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Dear actinide friends,

Welcome to the 45°™ Journées des Actinides (45JdA), which is held in Priithonice, a little town in the
outskirts of Golden Prague, and is organized by the Prague group. The decision about organization of 45JdA
has been made at the meeting of the International Advisory Committee during the 44°™S Journées des
Actinides in Ein-Gedi, Dead Sea, Israel.

The great tradition of Journées des Actinides (JdA) was organized by the excellent French scientist
and actinide enthusiast Jean Marc Fournier in 1970. Soon an annual periodicity of JJA was established and
JdA visited numerous beautiful spots in Europe. Members of the Prague group attended first the JdA in
Eibsee near Ga-Pa in 1986 and since then we became one of regular participating actinide teams.

Right after the Velvet revolution pushed Czechoslovakia back to civilized part of Europe, we enjoyed
confidence given to us by actinide community and organized the 20" Journées des Actinides in Prague in
1990. Some of you may still remember the tower building of the Forum hotel and panorama of the Prague
castle. The 33°™s Journées des Actinides took place 13 years later also in Prague, in the Crystal hotel close to
the airport. This year we have the pleasure and honor to take care of 45JdA. We relocated to a green area,
providing fresh air and peaceful environment for both scheduled and informal activities.

The Prague group is part of the Department of Condensed Matter Physics of the Faculty of
Mathematics and Physics at the Charles University in Prague — one of the oldest European universities
(founded in 1348 by the Roman Emperor Charles IV who was also the King of Bohemia as Charles I). The
Faculty of Mathematics and Physics is one of the prominent research institutions in the Czech Republic and
the Department of Condensed Matter Physics belongs to the most productive units of the Faculty.

The 45°™ Journées des Actinides will be attended by more than 100 participants from Europe, Asia
and America, which we feel as a success. It could not be organized without substantial technical and financial
support from our mother department and great effort of the members of the Local Organizing Committee,
other members and students of the Department. Good number of young researchers can attend 45JdA owing
to generous grants from TALISMAN, http://www.talisman-project.eu/ and The Enlargement and Integration
program of the European Commission (https://ec.europa.eu/jrc/en/working-with-us/enlargement-and-
integration/activities).

We thank to all who contributed to make the 452™ Journées des Actinides a successful event.

On behalf of the Prague group

Vladimir Sechovsky


http://www.talisman-project.eu/
https://ec.europa.eu/jrc/en/working-with-us/enlargement-and-integration/activities
https://ec.europa.eu/jrc/en/working-with-us/enlargement-and-integration/activities
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Section: Electronic properties - experiment | (Chair - Vladimir Sechovsky)

Fabrice Wilhelm High Field XMCD studies in UCoGe Ferromagnetic Superconductor

Michal ValisSka Polarized neutron diffraction and X-ray magnetic circular dichroism study of Ru doped
UCoGe

Krzysztof Domieracki Superconductivity in a non-centrosymmetric compound ThCoSi

Petr Opletal Quantum criticality of an itinerant 5f -electron ferromagnet: Ru doped UCoAl

Alexander Andreev  Stabilization of ferromagnetism in UCoAl by Os doping

Yoshichika Onuki Fermi surface properties in actinide compounds
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Moris Eisen Actinide Mediated Catalytic Activation of Heterocumulenes

Olaf Walter First structural characterization of triscyclopentadienylactinide(iii) derivatives (An: U, Np,
Pu)

Daniel Fréhlich Complexation of trivalent actinides with acetate studied by TRLFS and EXAFS
spectroscopy

Leila Costelle Radiolysis driven dissolution of UO, using synchrotron radiation

Igor Izosimov Applications of Laser Spectroscopy for Actinide Detection in Solutions

Jakub Visnak Complexation of uranyl with sulphate and selenate in aqueous solution: experimental data

and quantum chemical modelling
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Magnetic and lattice excitations in hidden order compound URu,Si,

RXES experiments to explore the 5f ground state in URu,Si,
Elastic Response of URu,Si, under Pulsed Magnetic Field
5f -contributions to Fermi surfaces in (U, Th)Ru,Si,
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Section: New compounds | (Chair - Olivier Tougait)

Margarida Henriques Structural and electronic properties of U;Fe,Ge, under pressure

Moussa Chantal Study of isothermal sections of ternary systems U-T-Al (T=Ti, Zr)

Silvie Maskova The onset of magnetism in UNi(Zn,Al) system

Daniel Gnida Quantum interference phenomena due to disorder in the U,TSi; compounds with AIB, type
structure

Antonio Pereira Structure and magnetism of UMB, (M =V, Cr, Mo, W) uranium borides
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Marian Reiffers

Moussa Chantal
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Physical properties of an UFe;_,Sh, single crystal

Experimental investigation on the ternary U-Al-Ge system and study of the ternary
intermetallic phase U;Al,Ges,, (-0.3 <x<1.3)

Formation and structural properties of novel ternary intermetallics U;TGes with T=
transition metal of columns 4, 5 and 6.

Physical properties of U;TGes (T =V, Cr, Mo) and UzAl,_,Ges,, (0.3 <x < 1.5)
compounds

Local-Fermi-Liquid Behavior in Dilute Uranium Alloys Th,,U,Be;3 (x<0.11)

Nicolas Brisset
Grzegorz Chajewski
Naoyuki Miura
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Saturday - 18.4.2015

8.30-10.30 Section: U alloys, films and hydrides (Chair - David Geeson)
0-40  Leduc Jennifer Nanostructured Bilayered Uranium Oxide- Iron Oxide Thin Films for Solar Hydrogen
Production
0-41 Evgeniya Tereshina  Exchange bias effect in CaF,-based UO,/Fe;0, thin films
0-42 N.-T.H. Kim-Ngan gamma-U phase stabilized by combined T doping (T=Mo, Nb, Pt, Pd, Zr) and ultra-fast
cooling
0-43  Peng Shi In situ XPS study of the evolution of chemical nature on U-Ti alloy surface during vacuum
annealing
0-44  Ruiwen Li Hydride Growth Kinetics of U-Nb Alloy — the Role of Strain Energy
0-45  Mykhaylo Paukov Structure and magnetic properties of doped UH; -based hydrides
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- . e I . : o . .
. .
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0-52  Bouchet Johann Calculating vibrational properties of actinides with quantum molecular dynamics
0-53  Jindfich Koloren¢ Electronic Structure and Core-Level Spectroscopy of Light Actinide Dioxides
0-54  Bingyun Ao Search for Hyperstoichiometric Plutonium Oxides from Electronic Structure Calculations
0-55 Karel Carva Distinct ultrafast dynamics of itinerant and localized magnetic moments in gadolinium
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11.00-12.20  Section: New compounds |11 (Chair - Antonio P. Goncalves)
0-56  Asaf Uziel Relative stability of possible ThT ,Al, structures (where T = 3d transition metal)
0-57 Przemyslaw Swatek Interplay between electronic and magnetic degrees of freedom in UT ,Zn,, (T = Fe, Ru, Os,
Co, Rh, Ir)
0-58 Michat J. Winiarski ~ Synthesis and physical properties of A gV,Aly, (A = Th, Np, Pu) ternary actinide
aluminides
0-59 Jacques Lechelle PuCrO3; compound: synthesis, structural and thermodynamic studies
12.20-13.20 LUNCH
13.20-14.40 Section: Fuels, materials science | (Chair - Itzhak Halevy)
0-60  Tzvi Templeman A New Approach for the Incorporation of Dilute Self-Irradiating Defects in Thin Films
0-61 Jason Jeffries Martensitic Phase Transformation Inhibition in Pu-1.9 at.% Ga
0-62  Sue Ennaceur A thermal analytical study of the phase stability of unalloyed and alloyed plutonium.
0-63 Mohamed Naji Characterization of minor actinide doped uranium oxide fuels: Raman spectroscopy
approach
14:40-15:10 COFFEE BREAK
15.10-16.10 Section: Fuels, materials science 11 (Chair - Ladislav Havela)
0-64  Desgranges Lionel Charge distribution in doped uranium dioxide
0-65 Tomoo Yamamura Hydrothermal Synthesis of Actinide Dioxide at Low Temperature and Their
Physicochemical Studies
0-66  Emily Moore Thermochemisty of reactor materials: actinide oxides and fission compounds
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p-09 Alexander V. Synthesis, structural and physical properties of a novel intermetallic compound U;Fe,Ge,
Andreev
p-10 Anna Maria Adamska |A new thin-film approach to making nuclear fuel research accessible
p-11 Itzhak Orion Method for Low Atomic Number Sub-Micronic Film Production for keV Electron
Scattering Measurements
p-12 Michael Shandalov  |Small Volume Chemical Bath Deposition of Thorium-Alloyed and Thorium-Doped PbS
Films
p-13 Rajitha Ravithas Volatile and Air-Stable Uranium (1V) Precursors for Application in Gas Phase Deposition
Processes
p-14 Zuzana Molcanova  |Magnetic and thermal properties of CeNi,_Co,Ge,
p-15 Antonios Banos Statistical analysis of UH3 initiation sites using Electron Backscatter Diffraction (EBSD)
p-16 Shimon Zalkind In Situ X-ray diffraction measurements of U-0.1w%Cr oxidation
p-17 Anténio Pereira On the UzFe,Cs uranium-iron carbide
Gongalves
p-18 Stefano Corradetti Synthesis and thermal characterization of uranium carbide materials for ISOL targets
p-19 Mathieu Pasturel Neutron diffraction investigation of the eutectoid decomposition of y-U(Mo) powder
produced by magnesiothermic reduction
p-21 Vijay Varsani The Use of Finite-Element Modelling to Increase the Average Cooling Rate for the
Plutonium Casting Furnace
p-22 Haris Assessment of the behaviour of metallic uranium during encapsulated product evolution
Paraskevoulakos
p-23 Yulia Konevnik Temperature and time depend changes in speciation of radionuclides sorbed on crystalline
rock samples
p-24 Itzhak Halevy Cleanup Procedures for Contaminated Areas
p-25 Itzhak Halevy Study of cleanup procedures for contaminated area: Evaluation of Rubidium as a surrogate
to Cesium
p-26 Itzhak Halevy Optimization of aerial survey of radiation in outdoor and indoor environments
p-27 Olaf Walter Tetrakiscyclopentadienyl-actinide(IV)-complexes (Cp,An): structures and reactivity against
Broensted acidic compounds
p-28 Vladimir Sladkov About protonated uranyl oxalate species. Affinity capillary electrophoresis data.
p-29 Cybelle Soares CO, mitigation and production of methanol over bimetallic copper-lanthanides/actinides
oxides catalysts
p-30 Michat Dutkiewicz ~ |Neptunium(lV) Coordination Chemistry and Spontaneous Reduction in a Flexible Small-

cavity Macrocycle




High Field XMCD studies in UCoGe Ferromagnetic Superconductor
F. Wilhelm®, M. Taupin?, J.-P. Brison?, D. Aoki?, J.-P. Sanchez?, A. Rogalev’

! European Synchrotron Radiation Facility (E.S.R.F.), 71 avenue des Martyrs, 38043 Grenoble, France,
e-mail: wilhelm@esrf.eu
2 Univ. Grenoble-Alpes, CEA/ INAC-SPSMS, 17 rue des Martyrs, 38054 Grenoble, France

True coexistence of a homogeneous ferromagnetic state with superconductivity at ambient
pressure has been found up to now only in two, strongly correlated, uranium based systems: URhGe
and UCoGe. In both systems, the Curie temperature (T¢ = 9K and 2.8K respectively) is higher than
the superconducting temperature (Ts = 0.25K and 0.5K respectively), and the anticipated ordered
moment on the uranium is substantially reduced, compared to the free ion U** or U** values: 0.4pzs
in URhGe, 0.07pg in UCoGe. They are both orthorhombic, with an Ising-like anisotropy of the
magnetization, c being the easy axis, a the hard axis and b intermediate. A striking point is the large
upper critical field Hc, exceeding the Pauli paramagnetic limit, and reaching record values of Hc,/Ts
[1]. Moreover, when the field is applied very precisely along the b-axis, a field re-entrant
superconducting phase, with Ts higher than in zero field, appears in URhGe, whereas an unusual S-
shaped Hc, curve is observed in UCoGe. These phenomena seem to be closely related to the
ferromagnetic instabilities, as Tc¢ is reduced under magnetic field and collapses at the enhanced
superconducting phase. This suggests a new pairing mechanism, intimately related to the magnetism
of the systems.

We have performed a thorough high field XMCD study of magnetic properties on well-
characterized high quality single crystal of UCoGe [2]. First we have concentrated on XMCD
measurements at the My s edges of Uranium and at the K-edge of Co at 2.1 K and 17 Tesla applied
along the ¢ axis. A sizeable XMCD signal observed at the Uranium M-edges unambiguously
confirms that U 5f states are carrying a magnetic moment. Using magneto-optical sum rules we
deduce that magnetism of U is dominated by orbital component of ~0.70ug at 17 Tesla. The spin
component is aligned antiparallel to the orbital one and equals to ~-0.30pg at 17 Tesla. The total
magnetic moment of Uranium 5f states is 0.40ug which has to be compared with the total
magnetization of 0.44pg at 17 Tesla. This observation seems to indicate that Co atoms do not carry
a sizeable magnetic moment in UCoGe. This result is confirmed by a rather weak XMCD signal at
the Co K-edge. Moreover, its field dependence is following exactly the U magnetization. The results
of high field XMCD are nicely confirmed by the measurements performed at 1 Tesla field. The total
U 5f magnetization is about 0.075ug whereas the total magnetization of the crystal along the c axis
is equal to 0.09ug. The ratio of the orbital-to-spin moment is about -2.31+£0.03 in both high and low
field cases. Secondly, we tried to record XMCD spectra at the Uranium M, s-edges along the b-axis
of the crystal. The magnetic moment on Uranium induced by 17 Tesla field, is again dominated by
the orbital component of 0.165us whereas the spin moment amounts to -0.08ug. The total 5f
Uranium moment is only 0.085pg which is again of 0.035ug smaller than the total magnetization
value. Surprisingly, the orbital-to-spin moment along the b axis equals to -2.06 which is very much
different from the value along the c axis. This is the first time that a difference in magnetic
anisotropy in actinide compounds manifests itself through huge changes in p /ps ratio.

References
[1] D. Aoki, T.D. Matsuda, V. Taufour, E. Hassinger, G. Knebel, J. Flouquet, J. Phys. Soc. Japan 78, 113709 (2009).
[2] M. Taupin, J.-P. Brison, D. Aoki, J.-P. Sanchez, F. Wilhelm, A. Rogalev, submitted (2015).



Polarized neutron diffraction and X-ray magnetic circular dichroism study
of Ru doped UCoGe

Michal Valiska', Jiti Pospisil“?, Anne Stunault®, Yukiharu Takeda®, Beatrice Gillon®,
Yoshinori Haga?, Karel Prokes®, Gwilherm Nénert®, Tetsuo Okane*, Hiroshi Yamagami*’,
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'Charles University in Prague, Faculty of Mathematics and Physics, Department of Condensed Matter
Physics, Ke Karlovu 5, 121 16 Prague 2, Czech Republic
e-mail: michal.valiska@gmail.com
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®Helmholtz-Zentrum Berlin fir Materialien und Energie, Hahn-Meitner Platz 1, D-14109 Berlin,
Germany
"Department of Physics, Kyoto Sangyo University, Motoyama, Kamigamo, Kita-Ku, Kyoto 603-8555, Japan

We report on microscopic study of the ferromagnetism in the Ru doped ferromagnetic
superconductor UCoGe. Single crystals with composition UCo0q¢7RU03Ge and UCoq ggRUp 1.Ge
were prepared. Both were investigated by polarized neutron diffraction (PND) at and the latter one
also by the XMCD method. UCog.97RUp.03Ge and UCogggRUg.12Ge order ferromagnetically below
the T¢c=6 K and 8.5 K, respectively, i.e. higher than at Tc=3 K for UCoGe. The increase of T¢ is
accompanied by enhancement of the spontaneous moment to pus=0.11 pg/f.u. and us=0.21 uB/fu.,
respectively. The analysis of the PND results assigns the ferromagnetism enhancement mainly to the
growth of the orbital part of the U 5f moment. In contrast to the published results of PND study of
the parent UCoGe, we found parallel orientation of the U and Co moments in both cases. Evolution
of magnetic characteristics with Ru concentration is discussed within a scenario considering the
varying 5f-d hybridization as the key mechanism.



Superconductivity in a non-centrosymmetric compound ThCoSi

Krzysztof Domieracki and Dariusz Kaczorowski

Institute of Low Temperature and Structure Research, Polish Academy of Sciences,
P.O. Box 1410, 50-950 Wroctaw, Poland
e-mail: K.Domieracki@int.pan.wroc.pl

The silicide ThCoSi crystallizes with a tetragonal crystal structure of the LaPtSi-type that lacks an
inversion center. Its physical properties have been studied by means of magnetization, electrical
resistivity and heat capacity measurements, performed down to 0.35 K in magnetic fieldsupto 5 T.
The compound was found to exhibit bulk superconductivity below T. = 3.05 K, characterized by the
upper critical field close to the Pauli-Clogston limit. The absence of inversion center implies lifting
the spin degeneracy of conduction bands due to the Rashba-type anti-symmetric spin-orbit coupling.
This may lead to mixed singlet-triplet parity of the superconducting state with line nodes in the energy
gap and helical vortex phases. However, at odds with such prospects, the key superconducting
parameters of ThCoSi indicate that this compound is likely a moderately-coupled type 11 BCS-like
superconductor, as nearly all the hitherto studied weakly-correlated non-centrosymmetric materials.



Quantum criticality of an itinerant 5f-electron ferromagnet: Ru doped UCoAI

Petr OPLETAL', Jan PROKLESKA?, Vladimir SECHOVSKY*

L Charles University in Prague, Faculty of Mathematics and Physics, Department of
Condensed Matter Physics, Ke Karlovu 5, 121 16 Prague 2, The Czech Republic

UCoAI is an itinerant 5f-electron paramagnet appearing on the verge of ferromagnetism.
It crystallizes in the hexagonal ZrNiAl-type structure and exhibits strong magnetocrystalline
anisotropy with easy axis along the c-axis. At low temperatures it undergoes first-order
metamagnetic phase transition (FOMPT) to ferromagnetic state with the critical magnetic field B,
~ 0.7 T applied along the c-axis and the critical temperature To = 11 K where FOMPT changes to
crossover behavior. B (To) increases (decreases) with applying hydrostatic pressure (Fig. 1) [1,
2]. FOMPT disappears at quantum critical pointatp=1.5GPaand B=7T [2]. Thisis in
agreement with the generic H,p,T phase diagram for itinerant quantum ferromagnets proposed in
[3] and shown in Fig. 2. From this phase diagram and pressure experiments on UCoAl, the true
ferromagnetic phase would appear in negative pressures p <-0.2 GPa [2], which cannot be put
into practice.

The unusual physics of UCoAI has been attracting researchers for many years. Frequent
studies dealt with substituting Co by other d-elements. Depending on d-metal dopant and its
amount, ground ferromagnetic or paramagnetic state, where FOMPT completely disappears is
realized. It has been shown in [4] that as little as 1% of Ru substituted for Co leads to
ferromagnetism with T¢ = 17 K. By lowering nominal Ru content we move closer to the UCoAl
ground state.

We have grown single crystals of UCo;xRuxAl for x = 0.0025, 0.005 and 0.01 and
investigated the corresponding H,p,T magnetic phase diagram by magnetic, electrical resistivity,
Hall Effect and thermal expansion measurements. UCo0g.g975RUg 0025Al €Xhibits paramagnetic
ground state and FOMPT with critical magnetic field B, ~ 0.55 T. In UC0g.995R U0 00sAl ground
ferromagnetic state and FOMPT is observed. UC0g g9RUg 01 Al exhibits same ground
ferromagnetic state as in previous research. Evolution of magnetism in UCoAl and our single
crystals within the generic H,p, T phase diagram of itinerant quantum ferromagnets will be
discussed.



0-04

TCurie

QCP

1st order

Fig. 2: Schematic (H, p, T) phase diagram of itinerant quantum ferromagnet by [3].
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Stabilization of ferromagnetism in UCoAl by Os doping

Alexander V. Andreev’, Kenji Shirasaki®, Josef Sebek',
Denis I. Gorbunov'?, Stanislav Dani§*, Tomoo Yamamura®
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¥ Dresden High Magnetic Field Laboratory (HLD), Helmholtz-Zentrum
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UCoAlI (hexagonal crystal structure of the ZrNiAl type) exhibits in field 0.7 T applied along the
C axis a metamagnetic transition to the forced ferromagnetic state [1]. It was found that the ground
state of UCoALl is paramagnetic [2], so the compound is an itinerant metamagnet with a uniquely
low transition field. A magnetic moment at the transition is induced practically exclusively on U
[3], but the state of the 5f electrons depends very drastically on the interaction with ligands,
especially with d-metals. When Co is substituted by T = Fe, Ru, Rh and Ir in the UCo;4TxAl
systems, the critical field H,, of the transition rapidly decreases and already few % doping stabilizes
spontaneous ferromagnetism [4,5]. Opposite, for T = Ni, Pd and Pt, H. increases and
paramagnetism is stabilized [4,6]. Now we completed a study of the influence of a late d-metal on
the magnetism of UCoAl by testing T = Os.

In the case of T = Pt, solid solutions form in the whole range of Pt concentrations. In the system
with Os, similarly to solid solutions with Ir, the homogeneity range is limited to X = 0.2 with a small
lattice expansion in the basal plane. Moreover, UOsAl does not form the ZrNiAl-type structure but
rather hexagonal Laves phase of the MgZn, type. A magnetization study of single crystals with x =
0.02, 0.05, 0.10 shows that they are ferromagnets with the easy magnetization axis ¢ (Fig. 1). The
spontaneous magnetic moment Mg increases from 0.40 pug per formula unit (since other atoms are
non-magnetic, it corresponds to the magnetic moment per uranium atom, My) at X = 0.02 to 0.53 up
at X = 0.10, which is almost twice larger than the magnetic moment induced at the metamagnetic
transition in UCoAl.

— T T T T T T T Immediately after the stabilization of the
UCo,,0Os,A ferromagnetism (X = 0.02), the c-axis curve
demonstrates very high susceptibility above the
field where domain-wall movement is
completed. It goes parallel to that of meta-
magnetic UCoAl showing that the ferro-
magnetism is still very weak. The stabilization
of the ferromagnetism with increasing X leads to
a decrease of this susceptibility, nevertheless, it
is still very high at x = 0.10.

All the compounds exhibit huge magnetic
anisotropy characteristic for UCoAL
Extrapolation of the a-axis magnetization curves
to crossing with M = My gives anisotropy field
H, as 120-130 T. But this method does not take

poH (T) into account that the easy-axis magnetization is
Fig. 1. Magnetization curves of the UCo1,OsAl not saturated in the maximum applied field and

single crystals with along the ¢ axis (filled symbols) &OWS even faster that the hard—axis one. So, the
and the a axis (empty symbols) at 2 K. real H, asa field of crossing of the easy- and

M (pg/f.u.)
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hard-axis curves is considerably larger that these already huge values.

Figure 2 shows the low-field part of magnetization curves along the c axis. The hysteresis loops
show typical behavior for intrinsic coercivity of narrow domain walls characteristic for rare-earth
and uranium compounds with very large magnetic anisotropy: low initial susceptibility, rectangular
hysteresis loop and typical difference in the temperature dependence of the magnetization of zero-
field-cooled and field-cooled samples (Fig. 3). Nevertheless, the coercive field H, reaches only
moderate values, 0.25 T for x = 0.10.

Similarly to Ms, the Curie temperature T increases with X (Fig. 3) and reaches 48 K for x = 0.10.
Thus, Os stabilizes ferromagnetism in UCoAl considerably stronger than Rh and Ir and slightly
stronger than Fe and Ru.
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UCo,,Os Al BH=0.05T
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= = & —v— x =0.10, f
I 00 % 03 o ¢
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Hl||caxis T=2K
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Fig. 2. Hysteresis loops of the UC01.40sxAl single Fig. 3. Temperature dependence of the magnetization

crystals at 2 K. Hysteresis of the metamagnetic in field of 0.05 T applied along the ¢ axis. The curves

transition in UCoAl is also shown. were obtained on the zero-field-cooled and field-
cooled samples.
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We present the Fermi surface, magnetic and superconducting properties in NpGes;, UPts,

NpPdsAl,, and Pulns, together with their related compounds [1]. Fascinating anisotoropic

superconductivity, magnetism, and heavy fermions are observed in these compounds. These are

summarized as follows:

1)

2)

3)

4)

S)

The 5f-itinerant band model is well applicable to the topology of the Fermi surface in an
enhanced Pauli paramagnet NpGes. Note that the cyclotron masses determined from the dHVA
experiments are larger than the corresponding band masses because the many-body Kondo
effect is not included in the conventional energy band calculations. Furthermore note that the
band mass depends on the 5f~content in the Fermi surface, which is reflected in the cyclotron
mass.

