 
samples containing a large amount of organic substances should be preliminary mineralized. 
Typical concentration of uranium in blood plasma is about 0.05ng/ml – 0.5 ng/ml, in urine is 
about 0.2 ng/ml – 5 ng/ml. The limit of uranyl detection in urine in our TRLIF experiments was up 
to 5 pg/ml.  Without mineralization the limit of uranyl detection in blood plasma was 0.1 ng/ml and 
after mineralization was up to 8 pg/ml – 10 pg/ml. We applied TRLIF for samarium and europium 
detection in urine. We found that a high sensitivity of europium and samarium detection in 
aqueous solutions can be reached in the case of complex formation of these elements with 
fluorinated β-diketones and trioctylphosphine oxide (TOPO) in the presence3 of nonionic 
surfactants. In this work, we used pyvaloyltrifluoroacetone (PTFA), TOPO, and Triton X-100. The 
LOD was estimated from the 3σ background criterion, where σ is the standard deviation of the 
background measurements. In pure solution the LOD of Eu was 0.005 ng/ml and Sm, 0.07ng/ml. 
After addition of 0.2 ml of urine the LOD of Eu was 0.015 ng/ml and Sm, 0.2 ng/ml. 

Pu, Np, and some U compounds do not produce direct luminescence in solutions, but when 
excited by tunable laser radiation, they can induce chemiluminescence of some (luminol in our 
experiments) chemiluminogen1-3. Appropriate selectivity can be reached when 
chemiluminescence is initiated by transitions within 4f/5f electron shell of lanthanide/actinide ions, 
which correspond to visible spectral range. Since the energy of one quantum excitation in visible 
range is insufficient for initiation of luminol chemiluminescence it was proposed1-3 to excite 
lanthanide/actinide ion by multi-quantum absorption of visible light. The schemes two step-two 
color and two step-one color1-3 were used for chemiluminescence excitation. Data on luminol 
chemiluminescence in solutions containing Sm(III), U(IV), and Pu(IV) are analyzed. It is shown 
that the multi-photon scheme of chemiluminescence excitation makes chemiluminescence not 
only a highly sensitive but also a highly selective tool for the detection of lanthanides/actinides in 
solutions. 
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 Actinides, the 5f elements and their compounds, alloys, and mixtures, are a crucially 

important part of modern technological societies. Moreover, uranium dioxide is the most widely 
used nuclear fuel for the generation of electricity. Yet, because of the complexity of the 5f/6d 
electronic structure in the actinides, a fundamental understanding of their physical behavior, in 
actinides in general and uranium dioxide in particular, has not been achieved.  

 Theoretically, it has been proposed that covalency is an important part of the electronic 
structure of actinide dioxide, although some disagree. Experimentally, spectroscopic studies 
have been reported which support the hypothesis of 5f covalency.   However, a crucially 
important and absolutely essential component has been missing: a systematic study where the 
nature of the oxidant is changed, so the specifics of the 5f and 6d covalencies could be varied 
and monitored. The turning-on and turning-off of an effect is the essence of a true benchmarking. 
The work reported here clearly and irrevocably establishes experimentally the strong presence of 
U 5f-O 2p covalency in the unoccupied density of states of UO2, the most important of our 
nuclear fuels. 

 This comparative study will feature the isoelectronic systems uranium dioxide (UO2) and 
uranium tetrafluoride (UF4). While isoelectronic, both being U+4 5f 2 in the formal limit, they exhibit 
substantially different structures. UO2 is a fluorite (cubic) material, while UF4 is monoclinic. 
However, both exhibit very similar U L3 extended x-ray absorption fine structure (EXAFS) 
behavior, indicative of quantitatively similar interatomic distances. The result of this comparative 
study is that UF4 exhibits continued 6d covalency but the almost complete loss of 5f covalency, 
while UO2 clearly displays both strong 5f and 6d covalencies. Here we have direct experimental 
demonstration that 5f covalency is important in actinide oxides but can be lost with a more 
powerful oxidizing agent such as fluorine. 

 To summarize: Using x-ray emission spectroscopy and absorption spectroscopy, it has 
been possible to directly access the states in the unoccupied conduction bands that are involved 
with 5f and 6d covalency in oxidized uranium.  By varying the oxidizing agent, the degree of 5f 
covalency can be manipulated and monitored, clearly and irrevocably establishing the 
importance of 5f covalency in the electronic structure of the key nuclear fuel, uranium dioxide.  [1] 
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Introduction 
Solution NMR spectroscopy is a readily available tool for chemists and is one of the key 

methods used to analyse and identify reaction products. This analysis becomes significantly 
more difficult, as soon as paramagnetic metal ions are involved. Identifiable features including 
scalar coupling in 1D 1H NMR spectra disappear as the additional magnetic moment causes 
each proton to become unique.1 The situation becomes even more complicated if the 
investigated complex has a non-axial symmetry or this symmetry axis is not aligned with the 
principal magnetic axis. 

Particularly through the use of DOTA-type lanthanide complexes (DOTA = 1,4,7,10-
tetraazacyclododecane-N’,N’’,N’’’,N’’’’-tetraacetic acid) as MRI contrast agents, these axially 
symmetric systems have been well researched and the elucidation of solution structures and 
assignment of the 1H NMR spectra is feasible. However, for actinide complexes, more detailed 
investigation for structural analysis utilising 1H NMR spectroscopy is lacking.2 

Investigating C4 symmetric U(IV) complexes with several DOTA-type ligands, we present 
methods to assign signals in the 1H NMR spectra of paramagnetic U(IV) complexes and use the 
data to propose the structure in solution. 

Results and Discussion 
DOTA and its tetra-amide derivatives have been complexed to uranium in the +IV oxidation 

state and the solution state structures elucidated using a comprehensive range of NMR 
experiments.  

The 1H NMR spectra all show singlet resonances with shift ranges greater than 100 ppm.    
1H-1H COSY and T1 measurements amongst other NMR techniques were utilised to identify the 
signals and associate them to the protons in the complex. Using this information alongside single 
crystal X-ray diffraction data Bleaney analysis can be performed, giving valuable information on 
the magnetic anisotropy of the system. This information is otherwise difficult to obtain from the 
often EPR silent U(IV) complexes. 

Unlike [U(DOTA)]+4, its tetra-amide derivative [U(DOTAM)]+4 shows two sets of signals in the 
1H NMR spectrum. Similar observations have previously been made for the lanthanide 
complexes and assigned to a different geometric isomer.3 In this case however, it is evident that 
the additional signals do not arise from another isomer but are due to a coordinating triflate anion 
in the axial position. The donating triflate anion originating from the starting material causes a 
sign change in the anisotropy constant. Alike results were seen for fluoride binding in analogous 
complexes.4 Investigation of the magnitude of the contact contribution causing the extreme shifts 
was made by derivatising the amide group and incorporating longer carbon moieties. 
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Introduction 
Due to its technological and scientific significance uranium dioxide is one of the most 

extensively studied actinide compounds. Optical spectroscopy was shown to be highly valuable 
in revealing the role played by the 5f2 band at ambient conditions [1, 2]. Furthermore, the 
complexity of the absorption spectra is reflecting the importance in the electronic 5f   system of 
crystal-field effects in the eV energy range.   
 

Results and Discussions 
As an extension of our study of the effect of pressure on the Raman (resonant and off-

resonant) spectrum of UO2 [3, 4] we investigated the effect of temperature on the frequency of 
phonons, νi [5, 6] and correlate it with the former. The combined effect on the phonon frequency 
is described by ∂ν i
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reflects the phononic thermal population change under “freezed” (constant volume) equilibrium 
conditions [7].  

 
The case of dominant implicit term is well described under the approximation that the 

temperature dependence of the frequency is exclusively due to volume effects. Hence, the 
relative motions of two entities that have no electronic overlap (as in the case of ions). On the 
contrary, dominant explicit term points to more significant covalent nature of the bonding in the 
solid.  

 
In the presentation I will discuss temperature effects on the Raman spectrum of UO2, employ 

the formulation shown above and compare the measured pressure and temperature Grüneisen 
parameters in UO2 with those of ionic CaF2. I will then qualitatively discuss the correlation of our 
results with the expected differences between the two solids.  
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Fig.1. Luminescence lifetimes of Am(III) 
(open) and Eu(III) (solid) as a function of pH. 
Initial concentrations of Am(III) and Eu(III) 
were 6 μM and 2 μM, respectively. Samples 
were prepared in 0.1 M NaClO4 under Ar 
conditions. The pH was adjusted by adding 
NaOH. The excitation wavelengths were 503 
nm and 394 nm for Am(III) and Eu(III), 
respectively. 
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Introduction 
 Spectroscopic studies of Am(III) have been rarely reported, mostly owing to the relatively 
weak spectroscopic properties and high radio-toxicity1. Many of the thermodynamic properties of 
Am(III) haven been adapted from the studies of Cm(III) and Eu(III)2. Precise controls of the 
advanced techniques enable detailed characterizations of short-lived actinide luminescence in a 
nanosecond range3. For the direct and accurate prediction of chemical behaviors of Am(III) in the 
geochemical enviroments, we demonstate here that Am(III) species can be probed by TRLFS 
and spectrophotometry. We report characteristic spectral changes of the Am(III) luminescence as 
hydrolysis reaction progresses. From the parallel studies of Am(III) and Eu(III), direct 
comparisons between the two metal ions are discussed regarding the effects of hydroxyl group 
on the spectroscopic properties as well as their therodynamic properties of hydroysis reactions .   

Results and Discussion  
 We studied Am(III) and Eu(III) hydrolysis reactions 
using TRLFS. Precipitates formed under neutral pH 
conditions were separated from supernatants by 
centrifuging the solutions. The presence of colloidal 
particles in a separated supernatant was examined by 
laser induced breakdown detection (LIBD). The 
luminescence lifetimes of Am(III) and Eu(III) under 
acidic conditions were measured to be 23.4 ± 0.4 ns 
and 112 ± 1 μs, respectively. As increasing the pH of 
the solutions, distinct spectral changes are observed 
including slightly broadened Am(III) luminescence 
peak (5D1→7F1 ) towards the longer wavelength 
direction and considerable increase in the relative 
intensity of the hypersensitive Eu(III) peak (5D0→7F2). 
In addition, the luminescence lifetimes of both Am(III) 
and Eu(III) are graudally increased (Fig. 1), implying 
gradual formation of hydrolyzed species. The 
increments of their lifetimes correspond to the 
displacement of 2-3 water molecules from their inner-spheres. These observations suggest that 
hydrolyzed species of Am(III) and Eu(III) have distinct spectral features that increase their 
luminescence lifetimes as reported for the complexation with organic ligands4. Our results are, 
however, contradict to a previous TRLFS study of Eu(III) hydrolysis reporting decreased lifetimes 
upon hydrolysis5. We will discuss about probable short luminescence lifetimes of precipitated 
Eu(OH)3(s).  
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Introduction 
If radionuclides are accidentally released to the environment in particular actinides can cause 

a serious health risk upon incorporation. With regard to the development of potential 
decontamination therapies, a detailed understanding of the mechanisms of relevant biochemical 
reactions is required.1 One potential reaction that incorporated actinides might undergo is the 
coordination to human serum albumin (HSA) which is the prevalent protein in the human blood 
plasma. Since Albumin possesses four partially selective metal binding sites it can potentially 
bind and thus transport incorporated actinides. 

Results and Discussion 
The complexation of Cm(III) with albumin is investigated in the pH range from 3.5 to 11.5 at 

room and physiological temperature using time-resolved laser fluorescence spectroscopy 
(TRLFS). The Cm(III) HSA species displays an emission maximum at λmax = 602.5 nm and is the 
dominating species between pH 7.0 and 9.3. The fluorescence lifetime of 152 μs correlates with 
three to four water molecules and five to six additional ligands (amino acid residues from the 
protein, OH-, CO3

2- etc.) in the first coordination sphere of the metal ion.2 3 For the complexation 
of Cm(III) with HSA at pH 8.0 a conditional stability constant of logK = 5.4 ± 0.5 is determined. 
The complexation of Cm(III) with albumin shows a distinct temperature effect upon increasing the 
temperature from 23°C to physiological temperature. At 37.5°C the formation of the Cm(III) HSA 
species increases and starts at pH values that are 0.5 units lower than the respective pH values 
at room temperature. The complexation reaction is endothermic and entropy-driven. Competitive 
titrations of Cm(III) HSA with Cd, Zn and Cu point to complexation of Cm(III) at the so-called 
ATCUN site (Amino terminal Cu(II) and Ni(II) binding motif) of albumin. This is confirmed by NMR 
measurements with Eu(III) which is used as a lanthanide analogue of Cm(III). With increasing 
Eu(III) concentration the signal of proton H8 which is located on the His residue at the ATCUN 
site decreases.  

The results presented in this study focus on the identification and characterization of An(III) HSA 
complexes. For the first time thermodynamic data were derived which allow a quantitative 
description of the complexation reaction. Under physiological conditions (pH 7.4, 37.5°C, 
c(NaCl) = 150 mM) about 90 % of the Cm(III) is coordinated to albumin which indicates that 
complexation with HSA is a relevant biochemical reaction incorporated actinides might undergo 
resulting in a distribution in the human body.  
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 When NMR spectroscopy is applied to paramagnetic metal-organic complexes additional 
chemical shifts are observed on nuclei of the ligands that originate from electronic interactions 
between metal and ligand. The major two contributors to these paramagnetic chemical shifts are 
either due to delocalisation of unpaired electron density in molecular orbitals involving both metal 
and ligand orbitals (Fermi contact shift, FCS), or due to distance- and angle-dependent dipolar 
coupling of electron spins through space (pseudo contact shift, PCS). However, mathematical 
models for the treatment of paramagnetic chemical shifts are not yet applicable to actinide 
compounds. 
 Covalence is assumed to be the reason for some soft-donor ligands selectivity for the 
complexation of trivalent actinides over lanthanide ions. This long-kept notion was recently 
substantiated by evaluation of paramagnetic chemical shifts of respective Am(III) complexes1,2. 
The mathematical separation of contributions in complexes of the trivalent actinides, however, is 
hampered by the lack of a reliable diamagnetic reference in the actinide series. Furthermore, all 
available theories behind mathematical disentangling of contributions to the paramagnetic 
chemical shift, even for the lanthanide series, omit the influence of spin-orbit effects that might 
have a sizeable contribution as well. 
 To assess the chemical bonding situation via the influences on paramagnetic chemical shifts 
we started to study metal-organic complexes of tetravalent actinides (An(IV)) with soft-donor 
ligands with Th(IV) as diamagnetic reference. With increasing number of unpaired electrons 
throughout the series additional effects to the observed chemical shift are expected. Herein we 
report the first results of investigations of N-donor ligand complexes of the An(IV) series. 
 

 
Figure 1: NMR spectra of U(IV) complex of Salen compared to a reference. The major contributor to the paramagnetic shift is a 
pseudo contact contribution visualized as spheres depicting downfield shift (+) and upfield shift (-). 
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Introduction 
On March 11 in 2011, the loss of coolant accident (LOCA) occurred at Fukushima Daiichi NPS, 

because of the mega earthquake and the following big Tsunami. At the reactor cores, it is thought 
that the melted fuels were reacted with Zr claddings, and a solid solution of uranium and zirconium 
oxides was expected to be formed as a part of fuel debris. Seawater and freshwater were injected 
for emergency core cooling, and part of those cooling water was supposed to contact with the fuel 
debris. Consequently, fission products (FPs: Cs, Sr, and tritium) leached to seawater from the fuel 
debris, which generated huge amount of contaminated water. The leaching behaviour of actinide 
elements from normal spent nuclear fuel to seawater have been widely investigated to perform 
safety assessment of the direct underground disposal of spent nuclear fuel. However, the chemical 
and physical properties of the fuel debris originated in the Fukushima NPS are expected to be 
different from those of normal light water reactor spent fuel, and there are limited knowledge about 
actinide leaching from fuel debris to seawater [1-3]. In this study, therefore, simulated fuel debris 
was synthesized and devoted for leaching test of FPs and actinide elements. 

Results and Discussion 
 First, FPs and actinide tracer doped UO2 was synthesized where 137Cs, 152Eu, 236Pu, 237Np and 
241Am were doped. From the mixture of tracer doped UO2 and ZrO2, UO2-ZrO2 partial solid solution 
was synthesized as a simulated fuel debris by heat treatment at 1100 oC or 1200 oC. 40 mg of this 
simulated fuel debris was immersed in 10 ml of natural seawater collected at Fukushima coast or 
pure water, and shaken for designated days at 25 oC or 70 oC. The X-ray pattern indicated that 
UO2-ZrO2 partial solid solution was synthesized by the heat treatment under the oxidizing and Ar 
atmosphere.  
 The leaching ratios of actinides and Eu were very low about 0.1 % or less under all conditions. In 
addition, when the UO2-ZrO2 solid solution was formed, the leaching ratios of actinides and Eu 
decreased clearly, while that of Cs increased. The uranium leaching ratio to seawater was higher 
than that to pure water, which was thought due to the existence of carbonate ion in seawater since 
carbonate ion increases the solubility of UO2

2+. This tendency affected the leaching behaivior of 
other actinides and FPs in the UO2 matrix, since these nuclides are expected to leach together 
with U. Furthermore, our result indicated that, if inside of the reactor was kept at  reducing 
atmosphere, uranium leaching was expected to be suppressed in comparison with that at oxidizing 
atmosphere. The possible inside condition change in future may have induced acceleration of the 
nuclides leaching from the fuel debris to the contaminated water. 
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Introduction 
 Recently, lanthanide- or actinide-based single-molecule magnets (SMMs) are reported1,2. 
In these compounds, a large magnetic anisotropy and strong spin-orbit interactions of the 
metal ion are responsible for observing slow magnetic relaxations. In the case of uranium-
based SMMs, uranium(III) complexes have been investigated the most so far, while no 
extensive studies of the corresponding uranium(IV) derivatives have appeared. Therefore, it 
is important to study magnetic properties of uranium(IV) complexes in order to understand 
relationship between magnetic anisotropies of actinide ions and slow magnetic relaxations. 
The aim of this study is to observe slow magnetic relaxation phenomena on uranium(IV) 
phthalocyanine (bis(phthalocyaninato)-uranium(IV)) complex as the first example that 
exhibits SMM properties in the f2 system. Since this complex has the identical structure with 
bis(phthalocyaninato) lanthanide congeners, we can compare the actinide-based SMM 
directly with the lanthanide-based ones. A newly developed method to synthesize and to 
purify the desired compound is reported. 

Results and Discussion 
 Although uranium phthalocyanine complex has already been reported in the literature, the 
procedures air inappropriate for us because of the legal limitation of uranium handling in 
Japan4. Therefore, we first established the alternative method to synthesize the compound. 
As a starting material of uranium(IV), we prepared UCl4, which was mixed with phthalonitrile 
(C6H4(CN)2) in the 1:10 molar ratio in a glass test tube, purged with Ar gas, and heated at 
250ºC. The obtained dark green solid was washed with water and ethanol successively, and 
then dried under vacuum. The UV-Vis spectrum suggests that this solid is mixture of the 
desired compound and metal-free phthalocyanine (C32H18N8).  
 Since typical purification procedures, i.e. column chromatography3, yield the amount of 
radioactive waste, we applied  the sublimation technique for the purification. The crude 
product was placed in a quartz tube, evacuated to 10-3 Torr and heated at 450ºC. The 
purified product was obtained in the tube with a temperature gradient. 
 Magnetic susceptibility of the complex in the constant and alternating magnetic field was 
measured using a PPMS. Since the SN ratio of obtained data was poor, more sensitive 
measurement under different conditions using MPMS will be performed in due course. 
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Introduction 
Analysis of uranium has become necessary for radioactive waste management and 

environmental assessment of uranium mining. Generally, a conventional method composed by 
chemical operations and large analytical instruments has been used for the analysis, but has 
problems such as the production of secondary wastes and the increase radiation exposure. 
Fluorescence analysis has been recognized as one of the most simple and sensitive methods. 
However, solution conditions such as ion and acidic concentrations are limited due to the 
fluorescence quenching and small Stokes shifts. On the other hand, an aggregation-induced 
emission (AIE) method is expected to be useful to overcome such problems, because the emission 
generating from the aggregation of fluorescent moieties can be easily detected [1]. Therefore, in 
this study, we aim to synthesize a novel molecule consisting of AIE-active sites and chelating sites 
of uranyl ion, and demonstrate uranyl ion sensing. 

Experimental 
After a DMF solution containing 5-bromo-8-

hydroxyquinoline and pottasium carborate was 
mixed at 0 ºC for 5 min, a prppargylamine was 
added to the solution. The mixing solution was 
reacted at room temperature for 24 h, and was 
filtered, and washed by distilled water and diethyl 
ether. The recovered solution was evaporated, 
and the obtained precipitant was purified with ethyl acetate and methanol (Product 1). Moreover, 
a DMF mixture of 1,2-bis[4-(bromomethyl) phenyl]-1,2-diphenylethene(Br-DPE) and sodium azide 
was stirred at 0 ºC for 24 h, and the solution was evaporeted and washed by water. The solution 
was treated with ethyl acetate, toluene, and DMF, and oily brown precipitant was obtained. When 
the precipitant and Product 1 were reacted in a DMF solution containing copper(II) sulfate and 
sodium ascorbic acid at 70 ºC for 23 h under Ar atomosphere, a target product (Product 2) could 
be obtained (Fig.1). The Product 1 and 2 were characterized by 1H-NMR. The AIE characteristic 
of Product 2 was evaluated by the emission induced by UV-irradiation (365 nm). 

Results and Discussion 
1H-NMR results detemined that the target compounds were successfully synthesized. Therefore, 

after the mixing solution (DMF:DMSO = 1:1) of Product 2 was added in water, UV light was 
irradiated to the solution. As the result, when the volume ratio of water exceeded above 40%,  
strong emission phenomenon could be observed. Moreover, we found that the addition of uranyl 
ions caused fluorescence quenching, while there were no any changes of fluorescence intensities 
by adding other metal ions such as strontium and lanthanides.  

References 
1. J. Mei, et al., Adv. Mater., 26, 5429 (2014). 
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Fig.1 Structure diagram of target molecule. 
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Introduction 
The temperature condition of the nuclear waste repository site is considered to increase well 

above 25°C due to decay heat of the radionuclides. Although the solubility of tetravalent actinide 
(An(IV)) at 25°C is often controlled by its amorphous hydroxide, this thermodynamically meta-
stable solid phase can be transformed into a more stable solid phase at higher temperature1. 
However, a detailed process of the solid phase transformation and its impact on the solubility 
remain unrevealed from a conventional X-ray diffraction method. Small-angle X-ray scattering 
(SAXS) provides information on the particle size, surface condition and its assembly for both 
amorphous and crystalline solid phases, which would support to understand the solubility behavior 
of An(IV) at high temperature. In this study, we focus investigation on analyzing the temperature 
dependence on the solid phases of zirconium hydroxide as a chemical analog of An(IV). Batch 
samples of zirconium amorphous hydroxide (Zr(OH)4(am)) as initial solid phase were prepared and 
heated at 25, 40, 60 and 90°C in an oven for given time. The sizes of the primary particles and 
aggregates were investigated at 25°C by SAXS. 

Results and Discussion 
SAXS measurements were performed at BL8S3, 

Aichi Synchrotron Radiation Center, Japan, to 
elucidate the microscopic structures of the Zr solid 
phases. The instrumental configurations of SAXS 
used in this study cover a q range of 0.06 < q (nm−1) 
< 10 when the sample-to-detector distances are 204, 
1123, and 3954 mm, and the incident X-ray beam 
wavelength, λ, is 0.092 nm, where q [= (4π/λ)sin(θ/2)] 
is the magnitude of the scattering vector and θ is the 
scattering angle. SAXS profiles obtained for each 
aged solid phase are shown in Fig. 1. The SAXS 
intensity distribution, I(q), is composed of two 
contributions: one, Iprimary(q), due to the primary 
particles formed by hydrolysis reactions and the 
other, Iagg(q), due to their aggregates, that is,            
I(q) = Iprimary(q) + Iagg(q). Here, we carried out a 
theoretical analysis of the combined profile in the 
context of the unified Guinier and power-law 
approach, considering two particle population 
modes. The decomposed SAXS profiles obtained for 
the solid phase at 25°C into Iprimary(q) and Iagg(q) are 
described by the solid black lines in Fig. 1. Based on 
the shifts of the inflection points (qc1 for 25 - 60°C, qc2 
for 90°C) in the scattering profiles, the size of the primary particles is evaluated as approximately 
3 nm at 25 - 60°C, while that as approximately 50 nm at 90°C. The decrease of the apparent 
solubility at 90°C1 is likely caused by such differences in primary particles. 

References 
1. T. Kobayashii et al., Radiochim. Acta 104, 183-193 (2016). 

