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Preface

This workshop was co-organized by Prof. Yamagami (Kyoto Sangyo Univ.), who is a theoret-
ical researcher of condensed matter physics of actinides, to provide a basis for current and future
research activities in a wide range of fields. The actinide science stems from basic research on
condensed matter physics and chemistry, to research on nuclear fuel cycle and radioactive waste
as its application, and recently to basic research on 1F debris and nuclear medicine.

This year, many international conferences have been postponed, and domestic conferences
have been also postponed or held online because of the worldwide spread of the COVID-19
virus. On the other hand, by focusing on the advantages of online conferences, we have felt
that we could make a conference even much better for young researchers and busy domestic
researchers to have encouraging discussions with other professionals, and for all of us to have
great discussions with prominent foreign researchers. Online meeting technology is particularly
suitable for promoting flat scientific discussions. Since we have held many extended seminars
within our laboratory and strongly feel the advantages of this technology, we discussed with
some of researchers in this community about holding an online conference this time. Fortunately,
we received positive feedback from everyone and were able to hold this conference.

Our institute (KURNS, Kyoto University) has decided to shut down the KUR reactor in 2026.
Based on discussions in Japan, a new research reactor will be built at Fukui, and the institute
will participate in its construction and operation of cooperative researches among universities.
On the other hand, the future of the Kumatori site, where the institute is currently located, is
currently being discussed. Among the discussions, the core of the Kumatori site has gradually
been recognized as the hot laboratory, which is expected to play an important role in basic
research on actinides, radioactive wastes, and cancer treatments as nuclear research in a broad
sense.

This report is published to preserve the discussions of “the Kumatori 2021 ” conference



held on Feb. 10, 2021. As a background of this conference, we had preceding 13 domestic
conferences and we have published the meeting reports for all of them. This time is the third
conference since T. Yamamura has moved to Kyoto Univ. from Tohoku Univ. Since last year,
based on the suggestion from Prof. H. Yamagami, we have registered the report in the Kyoto
University Academic Repository KURENAI to make it available to a wider audience and to
preserve it permanently. We hope that the publication of this book in the repository will attract

more people, especially young people, to the field of condensed matter chemistry of actinides

and its applications.

March, 2021
Tomoo Yamamura

Professor, KURNS, Kyoto Univ.



Preface to the First Publication of the Report of the Topical Meeting on

"Topical meeting on Condensed-matter Chemistry on Actinides"

This workshop was organized by Prof. Tomoo Yamamura and many others at the Institute
for Integrated Radiation and Nuclear Science, Kyoto University, and was held on February 7,
2020 (Friday). This booklet is a report of the meeting, and is the first publication. Although
the new coronavirus infection spread worldwide in the following month, it was fortunate that 42
researchers from a wide range of fields in basic research of actinide science, both domestic and
overseas, participated in the meeting and that the meeting was successfully held.

I would like to express my thoughts on the purpose of establishing this workshop. The
main focus of this group is "basic research and its application in actinide science" in a broad
perspective, and we will deal with a wide range of research topics with an interest in experiment
and theory, basics and applications. It is also a research group where researchers from various
research fields such as physics, chemistry, biology, engineering, and medicine come together.
The main participants are joint users of the Institute for Integrated Radiation and Nuclear Science,
but many other researchers are also attracted by the activities of the group.

I hope that this workshop will provide an opportunity to learn about the latest research
results from different fields, to understand each field with new eyes, and to get feedback for
our own research. Furthermore, it would be great if we could create new research themes and
collaborations that are cross-cutting and complementary among the fields. In order to achieve
this, it is necessary for the meeting to be a place for open academic exchange and discussion,
and I hope that you will continue to actively participate. In addition, due to the unique nature
of the field of actinide science, there is an urgent need to pass on sustainable technologies and
skills and to develop young human resources, and we welcome student-level participation in this
workshop.

We look forward to your continued cooperation in making this a successful and open forum

for active discussion.



March 23, 2020
Hiroshi Yamagami,

Kyoto Sangyo University
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Chapter I  Program

(Listed on the next page)



Topical meeting on Condensed-matter Chemistry on Actinides : The Kumatori meeting 2021

Oral Session, Feb. 10th, 2021 @Zoom

Chair JST Presenter Title
A. Sunaga 10:00 | T. Yamamura (KURNS, Kyoto Univ.) Opening Remarks
10:05 | H. Yamagami (Kyoto Sangyo Univ.) Objectives of this meeting
S. Kambe 10:15 | Y. Haga (ASRC, JAEA) Uranium-based intermetallics with layered structure: character-
ization and magnetism
10:35 | K. Ishida (Dept. Phys., Kyoto Univ.) Superconducting Spin Susceptibility of UTe,
10:55 | T. Yaita (SPring-8, JAEA) Recent activities of Actinide Chemistries in the Materials Sci-
ences Rsearch Center of JAEA
11:15 (Intermission)
Y. Haga 11:25 | N.Ishikawa (Dept. Chem., Osaka Univ.) | Observation of interaction between 5f electronic system and
photo-excited cyclic @ system
11:45 | T. Suzuki (Nagaoka Univ. Tech.) Fundamental Study for Precise Analysis of Actinides in Hardly
Soluble Substances Containing Uranium Oxides
12:05 | K. Washiyama (Fukushima Medical | Current status and prospects of domestic supply of alpha-
University) emitting radionuclides
C. Tabata Group photo (Capturing on Zoom)
12:25 (Lunch)
M. Hino 13:00 | Y. Kawabata (KURNS, Kyoto Univ.) Current status and future plans of our institute
13:15 | T. Yamamura (KURNS, Kyoto Univ.) Actinide researches using KUR hot-lab
T. Yamamura 13:30 | M. Suzuki (KURNS, Kyoto Univ.) The Future of Cyclotron-Based BNCR Research
13:50 Break Session 1
K. Shirasaki 14:50 | T. Kitazawa (Dept. Chem., Toho Univ.) | Synthesis and Crystal Structures of Three New Complexes Con-
structed with Uranyl(VI)-acetylacetonate and Uranyl(VI)-nitrate
15:10 | T. Yoshimura (IRS, Osaka Univ.) Preparation of guidelines for evaluation to ensure safety in the
use of short-lived unsealed radioisotopes
15:30 (Intermission)
K. Ishida 15:40 | H. Amitsuka (Hokkaido Univ.) Odd Parity Multipole Ordering in Uranium Compounds
16:00 | T. Yanagisawa (Hokkaido Univ.) Electric Quadrupolar Contributions in the Magnetic Phases of
UNi,B
16:20 Break Session 2
H. Tanaka 17:20 | M. Manjum (Dept. Appl. Chem., Keio | Electrochemical Formation of Samarium and Samarium-Cobalt
Univ.) Nanoparticles in a Pyrrolidinium-based Ionic Liquid
17:40 | T. Nomoto (Tokyo Inst. Tech.) Drug delivery using functional polymer-conjugates
18:00 (Intermission)
H. Amitsuka 18:10 | A. P. Goncalves (Universidade Lisboa, | On the U-Fe-Ge system and its compounds
Portugal)
M. Abe 18:40 | A. S. P. Gomes (Universite de Lille, | Electronic structure of actinide systems from relativistic corre-
France) lated and quantum embedding approaches
Y. Haga 19:10 | R. Caciuffo (EU JRC, Karlsruhe, Ger- | Radioisotopes for medical applications
many)
A. Sunaga 19:40 | S. Kambe (ASRC, JAEA) Concluding Remarks 1
19:50 | H. Yamagami (Kyoto Sangyo Univ.) Concluding Remarks 2
C. Tabata Group photo (Capturing on Zoom)




Topical meeting on Condensed-matter Chemistry on Actinides : The Kumatori meeting 2021
Break Sessions, Feb. 10th, 2021 @Zoom

Break Session 1 (13:50 - 14:50) 13:50 - 14:20 | 14:20 - 14:50
Room | Presenter Afilation Title Chair 1 Chair 2
1 | H. Shishido Tohoku Univ. Proposals for the advanced nuclear fuel cycle by intro- | M. Hino T. Suzuki
ducing a fusion reactor
2 | M. Nakase Tokyo Inst. Tech. | Development and characterization of phthalocyanine- | K. Nagata A. Kawaguchi
derivatized ligands for recognition and complexation
of light Actinide elements
3 | H. Nakai Kindai Univ. Development of ligands for new actinide complexes T. Yamamura | T. Yaita
4 | C. Tabata Kyoto Univ. Crystal structure and magnetic property of uranium | N. Ishikawa Y. Haga
phthalocyanine complexes
5 | Y. Kasamatsu | Osaka Univ. Co-precipitation experiment of group 2 elements with | T. Kitazawa A. Sunaga
barium hydrosulfate toward chemical study of No
6 | K. Shirasaki | Tohoku Univ. Extraction of strontium from aqueous solutions into | M. Nogami T. Kobayashi
HFC using dicyclohexano-18-crown-6 and perfluori-
nated polyethylene glycol derivative
7 | Y. Sekiguchi | CRIEPI Thermodynamic estimation of vaporization of CsI dis- | Y. Katayama M. Yokota
solved in LiF-NaF-KF molten salt
8 | F. Kon Hokkaido Univ. Observation of Antiferromagnetic Order in the Heavy- | K. Ishida T. Oda
Fermion Compound Ulr,Ge, — Resonant X-ray Scat-
tering
9 | A.Sato Tokyo Met. Univ. | Theoretical study on isotope fractionation in uraninite | H. Yamagami | A. Toyoshima
10 | Y. Kitawaki Kyoto  Sangyo | Orbital magnetization in many-electron systems de- | M. Abe T. Yanagisawa
Univ. scribed by spin-orbital-polarized coupled Dirac equa-
tion
Break Session 2 (16:20 - 17:20) 16:20 - 16:50 | 16:50 - 17:20
Room | Presenter Afilation Title Chair 1 Chair 2
1 | T. Fukuda JAEA Present status of the study on energy conversion using | T. Yoshimura | K. Kakinoki
actinides in radioactive wastes
2 | T. Oda Kyoto Univ. Slow dynamics study by neutron resonance spin echo | H. Amitsuka H. Shishido
spectrometer
3 | A. Sunaga Kyoto Univ. Theoretical study of the linearity of uranyl molecule | H. Yamagami | S. Kambe
based on relativistic correlation method
4 | M. Nogami Kindai Univ. Change in precipitation ability of treated cyclic urea | H. Nakai K. Maeda
compounds for selective precipitation of U(VI) species
5 | Y. Homma Tohoku Univ. Mossbaure spectroscopy of the Eu-based skyrmion | H. Takeuchi T. Kitazawa
compounds EuPtSi and EuAl,
6 | K. Nagata Osaka Univ. Synthesis of Actinium Complex with a Macrocycle | M. Abe M. Suzuki
Having Pyridine Phosphonate Pendant Arms
7 | T. Yamane Nagaoka  Univ. | Electrochemical method of minor actinide recovery | T. Shimada Y. Katayama
Tech. from nitric acid solution using Ga liquid electrode and
ionic liquid
8 | M. Yokota Kindai Uniyv. Adsorptivity of monoamide polymer adsorbent im- | K. Shirasaki M. lizuka
pregnated with PPTPT to metal ions in neutral aqueous
solutions for recovery of uranium in seawater
9 | K. Mori Kyoto Univ. Introduction of Versatile Compact Neutron Diffrac- | Y. Haga F. Kon
tometer (VCND) at B-3 Beam Port of KUR
10 | T. Kobayashi | SPring-8, JAEA | XAFS study on the the aged deterioration of a simu- | T. Tadokoro C. Tabata

lated fuel debris




Chapter 2 Opening Remarks

The meeting is linked to our Projective Research at KURNS, named as “ Condensed-matter
Chemistry on Actinides and its applications ” . Our objectives are characteristic chemical and
electronic properties of Actinides due to the intermediate shielding of the 5f orbitals. Importance
of this fields lies in the coexistence of superconductivity and ferromagnetism, alpha-emitter
nuclear medicine, and managements of radioactive wastes from nuclear power plants. However,
it is not easy for usual universities to have sufficient experimental research environments due to
many regulations for nuclear fuel materials and radioisotope materials.

This project can be defined in terms of the multidisciplinary methods, the substances inves-
tigated, and the platform-like research sites. The researchers in chemistry, condensed matter
physics, and nuclear medicine join this project, who are interested in the properties of actinides
as the Sf-intratransition elements. Also, they include excellent researchers both of experiments
and theoretical calculations to start corroborative works. Substances investigated are the actinide
mixed oxides, actinide complexes, and uranium intermetallic compounds.

At the present, eco system of actinides research includes following three institutes: Tohoku
Univ. IMR Hot Laboratories (Sendai, Oarai), JAEA (Tokai, SPring-8), and KEK-PF. A g-scale
research experiment can be provided in collaboration with these institutes. By using starting
materials provided by IMR and JAEA, users can complete preparations and basic measurements
based on the platform-like equipment systems which our community had built during past
20 years. After the basic measurements, the users can send other facilities for specialized
experiments, such as synchrotron radiation experiment.

This year, we have invited three prominent researchers from abroad. First is Prof. Roberto
G. Caciuffo (EU-JRC Karlsruhe), who in fact, has planned to have a talk at our last meeting
(2020/2/7), but it was postponed due to the corona-virus matter. The second is Dr. Antonio
Goncalves (Universidade Lisboa), who had been a visiting researcher of KURNS in 2019. The

third is Dr. A. S. P. Gomes (Universite de Lille).

4



This is the first online meeting on Zoom. However, we have a large audience, i.e. 60 attendees,
39 speakers including 3 foreign speakers. We have planned a special session: "(Coffee) Break
Sessions", where two chairs are assigned as audiences who help cultivate fruitful scientific

discussions. Please have a coffee and enjoy discussions!



KYOTO UNIVERSITY

KURNS

Topical meeting on Condensed-matter Chemistry on Actinides
(The Kumatori meeting 2021)

Opening remark

Tomoo Yamamura, KURNS, Kyoto Univ.
10:00-10:05, Feb. 10, 2021

The meeting is linked to:
Our Projective Research at KURNS
Condensed-matter Chemistry on Actinides and its applications:

« Objectives:
- Characteristic chemical and electronic properties of Actinides:
. due to the intermediate shielding of the 5f orbitals
. Importance of this fields lies in:

- the coexistence of superconductivity and
ferromagnetism

. alpha-emitter nuclear medicine
- managements of radioactive wastes from nuclear power
plants.
. Difficulty of research environments in universities due to
regulations.

Objectives (continued)

« Methods:

- in chemistry, condensed matter physics, and nuclear medicine who
are interested in these properties of actinides

« Collaborations of experiments and theoretical calculations

. Substances: actinide mixed oxides, actinide complexes, and
uranium intermetallic compounds.

« Research environment for g-scale research in collaboration with:
- Universities
- IMR Hot Laboratories (Sendai, Oarai)
- JAEA Tokai
« SPring-8 Beamline BL22XU of JAEA
- KEK PF

Eco system of Actinides research

KURNS, Kyoto Univ. IMR, Oarai

IMR, Sendai

tion

Basic Mé asuremenls

.
S-S

t,ooperative A Movements of
researches ? RI & nucl. mat.

(SPring-8, KEK PF JAEA Tokai

XRD, XAFS
Hard(X-ray: XI\FS, XRD
Soft Xsray: M

Our Projective Research: Members

Representative Afilation
Y. Haga ASR, JAEA
H. Amitsuka Hokkaido Univ.

T.Suzuki | Nagaoka Univ. Tech.

K. Shirasaki IMR, Tohoku Univ.

M. Nogami Kindai Univ.
M. Abe Tokyo Met. Univ.
H. Shishido Tohoku Univ.
M. Nakase Tokyo Inst. Tech.
T. Yamamura KURNS
H. Nakai Kindai Univ.
T. Kobayashi SPring-8, JAEA

Our meeting background:
Proceeding 13 domestic and 1 international mtgs

Fiscal Year Classification Conference Name
2008 |00 T Actinide element lab. user's meeting
2009 (mefizian Ui (@Ee s e (RS TEED)
2008 Sci. Res. Grants Fundamental Research(S) meeting
2009 Sci. Res. Grants Fundamental Research(S) meeting (No.2)
2010 Oarai user's meeting including LARE
2011 Collaboration of LARE user's mtg with Sci. Res. Grants Fundamental
IMR LARE meetin Research(S) mtq
2013 omoku Uniw e Collaboration of LARE user's mtg with Sci. Res. Grants Fundamental
Sonda) Research(S) mtq
2014 Collaboration of LARE user's mtg with Sci. Res. Grants Fundamental
E—— Research(S) mtg.
2015 7th LARE user's meeting
8th LARE user's meeting
Collaboration of Workshop "Science and Technology of Actinide
Elements” IMR. Tohoku Univ. with 9th LARE user's mtg,
2017 International Conf. Actinides-2017 (Sendai)
2018
2019 Topical meeting on Condensed-matter Chemistry on Actinides
2020 Kumatori mtg.

“ mtg in FY 2012 was not planned because of the damages due to the Tohoku earthquake (March 11,2011)




Invitation of prominent researchers
from abroad:

- As an alternative to the visit that was cancelled due to coronavirus

« The remote meeting has enabled us to hold this international meeting.
. Prof. Roberto G. Caciuffo (EU-JRC Karlsruhe)

« Planned to have a talk at our last meeting (2020/2/7)

. T.Y. had a plan to visit him during this fiscal year.
. Prof. Antonio Goncalves (Universidade Lisboa)

« Prof. C. Tabata had a plan to visit him during this fiscal year.

. Prof. A. S. P. Gomes (Universite de Lille)

Welcome to the meeting

- The first remote meeting on Zoom to prevent the spread of
coronavirus.

. 60 attendees, 39 speakers including 3 foreign speakers
. "(Coffee) Break Sessions" are planned:
- To cultivate the fruitful sciences in this field

- Two chairs as assigned audiences. The repeated talk but
no more than twice.

- Please have a coffee and enjoy discussions!




Chapter 3  Presentation Materials

With the permission of the speakers, the materials of their presentations are included here.



3.1 H. Yamagami (Kyoto Sangyo Univ.)

Objectives of this meeting

10 February, 2021 ZOOM meeting

Topical meeting of
Condensed-matter Chemistry on Actin
The Kumatri Meeting 2021

Department pf Physics, Faculty of Science, Kyoto-Sangyo University, JA
Electronic-Structure Research Group, JAEA, Harima, JAPAN
Hiroshi Yamagami

\

First Meeting: 20202878 RAEAH PHERASES 9:35-9:50
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Objectives of this meeting :

2019 A selection for public offering of the meeting in Institute for Integrated Radiati
and Nuclear Science, Kyoto University  (#&RFHRIFEHFAT)

Host : T. Yamamura and outside : H. Yamagami

Objective : This meeting will hold as a part of shared use in the Institute, and the meet
is about a research in this Institute and a nuclear reactor.

Iprofessional research meeting] = A general meeting independent of the theme including
for discussing on a research subject to a project.

Sugestion: (1) As a research theme, a basic science of condensed-matter chemistry on Actinides,
as a wide meaning
(2) Experimental and theoretical research, basic and application-oriented research
(3) cosse-sectional and complemental research between some different fields of science
physics, chemistry, biology, engineering, medical science and so on.
(4) Scheme and framework toward human resource development and devolution for engil
(5) Open meeting through a scholarly exchange and an academic discussion

Meeting Schedule
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Finally

Thank you for your attention!
And enjoy the Kumatri meeting!
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3.2 Y.Haga (ASRC, JAEA)

Uranium-based inter metallics with layered structure: characterization and

magnetism

Uranium-based inter metallics with layered
structure: characterization and magnetism

Yoshinori Haga
Advanced Science Research Center, Japan Atomic Energy Agency

Introduction

Actinide intermetallic compounds
5f electrons characterize physical properties
Located in the boundary between localized/itinerant
Sensitivity to external condition (pressure, magnetic field,
chemical environment)

Example of actinides intermetallic compounds consisting of
several building blocks — arrangements controlled artificially

Designing a material with desired functions ?

Uranium “2-6-15" known as Sro.cFe2Sis.o-type

* 2-6-15: hexagonal. common for actinide and lanthanide compounds

A 1-2-103-5-19|2-6-15|2-6-15
I-1-5 | I-1-5 | I-1-5 |2-6-15
2-6-15

Compounds found in An-(Ni,Pd,Pt)-X system (X-rich region)

UPd2Als, UNi2Al; heavy fermion antiferromagnetic superconductor

Binary : UAl2, UPds, UPts, etc.

AFM 115 compounds: UTGas

Heavy Fermion SC NpPdsAlz and An/Ln analogues

Sro.cFe2Siso-type crystal structure

U (67%)
X (33%)

Atomic arrangement in the basal plane

U-X “mono layer” is stacked on the T-X buffer layer

Looks nice !
~0. ~ O
Q p% P 0%
Q Q 0 0 0 O
o ~On D
%/ 8 \P, S/ o
o ) ®) [s]
Q On ©—Q O
\P D/ o \&P
(%) o ) ;\, O o C
o202 e% P o
o0 o o
(&) (o] o—oO o

However, the next U-X layer (8 A apart) has (x1/3, +2/3, 0) displacement.
Therefore, the “actual” local symmetry is orthorhombic or lower.

UzAl3
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Experimental signature of ordered structure

predicted reflections
from random model

p o X-ray streak appearing at particular (h k /)
- no streak at integer indices :
stack sequence is kept

- weak streak at (h/3, K/3, |) :
no periodicity along the c-axis

—
U,PtGa,,

——
ol jlle @
soof i
oot 0
r 400 ]
5 = o
2 €
2 onft N 8 w0 |
3 T 3 Ty
5w HoH=05T | < 20 e ]
= o Hllc
oHlla 100} ]
o U,Pt,Ga,
o L
L L L L L [ 50 100 150 200 250 300

o s 10 1m0 0 0 w0 %0

T(K)

r=100mJ
K-W relation

M (15/0)

0.06 UsPteGays 240K —— 10
= A\ B -axis — CEF cale. 225K —— 1) [-D)
5004 1ok —— [2) [-2)
E a A=-10 mol/emu 106K —— ‘3> ‘73>
=0.02
o — 19 |4
0. L L
0 100 200 300 N
T(K) 300, UePuGms a-axis .
HEREIz=4 5 1 2105 K gop e
2 200
g
B20TEAMEER, %0
T00KHEDBTUBRBE 6HZ 5 CHIG -
0() 100 200 300
fef2 U, @BDeffective momentiEBIRTER L, r®

HEEREGIz=4£ 35D, RMBCEIRBRELDREN,

Summary and Outlook

2-6-15 structure
Previously reported as random atomic arrangements
X-ray diffraction detects streak signal
Consists from stacking of ordered layers shifting arbitrary
within the basal plane
- uranium nearest neighbor interaction is quite regular
- consistent with well-defined antiferromagnetic transition

Robustness of U-X layer

A possible playground for naturally occurring multi-layer
- substituting U-X layers ?
- insertion of more buffer layers ? (to kill U-X interlayer
coupling - pure 2D uranium)

U-X can be substituted by U-X’ (preliminary)
- leading to physical property modification

12




3.3 K.Ishida (Dept. Phys., Kyoto Univ.)

Superconducting Spin Susceptibility of UTe,

Superconducting Spin Susceptibility !
Of U’I‘e2 10t Feb. 2021

BEEX Workshop
G. Nakamine, K. Kinjo, S. Kitagawa, K. Ishida,
Y. Tokunaga®, H. Sakai®, S. Kambe?,
Y. Shimizu€, A. NakmuraC, D. Li¢, Y. HommaC, F. Honda€, D. Aoki€
Kyoto Univ., *ASRC, Japan Atomic Agency, BNagoya Univ., °IMR, Tohoku Univ.

Kyoto Univ. @ J.A.E.A.

G. Nakamine K. Kinjo
$ Tohoku Univ. (IMR)

I OERE"

Y. Shlleu A.Nakamura, Y.Homma, D.X.Li, F.Honda, D.Aoki

J-Physics

S. Kitagawa, H.Sakai Y. Tokunaga S.Kambe

uperconducto

D. Aoki et al,, Nature  N.T. Huy et al., PRL
413, 613 (2001) 99, 067006 (2007)

S. Ran et al., Science
365 684-687 (2019)

S.S. Saxena Teuie (K) 52 95 ~3
G. G. Lonzarich
U-of Cambridge M, (u13) 1.48 04 0.05 -
Easy Axis a @ c a
Pec (GPa) <12 0 Ambient 0 Ambient ® A
Tse (K) 0.8 0.26 0.7 16

D. Aoki and J. Flouguet: J. Phy. Soc. Jpn. 83, 061011 (2014)

H-boosted Superconductivity

URhGe: Reentrant SC was reported in 8 T < y,H < 14 T.
UCoGe: SC becomes robust in 5 T < g < 13 T.

The similar enhancement is also observed in UTe,

supseconouerT Noy, 2018 S. Ran eral, Seience D. Aoki et JPSJ 88, 043702 (2019) Mar. 2019

Nearly ferromagnetic 365 684-6872019) Unconventional Superconductisty in Heavy Fermion UTey

spin-triplet superconductivity ‘3&‘.:.*)‘2;1 T e B A, R Bt Besi

a NP Butch i Lapero, Qun N, Micha Yk, iston i, and s ot 7

(NIST)

i Ul el 1o gt
s U Hove ko ot s nd

s nghly sncorsantans e o sereonsuctig porre

with the

To identify the SC symmetry and spin state
in UTe,

AMY) | aak,+ azbky + asek, full-gap

» ‘We performed >Te-NMR to measured Buu(lz) By aky*Babk, point
Knight shift in H || b, ¢ in the SC state. Ba(Ts) Vick, + k. point
Bu(ls) 81bk+ Stk point

A-state eg. *He-] Bphase

. ; S. Yonezawa
>Whole spin singlet :;r‘:a';;’:ﬁ:‘;" triplet Condens. Matter 2019, 4,2
part of Ky, K, Heye + d 20,
decreases. ul N “
@ d L spin
Kspin Kegi
2)=Is.=0)= QN Y1)
KorbI )=Is.=0) :T( [11)+ Hl)
® 1o )-15, =)= (M) 144)




the SC state in H || b

»>The sample was provided by D. Aoki group.
(IMR, Tohoku University)

b

L2 =

o 35mm

Intensit (arb, unis)

o

»125Te (99.9%) enriched sample

»The linewidth is almost the same as ARR0H0, anas, ;(2) 01205350
N.A. of 5Te : 7% that of the previous sample.
7 Aye
re AR o |
=12 H £
y=13.454 MHZ/'T H §
2| Te(t) g
H o= Hy+H, H 2
-0 b - |
= —phI- (L4 KOH, wTe W @ ww s
Ah[ . . .
= Naug® > Knight shift was determined at the peak of the spectrum.

Hll b #nHT T Hllb uH=3T > Asmall Knight-shift decrease was observed
| 179K
| (normal) | (NL::‘: = The signal arises from the SC region.
{ > The spectrum was broadened and shoulder
. I . peak appears at low temperatures.
% \ ! ) TK|
g | 7 M/\\M = Magnetic SC state 17
£ N s
5 ¢ ,
> OTH g 1 07 Sy His
£ =
2 . H T
2 } 5 |
£ 4 05 2 + o5
/\f/\\—»
Il |
q 0078 K 3 0
N
\
40 45 50 55 60 65 7.0 45 5.0 55 60 65
K (%) Koo

Results: NMR spectrum in the SC state

H ||

!” >For H || ¢, signals from both sites are overlapped.
g - g |
1 o > We focused on the peak position H
SLHWHM, z
i
v 008K 07k 008K 3
(nomma) 17T 146K |3T 145K 55T 146K
TeR) AN Jelt)
T,
J i
ool . ol L‘
& 08 ‘%o 0 ‘. M @ e
SW/ 04 }‘%)a }(%) 8 70 - 75 x.( T3l L
. . . X-0.1
ook >The decrease in Knight shift becomes smaller
,/ by applying H.
65 70 75 80 2
Ko »K is almost unchanged at 5.5 T (uoH,, =11 T). 00 05 T‘&) 15 20

Spin-triplet pairing is strongly suggested.

AK = AK i + AKgia

Hua H '“(ﬁ)
& HIE = Ak, = Haia _ Her ™ \Veg
$ e T dia =~ =" Ik
: flux quantum
B (J—idiwuﬂ)wu) gt
£ 2 d: distance between the
vortices
00
s
g Vol used P | llc g
Il s ol Hobea (T) 1 Jo01
o ARSI ]
o] et o sst toht (mT) 12 * Hib
M K 159 ® Hilc
A% 3 4 5 6
8% 05 10 15 20 ¢ (om) 5:58) oH ()
T(K)
HoH, ~ 49 mT
H, _ Hy AK i ~ 0.06 %
HG'= go/2nEt Ha= Zednk +0497) *= 7 v ?

Ang
Nypg

Ay Ve(ters)”

— Wilson ratio  H.Tou et al., J. Phys. Soc.
Nawp w2k,

Jpn. 74, 1245 (2005.)

‘ o= 2L g N

(ers)’ = g1+ Vit = 343,
assuming g =2, /=112
An 33 .
AKgpin = Nopig 727 Rylyer= 149x107xR,,

= 071 %k, 08 copyright protected content

e >> MK, ~006% | 12
AKinSC/ Kogin ~ 4 %
>Tn URu,Si, and UPd,Al; with spin-singlet pairing, AK
Obviously, this relation does not hold in UTe,, rather
Unchanged K, in the SC state at 5.5T suggests the spin-triplet pairing.

~AK.

exp

was reported.

)

-

Tiny decrease is with the spin-triplet model by Prof. Fujimoto’s group

j=5/2 multi-orbital band model with the magnetization anisotropy
K. Hiranuma and S. Fujimoto, arXiv 2010.05112(2020)

Possible d vector (unitary odd-party case) in Dy,

>reduction of Knight shift |5, = d 3 b,¢,

[ .

Basis functions Bau:
d =6,bk+ 5tk

ATY) | vk, + abko+ asck, | full-gap _
Bu() By ak,+Bybk, point Ay d=a,@k,+ asbky, + o3k, is expected.
Ba(ls) Witk + yaak, Biyi d = 81bke + 85¢ky,  (easy axis | a)
B0 Sibkct Sty point
»d vector has ¢ component at low fields.
il ) ) >The amount of AK,y, decreases by
: & ¥ * applying H and is almost unchanged
.
I at5.5T(<SH,~11T).
) dvector is rotated in H || c.
R o
0 8 e > AK in is almost constant up to 6.5 T.
0 1 3 4 5 6
wH (M)

E) Some d vector pinning mechanism?
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Bay:
.1 2 P N
0.0] ge Epin * - 5 HoDspintTpin (Btpin = Kol d =6,bket+ 0,¢ky, o -
= spin
g Ese: 5 il
$.01 R Towil ©
5 When Hoy = Hiin, Esc = Erin
S e 24 2000 sinHlia”
e 1 3 4 5 6
#H (T o Hyin = o Hel [ fipin~13 T
et s Exp. AKyin=-0.06 %
e, (“Te o -
204/ e A=318T/ sta
£1s) Hpin ﬁ Related to upturn behavior of 7.2
ED) \\ @ dvector is rotated away to the b axis.
N E) N
4B he N d-vector in high-HSC:d L b ?
00 05 10 15 20
T(K)

Summa
»We measured NMR Knight shift in # || b and H || ¢ e (e s
. X w0} L b o eareraris |
>Tiny decrease was observed in both K and K,
inlowH. = d3b,¢, i . VI HIlb
Possible SC state A,: d =a,ak, + asbk, + asék, <
By, d = 8;bk, + 8,8k, st Ay, By, JHie
> K., is unchanged in the SC state at 5.5 T. 8505 1o 15 20
= spin-triplet superconductivity T
H|b :
| d
& > The & component is
> AK,y is constant up 10 6.5 T HUb| suppressedin || c .
E) dvector is pinned b | E) dvectoris rotated
5 spin i 2
along the b axis? inH |l e
ARy~ 0.06% > K, is at
o Hya = Hol = 13T 35T
dlcat55T
(Dtspin = AK gin/Ane) »
) Related to 7, upturn?

45 50 5.

K (%)

6.0 6.5

> Shoulder peak appears at low
temperatures in H || b.

> A measurement at high H is

needed.

Physics of spin-triplet superconductivity

v

Understanding of the spin and orbital degrees of freedom

Search of the collective mode in the SC state

» Playground of the topological superconductivity

Article
Chiralsuperconductivity in heavy-fermion
metal UTe. s sty s g
2 Lin Jiao et al. Nature 579, 523 (2020) 0k i archine/ab g

Kerr effect
Weyl Superconductivity in UTe, 3

arXivi2002.02539

Tan M. Hages, - Di S, Wei: % Tristin Mot Jian Zhang* Yun Suk Bo.? Shen Ran ™ Shanca . Salia, ! Joh,
ol ! Nicholas P. Tutch,  Daniel F. Agterberg % Aharon Kopiculnk .57 and Johnpicrre Pagone:*

Insulator-Metal Transition and Topological Superconductivity in UTe; from
a First-Principles Caleulation

Jun Ik, Shantar
Drinens of Phvsics, Grodase 5.

and vouicm vanwe  PRL 123, 217001 (2019)

Ko 0068502 Jopun (o Pooaoa

Akt Dados
K
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3.4 T. Yaita (SPring-8, JAEA)

Recent activities of Actinide Chemistries in the Materials Sciences Rsearch

Center of JAEA

B

K@Y SR

SPring.. 8

<>

' Recent activities of Actinide Chemistries in the
Materials Sciences Research Center of JAEA

Tsuyoshi YAITA

laterials Sciences Research Center

ri a Synchrotron Radiation RI Lab
pan Atomic Energy Agency

@

MSRC HSRRL

QSR =3
Japan Atomic Energy Agency
Materials Sciences Research Center

HOT Lab

Fundamental Actinide Science

Solid Physics Actinide Coordination Chemistry
Environmental and energy materials

Accelerator
oN

& @

Automotive catalysts

Hydrogen
recombination catalysts

Recovery from 1F accidents

Uptake of Cs by Clay @

Toam =

1 Debris analysis
@  BL22XU&23SU at SPring-8 ., m‘fl.:ﬁgmfg')y @)  ToolsatBL22xUandBL2ssu ISR 2>

Materials Sciences Research Center

BL22B2(not operated)
istance from source (m)
5 60 70 80 9 100 A0 120 130 140

BL235U
hv = 03100 keV

Storage ring
2 /e

LowEnergy 4

ymkm

e BL22XU Radioisotope Lab.
hv= 5-100keV Actinide Science
Station

+Photon energy: hv = 300-1500 eV (BL23SU)
hv = 5.0-100keV (BL22XU)

Japan Atomic Energy Agency
Materials Sciences Research Center

BL22XU

Energy: 5~ 100 keV

BL23SU

Energy: 0.3 ~ 1.5 keV

Surface Science Station

M
ARPES XMCD (Commissioning in

RI Laboratory

Residual Stress K -Multiple
XAFS Measurement diffractometer

STXI

progress)

QS X SPring..8

@ SR <=>
Japan Atomic Energy Agency

Materials Sciences Research Center

BL14B1

Energy: 5 ~ 120 keV

@3 Available Radioactive Materials SR S

Japan Atomic Energy Agency
Materials Sciences Research Center

Beamline | _Light Energy Rad. Radioactive
Source (keV) | Treatment Nuclides
BL-27A Bending 48~6 sealed Thi U
Photon
= Magnet
.y |BL27B |Bending | 5~27 sealed
(2.583GeV) = N
BLHXY | Insertion | 6~120 sealed T Fh U
Device
BL14B1 Bending 5~120 sealed Tc, Th, U
SPring-8 (QST BL) | Magnet
(8GeV,  TB122XU [Insertion | 5~100 | Sealed |Tc,Ra, Th, U, Np
Top up Device “ppplicationtor | PU* Am, Cm*
100mA) picere il BK*, Cf*, Es
progress
BL23SU |Insertion | 0.3 ~1.5 | unsealed Tc, Th, U, Np**
Device **covered
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L SPring..8
(@) Sealing test according to JIS standard ﬁR IS
Japan Atomic Energy Agency
Materials Sciences Research Center

Seal Level Test

Holder & Tube

Impact & Punc
test Pin, weight

-

Pressure

Pressure (Low)
g

High Temp. Low Temp.

(@)Tmﬁhmmdﬂﬂhmﬁhﬂnwﬁk

Toward the world's first-ever analysis of nuclear power plant accidents adjacent to the sea and safe fuel handling
JAEA Tokai JAEA Harima RI Lab@SPring-8
4

J-XAFS, p-HAXPES
CT, STXM

1 F Reactor

(Fue\ - C\uddmg)

7 ‘.

Elemental
distribution
and detailed

| electronic

L structure

|
=)
- =

+ Fuel behavior in severe accidents
+ Progress of accidents.
* Changes after fuel aging

<

+ Establish safe work

STXM
(Operations to begin in 2019)

procedures
0 SEtIaETTaCT Synchrotron radiation experimental faciity capable of
disposal N
nuclear fuel materials

Laboratory for obtaining heavy

macroscopic information on heavy regarding microscopic information such as electronic state

lements and nuclear fuel materials .
&

* Fuel Science under
Extreme Conditions

. SPring..8

@ SR

Japan Atomic Energy Agency
Materials Sciences Research Center

Research Topics

. SPring..8
@3» Multiple photon excitation Ii..'iSR
Japan Atomic Energy Agency
Materials Sciences Research Center

. seiectivity Large Irra.
Efficiency Small

Selectivity Small
Efficiency Large

CT band
B

Irra.2  —

(consecutive)
Allowed transition

| s

hv,

Irra:%_f

Forbidden transition

Vl

Energy

Energy

hv,
Eu3*/ 394nm

B

Eu¥—» (Eut ) —
Ew?t+ 2Ck —» EuCl,

Sharp f~f absorption band of f elements

10

Nakashima et al.

@2 Multiple photon excitation of Am

Japan Atomic Energy Agency

Materials Sciences Research Center
g ©m)

s
SOR e b Fast Counter
i

3 J A ] white gmironox | Samle |,
3 o

nuch-l cton |||
05 g s g MO

DR

Trigger Signal from SOR(Syn.)

N R et e

300 400 500 600 700 800 900
Wavelength (nm)

Irra.1

Am!l —AMVO,* WO AENSEUPe
' Irra.2

Eneroy (eV)

ps time-resolved EXAFS measurement traces
chemical reactions after multiple photon
excitation

11

WHAT IS ACTINIDE CONTRACTION?
Japan Atomic Energy Agency
Materials Sciences Research Center

@

16% decreases in ionic radius from

Simple interpretation of lanthanide beginning to end.

contraction
Nucleus Electron Attraction £
ER to nucleus &
Z
2
&
L
8
O-shell
Insufficient shielding
=l against nuclear charge o
e La Ce PrNd Pm Sm Eu Gd Tb Dy Ho Er TmYb Lu.
Large Small
uim
< 1
1 L
.
T s [ e g S
Sm| Eu | Gd | Tb Ho & Lo Te__ciln
e S e R e °
O ol O Gl 15 s b
Pu | Am| Cm| Bk | Cf | Es = U Np PuoAm cmomk o ES°
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@7, SPring-8

(@) Einsteinium Break of Hydration bond distances m‘SR (S
Japan Atomic Energy Agency

Materials Sciences Research Center

lonic Radius

o

g/c Space

water

Pu(lll)

Am(lID Einsteinium Break
(ESB)

f-elements < gmgll)(("n
1at coordination sphere E e L CH(IIn
f-oloments Donor atom 3 . Es(I)
14
) .\
Nuclear e e
Charge o \
This work Y

Atomic number

2nd Coordination Sphere
The ESB may have been caused by a
change in the electron configuration.

13

@27, SPring-
@ Simulated Debris analysis mSR IS

Kobayashi's Presentation ~ Japan Atomic Energy Agency

Materials Sciences Research Center
Experiments simulating environmental changes in the fuel picking-up process

Pick up

Fuel Debris Hydrogen

Water
Water  iecion

_ mcel

Picking up of uranium from water
in a high radiation field
U-L:XANES

Picking up of uranium from dry
envilonmnet in a high radiation field
U-LXANES

Surface
L Oxidation

Absarption

Absorption

Surface
No Change ¢

3 ey

Enecgy / kev i A

14

for Fukushima LI.’..*SR

Japan Atomic Energy Agency
Materials Sciences Research Center

@ DXAFS application

CCD Position
Sensitive Detector

1-100 ms time resolution 4
Sample

SPring-8 BL14B1 (JAEA b

Water

&
drop ‘

Cs sorption on clay

Vermiculite with
CsCl,xH,0

15

Interpretation for Cs Sorption Py ISR ~ <=5

ypan Atomic Energy Agency

@»

Materials Sciences Research Center

Cs-Si

(s) cs0 |  Cs sorption model into clay mineral
............ Collapsed
............ [ZiDESS

300
o ci Collapse

150 < ' eet e Cesium-in

N 0= o

"""""""" Dehydration

6

78
R/ A Mg: Blue, Yellow: Cs, Red: K
TR-RSF Image -

Yaita et al., GER(2017) 16

@  Summary

Japan Atomic Energy Agency
Materials Sciences Research Center

1. Introduction of new structure of JAEA
Beamline

2. Introduction of recent topics and plan

using JAEA Beamline and Experimental
station

17
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3.5 N.Ishikawa (Dept. Chem., Osaka Univ.)

Observation of interaction between 5f electronic system and photo-excited

cyclic 7 system

Observation of interaction
between bf electronic system
and photo-excited cyclic
system.

5 f BFREXAMBERR T EFROEEEROENR

ISHIKAWA Naoto, Osaka University

KRERARZE EPHRE AIEA

Introduction of myself B 2fZE N

» Research field:
coordination chemistry

gz

* Main interest:
Molecular magnetism involving 4f systems
fEFRHIES5T 2 [HFHIM]

» Recent interest:
Molecular magnetism involving 5f systems

5 f BFRVEE5T D [HFHE]

Phthalocyanine Complexes

2-to-1 (Double Decker)

Lanthanide-Pc Double-Decker Complexes

Easy-axis Easy-plane
Anisotropy Anisotropy
3
H==
p—— 2 45— | T2——
H—— 132 -
0
5—— 152 192 _
j ~ 72—
712 - sip__ ==
+15/2— —
+15/2 2 | 50—
o T mze—— 7T agp
fg sg——| 2T
f—— | 1327
+11/2 +4 2__
6 ——+413/2 t5== [#1/2—— #1, 0—| 45/2——
Tb Dy Ho Er Tm Yb
8 coordinate

_4-fold symmetry |

Ishikawa,et.al. /norg. Chem. 2003, 42, 2440-2446.

lanthanide SMM (Single Molecule Magnet)

4

First lanthanide SMM
MoFHTFE [BHFHR]

Th complex & Dy complex =

Ishikawa, Sugita, Ishikawa, Koshihara, Kaizu, /A.C.S., 2003, 125 (29), 8694-8695

Interaction between
4f electronic system and photo-
excited cyclic m system

MEBT R ENRRTER T BT F & DHEIER
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Doubly-degenerate m-m* excited state of Pc
ligand

N

- * excited state

Cyclic m conjugation

+
4-fold symmetry ground state

The doubly-degenerate - m* excited states can have an orbital angular momentum L
ZEREE Lo n-n iRk REARERRLAR O LN TED

Two Angular momenta in Pc,Tb~& Pc,Dy~

J of the 4f system L of the ligand ina m-m* state

Question: Does J interact with L? If so, how?

— VTVH-MCD (R - BB ZH R A - eEs %)
measurements have been conducted.

MCD spectrum of Pc,Y- (49)

1.4

2 Qu B band

1.0 o

0.8

Aosoroton g 1]

0.6 -

8
g
2
2
2

0.4
0.2

0.0

T T T
15 20 25 30
Wavenumber / em’’

MCD (1T)

T T T T
15 20 25 30 x10°
Wavenumber / cm™

MCD spectrum of Pc,Y- (4f)

Qn B band

Absorption

Q

Absorbance
°
>
1

Wavenumber / em

"\00 /\

s rep)  y10°

Abs. (i)

30 x10°
Wavenumber / cm™

Derivative pattern = A term

DA = Alcp - Arcp
E 'R '
- +

Energy

rep : right circularly polarized light
lcp : left circularly polarized light
Appears when a degenerate state is split by Zeeman interaction
- evaluation of angular momentum and magnetic moment
Q: |L,| =2.0n  Q |L,| =22h

Temperature dependence of MCD

@ ay 7 @ o
08

10
08
06— Q
0.4

06 a
04

Absorbance
Absorbance

02
00—

MCD 441107
MCD 44/ 107

Wavenumber / 10°cm"

Pc,Th- (f)

Wavenumber / 10%em’’

Pc,Y- (f9)
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How can it be explained ?