The 5f-itinerant band model is also applicable to the topology of the Fermi surface in a
heavy-fermion superconductor UPt;. The detected cyclotron masses are extremely large,
reaching 110 my. UPt; possesses three superconducting phases in the magnetic field-temperature
phase, named A, B, and C phases. From the precise field-angle-resolved thermal conductivity
measurements, the pairing symmetry of UPt; is found to belong to an E, representation in the
f-wave category.

A heavy-fermion superconductor NpPdsAl, is found to reside in the vicinity of the quantum
critical point, similar to a quasi-two dimensional heavy fermion superconductor CeColns with
the dy»-yo-type symmetry. Therefore, the heavy-fermion superconductivity is realized in the
non-Fermi liquid state.

The dHVA experiments were also carried out for an antiferromagnet Puln; with 7\ = 14 K, as
well as Np and U compounds mentioned above. The dHVA branch with the cyclotron mass
m. =5 my is detected in a narrow field-angle region centered at H || <111>, which is most likely
due to a small antiferromagnetic Brillouin zone.

A Fermi surface split into two Fermi surfaces if the crystal structure does not possess
inversion symmetry. We clarified split Fermi surface properties in Rashba-type CelrSi; and
LalrSis, chiral structure VSi,, NbSi,, and TaSi,, and PdBiSe, but no uranium compounds. A
possible candidate is Ulr under pressure. This is our perspective dHVA work.

The present studies are collaborated with R. Settai, N. Kimura, Y. Haga, E. Yamamoto, N.

Tateiwa, T. C. Kobayashi, Y. Machida, K. Izawa, F. Honda, D. Aoki, H. Harima, and H.



0-06

Yamagami.
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A decade ago we first reported the spontaneous self-assembly of uranyl peroxide polyhedra into
nanoscale cage clusters in aqueous solution." Whereas the initial report was for three novel clusters,
our continued efforts have expanded this family to include more than 100 distinct clusters, with
more than half of these now reported in the literature.” These clusters contain as many as 124 uranyl
ions that are bridged through combinations of peroxide, hydroxyl, pyrophosphate, oxalate, etc.

Recently, we have focused considerable efforts on detailed studies of the behavior of two
uranyl peroxide clusters, U60 and U24Py, in aqueous solution using a combination of dynamic and
static light scattering, small angle X-ray scattering, electrospray ionization mass spectrometry,
cryogenic transmission electron microscopy, atomic force microscopy, Raman spectroscopy,
nuclear magnetic resonance spectroscopy, and computational simulations. Taken together, these
approaches have provided an unprecedented understanding of the behavior of such clusters in
solution. These clusters are highly stable in water, where they can persist for many months. They
are stable under increased temperature and pressure, and they exhibit aggregation behavior into
“blackberry” structures upon aging or when salts are added to solution. Their measured aqueous
solubilities are remarkable high, which suggests several potential applications in the nuclear fuel
cycle.
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Isolation of radioactive wastes, especially of high level wastes (HLW) containing long-lived
radionuclides, is a major challenge that may determine the fate of atomic energy. The current
approach is to incorporate HLW in an inert matrix for entombment in a deep geological repository
designed with multiple levels of safety systems that are both engineered (matrix, container etc.) and
geological (rock massive) barriers. An area in gneissic rock near Krasnoyarsk has been chosen as
one of the probable sites for a deep geological repository [1].

Neptunium, which has a long half-life, is one of the most mobile of the actinides in the
environment, where it can be present in different oxidation states. Since the most probable oxidation
state of neptunium at the beginning of repository operation is (V), the initial form of neptunium in
all experiments was NpO2*. Np(V) sorption from ground water by gneiss and dolerite collected
from that site were evaluated in oxic and anoxic environments at temperatures of 20 °C and 90 °C.
The speciation of sorbed neptunium and its time and temperature dependent changes were studied
using a modified Tessier’s procedure of sequential extraction. The distribution of sorbed neptunium
was studied by autoradiography. Single mineral grains with high concentrations of sorbed
neptunium were detected, and the neptunium oxidation state was studied by XPS.
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The rigorously axial and inert d’f’ uranyl ion [UO,]*" is the most abundant motif in the uranium
chemistry, being relevant to environmental speciation and nuclear waste remediation. Along with
its congeneric neptunyl and plutonyl cations, the singly reduced d’f' uranyl cation [UO,]" retains
the linear, strongly covalent dioxo core but displays enhanced oxo-groups basicity [1]. The latter
often associates CCI clustering and disproportionation reactions of U" species, although the greater
oxo-group reactivity remains unknown and its reactions to form new covalent bonds are rare.

In 2004 Arnold and co-workers have reported the syntheses of monouranyl Schiff-base
calixpyrrole pacman complexes, [UO2(S)(H,L)] (Fig. 1, S = tetrahydrofuran (thf), pyridine (py))
in the deprotonation reaction of HyL with uranyl silylamide [(UO;)(thf),{N(SiMes)}2] [2].
The resulting vacancy in Ny-donor compartment has latter accessed diverse heterobimetallic
complexes of transition and rare earth metals through further substitution of the remaining
two pyrrolic protons and coordination by the uranyl endo-oxo moiety [3,4].

Here we report on the synthesis, structure and magnetic properties of the first heterobimetallic
U"-oxo-neptunium compound through an exo-oxo activation of the monouranyl Pacman-shaped
[(UO,)(thf)(H,L)] complex with tris(cyclopentadienyl)neptunium(III), [**’Np(Cp)s] (Fig. 1, right
reaction path).

CpsUY CpsNpV
\ \
o\ 7 O\ ’ O\
thf = thf~l thf-= <
\‘\O CpsU \\o 1.5 eqv. Cp3Np \‘\O . Cp;Np(thf)
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H H . H
5d ageing
limited stabilit . removable
product Y isol. 45%  byproducts

stable
Fig. 1. [UO,(thf)(H,L)] complex and its reactivity studies with (Cp);An (An = U, Np) reagents.

The observed inability of the Np' ion to exploit the empty Ny-pocket of the ligand can be ascribed
to sterical constrains of the three [Cp] groups and a spontaneous single electron reduction of the
uranyl dication stabilized by endo-oxo hydrogen bonding. Interestingly, we remarked greater
thermal stability of the resulting [(Cp)s;Np{(UO;)(thf)(H,L)}] complex over its uranium analogue
(Fig. 1, left reaction path). Also, this is paralleled with the possible partial disproportionation of
both complexes upon their dissolution in ds-tetrahydrofuran to form parent [(Cp);An(thf)], (An = U,
Np) and [UO,(thf)(H,L)] compounds, in both cases tracked with "H NMR spectra. Despite a local
axial symmetry of the uranyl-neptunium moiety (Npl-O1-Ul 170.5(1)°), the DC and AC



magnetometry studies of the heterobimetallic complex at various fields and temperatures (0.5-7 T,
2-300 K) showed no visible magnetic communication between Np'' (5f, J= 9/2) and U (5f,
J = 5/2) Kramers ions.

We have found the presented structural studies triggered a new discussion about previously not
observed actinide ions cross-reactions, and became relevant to aggregation phenomena of the
actinide oxide clusters.
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The pyrochemical process is an electrochemical separation process which has been under
development for recycling used nuclear fuel. For the simulation of the pyrochemical process,
various electrochemical properties such as exchange current density and transfer coefficient are
needed. However, in most simulation studies, assumed data of exchange current density and transfer
coefficient of metal chlorides have been used due to the lack of experimental data. In the present
work, the exchange current density and the transfer coefficient for La, Ce, and U were investigated
in LiCI-KCI molten eutectic at 500 °C.

All the experiments were carried out in an inert Ar atmosphere glove box (Ar 99.999 % purity).
The electrochemical cell consists of three electrodes. Tungsten rods (® =1.5 mm) were used as a
working electrode and a counter electrode, and a silver wire (® =1.0 mm) was used as a reference
electrode. The temperature of the sample containing target element with eutectic salt was controlled
by the furnace equipped at the lower part of the glove box within uncertainty of +1 °C. The
concentrations of LaCls, CeCl3, and UCI;3 in LiCI-KCI eutectic salt were measured by using ICP-
AES.

To obtain the equilibrium potentials of the system, a cyclic voltammetry was employed. Several
cycles of cyclic voltammogram were measured, and the peak potentials for both oxidation and
reduction reactions agreed consistently with those in literature [1]. The equilibrium potentials of
LaCls, CeCls, and UCI; in LiCI-KCI eutectic salt were determined as -2.05 + 0.01 V, -1.98 + 0.02 V,
and -1.39 + 0.01 V, respectively. Around each equilibrium potentials, the exchange current densities
of La, Ce, and U were investigated by using the Tafel plot and the linear polarization technique. As
shown in Fig. 1, the exchange current densities of La, Ce, and U were determined to be 7.77 + 0.35
mA/cm?, 17.61 + 0.20 mA/cm?, and 18.75 + 0.42 mA/cm?, respectively. The transfer coefficients of
each element were found to 0.69 + 0.02 for La, 0.55 £ 0.01 for Ce, and 0.68 + 0.03 for U with the
Tafel slope, whereas in most simulation works the transfer coefficient has been assumed as 0.5 due
to the lack of proper electrochemical data.
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Fig.1. The Tafel plot and the linear polarization of 1 wt.% U in LiCI-KCI molten salt at 500 °C
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Additionally, the exchange current density of each element of interest in the present work was
obtained as a function of temperature and concentration. By Arrhenius’ law, the logarithmic value
of the reaction rate constant and the exchange current density showed the linear relationship with
inversed temperature. As anticipated, the exchange current densities were directly proportional to
the concentration. The temperature and concentration dependency of exchange current density were
employed in comparison with other literature’s data which matched well with our data [2,3].

Based on exchange current densities and transfer coefficients of La, Ce, and U, we computed
the current density as a function of applied overpotential for the case of assumed data in most
simulation papers and data from the present work, as demonstrated in Fig. 2.
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Fig. 2. The simulated current density as a function of overpotential using assumed and measured
exchange current density and transfer coefficient of La, Ce, and U.

References

[1] K. Sridharan, “Thermal properties of LiCI-KCI molten salt for nuclear waste separation”, Final report, NEUP (2012)
[2] I. Choi, B.E. Serrano, S.X. Li, S. Herrmann, S. Phongikarron, “Determination of exchange current density of U3+/U
couple in LiCI-KCl eutectic mixture”, Proceedings of Global 2009, Paris, France (2009)

[3] K.C. Marsden, B. Pesic, “Evaluation of the electrochemical behavior of CeCl;z in molten LiCI-KCI eutectic utilizing
metallic Ce as an anode”, J. Electrochem. Soc. 158, F111 (2011)



Magnetism of Actinides Studied with Polarized X-rays

Andrei Rogalev and Fabrice Wilhelm

European Synchrotron Radiation Facility (E.S.R.F.), 71 avenue des Martyrs, 38043 Grenoble, France,
e-mail: rogalev@esrf.fr

Actinides compounds, which are straddling the magnetic properties of rare-earths and
transition metals, have been the subject of increasing interest due to their very different properties,
such as Pauli paramagnets, localized and itinerant ferromagnets, and heavy fermion
superconductors. The key parameter responsible for the large variety of magnetic properties is
obviously the degree of localization of the 5f states which are indeed involved in both the chemical
bonding and the magnetism. To unravel the details of the electronic structure and magnetic
properties of these 5f states, polarization dependent X-ray spectroscopy and scattering at the Mas
edges appear as the most suitable experimental tools. At the third generation synchrotron radiation
facilities, small x-ray beam with flexible polarization sized down to few microns can be routinely
achieved. This technique is thus perfectly suited for studying minute samples (a few micrograms) of
transuranium materials. Moreover, X-ray spectroscopy based techniques provide quantitative
magnetic information with element-specificity as well as sensitivity to valence-state and lattice
symmetry. In this talk, we will present an introduction to polarization dependent x-ray spectroscopy
and scattering as well recent advances in use of polarized x-rays to study local magnetic properties
and electronic structure of actinides compounds.
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Ordered magnetism is a result of spin polarization of the electrons, but there are two elements in
the periodic table in which the intrinsic magnetic moment is zero despite the electrons being spin-
polarized: europium and americium. For the free Eu** and Am** ions the f-electron count is six, the
spin and orbital moments have the same magnitude and opposite direction, and the resulting J =0
ground state is non-magnetic. Nevertheless, since a large spin polarization is present, the application
of a magnetic field can induce a moment by mixing with excited states. Europium, however, has a
tendency towards the magnetic f’ (divalent) configuration [1] and loses its magnetism only under
high pressure [2]. Americium, in contrast, exhibits a stable trivalent oxidation state and, like most of
its compounds, shows temperature independent susceptibility and no ordered magnetism.

One can expect that long-range order of the moments induced in the virtually nonmagnetic
sublattice [3] will be evident when these ions are embedded in a strong ferromagnetic matrix,
because of the large molecular field created by the exchange interaction. Using the technique of x-
ray magnetic circular dichroism, we show that this is the case in AmFe,. Our result not only
confirms the previous indication on the total Am moment from neutron diffraction experiments, but
by probing the orbital and the effective spin moment separately, it allows us to attribute the resultant
induced moment (antiparallel to the Fe one) to significantly localized 5f electrons, a situation very
different to the isostructural UFe;.

The intrinsic relation (S;) = — (L;) resulting from the uniaxial symmetry of the Hamiltonian
offered us a unique opportunity to determine directly from the XMCD spectra the expectation value
of the magnetic dipole operator (T,), an elusive quantity associated with the spin-dependent
asphericity of the electronic cloud which is experimentally accessible only in a limited number of
cases and normally requires a combination of several techniques. By assessing the progression of
the ratio 3(T,)/(S;) across the actinide series [4], we infer that this quantity is well described within a
single-ion, intermediate coupling theory for all light actinides, in a way which is largely independent
of their electronic (de)localization.
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In the previous talk Nicola Magnani has presented XMCD results on Am in the compound
AmFe,. He has explained how the condition that </>> = 0 constrains <L.> = — <S> for all
components mixed into the ground state of the Am®” ion in the strong molecular field of the Fe
moments in the Laves phase compound AmFe,. The result is that although <J.> = 0, the quantity
<>, which is related to the observed moment, becomes different from zero. This can be seen
another way by realising that the orbital moment p; = — <L.> and the spin moment pg = — 2 <S>
and the total moment o = pur + pus = + <L>. Moreover, this implies that the net moment (L) 1S
directed opposite to the strong molecular field of the Fe atoms. We have therefore the unusual
situation that the strong molecular field (estimated at 180 T in the previous talk) will induce a small
moment on the Am site that is opposed to the direction of the molecular field — a counterintuitive
situation! (As the molecular field increases further the approximations made by neglecting higher-
order effects breakdown, and, at infinite field, the moment at the Am site would be parallel to the
molecular field.)

In the 1970s at Argonne National Laboratory the author was involved with some of the early
neutron experiments trying to determine the spin and orbital contributions to the actinide moments.
An early example of this is given in [1], which discussed Np Laves-phase compounds. Only
polycrystalline samples were available, but they were well characterised and of high quality. The
measurements used polarised neutrons with an applied field of 6 T to reduce depolarisation effects,
and the results are in excellent agreement with later work on single crystals with neutrons [2 — 4]
and more recent XMCD experiments [5].

During the course of these measurements a sample of 0.87 g was made of AmFe,. The neutron
experiments showed that at the (220) reflection, which has contributions only from the Am
sublattice, the flipping ratio (see Ref. [1]) was R = 0.67(4). Since this is significantly < 1, it implies
that the total moment at the Am site is directed opposite to the applied magnetic field.

To determine the actual magnetic moment requires knowing the magnetic form factor, which
was unknown, but an approximation was made by using <jo> for the Am>" from the relativistic
calculations by Desclaux and Freeman. The result was a moment po = — 0.4(1) ps. The sign of the
moment was not understood. However, an overview paper of the work on the actinide Laves phases
was presented at the Amsterdam ICM in 1976 [6]. No further paper was written on the AmFe,
results until it was included, with only a brief discussion, in another overview paper [4]. The
explanations advanced for the negative sign were incorrect.

This talk will explain how those measurements were made and the dilemma (now resolved!)
that they caused in our efforts at that time to understand spin and orbital moments in the actinides.
The neutron results, 40 years after they were taken, are crucial to verify the theory advanced in the
previous talk.
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1. Introduction

The wide variety of electronic properties in f-electron compounds provides ample opportunity
for systematic studies from both the fundamental interest and application points of view. This
variety is a consequence of the many different kinds of interactions between f-electrons and
hybridizations with surrounded ligands d- and/or p-electrons. Furthermore, the f electrons play an
important role in the heavy-fermion character, magnetic and multipolar ordering, and
unconventional superconductivity in the vicinity of quantum critical points. For a systematic
understanding of the nature of f electrons, it is very important to study families of compounds with
the same crystal structure composed of a series of 4f rare earth and 5f actinide elements having
different f electron numbers and character, and with ligand elements having a variety of s, p, and d
electrons hybridized with the f'electrons.

The A,T;Xs family of f-electron compounds (A: rare-earth and actinide elements, T: transition
metals, and X: Si or Ge) is a well-known system, which has quite a few members based on rare
earth [1,2] and actinide elements (Th, U, Np, Pu) [3-4]. There are three crystal structure types in
A,T3Xs, which are U,CosSis—type orthorhombic structure (space group: Ibam), Lu,CosSis—type
monoclinic structure (space group: C2/c), and LuyFes;Sis—type tetragonal structure (space group:
P4/mnc). Among them, U,CosSis type and Lu,FesSis type structures are quite similar to each other.
It should be noted that U,Co3Sis—type structure forms a zig-zag chain of U atom along c-axis. In
rare-earth compounds, for example, antiferromagnetic compound Ce;Ni;Ges shows heavy-fermion
superconductivity under high pressure [5]. In the actinide A,T3Xs compounds, many of them orders
magnetically at low temperature. One of the most studied compounds among U,T3Xs is U;Rh3Sis.
U,Rh3Sis, which crystallizes in the LuyFe;Sis type monoclinic structure, is an antiferromagnet with
a Neel temperature of 25.5 K [6]. This compound shows a first order magnetic phase transition at
Tx accompanied by a discontinuous negative volume magnetostriction [7].

In order to investigate electronic properties in U,T3Xs, we have surveyed new U,T3Xs
compounds, and investigate electronic properties under high pressure.

2. Experimental Procedure

We have tried to make new U,T3Xs compounds such as U,Ir;Sis and U,Rh3Ges by arc-melting.
Obtained poly crystals are confirmed as a single phase by x-ray powder diffraction. We have grown
single crystal of UslIr;Sis by the Czochralski pulling method as shown in Fig. 1(a). We obtained a
beautiful Laue pattern, as shown in Fig. 1(b). X-ray powder diffraction on the crashed single crystal
of U,Ir;Sis is shown in Fig. 1(c). Obtained data are well explained by the calculated result based on
U,Co;3Sis-type orthorhombic structure with lattice parameters of @ = 9.953A, b= 11.328 A, and ¢ =
5.881 A. UyRh;Ges also crystallizes with UyCo3Sis type structure with lattice parameters of a =
10.052 A, b=11.789 A, and ¢ = 6.009 A. Magnetization and magnetic susceptibility are measured
by a SQUID magnetometer. Specific heat was measured by physical property measurement system
(Quantum design Ltd.). Electrical resistivity is measured by a standard four-probe method. High
pressure experiments were done by an opposed anvil type pressure cell (Bridgman method).
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Fig. 1 (a) single crystal of U,Ir;Sis, (b) Laue photograph of UsIr;Sis from (001) plane, and (c)
powder diffraction pattern of UsIr;Sis together with the simulated result of U,CosSis type of
structure.

3. Experimental Results and Discussion
3.1 new compounds U,Ir;Sis and U,Rh;Ges

Fig. 2(a) shows the temperature dependence of the magnetic susceptibility of U,lr;Sis. The
magnetic susceptibility follows the Curie-Weiss law at high temperatures. The magnetic
susceptibility for H || a- and b-axis in the inset of Fig. 2(a) decreases steeply below 36.5 K (= ),
indicating the antiferromagnetic ordering, and shows another magnetic transition at 7x; = 26 K,
which might be due to the change of magnetic structure, such as CeRh,Si, [8]. While the
susceptibility for H || c-axis is almost constant below 7. It is concluded that the antiferromagnetic
magnetic easy-axis corresponds to the a-axis, while the c-axes is a hard axis.

The temperature dependence of the electrical resistivity for the current J along three principal
directions in U,lrsSis is shown in Fig. 2(b). Interestingly, electrical resistivity shows
semiconducting like temperature dependence and indicates drastic increase below 7n. Additional
anomalies at 7n; are also found in all directions. Electrical resistivity in U,Rh3Sis is metallic and
shows drastic decrease below Ty [6]. This huge difference in the electrical resistivity between those
two related compounds is unclear but may imply important hints for the dominant interactions in
these compounds.
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= 50 S 600 i
= =S lTN1:35.6K
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Fig. 2 Temperature dependence of (a) the magnetic susceptibility and (b) the electrical
resistivity in U,Ir3Sis along the principal directions. Inset in (a) shows the magnified plot around 7.

2
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Temperature dependence of the magnetic susceptibility and the electrical resistivity in
U,Rh3Ges polycrystal are shown in Fig. 3(a) and (b), respectively. As is seen here, U,Rh3Ges is an
antiferromagnet with a Néel temperature of 7x = 42 K. No further transition below 7y is found
down to 2 K. Electrical resistivity increases with decreasing temperature and shows sudden
decrease below Tn, which is similar to the resistivity behavior in the related compound U,Rh;Sis.
The transition at 7y is confirmed to be a second order phase transition from the specific heat
measurement, not shown here. Other bulk properties and comparison to the related compounds will
be reported.

(a) (b)
0.000 04 . . . . . .
U,RIxGe; 1600 L
0000031 400} r\
- —e— 100G, ZFC - =
z —o— 100G, FC 8
5000002} —e—2000G, ZFC 2 U,RhGe;
z —o—2000G, FC o 800
6001
0.00001 J
0.00000 L—s . . . . . . e -
0 50 100 150 200 250 300 - . o - -
T K) T (K)

Fig. 3 Temperature dependence of (a) the magnetic susceptibility and (b) the electrical
resistivity in U,Rh3Ges polycrystal.

3.2 Pressure effect on U,Rh3Si5

U,Rh;Sis indicates the first order antiferromagnetic transition at 25.5 K, implying the existence
of the strong spin-lattice coupling. It is reported that lattice volume expands accompanied by
antiferromagnetic ordering. It is also reported that the crystal structure of U,Rh3Sis does not change
through the transition [9]. This means that U,Rh3Sis only deforms with different ratios of the lattice
parameters. When the magnetism is suppressed by external pressure, not only magnetic but also
lattice instability can be expected to occur, which might be a new type of quantum criticality. In
order to investigate the effect of pressure on this compound, we measured electrical resistivity
under high pressure.
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J polycrystal j 0' — ‘ 1
0 . 2(|) . 25l ‘30 OJ .0, 20, 40
0 100 200 300 0 100 200 300

Temperature (K)
Fig. 4 Temperature dependence of electrical resistivity of U,Rh3Sis under high pressure.
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Figure 4 shows the temperature dependence of the electrical resistivity of U,RhsSis polycrystal
under high pressure. Resistivity shows broad peak around 100 K and decreases suddenly at 7y,
reflecting the first order antiferromagnetic transition. 7x decreases monotonically with pressure, as
expected from the negative volume magnetostriction at 7n. A small hump in the resistivity is found
around 7y at 4.6 GPa, as shown in Fig. 4(b), which can be connected to the “super-zone” gap
formation. Figure 5(a) shows the low temperature resistivity with respect to 7° (K?). At low
temperature resistivity obeys p = po + AT* below Tgr. Tro decreases but A-value increases with
increasing pressure. Pressure dependence of 7y and A-value are plotted in Fig. 5(b). Initial slope of
d7x/dp is nearly -1 K/GPa. Decrease of 7y and increase of 4 suggests that the system approaches to
quantum criticality under high pressure. We need pressure more than 10 GPa to suppress
magnetism completely. Further experiment using diamond anvil cell is in progress.

According to the thermal expansion [7] and specific heat measurement [6], volume change (AV)
and latent heat (AS) at Ty is estimated as AV = -2.45 x 10® (nm*/mol) and AS = 2.44 (J/(mol*K)). For
the first order phase transition, pressure dependence of the transition temperature is estimated by the
Clausius-Clapeyron relation, (d7/dp) ~ AV/AS ~ -1 K/GPa, which is in a good agreement with our
experimental result.

(a) (b)
3093\ -
, / \/\(
g’j a 201 ”\:;Q -
147 U Rh,si, Ve ) N
ﬁ/ < 10f .
g ~ U,Rh,Si;
2 0 '
E T T T
G 4r URbsS §
3 ol
8 =S o .
0 50, 100 < 5
7 (K% S |
<
O | | |
0 2 4 6
P (GPa)

Fig. 5 (a) Low temperature resistivity with respect to 7° under high pressure and pressure
dependence of Ty and 4-term in the electrical resistivity in U,Rh;Sis.