Fig. 1 SAXS profiles of the solid phase of 
Zr(OH)4(am) aged at pH 2.7 at 25, 40, 60 
and 90°C. 
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Introduction 
 Neptunyl ion of Np(V), NpVO2

+, is possible to contact with co-existed cations in solutions. The 
cation-cation interaction (CCI), which is a mutual coordination of actinyl ions, was firstly found in 
a complexation of Np(V)-U(VI).1 Following this, the CCIs between NpVO2

+ and various cations or 
oxo-cations have been investigated (see references in 2). These counter cations are multiply 
charged cations of heavy elements, and the CCI between Np(V) and monovalent light cations 
has not been reported. Raman spectrometry, is effective for finding the CCI of Np(V) complexes 
via stretching vibrations of NpVO2

+. The method, which has been applied for the pairs of actinyl 
cations, was found to be available for a light divalent counter cation, Ca2+, in a highly 
concentrated system.2 This suggests that the CCIs of Np(V) with light counter cations may occur 
in concentrated solutions. In this context, the CCI between Np(V) and a light monovalent cation, 
Li+, in a concentrated chloride solution was studied by Raman spectrometry. 

Results and Discussion 
 Hydrated neptunyl ions of Np(V and VI) in aqueous solutions is known to have a pentagonal-
bipyramidal geometry of NpO2(H2O)5

n+ (n: 1 or 2). Two axial oxygen atoms (Oax) bound to Np to 
form NpO2

n+ and five oxygen atoms (Oeq) of hydrated water molecules are arranged in the 
equatorial plane. Neptunyl ion of Np(V), NpVO2

+, is possible to contact with co-existed cations in 
solutions via its O atoms. Coordination circumstance of neptunyl ion in concentrated (~saturated) 
LiCl, CsCl, CaCl2, and BaCl2 solutions was analyzed by Raman spectrometry. 0.01 mol dm-3 (M) 
of 237Np solutions were prepared and sealed in quartz cells. Raman spectra were measured by 
using a Raman spectrophotometer (NRS-3100, JASCO). A green laser with the wavelength of 
531.9 nm was used at the output power of 57.6 mW. The experimental temperature was 298 K. 
The symmetric stretch (ν1) mode of NpVO2

+ and NpVIO2
2+, and the asymmetric stretch (ν3) mode 

of NpVO2
+ were found. The validity of Raman shifts were examined by employing ab initio (DFT: 

density functional theory) method. The high Raman intensity of the ν3 mode found for the 
concentrated LiCl system demonstrated that the CCI between NpVO2

+ and Li+ occurred. The CCI 
was found to be stronger for the solvent alkali and alkaline earth cations having larger polarizing 
power (Z/r2 where Z and r are valence and ionic radius, respectively). 
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Introduction 
 In our first study 1-5, we measured  self-diffusion coefficient D of the trivalent ions Am3+, Cf3+ and Es3+ at    
25 °C and at pH=2.5 in supporting electrolyte Nd(ClO4)3 with added HClO4, and 152Eu3+ and 153Gd3+ in 
supporting electrolyte Gd(NO3)3 with added HNO3. Our measurements allowed us to show that the size of 
trivalent actinides increases slowly from Am to Cf–Es. The   exclusive   first   measurements   of   the   self- 
diffusion coefficients D 1,5 of the ion Bk3+ in 25 °C and at   pH = 2.5, compared under the same conditions with 
those of the ions Am3+  and Eu3+  asserted the non-linear variation of D according to the square root of the 
Molar concentration D = f (√C). In these conditions we have compared self-diffusion measurements of trivalent 
ions 152Eu3+  (4f) and 241Am3+  (5f) at pH=2.5 in different concentrations, which showed that the ionic transport 
process for 152Eu3+ is similar to that for 241Am3+ as confirmed by solvent extraction technique6. Moreover, it may 
be argued that 152Eu3+  (4f) ion in solution has the same structure as tripositive 5f ion in the absence of 
hydrolysis, pairing or complexing. 

 
In this paper, we exploit our former data no published realized in neutral medium to study hydrolysis and 
association phenomena. We use Kh the thermodynamic hydrolysis constant to calculate D°h :                          
h ≡ M3+(H20)nOH- 
 
Results and Discussion 
 Using  calculated  radius  from  hydrolyzed and  free ions, the volumes of the two species is exactly the 
amount of OH-  (Δv = 102 Å3  ) R(OH-) hydrated = 2,9 Å  . We resume our results in following Table 1. The 
shape and type of ion pairs formed Ln-OH is a topic for discussion. Hydrolysis phenomena are studded for 
Gadolinium in recent  work 7.  We followed  the  same  approach to calculate the ionic radii. Deducted 
observations in Table 1 show that, the combination of ion berkelium with "OH" is followed by an output of a 
water molecule in the solvation shell surrounding the berkelium. Against hydrolysis by Thulium   is   
accompanied   by   an   increase   of   water molecules number in the solvation layer. 

Our results is in concordance with recent works 8-11. 
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Figure 1: Uranium
Superphthalocyanine
(UO2SPc)

Introduction
Hexavalent dioxouranium has a rather peculiar linear geometry

among other oxo-transition metal compound, under the effect of the par-
ticipation of f-orbital into the molecular orbital of [O=U=O]2+ 1. With such
axial molecular symmetry, dioxouranium has a variety of coordinating
systems on its equatorial plane. One of the most fundamental classes
of the dioxouranium complex is β -diketones, whose equatorial coordina-
tions are consisting of resonant 6-membered rings. The inertness of the
linear dioxo moiety as well as the toughness of this β -diketones resulted
in the reversibility of the redox reaction, which had been investigated in
terms of rechargeable battery for energy storage 2.

UraniumSuperphthalocyanine (UO2SPc) has a slightly-distorted res-
onant system in its equatorial plane (Fig. 1), whereas very few investiga-
tions has been done, even by including its variation of pentaazapentha-
phyrines 3. On the basis of the fact that the linear oxo-structure is char-
acteristic of light actinide elements, the UO2SPc may be a pioneer for its
possible variation with light actinide elements.

In this work, we focus on the synthesis, purification and electrochemistry of Uranium Super-
phthalocyanine.

Results and Discussion
As a starting material of the UO2SPc, we have prepared α-UO3 in contrast to the previous

literatures where UO2(CH3COO)2 was used 3. By the pyrochemical reaction with phthalonitrile
(C6H4(CN)2) with a slight amount of N,N-dimethylformamide (DMF), dark green solid was obtained
and washed with water and ethanol then dried under vacuum. The UV-Vis spectrum suggests that
this solid is a mixture of the desired compound and metal-free phthalocyanine (C32H18N8).

A typical route to purify the complex, i,e. the column chromatography, was not preferable for
the preparation for the uranium complex, because it produces a huge amount of radioactive liquid
waste 4. The sublimation process, which has not described in literatures previously, was tried in this
study. The crude product was processed in the quartz tube with vacuum at 10−3 Torr and heating
at 400◦C, and the pure products were obtained.

In the presentation, we will present the electrochemical investigation of the UO2SPc complex.
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Introduction 
 Recently, the oxidation reaction of uranium compounds has attracted attention in 

connection with dry long-term storage of spent nuclear fuel.  When UO2 is excessively oxidized, it 
changes to U3O8, so its volume expands and there is a risk of damaging the fuel cladding tube.  
From the viewpoint of safety, it is a very important task to investigate the structural change 
occurring in the oxidation reaction process.  On the other hand, it is also well known that uranium 
compounds are reduced by ultraviolet rays. 
  It was found that uranyl oxalate (VI) was used as a chemical photometer and isotope 
separation of 235U and 238U was possible using laser.  The photochemical reaction of uranium is 
getting more interest.  It is known that uranium in an aqueous solution is in a trivalent, tetravalent, 
pentavalent or hexavalent oxidation state.  The uranyl (VI) ion (UO2

2+) in the aqueous solution 
undergoes by photochemical reaction with alcohol and changes to tetravalent uranium.  Since 
this reaction and its reverse reaction are oxidation-reduction reactions accompanied by oxygen, 
the positive and negative reaction rates greatly differ.  Although the reaction rate is different, the 
presence of a reaction intermediate is suggested, but there are no examples of capturing the 
reaction intermediates or the reaction process.  Therefore, we tried to observe directly the 
interatomic distance of uranyl oxygen and interatomic distance of hydration water using Quick-
XAFS measurement method by synchrotron radiation.  In situ XAFS measurements were 
performed in time series using Quick-XAFS by high flux JAEA beamline “BL11XU” at SPring-8. 

Results and Discussion 
 It is expected that the intermediate structure of uranium oxide can be observed by 

optimizing the sample concentration and the ultraviolet intensity to be irradiated, by using 
synchrotron radiation Quick-XAFS measurement.  Photoreduction reaction was studied on a 
simple system in a mixed solvent of water and a small amount of ethanol, in this study.  The 
initial state and the final state of the photoreduction reaction were confirmed by VIS-UV spectrum 
measurement. 
  As a result, the interatomic distance between uranium and oxygen was observed at the 
first peak of the XAFS structure function at the beginning of the reduction reaction, during the 
reaction, and at the end of the reaction.  The interatomic distance between uranium and oxygen 
once became longer after the start of the reaction, and then the shortening behavior could be 
observed.  It can be presumed that the interatomic distance between uranium and oxygen 
spreads in the vertical direction while uranium is being reduced, causing a structural change to 
tetravalent via the intermediate.  We are continuing the detailed analysis even now.  In the poster 
presentation, we will discuss the reaction pathway of reduction and the structure of suggested 
intermediates. 
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Introduction 
 Each of Lanthanides and actinides has its own electronic configuration in the f orbitals with the 

same valence electron configurations, resulting in little difference in chemical reactivity.  Thus, the 
chemical separation of those elements are challenging topics.  Meanwhile, striking difference exist 
in optical absorption spectra of those elements, because of the inner-shell electronic transition, 
which is nearly isolated from solvent interaction or chemical reaction.  In spite of this clear 
difference in spectra, those difference can hardly be utilized to real separation due to no change 
in valence electron configuration.  To overcome this difficulty, multi photon excitation mediated by 
f-f transitions were proposed by Donohue et al. in 19801.  In their scheme, selectivity between 
elements is implemented by the first step of f-f transition and chemical reactivity by the second 
step of following multi-photon transition, maybe assigned to f-d transitions.   

 
   M  (hv) > M*(f f) -relaxation-> M  

(element-specific excitation, but no valency change followed due to insufficient energy) 
 
   M  (hv) > M*(f f)  (nhv) >  M+/-  

(element-specific excitation followed by valency change) 
 

However, the inevitable weakness of f-f transition and the fast relaxation from f-f excited state are 
possible obstacles against realisation of this scheme.  In 1999, Nakashima and his coworkers 
pointed out that the use of intense short laser pulse may help us raise the efficiency of the scheme2.  
To confirm this result and extend the possibility of this scheme, we are planning to revisit and 
improve this technique,  

Experiment 
 From a practical view point, multi photon excitation needs intense laser field.  Therefore, we 
have to focus laser beam tightly into solution, unless we use a large-scale high-power laser system.  
In such a focused system, there might exist a problem on the interaction volume.  Usually, such 
tightly focused beam can persist intense field only in an extremely small volume compared to the 
whole volume of sample.  This indicate that we require long irradiation time, long optical path length, 
and high concentration of sample solution to observe the response of this multi-photon excitation 
by some spectroscopic techniques.  When we apply this method to radioactive material, those 
requirements can become serious disadvantages.  To overcome this problem, we can use photonic 
crystal fibre or follow core fibre to confine the laser light into very small volume of sample solution 
yet lasting long distance.  Also, this technique makes a benefit for extremely high sensitivity for 
detection of low concentration sample.  Our targets are Am, Np, and Lantinides in various solvents. 
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Introduction 
 Density functional theory (DFT) calculations have been employed as a powerful tool to 
understand the coordination bonds of actinide complexes1. Our previous works have indicated that 
a valid choice of DFT method benchmarked with experimental spectroscopic parameters leads to 
an accurate prediction of the separation of minor-actinides from lanthanides2,3. The present study 
aims to improve DFT method for the bond estimation of actinide complexes and focuses on UV-
Vis-NIR absorption spectroscopic study for tetravalent halides, UX4 (X = F, Cl, Br and I) in 
tetrahydrofuran solution4. The spectral red shift for the absorption peaks appearing between 200 
and 600 nm implies to vary the anionic size from X = Br to X = I. We demonstrate time-dependent 
DFT (TD-DFT) calculation for UX4 systems to approach a dependency of the peak wavelength on 
the covalency in U-X bond. 

Results and Discussion 
 All DFT calculations considering scalar-relativistic zeroth-order regular approximation with 
segmented all-electron relativistically contracted (SARC) basis set were performed by ORCA ver. 
3.05. Tetravalent uranium complex, [UX4(thf)2] (X = F, Cl, Br and I; thf = tetrahydrofuran), were 
modeled by referring singel crystal X-ray diffraction data of [UI4(1,4-dioxane)2] and were optimized 
at DFT-BP86/SARC level. Figure shows the UV-Vis absorption spectra for [UX4(thf)2], described 
as Gaussian lines convoluted with a half-width of 
20 nm, by TD-DFT calculation based on single-
point calculation at DFT-B3LYP/SARC level. The 
corresponding peak maxima were given at 168, 
217, 249 and 305 nm for the complexes with X = 
F, Cl, Br and I, respectively. This tendency 
correlated to the experimental result for X = Br and 
I4. The transition energy analysis of the peak for X 
= I indicated the plausible assignment as a ligand-
to-metal charge transfer (LMCT) transition, 
because the major contribution of the MO 
component was AOs of iodine ion for the initial 
state and those of uranium ion for the final state. 
We will present the correlation between the peak 
shift and the bonding nature between uranium ion 
and halogen ions. 
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Figure  Calculated UV-Vis absorption 
spectra for [UX4(thf)2]. 
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Introduction 
 Selenium-79 (79Se) is a long-lived fission product with a half-life of 327,000 years1 and thus Se 
is an important element in the nuclear fuel cycle. Safety assessment of the geological disposal 
system for high-level radioactive waste showed that 79Se has the highest release rate up till about 
200,000 years after disposal2. The chemistry of Se is complicated since it can exist in various 
oxidation states, depending on redox conditions. Each oxidation state of Se has unique solubility, 
sorption and complexation chemistry, which dictate its migration behaviour in the environment. 
Therefore, redox potential (E) exhibits a major impact on the Se migration. Based on the previous 
solubility experiments of Se3, HSe- and/or Se4

2- become the major species in groundwater under 
reduced conditions such as those found in the anticipated repository environments. The Se4

2-/HSe- 
ratios, which is crucial for understanding the migration behaviour of Se, needs to be accurately 
predicted corresponding to each different condition of repositories. An electrochemical 
investigation of Se species has been carried out for the purpose of determining the standard redox 
potential (E○) of the (Se4

2-/HSe-) system, which gives the Se4
2-/HSe- ratios in thermodynamic 

calculations and the location of the Se4
2- - HSe- boundary in an E-pH diagram for Se. 

Results and Discussion 
Cyclic voltammogram shown in Figure 1 was obtained. 

The half-wave potential (E1/2) is independent of the scan 
rate, suggesting that E1/2 is the potential when the 
concentration of Se4

2- is equal to that of HSe-. The 
observed pH measured with a combination glass electrode 
might be different from the correct pH because of the 
difference between ionic strength of the calibration buffer 
and the solutions used in this study. Therefore, pH was 
correctly predicted with the titration data of sodium nitrate 
solutions of the same ionic strength as the solutions used 
in this study. The specific interaction theory was used to 
calculate the activity coefficient. The dependence of E1/2 
on mNa+ yields following E○ and ion interaction coefficients: 

Se4
2- + 4H+ + 6e- � 4HSe-, E○ = -144.4±1.4 mV vs. SHE, 

 ε(Se4
2-, Na+) - 4ε(HSe-, Na+) = 0.05±0.11 kg/mol. 

The above determined E○ value falls within the 
uncertainty limits of the E○ value calculated from the existing thermodynamic data4 and is much 
more precise with a smaller degree of uncertainty. The ion interaction coefficients determined in 
this study are in good agreement with those reported by Iida et al.3 
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Figure 1. Cyclic voltammogram of 
a solution containing HSe- 
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Introduction 
 Understanding the chemical behaviors of actinide and lanthanide ions in a molten salt is 
essential to develop a pyroprocessing technology that is considered a promising fuel cycle 
approach for spent nuclear fuel treatment. Although many studies have been focused on uranium 
and lanthanides, an understanding of the chemical behaviors of long half-life transuraniums 
(TRUs) in the molten salt is also important from the viewpoint of long-term radiotoxicity 
management of spent fuel waste. Here, we present the preparation and spectroscopic and 
electrochemical study of neptunium chloride complexes in the LiCl-KCl melt.1 

Results and Discussion 
 We prepared the neptunium complexes in the LiCl-KCl eutectic melt via a series of 
electrochemical reactions including electrochemical carbochlorination of neptunyl chloride, and 
deposition and dissolution of neptunium at 450 °C. Although the carbochlorination with the glassy 
carbon electrode at a potential of Cl- oxidation to Cl2 did not succeed to completely reduce NpO2

+ 
to Np4+, the subsequent electrochemical deposition and dissolution provided the Np4+ complex in 
the LiCl-KCl melt. The reactions were monitored by cyclic voltammetry (CV) and the formal 
potential (E°¢ ) of a Np3+/4+ redox couple was estimated to be ~ 0.42 V vs. Ag|Ag+ at 450 °C.  
 We performed spectroelectrochemical measurements of the neptunium complexes in the melt. 
The Np3+ complex shows a strong f-d transition at 383 nm (e~1000 M-1cm-1) and weak f-f transitions 
at 565, 620, 857 nm. Under the oxidation potential, the electronic transitions of Np3+ disappeared 
while typical Np4+ f-f transitions at 740, 838, and 936 nm showed up. In particular, the highly 
absorbing transition of Np3+ at 383 nm enabled the determination of valuable electrochemical 
information at very dilute concentrations (10-4 to 10-3 M), which might not be sufficient for 
unambiguous electrochemical measurements in the molten salt conditions. The absorption spectra 
of the Np complexes (~0.1 mM) were recorded as a function of the applied potential, which afforded 
the ratio [Np4+]/[Np3+] at each potential. The E°¢ of the Np3+/4+ redox couple was estimated to be 
0.45 V vs. Ag|Ag+, which agrees well with that determined by the CV measurement with the far 
more concentrated Np solution (>10 mM). This implies that the spectroelectrochemical method is 
very useful to obtain electrochemical information with a minimal amount of highly radiotoxic TRU 
elements in the LiCl-KCl eutectics.  
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Introduction 
U ion can take valence states from U(III) to U(VI) in an aqueous solution. In general, the 

formation of aggregates such as colloids and nanoparticles has been studied for each valence 
state. In the previous studies, we focused on deposition following valence changes and 
investigated the electrolytic reduction of U(VI) in weak acid solutions. The UO2 nanoparticles 
formed in the reduction process of U(V) were found to enhance the rates of disproportionation 
and electrolytic reduction of U(V)1. However, the behavior and scheme of deposition of U(IV) 
following reduction has not been understood. In this study, we investigated the electrolytic 
reduction of U(VI) to U(IV) and the deposition on the electrode surface by measuring 
electrochemical quartz crystal microbalance (EQCM) of U(IV) deposits in various solution 
conditions, and presumed the deposition scheme following the reduction.  

Results and Discussion 
When the EQCM 

measurements were performed 
by applying -0.35 V (vs. Ag/AgCl 
elecrode) at which the current for 
the reduction of U(VI) to U(V) was 
observed, we found that the 
deposition can be divided into the 
three phases according to 
reduction behavior and deposition 
rates (Figure a)2. First, the period 
up to starting deposition (1: 
Induction phase). Next, the 
current suddenly increased, and 
the deposition rate is temporarily 
high. This enhancement is 
considered to be caused by the reduction of U(V) to U(IV) catalyzed by U(IV) deposits. U(IV) 
deposits begin to grow (2: Growth phase). At >120 s, the reduction and deposition rates are 
almost constant and slower than that of the growth phase (3: Transformation phase). The ionic 
strength (I = 0.05~1.5) and pH (2~4) dependence of the deposition rate was investigated. When 
the I and pH were higher, the period of 1st phase was shorter, and deposition rates of the 2nd 
and 3rd phases were higher. We estimated species of deposits in the 2nd and 3rd phases from 
slopes between the quantity of electricity and deposition amount. In the case of the solution of pH 
3.98, the slopes indicate that the species of deposits in 2nd and 3rd phase are highly likely to be 
U(IV) hydroxide (U(OH)4) and U(IV) oxide (UO2), respectively. From these results, we propose 
the following deposition scheme. In the 1st phase, U(IV) formed by disproportionation of U(V), 
producing a hydroxide nucleus. In the 2nd phase, U(IV) hydroxide particles are growing. In the 
3rd phase, U(IV) hydroxide species transform into U(IV) oxide taking more stable state (Figure b).  

Acknowledgement: This work was supported by JSPS KAKENHI Grant Number 15H04247. 
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Figure (a) The time courses of the reduction current and the 
increase in deposits following reduction of U(VI). [U(VI)] = 1 
mM, [NaClO4] = 1 M, pH 3.42. (b) The proposed scheme of U 
deposition.  
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Introduction 
 Berkelium and Californium are the last elements in the periodic table where it is possible to 
measure the properties of a bulk sample.1 They are considered as late actinides according to the 
breaking of the periodicity in the actinide series between plutonium and americium. However, their 
chemistry is unique due to the electronic structure, which is modified by the large relativistic and 
correlation effects. In fact, recent studies suggest a second transition in the periodicity in the 
actinide series between berkelium and californium elements.1,2 Thus, diving deep into the 
electronic structure of their compounds it is mandatory to understand the effects that makes their 
chemistry unique. 

Results and Discussion 
Our work attempt to meticulously recover ligand, correlation and spin-orbit coupling effects 

through a two-step methodology applied to berkelium and californium hexa-halides. This two-step 
method considers in a first step correlation effects, i.e. static and dynamical effects, and then the 
spin-orbit coupling. Our results show an electronic structure characterized by an isolated ground 
state multiplet for all the hexa-halides similarly to most of the lanthanides. Nevertheless, the high 
correlation effects are evident in these systems, where in some cases the spin-orbit ground state 
is modified by dynamical correlations effects. Finally, robustness of the methodology was 
evidenced when f-d transitions where evaluated, reproducing the same order as those  reported 
experimentally.3  
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Introduction 
 Uranium is not only a strategic resource for the nuclear industry but also a global 

contaminant with high toxicity. Although several strategies have been established for detecting 
uranyl ions in water, searching for new uranium sensor material with great sensitivity, selectivity, 
and stability remains a challenge. We introduce here a hydrolytically stable mesoporous 
terbium(III)-based MOF material compound 1, whose channels are as large as 27 Å × 23 Å and 
are equipped with abundant exposed Lewis basic sites, the luminescence intensity of which can 
be efficiently and selectively quenched by uranyl ions. The detection limit in deionized water 
reaches 0.9 μg/L, far below the maximum contamination standard of 30 μg/L in drinking water 
defined by the United States Environmental Protection Agency (EPA), making compound 1 
currently the only MOF material that can achieve this goal. More importantly, this material 
exhibits great capability in detecting uranyl ions in natural water systems such as lake water and 
seawater with pH being adjusted to 4, where huge excesses of competing ions are present. 
Results and Discussion 

 The uranyl detection limits in Dushu Lake water and in seawater were calculated to be 
14.0 and 3.5 μg/L, respectively. This great detection capability originates from the selective 
binding of uranyl ions onto the Lewis basic sites of the MOF material, as demonstrated by 
synchrotron radiation extended X-ray adsorption fine structure (EXAFS), X-ray adsorption near 
edge structure (XANES), and first principle calculations, further leading to an effective energy 
transfer between the uranyl ions and the MOF skeleton. 
 

 
Figure1. Uranium detection in Dushu lake water and seawater 

 
References: Steinhauser, G.; Brandl, A.; Johnson, T. E. Comparison of the Chernobyl and Fukushima 
nuclear accidents: A review of the environmental impacts (vol 470, pg 800, 2014). Sci. Total. Environ. 

2014, 487, 575-575. 
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The first thorium framework compound with mixed-valent phosphorus based ligands 
phosphite and pyrophosphate, [BMMim]2[Th3(PO3)4(H2P2O7)3] (ThP-1), was synthesized from 
ionothermal reaction concurrent with the partial oxidation of phosphorus acid.1 The overall 
structural topology of ThP-1 highly resembles that of MOF-5, containing only one type of three-
dimensional channels with the window size of 11.32 × 11.32 Å2. The free void volume of ThP-1 is 
50.8%, making this compound one of the most porous purely inorganic actinide based framework 
materials.2 More importantly, ThP-1 is highly stable in aqueous solutions over an extremely wide 
pH range from 1 to 14, which may find potential applications in the selective ion-exchange and 
catalysis. Finally, the synthetic strategy of redox-active ionothermal�reactions is also expected to 
yield more functional materials with interesting structures and properties for their combined 
capabilities to generate new in situ ligands, direct the structure using uncoordinated cations or 
anions as templates, and effectively avoid hydrolysis/solvation of hard metal cations. 