Used model Parallel

A term temperature dependence

o o Experimental

10+ .
— — Theoretical
o 81
S 6 Angular momentum L
< L] = 2.32 (Qu)
4 Q ILz| = 2.2 (Qu)
24
01 T 1
2 3 4 56789 2 3 4 56789
10 100

Temperature / K
J-L interaction
A, =14 cm™1 (Q)
Ay, =2.6cm™! (Qy)

J and L are coupled
ferromagnetically

Chem. Commun. 2017, 53, 6168.

Interaction between
bf electronic system and photo-
excited cyclic m system

SFEF R L AMERRR T BF R & DEEER

Pc,U

U4+ @ (5f)2 configuration

L=5, 5=1, /=4 — 3H,term

SURHREL 1 LIRS E RERPEERT HRPHRA
AR EE RAKPEBMHTITRA

BEFTITOh-/-Z &

VT V-7 RAYT VBT, SIEFR
EHREnBFROMICHEEERANH 5

[Pe:U]
Enhh o1,

= x
HIHEMBFRTED TH - BR/ET N =

A SFEFRTIEI FLHELBL N

~ = 14100 ot 15700 ot
bh o1, (710 om) (840 nm)

JL

AfESEDEVEERE LR ETILOMBE
PRETHDI DDA o7

RZ

&) BRAEE A OPCEBR DY T V8
& (PcU(acac),’x &) TOEBRZITI,
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3.6 T.Suzuki (Nagaoka Univ. Tech.)

Fundamental Study for Precise Analysis of Actinides in Hardly Soluble

Substances Containing Uranium Oxides

Topical meeting of
Condensed-matter Chemistry
on Actinides:

The Kumatori meeting 2021

Fundamental Study
for Precise Analysis of Actinides
in Hardly Soluble Substances
Containing Uranium Oxides

Tatsuya Suzuki
Nagaoka University of Technology

Aim in our presented works

Quantitative analysis and Isotopic Ratio analysis
of actinides (U, Np, Pu, Am, Cm), and lanthanides
in UO, containing solid Substances,
such as spent fuel, and nuclear debris.
for Waste Management, Nuclear Forensics, and so on.

For this aim

Developments of
+ Dissolution Methods
* Nuclide Separation
- Actinide Analysis methods
are required.

Diagram of

Our Developing | SpentFuel, | U, Np. Pu, MA(I), FP(Sr, Cs, Ln, etc), Zr, Fe, etc.
Methods Nuclear Debris

Thermochemial Reaction

Alkali
Dissolution <= |Dissolution Process UO, = UyOg
Methods

U0, - U304 = UO,

Chemical Conversion

U30 = UO,Cly0r UC,
U0, - UCl,

Removal of Na
or

-lon Exchange\

PGM, Tc, etc.

Pre-filtration Removal & Recovery
Recovery of U| —— U

Elemental and Isotopic Analyses

-ICP-MS/MS
. . -y-ray spectrometry
Nuclide Separptios ©
-lon Exchangd Optimization and Simplification :tacy spectrometry

-Impregnated | of Separations and Analyses
etc. by these combinations.

L~ J

Dissolution Method (Pretreatment for Dissolution)
Chemical Conversion for Pretreatment of Dissolution
» Powderization
Chemical Conversion of UO, by Oxidation to U;Og
- Powderization occurred by Volume Expansion
Embrittlement (Easy Mechanical Powderization)
= Chlorination

Conversion to Chloride by Thermochemical Reaction
using Carbon Chloride.

Oxidation Powderization

-»-»

Oxidation causes
volume expansion
Solid—Powder

Chlorination

(¢eh E

Hearing with CCl,
—U,Cl,+U,0,Cl, +ete

Dissolution

Heating in O,
Debri+U0,—U;04+ etc

Dissolved

in agueous solution

Chemical Conversion Experiment of UO, pellet.

‘ Oxidation of UO, Pellet ‘ ‘Chlorination Experiment ‘

Capsule
(Swagelok)

made of SUS316L
—) d — = ‘
] — = - ).
e B 8-
25 h X X
U0, Pellet Powder U304 ucl,

(UsO) Mole ratio U504 : CCl,

=1:23 300°C, 4h

Investigation of Separation Process
Plan of Separation
(1) Removal of Cs and Sr
Inorganic adsorbents, e.g. AMP, AWP, ZMP, etc.
(2) Selective Recovery of Uranium
Pyrrolidone resin, TBP resin
(3) Separation and Recovery of Actinides and Rare Earths
CMPO impregnated Resin (EiChrom TRU-resin or RE resin)
(4) Separation of Actinides from Rare Earths
DGA-resin(EiChrom), Dipex-resin(EiChrom Actinide resin),
Pyridine resin
(5) Mutual Separation of trivalent Actinides, or Rare Earths
HDEHP impregnated Resin(EiChrom Ln-resin),
Cation Exchange Resins, Anion Exchange Resins




Examples of Separation Methods, 1
Removal of Cs and Sr
TS 0 Synthesis of
28 AMP embedded in porous silica beads
(AMP-Silica, AWP-Silica)
. |

Removal of Cs from
simulant HLW
in HCl system

Removal of Cs from
simulant HLW
in HNO; system

1.5M HNO,

feed

cs
Rb

s
Pd

Rb
Pd

Mo

Effluent volume / mL
Effluent volume / mL

Example of Separation Methods, 2

Separation of Actinides from Rare Earths

and Mutual Separation of trivalent Actinides

by Pyridine resAin (one kind of anion exchange resin)

1, ™ Conc.HCI - MéaH T TIMHNO; : MeO 134
o b =7:3 1 510 Cm P A
£ |y £ b
< 5 .
g T 18
s © /
S 7 1 z ’ \
Sost 1 & / \
-l 1 B \
€ H { \
I L H @
5] o \
£ 5
8 T 1 8 /

O, . . 102 ,

0 100 200 0 50 100

Effluent volume / cm®
Mutual Separation of trivalent Actinides

Effluent volume / cm®
Separation of Actinides from Rare Earths

Example of Separation Methods, 3
Separation of Actinides from Rare Earths
by DGA resin (TODGA Impregnated Resin, EiChrom)

o 0 Column volume: 5 mL
CHﬁ(CH?)’\NLOQKN\/(CH%C% 0.5 M HCl
cHyCHy), (CH,),CH,

TODGA

0.5f

Concentration / arb. units

0 10
Effulent volume /mL J

Actinide Analysis methods
+ ICP-MS/MS analysis for Actinides

= Confirmation of Quantitative Actinide Analysis
by using Triple Quadrupole ICP-MS/MS (Agilent 8900)
+Obtaining the measurement condition for Actinides,
and their limitation of detection.
= Confirmation of Molecular lon Formation in ICP-lon Source
*Investigation of Interference lon Removal
by Collision/Reaction Cell
+ Removal of Interference Molecular lons by Collision Cell
+ Feasibility Study on Isobaric Interference Removal
by Mass Shifts

Triple Quadrupole ICP-MS/MS (Agilent 8900) was placed in
Building of Actinide Experiment,

Oarai center, Inst. Material Research, Tohoku Univ.

This facility is one of the important Japanese centers

of Inter-University Cooperation for Actinide Researches.

Agilent 8900 Triple Quadrupole ICP-MS/MS

Difference between normal ICP-MS and QQQ-ICP-MS/MS
normal ICP-MS

Reaction gas (0,) l‘@
TAAR

BG4
gy =
- el
"z

Mo
R

SACA, EGge+, Dy

3

Fad i

WSg—3 5 -
Quad {m/z 96) - allawssm!ouqh

No Q1 - z
all ions enter the cell allions at m/z 9

QQQ-ICP-MS/MS sty [ s

e : —=N N
P A mmm———— 1

02 {m/z 96) — rejects all ions
Q2 ‘enfommz%

e & e
Collision/Reaction Cell
(Qion lens)

Q Zr'. "Mo, "R

Q1 m/2 80) — rejects all ions
apart from m/z
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Mass Shift of Actinides by Reaction with Oxygen gas in
Reaction Cell of ICP-MS/MS.

Yields of Actinide lonic Species in Oxygen Cell Gas mode

at Oxygen Gas flow rate of 30% (0.45mL/min).

% M* MO* MO,"

238 0.0 0.2 99.8
27Np 0.0 16 98.4
240py 0.0 15.0 85.0
241Am 0.2 98.6 12
244Cm 0.1 99.9] -

O, Gas Flow Rate Effect on
Intensity of Detected lon Species

g o &300

2000 u-u 3 Pu"— Pu’

2 u'—uo 2 2000f| Pu’ = PuO"

2 U —uo,” 2 / Pu’ — PuO,

K 1000  1000( |

2 > /
0 —9— 2n .
& 1008F e 1€ o /600
> NP 2 40000 iNq z
% NE‘ - NzO - § e - 400»0,
£ 500 2] 2 A e -
£ £ 20000 Am =AM e El
3 ) e ) Am’ — AmO’ e p2003
B - < ) Am* — AmO, z

2 s

§3UD Pu"—Pu" E § . N N ﬁ

2 Pu'—Pu0" | 2100 . Cm'—Cm

£2000(| 4 | ; H . Cm" —cmo']

£ I Pu’ — PO, 8 -~

5 1000/ € e

g I 3 500 e

@ .~ e | -3

50 100 % o0

0, gas flow rate / % 0, gas flow rate / %

(T. Suzuki, et al., Journal of Radioanalytical and Nuclear Chemistry (2018) 318:221-225)

Summary

I introduced
Dissolution method of UO,-containg materials,
Nuclide separation, Cs removal, Actinide separation,
Actinide analysis using ICP-MS/MS,
among our works.
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3.7 K. Washiyama (Fukushima Medical University)

Current status and prospects of domestic supply of alpha-emitting radionu-

clides
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¢

Radiation Therapy Targeted Therapy

(Radionuclide Therapy)

Boron Neutron Capture Therapy

RORPEFEREL TAVN—TheE

For systemic and metastatic treatment

TRETHRAER
High efficacy but regional

FUKUSHIMA
T MEDICAL Advanced Clinical
UNIVERSITY

Research Center

modified form Elgqvist et al Front Oncol 2014
= Short range

= High-LET(Linear Energy Transfer[kev/um])
= DNA destructive (High RBE)

= Less radiation dose to normal tissue

¢

FUKUSHIMA  Advanced Clinical
MEDICAL 3
UNIVERSITY Research Center

‘ Promising Alpha-emitting Radionuclides

y<Clinically relevant alpha emitters to date
Main Production
Route

Radionuclide

149Tp 412h 3.968 26.7 Cyclotron
oo 2mAt 7.21h 5.867 481  Gyclotron
Y 212pp212Bj 60.6 m 6.050 50.4 228Th-generator
Jr  227Th 18.7d 5.883 48.3 227Ac-generator
* 22Ra 11.4d 5.667 45.6 227Ac-generator
s mspc 100d 5787 471 g denerater
Yr  213Bj 456 m 5.846 47.8  225Ac-generator
230y 20.8d 5.864 48.0 Cyclotron
226Th 30.6 m 6.308 53.8 2%0U-generator

FUKUSHIMA  Advanced Clinical

Not approved in Japan except for 2°Ra
Research Center (Notapp pan excep )

¢

MEDICAL
UNIVERSITY

‘ First o emitting radiopharmaceutical in Japan

f’i) Nr ISR

Radium-223, 223RaCl,
For prostate cancer patients.
= 2013/5/15 (US FDA)

= 2013/11/15 (EU EMA)
= 2016/3/28 (JP PMDA)

Figure was taken from following URL, http://www.xofigo.jp/ja/doctor/
5

151 FUkusHMA - Advanced Clinical
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‘ Clinical studies using alpha emitters (~2015)

BEm
i ] BET ] ey BB BSEE 6%
TN BT A LUK SEEREBFE 18 B/ SORG+ feasibility & safety study
MK35 F(ab'), BRE 12 wf 1P pharmacokinetics & toxicity study
b F5AVUTT  AE. BRE. BRE oo 308 ®mim 1P toxioity & efficacy study
i Lintuzunab atAEEEAR 18 EIE) IV foasibility & safety study
A AL A BUINE I UESELOHA
Substance-P ARBFE 2 Eat] Wy T RS
A At 5 w4 IV feasibility & safety study
UUELTT  EREIEKSELYLE 12 Eat] IV dose escalation study
9.2.27 16 EBURER 16 W@ ILe  foasibility & safety study
e AL 38 Eat] IV dose escalation study
DOTATOG RIBE B R ET 12 #i A toxioity & officacy study
TRa Rall; MARERES / AERES 5/10 @I@A IV dose escalation study (ATI-B0-1)
AL ARERENIRERES 6 HUEB IV feasibility study (8C1-05)
mE me 9 Wi IV dosimetry study (BC1-08)
A AL 6 I IV —EERRE 60102
A A 100 ®IME IV 5,25,50,100 kBa/ke (BG1-03)
A AL 122 WIME IV PSALALPOBEMA (801-04)
e A 60)  EI/IE IV docetaxel YA (BGI-10)
e mr 921 WIHE IV ALSYNPCA (BCI-06)
e AHABER 23 BIMEA IV (BCI-09)
mE ABEALNTRERED ICON 1t WV ERACHHE L EREE
e AL ason  wllE WV
mE L oo om0
e A e w0
3 At Toas  m/E W
e mr Touo mynE W
At At T o0 i v
mE mr - - IV Expanded Access Programt
ke Lintuzumab Bt REEE AR 1800wl IV dose escalation study
o A AL 120 BUIE IV v85E0OHA
*SCRC:surgical ly created resection cavity (JVAMICZE CI-BIRZEM) . *IL:intralesional (RA) 6

«IA’intraarterial (BBRM), *Expanded Access Program (%8 #% FI M E A HIE)
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; TABLE 1
(29 enerarion. . . Overviow ofPretretmerts
Journal of Nuclear Medicine, published on July 28, 2016 as doi:10.2967/jnumed.116.178673 Patent A Patent &
Leuprorelin Radical prostatectomy
s L Zoledronate Radictherapy of ymph
225A¢-PSMA-617 for PSMA-Targeted a-Radiation Therapy of node metastasis
Metastatic Castration-Resistant Prostate Cancer Docetaxel (50 cyces) Leuprorelin
Carmustinelepinubicinin  Leuprorelin plus
!, Mirjam Weis®, fypadhemia bicaktamide, 150 mg/d
aberkom'. and Al Abiatercne. Docetaxel (11 cycles)
Enzalutamide Cabazitaxel (10 cycles)
2R 6 cyckes) Abicaterone
Abiaterone reexpostion  Enzalutamida (not tolerated)
Estramustine

Copyright protected content Copyright protected content

Figure 3; #Ga-PSMA-11 PETICT-scans of patient B. In comparison to the
initial tumor spread (A} restaging after 2 cycles of beta-emitting”"Lu-PSMA-

617 presented progression (B). In contrast, restaging after 2°* (C) and 3% (D}
| <ycle of aipha-emitting “Ac-PSHMA-617 presented impressive response.

Figure 1: #Ga-PSMA-11 PETICT-scans of patient A Pre-therapeutic. tumor
soread (A), restaging 2 months after the third cycle of Ac-225-PSMA617 ()
2nd 2 months after one additional consolidation therapy (C).

Actinium-225 is NOT approved in Japan

‘ Clinical experience with 225Ac and 213Bi

Cancer tyj conjugate No. of
patlents

Leukemia 213Bj-Lintuzmab MSKCC (New York)
225Ac-Lintzumab 36 MSKCC (New York)

Lymphoma 213Bj-Rituximab 12 Heidelberg, Dusseldorf

Melanoma 213Bj-9.2.27-mab 16 Sydney
213Bj-9.2.27-mab 38 Sydney

Brain 213Bj-Substance-P 67 Basel, Warsaw
225Ac-Substance-P 27 Warsaw

Neuroendocrine 23Bi-DOTATOC 25 Heidelberg
2257A¢c-DOTATOC 39 Heidelberg

Bladder 213Bj-Erbitux 12 Munich

Prostate 225Ac-PSMA-617 > 400 Heidelberg, Munich,

Pretoria, Warsaw, .
Data from Dr. Morgenstern presentation @ ISTR-2019 (2019.10. 30)

‘H:ﬁ_TM Advanced Clinical
UNIVERSITY Research Center

| Chart of nuclides

_JequinN
» uojoid

P Neutron number 9

General production route for alpha emitters for TAT

Radionuclide Production Method Production Route

accelerator

2Bi(a, 2n)*'' At

sir 2 2
27 A source Deca’ onbU, “ZbRa(n, )227Ra*>“27Ac

227Th, MWpa

Decay of 2y, 2Ra multiple(n, y)mTh
“6Ra(p, 20)**Ac, *Ra(d, 3n)*Ac
B[’Ra('}/, n)ZZSRaﬂZZSAc, ZIZTh(p, Spau)ZZSAC

2
Th source

250

accelerator

25 Ac/2Bi generator

Q FUKUSHIMA
T MEDICA Advanced Clinical

UNIVERSITY Research Center

| 23R, availability: a simple calculation.

‘ 223Ra (11.435d) is routinely separated from 227Ac (22.7y) as a generator form. ‘

= A HRPC patient who has bone metastases receive 50 kBqg/kg (ex 3
MBaq/ 1 injection for 60 kg body weight man) of 222Ra 6 times every 4
wks

= 13.8 MBg/vial is delivered from Norway to global— At the time of
certification, it will be 6 MBq /6 mL / 1 vial

= After 2°Ra separation from the parent nuclide 22’Ac, the next milking is
possible again about 1 month (=4wks) later the 3 half-life (3 x
11.435d) of 22°Ra.

= If 23Ra is prescribed weekly to 100 patients worldwide, then
approximately 15 MBq x 100 patients = 1.5 GBq is required. Note that
the 1.5 GBq of 228Ra should only be used for half a year for certain 100
patients. After 25 weeks (= half a year), the 22°Ra will be used for the
next 100 patients. In fact, we need 1.5GBq of 222Ra every week

= To get ?*°Ra for 25 weeks for 50,000 (=100 x 25 x 2) patients, we need
25 times of 1.5GBq of 227Ac, that is 37GBq.

PNNL separated 44GBq&5GBq of 227Ac from 227Ac/Be neutron source and sold to Bayer

In the United States, around 350,000 people die each year from bone metastasis (Weilbaecher KN, Guise TA, McCauley 11
LK. Cancer to bone: a fatal attraction. Nat Rev Cancer 2011;11:411-25)

Current and potential production method
of 2°Ac

Producti Monthly *Ac
‘N‘;'e;‘l;‘(‘l’“ Facility Capabilities Production [GBq
_ (Ci)]
Blterani ORNL 0.704 g (150 mCi) of 20Tk 2.2 (0.06)
Sour, 2207} generator ITU 0.215 g (46 mCi) of 29Th 1.1 (0.03)
ources IPPE 0.704 ¢ (150 mCi) of *2°Th 2.2 (0.06
TRIOME 500 MeV, 120 1A TI1266.5 (304.05)
BNL 200 MeV, 173 uA
’ 225 INR 160 MeV, 120 jA
232y 225
Th(p:x)** Ac Arrones 70 MeV, 2x375 yA
(7Ac co-produced) LANL 100 MeV, 250 jA
Potential iThemba LABS 66 MeV, 250 A
Future | 55 T 20 MeV, 500 A cyclotron
Sources: | DABAN)TRAC 15 MeV, 500 A cyelotron
— TRIOMF (cxisting) 0.37 (0.01)
TRIUMF (potential upgrades) 100.6 (5.15)
226500 1225, ‘medical finac I8 MoV, 26 A BI1(13)
Bai) " Ra ALTO 50 MeV, 10 4A 55.5 (1.5)
TRa(u,20) " Ra Tast breoder reactor ~37 (D)
#5Ra (15 d) — B— 2%Ac (9.9d)  The table is taken from AKH Robertson, Ph.D thesis 2020 (Univ. British Columbia)

FUKUSHIMA
Y2, [JssHin Advanced Clinical b
UNIVERSITY Research Center
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US Nuclear Science Advisory Committee
- Isotopes [NSAC-I] Subcommittee Reports

FoRmerRE P

I8 1;,"

Re-organizing the Isotope Program

@ENERGY

The changes to the program have been substantial

= Created Research and
production techniques

Program for new and i

= Introduced peer review into mode of operations
*  Restructured the federal organization of the program o
Isotopesfor
wthe Nation's
Future

Along range plan

Cdmbellihg
=Research
Opportunities

using Isotopes.
http://science.energy.gov/np/research/idpra/

25A¢ is the isotope that should be produced
with the highest priority, followed by 2"'At. 13

= Created the National Isotope Development Center

= Charged NSAC to set priorities for research
ities and to develop a long
plan for isotope production and development.

FUKUSHIMA
e Advanced Clinical
UNIVERSITY Research Center

‘ Production facilities of o-emitter in the US

@ TRIUMF(Canada)

CNL(Canada)
L]

@ 2°Ac, Ra (Long-life RI)
@ 2"At (Short-life RI)

.

.

Ac-225 BED HY 78 7 IV I7R BRAFER asT

‘ Domestic ?>*Ac production

Bi-213 ik K 5
novm

" Re-225 soren,

| '
| M*L."Ww

s

Current status & future plan

229Th—225Ac : Tohoku Univ.

Purchase from overseas (USDOE etc.)
226Ra(p,2n) 225Ac: QST, NMP, JRIA
226Ra(g,n) 2°Ra—225Ac : Hitachi, UTokyo

Not able to meet the demand at all!

@V médi+phus

Nihon Medi-Physics Accelorates “Theranostics” Development

Fre221 @is ke

@ Ac-225 EEOFIRIM (4n+1) EHME
8915 mCi D Ra-226 15 ¥ 6 4Ci O) Ac-225E B (3 A x 2h)
@ TPy T RENETE RN R RIS

Tl T a2 50 Jp T cSUNCmRa e reTe 020 eI ryosa ol

Aol Moo

e Acceerato Society oflpan
Onine

October 11,2019, Tokyo, Jpan. tihen Medi Physics (NP, the
Ieadin radiopharmaceuticl company n Japan, announced the
compltion o s new research facty o September 10, 2019, NP
investd 1336l o the contrction,

PASIZ020 THOO0!

—]

STUDY OF RA-225/ AC-225 PRODUCTION USING AN ELECTRON LINAC

’m‘ RO+, SR, Lk
MasatinOrek, Kunhito Miyod. My Usska

NP i ccelerting strategic plans and processes 0 esablsh
Theranostic+, the fuion of therapeuticsand diagnostis. NP

= s concep, Uaivnity of Tokyo
] it Absiract
the iy of roducion of
nc et
o e R 226 e with
Sty n R 235yt
y T ey
s compl g ot 63

o420Release 191011 Theranostics pdf - hitps:/iwww.pas] jpiweb_| DFTHOOITHOO01.paf

FUKUSHIMA ~ Advan linical

DAL dvanced Clinical 15

UNIVERSITY Research Center

‘ Target and projectile for production of alpha emitters

209; ‘He 1At
'R pall
| . Li Rn
stable(zo1x10%y) 7, 211Rn
e 25Ra—"Ac
226R n (thermal) 22Tpc, 25Th, 29Th
cl n (fast) 2533 >225A¢
1600 y p (low) 2257
d 257¢
e 29Th
Etiih n (fast) 297
7.54x10%y p (low) 229pg—229Th, 230pa 23y
3He 230U
21p, n (fast) 230pg 230
a p (low) &
3.276x 10y d 230
e (h|gh) 2“A‘ ZHRn 223Ra ZZSAC 227Th z:mpa*}z:mu
232Th p (lOW) 230Pa—>230U, 229Pa_'229'|'h
140x10°y  p (high) 211pf, 21Rn, 22Ra, °Ac, 2'Th, Pa—?°U
d 20p, 230 229pa 29T

' A Advanced Clinical
UNIVERSITY Research Center

‘ Astatine-211: a promising a-emitter

Alph: cti f 21AL .
211AL pha spectrum OA @@\\ ® the o-particles energy of
58.3%1  orah 1200 AL APSS 5.9 and 7.4 MeV emitted
. oo o2 AF & from 2'1AY2!"Po is
o, 580 » B
211pg EC :}1,7/0 3o s suitable for the treatment.
0.516s 400 ® the X-rays emitted from
2°: 1 211Po can be used for
a 207Bj w0 a0 s e counting and suitable to
Channel 5P diagnostic imaging.
334y | Gamma spectrum of At & g 8ing
10000 .g’& B
EC KX-rays & & S
10000 AR S
. o8 &
S 1000
Decay scheme of 213At 3 1
10
11
0 20 400 600 80 1000 1200 1400 1600 1800 2000
Channel

« Belongs to Halogen series of the periodic table.

o its half-life is long enough for radiolabeling to make an Astatinated radiopharmaceuticals.

o its half-life is suitable for deposit an effective dose in vivo when the At labelled peptide or
immunoconjugate used.

FUKUSHIMA  Advanced Clinical
MEDICAL 17
UNIVERSITY Research Center

21At is available in Japan

Manufacturing facilities Production route and | Production The main contributor of
Separation metod 211At manufacturing

209Bi(,2n)21At . .

Research Center for Nuclear More than Dr. Atsushi Toyoshima
Physics(RCNP), Osaka University Dry distlation Two decades Prof. Atsushi Shinohara
Takasaki lon Accelerators for Advanced
Radiation Application(TIARA), Takasaki 209Bj(a,2n)21AL '
Advanced Radiation Research Institute, Since 2012 g:' ﬁzﬁ::‘swiﬁgize
National Institutes for Quantum and Dry distillation . .
Radiological Science and Technology(QST)
Quantum Medical Science Directorate,
National Insfitute of Radiological 29Bj(a,20)1AL R
Sciences(NIRS), National Insfitutes for Sine 2013 g:‘ ﬁﬁ::‘r’oy‘;\:‘; Ma'(“sig's"'
Quantum and Radiological Science and Dry distillation ; g
Technology(QST)
Nishina Center for Accelerator-Based 29Bj(a,2n 1AL
Science, Institute of Physical and Chemical Since 2015 Dr. Hiromitsu Haba
Research(Riken) Dry distillation
Advanced Clinical Research 29Bj(a,2n)21At ' ’
Center(ACRC), Fukushima Medical Since 2016 E:Ofﬁ‘:z"dglyﬁﬂmg‘;l
University(FMU) Dry distillation E
The tandem accelerator facility, Nuclear 50007 - S

. t : Bi(LiSn2IRIZIAL Dr. Ichiro Nishinaka
Science Research Institute, Japan Atomic ey | ST | A B

Energy Agency(JAEA)
FUKUSHIMA  Advanced Clinical

‘@ MEDICAL 18

UNIVERSITY Research Center
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Production facilities of
a-emitters in Japan ey

SAPROTO. yyaize
i WA
Dr. Watanabe
South Korea
ER
Gwangju 17 Busan
fig

i
¢ 0 o”\‘
Dol Japan
4 osalp (o Yorghama
st o
3 ;.\

Riken

-

@ 2"At production facilities (5 places) ™ Dr. Haba

@ User facilities including production %
(more than 13 places)

e
.

Sendai
e

8,
Séoul
Ty

Ingioon
i

Dr. Nishinaka

Jeju
LS

Osaka Univ.

Dr. Toyoshima Dr. Nagatsu oms.

‘Short—]ived RI supply platform program (since 2016)

This program will provide stable supply
of research radioisotopes throughout the

r— e . year and technical support for safe

ﬁﬁﬁRl o handling.

WBTSybTr—h 795k0-s cam) 1. Supply of short life isotopes that cannot
Ry be purchased from the commercial base.

H
3
N

. A prompt and stable supply by the
world's highest level of accelerator facility
association.

. Support for the promotion of basic
research in a wide range of fields: ex.
Development of probes for next
generatlon PET, development of next

drugs,
research of biological trace elements, etc.

15

GEBRI

Pt in i

" https://www.rcnp.osaka-u.ac.jp/~ripf/index.html

Research Center for Nuclear Physics[RCNP], Osaka
University (Osaka)

Nishina Center for Accelerator-Based Science, Riken (Tokyo)
Cyclotron and Radioisotope Center [CYRIC], Tohoku
University (Sendai)

Research Center for ELectron PHoton Science (ELPH),
Tohoku University (Sendai)

TIARA, Takasaki QST (Takasaki)

Quantum Medical Science Directorate,NIRS, QST (Chiba)

7Be, 1C, 18F, 150, 24Na, 28Mg, 38.3°C,
384243 434647Gc, 44Tj, 48\/, 55F g,
56,5758C0, 57N, 616467Cu, T4As,
83,8486R ]y, 86.87,90Y,

88,8089m 957y 207B;, 207210211A,

213, 298N, 255Md

" Fmacry

Fukushima Medical University ﬁ Povig 4

rofessionals who will

otion of health, medlcal care and welfare of i -
And to to the
N Ifare of humamty through advances made

F“‘“SH“A Advanced Clinical
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| Monthly production of 2!'At at FMU

4,500

4,000

2980
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' A Advanced Clinical »
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‘ Clinical trials using ?!' At planned in Japan

Osaka Univ. Fukushima Medical Univ.

= [2M1At]-NaAt = meta-2'1At-astato-
= Phase-1 benzylguanidine (*''At-
= Thyroid Cancer MABG)
= 2021~2023 = Phase-1
= Pheochromocytoma
= 20227~
@zJFKDU‘SCHA”‘M Advanced Clinical »
UNIVERSITY Research Center -

‘ How to choose the appropriate alpha
emitters for Japanese TAT?

Nuclear Physician Radiochemist
= Evidenced based = Target availability
therapeutic effect = Modality or stockpile

= Suitable availability
pharmacokinetics for = Easy handling

labelled compound = Well-understood chemical
characteristics

FLKJSHW\ Advanced Clinical
o 24

ONiveRsiry Research Center

32




\ Summary

With the development of medicine, TAT has attracted attention as a treatment potential
method that can fully cure cancers.

= Clinical use of various a-emitters is being attempted worldwide.

= Most of the useful alpha emitters have no stable isotopes. Therefore, there have several
ways to produce alpha emitters such as using Th-229 (U-233) and Ac-227 that have been
stored so far, or using U and Th as starting materials for nuclear reactions.

= 25Ac labeled with PSMA-617, which has been shown to be therapeutic in clinical trials, has
often been isolated from 229Th, but cannot meet the increasing global demand.

= At DOE and TRIUMF in Canada, they try to manufacture by the Th spallation reaction to
meet the demand.

= In Jagan the 22°Ra(p,2n)??*Ac and ?*°Ra(g,n)?**>Ra — ??5Ac reactions has been attempted
at QST National Institutes for Quantum and Radiological Sciences, Nihon Medi-Physics,
Hitachi, etc.

= 2"At is an alpha-emitting nuclide and its target is a Bi element that can be purchased
easily. In Japan, manufacturing and basic research are underway at six facilities, including
Fukushima Medical University.

= In accelerator manufacturing, it is important to avoid supply outages due to periodic
inspections and accidental trouble of the accelerator, and the short-life Rl supply platform
is an attempt that has a complementary function.

= Clinical trials using At are scheduled to begin within a few years at the two facilities of
Osaka University and Fukushima Medical University.

= The nuclear medicine side is demanding a drug (# RI) that has been shown to have a
therapeutic effect.

= The RI manufacturing side is exploring manufacturing from the viewpoint of materials,
accelerators, and separation and purification methods.

' F\AJ;J‘SF*AV" Advanced Clinical
UNIVERSITY Research Center




3.8 Y. Kawabata (KURNS, Kyoto Univ.)

Current status and future plans of our institute
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3.9 T. Yamamura (KURNS, Kyoto Univ.)

Actinide researches using KUR hot-lab

Topical meeting on Condensed-matter Chemistry on Actinides
(The Kumatori meeting 2021)

Actinide researches
using KUR hot-lab

Tomoo Yamamura, KURNS, Kyoto Univ.
13:15-13:30, Feb. 10, 2021

1. Scientific fields required in KUR-HL

Diversity required for Nuclear research

« The role of research: Provide the public with choices

. Direct disposal, TRU burning in fast reactors, ADS, HTGR,
Th fuel, etc.

. Approach of the French radioactive waste law (Bataille law)
. Broad technology as an option
- Direct Disposal, Advanced Reprocessing including MA

management, ADS, Radiation Safety Research, Neutron
Beam Science, Nuclear Medicine, MA for isotope battery

Power and neutron flux of Fukui reactor:

beam reactor

ref. IAEA RRDB(Research Reactor Database)
Irradiation reactor

wl elovo*
Fukui reactor--. _H'l_rR .
e JRR-3M.—"
.

31 beam reactor [ KUR *The horizontal axis is
10 . the fast neutron flux
L2k NSRR

hydride

=
=

Toshiba STASY
o

‘Kuca

a2l HEU, U-Al
Critical Assembly

1079F e

Kinki

0 1 L L L

: 10 1! 10"

Thermal, n/em?2/s
Thermal neutron flux and power of research reactors in Japan

The future of irradiation and research reactors

« What can be done with a medium-sized reactor? (KUR—Fukui Reactor)
- 10 MW: Aiming to be an competitive neutron source
- Possible applications :

. Neutron beam applications (diffraction, scattering, reflection, radiography, etc. —
crystal structure, magnetic structure, amorphous structure, dynamics, excitation,
relaxation)

. Rl production (including medical use), activation analysis
- Neutron radiography (flow visualization, etc.)

- Multipurpose reactors (prior examples): OPAL (Australia, 20 MW) and BR2 (Belgium)
are very actively used.

- Selection of fuel materials (UsSiz, U-Mo, etc.) — Reprocessability is an issue
« MA Research, Irradiation behavior of fuels and materials

- Promotion of fundamental research by complementing experimental and computational
research, which is also possible with medium-sized reactors

- Possible experiments :

. Focus on microscopic scales and introduce microscopic and spectroscopic
methods

. Experiments to enable highly radioactive Pu-containing and irradiated samples

Time scenario to process MA

Fuel |

roduction |
U)

High-level liquid
waste vitrified
1 roducts

Fuel
production
(U, Pu, etc.)

MA-free
vitrified
praducts

N Reprocessin:
Reprocessing an

separation

reprocessing
Storage?

. | MA extinction
Auel fabrication
(Pu, MA)

MA nuclear
spallation

Eco system around KUR-HL

IMR, Tohoku U. H
serdai 0ara)  DOMeEStic KURNS Abroad
Nucl. med. « Particle Therapy Application Unit
- Fukushima Medical U. (Prof. M. Suzuki, et al.) - EU JRC Karlsruhe

—Hamburg U. Med. School
- Isotope (Russia)

- National Cancer Center
- Grad. Sch. Sci., Osaka U.
- Inst. Rad. Sci., Osaka U.

« LINAC, Cyclotron (Prof. H. Tanaka,
Prof. K. Takamiya, et al.)

Nucl. power. Nagaoka U. Tech.

Rad. waste - Tokyo Inst. Tech - Idaho NL (US)
Debris - Kinki U. (Prof. K. Kurosaki) - CEA

+ Tohoku U.

- JAEA FMS O(Irradiation) exp. using nuclear fuel, MA
Condensed- - Hokkaido U. ONuclear fuel sample prep. - U. Lisbon, Portugal
matter phys. ASR. JAEA . C2TN Nuclear Research

- SPring-8 Institute
- KEK |+ Charles U., Czeck
Relativistic

y & « i Paul Sabatier Univ.
OPrecise calc., theoretical support for
heavy element systems

quantum chem, * Tokyo Met. U.

OExpectations to KURNS ©Human Resource Development

OExperimental environment
Oltems KURNS can offer |o1negretical verification & discussions
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Interactions-Scales Map:

A Strategy of Condensed-matter Chemistry

Nucle_ar me_dicin_e is th_e de§cendant
of radionuclides in radioactive waste.
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*Analysis is possible with probes of wavelengths below the scale (gray shading).
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3. Activities required for TAT
gcrl ing therapeutic effect of 225Ac

on primary prostate cancer
C. Kratochwil, et al., J. Nucl. Med., 57 (2016) 1941.

Humanitarian use for two terminally ill cancer patients (no other means available)

B c A B c D
ol ‘ ¢

°
Y

ax o x
S TACPSMA “9AcPSMA 1
—_— q

Gamplete recoxar
PSA=026 ngimL BSA < 0.1 ngimL

FIGURE 1. 5Ga-PSMA-11 PET/CT scans of patient A. Pretherapeutic
tumor spread (A), restaging 2 mo after third cycle of 22°Ac-PSMA-617
(B), and restaging 2 mo after one additional consolidation therapy (C).

A
.

chnplete recdyer
F‘m"_\fmmw

FIGURE 3. “$a-PSMA-11 PET/CT scans of patient B. In comparison
to initial tumof spread (A), restaging after 2 cycles of B-emitting
77Lu-PSMA-617 presented progression (B). In contrast, restaging after
second (C) anfl third (D) cycles of a-emitting 225Ac-PSMA-617 pre-
sented impresgive response.

[

122201
PSA=2,923 ng/mL

Beta nuclides have no therapeutic effect.

The raw material for this 225Ac is 233U, a nuclear waste product of thorium reactor research.
Supplied to the University of Heidelberg by the EU Joint Research Center, Germany.

clear medicine: Practical application requires

m various fields

Hospital

Research
- Report
Basic Experiment Environment
Animal Experiment Environment
Animal Waste Disposal Environment
Human Resource Development

Governmental or
regulatory side
« Research
fundings

o BREHRARE
« HARZ1>

T. Yamamura, et al., Rac

- Clinical Trials

tion Safety Managerment, 1

Production of
radiopharmaceutica

- RI Production

- RI Separation

- DDS synthesis

. Complex formation
- Animal experiments

RI Production

« Hot Laboratories

- Accelerators, Nuclear reactors
- Target materials (U, Th, Ra, Pa)
- Analytical instruments

Foreign suppliers will go to large-scale manufacturing
in a few years

Method | Reaction Supplier 1 Cgun  capacity Productivity Comment
Internegional Drug Deyclopment
JRC EU 11 GBq (300 mCi)/y ional Drug Dexs
ORNL us 140 mCify
Generator | #5Th—225Ra—2 ; 155 GBajyiea. i Th-232 Ra-228(n.7 1Ra 220
from 229Th Ac Obrinsk Rus Foiits Ac-229-Th 229—Ra-225Ac-
CNL Can 2330z 400g 229Th 13mCi
TeraPower | US ““Ths‘éig (370 Founded by Bill Gates
Z2oRa several | 2020F9ALE. 370 GB/
Ra-226(7r A NOWAVE | US | \indred mGi BiEY
photonucl. | R&225(r
TRIUMF | Can W LR © 74 TBo/m
) Stage | GRNLVBHNLALANLNIDC
Tri-Lab Team | US (20166:3017.10) 227A¢ contamination be
50-60mC Jearabl
nuclear | Th2szac  TRUME | Can 5, 82C/mBHT
spaliation | 225/Ac'227
Inst. Nucl. Res. | Rus 2Ci/yE RIS 227Ac removal is a challenge
Northstardt | US 100mCi/yE#T
226Ra | Th-226(3n,
28)Th-229 Inefficient, too much 228Th,
photonuct. . ZSIT2Z8  ORNL (HFIR) | US e omation
25,
JRC EU Patented, high vieid: hiah
SCK-CEN | Berg| 226Ra #Hg 201960 1Ci/w GMP grade
protonirr. | R&226(0X) 75 G aricruhe | Ger 400mCi/100h
KIRAMS | Kore

Technical Meeting: Joint IAEA-JRC Workshop on the “Supply of Actinium-225"

Drug Delivery System
for Targeted Alpha Ray Therapy

225Ac-PSMA-617
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1F of the Innovation Building has
a section designed
as a chemistry laboratory

177Lu (T1/2=6.7 d)

Purpose

- Peptide receptor nuclear medicine internal use therapy (neuroendocrine
tumor, prostate cancer)

« Production
- Direct method : 176Lu(n, r)'77Lu
-« Highly concentrated, products used as is = ready to use
- lel4 cm-2s-1, 480 GBq for 30 days
« Indirect method : 176Yb(n, r)177Yb—177Lu
- Highly concentrated raw material, requires advanced chemical
purification (DGA. BioRad AG 50W-X8)
« Only reactors with high neutron flux are economically viable

64Cu (T1/2=12.7 h)

- BEFERE

- Bz
. REEPET
- JRFIF 1 63Cu(n, r)%Cu
. LINAC : 65Cu(7,n)64Cu

Recent trends

. Japan RI Association

- Th-232—Th-228 — Ra-224

. IAEA Meeting (2019.12)

- Nuclear Medicine of Th-227 (Bayer)

. Classified as nuclear fuel in Japan, but measures
to make it usable are being considered.

Status of KUR Hot-lab
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3.10 M. Suzuki (KURNS, Kyoto Univ.)

The Future of Cyclotron-Based BNCR Research

The Future of Cyclotron-
Based BNCR Research

Particle Radiation Oncology Research Center
Institute for Integrated Radiation and
Nuclear Science Kyoto University

Minoru Suzuki

Today’s topics

1. Introduction of Cyclotron Based Epithermal
Neutron Source (C-BENS)

2. BNCR research on Compound Biological
Effectiveness (CBE) factor

From nuclear reactor to accelerator

Conventional System

In-hospital System
( Nuclear Reactor based )

Heavy water tank
Remote patient carrier &

Entrance shield,door .
| New Generation System

’ s (Accelerator-based)

Safe, Compact,
Easy to construct,
Easy to use

Beam shtter

Cyclotron Based Epithermal
_ Neutron Source(C-BENS)

& Sumitomo Heavy Industries:HM30

Accelerated particle : negative hydrogen ion(-H)
Maximum Energy:30MeV

Stable beam current: 1mA (Maximum ~2mA)

Maximum power : 30kW

_Kyoto University Research
Reactor Institute@KUMATORI

KUR

v
o

¥

¢

Innovation "&‘
Research lab. >
Irradiation
room

Cyclotron Based epi-thermal Neutron
. Source(C-BENS)

" Iradiation room | "+

Iradiation bed

= Beam sh: bly |-
Be target thickness is 5.5 mm RS

(proton range :5.8 mm at 30MeV)

5 Agp=C_/ o
- e magnet  Bending magne:
i Foil stripper b

Moderation Process -

Pb : used as a breeder and a reflector for high energy neutrons
Fe : used as a moderator

Al and CaF, : used as a shaper for epi-thermal region
Polyethylene : used as a shielding for high energy neutrons

Calculation using MCNPX

Inelastic reaction cross
section of Pb and Fe
T T

10" T T T
Target
CaFy
12 af
o) Gamma shield

Collimator out

Neutron Yield per lethargy(n/em?/s/mA)

Py 1 . . L L
0% 10° 10t 102 10° 10%
Energy(MeV)

Al has the valley of XS at around 27keV. F
has the resonance at several hundred keV.

38




Kansai BNCT Medical Center
Southern TOHOKU BNCT Research Center

% Southern TOHOKU
(Koriyama,

Fukushima)

Tokyo
Osaka

Osaka Medical College
Kansai BNCT Medical Center

http://southerntohoku-bnct.com/method.html

Pharmaceutical approval approach
of C-BENS @KURNS

2014

| 2015 | 2016 [ 2017 [ 2018 [ 2019 | 2020 |
Clinical trial(Brain P1

i i Ciinica trial(HN P 11, March, 2020
Sumitomo Heavyl Indusmei.A Ltd. Powlem L0 (o)
BNCT system :NeuCure

25, March, 2020
Stella Pharma Corporation

o)
Boron drug :Steboronine® Ka w

Development

Moderator design

Sumitomo Heavy Industries, Ltd

Products & Solutions. Technlcal Information S Pride

et

R —

e o , Japanese BNCT facilities have started clinical
tr under the

o i KoL BNC! e and e

Fiscal 2019

| health insurance

Fiseal 2018

system with NeuCureTM BNCT system and

NeuCureTM Dose Engine provided by Sumitomo
Heavy Industries, Ltd.

Fiseal 2007

Fiszal 2016

Fiecal 2015

Sumitomo Heavy Industries, LTD HP

Today’s topics

1. Introduction of Cyclotron Based Epithermal
Neutron Source(C-BENS)

2. BNCR research on Compound Biological
Effectiveness (CBE) factor

Capture Radiation (Reacti

Alpha
163keV/um particle
(*He)

Thermal neutron 7
9-10um
@ Boron
atom
L o8y
210koV/um

lithium nucleus
(L)

Fig.1 Boron capture neutron reaction (Boron neutron capture irradiation)
Nonradioactive isotope 10B atoms that absorb low-energy (<0.5 eV)
neutrons (thermal neutrons) disintegrate into an alpha (4He) particle and a

recoiled lithium nucleus (7Li). These particles deposit high energy along their
very short path (<10 um).