4. Summary

We succeeded in growing new U,T3Xs compounds, which are UIr;Sis and U,Rh3;Ges. Both
compounds crystallize with U,Co3Sis-type of orthorhombic structure. Below 7x = 36.5 K, Ulr;Sis
shows magnetic order-order transition at 26 K. Electrical resistivity in U,Ir;Sis shows semi-
conducting-like behavior. We have also studied electronic properties of U,Rh3;Sis under high
pressure up to 4.6 GPa. Ty decreases with increasing pressure at a rate of -1 K/GPa in U;Rh;Sis.
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New Magnetoelectric Effects in a Noncollinear Antiferromagnetic Metal UNisB
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A uniform alignment of spin vortices on a layered honeycomb lattice can be described as a
ferroic order of a microscopic toroidal moment t, which is defined as the sum of vector products of
electric- and magnetic-dipole moments over proper magnetic sites in a magnetic unit cell. Recently,
S. Hayami, H. Kusunose, and Y. Motome theoretically predicted that exotic magenetoelectric (ME)
effects can be generated if such a ferroic toroidal order occurs in a metallic compound [1, 2]. For
example, an electric current J flowing along the layers under the toroidal order may induce uniform
magnetization in the direction of a vector product as AM oc t x J. The J flowing perpendicular to the
layers may also enhance or depress the toroidal moment, which is parallel to J. A quasi-hexagonal
compound UNisB is a plausible candidate for testing the reality of this theory. This compound
shows an antiferromagnetic order below Ty ~ 20 K with two thirds of uranium 5f moments on a
triangle lattice forming a vertex-like magnetic structure [3], which is comparable to the toroidal
order given in the theory (Fig. 2). We have performed dc magnetization measurements on a UNisB
single-crystalline sample using a SQUID magnetometer, MPMS, with electric currents applied
along and perpendicular to the hexagonal layer. We observed that in both the current directions
spontaneous magnteization AM develops perpendicular to the currents below Tn. In addition, the
direction of AM is altered by reversing the current-flow direction in each geometry. We conclude
from our experimental results and analyses that the theoretical prediction given by Hayami et al. has
now been essentially confirmed by experiments, and a new ME phenomenon of current-induced
magnetization in a metallic system has been identified, for the first time.
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(b)
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4fq“?”‘~ ~ A
—_— - ‘.}:‘___-_‘

a;

Fig. 1. Schematic views of (a) a microscopic toroidal
moment and (b) ferroic order of toroidal moments on
a layered honeycomb lattice from Ref. [1].

Valp

3
-

Fig. 1. Magnetic structure of UNisB in a-b plane
[3]. U atoms at sites (1) and (2) remain
paramagnetic below Ty down to ~ 0.3 K. Open
circles denote Ni or B atoms.
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Structural, electronic, and magnetic characteristics of Np,Co,; under
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A previously unknown neptunium-transition-metal binary compound Np,Co;; has been
synthesized and characterized by means of powder x-ray diffraction, >*’Np Mossbauer
spectroscopy, SQUID magnetometry, and x-ray magnetic circular dichroism (XMCD). The
compound crystallizes in a Th,Ni,;-type hexagonal structure with room-temperature lattice
parameters a = 8.3107(1) A and ¢ = 8.1058(1) A (FIG 1.).
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FIG. 1. (Color online) Observed (dots) and calculated (red line) x-ray diffraction pattern
recorded at room temperature and ambient pressure for Np,Co,;. The lower trace (blue line)
is the difference profile. The intensity distribution is plotted as a function of the full
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diffraction angle 26 (Cu Ka1 radiation). Vertical ticks indicate calculated angular positions of
the Bragg peaks for (upper row, black) the Np,Co1; phase and (lower row, red) for an
impurity phase (NpO,, ~3% in weight). The inset shows the crystal structure of Np,Co.,
corresponding to the ABAC stacking sequence characteristic of the ordered Th;Ni;;-type
structure.

Refined structural parameters for Np,Co,; at room temperature are shown in TABLE I.

TABLE 1. Refined structural parameters for Np;Co;; at room
temperature. The parameters refer to the hexagonal axes [space group
P6;/mme, a = 8.3107(1) A, and ¢ = 8.1058(1) A]. An isotropic
Debye-Waller factor Bpw = 0.5 AZ and full occupation were assumed
for all sites.

Atom  Site  Symmetry X y z

Np, 2b 6m?2 0 0 1/4
Np, 2d 6m?2 1/3 2/3 3/4
Coy 4f 3m 1/3 2/3 0.1048(5)
Coz 6g 2/m 1/2 0 0
Cos 12 m 0.3241(5)  0.9547(3) 1/4
Coy 12k m 0.1663(3)  0.3326(6) 0.9775(3)

Magnetization curves indicate the occurrence of ferromagnetic order below T > 350 K, as it

shown in FIG 2.
30
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FIG. 2. (Color online) Magnetic-field dependence of the Np,Co,; magnetization measured on
a polycrystalline sample at different temperatures from 20 to 350 K. The inset shows the
temperature dependence of the magnetization measured up to 300K in a field uygH=0.1T
under field-cooled (FC) and zero-field-cooled (ZFC) conditions.

Mossbauer spectra suggest a Np>* oxidation state and give an ordered moment of Mnp =
1.57(4) pg and py, = 1.63(4) pp for the Np atoms located, respectively, at the 2b and 2d
crystallographic positions of the P65/mmc space group.

237

Estimated parameters for the “°"Np Mdssbauer spectra of Np,Coy; at 4.2 K are given in

TABLE I1.

TABLE Il. Estimated parameters for the 237Np Mossbauer spectra of Np,Coy; at 4.2 K. ;s is the
isomer shift with respect to NpAl,, By is the hyperfine field, py, is the ordered Np magnetic

Site Intensity (%) 815 (mm/s) By (T) mxp (1LB) e2q 0 (mm/s) W (mm/s)

a(2d) 50 —13.7(2) 351D 1.63(4) —12.2(3) 2.9(1)
b(2b) 50 —15.4(2) 338(1) 1.57(4) —4.5(3) 2.9(1)
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moment, e’qQ_is the quadrupolar coupling constant, and W is the full width at half
maximum of individual spectral lines.

The Z’Np Méssbauer spectrum of Np,Coy; taken at 4.2 K in the ferromagnetic state is shown
in FIG 3.
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FIG. 3. (Color online) *’Np Méssbauer spectrum of Np,Co;; taken at 4.2 K in the
ferromagnetic state. The solid red line represents the best fit to the data (dots) as given by
the superposition of component spectra associated with the two inequivalent Np positions.
The individual spectra, vertically shifted with respect to the base line, are shown as blue (a)
and green (b) lines at the top of the figure. The lower trace (black line) is the difference
profile. The fit slightly improves by adding the contribution from the NpO, impurity, giving a
single broad absorption line at 7.7 mm/s where the difference profile shows a small dip.

Combining these values with a sum-rule analysis of the XMCD spectra, FIG 4,measured at
the neptunium M, s absorption edges, one obtains the spin and orbital contributions to the
site-averaged Np moment [us = —1.88(9) ug, K = 3.48(9) pg]. The ratio between the
expectation value of the magnetic-dipole moment and the spin magnetic moment (m¢/s =
+1.36) is positive as predicted for localized 5f electrons and lies between the values
calculated in intermediate-coupling (IC) and jj approximations.
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FIG. 4. (Color online) X-ray-absorption spectra u"~ measured at 50 K at the M, s Np
absorption edges in Np,Co;;; data have been measured with the photon helicity parallel (red
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line) and antiparallel (black line) to a 7-T magnetic field applied along the beam direction.
The XMCD signal (blue line, lower trace) is given by u* - u™. The inset shows the field
dependence of the XMCD signal at the M, edge.

The expectation value of the angular part of the spin-orbit-interaction operator is in
excellent agreement with the IC estimate. The ordered moment averaged over the four
inequivalent Co sites, as obtained from the saturation value of the magnetization, is pc, 1.6
Ms. The experimental results are discussed against the predictions of first-principles
electronic-structure calculations based on the spin-polarized local-spin-density
approximation plus the Hubbard interaction.

The structural behavior of Np,Co,; is investigated by means of high-pressure diamond-anvil
compression measurements and is compared with that of the isostructural compounds
Lu,Cos7 and Lu,Niy;. The Th,Nij;-type hexagonal crystal structure is preserved with no
measurable discontinuous volume collapses up to the highest achieved pressure, p = 43 GPa.
For Np,Coy;. FIG. 5.
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FIG. 5. (Color online) Diffraction patterns of Np,Co,; for selected pressures at room

temperature, obtained by integrating Debye-Scherrer rings recorded with the area detector.
Patterns are offset vertically for clarity. No splitting of Bragg peaks or extra reflections
appear with increasing pressure. The values of the lattice parameters decrease continuously,
as indicated by the tilted straight lines. Nickel Bragg peaks from the inconel gasket are
indicated by arrows. Full data set have been collected up to 43 GPa.
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The Np,Co4; High-Pressure data fits to the Birch-Murnaghan and Vinet equations of state
give values of the isothermal bulk modulus and its pressure derivative of B, = 286 GPa and B,
= 3, revealing that this Np compound is a highly incompressible solid with stiffness
comparable to that of superhard covalently bonded materials.

1 - 3
p(V) =3By fzf" exp[i(ﬂa — (1 - fv)],

v

For example, Diffraction pattern obtained for Np,Co,; inside a membrane-type diamond
anvil cell and submitted to a pressure of 4.3 GPa, is given in FIG 6.
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FIG. 6. (Color online) Diffraction pattern obtained for Np,Co;; inside a membrane-type
diamond anvil cell and submitted to a pressure of 4.3 GPa using silicone oil as pressure
transmitting medium. Black circles represent experimental data, the solid red line is the
refined Le Bail profile, vertical lines are reflection tick marks, and the lower blue line
represents the difference profile. Nickel Bragg peaks are due to the inconel gasket.

For the Lu,T47 (T = Co, Ni) compounds, the measured bulk modulus changes from B, = 137
GPa for T=Co to B, = 257 GPa for T = Ni, FIG.7.
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FIG. 7. (Color online) Experimental isothermal equation of state for Np,Co,5, Lu,Co47, and

Lu,Niy;. The normalized unit cell volume, V(p)/V,, is plotted as a function of applied pressure.

The solid lines through experimental data are fit to the third-order Birch-Murnaghan
equation of state. Error bars are derived from refinement.

The isothermal equation of state for the studied compounds are in excellent agreement with
the results of ab initio fully relativistic, full-potential local spin-density functional
calculations. Theoretical estimates of the bulk modulus are given also for Np,Ni;, for which
B, is predicted to assume values intermediate between those measured for Lu,Ni;; and
Np,Co4;. FIG 8.
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FIG. 8. (Color online) Comparison between experimental (symbols) and ab initio calculated
compression curves of Np,Co.7, Lu,Co,7, and Lu,Niy;. The calculated equation of state (EOS)
is shown also for Np,Ni,;, for which experimental data are not available. Solid lines are fit to
the Birch-Murnaghan EOS. The calculated curves are shown as blue dashed lines. Insets
show the measured pressure variation of the lattice parameters a and ¢, and of their ratio
c/a, demonstrating isotropic compression conditions.
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We report the results of a study carried out on a neptunium-transition-metal binary compound
Np2Ni17, synthesized and characterized by means of Powder X-Ray Diffraction, Superconducting-
Quantum-Interference-Device magnetometry (SQUID), 2"Np Mdssbauer spectroscopy (Fig. 1) and
specific heat measurements.

Discovered at 1997 [1] during a study of the Neptunium — Nickel binary system, Np2Nii7 is
related to the recently reported NpNis [2] and is the nickel analogue of the previously reported
Np2Coz7 [3]. First physical properties of Np2Nii7 were reported at 2011 [4], the current report is of a
study made on a sample of improved quality, which was obtained by heat treating the casted sample
at 1150 K during 1 week, resulting with a better crystallinity and clearer physical behaviour.

Np2Nii7 crystallizes in the ThoNiiz hexagonal structure (P6s/mmc space group no. 194 with
room temperature lattice parameters a = 8.28215(7) A and ¢ = 8.04029(8) A), containing two non-
equivalent Np sites. However unlike its analogue (and parent) compound, Np2Niiz exhibits an
antiferromagnetic order below Tn ~ 17.5 K with a complex low temperature magnetization curve.
Madssbauer spectra in the ordered state show two ordered Np sites, one with a large ordered moment
(unp ~ 2.25 pB),the other with a small one (unp ~ 0.2 ug). Specific heat measurements confirm the
onset of an antiferromagnetic order while revealing a complex low temperature behaviour, with
both electronic and hyperfine Schottky anomalies present.
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Fig. 1. Temperature dependence of the ordered moment for the two non-equivalent crystallographic Np sites

—solid lines are fitted Brillouin curves for J=1/2. Inset — Mdssbauer spectra and fits at various temperatures.
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Single crystal study of layered UnRhlInsn+2 materials: case of the novel UzRhins
compound
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We report on the single crystal properties of the novel U2RhIng compound studied in the context of
parent URhIns and Ulnz systems. The compounds were prepared by In self-flux method. U2Rhing
adopts the Ho,CoGas-type structure with lattice parameters a = 4.6056(6) A and ¢ = 11.9911(15) A.
The behavior of UzRhlng strongly resembles that of related URhIns and Ulns with respect to
magnetization (see Figure 2), specific heat (see Figure 1) and resistivity (see Figure 3) except for
magnetocrystalline anisotropy developing with lowering dimensionality in the series Ulnz vs.
U2RhIng and URhIns. U2RhlIng orders antiferromagnetically below Ty = 117 K and exhibits slightly
enhanced Sommerfeld coefficient y = 47 mJ.mol.K2, Magnetic field leaves the value of Néel
temperature for both URhIns and U2RhIng unaffected up to 9 T (see Figure 1). On the other hand, Tn
increases with applying hydrostatic pressure up to 3.2 GPa. Results of thermal expansion
measurement will be discussed in the framework of Ehrenfest relations. The character of uranium 5f
electron states of UxRhing was studied by first principles calculations based on the density
functional theory combined with Hubbard model. The overall phase diagram of U:Rhing is
discussed in the context of magnetism in related UTXs and UXz (T = transition metal, X = In, Ga)

compounds.
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Figure 1. Temperature dependence of the specific heat divided by temperature (a). The transition
into the magnetically ordered state at Tn = 117 K (Tn = 98 K) for U2RhIng (URhIns) is marked by
vertical dashed lines. Comparison of C/T for U2RhIng (b) and URhIns (c) in zero and 9 T magnetic
field, respectively, applied along the [001] axis.
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Crystal structure and physical properties of Np,PdIns and Pu,PdIng
Adam Pikul', Tomasz Klimczuk??, Jean-Christophe Griveau®, Eric Colineau®, Dariusz Kaczorowski'

! Institute of Low Temperature and Structure Research, Polish Academy of Sciences,
ul. Okélna 2, 50-422 Wroctaw, Poland, e-mail: A.Pikul@int.pan.wroc.pl
? Faculty of Applied Physics and Mathematics, Gdansk University of Technology,
ul. Narutowicza 11/12, 80-233 Gdansk, Poland
3 European Commission, Joint Research Centre, Institute for Transuranium Elements,
Postfach 2340, D-76125 Karlsruhe, Germany

Polycrystalline samples of Pu,PdIns and Np.PdlIns, crystallizing with a tetragonal Ho.CoGas-
type structure (space group P4/mmm), were studied by means of magnetic susceptibility, electrical
resistivity and specific heat measurements. The temperature-dependent magnetic susceptibility of
Pu,PdIng is almost featureless, while that of Np,PdIng exhibits a distinct anomaly at 9.5 K that
probably manifests an onset of long-range antiferromagnetic ordering. The Pu-based compound
shows metallic conductivity, and a moderately-enhanced Sommerfeld coefficient (= 150 mJ/(K*
molp,)). The low-temperature properties of Np,PdIns are dominated by the magnetic ordering. The
main phase transition is followed by some spin reorientations at about 9 K and 8.5 K. Based on the
available experimental data, a tentative magnetic phase diagram of Np,PdIng was constructed.



Actinide Mediated Catalytic Activation of Heterocumulenes
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The activation of heterocumulenes, such as carbodiimides, isocyanates, thioisocyanates and carbon
disulfide is an atom efficient, waste free synthetic approach, yielding the respective guanidines and
related systems, which find a wide application as synthons in organic synthesis as well as ligands for a
variety of transition metals, lanthanides and actinides. Several lanthanide coordination complexes have
been shown to be active for the insertion reactions of amines and phosphines into the central NCE (E =
N, O, S) linkage of heterocumulenes.! In addition, Evans et al. have shown the stoichiometric
reactivity of (CsMes)An(CHs), (An = U, Th) toward aliphatic carbodiimides, furnishing mixed
pentamethylcyclopentadienyl amidinate actinide (V) complexes.? Hence, it was interesting to
investigate the conceptual question whether this process can be incorporated into a catalytic cycle
using catalytic amounts of actinide coordination complexes.

Recently, we have reported on the reactivity of mono(imidazolin-2-iminato) actinide (1) complexes
in the catalytic dimerization of aldehydes, displaying a high catalytic activity and selectivity toward
the asymmetrically substituted ester, when [Th(ImPPPN)(N(TMS),)s] was used as catalyst.® Therefore,
[Th(ImP""N)(N(TMS),)s] was used for catalytic activation of carbodimides with primary and
secondary amines, phosphines and thiols, yielding the respective insertion products (Scheme 1). In
addition, heterocumulene systems, such as PANCO, PhNCS and CS; were also catalytically activated
using amines, phosphines and thiols, furnishing the insertion products in high yields under mild
conditions.

Scheme 1: Actinide mediated activation of heterocumulenes.
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First structural characterization of triscyclopentadienylactinide(iii) derivatives
(An: U, Np, Pu)

Olaf Walter, Christos Apostolidis, Michal Dutkiewicz
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Triscyclopentadienylactinide(iii) complexes (CpsAn(iii)) are among the oldest well known in
the literature described organometallic actinide compounds. There properties have been investigated
extendedly and reported since the 1965 [1, 2]. Nevertheless till present there is a lack of structural
investigation on these compounds.

In the presentation this gap will be closed by a detailed discussion of the structural features of
CpsAn(iii) comparing them to those of their isosteric and isoelectronic Ln(iii)-complexes.

U
4
@ e s
u
PuiA @

Fig. 1. View to a representative part of the polymeric molecular structure of

CpsPul(iii) in the crystal, symmetry generated atom names are indexed with
AorB.
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Complexation of trivalent actinides with acetate studied by TRLFS and
EXAFS spectroscopy
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The final disposal of high-level nuclear waste will be perfatnre de@ geological formations.
Argillaceous rocks are investigdtas potential host rccformations n several Europeacountries
(i.e. Belgium, France, Germany, Switzerland). pbes watersof naural claysare known to contain
a high variety of dissolvd inorganic ad organic constituentsAmong the dissolskorganic matter,
low-molecular weight compounds (LMWC) are present at fractign® 88% [1,2] The relevant
small organic ligands particularly include carboxylic ligands.(éogmate acetate propionate,
lactate etc.) Furthermoresmall organic molecules may albe forme by radiolytic degradatin of
more complex organic compounds (digvic and humic acids) Regarding LMWGC acetate is the
mostabundantigand in porevatersand can occuat millimolar concentrations.

Due b their long half-lifesthe long-term radiotoxicity of the nuclear waste will be deterthine
the transuranium elements fNPu, Am). Therefore a detaild knowledgeon the interaction
mechanisms betwaethese actinidesthe potential host récand the aquifer is indispensable.
Among other processes (egprpton, diffusion), the complexatin with small organic ligands is of
importance for the solubilityral transport of the actinideBurthermorethese relevant geochemical
processes are strongly affattéy different system parameters (ejyH, Eh, ionic strength,
temperature, partigdressureof CO,, etc.).

Due b the reducing conditionsithe near-fiadl of the repository (e.gdue b corroson of the steel
canisters), trivalerdctinides(Pu(lll), Am(lll)) are of paticularinterest.
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Figure 1: Thermodynamic stability constants for the formation of [CmAc,]*" (n=1-3) as a function of
temperature determined in NaCl solution. [3]

In the present work, the thermodynamics for the complex formation of Cm(lll) as representative for



trivalent actinides with acetate are studied using time-resolved laser fluorescence spectroscopy
(TRLFS). In the first step, TRLFS is used to determine the aqueous speciation of Cm(lll) in the
presence of acetate as a function of ionic strength and ligand concentration at variable temperature
(20 — 90 °C). The stability constants (log’Kand the standard reaction enthalpies and entropies
(AH%,, AS’y) of the related complexation reactions are determined for the formation of [FAAc

(n =1-3) according to the specific interaction theory (SIT) and the Van't Hoff equation,
respectively. As shown in Figure 1, the thermodynamic stability constants for all observed Cm-
acetate species increase continuously with increasing temperature. The related complexation
reactions are, thus, endothermic and entropy-driven.
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Figure 2: k®-weighted Am L ;-edge EXAFS spectra as a function of the pH (left) and related Fourier Transforms
(right); [Am(I11)] =1 mM, [acetate] = 0.2 M. [4]

Table 1: Fit parameters of the raw k>-weighted Am L -edge EXAFS spectra shown in Figure 2. [4]

Sample 1 2 3 4 5 6

pH 1.04 1.91 3.41 3.97 4.89 5.90
N 10.1 (3) 10.1 (4) 10.4 (5) 10.2 (4) 10.7 (5 10.4 (5
0 R/A 2.47 (1) 2.47 (1) 2.48 (1) 2.49 (1) 2.49 (1) 2.49 (1

o | A2 0.009 (1) 0.009 (1) 0.009 (1) 0.009 (1 0.010 (1) 0.009

o N - - 0.4 (4) 1.0 (3) 1.6 (0.4) 2.0 (4)
carboxy! R/A - 2.78 (7) 2.81 (3) 2.83 (2) 2.84 (1)
Caista™ R/A - - 4.39 (9) 4.41 (4) 4.41 (3) 4.41 (2)

AE, / eV -2.0 (3) -2.1 (3) -1.6 (4) -1.0 (3) -1.0 (4) .30(4)

1)

The thermodynamic results are complemented by Apedge EXAFS measurements to determine

the structural parameters of the corresponding Am(lll) acetate complexes as a function of the pH
value (1 - 6). The raw’kweighted Am-ls-edge EXAFS spectra and related Fourier Transforms are
shown in Figure 2, the fit parameters are summarized in Table 1. In all cases, about 10 oxygen
neighbors at a distance of 2.47-2.4%k found in the first coordination sphere which is in good
agreement with oxygen distances reported in the literature for Am(lll) and other trivalent actinides
in agueous solution [5]. At pH 1-210 carbon shells are observed, at higher pH the coordination



number with respect to carbon increases continuously with increasing pH from 0.4 to 2.0. The
carboxylic and distal carbon atoms of acetate are located at 2.78-2.84 and 4.39rdsfiedtively.

These values are in the same range as An-C distances obtained for acetate complexes with U(VI)
(Ccarboxyi 2.87-2.91 A[6-8] Cyistai 4.36), NP(V) (Garboxyi 2.91-2.93 A[9]) and Np(VI) (Garboxyi

2.87 A Cyist 4.38 A[9]). Furthermore, the experimental EXAFS spectra have been analyzed using
iterative transformation factor analysis (ITFA) to further conform the used structural model.

The present study provides new insights into the complex formation of trivalent actinides. The
newly determined thermodynamic data improve the thermodynamic database which is necessary for
reliable long-term predictions of actinide geochemistry in a nuclear waste repository. Furthermore,
pH-dependent EXAFS measurements provide molecular-level information on the structure of the
complexes formed. The data obtained for Am(lll) and Cm(lll), respectively, can also be used to
estimate the behavior of Pu(lll).
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Radiolysis driven dissolution of UO: using synchrotron radiation
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High level nuclear waste (HLW) is increasing globally as a consequence of the growing number
of operational nuclear power plants, with uranium dioxide (UO2) accounting for the majority of
HLW generated by modern society. However, despite the recent advancement in HLW containment
systems, eventual failure may expose the surface of stored UO- fuel to ground water [1]. Therefore,
it is imperative to understand how UO> surface behaves in likely storage environments.

In the present case we study the oxidative dissolution of UO2 in water. Single-crystal thin films
of UO2 were grown by dc magnetron sputtering. Samples were [001]-oriented UO; films, with a
nominal thickness of tuo2 = 40A, deposited onto single-crystal [001]-YSZ (yttria-stabilised zirconia)
substrates. Substrate heating was used to elevate the growth temperature to ~550 °C, providing
thermal energy to improve the crystalline quality, monitored using in-situ reflection high-energy
electron-diffraction (RHEED).

UO; films were then exposed to water, while simultaneously being illuminated by a high
intensity x-ray beam at a synchrotron source, in order to study the direct UO2/water interaction.