 

Figure 1. The overall framework structure of ThP-1 and the decent hydrolytic stability over an extremely wide pH 
range, meanwhile ThP-1 is well suited as an ion exchange material. 

 

1.Gui, D.; Zheng, T.; Chen, L.; Wang, Y.; Li, Y.; Sheng, D.; Diwu, J.; Chai, Z.; Albrecht-Schmitt, T. 
E.; Wang, S. Inorg. Chem., 55, 3721-3723 (2016). 

2. Wang, S.; Alekseev, E. V.; Diwu, J.; Casey, W. H.; Phillips, B. L.; Depmeier, W.; Albrecht�
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Introduction 
 The permeable reactive barrier (PRB) technique has attracted increasing attention for the in 
situ remediation of contaminated groundwater. Herein, the macroscopic uptake behaviors and 
microscopic speciation of Eu(III) on hydroxyapatite (HAP) were studied by using theoretical 
modeling, batch experiments, powder X-ray diffraction (PXRD) fitting and X-ray absorption 
spectroscopy (XAS). 

Results and Discussion 
 For the batch experiments, nearly all dissolved Eu(III) in solution was removed within an 
extremely short reaction time of 5 min. In addition, the thermodynamic calculations, PXRD and 
XAS analysis confirmed the formation of EuPO4·H2O(s) phase via the dissolution-precipitation 
mechanism. The detailed comparison of the present experimental findings and related HAP-metal 
systems suggested that the relative contribution of precipitation to the total Eu(III) removal 
increased with decreasing P:Eu ratio. These findings demonstrated the feasibility of using HAP-
based PRBs for the in situ purification of groundwater containing trivalent lanthanide/actinides, e.g., 
Eu(III), 241Am(III) and 244Cm(III). 
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Introduction 
The aqueous chemistry of thorium is intriguing because hydrolysis and nucleation are 

prevalent in all but the most acidic solutions. Selenium in many cases is one of the fission 
products in a nuclear fuel. One of the oxo-anion forms of selenium, selenate, can exhibit different 
binding modes, monodentate or multidentate, in both solutions and solids, and the energetics of 
these modes can be very similar. As a result, selenate ions have a rich but unpredictable effect 
on the speciation and structure.1 Variables including temperatures, relative concentrations, and 
pH values can play a critical role in influencing the formation of thorium species in both solutions 
and solids,2 but the correlations between them require further investigation. 

Results and Discussion 
 Systematic control of the reactions between thorium hydroxide species and selenic acid 
results in obtaining four novel thorium-based selenate complexes, 
[Th8O4(OH)8(SeO4)6(H2O)16]∙(SeO4)2∙6H2O (Th-1), [Th8O4(OH)8(SeO4)8(H2O)13]∙7H2O (Th-2),  
Th(OH)2(SeO4)H2O (Th-3), and Th3(SeO4)6(H2O)6·2.5H2O (Th-4), as well as a thorium selenite 
selenate compound, Th(SeO3)(SeO4) (Th-5) (Figure 1). Th-1 and Th-2 consists of an 
octanuclear core, [Th8O4(OH)8]16+, which is 
built from eight ThIV cations bridged by four 
μ3-O and eight μ2-OH groups. Th-3 is 
consisted of zigzag chains of hydroxo-
bridged ThIV linked by SeO4

2− anions. Both 
Th-4 and Th-5 are composed of ThIV 
mononuclear cores, but Th-4 demonstrates 
a microporous structure with 11.3199(5) Å 
open channels while Th-5 exhibits a dense 
3D framework. The occurrence of these 
compounds depends on the Th/H2SeO4 
molar ratio and the reaction temperature. 
High Th/H2SeO4 molar ratio and low 
reaction temperature generate octanuclear 
clusters, Th-1 and Th-2; while low 
Th/H2SeO4 molar ratio and high temperature 
produce monomer-based species, Th-4 and 
Th-5. The intermediate conditions result in 
the formation of Th-3. One such trend 
suggests that increase the acidity and 
temperature limit hydrolysis and favor the 
predominance of monomeric thorium 
species. 
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Figure 1. Composition diagram of the 
ThIV−SeO4

2− system as functions of 
temperature and Th/H2SeO4 molar ratio.	
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Introduction 
Negative ion photoelectron spectroscopy has been widely used in the study of 

molecular and cluster structure. Electron spray ionization combined with ion trap is used 
as the ion source of negative ion photoelectron spectroscopy, and a bridge between the 
solution and the gas phase is built. In recent years, the development of velocity-map 
photoelectron imaging greatly improves the resolution of negative ion photoelectron 
spectroscopy (< 4 cm-1), especially combined with low temperature ion trap technique, 
obtaining the fine structure of the molecular vibration comes true. Since the reintroduction 
of the concept of thorium based molten salt reactor, there is growing demand and interest 
in enhancing the knowledge of thorium chemistry both experimentally and theoretically. 
We devoted to probe the electronic structures and chemical bondings of actinide 
complexes, and we have reported the investigation of the electronic structures and 
chemical bonding in gaseous thorium monoxide using anion photoelectron spectroscopy 
and quantum-chemical calculations. The electron affinity of ThO is firstly reported to be 
0.71 ± 0.03 eV. Meanwhile, spectroscopic evidence is obtained for two-electron transition 
in ThO–, indicating the strong electron correlation among the(7sσ)2(6dδ)1 electrons in ThO– 
and the (7sσ)2 electrons in ThO. Still, we carried out the experiments of thorium polyoxide 
and corresponding calculation is underway. 
Results and Discussion 
Figure 1. Photoelectron images and spectra of ThO– obtained at (a) 1064 nm, (b) 532 nm. 
The double arrow indicates the laser polarization. 

Figure 1 shows the photoelectron imaging results of ThO– taken at 1064 nm and 532 
nm, respectively. At 1064 nm, a well resolved band labeled as X corresponds to the 
detachment transition from the ground state of ThO– to that of neutral ThO. The EA of 
ThO or ADE of ThO–was measured with a value of 0.71 ± 0.03 eV. A weak vibrational 
progression was resolved with a frequency about 890 cm-1 for the 1Σ+ ground state of ThO. 
At 532 nm, two excited states were revealed for ThO. The first excited state of ThO is 3Δ. 
Due to SO splitting, 3Δ splits into band A (3Δ1) at 1.37 ± 0.03 eV, band B (3Δ2) at 1.47 ± 
0.03 eV and band C (3Δ3) at 1.57 ± 0.03 eV, respectively. Only band C displayed weak 
vibrational progression, probably because vibrational progression of band A and B 
overlapped with band C due to the limit of resolution. The peak labeled E at binding 
energy of 2.14 ± 0.03 eV is 1Δ2 state. The next excited state of ThO is 3Π, the band D and 
F at 2.04 ± 0.03 eV and 2.25 ± 0.03 eV are assigned to 3Π0 and 3Π2 state, respectively. 
The peak labeled hb is assigned to a hot band transition yielding a vibrational frequency 
as 810 cm-1 for the ground state of ThO–. 
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Introduction 
 The investigation of interactions between environmental contaminants and organic matrices is 
an important prerequisite for the development of new sorbents for environmental remediation and 
decontamination purposes. α-chitin, a glucose derivative, is industrially produced from the wastes 
of the seafood processing industry. It is, therefore, an inexpensive, readily available and 
ecologically beneficial sorbent material.1 

Previous studies have shown that chitin and its derivatives are suitable materials for the uptake of 
uranium ions from aqueous media.2 Other studies on the sorption of trivalent Eu, Am and Cm ions 
with chitin and other biopolymers support their suitability for remediation purposes, however, in 
these studies the speciation of the metal cations on the biopolymer surface has been focused on, 
rather than the sorbent material properties.3 In the present study, we have investigated both the 
organic α-chitin matrix, the trivalent f-element cations Eu3+ and Cm3+, as well as their mutual 
interactions by combining solid-state NMR investigations, time-resolved laser fluorescence 
spectroscopy (TRLFS) and theoretical calculations. 

Results and Discussion 
 Cm3+ and Eu3+ ions were allowed to sorb onto α-chitin in aqueous media. Parameters such as 
the pH value of the aqueous suspension and the initial concentration of metal cations were varied 
to examine their influence on the uptake process and to test the stability of the sorbent material 
and the formed complexes. Solid state NMR spectroscopy was used to examine the organic part 
of the formed complexes, namely the biopolymeric backbone. 1H, 13C and 15N NMR spectra were 
acquired from the samples. Complementary 1H-13C-HETCOR experiments were conducted with 
samples of different europium content in order to identify the functional groups involved in the 
sorption process. The sorption of paramagnetic Eu3+ ions was found to affect the longitudinal 
chemical shifts and relaxation times of the protons in the organic matrix. TRLFS was applied to 
study the speciation of the cations and their coordination spheres on the α-chitin surface. Emission 
spectra and luminescence lifetimes were collected both after indirect excitation with UV-radiation 
(λex = 394 nm and 396.6 nm for Eu and Cm, respectively) and after direct excitation to the emitting 
electronic level at temperatures below 10 K. Preliminary results suggest an influence of the initial 
metal ion concentration on the cation speciation in the α-chitin suspension. At lower metal ion 
concentrations, cation uptake seems to occur between the N-acetylglucosamine chains in the α-
chitin molecule, while higher concentrations lead to increased uptake on the surface functionalities. 
These results are supported by the theoretical calculations, showing possible binding of Cm3+ 
within the organic matrix as well as uptake on the polymer surface.  
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Introduction 
 Uranium ferromagnetic superconductors UGe2, URhGe and UCoGe have attracted much 
attention from both theoretical and experimental sides since the same 5f electrons underlie carry 
both the ferromagnetism and superconductivity1. Recently, we have analysed 69 uranium, 7 
neptunium, and 4 plutonium ferromagnets with spin fluctuation theory originally developed for 
researches on itinerant ferromagnets in the 3d transition metals and their intermetallics2. The 
applicability of the spin fluctuation theory to the actinide 5f system has been confirmed and the 
itinerant character of the 5f electrons is suggested in the actinide ferromagnets. In this conference, 
two results will be shown. One is the results of the analyses on 80 actinide ferromagnets and the 
other is the pressure dependence of the spin fluctuation parameters in UGe2.  

Results and Discussions 
  We analysed the magnetic data of the 80 actinide ferromagnets with the spin fluctuation theory 
by Takahashi3. Itinerant ferromagnets of the 3d transition metals and their intermetallics follow 
generalized Rhodes-Wohlfarth relation between peff/ps and TC/T0 viz., peff/ps �(TC/T0) 

-3/2. Here,  ps, 
peff, TC/T0 and T0 are the spontaneous and effective magnetic moments, the Curie temperature 
and the width of spin fluctuation spectrum in energy space, respectively. We confirm that the same 
relation is satisfied for TC/T0 < 1.0 in the actinide ferromagnets. This suggests similarities of 
ferromagnetic properties between the 3d and 5f electrons systems and the itinerant nature of the 
5f electrons in most of the actinide ferromagnets. We also study the pressure dependence of the 
spin fluctuation parameters in UGe2. The change of the parameter associated with pressure-
induced transition from FM 2 to FM 1 phases in UGe2 will be discussed.  
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Introduction 
 The interplay between electric and magnetic properties of electrons in matter has attracted 
much interest in recent condensed matter physics. In particular, the phenomena that magnetism 
couples with ferroelctricity, which is called the magnetoelectric (ME) effect, has been studied 
intensively since the discovery of multiferroic materials. The ME effect had been considered as a 
property that only insulating materials can exhibit, because metallic materials have no electric 
polarization. However, a recent theoretical study proposes that the ME effect can arise also in 
metals in which the magnetic moments order in vortex-like arrangements, referred to as toroidal 
order1. UNi4B is the first example of toroidal ordering metal that is confirmed experimentally to 
exhibit magnetization induced by electric current2. The experiment and theory are, however, not 
fully consistent with each other about the directions of applied electric current and induced 
magnetization. One of reasons that makes difficult the discussion to understand the ME effect 
observed in UNi4B is that there are two controversial reports of crystal structure of this compound: 
the hexagonal (P6/mmm)3 and orthorhombic (Cmcm)4 ones, both of which were investigated using 
laboratory X-ray sources. We performed crystal structure analysis using high-energy synchrotron 
X-ray at Photon Factory, in order to determine the crystal structure of UNi4B. 

Results and Discussion 
 A small piece (about 20 micron in diameter) of single crystalline UNi4B grown by Czochralski 
method was used as a specimen. The diffraction of synchrotron X-ray of energy 30 keV was 
measured by using diffractometer with an imaging-plate type detector. The obtained diffraction 
patterns strongly suggest the orthorhombic unit cell, whose lattice constants are: a = 6.922(4) Å, 
b = 14.773 (2) Å, c = 17.04 (1) Å, which is the same as the one of the previously reported structure. 
The direct method using SIR2011 gives a structure in which U atoms form distorted trianglar 
lattices, without local inversion symmetry at each U site. This is very important information because 
according to the above theory, realization of toroidal order requires that the sites of magnetic ions 
have no local inversion symmetry. In the presentation, we will discuss detailed local symmetry at 
magnetic U sites and the structure of the toroidal order realizing in UNi4B. 
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Introduction 
 Quantum criticality has attracted great interest since a novel phase such as unconventional 
superconductivity is often found around a quantum critical point (QCP). UCoAl is a candidate for 
a compound whose ferromagnetic QCP is reachable by applying pressure and magnetic field. 
UCoAl has a hexagonal ZrNiAl-type structure and exhibits itinerant-electron metamagnetism. The 
magnetic ground state is paramagnetic but the magnetisation increases abruptly at ~0.6 T. This 
first-order metamagnetic transition changes to a crossover at a critical point (CP). The critical 
temperature Tcr decreases with applying pressure and reaches 0 K at a QCP. Recently, we have 
determined the QCP of UCoAl by means of AC susceptibility1. Since the real part of the AC 
susceptibility F'1  peaks at the CP, as shown in Figure 1, we can follow the pressure dependence 
of the CP. However, the peak of F'1 is suppressed and the critical divergence becomes obscure 
approaching the QCP. To understand the nature of quantum criticality in UCoAl, other 
experimental probes which can clearly detect magnetic criticality is required. 
The third-order susceptibility F3 is defined as F3=1/3!(d3M/dH3). In ferromagnets, F3 is calculated 

to diverge towards the Curie temperature, namely the CP, more sharply than the linear 
susceptibility F1 

2. We expected a similar behavior in F3 at the metamagnetic CP and attempted to 
detect the critical behavior of itinerant-electron metamagnets.  

Results and Discussion 
 We measured F3 at ambient pressure by 
detecting third-harmonics of the AC susceptibility. 
F'3 is almost zero except the region near the CP 
(Figure 1). It showes a peak at a temperature 
below Tcr and seems to have a finite value in the 
hysteresis region. Consequently, F'3 is available 
as a new probe which can determine the 
metamagnetic CP more explicitly than F'1. 
However, divergent behavior in F3, which is 
expected in ferromagnets, was not observed. 
This result is consistent with the DC 
magnetisation. The criticality of itinerant-electron 
metamagnets might not be understood in the 
same manner as in ferromagnets. We also 
discuss the effect of demagnetisation field, which 
should be more dominant for higher-order 
susceptibility (F'n, n>1) than the linear 
susceptibility (F'1) measurements. 
              Figure 1:Color maps of F'1(left) and F'3(right) of UCoAl. 
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Introduction 
UCoAl is known as an itinerant-electron metamagnet with the transition field Hm = 0.6 T. The 

metamagnetic transition is a first order and the transition line in the magnetic field (H) – 
temperature (T) phase diagram terminates at the critical point (CP), (Hcr, Tcr) = (0.85 T, 11 K)1. 
The magnetoresistance (MR) changes steeply at Hm for T << Tcr. The step-like change in the MR 
becomes broad with increasing temperature. An additional resistivity is superimposed in the 
vicinity of the CP. The MR seemingly peaks not at the CP but at a higher temperature1. This 
result is inconsistent with the naive expectation that the physical quantities associated with 
magnetism diverging toward the CP. In this study, we report precise measurements of the MR of 
UCoAl and propose an interpretation for the resistivity in the vicinity of the CP. Our results can be 
understood in terms of the electric scattering due to unidentified magnetic fluctuations which 
brings a broad peak in the magnetic susceptibility. 

Results and Discussion 
 Initially we determined the CP by means of the magnetic ac susceptibility. The CP is located 
at (Hcr, Tcr) = (0.85 T, 10.5 K) in the present sample. Secondary, we measured the transverse 
MR at different temperatures from 4.2 K to 30 K. The results represent the previous results by 
other group2. When we define the MR Dr/r = {r(H) - r(0)} / r(0), Dr/r peaks at 13 K, which is 
higher than Tcr = 10.5 K. This result is also seen in the previous result of the longitudinal MR1, as 
mentioned above. We consider that this behavior is attributed to the definition of the MR. The 
definition, Dr/r = {r(H) - r(Hm)} / r(Hm), is more suitable to elminate the effect of the magnetic 
field and temperature to the electronic scattering.  

The results of Dr/r = {r(H) - r(Hcr)} / r(Hcr) reveal a suppression of the electric scattering 
approximately at 12 K under the magnetic fields below Hcr. This region well agrees with that at 
which dM/dT becomes the maximum. This suggests that the electric scattering is supressed as 
the magnetic fluctuation is supressed. The connection between the electrical resistivity and 
magnetic susceptibility may be caused by the Fermi liquid breakdown observed in the 
paramagneic state near the border of the polalized state of itinerant ferromagnets like MnSi and 
ZrZn2. 
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Introduction 
 The relativistic effect of Bi-6p electrons is important in solid state physics, together with 5f and 
6d electrons in actinide elements. To clarify the relativistic effect, we grew single crystals of 
ThSb2 and ThBi2 with the tetragonal structure (anti-Cu2Sb-type, #129, D7

4h, P4/nmm) and carried 
out the de Haas-van Alphen (dHvA) experiment and the full-pontential LAPW band calculations. 

Results and Discussion 
 We grew single crystals of ThSb2 and ThBi2 by the self-flux method, with a typical size of 1 x 2 
x 0.3 mm3. The residual resistivity r0 and residual resistivity ratio RRR (=rRT/r0, rRT: resistivity at 
room temperature) is r0=0.31 µW•cm and RRR=85 in ThSb2 and r0=0.72 µW•cm and RRR=38 in 
ThBi2, indicating high-quality samples. Figure 1 shows the typical dHvA oscillations and the 
corresponding fast Fourier spectrum (FFT) for ThBi2 in the field direction of H || [001]. The 
branches a and a’ correspond to an electron Fermi surface and branch b corresponds to a 
compensated hole Fermi surface, where the cyclotron effective masses are 1.64, 1.87, and 0.81 
m0 (m0: rest mass of an electron), respectively. The corresponding Fermi surfaces in ThSb2 are 
similar in topology, but the corresponding cyclotron masses are small, 0.78, 1.02, and 0.57 m0, 
respectively. This is most likely due to the relativistic effect of Bi-6p electrons. 
 

 
 
Figure 1 dHvA oscillations and the FFT spectrum in ThBi2. 
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Introduction 
 There are few reports about UNiX2 ternary compounds. Previously, we have grown single 
crystals of UNiSi2, which has a crystal structure of orthorhombic CeNiGe2 type [Cmcm, 63]1). We 
found that UNiSi2 is a ferromagnet of TC = 95 K and shows high magnetic anisotropy. Gerss et al. 
reported UNiC2 has a tetragonal UCoC2 type structure [P4/nmm, 129]2), but magnetic property of 
UNiC2 has not been reported yet. Moreover, there is no creation report on UNiGe2 and UNiSn2. In 
the present study, UNiX2(X=C,Ge,Sn) compounds were prepared and their structural properties 
were analyzed. 

Results and Discussion 
Polycrystalline samples of UNiC2, UNiGe2 and UNiSn2 were synthesized by arc melting in an 

Ar gas atmosphere. These arc-melted samples were sealed in evacuated quartz tubes for 
subsequent annealing. The samples of UNiC2 were annealed at 840°C for 7 days, then at  1100°C 
for 7 days. The annealing conditions of UNiGe2 were annealed at 840°C for 7 days. The annealing 
conditions of UNiSn2 were as follows: 840°C for 7 days then 860°C for 9 days. The samples were 
chacterized by X-ray powder diffraction (XRD) experiments. 

The XRD perttern was described by the UNiCo2 type tetragonal structure. The lattice constants 
were obtained to be a = 3.501 Å and c = 7.329 Å, which are close to those of previous report2). 
However, the Bragg peaks of graphite and U2NiC3

3) were also observed as the impurity phase. 
As for UNiGe2 and UNiSn2, almost all Bragg peaks were indexed as CeNiGe2 type orthorhombic 

structure. The lattice constants were obtained to be a = 3.97 Å, b = 16.48 Å and c = 4.08 Å for 
UNiGe2, and a = 4.53 Å, b = 16.00 Å and c = 3.90 Å for UNiSn2. It means that the crystal structures 
of UNiGe2 and UNiSn2 are same as that of UNiSi21). The unit cell volume of UNiX2 tends to increase 
as increasing the atomic nunber of X(C,Si,Ge,Sn). While no trace of any impurity phase was 
obtained in the XRD pattern of UNiGe2, the Bragg peaks of U3Ni3Sn4

4) were observed as the 
impurity phase. 
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Introduction 
 Since discovery1 of a phase in which ferromagnetism and superconductivity coexist, uranium 
digermanide UGe2 has been extensively investigated. The same f-electrons are considered to be 
responsible for the both properties. One of main issues in the researches is the mechanism how 
the superconductivity can survive under strong internal field caused by the ferromagnetic 
magnetization, and possibility of realization of spin-triplet nonunitary superconducting order 
parameter was proposed2-5.   In addition, with related to this issue, the influence of ferromagnetic 
domain walls has been also discussed in the articles2-5. Fomin mentioned in the article3, if the 
nonunitary superconducting state was realized, the domain walls should work as the weak links 
for the superconductivity. In order to clarify this, we constructed a new experimental set-up, where 
we can carry out simultaneous measurements on dc and ac magnetic properties in the 
ferromagnetic and superconducting phase. 

Results and Discussion 
 Since the ferromagnetic superconducting phase of UGe2 only appears in high pressure 
between ~1 and ~1.5 GPa, the set-up was constructed within a piston-cylinder-type pressure cell. 
Two magnetic sensors were employeed to detect the dc and ac magnetic response, respectively. 
A Hall-effect-sensor is assigned to measure the dc signal, while SQUID(Superconducting quantum 
intereference device) does the ac responce. The pressure cell was placed on a mixing chamber of 
a dilution refrigerator with a base temperature of 80 mK. The dc and ac magnetic fields were 
applied independently by two superconducing magnets. 
 It was confirmed that the Hall-effect-sensor is capable to measure a hysteresis loop due to the 
ferromagnetism in M vs Bdc measurement. The hysteresis loop is almost unchanged between the 
ferromagnetic and ferromagnetic-superconducting phases, that is consistent with the previous 
work6. The ac responce can be measured simultaneously by the SQUID. A clear drop due to the 
superconducting shilding current was observed in temperature depedence of the ac susceptibility.  
 The dependence of the ac responses on various states with differenet dc magnetization will be 
reported. We will discuss how the ferromagnetic domain walls affect the superconductivity. 
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Introduction 
 UBe13 (the cubic NaZn13 structure) is well known as the second heavy-electron superconductor 
discovered by Ott et al. in 1983 [1]. It becomes superconducting (SC) at Tc ~ 0.85 K, where C(T) 
shows a large jump (∆C/γTc ~ 2.6) followed by a non-exponential temperature dependence below 
Tc. Numerous experimental studies during the last three decades have revealed many anomalous 
SC properties which are incompatible with the BCS framework. Despite intensive efforts, however, 
the exact nature of the SC state, including the symmetry of order parameter, still remains 
unresolved. This puzzle may mainly stem from the difficulty in understanding the normal state of 
this system: Though many properties of UBe13 at high temperature resemble those of typical Kondo 
lattice, the low-temperature behaviour shows a significant deviation from Landau’s Fermi liquid 
theory. It is expected that the origin of this so-called “non-Fermi-liquid” (NFL) could be crucial to 
understand the unconventional SC of this system. Our previous studies on the diluted magnetic 
system Th1-xUxBe13 (x ≤ 0.11) revealed that the low-temperature properties in the dilute U limit is 
described as Fermi liquid (FL) [1], and imply that the NFL state in the pure UBe13 could be attributed 
to a quantum criticality due to the competition between the crystalline-electric-field (CEF) singlet 
state versus the Kondo-Yosida singlet and/or CEF triplet states [3]. 