Normal tissues consist of three-type cells

Vessels

Progenitor cells

= ;
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D imation in BNCT
ose estimatio c | RBE: Relative Biological Effectiveness

2 | Advantage
-] 10] i of BNCT
; B;(;:;:;m TIN=3 RBE= X where Dy is a reference absorbed dose of
° B(n,a)7Li D radiation of a standard type X, and Dy is the
E loppm R absorbed dose of radiation of type R that
he same amount of biological
S i causest g
= d. .
e T D,= RBEx Dy |damage
“N(n,p)“C “N(n,py4C
Tumor===Normaliti&eug CBE: Compound Biological Effectiveness
*Physical dose (Gy) = Dose[**B(n,«)7Li] + Dose[y dose|
+ Dose[*H(n,n’')'H] + Dose[“N(n,p)“C] D
X
CBE= ——
D10g(n 7L
+Physical dose (Gy) = Dose[**B(n,a)7Li] + Dose[Thermal beam
Dy = CBE X D10 g7

Tsubasa Watanabe et al. Cancer Letters 2016;370:27-32.cc

Distribution of L-BPA and BSH

GM Morris et al. Br J Cancer 2000;82:1764.
+Physical dose (Gy) in BNCT: Dose['B(n,«)7Li] + Dose[Thermal beam

¥

X-ray EDs, (Gy) = (1°B(n, a)’Li EDs x CBE)+(Thermal beam EDs, x RBE) (Gy)
*ED50: Effective dose 50

i - BSH g
Distribution of L-BPA Distribution of BSH
®:+BH in tongue mucosa in tongue mucosa
BSH (Na,B,,Hy;SH) (L-BPA 500mg/kg i.v.) (BSH 100mg/kg i.v.)
_ X-ray ED50- (Thermal beam ED50 x RBE) -
CBE factor = B (n,00)’Li ED50 - I Skin I Mucosa II Lung I Hepatocyte
CBE factor )y =S O R

o037 o8 03 - o094

o—ray and B-ray in tissues .
BNCR research on CBE factor may bring about

some insight in targeted alfa therapy research.

Ex) High-resolution alfa-autoradiography has
been used in our laboratory.

Hosono M. Isotope News 2013.7
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Thank you for your attention
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3.11

T. Kitazawa (Dept. Chem., Toho Univ.)

Synthesis and Crystal Structures of Three New Complexes Constructed

with Uranyl(VI)-acetylacetonate and Uranyl(VI)-nitrate

Synthesis and Crystal Structures of
Three New Complexes Constructed
with Uranyl(VI)-acetylacetonate and

Uranyl(VI)-nitrate

Department of Chemistry, Faculty of Science, Toho University

Takafumi Kitazawa, Takeshi Kawasaki

Contents

® Introduction, Background

® Synthesis

® Result and Discussion
* Crystal Data of Complexes |, Il, and Il
* Crystal Structure of Complex |
* Crystal Structure Complex Il

* Crystal Structure Complex Il

® Summary

Introduction

* The coordination chemistry of the actinides has potentially been linked to the
reprocessing of nuclear fuels and treatment of actinide wastes in the backend
chemistry for nuclear power plants.

* The fundamental investigation of the bonding and structure of actinide
complexes provides important information on the field of backend chemistry.

« Actinide ions of high oxidation number X (2 +5) tend to become liner structural
actinyl(X) ion AnX0,%2.

* The actinyl(X) ion's coordination geometry is often octahedral 6-coordination,
pentagonal-bipyramidal 7-coordination or hexagonal-bipyramidal 8-coordination

Introduction

Uranyl(V1) B-diketonates with neutral donor ligands and uranyl(VI) complexes
with multidentate N-heterocyclic ligands have been extensively studied due to
their importance in the separation of uranium by solvent extraction.

geometry.
[¢]
Example of uranyl 8-diketonates with
neutral donor ligands: [UO,(acac),py] Example of uranyl(VI) complexes with
be) s multidentate N-heterocyclic ligands:
octahedral pentagonal-bipyramidal  hexagonal-bipyramidal [UO,(NOs)(terpy)]
N. W. Alcock, et al., J. Chem. Soc. Dalton Trans. I. A. Charushnikova, et al.,
679, 1984. Russ. J. Cood. Chem. 30, 511, 2004.
T. Kawasaki, T. Nishimura, T. Kitazawa, Bull. Chem. Soc. Jpn. 83, 1528, 2010. N. W. Alcock, et al., Acta Cryst. C43, 1476, 1987.
Introduction Comparison of lattice parameter for [UO,(acac),py]
@ Np-O bond distance of the neptunium PY
compounds is shorter by 0.01 A than that of 7 *Alcock et al. *Kawasaki
analogous uranium compounds. - -
@ When discussing the structures of Np Crystal system  orthorhombic  orthorhombic
compounds, the 0.01 A shorter difference has Space group Fdd2(#2) Fdd2(#2)
been used.
@ However, single crystal data for [UO,(acac),py] a (A) 29.702(4) 11.432(3)
reported in 1984 [1] may be strange. A b (A) 11.433(2) 29.708(5)
* The U=0, bond length in [1] is 1.83(1) A,
although the Np=0,, length is 1.78(1) A [2]. c (A 10.593(2) 10.598(4)
* The O,=Np=0, bond angle of [NpO,(acac),py] Molecular Structure of vV (A% 3597.3(10) 3599(1)
is 176.5(19) [2], although [1] noted that the [UO,(acac),py]
£l 2PY:! A
0,=U=0,, for the large deviation from U’Ouranyl av.(A) 1.83 1.77
linearity of the O,=U=0,, bond angle, 173.5(8). N (A 2.47(1 2.602
@ We had re-determined the crystal structure of [1] N-IW' Alcock, :‘;'-';85’72'7’" Soc. U-N(#) 47(1) 602(3)
[UO,(acac),py]. The newly obtained U=0,, bond _ Dalton Trans. 679, 1984. 0-U-0 (%) 173.5(8) 178.3(2)
length of 1.77 (1) A was now reasonable, and (2 N. W. Alcock, et al., Acta Cryst. €43, . o 45 4
the 0,=U=0y, linearity was similar to the 1476, 1987. py twist ()

[3] T. Kawasaki, T. Kitazawa, et al.,

0,=Np=0,,in [NpO NE
y=Np=0y in [NpO,(acac),pyl. [3] Hyperfine Interact. 166, 417, 2005.

*N.W. Alcock et al. J. Chem. Soc., Dalton Trans. 679-681.(1984).
T. Kawasaki, T. Kitazawa, et al., Hyperfine Interact. 166, 417, 2005
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1. NpO,CO

(NpO

(Np 5
(NpO,),f 3)*5SH,0
NH,NpO,(HCOO

1.65 17 1.75 1.8 1.85 19
Np=0/ A

Plot of & against Np=0 bond distance for the neptunyl compounds

Bond lengths, angles, and pyridine twist for [UO,(acac),L] complexes

U-Oyyt U-O,ic U-N(A) 0=U=0 py twist ()
av. (A) av.(A) ©
py? 177 236 2602(3) 1783(2) 42
4-Mepy? 178 235 26146) 1792(2) 25
24-dmpy? 178 236 2.648(9) 179.2(4) 69.4
44-bpyY 177 234 266(1) 1793(4) 417
4-Etpy 177 235 26053) 179.1(1) 43
nicsite-1 178 236  257(1) 178.1(4) 64
nicsite2 177 233 2.62(1) 177.5(4) 59
{[UO(acac), (4 4"-bpy)} £
Introduction Introduction

* The vast majority of uranyl(Vl) complexes feature a linear uranyl group
(e.g., 0,,=U=0,,:180°).
* However, there are a handful of complexes that feature much more
acute 0,,=U=0, angles.
Example of uranyl(Vl) complex with bent 0,=U=0,, angle

Molecular Structure of [UO,(NO;),("Pr-btp)]
0,=U=0,,:166.2(1) °

Molecular Structure of [UO,Cl,(phen),]
0,=U=0,,: 161.8(1) °
* @: uranium, @ : oxygen, @ : nitrogen, @ : carbon, " : chlorine

T. W. Hayton, Dalton Trans. 47, 1003, 2018.

@ 2'Np Méssbauer spectroscopy is a very
powerful tool for structural studies,
since the hyperfine parameters are
significantly influenced by the electronic
structure of the Np site.

@ The 2’Np Méssbauer isomer shifts (6)
are range from +40 to -80 mm st
relative to NpAl, at 4.2 K, and are clearly
correlated with the oxidation state of
neptunium.

@ The correlation between the & value and
coordination number (CN) of the Np
atom has also been found for the Np(V1)
compounds.

T. Kawasaki, T. Kitazawa, et al., Hyperfine Interact. 166,
417, 2005.
J. Wang, T. Kitazawa, et al., J. Nucl. Sci. Tech. suppl3,
429, 2002.

237Np Méssbauer spectra of
(a) NpO,, (b) NpO,(OH,)-xH,0,
(c) NH4[NpO,(NO;)3],

(d) NpO,C,0,3H,0 at 10 K
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Np(IV)

5 /mms! NaNpNbTiO;
NpO,00CCH;*4H,0-2 L F,,
K(NpO,)CO;

NiNpF* 31{70

[ CaNp(POL:
BaNpO; Np(OH),*8H,0

—= (NpO,) C,0,H-2H,0

NpO,00CCH;* H,0-2
(NpO):(NOy),* SH0-2
Frozen solution
(NpO2);,(NO3),* SH,0-1
(NpO,),(00C),CeH,-4H,0

(NpO,)OH *xH,0 IED) O

L CaNpO,, NpO.Fs

Ba;MuNpOg f— NPO:CO_ RO(NpO,INO,)+6H,0
NpF s
[NpOs(acac),py] Al F~Npo . - NpO,(OH) ,
)(NO,)6H,0 +(OH)
Ki(NpO),V.0 =

B-NpO»(OH) ,
NpO,C;04*3H;0 K ;NpO,Fs

Np(VI), CN=7 e, BaNpO,

.
[ Li, I‘P Ba,MNpO,
BaNonv'XHzO\:ﬁf 1:NpO; Ba,MNpO,

T NpF, (M=Co,Fe,Ni,Cu,Mn)
CsNpOs ——— ¥ Np(VI), CN=6
Rb:N 7
Np(VID) Lijnpo, — o
NaNpO; ——
Ba,NaNpO; — *oal
B Nucl. chem. 270, 379, 2006.
2Np 6 in various neptunium compounds from tri- to hepta-valent states. Relative to NpAl,.
Red data are obtained by JAERI (Currently known as JAEA)

[ [Co(NH;)g][NpO4(OH),]-2H,0

M. Saeki, T. Kitazawa, et al., J. Radioanal.

-40

45

& (mms-1)

-60

1.

Introduction

1. Np0,CO,
2. a-NpO,(OH),

3. NaNpO,(C,H,0,);
4.NpO,(NO,)*6H,0
5. Np0,C,0,23H,0
6. B-NpO,(OH),
7.BaNpoO,
8.K,NpO,

9. B-Na,NpO,

10. [NpO,(acac),py]

65 17 175

1.8 1.85 19

Np=0 (A)

Plot of § vs Np=0 bond distance for the neptunyl(V1) compounds

T. Kawasaki, T. Kitazawa, et al., Hyperfine Interact. 166, 417, 2005.

Introduction

@ The strong correlation between the & value and the mean of neptunyl Np=0,,
bond lengths has been reported for the oxo-coordinated Np(VI) compounds,
where the increase in the § value, corresponding to the decrease in the s electron
density at the Np nucleus follows an increase in the mean neptunyl Np=0,; bond
lengths.

* Because these Np=0, bond lengths are shorter than that of other oxygen
atoms of the ligand, the shielding effect of the 5f electron associated with the
Np=0,, bonds has a link to the 6s electron density which governs the 6 value.

4 Neptunyl(V1) complex of [NpO,(acac),py] is coordinated by one nitrogen atom of
pyridine-type ligand. These & values are slightly more positive than the
correlation line.

* The electron donation of the nitrogen atom in the pyridine may have a larger
effect on the Np 5f orbital than that of the oxygen atom in the acac.

* These & values has a positive trend due to the increase in the shielding effect
of the 6s electron and the decrease in the total 6s electron density at the Np
nucleus.

T. Kawasaki, T. Kitazawa, et al., Hyperfine Interact. 166, 417, 2005.

Introduction

Reported uranyl(V1) complexes by our laboratory

r'li Kawasaki, T. Nishimura, T. Kitazawa, Bull. Chem. Soc. Jpn. 83, 1528, 2010.

*  [UO,(acac),L] (3% L = 4-Mepy, 4-Etpy, 2,4-dmpy, nic, imH)
* [{UO,(acac),},(4,4"-bpy)]

* (bpy);H[UO,(acac)(NOs),]

[UO,(acac)

T. Kawasaki, T. Kitazawa, Acta. Cryst. E, 64, m673, 2008.

—0 e 4 &m oy con
,(4-Mepy)]

* [UOj(acac),(H,0)]-(pz)

T. Kawasaki, T. Kitazawa, Acta. Cryst. E, 64, m788, 2008.

+ [UO,(acac),(4-aldpy)]

T. Kawasaki, T. Kitazawa, Acta. Cryst. E, 71, m122, 2015.

+ [{Uoy(

\

NO;)(terpy)},0,]

[(UOz(acaC)z)z(4,4'-va)]

e e @
J%?

(bpy),H[UO,(acac)(NOs),]

/1\

/»7/)\ J

[{UO,(NO; )(terpy)};,0,]

Introduction

This study

Three uranyl(Vl) complexes were synthesized using nitrogen-containing organic
compounds, and were characterized crystallographically.

@

a0

2,4,6-tris(2-pyridyl)-1,3,5-triazine
(= tptz)

X Nitrogen-containing organic compounds

A

LT

1,4-diazabicyclo[2.2.2]octane
(= DABCO)

20

2,3,5,6-tetramethylpyrazine
(= tmpz)

Synthesis
Method 1 Method 2
Hacac 3 mmol + N-comp 3 mmol tptz 0.5 mmol
in solvent 5 ml in MeOH 10 ml
UO,(NO3),6H,0 1 mmol UO,(NO;),-6H,0 0.5 mmol
in solvent 10 ml in MeOH 10 ml

N-comp =
solvent = MeOH

Complex

slow evaporation at r.t.

DABCO tmpz
MeCN
N N

Crystal of complex Il
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Crystal Data
]

complex " nm
Empirical formula Cy5H,08U CeoHosN1,044U3 CagH2sN14050U
Formula weight 568.36 2083.58 1054.75
Temperature / K 253 298 90

Crystal system Orthorhombic  Monoclinic Triclinic
Space group Pnma C2/m P-1

a/A 18.087(3) 39.452(3) 8.1954(5)
b/A 13.4746(19)  12.2398(8) 8.2338(5)
c/A 7.9062(11) 8.8744(6) 14.4365(9)
ale 90 90 83.9640(10)
8/° 90 100.913(3) 82.6810(10)
7K 90 90 84.7720(10)
v/ A2 1926.9(5) 4207.8(5) 957.88(10)

z 4 2 1

Dy / g cm? 1.959 1.644 1.828

u/ mm? 8.458 5.830 4.315

F(000) 1072 2016 514
Reflections collected 13610 15693 7126

Rine 0.0567 0.0260 0.0115

Data / restraints / parameters 3006 /0/221 5451 /418 / 440 5311/0/285
GOF 1.187 1.068 1.099

R1, wR2 0.0410, 0.0933 0.0330, 0.1023 0.0198, 0.0520
Dppae Do e A3 2.496,-2.244 _ 2.009, -0.558 1.490, -1.572

Crystal Structure of Complex |

Formula of Complex I: [UO,(acac),(Hacac)]

Selected bonds (A) and angles (°)

U1-01 1.785(10)
U1-02 1.753(10)
U1-03 2.355(9)
U1-04 2.422(9)
U1-05 2.377(9)
U1-06 2.379(9)
U1-07 2.361(9)
01-U1-02  178.4(5)

Hydrogen bonds (A)
08.07  2.718(16)
08..06  3.136(15)

Asymmetric unit
(30 % probability level,
red dashed lines are hydrogen bonds,
H atoms are omitted)

U is pentagonal-bipyramidal 7-coordination

Crystal Structure of Complex |

Disorder part (white) emerging from
asymmetric unit (gray) by symmetry operation _i

symmetry code _i : x,-y+1/2,2

Crystal Structure of Complex Il
: Formula of Complex II: [UO,(acac),(H,0)],[UO,(NO3),(H,0),]-5(tmpz)

*

8 : [UO,(acac),(H,0)]
: [UO,(NO3),(H,0),]

O’ O: tmpz molecules

c axis view

Crystal structure of complex Il

Crystal Structure of Complex I

o7

Asymmetric unit
(30 % probability level,
H atoms are omitted)

Disorder part (white) emerging
from asymmetric unit (gray)
by symmetry operation_i
symmetry code _i: X,-y,z

[UO,(acac),(H,0)] molecule in complex Il
U1 is pentagonal-bipyramidal 7-coordination

Selected bonds (A) and angles (°) of [UO,(acac),(H,0)] molecule

U1-01 1.732(5) U1-05  2.317(7)
U1-02 1.773(7) U1-06  2.327(6)
U1-03 2.371(7) U1-07  2.446(6)
U1-04 2.350(8) 01-U1-02 178.1(2)

Crystal Structure of Complex Il

012 i
Asymmetric unit
(30 % probability level,
H atoms are omitted)

Disorder part (white) emerging
from asymmetric unit (gray)
by symmetry operations _ii and _iii

[UO,(NO;),(H,0),] molecule in complex Il
U2 is hexagonal-bipyramidal 8-coordination

Selected bonds (A) and angles () of [UO,(NO;),(H,0),] molecule

U2-08 1.779(6) U2-011 2.525(7)
U2-09 2.397(6) 08-U2-08_iv 180
U2-010 2.502(6)

symmetry codes _ii x,-y+1,z ; _iii -x+1,y,-z+1 ; _iv: -x+1,-y+1,-z+1
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Crystal Structure of Complex Il

By

s

tmpz molecules in Complex Il

molecular ratio  — 4 . 1
in unit cell : Hydrogen bonds (A)
07..N3  2.788(10)
07..N3_i 2.327(10)

09..N2_v_ 2.726(11)

* The Complex Il of formula [UO,(acac),(H,0)],[UO,(NO3),(H,0),]-5(tmpz)
consists two crystallographically independent the tmpz molecules.

* These tmpz molecules are not coordinated to U atom.

* tmpz molecules are strongly disordered.

Crystal Structure of Complex Ill
Formula of Complex Ill: [UO,(NO3),(H,0),]-2(tptz) + solvent

=
\

Selected bonds (A)
U1-01 1.7687(16)
U1-02 2.3667(15)
U1-03  2.5305(17)
U1-04 2.5332(17)
*U1 atom is located at
inversion center in the
unit cell;

U=0,:180°

Oy=

Hydrogen bonds (A)
\ P 02..N5 2.737(3)
o 02..N6  2.745(2)
Crystal structure of Complex Il in unit cell
(30 % probability level, red dashed lines are hydrogen bonds, H atoms are omitted)
U is hexagonal-bipyramidal 8-coordination

* The tptz molecule is not coordinated to U atom, and is connected with aqua
molecule by two hydrogen bonds.

Crystal Structure of Complex Il

) in unit cell of Complex Ill.
The voids were calculated by Mercury.

Void spaces (

Summary

@ We synthesized and characterized crystallographically three uranyl(V1) complexes, I, Il and Il

@ Complexes | and Il were synthesized using UO,(NO;)-6H,0, acetylacetone (= Hacac) and
nitrogen-containing organic compound (DABCO or 2,3,5,6-tetramethylpyrazine (= tmpz)).
Complex Il was synthesized using UO,(NO3)-6H,0 and 2,4,6-tris(2-pyridyl)-1,3,5-triazine (=
tptz).

® Formula of complex I is a [UO,(acac),(Hacac)].

* U atom is UO, pentagonal-bipyramidal 7-coordination geometry. Two uranyl-oxygen atoms
are located at the axial positions, and, four oxygen atoms of two bidentate acac ligands
and one oxygen atom of one monodentate Hacac ligand are located at the equatorial
positions.

* In the crystal, atoms except U atom are disordered.

4 Formula of complex Il is a [UO,(acac),(H,0)],[U0,(NO;),(H,0),]-5(tmpz).

* Complex Il contains two distinct uranyl(V1) molecules; [UO,(acac),(H,0)] (= U1) and the
other [UO,(NO3),(H,0),] (= U2) in a ratio of 2 : 1. U1 is UO, pentagonal-bipyramidal 7-
coordination geometry and U2 is UOg hexagonal-bipyramidal 8-coordination geometry.

* The tmpz molecules are not coordinated to U atoms.

® Formula of complex Il is a [UO,(NO;),(H,0),]-2(tptz).

* In complex lll, U atom is UOg hexagonal-bipyramidal 8-coordination geometry.

* The tptz molecule is not coordinated to U atom and connected with water ligand of
[UO,(NOs),(H,0),] by hydrogen bonds.

® The DABCO, tmpz and tptz molecules are not coordinated to uranium(VI) atoms in this work.

Appendix

Temp d(/NpAl}) €qQ  He/T t/ns
/K /mms!t  /mms?
40 -39.6 190 220 0.23(5)

T

30 -39.6(5 189(4) 220  0.7(3)
20 -39.5(3) 191(2) 220  2(1)

11 -39.9(2) 193(2)  220(1) -

ik
200 oo ) 0

237Np Mdssbauer spectra and parameters of [NpO,(acac),(py)]
T. Kawasaki, T. Kitazawa, et al., Hyperfine Interact. 166, 417, 2005.
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Molecular Structures of [UO,(acac),L] Type Complexes
by Our Laboratory

[UO,(acac),(imH)] ‘

site-1 site-2
[UO,(acac),(nic)]

T. Kawasaki, T. Nishimura, T. Kitazawa,
Bull. Chem. Soc. Jpn. 83, 1528, 2010.

Selected Bond Lengths and Angles of [UO,(acac),L] Type Complexes

by Our Laboratory
L U=0/A U-Opuue/ A U-Opinaae | A
0-U=0/"
4-Mepy U(D)-0(1) 1.778(5) U(1)-0(3) 2.364(5) U(1)-0(4) 2.357(5)

U(1)-0(2) 1.778(5)
O()-U(1)-0(2) 179.2(2)

U()-0(5) 2.322(5) U(1)-0(6) 2.353(5)

FEipy U()-0(1) 1.77203)
U(1)-0(2) 1.7693)
O()-U(1)-0(2) 179.1(1)

U(1)-0(3) 2.323(3)
U(1)-0(6) 2.361(3)

TU()-0@) 2.3383)
U(1)-0(5) 2.346(3)

2,4-dmpy U(D-0(1) 1.785(7) U(D-03) 2.367(8) U(1)-0(4) 2.350(8)
U(1)-0(2) 1.780(8) U(1)-0(6) 2.345(8) U(1)-0(5) 2.380(8)
O()-U(1)-0(2) 179.2(4)

nic site-1 U(D-0(T) 1.760(9) U(D)-0(3) 2.373(9) U(1)-0(4) 2.327(8)
U(1)-0(2).1.792(9) U(1)-0(6) 2.373(7) U(1)-0(5) 2.323(9)
O()-U(1)-0(2) 178.5(4)

nic site-2 U(2)-0(7) 1.789(9) U(2)-009) 2.332(7) U(2)-0(10) 2.35(1)

U(2)-0(8) 1.759(1)
O(7)-UR)-0() 177.4(4)

UQ2)-0(12) 2.33(1) U(2)-0(11) 2.338(9)

imH U(1)-0(1) 1.76(1)
U(1)-02).1.73(1),
O()-U(D)-0(2) 178.7(5)

U(1)-0(3) 2.32(1)
U(1)-0(5).2.32(1)

U(1)-0(4) 2.38(1)
U(1)-0(6) 2.37(1)

T2 bpy U(1)-0(1) 1.7830)
U(1)-0(2) 1.759(9)

O(1)-U(1)-0(2) 179.3 (4)

U(1)-0(3) 2.341(8)
U(1)-0(6) 2.34(1)

U(1)-0(4) 2.356(9)
U(1)-0(5) 2.336(8)

T. Kawasaki, T. Nishimura, T. Kitazawa, Bull. Chem. Soc. Jpn. 83, 1528, 2010.

Crystal Structure [UO,(acac),(H,0)]-(pz)
(Already Reported Complex)

Selected bonds (A) and angles (%)

U1-01 1.777 (3)
U1-02 1.774(3)
U1-03 2.352 (4)
U1-04  2.348(4)
U1-05 2.361 (4)
U1-06  2.353(3)
U1-07  2.409 (4)
01-U1-02 178.98 (14)

Hydrogen bonds (A)
07-N1  2.752(5)
07-N2  2.778(6)

Molecular structure
(50 % probability level,
dashed lines are hydrogen bonds,
H atoms are omitted)

T. Kawasaki, T. Kitazawa, Acta. Cryst. E, 64, m673, 2008.

Crystal Structure (bpy),H[UO,(acac)(NO;),]
(Already Reported Complex)

Selected bonds (A) and angles (%)

U(1-)0(1) 1.759(2)
U(1)-0(2) 1.748(2)
U(1)-0(3) 2.341(2)
U(1)-0(4) 2.339(2)
U(1)-0(5) 2.544(2)
U(1)-0(7) 2.541(2)
U(1)-0(8) 2.561(2)
U(1)-0(9) 2.529(2)
0(1)-U(1-)0(2) 178.0(1)

Molecular structure
(50 % probability level,
dashed lines are hydrogen bonds,
H atoms are omitted)

T. Kawasaki, T. Nishimura, T. Kitazawa, Bull. Chem. Soc. Jpn. 83, 1528, 2010.

It is reported that uranyl(VI) complexes coordinated by tptz ligand
were obtained by solvo(hydro)thermal synthesis. [1-3]

copyright protected content

[1] S. G. Thangavelu, et al., CrystEngComm, 17, 6236, 2015.
[2] S. G. Thangavelu, et al., Cryst. Growth Des. 16, 42, 2016.
[3] Z. Yue, et al., CrystEngComm, 21, 5059, 2019.

48




49



3.12 T. Yoshimura (IRS, Osaka Univ.)

Preparation of guidelines for evaluation to ensure safety in the use of

short-lived unsealed radioisotopes

Preparation of guidelines for
evaluation to ensure safety
in the use of short-lived
unsealed radioisotopes

% osaaumERSTY

Radioisotope Research Center, Institute for
Radiation Sciences, Osaka University

Takashi Yoshimura

Contents
Studies for safety handling of short-lived radioisotopes
« 2017—2019 Radiation Safety Regulation Research Strategic
Promotion Project from Nuclear Regulation Authority, Japan
"Development of safety management and radiation education by
obtaining data for rational control of short-lived alpha particle
emitters
Determination of dispersal rates of 211At, 223Ra, 225Ac, and their
descendent nuclides

« 2019—2021 Radiation Safety Regulation Research Strategic
Promotion Project from Nuclear Regulation Authority, Japan
TPreparation of guidelines for evaluation to ensure safety in the use
of short-lived unsealed radioisotopes,

Study for safety management
of short-lived alpha particle-emitters

© oswea vvesiTy

« Inrecent years, research for nuclear medicine applications of
short-lived alpha particle emitters has been vigorously
pursued. In the near future, medical applications of these
nuclides are expected to be popular.

« Rational radiation control to support the research and
development while ensuring the safety of workers and the
public is important. For this purpose, obtaining data on the
dispersal rate and development of safe handling method are
required.

2017—2019 Radiation Safety Regulation Research Strategic
Promotion Project from Nuclear Regulation Authority, Japan
"Development of safety management and radiation education by

obtaining data for rational control of short-lived alpha particle
emitters 4

Obtaining the dispersal rates of airborne 211At, 223Ra, 225Ac and
their descendent nuclides

Members

© oswea vvesiTy

Osaka Univ. A. Shinohara. K. Nakajima-Kaneda. Z. Zheng
T. Yoshimura, A. Toyoshima. K. Nagata
J. Hatazawa. T. Watabe. K. Ooe

Kyoto  Univ. T. Yamamura

Tohoku Univ. K. Shirasaki. H. Kikunaga

RIKEN H. Haba

Fukushima Medical K. Washiyama

Univ.

Summary (1)

Airborne dispersion of 211At

- Dispersion of 2'1At into the air is little from chloroform.

+ The dispersal rate changes depending on the pH of the aqueous solution.

+ When ascorbic acid is added to the solution of 21'At, dispersion of 211At
is lowered.

Airborne dispersion of 223Ra
+ There is no dispersion of 223Ra from the aqueous 223RaCl,.
- 21'Pp and 2'1Bi were detected on the filters because of dispersion of 2'°Rn.
+ The dispersion of 219Rn depends on the diameter of the vessel.
— In radiopharmaceuticals, 223Ra is sealed in a vial and dispensed by
a syringe. Thus, 2'9Rn is unlikely to be dispersed into the air.

Airborne dispersion of 225Ac
+ There is almost no dispersion of 225Ac

2019—2021 Radiation Safety Regulation Research Strategic Promotion Project
from Nuclear Regulation Authority, Japan

Preparation of guidelines for evaluation to ensure safety in the use of short-lived
unsealed radioisotopes,

Purpose of Study

Preparation of guidelines for evaluation to ensure safety in the use of ]

short-lived unsealed radioisotopes

Purpose
To prepare guidelines to summarize the new method of evaluation
for license of short-lived radioisotopes at each radiation facility
(- R
Members
Chair : T. Yoshimura (Osaka Univ.) . .
PO : S. Furuta (PESCO) e e
Advisor : Y. Yonekura (Osaka Univ.) M K'S ' (NRA, N Dr)]
J. Hatazawa (JRIA) -roea > PN,
Osaka Univ. Hiroshima Univ. Tohoku Univ.
T. Todo A. Shinohara  S. Nakashima H. Watabe
M. Tatsumi A Toyoshima K. Shirasaki
K. Kaneda K. Ooe Hokkaido Univ.
T. Watabe K. Nagata Y. Kuge Kyoto Univ.
K. Yamaguchi T. Yamamura
T. Kamiya QST
S. Kawaguchi K. Nagatsu RIKEN
\_ H. Haba 6/
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Table of Contents of Guidelines Outline of guidelines

Title : guidelines for evaluation to ensure safety in the use of short-lived OPurpose and necessity of the guidelines ' ) )
unsealed radioisotopes In order to ensure safety of workers and the public, and implement rational
radiation control, the guideline summarizes a method of evaluation for
calculating the use quantity of short-lived nuclides at each radiation facility.
Chapter1 Overview, Background, and Purpose of the Guidelines L L
OScope and application of the guidelines

Chapter2 Scope and Application of the Guidelines The guidelines are applicable to the regulations based on the "Low
Concerning the Regulation of Radioisotopes”.

Chapter3 Evaluation Method

Method for evaluating shielding, airborne RI concentration, exhaust OGuideline of applicable nuclides N , ) ,
air Rl concentration, and RI concentration in waste water The guideline applies to short-lived radioactive nuclides with half-lives up to
15 days.
Chapter4 Reliability assurance methods N . .
Establishment of responsibility system, manuals to be equipped C/Ou'tllne Of the evaluation method for use ) '
after approval It is possible to apply values based on experiments to dispersal rate, etc.
Furthermore, it is possible to be taken in account of decay of the nuclide
Chapter5 Education and Training for evaluation.

Subjects and contents of education and training OR bility Syst
esponsibility System
Each facility should establish a peer review system that include external
experts to review the results of experiments.

@ Acknowledgement

Preparation of guidelines for evaluation to ensure

safety in the use of short-lived unsealed R
radioisotopes Osaka Univ. )
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Prof. Yoshiharu Yonekura  Prof- Hiroshi Watabe Prof. Yuji Kuge Prof. Tomoo Yamamura

Many experts specializing in radiochemistry, nuclear medicine, and Prof. Jun Hatazawa Prof: Hidetoshi Kikunaga

e - j prof. Takeshi Todo Dr. Kenji Shirasaki ; N
radiation safety management participate in the group to prepare keshi T . RIKEN Fukushima Medical Univ.
the guidelines. Prof. Mitsuaki Tatsumi Hiroshima Univ. Dr. Hiromitsu Haba ~ Prof. Kohshin Washiyama

Prof. Atsushi Toyoshima /0™ S hima

Prof. Kazuko Kaneda __
Prof. Yoshifumi Shirakami Q
Dr. Tadashi Watabe >
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academic societies and the Nuclear Regulation Authority, Japan. Dr. Zijiang Zhang
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The prepared guidelines have been authorized by six academic Kazuya Yamaguchi
societies Syuhei Kawaguchi
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3.13 H. Amitsuka (Hokkaido Univ.)

Odd Parity Multipole Ordering in Uranium Compounds

0dd Parity Multipole Ordering
in Uranium Compounds
—Resonant X-ray Scattering Study of UNi,B

H. Amitsuka, R. Murata, F. Kon, Y, Kaneko, E, Hayasaka, C. Tabata *,
H. Nakao B, H. Saito ¢, Y. Shimizu P, D. Aoki P, H. Hidaka, T. Yanagisawa

Grad. School of Sci., Hokkaido Univ., KURNS, Kyoto Univ. *,
PF, IMSS, KEK. 8, KENS, IMSS, KEK.C, IMR, Tohoku Univ. ®

J-Physics | 2%

SETFEIROWE N yv

The Interest of Augmented Multipole

— Multipole : Anisotropy of charge and magnetization distributions ——
even-parity  odd-parity  even-parity  odd-parity
Charge Electric dipole
Electric (E) (™ ¢ Le
multipole k o (¥, t\\
Magnetic (M)
multipole ‘,6
M Toroidal Magnetic dipole(spin) MT
multipole :t: Y Y
ET =
E Toroidal -®\ y Y
multipole =~ /E'

Hayami, Kusunose et al. derived the complete set of multipoles describing the electronic state.

Odd-parity multipoles are Active mmmp  Cross correlation can be expected

Magnetoelectric(ME) effect etc-

What is UNi,B

« Hexagonal (P6/mmm, D', No. 191)

« Metallic component

« Antiferromagnetic (AFM) by 2/3 U 7= 20.4 K
« AFMby1/3U 7°=03K

Crystal Structure
Copyright protected
content

‘ Magnetic toroidal dipole order

/ Copyright

Copyright protected \ ¢ protected content

content

S. Hayami, H. Kusunose, and Y. Motome Phys.
Rev. B 90, 024432 (2014)

‘ Hayami et al. predicted

ME effect can be generated in toroidal ordered metallic system UNi,B

S.A.M. Mentink et al., Phys. Rev. Lett. 73, 1031 (1994) S.A.M. Mentink et al., Phys. Rev. Lett. 73, 1031 (1994)

Current Induced Magnetization in UNi,B

Theory Experiment

—_— 111127701 81101

o

Kam?

consistent

M (105 /U ion)

Current induced magnetization

D)
inconsistent 5
®
PX
H
03| 11001l B1TTO]
No current induced magnetization ; ; L -
I R 1

T

Both of results show current

The reliability factor R = 100 X|lops — lcaic| / induced magnetizaiton

Y Iops equals 11.2%

Magnetic toroidal dipole is tilted from c-axis ?
S.A.M. Mentink et al, Phys. Rev. Lett. 73, 1031 (1994)

Either or both of crystal and magnetic structures are wrong ?

X-ray Crystal Analysis in UNi,B

Previous

Orthorhombic (Cmcm, D', No. 63)
Qortho = 6.943 A ~ cpey
bortho = 17.057 A ~ 2V/3aex
Cortho = 14.807 A ~ 3apey
8 site : ordered at 7y,

4c site : ordered at 7*

b

) yPortho, B
O ~ O, . P
i 13Q Chex Qhex
o (
O
"y We have to check the crystal
g and magnetic structures.
&6 High resolution
= Polarization analysis
O Can detect multipole orders
P
ortho

Resonant X-Ray Scattering

Y. Haga et al, Physica 8 403, 900 (2008)
C. Tabata et al, Poster presentation, W6-08, in ICM, San Fransisco (2018)

What is Resonant X-ray Scattering(RXS)

Consider the interaction between electron and electromagnetic wave

Anomalous scattering
Enhanced at absorption edge

Two types of X-Ray scattering
f(w) = fo+ f'(w) +if"(w)

Thomson scattering .
Anytime occurs
oo Oe
3d
1 absorption edge
Fg ) )L
1 (w) ; hw — hwpg + T

initial state  intermediate fina| state
state

x [(€™ - e)dy —i(e"™ x €) - udy + {(e"™ - u)(e - u) — (¢ - €)/3}ds]

& : Polarization of incident X-ray dq : Atom specific factor
&*: Polarization of reflected X-ray dy : Dipole factor ( no magnetic moment —d; =0)

w : Unit vector in the main axis direction of @2 : Quadrupole factor (no quadrupole —d, = 0)
the multipole

Information on
multipole ordering

Anomalous factor becomes finite when the incident
X-ray energy is near the absorption edge
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Polarization Analysis using RXS Method

Linear o, = polarization and magnetic moment u = (uy, uy, u,)

Fp(w) = ; m x [(e"™ - €)dy —i(e"™* x €) - udy + {(e"™ - u)(e - u) — (¢ - €)/3}ds]
T
Fow

The method of Polarization Analysis in experiment

uy cosf —u, sinﬁ)

Fror 0
Fr) % \Cuycost — uosing Uy sin20

x) X %
) x4 W

Analyzer = polarizer

Frg

0,=0 — Foo' , Fry

Detector

(6224 .
- @y =90" —— Fop , Frp

DN
26,

Analyzer

04,264 : Geometric relationship between Detector and analyzer

L (perpendicular) = o polarization X-ray

Electric field vector of X-Ray Scattering surface (¥Zplane)

Il (parallel) = m polarization X-ray

We can get the information of magnetic structure from the magnitude of each component.

Experimental Condition

Resonant X-ray Diffraction (RXD)

incident x-ray

Diffraction P — — Detector
. N resonance N
= “\ - N
stmf A " /}/‘ﬂv{@'N\‘\N\j\y\/ w, sample
R A q/; VV\/’/ O r\!\N\j < /
Periodic structure /M/M ¢ \!\P'\f L Synchrotron
4 e\

Lattice dipole

qﬂ“ﬂ/w

/ J
155%
.
@\\N‘\%n i
3 /20

.

Synchrotron X-ray

quadrupole

Experimental conditions

+ BL-11B, Photon Factory, KEK
X-ray energy E ~ 3720 eV (M,-edge of U, E1 3d — 5)
+ Temperature : down to 7K
Incident X-ray : r polarization
Using analyzer(SrLaAlO,) only polarization analysis

Sample  single crystal grown by Czochralski method in Acki Lab

Cortho @ortho

Cortho

@orthol

Bragg and Magnetic Reflections (b} e - Cartho Plane)

@ Calculated lattice reflection (intensive)

e Calculated lattice reflection (weak) ® o Observed lattice reflection

Bragg and Magnetic Reflections (b} 1o - Cartho Plane)

A . Observed resonant reflection
® o Observed lattice reflection

@ Calculated lattice reflection (intensive)
o Calculated lattice reflection (weak)

(045). . (046J‘ . 104A). 1041]. . (040). E=3720eV . (uaz). . (046)‘ . (am. .
A z (01.336)
A A > 800 4
Gortho ~ (0,2/3,0) f gt \ Ty~20K |
1029|. (028). (nzs). . . 1023). (022). wzu;. 1019;. mzsj. . (026) ° . (023)‘ £ anop \ 1
200l ]
A A\ O S LRI
Dortho A A A o ‘ T(K) ‘ ‘
(008) (006) (004) (002) (000) (008) (006) (004) M-edge of U
* 4 * ' Coreth ' L4 * Z sl -8 (01.336)
ortho A 4 H —e-BG
S ool
A
(0»29j. 10-28). . (0-26) . . . 10-23)‘ (o-zz). I (0-20) s (0»29). (o-zs)' . (0-26) . . . 10-23)'5 20001
Scannable range
Superlattice reflections developing below 7y described 000 R w0 3o 30
Crystal-lattice reflections can be assigned to theorthorhombic structure: Crmem, D', No. 63. by propagation vector q ~ (0,2/3,0),, are observed. Eneray (V)
: f * * : : * *
Bragg and Magnetic Reflections (a} o - barto Plane) Bragg and Magnetic Reflections (a} no - bartho Plane)

@ Calculated lattice reflection (intensive) Scannable range

e Calculated lattice reflection (weak) ® o Observed lattice reflection

@ Calculated lattice reflection (intensive) A a Observed resonant reflection

e Calculated lattice reflection (weak) ® o Observed lattice reflection

L] L ®
(24/30)
@ ®
A
A
Gortho ~ (0,2/3,0) °
AN
Kiebu)
A
L w0 Y A ®
|
o o,
i e o A
A
* *
A
A
°® A 4 Scannable range
E—— Superlattice reflections developing below 7y described by propagation
vector g ~ (0,2/3,0),, are also observed in ag ., - borno Plane.
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Discussion: Consideration of magnetic structure

Crystal structure : Cmem

+

Ordering wave number g = (0, 2/3, 0)

l

Cm'cm (#63.459)

Maximal magnetic space group

Cmcm (#63.457)

Copyright protected conter

Cm'c'm (#63.462)

Cmc'm’ (#63.463)

Cm'c'm’ (#63.465)

Cmc'm (#63.460)

Cm'cm’ (#63.464)

Cmcem' (#63.461)

Magnetic moment
only b, ¢ components

Magnetic moment
only @ component

Discussion: Consideration of magnetic structure

Cortho ..
" 4 sites (O possible
Gonno Dortho Magnetic moment of bortho, Cortho COMpoONents are arbitrary % impossible
Cm'cm AFM Cm'cm' AFM
Ferro magnetic toroidal dipole O Ferro magnetic toroidal dipole x
!QQ o § R > [4 R i F ]
RR_Sg e G e LS R E S T P
- yQ\ - ﬂo\ - g R} e g ¥
- {74 o % o R § - § ¢
Unit cell Magnetic unit cell
Cm'c’m AFM Cm'em’ FM
Ferro magnetic toroidal > (antiferro) Ferro magnetic toroidal dipole x
L7\ A/ D T D S Y
L O N W X _F_ W X _g
- ﬂQ\ o ﬁQ\ g X w g X N
o /g o K\ /4 W ¥ 4 % X g

| All magnetic structures are inconsistent with the results of current-induced magnetization for I || a. ‘

Discussion: Consideration of magnetic structure

@ Lattice reflection (intensive)
e Lattice reflection (weak)

(@)

A

Observed magnetic reflection (NS)
Observed resonant reflection

Simulation: 1=0

® Experiment: I # 0
A

A

¢ [A]

A @

/\ simulation

7 & = § § = . ,
Magnetic space group: Cm'em
N B o N P e ' .
Cortho - r'4 LY 4 R |+ The same magnitude of magnetic
moments aligning 120° rotation
= L1 £ > L] £l Ferro ic toroidal dipole
Gortho bortho ordering

Ideal Vortex-like magnetic structure can't explain all the results of RXS experiments.

Polarization Dependence of (0 2/3 7) Magnetic Reflection

(02/37) reflection
Incident X-ray: r Polarization
Analyzer = polarizer

Pa=0" — Fro

0, =90" ——> Fou

(1‘}.,,
F, ‘ot

Intensity (arb. unit)

Fm,) _ 0
Femr) = \~uy cos@ —u,sin @

mn—0o m—T1
800 T T T T T T
.
600(* % o 4
.
4001 e ¢ . ]
pmge e :
200 - E=3720eV ® . . ° 7
oL il
0 20 40 80 100 120

Resonant Scattering Amplitude (Magnetic Term)

1, or u, are finite

1FI? g, =

b = Vrgr €050 2 = gy [c05? 0

e
o lceg)

IFI?

g is finite

b = Ve SIn @4 12 = [FryP5in? 0,4

The component of magnetic moment is by and coreno ?

Discussion: Why m — w component is finite

[

4{ Ideal condition

Only ¢ X-ray is scattered

™

(hkl)

Scattering plane(Analyzer)
o q,

Analyzer
—» selected by adjusting X-ray energy

Temperature Dependence of Magnetic Reflection (b} e - Cortno Plane)

@ Lattice reflection (intensive)
e Lattice reflection (weak)

Our condition ————
7 component mixes
. (004 S
372keV 4 O o 7 372keV
6, = 31.835" 31.835"
SrLaAlO4

cos?26, = 0.1967

F
_mr' 0bs _ (052 26, = 0.1967

Frg! obs
consistent I

Frn'exp _ 1523 _ o0
Fro'exp 6803

Magnetic moment of UNi,B likely has
bortho @nd Cortho COMponent

Intensity (arb. unit)

800

600

400

200

T—a =1
T T T
680.3
o L]
.
.
L .
INiqB °
single crystal .
L ©2r ® . .
Rie s
o (1523
0 20 40 60 80 100 120
94 (deg)

Intensitytcountssec)

Intensity (arb. unit)

02/37)
g A HE

w0

(046)

1500

15000 i
1500 ®

026)
( ).