This technique was shown to effectively provide the radiation fields required to split the water
into highly oxidising radiolytic products, and to probe the structure of the surface as it is modified
by the dissolution process [2]. A finite element calculation of the highly oxidising hydrogen
peroxide product suggests that a more complex surface interaction than simple reaction with H.O>
is responsible for significant corrosion at the interface of water and UO: [3] and this could impact
on models of long-term storage of spent nuclear fuel.
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Panel (a) shows an SEM image of a corroded UO: single-crystal thin film. Panels (b) and (c) are images representing
radiolysis product concentrations close to the beam footprint, as calculated using finite element modelling, including
H-0, surface diffusion and bulk diffusion constants, respectively.
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Applications of Laser Spectroscopy for Actinide Detection in Solutions
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The limit of detection (LOD) of some lanthanides and actinides in solutions by the time-
resolved laser luminescence spectroscopy is up to 10™® mole/liter [1]. The time-resolved laser
luminescence spectroscopy technique features selectivity in four parameters: the laser radiation
wavelength, measured radiation wavelength, measurement delay with respect to the pulse laser, and
measurement time. Unfortunately, Pu, Np, and some U compounds do not produce direct
luminescence in solutions, but when excited by laser radiation, they can induce chemiluminescence
of some chemiluminogen (luminol in our experiments) [1-3]. Currently, chemiluminescence
methods are used for detection of various substances with LOD of 10°-10™ mole/liter [4]. We
demonstrated a possibility of using the chemiluminescence method for detection and determination
of valence states of Pu, Np, and U. A key problem of chemiluminescence application to detection of
lanthanides and actinides in solutions is an increase in the selectivity of detection. Appropriate
selectivity of lanthanide or actinide molecules excitation can be reached by initiation of transitions
within 4f- or 5f-electron shell, which correspond to visible spectral range of absorbed laser
radiation. Since the energy of one-quantum excitation in visible range may be insufficient for
initiation of chemiluminescence it was proposed to excite lanthanide or actinide ion by multi-
quantum absorption of visible light [1-3].

The use of laser radiation with tunable wavelength allows selective excitation of actinide or
lanthanide species with subsequent registration of direct actinide/lanthanide luminescence or
chemiluminescence of chemiluminogen initiated by excited actinide/lanthanide molecules [1-3].

The details of multi-step luminescence/chemiluminescence excitation in solutions containing
Sm, U, Pu and Np species are considered. It is shown that the multi-step schemes [2,3] of
luminescence/chemiluminescence excitation increase both the sensitivity and selectivity of
lanthanide and actinide detection.
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Complexation of uranyl with sulphate and selenate in aqueous solution:
experimental data and quantum chemical modelling
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The uranyl-anion interactions are of both pure cleamand practical importance. Uranyl-
sulphate thermodynamical datd@°, 4H°, 4S° of 1:1, 1:2, 1:3 complexes and several ternary
uranyl-hydroxo-sulphato complexes) has an important role as an input for the geochemical
modelling, e.g. particularly in the pre-mining analyses, modelling of chemical proceses in nuclear
energetics and safety studies of radioactive waste repositories. In the latter two cases, uranyl-
selenate system is of high importance as well, due to both uranium and selenium elégeita
long-lived U thermal fission product and is a critical radionuclide due to its chemical and
radiological toxicity and relatively high mobility. While data for the uranyl-sulphate system were
already established [1-14], the information [15-17] of the uranyl-selenate system is still rather
sparse, specially when we consider the luminescence spectral data.

The luminescence properties of uranium(VI) allow us to study the*'UOX0,* - H,O
speciation (X = S, Se) by the time-resolved laser-induced fluorescence spectroscopy (TRLFS). We
used also spectrophotometric (UV-VIS absorption) and the Affinity Capillary Electrophoresis
(ACE) as alternative methods.

We prepared several series of solutions differing by the total ligand® (®© SeQ%)
concentration within the series and pi and ionic strengths between series. The multilinear
principal component analysis of obtained spectrophotometric and TRLFS spectra result in the
stability constants 4, and individual component spectra (the absorption spectra
(&n(M)),luminescence spectrd{A)) and the luminescence life-timeg,)). While the dependence
of B on ionic strengthlf provides information about the (to-zero-I) stability constant extrapolated
value»° and Specific lon Interaction Theory parametetsj)),

AN
lo = log B° + As_.C, , 1
g:Bm gﬁm 1+Ba\/_ ; mk “~k ( )1

dependence of3," on temperature providedH° and 4S° thermodynamical data for complex
formation reactions of the type (X = S, Se)

a UQ™ +b XO + (2c+d) HO = [(UO2)a(XOu)o(OH)(H20)] **** 9+ ¢ HO", (2)

_ [(ug).(xq),(0H).(H,0)z*][H,0°]"

lucz|*[xo,]" ' ©

B

! Wheref, is defined by molal equilibrium concentrations (8)andBa are Debye-Hiickel parametetss molar ionic
strength,AZﬁ1 = Z mGzlf, wherev, is steciometric coefficientz, k-th particle (product or reactant) charge
k

number,c its molal concentration anA\&,, z I/m,é‘( ) Summation is over all molecules/particlesrith

chemical reaction.
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The pure component spectra were analysed for chemical and physical implications (e.g. the
uranyl group symmetric mode vibrational frequency dependence on ligand concentration) and are
prepared for possible use in experimental detection of uranium compounds in natural samples
(TRLFS gives detection limit lower than T0nol-dm® U). Since this is still rather preliminary
research, we will present up to date just valuesafer 1 andc = 0 (1), but further studies are
planned.

Preliminary results from the spectrophotometric study of uranyl-selenate systeid\& + 0.3)
molkgy, T = (25.0 + 0.5)°C) are logB° = 2.6 + 0.2 (UGSeQ") and logB° = 3.3 + 0.2
(UO,(SeQ),?). TRLFS measurements resulted in 8§ = 3.05 + 0.251¢ = 0.05 mokg,™, T =
(26 £ 2)°C) and log3 = 1.54 + 0.45, log% = 1.75 + 0.501¢ = (1.0 £ 0.2) M,T = (25.0 £ 0.5)°C,

SIT: log$° =2.8+£0,5, log3° = 3.0 £ 0.6).

The lower stability constants values for the uranyl-selenate system when compared to suranyl-
sulphate system corresponds with $eBeing softer Lewis base than $Cand therefore forming
weaker complex with relatively strong Lewis acid —2J16].

The UV-VIS absorption spectra of YSeQ)>>™ have similar shape as corresponding uranyl-
sulphate complexes and luminescence spectra of uranyl-selenate complexes show similar trends as
corresponding uranyl-sulphate complexes — the peak maxima are more red-shifted with higher
number of Se@ ligandsm, the distinguishability of luminescence spectra were lower for the
higher ionic strength,. For this ionic strength the estimates of symmetric vibrational mode of
uranyl group in corresponding complex species were derived from the luminescence peak maxima
spacing, 870 cthfor [UO(H,0)s]** and 860 crif for both UQSeQP and UQ(SeQ),* (number
of coordinated water molecules is to be determined), the corresponding energ@’afdnsition
were estimated as 20 470 ¢rlu0,*"), 20 330 crit (UO,SeQ) and 20 270 cih (UO,(SeQ),?).

The luminescence life-times (ionic strengghfor the corresponding complex species were (2.2
+0.7) 15, 1 =(4.5%£1.0) ;s and = (8 £3) ).
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Fig. 1. Noramlized luminescence spectra of BQUO,SeQ and UQ(SeQ),” (I = 1.0M, T = 25°C)

We have investigated the possibility of quantum chemical modelling of uranyl-sulphate and
uranyl-selenate complexes in aqueous solution with the aiming at predicting important

2 No temperature dependencebf® andAS® in studied temperature range (15-45°C) were taken into account here.
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thermodynamical and spectral properties from the theory (using both DFT and wave-function based
methods) as well. In the first step, presented here, we reproduced and further developed the studies
[18-19].

E
Fig. 2. Diaquabis(sulphato)uranyl(2-) molecule,
[UO,(H,0)(n*-S0y)(n%*SOy)]%. Ground state geometry
optimalisation by the DFT/B3LYP method
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Inelastic neutron and x-ray scattering measurements have been used to probe both the magnetic
and lattice excitations of the heavy fermion superconductor URuzSiz, which is best known for its
hidden order phase. The transition into this electronic ordered phase at 17.5 K is marked by an
appreciable specific heat anomaly, but to date the actual order parameter is still not agreed upon.
Decades of experimental study indicate that the hidden order is highly unusual, and that it does not
couple strongly to experimental probes.

In the absence of strong direct evidence for symmetry breaking, we searched for incipient
symmetry breaking in both the phonons and magnetic excitations of this compound. We find that
the phonons do not show any dramatic temperature dependence, although some notable details will
be discussed. We have further extended the measurements of the magnetic excitations to more of
reciprocal space. Our new data make it possible to estimate the effective moment responsible for
the dynamic susceptibility. Moreover, we demonstrate that the magnetic excitations are signatures
of the effects of strong electron correlations, whose overall symmetry is not changed by the hidden
order phase transition. This fact suggests that this phase transition does not involve the reduction of
spatial symmetry.

[0,K.0]
(A ]
Intensity (arb. units)

L%

[H.0,0]

Fig. 1. Magnetic scattering intensity, integrated from 2-8 meV, at 5K in URu,Si,. Although the material is
in the hidden order phase, the excitations still trace the same reciprocal lattice vectors as they do in the
paramagnetic phase, and do not break the high-temperature body-centered tetragonal symmetry. Data
were taken at the NCNR on the Disk Chopper Spectrometer using 2.5 A incident neutrons.
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A major question in discussing the compound URu,Si; is whether the electronic ground state is 5/ or 5£. To define this
ground state we have made resonant x-ray emission spectroscopy (RXES) measurements at the M, and M absorption
edges of UO,, USb, UPd;, and URu,Si, These measurements are similar to those reported recently for U-oxides [1, 2]
using the ID26 spectrometer at the ESRF.

The initial excitation is from the core 3d shell to the 5f empty valence states just above Eg. There is then a decay channel
(Ma for the M5 and M3 for the M) to a state with a hole in the core 4f states, before returning to the ground state. These
Ma and M3 fluorescence lines are related to the initial 5/ ground state. The M, s transitions are at 3726 and 3555 eV,
respectively, so the experiments are with so-called “tender” X-rays, which are strongly absorbed by air, so that
spectrometer flight path is filled with He gas [2]. The Ma and M transitions are centered at 3343 and 3173 eV with
transitions to two states, which are split by the spin-orbit splitting of the 4f core states (~10 eV). The final
transitions to the ground state have energies of 387 and 378 eV.

The high-energy resolution fluorescence detection XANES data have peaks that are only slightly (— 0.3 eV) displaced
from the peak position found in UO,, showing that all compounds have a greater 5/ occupation than the 5/ known for
UO,, but the differences are small. These XANES measurements are similar to those performed by Booth et al. [3],
except that ours are at the M, ;s edges, whereas Booth’s are at the L, ; edges. Spectroscopy at the M, 5 edges probes
excitations between the core 3d — 5f valence states, whereas the L, ; edges are probing transitions 2p — 6d valence
states.

We have examined in detail the Ma and M3 transitions to the spin-orbit split 4f core levels. At the M, transition (hole in
3d;,, subshell) the M transition is strong to the 45, state, but is forbidden to the 4f;, state by the selection rules.
However, in the presence of a crystal-field splitting of the ground-state wave functions these selection rules will be
modified, and we observe a weak peak (~ 1% of the strong component of the Mf3). Moreover, the peak position is
shifted by about 4 eV closer to the 3ds, — 4f;, transition, compared to the two strong (allowed) peaks at the Ma
transitions from the M; edge. The latter accurately reflects the spin-orbit splitting of the 41 core peaks as observed in
photoemission experiments [4].

We are currently discussing these results with theorists, and will present the methodology of the experiments and some
preliminary conclusions.
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Heavy-fermion superconductor URu,Si, has been known to show an enigmatic second-ordered

phase transition at 17.5 K, so called ‘Hidden Order (HO)’, whose order parameter has been
unsolved since its discovery over 25 years ago [1-3]. Many research efforts have been made to
identify the broken symmetry of the phase transition; however, conclusive results have not been
obtained yet. Recently, broken fourfold-rotational symmetry about the tetragonal [001] axis and a
spontaneous tetragonal-to-orthorhombic lattice deformation in HO were suggested by several
experiments [4, 5], however, the interpretation of these experimental results remains controversial
[6]. Since ultrasonic measurement can sensitively detect symmetry-breaking lattice instability and
electric quadrupole response via electron-phonon coupling, we have measured elastic constants of
single-crystalline URu,Si, by means of high-frequency ultrasonic velocity measurement under
pulsed magnetic fields up to 68.7 T in wide temperature range from 1.5 K to ~120 K [7]. The
combination of the transverse ultrasound (symmetry-breaking strain field) and pulsed magnetic
field allows investigating elastic response of URu,Si; in the region where hybridized-electronic
state and HO are eliminated by high-magnetic field for A || [001].
Figure 1 shows a comparison of several elastic constants of URu,Si, as a function of magnetic field
for H || [001] at 1.5 K. Above the upper phase boundary of HO phase ~35 T at 1.5 K, all ultrasonic
modes exhibit successive step-like anomalies up to 39 T, which are related to cascade-like meta-
magnetic transitions [8].

1.0F — -
@ 05F C4/10 :
= =(3C4-3C, +(C1;-C12)-2C12)/10 (C41-Cq0)/2
S KIlull[100] (Il @T3) KL (110, u 1l [1-10] (1)
g
8
0.0 i
(5 C33
. =-3Cg+4C,+4C 3
O . kIlull[001] (I'1)
< h
05" URU,Si, Cu, ) 1
KI[110] ull 001] (T5) L
H 11 [001] Ces /
T=15K KII[100], ull [010] (T4) 1!
2| ! ! ! I -
-1.0x10
0 10 20 30 40 50 60
H (T)

Fig. 1. Magnetic field dependence of elastic constants of URu,Si, for A || [001] at 1.5 K. Dotted lines are guide
to the eyes, which indicate three-successive transitions.
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Fig. 2. Normalized elastic constant (C,;-C;,)/2 vs. temperature at several fixed magnetic fields / || [001] from 0 to
61.85 T. The curves indicated by a magnetic field with an asterisk, 0 and 17.8 T, have been measured with the
conventional method as a basis for the conversion from isotherms to curves at constant fields. Inset shows magnetic
field-temperature phase diagram of URu,Si, for A || [001]

Intriguingly, elastic constant (C;;-C2)/2 shows rapid increasing in high magnetic field region, while
other transverse ultrasonic modes, C44 and Cg6, show an opposite behavior. It should be noted that
the (C;1-C12)/2 mode is the only transverse ultrasonic mode which shows characteristic decreasing
(softening) in temperature dependence in low-magnetic field region where the system exhibits a
hybridized-electronic state. As shown in Fig. 2, the softening of (C;;-Ci2)/2 in the temperature
dependence is quantitatively recovered at the suppression of hybridized-electronic state and the
hidden order in high-magnetic field above 40 T for H || [001]. Since the (C;;-Ci2)/2 mode
corresponds to the elastic response to the (x*-y°)-type orthorhombic strain which can conserve
volume but breaks I';-lattice symmetry, such clear contrast in the elastic responses and its relation
to the hybridized-electronic state strongly suggest that the I's-type orthorhombic lattice instability
could result from local-symmetry-breaking band instability via conduction electron to f-electron
hybridization and will be linked to the HO parameter of this compound.
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Rare earth and actinide compounds with the tetragonal ThCr,Si,-type structure have attracted
attention because of their intriguing characteristics. Among them, URu,Si, has been a subject of
intensive experimental and theoretical studies. URu,Si, is known to exhibit two phase
transitions[1]. The first one occurs at 17.5 K with a prominent anomaly in specific heat. Despite
intensive research, the order parameter of this phase transition has not been identified [2].
Therefore this ‘ordered state’ is now called hidden-order. At lower temperature, another phase
transition takes place at about 1.4 K, which corresponds to superconductivity with an enhanced
effective mass of conduction carrier and anomalous behavior. It is now well established that the
superconductivity coexists with the hidden-order state. It is also interesting to note that
superconductivity vanishes when hydrostatic pressure transforms into an antiferromagnetic state
above the critical pressure of about 1 GPa, indicating that elementary excitation in the hidden order
phase most likely provide pairing interaction of unconventional superconductivity [3]. In fact, the
detailed analysis of resistivity exponent in the normal state using high-quality single crystals
strongly suggest that anomalous scattering component proportional to temperature T is relevant to
superconducting transition temperature [4,5]. It is therefore important to characterize the hidden
order state and the ground state of 5f electronic state.

Like most of uranium-based magnetic materials, URu,Si, shows Curie-Weiss behavior in the
paramagnetic susceptibility, which can be regarded as a signature of the localized 5f states. On the
other hand, existence of heavy quasiparticles observed in the normal state strongly suggests an
itinerant nature of 5f electrons.

In the present study, we report experimental investigations on the Fermi surfaces property of
URu,Si,, the reference material ThRu,Si, and their alloy by using the de Haas-van Alphen (dHvA)
effect. ThRu,Si, can be regarded as a typical Th*" metal without 5f electrons. If a localized 5f
states is applicable for U*'Ru,Si,, similar Fermi surfaces are expected because the number of the
valence electrons is the same. However, the dHVA frequencies of ThRu,Si1, are significantly differ
from those of URu,S1,.[6] One might suggest that comparison has to be made in the ‘paramagnetic’
state, because the hidden-order transition creates a gap on the Fermi surface. The recent
photoemission experiment in the paramagnetic state strongly supports the itinerant picture [7]. It
should also be noted that the gap formation is a manifestation of itinerant behavior.

Figure 1 shows examples of dHVA oscillation for dilute (Th, U) Ru,Si, and ThRu,Si,, and
their Fourier transforms [8]. It is demonstrated that the dHvA frequency is unchanged upon
introducing 5f electrons in ThRu,Si;. This is qualitatively different from the Fermi surface
evolution in the dilute (La,Ce)Ru,Si; alloys showing typical dilute Kondo effect [9].

For the dilute (Th,U)Ru,Si,, non-Fermi liquid like behavior is reported in low temperature
properties [10]. The character of 5f electron embedded in the host ThRu,Si, therefore might not be
reagarded as Fermi liquid. Further experiments are now in progress to fully characterize the
electronic state of the dilute systems.
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Fig. 1. Examples of dHVA oscillation (left) for dilute (Th, U)Ru,Si, and ThRu,Si, and their Fourier transforms
(right).
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Recently, a novel itinerant ferromagnet UsFe,Ge, was characterized [1,2]. It crystallizes in the
orthorhombic Gds;Cu,Ge, type of structure (space group Immm), in which there are two positions
for the U atoms (2b for U1 and 4i for U2), as shown in Fig. 1. The shortest inter-uranium distances
are between the U2 atoms arranged along the ¢ axis (3.65 A), and the second shortest U-U links
occur in the (bc) plane (3.79 A). The U atoms form zig-zag chains of alternating U1 and U2 atoms
along the b direction. UsFe,Ge, orders at T¢c = 18 K and exhibits a strong magnetic anisotropy, in
agreement with a two-ion hybridization-induced mechanism. The U magnetic moments are oriented
along the a axis, perpendicular to the direction where U-U spacing is shorter. The magnetic order in
this compound is related exclusively to the uranium sublattice, since iron atoms have no ordered
magnetic moment. Due to the strongly itinerant nature of the 5f states in UsFe;Gey, it displays low
spontaneous magnetic moment M = 0.4 ug/U and low U effective magnetic moment not exceeding
Mess = 2.46 pg/U. As a consequence, the magnetic and electronic properties of this itinerant system
are likely to be very sensitive to application of
external pressure.

Structural, magnetic and electrical
properties of UsFe,Ge4 have been studied on a

®u single crystal under hydrostatic pressure. The
:Z‘Z orthorhombic crystal structure is preserved up

to the highest applied pressure (30 GPa). The
linear compressibility is strongly anisotropic,
the a and b axes being approximately 3 times
softer than the ¢ axis (Fig. 2i). Contrary to
typical uranium intermetallics for which the
softest lattice direction is along the shortest
inter-uranium links [3], in UsFe,Ge; the
softest lattice direction is along the direction
where the 5f bonding should dominate, forcing
the U moments to be perpendicular to it. The
elastic properties are modified considerably in the vicinity of 1 GPa when the b axis is transformed
from least compressible to most compressible. The bulk modulus is found to be about 150 GPa. In
the same pressure range, the elastic anomalies are reflected in the electronic properties that
consistently indicate a change of the magnetic ground state from ferromagnetic to antiferromagnetic
(Fig. 2ii and 2iii). This is most clearly seen from the magnetization that tends to zero at low
temperatures. Both types of order exhibit a gap in the magnon spectrum, however, it is twice as high
for the ferromagnetic state. The magnetoresistance reveals field-induced transitions of different
origins in the antiferromagnetic state along the easy and hard magnetization directions. The critical
temperatures found from the temperature derivative of the electrical resistivity along a (“order-
disorder” phase transition at T,) and ¢ (“order-disorder” at T¢; and “order-order” phase transition

Fig. 1 - Projection of two unit cells of UsFe,Ge, onto
the (bc) plane.
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Tco) lattice directions for pressures up to 3 GPa are systematized in the pressure-temperature phase
diagram for UsFe,Gey (Fig. 2iv).
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Fig. 2 — (i) Pressure dependence of the relative changes of lattice parameters, Ada/a, 4b/b, Ac/c, and volume, AV/V,
calculated for UsFe,Ge, from the high pressure X-ray diffraction data. The inset shows the evolution of the relative
lattice parameters in the low pressure range. The solid lines are a guide to the eye. (ii) Temperature dependence of the
magnetization along the a axis of a UsFe,;Ge, single crystal in the field of 0.01 T under various pressures. (iii)
Temperature dependence of the normalized electrical resistivity measured along the a (a) and ¢ (b) axes of a UsFe,Gey
single crystal at different pressures. The inset in the upper panel and the lower inset in the lower panel present
temperature derivatives of the normalized resistivity at selected pressures. The upper inset in the lower panel shows the
pressure dependence of the energy gap in the spin-wave spectrum. (iv) Pressure dependence of T, T, and T,
determined from electrical resistivity measurements along the a and c axes of a UsFe,Ge, single crystal.
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Both titanium and zirconium belong to column 4 of the periodic table. In consequence, the
binary phase diagrams U-Ti and U-Zr show many similarities, such as the formation of complete
solid solutions based on their cubic high temperature form [1]. In addition, Ti and Zr show small
cross sections of neutron absorption, explaining their uttermost interest as alloying elements to
improve the machinability and the used properties of advanced U-metallic fuels [2]. In the frame of
the current concern about reduction®3lU-enrichment of fissile materials for civil applications,
which is based on the use of deydd(Mo) alloys [3], both Ti and Zr are considered as chemical
inhibitors of the interaction with the Al-matrix [4] or diffusion barrier between the fuel and the Al
cladding [5]. The knowledge of the interactions between U, T-element (T = Ti, Zr) and Al of the
matrix or of the cladding is of noticeable importance. The assessment of the phase equilibria in the
U-T-Al ternary systems affords a valuable contribution to the understanding of the development of
such materials. Up to now, these ternary systems have not been experimentally studied for the whole
concentration range. Only the region between AlI&Al, has been reported by Petzow and
coworkers [6], and only one ternary phase, 48T, was identified in the U-Ti-Al system [7]. This
presentation will deal with the description of the U-Ti-Al and U-Zr-Al isothermal sections at
1123 Kand 923 K for T = Ti and 1073 K and 673 K for Zr.

These sections were determined experimentally for compositions covering the whole
concentration range of the Gibbs triangles. The synthesis of the samples was carried out by arc-
melting the elemental components (U, Al and Ti/Zr). The obtained ingots were then placed into
alumina crucibles and introduced in silica tubes sealed under residual Ar atmosphere. After heat-
treatments carried out for 3 weeks at least in resistance furnaces, the tubes were quenched in water.
All samples were characterized by powder X-ray diffraction (XRD) and energy dispersive
spectroscopy coupled to scanning electron microscopy (SEM-EDS). Differential thermal analysis
(DTA) was used to define the temperature of phase-transformations.

Despite the similitude of these two elements, the ternafyAl- T = Ti, Zr, isothermal
sections show great differences. For example, our study confirms the formation of one single ternary
phase, namely UZAl, in the3d element based system, while no ternary has been detected with the
4d one. This phase, already identified by Niemann et al. [7], has been shown to be a line compound
forming via the peritectic reaction UAF TiAl3 + L— UTioAlpat 1365 K(Fig. 1)
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Figure 1: DTA heat flux as function of temperature of }4Tj, (5K/min)
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The main difference between both systems resides in the substitution mechanisms observed
on the extension in the ternary of binary phases. In the case of titanium, an Al/Ti substitution
mechanism is observed on many Ti-Al binary phases showing homogeneity ranges, but also on the
solid solution UAbTix with x < 0.15(2) at 923 K. At the opposite, the U-Zr-Al secs are rather
dominated by an U/Zr substitution mechanism, with the occurrence of the solid soluti@ingAl,
and U.ZrAl3 ranging up to 22(1) and 16.5(10) at.% Zr, respectively, at 1073 K.