Results and Discussion 
 In order to see how the low-temperature state changes from FL to NFL with x, we have 
performed magnetic susceptibility (χ), specific heat (C), and electric resistivity (ρ) measurements 
on the Th1-xUxBe13 single crystals in the entire range of U concentration: 0 ≤ x ≤ 1. The crystal 
growth for x > 0.11 and the follow up experiments were done in MGML (https://mgml.eu/). Weiss 
temperatures derived from fitting the high-temperature susceptibility data by Curie-Weiss law are 
all negative in the whole range of x, and its absolute value increases with increasing x. The 
electronic specific-heat coefficient at low temperature also increases monotonically with increasing 
x. Interestingly, the characteristic temperature of the Fermi-liquid state estimated from χ(T) and 
ρ(T) data decreases continuously and monotonically with increasing x, and shows a tendency to 
vanish above x* ~ 0.8, where the NFL behavior becomes significant in C/T(T) and ρ(T). These 
results strongly suggest that a crossover of the low-temperature states between FL and NFL 
occurs around x*. We will also show our ongoing high-pressure measurements of the electrical 
resistivity for some concentrations, and discuss the origin of the anomalous metallic state in UBe13 
from the aspect of the x variations of single U-site effects, U-U inter-site correlations, lattice 
parameters, and so on. 
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Introduction 
The orthorhombic heavy-fermion compound URhGe has attracted considerable interest because 

it shows re-entrant superconductivity in a magnetic field of P0HRSC ~ 12 T along the b axis1-3. This 
compound is known to be a ferromagnet in which the magnetic moment M (~ 0.4 P B/U) aligns 
along the c axis (the magnetic easy axis) below TCurie = 9.5 K1, 2. When a field is applied along the 
magnetic hard b axis (H//b), TCurie can be tuned down to zero by increasing H//b, analogous to Ising 
model in a transverse magnetic field. In this model, a quantum phase transition (QPT) into a state 
with M || H//b can be expected at a finite field. Previous studies suggest that a first-order 
metamagnetic spin-reorientation occurs at a critical magnetic field P 0HR ~ 12 T1-3 below a tri-critical 
temperature TTCP ~ 2-7 K4, 5 in URhGe. The NMR measurements4 have revealed that longitudinal 
magnetic fluctuations are significantly enhanced near the critical field HR along the b axis. The re-
entrant superconductivity has been thought to be caused by the quantum ferromagnetic 
fluctuations near the metamagnetic critical field HR 6. When a magnetic field is slightly tilted from 
the b axis towards c axis, a first-order plane ("wing structure") is expected in the three-dimensional 
H//b-H//c-T phase diagram6-8, where H//c denotes the c-axis component of the magnetic field. Up to 
present, however, no direct measurement of the magnetization has been performed on URhGe in 
the low-temperature QPT region. 

Results and Discussion 
In the present study, we have performed high-precision angle-resolved magnetization 

measurements on URhGe at low temperatures down to 0.25 K. For this measurement, we have 
developed a capacitively-detected Faraday magnetometer9 installed with a two-axis goniometers 
(one is piezo-stepper-driven, and the other is screw-driven), and have achieved an in-situ 
orientation of the sample within an accuracy of 0.1 deg. A first-order metamagnetic phase transition 
is observed at 0.25 K, when the critical magnetic field P 0HR ~ 12 T is applied along the b axis. We 
have measured the angular T dependence of the transition at several temperature on the FM wing 
planes, where T means the angle from the b axis towards the c axis. Detailed temperature variation 
of the FM wing planes in the H//b-H//c-T phase diagram has been directly determined by means of 
our thermodynamic measurements with high precision. 
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Introduction 
 Actinide intermetallic compounds are known to show peculiar physical behavior including 
magnetic or multipolar orderings, superconductivity and heavy fermion states in which 5f electrons 
play dominant roles.  The large spin and orbital angular momentum, their combination through 
spin-orbit interaction, and spatially extended 5f wave functions resulting in a significant 
hybridization with ligand electrons lead to peculiar behavior of these compounds and,  at the same 
time, unique crystal structures.  It was also demonstrated in actinide element metals that 
successive structural transitions occur as a function of temperature reflecting the possible change 
in temperature-dependent 5f electronic state.  In this context, it is interesting to attempt synthesis 
at unusual condition like low temperature to find new structural types.  

Results and Discussion 
 We used a self-flux method for synthesizing uranium compound which can be performed at low 
temperatures compared to arc-melting.  The samples were characterized by electron-probe 
microanalysis for chemical composition and homogeneity.  Crystal structures were determined by 
analyzing single crystal X-ray diffraction data. 
 We attempted a series of growth in U – T (transition metal) – Ga phases.  This system is well-
known for a series of the tetragonal UTGa5 compounds.  In addition to them, we found a compound 
U2Pt6Ga15 with the hexagonal structure (space group P63/mmc, lattice parameters a = 4.30 and c 
= 16.3 Å).  The structural analyses showed that average occupancy of the uranium site is only 
67 %, suggesting a partially disordered structure.  These features are similar to other uranium 
compounds in U-Fe-Si1, U-Pd-Al2 and U-Pt-Al3 phases.  Similar compounds are also reported in 
rare earth systems.4 
 It is remarkable that the present compound U2Pt6Ga15 show a well-defined antiferromagnetic 
phase transition despite the disordered structure, in contrast to non-magnetic U-Fe-Si or weak 
antiferromagnetic U-Pd-Al.  We discuss the result in connection with the crystal structure 
consideration. 
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Introduction 
� A first-principles band calculation based on density functional theory has been succeeded in 
understanding the 5f band dispersion of uranium compounds measured by soft x-ray angle-
resolved photoelectron spectroscopy (ARPES). Among them, the uranium mononitride (UN) is a 
key material as a standard reference in electronic structure research besides a fuel of advanced 
nuclear reactors. In paramagnetic phase of UN, the calculated band structure and Fermi surface 
topology are comparable to those of the ARPES spectra [1], forming itinerant U 5f bands. In a 
quantitative view, the calculated bandwidth of the valence bands within 6 eV below the Fermi 
energy (EF) is narrower by approximately 18% than that of the ARPES spectra. It leads the 
opposite result in heavy-fermion system, and therefore it seems that a long-range correlation works 
rather than a local on-site correlation like a dynamical mean-field theory. Here a quantum many-
body theory of an inhomogeneous electron-gas system, proposed by Singwi, Tosi, Land and 
Sjoelander (STLS) [2], is incorporated to a Dirac-type relativistic LAPW (DLAPW) band theory [3] 
in a local-density approximation (LDA), and a self-consistent band calculation with the so-called 
“LDA+STLS” theory is performed to obtain a long-range correlated band structure of UN. 

Results and Discussion 
� The DLAPW wave-functions are composed of atomic-like Dirac functions centered at muffin-tin 
spheres and relativistic plane waves in the remaining interstitial region [3]. Using the interstitial 
plane waves, the electron densities for solid are estimated as a function of q-wave vectors, and q-
dependent correlation functions including a local-field correction can be calculated self-consistently 
within a STLS approximation [2], thus producing screened Coulomb potentials in a first principles 
manner.  A generalized Coulomb-potential method used in full potental is applied for potentals in 
the muffin-tin spheres [4], while the exchange potentials are calculated within the LDA.  
� The obtained valence band structure of UN with the LDA+STLS theory has five bands within 6 
eV below EF, of which the dispersion as well as the bandwidth are in good agreements with those 
of the ARPES spectra along the X-W line of the Briilouin zone. The U 5f bands appear just near 
EF, while the N p and s dispersive bands are contributed mainly to the bandwidth of the valence 
states in UN. Since the bandwidth is independent of the fcc lattice constants, as seen in a test 
calculation, it can be indicated that the long-range correlation is of central importance in improving 
the band structure of UN and also for uranium pnictides. 
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Introduction 
 The toroidal moments in condensed-matter physics have attracted much attention since the 
ferroic order of the toroidal moments may offer a new-type magnetoelectric effect. Several 
compounds show the ferroic toroidal order, however, all of them are insulators so far. A 
triangular-lattice antiferromagnet UNi4B is a promising metallic candidate that has the ferroic 
order of the toroidal moments.  
 Neutron diffraction measurements showed that the magnetic structure of UNi4B  below 
TN=20K is a vortex-like arrangement of two-thirds uranium electronic spins and one-third of them 
remained paramagnetic1.  It is believed that the unusual magnetic structure is originated by the 
interplay of the Kondo effect and the frustration. Recently, it has been pointed out that the vortex-
like arrangement of spins is possibly regarded as the ferroic order of the toroidal moments. The 
magnetoelectric effects have been proposed as unconventional anomalus Hall effect, 
magnetization induced electric current2,3. Furthermore they proposed that the toroidal order 
induce the Hall voltage without magnetic field.  In this report, we demonstrate the anomalous Hall 
effect without magnetic field. 
 

Results and Discussion 
 The Hall voltage (VH) as a function of the 
electric current (I) was measured using a 
single crystal of UNi4B.  The current I was 
applied in the triangular plane and VH was 
measured perpendicular to the plane.  VH has 
a large I-linear contribution and a rather small 
I2 contribution. We fit the data with V=a + bI + 
cI2. The temperature dependence of the I 
linear coefficient b is consistent with the 
temperature dependence of the resistivity in 
the plane.  The temperature dependence of 
the I2 coefficient c is shown in Fig.1.  There is 
a significant increase of the coefficient below 
TN just like an order parameter suggesting 
that the increase of c is associated with the ferroic toroidal order.   It also suggests the existence 
of the Hall effect driven by the magnetoelectric effect of the toroidal moments.  
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Introduction 
 The heavy uranium dipnictide compound USb2 crystallizes in a structure composed of two 

Sb planes encapsulating two offset, corrugated layers of U and Sb. The U ions reside within a low-
symmetry, 9-fold cage of Sb atoms. The structure yields widely separated U atoms with a nearest 
U-U distance of about 4.3 Å, well above the Hill limit and suggesting that USb2 should exhibit 
magnetic behavior. Indeed, USb2 undergoes an antiferromagnetic transition at a relatively high 
temperatures TN=200 K. Theoretical band structure calculations indicate a 2D Fermi surface with 
a large 5f contribution to the density of states at the Fermi level [1], which is corroborated by 
experiment [2,3]. 

Results and Discussion 
 High pressure provides an opportunity to tune the structural, electronic, and magnetic 

degrees of freedom of this system. To that end, we have performed a magnetotransport 
experiment as a function of pressure up to 38 GPa. We find that the ambient-pressure AFM phase 
is moved to higher temperatures with pressure, but, near 10 GPa, the AFM state is destroyed in 
favor of another ordered state, which we identify as ferromagnetic (FM) based on our 
magnetotransport analysis. 

 
Figure	1:	The	T-P	phase	diagram	of	USb2	revealing	the	crossover	from	AFM	to	FM	at	high	pressure. 

This work performed under the auspices of the U.S. Department of Energy by Lawrence Livermore 
National Laboratory under Contract DE-AC52-07NA27344. 
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Introduction 
PuCoGa5 is a superconductor with the highest Tc=18.5 K among other superconducting actinide 

compounds. The nature of superconductivity of PuCoGa5 and of its anomalous physical properties 
remains the subject of debate. One of the main questions, which should be answered, is whether 
there are valence fluctuations and what could be their possible impact on the properties of 
PuCoGa5. To answer this question, it is necessary to evaluate phonon and non-phonon 
contributions to the properties such as coefficient of thermal expansion and bulk modulus, 
experimental data on which revealed appreciable anomalies1,2. 

Results and Discussion 
In this study we present the results of calculations of thermal and elastic properties of PuCoGa5 

based on the static energy versus volume dependence obtained from the first principles 
calculations. The vibrational part of Helmholtz free energy was calculated using a combination of 
extended Debye and Einstein models. The first principles calculations have been done using full-
potential linearized augmented-planewave (FP-LAPW) code Elk and the LDA+U method have 
been employed in order to account for the correlations effect. From the figure one can see that at 
T<40 K there is large difference between the calculated (lattice) and experimental curves, which is 
associated with non-trivial contribution of the electronic subsystem, while at higher temperatures 
this contribution is almost zero. On the other hand, our calculations demonstrate that in order to 
describe the experimental temperature dependence of the bulk modulus even at high temperatures 
one have to supplement the static and vibrational terms of the free energy with some additional 
terms, which could be associated with e.g. localization/delocalization effects in the electronic 
subsystem of PuCoGa5. In addition, we have calculated molar volume and phonon heat capacity 
of PuCoGa5. The latter enabled to obtain the electronic heat capacity, which exhibits an unusual 
temperature dependence with two maxima.   
 

 
Results of calculations of the temperature dependence of volumetric coefficient of thermal 

expansion of PuCoGa5 
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 The data on UO2 stability, stoichiometric and ionic composition are important for uranium ore 
extraction, spent fuel storage and disposal, as well as for remediation of uranium contaminated 
environments. Uranium oxide solubility depends strongly on uranium oxidation state. U6+ 
compounds are much more soluble than U4+ ones. Therefore, oxidation state of uranium ions in 
spent nuclear fuel correlates with solubility and corrosion rate, which determines the release rate 
of the majority of radionuclides.  
 The structure of the XPS spectra of the valent and inner electrons on the surface close to 
‘perfect’ UO2 (CaF2 lattice) was studied in this work. For this purpose a thin (150 nm) UO2 film on 
the YSZ (yttria-stabilized zirconia) substrate was prepared and the XPS study of the (111) 
surface of the film, as well as the influence of Ar+ etching and annealing was carried out. The film 
was studied before and after the Ar+ etching and annealing (in situ) at various times of etching 
and annealing. 
 A (111) surface of UO2 thin film (150 nm) on (111) YSZ (yttria-stabilized zirconia) before and 
after the Ar+ etching and subsequent in situ annealing in the spectrometer analytic chamber was 
studied by XPS technique. The U 5f, U 4f and O 1s electron peak intensities were employed for 
determining the oxygen coefficient kO=2 + х and ionic composition of UO2+х oxide on the surface.  
It was found that initial surface (several nm) has kO  = 2.20 and ionic composition 18% U4+, 61% 
U5+ and 21% U6+. A 20 second Ar+ etching leads to formation of oxide UO2.12, whose composition 
does not depend significantly on the etching time (up to 180 s). Ar+ etching was established to 
result in formation of stable well-organized structure UO2.12 reflected in the U 4f XPS spectra as 
high intensity (~28% of the basic peak) shake-up satellites 6.9 eV away from the basic peaks. 
Sputtering with Ar+ ions and subsequent annealing at temperatures 100–380 °C in vacuum 
results in the growth of oxygen contents on the surface and virtually does not change the oxygen 
coefficient and ionic composition of the sample surface. This agrees with the suggestion that a 
stable (self-assembling) phase with the oxygen coefficient kO  ≈ 2.12 forms on the UO2 surface. 
 The work was supported by the RFBR grant 17-03-00277a. A.J.P. acknowledges funding 
from the UK EPSRC (grants EP/I036400/1 and EP/L018616/1) and Radioactive Waste 
Management Ltd (formerly the Radioactive Waste Management Directorate of the UK Nuclear 
Decommissioning Authority, contract NPO004411A-EPS02). 
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Introduction 
 In Fukushima Daiichi Nuclear Power Station (1F), a loss-of-coolant accident occurred by 
Great East Japan Earthquake on March 11, 2011, that resulted in severe damage to reactor 
cores of Unit 1-3. After 1F accident, Japanese Government drew up the mid- and long-term 
roadmap for decommissioning of 1F site1 in corporation with the related organization such as 
Tokyo Electric Power Company, Inc. at that time. 
 According to the roadmap, fuel debris retrieval will start from 2021, after a decade from fuel 
debris generation. Fuel debris will stay in the reactors until the end of defueling. In addition, it is 
not hard to anticipate that storage is necessary for fuel debris removed from reactors. In order to 
consider such a post-accident operation for fuel debris, it is indispensable to discuss the states 
and characteristics of fuel debris during several decades. Therefore, JAEA directed R&D strategy 
on mid- and long-term behavior of fuel debris tentatively and is making a start of fundamental 
studies on this issue in cooperation with the domestic universities and other research institutes. 
 

Results and Discussion 
 At first, regarding mid- and long-term behavior of fuel debris, the important mechanisms were 
found out, e.g. leaching, oxidation and mechanical fracture. Effective factors for each mechanism 
were discussed on the basis of past R&D results on fuel debris characterization2. Also, material 
characters and experimental conditions of fuel debris are necessary to be discussed in order to 
decide starting materials and experimental conditions. 
 As a R&D scope, implementing items are categorized into four contents as bellow; 
  (1) distinct characters of fuel debris 
  (2) environmental conditions 
  (3) aging mechanisms (leaching, oxidation, mechanical fracture, microorganism, etc...)  
  (4) methodology of future state estimation 
Targets of this R&D scope are suggestion of a fundamental policy towards aged fuel debris for 
several decades after fuel debris retrieval and prediction about any possible problems caused by 
fuel debris aging.  
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Introduction 
 Following the accident at the Fukushima Daiichi nuclear power plant (NPP) in March 2011, 
various types of post-accident radioactive waste have been generated from the cleanup and 
decommissioning activities. These radioactive wastes have different properties compared with 
the waste generated by decommissioning of NPPs under normal conditions1. For the disposal of 
these wastes from the Fukushima NPPs, perturbation effects resulting from co-existing 
substances (e.g., organic substances, boron, and salts) need to be considered. Such co-existing 
substances may influence radionuclide (RN) transport parameters for the safety assessment of 
the disposal systems. The retardation of RN by sorption is a central safety feature of all types of 
disposal systems. The present study focuses on developing a methodology to quantify sorption 
parameters by considering such perturbation effects and on illustrating example calculations 
regarding sorption reduction factors (SRFs) due to the presence of organic ligands 
(Isosaccharinic acid: ISA) for cement systems. It is well known that ISA may have a significant 
effect on RN aqueous speciation, especially for actinides2. The complexation of RN by ISA will 
stabilize the aqueous forms and therefore lead to a decrease of sorption3, 4. 

Results and Discussion 
 Considering the perturbations by various co-existing substances, the handling of perturbation 
for RN sorption can be divided into the following two approaches: When the perturbations are 
only relevant with respect to the RN behaviour, the sorption under perturbed conditions can be 
well handled by SRFs. On the other hand, if the perturbations affect the underlying geochemical 
conditions of the system, the sorption reduction effect needs to be determined not only as a 
function of an additional ligand, but also as a function of geochemical parameters. SRFs are a 
pragmatic way to quantify the influence of various complexing ligands on RN sorption. The first 
explicit use of SRFs was made for ISA, based on experimental actinide solubility data obtained 
as a function of ISA concentration3. The SRFs were derived based on analogy between solubility 
enhancement factors (SEF) and SRF (neglecting e.g. sorption of ISA, formation of ternary 
surface species) [method 1]. When RN speciation calculations are available using the 
thermodynamic data2, SRF can be evaluated by considering the formation of RN-ISA complexes 
as competitive with regard to sorption4 [method 
2]. Experimental sorption data in ternary 
systems (cement-RN-ISA) have been reported, 
and allowed to determine more realistic SRFs5 
[method 3]. These derivations of SRFs for the 
cement-Am-ISA case were compared in Fig. 1, 
indicating methods 2 and 3 are reasonably 
consistent. These approaches to treat SRFs 
should be applied in a stepwise manner 
according to the data availability for the 
perturbation effects.  
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Introduction 
After the station blackout of the Tokyo Electric Power Company (TEPCO) Fukushima Daiichi 

Nuclear Power Station (NPS), thousands of tons of seawater were injected to cool the high-
temperature reactor cores. It is noted that the cooling water injected into the reactor cores in 
Fukushima NPS is still highly contaminated by the radioactive materials. At the facilities of 
Fukushima Daiichi NPS, trace amounts of actinides have been detected in the stagnant 
contaminated water samples collected from PCV1. Thus, the secondary wastes, which contained 
fission products (Cs, Sr etc) and actinides, would be discharged to the temporary storing facility at 
the NPS. Prior to predisposal treatment, detailed information about the waste (the composition of 
nuclides, their chemical conditions, their quantity, etc.) is needed.  

Validation method 
A given radionuclide M is dissolved from the debris (db) in the stagnant water (aq). The P shown 

in Fig. 1, which denotes the parent nuclide of M, decays in the db 
and/or the aq systems. Thus, the total radioactivity Af,M (Bq) of Maq 
can be defined as 

 	 , → → … (1) 

where k is a reaction rate constant and D is a correction factor of 
the decay half-life of Paq. When the time dependence is negligible, 
this equation can be simplified as, 
 	 , , ∗ , ∗ → , ∗ → …         (2) 
where R* represents a distribution ratio of radionuclide between 
debris and aqueous phases, and Ai (Bq) is the initial radioactivity inventory of the debris calculated 
by ORIGEN code2. The experimental R values of U(IV), U(VI), Pu(IV), and Np(IV) were reported 
to be 10-3, 10-1, 10-4, and 10-4, respectively3, while those of Am/Cm(III) have not been obtained. 
Then, the ratio of reported radioactivity of MX and MY [Bq/cm3] in the stagnant water should be 
equal to that of Af,M in eq.(2) with a consistency of R values from the viewpoint of oxidation state 
of actinides at the surface of debris. 

      ,
,

      (3) 

Results and Discussion 
The [240Pu]tot (as MX), estimated from the reported [239+240Pu], Af,Pu239 and Af,Pu240, was 0.15 Bq/cm3, 

while the analysis data of [238U]tot, [244Cm]tot, and [241Am]tot (as MY) were reported1. For the equality 
of eq.(3) to be true, the R values as a fitting parameter were determined with Af,U238, Af,Cm244, and 
Af,Am241 in eq.(2). The fitting results of R*Pu/R*U, R*Cm/R*U, R*Am/R*U were 1/1.4, 1.3/1.4, and 0.5/1.4, 
respectively. It suggests that the dissolution behaviour of Pu(IV) in the debris at Unit 3 could be 
explained by the congruent dissolution with U, and Cm and Am were also dissolved congruently. 
Based on these ratios, the reported data of [238Pu]tot could be well reproduced by Af,Pu238. 
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1. Analysis data of actinides in the stagnant water of Units 2 and 3 PCV, reported by JAEA (2017); 
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Introduction 
  Due to the accident of Fukushima Daiichi Nuclear Power Plant (NPP), a large amount of 
contaminated water has been generated in such as the reactor building. Concrete materials of 
building have been in contact with contaminated water for a long time. Thus the radionuclides in 
contaminated water might have be penetrating into concrete materials. For developing the 
strategic plans of decommissioning of NPP and waste management including decontamination 
and disposal, it is important to estimate radionuclides inventory and concentration distribution in 
the concrete materials. In this study, sorption distribution coefficients (Kd) and effective diffusion 
coefficients (De) of key radionuclides, HTO, Cs, I and U, in OPC (ordinary portland cement) 
mortar were measured by the through-diffusion and batch sorption experiments. HTO was used 
for understanding of fundamental diffusion characteristic. Cs and I were used as typical cation 
and anion, respectively. U(VI) was used as a representative of actinides. Sorption and diffusion 
behaviours and related mechanisms in OPC mortar were evaluated to predict the penetration 
behaviour of these radionuclides. 

Results and Discussion  
  The through-diffusion and batch sorption experiments were performed for OPC mortar 
sample made by OPC and limestone, saturated by mortar equilibrated water (pH~12.5) under the 
aerobic condition. The De and Kd values were derived basically by fitting for the break-through 
curves for HTO, Cs, I, measured by the through-diffusion tests. However, in the U(VI) case, the 
break-through curves could not be obtained, then depth profile curves were analyzed. Depth 
profiles of U obtained by abrasing samples after a diffusion period showed typical dual profiles as 
shown in Fig.1, which are similar with existing observations for Cs diffusion in mortar1 and 
granitic rock2. The modelling results by separating near and far profiles indicated that near 
surface profiles could be reasonably well interpreted with higher Kd due to disturbed surface, and 
far profiles could provide De and Kd values 
for undisturbed matrix of mortar. The De 
values of tracers derived were in the 
sequence of HTO ≈ I > Cs > U, implying 
that cation exclusion effects may be are 
important mechanisms in OPC mortar. The 
Kd values derived were in the sequence of 
U > Cs > I. However, Kd values derived 
batch tests were higher by more than one 
order of magnitude than the diffusion-
derived Kd values, indicating that crushing 
of samples had a strong influence on 
sorption. The diffusion and sorption 
mechanisms should be discussed based of 
the dataset for these tracers having 
different charge, pore structure, surface 
property and near-surface disturbance of 
OPC mortar. 

References 
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2. Y. Tachi et al., Journal of Contaminant Hydrology, 179, 10-24 (2015). 

Fig. 1 Depth profiles of U in OPC mortar
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Abstract 
 In March 2017, the accident at the Fukushima Daiichi Nuclear Power Plant (FDNPP) will have 
reached its sixth anniversary. During this time, a considerable amount of both time and money has 
been directed into (i) the analysis of the nature of the contamination and (ii) its remediation from 
the environment that surrounds the plant. Despite this lengthy period of time since the INES Level 
7 rated incident, limited attention has focused on the more longer-lived and chemically toxic 
species such as the actinides of U and Pu – focusing more on the isotopes of the highly-volatile 
fission product of cesium (and also iodine). This work seeks to provide valuable information on 
these frequently-forgotten radionuclides, their dispersion within the environment as well as their 
behaviour through high-resolution imaging methods.  
 