.
10000 C
7500 Py
s000

2500

&

P et
e 005) g oon| —
1500 z
Stee, 5 sE 1
1000 ., A ® b, et |
i . z AN
500 - oo . ] | s e .. |
&= . @ H =N ..
o 5 w0 15 % s (026) o 5 w1 =
TK) ® . . T(K)

®

%

A . Observed resonant reflection () nonlinear
® o Observed lattice reflection

Q linear

(042)

2000

200

2000

1800

1600

Itensitylcountsisec)

100

1200

055 om0 o5 070 075 080 085

Scannable range

Two different types of magnetic reflection ware found
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Temperature Dependence of Magnetic Reflection (afne - bareno Plane) Examples ~ Coupled order parameters

@ Lattice reflection (intensive) ~ A a  Observed resonant reflection (O nonlinear Ceg ;L3438
o Lattice reflection (weak) ® o Observed lattice reflection () linear Primary OP: AF magnetic octupole Secondary OP: Ferro quadrupole
(040) L (240) (440) L Q=(%,%,%) Q=0
7 X
(24/30) \ / \\ (31/30) Resonant X-ray scatterin; Thermal expansion
\ /[ (330) N
H (220) ¢ % ]
H b
o R
H o : ol .
. . ortl L e,
T aes T, (&)
£ o p e
o - T O T Mannix et al., Akatsu et al.,
o Phys. Rev. Lett. 95, 117206 (2005) 1. Phys. Soc. Jpn. 72, 205 (2003)
§ ] Eraene 5 - - -
e e Theory  Fou=3(T=To# +74' + 368 4Bt : p=Fol@ , £=F®
: i " 5 primary secondary
\ WD) = VAT, =T &) == [o(n)]
e o Kusunose et al., J. Phys. Soc. Jpn. 77, 064710 (2008)
Examples ~ Coupled order parameters Discussion: The Cause of Two types of temperature dependence
Cd,Re,0, Harter et al., Science 356, 295 (2017).

Twi f temperatur nden
Results of SHG experiments Same order parameter «><~ o types of temperature dependence

§  Primary & Secondary

Primary OP: T,, el.-nematic order Secondary OP: E_ lattice distortion

Magnetic moment X Higher order multipole ?  Magnetic moment X Crystal distortion ?

Example
Ceg7Lag 3B, in Resonant X-ray scattering Cd,Re,0, in SHG experiments
thermal expansion || [111]
Primary OP: AF magnetic octupole Q= (%, %, %) Primary OP: T,, el.-nematic order
Secondary OP: Ferro quadrupole Q=0 Secondary OP: E, lattice distortion
Recent study of UNi,B
F=Fo—(1- L) (ag¥3+a,¥3) + b&%, - g%, ¥, g, + higher-order terms, * Ultrasonic measurements
12 | Electric quadrupolar degrees of freedom
Tot ‘PMOC‘I-’gOC|1—T/Tc| E,: Op, W W< |1-T/Tc|
Summary

Crystal-lattice reflections can be indexed with orthorhombic structure
(Cmem, D,,}7, No. 63).

» Superlattice reflections developing below 7y can be described by
propagation vector g ~ (0,2/3,0) o -

+ Based on Cmcmand g ~ (0,2/3,0) 4, the results of current
induced magnetization experiment cannot be explained because
magnetic toroidal dipole is not tilted.

» Magnetic moment of UNi,B likely has 6 and ¢ component by
polarization analysis.

+ Two different types of magnetic reflections in ag o - boreno @and
bgrtho - Cartho Plane were found.
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‘What we achieved:

(1) Tsquadrupole is active.

(2) H-T phase diagram is completed.

(3) High magnetic field phase V is newly found.
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Principle of Ultrasonic Measurements : Applications

Ultrasound / Strain Fields (T, P) = (4, #): Magnetic Fields (T, P) = (=,

lowbass  animalsand medicaland  diagnostic
notes chemisry  desiucive  and NDE T>1.5K H<68T (Puise @Dresden)
T>003K, H<28T (HSM Static @Sendai)
20Hz, 20kHz. 2MHz 200MHz T>4.0K H<24T (CSM Static @Sendai)
T>15K H<22T (Pulse @Sapporo)
Infrasound ~ Acoustic  Ultrasound T>15K H<19T (Static @Sapporo)
Many applications: M §
Measure distances (sonar), 10 MHz - 300 MHz  Pressures:
Nondestuctve testng, for Solid State Physics 0 cpa Hycrostatic)
etect objects and ts velocity,
Ultrasonic Imaging, Cleaning, Mixin Phase Comparative 1 919.6P2 (Uniaxal)
9ing, '9, Mixing, p: H<14T,T>2K  (PPMS @Sapporo)

Accelerate chemical processes
Silent buzz/anti-loitering for teens Avivo ~ 10E-7 "
9 Wide Temperature Range:

002K (DL) < T <693 K (Image Furnace)

Uniaxial Pressure (. 4) : P <0.16 GPa
Merits: Electric Current (=,=): J <500 mA
Harmlessness
Easy o propagate in
Liquid and Solid
(Metal and Insulator)

Rotational Mag. Field + Electric Current

(=)
J<500mA, H <14T (1 axis goniometer)

—+Bulk Sensitive

Eleciic Quacrupolar Contributons n the Magnetic Phases of UNiE Vanagisaua (Hokicaido Ui

Principle of Ultrasonic Measurements : Applications

Magnetic Fields (T, P) = (= #):

T>15K H<68T (Pulse @Dresden)
T> 003K, H<28T (CHM Static @Sendai)
T>2K H<25T (CSM Static @Sendai)
T>15KH<14T (Pulse @Sapporo)

T>15K H<19T (Static @Sapporo)
Elastic Lattice Pressures:
Ultrasound — Wave — Distortion — Strain + Rotation P<20GPa (Hydrostatic) =
P<016GPa (Uniaxial ik ]

H<14T,T>2K  (PPMS @Sapporo)

pouply Wide Temperature Range:

0,02 K (DL) < T < 693 K (Image Furnace)

€;j Strain 1+ +]

Electric
Muttipald &41 Uniaxial Pressure (#,4) : P <0.16 GPa

Ou R Electric Current (=, J<500mA

Stress
wn | H Rotational Mag. Field + Electric Current
Magnetic Field K [parity =
k4 Electric | mpy + oven J<500mA, H <14 (1 axis goniometer)
Current -

¥

fc Quadrupolar Contributons in the Magnetc Phases of UNE' Yanagisawa (Hokikaido Uni

Principle of Ultrasonic Measurements : Elastic Waves (Movie)

X on Cyi=Car43(CrCra)2 =Y Cusé,
BAW Z g Wi
Y L0900, T
(Bulk)
? Stress
Longitudinal H o) (G
(Volume) o+ q
[ —— . c.
. . 0
x » b
Losovuna, 0
Transverse (Cr-C)2 ’
(Shear) T3 (Eg) mode: k [| [110], u || [110] ‘Simpiiy (for Cubic symmetry):
RN T v
Cas
I's (T2) mode: k || [100] Elastic Stiffness Constant: Cy; = pv,.2 [J m?]
SAW
(Surface) |
-
i,
CruCu OO ot sy 20
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Principle of Ultrasonic Measurements : Quadrupolar/Hexadecapolal

Symmetry | Ty(Ag) T3(E,) T5(Ta)
Elastic Const.|  Cp (Ci1 = C12)/2 Ci Cubic }> Hexagonal Ceg (I's: Ezg) Conjugate Field
€, u & - €ax oy Magnetic Field (T, 7) = (= 4) Magnetic Dipole (=) Magnetic
' Susceptibility
Symmetrized| | 1 § = P ¥ H,., Coupling J T pe
" o -~ - o
swins [ R o I v A e o H =-guaJ “Hrag
» -
) ) = Strain Field (T, P) = 4.4) Electric Quadrupole Multipolar
5 ort () ibili
Ve @ %% 3¢ o¢ Fap TV 9 %
arge ) T r T
Unasound EsicWave LticoDstortan St Rotaton -
Distribution ER - WEH > BFER Ba @ & | H=—grOrsr *Cx) 7
SevensOp. | Op o8 o2 0, 0., ) /
Propagation and Polarization Vectors of Strain Wave Hamittonian Elastic Constants Muttipolar Susoeptibliity
2 > B
H = Hey + Hys + H, &F 2(T) 1 FE\ 1 |/(ek o,
C,=p7} s eer + Hlos + oo GMD= Cepm s EO=( (] )G
i i de; - &' %(T) oel | k,T|\\oer der
(C2C,4C, )3 " _ "™ Phonon
G Hys == 20y tr, oo N — SR
e . T BG van Vieck term Curie term
P X s G I S ————y— g, :72&,_ (0,)0,, ( Non-diagnal Element ) ~( Diagonal Element )
EAN00) Ceg e £ 0] quadrupolar response spectroscopically. T
NisB: Characteristics
u
Orthorhombic: Cmcm Hexagonal : P&/mmm v ey Tn=204K  AFMon Ussy: 213 of U
Dz'7 (No.63) c/b ~ 0.8687(=60.02") Dg' (No.191) c/b ~ 0.8660 (=\3/2) Ni 7 0=(.1.0) (1.2 uBIU)
et 00 A ittt 1390 s H PMonUy &g 107U
. Tabata ot al. (2016) - Re-confirmed by Synchrotron xray N £ I | ot o o 8 o sl by

AFM Ordered State

' Usegc=0.12)

[i100]

o Brio—

ot pymmm
i

L
[io10]

o001 i2)

i fiizo)

nthe Magneti Pr N

orton Lo
TT0 a:[2TT0]
ase ol o
[zio] 0110 [1120)
' A\ / 1o

[1i00)

i10]

LA M. Meniink o1 al. Phys. Rev. Left 73, 1031 (1994)

Ple T
o - @
E " a
Pla > e | Ny
“ (000 \ pl0170]

[2TT0]
Short-range Correlated 1D PM Chains

Tu=204K  AFMon Usmy: 2/30fU
0=(.4.0)

PMon U 8Up:

(12,80)

130fU

Neutron difcaction of !B enriched sample by
S. A M. Meniink ot a1 Phys. Rev. Left 73, 1031 (1994)

T*~0.3K  Unidentiied Order or Crossover?
Specific heat peak. Not observed in uSR and ACy,
R Phys. Rov. Lt 83, 2065 (1999).

Magnetic structure and order parameters are both

Copyright
protected
content

o 81B

3

i G

i X Si

S Hagam

2 . 3 by
o R
Pl B T s g B ==
.o wE © e ] s
i §
Pla e e e ma e
&3 b:[0170]

PRENO] Short-range Correlated 1D PM Chains.

2 the Magnetc P

en Issues and Motivation f

Open Issues

(@ UNi,B shows peculiar non-collinear magnetic order.
(@ New magnetoelectric (ME) effect (confirmed).
@) Origin of T anomaly ~ 330 mK is unknown.

higher-order multipoles|in UNi,B has not

However, the information about|
been investigated yet.

Motivation

» @ To obtain complementally information about [electric quadrupoles]|

by means of ultrasound. — I’y quadrupole is active
X@ To check the ME effect by ultrasound —Not succeeded yet

» @ To check the magnetic field-temperature phase diagram
using pulsed-magnetic field and hybrid magnet system with DR.
— T* anomaly is clearly detected. H-T phase diagram is completed
Gectic Quadupotr

Contrbuions in the Magnetc Phases of UNLE Yanagisawa (Hokkaido Uni
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Experimental Details : Ultrasonic Measurements CEF Analysis for Elastic Constant Cgg in UNi B (PM phase)
Sample: UNiB single crystal (CZ as cast) Cryostat & SC Magnet: Phase Comparative Method Cur(AigBEs) Longitudinal ‘Symmetrzed Strain, Rotation Symmetry CEF Analysis of Cgs vs. T (PM)
4 L ey & Wultipoles in Do
for 28 T (Static) for 17 T (Static) /60 T(Pulse) ~He-“He dilution fridge @ HZDR ' 005 » o \\‘3" CD | — ) L] s
o EE ORI " 5 Temperature:  downto40mK st lg' W . P -~ calculation
axbxc=394x1.96x1.33 mm 2.23x1.67 x 1.80 mm Vognotc Feld: 17T (statc) | e 1 | o e
' e : .
B - 1 | chopper f o 00 L
. Ty (600 ns 30 kH2) CaglArg)] [ Loratuaal &
[0170] %: g 3
€:[0001] g: Power Amp. 310 R i EEH Ti(Ar) 5
b:[01T0] st N ~ X a1t ﬂ 0 30 40 50
— 12TTo0] 2 g £ 2152 i) T(K)
a:[2T10] [0001] Grown in Prague 5! g 3 L h
LiNbO; 3! sample (% L ~ Transverse G-c -
Transducer -l wo ¢ T 88 o - &{Z]—Ts Quadrupolar
o 1st Ultrasonic Echo E: Treneckors § 3 sl !!| . IyE . — ldsuscep‘l\bmly
Laue Picture of UNi,B | [ cated 7\ - | revious CEF model does not
gt - = 1 | integrator 59l .y uf— Reproduce the softening of Ces
1= 116 Mz ' 1
'

== A Transverse
L _ _ JPhase Detector A S~ — K
(DBM+BPF) o i >
8.8 . i k
1 0 TN »iw P
(Cosine) (Sine) oas I8 [
AID converter . (K)zoo 200 Agy andlor E, multipoles are active

acupoiar Conribu Phase e Yanagisana y

CEF Analysis for Elastic Constant Ceg in UNisB (AFM phase) EF Analysis for Elastic Constant Cg in UNisB (AFM phase)

CEF Analysis of Cgs vs. T (PM) Matrix Elements (Scheme 0) o ‘Cwm‘ ' " UNi B S Scheme 2 (Hex.) Scheme 1 (Ortho.) Matrix Elements (Scheme 2)
 Exes i 4
o1 s T G“’“gdKS‘E‘e ! ;"65&5"3 Cikir BL=1K Ground State 1 Ex-state
o R ' 9.10[ S oK 195K
- calculation [r4) [r&=)ieed ipe) Soheme2 B =-0.02K
£ G4 0 | oo o
e 910 T U} = 0o |0 o Bg® =-0.005 K
& 983K Ey 005 0 e -0mK
-l 0 0o |0 40 =0.
o 616 K Eyp | °
0 ) [y [0 - 1
0 10 20 30 40 50 60 0K Esp " ) [r-)
o 4 Oy 04 21 0 0 Mag. Susceptibility
A Oyamada et o, J. Phys. Cont. Ser. 145, 012044 (2009, ") = 0 42179 0 0 9074 1 1 1 L 4 T
N A = % o 10 20 0 a0 s e oo
c =" gr. ol (0 0 0 |+25 0 CEF Level Scheme 2: TK) _
=G - wadrupolar U (5f) J=4 3
1= i) Susoptpiny Moo Suzeentoly Copyright RIS 09 Byt “osn LI A ———
3 4+ |- 3 e 0" (5525, 40 amumon |
B O ] TS (i ey
Previous CEF model can not (o2sze. |1 protected | | y Bl Emsnn
Reproduce the Cgs softening . L | L 0 - "= 2007 01d) A
—Possible origin of the softening U free 2.63p1p content By |~ 0w By ~d)r) 195K
»@ New CEF model is required U** free 2.68y15 Ty L -l #5207 0 Eag safr)e ple2) UNiB
2 Coupling of Lattice and — v ). Oy He } L
Augmented Multipole x Sxy Mz 0 100 200

Egu®Eqp= A, @ A, @

. X e . «J*‘ B . ] T(K‘D

CEF Analysis for Elastic Constant Cgg in UNiyB (AFM phase) CEF Analysis for Elastic Constant Cgg in UNi B (AFM phase)

T T < UNi B % [scheme 2 (Hex) | [Scheme 1 (Ortho.) Matrix Elements (Scheme 2) Scheme 2 (Hex.) | | Scheme 1 (Ortho.) | Two U-site Moda
.. 4] 9.11 T T T
Sk BY=1K Ground State 1% Ex-state. g . N BX=1K C.=C™
910 Scems 0K 195K g CUMI 2 const. DAY r
= S BO=-002K € 910F BO=-002K
“E Ity S
e By =-0.005 K ~1.652 = L B® =-0.005 K
®, 909 6 - 9.09 o 4
2 () = . 2 A T< Ty Cy™ = const.
& B =0.32K Ej - 8 % Bsf=0.32K
S 9.08f \ Some of the U ions stay PM
908 "
~_Scheme 2
Mag. Susceptibility 9.07 i
ootk . il L T 0.1 1 10
o 10 20 a0 a0 s e ool i 2|
T Suscepubilly | (01-10] | © CEF Level Scheme 2
x10° T~ Suscoptiit Yo Joa o =
AL a1 - 025) U BR JSAE ) e ~652K
_ = G Sohome 2 (10029 | S a00l/ | cor o cmsramnori |
g 2 oz 4 o3l (3 e |- GEF model calc
LB 15 & 200 xi ¥l T = A2.398 ~ 330 mK
e i Hilotial %
=1 ot g Possible Origin of T* (non-mag.)
5 < } L (1) Schottky anomaly due to ortho.-distortion
o g ; b6 0 100 200 2) vior caused by tf t
0 0 20 3 40 50 e T(K)
T cuadrupolr e P

ar Contribtions i the Phases of UNiE Yanagisana '
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B: Elastic Constant Cgg vs. H || [01-10

Experimental Details for High-magnetic Field Meas.

e N i = ok m 3
Dresden High-Mag. Field Lab. IMR, Tohoku Univ. =———— “¥ uNi,B] UNi,B
_
Pulse: H<53T, T>15K Dilution: H<28T - =t il Hilotio
Dilution: H<18T, T>20 mK T>30mK < ek wiile] b
Sample prepared
Sample prepared in Prague  Zheriitsyn Wosnitza in Sapporo Nakamura  Awaji <
8 8
Q Q
HoDR 3 &
w =

ELunoLTz
ZENTRUM OREsOEN
ROSSENDIRF

20 25T (K)

UNi,B
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eneral Introdu

Metal nanoparticles I

Actinides and lanthanides I |

v Unique physicochemical properties v Alarge surface area
due to f orbitals v Surface plasmon resonance

v Radioactive actinides can be used as v High chemical activities and single-
cardiac pacemakers domain magnetic properties

v Lanthanides are often considered as v' Drug delivery and cancer research in

the simulated substance of actinides medical science

Importance of Sm I | Importance of Sm-Co I
v’ Catalyst Catalyst
v' Magnet Powerful magnet

v Lightweight  electronic  equipment

High density magnetic storage

v

v

v Automobile, military equipment
(headphone, guitar, and iPod) v
v

Micro electro mechanical system

Electrodeposition of Sm is not possible in aqueous media due to its negative reduction potential.

tion: lonic Liquids

General Introduction

lonic liquids that are liquids at or below room
temperature are known as room temperature
ionic liquids.

v Replace toxic and volatile organic media

AN

No stabilizers

AN

Preparation of metal and its alloy

nanoparticles

AN

Catalysis

A schematic representation of the formation and stabilization processes
of nanoparicles.

AN

Stabilization by electrostatic and/or steric

repulsion

| This study I

\ﬁ/\/\ 0\\ PN //o

¢ e \, / or,

(1-butyl-1-methyl bis(trifluoromethyl
pyrrolidinium) sulfonyl)amide
BMP* TFSA-

v Wide electrochemical potential window
v" Acceptable ionic conductivity
v Dispersion and stabilization capability

of the nanoparticles

Previous studies I

v Electrochemical behavior of Sm(l11)/Sm(ll) in BMPTFSA at 25 °C'
v Electrodeposition of Co in BMPTFSA at 25-200 °C2

v' Attempt on the electrodeposition of Sm-Co in BMPTFSA3

v

Preparation of Sm and Sm-Co nanoparticles and their reaction mechanism was not clarified

| Obijectives of this study I

<

The electrochemical preparation of Sm and Sm-Co alloy nanoparticles in BMPTFSA

| Co and Sm species I

v CoCO; + 2HTFSA — Co(TFSA), + H,0 + CO,!
v Sm,03 + BHTFSA — 2Sm(TFSA); + 3H,02

v' Vacuum drying of Co(TFSA), and Sm(TFSA);
v The purity was estimated to be 98%

1. M. Yamagata etal, J. Electrochem. Soc. 153, E5 (2006)
2. . Katayama etal, J. Electrochem. Soc., 164, D534 (2007).
3. A lspas etal., ECS Trans. 16, 119 (2009). 3

Experimental

Electrodes I -
Working electrode (WE):
Glassy carbon (GC) disk or plate

Reference electrode (RE):

Ag wire immersed in BMPTFSA containing
0.1 M AgCF;S0;

Counter electrode (CE):

Pt or Co wire

Characterization techniques I

v’ Scanning electron microscopy (SEM)
(EDX)

v  Energy  dispersive  X-ray
spectroscopy
X-ray diffraction (XRD)

Transmission electron microscopy (TEM)

AN

v Fourier transform-infrared (FT-IR)
N
spectroscopy ‘/ G/
v’ X-ray photoelectron spectroscopy (XPS) A two-compartment electrochemical cell. 4

Electrochemical Formation of Sm Nanoparticles in BMPTFSA at Different
Temperatures
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ELECTROCHEMISTRY ELECTROCHEMISTR'

Electrochemical Measurements of Sm(lll) in BMPTFSA  Raiyuitinirins’ i Electrochemical Formation of Sm Nanoparticles P T Tty
KEIO UNIVERSITY KEIO UNIVERSITY
Cyclic voltammograms at different temperatures | Deposits on a GC electrode I
25°C 100 °C
024 FT T T T T ™ 024 FT T T T T ™ v' Granular deposits
3sm(ll)—»2Sm(lil) + Sm 4
016 | Sm(ll)—*Sm(li) +e” 016 [ H v Sm, F, and S in EDX spectrum
5 o z
£ 008 |- £ 008 |- é v" No diffraction pattern for Sm in
< < g
£ om0 | S om0 | XRD
% 5
§ 008 | §-008 [ v Deposits were the aggregated
$
Eom - €om. | (a) SEM imago and (5 EDX spocium of tho dopsis obianod on 3 GG alecrodo afor poenicsaic  N1ANOparticles
3 3 cathodic reduction at 1.6 V/ in BMPTFSA containing 10 mM Sm{TFSA),. Temperature: 100 °C. Eleciric
024 | 024 | charge: 3 C. Printed in the Journal of The Electrochemical Society.®
Sm(lll) + e »Sm(l Nanoparticles dispersed in BMPTFSA I
032 =1 032 sm(lll) + e—»Sm(ll) 1
040 n 1 L 1 1 1 040 L 1 1 L 1 v Nanoparticles with lattice fringes
-25 20 -15 -1.0 -05 0.0 25 20 -15 -1.0 -0.5 0.0 v
Potential vs. Ag | Ag (1) / V Potential vs. Ag | Ag (1) / V (104) plane of Sm
Cydlic voammograms of a GC electiode (3 mmé) in BMPTFSA Cyclic voltammograms of a GC electrode (3 mmé) in BMPTFSA containing v’ Aggregates of the nanoparticles
conaiing 10y STESA), wih vtus s i 125 . Prid 10 SmTFSA it variosscn i o 100 . Pt n tho Joumal
" emestSect v (104) plane was observed in the deposits
v Sm(lll) was reduced to Sm(ll) v Anodic peak of Sm(ll) was found to ( )
. Reactions at 100 °C (EC’ reaction):
¥ No deposits were obtained at 25 °C disappear at 10 mVs™' : ( )
. . . : Sm(lll) + e~ = Sm(ll)
after electrodepostion®s v Disproportionation of Sm(Il) occured*5 TEM images of the nanoparticies dispersed in BMPTFSA aftr potentioslatic

cathodic reducton at (3) 16 and 25 V on a GG eleciode n BMPTESA  3Sm(I1) = 2Sm(lll) + Sm; Disproportionation
containing 10 mM Sm(TFSA);. Temperature: 100 °C. Electric charge: 3 C. The ’
insats show the electron difracton diagrams of the nanopartices

4.Y.F. Pan etal, Inorg. Chem., 52,3241 (2013).
5. M. Manjum et al., J. Electrochem. Soc., 166, D483 (2019). 6

5. M. Manjum et a., J. Electrochem. Soc., 166, D483 (2019).

. . . ELECTROCHEMISTRY
Proportionation Reaction between Sm(lll) and Sm Metal RZiyua ey
KEIO UNIVERSITY

Sm metal Mixing 3
&3 + N H
Sm (il 100°C H

A scheme of a proportionation reaction between Smlll)
and Sm metal,

4 6
Energy / keV/

Proportionation reaction:

Electrochemical Formation of Sm-Co Nanoparticles in BMPTFSA at 25 °C I

(2) TEM image and (b) EDX spectrum of the nanoparticles dispersed in BMPTFSA after immersion of

At25 °C, No nanopartitcles bl L - s o I e KA e R bbb
At100°C, soem?

2Sm(lIl) + Sm (metal) = 3Sm(ll) v Formation of Sm nanoparticles

3Sm(Il) = 2Sm(lll) + Sm v Sm, F, S, and O were detected in EDX

¥ Sm nanoparticles were found to be formed by the disproportionation and proportionation
reaction.
v' Similar results were observed without exposing the sample to air.

v’ Stabilization of Sm in air was possible due to the enclosure with BMP* and/or TFSA~.

5. M. Manjum et al., J. Electrochen. Soc., 166, D483 (2019).

ELECTROCHEMISTRY ELECTROCHEMISTRY
. . . p pplid Chemisry : : : : =
Electrochemical Behavior of Co and Sm Species oo Potentiostatic Cathodic Reduction
i ! ! ! i o ¥ | Electrodeposition at —1.6 V l Non-electr ical reduction of Co
| Jormaon: . - | ]
v | - T O Bl 28 20 45 10 05 00 05 10
5 03mAcm? < Potential vs. Ag | Ag (1) IV
H ekt £ : Electrochemical reduction of Co!
S| = 2 oot B >
£ formacmz i . .
z = ol | | TEM: Deposits I
sl@ 3 <
° 4 5
ey}
02| ]
(&) SEM image and (£) EDX spectum of the deposits obtained on a GC electiode after
L potentostatc catnodc educlion a 1.6 V n BMPTFSA containng 30 b Co(TFSAY, and § i
e — o8 L ETFSAR. Tomperatre: 25, C. Hectic charge: 12 C. Prnted n e Jourral of The
Potential vs. AglAg(l)/ V. 25 16 08 00 08 Electrochernical Society.
oAl Potential vs. AglAg(l)/ V. v .
Gyelc vollammograms of a GC_elecrode (3 mmé) in BMPTFSA Cyelc votammograms of a GC lectrode (3 mmd) in BMPTFSA containing (2) Granular deposits
contaning (2 30 1M Co(TFSA). (6) 5 mh Sm(TFSAY, and (c) 30 mM 5 M S(TFSAN and (b) 30 MM GO(TFSA), and § mM Sm(TFSA at 25 °C i
Co(TFSAY, and 5 mM Sm(TFSAY; at 25 °C. Scan rate. 16 my 5.1 Printed e polental was held at 1.0 V or 60 § befora the measurements. Scan rate v Co, Sm, F, and S in EDX
in the Journal of The Electrochemical Society.” 10 mV 5. Printed in the Joural of The Elecirochemical Society.” v No diffraction peak for Sm-Co alloy in XRD

At (a), " v" Color of the electrolyte: Pink to black opaque pink
Co(ll) + 26~ —s Co (cathodic peak)' Y AL (@), the anodic peak of Sml was Y paquep

i ~ observed without Co(ll).
Co— Co(ll) (anodic peak) + 2e v At (b), the disappea(ra)nce of the anodic ¥" Nanoparticles with lattice fringes
At (b). peak of Sm(Il) by Co(ll). v Interplanar spacings were 0.244 and 0.210 nm
Sm(lll) + e=—> Sm(ll) (cathodic peak)23 v The electrochemical behavior of Sm(ll) v Two planes, (110) and (111) of SmCo;”

Sm(Il)—>Sm(lll) (anodic peak) + e~ was affected by the presence of Co(ll). v Phase angle between (110) and (111): 30°

TEM image of the deposits rubbed from a GC electrode after
potentiostatic_cathodic_reduction at ~1.6 V in BMPTFSA
containing 30 mM Co(TFSA), and § mM Sm(TFSA).

) ) 1. Y. Katayama et al, J. Eectrocher. Soc., 154, D534 (2007
At (c), disappearance of the anodic peak e o o e B oo 1. Y. Katayama et al. . Electrochem Soc., 154, D534 (2007). Temperature: 25 °C. Eloctrc charge: 1.2 C. The inset
S M M e a1 Eroonacnom o 66, 5483 p016). 6. M. Manjum etal, J. Electrochem. Soc., 167, 042205 (2020). displays the electron dfiraction dlagram obtsined on the
of Sm (Il) & MMkt | eciotam, oo, 00 Bass 010} 10 S R i Aoty e oo ooy T " e
Electrochemical Society.® 1"
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pplied Ch

Mechanism KEIO UNIVERSITY Mixing with Co(ll)

Nanoparticles Dispersed in BMPTFSA and Reaction ELECTROCHEMISTRY Electrochemical Preparation of Sm(ll) at 25 °C and ELECTROCHEMISTRY

v" SmCoy nanoparticles
v" 8m, Co, S, and F in EDX spectrum

cE
v Formation of SmCo; in BMPTFSA at -1.6 V

indicates the reaction between Sm(ll) and

|
Co(Il). i .
(1) . 1( - "
Sm(lll) + e = Sm(ll) [ | .
2Sm(lly + Co(ll) = 2Sm(lll) + Co A schematic reprosentation of a two-compariment

glass cell for the preparation of BMPTFSA containing
Smil)

3Sm(ll) + 7Co = 2Sm(lll) + SmCo; "
\ 17Sm(ll) + 7Co(ll) = 16Sm(lll) + SmCo; 1 % sm (1)
10
s 8 £ o0
3 The total electrode reaction at 1.6 V, %
2 Sm(lll) + 17e- + 7Co(ll) = SmCo; ¢ o8
H i iz ;
- o (a) TEM image and (b) EDX spectrum of the nanoparticles dispersed in BMPTFSA after mixing
. SmlIYBMPTFSA and Colll/BMPTFSA at 25 °C for 16 hours. The inset displays the et
In the presence of Co(ll) at 25 °C: cion docram of e anoparies Piried nhe Jouna of The Elockochemeal Socoy s
4 o ; ionati ;
Energy (keV) v Disproportionation  reaction of Sm(ll) to @ a5 o 45 o v The reduction of Co(ll) was promoted by Sm(ll).
(a) TEM image and (b) EDX spectrum of the nanoparticles dispersed in . kel ve. AolAGH) 1V : :
BMPTFSA after potentiostatic cathodic reduction on a GG electrode at —1.6 Sm(lll) and Sm is not favorable. Cyclic voltammograms of a carbon dloth elecirode (a) v The formation of SmCo; was found during the non-
V in BMPTFSA containing 30 mM Co(TFSA); and 5 mM Sm(TFSA)s. before and (b) after bulk electrolysis at —1.6 V in electrochemical reaction between CO(”) and Sm(”)
“ ! . BMPTFSA  containing 10 mM  Sm(TFSAJ. .
Gitacion Gagram o b nanoparicics Pies n e souma o e ¥ Formation of SmCo; seems to be promoted. Temparare: 35 Sean rae 10 M s e
Electrochemical Society. 6 M. Manjum et al, . Eectochem. Soc, 167, 042206 (2020). 12 the Joural of The Electrochemical Society.® 6. M. Manjum et al, J. Elecroche. Soc., 167, 042205 (2020). 13

ELECTROCHEMISTRY ELECTROCHEMISTRY

IR and XPS Spectra of Sm-Co Nanoparticles Pocrbiietsblagmy sobviontd

e e ek e o Electrodeposition with a Magnet Facuy of Scence and Tochnology
KEIO UNIVERSITY UNIVERSITY

Sufficient amount of the nanoparticles was collected on a GC by placing a magnet during

) = ! ! ) ' electrodeposition
)
O, . H o H
= 8, o Deposits | | XPS analysis: After Ar* etching {
glog ~g& & ~
Bl 22 By g g _ oo 3 S
sl 29 AT © 2 ~2 &
gl eg o g % !
< T 8 Q 2 A photograph of nanoparticles collected on a magnet. q s
- < 2 H 5
8 I ] H
i i : p n XPS: Aggregates
1400 1300 1200 1100 1000 900 800 700
avenumber / cm Before Ar* etching, (a) SEM and (5) TEM images of the deposits obtained on the center region - W G W
ATRFLIR spectn of e ogegts o e o cloces s 1o GG oo i eanosate cabvede reducion 5 16 0 n ] iR
tentiostatc cathodic reduction at 1.6V in containing 30 mM Co(TFSA), i containing 30 mM Co(TFSA), and 5 mM Sm(TFSA), with a
210 5 i Sm(TFSA). Temperatur: 23.°C. Elecirc charge: 12 C. v No peaks corresponding to Co and R U U NS
s found in th ‘ eleciron difraction diagram of the nanopartcies / 3 Sho)
m were found in the aggregates ) h )
9greg: v" SmCo; nanowires were obtained with a s
v Peaks assignable to TFSA~ v But peaks of F, S, and O were magnet 5
. . . v i i indi i :
v The inclusion of BMP* and/or TFSA- in the found in the aggregates The slight shift of the binding spergles ]
indicated the formation of SmCo/ £ s i is
aggregates of the nanoparticles v Ar* etching is not suitable for v' Decomposition of TFSA~ occurred by g 2
owder sample Ar" etching BN 3
p P v' TFSA- in the sample interacts with the W e e L G
i g a1 oo e (o)
nanoparticles XPS spectra of the deposits obtained on a GC slectiode with @ NdFeB
v SmCo; nanoparticles were stable by the magnet after "“ﬂ“ﬁ‘é‘s‘i 7camt«;cgc r;a.émm 2 ﬂﬁ v in BUPTFSA
) ) Containing 30 m CoTFSA), and 5 mi Sm(TFSA),. Temperature: 25
Aggregated nanoparticles were considered to be covered by the layer of BMPTFSA. protecting shell of BMPTFSA aemcﬁarge 12, Printed nthe Jouma of The Elecrochemica Society.S
14 5. Horror ot al, . Elocichom. Soc, 166, D460 (2019) 6. M. Marjum ot al.,J. Eectrochem, Soc., 167, 042205 (2020). 15

ELECTROCHEM!STRV
Conclusions Daprnentof Apied ey

(a) The electrochemical formation of Sm nanoparticles was obtained in BMPTFSA by the
disproportionation and proportionation equilibrium among Sm(ll), Sm(lll), and Sm at

high temperatures.
(b) The electrochemical preparation of Sm-Co alloy nanoparticles was achieved in
BMPTFSA by the reduction of Co(ll) and the disproportionation of Sm(ll) in the

presence of Co(ll) even at room temperature.

(c) Sm and Sm-Co nanoparticles were considered to be stable in air because of the

enclosure of the ionic liquid layer.

Thank
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Polymeric chelator for iron ions

Deferoxamine (DFO) C \)
o L
i N o i i 'Y A

OH ° ° H o1

Polymeric DFO: PEG-P[Asp/Asp(DFO)] - Prolonged retention in blood

o @ + Enhanced tumor accumulation
{0} N Nj‘H
- JFAO];?AE s Y dly oH it e H oH
oH Tl A~ N/\/\/\NMNM\/\/NT(
0 0 ) L OH 0 )

Komoto, K., Nomoto T, et al. Cancer Sci. 112, 410-421 (2021).

Intracellular iron Blood retention Tumor accumulation

Non-
\reatment  Fre¢DFO  Polymer-DFO % Polymer-DFO 50 Polymer-DFO
420 o 40
£ 15 2 30
” 3 3
s 10 320
=5 (mean+SD, n=3) 1.0
0 il — 0.0 —_—
+ Polymer-DFO could chelate 0 2 4 6 0 2 4 6
intracellular iron ions. Time (h) Time (h)

Controlling metabolism of BPA

[ High extracellular BPA conc. | [ Low extracellular BPA conc. \‘ c

Our approach

ji of multiple BPA
molecules with a polymer

BPA
e
- )

Tyrosine

Polymer

LAT1-mediated
Endocytosis

Cell membrane

A

Glutamine
Radiat. Res. 153, 173-180 (2000).

W) Endo-lysosomes

PA

-

Localization of BPA in endo-/lysosomes

may slow the efflux.

Poly(vinyl alcohol) (PVA)  Reyersible formation in water w‘/’h
mn BPA o, OH 00 Mon "
OH “oH
Extremely simple
Biocompatible
Injectable at a high dose LAT1
Reversible boronate ester COOH substrate COOH
Nomoto T. et al, Science Advances (2020) N, N,

Cellular uptake and retent
Subcellular ‘ Cellular uptake Intracellular retention
distribution 0.35

0.35
PVA-BPA
030 1 significant 030 1 X29
enhancement +
©025 0.25
2
3 3
S 0.20 2020
Fructose-BPA [ING &
c
S015 ' 015 Frctose- X
3 5 wlo 36
2o.10 < 0.10
2
0.05 0.05
1 0.00 ,—’_'—‘
Fructose-BPA  PVA-BPA 3 hours +30 min

in blank medium

PVA-BPA exhibited efficient cellular
uptake in an LAT1-selective manner.

‘ [ PVA-BPA slowed down the clearance.

PVA-BPA showed enl
internalized into cells through

ced cellular uptake and retention probably because it could be
diated endocytosis and alter subcellular distribution.

s tumor models

Hypovascular BxPC3 tumor Hypervascular CT26 tumor Normal organs

12.0 4 12.0 4 50 4
-=Fructose-BPA -s-Fructose-BPA mih@3hob6ho24h
10.0 | =PVA-BPA 100 | =PVABPA o
o
. 2
5 8.0 1 280 8
5 3 ° 30 |
E] 2
2 ) o
260 | 360 - 2
2 2 a
a a = 20 |
R 404 4 4.5 24,0 4
~
20 1 \\ 20 1 ) 101
0.0 T T 0.0 T T 0+
0 3 6 0 3 6 S © & &
O & @
Time (hour) Time (hour) Q>°Q S {_\b‘\

PA exhibited augmented tumor accumulation and prolonged tumor retentiol

could be cleared from normal organs and excreted mainly from kidney.

Intratumoral distribution

Nontreatment &

PVA-BPA could reach all the tum

3 h after injection

necessary f
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Relative tumor volume
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w TR 07N w iy Ternary phases @ 900°C (literature)

Data for the unary and binary phases taken from the U-Fe, U-Ge, and Fe-Ge sytems.

Ge
Transformation Space Lattice parameters (A) 0
Base e () Stuetrespe P - 100
a 3 c
U(a) 662, t u Cmem 2.8537 5.8695 4.9548
20

() 772t CrFe P4y/mnm 10.7589 - 5.6531 UGGB 80

U 1132, f w Im-3m 3.5335 - -

Fe (a) 910, w Im3m 28665 - - 70 FeGe (<840°C)

Fe (1) 13901 cu Fm3m 36599 = =

Fe (5) 1535, w Im3m 29315 = = 50

Ge 938, f Cdiamond  Fd-3m 5621 2 Fe3 2Gep

UFe, 1235, MgCu,  Fd3m 7055 - - 40pq13Geg

UgFe 805,p. UMn  Hmem 103022 - 52386

UGe, 1475, AuCuy Pm-3m 4.196 = = 29369

T » . 0

UGe, 1450, ZGa,  Cmmm 4036 14928 4116 2, ey
U,Gey AIB, P6/mmm 3954 . 4125 920 o 10

UGe Thin Pbem 9.827 8.932 5.841 100 Fea

. 0
UGe, 1670, 1 TiGa,  Pjmem 8744 - 5863
3 By o Uo 10 20 30 40 50 6 70 8 9 10Fe
Fe,Ge FeuGe,  Pm3m 5763 = = UgFe UFe2
Fe,,Ge, 1130, f Fe,,Ge,  P6y/mem 3.998 - 5.010 (<805°C)
Fe,,Gey 928,p FenGe,  Pojmem  1.976 - 4.993 F. Canepa, P. Manfrinetti, M. Pani, A. Palenzona, J. Alloys Compd. 234 (1996) 225
) L. Havela, A. Kolomiets, V. Sechovsky, M. Divis, M. Richter, A.V. Andreev, J. Magn. Magn. Mater. 177-181 (1998) 47
EesGe) LLZZ P! IS L P i B 51621 - 207 R Marazza, R. Ferro, G. Rambaldi, G. Zanicchi, . Less-Common Met. 53 (1077) 193
- solid state transition; m- melting point; p- peritectic reaction A.J. Dirkmaat, T. Endstra, E. A. Knetsch, A. A. Menovsky, G. J. Niewenhuys, J. A. Mydosh, J. Magn. Magn. Mater. 84 (1990) 143
AP. Gongalves, |.C. Waerenborgh, G. Bonfait, A. Amaro, M.M. Godinho, M. Almeida, ].C. Spirlet, J. Alloys Compd. 204 (1994) 59
12-02-2021 7 12-02-2021 T. Berlureau, B. Chevalier, L. Fournés, . Etorneau, Materials Letters 9 (1989) 21
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Heavy actinides

Light actinides ic magnetism; “Hund’s rules”

- Pauli paramagnets
(exchange enhanced)

Albers, R. C., 2001, Natwre London 410, 759.

12:02:2021 Boring, A. M.,and J. L. Smith, 2000, in Challenges in Plutonium Science, Vol. I, No. 26, p. 1.