At high temperatures, in addition to the full transition metal/uranium substitution rate on the
U-(Ti,Zr) boundary, a non negligible solubility of Al is encountered in kyetTi) andy-U(Zr) as
well as inp-Ti(U) anda-Zr. As expected, the water quenching used in opeement was not fast
enough to retain the cubijeU(T), but the microstructure of the quenched samiig 2 and 3) is
characteristic of the eutectoid decompositiot{ i) — a-U+U,Ti and +U(Zr)—a-U+UZr».
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Figure 2a, Back-scattered electron SEM microviews of a) 70U-28Ti-2Al after annealing at 1123 K showing the lamellar
morphology of the eutectoid transformatipd — aU + U,Ti. TisAl (black areas), bl (medium grey areas) and U

(light grey areas) and b) of 60U-30Zr-10Al after annealing at 1073 K shows the mosaic microstructure of the eutectoid
transformatiory(U,Zr) — aU + UZr, Zr,Al (dark grey areas), UZimedium grey areas) and U (light grey areas)

In conclusion, the isoelectronic titanium and zirconium induce quite different U-T-Al phase
diagrams, mainly dominated by different substitution mechanisms. This could be attributed to
different metallic radii of these elements, especially because of the closeness of Al and Ti radii and
of U and Zr radii. The present study evidence a challenging comprehensive study of the metallurgy
of U(Ti) or U(Zr) alloys and their interaction with Al, highlighted by the determined isothermal
sections.
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UNiZn is the first Zn containing UTX ternary with the ZrNiAl structure type. UNiZn
polycrystalline sample was prepared by placing pure elements with the stoichiometry 1-1-1.02 into
the quartz tube, which was sealed under argon atmosphere and subsequently inserted into the oven
and heated fast to 500 °C, where it was held for 1 hour. After that the sample was heated fast to
1100 °C, where it was held for 26 min and subsequently cooled down at the rate 1 °C/min to
700 °C. At this temperature it was removed from the furnace.

XRD showed that UNiZn crystallizes in the hexagonal ZrNiAl type of structure (P-62m). The
crystal structure parameters are summarized in table 1. The shortest inter-uranium distance (dy-
u=13.43 A) is in the basal plane, similar to most of other U-compounds with the same structure

type.
UNiZn UNiAl" UNiZnH,3°  UNiZnH,3"  UNIAID,;
Structure type ZrNiAl ZrNiAl AlB; ZrNiAl ZrNiAl
a (A) 6.6192 6.733 4.2371 7.339 7.181
c(A) 4.0586 4.035 3.9520 3.9513 3.989
V(A% 154 158 61.44 184 178
dyu (A) c-axis 4.06 4.04 3.95 3.95 3.99
du.u (A) basal 3.43 3.48 4.21 4.21 4.15

[1]

Table 1: Structure parameters of UNiZn, UNiAl, UNiAID, , and UNiZnH, 3 with both types of structure refinement,
mentioned in the text. Lattice parameters a and ¢, unit cell volume ¥ and the shortest inter-uranium distance dy.y are
given. The data for UNiAl and its hydride are taken from Ref. 1.

The temperature dependence of magnetic susceptibility indicates that UNiZn has a
paramagnetic ground state. Magnetic susceptibility is low (= 10°® m3/m01) but temperature
dependent (Fig. 1). Almost identical values in the field of 3 and 6 T evidence the absence of any
ferromagnetic impurity. The shape of magnetic susceptibility does not allow us to speculate about
any real Curie-Weiss contribution, the temperature variations are simply too weak. UNiZn can be
considered as a spin fluctuator with its magnetic properties between two limiting cases, Pauli
paramagnet and magnetically ordered material.

The non-magnetic ground state of UNiZn is corroborated by the results of the specific heat
studies, which do not reveal any anomaly originating from magnetic order. As the low-temperature
data (up to 20 K) exhibit linearity in the C/T vs. T * plot, we determined the value of the
Sommerfeld coefficient y using the relation C= 5T + BT . We obtained the parameters y= 94
mJ/mol K? and £ =10.579 mJ/mol K* (corresponding to Debye temperature @p = 220 K).
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Fig. 1. Temperature dependence of inverse magnetic susceptibility measured in external magnetic field
poH =3 T. The inset shows the low temperature part of magnetic susceptibility of UNiZn measured in
poH =3 T.

As UNiZn properties seem to be close to the onset of magnetism we decided to perform the
hydrogen absorption experiment. The hydrogenation of UNiZn was performed at hydrogen pressure
120 bar by heating up to 7=473 K and subsequent cooling with the rate 0.5 K/min. The amount of
absorbed hydrogen estimated from the weight change was found out to be 2.3 H/f.u. The value of
absorbed hydrogen is identical to the value for the y-hydride of UNiAl, namely UNiAlH; 3, which
points to a similarity to this hydride studied in the past [1,2].

The refinement of XRD data of the hydride is not unambiguous. There are two possible crystal
structures. One is the crystal-structure of AlB; type (space group P6/mmm). It is hexagonal with U
placed in (0,0,0) and Ni and Zn randomly distributed in ('3, %, 2). The second possible crystal
structure, similar to UNiAl-H, is the same as for the parent compound but with somewhat higher
symmetry [2]. We tend to believe that the AIB, type is the right one. The obtained lattice
parameters and critical U-U distances for different type of structure are summarized in Tab. 1 and
compared with UNiAl and its y-hydride. The shortest inter-uranium distance in the parent
compound UNiZn (dy.y =3.43 A) was found to be in the basal plane. On the other hand, upon
hydrogenation the shortest U-U distance is found along the c-axis (dy.y = 3.95 A) for both possible
crystal structures (Model choice does not affect U sites). The crystal lattice is expanded in such way
that the shortest U-U distance is now higher than the Hill limit what allows magnetic ordering in the
hydride. UNiZnH; 3 exhibits a maximum in y(7) indicating AF ordering around 55 K. The y-value
increases from 94 mJ/mol K* in UNiZn to 100 mJ/mol K?* in the hydride. This tendency is opposite
than for UNiAl (164 mJ/mol K? in UNiAl and 60 mJ/mol K* in UNiAID,; [3]). The possible
scenarios explaining opposite tendencies of change of y-value are apparent from fig. 2. The
variation of the p—coefficient of electronic specific heat is in general expected to culminate
somewhere close to the onset of magnetism, which is placed between non-magnetic UNiZn and
antiferromagnetic UNiAl (green line in fig.2).

We have synthesized UNiZngsAlys to prove this statement. UNiZngsAlys was found to be an
antiferromagnet with the Néel temperature 7y = 10 K. Certainly the Sommerfeld coefficient of the
substituted compound is higher than for the terminal phases (fig.3). We can assume that the
scenario represented by the green dashed line in fig. 2 is more probable.



0-32

250 —
Non - Magnetic
. | magnetic
200 r UNiAI
g .
S
g UNiZnH, "
£
L
@
1S

- —_—
LOocCallization
Fig. 2. Schematic representation of localization variations affecting the y-coefficient. Individual compounds
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precursor and its hydride in both cases. The full and dotted line represent two possible scenarios of the y-
variations.
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Fig. 3. The low temperature part of the specific heat (in the C/T vs. T representation) of UNiZn compared
with UNiZl’l()'sAl()‘s and UNiALl

The hydrogenation of UNiZngsAlys was performed at hydrogen pressure 100 bar by heating up
to 7=473 K and subsequent cooling with the rate 0.1 K/min. The amount of absorbed hydrogen
estimated from the desorption experiment was found out to be 2.3 H/f.u. similar to the amount of H
absorbed by the terminal phases. Upon hydrogenation the Néel temperature is shifted to 7x =~ 70 K
(fig. 4). The value of Sommerfeld coefficient of specific heat for the substituted compound indeed
falls in between the values for the terminated phases (fig. 5) which is relevant for both presented
scenarios.
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The ternaries U.CoSiz and U2NiSis, crystallizing with a disordered AIB-type structure, exhibit
cluster-glass (T = 7 K) and ferromagnetic (Tc = 27 K) behaviour, respectively. At low temperatures,
their electrical transport properties are governed by an interplay of magnetic exchange interactions
and quantum interference effects, which inherently result from the in-built crystallographic disorder.
For U.CoSis, each component of the electrical resistivity tensor markedly increases below T due to
weak localization and electron-electron interaction contributions. Similar behaviour appears for
U2NiSis at temperatures below 40 K. However, in the latter case, the electrical resistivity measured
along the hard magnetic axis exhibits a clear maximum at Tc, which probably reflects suppression
of the weak localization contribution. Remarkably, for both materials, the quantum corrections
depend on the direction of external magnetic field with respect to the magnetic axes.
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The UM’B,4 (M’=d-element) uranium borides were reported to exist and to crystallize in three
different crystal structures YCrB4-, ThMoB4- and ErNiBy-type [1]. However, their characterization
was only preliminary, mainly devoted to crystallographic studies. Magnetization measurements
were made just in the 80-300 K temperature range for the V, Mn, Fe, Co compounds, with no signs
of magnetic transitions. The existence of superconductivity was also investigated for the Ru and Os
borides, but no superconducting transition was observed down to 1.5 K. UFeB4 was characterized
by our group, the studies pointing to a predominant YCrB,-type structure (in agreement with the
previous results), but with a defective structure compatible with an intergrowth of YCrB,4- and
ThMoB;-type layers [2]. A paramagnetic behavior was observed in the 2-300 K temperature range.
Continuing our investigations, here we present the preparation and study of another part of this
family, UMB, (M=V, Cr, Mo, W), by means of X-ray powder diffraction, magnetization and
specific heat measurements in the 2- 300 K temperature range.

The UMB, compounds were prepared by arc-melting followed by annealing at 2000°C for 300h.
Their powder X-ray patterns confirm that the V and Cr borides crystallize mainly in the YCrB,-type
structure (S.G. Pbam), while the Mo and W phases essentially adopt the ThMoB,-type (S.G.
Cmmm). The unit cell volume of the last two borides is significantly higher than the first two,
which is in agreement with previous results that indicate that UM’B, borides containing larger
transition metals have the tendency to crystallize in the ThMoB,-type structure and those with
smaller ones mainly adopt the YCrB,-type [3]. From the point of view of magnetism, all compounds
are weak Pauli paramagnets. The specific heat exhibits a strongly non-Debye character for all
compounds, which most probably is related to the hardness of the boron sublattice. The j-coefficient
is moderately enhanced, but does not exceed 50 mJ/mol K?, pointing to the presence of weakly
correlated 5f states at the Fermi level.
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In the present work the crystal structure and electronic properties of the UFe; Sb, compound
were studied in a single crystal. XRD confirms that UFe;Sb, crystallizes in the HfCuSb,-type
structure. Magnetization, AC susceptibility, specific heat, and electrical transport indicate two
consecutive magnetic transitions. According to the AC susceptibility results, the anomalies are
connected with an antiferromagnetic state at Ty = 25.5 K that changes to a ferromagnetic ground
state at Tc = 21 K. The specific heat in zero field exhibits a small kink at Ty that vanishes with
increasing applied magnetic field, which is consistent with the onset of the magnetic transition. The
electronic properties exhibit large anisotropy, in agreement with the observed anisotropy in
magnetic properties. First principles calculations of electronic structure show an unusually steep
local minimum in the density of states right at the Fermi level, providing a starting point for
explaining the material's strong anisotropy.
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The interesting electronic properties of U-based intermetallics, such as non-conventional
superconductivity, seem to be governed by a subtle balance between the localized and itinerant
character of the 5électrons. The U-Al binaries are non-magnetically ordered compounds [1-4],
whereas the U-Ge binaries appear somehow with a magnetic character [5, 6]. Therefore, the study of
the electronic properties of the pseudo-binary and ternary U-Al-Ge compounds can be attractive. In
addition, no systematic investigation of the U-Al-Ge ternary system is available in the literature.
UsAl,Ge; is the only ternary phase identified in this system [7]. It crystallizes in a hexagonal
structure deriving from the GBs type and orders ferromagnetically below=T63 K [8]. We have
thus initiated the assessment of the solid phase relations at 673 K (i.e. below the eutectic
temperature of the binary Al-Ge boundary) and at 1173 K (increased diffusion kinetics). The
objectives of the project are to correlate the structural and physical properties for well-established
compositions and to hypothetically discover novel ternary phases.

The samples were synthesized by arc-melting the elemental components, followed by annealing
in sealed silica tubes for dwell periods of 6 weeks at 673 K, or 3 weeks at 1173 K for compositions
above 25 at.% U. All samples were characterized by powder X-Ray Diffraction (XRD) and
Scanning Electron Microscopy coupled to Energy Dispersive Spectroscopy (SEM-EDS). Phase
transitions were determined by Differential Thermal Analysis (DTA). Single crystal X-ray and
electron diffractions were used for specific samples to obtain further crystallographic information.

From these results, the equilibrium lines between the different phases were established for these
two temperatures. The main features arpthe solubility of Al and Ge in U at low and high
temperature (673K and 1173K) are in agreement with the assessments of Matslski binary
systems [9]; i{) the binary phase UAlvas not observed in any sample, proving that Ge inhibits the
formation of UA}L similarly to Si [10]; (ii) the solubility of Al was evaluated in the U-Ge binaries
to be systematically below approximately 4 at.% at both temperatures, except fomldiGle
exhibits a complete solubility up to UAI

Only one ternary phase Al ,.«Ges., iS confirmed. It is not a line compound but it presents an
extended homogeneity domain in the range -0.3 < x < 1.3. The crystallographic data of this phase
was examined by Transmission Electron Microscopy (TEM) for several compositions suggesting
the 14/mcm space group as reported in [7] rather thanlthepace group [8], as shown by the
systematic extinctions on the [010] zone axis diffraction pattern (figTh® evolution of the
magnetic properties of this phase with the Al/Ge substitution confirmed the ferromagnetic ordering
with an increase of ;JTand s with increasing the aluminium content (see e.g. fig. 2 for
U3Al0.6G&s 0).

This presentation will focus on the phase equilibria in the U-Al-Ge system and the
crystallographic properties of the pseudo-binary and ternary phases. An introduction to the magnetic
properties along the 44l,.,Ge;.« solid solution will be given and further specific heat and transport
properties will be discussed by G. Chajewski during this conference.
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Figure 1 Electron diffraction pattern ogAl ,Ge;. Two reflection conditions compatible with the existence oflde
plane are identified: (i) the condition | = 2n along the (00I) direction and (ii) the condition h = 2n and | = 2n on the (hOl)
peaks. The latter is only encountered-aentered tetragonal space-groups.
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Figure 2 Temperature dependence gAlldsGe, ,inverse magnetic susceptibility. This phase is found ferromagnetic
with T¢= 34(2) K. The fit of the paramagnetic domain using a modified Curie-Weiss law resul(s-i2.28 |,
0p = 35.4(2) K angke=0.00111(1) emu mgt.
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Formation and structural properties of novel ternary intermetallics U;TGes with
T= transition metal of columns 4, 5 and 6.
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The anti- HfsCuSns (space-group P6s/mcm, no. 193) structure type [1] can be regarded as an
ordered variant of the TisGa, type which is adopted by the binary compounds UsGe, [2], UsSng [3]
and UsSby [4]. The ternary derivatives were first observed for the uranium antimonides, U3TShs
with T=Ti, V, Cr, Mn [5]. This family of antimonides was later expanded to T= Sc, Zr, Nb and Hf
[6,7] but also to the titanium based germanide U3 TiGes and stannide U3 TiSns [8].

On a structural point of view, the cell volume varies only slightly with the T element within
the antimonide family, but in a much larger scale when the p-element (X) is changed from Sb (442.1
A®) or Sn (449.2 A®) to Ge (357.01 A%) within the U5TiXs series.

Despite these changes in cell volumes, inducing a modification of the U-U and U-Ligand
distances, and the evolutions in the electronic configuration upon the substitution of the T or X
element, all these U3TXs intermetallics are ferromagnets with T, ranging from 65 K for UsTiSns [8]
to 160 K for U3TiShs [5].

As this structure can accommodate most of early transition metals, we have attempted to and
successfully synthesize the U3TGes compounds with T=V, Cr, Zr, Nb, Mo, Hf, Taand W.

All samples were prepared by arc-melting under argon atmosphere the constituent elements
(purity > 99 % in all cases). Two types of subsequent heat treatments were performed, (i) either into
sealed silica tubes in electrical resistance furnace at 1173 K for about 200 h or (ii) in a high
frequency furnace between 1373 and 1773 K for 3 h. Differential Thermal Analyses (DTA)
measurements were performed up to 1823 K, with heating / cooling rates from 5 to 20 K min™
under Ar flood. All samples were afterwards analyzed by powder X-ray diffraction (XRD) and by
Scanning Electron Microscopy coupled to Energy Dispersive Spectroscopy (SEM-EDS).

For the 8 transition metals investigated, SEM-EDS analyses always evidence after annealing
the presence of a phase with different levels of purity, but with elemental composition close to
33.3U-11.1T-55.6Ge, as expected for a UsTGes stoichiometry. Powder XRD confirms the formation
of compounds isotypic to UsTiGes. As an example, the XRD pattern and the SEM microview of
UszMoGes are given in Fig. 1.
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Figure 1 Left panel: X-ray diffraction pattern of UsMoGes refined with the anti-HfsCuSn; structure type. Right panel:
Backscattered electron mode SEM image showing the formation of UsMoGes (main grey area) as well as U,Mo3;Ge, as
an impurity (black dots).

DTA measurements performed on this sample (fig. 2) exhibits characteristic features of a
peritectic decomposition upon heating as evidence by a sharp endothermic peak at 1677 K,
followed by a broad endothermic shoulder corresponding to the full melting of the sample. This
process is reversible upon cooling, even for rapidly solidified samples, justifying the presence of
UsMoGes as majority phase in as-cast samples. Similar thermal behaviours are observed for other
U3 TGes samples, suggesting a peritectic formation for all compounds of this series.
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Figure 2: DTA measurement on UsMoGes

Refinements of the lattice parameters by global profile matching, indicate an almost linear
and moderate increase of the cell parameters and cell volume with the metallic radius of the
transition metal [9] , in good agreement with the previous results in the antimonides.

Single crystal X-ray diffraction experiments performed on U3;TGes for T=V, Cr and Mo
confirmed the anti-HfsCuSnj; crystal structure assigned from powder XRD. Precise atomic positions
were thus determined and subsequently reliable U-U and U-L (with L=T, Ge) interatomic distances.
The shortest U-U distances are found along uranium zig-zag chains along the c-axis. They range
between 3.4 and 3.5 A, which compare the smallest values suggested by Hill for the occurrence of
magnetic ordering [10].
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The magnetic properties measured for the samples with T= V, Cr and Mo do not exhibit
ferromagnetism but a variety of behaviours, ranging from paramagnetism for T = Cr and Mo to
antiferro- or ferrimagnetism for T = V (fig. 4). In the latter, a large metamagnetic transition is
observed above the critical field Hc=2 T for T = 2 K. In the germanide series, the column of the
transition element seems to play a more important role than in the antimonide one.
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Figure 4 : Temperature dependence of UsVGes magnetic susceptibility. The inset shows the magnetic field dependence

of the magnetization.

In this presentation, we will detail the syntheses of the 8 investigated UsTGes compounds,
their formation path, thermodynamic behavior and structural parameters obtained either by powder
or single-crystal diffraction. The magnetic properties for T = V, Cr, Mo will be presented and
discussed, trying to establish relations with the structural parameter. Details about their low
temperature electronic features will be given in a separated contribution presented by G.Chajewski.
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Physical properties of UsTGes (T =V, Cr, Mo)
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Polycrystalline samples of UsTGes and UzAl>xGesz+x (0.3 < x < 1.3), crystallizing in closely
related derivatives of the AlB»-type structure, were studied by means of magnetization, specific heat
and electrical resistivity measurements. UsVGes was found to order antiferromagnetically at about
26 K, while UsCrGes and UsMoGes remain paramagnetic at least down to 2 K. All the 3-1-5
phases studied exhibit moderately enhanced electronic specific heat (of about 110-170 mJ/(Kmolu))
and temperature dependent electrical resistivity characteristic of spin fluctuators. The UzAl>_xGes«x
compounds are ferromagnetically ordered with the Curie temperature decreasing with increasing Ge
content from 70 K for x = 0.3 down to 27 K for x = 1.5.
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Local-Fermi-Liquid Behavior in Dilute Uranium Alloys ThixUxBe:s (x £0.11)
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We have performed magnetic susceptibility y, electric resistivity p, and specific heat C measurements
on single-crystalline Th1xUxBe1s (x = 0, 0.01, 0.07, and 0.11) at low temperature down to 2 K. Both
ThBeis and UBess crystallize in NaZnis-type structure (space group: On®) as shown in Fig. 1. UBe13
is known as a heavy fermion superconductor (T¢ ~ 0.85 K) [2], where 5f electrons play a dominant
role and various peculiar features have so far been found: a possibility of broken time-reversal
symmetry [3], unusual temperature dependence of upper critical field [4], and so on. Despite much
research effort, however, there is no consensus concerning the symmetry of the gap structure and the
parity of the Cooper-pair. One major reason for the difficulty in understanding the nature of the
superconductivity (SC) in UBe1s would be the lack of basic information on the unusual metallic
behavior observed in the normal state: First, for example, o(T) shows a monotonous increase with
decreasing temperature from room temperature with double hump-like anomalies [2], which is
remarkably different from the conventional behavior in heavy-fermion system. preaches ~ 200 uQcm
just above T¢, and then suddenly drops to zero [2]. Secondly, C(T) shows a —InT behavior, which is
extremely robust against the magnetic field of over 12 T[4, 6]. Thirdly, ¥(T) shows a T*? dependence
below ~ 10 K, although it obeys normal Curie-Weiss law at high temperature [5, 7]. Some of these
features significantly differ from the prediction of Landau’s Fermi-liquid (FL) theory and thus
referred to as non-Fermi-Liquid (NFL) behavior.

We synthesized dilute uranium alloys Thi1xUxBeis (x < 0.11) in order to obtain the following basic
information on this system: (i) the valency of uranium ions and the crystalline-electric-field (CEF)
energy scheme, in particular, the CEF ground state, (ii) electric correlations on a single-uranium-site,
and (iii) the inter-uranium-site correlations. Regarding the point (ii), Cox proposed a theory of
unconventional electric quadrupolar Kondo Effect, by assuming the non-Kramers doublet I'z to be
the CEF ground state.

Fig. 1. The crystal structure of ThBes3 and UBess. The lattice constants were previously reported as a ~ 10.394 A for
ThBess and a ~ 10.256 A for UBess [1].



We synthesized single-crystalline ThixUxBe1s for compositions x = 0, 0.01, 0.07, 0.11, by using
an Al-flux method, which is recognized as a means of growing high-purity single-crystals. Fig. 2
shows the results of powder X-ray diffraction. From the X-ray diffraction analysis, we obtained the
lattice constant of a ~ 10.39(1) A, which is approximately the same as the value of ThBe1s reported
in the previous study [1]. Secondary phase was not detected within the experimental accuracy of 0.3%.
From the x dependence of magnetic susceptibility, we estimated the single-uranium-site contribution
to the magnetic susceptibility, yt, as shown in Fig. 3. At higher temperatures above ~ 100 K, yf obeys
the Curie-Weiss law with the effective moment zers ~ 3.7(3) ws/U, and the Curie-Weiss temperature
6 ~ -50(5) K. Below ~ 20 K, on the other hand, y exhibits a deviation from Curie-Weiss law and
shows a tendency to saturate at a value of y ~ 0.025(5) emu/molU. Figure 4 shows the single-
uranium-site contribution to the electric resistivity, pr. It increases with decreasing temperature in the
high temperature range above ~ 70 K. This behavior is one of the prominent characteristics of the
Kondo effect. Below ~ 70 K, on the other hand, the Kondo-like behavior appears to vanish, showing
a gradual decrease in pr with decreasing temperature. Below ~ 20 K, px is well described by po + AT?
with a moderately enhanced A value of ~ 0.1 pQcm/K2molU. From the specific-heat measurement,
we found that the value of C/T at the lowest temperature (~ 1.9K), increases roughly in proportion to
x. The rate of increase is estimated to be ~ 0.15(2) J/K?molU (Fig.5). All the measured quantities
follow the FL theory, and we didn’t find any indication of the NFL behavior suggestive of the
quadrupolar Kondo effect in this dilute-alloy system.