By analysing a large number of above-ground samples obtained from a range of sites in the region 
to the west of the Fukushima nuclear plant (using high-resolution scanning electron microscopy) a 
trend in the size of the observed material was witnessed. With increasing distance from the plant, 
the average particle size (including uranium-material) is seen to decline considerably, suggesting 
strongly that particle fragments encountered in the affected region orginiate in response to the 
Fukushima incident, and not other potential emission sources.  
 

 
Figure 1: Size dependency of material with distance radially outwards from the FDNPP.  

 
Through the application of high-resolution transmission electron microsopy (HR-TEM) and 
synchrotron radiation micro x-ray absorption spectroscopy (SR-μXAS), the structure and 
compositon of a number of these fragments composed of a high proportion of uranium have been 
studied. These particles, each micron / sub-micron in maximum dimension were individually 
extracted from their supporting groundmass of organic leaf-litter and moss using a micro-
manipulator setup installed within a variable-pressure scanning electron microscope1. The use of 
these two contrasting techniques both support the sourcing of this material from the FDNPP, with 
synchrotron radiation spectroscopy confirming the uranium to exist with a composition / oxidation 
state akin to spent nuclear fuel. 
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Introduction 
 The reference Purex process flowsheet implemented at RT-1 Plant (FSUE Mayak PA) 
provides extraction of U and Pu at the first cycle. Along with these elements Np and Tc are 
almost completely extracted as well. At reductive stripping operation, when exposed to U(IV) and 
N2H5NO3 with a complexing agent, Pu, Np and Tc are removed into a separate aqueous flow and 
transferred to a special plutonium purification unit, while U is directed to a dedicated refining 
cycle. At plutonium purification unit Np was converted to Np(IV) with a strong reducing agent, 
transferred to the solvent phase, subjected to washing and, finally, the Np stripping operation. 
The resulting neptunium solution, purified from Pu and fission products, was transferred for 
storage. Pu in a trivalent state was directed to the aqueous phase to be treated at a separate 
refining cycle. The purified Pu then was subjected to oxalate precipitation and calcination to 
generate the final product of PuO2.  
 In order to simplify the extraction process, reduce duration of operations and to cut down the 
volume of generated liquid waste, the new design of extraction process flowsheet, omitting the 
specialized Np cycle, was developed. This paper describes the method of Np behaviour control 
applied in this flowsheet. 

Results and Discussion 
The Np behavior control in the new desighn flowsheet is achieved by means of stabilization of 

Pu-Np valence pair in the required state. In case of Pu(IV)-Np(IV), when the initial solution is 
prepared, oxidizing reactant (HNO3 solution containing hydrogen peroxide) and reducing agent 
(N2H5NO3) are introduced consequently. The process requires catalyst and a hold up time. The 
extraction is carried out at [HNO3] = 4.5 mol/l1. N2H5NO3 is additionally fed into the extractors. As 
a result of these operations, the purified Pu and Np are transferred to the aqueous phase and 
directed for mixed oxalate precipitation.  

In order to stabilize the pair of Pu(IV)-Np(V), H2O2 is directly fed into the head extractor 
simultaneously with the initial solution. The process is run at [HNO3] values that vary from 2.0 to 
2.5 mol/l1. Up to 93.7% of Np entering the cycle is removed to the raffinate2.  

Тс is removed to the raffinate in both variants of the new flowsheet.  
With the view of further improvement of parameters of the “Np to raffinate” flowsheet variant, 

H2O2 was also added to the strong acid washing solution in the head end high-activity cycle, 
which made it possible to remove up to 50% of Np into high-level raffinate. Moreover, 
suppression of Zr extraction also allowed to remove considerable part of technetium co-extracted 
with Zr into raffinate, which significantly reduced the effect of unwanted Tc-catalyzed oxidation 
processes both at the operation of Pu reductive stripping and at the Pu purification unit.  
 The new flowsheet in both variants was industrially tested in 2014-2015. The process with Np 
removal into raffinates is currently implemented at RT-1 plant2. 
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Introduction 
 International practice of spent nuclear fuel (SNF) reprocessing does not include extraction of 

americium and curium. These radioactive elements remain in radioactive waste and then, being 

a radioactive waste component, they are transferred for vitrification and finally for long-term 

storage. Their final disposal is planned for the future. In view of high radiotoxicity of americium 

and curium, such a practice contributes greatly to ecological hazard posed by vitrified waste. 

Moreover, due to long half-lives of americium radionuclides, the waste will remain radioactive 

during several thousand years. Extraction of americium and curium from waste resulting from 

SNF reprocessing will significantly reduce hazard posed by the remaining waste, while 

separation of americium and curium and production of pure americium fraction will make possible 

to involve the latter into the fuel cycle by means of its incorporation into recyclable fuel and after-

burning in fast breeder reactors. The extracted curium, in its turn, transforms after hold-up into 

plutonium as a result of decay and it can be returned into the fuel cycle as well.  

 Therefore the experimental testing of americium and curium separation process with the use 

of a solid extracting agent (TVEKS) based on the N,N,N’,N’-tetraoctyl-3-oxapentane-1.5-diamide 

of diglycolic acid (TODGA) was performed at the RT-1 plant. These laboratory-scale studies 

used actual products with substantial amount of americium and curium. Possibility of americium 

and curium separation was tested in frontal chromatography and elution modes. The results of 

the previous research on Am partitioning were also taken into account
1
. 

Results and Discussion 
The revealed changes in properties of the solid extracting agent (TVEKS) at different loads 

allowed determining a series of sorbent selectivity to the studied components: Cm > Am > Eu. As 

holding capacity of the sorbent becomes lower, displacement of the components that are less 

retained by TVEKS is started. At the stage of sorption, Am/Cm separation factor is not high and 

varies from 1.05 to 1.07, which testifies to enrichment of the filtrate with americium. 

The most efficient separation of the components takes place at elution stages. For example, 

the eluent containing NH4NO3, diethylenetriaminepentaacetic acid (DTPA) and aminoacetic acid 

makes it possible to enhance the elution of transplutonium elements from the sorbent phase. In 

this case separation factors for Am/Cm, Am/Eu and Cm/Eu were equal to 0.793; 1.70 and 2.15, 

respectively. 

As a result of the column elution with the eluent that contains DTPA and (NH4)2CO3, the 

eluate enriched in terms of rare-earth elements is generated. In this case separation factors for 

Am/Cm, Am/Eu and Cm/Eu made 1.37; 0.37 and 0.27, respectively. 

Therefore, this process is most optimal to produce enriched (purified) curium fraction, as 

enrichment factors in favor of curium are observed both at sorption and elution stages. 
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Introduction 
 Tri-n-butyl phosphate (TBP) is an important extractant for separating hexavalent uranium, 
U(VI), and tetravalent plutonium, Pu(IV), from used nuclear fuel by solvent extraction. In such 
solvent extractions, the organic phase occasionally separates into two organic phases, namely, 
light and heavy organic phases. The heavy organic phase in particular is called the third phase, 
which contains high concentrations of U(VI), Pu(IV), and TBP. In essence, the third phase is 
induced by a growth of the aggregation due to a lot of extracted coordination species, where the 
third phase formation in the extraction process could lead to a criticality accident and hinder the 
safe and stable operation of used fuel reprocessing facilities. Accordingly, understanding the 
mechanism of third phase formation, in conjunction with the microscopic structure of aggregation, 
is important. Through X-ray and neutron scattering observations of the organic phase before and 
after extraction of the zirconium ions (Zr4+), this work contributes to contemporary knowledge of 
third phase formation mechanisms as well as to clarifying the microscopic structure of the 
aggregation in organic phases. 

Results and Discussion 
 To investigate the microscopic structure of the organic phase before and after extraction of 
Zr4+ by TBP, we prepared two series of sample solutions; (i) TBP/octane mixture with the various 
volume ratio of them as an initial state of the organic phase before extraction of Zr4+; and (ii) the 
Zr(NO3)4(TBP)2 complex, formed after extraction of Zr4+ by TBP, in octane as a function of the 
concentration of Zr4+ in organic phase. These solutions were sealed in the glass capillary cells for 
X-ray scattering and in the quartz cell for neutron scattering, respectively. All scattering data 
were acquired at 25°C. We found that TBP self-associates in octane before extraction of Zr4+ by 
X-ray scattering technique. X-rays and neutrons enable us to focus on the inner core of the TBP 
assembly and the overall structure of the TBP assembly, respectively. It revealed the following: 
(i) TBP molecules associate with each other in octane, where the distance between two TBP 
molecules is evaluated as 0.9−1.0 nm; and (ii) the neutron scattering profiles obtained for 
TBP/octane-d18 mixtures in the low-q region can be reproduced by a theoretical scattering model 
that incorporates the form factor of the rotational ellipsoid model and the structure factor of the 
hard sphere model. This result indicates that the shape of the TBP assembly in octane should be 
ellipsoid and that there is no attractive interaction between TBP assemblies in octane.[1,2] 
Moreover, the theoretical analyses of the neutron scattering profiles obtained for Zr(NO3)4(TBP)2 
in organic phase revealed that the hierarchical aggregation structure of at most 20 nm in size is 
induced by two kinds of interactions, that is, hydrogen bonding and van der walls van der Waals 
one.[3] In this paper, we would like to discuss the relationship between the growth of the 
hierarchical aggregation structure and third phase formation in detail. 
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Introduction 
 The sorbents based on N,N,Nꞌ,Nꞌ-tetra-n-octyldiglycolamide (TODGA) extractant are widely 
used to date for the separation of lanthanide and actinide ions from nitrate solutions. Notably it is 
the DGA Resin sorbent manufactured by Triskem International Company, France, obtained by 
means of impregnating a porous polymer carrier with TODGA.. 

Results and Discuion 
 The sorbents based on N,N,Nꞌ,Nꞌ-tetra-n-octyldiglycolamide (TODGA) extractant are widely 
used to date for the separation of lanthanide and actinide ions from nitrate solutions. Notably it is 
the DGA Resin sorbent manufactured by Triskem International Company, France, obtained by 
means of impregnating a porous polymer carrier with TODGA.  

The Russian Axion-RDM Company developed and put into operation a process for 
synthesizing the TODGA-containing sorbent of the AXIONIT MND trade name by co-
polymerizing styrene, divinylbenzene, and TODGA, the TODGA content being up to 40% by 
mass. In the experiments the AXIONIT MND sorbent was shown to possess the high sorption 
capacity of 0.3-0.4 mmole/g by Eu3+, Th4+, and UO2

2+ ions from solutions with the nitric acid 
concentration within the range of 1-6 mole/dm3; as the nitric acid concentration in the solution 
was rising the sorbent capacity increased. The different behavior of lanthanide and actinide ions 
in nitric acid solutions allows for the efficient separation of Ln3+/UO2

2+ and Th4+/UO2
2+ ion pairs. 

Desorption of the adsorbed ions could be performed by 0.01 mole/L HNO3 solution. Results of 
the flow runs showed the AXIONIT MND sorbent to have the steady sorption characteristics in 
the course of the multi-cycle sorption-desorption mode. As compared to the sorbents obtained by 
impregnating the prefabricated polymer matrix, namely, DGA Resin, the AXIONIT MND sorbent 
possessed better sorption and kinetic characteristics.  

The chemical and radiation stability of the AXIONIT MND sorbent was also investigated. It 
was shown that the degree of the extractant washout in HNO3 solutions of 1-6 mole/dm3 
concentration is low and amounted 2-3% of the TODGA content in the feed sorbent. The 
radiation stability study revealed 2-fold decrease in the sorption capacity after the irradiation of 
the AXIONIT MND sorbent by the dose of 2.5 MGy. Experiments with simulated and actual 
solutions illustrated the possibility of the AXIONIT MND sorbent application in the multi-cycle 
sorption-desorption mode for the recovery of 241Am from nitrate solutions of the complex salt 
composition. 
 
 
  

WePS-4 215



 

Actinyl Elements Separation by branched N,N-dialkylmonoamide  

S. Suzuki1*, M. Simonnet1, T. Kobayashi1, H. Shiwaku1, T. Yaita1 
1	Actinide	Chemistry,		Japan	Atomic	Energy	Agency	

*e-mail: suzuki.shinichi@spring8.or.jp 

Introduction 
For the transmutation of americium; Am at Accelerator-driven System; ADS in Japan, 

developments of separation of Am from Cm and fission products like lanthanides; Ln is an urgent 
task. In previous studies, ligands which contents soft donor atoms like a nitrogen and/or sulfur 
elements used for trivalent actinide separation from trivalent lanthanides. However in the trivalent 
Am, Cm and Ln have closely comparable chemical properties, due to proximity of their ionic radii. 
Therefore An (III)-Ln (III) separation and mutual separation of Am (III)-Cm (III) have always 
considered a challenge to researcher, mainly above reason. 

The study of Am oxidation stated 1950`s1). In this study, oxidation of Am(III) by ammonium 
persulfate in the presence of Ag+ ion are investigated by studying the effects of additions of small 
amounts of reagents and temperature. 
Branched N,N-dialkyl monoamide (BAMA) ligands were selected as a extractant because they 
are easy synthesis and that their affinity for hexavalent ion is extremely high. The uranyl isolation 
mechanism was due to steric hindrance on BAMA coordination to metal cation. BAMA ligands 
were candidate solvent for uranium isolation from spent nuclear fuel. Introducing BAMA into 
reprocessing promises to improve economic efficiency, reduce environmental impact, and 
improve nuclear nonproliferation2). In this presentation kinetics of Am(III) oxidation in the 
presence of Ag+ and in the absence on Ag+ will be discussed and distribution ratio will be 
compared with other major actinide like U(VI), Np(VI) and 
Pu(VI). 

Results and Discussion 
 Figure1 shows structure of typical BAMA ligand, N,N-
(2-ethyl)hexyl 2,2,2-trimethyl propanamide (D2EHDMPA). 
This BAMA has branched alkyl chain substituents which 
introduced both nitrogen atom and carbonyl carbon atom. 

    The extraction profiles of U(VI), Np(IV), Np(VI), 
Pu(IV), and Pu(VI) by D2EHDMPA from nitric acid  
solution are shown in Figure 2. The extraction curve 
decreases in the order of UO2

2+, MpO2
2+, and PuO2

2+. 
The extraction behavior obtained here has the same 
tendency as the result obtained by TBP3). The decrease 
of this extraction behavior depends on the magnitude of 
the ion radius, and the distribution ratio becomes smaller 
as the ion radius becomes smaller. 
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Figure	1	Structure	of	D2EHDMPA	

	

Figure 2 Extraction profiles of  
major actinide from nitric acid 
solution by D2EHDMPA 
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Introduction 
 To continue the utilization of the nuclear fission energy, the management of the high-level 
radioactive waste is one of the most important issues to be solved. Partitioning and Transmutation 
technology of HLW is expected to be effective to mitigate the burden of the HLW disposal by 
reducing the radiological toxicity and heat generation. The Japan Atomic Energy Agency (JAEA) 
has been conducting the research and development on the Minor Actinides (MA) separation 
process to remove of MA from HLW and supply the recovered MA to the transmutation system 
such as accelerator-driven subcritical system (ADS).  This paper overviews the recent progress of 
the study on the MA separation process technology in JAEA.   

Results and Discussion 
 To minimize the radioactive waste from nuclear fuel 
cycle, we have conducted research and development of 
the MA separation processes using innovative 
extractants. The schematic block flow of the separation 
processes are shown in Figure 1. For An(III)+RE recovery 
process, we developed N,N,N',N'-tetradodecyldiglycol- 
amide (TDdDGA) which has very high performance to 
recover of MA from high level waste. N,N,N’,N’,N’’,N’’-
hexaoctylnitrilotriacetamide (HONTA)1 and alkyldiamide- 
amines (ADAAM) were developed for An(III)/RE 
separation process and Am/Cm separation process 
respectively. All of the extractants consist of C, H, O, and 
N elements, and they can be decomposed to gases by 
incineration. All reagents in the separation process as 
additives for preparing of extraction conditions satisfy 
CHON principle to minimization of the secondary waste from the process. 
 The separation performances of the flowsheets were evaluated by continuous extraction tests 
using simulated and genuine high level liquid waste (HLW). The hot test using genuine HLW of the 
An(III)+RE recovery process and An(III)/RE separation process have been conducted. The Am/Cm 
separation process were evaluated the continuous separation tests using Am and Cm tracers by 
mixer-settler extractors. The all flow sheets were worked effectively. Am was not detected in the 
raffinate from the An+RE recovery process and the process condition of An(III)/RE separation 
process for 90% of RE separation from An(III) were verified. Over 90% of Cm was removed from 
the Am product solution from Am/Cm separation process. 
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Introduction 
The Korea Atomic Energy Research Institute (KAERI) decommissioned a uranium conversion 

plant. The sludge waste, which was generated during the operation of a uranium conversion plant 
and stored in the lagoon, was treated using the thermal denitration process. The treatment 
technology for heat-treated waste of uranium sludge generated from KAERI was developed. The 
physicochemical characteristics of the uranium waste were evaluated, and a series of unit 
technologies required for its treatment were then designed and tested. Based on numerous 
experimental results, processes with excellent environmental-friendliness for the treatment of 
uranium mixture materials could be suggested. 

Results and Discussion 
The dissolution efficiencies of heat-treated uranium waste were evaluated using an acid 

solution. For efficient separation of uranium from dissolved solution, a sequential application of 
alkalization by using sodium carbonate with hydrogen and acidification by sodium nitrate was 
performed. It was dissolved more than 99% in a nitric acid solution and then more than 99% of 
dissolved uranium could be recovered as UO4 precipitate by adding excessive hydrogen peroxide 
in the nitric acid solution1. A combination method of dissolution in a low concentration of acid - 
precipitation of UO4 by adding a hydrogen peroxide - precipitation of residual uranium using an 
organic precipitator for heat-treated uranium sludge was tested. In this study, an optimal process 
for treating thermally decomposed uranium sludge was suggested. 

 

   

Fig.1 XRD data of heat-treated uranium waste.   Fig.2 The treatment process of uranium waste 
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Introduction  
 The separation of platinum group metals (PGMs) such as ruthenium (Ru), rhodium (Rh), and 
palladium (Pd) from high-level liquid waste (HLLW) is critically essential, because these metals 
cause problems for vitrification processes, e.g., instability of the glass melter and defects of the 
vitrified waste. Recently, an environment-friendly and riskless separation technique of metal ions 
using thermoresponsive polymer has been proposed as an alternative to a conventional solvent 
extraction which consumes a large amount of toxic and inflammable organic solvent1. Poly(N-
isopropylacrylamide) (PNIPAAm) is a typical thermoresponsive polymer which can change the 
hydrophilicity and hydrophobicity across the lower critical solution temperature (LCST) at around 
32 °C in water. When PNIPAAm and a hydrophobic ligand in an aqueous solution containing a 
target metal ion are mixed below LCST, the metal–ligand complex can be formed in the water-
soluble PNIPAAm. By increasing temperature above LCST, PNIPAAm undergoes gelification 
and the metal–ligand complex is simultaneously adsorbed onto the PNIPAAm gel by hydrophobic 
interaction. As a result, the target metal can be directly extracted in the PNIPAAm aggregates 
from the aqueous solution. In the present study, we applied this technique to extract PGMs from 
nitric acid solutions like HLLW. 

Experimental 
 The extraction experiments of Ru3+, Rh3+ and Pd2+ were carried out in nitric acid solutions 
([HNO3] = 0.0–2.0 M). The solution of target metal ion(s) containing PNIPAAm and ligand, 1,3-
dibutylthiourea (DBU), was vigorously stirred at the temperature below LCST for 1 hour. 
Subsequently, gelification of PNIPAAm was performed by vigorous stirring above LCST for 1 
hour. After the gel adhered onto a stir bar and the wall of beaker, the remaining aqueous solution 
was recovered and diluted. The concentrations of 101Ru, 103Rh and 106Pd in the diluted solutions 
were measured by inductively coupled plasma-mass spectrometry. 

Results and Discussion 
  The effects of DBU concentration on extraction percentages (E%s) of Ru3+, Rh3+, and Pd2+ 
were examined in 0.0–2.0 M HNO3 solutions. We found that the extractability increased with 
increasing [DBU], and reached each maximum value by adding more than 5–10 folds of DBU 
relative to the amount of each metal ion. The extractability of Pd2+ was attained to 100% by the 
addition of DBU regardless of [HNO3]. The E%s were reached to 40% and 56% at [HNO3] = 0.1 
M and [HNO3] = 0.0 M for Ru3+ and Rh3+, respectively, and then decreased with increasing 
[HNO3]. In addition, we determined the extraction stoichiometries with slope analysis method. 
The extracted species of Ru3+ and Pd2+ were found to be 1 : 1 (metal : DBU), and 1 : 1 or 1 : 3 
complex depending on the DBU concentrations, respectively. On the other hand, the slope of 0.3 
was obtained for Rh3+. This fact might suggest that not only Rh3+–DBU complex but also other 
species such as Rh3+–aquo complex are co-extracted, because Rh3+ has fairly high hydration 
energy. Moreover, the concentration dependence of NaNO3 against E%s of Ru3+ and Rh3+ was 
examined in the HNO3 solution at constant [H+] = 0.1 M. The results showed that the E% of each 
ion increased with increasing [NO3

-]. Such tendencies indicate that H+ and NO3
- of HNO3 yield 

opposite effects on the E%s, i.e., H+ reduces the adsorption capacity of PNIPAAm, but NO3- 
facilitates the formation of metal–DBU complex due to the hydration breaking.  
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Introduction 
 Trivalent lanthanides and actinides possess similar chemical properties with the fact that 
4f/5f orbital barely bonding which results their separation is a challenge of fundamental chemistry. 
In last several years, the difference between trivalent lanthanides and actinides have been 
observed based on the borates polymerization chemistry1. The use of molten boric acid to 
amplified the subtle bonding differences between trivalent lanthanides and actinides during the 
crystallization, which provide opportunity for chemical recognition of specific lanthanides and 
actinides. In this report, six distinctive phases were obtained under molten boric acid conditions 
and each structure have different space group, Ln3+ coordination geometry and borate 
polymerization network. Based on the discover of the significantly amplified effect by the boric 
acid motel method, we conducted several experiments in binary lanthanides crystalline systems 
to further explore the application of our method for binary separation. 

Results and Discussion 
 Nd/Sm and Nd/Dy are used as binary models to demonstrate solid/aqueous and 

solid/solid separation processes. Controlling the reaction kinetics gives rise to enhanced 
separation efficiency of Nd/Sm system and a one-step quantitative separation of Nd/Dy with the 
aid of selective density-based flotation2. 

 
 

Figure 1. Binary lanthanide separation models and results 
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Introduction 
The nuclide partitioning of high-level liquid waste (HLLW) generated from the spent nuclear 

fuel reprocessing is thought to be a favorable method from the viewpoints of minimizing the long-
term radiological risk and the radioactive waste accumulation. In our previous research, Sr(II) 
which is one of the heat-generating elements in HLLW could be separated from simulated HLLW 
using distilled water as eluent by extraction chromatography1,2. For the utilization of large 
amounts of separated 90Sr from HLLW, 90Y, a daughter nuclide of 90Sr, is expected to be isolated 
from 90Sr-90Y group and is identified as a useful radioisotope in nuclear medicine. For the 
purpose, a silica-based (HDEHP+dodec)/SiO2-P adsorbent was prepared by impregnating bis(2-
ethylhexyl)phosphate (HDEHP) extractant and a molecule modifier (dodecanal) into the 
macroporous silica/polymer composite support (SiO2-P). Adsorption and separation behavior of 
Y(III) and Sr(II) in HNO3, HCl solutions onto adsorbent was investigated by batch and column 
methods. Studies relating to acid, contact time, isotherms and thermodynamics on Y(III) 
adsorption was carried out to determine the (HDEHP+dodec)/SiO2-P adsorbent in HNO3, HCl 
solutions. 