- but strong s-o coupling leads to j-j coupling
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U compounds...
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i Summary sz || @ TR
* U-Fe-Ge system at 900°C is very rich, with 13 ternary solid
phases;
* 4 (3 + 1) ternary solid solutions, 3 new structure types;
* A rich crystallography, with common trends, are seen;
« Different ground states are observed;
« Hill rule is partially followed;
* Magnetism of high Fe-content phases dominated by Fe;

* Hybridization leads to a decrease of the magnetic moments and
magnetic ordering temperature;

* U,Fe;Ge an unique compound;

12-02-2021 31 12-02-2021
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0 Actinides in condensed phase

¢ Understanding the behavior of actinides in condensed phase a key technological
issue

*  Nuclear fuel cycle: optimization of separation processes

*  waste disposal: interaction with clays

N

in geological repositories, environment

NI/ .xv ~ N
T=| 5 J)

3

The complexity of An electronic structure

*  Properties based on filling the 5f orbitals: 5f/6d/7p/7s orbitals have similar energies
from U to Am

«  Competition between 5MN7s2and 5f\-16d7s? configurations, resulting in many
quasi-degenerate states

*  Relativistic effects due to the high atomic charge of heavy nuclei
*  Virtually all compounds measured in solution or in the solid state
*  many oxidation states possible, different species are most stable
*  atomic ions: oxidation states II-VI
*  oxo (Pa) and dioxo (AnO2™, or actinyl) ions: oxidation states V, VI
¢ Variable number of ligands in first coordination sphere

« typically 8-9 ligands for atoms, up to five for actinyls %‘ "m

f actinic from relativisti d qu i | Kumatori Meeting 2021, Kyoto, 10-02-2021

0 Electronic structure of Ln/An: environment effects (=ligands)

-

Los Alamos Science, 26 (2006)

i
[

()

5 %0 0 T8 10w 100
et

Los Alamos Science, 26 (2006)

i Electronic structure of actinide systems from relativistic correlated and quantum embedding approaches | Kumatori Meeting 2021, Kyoto, 10-02-2021 &

Actinyl (AnO2™) MO Diagram: understanding low-lying spectra

o U(VI): transitions from o, (blue box) to unoccupied (5, ¢ orange box) orbitals

¢ U(V)U(IV), Np, Pu,...: transitions between partially filled orbitals (3, ¢ orange box)

Denning JPCA 2007, 111, 4125

f actinid from relativisti lated and q beddi h | Kumatori Meeting 2021, Kyoto, 10-02-2021
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@ Relativistic effects

¢ Mass increase effect: contraction of s, p and expansion of d, f orbitals/spinors

e Spin-orbit coupling (SOC): J (not L, S) good quantum number §§

relativistic correlated electronic structure and

quantum embedding methods *  Dirac equation: set of four coupled differential equations
*  H-like atoms V-E -, oL
(Yo v s om) (5 =0 — e
with v = -2/ and a = ( o ) B
*  Molecular systems 1 = X‘:hl +3 Zgi] + Vn

«  One-electron operator: i, = hip(i) = ca- p(i) + B'mc + vaue B = B—TLigs
*  Two-electron operator: charge-charge and current-current interactions

oo [Maea] [eiey] | (o)1) | _ - couomb , Gaunt , jause
*  Dirac equation can be taken from 4-component to 2-component form by block
diagonalization
see e.g. Saue ChemPhysChem 2011, 12, 3077 for further references

of Y i ir che | Kumatori Meeting 2021, Kyoto, 10-02-2021 8
@ Electron correlation : coupled cluster approaches @ UO:%, isoelectronic species’ (NUO*, NUN) excitation energies
*  Single-reference coupled-cluster (SR-CC) : ground state wave functions (WFs), ¢ IHFSCC as reference Tecmer et al. PCCP 2011, 13, 6249

accurate scheme, solved by projection, truncated (CCSD)
¢ TD(DFT) often unreliable

[Wo) = exp(T)|Pyr) Tyt Tyt = bt + 3 b -
" " *  CAMBS3LYP, PBEQ seem
¢ Fock-space coupled cluster (FS-CCSD) : multi reference approach the best for actinies
Effective Hamiltonian  #(¥,,) = B ) —> Heglom) = @ HOom) = Eulom) *  ALDA, full derivative
~ close but not equivalent
*  WFs obtained within a model spaces (P) {|¢x)} ([¥x) = Qi) in different
sectors of Fock space (FS) denoted by different in (h,p) to closed shell reference ¢ CASPT2: good average,
M(0,0) — M*(1,0) = M~(0,1) — M©(1, 1) large spread
¢ Intermediate Hamiltonian (IH) : P = Pr + P; largely eliminates intruder states, ¢ EOM-CC (not shown): origin
first used on actinides for PuO,?*, NpO22* (Infante et al. JCP 2006, 125, 074301) shifted but very reproducible
spacings
«  Equation of motion (EOM-CCSD): WFs linear parametrization of SRCC
W) = Crexp(T) D) e, I C I () ®z 4 ThE* Denis et al, New J Phys 2015, 17, 043005
\(;)l - (; ex‘lz(l 2\;:)2 ) G=C"+67 + ;Cm T %CM KChs puo  Kervazo ot al, norg. Chem. 2019, 58, 14507
il = (Purl Lexp o - 0 Actinyls  Real et al,, JPCA, 2009, 113, 12504
expansion ients obtained from di ization of H;; = (¥;|H|¥;) = CTHC; U Tecmer, et al, JCP 2014, 141, 041107
of acti from i d ling approache | Kumatori Meeting 2021, Kyoto, 10-02-2021 9 of ide fr i ir | Kumatori Meeting 2021, Kyoto, 10-02-2021 10
@ Embedding approaches : quantum embedding @ Frozen density embedding: DFT-in-DFT

+ Spectra with accurate (costly) methods for species of interest (red) ¢ Partition into subsystems (SS) (Wesolowski, Warshel, JPC 1993, 97, 8050)
n(r) = m@) +myr) —— Eln] = Ejln] + Eylny] + Eging lng. ny]

ny(ny '
Eingny.nyl = E‘r‘uc + J[ﬁdrdr’

Embedding: ~weeks +J [n|(r)vuuc(r) + n||(r)VLuc(r)] dr+ EMSdpy )

«  Environment (blue) with more approximate methods

'S

All with accurate: ~months Y

i
All with approximate: ~weeks &vﬁ
o

xck

*  Non-additive terms
Egzﬂd[nlynlll - Eggdd[nl,n"] + T‘s‘add[nl,n"]

= Exeln!+ n") = Eyeln'] = Exln")+ Tl + ') = 750y = 711
«  Minimization of total energy: KS-like equations including the embedding potential
T+ vigslon] + by fono ] - ] ¢l =0

sriadd e
v!“((r) = faddgy o _;n Al + [_lf 0 dr’

¢ Molecular properties : response theory (see e.g. Glomes and Jacob, Annu. Rep.
Prog. Chem. Sect. C: Phys. Chem. 2012, 108, 222 and references therein)

of y: ches | Kumatori Meeting 2021, Kyoto, 10-02-2021 12

@5 * InQm/QM i ic structure in all available

of acli from relativi i hes | Kumatori Meeting 2021, Kyoto, 10-02-2021 11
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Frozen density embedding: CC-in-DFT
¢ WFT-in-DFT (e.g. Huang and Carter, JCP 2006, 125, 084102, Wesolowski PRA
2008, 77, 012504)
o Efng] = (1 H;1%}), minimize total energy wrt variations of ) vy,
¢ embedding potential costly (several WFT calculations)

¢ Simple WFT-in-DFT scheme (Gomes et al., PCCP 2008, 10, 5353): DFT-in-
DFT potential a local, 1-body operator. Useful with CC (IHFSCC, EOM)

We® = Foy = 01 01a)
¢ Common framework for DFT-in-DFT, WFT-in-DFT or WFT-in-WFT (Héfener et al.
JCP 2012, 136, 044104;JCP 2013, 139, 104106) for time-(in)dependent
molecular properties
¢ Straightforward definition of CC-in-DFT ground-state, response

*  Simple CC-in-DFT scheme: good approximation also in the response case

¢ Black-box handling of SOC in heavy elements (Shee et al., JCP 2018, 149,
174113): 4C-EOM-IP/EE/EA-CCSD.

from hes | Kumatori Meeting 2021, Kyoto, 10-02-2021 13

Determining the properties of actinide species
in the presence of an environment

Ciir

www.cnrs.fr

Benchmarking systems for actinyl species

¢ Crystalline materials (Cs2UO:Cle, etc): know structure, accurate data

¢ molecular ions (actinyls chlorides, nitrates, carbonates, ...)

Single-crystal polarized absorption spectrum of Cs2U0:Cls at 4.2 K
(R. G. Denning, Structure and Bonding 79, 1992)

«  This talk: valence excitation and ionization energies (work in progress: core
ionization and excitation energies)

¢ Goal: arrive at embedded models with lowest computational cost possible but
still accurate results w.r.t. the original complex (= actinyl + equatorial ligands)

of acti from ’ d ling approach | Kumatori Meeting 2021, Kyoto, 10-02-2021 15

@ Actinyls (NpO22* and UO2*) in Cs2U02Cls

¢ Structural models: AnO2Cls? without (D4n) and with (Czn) the crystal environment

*  active subsystem: WFT/DFT; environment, near: DFT, far: point charges

without crystal environment ‘with crystal environment

relaxed subsystems frozen subsystems
2 ¢ g¢
¢ a¢
s 2 )
a c e
. e
h,
)
b
f

Gomes et al. PCCP 2008, 10, 5353; PCCP 2013, 15, 15153

| Kumator Meeting 2021, Kyoto, 10-02:2021 16

Actinyls as active subsystems in AnO2Cls? : what changes ?

*  Actinyl (here uranyl) embedded onto the equatorial field of chlorides (SF-ZORA,
TZ2P, SAOP model potential)

Ou (] 8
DFT-in-DFT * ’?‘ *
standard DFT * §~. &.
of actir from i ir he | Kumatori Meeting 2021, Kyoto, 10-02-2021 17

@ NpO:Cls? in Cs2U0:Cla: -f spectrum

embedded neptunyl a good model (discrepancy between models c-FnT, d often around 300 cm-* )
need to have a good starting density for Cls* group (FnT) |

large long-range effects for I states v

WFT-in-DFT (IHFSCCSD)

Experimental
(see Denning, H i P
JPCA 2007,
4125 Dyz D5 Aspy g, M T,
0 5000 10000 15000 20000 25000
wavenumbers (1/cm)
Gomes et al. PCCP 2008, 10, 5353
i of ! i ir che | Kumatori Meeting 2021, Kyoto, 10-02-2021 18
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M Gomes et al., PCCP

UO:Cls? in Cs2U0:Cly: “o-f” spectrum, relative to state VIl (0ud)

embedded uranyl a pretty good model (1000 cm-* discrepancy between models c, d)
small effects due to crystal: all states stabilized

DFT-in-DFT (TD-CAM-B3LYP)

~right ordering buttooow energies due to missing corelaton. X —— 58
\ [ —
(R )
I
TD-CAM-B3LYP on UO:Cle? red-shifted compared to experiment
TD-CAM-B3LYP & [ ‘
o I
d
Ememl(mD-nnlMuIFcAznﬂl111,4125); | ‘ ‘ | | | I | }
o 2000 4000 6000 8000

-4000 2000

wavenumbers (1/cm)

2013, 15, 15153
i fro ches | Kumatori Meeting 2021, Kyoto, 10-02-2021
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UO:Cls?: DFT-in-DFT, CC-in-DFT ionization energies

embedded uranyl a good mode
in gas phase and in the crystal

$

uranyl

9.32 eV (CAM-B3LYP)
10.61 eV (IHFSCC/Q1)

~9.4 eV (Exp.)

Dau et al., JCP 2012, 137, 084315 Denning, JPC A 2007, 111, 4125

Gomes et al., PCCP 2013, 15, 15153

ches | Kumatori Meeting 2021, Kyoto, 10-02-2021 20

Y

Towards systems in aqueous solution: Polarizable force fields

*  Many-body polarizable force-fields (TCPE)
Uit = 3, UP"" 4 2] Up)\;tlany—ﬂudy 3, U ZJ Ugl;{any—Bndy

Parametrization from QM cluster calculations

.

solvents

Actinide (Th(IV) to Bk(IV))-water, H-bonding, solute-solvent-counter-ion
i ions, halogen-water i i

Accurate for large range of temperatures and pressure (water liquid at 298.15 K)

.

Masella, Cuniasse, JCP 2003, 119,
1866

Real et al. JCP 2013, 139, 114502
Real et al. JPCB 2010, 114, 15913
Real et al. J. Comput. Chem. 2013, 34,
707

Real et al., JCP 2016, 144, 124513
Acher et al. PCCP 2020, 22, 2343

Exp.: Soper, CPL 2000, 258, 121
Acher et al. PCCP 2020, 22, 2343

| Kumator Meeting 2021, Kyoto, 10-02:2021

d ling approach

2

Conclusions

*  DFT functionals are often unreliable for energetics and properties of actinide
species

IHFS-CCSD, EOM-CCSD or CASPT2 to be preferred

Quantum embedding methods (DFT-in-DFT and WFT-in-DFT) very useful for
molecular species in complex environments
*  Full QM treatment retained : access to properties for all subsystem
«  other molecular properties (NMR shielding etc) can be investigated
Simple CC-in-DFT approach works well for electronic spectra and ionizations

*  Not easy to describe excitation spectra of uranyl in Cs,UO,Cls (differential
correlation in ground and excited states)

Classical polarizable force fields provide a reliable way to incorporate temperature
and sampling for (highly) charged heavy element systems

| Kumator Meeting 2021, Kyoto, 10-02:2021 22

Ciir

www.cnrs.fr

supplementary slides

Valence electron binding energies in water droplets

*  Comparisons for iodide

¢ WFT-in-DFT over 100 classical MD
snapshots (TCPE2016)

¢ Subsystem A: WFT (EOM-IP-CCSD)

*  absolute energy differences and 2P, -
2P+ separation are quite good

+ Subsystem B: DFT (SAOP) :
Kurahashi et al.. JCP 2014. 140. 174506

State Experiment / eV Theory/eV of
2Py 8.03(6) 8.0(3)
P 8.96(7) 9.0(3)

b 11.31(4) 10.4(5)

at 13.78(7) 12.5(4)

*  Competitive in accuracy with state of the art
band structure calculations (GoWo/sc-hybrid
Gaiduk et al., JACS 2016, 138, 6912)

Y

Bouchafra et al., PRL 2018, 121, 266001
| Kumatori Meeting 2021, Kyoto, 10-02:2021
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DFT-in-DFT for magnetic perturbations

«  Static magnetic fields induce changes in the total energy

d*E
EAEB+

1
E(e) =Eo+ = A dey .. des

_PE S
2 dexdes A B
¢ NMR spectroscopy: external magnetic field (B), nuclear magnetic moment (mx)
PLE T

+  NMR Shielding tensor o4 = Ty

w0 ey

B.{iin}=0

w0

e Indirect spin-spin coupling tensor

&°E
KB = 2m/(wen )T

KL _
Ko = dmg.qdmyg

{in)=0

Magnetizability tensor: external magnetic field (B)
o dE
P = " dBqdByg

B=0

e Los Alamos Science, 26 (2006)

¢ 1C/2C FDE description for J, o (Jacob, Visscher JCP 2006, 125, 194104; Gotz et
al. JCP 2014, 140, 104107), 4C FDE formulation for all three tensors (Olejniczak et
al., PCCP 2017, 19, 8400) but still unexplored for actinides

bedding approaches | Kumatori Meeting 2021, Kyoto, 10-02-2021

of actinid flom da

ey lov)

Need for better kinetic energy DFs: CUO-noble gas complexes

(] ; ¢
¢ Kinetic energy density functionals found not to be accurate enough for WFT-
in-DFT to address this question (Tecmer et al. JCP 2012, 137, 084308)

e CUO (isoelectronic to uranyl): shifts in vibrational frequencies when
changing from neon to argon matrix due to change in ground-state (singlet
to triplet)?

PBED valence orbitals (energies wrt HOMO, in eV)

“ - :1: 280, ‘
e =t

2

S I B

=

T

CUOXes cuo CUONe: CUOAn  CUOKr:  CUOXes

FDE (PW91k): CUO active subsystem

cuo CUONes  CUOAr  CUOKrs

full complex

of ide sy: from che Kumatori Meeting 2021, Kyoto, 10-02-2021
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3.19 R. Caciuffo (EU JRC, Karlsruhe, Ger- many)

Radioisotopes for medical applications

JRC Research on
Radionuclides for Medicine

Roberto G.M Caciuffo
Joint Research Centre, Karlsruhe
Nuclear Science&Applications
roberto.caciuffo@ec.europa.eu

The Kumatori meeting 2021, Osaka (Japan)
Topical meeting on condensed matter chemistry of actinides

10 February 2021

Targeted Therapy
2\ uﬂ; L4

Tur / \ ific carrier molecules direct a-emitter
A

tot Is ) .
Antigen-specific
. . . carrier molecule
» selective irradi 1 of tumors

« sparing of healthy tissv,‘,;‘a

Alpha emitter
W\

Radiolabeled
carrier molecule

Radioisotopes for alpha therapy

+ 213Bj and 225Ac have been used in pre-clinical and
clinical studies

« 213Bj can be supplied in form of a Generator
+ 225Ac more effective due to 4 o decays (total energy

27.6 MeV) shows remarkable benefit in clinical trials of
prostate cancer

Radioligand with high affinity to PSMA: 225Ac-PSMA-617

b

Biomarker for diagnostics and
therapy of prostate
cancer - "theragnostics"

Developed in collaboration with
University Hospital Heidelberg and German Centre for]
Cancer Research \

Ac-225

Ty, = 9.92 days
E, = 5.8 MeV

Production of Actinium-225 Th 229

Radiochemical separation from 229Th Z-34
y

wide

Limited stoc h availa
e to

Supplyr 231 )
meet theademand
» 33 GBq of 22°Ac harvestediyearly at ORNL,

« 22 GBq at IPPE Obninsk (Russia),
+ 11 GBq at JRC.

~7000 dosis/year
Upscaling hindered by restricted access to U-233 |
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Production through the 229Th/225Ra/225Ac generator

229Th stock (~ 1 g) absorbed on ion exchange
resin.

Ingrowth of 225Ra and 225Ac through 22°Th o
Ipha deca 29Th is strongly
i Y absorbed on an

. ion exchanger
225Ra and 22°Ac are eluted and split into

separate fractions.

225Ac can be collected from the 225Ra fraction
as well

Transmutation of 226Ra to 22°Th by (n,y) reactions

Th 229
7.34
ky

flux reactor:

ré challenge
2%
Almost 1000 more 228Th co-produced

Transmutation of Ra-226 by (n, 2n) reaction

Ac 225
Favored folleRiRe Bl trons

Proton irradiation of Ra-226 226Ra(p,2n)

c =710 mb
at 16.8 MeV

Ac 225
10.0d

-100 pA pn

Excitation function 226Ra(p, 2n)225Ac

800 L L L L "
ZZKRa(p'zn)ZZSAc +
600 L
=) N\
£ /Y
S T
w 1 \ -
8 IQ \
S / \
2004 \ L
4 L ]
’ ~ -
’ S e
/ [ ]
0 ey T T T T
5 10 15 20 25 30 35
Energy (MeV)

Production process

Common steps for most methods are: Example invention: method for producing Ac-

- From 226Ra a target is manufactured

- Pellet pressing

225...
(EP 0 962 942 A1)
« Electrodeposition
- Evaporation

RaCl
A RN
« precipitation
Ra-226
recovery, Pellet
ressin
- Welding or sealing the 22Ra in the target reconditioning pressing
+ Cyclotron irradiation t !

+ 225Ra target opening and dissolution Sepresind Ag target
welding

.
+ 225Ac recovery and purification separation

« 226Ra recovery and preparation/ 2 it ./
conversion for re-use \rr»:ﬂroa{\o;v
[
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Managing the 222Rn emission is a
problem

In the process macro amounts (mg to g)
of 226Ra will be at least partly openly
handled.

All process steps requires tight Rn
control
AcxRa) = A(=:Rn)

secular equilibrium

Special Rn filters

Extended radioprotection RN constantly produced from 226Ra

Makes the handling very difficult
«chemical inert
«difficult to contain
«diffuses through plastics
*Requires under-pressure and
gas-tight conditions

[
Commission

Liquid target with closed loop

Circulation - solution
composition optimised for
stability and solubility

Maximise Ra concentration in
the liquid target to optimise
production rate

Pb shielded

water cooled container No target
_— dissolution, allows
Proton _— & Liquid . 226Ra direct chemical
deuteron ——» target solution separation
beam: — —-M—‘ between Ac and Ra

Intense proton beam o0ling
current to maximise As less aggressive
Efficient liquid 99

production rate : as possible
cooling (heat (apcwdity)
removal)
- »Luv pean

Closed recirculation over
extraction chromatography

columns
226Ra
solution
225A¢ 226Rg +
stays on daughters
the remains in
column solution
| oo

Closed 225Ac Recovery and purification
Principles

« Ra with daughters and impurities are kept in the recirculation liquid
target solution.

« Actinium is purified on extraction chromatography columns (the
concentration of actinium is so small that problems of high metal
loading is avoided)

Actinium is moved from column to column by changing acidity

« The solutions are recirculated in closed loops (movement of acidity is
limited as the resin capacity for acid extraction is limited).

+ Rnis managed by columns filled with powdered activated carbon /
granulated activated carbon.

+ Ralosses (if any) in the first separation are directed towards a Ra
recovery with Rn filters (low volume stream)

225A¢ production rates in a liquid loop

Example : T;, = 1 week, Tcool = 0 days, 226Ra concentration = 0.10 M, c = 0.5 b

225p¢

Current = Heat tot
activity

uA Bq mCi w

10 3.64E+08 9.8 300

20 7.27E+08 19.7 600

30 1.09E+09 29.5 900

40 1.45E+09 39.3 1200
Current Dir G

50 1.82E+09 1500 site Karlsruhe
production every

60 2.18E+09 59.0 1800 8 weeks

70 2.54E+09 68.8 2100
| oo

Proton Induced Spallation of Th-232

) on-line isotope mass separator
Medium-high energy protons (100-500 MeV)

ISOLDE
@CERN ¢
& N

o~ 13

= produced
4"m2 Th target, 100 pA

MEDICIS@CERN
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ISOL production " .

target ion source || €xtractor mass separation

» Yoo
J =
g @ 9l ~

J

\ laser beams

Y P =4--F
t ” 456.15 nm|
experiments
Py
m 438,58 nm
®projectiles  © target material @neutrals & ions D
213

= Chemical and mass selectivity for pure beam

Courtesy K. Dockx (Leuven University)

., etal. Hyperli

16(2013): 33

vy irradiation of Ra-226
226Ra(y,n)225Ra(B)225Ac

Investigated in Karlsruhe about 20 years ago.

Feasible, but cross-section and yields are largely
unknown

It could be of interest as today LINACs are more
available as well advanced light sources e.g. FLASH,
LCLS

The potential of this method will be investigated at
GELINA in Geel

Acknowledgement
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over more than 30 years.

The idea was first developed by

L. Koch, M. W. Geerlings, and C. Apostolidis.

The program is currently run by
Alfred Morgenstern and Frank Bruchertseifer.

The effort on radionuclide production is
coordinated by:
Rikard Malmbeck and Alban Kellerbauer
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4.1 Break Session 1

4.1.1 H. Shishido (Tohoku Univ.)

Proposals for the advanced nuclear fuel cycle by introducing a fusion reactor

TOHOKU

Proposal for the advanced nuclear fuel
cycle by introducing a fusion reactor

Hiroki Shishido
Department of Quantum Energy Engineering,
Graduate School of Engineering,
Tohoku University

1. Introduction

1.1 Severe problems on fusion reactor development

Controlled fusion reaction will be
achieved by the ITER project.

Demo design is not fixed due to

remaining engineering issues Fig. ITER[1]

1) the divertor system loaded by extremely high heat flux
2) maintenance of components loaded by neutrons

Even after the Demo construction, , ,

Scaling up Commercial reactors

The power increase brings more severe
heat load to the divertor.

As one of the options,
Transmutation of minor actinides (MA) and fission product

generated from nuclear power plants. 2
[1] https://www.iter.org/

1. Introduction

1. Introduction

1.2 Closed nuclear fuel cycle with a fusion reactor [2]

New additional cycle

Transmutation cycle

Conventional cycle

Power generation

Fast
reactor

Fuel , Fuel
production production

Other FP |_> Storage (detoxified soon)

To contribute to “"Geological repository”

[2] H. Hashizume et al, presented at the 14th International 3
Symposium on Fusion Nuclear Technology, 2019 Budapest, Hungary.

1.3 The concepts of this study
(Today'stopic )
Minor actinides transmutation [4]
» Solid fuels (Oxides or Nitrides)
» Underneath the null points
Large neutron load
and small heat load
» Very limited region
i of the infl on
\the latest design

Copyright protected content

J
Fission products transmutation h
» Liquid fuels

(dissolved in molten salts)

» Very limited region in the blanket
Evaluation of the 13°Cs transmutation(®!

Development of the molten salts for
4] Y. Furudate, H. Shishido et al, Prog. Nucl. Energy 103 (208) 28, & ionl6!
5], Kitasaka, H. Shishido et al, Fusion Eng. Des, submited. specialized transmutation J
[6] T. Kitasaka, H. Shishido et al., Plasma and Fusion Research 15 (2020) 2405077.

[3] A. Sagara et al,, Fusion Eng. Des. 89 (2014) 2114.

1. Introduction

1. Introduction
1.4 MA transmutation in a fusion reactor

1.4 MA transmutation in a fusion reactor

.
oD
Copyright protected { ( )

content

\ N -~ ! . . .
% " 4 Fig. Toroidal cross section
WA loading positon

Fig. Helical fusion reactor FFHR-d 16! Fig. Poloidal cross section

Table Summary of the burn-up characteristics [4]

Loaded MA [ton] 80
Fusion power [MW] 1,000 *support factor =
Hea.t generation rate 119 58 Transmuted MA/year in a fusion reactor
in fuel[W/cn’] Generated MA/year from a 1GWe PWR
In reactor core [W/cm?] 55.7 13.6
Support factor [-] 283 22.6
[3] A. Sagara et al., Fusion Engineering and Design 89 (2014) 2114-2120. 5

[4] Y. Furudate, H. Shishido et al., Prog. Nucl. Energy 103 (208) 28.

Core plasma

Copyright protected

content
Fig. Toroidal cross section

o
\ N /’
WA loading postion

Fig. Helical fusion reactor FFHR-d 13! Fig. Poloidal cross section

Table Comparison of support factors between fusion reactors and ADS

Under construction Next system

Name Main parameter Main parameter  Support
factor
ADs  MYRRHA Proton beam __12.5times _ Proton beam
(Belgium) 2.4 MW 30 MW 10
Fusion ITER Fusion power __2-3.6 times __ Fusion power
reactor  (France) 500 MW 1000-1800 MW 22-40
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1. Introduction

1. Introduction

1.5 Pu transmuted from MA

Copyright protected content

(

ny) B decay
Typ=24d

[7] A. Sasahara et al., Journal of Nuclear Science and Technology 41 (2004) 448-456.

1.5 Pu transmuted from MA (Cont'd)

Power generation

New additional cycle

Transmutation cycle
&

Fast
reactor

Long-
lived FP

Fuel

production production

FP
Other FP |—> Storage (detoxified soon)
Is it possible to re-utilize the transmuted Pu

in a fission reactor?

High level waste — Energy resource?

2. Today's presentation contents

3. Fast reactor core characteristics

The presentation provides:

1) Fast reactor core characteristics loaded the
transmuted Pu,

2) MOX BWR core characteristics with the
transmuted Pu to evaluate the controllability of
reactivity,

3) Thermodynamics evaluation of the actinide
oxides using density functional calculations.

3.1 Simulation conditions

JSFR: Japan Sodium-cooled Fast Reactor

Table Specification of JSFR corel'?

Thermal power output 3570 MWth
Number of subassemblies 150/495
Number of fuel pins per subassembly 331/331
Fuel composition U-TRU-Zr
Fuel density 11.85 g/cm? Oinner core fuel
Pu enrichment 12.4 wt% (Oouter core fuel
Zr content rate 10.0/6.0 wt% .Radial reflector (SUS)
Total amount of loading Pu 5.5 ton DRadiaI shielding(ZrH)

@ Primary control rod

Calculation code : MVP-2.0, MVP-Burn .Secondary control rod

Cross section data library : JENDL-4.0
Fig. JSFR core design("
10

[12] 5. Ok et al,, JAEA 77 (2006)

3. Fast reactor core characteristics

3. Fast reactor core characteristics

3.1 Simulation conditions

Loading amount of transmuted Pu into the fast reactor

Operational cycle length : 800 days (26.3 months)
Amount of transmuted Pu from a fusion reactor : 66.6 kg/year

) Loading amount : 150 kg
(1)Heterogeneous(14 subassemblies)
(2)Homogeneous

Fuel containing @ Radial reflector (SUS)
transmuted Pu (7 Radial shielding (ZrH)
Olnner core fuel @ Primary control rod
Oouter core fuel .Secondary control rod

Table Pu isotopic vectors of the fuels

Fig. Samples of the core

design in the simulations 238py  2%py  240py  241py  242py

JSFR 10 680 260 25 25
Transmuted Pu 81.2 4.8 2.7 06 100

i

3.2 Simulation results

Initial value ke =1.023 (Case1)
Reference ke =1.020121

Fig. ke changes with burn-up
(o) Case 4 during operation cycle
(Ho ous loading)

. Fuel containing Pu from fusion reactor

) L : ) 12
Fig. Core design in the simulation [12] 5. Ohki et al, JAEA 77 (2006)
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3. Fast reactor core characteristics

3.2 Simulation results

4. BWR core with the transmuted Pu

Fig. Total amount of 23¢Pu with burn-up
during operation cycle

(Homogeneous loading)

. Fuel containing Pu from fusion reactor

Fig. Core design in the simulation

238py

Is it possible to control the reactivity
with the transmuted Pu??

N 239Pu
1[27]39]52]s52]s52]67]s52]52]39]27 (n,y)
2[3967]67]76] 67106106 67 67|39

35267 (106/10.6/10.6/106{106/10.6| 6.7 | 52

4‘[ 52|76 IU(v.lU.(\ 10.6| Gd [10.6/10.6/10.6| 5.2
5(52/6.710.6/106 76|67|67 “ . .
i : “ » MOX BWR core characteristics with the
667/106]106] aa N < 6752 transmuted Pu
| e |
7{52 10.6/10.6/10.6 Gd | 76|52

» OECD/NEA Benchmark for MOX BWR
(10%10 BWR fuel assemblies)
» Eigenvalue problem

85267(106/10.6/7.6 | Gd |Gd | 676752

93967 67)106/67]67]76]67 6739
10[27]39]52|52[67|52[s52|52]39]27|
abcdefghiij (The power density = 25 W/gHM)
Fig. Core design in the simulation Table Pu isotopic vectors of the fuels
The numbers represent plutonium 238py  29py  240py  241py  242py
enrichments and Gd means Present MOX 22 462 294 134 88
U0,/Gd,03 rod.
Transmuted Pu  79.8 52 29 04 117

9] K. V. Walters, Nuclear Fuel Management Il Vol. 10.1997.
[10] OECD/NEA. Plutonium Physics, Vol.7. pp.15, 2003 14

5. Thermodynamic evaluation

2[39]67]67] 7667 106]106 67 67|39
3[52]67]106]106] 106106106 106 67 |52

4[52] 76106106106/ 54 106 106 106] 52

s[52] 67106 100) 766767

6] 67106106 ou

The transmuted|Pu makes
ket low and flat.

B 12r0ds
EH 2000
EEE 5000

ke is almost constant

abcdefghij
Fig. Number of fuel rods containing
the transmuted plutonium.

15

for 400 days operation.

» We have begun thermodynamic
evaluation of actinide oxides using
density functional calculation.

» The objective is to predict the phase
diagram of the actinide oxides for
designing of the transmutation system.

» All electron calculation (WIEN2k) and
phonon calculations at harmonic and
quasi-harmonic levels (Phonopy).

Fig. Calculation structure
of the actinide dioxide
(AnO2) crystal structure
(Fm3~m symmetry)

© Present study

6. Summary

Proposal for the advanced nuclear fuel cycle
by introducing a fusion reactor

» Fusion system is very attractive to solve the most
important problem “how to close nuclear fuel cycle”.

» We evaluated a possibility of effective utilization of the
plutonium transmuted from MA as fertile fuel in BWR.

» A fuel assembly loaded the transmuted plutonium can
keep its effective multiplication factor almost constant for
400 days operation.

» We also demonstrated all-electron calculation to evaluate
thermodynamic properties of actinide for further
discussion of the design of the transmutation system.
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4.1.2 M. Nakase (Tokyo Inst. Tech.)

Development and characterization of phthalocyanine derivatized ligands for recognition

and complexation of light Actinide elements

Topical meeting on Condensed-matter Chemistry

on Actinides : The Kumatori meeting

Development and characterization of

phthalocyanine derivatized ligands for recognition
and complexation of light Actinide elements

Mas

Research Institute of Innovation, Tokyo Institute of Technology

- To recognize and complexation of f-block elements by phthalocyanine (Pc)

framework for many purposes, th
derivatized Pc is studied.

ahiko Nakase

e synthetic and purification scheme of

- The prepared derivatized-Pc will be used for the following purposes;
1. Convert into Pc-metal complex for characterization
2. Use as extractant for metal separation

3. Study on coordination chemistry of Pc and An in solution (or soft materials)

Joint research with KURNS

Reuse
Exlr'\clmn Stripping I
@ Ore ~ Org.
m \ ® ® o

> Modification of Pc to extractants
selective for f-element

\A\ » = ‘\i i i > | am interested in the chemical
/ i ag t swippingsol,  Characteristics of Pc-metal complex in
oD  Selectiverecove  SOlUtion (and soft materials)
| A Dpdespred Metal of metal ions

Synthesis

Purification
1.Chromatography

*& % &Column
‘Produ(l

Metal-free Pc; Linstead method
SN
@ OH

MeOH
Tehon T0C Gy mvase xvacior

2.Soxlet extraction
= \

chromatography

8 | Thin-layered
Chromatography

Metal-Pc; verious methods

o8y Puifcation E
s > > N
pontanl  +louene  TLC
reflux, 200°C, 4h fiteration and N
dry in vacuo

+ Modification of Pc main frame; N,0-donor
Addition of functional groups; alkyl-chain

*The equipment was set up with Assist. Prof.
CTabata, supervised by Prof. T.Yamamura

<
* The Pc-derivatives will be offered to other researchers

2

Background

Separation and recognition of f-elements in Nuclear Engineering Field

Nuclear Waste Treatment

S— T 11
\\ N Transmutauon
\\ 90%" ?E?‘t" e

23
22w
55 | i
£ 4 9.5% MA & LLFH]
5 \\

S
£ 10
Eg nat, U (1 ton)
ol
E1 \

% 100 100 100 10° 107 10 107

Separation of MA can reduce the long-
term radiotoxicity and minimize the
burden on final disposal

Property of f-elements and ion recognition

Resources

Copyright protected content

Medical purpose

1146499.cif

Lu-Pc,

For treatment of High Level Liquid Waste(HLLW), Am(I11)/Eu(I11), Am(I11)/Cm(Ill)
separations are important but difficult due to similar chemical properties.

2 s : HHHMHHE
Lanthanide Contraction S T
27 | Radii of Ln(lll) ions with 8- l\’“M“H”M’ﬂ\”}"V‘M”' A
10 coordinated water!!) BB 337 ] 5 s 1 5 S 21 ¥
26 6] - (R [ )
< R - o P e e 2 ) ‘éf e
= 77581597607 6T 521631541 651651 571681697 707 7T
T 25 * Ltallcaloel sl call 7 5yl £l
e ... [B9]/90/917 /9793 (94 (95" (9" (97’ (98 (99’ 100 101 102103
- Light Ln |Ac | Pal G| |Np| [Pu |Am [cm Bk | CF | Es [Fm| Md]No | L
1] . p
B 24 «* Trivalent f-elements are chemically
£
z Large radii

g similar which makes separation difficult
¢ Recognize slight difference in ionic radius

| Surface

Smal charge

Large 3
% N,O-hybrid donor i and

g o

La Ce Pr NdPmSm Eu Gd Tb Dy Ho Er Tm Yb Lu
Lanthanide atoms

Separation Methods in Nuclear Reprocessing Field

< Solvent Extraction (SX) >

e %@

B R

OY@Y Q éﬁQﬁi Q
o Ay AN

° N‘@ R‘/N ] J N‘R’ )

<SX with synergists, complexants>

v lonic liquid

v" TALSPEAK - Combination of phosphate and
DTPA (masking agent) with existence of buffer

¥' Combination of DGA and masking agents

¥ Reverse micelle extraction )

<Adsorption>
v’ Extraction chromatography
v Sold/liquid extraction

L gel, pH, temperature swing separation

v' Gel/liquid extraction - ligand immobilized

v

<Pyro reprocessing>
- Electrochemical approach

<Other Methods>
v’ Crystallization

v’ Precipitation j

I have never tried cyclic compounds yet!!

My Separation Approach

1. Development of extractant
Q gﬁN\i 2N7\> Q gf,v; EN% v Solvent Extraction, Structural study N AN
Y Y J ™ v Solution and coordination chemistry@s N(é

2. Control of complexation in soft matter v Gel/liquid extraction
v’ Extraction chromatography
B2 F#H v 'More fundamental study
Polymer chemistry
b +
' Coordination chemistry

v’ Extractant, Complexsant, Synergist

PTAGBE A
R.R[FEAMEEHELES)

/In\(

NIPA (N-isopropylacrylamide)

A FERBLES L

‘ 3. Valence control of An and extraction [ v

& &

‘ 4. Application study ; Contactors, Separation Process analysis 6|

D1 Do ‘
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Phthalocyanine derivatized extractant

Synthesis
Pc is one of the most famous ligands to form complexes with various kind metal ions

- Make Pc extractant applicable to solvent extraction Various kinds of building blocks are
M 1. Make Pc compatible to solvent extraction method Wt ek e et st commercially available
r/‘ \HN - Addition of alkylchain and functional groups w,/\m/\ %ﬂ:@ on
NG N 2 . Modification of central Pc structure o oN g, on
) X - N,O-hybrid donor, asymmetric Pc etc... \ P - \O;N
H
= Z
" = O S -Pc; @:ZNHO\OiuN
O : N oN etc...

% g ; g ; ey ricaton Replacement of functional groups such as
oz, .,: s —OH and —Br into other functional groups
or addition of other fragment via such joint

points are easy task

* Various kinds of N-Pc can be synthesized by the same method

-> There are plenty of methods to synthesized Pc derivatives

+ Purification method will be changed due to the nature of the ligands
% ’ % % 3 é % j E % I - Typical Pc does not dissolve into many solvents. Also, purification should not

produce huge amount of waste since actinide will be used

Synthesis of Zn-Pc by Linstead method

S |

DBY Purifcation
—

1-pentanol oluene
reflux, 200°C, 4h merancn and
ry in vacuo

* Zn will be removed and replace into
other metals

* Optimization of the synthesis and
other synthetic route will be tested

Purification

1.Chromatography
Column chromatography
VI!I

2.Soxlet extraction - 3.‘Syblimination

Product

15:16

i

Thin-layered Chromatography

*The equipment was set up
with Assist. Prof. C Tabata,
supervised by Prof. T.
Yamamura

* Purification is dependent on many aspects;
- Physco-chemical property of product; solubility into solvent, solid or liquid ...

- Amount of the products - Co-existed impurity - Target yield and purity
- Accepted amount of waste - rad materials or not, etc ...

Conclusion

* Residual solvent was perfectly removed
* Sublimination is not yet completed

+ Some of the Pc-derivatives were synthesized
* Some purification scheme were tested

Plan
* Synthesis and purification will be upgraded

- catch up with the latest researches

Target Pc-derivatives will be decided and select the best

C_ synthetic and purification scheme.

Synthesized Pc-derivatives will be offered to collaborators
Thermocolple: T2 and try solvent extraction

Position B

1 ~5Pa
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4.1.3 H.Nakai (Kindai Univ.)

Development of ligands for new actinide complexes

Topical meeting on Condensed-matter Chemistry on Actinides, Feb. 10, 2021.

Development of ligands
for new actinide complexes

Hidetaka Nakai
Kindai University (Dept. of Applied Chemistry)

Macrocyclic Polyamines

Q -
? j
OQ o N -0 m
A o STy vy
¢ hs L Y
e ool Wy O v
Lo Ras®
(e o{ N
~ ‘

T. J. Meade et al., Chem. Rev. 2014, 114, 4496.
E. Tondello et al., Coord. Chem. Rev. 2010, 254, 487.

Macrocyclic Polyamines

T. J. Meade et al., Chem. Rev. 2014, 114, 4496.
E. Tondello et al., Coord. Chem. Rev. 2010, 254, 487.

Aryloxide Ligands

Antenna Unit

8@1@5@@%

E. Tondello et al., Coord. Chem. Flsv 2010, 254, 487/

Aryloxide

v Utilized in f-element Chemistry

v Luminescent Ln/Ac Complexes
have not been Investigated

Our Ligands

Our Ligands

Achiral Ligand . .
Enantiomers (in the crystal)
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Tb Complex as actinide analogues °

Chem. Commun. 2014, 50, 13737.

v Highly Luminescent
v Highly Oxygen-responsive

The Highest @ (0.91) Among
the Oxygen-responsive Lanthanide Complexes

Tb Complex as actinide analogues !

Dalton Trans. 2016, 45, 9492.

in THF

The First Dysprosium(lll) Complex that Shows
Oxygen-responsive Luminescence

Tacn — Cyclen

S5 0 el
.2

>

HO,

Extendable Phenol Pendant Arm

Dalton Trans. 2015, 44, 10923.

- N oo

s
®=91% (N,)

B o=3%@n

S T T F e

.
OH (J-0f
Tacn Cyclen Q\N/_\w {\(( T ‘/N\m\Ng\fg
i AT D =91% (Ny)
ﬁ ® = 5% (Air)
Me — tBu b Control of Coordination Environment "

\

Inorg. Chem. 2016, 55, 6609.

_O HO /O_\
2 N /,\Nj .ﬁ N, ,N\l OH
e Re,
o o
CN =8 (N40,)

CN = 7 (N403)
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Control of Coordination Environment ” Control of Coordination Environment
Inorg. Chem. 2016, 55, 6609. Inorg. Chem. 2016, 55, 6609.
8 Coordinated 7 Coordinated
Structure Structure

&(M-'em™) 12000 15000

Amax (M) 301 299
Dy, (%) 68
A 1.9 3.1
, (1) 1180 1070
Tair (MS) 40 40

CN = 8 (N,0y) CN =7 (N403) Ka(M) 17600 12600

. . . 14 . . .
Control of Coordination Environment Development of ligands for new actinide complexes
X* ® Various ligands for new actinide complexes (especially, for U'" and UY) have been synthesized.
o
N/\/\N Q\ o o ‘Czo\”» Achira‘\‘Ligand
i L58 gl e 2SN ST 4
N0 o 5 Lo A 1o
° © T e E Tl
W) et ] fan
= k&
O/m: %f\w %LOH gﬁj " . Enantiomers (in the crystal)
. _ -
E X : Chiral Additive L i have been ized as actinide
& 5 Photoluminescence
s y
£ E H
B NeBMO) N0y 5

550
Wavelength / nm Wavelength / nm
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4.1.4 C.Tabata (Kyoto Univ.)

Crystal structure and magnetic property of uranium phthalocyanine com-

plexes

Topical meeting on Condensed-matter Chemistry on Actinides, Feb. 10,
2021

Crystal structure and magnetic
properties of uranium
phthalocyanine complexes

Chihiro Tabata

Institute for Integrated Nuclear and Radiation
Science, Kyoto University

Collaborators
IMR, Tohoku University H. Watanabe, D.X. Li, and K. Shirasaki

Graduate School of Science,
Osaka University

T. Fukuda and N. Ishikawa

KURNS, Kyoto University A.Sunaga and T. Yamamura

Phthalocyanine complexes

Phthalocyanine (Pc)

Highly stable n-conjugated
molecule

Forms complexes with various
metallic ions

Characteristic optical absorption
of the visible light

v v Pcmolecule

Y V4
&*\%
N

Applications of Phthalocyanine complexes

* High chemical and thermal stability
« Typical dyes material
+ CuPc — "Phthalocyanine blue”
*  CuHPc,Clis — "Phthalocyanine green”
« Target of radiation irradiation for producing ¢Cu isotope
* Redox activity
* Electrochromic devices
« Photomemory
« Solar cell
* Magnetism of central metal ion
+ Single molecular magnet

Research of Pc complexes to date

0 e e L s s s s e e LA B s s e

3d elements From ScFinder, up to 2020

s
0'E
4felements
Sfelements
10 ‘
: I | | | | I

CrMnFe CoNiCu LaCe PrNdSmEuGdThDyHo b Tm¥b Lu  Ac Th Pa U Np Pu AmCm

Number of papers

Element

Pc complexes of 5f elements have much fewer reports than those of 3d and 4f
elements.

® Conventional synthesis of UPc; have been mol-scale synthesis (~70s).

= Synthesis with smaller scale is required because of highly toxic and radioactive
properties of 5f elements.

Aim of study

® Development of microscale synthesis of AnPc, (An: actinides).

® Exploring novel Pc complexes of actinides with characteristic
electronic properties.

® Elucidation of those properties via structural, magnetic and transport
aspects.

First we did...
® Microscale synthesis and single crystal growth of UPc,
® Crystal structural analysis and magnetization measurements of UPc,

® Electrosynthesis of cationic salts of UPc,
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Microscale synthesis of UPc,

Mixture of UCl and CHA(CN),  230-270°C, 3h Blue-green powder was obained.

/ Ar gas . ’
1/100 ‘

conventional synthesis heater

Characterization with UV-Vis spectra

240°C, 3 hour

Purification of UPc,
® Sublimation in the furnace with temperature gradient

550°C 300°C

450°C

urified UPc, Impurities

(7% yield)

rude product

® Single crystal Characterization with UV-Vis spectra

growth
450°C, 1h in vacuum

Cool down by 10°C/h

Structural analysis of UPc,

® Single crystal X-ray diffraction measurement

* R-AXIS Rapid Il (Rigaku)
* Mo K-alpha radiation
* Tieas = 150 K(N, flow cooling)

® Structural analysis

+ Direct method (SIR2014)
+ Least-square refinement (Shelxl)

CDnS\stenI wuh the htermures
1

i eeon 20 S xhim. 150973286

Magnetization of UPc,

® Magnetization measurements of powdered UPc, by ACMS using PPMS

Curie-Weiss fit of magnetic susceptibility

< 3.58 pg (Expected for U** ion)

Synthesis of cationic UPc,: [UPc,][BF,]

Electrolyzation by 1 pA for 1 week

Chloronaphtl"\alene

’S'b-;

Dark blue crystals were grown on the anode electrode.
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Structural analysis of [UPc,][BF,]

T
so0l. [UPCAIBFal

i ]
£ 3001 R
200 R =317% ]
L WR;=8.17% |

0 5-0.905

L L L L L
100 200 300 400 500 600

Fealc

Disordered structure of [UPc,][BF,]

14

Disordered structure of [UPc,][BF,]

Theoretical Calculations: Preliminary Work
Calculation by A. Sunaga

Input molecular structures:
UPc, UPcy*

Theoretical Calculations: Preliminary Work

Calculation by A. Sunaga

Notation:
v In this analysis, we cannot separate the contribution from 5s, és and 7s. All of them
are summarized to “s” orbital.

v Mulliken population analysis and BLYP
preliminary calculation.
In this table, the values represent the difference between the ground state 7s26d'5f3
and the uranium in UPc, or UPc,*. For example,

v +0.75 of the p orbital implies that 0.75 of ép is removed.

v -1.49 of the d orbital implies that the occupation of 6d is 2.49

leulati hodol

1 are poor Itisa

<

Charge of Uranium and decomposition to each
orbital by using Mulliken population analysis

Computational detail

* Method : BLYP (DFT)
 Program : Gaussian16

+ Basis set: Stuttgart-Dresden’s
ECP for U; D95 for H, C, and N

Developments of sublimation purification
equips. at Hot Lab. in Kumatori .