The Curie-Weiss law in y, the negative value of &, and the Kondo-like behavior in pr indicate
the presence of the Kondo effect above ~ 70 K probably due to a CEF excited level with a magnetic
moment. On the other hand, the clear drop in pr below ~ 70 K is definitely different from the
conventional single-impurity Kondo effect, which should show px saturating with the unitary limit as
T— 0. The observed low-T behavior clearly indicates that the Kondo scattering is suppressed below
~ 70 K. Since the system is not a so-called periodic Kondo lattice but a diluted magnetic alloy, we
can conclude that a (moderately-heavy) local-Fermi-liquid (LFL) occurs in Thi1xUxBezs in a different
manner from the conventional Kondo effect. We believe that the valency of uranium would be
quadrivalent (5f%), and the CEF ground state would be Ty singlet, at least in ThixUxBeis (x < 0.11).
The high-temperature Kondo-like behavior might occur by involving the excited CEF (magnetic)
state: I's or I's. We will discuss the observed LFL behavior in Thi4UyBeis (x £ 0.11) and its
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Fig. 2. The result of the powder X-ray diffraction on ThBe1s. For the purpose of refinement of the analysis, small
amount of powdered Silicon were mixed into the sample. Contributions of the copper (sample holder) are also seen.
Measurements for other composition x were performed as well.
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relationship to the NFL in UBess in terms of the theoretical predictions based on the competition
between two different ground states, a CEF singlet and the Kondo-Yosida singlet [8-10].
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Fig. 3. The temperature dependence of single-uranium-site contribution to the magnetic susceptibility of ThixUxBeis
for x =0.01, 0.07, 0.11. The magnetic susceptibility of UBe1s is also plotted. Inset shows the inverse of them. For x
=0.07 and 0.11, we performed plural measurements on different pieces cut out of the same uranium concentration
sample. The error bar shows the dispersion of U concentration.
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Fig. 4. The temperature dependence of single-uranium-site contributions to the electric resistivity of Thy.,UxBe1s for
x =0.01, 0.07, 0.11. Inset shows T? dependence of them. The solid line represents the fitting curve of quadratic T
dependence below ~ 20 K.
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Neutron scattering facilities at PSI and ILL. Case of Study: Novel
superconducting and magnetic phases in CeColns and Ndo.osCeo.95Colns

Jorge Gavilano
Paul Scherrer Institut, Switzerland

We present here the neutron scattering facilities of Paul Scherrer Institut in Switzerland
and briefly describe the possibilities open to the users from outside Switzerland. As an
example of our studies both at PSI and ILL Grenoble, we discuss the results for the
intriguing properties of the tetragonal intermetallic compounds CeColns and
Ndo.osCeoosColns and explore their phase diagrams. These materials display
unconventional superconductivity, with d-wave symmetry order parameter, that develops
below 2.3 K. In the presence of an external magnetic field a large anisotropy of the order
parameter is revealed. For CeColns in fields applied along the basal plane a magnetic
phase, the Q-phase, develops at very high fields and low temperatures, within the
superconducting phase. The propagation vector of the magnetic structure is q = (0.45,
0.45, %2). Careful analysis of the magnetic domains shows that they are driven by a
secondary superconducting phase of probably p-symmetry. For No.osCeo9sColns a
magnetic phase develops at zero-field with identical propagation vector. However, this
magnetic phase has a very different behavior as the Q-phase in CeColns.



Nanostructured Bilayered Uranium Oxide- Iron Oxide Thin Films for Solar
Hydrogen Production
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In order to reduce the amount of uranium waste, its reuse is discussed in the context of
semiconductor materials! as well as catalysts for thermochemical water splitting?, destruction of air
pollutants®* and CO, activation®. Herein, we present the generation of uranium oxide materials via
plasma enhanced chemical vapor deposition (PE-CVD) and their use in photoelectrochemical water
splitting devices. Recently, we have demonstrated the use of substituted heteroarylalkenolates for
obtaining air-stable and volatile uranium (V) and (V1) precursors.® Due to its relatively low
sublimation temperature (130 °C, 10° mbar), its moderate decomposition temperature and
preformed U=0 bonds, hexavalent uranium compound UO2(DMOTFP)(DMOTFP-H) 1 was used
for the PE-CVD experiments.
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Fig. 1. Two reaction pathways for the synthesis of the uranium (V1) compound 1.

Since bulk UO2 and UO3 materials are unattractive photoelectrodes due their rather low
conductivity we deposited uranium oxide thin film nanostructures thus ensuring fast diffusion of the
holes to the surface of the photoelectrode and preventing charge recombination with electrons. To
avoid dissolution of uranium oxide thin films in basic electrolytes, we coated them with hematite
(a-Fe203) as protective layer via chemical vapor deposition (CVD) using [Fe(O'Bu)s]2 as precursor.
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Magnetic exchange bias (EB) effect is a phenomenon resulting from exchange coupling between
a ferromagnet and an antiferromagnet at their interface [1]. The EB is set by cooling through the
Néel temperature of the antiferromagnet in the presence of the magnetic field. The magnetic
hysteresis loop of an exchange-biased bilayer is shifted along the field direction. This property has
become of a great technological value for applications in magnetic sensors based on spin-valves or
tunnel junctions [2]. Having in mind the strong spin-orbit coupling and enormous magnetic
anisotropy displayed by some actinide compounds, we employ uranium-based antiferromagnets to
study exchange anisotropy effects in thin magnetic films. The crystal structure and magnetism of
bilayers composed of an antiferromagneticoQulk Néel temperature 30.8 K) with ferrimagnetic
FesO4 are investigated in this work. A reference k& sample has been also prepared and studied.
We used reactive sputter deposition from metallic U and Fe targets to produce the samples. The
samples were grown on commercially available CAP0) and (111) substrates (Gakas an
identical crystal structure and a lattice parameter within 0.5% @).U®e stoichiometry of each
deposited layer was controlled by X-ray Photoelectron Spectroscopy (XPS). A magnesium cap was
deposited for protection on top of each sample. The samples were characterized using X-ray
diffraction.

Due to the matching lattice parameters of.ld@d Cak, the films grew epitaxially in the [100]
(or [111]) direction when the (100) (or (111)) Gasubstrates were used. The structures were
further characterized by means of the Rutherford Backscattering Spectroscopy (RBS), which
showed no intermixing at the interface (within the depth resolution 1 nm). Very pronounced ion
channelling characteristics proved high crystallinity (low defect concentration) of thdayéd,
which is actually better than that of the (100) €a&bstrate. The spectra obtained showed well-
separated signals from W@nd magnetite. A channelling was observed also for ts@sFayer, but
considerably more defects/disorder was found, which could be perhaps related to a combined
twinning [3] effect and monoclinic distortion below Verwey transition (120 K), as the samples had
been subjected to thermal cycling during the prior magnetic study.

The UQ/Fe&04 bilayers with magnetic layers grown in different directions were examined using
a SQUID magnetometer. Hysteresis loops obtained after field cooling in a magnetic field of 20 kOe
showed strong exchange bias with the maximum effect reaching 1600 Oe at 5 K forthes@O
sample with the thinnest magnetite layetraf = 80 A on a CaF(100) substrate. The EB obtained
for the same sample of UWBe0s on Cak [111] exceeds this value considerably, 2100 Oe (see Fig.
1). Similar trend was found in the samples with lafgais. Interestingly, exchange bias did not
vanish at the bulk Néel temperature of J®on-zero values of EB were observed up to 125 K.
This is in line with our previous study of the LaAl@ased U@FeO4 system [3], where exchange
bias disappeared at 120 K, i.e. at the Verwey transition temperature in magnetite. At this
temperature, the change of the magnetization direction from [111] to [100] takes place.
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y-U phase stabilized by combined T doping (T=Mo, Nb, Pt, Pd, Zr)
and ultra-fast cooling

N.-T.H. Kim-Ngart"’, M. Pauko¥, S. Sowa, M. Krupska, I. TkacH, L. Havel&

YIngtitute of Physics, Pedagogical University, Podchorazych 2, 30-084 Krakow, Poland
“Faculty of Mathematics and Physics, Charles University, Ke Karlovu 5, 12116 Prague, Czech Republic
"E-mail: tarnawsk@up.krakow.pl

U-T alloys prepared by combined T doping (T=Mo, Nb, Pt, Pd, Zr) and ultrafast cooling have
been investigated. UM015, UPt15, UNb15 alloy (with 15 at. % Mo/Pt/Nb doping) exhibit a stable y
U phase. However, the pubec structure was observed only in UMo015 splat [1]. The orthorhomic
a-U phase is found to remain in U-Zr alloys with Zr content up to 30 at. %. The main outcome is
that by using ultrafast cooling we can reduce the T content for stabilization pitipdase down
to room temperature without any additional sample treatment [2].

All U-T splats become superconducting withiit the range of 0.6 K — 2.1 K. The conventional
BCS superconductivity was observed only in UMo15 alloy consisted of a pure\eubphase,
revealed by an exceptional sharp resistivity jump at 2.1 K\atype specific-heat peak at [B,4].

In other alloys, despite of the sharp resistivity jumps In@fi@ curves, only broad peaks in the
C(T) curves were revealed at the superconducting transition. Our results also indicate that the
superconductivity in the pure-d splat is not a real bulk effect.

All splat-cooled alloys are very stable when exposing to ambient conditions without reversion
to ana-U phase. In exposure to the hydrogen atmospheray-thesplat easily absorbs hydrogen
even at room temperature forming tJHhe U-T splats can absorb hydrogen only at high hydrogen
pressure (p(k) > 4.5 bar) [5].
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Figure 1. The superconducting phase transition of selected U-T splat-cooled alloys revealed by a resistivity jump and
specific-heat anomaly.
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In situ XPS study of the evolution of chemical nature on U-Ti alloy surface
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Many factors including reaction temperature, hydrogen pressure, pre-heating, the characteristics of the surface
uranium oxide layer, the presence of gaseous impurities species in the hydrogen gas, the sample microstructure and so
on would affect the uranium hydriding behavior[1]. It has been reported vacuum annealing could promote the surface
reactivity of uranium toward hydriding. The effect of vacuum annealing on uranium has been studied by Thermal
Desorption Spectroscopy (TDS)[2] and XPS[3], and is thought owing to the desorption of surface contaminants and
modifications of the oxide over-layers. However, little is known about the effect of vacuum annealing on the surface
character of U-Ti alloy. In this work, we have employed XPS to reveal the evolution of chemical nature for oxide over-
layers on U-0.79Ti surface with vacuum annealing between room temperature and 700 °C.

The surface covered oxide layer was prepared by exposing the water-quenched U-0.79Ti disks in ambient air for ~24
hours and then transferred into the XPS analysis chamber. The high-energy resolution spectra were collected for the
following elements: uranium (U 4f), titanium (Ti 2p), oxygen (O 1s), and carbon (C 1s).

The depth profile of the initial sample, which is collected at different time during the Ar” sputtering, indicated that the
surface is initially covered with a hyperstoichiometric UO,.4 layer and some organic contamination. No Ti peak is
detected.

The results of the XPS spectra collected during the vacuum annealing from R.T to 700°C is shown in Fig. 1. It is
found that the UO,.4 outer oxide layer starts to be reduced to UO, at 200 °C. Between 300 and 400 °C, an oxycarbide
(UOCy) layer is observed due to the reaction between UO, and carbon. Above 500 °C, UOLC, decomposes and the
surface covered oxide layer starts to be reduced to the metallic state, meanwhile, a thermal driven segregation of Ti to
the surface is also observed above 500°C.
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Fig. 1 Change in (a) U 4f; (b) Ti 2p; (c) O 1s; (d) C s photoelectron spectrum from U-0.79Ti alloy by heating in
vacuum from R.T to 700°C.

The depth profile which was collected after cooling the sample down to room temperature conformed the the surface
segregation of titanium during the vacuum annealing. A possible Ti(C,0) solid solution-type structure was formed on
the U-Ti alloy surface during the 500~700°C thermal heat-treatment[4]. And the evolution of the chemical nature of the
U-Ti alloy surface during vacuum annealing is summarized in Fig. 2.

B.E.of U4f"?

380.7eV

ey UO,

UoO,
3796V EUO \ /
Uo,C,

378.0eV

377.4eV K’ Me

RT. 200°C  300°C 500°C 700°C

Surface scgrcgatio;m

Fig. 2 The evolution of the U-0.79Ti alloy surface character during heating in vacuum.
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To study the difference behavior of hydride growth kinetics of U, U-2.5%Nb and U-
5.7%Nb(mass fraction), based on the strain energy theory, the deformation, stress and strain energy
during the hydride growing were studied by finite element model(FEM), according to mechanical
properties of the three U materials. As shown in Fig. 1, around the hydride, the deformation,
cracks and ruptures occurred, which are due to the difference of density between UH; and U.
Because the density of U is 18.9g/cm’ , and that of UH; is 10.9g/cm’ , accompanying with the
volume expanding of formation UHs, Uranium has been pressured by great much stress, and
deformed constantly. The simulation deformation on matrix owing to hydride growing was
displayed in Fig.2, which was the same as experiment observation showed in Fig.1. Elastic strain
energy of U, U-2.5%Nb and U-5.7%Nb during hydride growth were calculated, seen in table 1.The
results show that the formed strain energy due to hydride expansible growth in matrix display much
difference for the three U materials. When hydride growing, the order of the strain energy value is
U-5.7%Nb>U>U-2.5%Nb, which illuminates that U-2.5%Nb alloy is the most susceptible to
hydrogen corrosion, and U is following, U-5.7%Nb the most anti-hydrogen-corrosion. The
calculation results about the strain energy agree well with the hydride growth kinetics experimental
results, which also show the hydride growth model is correct. The study approves that the
formation of large strain energy due to volume change during hydride growing plays a very
important role in the growth kinetics.

UH3/U interface:
rimous structure

F o enum
Fig.1 OM observation of deformation at Fig.2 Deformation of hydride growth by FEM simulation

Table 1 Elastic strain energy of U, U-2.5%Nb and U-5.7%Nb during hydride growth

Materials Max elastic energy/(kJ-mol ™)
U 28.3
U-2.5Nb 24.5

U-5.7Nb 63.28




Structure and magnetic properties of doped UH; -based hydrides.
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Interaction with hydrogen is an important issue related to application of uranium and its alloys.
Any contact of o-U with H leads to formation of the stable allotropic form B-UHj;, a dark
pyrophoric powder, formed via the metastable a-UH;3. Applications of U metal are typically based
on its bcc form y-U, because it is more malleable, ductile and stable with respect to irradiation
effects than o-U. It is stable at high temperatures, but it can be retained as pure or in a
o—y composite using a doping (by Mo, Zr, Ti, Nb, Re, Ru, Pd, or Pt). Our aim was to explore the
interaction of y-U with different dopants with hydrogen. We found that U-Mo alloys do not absorb
hydrogen at ambient pressure. Pressures of several bar induce a slow process of formation of
hydrides, which can be characterized as (UH3);.xMoy, and their structure corresponds to B-UH3 with
a grain size of 1 nm, i.e. almost amorphous phase. They not only retain the ferromagnetism of
B-UH;3 (T¢ = 165 K), but the ordering temperature even increases, exceeding 200 K. (Fig. 1.)
Magnetic moments also increase, from 0.9 to 1.1 pg/U. [1].
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Fig. 1. Concentration dependence of the Curie temperature for the hydrides (UH3),.xMoy and (UH;), «Zry

Starting from the U-Zr alloys, we also obtained hydrides (UHj);xZrx (analogous to
stoichiometry UH3). For low Zr concentrations we have a mixed crystal structure a-UH3 and B-UHj5.
With increasing X, the a-UHj3 phase, which is the bcc U structure filled with H, dominates (Fig. 2.).
We assume that unlike smaller Mo atoms, bigger Zr atoms occupy U positions without problem.
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Fig. 2. X-ray diffraction patterns of the (UH3), xZry hydrides (4 =0.1540562 nm).

Our investigation of the hydrides in the a-phase shows that despite different crystal structures
and U-U spacing, the properties of the a- and B-phases are very similar. Even T¢ exhibits the same
type of non-monotonicity, but the values do not exceed 190 K in the Zr case (Fig. 1.).

The coercive force increases with Zr doping up to 6 T for (UH3)g.70Z10.30, and it is in the same
range for the U-Mo hydrides.
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Fig. 3. Temperature dependence of the lattice parameter of (UH3)g 55210 15 compared with B-UH3;, (from
Ref. 4) with extrapolated dependence from the paramagnetic state. The data on 3-UHj; are rescaled
to match approximately those on (UH3) 8571 15, which allows to compare mutually the
magnetostriction and thermal expansion

To determine the spontaneous magnetostriction, the temperature dependence of the lattice
parameter a was measured in the range 10 - 300 K using X-ray diffraction (Fig. 3.). The result can
be compared with the data of B-UHj; that was published in [4]. Fig. 3. indicates a large
magnetostriction effect below 200 K, amounting to relative volume change AV/V = 3.2%107.

Besides those two types one has to include also hydrogenation of UsT (T = Mn, Fe, Co, Ni),
which leads to PB-UH; type of hydrides, with T¢ in the similar range below 200 K.



0-45

UgFeH;; corresponding to  (UHx8)oscFeo14  (magnetic moment 0.79 pp/U) and
UgCoH;g corresponding to (UH3)9s6Co0¢.14 (magnetic moment 1.0. pg/fu, i.e. 1.2 ug/U) have the
Curie temperatures 173 K and 185 K respectively [2,3].

As next, we tested the hydrogenation of double doped samples, i.e. using different dopants
besides Mo, which itself guarantees the amorphous structure of the hydrides. We assumed that the
amorphous structure must be more accepting diverse sizes of dopant atoms. We indeed obtained the
amorphous structure (Fig. 4.) for the hydrides with Ti, Fe, or Zr doping together with Mo, as
(UH3)0.851F€0.142M00.007, (UH3)0.78M00.12Z10.10, (UH3)0.7sM00.12T10.10.
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Fig. 4. X-ray diffraction pattern of the amorphous hydrides (4 =0.1540562 nm).

Our investigation of magnetic properties of such double doped hydrides shows ferromagnetic
ordering with parameters only weakly depending on the dopants, as illustrated in Fig. 5.
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Fig. 5. Temperature dependence of magnetization: left - detail in for low magnetic fields illustrating the Curie
temperatures, right - in pyH = 4 T, illustrating the total magnetization

The addition of Zr enhances T¢ more than addition of Ti, addition of Fe broadens the transition
and enhances magnetization per U atom. The work will continue to establish limits of stability of

the amorphous phase.
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There is debate over the importance of covalent and ionic interaction and bonding in heavy
metal oxides; in particular, the actinide dioxides, AnO,. [1-2] This debate needs to be resolved since
the nature of the interactions is key to understanding the electronic structure of these oxides. In part,
the debate and controversy arise because it is not completely transparent how to assign ionic and
covalent character from quantum mechanical calculations of electronic structure. We will show,
using novel methods which permit us to make quantitative estimates, that the covalent interactions
in oxides of heavier metals are important. These methods are based on the analysis of
wavefunctions for embedded clusters which model the bulk oxides; a representative cluster model
for fluorite dioxides is shown in Fig. 1. Our analysis includes methods to characterize the extent of
the covalent mixing of metal cation and ligand anion orbitals. [3] In these methods, the projection of
the wavefunctions of the fragments of the cluster on the wavefunctions of the cluster model of the
oxide are used to estimate effective charges. A unique feature of these methods is that they can
provide estimates of the uncertainty of the assignments of effective charges to the metal and ligand.
These methods have been applied to selected oxides and indicate considerable covalent character in
UOy and CeO,. [3] A method has also been developed to provide quantitative measures of the
energetic importance of these covalent interactions by constraining the variational space in the
solution of the equations to determine the optimal orbitals for the cluster models; see Ref. [4] and
references therein. This Constrained Space Orbital Variation, CSOV, method has been applied to
estimate the energetic importance of covalent interactions, especially for chemisorbed atoms and
molecules. [5-6] Here, we report, for the first time, the combination of these two approaches for
several different oxides to examine both the extent of the covalent interactions and the importance
of the interactions for the stability of the oxides. The systems discussed are chosen to illustrate the
importance of various factors including charge state and position of the metal in the periodic table.
We acknowledge support for this work by the Geosciences Research Program, Office of Basic
Energy Sciences, U.S. DOE.
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Fig. 1 An embedded cluster to model UO, and other dioxides with fluorite
structure. The central metal atom and 8 nearest neighbor O atoms are shown as large circles and a sub-set of the
embedding charges is shown as small circles.
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Ab initio theory of magnetic properties of pure and Zr-doped alpha-UHj;
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The electronic structure of uranium trihydride, recently prepared in its Zr-doped alpha phase, is
studied theoretically by means of up-to-date techniques based on the local spin-density
approximation (LSDA). Both the ferromagnetic ground state and a high-temperature disordered-
local-moment (DLM) state have been considered. Particular attention has been devoted to
magnetovolume phenomena, namely, to the volume dependence of spin and orbital moments of U
atoms and to the spontaneous volume magnetostriction. The large volume magnetostriction,
observed in experiment, is semiquantitatively reproduced by the calculations, which corroborates the
itinerant nature of magnetism of the compound. Further aspects, such as an estimation of the Curie
temperature and the effect of Zr doping on magnetic properties, will be briefly discussed as well.



Adsorption of O,, CO, CO, and H,O on a-U (001) surface: A density-functional
theory study

Gan Li,* Wenhua Luo', Huchi Chen*

! China Academy of Engineering Physics, P.O.Box 919-71, 621900, Mianyang, Sichuan, China, e-mail:
gZf1980@163.com

Introduction

Understanding the interactions of uranium with environmental gases is an important issue due
to itsrelation to environmental corrosion processes. The chemisorption and initial stage of chemical
reaction of O,, CO, COand H,0O on clean a-U surface have been investigated experimentally using
many surface science techniques such as XPS, UPS, AES SIMS and DRS [1-6]. However there are
very few theoretical studies of these oxygen-containing molecules adsorption on a-U surface. With
the aim of getting a deeper understanding of the uranium initial oxidation process and mechanism,
the geometric and electronic properties of O,, CO and CO, adsorption on a-U(001) surface were
investigated by density functional theory calculations.

Computational Method

The calculations were performed using DMol3 under the following conditions: (i) the general
gradient approximation (GGA) with the Perdew and Wang functional (PW91), (ii) the double
numerical basis plus p-polarization functions (DNP) basis set and (iii) the density functional semi-
core pseudo-potential (DSPP). The a-U (001) surface, with a (2" 1) surface unit cell, was modeled
by repeated five-layer slabs separated by a vacuum of 15 A, and one adsorbate was placed on the
surface, corresponding to the coverage of 0.25 monolayer. Four different adsorption sites: top site,
bridge site, hollowl site and hollow2 site were considered. For the structural optimization and
electronic properties calculations, a cutoff radius of 5.1 A and the k-point of 4x4x1 were used, and
the energy, gradient and displacement convergence were set to 10° Ha, 4x10° Ha/A and 3x103A,
respectively. To investigate the dissociation barrier of adsorbed molecules, LST/QST protocol was
used, which has been well validated to find a transition-state structure. To determine the electronic
interaction between the adsorbed molecules and the a-U surface, Mulliken charge transfer and local
density of state were calculated.

Results
a) Adsorption of Oxygen Molecule

Dissociative adsorptions of O, are significantly favored than molecular adsorptions with
adsorption energies of 9.54-10.22 eV, and the dissociated O atoms are apt to occupy the neighboring
threefold hollow sites. The U atoms of top layer are found to move upward after adsorption coupled
with rumpling of the surface layer, and the larger values of relaxation and rumpling are attributed to
the distributing asymmetry of U-O bonding. The ionic part of the U-O bonding plays a significant
role in the dissociative adsorption, along with the covalent part due to U 5f/6d and O2p
hybridization.

b) Adsorption of Carbon Monoxide molecule

CO molecules are chemisorbed on the hollow sites in different orientations with adsorption
energies of 1.78-1.99 eV. Common features of the adsorbed geometries are a tilt of the molecule
with C atom closer to the surface and elongation of CO bond due to the population of CO lowest
unoccupied 2p* orbital by the U electrons. The dissociative adsorption is more energetically favored
than molecular adsorption with adsorption energies of 2.71 and 3.08 eV for h1(C)+h2(O) and
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h1(C)+h1(O) configurations, respectively. The diffusion barriers of C and O atoms between two
neighboring hollow sites are 0.57 and 0.14 eV, respectively, which indicates the on-surface
diffusion of O atomsis easier than C atoms.

c) Adsorption of Carbon Dioxide Molecule

CO, molecules are chemisorbed on the top, bridge and hollow sites with the formation of
co,, a charged and bent species, and the degree of C- O bond activation strongly depends on the
degree of electron transfer from surface to the adsorbed CO,. The adsorption energies are 1.24-1.67
eV. The interaction between the U atoms and the CO, molecules mainly comes from the population
of the CO, lowest unoccupied 2p, orbital by U electrons with CO, 2p./1py/3c,- U 6d orbital
hybridization. The dissociative adsorption energies for the CO, adsorbed on the hollowl and
hollow?2 sites are 3.15 and 3.13 €V, respectively. The corresponding dissociation barriers are 0.26
and 0.36 eV, respectively, which indicates that the dissociation of adsorbed CO, into CO and O
occurs easily.

d) Adsorption of Water Molecule

H>O molecule is preferentially adsorbed on the top site in a flat-lying configuration with the
adsorption energy of 0.58 eV. The adsorption interaction is mainly contributed by the overlapping
between the 1b; orbital of H,O and the 6d orbital of the top-layer U atom, along with some weak
H,0 3a;-U 6d mixing. The activation energy for H,O diffusion between two adjacent top sites is
0.20~0.23 eV, indicating that the on-surface diffusion is easy for H,O molecule. The OH+H
dissociative adsorption is about 1.24~1.39 eV higher in energy than molecular adsorption, together
with the dissociation barrier of 0.56~0.62 €V, suggesting that the dissociation of adsorbed H,O into
OH and H can occur under the certain heat activation condition.
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The heavy-fermion metal UPt; is an unconventional superconductor exhibiting multiple
superconducting phases. The identification of the corresponding order parameters remains a
challenge. A key question is whether the superconducting states preserve or break time-reversal
invariance.