Results and Discussion 
The adsorption properties of (HDEHP+dodec)/SiO2-P adsorbent was characterized by 

measuring Y(III) and Sr(II) uptake as a function of HNO3, HCl solutions, kinetics and adsorption 
isotherms. The results for the equilibrium experiments are illustrated in Fig.1. It was found that 
the adsorbent showed strong adsorption affinity to Y(III) and weak adsorption ability to Sr(II) 
under the experimental conditions. The uptake of Y(III) in adsorbent decreased with the increase 
of the acidity in HNO3 and HCl solution. The 
experimental data were described using the 
pseudo-first order, pseudo second-order kinetic 
models and Elovich model. The equilibrium data 
were analysed through Langmuir, Freundlich and 
Dubinin-Radushkevich isotherm models. The 
results have shown that the pseudo second-order 
kinetic model described the adsorption process with 
high correlation coefficient, better than the other 
kinetic models. The Langmuir model provides the 
best correlation for the adsorption of Y(III) by both 
HNO3 and HCl. In extraction chromatography 
experiments, breakthrough curve of Y(III) had S-
shaped profile and more than 99 % Y(III) could be 
separated from Sr(II)-Y(III) mixture using acid as 
elution solution. Successful separation of Y(III) from 
Sr(II)-Y(III) mixture was achieved.  
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Introduction 
     In order to improve the high level liquid waste (HLLW) vitrification process, platinum group 
metals (PGMs) must be removed from HLLW to some extent. In addition, the removed PGMs could 
be potentially used in an industrial field after a long-term storage. Although trivalent PGM ions in 
nitric acid are usually unextractable, we found that the use of mixed solvents of thiodiglycolamide 
(TDGA) and tertiary amine compounds is effective for Rh(III) and Ru(III)1. In this study, therefore, 
we investigated extraction properties of Pd(II), Rh(III) and Ru(III) from highly concentrated HNO3 
solutions with N,N’-dimethyl-N,N’-ditolyl-thiodiglycolamide (MTTDGA) and/or tris(N,N-di-2-
ethylhexyl-ethylamide)amine (EHTAA). Based on the experimental results, a mutual separation 
scheme for PGM was proposed.	

Results and Discussion 
  MTTDGA extracted about 100% of Pd(II) in a wide range of nitric acid concentrations (0.5 – 8 
M). At higher HNO3 concentration, (~ 8 M HNO3), Ru(III) extraction rose up to ~80% with MTTDGA. 
Regarding the synergistic effect, using MTTDGA and EHTAA, the extraction percentage of Rh(III) 
reached >95% after the 240-min contact time ; on the other hand, >90% of Ru(III) was extracted 
within 20 min. Taking into consideration the differences in extractabilities among Pd(II), Rh(III) and 
Ru(III) with MTTDGA 
and MTTDGA‒EHTAA, 
we proposed a mutual 
separation scheme that 
extracts PGM in the 
following order : Pd à 
Ru à Rh (Figure 1). 
Thanks to good 
extractability of Pd(II) 
and low extractability of 
Rh(III) and Ru(III) in 
lower HNO3 
concentrations (~2 M), 
Pd can be selectively 
extracted by use of 
MTTDGA. After 
increasing the 
concentration of nitric 
acid to ~8 M, 
extractability of both Rh(III) and Ru(III) significantly increases, making it possible to separate Ru(III) 
from Rh(III) by MTTDGA and extract remaining Rh(III) in the next step by use of synergistic effect 
(MTTDGA + EHTAA). In addition, the different extraction kinetics of Rh(III) and Ru(III) with a 
mixture of MTTDGA‒EHTAA also enables their mutual separation in one step.    
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Figure	1.	A	proposed	mutual	separation	scheme	
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Introduction 
 One of the experimental methods that can be used to characterize open volume defects is 
positron annihilation spectroscopy (PAS). This non-destructive technique consists in measuring 
the radiation emitted at the beginning and the end of life of positrons in a material and deducing 
the properties of the positrons and the electrons with which they have annihilated. Vacancies can 
trap positrons and can therefore be detected by e.g. changes in the lifetime of positrons in the 
material. To identify the types of defects present in the materials examined, however, 
comparison with calculated positron lifetimes or with results of other characterization techniques 
is required. 

Results and Discussion 
 Positron lifetimes can be calculated using two-component density functional theory [1], which 
is a modification of the density functional theory that we have implemented in the Abinit code [2] 
and applied recently to UO2 [3,4]. We performed self-consistent calculations of positron lifetimes 
of fully relaxed monovacancies and vacancy clusters in various actinide mixed oxides: (U,Ce)O2, 
(U,La)O2, (U,Pu)O2 and (U,Am)O2. These results will be compared to experimental 
measurements available in order to help in the identification of the defects present in the samples 
analysed. 
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Introduction 
 Non-stoichiometry in the mixed oxide (MOX) fuel is primarily due to the presence of anion point 
defects and/or the association of such point defects into more extended structural units as defect 
complexes or clusters. Quantitative understanding of the defect structure in MOX is necessary to 
develop a mechanistic model for physical properties. Raman spectroscopy has been used to detect 
the oxygen vacancies and proven to be a very powerful characterization technique. Recently, 
Raman spectra were measured for UO2+x

1, but the Raman spectral data of hypo-stoichiometric 
actinide oxides are very limited. The purpose of this work was to measure the Raman spectra of a 
non-stoichiometric (U1-yCey)O2 solid solution. 

Results and Discussion 
  The Raman spectra of 
stoichiometric and non-
stoichiometric (U1-yCey)O2 are 
successfully measured. The T2g, 
1LO and 2LO peaks, which are the 
characteristic feature of the Raman 
spectrum for a fluorite-like structure, 
were observed in UO2, (U0.9Ce0.1)O2-

x and (U0.8Ce0.2)O2-x. The T2g peak 
positions of stoichiometric 
composition vary linearly with Ce 
content (Fig. 1). It corresponds to the 
vibration of the M-O bond with the 
cation M surrounded by eight oxygen 
anions2. Thus, The shift of T2g peak 
position is associated directly with 
the lattice parameter change in the 
solid solution. T2g peaks of non-
stoichiometric (U,Ce)O2 were 
shifted compared with stoichiometric 
composition. This behavior has also 
been observed in experimental and 
ab-initio results of CeO2-x

3. 
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Fig. 1. The Ce content dependent Raman shift of the 
various peaks. Open symbol; stoichiometric composition, 
solid symbol; non-stoichiometric composition (O/M ratio = 
1.978-1.983). 

WePS-13 224



Temperature dependence on Inter-diffusion coefficient of Actinide 
Elements in MOX Fuel 

T. Matsumoto1*, Kyoichi Morimoto1, M. Kato1, H. Uno2 and T. Tamura2 
1	Japan Atomic Energy Agency	

2	Inspection Development Company	

*e-mail: matsumoto.taku@jaea.go.jp 

Introduction 
 In understanding the sintering behaviour of MOX fuel and irradiation behaviour, diffusion 
behaviour of uranium and plutonium in MOX fuel is especially important phenomenon. Therefore, 
in particular, self-diffusion behaviour has been studied by both experimental and computational 
approach. On the other hand, inter-diffusion behaviour has not been extensively evaluated. 
Several measurements have been reported for dependence of inter-diffusion coefficient on O/M 
ratio. However, little research has been done on temperature dependence for estimation of the 
activation energy which is necessary to evaluate the diffusion mechanism. In this study, in order 
to evaluate the activation energy, some isothermal diffusion tests were carried out using the 
diffusion couple consisting of UO2 and (U0.51Pu0.46Am0.03)2 disks. 

Experimental 
 UO2 and (U0.51Pu0.46Am0.03)2 disks were fabricated by a powder metallurgical process. The 
isothermal tests were performed for 5 or 10 hours in the temperature range from 1673K to 1873K 
under the controlled atmosphere in which O/M ratio of UO2 and MOX disks were retained to 
2.000 and 1.992, respectively. After the isothermal diffusion tests, the diffusion couples were 
sliced perpendicular to the bonded surface. The quantitative mapping analysis around the 
interface was obtained with EPMA. The averaged concentration profile for evaluation of inter-
diffusion coefficients was estimated from the quantitative mapping analysis results. 

 Results and Discussion 
 The EPMA mapping analysis results of uranium 
and plutonium at 1773K are shown in Fig.1. It was 
clearly observed that uranium atom moved in to 
MOX side, plutonium atom moved into UO2 side. In 
addition, the both of the lattice and grain boundary 
diffusion was observed. It seemed that lattice 
diffusion was dominant near interface. Conversly, the 
grain boundary diffusion was dominat in bulk region. 
The inter-diffusion coefficient can be caluculated 
using the simple solution of Fick’s second low. The 
obtained diffusion coefficients are shown in Fig.2 as 
a function of the inverse of temperature. It was 
shown that both of diffusion coefficient of uranium 
and plutonium had almost similar value. Moreover, in 
order to evaluate the lattice and grain boundary 
diffusion coefficients, the mehod given by Oishi[1] 
was applied to the obtained data. The grain 
boundary diffusion coefficient was 4 orders 
magnitude greater than lattice diffusion coefficient. 
The activation energy of lattice and grain boundary 
diffusion were obtained from the temperature 
dependence of each diffusion coefficients. 
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Fig.1 EPMA Mapping results (1773K) 

 
Fig.2 Diffusion coefficient of U and Pu 
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1. Introduction 
 The thermal conductivity of oxide fuel is one of the most important properties, since it affects 
temperature distribution in fuel during irradiation. It is well known that thermal conductivity 
strongly depends on the oxide-metal ratio (O/M) and burnup of the oxide fuel, and there have 
been many studies of UO2 fuel. On the other hand, the thermal conductivity of uranium-and-
plutonium-mixed oxide (MOX) fuel is more complex than UO2 fuel because it is influenced by 
plutonium content and alpha damage in addition to the aforementioned factors.  
We have measured the thermal conductivity of various MOX fuels, such as stored samples, 

irradiated samples, and, several different plutonium content samples. In this work, plutonium 
content, alpha damage, and burnup effects on MOX fuel thermal conductivity were investigated 
from the result of these measurements. 

2. Evaluation and formulation of various influence factors on phonon transport model 
Figure 1 shows the measurement results of thermal conductivity using a laser flash method1,2). 

This figure indicates that plutonium, burnup, and storage affect the MOX fuel thermal conductivity 
below 1400K. The thermal conductivity “k” in the temperature range, which is affected by 
plutonium content, burnup, and alpha damage, can be expressed by the following classical 
phonon transport model. 

 

k=
1

A+BT 

A, B: Coefficient, T: Temperature 
In addition, it is assumed that plutonium content, burnup, and alpha damage affect the coefficient 
A.This coefficient can be expressed as follows. 
 

A=APu+ABu+Aa 
APu: Term of influence of Pu content, ABu: Term of influence of Burnup, 

 Aa: Term of influence of alpha damage 
 
In this study, we evaluated the influences of these factors on the coefficient A, and formulated  
the MOX fuel thermal conductivity. 
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Fig.1 Measurement results of thermal conductivity 
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Introduction 
 The dominant chemical form of uranium in the solidified fuel debris is thought to be (U,Zr)O2±x 
solid solution1 in the case of Fukushima Daiichi NPS accident. Iron, calcium, and lanthanides 
derived from the structural materials and fission products are expected to be included as minor 
soluble components. It is important to clarify the chemical state of each element contained in the 
fuel debris in order to determine methods of retrieval operation and storage.  In the present work, 
an EXAFS analysis was applied to uranium, zirconium, iron and lanthanide elements in the 
simulated corium debris samples prepared in lab-scale. 

Results and Discussion 
 Twelve simulated corium debris samples containing uranium was prepared in the present 
work.  They are oxide solid solution of uranium, zirconium, iron, gadolinium, neodymium and 
calcium.  The simplest composition was U0.98Fe0.02O2, on the other hand, the most complicated 
multicomponent oxide was 0.45(U0.94Gd0.05Nd0.01O2)-0.45ZrO2-0.05FeO1.5-0.05CaO. X-ray 
absorption specrta of uranium L3-edge, zirconium K-edge, iron K-edge, gadolinium L3-edge and 
neodymium L3-dge in the simulated debris were measured at the BL-27B beamline of the Photon 
Factory, KEK, Tsukuba, Japan. As the results of SEM/EDX analysis, uranium-rich phase and 
zirconium-rich phase were separately found in the many samples.  In these cases, uranium K-
edge EXAFS result is dominated by information on the uranium-rich phsae. 
 The EXAFS functions k3F(k) and their fourier transform magnitudes |FT(k3F(k))| of uranium L3-
edge for the simulated debris samples are 
plotted in Figure 1, together with those of UO2, 
U3O8 and (U0.75,Zr0.25)O2.00 as a reference 
data. According to the EXAFS function data, 
the local structure of uranium for the 
simulated debris can be classified into fluorite 
UO2 structure and C-type structure (stabilized 
cubic). Atomic valence of uranium in all 
samples is evaluated to be tetravalent, since 
the 1st U-O distance obtained from the curve 
fitting analysis of the |FT| data is close to that 
of UO2.  The No.05 sample, which consists of 
single phase (C-type), shows slightly shorter 
U-O distance. In addition, the 2nd peak 
corresponding to U-U pair is clearly shorter 
than those of all other samples. It can be 
concluded that the No.05 sample contains 
pentavalent uranium. 
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Introduction 
NaCl-type structured nitrides, such as ZrN and TiN, have potential applications to inert matrix 

fuels for the transmutation of minor actinides (MA) in accelerator-driven systems (ADS)1, because 
of their excellent thermal properties. Understanding of radiation damage with fission fragments is 
one of the essentials to clarify the microstructural stability of those materials under high-density 
electronic excitation induced by swift heavy ions. However, very little information about such 
damage in nitride fuels is available. 

This paper aims to obtain the knowledge of high-density electronic excitation damage in nitride 
fuels and reports lattice parameter change in ZrN and Dy0.3Zr0.7N, as surrogate materials of nitride 
fuel, irradiated under 200 MeV Xe ions. 

Results and Discussion 
 The powders of ZrN and Dy0.3Zr0.7N solid solution were prepared from Zr and Dy metals through 
hydrides followed by powder metallurgy. The oxygen concentration in the nitrides were analysed 
to be 0.16 wt% and 0.24 wt% respectively. These powders were pressed into disk form and 
sintered at 1973 K for 6 hours in a purified N2 gas flow. The density of sintered disk specimens 
were evaluated to be 88 % of the theoretical density, respectively. Surface of the specimens with 
2 mm in thickness were polished and then irradiated with 200 MeV Xe ions at ambient temperature 
and under vaccum to fluences between 1 × 1011 ions/cm2 and 1 × 1014 ions/cm2. The electronic 
(Se) and nuclear (Sn) stopping power of 200 MeV Xe ions were calculated by the SRIM (Stopping 
and Range of Ions in Matter) code [2] to be about 31.5 keV/nm and below 0.05 keV/nm, 
respectively at the surface range. Investigation of the irradiation-induced modification of crystal 
structure was performed with conventional Cu-Ka X-ray diffraction (XRD). For XRD measurements 
of unirradiated samples, obvious Cu-Ka double peak were observed for either samples. The 
average lattice parameter evaluated by XRD spectrum was 0.4575 nm for ZrN and 0.4657 nm for 
Dy0.3Zr0.7N respectively. For irradiated samples, XRD peaks were retained, so the crystal structure 
is maintained. On the other hand, with increasing ion fluence, the peaks shift to lower angle and 
the peaks broadening were observed. The lattice parameter of the irradiated ZrN and Dy0.3Zr0.7N 
increase with increasing ion fluence and the value is about 0.2 % at 1 × 1014 ions/cm2. Assuming 
the formation of cylindrical defects in irradiated specimens, the dependence of lattice parameters 
on fluence are discussed by the Poisson’s law. As a result, these suggest that cylindrical defects 
with effective diameters of 1.64 ± 0.10 nm and 1.24 ± 0.13 nm are formed in ZrN and Dy0.3Zr0.7N 
irradiated by 200 MeV Xe ions respectively. 
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Introduction 
    A nuclear severe accident occurred at Fukushima Daiichi Nuclear Power Plant in 2011. Through 
this accident, huge amounts of volatile fission products (FPs) such as caesium (Cs) and iodine (I) 
were released and detected in a widespread area, which impacts on the radioactive exposure and 
environment contamination. Since the major chemical species of Cs and I in irradiated nuclear 
fuels is considered as CsI, understanding the CsI behaviour in the fuels contributes for accurate 
assessments of the release behaviour of such volatile FPs. Very recently, our group has reported 
the ultra-high wettability of liquid CsI on the polycrystalline UO2 solid surface1. Additionally, this 
study has revealed that liquid CsI penetrates into UO2 deeply through the grain boundaries. 
However, the mechanism of such high wettability of liquid CsI against solid UO2 has not been 
completely understood. 

In the present study, on the solid surface of polycrystalline UO2 and single crystalline yttria-
stabilized zirconia (YSZ) which possesses the same crystal structure with UO2, the melting 
behaviour of CsCl and CsBr as well as CsI was observed to understand the wettability of liquid CsI 
against solid UO2. In addition to the Cs halides, the melting behaviour of boron oxide (B2O3) which 
has the similar surface energy with CsI was observed. The results were discussed in the viewpoints 
of the surface and interface energies and the molten structures of the Cs halides and B2O3. 

Results and Discussion 
 Fig. 1. shows the meling behaviour of (a) 
CsCl, (b) CsBr, (c) CsI, and (d) B2O3 on the 
YSZ (100) single crystal solid surface. All the 
pictures are displayed chronologically from 
left to right. After reaching each melting 
temperature, the Cs halides melted 
immidiatelly and spread to the solid surface. 
The contact angles formed between all liquid 
Cs halides and the solid surface were 
measured to be almost zero degree. These 
results correspond to the liquid CsI behaviour 
observed on the UO2 solid surface1. Basically, 
wettability is determined by the surfacce 
energies of the liquid and the solid and the 
interface energy between the liquid and the 
solid. However, the wettability of liquid B2O3 
was clearly lower than that of other Cs halides in spite of almost the same values of the surface 
energy. We assume that the wettability difference between the Cs halides and B2O3 was caused 
by the difference of the molten structure. It was reported that liquid alkali halides including the Cs 
halides possess an ionic liquid structure2 while B2O3 possesses a covalent liquid structure3. 

References 
1. K. Kurosaki, M. Suzuki, M. Uno et al, “Ultra-high wettability of liquid cesium iodine with solid 

uranium dioxide”, Sci. Rep. under review. 
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3. M. Miyake et al, “Structural Analysis of Molten B2O3”, J. Chem. Soc., Faraday Trans. 1, 80, 
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Fig. 1. Melting behaviour of (a) CsCl, (b) CsBr, (c) CsI, and 
(d) B2O3 on the YSZ (100) single crystal solid surface. 
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Introduction 
Thin films are commonly used to study the effect of two-dimensionality; to deliberately modify bulk 
behaviour. It is not always clear that this approach is of benefit in the field of actinide physics and 
nuclear materials research. However, many of the inherent features of thin film deposition can be 
particularly advantageous: it is possible to engineer samples on a scale that is practically 
impossible in a bulk system. We can grow metals and compounds with thicknesses from several 
Angstroms to a few microns. These can be single crystals or polycrystalline, varying grain sizes 
from nanometres to tens of micrometres. We are able to control stoichiometry and dopant levels, 
even induce strains along specific directions. In this way, we can mimic the structure and chemistry 
of the surface of a nuclear material in a wide range of potential scenarios.  
 
There are several groups that have made significant advances in this field in recent years1-3. Our 
team has spent over a decade exploring the potential for this approach in actinide physics and 
nuclear materials research; I will present here our work on nuclear fuel surfaces, investigating in 
operando and end of lifetime behaviour of uranium dioxide4,5. 

Two case studies: 
1. UO2 is a relatively poor thermal conductor, which deteriorates further at higher 

temperatures, during burn-up6. This is hugely detrimental to safety procedures following a 
LOCA event7. Since the thermal conductivity is driven by its phononic behaviour8, we are 
interested in mapping how this behaviour changes as a function of radiation damage. We 
will show how it is possible to measure the phonon spectra in a single crystal thin film of 
UO2 and use this to probe the effect of radiation damage5. 

 
2. One of the most important interactions in the whole nuclear fuel cycle is that of UO2 and 

water9. This is important if the cladding splits during operation, if there are pin-holes in the 
clad during the cooldown period and during long-term storage, should containment fail. We 
will show how it is possible to synthesise single crystal surfaces of UO2 and investigate the 
process of radiolytic dissolution, using the high flux of x-rays at a synchrotron as both 
radiation source and probe4. This enables us to look in detail at the dependence of this 
process on crystallographic orientation, radiation damage, and water chemistry. 
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Introduction 
The simultaneous knowledge of gaseous atmosphere composition and surface interactions is 

of primary importance for a better understanding of the mechanisms involved in gas-metal 
interactions in the area of catalysis or corrosion. PM-IRRAS spectroscopy was developed in 
order to investigate ultrathin layers on metallic surfaces. It was used by Rupprechter and al. for 
surface and gas analysis (exploiting the “Rp-Rs” and “Rp+Rs” signals) in order to give new 
insights on reaction pathways for model catalysts. A newly acquired PM-IRRAS device 
composed of a Thermo iS50 Fourier transform infrared spectrometer equipped with a ZnSe 
polarizer and a photoelastic modulator is under development at CEA to investigate the surface / 
atmosphere composition relationship on metallic materials. A reaction cell and the PM-IRRAS 
device environment are currently being developed to enable simultaneous and rigorous analysis 
of gas and surface under various pressures and temperatures. 

Results and Discussion 
As a preliminary work for qualifying the PM-IRRAS device, the oxidation of ethyl alcohol on 

copper was studied with focus on the surface interactions. A copper sample was simply 
immersed in ethyl alcohol. Under air, at 298 K, the adsorption of ethyl alcohol on copper 
superficial oxide layer leads to the formation of surface ethoxy species which can be clearly 
identified as stretching CH3 asymmetric and CH2 symmetric modes at 2926 cm-1 and 2854 cm-
1 respectively. Ethoxy gives also weak bands between 1400 cm-1 and 1000 cm-1. Other 
contributions at 1742 cm-1, 1553 cm-1 and 1424 cm-1 correspond very probably to CO aldehyde 
and COO carboxylate stretching vibrations which indicates an oxidation of the ethoxy species 
(Fig. 1-Top). The evolution of surface species versus temperature is studied thanks to difference 
spectra between several temperatures (in 323-363 K range) and 298 K (Fig 1-Bottom). The 
increase of temperature accelerates the oxidation rate and raises the proportion of formed 
bridged acetate. Next studies will consist in exploring interactions between cerium samples and 
gases in a glovebox. The specific aim of the PM-IRRAS device is then to perform experiments on 
plutonium oxide samples exposed to gaseous environments. 
 

 
Figure 1: Top: Raw spectrum of copper sample exposed to ethyl alcohol at 298 K (PEM set at 
2000 cm-1). Bottom: Evolution of surface species versus temperature. 
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Introduction 
Synroc waste forms are regarded as the second generation of candidate materials for 

immobilizing high level radioactive-waste (HLW). Considering that waste forms are designed to 
provide an usable time for immobilizing radionuclides within them for hundred thousand years or 
more, it is important to gain a better understanding about what happens and whether radionuclides 
leach out when groundwater is percolating through geologic disposal repository into waste forms� 
Any suitable forms are expected to be highly resistant to corrosion by groundwater, and the forms 
chemical stability is a key factor to determine whether the deep geological disposal is feasible. But 
the presence of radioactive nuclides in waste forms would result in radiation damage to crystal 
structure and could lead to an amorphous state (metamict state), which may induce their leaching 
resistance. Therefore, it would be of interests to investigate how the damage effect on the chemical 
durability, for which limited systematic works have been carried out. 

As Synroc waste forms commonly consist of mineral phases, study of the damage effect in 
those natural minerals containing with radioactive nuclides would be useful. Titanite (CaTiSiO5) is 
one kind of natural minerals which have been proposed as an actinide-bearing host for HLW1. The 
study on reaction between natural titanites whose structure is damaged by self-containing actinides 
and water is of important innovative significance 2. It could provide insights into what happen inside 
the titanite-based waste forms. 

Results and Discussion 
The study was performed to evaluate the leaching resistance of actinide-containing natural 

titanites (CaTiSiO5) from Renfrew, Ontario, Canada. Experiments were conducted according to the 
product consistency test B (PCT-B), which has become the DOE’s standard leaching test. The 
samples were crushed manually in an agate mortar and sieved to 37–74 µm. Then the powders 
were mixed with liquids (e.g., distilled water, simulated groundwater, strongly acidic or alkaline 
liquids and solutions) at a ratio of 5-30 ml/g, and held at high temperature for some days in a 
stainless-steel vessel.  

The XRD was used to identify the crystalline phases present in reacted the samples. Raman 
spectra on titanite powders were recorded using a 532 nm laser and an optical microscope coupled 
to the spectrometer. The surfaces of the powdered titanite were investigated by SEM-EDS. Upon 
completion of each testing run, the normalized elemental mass loss of actinides (U, Th) and Ti, Ca 
was determined by chemical analysis of the leachates using ICP-MS. XRD, infrared and Raman 
measurements of tianite (CaTiSiO5) were also carried out to investigate the effect of leach on 
treated samples. 