1st try with U(acac),

o

¢ Uacack

85°C, Overnight
110°C, 3 days
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Summary

A microscale synthesis of uranium phthalocyanine complex UPc, was
successfully performed in Laboratory of Alpha-Ray Emitters, IMR.

The crystal structure was determined to be a monoclinic structure
belonging the space group of C2/c, which is consistent with the previous
reports.

Magnetization of the powder sample indicates the paramagnetic state
down to 2 K. The effective moment evaluated from the Curie-Weiss
behavior was ~2.3 pg, which is smaller than that expected for a free U**
ion.

A cation salt UPcy[BF,] was synthesized by electrolysis, and the crystal
structure was determined to be a tetragonal (P4nc) structure.

Future work:

® Growth of larger single crystals and detailed measurement of
magnetic and transport properties

® Investigation of structural and electronic properties by quantum
chemical calculations
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4.1.5 Y. Kasamatsu (Osaka Univ.)

Co-precipitation experiment of group 2 elements with barium hydrosulfate toward

chemical study of No

Topical meeting on Condensed-matter Chemistry on Actinides, Feb. 10, 2021.

Co-precipitation experiment of group 2
elements with barium hydrosulfate
toward chemical study of No

Graduate School of Science, Osaka University
Yoshitaka Kasamatsu

S. Hayami, E. Watanabe, R. Nakanishi, K. Tonai, K. Takamiya,kURNS A Shinohara

Introduction -Heavy elements-
Heavy elements : Atomic number (Z) > 100 (beyond Fm)

12 3 4 5 6 7 8 9 1011 12 13 14 15 16 17 18

Relativistic effect

1 E He
2 [Li]se s[C|N[O[F|ne
3 |Na|mg alsi|p]s]a]ar
4 [« [calsc[Ti] v cr[mn[Fe[co[niTculzn|Gaae|as|se|Br] ke
5 [Ro|sr| Y [z [Nb|Mo| Tc[Ru|Rn[Pd| Ag [cd| In [sn[sb]Te| 1 |xe )
" * Inner (s,p) shells - contraction
6 |cs|Ba|in[ni|Ta| wRre[os|ir [Pt]au[He| T |Pb] B [Po| At]Rn
7 | Fr [Ra|An|Rf|Db|Sg|Bh|Hs|Mt|Ds|Rg|Cn|Nh | FI [Mc|Lv |Ts|0g * Outer (d,f) shells - expansion
=== = - Split of spin orbit
La]ce[ PrNa]Pm[sm[eu[ad] b [Dy[Ho Er [T Lu
Ac|Th[Pa] U [np|Pulam|cm|Bk] cf | Es [Fm|md| nal Lr |

Deviation of chemical behavior of heavy elements from that expected
from tendency in the lighter homologues in the periodic table

Experimental and theoretical approaches

Currently, these properties are largely unknown because heavy elements can be

produced only by nuclear reactions and have short half-lives.
2

Introduction -Nobelium-

Nobelium (No)
* Z =102, member of f block element

+ Stable oxidation state of No in aqueous solution is
+2, whereas those of other heavy actinides and all
lanthanides are all +3!

Most stabl

Nd | Pm

+3 | +3

U | Np
+6 | +5

oxidation state of f block elements in ag
Sm| Eu [ Gd | Tb | Dy | Ho | Er
+3 | #3 | +3 | 43 | +3 | +3 | 43
Pu|[Am [Cm | Bk | Cf | Es | Fm
+4 | +3 | +3 | +3 | +3 | +3 | +3

[1]J. Maly, T. Sikkeland, R. Silva, A.
Ghiorso, Science 160, 1114-1115 (1963).

3

Introduction -Nobelium-

Solvent extraction in
TOA/HCIM

Solvent extractionl]

Different from d block elements but similar to Ba
(group 2 element)

lon exchangel'!
Compared with Be, Mg, Ca, Sr, Ba, and Ra (group 2),
behavior of No is similar to that of Ca and Sr having
similar ionic radii to that of No

So far, mainly limited to HCI system (not coordinated)

Observation for behavior in the other reaction
systems and coordination to No is desired.

Is there difference from group 2 elements
(characteristic behavior as f block element)?
2 Can influence of relativistic effects be observed?
13 2 4
2
2

Electron configuration
7s

7p
Fm
Md
No

[Rn]
[Rn]
[Rn]

1

Lr | [Rn]
_Lr (Rl 14 2 1 [1]R. J. Silva, W. J. Mcdowell, O. L. Keller, et al. J. Inorg. Nucl. Chem. 38, 1207-1210 (1976).

Our previous studies -coprecipitation with Sm(OH),-

One atom never forms #‘ Coprecipitation with Sm(OH); [! ‘
precipitate

® Rapid and simple procedure
® High energy resolution in a spectrometry

Coprecipitation yields for various elements!?
Added basic solution

dil.NH, conc.NH,  0.1MNaOH 1MNaOH  6MNaOH
Na, K, Rb(+1) 0 0 0 0 0

2 w0 e [ wm
Ce, Eu, Gd, Th(+3) 100 100 100 100 100
Dy, Er, Tm, Lu(+3) 100 100 100 0 | 4
Precipitation Hydroxide No
behavior ppt complexation

Coprecipitation behavior qualitatively reflects hydroxide precipitation properties

¥

Hydroxide and ammine complexation can be studied based on coprecipitation behavior |

[1] H. Kikunaga et al. Appl. Radiat. Isot. 67, 539 (2008). [2] Y. Kasamatsu et al. Appl. Radiat. Isot. 118, 105-116 (2016).

Our previous studies —coprecipitation of No and Rf

We succeeded in investigating hydroxide
precipitation properties of ;;,Nol"l and ,¢,Rff?! through
their coprecipitation behavior

However, problem is suggested for hydroxide
coprecipitation of No:

Polymer formation of group 2 elements in hydroxide
precipitates

[ =EFE e FHELRL (2009). [2]Y. al., Nature Chemistry in press (2021).
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Present study —Sulfate complex-

Characteristic reactions for group 2 elements

Formation of sulfate * carbonate complexes
and precipitate

Difference in solubility products
(effect of ionic radius)

—No?

. - Sulfate
Concentration of sulfuric acid can be R
. . coprecipitation
easily adjusted.
method

Problems

* Precipitation properties can be studied from coprecipitation behavior?

+ Applicable to No experiment? (Carrier element? Amount? * resolution in
spectrum)

* Electronic configuration in chemical bonds can be discussed? (Calculation)

(influence of relativistic effects)

Purpose

To develop experimental method and determine
suitable conditions to investigate sulfate precipitation
properties of No using group 2 elements

Contents
» Determination of carrier element

* Check of energy resolution of a spectrum using
228Ra

» Comparison of behavior between macro and
micro amounts

+ Coprecipitation behavior of group 2 elements
witﬁ Bago4 group

» Theoretical calculation for sulfate complexes of
group 2 elements and No

Experiment and Results -carrier and a spectrum-

Requirements for carrier element Yields of Sr and Ba when using 20 pg

100 _
50
sr \Ba/

® 100 % precipitation under wide
concentration range of H,S0,
® High a resolution (<20 pg)

SORUNE / %

Carrier : Ba 0

Amounts : 5~10 g
m0.01M 01M 1.0M
Yield vs. Ba carrier amount .

T T T T T T T ye

Yield / %
Resolution / keV

10 20 30 40 50 60 v 10 20 30

Ba carrier / ug Ba carrier / ug

Energy resolution vs. carrier amount

To develop experimental method and determine
suitable conditions to investigate sulfate precipitation
properties of No using group 2 elements

Contents
» Determination of carrier element

» Check of energy resolution of a spectrum using
228Ra

» Comparison of behavior between macro and
micro amounts

» Coprecipitation behavior of group 2 elements
Witﬁ Bago4 group

* Theoretical calculation for sulfate complexes of
group 2 elements and No

Experiment —Precipitation and Co-ppt-
“7Ca: Produced by neutron irradiation at KURNS

853y, 133Ba: Produced by proton irradiation at RCNP .
Amount of carrier or metal

[ Ritracerin0.01 MHCI10uL |

RI c°'RP' ppt macro
0.01 M HCI 20 uL carrier amount
Carrier or metal 10 pL “Ca | Ba20yg Ca1mg
®sr | Ba20pg Sr1mg
200 pL water Ba | Ba20 g s
2%Ra | Ba20 g

<«<—— Ammonium sulfate solution
(0.001 M~2.0 M: 8 concentrations)

Stirring (5 min)

@ Cup ‘ -
| ~‘ ¥ -ray measurement with Ge
e Precipitate detector
(ppt) ppt or co-ppt yield (%)
Suction «— = Awton 100
Filtration AppetAptAp
(fil)

Results —Precipitation and Co-ppt-
Co-ppt (Ba 20 pg) ppt (macro) (Ca 1 mg)
100
80
§ 60
Casx
£ a0
20
0 e . .
m0.001M 0.005 M 0.01M 0.05M ®0.1M ®mO5M m10M

Not precipitated in both co-ppt and ppt

MIAAER S, o AFMF R, HRILFFA (1989).
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Results —Precipitation and Co-ppt-

Co-ppt (Ba 20 pg) ppt (macro) (Sr and Ba 1 mg)

Dissolution
100 T AghSO;>] N
sr g / Y
<
s 5 .
2
$
0
100
xR
<
Ba T 50
2
0
®0.001M ®0.005M ®0.01M ©0.05M H0.1M WO.5M E1.0M H2.0M
Y Y Qualitatively precipitation properties can be
co-ppt ppt

investigated based on the coprecipitation behavior

Results and Discussion —co-ppt behavior-

Co-ppt yields

140 ius, CN=6
120 (1ogKs;) (A)

CaSO, -4.63 1.00 (CN=6)

1 S1s0, 653 1.18 (CN=6)

S 80 BaSO,  -10.00 1.35 (CN=6)

£ o RaSO,  -14.38 1.48 (CN=8)

40 Solubility of MSO,

2 Based on large SO,2 (2.30 A), group 2
elements with longer radius tend not to be
hydrated = low solubility

0
. 20.01M Order in yield = order in ionic radius

0.05M ‘

20M Ca<Sr<Ba<Ra

m0.1M m0.5M m10M

Clear difference between

Suitable condition for observing the
Ca(1.00 A) and Sr(1.18 A)

behavior of No (1.10 A calc.)

y for pl ion cannot be discussed = Calculation l
[]L. G. Sillén, A. E. Martell. (Eds.) Stability constants of metal-ion complexes. London: The Chemical Society (1964). 14
[2]R. D. Shannon., Acta Cryst. A 32, 751 (1976)

Tond

To develop experimental method and determine
suitable conditions to investigate sulfate precipitation
properties of No using group 2 elements

Contents
» Determination of carrier element

» Check of energy resolution of a spectrum using
28R4

+ Comparison of behavior between macro and
micro amounts

« Coprecipitation behavior of group 2 elements
witﬁ Bago4 group

» Theoretical calculation for sulfate complexes of
group 2 elements and No

Calculation -lonic radius & bond distance-

l Check: Comparison with experimental data for bond distance

Bond distance and ionic radius!" for MSO,

< ‘ :
) ORa
S o Ba Datal?
7 Ba
2 Ca © Sr
o
Q
<
= [Mag
. .
Geometry optimized NoSO, 0.5 1 1.5

lonic radius / A

Software : Gaussian 16 rev. C.01
Function : B3LYP/6-31G* for Mg, Ca, S, O

SDD for Sr, Ba, Ra, No
Solvent effect : PCM

Basically, bond distance o ionic radius

[1] R. D. Shannon., Acta Cryst. A 32, 751 (1976). [2] R. . Hill,, Canadian Mineralogist, 15 522-526 (1977).

Calculation -Electron configuration-

Dan:

~ in NIDA A

2SO0,

| Higher yield of NoSO, coppt than expected? (Ca<No<Sr) |

Relativistic calculation -Enthalpy-

l Relativistic caulculation: Reaction enthalpy for M2* + SO,% — MSO,

‘Unstable

No ppt in Exp.

Stable
Precipitation in
Experiment

CaSO4 SrSO4 BaSO4 RaSO4 NoSO4

Software : ADF 2019.105
Function : PW91/QZ4P Solvent effect : SM12
Spin-Orbit ZORA

Probability of non-precipitation of No

18
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For No{- Higher yield?
¢ Unstable NoSO,?: 0% yield?

Discussion -Expectation for No behavior-

Ca

®0.001 M

u0.1M

[IR. D. Shannon., Acta Cryst. A 32, 751 (1976).

Ba Ra
.005M =0.01M 0.05 M

m0.5M =10M m20M

« Simple extrapolation (ionic radius; solubility): Ca<No<Sr

‘ Importance of

experiment of No

Summary

» We developed coprecipitation method with barium sulfate to

investigate chemical properties of No and determined suitable
conditions.

Determination of carrier element to be Ba
High energy resolution of precipitated sample in a spectroscopy

Coprecipitation behavior reflects precipitation properties in MSO,

= ltis intriguing to determine the coprecipitation yield of No
with barium sulfate.

» We calculated electron configuration, charge, and stability of
MSO, complex for group 2 elements.

Acknowledgement
Deeply thanks for collaboration

OProduction of 4’Ca
Operators in KURNS

OProduction of 8Sr and 33Ba
Operators in RCNP

OcCalculation

RIKEN supercomputer system
HOKUSAI BigWaterfall

e

KURNS

£3 RCNP

HOKUSAI
BIG WATERFALL

21
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4.1.6 K. Shirasaki (Tohoku Univ.)
Extraction of strontium from aqueous solutions into HFC using dicyclohexano-

18-crown-6 and perfluorinated polyethylene glycol derivative

Topical meeting on Condensed-matter Chemistry on Actinides, Feb. 10, 2021.

Extraction of strontium from aqueous solutions into
HFC using dicyclohexano-18-crown-6 and
perfluorinated polyethylene glycol derivative

Keniji Shirasaki
Institute for Materials Research, Tohoku University

K\O/\ FF FF FF FF
Abstract C[O °D roplolyo ol con
o o}
The extraction of Sr2+ and some other alkaline earth metal K/O\)
and alkaline metal from aqueous nitric media by HFC DCH18C6 H2PFTOUD
mixed solvents as diluent with DCH18C6 was studied. o5 . .
In the aqueous conditions of 10 mM Sr2+, slops of almost
unity for logDsr were obtained from 5 to 20 mM for 2.0r 0.1mM Srz+ o0 % |
[DCH18C6] and were consistent with an extracted 2 o
complex containing a single DCH18C6 molecule. Q5 1.5¢ ° 7
[*)]
Attention to the effect of H2PFTOUD, slopes of almost 2 L 1.0r ° 8 -
for logDsr are obtained form 5 to 50 mM for 10 mM Sr2+  ®
log[H2PFTOUD] and are consistent with an extracted 0.5 ° i
complex double extractant molecules.
0.0 gty
0.0001 0.001 0.01 0.1
Collaborators [DCH18C#6]
Mitsuie Nagai (IMR, Tohoku Univ.) Fig. Dependence of Dsr on DCH18C6
Chihiro Tabata, Tomoo Yamamura (IINRS, Kyoto Univ.) concentration

Masahiko Nakase (Tokyo Institute for Technology)
Tsuyoshi Yaita (JAEA)
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4.1.7 Y. Sekiguchi (CRIEPI)

Thermodynamic estimation of vaporization of CsI dissolved in LiF-NaF-

KF molten salt

Thermodynamic Estimation of
Vaporization of Csl Dissolved in LiF-
NaF-KF Molten Salt

Nuclear Technology Research Laboratory
Central Research Institute of Electric Power Industry

Yuma Sekiguchi

Topical meeting on Condensed-matter Chemistry on Actinides

2021/Feb/10% Online (ZOOM)

© CRIEPI 2021 1

R sRert

Background

Molten salt reactor (MSR)
» Liquid fuel design
»Thorium utilization

Control rods

»Transmutation of Minor
actinide(MA)
» Advanced safety

Solvent salt

» Molten fluoride salt for
thermal spectrum reactors

R sree

© CRIEPI 2021

Accident analysis on MSR

®RIA

> Calculated in several
cases
@LOCA iy
» Calculated as troubles
on salt circulation
®Salt leakage
> Possibility of
vaporization of fissile
materials and fission
products.
» Only a simplified
calculation

Control rods

© CRIEPI 2021

Purpose of Study

@ To clarify the behavior of the volatile FP in the
molten alkali fluorides from the view point of
safety analysis on MSR.

» Solvent salt: FLiNaK(LiF-NaF-KF: 46.5-11.5-42.0mol%)
» Focus on Cs and |

Gasphase@ Vapor:
(@] @ ® Anion and cation were combined
® @
oy 1 ] b Liquid:
50O 8 @®7 _Anion and cation were
- @ e @b@f( separately

R creem,

© CRIEPI 2021

Contents

@ Vapor pressure measurement
@ Molecular Dynamics (MD) simulation

Gas phase
Vapor pressure @ @
measurement { @ @ @

alensal‘ D ‘ @
':fr. = 8 ®® } MD

simulation

Enthalpy of
AmiXh

B

Enthalpy of
vaporization

Enthalpy of

ApapH, vaporization
vapTexp E——) AvapHrrinak B

from literature

© CRIEPI 2021

IR S

Contents
@ Vapor pressure measurement
e ——————— Gasphase@
’ N @
i @
| e {l ©®e ©
| Taaqiattn
1 i IR i )
i e 8.0° | w
: %“ ® (3) paels simulation
| i ©
: Enthalpy of 1 Enthalpy of
i vaporization H mixing Apixh
! 1
i ! -
: : Enthalpy of
AvapHex, m vaporization
I\\ v S BvapHrinax ‘ from literature

R Smeer

© CRIEPI 2021
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TG-DTA-MS Measurement conditions

i X . 1
@ Equipment : Thermo mass photo/H (Rigaku) Summary of the conditions!"
Oil rotary pump Temperature (K) 923.973.1023. 1073
0.1 mm hole Holding time (min) 60  (923,973K)
30 (1023, 1073K)
Tonization energy (eV) 24
SEM Voltage (V) 1600
l T atm —— Gas flow rate (cm’/min) 100 Composition of Specimensl']
(Specimen chamber) m0I°/
Turbo molecular Pt crucible - ( _ 707)

pump h S‘;eci‘f'l')e" LiF | NaF | KF | CsI | KI | CsF

grggsi;:amber 0-1 46.0 | 11.4 ] 41.6 - 1.00 -

Off gas Skimmar He 200 mi/min 11 6.1 | 114|415 ] 0007 | - -

(Alumina) 12 45.8 | 11.2 | 41.0 | 0.997 | 0.997

Schematic diagram of TG-DTA-MS[! 15 442 10.9 | 39.9 | 1.00 | 4.00 -
@ High temperature vapors under atmospheric pressure 10 [461[1afais| - - [ 100
2-1 456|113 | 412] 1.00 | - | 0997
were directly analyzed by quadrupole-mass 51 [43.7[108[395] - | 100 | 5.00
22 447 11.0| 403 | - | 2.00 | 2.00
spectrometry(Q-mass) 55 | 418104 378| - | 500 | 5.00

[1] Y. Sekiguchi et al, Proc. of GLOBAL 2019, Seattle, WA, U.S.A., Sep 22-26 (2019) [1] Y. Sekiguchi et al, Proc. of GLOBAL 2019, Seattle, WA, U.S.A., Sep 22-26 (2019)

© CRIEPI 2021 © CRIEPI 2021

Measured Vapor Pressure Enthalpy of Vaporization
SEO e e SEO — @ From vapor pressure data at different temperature,
2 =2 A H & . Al-1 enthalpy of vaporization : a,,,# was obtained with
= w1l X . .
= 1E-1 »1-5 e Clausius-Clapeyron equation.
2 i k2o fef (11
g 1E-2 :;15—2 nP1 = R T, T,
g g
S 13 ~1E-3 @ A,,,H Was obtained in this study from the gradient of 4
00003 00010 00011 00009 00010 00011 plots in former slide. [ = Ay H
1T K 1T K1 = Zwap™
Measured vapor pressure of Cs(Left) and I(Right)!"] . :;/ 2 303R
@ No evaporation of Cs from the specimen without I. R
@ Csl and Kl evaporated from FLiNaK containing Cs and I.

Measured vapor pressure of I(repost)"]
[1] Y. Sekiguchi et al, Proc. of GLOBAL 2019, Seattle, WA, U.S.A., Sep 22-26 (2019) [1] Y. Sekiguchi et al, Proc. of GLOBAL 2019, Seattle, WA, U.S.A., Sep 22-26 (2019)

© CRIEPI 2021 © CRIEPI 2021

Contents Molecular Dynamics

'3 @ Classical Moclecular Dynamics

. . . » Solving the equation of motion about lots of atoms
@ Molecular Dynamics (MD) simulation

cme® » Attractive or repulsive force by interatomic potential equation
as phase

702 . ta—r
® @ () = AEE 49 4 b 4T 7T
Veporpresare @ @ @ u;i(rij) pr— e +  fo(bi+b)exp bt D
\ \ T ‘s‘ Coulomb term  van der Waarls Short-range repulsive force term
Moten salt 8 olf i @ MD software term
"o B ® wo : @
Gl A @K‘ o ! simulation : » MXDORTO O ) )
) atom: |
! 1 o .
1
Enthalpy of [ nthalpy o i » Performed in inorganic crystal, (@) @
vaporization 1] mixing | Amich | glass and liquid O n\atomi
L e———— 4 ) Tij :
—~ @ Purpose of Calculation (%)

Enthalpy of

Boaptery  qumm— Do Hpyivar * vaporization » Enthalpy of mixing on FLiNaK-Csl/KI/CsF system

from literature

© CRIEPI 2021
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Potential parameters Enthalpy of Mixing

@ Potential parameter determines the atoms behavior. @ Enthalpy of mixing:A,,;,h of pseudo-binary
z;7;e? cici a;+aj—1; f H f
u(y) = —2— - =L+ f(bi+b)exp (ﬁ) systems(FLiNaK-Csl, FLiNaK-KI, FLiNaK-CsF)
Ameoryj Ti i + bj
Coulomb term  van der Waarls Short-range repulsive force term . . —ideal solution
term * Calculation conditions M simlation
Interatomic potential parameters!'l « Number of atoms:6000 z —
P: <
sem -, h h (i a;ammr b (nm) (kIO nm® mol©5) * Temperature  :1000K @ J Bmisfts
tomic weight charge a(nm nm c > nm3 mol*
* Pressure :0.1MPa
Li 6.941 1.0 01070 0.0047 0.01227 Ti X 2fs/st
Na 22.990 1.0 0.1493 00120 0.01841 Ime step -ls/step 0 0s 1
fraction
K 39.098 10 01781 0.0120 003273 har = xhy + Xohe + Ak
AB AMA B''B mix
cs 132.905 10 0.1969 0.0098 0.0429 * Average of 5 X 10° steps R - :molar enthaloy of mixture
F 19.000 1.0 01733 0.0196 0.04091 calculation after the AB* Py '
I 126.905 1.0 0.2386 0.0215 0.06136 equilibrium h;: molar enthalpy of pure i
[1] Y. Sekiguchi et al, Proc. of GLOBAL 2019, Seattle, WA, U.S.A., Sep 22-26 (2019) x;: molar fraction of i

© CRIEPI 2021

© CRIEPI 2021

Enthalpy of Mixing Phase separation

@A, h of FLINaK-CSF system @ Snapshots of pseudo-binary systems at x = 0.5
were negative values. 10 @ Two phases were observed in FLiNaK-Csl/KI systems,
> Mixture was stabilized by 5o Egﬁiil on the other hand FLiNaK-CsF system was uniform.
. . 3 A FLiNaK-Cs|
perturbation of cations. o el FLiNaK-Csl FLINaK-KI FLiNaK-CsF
£ " | " *a (xcsr = 0.5) (xx; = 0.5) (xcsr = 0.5)
‘52;0:@5%*50@,% e > > = .
@A, h of FLINaK-Csl, Fok, ] -u
. g S -2 L
FLiNaK-KI were positive. = ek le oK ]
» Caused by exchange reaction ® Molar faraction 67 s, Kiand CsF ' oo
between FLiNaK and Csl/KI FLINaK ?(sll
LiF + Csl s Lil + CsF CsF |
AG = 113.4 k]/mol Mo\arenthalpys%tr:::isng;:wtgﬁ]pseudo—binary : ‘ ‘; FELT .
Snap shots of the pseudo-binary systems by MDI"! o
[1]Y. Sekiguchi et al, Proc. of GLOBAL 2019, Seattle, WA, U.S.A., Sep 22-26 (2019) [1]Y. Sekiguchi et al, Proc. of GLOBAL 2019, Seattle, WA, U.S.A., Sep 22-26 (2019)

© CRIEPI 2021 © CRIEPI 2021

Interaction parameter Contents

@ Interaction parameter: w,p is derived from ..

Amixh = xaXpwyp

* o

. Gasphase@
* Interaction parameter was 100 G ® ®@
constant on the composition 5 measurement CHCH @
for the uniform mixture. 2 60 sl "\8\‘ i
o lolten salt
. . < 40 v
* The differential heat of £, @ aflll s
solution: Ah, was obtained s Z Bile i |
from wAB . %’720 Enthalpy of Enthalpy of A A
a( )A h u vaporization mixing mix!
nA + nB mix =40 Lo '________"___________T _____ S o mmm————— N,
Ahy = on, © Molar faraction 51 Csl, Kl and CsF | |’ Thermodynamics - R 1
Enthalpy of 1
— 42 Interaction parameters (w,p) of the pseudo- ! izati !
= XpWgp binary system:gy MD! E BvapHlexp _ DvapHrLinak ‘ f:,m;::t:r:e E
) 7

[1] Y. Sekiguchi et al, Proc. of GLOBAL 2019, Seattle, WA, U.S.A., Sep 22-26 (2019) N e o e
© CRIEPI 2021 © CRIEPI 2021
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Thermodynamics Thermodynamics

@ The relation Aygp, Heypp by TG-DTA-MS and Ahy by @ Chemical potential change on the
vaporization of Csl from FLiNaK[!

MD
@ Vaporization of pure Csl Hesi(g) from FLiNak — HesiinFLiNaK
= —RTInx, — xZwap + RTInPEL 4 DyapH* = ThygpS*
Hesig) — Hesiy = AvapH* - TAvapS* Csl
@ Entropy terms
. . . _ * Pcsi
@ Chemical potential of Csl in gas phase —BoapSrrinax = —RINXg — ByapS™ + R ln@

Pst @ Enthalpy terms

Hcsi(g) from FLiNak = Mzsl(g) + RTIn o

CsI
@ Chemical potential of Csl dissolved in FLiNaK

_ «_ a2
HesiinFLivak = Hesiry T RT Inxa + Ahy AvapHrvinax = AvapH”™ = X50ap

[1]Y. Sekiguchi et al, Proc. of GLOBAL 2019, Seattle, WA, U.S.A., Sep 22-26 (2019)

R sree

© CRIEPI 2021

© CRIEPI 2021

Thermodynamics Conclusion
‘AvapHFLiNaK(CSI) agreed well with Ay, Heyy, (CsT). @ Vapor pressure of Csl and Kl evaporated from FLiNaK
A, H* (Cs): containing Cs and | were measured, and enthalpy of
200 vep | ot vaporization were obtained
Enthalpy of vaporization of P )
o | | . pure Csl
§ -l : ByapHrLinax (CSI): @ Enthalpy of mixing of the pseudo-binary systems (FLiNaK-
S100 [ ; """""""""" +\ Enthalpy of vaporization of Csl, FLiNaK-KI, FLiNaK-CsF) were calculated by Molecular
£ ; Csl from FLiNaK by MD Dynamics, and dissolving Csl and Kl into FLiNaK was
w50 By Hoy (CST iffi
® s C ByapHexy (CSI): difficult.
o I AvapHruivar (G5 BrapHevi Enthalpy of vaporization of
0 2 4 6 Csl from FLiNaK by @ The results of experiments and calculations were
Concentration of | in salt (mol%) experiment . . T
Enthalpy ofVaporIZf};or;JZftgf!s?;[)ﬁumens (Specimen consistent thermodynamically, and it indicates the MD
o has capability to assist the vapor pressure estimation.

[1] Y. Sekiguchi et al, Proc. of GLOBAL 2019, Seattle, WA, U.S.A., Sep 22-26 (2019)
© CRIEPI 2021
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4.1.8 F.Kon (Hokkaido Univ.)

Observation of Antiferromagnetic Order in the Heavy-Fermion Com-

pound Ulr,Ge, - Resonant X-ray Scat-tering

Topical meeting on Condensed-matter Chemistry on Actinides, Feb. 10, 2021

Observation of Antiferromagnetic Order
in the Heavy-Fermion Compound
Ulr,Ge,— Resonant X-ray Scattering

LiEmERF BFHTR STBRF, HAED, B
ETHEE, HBERZ, I

FEAY WERFAREHRN  BiHTE

KEK W) B R E R AT IOFR EP/:'%&‘EI

FALKE SEARF AT KIEHE, BAK

BERY,
S, B

J-Physics A%

28§ e JV

, AEB,

Introduction

Broken global

* multi ferroics (cross-correlation phenomena)
inversion symmetry

* unconventional SC (parity mixing)

Broken local

Broken global
inversion symmetry

+ staggered spin/charge ordering ey SR

e.g)

ion sites without inversion symmetry T % T
unit cell magnetic

C@=2e@=>=@ = monopole
koA A

m,

D +
l l l a\ A a\ magnetic
»@4 »|m,) ¢ Mm\yu quadr;upo\e
global inversion symmetry is broken - e - “

staggered magnetic ordering
propagation vector: Q = 0

uniform ordering of cluster multipole (odd-parity

S. Hayami et al,, PRB 98, 165110 (2018). Y. Yanase & H. Watanabe, PRB 98, 245129 (2018)

Q =0 AFM order on Uranium zigzag 1D chain  Candidate material: Ulr,Ge,

Crystal structure of Ulr,Ge, (previous works)

CaBe,Ge,-type structure

Layer structure in CaBe,Ge,-type structure
space group: No. 129, P4/nmm, Dy,

Physical properties of Ulr,Ge, single crystal (by our group)

Magnetic susceptibility

Magnetization process

AFM-like order (T, = 18.3K)

Ulr,Ge, 4 : meta-mag. trans. uoH, ~ 4.2 T (2 K)
LRI 9 I3 I\ u
o0 X $ ? - + strong magnetic anisotropy
eT . (easy axis: c)
°x \ ue * large specific-heat coefficient
I{ ¢ ki I (y ~ 100 mJ/K2mol)
¥ &
[
3 4
Y VAR
i Ge
N i —
. Ge SEH|e
. U-site symmetry: C,, k S v oS paramagnetic prase
.  without { ¥ ¢ Y | Bxegr J
]4 N ¥ : = s o
a inversion symmetry - . 3t o s 1
< ?® v Cy(l
If Q = 0 AFM order occurs 21 antiferromagnetic 9 & CuH) o
powder ] ordered phase o o aM
XRD pattern o LG, e vy 1+ o % nt o
of Uir,Ge, & ferroic ordering of O InnGe, ipolerysial) N ) ) )

H odd-parity cluster multipole e ey T Car ® o s m W ow ®
a=4148(3)A £ nagn magnetic — = - =
c=9.753(7) A bl " + quadrupole Investigation of ordered state of Ulr,Ge, by microscopic way = X-ray scatterin,

| I e E q P 29%2
26(deg.) m,
Experimental Method Experimental Method
Elastic resonant X-ray scattering (RXS) Elastic resonant X-ray scattering (RXS %
of X
1 ¢ 2 72 ch . . 1
H=Y e (,,, CA(r \) Z t Z i s VxAfr) Atomic form factor via £1 transition 5 by L transition (30 - )
£ Hoo = oty T e (Toir = 104 o (5 - L) e w . (alRalb) (b]Rsla) electricdipole | E
- “Eh B0 (pe- £400) « Tt (o + 3) : fr@) Do 3 Sy, Ty tnsiion. L eee_ oo
i a2 @p=xyz & polarization vector (ineidence] P74 he | A
it il = iy +F &' polarization vector (scattered) e
rontarcton {eraco Ry = 37 (digble operator) ‘oo - ‘lige .. ‘eee -
torms i ’ ‘Absorption
- o |a) |b) lay "o
Interaction between electrons and electromagnetic-field ’E” 00 Z P ey e Initalstate  Intermediate state  Iniial state

[ e Len 9A e eh
72""422/‘\%) = Gz % ((u XA) m‘rZAml P ,WZ’« (Vx A(r))
Fermi's Golden rule

(/\‘H\y\+2\f\'ﬂ’\n)ruw\f | 5

Scattering intensity

2
(ality|b)(bli;|a) altiy|b)(b|H,a
fraa ‘\ Hrla) + (alfpla) z | A )bl 1s]ay Z( 1, e

Non-reso. terms Source terms of Resonant scattering
Thom:

" Electric transition >

T Nagan 1. 1garashi, Phys. Rev. B 72, 174421 (2005)
Structure factor

Fra(w) = an,,v"”‘

Diffraction Intensity (magnetic dipole v =1J"*"~

2 w) Z e [")Z ), e ="

comparing with experimental data...
N

ordered vector O
vmul o

orientation of ordered moment

. Geometric  Magnetic structure

frery o peometric o azimuthal angle dependence analysis O
1 + polarization analysis

) < e ’ !

(P~ lifetime of excited intermediate state)
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Experimental Procedure

KEK PF BL-11B Versatile two-circle diffractometer

Experimental Result

Line scans in ¢*-(1, 1, 0)* plane

H

Chamber (1,1,0) r. j Uir,Ge,
+ vacuum chamber (10°° ~ 10 Pa) < ' B E=372keV
fine-scanning range.__ 1 Y A(0015)
cryostat Cooling system £
cold head + *He-flow cryostat (6 ~ 300 K) 3]
Incident X-ray I
* Energy: 3.7-3.75 keV (M,-edge of U, £1)
 Polarization: holizontal (t-pol.) e
Detector L)
+ silicone drift detector (SDD) ) ) )
lattice reflection A superlattice reflection
Samples ,
- samplel (scattering plane: ¢-(110)) —— z
detector . cample2 (scattering plane: a-c) ~ H 40025
IT sample 2 H H
. H H
H £
110+—@c c+®@a
grown by Czochralski method (IMR Tohoku Univ.)
Experimental Result Experimental Result
Line scans in a*-c*plane Temperature profile Test for Q = 0 ordering
¢ o Superlattice reflection Lattice reflection
‘- (2,0,05) (2,0,15) (1,0,0
z = T
a’l g % vl G04 B
£ § Fl
s al H H
1o : IR i
2 wal ¥ e
= - k) " 15 e T
P N
-scanring range i PO e T Ee :
(20-0.5) L 0 T % R H . B
TR Lirlu) [ . H - H
Energy scan at (2,0, 1.5) E o T § ! B E
lattice reflection A : superlattice reflection e f g o %
™ ™ o
Superlattice reflections are observed at 2 o Superlattice reflections are observed at Conclusion
K = (lattice reflections) + (0, 0, 1/2) below T, F K = (lattice reflections) + (0, 0, 1/2) below T, =
( )+ ( /2) N H ( )+ ( /2) N NotQ=0,but
H

Single peak spectrum at 3.723 keV
>> Resonant scattering by E1 transition
at M,-edge (U)

g

Energy (eV)

Single peak spectrum at 3.723 keV
>> Resonant scattering by E1 transition
at M,-edge (U)

Q= (0,0,1/2) AFM order
by uranium 5f-electron under T

Magnetic structure analysis

propagation vector Q = (0, 0, 1/2)
non-zero magnetic moment at U-site

Crystal structure N
Space group: P4/nmm (No. 129)

Maximal magnetic space groups

(1) P, 4/nm'm’ (No. 129.13.1087) (2) G,;m'ma (No. 67.11.587)  (3) P,cnm'm’ (No. 59.9.486)

ml (110)

& strong magnetic anisotropy (easy-axis: ¢ )

AFM ordering with magnetic moment along c-axis (P, 4/nm'm’) ?

Experimental Procedure

azimuthal angle dependence of superlattice intensity azimuthal rotation table

2 241
Frsolw) =) a3lw) Y P, ()25 sample
v=0 n=1 Multipole structure factor

sex i sample

Detector

-
azimuthal angle
X-ray g €

e.g)
In the case of AFM order (magnetic dipole m (v = 1))

FD, Zu(s“ Xe)m, W=XY,2)

<infcos ) cos
in 0 con ) sin ¢

X i)y = cosbsin g
X x)y = cosfoos g
(&7 x ¢2); = —slnf

Intensity

)
X en)y

(o7 xex)y =

Ml ex Ly o (1+cos2¢) m |l ey Ly_pr o (1= cos2¢)
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Experimental Result

azimuthal angle dependence of superlattice intensity

ot <p <o s
e, ) e
st @oge00m fy 990 5
I A A §
¢ o I 5 g
I | .
H I G
£ 3 Teror ™
g 1
£ o
£ —--mil(0.1,0)
Aw(deg. )
o(deg.)
0<¢<90°

Inthe case of m || ¢
=0 m=(my, my, m;)
=m(0, 0.998, 0.0565)

Intonsity (a.unit)

-axis
‘ I K=(2,0,1/2) (PA

. —
(»7‘u>

EER TR

e®—e;

Aw(dog.)

Summary for magnetic structure

Magnetic structure of Ulr,Ge,
AFM order with @ = (0, 0, %)
»"uudd structure” c

* Super lattice reflections are observed
at (lattice reflection) + (0, 0, 1/2) below T

*+ Azimuthal dependent of super lattice
reflection intensity shows a good
agreement with the calculations for
magnetic moment parallel to the c axis.

© ¢ 0ee—
“e—ce ©
o a

I

* Ulr,Ge, undergoes AFM order below T
with “uudd structure”.
— a rare example of magnetic order

© o0 —eb>
—e>c e ©
c c

uudd-type magnetic structure

Example 1: 3He AFM order at ultra-low temperature
M. Roger and J. H. Hetherington, Phys. Rev. B, 41, 200 (1990).
bec crystal structure

@

" @
_h A s
Hox —zga(-a,+§;u‘ -a +§K/
Copyright protected Nerestnighbor(N)  Second N THId NN
)

content K
+ D 0+ g | + B
i<j<kat \a<p

Four-body interaction

G = (01 9)) (0% o) + (05 - 01) (01 0) = (0~ 0, () - 1)

Example 2: 1D spin chain (TICoCl;)

Y. Nishiwaki et al., J. Phys. Soc. Jpn., 75, 034707 (2006).

- the axial next-nearest-neighbor Ising

Copyright protected content (ANNNI) model

frustration is relevant

Magnetic Interaction

Magnetic interaction model of Ulr,Ge,
Jy: in-plane FM interaction

Jj: inter layer AFM interaction

J,: inter layer FM interaction

Ge-Ir-Ge

layer uudd-type AFM order emerge naturally in Ulr,Ge,
$ ‘ without - complex magnetic interaction

Ir-Ge-Ir + geometric frustration

layer

= ‘ CW-fitting for magnetization

04 50 100 150 20 260 30

T(K)
0p ~89K(>0)

- Ferromagnetic interaction

Cluster multipole ordering

Description by using the concept of Cluster multipole

-l | | il ] ti
A AN AN f 5 AT | e
E;',"Ge sdivsgo : \* @ [;ma |
o A I Y - v iR
L T Y ' -m,
Ir-Ge-Ir ) i | [
S S PO P s
gneti
LA B : Y
divB>0 @,/‘ 6.:.,,) (my) m,
Y ) Vak: V Y 7 quadrupole
> A Y Via VT é; y m,
< c

L. Lo

Alternatively stacked odd-parity multipole layered structure

Conclusion

* Ulr,Ge, undergoes “uudd”-type AFM order
by magnetic moments parallel to c-axis under Ty,. + {'

* Magnetic structure in Ulr,Ge, is regarded as
antiferroic-stacking of layers of odd-parity cluster %
magnetic multipole. % %

* From our critical behavior analysis, . .
it is suggested that Ulr,Ge, behave like 2D-Ising i<“ % ?
model under magnetic field. LS

Future works

* Studies of the relationship between dimensional
crossover and bulk properties.
* RXS experiments under weak field
+ Measurements of physical properties under 1.2 K

quadrupole

* Quantitative analysis of magnetic interactions.

quadrupole

+ Detailed investigation of magnetic interactions
+ study of spin wave excitation by inelastic scattering
(X-ray/neutron)
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4.1.9 A.Sato (Tokyo Met. Univ.)

Theoretical study on isotope fractionation in uraninite

v

TOKYO METROPOLITAN UNIVERSITY

REHMILKE

Theoretical study on
isotope fractionation in uraninite

QOAtaru Sato,! Eri Ichikawa,? Minori Abe,2 Masahiko Hadal?2

1Department of Chemistry, Tokyo Metropolitan University,
2Faculty of Science, Tokyo Metropolitan University

Background: Uranium isotope fractionation during reduction

Stylo et al. Proc. Natl. Acad. Sci. USA. 112, 5619 (2015)

235Y(VI) — 235U(IV), 238U(VI) — 238U(1V)

Abiotic reduction
by FeS, [HSJaq, [Fe"]aq etc...

Biotic reduction
by S.oneidensis strain MR-1

Change in isotope ratio of U(VI)
§U(vI)

{([mu}/{mu}) ,

samte 111000
tandard

((vl*]

Copyright protected content

C/C, C/Cy C/Cy
Progress of reaction Progress of reaction
8%38U(VI) <0 3%38U(VI) >0
238 is enriched in U(IV). 238U is not enriched in U(IV).

Biotic & abiotic reductions show the different tendency.
=May give an insight into paleo-redox conditions in the earth’s history
2

Background: Speciation of initial substance

Stylo et al. Proc. Natl. Acad. Sci. USA. 112, 5619 (2015)

pH6.8 (Abiotic reduction)

10094 M pH7.3 (Biotic reduction)
(U024 ror = 0.20 mM (€O Jpop = 30.00 mM
-3
uo2* UO,CO,4 (Uo,(COy)s*
-4
(o ANAF
o <5
S UO,0H*
5 (U0, 78\ oot
61 (Lo UO(HLE
7 ‘,h;,/:;
) UG (@ff:(aq \
U s(oH)* \\
8 \
\ ego 050
9 e

1 3 5 7 9 "
pH

Both biotic & abiotic reduction: UO,(COs);* is the dominant species.

Background: Prediction of product by EXAFS

Stylo et al. Proc. Natl. Acad. Sci. USA. 112, 5619 (2015)

References

Only uraninite shows a peak
Uy 2 around 4 A.
UO, crystal (Uraninite)
Non-crystalline U(IV) Abiotic

A peak around 4 A is
& observed.=»Uraninite

Copyright protected [HSJaq

content Peat

Chemogenic magnetite
1mM chemogenic FeS

5mM chemogenic FeS Biotic (WLP)
Biogenic FeS
A peak around 4 A

S.oneidensis(BP) .,
S.oneidensis(WLP) isn’t observed.
=>»Non-crystalline U(IV)
Abiotic reduction: Uraninite is the final product.
WLP: Widdel Low Phosphate medium, BP: Bicarbonate-Pipes medium 4

Theoretical basis of isotope fractionation in equilibrium

Isotope exchange reaction

AX+AY = AX + AY A: Heavy isotope

A': Light isotope
Isotope fractionation coefficient
_[av)[aY]
[AX]/[AX]
~InK _+InkK
b AN

Nuclear mass term Nuclear volume term

&

Dominant for heavy elements ~ Dominant for light elements

&> 0 = Ais enriched in AY.