Starting from realistic models for the heavy quasi-particles we calculate the expected polar
Kerr-effect, a key signature of broken time-reversal symmetry. We compare the theoretical
predictions for various possible superconducting order parameters symmetries to experimental
observations and discuss the implications.
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Alpha-plutonium, which is one of the most important phases of pure plutonium (exists from 0
to ~390 K), exhibits a number of anomalous properties, including strong temperature dependence of
the bulk modulus, anomalously high values of the thermal expansion coefficient and Gruneisen
parameter. In the present study we show that these anomalies of a-plutonium are caused by its
strong phonon anharmonicity. We develop a self-consistent thermodynamic model of a-Pu based on
the generalized Debye model, in terms of which we carry out self-consistent calculations of the
temperature dependencies of thermal and elastic properties of a-plutonium. In order to account for
the effect of the electronic subsystem, we calculate the coefficient of the electronic heat capacity of
a-Pu from the results of calculations of its electronic structure and magnetic susceptibility [1].

The self-consistent thermodynamic model is based on the connection of Debye temperature 6
with molar volume V and bulk modulus B in the form

0= i((sﬂ_zNz)U3 3:1/281/2\/1/6 (1)
Ke g H ’
where 7, Na are Plank and Avogadro constants, respectively; 4 is the molar mass and Z(o) is a
function of the Poisson coefficient . We define the thermodynamic potential (TDP) in the additive
form © =0, + @, + D, , where Go=Dg(P) is the “constant” part of TDP, which is temperature

independent, but is a function of pressure; @,n=®ph(6(P),T) is the molar lattice (phonon) part of
TDP and @ is the electronic part of TDP. It has been shown in [1] that the electronic densities of
states of a-Pu near the Fermi level are rather flat, which results in that the coefficient of electronic
heat capacity of a-Pu is almost temperature independent. This enables to utilize the simple form for
2

the electronic part of TDP @, = —%, where {=1.87 mJ/(mol-K?) is the coefficient of electronic
heat capacity obtained from the value of total electron density of states at the Fermi level g(e)=0.79
1/(eV-atom) as calculated in [1]. The phonon part of TDP, responsible for the contribution of
acoustic vibrations of a solid, is written in the form:

D, =3R(§9+T¢(z)), (2)

where z = AT is the inverse reduced temperature and ¢(z)=In(1—e*)—D(z)/3 (D(z) is the
standard tabulated Debye function). From equations (1) and (2) it follows that the characteristic
Debye temperature enters the definition of the phonon part of TDP @pn=®,n(6(P),T) and at the
same time @ is a function of temperature. Since all the calculated thermal and elastic properties are
defined from the phonon TDP @,n=®,n(#,T), the change of the simulated values of Debye
temperature leads the change of these properties. The simulation of the properties, in turn, leads to
renormalization of Debye temperature values. This allows to construct an iterative procedure for
the self-consistent calculations of temperature dependencies of 6, thermal and elastic properties and
account for the effects of phonon anharmonicity.

For example, one can calculate the molar volume by differentiation of TDP with respect to

pressure
V(T)=(a£)j =v0—3R979(§+ D(Z)jﬂﬁ , )

oP B \8 z 2B

where Vo is the volume at T=0 K, the second term is the lattice contribution and the third one is the
electronic part. Then it is possible to obtain expression for the volumetric coefficient of thermal

1
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where Cyr(2) is the standard Debye heat capacity, normalized to 3R. In the equations above we use
the generalized dimensionless Gruneisen parameters, which for a thermodynamic quantity f=f(T,V)
at constant temperature and pressure are defined as

_\i(ﬂj : : _V_2 o°f (5)
T v e T T v )

It is clear that the generalized Gruneisen parameter y, of the first order for the Debye temperature
up to a sign coincides with the well-known Gruneisen parameter of a solid F=—2:+5, which

characterizes the degree of lattice vibrations anharmonicity
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Fig. 1. Volumetric thermal expansion coefficient of plutonium

From Fig. 1 one can see that the experimental data on the volumetric thermal expansion
coefficient of a-Pu are almost completely described by the phonon part. Thus, the giant values of
VCTE of a-Pu are associated with its large phonon anharmonicity. In addition, from Fig. 1 it is
evident that the thermal expansion of a-Pu is considerably higher than of 6-Pu, which points to that
the phonon anharmonicity is much stronger in a-Pu.

The strong phonon anharmonicity of a-Pu is further manifested in its Gruneisen parameter I'
shown in Fig. 2. At all temperatures I" takes values not lower than three, which is typical for
systems with strong phonon anharmonicity (for “usual” metals I" is in the range from 1.4 to 2.4).
Previously in [4] Ledbetter et al. have performed a comprehensive analysis of Gruneisen parameter
of a-Pu obtained by different methods. This analysis provided a wide spread of I" values, ranging



from 3.5 to 9.6. From the results of the present study it is evident that the I' of a-Pu strongly
depends on temperature and this explains the wide spread of I" values presented in [4], which are
actually somehow temperature-averaged values, since were obtained from a series of experimental
points measured at different temperatures.

I' (dimensionless)

0 50 100 150 200 250 300 350
T (K)

Fig. 2. Gruneisen parameter of a-Pu

It is worth noting that Ledbetter et al. supposed that the large values of a-Pu Gruneisen parameter
are induced by the effect of a localized—itinerant f-electron transition. However, as we see from the
present study, the large I" values can completely be explained by the phonon anharmonicity of a-Pu.
This anharmonicity is most likely caused by the complex crystal structure of a-Pu — the monoclinic
crystal lattice with eight unique positions of plutonium atoms. However, this requires additional
investigations.
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Calculating vibrational properties of actinides with quantum molecular
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In density functional theory the thermal vibratidratoms and therefore the free energy are usually
obtained via the harmonic or quasiharmonic approximation. Unfortunately, it is well known that

this approximation fails for the treatment of lattice dynamics of strongly anharmonic solids. For
example, the free energy of dynamically unstable structure at O K as the bcc structure of Li, Zr,

Ti or U cannot be obtained or the temperature dependence of a soft mode cannot be reproduced.
Here we will present how the lattice dynamics of a solid at high temperature can be obtained by
means of first-priciples molecular dynamics simulations. Then we will present several examples to
show the usefulness of this method : the charge density wave phase transition in uranium, the fcc
structure of plutonium and uranium dioxide.
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The correlated-band theory implemented as a combination of the local-density approximation
with the dynamical mean-field theory (LDA+DMEFT) is applied to UO,, NpO, and PuO, [1}2]. The
calculated band gaps and valence-band spectra are in very good agreement with optical absorption
experiments as well as with photoemission spectra. The relatively large hybridization of the actinide
5f shell with the 2p states of oxygen causes a sizable increase of the filling of the 5f orbitals from the
nominal ionic configurations with two, three and four electrons to fractional values 2.5, 3.4 and 4.4.
This enhancement is compatible with the 4f core-level photoemission spectra [3]] but in the same
time it appears to disagree with the recent synchrotron experiments that employ the resonant X-ray
emission spectroscopy (RXES) and suggest fillings much closer to the nominal integers [4] 5. This
discrepancy is analyzed in the LDA+DMFT framework by an explicit calculation of the RXES spectra
for incident photons 7w, scanned across the actinide L3 absorption edge (2p3/2 — 6ds,») and emitted
photons Aw, detected at the actinide Loy line (3ds/, — 2p32).

The LDA+DMFT ground state of UQO, is a superposition of 5f2, 5f> and 5f* configurations with
weights 57%, 38% and 5%. The standard interpretation of the RXES spectra builds on the assumption
that the spectrum is a superposition of several signals, each corresponding to one configuration of
the 5f shell [6, [7]. When this assumption is applied to UO, together with the LDA+DMFT ground
state, the spectrum shown in figure[T]is obtained. There are two spots at the diagonal of the intensity
map, the less intense spot corresponds to the 52 configuration, the brighter spot at a smaller Aw;
comes from the 5f> configuration. The intensities of the peaks do not track the actual weights of the
configurations because additional effects due to a large width of the 6d band, the structure of the 6d
density of states, and the lifetime broadening are all at play. The 5f* state has a too small weight to be
discernible.
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Figure 1: The UO, RXES intensity displayed as a contour Figure 2: A contour map of the UO, RXES intensity
map with axes corresponding to incident and transferred calculated with the aid of an improved theory that takes
energies. The calculation employs the standard theory that into account the hybridization neglected in figure I}
neglects the effects of hybridization in the intermediate and

final states of the RXES process.



Clearly, the spectrum from figure 1| does not match the experimental data that show just a single
peak and hence suggest only a single configuration being present in the ground state [4]. This
disagreement could mean that the LDA+DMFT modeling of the electronic structure of UO; is not
accurate. We argue, however, that it is not the LDA+DMFT approximation but the standard method of
RXES interpretation that is not sufficiently accurate in this case. A closer inspection of the Kramers—
Heisenberg formula, which determines the probability of the two-photon RXES process, reveals that
the standard analysis neglects nearly all effects of the hybridization between the 5f shell and the ligand
states, and as such it is justified only if the hybridization is weak or if the core-valence interaction is
very strong. There is ample evidence that neither of these conditions applies to the actinide dioxides.
A more accurate calculation, which takes into account the hybridization, leads to the RXES spectrum
plotted in figure [2| There are substantial differences between the spectra in figures|l{and [2, The latter
displays essentially a single peak, although it does in fact correspond to the LDA+DMFT ground state
with significant weights of two configurations (52 and 5f3).
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Plutonium dioxide (PuO;), a very important nuclear fuel and surface-corrosion product, had
long been recognized as the highest composition binary oxide. Many attempts to prepare higher
oxides with strong oxidants such as atomic oxygen, ozone, and nitrogen dioxide were unsuccessful.
Despite the possibility of preparing plutonium oxides with the valence states above +4, PuO, was
still recommended as the standard for the long-term storage of solid-state Pu-based nuclear
materials. However, after the discovery by Haschke et al.!"! of the higher composition binary oxides
in the presence of water, PuO,:x (0 < X <0.27), the feasibility of the standard was deeply discussed.
Many researchers have conducted direct or indirect experimental measurements on the similar Pu-
H,0 systems to find the higher-valence Pu oxides; however, the existence of PuO,:x remains
controversial®?!. In general, the discrepancies mainly resulted from the extreme difficulties in
controlling the sample quality and chemical environments of the radioactive, toxic and highly-
reactive materials.

In the processes of exploring hyperstoichiometric Pu oxides, both experimental and theoretical
studies mainly focused on the PuO,-0O,, PuO,-H,O, or PuO,-0,-H,O systems. Even for the
theoretical studies, the systematic calculation on the reactions of PuO, with the possible oxidizing
products of radiolysis of H;O was very limited. Furthermore, the reactions of PuO, with other
active molecules were scarcely reported. In fact, apart from O, and H,O, there often exist other
ingredients in the real chemical environments, and they could have significant impacts on the
formation of hyperstoichiometric Pu oxides. Here, the reaction energies of PuO, with a series of
molecules (e.g., Hy, He, B, C, Ny, Oy, Os, F2, Cl,, H,O, and their potential radiation-induced
radicals and products) are comprehensively predicted using the well-established first-principles
DFT+U calculations.!®® In order to evaluate the validity of the methods, the similar calculations are
also performed on UO,—the analogue of PuO,.

The calculation results show that hyperstoichiometric U oxides are energetically more favorable
than hyperstoichiometric Pu oxides, which is in reasonable agreement with experimental findings.
The feasibility of the reaction between F, and PuO, imply that the existence of higher-valence Pu in
PuO;-based solid-state materials. Radiation-induced free radicals favor the formation of
hyperstoichiometric Pu oxides; however, the hyperstoichiometric Pu oxides can transfer into PuO,
in the presence of the free radicals. In the absence of enough free radicals, among all
hyperstoichiometric Pu oxides considered here, only PuO,(OH)x cannot directly decompose into
PuO,. Therefore, the formation of hyperstoichiometric Pu oxides is deduced to be driven by
radiolysis water rather than pure chemistry, and PuO,(OH)y, or PuO,xHy, instead of PuO,.y, are
determined to be the experimental observed products in the kinetically favorable chemical
conditions. The widely discussed PuO,.x act only as the intermediate products. The potential
formation mechanism of hyperstoichiometric Pu oxides is briefly illustrated in Fig. 1.

The interpretation on the stability of these hyperstoichiometric Pu oxides relative to PuO, is
further substantiated by the analysis of electronic structures. Total and projected density of states
(TDOS and PDOS) of PuO; and five representative PusOsX (X = O, F, He, C and OH) are plotted
in Fig. 2. With the incorporation of octahedral interstitial atoms, the most remarkable change from
the stability point of view is the upward shifting of Fermi energy level (Er). Although the valence
bands (VB) and conduction bands (CB) of PusO¢ and PusO3C are well separated, the gap states
induced by the incorporated atoms are very clear, forming p-type and n-type semiconductors,
respectively. This well-known pinning effect in the field of doped semiconductor implies that
octahedral interstitial O and C result in the occurrence of unoccupied states, and thus reduce the

1
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chemical bonding and stability. However, for PusOgF and PusOgOH in which F and OH have the
formal charge of —1, there are no any unoccupied states resulted from F and OH, indicating that
both chemically binds with PuO, host and the unoccupied states in PusOy can be balanced by H as
shown in Fig. 2.(c). The results strongly demonstrate that PusOgX in which the formal charge of X
is —1 is relatively more stable. We find that PusOg(OH); is energetically more favorable than PuOs,.
Based on the deduction, incorporating more than two OH into PusOg seems to be feasible. However,
the larger lattice expansion and distortion result in the severe deviation from the nature of PusOs;
therefore, the possibility is reasonably excluded.
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Fig. 1. Potential formation mechanism of hyperstoichiometric Pu oxides. Hyperstoichiometric Pu
oxides cannot form by the direct reaction with O,, H,O and the mixture of O, and H,O. However,
the oxides can form by the reaction with radiation-induced O- and HO- free radicals. In the absence
of enough free radicals, PuO,.x will decompose into PuO,; however, PuO,(OH)x will not.
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Fig. 2. Density of states (DOS) and Projected density of states (PDOS) of PusOg, PusOg and other
four typical PusOsX (X = OH, C, F and He). Fermi energy (Eg) is scaled to zero energy and marked
by the black dotted line. For the sake of comparison, one can shift the intrinsic Er (marked by the
red dotted lines) of artificial PusOg in PusOg and PusOsC to zero energy.
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Femtosecond lasers allow to observe magnetization dynamics on unprecedently short timescale.
Recently an interesting ultrafast magnetization dynamics has been observed in rare-earth based
systems with 2 ferrimagnetically ordered sublattices. A complete reversal of magnetization in
GdFeCo alloy can be achieved with a linearly-polarized laser pulse, without the help of external field,
circular polarization of the laser pulse [1] or any other direct source of angular momentum. Time-
resolved XMCD observations have provided detailed information on the evolution of individual
sublattice magnetizations: Fe magnetization is reverted first and for a time around 1ps the originally
anti-parallel sublattices are ordered parallel to each other [2].

Crucial feature of the system is the fact that most magnetic momentum in the system originates
from Gd 4f orbitals, which lie deep below the Fermi level and are not accessed by the pump laser.
Therefore the magnetization of these orbitals cannot be assumed to be the same on femtosecond
timescale. More detailed view can be obtained by studying pure Gd alone. Recent experimental data
on Gd provide magnetooptical signal of the 4f and 5d moments separatedly and reveal distinct
dynamics as predicted. Their dynamics differ by one order of magnitude with decay constants of 14
vs. 0.8 ps.

We calculate exchange interaction between the atomic moments as well as the intraatomic
exchange between Gd 4f and 5d orbitals to allow mapping the problem to an effective orbital-
resolved Heisenberg Hamiltonian. The instability of Gd 5d moment is an important component of the
process and is studied too. A subsequent simulation based on the Landau-Lifschitz-Gilbert equation
has shown magnetization dynamics of 4f and 5d orbitals, which is in reasonable agreement with the
experiment. For GdFeCo the simulation has reproduced the switching behavior [3]. We have shown
that the exchange coupling between 4f and 5d states in Gd is sufficient to revert the large magnetic
moment of Gd 4f shell on a picosecond time scale [3]. Our simulation is in agreement with a recent
finding that the crucial part of magnetization dynamics is disipationless, driven by exchange

interaction[1].
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Fig. 1. Orbital-resolved spin dynamics in gadolinium.
Circles: experiment by M. Weinelt, FU Berlin; lines: spin
dynamics simulation
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Relative stability of possible ThT,Aly, structures (where T= 3d transition metal)
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Strong interlinkage exists between the physical/chemical properties-chemical composition and
crystal structure of the materials. In order to gain improved properties - composition and/or structure
should be changed. Such researches are normally done either via theoretical route (i.e. prediction) or
experimental (i.e. trial and error). Experimental route is time and resource consuming. Prediction is
not always possible, especially when system of an interest exhibits complex electronic structure.
ThT,Aly (when T-transition metal) is an example of such systems. It belongs to the AT,Al, family
of alloys (where A-actinide/lanthanide) which were studied in [1-5, for example] with a purpose to
find aluminides with possible heavy fermion properties. Studied alloys (see Figure 1 which
summarizes the reported compositions) consisted of single phase cubic (Fd-3m space group,
Cr,MgsAlyg structure type [1-5]) aluminide. It can be concluded from Figure 1 that phases, reported
to exist with Cr,MgsAlyg structure type, where formed with almost all A-atoms. Transition metals
were either not studied fully or cubic AT,Aly structures did not form with all T atoms. Thus, it is
enough to choose one type of A (here Th was chosen as a representation of actinide/lanthanide
atoms) and check systematically if specific aluminide with specific structure will form with all
possible transition metals.

In a previous study, performed in our group [6], ThT,Aly systems (with T-3d transition metal)
were studied systematically, varying T from Ti to Fe. Cast alloys were heat treated for long period
of time (~3 weeks) at 800°C, in order to attain the most stable ternary Al-rich phases. It was found
that cubic, Cr,MgsAlig-type structure forms in ThT,Aly systems when T=Ti and V (existence of
ThCr,Aly, cubic phase was reported earlier in [5]), while with T=Mn and Fe, cubic structure does
not form, despite the prolonged heat treatment. Instead, orthorhombic, YbFe,Alyo-type structure
forms in ThT,Aly, stoichiometry together with Al matrix.

Current research was undertaken with a purpose to explain these results. Calculations based on
Density Functional Theory (DFT), incorporated in WEIN2K software [7], were performed. Final
goal was to determine the energy of each structure (cubic vs. orthorhombic) at each ThT,Aly alloy
(when T-3d transition metal). The results of calculations were in perfect match to the experimental
data. There is a symmetry breakage point of the energetically favorable ternary Al-rich structure as a
function of atomic number (Z) of the 3d transition metal. When Z=22-24 — cubic structure is
energetically favorable. When Z=25 (and 26) symmetry breaks and orthorhombic phase becomes
more energetically favorable. The obtained tendency in the change of the relative stability of
competing phases is explained in terms of Theory of Coordination Compounds [8].
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Fig 1. Summary of the Cr,MgsAle-type structures reported to exist with AT,Aly stoichiometry (A = actinide or
lantinide and T is the transition metal). Data was taken from the information available in [9].
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Ternary intermetallic compounds UT2Znz (T = d-electron transition metal) crystallize with
a cubic structure of the CeCr,Alz-type (space group Fd3m). The U and T atoms are located inside
cages made by Zn atoms only. All these phases are paramagnetic moderately-enhanced Kondo
lattices, showing some tendency towards magnetic ordering that increases on changing the component
from Fe to Ru to Os, and then from Co to Rh to Ir. By combination of the tight-binding linear muffin-
tin orbital method (TB-LMTO) and the full-potential local-orbital method (FPLO), we demonstrate
that the strength of interaction between the 5f electrons and conduction electrons significantly
depends on the T-d band filling. The calculated electronic band structures of UT2Zn2o comply with
the experimentally observed gradual strengthening along the series of short-range magnetic
fluctuations, and support the scenario of the competition between Kondo effect and RKKY exchange
interactions.
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Polycrystalline samples of three novel intermetallic cage compounds containing actinide
elements were synthesized using the arc-melting method. A sequential melting technique was
developed to ensure a good homogeneity of the samples with high Al content.

Crystal structure studies were performed using powder Xx-ray diffraction and Rietveld
refinement method. ThogV2Alz, NposV2Al, PugsVoAly crystallize in CeCr,Alyg-type structure
[1], with actinide elements positioned in the centres of oversized icosahedral Al cages (Wyckoff
symbol 8a). The substoichiometry of the position was inferred from the previous studies on
UV,Al, by Halevy et al. [2], where UAI, impurity phase was found in the x-ray diffraction pattern.

Specific heat and magnetic susceptibilities of the samples were measured in low temperatures.
The radiative self-heating phenomenon was limiting the lowest temperature achievable for Np and
Pu samples. Results show no magnetic ordering phenomena down to 2.5 K for Pu and 2.1 K for Np.
Specific heat results obtained for ThgogV,Aly were used as a non-magnetic reference. The
Sommerfeld coefficient of the specific heat of the Np-containing material is 109(1) J mol-Np™ K
being significantly higher than for the PuggV2Alz (39(1) J mol-Pu™ K).

The new materials show a negative dependency of lattice constants on covalent radii of the
actinides. This behavior is opposite to the trend observed for CeCr,Aly-type aluminides containing
rare-earth metals. The difference between the two groups should arise from the itinerant behavior of
5f electrons of actinides as opposed to localized character of lanthanide 4f electrons.

Several CeCr,Al-type superconductors are known, with critical temperatures up to 1 K.
NposV2Aly is a promising material for search of Neptunium superconductors. Up to date only two
Np-based superconductors are known: NpPdsAl, and Np1.xMogSeg, with the Np 5f electrons in the
latter compound most probably not contributing to the superconducting state [3]. NpPdsAl, remains
the only one, where 5f states are known to contribute to superconductivity.
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The synthesis of PuCgaompound starting from metallic and/or sesquioxide chromium and
PuQ powder mixtures in stoichiometric ratios has been studied at different temperatures under
atmospheres with a varying oxygen potential (Ar, Ar + 5% H2, Ar + 5% H2 + 850 wamn Hhe
structure of the polycrystalline perovskite compound Py@r&s investigated by means of an X-ray
powder pattern fitting. A Rietveld analysis was performed using the computer software JANA 2000.
PuCrQ crystallizes in the orthorhombic space group Pbnm with a = 549.58(3) pm, b = 771.99(3)
pm and ¢ = 543.97(3) pm. A XAS study gave oxidation states +lIl for both chromium and
plutonium. The heat capacity of PuGr@vas measured by means of a differential scanning
calorimeter (DSC) in the temperature range of 373-1373 K. Debye temperature as well as electronic
defect energies have been fitted from these measurements. Enthalpy increment, entropy and free
energy function of PuCrO3 have been calculated from the measured heat capacity and estimated
data as a function of temperature.
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We present a new method to produce a model system for the study of radiation damage in non-
radioactive materials. The method is based on homogenously incorporating *®Th ions in PbS thin
films using a small volume chemical bath deposition (CBD) technique. The common way to alloy
metals with radioactive elements is by melting pure elements, which requires considerable amounts
of radioactive material with its safety consequences such as high sample activity. Regarding
Actinides, their activity and toxicity require special measures such as glovebox for their handling.
Controlled doping of the thin films with (very) small amounts (100-200ppm) of radioactive
elements such as thorium is expected to provide a unique path for studying radiation damage in
materials without the need of sealed enclosure.

As a first stage, we developed CBD process for controlled doping of PbS thin films (~100 nm thick)
with the stable isotope (t12~10° years), ***Th. Next, we developed CBD process for controlled
doping of PbS thin films with active *Th isotope, using different deposition parameters, due to
228Th daughters presence in solution. This was achieved by altering deposition parameters such as
temperature, pH, reagent concentrations and time.

The ??®Th-doped films were characterized using x-ray diffraction, which indicated a single phase
material. Film morphology and thickness were determined using scanning electron microscopy
(SEM). Energy dispersive spectroscopy (EDS) mapping in the analytical transmission electron
microscope (A-TEM), x-ray photoelectron spectroscopy (XPS) depth profiles and a-
autoradiography indicated that the Th ions were homogeneously distributed throughout the films,
suggesting Pb substitution by Th ions in the crystal lattice. The properties of the PbS(*®Th) film
activity were investigated by using alpha-spectroscopy and gamma-spectroscopy. The resulting
films show promise as a model system for the analysis of dilute defect systems in semiconductor
thin films.
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While the metastable, retained 6-phase of Pu-1.9 at.% Ga is generally the observed phase of this
system at room temperature, decreasing temperature will elicit a martensitic phase transformation to
the o’-phase, which has a nearly 18% smaller lattice volume than the &-phase. This phase
transformation is characterized by uncommon kinetics, but it also shows a strong sensitivity to
previous heat treatment schedules [1-3]. If a specimen of Pu-1.9 at.% Ga is cycled through the 6—a.’
transformation and a'-0 reversion without a sufficient high-temperature annealing treatment, then
the volume fraction of the a'-phase formed on cooling will rapidly decrease with increased cycling.
A simple hypothesis to explain this behaviour is that the d—a’ transformation produces significant
lattice defects, dislocations, or strains that are retained even through the o'-d reversion process. In
this scenario, subsequent transformations would then occur in a field of increasing dislocation
density, which is presumed to be detrimental to the d—a’ transformation. However, no detailed
experimental investigations exist to quantify any detailed behavior or existence of these putative
transformation-inhibiting defects.