The result shows there is a detectable difference in leaching rate of Ti, Ca in natural and 
synthetic titanites. For hydrothermal alteration of natural titanite at low temperatures, an obvious 
loss of Raman spectral details, band weakening and a line broadening were observed indicating a 
possible modification of local crystal structure. Leaching at high temperatures appears to result in 
a recrystallization in radiation damaged natural titanite likely suggesting water-induced lowering of 
recrystallization temperature for radiation damaged titanite.  
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Introduction 
 We report the crystal structure and physical properties of a new uranium titanium bismuth 
compound U3TiBi9. U3TiBi9 was prepared by Bi self-flux method and hexagonal needle-shaped 
crystals were obtained. The crystal structures of U3TiBi9 were determined by single-crystal X-ray 
diffraction data. It crystalizes in the hexagonal structure with the lattice parameters a = 11.6910 Å 
and c = 6.3309 Å.  
 Uranium intermetallic compounds show a variety of physical properties such as various 
magnetic orderings, heavy fermion behavior and unconventional superconductivity. Particularly the 
compound with uranium zigzag chain structure is interesting and intensively investigated, because 
the well-known heavy fermion ferromagnetic superconductors UGe2[1], URhGe[2], UCoGe[3] have 
the zigzag chain structure.  
 Research of uranium early-transition-metal antimonides compounds were reported 
previously[4-6]. The structure of them is the hexagonal (space group P6/mcm). This structure has 
a strong one-dimensional character, consisting of chains of face-sharing TiX6 octahedral and linear 
X atoms aligned along c-direction. And it is noteworthy that U atoms forms zigzag chain structure 
along c-direction. However, the research of the material of U-Ti-Bi compound had not been 
reported.  

Results and Discussion 
 The lattice parameters of new needle-shaped crystal, especially a = 11.691 Å, are slightly large 
compared with those of U3TiX5 (X = Ge, Sn, Sb), aGe = 8.495 Å, cGe = 5.711 Å, aSn = 9.200 Å, cSn 
= 6.128 Å, aSb = 9.139 Å, and cSb = 6.100 Å[5][6]. The result of refinement indicates that it 
crystallizes in hexagonal structure (space group P63/m). But then this structure has a similar one-
dimensional character to that of U3TiX5 with the face-sharing TiBi6 octahedral chain along c-
direction.  
 Measurements of magnetic susceptibility and electrical resistivity have been carried out for 
U3TiBi9. We will discuss about the more detailed structural parameters and the magnetic properties 
of U3TiBi9.   
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The study of radiation damage in solid systems is of great importance for understanding 

the degradation of material properties in irradiating environments, such as space, military 

applications, fission and fusion reactors and for nuclear waste disposal issues. Another 

important aspect is the study of dilute defect systems in solids, which allows advanced 

understanding of material behavior under various extreme conditions and under processes 

similar to self-irradiation. Currently, the methods accessible to research this topic imposed 

a great deal of restrictions due to their highly hazardous and toxic nature.  

Recently, our group reported on a novel method for alloying chemical bath deposited 

(CBD) PbS thin films with 232Th [1]. Defect recombination stages during isochronal 

annealing of CBD PbS with 228Th were demonstrated [2]. CBD from aqueous solution 

offers a simple and cost-effective route for the fabrication of high quality thin films. 

Moreover, due to the high specific activity of 228Th, only very small amounts of it need to 

be introduced into the film to create the damage. This research focuses on the parameters 

needed for homogeneous incorporation of 232Thin PbSe thin films grown on GaAs 

substrates. The uniform distribution of Th through the film was achieved using tri-sodium 

citrate (TSC), a reagent that is commonly used as a complexing agent, as well as by 

employing a mixing procedure, after the addition of the last precursor and before inserting 

the substrates. Presenting a new, although familiar system in which we can incorporate Th, 

can help make comparison between the two systems and better understand the existent 

mechanisms responsible for the self-irradiating damage process.  
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Introduction  
 Cesium 135 (Cs-135) with a half life of 2.3 million years is one of long-lived fission products 
from nuclear reactors. Thus its nuclear transmutation technology is a current key issue. To attain 
this, Cs-135 and stable Cs-133 should be isotopically separated in prior to transmutation. One of 
important requirements is preferential recovery reaction of Cs atom to cesium iodide molecule 
(CsI), because collision between Cs-135 atom and Cs-133-I molecules causes isotope-exchange 
to form Cs135-I and Cs-133 [1]. Therefore, we must develop selective absorbent which takes 
only Cs atom in, but does not CsI. In this study, absorbing property of Cs atom onto the surface 
of fullerene (C60) film has been investigated using X-ray-
energy-dependent and angle-resolved X-ray photoelectron 
spectroscopy (AR-XPS). The results were compared with 
those for CsI to evaluate absorbent selectivity.  
 
Results and Discussion  
 Experiments were performed with beamline-27A in Photon 
Factory of High Energy Acceleration Research Organization. 
Sample films were prepared in a vacuum chamber and 
transferred to an analysing chamber. On cleaned Si(111) 
substrates, C60 were deposited with K-cell heated at 750K. Cs 
or CsI was deposited from a SAES-Getter source (Cs2CrO4) or 
CsI powder, respectively.  
 Figure 1 shows X-ray photoelectron spectra for Cs doped 
C60 thin film, which cover with Cs 3d5/2 and C 1s peaks. To 
obtain depth concentration profiles of Cs atoms, photoelectron 
spectra were measured with various electron emission angles.  
 Figure 2(a) shows intensities of Cs 3d5/2 (plot with �) and 
C 1s (�) for atomic Cs dosed on C60 as a function of emission 
angles. For comparison, also shown are intensities of Cs 3d5/2 
(�) and C 1s (�) for molecular CsI evaporated on C60.  
 Key finding is the fact that the intensities of Cs 3d5/2 and C 
1s depend scarcely on angles in case for Cs on C60. As for CsI 
on C60, in contrast, the intensities of Cs 3d5/2 and C 1s depend 
significantly on angles. AR-XPS data were analyzed by 
seeking hypothetical depth profiles that fit best to experiments 
with the assist of maximum entropy algorism. Figures 2(b) and 
2(c) show atomic concentration profiles estimated for Cs and 
CsI on C60, respectively. It is obvious from Fig.2(b) that Cs 
atoms distribute over deep region. Whilst, as for CsI on C60, 
CsI molecule tends to be deposited only on shallow surface 
region as shown in Fig.2(c). Thus results show that C60 
becomes a candidate for Cs-selective absorbent material that 
prevents Cs-135 and Cs(-133)I from collision.  
 This work was supported by JSPS KAKENHI [grant 
number 15H02345].  
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Introduction 
 As a fundamental research for fission products (FPs) retention to a LWR structural material at 
high temperatures under LWR severe accident (SA) conditions, Cesium (Cs) chemisorption onto 
stainless steel (SS) has been investigated. Previous studies indicated that CsFeSiO4 was formed 
as one of the major Cs chemisorbed compounds1. Furthermore, it was indicated that Cs 
revaporization from the SS under Ar-H2 atmosphere2 could have occurred although its mechanism 
is still unknown. In this work, therefore, thermogravimetry differential thermal analyses (TG-DTA) 
tests under various atmospheres for pure CsFeSiO4 were performed in order to see the 
atmospheric effect on the vaporization behaviour of CsFeSiO4. 

Experimental 
 The pure CsFeSiO4 sample was synthesized from raw powders of CsCO3, SiO2 and Fe2O3. 
These raw powders were mixed at the molar ratio of Cs : Fe : Si = 1.4 : 1 : 1. The mixed powder 
was compacted into a pellet and then heated in a muffle furnace in air at 800~1000 oC for 9 hours. 
The X-ray diffraction (XRD) of the heated sample confirmed the formation of almost single phase 
CsFeSiO4. The TG-DTA tests were conducted under the conditions that the heating/cooling rates 
was 20 oC/min., the maximum temperature was 1300 oC, and the atmospheres were air, Ar, or Ar-
H2-H2O. The concentrations of H2 and H2O in Ar-H2-H2O were varied and accurately measured.  

Results and Discussion 
     Fig. 1 compares the TG-DTA test 
results under various atmospheres. The 
weight loss up to 1300 oC is smallest under 
air, followed by Ar, then by Ar-5%H2O.  
Weight losses up to 1300 oC were about 
30% for the atmospheres containing H2, 
regardless of H2O inclusion. Although the 
weight loss profiles are similar between Ar-
5%H2 and Ar-5%H2-5%H2O, of note is the 
higher weight loss rate for the former at 
relatively low temperature, about 800 oC. 
The XRD patterns for the samples heated 
at this temperature in Ar-5%H2 confirmed 
the existence of Fe (bcc) phase. It was 
inferred for this Fe (bcc) that a possible 
chemical reaction for the weight loss at 
around 800 oC would occurred by the 
decomposition of CsFeSiO4 into Fe (bcc) 
and volatile Cs vapor species under H2. 
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Fig.1  TG-DTA test results for CsFeSiO4  
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Introduction 
 Chemical interaction between cesium (Cs) vapor and stainless steel (SS) surface known as 
chemisorption is likely to occur during a light water reactor (LWR) severe accident (SA). This 
phenomenon can cause a considerable amount of Cs retention on the inner surfaces of the 
reactor vessel. Our previous study1 has shown that Cs hydroxide (CsOH) vapor reacted with a 
minor component silicon (Si) in the SS to form CsFeSiO4. In order to evaluate the Cs 
distributions under various SA conditions including accidents of the Fukushima Daiichi Nuclear 
Power Station, knowledge of chemical effects on the Cs chemisorption is mandatory. However, 
one of such most important effects, i.e. the effect of the steam (H2O) to hydrogen (H2) ratio on 
the chemisorption behaviors has not sufficiently been examined. Therefore, the Cs chemisorption 
tests were performed in the argon (Ar) -H2 and the Ar-H2-H2O to investigate the atmospheric 
effect. 

Experimental 
 Type 316 SS (SS316) specimens and a hydrate CsOH�H2O powder were used as simulant 
materials for the structural materials and the radioactive Cs, respectively. The SS specimens 
were heated at 800 °C and exposed to the CsOH vapor. Water concentration in the Ar-5%H2-
5%H2O was varied by changing the temperature of the water through which the Ar-5%H2 gas 
was passing. During the test, the contents of H2 and H2O in the atmosphere were accurately 
monitored with a quadrupole mass spectrometer. 
The weight gain of the specimen was measured to 
estimate the Cs deposited amount. The 
chemisorbed compounds were also examined by 
scanning electron microscopy / energy dispersive X-
ray spectrometry (SEM/EDS). 

 Results and Discussion 
 It was found that the weight gains of the SS316 in 
the Ar-5%H2-5%H2O were much higher than those 
in the Ar-5%H2. Fig.1 shows SEM/EDS results of the 
cross sections of the specimens. Cs and Si were 
congruently distributed within the oxide layers, which 
indicated the Cs silicate formation. However, the Cs 
in the case of the Ar-5%H2 was not present on the 
surface, while the Si remained there. This Cs lacking 
suggested that the Cs silicate on the surface was 
decomposed, generating a volatile Cs species under 
the reducing condition. Therefore, it was considered 
that such a Cs revaporization was one of the 
reasons why the weight gains under the reducing 
atmosphere were smaller than those under the 
water-containing atmospheres.  
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Fig.1 Cross section of surface oxide layer 
formed on SS316 exposed to CsOH 
vapor at 800 °C 
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Introduction 
 In 5f electron system, UGe2 is the first discovered ferromagnetic superconductor, which 
emerges under pressure1. UGe2 crystallizes in the orthorhombic ZrGa2 structure. At ambient 
pressure, UGe2 orders ferromagnetically below TCurie = 52 K and the ordered magnetic moment 
is relative large, M ~ 1.5µB along the a-axis. As pressure increases, TCurie decreases.  At a higher 
pressure, eventually the ferromagnetic state collapses and switches to the paramagnetic state 
above 1.5 GPa. Around 1.2 GPa, the superconductivity appears below TSC ~ 0.7 K. In order to 
investigate the magnetic properties of this compound at the atomic level, we have performed soft 
x-ray magnetic circular dichroism (XMCD) experiments at the U N4,5 and Ge L2,3 absorption 
edges, with changing temperature (T) and magnetic field (H). Single crystal samples of UGe2 
were grown by the Czochralski method. The XMCD measurements were carried out at JAEA 
contracted beamline BL23SU of SPring-82. The x-ray absorption (XAS) spectra were taken by 
total electron yield method. The external H was applied along the a-axis. 

Results and Discussion 
 Figures 1 (a) and (b) show XAS and XMCD 

spectra at the U N4,5 absorption edges taken at T = 5.5 K 
and H = 4 T. Here µ+ (µ-) refers to the x-ray absorption 
coefficient for the photon helicity parallel (antiparallel) to 
the magnetization direction. The XMCD spectrum defined 
as (µ+ - µ-) is normalized so that the intensity of XAS (µ+ + 
µ-) from the pre-edge (hn = 720 eV) to the peak top at the 
U N5 edge (hn = 735.8 eV) becomes unity. The s-shaped 
structure (a negative peak in lower energy and a positive 
peak in higher energy), which is commonly seen among 
uranium compounds, is observed at the U N5 edge. Before 
the improvement of the measurement system, however, we 
have previously reported that the XMCD spectrum at the U 
N5 edge has two negative peaks (main and additional 
peaks) and no positive peak3. The difference between the 
present and the former spectra could be due to the 
ambiguity of spectral background in the previous 
experiment. We have concluded that the present XMCD 
spectrum is correct. Figure 2 shows the H-dependence of 
the XMCD intensity at the U N4 edge, namely the element-
specific mangnetization curve at the U site. The hysteresis 
loop is obtained clearly and agrees well with the bulk 
magnetization1, indicating that the present XMCD 
experiments capture the intrinsic magnetic properties. In 
our presentation, we will address the results obtained at 
the Ge L2,3 edge. 
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Fig. 1 XAS and XMCD spectra of UGe2 at the 
U N4,5 absorption edge taken at T = 5.5 K 
and H = 4 T. (a) XAS spectra (b) XMCD 
spectrum. 

Fig. 2 H-dependence of the XMCD 
intensity at the U N4 edge. 
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Introduction 
 The extensive exploration of uranium oxidation is partly driven by the pursuit for deeper 
understanding of the conditions for handling and long-term disposal of spent nuclear fuels 1.X-ray 
diffraction is a powerful tool for monitoring the oxidation of uranium. In addition to the measurement 
of oxide thickness it may reveal the various oxide phases and their crystallographic orientations. 
Furthermore, it may follow the different oxidation rates that characterize the distinctive metallic 
planes. In the present work in-situ X-ray diffraction and scanning electron microscopy (SEM) were 
utilized to study the oxidation of U-0.1w%Cr under oxygen pressures of 150 Torr and within the 
temperature range of 90-150oC. 

Results and Discussion 
From the XRD results It was found that the oxidation of U-0.1%wCr in oxygen atmosphere starts 

with parabolic kinetics law. At ~ 0.25µm oxide thickness breakaway and linear oxide growth are 
found. The calculated activation energies for the oxide growth are Qparabolic=17.5 kcal/mol and 
Qlinear=19 kcal/mol. It was also observed that the uranium crystallographic plains are oxidized at 
different rates. U(112) is the fastest and U(002) the slowest to oxidize. 
The oxide phase that develops during the oxidation experiments was identified as UO2. Width 
analysis of the oxide peaks, using Williamson-Hall grain size of ~150 nm and strain of 0.005 were 
deduced. The two dominant growth planes of the oxide are the UO2(111) and UO2(220). From the 
ratio between the peaks it can be seen that first UO2(111) is the preferable growth plane but during 
oxide thickening, especially at higher temperatures, the growth rate of the UO2(220) increases and 
both planes grow simultaneity. The initial preferred growth we found in the oxide (111) plane is 
expected from the calculated surface energies considerations 2. The increasing contribution for the 
(220) growth is consistent with the buildup of a driving force that stems from the presence of chains 
of oxygen defects clusters 3 in the [110] direction, facilitating the oxygen diffusion through the 
growing oxide layer. 
After cooling the sample to room temperature we observed stress-induced oxide exfoliation and 
complementary SEM analyses were performed on the partial exfoliated surface. It is evident that 
the oxide thickness measured by the SEM is in very good agreement with that obtained by the 
XRD. In addition, enhancement of oxidation is clearly observed around uranium carbide (UC) 
inclusions. It is noteworthy that according to previously measured secondary ion mass 
spectrometry (SIMS) by Jones et al 4, oxygen rich areas were also preferentially detected around 
carbon rich features. It seems, therefore, that in addition to their tendency to degrade the 
mechanical properties of uranium and facilitate the reaction of hydrogen at their interface with the 
metal, uranium carbides also facilitate local oxidation around then. We finally note that we also 
observed lateral cracks in the oxide, which are attributed to the developed high stress. 
The current work was recently published 5.  
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Introduction 
BWR plants in Japan like Fukushima Daiichi Nuclear Power Station use the control blades 

composed of B4C. Several studies1,2 have been thus far made for the focus on the chemical 
reaction of B4C with stainless steel, Zr or UO2. Reliable understanding of the high-temperature 
reaction of B4C with these materials is inevitable to predict the characteristics of fuel debris. 

We have previously studied the high-temperature reaction of B4C with PuO2. The mixed and 
pressed powders of B4C and PuO2 (molar ratio = 1:1 of 1:4) were heated at 1333 or 1473 K in 
the reducing or oxidizing atmosphere. It was found that B4C and PuO2 powders react at 1333 
and 1473 K in the reducing atmosphere, and consequently the new product “PuBO3” is formed. 
On the other hand, only the fluorite-type phase of PuO2 was given from the mixed and pressed 
powders of B4C and PuO2 (molar ratio = 1:4) heated at 1473 K in Ar gas, which contained 
impurity oxygen of approximately 10-5 atm. It is suggested that the sufficient reduction of PuO2 by 
B4C and reducing atmosphere is needed to form “PuBO3”.  
     Pu elements are always solved in the UO2 phases for the nuclear fuels of BWR as initial 
loading materials, or products by the neutron capture of U-238 elements under irradiation. 
However, the high-temperature reaction of B4C with PuO2 solved in the UO2 solid-phases is not 
clarified. In the present study, therefore, the high-temperature reaction of B4C with U0.93Pu0.07O2 
has been investigated.   

Results and Discussion 
 The samples heated at 1333 or 1473 K in Ar gas were identified to be the fluorite-type phases 
like UO2 by the powder X-ray diffraction method, independently of the molar ratio of B4C to 
U0.93Pu0.07O2 (1:1 or 1:4). The formation of “PuBO3” was not discernable in the X-ray diffraction 
patterns. The samples heated at 1473 K in He-4%H2 gas were also the fluorite-type phases, 
independently of the molar ratio of B4C to U0.93Pu0.07O2 (1:1 or 1:4). On the other hand, the 
samples heated at 1333 K in He-4%H2 gas were composed of not only fluorite-type phases but 
also B4C and B2O3 phases for the molar ratio of B4C to U0.93Pu0.07O2 =1:1, and B2O3 phase for 
the molar ratio of B4C to U0.93Pu0.07O2 =1:4. It means that the molar ratio of B4C to U0.93Pu0.07O2 
had no influence on the reactions of B4C with U0.93Pu0.07O2 in the experimental conditions of  the 
present study. 
     As a consequence, in the present study, we could not find the heating condition in which B4C 
and U0.93Pu0.07O2 react. However, there remains the possibility that B4C could be reacted with 
(Pu,U)O2 containing Pu at the higher concentration. When (Pu,U)O2 containing Pu at the high 
concentration are heated in the more strongly reducing condition, (Pu,U)O2 should be 
decomposed to two phases; one contains Pu at the higher concentration, and the other contains 
Pu at the lower concentration. The phase containing Pu at the higher concentration may turn the 
reaction of B4C with (Pu,U)O2 into a possibility. 
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So-called “pleochroic” rings were found on a polished section of minerals as early as in the 19th 

century. They are a set of concentric rings having a radius of 10 to 30 μm visible in a light microscope. In [1], 
the appearance of such rings is explained by material damage by α-particles from radioactive uranium 
inclusions in minerals. Different rings correspond to different energies of α-particles in the decay chain. The 
rings in the same section have equal thickness, which can be explained by emission of α-particles from 
various spatial points of inclusions. Ring intensity depends on the mineral age.  

When the charged ion passes through a material, it first looses energy through excitation and 
ionization of ambient atoms. As it slows down, the charge gradually neutralizes due to electron capture from 
ambient atoms. According to [2], this occurs when the velocity of the moving ion is less than the velocity of 
the atomic electrons. Complete neutralization is observed when the ion’s kinetic energy falls below its first 
ionization potential. For the α-particle, the first electron is trapped at Ekin < 400 keV, and the neutral atom of 
4He forms at Ekin < 180 keV. 

In [3], estimates of initial damage in plutonium caused by the neutral recoil atom are made using a 
macroscopic model of shock impact produced by the recoil atom on surrounding plutonium. The moving 
atom of uranium is treated as a spherical solid. The atom of uranium slows down, because its momentum is 
transferred to a large number of surrounding atoms of plutonium. As a result, pressure behind the shock 
front decreases. In this model, nano-voids can form directly as a result of initial damage produced by the 
recoil atom without nucleation. 

Results of numerical simulations of nano-void formation by a recoil atom passing through plutonium 
are reported in [4]. The simulations were done using the TIM-2D code [5], [6], intended for 2D continuum 
mechanics simulations on unstructured Lagrange meshes consisting of arbitrary non-self-intersecting 
polygons with a variable number of vertices. Heat transfer was calculated using an implicit scheme obtained 
by differential projection of difference operators [7].   

Based on the same model, this paper presents the results of simulations of primary damage in 
plutonium caused by the neutral atom of helium at the end of the path of the α-particle. Three simulations for 
initial kinetic energies of 4He of 80, 40, 20 keV (4He velocities 2·108 cm/s, 1.4·108 cm/s, 1·108 cm/s) were 
run. In the simulations, the atom of helium was represented as an incompressible sphere having a radius of 
0.03 nm.  Just as in the case of the recoil atom, the simulation predicted the formation of a void, the radius 
of which was greater than in the experiment [8]. The void radius and the path of the atom of helium are 
shown in the table.  

 
Table.  Void radius and path of the atom of helium versus its initial velocity  

Parameter Vhelium = 2·108 cm/s Vhelium = 1.4·108 cm/s Vhelium = 1·108 cm/s 
Void radius, nm 3.1 2.4 1.8 

Path, nm 12 10 7.5 
 
We did not simulate the void relaxation under surface tension. The final void radius depends on the amount 
of accumulated helium falling within the void.    

This approach can be used to calculate the size of the damage zone produced by fast charged 
particles, for example for ions of carbon and xenon, as observed in [9]. 
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Introduction 
 NaZr2(PO4)3 phosphate family (NZP) is considered to be perspective materials for long-term 
storage of radioactive wastes with high stability and good ability to incorporate long-living actinides 
such as U, Pu, Np and Am into the crystal lattice [1]. Phosphates with AM2(PO4)3 composition (А = 
Na, K, Rb; M = U, Np, Pu) have been studied by us in a wide temperature range (up to 1200ºC) [1]. 
Among the determined polymorphous structures the structure of NZP is also present. In the 
evolution of these activities for more detailed study of phase formation, peculiarities of structure 
and also for development of ceramics production method based upon actinide NZP-phosphates 
with 3+ and 4+ oxidation level of Np, Pu, Am and Cm, the investigation have been carried out with 
the use of surrogates. Ce, Sm and Eu have been selected as such ones. 

Results and Discussion 
The subjects of this investigation have been the next complex phosphates: Ce0.25[Zr2(PO4)3], 

Na[Ce2(PO4)3], Ln0.33[Zr2(PO4)3], where Ln = Ce, Sm and Eu. The kinetics of phase formation has 
been illustrated by specific examples of such phosphates as Ce0.33[Zr2(PO4)3] and 
Na[Ce2(PO4)3], which have been studied with then use of X-ray diffraction analysis. During 
isothermal annealing at 700ºC in the course of first 0.5–2 h the formation of a phase with NZP-
like structure was observed in the case of Ce0.33[Zr2(PO4)3] and formation of a phase with the 
indices that met the values for structural analogue – NaTh2(PO4)3 (space group C2/c) in the case 
of Na[Ce2(PO4)3]. After 12 h mass fraction of the aim phases amounted 0.9 and 0.92 for 
Ce0.33[Zr2(PO4)3] and Na[Ce2(PO4)3] accordingly. At increasing temperature to 800ºC its mass 
fraction reached 0.98 after isothermal annealing for two hours of both phosphates samples. It 
was found the formation of the crystalline single-phase reaction products Ce0.25[Zr2(PO4)3] and 
Ln0.33[Zr2(PO4)3], where Ln = Ce, Sm and Eu, in structure type of NZP in space group P 3 c 
(primitive trigonal cell). In X-ray pattern of Na[Ce2(PO4)3], heated to 800ºC, the reflexes which 
were characteristic for the structure of NaTh2(PO4)3 (monocline structure, space group C2/c) 
were present. At increasing temperature to 1000ºC the polymorphous transition took place with 
formation of corresponding phase of trigonal structure, space group P 3 c with NZP structural 
type. During bringing into comparison these data for cerium phosphate Na[Ce2(PO4)3] and 
isoformular neptunium phosphate Na[Np2(PO4)3] and plutonium phosphate Na[Pu2(PO4)3] it was 
noted its analogous behavior during heating. The refinement of phosphates’ crystal structure was 
carried out by Rietveld method.  