Nuclear mass term InkK

nm
Bigeleisen and Mayer, JCP. 15, 261 (1947)

Different reduced mass () of isotopologues
=» Difference in harmonic frequencies (v) Lo [k

,gﬂ

InK,, =InB(AY)-InB(AX)
w ¢)(1-e") h,
lnﬂ_ln{l—["ui'e’”z/(]—e“")}’ =

B
B Reduced partition function ratio
v : Harmonic frequency

Vibrational energy of AX

Heavy isotope is more enriched in the system with tightly bound.
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Nuclear volume term Ink , Theoretical basis of kinetic isotope fractionation
Nomura et al. JACS. 118, 9127 (1996) & Bigeleisen, JACS. 118, 3676 (1996)
@ @ Reactant

Different nuclear size and shape of isotopes - o
=>» Difference in electronic energy %D f (\ @ @ Product
5@\ E
. & iti
InkK,, [AE“\ AX)—AEm (AY)]/kBT Electronic energy of AX I— Q @ Transition state
AE,: Electronic energy difference Reaction coordinate
between isotopic species AX AE A'X afor the forward reaction () a for the backward reaction ()
AE,, = p(0) RETS, R =TS PaTS, P TS
E(AX) > E(AX E .
p(0): Electron density at the nucleus ( ) ( ) a. = [R]/[R] _1 a = [P]/[P] _
- ) b~ ¥
"[Tsy[Ts] [Ts]/[Ts]
Equal to £between R and TS Equal to £between P and TS

v’ Heavy isotope is more enriched in the system with small AE, .

v' Electronic state around the nucleus is important.

=sRelativistic method based on Dirac equation is essential. It is impossible to obtain TS for reaction involving crystal.

=This study: We calculate gassuming equilibrium between R & P.

Schauble, GCA. 71, 2170 (2007) & Abe et al. JCP. 129, 164309 (2008) B .
Biotic reduction Abiotic reduction . Avan
255 enriches in U(IV) 2y t enrichin U(IV) Calculation of InK,, Accurate relativistic method
. enriches in M oes not enrich in
* Reactant: UO,(CO;),* * Reactant: UO,(CO,),* reqt;gt?gs a:frl:]ftDei::IcatlgISE; n;(eztg)od& Eg: zﬂrosl)f;uliéxO
8., - ) ) Y

¢ Product: Non-crystalline U(IV) ¢ Product: Uraninite

Stylo et al. PNAS. 112, 5619 (2015)
Isotope fractionation difference
may be caused by the difference of product.

An alternative calculation method for InK,, in crystal
by Schauble, PNAS. 110, 17714 (2013)

v InK,, can be determined by p(0).

o v’ Calculate InK,,, for uraninite [-:an ~[aE, ( AX)—AE"V(AY)]/kBT, AEmocp(O)}
Objective v Calculate &between UO,(CO,),* & uraninite

assuming equilibrium and compare it to biotic reduction*
v’ First-principles calculation (DFT) can deal with crystal.

Biotic reduction 3 " Abiotic reduction . 5
egedege £=271%* A [ ee®e ‘5= ? Pl v If p(0) by the first-principle and accurate relativistic method
2o 2 \'. ".;.' = 'wo:o shows good correlation, we may be able to estimate InK,, for crystal.
°
U0,(CO,)3* H CaU(PO )10%* U0,(CO,)3* ini :
2(CO5); 26 410 5(CO3); Uraninite This method worked well for Sn, Cd, & Hg system. "

9

*Sato et al. submitted.

Computational way of InK,  for crystal Computational details

» Geometry optimization & Calculation of InK,,

Schauble, Proc. Natl. Acad. Sci. USA. 110, 17714 (2013)

1. Calculate p(0) of some molecules o B Uraninite B UO,(CO;)5*
by first-principles & relativistic cales, | & e getrelationship (1). Program: VASP5.4.1 & PHONOPY2.8.1  Program: Gaussian16
Method: DFT calc. (Functional: PBE) Method: DFT calc. (Functional: CAM-B3LYP)
Pseudopotential: PAW Basis sets: SDD small core (U)
2. Calculate AE,,, of some molecules . . Cut-off energy: 1750eV 6-31++G** (remaining atoms)
[ by relativistic calc ] &  We get relationship (2). K-points: 6 X 6 X 6 Solvation effect: PCM (water)
3 Calculatep(o) of crystal Relationship (1) > Calculation of Ink,,,
p(0) obtained by first-principles calc. . e L
bY first-principles calc. B - v First-principles calc. v Relativistic calc.
vs p(0) obtained by relativistic calc.
Program: ABINIT8.8.3 Program: DIRAC16
Method: DFT calc. (Functional: PBE) Method: X2C-HF
4. Convert p(0) of crystal to AE Relationship (2) Pseudopotential: PAW Basis sets: Dyall.cv2z (U)
usmg relationships (1) & (2) p(0) vs AE Cut-off energy: 20 a.u. (544.23eV) 6-31++G** (remaining atoms)
nv

) S K-points: 4 X 4 X 4
obtained by relativistic calc. points

[5‘ Calculate InK,, of crystal] In the calculation of InK,, & InK,,,, temperature is assumed to be 298K.
12
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InK, ,, between UO,(CO;),* & Uraninite

nm
v'Ingis calculated from harmonic frequencies of all atoms

u; 6"’/2/(1—e“’):| _ hv,

u' k,T

lnﬂ=ln{

v’ Computational result of InK,,

Q*J.‘ Q‘—. ﬁ

U0,(CO;),*

= '(
Ji'0’4'
e 9

Uraninite

Unpublished data
InK,, = Ing (Uraninite) — Inf (UO,(CO,);%) =

Ing:

Relationship (1): p(0) obtained by ABINIT & DIRAC

¢ u(vI)

L V(Y

& u(v))
Unpublished data

-> Good correlation!

p(0) obtained by the first-principles calculation (ABINIT)
can be converted to p(0) by the relativistic calculation (DIRAC).

Relationship (2): p(0) vs AE,, obtained by DIRAC

» uVI)

> U(v)

| VIY))]
Unpublished data

- Good correlation!

Confirmed that AE,, is proportional to p(0)
AE,, « p(0)

InK, , between UO,(CO,);* & Uraninite
Relationship (1) Relationship (2)

Unpublished data

p(0) of uraninite by ABINIT is converted
to p(0) of uraninite by DIRAC

(0) of uraninite by DIRAC is converted
to AE,, of uraninite by DIRAC

InK,, = [AE,,(UO,(CO5),*) — AE, (Uraninite)/kyT =

v

L, Unpublished data

Dependence of £on product

Abiotic reduction Biotic reduction*®
(This study) (Previous study)

e
>

‘o o .i‘ ...
e e el e e B
“ G

U0,(CO,)* Uraninite U0,(CO,)5*

HZGCaU(Pd4)102+
Unpublished data < o= 2.71%,

Same tendency

Direction of isotope fractionation does not
depend on electronic state of product.

*A. Sato, R. Bernier-Latmani, M. Hada, and M. Abe, submitted. 17

Conclusion

v We calculated ¢assuming equilibrium between
UO,(CO,);* & uraninite

Unpublished data
\ ; '
Ct’.i:'. 4= :‘o.'

UO,(CO,),*

>
i

Uraninite
v We succeeded in calculating InK , for uraninite

v gobtained in our calculation has the same sign as that for
the biotic reduction (2.71%.).*

= Difference in electronic state of product does not affect
the direction of isotope fractionation.

*A. Sato, R. Bernier-Latmani, M. Hada, and M. Abe, submitted. 18

114




115



4.1.10 Y. Kitawaki (Kyoto Sangyo Univ.)

Orbital magnetization in many-electron systems described by spin-

orbital-polarized coupled Dirac equation

Topical meeting on Condensed-matter Chemistry on Actinides, Feb. 10, 2021

Outline
Orbital magnetization in many-electron systems described
by spin-orbital-polarized coupled Dirac equation
« Introduction
Yohei Kitawaki ) _
( Division of Science, Graduate School, Kyoto Sangyo University ) + SPCD equation (previous research)

Abstract - SOPCD equation

SOPCD (spin-orbital-polarized coupled Dirac) equation was derived
as an ab-initio theory to describe orbital magnetization, by adding
orbital-genetic current density to SPCD (spin-polarized coupled
Dirac) equation based on spin-polarized relativistic density
functional theory.

« Results of numerical calculations

- Summary

Numerical calculations of SOPCD equation for actinide trivalent
ions yielded an orbital-polarization of 5f energies, which is different
from that of SPCD equation.

Collaborators
H. Yamagami ( Dept. of Phys. Kyoto Sangyo Univ. )

1

Introduction SPCD equation

— Spin-Pola Relat

tic Density Functional Theory (SPRDFT) ————

. Orbital magnetization is significant in magnetism of heavy element materials.
. Charge density n(r) and Spin magnetization density m(r)
. ex.) Magnetic moment of actinide compounds AFe, . Local Spin Density Approximation (LSDA)

m m m « Kohn-Sham-Dirac equation
e ns oy 1"y E 11

UFey | 0.06 | -058% 047 0110 -0.83 088 0.05 [cap+ (3= Dme +V(r) + 5% B(r)] ®i(r) = =,®,(r)

NpFey | 109 | <117 070 047 220 3.9 1.20

Puke, | 045 | -348 145 -2030 319 352 033

. Expand @(r) by two different relativistic atomic orbitals for j=1+1/2

Experiments by Normal band Orbital polarized
neutron scattering calculations band calculations

- Derive a radial equation with spherical symmetry approximation
(Lander et al. 1977) (Eriksson et al. ,1990) with a parameter

(Eriksson et al. ,1990)

_D) equation
- We need an ab-initio relativistic theory that can describe orbital magnetization (‘l "'i>(;1i _ {2 L8 Vir) iﬁ(ri)’”ﬂ-“]d-} —0
without the parameter. dr v ¢

d 3 y —
<E - '”T*) CFE+ {5, -V F B(r)uw} GE+B(r) V/L —u3,G7 =0

H. Yamagami et al. (1997) J. phys. : Condens. Matter 9 10881

3 a4
SPCD equation SOPCD equation
- LSDA exchange-correlation energy - Orbital-genetic current density
Eeeln,m] = / drn(r)exe (n(r). m(r) (1) = (Wl (e ()| ¥
W Ly | W) ~ /,n- en(r)V(r) — cjr)- Ar) — ppmi(r) - B(r)]
- Approximation for interaction energy p

W) = [ e g AL ()
1| /” (1) Aty . Vector potential A(r) in Coulomb gauge V - A(r) = 0
= /1/: en(r)Vir)  ppmi(r) - B(r)]

described by n(r) and m(r) « Kohn-Sham-Dirac equation with orbital-genetic current density

. There is a possibility of overlooking interactions that are important for orbital [cacp (3 Dme? L Vir) — cor A(r) | 95 Blr) &i(r) = 2,0,(r)
magnetism.

\wr‘\*\‘\‘[l'\i»/rh —_—

Alr) = A (r) +

Bir) = Be.(r) | Belri
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SOPCD equation

- Spin-Orbital-Polarized Coupled Dira PCD) equation

] .

'(,/ [
ar

Bl /16

- Effective potentials

Pr— (‘/,/,'v/ m",),m': Vieln(r).mir)
A S

B(r) = Bucn(r).m{r)
a1

1, ) = D AN sk (q=1.2)

Pt

(1) (ﬂ‘,/ﬂm’.” /'./ m",,‘,)u‘»m
- Densities

Charge  n(r)~ D11 [u G [ w

Spin magnetization

|

Orbital current () = S W, |G B Ol lsdy + G F,
. 7

method

Summary

. SOPCD equation leads to spin-orbital polarization in lanthanide 4f and actinide
5f energies.

- SOPCD calculation is novel in terms of self-consistent calculation that includes
orbital current density as one of the fundamental variables.

« This theory can be useful for describing localized orbital magnetism.

Future work

« Application to relativistic band theory

- Linear augmented-Slater-type-orbital (LASTO) method
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4.2 Break Session 2

42.1 T.Fukuda (JAEA)

Present status of the study on energy conversion using actinides in radioactive wastes

@

TOF/AEDoREEZFALE-BSRREED
BR

Present status of the study on energy conversion into electricity using
actinides in radioactive wastes

Tatsuo Fukuda, Keniji Yoshii and Tsuyoshi Yaita

@

Nuclear wastes as energy resources

Spent fuels
~—F

Vitrified wastes

Nuclear wastes

AHeat
T~

Radiation

-Long lifetime: longer than 50 years
+Continuous energy emission
+CO, emission free

B

Energy resource

Research thus far

Energy conversion

The same as measurements for
solar batteries.

K. Yoshii, T. Fukuda, T. Yaita et al., Meeting of Atomic Energy Society of Japan (2019)

ok @—f— Mainly on a and (3 particles
PR o——— a: Thermoelectrics
R AN B: Thermoelectrics and direct energy conversion
Materials Sciences Research Center Paper™ Al Po
Japan Atomic Energy Agency (JAEA) RCEIS  Space use (NASA)
——m®| 8| O
Radioisotope thermoelectric generator 14(.: Eliizny I
(RTG) Bristol (2016) e-h pair
creation
. . . . Ocr : ; H Ocr
(@@) Gammavoltaics: Energy conversion using SiC ISR (@) Commercially available Si battery SR
Silicon carbide (SiC) Measurement on low-cost Si solar battery
Tolerant to radiation: space usage
Without hazardous elements Amorphous Si solar battery (¥200)
0.5V 250mA : about 2-3 dollars (20mm x 100mm)
- Sample: QST Takasaki Goldmaster & Everstep Development Limited
Ni(80 nm)/SiC Schottky diode
(n-type single-crystalline SiC; 25010°
1.7mmz, t=0.37mm) 8 keV 6ax10% 60 keV/
2.0x10° 4.0x10°F 7.
- Energy conversion measurement 2 1.5x10° _ 20107
SPring-8 BL22XU: 60 keV, 30keV (24Am,27Np): 10912 photons/s/mm? I ‘ (; [
X-ray apparatus: 8keV(Cu Ka):10%'%photons/s £ 1.0x10° £ 200107
[$] 0.38 yW © &
5.0x10° -4.0x10 |
radiation I 00 -6.0x10” A
. Source meter 000 002 004 006 008 02 04 00 01 02
Ni/SiC 'm Voltage (V) Voltage (V)

-Low output voltages:Band gap of Si, 1.1eV; 3.3 eV for SiC
-No detectable electrical power for 60 keV: Transparent
==) SiC is more suitable.

@

Waste heat recovery: Spintronics

@»

Tolerance for gamma rays

Electronics (semiconductor)

Electron

Joule heating

Charge Waste energy

Spin

™ Spintronics

No Joule heating

| Spintronics thermoelectric

YIG (Y5Fes01,)

Advanced Science Research Center, JAEA
K. Uchida et al., J. Appl. Phys. 111, 103903 (2012)

Electronics (semiconductor)

Spintronics

Secondary electrons
Lattice defect

Electron

Radiation

&

Tolerant of gamma rays

A. Yagmur et al., Appl.Phys.Lett.
109, 243902 (2016)

s )
| Possible usage of nuclear waste as energy resource
ey Gamma rays
® Particles (a, B. neutrons
Vitrified wastes Effect on spintronics?
\ J
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@

Tolerance for gamma rays

mSR

Origin of decrease in thermoelectriciry

ISR

Pt/Y3Fes0;2 junction

YIG layer
Pt layer

Tandem accelerator
@JAEA Tokai

Substrate

Defects in
nanometer scale

High energy Au ions

( Extremely long life A

'§’E S. Okayasu et al.,
£ 34 J. Appl. Phys. 128, 083902 (2020).
25
<
£8
% vg https://www.jaea.go.jp/02/press2020/p20082802/
23
£2
g 8
2
= Change at interface| |

. 9

0 1010 10M 1072

0 2
\_ Dose (ions/cm?) Y,

High energy X-ray photoelectron spectroscopy
(HAXPES)@BL22XU of SPring-8 (JAEA bemline)

# High ener
. Photoslecirong.
e |

Photoelectron

Xeray
y Y N
N[ Photosiectron
Pt Iayor‘[ s M@
- N N

N\, N

MM(M‘}‘ Detactable  y

Spectrum
s S

Intensity

Chemical shift

YiG

Binding energy [eV]

Chemical analysis
HAXPES spectra of oxygen ]

Fluence

~* Fluence (ionsiem?)=0
= 1x10"

= ixio*

-Valence of oxygen at Pt/YIG interface
changes from 2-
+Chemical reaction at interface

Intensity (arb. units)

To be done
More stable substrate

o34 Heavier element than oxygen?

533

532 531 530
Binding eneray (eV)
S. Okayasu et al

J. Appl. Phys. 128, 083902 (2020).

529 528

Collaboration with Kyoto Univ.

4%R

@

Summary and future studies n:‘,SR

Collaborative works among Hot Labs.

Hot Lab.
Kyoto Univ. etc.

JAEA-Harima
/ SPring-8

avy)—hI T

H-XAFS, p-HAXPES, CT, STXM
o,

E

SiFe0 . .

Y LYYF,
s

structure
Simulated Debris

=

STXM

Basic Research &
Practical analyses for
Radioactive materials.

Raman
microscopy

QXAFS ARPES

RI Laboratory@SPring-8

Hot Lab.
J

1. Gammavoltaics using semiconductors
- Dark current measurement
Nearly an ideal diode

- Electrical power of 0.1-1pW/cm?
Efficiencies about 0.2%
Radiation monitor, rather than energy resource?

- Efficiency should be increased.
Heavy elements
Stacking of thin films

2. Spitronics: Fe/YIG films
-Tolerant against gamma rays

- Electronic state observation using synchrotron radiation

- Energy conversion of radiation damaged samples
(in progress)

@»
Collaborators

Gammavoltaics

JAEA Spring-8
T. Fukuda, T. Shobu, M. Kobata, H. Tanida, T. Kobayashi,
H. Shiwaku

JAEA Tokai
J. Kamiya, Y. Iwamoto

QST Takasaki
T. Makino, Y. Yamazaki, T. Ohshima

Spintronics: JAEA Tokai, Tohoku Univ., Univ. of Tokyo
J. Teda, K. Harii, S. Okayasu, E. Saitoh
T. Kikkawa, T. Hioki
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422 T. Oda (Kyoto Univ.)

Slow dynamics study by neutron resonance spin echo spectrometer

Spectroscopy by neutron beam

Ref. Lecture note of Dr. R. Pynn (LANL)
ps://www.ncnr.nist. 17/pdf/Lecture_1_Theory.pdf
Phonon, Magnon
Diffusion, Relaxation ...

2021 Feb 10

Slow Dynamlcs
\ Spin Echo Speci

Select angle &
wavelength

Atomsin a
crystalline afnpl-

10
10*
10°
10°
3 N | Analyze | -
§ 10° \ Select angle & “~ o/
5 10" wavelength ”
102 \ | T=300K - : T
3 “thermal neutron” 10
° Fhoton E=25meV ®A=18 A ? « (e.g. Phonon in Cu)
0 Neutron g ) / | it
10° Ll pl length—Ene lati S f A
@ K 2 4 rgy relation 5 i |
001 o ! 10 s suitable for dynamics iy, i L
Wavelength (nm) in materials v s I
Neutron spectrometers of J-PARC MLF Neutron spin echo method

Quasi-elastic neutron scattering spectroscopy using spin Larmor precession (Mezei 1972)

Symmetrical B*L product
- The Larmor precession
angles reconverge: Spin echo

/Bldl o /BZ(H
M. Monkenbusch, et al., C. R. Physique 8 (2007)

With rlneutron velocity change on the sample

‘g‘ 08
[
K £
E 206
£ H
zE £oa
2
0.2
Asymmetry, B,L, - B,L, 005 =5 Q 5 10
i i . K colors = different wavelengths Bili—Boly
Fourier time, MIEZE: 0.1 ps —1ns H. Seto et al., BBA 1861, 3651 (2017) || €
NRSE: 0.1-100ns 3 3 Asymmetry: deviations from the echo 4

Quasi-elastic scattering

1 10
= Hete -~ Elastic ; Fourier transform
8 — Inelastic 8 — QENS
. . . 1.
3 | Excitations < [Thermal flufttuation
] s °[Diffuse, r =
£ & | i o o4
24 34 Relaxation, z s
= = 04]
2 2
02
(] 0!
-4 -3 -2 -1 12 3 4 -4 -3 -2 -1 0 1 2 3
Energy transfer  farb. u.] Energy transfer, o [ LeV] Fourier time, = [ns]
i e.g., AE/E S 10°
Energy selection rd !
of incident beam NSE NSE method observes the
. ! intermediate scattering function
05 0.5/
1Q,t) = [ S(Q, w)dw
ona ::v: }\/}\..1 % 4 f ’
Zo3 & 0 )
02 02 Wide energy acceptance for
oy a the incident beam
0.0 02 406 08 10 00 02 04 06 08 10

) K -> high energy resolution
Fine monochromatization (AE<sub-peV & t> 100 ns )
cause a big intensity loss...
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Village of neutron resonance spin echo spectrometers (VIN ROSE)

- NRSE (Neutron resonance spin echo)

Aim for high energy resolution (~100 ns)

- MIEZE
(Modulation of intensity with zero effort)

Study of magnetic dynamics under a high
magnetic field

NRSE: R. Géhler and R. Golub, Z. Phys. B 65, 269-273 (1987)
MIEZE: R. Gahler et al., Physica B 1808181, 899-902 (1992)

MIEZE-type spin echo spectroscopy

Neutrons Guide field ‘ N
/ Detectot |
_____ T E— }____ : E
Polarizer(_RSF1(~1) RSF2(2) ) Analyzer £o
RSF1 RSF2

4t v

ﬁ Detector

S

o

v

Neutron energy / .
€
S

' Iﬂl !
Polarizer

flip!

Anailyzer
—

[ ‘.

Quantum superposed state with different energies
-> time beat of neutron intensity

MIEZE: R. Gihler et al., Physica B 180&181, 899-902 (1992)
Features of TOF-MIEZE: T. Oda et al., Phys. Rev. Applied 14, 054032 (2020)

Time beat

E
4 wri=wa- wlv
\¥/

“Time of fight [ms]

A

=N

Features of MIEZE-type spin echo
Polarization — 4’ Spin analyze

guide tube lide field
TF—t=_ln | (Stic ield B.1 Static field B> bir;alyzer "
‘— . ——
Polarizer system | lF!F1(w1) RF2 (w2)

1. The incident neutrons to the sample are in spin-up state only.
=>The echo signal is robust to the magnetic field.
2. Additional spin analyzer is applicable after the sample

<

Suitable for the study of spin dynamics

Detector (RPMT)  Vacuum duct  Excitu SEOP system Sample oy oo

Test of 3He spin filter as the 2" analyzer
T. Okudaira et al., Nucl. Instrum. Methods A 977,
164301 (2020)

Towards wide dynamic range

10°

@Llsd=1.7m

f=0.2 kHz 2kHz 50 kHz 200 kHz 800 kHz

26 =10 deg

%

(e

=104

Q2

%)

c

©

=}

:E’ 1072

2

c

uEJ \\\
2 : “~constant 28 20=0.4 deg

10-3 constant A
1074 107* 1072 107! 10° 10t

Fourier time, T [ns]

* Fast dynamics region (< sub ps) need fast neutrons such that v << v

Neutron wavelength [A]

Recent application of MIEZE spin echo spectroscopy
Magnetic Skyrmion

MIEZE spectroscopy by continuous beam

Muhlbauer et al., Science 323, 915 (2009) Kindervater et al., Phys. Rev. X 9, 041059 (2019)

MIEZE spin echo measurement with cryostat and
magnetic field at BLO6

PI: T. Nakajima (ISSP, Univ. Tokyo)

Intensity

k//HO2T

0

—

PM

26.6 27 27.427.828.2286 29 294

Temperature [K]
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Spin dynamics at phase boundary of Skyrmion phase

Analysis of dynamical information, | (Q,t) in resolved Qx-Qy space

Nakajima, et al., Phys. Rev. Res. 2, 043393 (2020) 13
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423 A.Sunaga (Kyoto Univ.)

Theoretical study of the linearity of uranyl molecule based on relativistic

correlation method

1

KURNS
RBAFEERFARZHER

IR PNES

Theoretical study of the linearity of
uranyl molecule
based on relativistic correlation method

Ayaki Sunaga

Institute for Integrated Radiation and Nuclear Science, Kyoto University

1/12

Background

Orbital energy (a.u.)

Lanthanides

No. of 4f electrons(n)

Orbital energies of

0 5 10 15 7s and 5f are close No. of 5f electrons(n)
0 : i 0 5 10 15
0 T T
N 666occc00000ee L T
§-0'5 7“‘Kxx Z05 F 85 £xx
:ﬁ; n XXXXXX K 3 i xxxffi
o - L X
E -lééﬁzi:XXXXXX gl ..XXXXXXXXXXXX
Dl | "nag, s LI
& 53 r .I... j
£ = = [
Coq IS) . .blnn-orblt splitting is| largex
25 00“ 25 ."
e
3 : o
A 4F- X 4F ¢ 35 = 3P- 3 NS SRS FRR N GSRRANCEY
* 5P @ 5D- + 5D - 6S ©6P ®6D- - 6D -7S

Method : 4c-mutli component SCF/Numerical basis set; configuration : 4f"5d '6s2, or 5 "6d '7s*

2/12

Background

Orbital radius <r> (a.u.)

Lanthanides

5 5
) ° = . Delocalization of 6d -

40 41 3 .
3 = ‘é“ + + %
& L L o .
T 3 [vecusecsasenss A/%’v} ¢3S
\

v v

2 2 r 2 2 Fxx

£ N 2 X X X x x

LN AL LTI SaR R R R ENTTT
S ] FXxxy ﬁ/lv, L X XXxx
g XX XX XX xxxx g Delocalization of 5f 1

0 ‘ ‘ T ‘ :

0 5 10 15 0 5 10 1§
Number of 4f electrons (1) Number of 5f electrons (1)

L 4F- x 4F o 5S m 5P- 4 5F- % 5F ¢ 6S = 6P-

x 5P e 5D- + 5D - 6S * 6P e 6D-+ 6D - 7S

Method : 4c-mutli component SCF/Numerical basis set; configuration : 4f”5d '6s, or 5f"6d '7s* |

3/12

Previous work

Electronic structure of actinide compounds

> Review on oxides (AnO, AnQ, and cations)

“Quantum Chemical Calculations and Experimental
Investigations of Molecular Actinide Oxides”[1]

» Ground state of uranium dioxide (UO,) [1]
Initial calculation * *S,72], *H,[3]
Recent calculation : 3F,,(4¢-CI [4], 4c-MRCC[5])

> Derivatives of UO,?* and their properties
Gibbs free energy of 1_1022*’(H20),,2+ [61
Electronic population of UO, (NO;)* - (H,0) [7]

[1] A. Kovics, R. J. M. Konings, J. K. Gibson, I. Infante, and L. Gagliardi, Chem. Rev. 115, 1725 (2015).
[2] J. H. Wood, M. Boring, and S. B. Woodruff, J. Chem. Phys. 74, 5225 (1981).

[3] G. C. Allen, E. J. Baerends, P. Vernooijs, J. M. Dyke, A. M. Ellis, M. Fehér, and A. Morris, J. Chem.
Phys. 89, 5363 (1988).

[4] T. Fleig, H. J. A. Jensen, J. Olsen, and L. Visscher, J. Chem. Phys. 124, (2006).

[5] F. Real, A. S. P. Gomes, L. Visscher, V. Vallete, and E. Eliav, J. Phys. Chem. A 113, 12504 (2009).

[6] S. Tsushima, T. Yang, and A. Suzuki, Chem. Phys. Lett. 334, 365 (2001).

[7] M. Hirata, R. Sekine, J. Onoe, H. Nakamatsu, T. Mukoyama, K. Takeuchi, and S. Tachimori, J. Alloys
Compd. 271,128 (1998). 4/12

Previous work 1/2
Linearity of UO,**

(11

(1

v From Figure 2, the potential favors the
linear form by adding the 6p orbital [1].

v From Figure 3, ¢,* orbital is stabilized
mainly by 5f orbital [1]

‘Which is more stabilized,
b, + a, in the bend one, or
0,* + 0,* in the linear one?

)
a9

AL

[1] K. Tatsumi and R. Hoffmann, Inorg. Chem. 19, 2656 (1980).
5/

=
(%)

Previous work 2/2
Linearity of UO,**

v" As the molecule becomes bend (from
180° to 120°), the MO #10 is
destabilized. (Finally the destabilization
is0.9¢eV)

v’ The ratio of 6p(U)-2p(O) anti-bonding
7 orbitals is increased by the bend
structure.

Some orbitals look stabilized in
-~ the bend structure... -

** .0 VM\_/\_/\—/
&

[1]1 P. Pyykko and L. L. Lohr, Inorg. Chem. 20, 1950 (1981).

[2] P. Pyykko and L. Laaksonen, J. Phys. Chem. 88, 4892 (1984). 6/12
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Analysis of the linearity of UO,2*
based on the relativistic quantum chemical calculations

i) Clarification of the origin of the linearity of the UO,?" by
calculating the various structures of UO,>*

ii) Clarification of the contributions from the atomic orbitals of U
and O to the molecular orbitals of UO,2*

7/12

Result
Molecular orbital energy of UO,*"

v" Total electron of UO,2* : 106

Orb. 53 (HOMO)...Elec. 105,106

Orb. 52 (HOMO-1)...Elec. 103,104

v The O=U=0 angle is changed from
90° to 180°

Relativistic effect: exact two-component;
Method: Hartree-Fock; Basis set: dyall.2zp

The result has been unpublished

8/12

Orbital energy at 120 and 180 degrees

From the comparison between
the sums of the orbital energies
(from #53 to #43),

The result has been unpublished

C
he! T
P
9/12

Result
Comparison between H,O and UO,"

The result has been unpublished

10/12

Result
Contribution of correlation effects

Relativistic effect:
DCG-X2Cmmf

Method: CCSD(T)
Basis set: dyall.cv3z

The result has been unpublished

11/12

Conclusion
@ Linearity of UO,?* has been clarified?

The result has been unpublished

[1] P. Pyykké and L. L. Lohr, Inorg. Chem. 20, 1950 (1981).

[2] P. Pyykko and L. Laaksonen, J. Phys. Chem. 88, 4892 (1984). 12/12
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424 M. Nogami (Kindai Univ.)

Change in precipitation ability of treated cyclic urea compounds for

selective precipitation of U(VI) species

Feb.10, 2021, Kumatori, Kyoto Univ.

%9@ Change in precipitation ability of treated cyclic urea
compounds for selective precipitation of U(VI) species

Masanobu Nogami
Faculty of Science and Engineering, Kindai University

Cyclic urea compounds have been studied

for selective precipitation of U(VI) species in

HNO; media. It is important to evaluate the

stability of these compounds under heated

and irradiated conditions.

Degradation properties of these compounds

are complicated :

v Low reproducibility

v Existence of such as thresholds where
decomposition vigorously occurs

DMPU (1,3-dimethyl-  py (tetrahydro-
3,4,5,6-tetrahydro-2(1H)-  2.pyrimidinone)
pyrimidinone)

| would like to have fruitful suggestions from j
the participants.

Collaborators : K. Shirasaki (IMR, Tohoku Univ.)
T. Suzuki, Y. Ikeda (Tokyo Tech.)

Uranium separation by precipitation

Precipitation :

O : Easy handling
X : Difficulty in increase in DF

-

Application to uranium separa
v" Rough separation

v' Reprocessing of FBR fuels

Earlier precipitants for U(VI) in acidic HNO,

Precipitation

>

Rapid o
U-NCP precipitate
UO,(NO;),(NCP),

Filterability : Good

U0, + FP
in HNO,

Filtration

9
N-Cyclohexyl-2-pyrrolidone

Q
NCP consists of C, H, O, N.
Fully combustible

Calcination ;g

Concept of reprocessing system based
on precipitation method

o o

Precipitant of Precipitant of

pyrrolidone pyrrolidone
Spent FBR derivative of lower derivative of higher
fuels hydrophobicity hydrophobicity
| |
HNO,4 — )
istp 2nd precipitation High-level
‘ Dissolution }— w process |— Filtrate — s process — mmi‘;ste
ipitati u precipitation;
2-3MHNO, 7 { prech ) 21RO~
FENp. TRU* |

[}
U precipitate

U fuel for FBR blanket

U&Pu precipitate

Calcination

MOX fuel for FBR core

Candidate NRP precipitants

NRPs for first NRPs for second
precipitation process precipitation process

logP Dy logP D,
Nf N-n-propyl- N N-(1,2-dimethyl)- "
2-pyrrolidoneg 20 27.2 propyl-2-pyrrolidone 0.86 26.9
° (NProP) Y (NDMProP)
E(\N N-n-butyl- }N—neopentyl-
2-pyrrolidone N 2-pyrrolidone 099 272
(NBP) 0.70 265 Q (NNpP)
° o
N-iso-butyl- N cyclor_|exy|-
N 2-pyrrolidone 0.59  27.6 yrrolidone 110 286
(NiBP) Y CP)

Degradation of NRP of lower
hydrophobicity by irradiation

B
H
2
H

s

04 0.6
Dose / MGy

—o—6MHNO,

Precipitation ratio of UO," / %

-]
Dose/ MGy

Dependence of P.R. of NRPs of lower
hydrophobicity on dose
(2M NRP, 3M HNO,, [NRP)/[UO,]=1.4)

Changes in residual ratio of NBP
by y-ray irradiation
> Generation of oily drops
-
Drops disappeared afterward. Approximately 20 % of NBP
was degraded after

> A gas continued to generate from irradiation of 1 MGy.
all samples irradiated in 6 M HNO;.
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Degradation of NRP of higher Expected major degraded mechanism of NBP
hydrophobicity by irradiation

[ Tone [ oo | oo [ oy | ey |

% alelal g

e (IR =Lt
S v
= = 02 04 0.6

NCP " Dose / MGy
g . “'1
= 1.10) v = |

(1) Addition
of oxygen

| Dependence of P.R. of NRPs of higher

hydrophobicity on dose
Appearance of irradiated samples

(2M NRP, 3M HNO;, [NRP]/[UO,#]=1.4)
(13kGy/h, R.T. : 2M NRP, 3M HNO;) |

) ks LT ks e g $
| n-Butylamine Propionic Acetic co,
. id acid
Split into 2 phases aci i

Urea compounds for selective Stability experiments
precipitation of U(VI) in HNO,

Heating experiments y-Ray irradiation experiments

O Test solutions : HNO; containing O Test solutions : HNO; containing
0.5 M (=mol/dm?) DMPU or PU 0.5 M DMPU or PU

O HNO; conc. : max. 8 M

O Heating time : 360 min

O Heating temp. : 90 °C

0O HNO; conc.: 3,4 M

O Irradiation source : #°Co

O Irradiation time : ca. 140 h

e O Dose : max. ca. 0.63 MGy

\ NRP) ) —
DMPU (1,3-dimethyl-3,4,5,6- ~———"

tetrahydro-2(1H)-pyrimidinone) PU (tetrahydro-2-

pyrimidinone)

Comparison of urea compounds with NRP :

O : Expectation of higher selectivity to U(VI) than Pu(IV)
X : Less chemical stability

Evaluation of residual ratio by "H NMR

Appearance of sample solution of heated DMPU
Utilization of change in area of each

signal to that of standard material for
evaluation of residual ratio

Solvent : D,0
Standard material : * 1MHNO;:
helmiclacid kept colorless transparent

o
Formic  (b)3.1ppm HyC._ )J\ _CH;
acid N N

* 2MHNO; :

(8.2 ppm) k/(c) ()3.1ppm v turned pink (after 90 min)
@ and pale yellow (after 360 min)

(c)2.7pp!

113;1 .65ppm
(a)1.8ppm
A

* 4 MHNO;:
1.0 .
e generated vigorous NOx gas
with turning yellow
H NMR spectra of DMPU (left) and PU (right)

30 25 20 15 33 3 23 20 13
chemical shift [ppm]
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Appearance of sample solution of heated DMPU

* 1 MHNO;:
kept colorless transparent

* 2MHNO; :
turned pink (after 90 min)
and pale yellow (after 360 min)

* 4 MHNO;:
generated vigorous NOx gas
with turning yellow

Appearance of sample solution of heated DMPU

* 1MHNO;:
kept colorless transparent

* 2MHNO; :
turned pink (after 90 min)
and pale yellow (after 360 min)

* 4 MHNO;:
generated vigorous NOx gas
with turning yellow

Appearance of sample solution of heated PU

* 1t0 6 MHNO; :
kept colorless transparent

*+ 8 MHNO; :
turned pale yellow
(after 120 min)
and generated vigorous
NOx gas with turning green
(after 330 min)

Appearance of sample solution of heated PU

*+ 1t0 6 MHNO; :
kept colorless transparent

*+ 8 MHNO; :
turned pale yellow
(after 120 min)
and generated vigorous
NOx gas with turning green
(after 330 min)

Ch es in residual ratio depending on heating time

DMPU
I i i
z“fit o ® ] N ONH
£ ® (a)
= (a)
H 5 4 3 2
% YT Chemical shift [ppm]
Time [min] < L
PU NOy gas
v generation 0]
e i Eean ) IINLNH:
W IMHNO, * | <
N L
& ZMHNOY * ‘ S Sone
A M HNO,
e |
* b
. 8 5 4 3 2
° oo e Chemical shift [ppm]
Time [min]
Changes in residual ratio of DMPU (top) "HNMR spectra of PU heated in 8 M HNO,
and PU (bottom) versus time for 0 min (top) and 360 min (bottom)

Appearance of irradiated sample solutions

DMPU, 3M HNO; DMPU, 4M HNO; PU, 3M HNO,

PU, 4M HNO,
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Changes in residual ratio of DMPU depending on dose

Changes in residual ratio of DMPU depending on dose

1w} " ey [Comoy ] ® 0
= ® ) He &
| £ A c b
| ) ° o © N
%
- . ] ey |
R TR R
e Dot MOY] oo o e |y | bem——m——_————E °
I

0.38 MGy . o

. | 1
* |
a sl | =
060 005 010 015 o35 04 | | 0 065 030 015 030 035 0.4 . ‘
1
Dose [MGy] 4 - - — L ‘l Dose [M - = o = A
0 35 30 25 20 s 40 35 30 25 20 15
Changes in residual ratio of DMPU versus |\ Chemical shift [ppm] ‘l | Changes in residual ratio of DMPU versus Chemical shift [ppm]

|
|
|
|
|
|
|
‘ |
|
|
|
|
|

dose (3 M HNO; (top), 4 M HNO, (bottom)) I dose (3 M HNO; (top), 4 M HNO; (bottom))

H NMR spectra irradiated in 3 M HNO, 1 H NMR spectra irradiated in 4 M HNO,

Changes in residual ratio of PU depending on dose Changes in residual ratio of PU depending on dose

o
" | 4l |
A o | A o]
t ? [
@ | | @
: 0.16MGy ‘l = | 163Gy | ‘l
o103 05 oh o5 os o | e o e o |
Dose [MGy] i | Dose [MGy] 1 |
——————— | ———==—=ds 2
0 38MGy “ 047Gy, ‘l
il | u
° ° bl “ L4 ® b ‘l
. . [ | » . u
[ J [ I
o & o5y i i L i I
L] [} | N~ N, I | L] u IT/ “NH, I
e E ol e J .\z/!\nHOI | el e e s 0 T d .\v/!\m-ul
Dose [MGy] | | ‘ ‘ | Dose [MGy] ;
Changes in residual ratio of PU versus dose 40 35 i 30 25 20 A s ‘l Changes in residual ratio of PU versus dose T 20 - 15 ‘I
(3 M HNO, (top), 4 M HNO; (bottom)) | Chemical shift [ppm] | (3 M HNO; (top), 4 M HNO, (bottom)) hift [ppm]

Precipitation experiments

Precipitant sample

1. Neat DMPU and PU

2. Heated or irradiated DMPU M :
3. lrradiated PU leasurement o

Mixing metal ion concentration
at 1 (viv) of supernatant
by ICP-OES

Change in P.R. of treated precipitants
P.R.[%]
Nd(ill) Fe(lll) Pd(ll)
HNO; conc. 3M | 4m 3M | 4m 3M | 4M
Neat .8|~0|~0 ~0(~0 182/ 8.8

Solutions of U(VI) and FP ions Heated 27 .0|~0[02]1. 10512.0

Irradiated d 02|~0 18.1(18.1

Neat 4 7.9|33(2. 08|~0

Zr(IV), Nd(ll1), Mo(V1), q o :
Fre((”?)v Re((vzl), gé(”)) Evaluation o{ gr;c)lpltatlon ratio

ORT. p.R.=Mimi=Mawp o 100 [%]
O HNO; conc. :3,4 M Mini
O Precipitant conc. :0.5 M each
O Metal ion conc. : My Initial conc. of metal ion

U(V1) 0.5 M, FP 2 mM each Mgy, - Metal ion conc. of supernatant
O Mixing time :U(VI) 1 h, FP 0.5 h

& Irradiated d ~0(0.2 17.6/25.8]

Precipitate was not observed for samples of P.R. < 10 %.
P.R. of treated DMPU for U(VI) were decreased.

For PU, U(VI) precipitate was observed only for neat samples after
mixing for ca. 12 h.
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Change in P.R. of treated precipitants
P.R. [%]

Nd(ill Fe(lll Pd(ll)

HNO; conc. 3M | 4m 3M | 4Mm

~0[~0 18.2| 8.8

Heated 27|~0 . .2 1. 10.5[12.0)

Irradiated ~0[~0] 1. . 18.1[18.1

Neat 9|~0[~0 . . . 08|~0

- Irradiated ~0]46 . 17.6(25.8]

Precipitate was not observed for samples of P.R. < 10 %.
P.R. of treated DMPU for U(VI) were decreased.

For PU, U(VI) precipitate was observed only for neat samples after
mixing for ca. 12 h.

Conclusions

Stability

« PU was found more stable than DMPU.

« Both precipitants seem to have thresholds where decomposition
vigorously occurs during heating.

Expected applicable | DMPU : HNO; conc. max. 2 M
solution conditions PU max. 6 M

Precipitation ability

* PR. of treated DMPU and PU for U(VI) were decreased to extent
that no U(VI) precipitates were observed.
Precipitation ability of treated DMPU for U(VI) was found higher
than that of PU.
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4.2.5 Y.Homma (Tohoku Univ.)

Mossbaure spectroscopy of the Eu-based skyrmion compounds EuPtSi

and EuAl,

Topical meeting on Condensed-matter Chemistry on Actinides:
The Kumatori meeting 2021 (Online)

Mossbauer Spectroscopy of
Eu-based Skyrmion Compounds
EuPtSi and EuAl,

IMR, Tohoku University
Yoshiya HOMMA

vy
\YAY,

@
Research
—

Collaborator

A. Nakamural, M. Kakihana?3, Y. Tokunaga?, Y. Shimizu?,
D.X. Li, A. Mauryal, Y.J. Sato®,1, F. Honda?, D. Aoki?,
M. Hedo®, T.Nakama®, Y. Onuki®>?

1IMR, Tohoku Univ., 2Grad. School Eng. & Sci., Univ.
Ryukyus, 3Acrorad Co. Ltd., “ASR, JAEA, 5Fac. Sci., Uni.
Ryukyus, ®Grad. School Eng., Tohoku Univ., 7CEMS, RIKEN

e 2, oS
g b @R

& bt [ ]
—, RIKEN

@ A-Phase induced by magnetic field

Dzyalosinkii-Morita Interaction
Magnetic skyrmion in f-electron system

M. Kakihana et.al, M. Kakihana et.al,
J. PSJ, 87, 023701 (2018) J. PSJ, 88, 094705 (2019)
T. Takeuchi et.al,
J. PSJ, 88, 053703 (2019)

S. Miihlbauer ez al.
Science. 323, 915 (2009)

(@ 1st Order Transition at 7y=4 K
EuPtSi1 with trillium lattice

Reach to R/n8 at
15~20K

D.G. Franco et al.
PRB 96 014401 (2017)

Hysteresis at
Sharp Peak at 4 K around 4 K

Kakihana, Onuki et.al,
J. Elec. Mater, 46, 3572 (2017)

Sakakibara, Nakamura ez al.
JPSJ 88, 093701(2019)

M. Kakihana et.al,
J. PSJ, 87,023701 (2018)

©)

Connected Triangles in the Trillium lattice

© B0 &
P2,3(#198)

© 2-fold screw:[100]

@ |ost 4-fold rotation

®) @ gmum! rillivm-2 © 3-fold rotation
Y c, [111]
A @

ITrillium-4I

© 4sites

Specific heat of trillium spin lattice

Monte-Carlo simulation Soft peak with broad Tail

of FM ising model
for Eu Trillium lattice

T.E Redpath & J.M. Hopkinson
Phys. Rev. B 82, 014410 (2010)

Ontario

Trillium lattice
Trillium Foundation

Inverse magnetic susceptibility
Deviation from C-W law

Spin-Ice

p—r
(U]




w

T,
., B

T3 456

T3 456 2

Temperature (K)

.  Below T <4K?

The relaxation rate

151 IS: Isomer shift
Eu Mossbauer Spectroscopy ~\\ 300K
| 200K
Wilth,
100K
\t o
Transmission 25K
151Sm source 3.7GBq 0o 17.5K
Vel. Calib; Laser Interferometer 15K
Source Temp.;keen at 4 — 5 K z 13.3K
Crushed Powder from single crystal _c;: 11.8K
151 s 10K
& Gd 1204 f;” 8.3K
& 7.2K
6.6K
0.36 ns
5K
588 us 0.7 4.2K
(a)
181y Life time of Excted state n n p y
u =inverse relation -14 -12 -»10 -8 -6 -
Tinverse reati Velocity (mm/s) Vel ocll?y (m/.)o 10
Temperature dependence of
Maossbauer spectra and sp
[ — ) ) ) j 351
cpg o Heype T
0sF 2 I SL=
Eu ‘EuSe H,,
€ odf (CaF) A g 2
S oul @ EuPSi 40K H0)=25.6T S of 2
A MnSi: T=29.5 K (uSR) S - =
° etal
02F  ® EuO: T=67 K, H(4.2 K)=30.0 T
-~ Brillouin function (J=7/2) 251 EuPtSi A | K
y X L L L L 10 100
0.0 02 0.4 Tfrc()ﬁ 0.8 1.0 14 R o 3 Temperature (K)
IS (mm/s) Recoilless fraction
Hy=HytH,,+H,,=25.6£0.4 T
T« f(T)
as H,,.= 34 T (for localized Eu?* with 7p;) 2
core Hp —exp|- 3E, 1+4(1) fQ/T X g
) 2k,0 o)t o1
Alloying effect: H,,= - 4.6£0.8 T Debye phonon
4 x
_ -3 T\ por x'e
Coordination effect: H,,= -3.8+0.8 T Ey=16151x107eV Cyy=9Nk, (6)_[0 (@ -1y dx
Line Width T Relaxation rate
reflecting Magnetic fluctuation Observed by pSR o i‘ o
230 H=10 kOe T . .
301 £ N EuPtSi
- ézof HY/[111] = ZF-uSR
EZO’ =S '
£ P 1
ol 0\160 .
() |
0p r . N
e o2 ) N
BT : l
Temperature (K) [ : ‘% 7
[ y } ! . %W
@1 Induced below 8K Y tmews 0 " ;
a4 AF | FD PM 1me (us 1 10 100
T4 T(K)
E| m N A(t)=A0exp (A(t—T0))+C
- o Remaining X
E To = splitting line . 3 I Enhancement of relaxation
= - single line magnetic fluctuation

ratebelow 15 K

Diverged below 9 K
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Fluctuation-induced first-order

Precursor of the helical magnetic order

T": Precursor of 1-st order
(Vollhardt Invariance)
T T+l

Ty based on Mean field
(Weiss temperature)
Ty~ a,

FD (Fluctuation Disorder)
M. Janoschek et al. IM (Intermediate)
PRB 87 134407 (2013) SRO (Short range order)

MnSi (Pfleiderer’s group of TUM)

Bauer & C. Pfleiderer
PRB 85 214418 (2017)

Fluctuation-induced first-order transition is realized between PM and HM

“DM-HM is at the heart of problems such as topological magnetic order”

Brazovskii Theory

For liquid crystal

The “blue phase” between

a chiral cholesteric phase & anisotropic phase

S.Meiboom et al.
Phys. Rev. Lett. 46, 1216 (1981).

Dispute about

the Fluctuation induced 1°t order

Neutron diffraction of MnSi under
magnetic field
Incoinsidence of the magnetic field point
between 1% order & magnetic fluctuation

C. Pappas et al.
PRL 119, 047203 (2017)

Thermal expansion of MnSi
under magnetic field
Non-observation of tricrutical point

A.E. Petrova & S. M. Stishov
PRB 94, 020410(R) (2016)

We need
Méssbauer spectroscopy
under magnetic field

Thermal stability of A-phase and FD-phase

4 EuPtSi
. HIT100]

; T
O Hommaeral (3) |

W sakakibara e al.(4)
_ Takeuchi er al.(5)

rce

. Next project

£ 200
{

Successive four transitions
and
anomalous resistivity of EuAl,

centrosymmetric
tetragonal structure
Of EuAl,

T. Shang et al. Phys. Rev. B103 (2020), L020405.

A Nakamura et al. J. Phys. Soc. Jpn. 84 (2015), 124711.

Méssbauer Spectra of EuGa,

Antiferromagnetic state

O

Relative Intensity
=

-10 0 10
Velocity (mm/s)

Relative Intensity

Paramagnetic state

[RE)

110

k]

]

=
2

085

-10 0
Velocity (mm/s)
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Relative Intensity

1.

Mossbauer Spectra of EuAl,

Antiferromagnetic state

AT
EuAl,

-30 20 -10 0 10 20

Velocity (mm/s)

Paramagnetic state

P

Velocity (mm/s)

Hyperfine Fields of EuGa4 & EuAl4

T
EuGa,

-200]
® H, (Massbauer)
-1001- X H; (NMR)
O HeH|[001]
A HzHI [100)

— Brillouin Function (S=7/2)

0 s 10 15
Temperature (K)

o EuAl,
4 (BugsLag)Al

Temperature (K)

Magnetic structure of EuX,

Relative Intensity (arb. units)

Relative Intensity (arb. units)

110
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4.2.6 K. Nagata (Osaka Univ.)

Synthesis of Actinium Complex with a Macrocycle Having Pyridine

Phosphonate Pendant Arms

Synthesis of Actinium Complex with a Macrocycle
Having Pyridine Phosphonate Pendant Arms

Kojiro Nagata,' Kazuaki Baba,' Atsushi Toyoshima,? Tatsuo Yajima,® Takashi Yoshimura'

"Radiolsotope research Center, Institute for Radiation sciences, Osaka University
2Division of Science, Institute for Radiation sciences, Osaka University
SFaculty of Chemistry, Materials and Bioengineering, Kansai University

o In the field of nuclear medicine, the development of a new
chelator suitable for stabilizing actinides and lanthanides
complex is important for drug discovery.

o We succeeded in the synthesis of a novel macrocycle chelator,
macropp, HsL, and the La complex with the ligand. It was 06 2

-

characterized by '"H NMR spectra, IR spectra and X-ray analysis.  Fig.1. Crystal structure of [LaHL(H50)]

o The crystal structure of [LaHL(H,O)] shows the coordination site

e
of La3+ are occupied by HL3 and H,O as displayed in Fig. 1. 5’0 = . .
é 80+
O The stability constant of the La complex was determined 5 oo/
in 0.1 M KNOg3(ag.) by means of potentiometric titration. ‘é, w0
The obtained Ky, value is 11.2 M. 2 .
S 204
o In higher concentration of [L] = 106 M, quantitative “ o

radiolabeling of HyL with 225Ac (Radiolabeling Chemical Yield

> 95%) was achieved under ambient conditions as shown in
Fig. 2 Fig. 2. Radiolabeling of HaL with 225Ac3*

Ligand concentration / M
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4.2.7 T. Yamane (Nagaoka Univ. Tech.)

Electrochemical method of minor actinide recovery from nitric acid

solution using Ga liquid electrode and ionic liquid

Topical meeting on Condensed-matter Chemistry on Actinides,Feb.10,2021

N

Electrochemical method of minor actinide
recovery from nitric acid solution using
Ga liquid electrode and ionic liquid

Tomoya Yamane', Tatsuya Suzuki',Chikage Abe2,Kenji Konashi?
1 Nagaoka University of Technology , 2 Tohoku University

Break Session 2
16:00 — 17:00

Introduction 1

Currently, spent fuel is reprocessed by PUREX method.
The minor actinides(MA) and fission products(FP) removed by PUREX method
o

It is being considered for geological disposal by vitrifying it as high-level
radioactive waste (HLW).

Wet reprocessing(PUREX method)

v' The Purex method is one of the solvent extraction
methods that uses a nitric acid solution as an aqueous
solution and TBP as an extractant. The process of
separating U and Pu by reducing Pu after simultaneous
extraction of U and Pu.

v Since a large amount of water is used, the process
becomes complicated and the amount of waste
generated increases.

Introduction 2

Potential radiotoxicity of spent fuel

Spent fuel has a potential radiotoxicity,
which continue approximately 100,000
years until this radiotoxicity reduce
under natural level of original uranium
ore.

—~——

This time is reduced to hundreds of
years by removing MA from spent fuel.

=)
>

S

B

Raidotokicity (SWHMT)

Years after Spent Fuel Dischrge

v' Separation of MA from lanthanides is difficult in the aqueous
solution, because of the valence and ionic radii of MA and

Introduction 3

Dry reprocessing(Molten salt electrolysis method)

v" One of the dry reprocessing techniques, can separate MA
from lanthanides relatively easily.

v" LiCI-KCL is used as the molten salt at high temperature and
in an argon gas atmosphere, and the liquid Cd metal
electrode is used as a cathode. MA is recovered in this Cd
electrode with nuclear fuel materials.

v" Molten salt is not easily deteriorated by radiation, so it can
be applied to fuels with a short cooling period and fuels with
high burnup.

v' The operating temperature is high and the decontamination
factor is low.

! Research is being conducted using Ga as an alternative
lanthanides. electrode material for Cd.
I
Introduction 4 Experiment 5

In this study

Proposing a new MA recovery method that can be bonded to the PUREX
method by taking advantage of the molten salt electrolysis method

Electrodes

v’ The ionic liquids are used as
molten salt, and the liquid Ga
electrode is used as an electrode
for MA recovery.

v' The ionic liquid (BMIMPF6), was
sandwiched between the liquid Ga
electrode and the nitic acid solution.

Alumina tube

A constant voltage is applied to recover MA, and the concentrations of
Am and lanthanoids in the nitrate solution before and after the voltage
application are measured using an inductively coupled plasma mass
spectrometer (ICP-MS) and a Ge semiconductor detector.

— Evaluate the separation performance of MA and lanthanoids

Selection of electrode material

New MA recovery method proposed in this study

v It can be joined with the PUREX method by taking advantage
of the molten salt electrolysis method.

v Operates at a much lower temperature (about 40~60°C) than
the molten salt electrolysis method

[MA recovery electrode]
Adopt Ga, which is a low melting point metal, in consideration
of the assumed temperature range (about 40~60°C).

[Counter electrode]

Select a material with high acid resistance to put it in a nitric
acid solution.

Pt is used because it is chemically stable and has excellent
heat resistance.
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Experiment 6

Selection of ionic liquids

v Used as a molten salt in the process proposed in this study
v Prevents the reaction between nitric acid and Ga by
sandwiching it between the nitric acid solution and liquid Ga.

-

Uses BMIMPF6, an ionic liquid that is hydrophobic and has a
heavier specific gravity than water.

Preparation of cell

v Add liquid Ga, ionic liquid,
and nitric acid solution to
the sample vial.

v Connect Pt flag electrode
to nitric acid solution and
Pt wire to liquid Ga

]
Experiment 7

Cyclic voltammetry (CV) measurement

v" Nitric acid solution(Concentration :3 M)
Dissolve Ce, Gd, Eu, Nd, Yb to 1000 ppm

v To make a cell and stabilize the solution temperature, leave it in a
low temperature constant temperature bath (40.0°C) for 1 hour.

v Connect FUNCTION GENERATOR and POTENTIOSTAS /
GALVANOSTAT to the cell.

v Uses Ag/AgCl electrode as reference electrode.

v Potential sweep:-2.5~1.5 V vs. Ag/AgCl,100 mV/s

v The CV of a nitric acid solution containing no rare earth elements
is used as the background CV(BGCV).

v Comparison of CV of nitric acid solution in which rare earth
elements are dissolved and BGCV

Experiment 8

Extraction test by applying constant voltage

v Nitric acid solution using only rare earth elements
Concentration :3 M
Dissolve Ce, Gd, Eu, Nd, Yb to 1 ppm
v Nitric acid solution with Am
Concentration :3 M
Dissolve Am-241 at 0.592 kBq and Eu-152 at 1.48 kBq

[Nitric acid solution using only rare earth elements]

v' Make a cell and leave it in a low temperature constant temperature bath
(40.0°C, 50.0°C, 60.0°C) for 1 hour.

v Connect DC power supply to cell

v Apply voltage of 2.5,2.2,1.9 V vs. CE (Application time :10,30 min)

[Nitric acid solution with Am]

v' Make a cell and leave it in a low temperature constant temperature bath
(40.0°C) for 1 hour.

v Connect DC power supply to cell

v Apply voltage of 2.5,2.2,1.9 V vs. CE (Application time :30 min)

]
Experiment 9

Extraction test by applying constant voltage
Measurement of MA and rare earth element concentrations in nitric acid
solution before and after voltage application with ICP-MS and Ge
semiconductor detectors.

v

Calculate the decrease rate(D) of rare earth element concentration
from the measurement result of ICP-MS
D= Rare earth element concentration in sampled nitric acid solution
I\ Rare earth element concentration in nitric acid solution before applying voltage Y,

<

/Calculate the following from the measurement results of the Ge

semiconductor detector

v Ratio of Am and Eu counts(Am/Eu)

v Separation factor for nitric acid solution (Original HNO3) before
voltage application(SF)

v Sample counts/Original HNO; counts ratio

k Sample Am / Eu ratio

~ Origimal HNO,Am / Eu ratio

|
Results and discussion 10

Extraction test by applying constant voltage(only rare earth elements

40°C_30 min 50°C_30 min 60°C_30 min

s . N "
for fou LI fou .
ol e S| oama L T

015 7 19 21 23 25 27 L’\S 71 21 23 25 27 n‘s FERTY 23 25 27

i A v There is almost no change in the decrease rate

o g & 3 depending on the voltage application time.
2 s B v decrease rate decreases as the temperature of
low temperature bath rises.

i v Rare earth elements move to ionic liquids or liquid

Ga by electrophoresis rather than redox reaction
on the electrode surface.

15 a7 s 21 23 25 27
Potentl(V vs. CE

|
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Extraction test by applying constant voltage(With Am)

Measurement result of Ge semiconductor detector

Counts Sample counts/Original HNOs counts
Sample SO83keV 12198keV o SF 59.83keV 121,98 keV

Am241  Eu-152 Am-241 Eu-152

Original HNO3 6817 9117 0748 T.00 - N

HNOs (2.5 V after) 6071 5513 110 147 0.891 0.605

HNOs (22 V after) 6224 5246 119 1.59 0913 0575

HNOs (1.9 V after) 6169 5425 114 1.52 0.905 0595

Tonic liquid (2.5 V after) 157 782 0201 0269 - -

Tonic liquid (2.2 V after) 164 1233 0.133 0178

Tonic liquid (1.9 V after) 216 1554 0.139 0186

Ga (After the experiment) 102 2149 0.047 0063

v~ Sample counts/Original HNO; counts ratio does not change much due to the
applied voltage
v Eu has a lower Sample counts/Original HNOj; counts ratio than Am
— Suggested that Eu is easier to move to ionic liquids or liquid Ga than Am
v' Separation factor exceeds 1 for nitric acid solution and 1 or less for ionic
liquid and liquid Ga
— Itis suggested that Am is difficult to move to ionic liquid or liquid Ga
and remains on the nitric acid solution side.
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Extraction test by applying constant voltage(With Am)

Measurement result of Ge semiconductor detector

Counts Sample counts/Original HNOs counts
Sample SO83keV 12198keV o SF 59.83keV 121,98 keV

Am241  Eu-152 Am-241 Eu-152
Original HNO3 6817 9117 0748 T.00 - N
HNOs (2.5 V after) 6071 5513 110 147 0.891 0.605
HNOs (22 V after) 6224 5246 119 1.59 0913 0575
HNOs (1.9 V after) 6169 5425 114 1.52 0.905 0595
Tonic liquid (2.5 V after) 157 782 0201 0269 - -
Tonic liquid (2.2 V after) 164 1233 0133 0178
Tonic liquid (1.9 V after) 216 1554 0.139 0.186
Ga (After the experiment) 102 2149 0.047 0063

v' The ratio of the mobility of Am and Eu calculated from the mass of Am
and Euis 1.26.
— The maximum separation effect of Am and Eu due to mobility is 1.26.
v The separation factor of the nitric acid solution is greater than 1.26
T
It is suggested that the transfer of Eu from nitric acid solution to
ionic liquid or liquid Ga has effects other than electrophoresis.

|
Results and discussion 13

Extraction test by applying constant voltage(With Am)

Measurement result of Ge semiconductor detector

Counts Sample counts/Original HNOs counts
Sample SO83keV 12198keV o SF 59.83keV 121,98 keV

Am241  Eu-152 Am-241 Eu-152
Original HNO3 6817 9117 0748 T.00 - N
HNOs (2.5 V after) 6071 5513 110 147 0.891 0.605
HNOs (22 V after) 6224 5246 119 1.59 0913 0575
HNOs (1.9 V after) 6169 5425 114 1.52 0.905 0595
Tonic liquid (2.5 V after) 157 782 0201 0269 - -
Tonic liquid (2.2 V after) 164 1233 0133 0178
Tonic liquid (1.9 V after) 216 1554 0.139 0.186
Ga (After the experiment) 102 2149 0.047 0063

v The ratio of the mobility of Eu and Am is 0.794.
v Separation factor of ionic liquid and Ga is smaller than 0.794
— Suggested that Am does not move much to ionic liquids
and liquid Ga
Assume that the y-ray attenuation coefficient of Ga is 10 times different
between 59.83 keV and 121.98 keV.
— Since the separation factor is smaller than 0.794, it is suggested
that Am does not move much to ionic liquid or liquid Ga.

Results and discussion 14

Cyclic voltammetry (CV) measurement

2 2 2
0 ° L}
2 2 2
< <4 A
Ea £ .
H 3 H
£ £ £
H HR) H
B e —ao .
10 e— — o1 —ec
10 2 10
12 " 12

3 1 2

2 4 o 1 2 4 o 1 2 4 o
PoentialV vs. AgiAgC Polential 1V vs. AGiAGC! Potental 1V vs. AG/AGCI

Eu,Nd,Gd

v' The current larger than BG

v’ The current is maximum near -2 V vs. Ag/AgCI

v Suggested movement to the ionic liquid and liquid Ga side by applying
voltage

The change in the current value is almost the same as the result of the

decrease rate of rare earth elements in the constant voltage application test.

Results and discussion 15
Cyclic voltammetry (CV) measurement
.

2 4 o 1
Potental /¥ vs. AgigCl Potental 1V va. AgAGC

The current is less than the BG

Suggests less migration to ionic liquids and liquid Ga than other rare
earth elements.

e

\\‘é

(<

v Almost the same current as BG

v The change in current value differs from the result of the decrease
rate of rare earth elements in the constant voltage application test.
— Suggested by other reactions

|
Conclusion 16

v As a result of the constant voltage test, it was confirmed
that MA was concentrated in the nitric acid solution and
lanthanoid was concentrated in the Ga electrode.

v The change in the decrease rate of rare earth elements
due to the applied voltage was slight, but the decrease rate
of rare earth elements increased as the constant
temperature bath temperature increased.

v' As a result of CV measurement, no peak of redox current
was observed, but the change in current value was almost
in agreement with the result of the decrease rate of rare
earth elements by the constant voltage application test.
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4.2.8 M. Yokota (Kindai Univ.)

Adsorptivity of monoamide polymer adsorbent impregnated with PPTPT to metal ions

in neutral aqueous solutions for recovery of uranium in seawater

Adsorptivity of monoamide polymer
adsorbent impregnated with PPTPT to
metal ions in neutral aqueous solutions

for recovery of uranium in seawater

Kindai University

OMasayoshi YOKOTA, Masanobu NOGAMI,
Kazuki HASHIMOTO , and Hiroki SATOU

* In Japan, light water reactors are used as commercial nuclear
reactors, and uranium is used as fuel. However, uranium
resources rely on imports from overseas.

* Uranium is dissolved in seawater. The concentration is quite
low(3pg/dm?), but the total amount reaches 4.5 billion tons
= About 1000 times as much as that of mine uranium resources.

* Adsorbents to recover uranium in seawater has not been put into
practical use.

107
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' N p TN ::‘ %
oh b e
10 R E—— |
10° ::?,’ﬂ E— S
1,1,3,5,5-pentaphenyl-1,3,5- 107 -4 et
. L 102 o’ | rnam |
triphosphapentanetrioxide(PPTPT) 10° 5 ‘;—'—‘

Concentration of HNO, / M
Adsorptivity of PPTPT adsorbent to various metal in

HNO; solutions
M.Nogami, et al., J. Radioanal. Nucl. Chem., 284, 195-199 (2010).

Unusual high selectivity for U(VI) in
HNO; of very low concentrations.

A 2

It was expected from this property that the
PPTPT adsorbent might be applied for
uranium recovery from seawater.

One of polyphosphine polyoxides

Adsorbent studied in our research group

PPTPT adsorbent has
J/' exhibited a low adsorptivity
! to U(VI).
L1 e
5w Frwie.
7 s 2
—
10" v [~
Little salting-out effect, i.e.,
0 2 4 6 8

a poor wetting property of
PPTPT.

Concentration of media / M

Adsorptivity of PPTPT to Nd(III) in media
(5em?/0.25g-ads, 298K, 24h)
M.Nogami, et al., J. Radioanal. Nucl. Chem., 284, 195-199
(2010)

(HO)ZP’- j
I

PPTPT with selectivity for U(VI)

e

H,
O 1
Polar polymer support E(OH)Z CH,N*(CHy)s
(RCSPO, AER) RCSPO AER

4

Adsorbents impregnated with PPTPT

Development of
adsorbents with
two characteristics

0)

OIt has one amide bond in the (”: ,
structure. P AN
R N
ﬁ"
(R, R’, R” : hydrocarbon
groups)
Structure of monoamides

Olt is well-known to exhibit
coordination to tetravalent and
hexavalent actinide.

144



A silica-supported DMAA impregnated with PPTPT
(PPTPT-DMAA) was newly prepared and the
adsorptivity to various metal ions was investigated in
neutral aqueous solutions.

Silica supported DMAA adsorbent PPTPT-DMAA
DMAA »PPTPT dissolved in CH,Cl,
m/p-divinylbenzene(DVB)
m-xylene +
heptane

Impregnation in DMAA

4

Removal of CH,Cl, at 50°C

4

1,1'-Azobis(cyclohexane-1-carbonitrile)(ACCN)
2,2'-Azobis(isobutyronitrile)(AIBN)
Porous silica

4

Polymerization for about 17h (~90°C)

' Drying at 50°C
‘Washing with water and aceton,and drying l
' PPTPT-DMAA

Silica supported DMAA resin

Resins
(0.15g)

Various metal ions in max 1.71M various
aqueous solutions (10mM, 3cm?)

[ Mixing and shaking(298K.24h) |

Measurement of concentration
of metal ion in solution after
contact (ICP-OES)

Calculation of distribution coefficient (K,)

I, 60 o L
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[NaCl]/M [NaCl]/M
DMAA PPTPT-DMAA
Fe(III) was adsorbed. Wetting property improved, judging

The K, values for Fe(III) decrease with
increasing NaCl concentration.

from the appearance of the adsorbents.
It was expected that contribution of
PPTPT to adsorption is distinguished.

PPTPT-RCSPO
Impregnation of
PPTPT reduced K,
values for trivalent
metal ions.
Dependency on
NaCl concentration
is similar compared
with those of
RCSPO.
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RCSPO

Ti S

0 05

PPTPT-DMAA

.

Dependency on
NaCl concentration
is different
compared with those
of DMAA

It is expected that
DMAA take on a
role bringing metal
ions closer to PPTPT.

.
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U(VI) was absorbed and the K, increase with increasing HCI concentration.
Fe(III) showed similar behavior.
It is expected that PPTPT-DMAA adsorps U(VI) in NaCl solution.
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U(VI) was absorbed and the K, increase with increasing HCI concentration.
Fe(III) showed similar behavior.
It is expected that PPTPT-DMAA adsorps U(VI) in NaCl solution.

o

o 8.0
o T o ﬂj:ﬂa

10° 10¢

e )
A —A Mo(Vl)
| | —¥- Pl
10 & 10 —- N
9 uwn ~§ Guam
Vo
10 ™ No adsorption
>y & M)
caty
o o Sran
10° 100
0 2 4 6 s 10 0.0 05 10 15 20
[HC] [NaCl] /M
PPTPT-DMAA

U(VI) was absorbed and the K, increase with increasing HCI concentration.
Fe(III) showed similar behavior.
It is expected that PPTPT-DMAA adsorps U(VI) in NaCl solution.
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Wetting property improved, judging
from the appearance of the adsorbents.
It was expected that contribution of
PPTPT to adsorption is distinguished.

All metal ions was not adsorbed.

» Wetting property improved by using silica-supported DMAA
adsorbent as the polar support for PPTPT impregnation.

» Itis expected that PPTPT-DMAA adsorbs U(VI) in NaCl solutions.

» We will investigate adsorption mechanism of DMAA and PPTPT-
DMAA.

Thank you
for your kind attention
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429 K.Mori (Kyoto Univ.)
Introduction of Versatile Compact Neutron Diffractometer (VCND) at

B-3 Beam Port of KUR

Topical meeting on Condensed-matter Chemistry on Actinides, Feb. 10, 2021.

Introduction of Versatile Compact Neutron Diffractometer
(VCND) at B-3 Beam Port of KUR

Kazuhiro Mori, Ryo Okumura, Masaya Kanayama, and Hirofumi Yoshino
Institute for Integrated Radiation and Nuclear Science, Kyoto University

Abstract

* Versatile compact neutron diffractometer (VCND)
with a detector bank including 25 3He gas-filled
tube detectors (0.5-in diameter) has been built at
the B-3 beam port of KUR [1].

VCND (B-3)

* The resolution of the VCND, Ad/d, is =1%. The Detector bank &8 !
beam flux, ¢, is 1.3 X 103 n/s/cm? for operation at ‘h

the power of 5 MW on KUR.

* We show the first results of the VCND for various » = Qe
materials: strontium fluoride (SrF,), lanthanum- £ . ﬁ; I
nickel intermetallic alloy (LaNis), an austenitic- %MWJLH%‘W‘ LaNis
ferritic stainless steel, etc. I ¢ &« ¢
2030 40 50 60 70 80 90 e o &
[1] K. Mori et al., JPS Conference Proceedings, in press. 0 dowree T, S
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4.2.10 T. Kobayashi (SPring-8, JAEA)

XAFS study on the the aged deter

ioration of a simulated fuel debris

Topical meeting on Condensed-matter Chemistry on Actinides, 2021.

XAFS study on the aged deterioration of a
simulated fuel debris

Tohru Kobayashi
Actinide chemistry group
Materials Sciences research center
Japan Atomic Energy Agency

1/21

Background and purpose of this study

For safe and reliable decommissioning the Fukushima-Daiichi Nuclear
Power Plant, it is necessary to understand the following points.

-Composition, element distribution, chemical state and structure of fuel debris.
+Aged deterioration of fuel debris in actual environment (in the reactor).

-Characteristic changes with change in environmental conditions caused by
removing the debris from reactor.

b 4

*Prepare a simulated fuel debris.

In this study....

-Reproduce the environment in and out of the reactor

-Investigate changes in chemical state and structure by XAFS method.
2/21

Contents

3/21
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In-situ observation of uranium Photoreduction

XAFS spectra of UO, solution were measured

In-situ observation of selective Ln precipitation
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Chapter 5 Concluding Remarks

5.1 S.Kambe (ASRC, JAEA)

Concluding Remarks 1

Concluding Remarks
JAEA/ASRC
S. Kambe

Current situation

1) The community of basic actinide science (Physics, Chemistry, Medical science,
Materials science etc) is small.

2) In contrast, this field becomes more important as many new subjects appear,
presented in this workshop.

3) Considering the current situation, it is quite important to promote the
collaborations between acftinide researchers of different fields over the world.

Future perspectives

1) We need young researcher who can act as an intermediary between basic
research and nuclear engineering, which are rather separated at present.

2) If possible, it is useful to organize a new international collaboration system for
wide actinide research by the young researchers mentioned in 1). For example,
| think that the former Actinet is still of narrow scope.

3) Itis quite useful to organize international workshops such as the present one for
the above purposes. The next JDA may be a good occasion.
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5.2 H. Yamagami (Kyoto Sangyo Univ.)

Concluding Remarks 2

\

Topical meeting of Condensed-matter Chemistry on Actinides : The Kumatori Meeti

10 February, 2021 ZOOM meeting

Concluding Remarks2 : Theoretical side

Department pf Physics, Faculty of Science, Kyoto-Sangyo University, JA
Electronic-Structure Research Group, JAEA, Harima, JAPAN

Hiroshi Yamagami

Concluding Remark2: Theoretical Side

A. Sato, Theoretical study on isotope fractionation in uraninite
Y. Kitawaki, ~ Orbital magnetization in many-electron systems described by spin-—orbital-polarized coupled Dirac
A. Sunaga,  Theoretical study of the linearity of uranyl molecule based on relativistic correction method.

A. S. P. Gomes, Electronic structure of actinide systems from relativistic correlated and quantum embedding appr

key point and common sense in this meeting:
« 5f electrons in Actinides:
Solid-State physics : Superconductivity and Magnetism
Crystal growth, Multipole, Cross-correlatiol
Spring-8, JAEA : ARPES Electronic structure, XMCD Magneti
Multiple photon excitation
Coordination chemistry : LUMO, HOMO, Excited state
Dissolution : valence, valence bonding

isotope fractionation : p(0) of s-state, phonon frequency

« Basic character of 5f electrons:

Actinide contraction

Relativistic effect

occupation number and valence (common in physics and
electron configuration

Finally

Thank you for your attention!

See you again next year!
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Chapter 6 Summary of Discussion

Active discussions were held on the fundamentals and applications of actinide property
chemistry. The interests and issues raised by the speakers can be found in their respective
presentation materials. The community of basic actinide science (physics, chemistry, medical
science, materials science, etc.) is small. In contrast, this field becomes more important as many
new subjects appear, presented in this workshop. Considering the current situation, it is quite
important to promote the collaborations between actinide researchers of different fields over the
world.

The importance of the emerging young researcher who can act as an intermediary between
basic research and nuclear engineering was strongly pointed out. For the purpose, the orga-
nization of a new international collaboration system for wide actinide research by the young
researchers was mentioned of.

Concluding remark was also given from the theoretical side. Key points in this meeting are
(1) 5f electrons in actinides and (2) basic character of 5f electrons. The latter include actinide
contraction, relativistic effect, and occupation number and valence (common in physics and

chemistry) electron configuration.

155
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The following people participated in the meeting. Thank you very much.
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Chapter 8 Photos of the workshop

Photos of the lectures are shown in the order of the program.

The future of irradiation and research reactors ..

Fig. 8.1: Tomoo Yamamura, Kyoto Uni- Fig. 8.2: Hiroshi Yamagami, Kyoto
versity Sangyo University

Introduction

% Superconducting Spin Susceptibility 1
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of U~Te2 &I Workshop

Actinide intermetallic compounds
5f electrons characterize physical properties
Located in th tween i it = x
S?enasiﬁsny to ee)(ternal cér?tznoﬁe(pressure magnetic field, G- Nakamine, K. Kinjo, $. Kitagawa. K. Ishida, >
d * Y. Tokunaga®, H. Sakai*, S. Kambe?, P
Y. Shimizu®, A. Nakmura®, D. Li, Y. HommaC, F. HondaC, D. Aoki®
Kyoto Univ, “ASRC, Japan Atomic Agency, *Nagoya Univ., ®IMR. Tohoku Univ.
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ai Y.lokumaga S, Kambe

chemical environment)

Physics
Example of actinides intermetallic compounds consisting of
several building blocks — arrangements controlled artificially

Designing a material with desired functions ?
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. D.Acki

Fig. 8.3: Yoshinori Haga, JAEA Fig. 8.4: Kenji Ishida, Kyoto University
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@» MSRC HSRRL Introduction of myself ﬁ E%Qﬁ\

- Research field:
coordination chemistry

fateslas

* Main interest:
Molecular magnetism involving 4f systems
4 fBFRHIEE5Y B [HFHE]

« Recent interest:
Molecular magnetism involving 5f systems

5 f BYRAES T2 [HFHM]

Fig. 8.6: Naoto Ishikawa, Osaka Univer-
sity

Fig. 8.5: Tsuyoshi Yaita, JAEA

Topical meeting of
Condensed-matter Chemistry
on Actinides:

‘The Kumatori meeting 2021

Fundamental Study
for Precise Analysis of Actinides
in Hardly Soluble Substances
Containing Uranium Oxides

[ Current status and prospects of
dgmestic supply of alpha emitting radionuclides

Tatsuya Suzuki
Nagaoka University of Technology

ama, Ph.D
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Fig. 8.7: Tatsuya Suzuki, Nagaoka Uni- Fig. 8.8: Koshin Washiyama, Fukushima
versity of Technology Medical University
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Fig. 8.10: Tomoo Yamamura, Kyoto Uni-
Fig. 8.9: Yuji Kawabata, Kyoto Univertisy g it Y Y
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The Future of Cyclotron-
Based BNCR Research

Particle Raciation Oncology Research Center
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— ucear Science Kyoto University

Minoru Suzuki
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0 a maximum energy of 46
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Fig. 8.11: Minoru Suzuki, Kyoto Univer- Fig. 8.12: Takashi Kitazawa, Toho Uni-
sity versity
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- Resonant X-ray Scattering Study of UNi,B
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Fig. 8.13: Takashi Yoshimura, Osaka Uni- Fig. 8.14: Hiroshi Amitsuka, Hokkaido
versity University

Electrochemical Measurements of Sm(lll) in BMPTFSA
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Electric Quadrupolar Contributions in the Magnetic Phases of UNi B

Cyclic. at different
25°C 100 °C
asmil) > 2smi) +Sm

016 Smil) > Smy+ o6
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Fig. 8.15: Tatsuya Yanagisawa, Hokkaido Fig. 8.16: Marjanul Manjum, Keio Uni-
University versity
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Drug delivery using functional
polymer-conjugates

Takahiro Nomoto

Assistant professor
Laboratory for Chemistry and Life Science, Institute of innovative Research,
Tokyo Institute of Technology

nomoto@res.titech.acjp

COl Disclosure
+ The research with 5-aminolevulinic acid (5-ALA) contains the collaborative
research of SBI Pharmaceuticals Co., Ltd. and the presenter's research group.
No financial support was provided by SBI Ltd

Fig. 8.17: Takahiro Nomoto, Tokyo Insti- Fig.

tute of Technology
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Université de Lille

Fig. 8.19: Andre Severo Pereira Gomes,
Universite de Lille

CTN, Portugal

1. santos
B .

Ly 4

=
EB.Lopes 1.C. Waerenborgh

SINTEF, Norway

o™ B,
PA. Carvalho

@,
3

N

Charles University, Czechia

Rennes | University

H. Nogl 2 -

L Havela
Academy of Sciences
of Caechia

0. Tougait  D. Berthebaud

JRC Karlsruhe
Germany

)
cl
L .

E. Colineau

M.S. Henriques AV. Andreev

D.1. Gorbunov

AB. shick
1-C. Griveau

8.18: Antonio Pereira Goncalves,
Universidade Lisboa

try of actinides

B
8
g

8
]

g
5
g

o

8

g

]
g
K
]
E
]
5
E
5

2
P

2

=

Topical meeting on condensed matter

Fig.

161

JRC Research on
Radionuclides for Medicine

Roberto G.M Caciuffo
Joint Research Centre, Karlsruhe
Nuclear Science&Applications
roberto.caciuffo@ec.europa.eu

10 February 2021

8.20: Roberto Caciuffo, EU JRC



Concluding Remarks
JAEA/ASRC
S. Kambe

Current situation

1) The community of basic actinide science (Physics, Chemistry, Medical science,
Materials science efc) is small.

2) In contrast, this field becomes more important as many new subjects appear,
presented in this workshop.

3) Considering the current situation, it s quite important fo promote the
collaborations between actinide researchers of different fields over the world.

Future perspectives

1) We need young researcher who can act as an intermediary between basic
research and nuclear engineering, which are rather separated at present.

2) If possible, it is useful o organize a new intemational collaboration system for
wide acfinide research by the young researchers mentioned in 1). For example,
I think that the former Actinet is still of narrow scope.

3) Itis quite useful to organize intermational workshops such as the present one for
the above purposes. The next JDA may be a good occasion

Fig. 8.21: Shinsaku Kambe, JAEA

Concluding Remark2: Theoretical Side

Asato,
A sunoga,
e

Theoretical stdy on sotope fractiontion ' uraninte

key point and common sense in this meeting:
+ 5f electrons in Actinides:
Solid-State physics : Superconductivity and Magnetism
Crystal growth, Multipole, Cross-correlation
Spring-8, JAEA : ARPES Electronic structure, XMCD Magnetisim
Multiple photon excitation
Coordination chemistry : LUMO, HOMO, Excited state
Dissolution : valence, valence bonding

isotope fractionation : p(0) of s-state, phonon frequency

« Basic cter of 5f electrons:

ion number and valence (common in physics and gfiemisty)
n configurati

Fig.  8.22: Hiroshi Yamagami, Kyoto
Sangyo University

Joint res%?é?ﬁt?w KURNS

. Lt ]+ Modification of Pe to extractants
T Org. O,

1. Introdu
1.5 Pu transmuted

selective for f-element
> | am interested in the chemical
characteristics of Pc-metal complex in

solution (and soft materials|

ﬂ 28Np H(zsapu>
(

nY)  Bdecay
Typ=24d

7] A Sasahara et al, Journal of Nuclear Science and Technology 41 (2004) 448456,

Fig. 8.23: Hiroki Shishido, Tohoku Uni- Fig. 8.24: Masahiko Nakase, Tokyo Insti-
versity tute of Technology
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Our Ligands

Achiral Ligand "
S Enantiomers (in the crystal) Microscale synthesis of UPc,

3 Chiral Ligand
; e e ——
e N‘,\‘HOI}(/

b A

Wavelength / nm

Fig. 8.25: Hidetaka Nakai, Kindai Univer- Fig. 8.26: Chihiro Tabata, Kyoto Univer-
sity sity

Introduction -Nobelium-

Nobelium (No)
» Z=102. member of f block element Purpose
« Stable oxidation state of No in aqueous solution is e
+2, whereas those of other heavy actinides and all « DCH18CE-hydroflucrocarbon (HFC) systems for Sr(ll) extraction
\anthanides areall #31 3 were studied based on following topics of interest
Most stable oxidation state of f block elements in aq = 1. What effect do HFC-43-10mee azeotropic mixtures have on the
La|Ce|Pr|Nd|Pm|Sm|Eu|Gd| Tb | Dy |Ho | Er |Tm o extraction of Sr2+?
3| =3 |+3[+3]+a |3 |3 |#a[+3[+3|+3]+3] 23

Ac[Th[Pa| U [Np|Pufam|cm| Bk cr|Es|Fm|md
43| +4 |45 |46 [ +5 | +4 | +3 | +3 [ 43 [ +3 |43 |43 |43

2. Is the separation between Sr2+ and other metal ions, including
alkaline and alkaline earths, satisfactory?

Cation exchange behavior (' = 3. How can we investigate the chemical information (i.e.
g 100 stoichiometric composition and morphology) of a Sr2+ extracted
complex?

oNJosRinoo n

Countsof a, B, y rays

112, Vi, T Skkoland, RS, A
oo, Seeree 100, 11141115 1963

Drop number

Fig. 8.27: Yoshitaka Kasamatsu, Osaka Fig. 8.28: Kenji Shirasaki, Tohoku Uni-
University versity

Experimental Result

Temperature profile Test for Q = 0 ordering
uperlattice reflection Lattice reflection
(2,0,05) (2,0,1.5) (1,80

Molecular Dynamics

@ Classical Moclecular Dynamics

> Solving the equation of motion about lots of atoms

» Attractive Or repulsive force by interatomic potential equation

2 e
zizje cig X a+a—ny
() = - =2+ by + by) exp( ———*
wi) = g = v peenes("oy
Coulomb term  vari der Waarls _ Shortrange repulsive force term
4 MD software term
» MXDORTO )
’ L. . 7 atom: i
»Performed in inorganic crystal,
{ nd liqui P |
glass and liquid @ n\atomi Superlattice reflections are observed at Conclusion
@ Purpose of Calculation ©) K = (lattice reflections) + (0,0, 1/2) below Ty Not @ = 0, but

»Enthalpy of mixing on FLiNaK-Csl/KI/CsF system Single peak spectrum at 3.723 keV Q= (0,0,1/2) AFM order

ety = Lent by uranium Sf-electron under T,

3 Cricel

Fig. 8.29: Yuma Sekiguchi, Central Re- Fig. 8.30: Fusako Kon, Hokkaido Univer-
search Institute of Electric Power Industry sity
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Background: Uranium isotope fractionation during reduction
Styloecal. Poc. Nt Acad, ci USA. 112, 5619 2015)

BEYVI) — B5U(IY), BBU(VI) - Z8U(V)

Abiotic reduction
Fes, | e

 Change in isotope ratio of U{VI)
vy

(el
Fe) |0

A U . ‘ : LY

w1 om0 Miki Taritira (Kyot.

Progress of reaction Progress of reaction

)20
s not enriched in U(IV) Efilchikawa(Tokya Mero.

Biotic & abiotic reductions show the different tendency.
=>May give an insight into paleo-redox conditions in the earth's history

Fig. 8.31: Ataru Sato, Tokyo Metropolitan Fig. 8.32: Yohei Kitazawa, Kyoto Sangyo
University University
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Neutron spin echo method
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Materials Sciences Research Center
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Sasymmetry: deviations from the echo

Degradation of NRP of lower
hydrophobicity by irradiation

prT—

or Orbital cnergy (a0

Ghanges in residual ratio of NBP. Dependence of PR. of NRPs of lower
by y-ray imadiation hydrophobicity on dose
(2M NRP, 3 HNO,, INRPJUO,*I-1.4)

Method: CCSD(T)
Basis set: dyall cv3z.
> Generation of oily drops
~SCF —-nuc
A-corr €csD(T)

Drops disappeared afterward. Approximately 20 % of NBP
degraded after
>A gas continued to generate from etk n ey,
all samples irradiated in 6 M HNO;.

Shinsaku KAMBE
@ Both SCF (Orbital) and correlation favors the bend structure

—The linearity of UO,** is duc to the nuclear repulsion

Fig. 8.36: Masanobu Nogami, Kindai Uni-

Fig. 8.35: Ayaki Sunaga, Kyoto University .
versity
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Relaxation rate
Observed by pSR

EuPiSi
ZF4SR
o

EuPisi
7SR

1]

Time (us) E: m n

T(K)
A@)=Mexp(AE-TON+C
| Enhancement of relaxation

The relaxation rate ratebelow 15 K

Diverged below 9 K

Fig. 8.37: Yoshiya Honma, Tohoku Uni-
versity

Results and discussion 10

test by applying constant rare earth elements)

¥ There is almost no change in the decrease rate
depending on the valtage application time.

v decrease rate decreases as the temperature of
low temperature bath rises.

v Rare earth elements move to ionic liquids or liquid
Y rather than redox reaction
on the electrode surface.

umaSokiguehi (CRIEP)

Fig. 8.39: Tomoya Yamane, Nagaoka Uni-
versity of Technology

Neutron beam line shielding

Shiclding calculation Neutron + yray

Shinsaku KAMBE
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. rete locks
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Fig. 8.41: Kazuhiro Mori, Kyoto Univer-
sity

Potentiometric titration of Hymacropp

Hymacropp

ML
Kyt = i @

Hamacropa (!
7.41
685
332
236

00 05 10 15 20 25 30 35 40
Volume of KOH (mL)

Fig. 8.38: Kojiro Nagat, Osaka University

PPTPT with selectivity for U(VI) _r
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Polar polymer support i
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Development of
adsorbents with
two cha

Adsorbents impregnated with PPTPT

ristics

Fig. 8.40: Masayoshi Yokota, Kindai Uni-
versity

XAFS investigation of debris using UO,
(@ KEK-PF BL27B, U-L, edge, Fluorescence mode)

[simulated conditions]
~The Fuel debris in the reactor is immerged in water.
= U0, pellet immersed in water
+Inside of reactor is under reductive and high radiation condition
= chemical treatment with reductant (NaBH,)
~Debris wil be exposed to oxidative atmosphere in removal process.
= pick up the pellet from water and expose to air

[sample preparation] ‘

- U

I

Dilute the reductant o
suppress gas generation
‘Sample02”

Pick up the pele rom water
1 expose o water
Sample03
Simulate the removal process
of debris from reactor

Imimerse the pelletin water
containing reductant(NaBH,
Simulate the reduciive

UO.BN peliet
“Sample01”

eneration by hiah radiation 701

Fig. 8.42: Tohru Kobayashi, JAEA
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