The ceramics specimens were subjected to hydrolytic leaching tests in a stationary regime 
at room temperature. The values of rare earth leaching rates from phosphates of 
Ln0.33[Zr2(PO4)3]-types were less than (2.5–3.0)×10-8 g/(cm2·day), and these values evidence a 
high stability level of similar compounds. As the example of extreme member of solid state 
solution row – CaxPu(1-2x)0.25[Zr2(PO4)3] (it was studied earlier in [2]) for a specimen with x = 0.5 
the Spark Plasma Sintering technology was used for synthesis of ceramics. The achieved 
characteristics at sintering time τ = 12 min: ρexp.=3.17(1) g/cm3, ρrel.=99.1%, Vickers micro-
hardness HV = 540 kg/mm2, fracture toughness K1c = 1.2 MPa·m½, grain size 0.5≤r≤2.5 μm. 
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Introduction 
 Study of dynamic mechanical properties of uranium and its alloys is of significant attention 

both in Russia and abroad
1,2

. At the same time, kinetics of plastic deformation of uranium and its 

alloys has been poorly studied. In this work, basing on results of the tests with study of dynamic 

diagrams of compression of uranium–molybdenum alloy (~1% Мо), we made an attempt to 

determine dislocation velocity, length of free run of dislocations, and increase of dislocation 

density during plastic deformation of alloy at strain rates of 600-1400 s
-1

. 

Results and Discussion 
 It is known that sliding and twinning are the basic mechanisms of plastic deformation

3,4
. The 

dislocation mechanism of twinning is rather complicated. Therefore this work is associated with 

kinetics of deformation mechanism by sliding. Using the dislocation theory and dynamic 

diagrams of compression of uranium–molybdenum alloy we graphed the dependence of 

dislocation velocity on alloy deformation at various strain rates έ (see figure 1). 

 

 

 

 

 

 

 

 

 

 

 

Figure 1. Dislocation velocity versus degree of deformation of uranium-Mo alloy for 20
0
С and 

various έ: -●-έ=740s
-1

; -■- έ =1200s
-1

 (values έ are average from έ ranges presented in
1
 for 

averaged σ-ε diagrams) 

Similarly we graphed the dependence of length of free run of dislocations and the dependence of 

dislocation density growth versus degree of deformation of uranium-Mo alloy. 
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Mixed U6+/Pu4+ solid compounds precipitated from aqueous solutions are regarded as 

possible precursors for MOX production. To this respect, the recent advances on the synthesis 
and structural characterization of uranyl peroxide nanoclusters1 opened an alternative fabrication 
way, interesting to explore. This family of compounds is built from uranyl polyhedra bridged 
through peroxide or hydroxide ligands1. The high structural and chemical flexibilities of these 
nanoclusters, in terms of  number of building-blocks with assemblies containing up to 120 
monomers, shape, such as spheres, ovoid or crown, coordination chemistry, with inclusion of 
ligands such as pyrophosphate or oxalate, nature of the countercations, such as ammonium, 
alkaline or alkaline-earth cations, yielding about 40 arrangements reported in the literature2.  

The uranyl peroxide, (NH4)40[(UO2)32(O2(OH)2)52]·nH2O, denoted as U32R-NH4, 

precipitates at room temperature within 15 min. with a sharp selectivity3. Its high anionic moiety 
associated to its crown shape make it promising for intercalation chemistry. Very recently we 
successfully exchanged the NH4+ by Nd3+ cations, leading to the first uranyl cage peroxide 
containing a trivalent cation4. The effectiveness synthesis of this mixed Nd3+/U6+ compound, 
denoted as U32R-Nd allows prospective researches for the fabrication of mixed fuel, combining 
uranium and trans-uranium elements by considering Nd3+ as a surrogate of Pu3+ or Am3+ 5. 

The objectives of the present study is to evaluate the thermal decomposition pathways of 
U32R based clusters, with NH4+ and Nd3+ cations. To achieve such goals in-situ and ex-situ 
characterizations were carried out by XRD, DTA-TGA, UV-visible, IR, He-pycnometery, chemical 
analysis, SEM-EDS. Also to confirm the nature of the intermediate phases, reference compounds 
such as studtite [(UO2(O2)].4H2O and ammonium uranates (NH4)2[UO2(O2)].nH2O were studied, 
in order to calibrate the measurements and correlate the transformations and stability domains.  

The ammonium uranyl peroxide U32R-NH4 was obtained by mixing uranyl nitrate with 
H2O2 and a NH3 aqueous solution1. U32R-Nd was obtained by cationic exchange as described 4, 
powder of U32R-NH4 was immerged in a solution of neodymium nitrate. Finally, the solid was 
recovered by filtration. The ATG analyses help to determine the ex-situ annealing temperatures. 
The XRD characterizations show that from room temperature to about 500 °C the solids are 
amorphous. IR and UV-visible analyses allow to follow the evolution of water and ammonium 
molecules. The SEM micrographs were used to follow the grain shape of the various intermediate 
phases. 

This poster will present the detailed results obtained during the thermal decomposition of 
these compounds, U32R based nanoclusters and reference compounds, starting from the solid 
precipitates to the oxide powders. 

 
                                                 
1 Burns, P. C. et al.,. Angew. Chemie Inter.l Ed. , 44, 2135–2139 (2005). 
2 Qiu J., Burns P.C.; Chem Rev, 113, 1097‑1120 (2013) 
3 Sigmon G.E.; Burns P.C.; J. Am. Chem. Soc, 133, 9137 – 9139 (2011) 
4 Blanchard F et al., , Chem. Commun, February, 52, 3947-3950 (2016) 
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Metal fuels are of interest for next generation reactors due to higher thermal conductivity and 
uranium density compared to ceramic fuels [1]. Elemental uranium exhibits a high temperature 
(T>775oC) γ-phase, space group Im3m, that shows greater resistance to radiation effects and isotropic 
thermal expansion, making it the preferred structure for any potential, metal based, fuel. Previous 
work [2] has shown that this phase can be stabilised down to room temperature by alloying with a bcc 
refractory metal and can be grown epitaxially in a single crystal thin film (see fig. 1.) This is a model 
system that allows one to probe, experimentally, the mechanisms of defect recovery with great 
precision and make direct comparisons with computational results.  

Defect recovery behaviour in bcc metals can be dividing into several stages (I-V) as a function of 
annealing temperature, corresponding to different recovery mechanisms [3]. Stages I and II (belowRT) 
have been well characterised utilising electron damage. However, the specific processes that occur 
after stage III are less well defined as they are linked to complex damage profiles only accessible 
through neutron or heavy ion bombardment [4]. Stage III is associated with vacancy migration and 
subsequent annihilation at interstitial clusters, stage IV with the growth of vacancy clusters and stage 
V the thermal dissociation of vacancy clusters followed by vacancy annihilation at interstitial loops 
leading to complete recovery [3]. Single crystal U can exhibit 85% recovery as low as 425K and is 
complete after stage III [5], however it is expected that γ stabilised U-X metals will exhibit recovery 
patterns resembling other bcc metals. We will present initial results from a systematic resistometric 
study to identify the high temperature recovery mechanisms in these alloys. 

 
 

[1] G. Hofman, L. Walters, T. Bauer, Progress in Nuclear Energy, 31, 83-110, (1997) 
[2] A.M. Adamska, R. Springell, T.B. Scott, Thin Solid Films, 550, 319-325, (2014) 
[3] M.W. Thompson, Philosophical Magazine, 51, 278-296, (1960) 
[4] F. Ferroni et al, Acta Materialia, 90, 380-393, (2015)  
[5] B.A. Lomis, S.B. Gerber, Philosophical Magazine, 18, 539-553, (1968)   
 

Figure 1: Schematic representation of single crystal U-Mo thin film system taken from [2] 
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Figure 1: Overlay of a α-
track image (green) and 
the regarding sample. 
Sample Diameter: 4 
mm, line: 500 μm. 
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Introduction 
 In the field of radioecology, actinide-bearing particles are of major concern. They were 
released into the environment by nuclear weapons explosions and accidents in nuclear facilities, 
such as in Chernobyl. Furthermore, actinide release might take place from nuclear waste 
repositories, should the barriers fail due to, e.g., water intrusion. In both cases actinide behavior 
and mobility in the environment needs to be understood to prepare countermeasures and to 
estimate doses to man by Pu ingestion with drinking water or food. While fuel particles containing 
PuO2 are rather inert, weathering and continuous oxidizing conditions lead to formation of Pu(V), 
which has a much higher solubility and is more mobile in nature. To investigate these processes 
on the surface of single particles, suitable methods for localization and analysis are needed. Size, 
isotopic and chemical composition as well as chemical speciation of single particles or at least at 
very low concentrations have to be determined. This information is of major relevance to 
investigate the origin and potential mobility of radiotoxic material. At the Institute for 
Radioecology and Radiation Protection, a routine for α-track analysis to locate micron sized α-
emitting particles in the bulk of unrefined environmental samples has been implemented, based 
on previously reported procedures1. A number of different solid-state α-track detector materials 
as well as several sample preparation procedures are investigated and optimized. After 
localization of α -emitting particles, the sample is transferred into a static TOF-SIMS without any 
further preparation or treatment. Size, shape and element composition (m/q ratio) of the particle 
is probed with lateral resolution down to 70 nm. Additionally, a laser system for resonance 
ionization is coupled to the TOF-SIMS (rL-SNMS), yielding almost complete suppression of 
isobaric interferences and background signal2. This system allows mapping and isotopic ratio 
determination for specific elements at extremely low concentrations.  

Results and Discussion 
 The resulting system can detect α-tracks in a flat sample with a 
variable surface area after 1-100 h of exposure, depending on the 
activity. After etching the detector, the analysis evaluation uses a fully 
automated microscopy routine, to localize particles and to give an 
estimation of their activity. Since the α-track detector is completely 
insensitive to β- and γ-radiation, the precise localization of α-emitting 
particles remains undisturbed by high background contamination with 
e.g. Cs-137. Hence, the system provides superior performance for this 
application, when compared to other autoradiography methods. 
Future applications will include the investigation of weathering effects 
on the surface of characterized reference particles as well as particles 
still embedded into a natural soil matrix, with an emphasis on the 
plutonium chemistry. 
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Introduction 
 After fuel debris is removed from the reactor containment vessel at Fukushima Daiichi NPS 
(1F) and collected in waste containers in the future, the waste containers will be disposed at a 
deep geological repository. The uranium inventory and uranium-235 enrichment of the fuel debris 
are larger than those of high-level vitrified wastes which are produced from liquid waste during 
reprocessing of spent nuclear fuels. Therefore, there is a possibility not to be excluded that a 
criticality occurs in the geological media where the uranium precipitates at the far-field from the 
repository, after the uranium located in the repository is dissolved by groundwater. In this study, 
we calculated the quantity of uranium precipitated at the natural barrier, and studied dimension of 
uranium deposited in the natural barrier and carried out the criticality analysis.  

Results and Discussion 
 Liu et. al.1 calculated effective neutron multiplication factors for spherical shape of uranium from 
1F fuel debris precipitated in sandstones under the condition of uranium-235 enrichment of 2.25%. 
As a result, it indicated that it is possible for only 630kg of the deposited uranium with spherical 
shape to reach the criticality in 9.5% of uranium volume fraction at the porosity of host rock 30%.  
 Therefore, in order to investigate the quantity of uranium precipitated at the natural barrier, 
radionuclides migration analysis with migration distance of 100m from repository to a point in the 
natural barrier was carried out for waste containers containing fuel debris with reference to the 
specification of TMI-2 container, changing nuclide migration parameters such as solubility and 
groundwater velocity. As a result, uranium was not precipitated anywhere at the repository where 
reducing environment was maintained, because the uranium was dissolved gradually based on 
the solubility value for reducing environment. On the other hand, a quantity of uranium larger than 
criticality mass was deposited at the oxidation-reduction front, when oxidizing groundwater around 
the surface flowed into the repository and uranium was dissolved rapidly based on the solubility 
for oxidizing environment. Uranium-235 enrichment at the maximum value of deposited uranium 
was 2.0%. 
 Next, considering with the layout and dimension of the repository for fuel debris with reference 
to HLW2, criticality analysis was carried out under the condition of the largest quantity of uranium 
with the enrichment of 2.0% based on the above analysis. The geometry of uranium was assumed 
to be the cuboid. When the uranium volume and length was constant, the height and the thickness 
varied. Effective neutron multiplication factor keff was 0.98 which is the criterion for sub-critical at 
the dimension of 200m long, 3m high, and 0.45m thick for above appropriate ratio of uranium and 
water. Considering geometrical buckling, that the height increases with decrease thickness 
decreases the keff.  Diameters of main galleries of the repository is 5m and repository panels are 
not coplanar. In addition, the dissolved uranium spread spatially by advection- dispersion. 
Therefore, it is possible to exclude the possibility to reach the criticality at the natural barrier.  
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Introduction 
 The Waste Isolation Pilot Plant (WIPP) near Carlsbad, NM is the only operating transuranic 
(TRU) nuclear waste repository in the US.  The WIPP is located in a salt deposit approximately 
650 m below the surface overlain by multiple layers of dolomite and other geologic material.  The 
mineral-water interface between high ionic strength salt brines and dolomite rock plays an 
integral role in understanding the potential transport of radioactive waste from the repository.  
The objective of our work is to provide insight into sorption mechanisms as a function of ionic 
strength, solution chemistry and oxidation state (III-VI), and to refine the sorption partition 
coefficient (Kd) values that are used in current performance assessment (PA) models1,2,3. 

Results and Discussion 
We will present results for a set of complimentary batch and column experiments focusing on 
geologic material characterized by XRD and SEM/EDS (Fig. 1a) that use Nd(III) as an analog for 
An(III).  These results allow for the calculation of Kd values, sorption rate kinetics, and binding 
site capacities.  Comparison of repeat addition experiments (Fig. 1b) with breakthrough column 
results can help elucidate sorption mechanisms and segregate inner and outer sphere bonding.   
Kd values ranged from 1460 – 8700 g/L, which were higher than current model inputs and 
indicate conservatism.  We will present (1) a conceptual overview of Kd use in the PA model, (2) 
background and evolution of the Kd ranges used, and (3) results from batch and column 
experiments and model predictions for Kds with WIPP-relevant geologic media. We will also 
briefly discuss the challenges of upscaling from lab experiments to field scale predictions, the 
presence of ligands (e.g., acetate, citrate, EDTA), the role of colloids and microbes, and the 
effect of engineered barrier materials (e.g., MgO) on sorption and transport conditions. 
 

 
 

Figure 1. SEM image of a dolomite grain (a) and repeat addition experiment with 0.2 g of 
dolomite and 20 ppb Nd in 50 mL of 0.1 M MgCl2 and 3 mM NaHCO3 at pH 8.0 (b). 
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Introduction 
 The recent events of Fukushima, highlighted the difficulties to trap toxic radionuclides (I, Cs, Sr 
U, Pu…) released during a nuclear accident.1 Different sorbents like clays, zeolites or activated 
charcoals, have been already analyzed for the sorption of radionuclides. However, their relative 
low porosity limits the amount of captured elements and is restricted by the adsorption water. For 
two decades, the class of solids called Metal-Organic Framework (MOF) has received 
considerable attention as new adsorbants.2 Indeed, this type of hybrid materials exhibits very high 
porosities leading to a large field of applications. Furthermore, the MOFs present an enormous 
panel of architectures, where properties are easily modulated by the ligand functionalization.  

Results and Discussion 
In this work we analyzed some prototypical MOFs (MIL-n, UiO-66) for the capture of actinides 

(Th, U), molecular iodine (I2), as well as the resistance of these solids under gamma irradiation 
The mesoporous MIL-100(Al), was studied for the sorption of actinide ([UO2]2+, Th4+) and 

lanthanide (Nd3+) cations in aqueous solution.3 This solid exhibited a quick cation sorption (30 min) 
and revealed selectivity for Th4+. For [UO2]2+, the maximum uptake (133 mg U.g-1) is higher than 
what we observed with classical zeolite (<30 mg U.g-1) and close to the capacity of non-
functionalized mesoporous silica (<140 mg U.g-1). Moreover, An@MOF particles were analyzed 
by electron tomography showing the spatial distribution of metal ion through the MOF matrix.  

We examined the effect of pore functionalization for the sorption of molecular iodine (I2 
dissolved in cyclohexane) in functionalized versions of aluminum-based MIL-53.4 The best uptake 
appeared with solids decorated by electro-donor groups (-NH2, -OH). This selectivity is explained 
by the formation of a charge transfer complex between I2 and the functional groups.  
 Experiments have been dedicated to the resistance of MOFs under gamma irradiation.5 It has 
been demonstrated the high resistance of aluminum-based MOFs under gamma irradiation (at 
least up to 2 MGy), compared to similar materials synthesized with transitions metals, such as 
HKUST-1(Cu), UiO-66(Zr) and ZIF-8(Zn). This stability is assigned to the lower cross-section of 
aluminum, limiting the effect of gamma rays and the destruction of the hybrid framework. 

 
Illustration of the capture of radionuclides in MOF 
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 Recently, we determined the first ionization potential of the heaviest actinide, lawrencium (Lr, Z 
= 103), using a surface ion-source coupled to the Isotope Separator On-Line (ISOL) at the JAEA 
tandem accelerator1. The obtained value was in good agreement with that predicted by state-of-
the-art relativistic calculations. This suggests that the outermost electron of the Lr atom is bound 
in a 7p1/2 orbital, although a 6d orbital is anticipated to be occupied simply from the analogy to its 
lighter homologue lutetium (Lu) where a 5d orbital is occupied. This result motivates us to explore 
the volatility of elemental Lr because the adsorption enthalpy of Lr is expected to be indicative of 
the type of its interaction with a surface material. In the present work, the adsorption behavior of 
Lr is studied by a newly developed method combining vacuum chromatography with surface 
ionization in a metallic column/ionizer of the ISOL. 

In vacuum chromatography, adsorption-desorption processes of single atoms on a surface 
depend on the temperature of the chromatographic column and on the adsorption enthalpy of the 
species under investigation. On a metallic surface at high temperature, atoms are ionized during 
the desorption process from the surface; ionization efficiencies are described by the Saha-
Langmuir equation. If the loss of atoms due to adsorption on the surface of the column/ionizer is 
negligible, the ionization efficiency fully follows the equation. In case a fraction of all atoms keeps 
remains adsorbed until their decay occurs during adsorption, the ionization efficiency becomes 
lower than that expected. 

256Lr with a half-life of 27 s was produced in the 249Cf(11B, 4n) reaction at the JAEA tandem 
accelerator facility. Reaction products recoiling from the target were transported to the ionization 
site (ionizer) by an aerosol gas-jet transport system. 256Lr atoms were surface-ionized at different 
temperatures. Formed ions were mass-separated and then implanted into a Mylar foil of an α-
particle measurement system. Thus, ionization efficiencies of Lr were successfully measured as a 
function of the ionizer temperature. At lower temperatures, the ionization efficiencies of Lr become 
lower than those expected by the equation. This indicates that a significant fraction of the Lr atoms 
was adsorbed on the surface and decayed there. Details of the experiments and the results will be 
presented at the conference. 
  
1. T. K. Sato et al., “Measurement of the first ionization potential of lawrencium, element 103”, 

Nature 520, 209-211 (2015). 
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Introduction

Radionuclide therapy is one of the fields of nuclear medicine and effective in the metastatic and
refractory cancer. It uses tumor specific antibody labeled with radionuclide which emitt charged-
particle such as alpha or beta particle. When nuclear medicine is administered to cancer patient, it
moves to cancer cells and then emitted particles attack the to cancer cells. Beta particle emitters
such as 89Sr, 90Y and 131I have been used in japan, and 32Sr, 153Sm and 186Re have been used in
the United States and Europe. Since alpha particles have higher liner energy transfers (LETs) than
beta particles, the cytotoxicity by alpha particles is far more potent than beta particles. Also, Due
to short range of alpha particles in tissue, alpha emitting radionuclides can target single tumor cell.
Therefore, nuclear medicine of alpha emitting radionuclides have advantages over beta emitting
radionuclides in radionuclide therapy1. 227Th is alpha emitting radionuclides and the parent of decay
chain nuclides. Therefore, it can attack cancer cells several times effective to tumor than single
alpha or beta particle emission. And 227Th has appropriate harf-life for nuclear medicine.

In this study, we determine the stabillity constants of the thorium complexes with EDTA, DOTA,
EDTMP and DOTMP ligands. The complexes with DOTA and EDTMP ligands are used for labeling
alpha emitter to anitibodies2. EDTMP and DOTMP has four phosphate units and EDTA and DOTA
has four carboxyl units. Phosphate units could have affinity to bone, so EDTMP and DOTMP is
expected for treatment malignant bone tumor3. DOTA and DOTMP has cyclic structure, and EDTA
and EDTMP has chain structure.

Results and Discussion
The stabillity constants are determined by titration carve by using Hyperquad2013 software.

Table 1 is the stability constants of ligand with Th4+. DOTA and DOTMP have cyclic structure, so
logβML is higher than EDTA and EDTMP because of chelate effect. The protonation constant for the
complex, logKMLH is parameter which evaluate the weekly coordinated ligands by protonation reac-
tion. EDTMP and DOTMP has higher logKMLH than other ligands because electronic arrangement
of EDTMP or DOTMP complex with Th4+ is distorted because of phosphate units.

Table 1: Stability constants of ligand with Th4+
EDTA DOTA EDTMP DOTMP

logβML 25.48 ± 0.02 27.86 ± 0.01 14.03 ± 0.05 16.17 ± 0.04
logKMLH 6.37 ± 0.04 8.58 ± 0.02 9.68 ± 0.06 15.00 ± 0.06

In this research, high utility as a ligand of DOTA was shown. The effectiveness of the phosphate
units as a nuclear medicine is important, EDTMP and DOTMP are also expected. we will analyze
the structure of single crystal of each complex and evaluate its stability.
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Introduction 
 Thousands of metric tons of uranium are used for nuclear fuel and nuclear weapon annually 
in the uranium industry worldwide. The threat of a nuclear terrorist event and nuclear radiation 
from power plant leaks involving the release of uranium is possible. The health hazard caused by 
uranium exposure and contamination has received considerable attention worldwide. Compared 
with the in vitro exposure, in vivo radiation from respiratory, digestion or skin absorption will result 
in more serious injury1,2. In order to further understand the mechanism of in vivo radiation, our 
research aims at studying the interaction between actinide ions with small biomolecules like 
amino acids with characteristic amino and carboxylate groups3,4. 

Results and Discussion 
Here in this work, three new crystals were synthesized by hydro(solvo)thermal method to 

show the complexation between uranyl ionand amino acids(Fig.1). Each U(VI) center has two 
axial oxo ligands with bond lengths ranging from 1.764 to 1.800 Å, resulting in the common near-
linear uranyl, moiety. Five additional O atoms associated with hydroxyl, or carboxylate functional 
groups bond through the equatorial plane to create pentagonal bipyramidal coordination about 
the meatl center5. There are differences in the repeating units among 3 compounds. Compound 
2 is multifurcated structure, and differences from compound 1 and 3 which are one orientation 
array. 

                
Fig. 1 Each of the uranyl chains are assembled into a crystalline array. a: 1, b: 2, c: 3 
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Introduction 
 Precise detection of low dose X- and γ-radiations remains a challenge and would be 
particularly important for studying biological effects under low dose ionizing radiation, safety 
control in medical radiation treatment, survey of environmental radiation background, and 
monitoring cosmic radiations. Up to now, few chemical sensors1 and metal-organic frameworks2 
have been developed to be used as radiation detector. Herein, we report a photoluminescent 
uranium organic framework compound (donated as 1, quantum yield is 0.49), whose 
photoluminescence intensity can be accurately correlated with the exposure dose of X- or γ-
radiations. This allows for precise and instant detection of ionizing radiations down to the level of 
10-4 Gy, representing a remarkable improvement on the detection limit of approximately two 
orders of magnitude, compared to other chemical dosimeters reported up to now.  

Results and Discussion 
 Given the high initial emission intensity originating from the decent quantum yield, the 
detection limit of γ- and X-radiations dosage was calculated to be 1.64 × 10-4 and 5.2 × 10-4 Gy 
(Figure 1), respectively, representing an improvement of approximately two orders of magnitude, 
compared to the reported solvent assisted photoluminescence quenching dosimeter1. The 
electron paramagnetic resonance analysis suggests that with the exposure to radiations, the 
carbonyl double bonds break affording oxo-radicals that can be stabilized within the conjugated 
uranium oxalate-carboxylate sheet. Further study shows that the existence of oxo-radicals results 
in efficiently fluorescence quenching of uranyl (Figure 2). The quenched sample can be easily 
recovered by heating, enabling recycled detection for multiple runs, further endowing depleted 
uranium compounds a new promising application. 

 
Figure 1. X-ray (a, b) and γ-ray (c, d) detection.

  
Figure 2. Schematic drawing of the photoluminescent detecting mechanism of 1. 
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