Here we report experiments using differential scanning calorimetry (DSC) combined with
transmission electron microscopy (TEM) that reveal some of the effects of annealing that overcome
this phase transformation inhibition. Samples were thermally cycled through the &-o
transformation and o'-0 reversion such that the final cooling run showed no phase transformation.
DSC measurements were then used to quantify the time and temperatures necessary to destroy the
remnant factors inhibiting subsequent phase transformation. Following this characterization, TEM
studies were performed to examine the microstructure of a sample before annealing—in a condition
that would impede phase transformation—and after annealing. The results indicate a substantially
higher dislocation density before annealing, pointing to a microstructural origin for phase
transformation inhibition.
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1. Introduction

Currently fuel cycle options for thermal and fast reactors are considered only with the use of
container type UO,, MOX or metallic fuel [1-4]. While closing the fuel cycle has been the general
aim for several decades, progress towards that goal has been slow. On this way some limitations
exists — low uranium density of UOX and MOX, degradation the Pu isotopic vector from cycle to
cycle in thermal reactors as well as complicated fabrication technology and low irradiation
resistance of fuel for fast reactors [5-8]. Additionally, we have not still optimized reprocessing
technology for container type fuel.

The other disadvantages of pelletized uranium-oxide fuel are the high operating central
temperature and low serviceability under transients. All these problems encourage us search for
other types of fuel taking into consideration novel fuel developments as well as fuel designs.

We suggest replacing the container design fuel rod, for which possibilities are practically
exhausted, to dispersion type fuel elements [9-12]. The dispersion type fuel is known to have a high
irradiation resistance and better thermal conductivity, hence low operating temperatures and high
burn-ups can be achieved [13, 14].

Structurally the dispersion fuel meat consists of uniformly distributed higher density fuel
granules of U-Mo, U-Nb-Zr or U;Si alloys that are metallurgically bonded between themselves and
to fuel cladding with specially developed Zr-based matrix alloys [15] having the melting
temperatures of 790-860°C. A fuel form retains controllable porosity in the range of 14- 22% to
accommodate fuel swelling (Fig. 1). As applied to thermal reactors the novel METMET fuel will
have much better neutronics characteristics which in the end will reduce the cost of produced
electrical energy.

The same approach might be applied to designing fast reactor fuels using a more
environmentally clean production process [16, 17]. In this case the conversion ratio of novel fuel is
higher than that of MOX fuel and is at the level of more high density metal fuel.

Cladding
Metallic Coating

a)
Fig. 1. Schematic presentation of composite fuel (a); micro and macrostructures of composite fuel (b) U-Mo + Zr
matrix alloy; (¢) U-Zr-Nb + Zr matrix alloy. Conditions: t = 850°C and 1 = 60 s, fuel column length: 1200 mm.
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2. Design and Fabrication Process of Advanced METMET Fuel for VVER, PWR, RBMK,
CANDU (HWPR)

Fig. 2. Schematic cross-section representation of fuel element fabricated by capillary impregnation method; (a) as
vibroloaded; (b) as capillary impregnated and appearance of fuel elements produced by capillary impregnation method

Dispersion type fuel element with high uranium content can be produced by capillary
impregnation method [9]. It involves vibrofilling a zirconium cladding of a fuel element with
blended fuel and matrix granules (fig. 2a) and a capillary impregnation — a short-term (1-5 minutes)
anneal at 840-910°C (fig. 2b). At those temperatures zirconium matrix alloy melts down and under
capillary forces moves into gaps between fuel granules as well as the space between fuel and
cladding resulting in metallurgical bonds which promotes a high thermal conductivity of a fuel
meat.

Properties of fuel compositions are presented in Table 1 and microstructures in Fig. 1, 3.

Dispersion Fuel UsSi U-9Mo U-ll.bSQ/: 0 U-SSZI\ib- U;Ssl;:- pL;ﬁezt
U content in fuel 66% 9.6 10.7 11.9 9.8 11.34
form (under the 72% 10.45 11.7 12.9 10.7 12.37 8.5
cladding, g/cm’) at
volume fraction of
fuel
Increase of U content (in 13-24 26-38 42-55 15-26 35-47 -
comparison with UO, pellet),
%
Thermal conductivity at 500 19 22 24 18 21 2-4
°C, W-m" K
Interaction layer after 7-10 10-15 15-25
annealing at 750 °C for 6000
h, um
Corrosion rate in water at 0.03 0.05 0.02
330°C (g/m’h)

Tab 1: Properties of fuel compositions

In the fuel elements the volume fraction of the fuel is 66-72 %. Hence, with the use of high
uranium content fuel the uranium content reaches 9.5-12.9 g-cm™. High thermal conductivity of the
fuel compositions which combines with the metallurgical bond with the cladding is available,
ensures the low operating temperature in the fuel element centre (cold fuel). Fuel compositions due
to Zr alloy matrix show high corrosion resistance. Aqueous corrosion rate at 330 °C is 0.02-0.05
gm>h [10-12].
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Fig. 3. Micro and macrostructure of modified METMET fuel composition with higher uranium content (72%
volume fraction of fuel under the cladding) [12]

Basic advantages of METMET fuel for use in thermal reactors (PWR, BWR, VVER, and
CANDU):

1. High uranium content (9.5 — 12.9 g/cm’) within fuel element cladding, that is 25-50 % more
than the uranium content of the standard PWR, BWR and VVER-1000 fuel rods, which allows the
uranium enrichment of fuel to be reduced or the burn-up to be increased. It is also improves the
neutronics characteristics and safety of a reactor.

The use of novel composite fuel increases the breeding ratio. The higher density fuel reduces
the hydrogen-to-heavy metal ratio in the reactor which results in a harder spectrum in which
breeding is more effective [18]. This is illustrated in Fig 4 where dependence Reactivity versus
burn-up for PWR assembly using standard pelletized oxide fuel in comparison with composite fuel
is presented [19]. It is clearly seen that composite fuel refers to the fuel of higher reactivity.

effective bumup [MWdkg1]
Fig. 4. K-inf versus effective burn-up for UO, and composite fuel at 4.95% initial enrichment

Generated of Uranium large quantities of Plutonium involved in the process of fission, leads to
significant savings of enriched uranium, which in the end favourably affects the economics of
nuclear power. The conversion ratio increases from 0.55 to 0.7. Therefore the prolongation of the
company will be more than 30% in effective days (up to 500 additional effective days), or uranium
enrichment can be reduced from 4.95 to 3.7% (Fig. 5-6).
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Fig. 5. Comparative assessed neutron-physical characteristics of novel composite (METMET) and dioxide
uranium fuel for VVER-1000 reactor at burn-up of 65 MWd/kgU

The advantage of the fuel higher reactivity might be used to increase the time between
refueling, in other words, to increase the Unit Capacity Factor (UCF). In this case instead of a year
or a year and a half fuel cycle at two year cycle becomes feasible.

At the life time end the plutonium content reaches 2-3% instead of 1.3% in a uranium dioxide
pellet. Due to the higher density fuel the total Pu content in fuel element is 2.5-3 times higher and
makes up 43 g per a single fuel element. In this case if fissionable Pu isotopes make up 68-70 % in
spent UO,, their content in the novel fuel is 75-78 %. In other words, after reprocessing the
plutonium content will be sufficient for fabricating a factor of 3 more MOX fuels than in case of the
standard fuel which is very important in closing the nuclear fuel cycle (Fig. 6).

Aside from this due to the specific features of the design the novel fuel might be reused in
RBMK, CANDU reactors after minimal reprocessing (without the chemical reprocessing of fuel).

METMET

Additionally 450-500

1. High uranium content up effective days or 3.0% Direct use fuel

to 12.9 g/cm® under the enrichment instead of granules in

cladding — burn-up to be 4.95% RBMK, CANDU

increased or enrichment to without

be reduced ‘ ;
chemical

2. Cold fuel ;

3. Serviceability in severe reprocessing

transients

Twice increased time
between refuelings (2
years), increased UCF

MOX

Fig. 6. Advantages of using novel dispersion type high density uranium fuel (METMET) in VVER-1000 type
reactor

2. Low temperature of the fuel, which satisfies the requirements to cold fuel.

3. The porosity in the fuel meat will allow the accommodation of swelling up to the burn-up of
1.0 g-fiss/cm’, which in terms of the standard VVER-1000 fuel rod corresponds to 120 MW*d/kgU.

4. Metallurgical bond between the fuel and cladding makes fuel elements serviceable under
severe transients. It leads to optimization of Nuclear Plant operation conditions and improvements
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| of their operation reliability and safety.
These advantages of novel generation fuel might result in the increasing of economic efficiency
and degrease of the cost of electric power.

3. Design and Fabrication Process of Alternative to MOX Composite U(Th)-PuO; Fuel for
PWR, VVER, CANDU (HWPR)

The major approach to fuel element development consists of individual operations used to
fabricate a fuel element with uranium meat and to fill it with plutonium dioxide powder which
minimizes dust producing operations in a fuel element fabrication [11, 16, 17].

At the first stage under conventional conditions of a plant a fuel element frame of dump
uranium bonded with Zr matrix alloy is fabricated using described above capillary impregnation
method. The fuel meat open porosity is to be increased up to 25 — 30% (Fig. 7). In this way a
porous uranium meat (frame fuel element) is created that has the uranium content of 9.0 — 9.5 g/cm’
and the thermal conductivity of 16-18 W/m-K. Then, through the fuel column via open pores the
standard plutonium dioxide powder up to 100 um fraction is introduced The PuO, powder is
manufactured by the already mastered methods, viz., the pyrochemical one or using the GRANAT
type process etc. Then a fuel element is sealed. In this way plutonium dioxide granules located in
the pores of a heat conducting uranium fuel frame (Fig. 7) [16].

The advantages of composite fuel element as an alternative to the MOX one are:

1. The process of the fuel element fabrication is environmentally more friendly due to degrease
the quantity of technologic operations with plutonium.

2. The higher uranium content of a fuel element, hence, the higher conversion ratio.

3. Low temperature of fuel (cold fuel).

4. Serviceability under transient conditions.

5. Possibility of Pu isotopes separation.

3 : gicé%
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Final stage of 23U 5 @

—PuO, fuel > t { @F 4

element L) R ) i e

fabrication — PuO, et

loading into blank - @Qi i

fuel element SN
Blank fuel element (**¥U+Zr matrix) Final fiiel cletient

(50 — Pu0,)

Fig. 7. Process flow diagram composite fuel fabrication [17].

Microstructure of composite fuel, where UO; is used in place of PuQ; is illustrated in Fig. 8. In
this option granules of Zr matrix and UO, were loaded simultaneously into fuel element cladding
before annealing.
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Fig.8. Microstructure of composite fuel (UO, is used in place of PuO,) [12, 17]

This approach can be also implemented with the use of Th granules in place of dump uranium
alloy granules. In this case the conversion ration increased. For CANDU reactors it is exceeds 1.
Therefore this type of reactor can reach the burn up of 100 MW-d/kgU. Then the fuel granules may
be extracted out of a fuel element via crushing the fuel meat and reused without the chemical
reprocessing of fuel.

Mechanism of composite fuel operation in thermal reactors: first, PuO, burns-up in the
metmet fuel form while Pu is generated in the metmet fuel that first serves as a breeding blanket
and then begins to burn-up. Consequently, the components of the composite fuel have different Pu
isotopic compositions at the cycle end. The plutonium dioxide powder will basically accumulate
non-fissionable isotopes while in the metmet fuel — fissionable species. Hence, at the average MOX
fuel burn-up of 45 MW d kg™, the metmet fuel will contain 75 % fissionable isotopes while in PuO,
there will be only 42 % (Table 3). Through mechanical separation of the metmet frame from the
PuO, powder the composite fuel may be used many times at a high efficiency in this way, saving
natural uranium. In MOX fuel at the above burn-up the concentration of fissionable isotopes makes
up only 55%, hence, its re-use is economically not beneficial.

. MOX pellets Spent composite U-PuO, fuel
Initial fuel MOX
or PuO, powder In PuO Average
(for composite) Spent MOX fuel In metmet granules 2 Pu®’+pu**
powder 1
66% 55% 75% 42% 58%

Tab 2. Assessed quantities of fissionable Pu isotopes in composite and MOX fuel of VVER-1000 operated on
three year cycle as applied to fuel cycle closing.

It has also to be noted that in the composite fuel the burn-up is distributed about equally
between the PuO, powder and the granules of uranium alloys therefore the mechanically extracted
granules will contain about two times less fission fragments having a high parasitic neutrons
capture.

Novel composite fuel allows the separation of the newly generated fissile plutonium from burnt
one without chemical processes with repeated use in PWR or CANDU reactors, which simplifies
the closing of the nuclear fuel cycle. Hence in comparison to MOX we can multiply use of
generated Pu in spent fuel and instead of partial recycling implement full recycling which
drastically reduces the fuel waste.
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Fig. 9. LWR fuel cycle with composite fuel and multiply recycling of Pu

Thus, using novel concept based on high density dispersion and composite fuel we can
implement the closed U-Pu cycle in thermal reactors — as the fuel available to these reactors may be
increased by ~48% (18% in case of MOX) (Fig. 9). The remained Pu fissile isotopes can be used
from the accumulated in thermal reactors spent fuel.

4. Reprocessing of U METMET and U(Th)-PuO, Composite Fuels

Hydro-metallurgical reprocessing was considered in a first step. The proposed U metmet fuels
dissolve in hot nitric acid as the content of Zr matrix alloy in the fuel meat is low, with only 10-
15% of the fuel material volume. Due to the large volume fraction of the intermetallic phases
available in the Zr matrix alloy structure, the U metmet dissolves in nitric acid but not as rapidly as
the uranium fuel itself.

The other option for fissile phase separation without chemical reprocessing would be the
application of a simplified methodology derived from the DUPIC process. First, as for the DUPIC
process fission gases are removed from the fuel by heating. Then a fuel element is subjected to a
light deformation. Zr alloy matrix bridges between fuel granules are destroyed due to brittleness of
Zr matrix alloy and fuel element content is emptied and phases are separated on a sieve. Finer
fractions of the zirconium matrix alloy are separated from coarser granules of metallic fuel that also
contain the generated Pu. This U-Pu alloy from cladding granules can be used repeatedly for
RBMK and CANDU reactors using fuel elements obtained by the capillary impregnation method as
they have a high content of generated Pu (2%), with high fissile ratio.

The same approach can be implemented for the U(Th)-PuO, composite fuel. The basic
difference of such fuel is the separate arrangement of depleted uranium alloy and PuO, powder.
Consequently, their burn-up and Pu isotope composition differ in the phases of the composite fuel,
since the fissile Pu of the PuO, almost fully burns and it contains low quality Pu isotopes prior to
reprocessing. The metal fuel builds up Pu with high value fissile isotopes. Hence, at the opposite of
the standard design of homogeneous MOX fuel elements, for which separation of fissile isotopes in
Pu is difficult, they are initially separated in the proposed novel cermet fuel. Therefore, the
separation of fissile elements may be carried out without chemical processes.
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Fig. 10. Novel fuel reprocessing without chemical processes with fissile phase separation and repeated use in
PWR, CANDU, VVER, RBMK reactors: Bridges between particles of a frame fuel element; its appearance without
cladding and individual granules of frame fuel (U-2Mo-1Si) after crushing and sieving. Out-of-pile investigations [8]

Thus, the novel composite fuel does not require grinding and pulverization of the burnt pellets,
as is required for DUPIC: an intricate process of manufacturing new fuel pellets from high activity
powder. Moreover, in the new process the valuable fissile Pu isotopes (*°Pu and **'Pu) are mostly
separated from ***Pu and ***Pu.

This approach makes fuel reprocessing easier and more environmentally friendly, which
simplifies the closing of the nuclear fuel cycle.

5. Design of Fuel Element for Fast Reactors and to Burn MA

For fast reactors the same design and process are used, but to enlarge the plutonium dioxide
fraction in a fuel element the porosity is increased to 30 — 38 % (Fig. 11) and in place of zirconium
claddings the steel ones are employed. The zirconium matrix alloy coating that results from the
capillary impregnation at the inner surface of a cladding protects it from interacting with both fuel
and fission products [16-17].

S

b
Fig. 11. Structure of composite U-PuQO, fuel meat for fast reactors and MA incineration (a), internal zirconium alloy
coat at inner surface of steel cladding (b) [16-17]

For consumption of MA a powder of their oxides is filled in instead of plutonium dioxide. If the
fuel meat does not contain fuel (zirconium granules are used) a version of an inert matrix fuel
element results (IFM) to burn up both Pu and MA in thermal or fast reactors [20-22].

The composite fuel retains the advantages inherent in metallic and ceramic types of fuel. Since
the contribution into the total burn-up is made not only by the metallic fuel at the final irradiation
stage as plutonium is generated, but also by plutonium dioxide at the initial irradiation stage, the
total swelling of the metallic fuel is reduced due to a less build-up of fission fragments in it.
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The suggested U-PuO, composite fuel having a high conversion factor and thermal
conductivity like metallic fuel does not interact with a fuel cladding since Zr matrix coats the
cladding and protects against fuel-cladding interaction. Fabrication technology is simple and
environment-friendly.

Microstructure of such composite fuel, where UO; is used in place of PuO, is illustrated in Fig.
12. In this option granules of Zr matrix and UO, were loaded simultaneously into fuel element
cladding before annealing (capillary impregnation).

Fig. 12. Microstructure of composite fuel (UO; is used in place of PuO,) [17-18]

Major advantages of composite U-PuQO; fuel for fast reactors:

These include:

- High contents of U and Pu compared to MOX fuel and hence a high conversion ratio, which
makes it feasible to close the nuclear fuel cycle.

- Lower damage of fuel by fission products and, hence, lower swelling compared to that of
U-Pu-Zr fuel.

- The novel fuel is a dispersion type fuel, therefore, the existence of a metallurgical bond
between fuel and cladding not only decreases fuel temperature, but also protects fuel cladding from
interaction with fuel and fission products.

- High fabrication adaptability and ecology of production — actually the main part of the fuel
element fabrication is carried out under conventional conditions and only the final operation of fuel
element fabrication needs remote implementation. In this case PuO, is used as a powder not as
pellets. All this minimizes process operations that involve Pu and make fuel element fabrication
environmentally clean.

- After irradiation spent fuel can be mechanical separated into high and poor quality, in other
words, into fissile and fertile Pu that may increase the re-used of Pu.

Mechanism of composite fuel operation in fast reactors

It should be noticed that composite fuel includes both an active core with PuO, powder and an
inner blanket with U blank fuel, since U and Pu have initially a separate arrangement. Moreover, in
the U alloy granules Pu generates much higher than in the outer blanket due to more intensive
neutron flux.

. MOX pellets Spent composite U-PuO, fuel
Initial fuel MOX or
PuO, powder (for
composite
P ) Spent MOX fuel (grg;nrﬁzgl (gra;r;/lea ¢ In PuO, powder (33% Average
0 - -2 /70 db. _ 239 241
(10% at. burn-up) burn-up) at. burn-up) (Pu™+Pu™)
66% 63% 88% 39% 64%

Tab 3. Assessed quantities of fissionable Pu isotopes in composite and MOX fuel in sodium fast reactors and 10% at.
burn-up (MOX) as applied to fuel cycle closing.
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First, PuO, powder burns up inside the METMET fuel frame while Pu is generated in the
METMET fuel that first serves as a breeding blanket and only then begins to burn up. Therefore,
plutonium dioxide powder will basically accumulate non-fissionable isotopes while the METMET
fuel fissionable species. We can receive practically weapons grade Pu in the U alloy granules with
atomic burn-up of 2-3%, and 8-10% of the generated Pu. However, in PuO, powder we can achieve
the burn-up of 33% with poor isotopic Pu composition and high quantities of MA as well as 80% of
fission fragments. Then, without chemical reprocessing, using only mechanical methods we can
separate the high quality product from the poor one.

Design of fuel elements to burn MA

To burn up MA in IFM of thermal or fast reactors instead of pelletized fuel element with YSZ
(Er,Y,Pu,Zr)O; a novel fuel design is suggested having on isolated location of powder of PuO, or
MA in the fuel minielements Fig. 13 [23-26]. Fuel element completed by fuel minielements (thin
steel or Zr claddings) that are placed inside a fuel element. Fuel miniclements is sealed. This design
fully complies the requirements for ‘Rock Fuel’. In this way the quantity of dust producing
technologic operations is minimized. Fuel elements are fabricated by impregnation or capillary
impregnation methods using a molten Al or Zr matrix alloys. This type of fuel design shall extend
the burn-up, lower down the fuel temperature, accommodate swelling and make a fuel element
serviceable under transient conditions.

stainless steel 0 2004m

Fig. 13. Fuel element design with fuel minielements for MA incineration [11]
Peculiarities of closing fuel cycle with composite fuel in fast reactors

Generally, the fuel cycle with composite fuel does not have any principal differences with the
existing fuel based on an implementation of pelletized fuel for fast reactors. Some peculiarities do
exist, however, that lead to the minimizing of radioactive waste (Fig. 14).

First, by mechanical separation, spent fuel is separated on the basis of high quality (U granules)
and poor quality (PuO, powder). High quality fuel (fissile Pu isotopes) can be used again after
pyrochemical reprocessing in fast reactors, or without reprocessing coarse granules can be used as
feedstock for fuel fabrication Plant producing fuel elements for thermal reactors using capillary
impregnation technology.

Fuel of the low quality (PuO, powder) of poor Pu isotopic composition, including fission
fragments and MA can be used for IMF fabrication with the above mentioned design followed by
incineration in thermal or fast reactors with direct geological disposal as (Rock fuel). Thus, the
proposed fuel cycle looks more effective from the point of minimizing radioactive wastes and
reused of the generated Pu.

10
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Fig. 14. Peculiarities of closing fuel cycle with composite fuel.
6. Conclusion

A possibility is considered for use in thermal and fast reactors in place of the base container
type UO;, or MOX fuel, the dispersion type fuel elements (high uranium content fuel, U-Mo, U-Nb-
Zr, UsSi with Zr alloy matrix - METMET). The use of the novel fuel in thermal reactors might
result in 500 additional effective days prolongation of the campaign of fuels or in a reduced
enrichment of fuel which leads to natural uranium saving as well as to increasing the conversion
factor. Additionally Pu content increases more that twice in comparison with uranium dioxide pellet
that makes novel fuel form to be of a potential promise for use in PWR reactors, which would
considerably simplify the closing of the nuclear fuel cycle.

On the basis of METMET fuel composite U-PuO; fuel (an analogue of MOX) can be fabricated
where depleted uranium alloy and dioxide plutonium powder have initially separate arrangement.
Due to this as compared to MOX fuel the new one features higher thermal conductivity, higher
uranium content, hence, high conversion ratio does not interact with fuel cladding and is more
environmentally clean. Composite fuel is intended for use in fast or thermal reactors as it features
higher characteristics in comparison to metallic or MOX fuel.

Novel approach to reprocessing of composite fuel is demonstrated, which allows the separation
of uranium from burnt plutonium as well as the newly generated fissile plutonium from burnt one
without chemical processes with repeated use in fast, PWR or CANDU reactors, which simplifies
the closing of the nuclear fuel cycle. Hence in comparison to MOX we can multiply use of
generated Pu in spent fuel and instead of partial recycling implement full recycling which
drastically reduces the fuel waste.

Thus, the novel concept of using novel dispersion type METMET (composite) fuel in thermal
or fast reactors might in future replace the currently existent approach based on the application of
pelletized UO; or MOX fuel.
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The focus of this work was to investigate the phase stability of two homogeneous fully 5-phase
stabilised plutonium gallium alloys of different composition, a Pu-1 at% Ga alloy and a Pu-2 at%
Ga alloy, following low temperature treatment and applied pressure.

On cooling the alloys to subambient temperatures, a partial transformation of the &-phase to a-
phase occurs [1]. This phase is referred to as o’-phase as it differs from the a-phase of the
unalloyed plutonium in that its lattice is expanded by the gallium atoms occupying substitutional
positions [2]. A number of comprehensive studies have reported that the o’-phase, which is induced
by low temperature conditioning in Pu-2at% Ga alloys, will revert directly to the &-phase via a
martensitic cascading transformation mechanism, which is evidenced by a series of endothermic
peaks [3,4,5]. In contrast, the transformation back to &-phase of a’-phase induced in Pu-lat% Ga
alloys following low temperature treatment, has been shown to occur via competing mechanisms:
direct path of o’-phase to 8-phase (martensitic) and indirect o’-phase to B-phase to y-phases and to
d-phase (following a series of nucleation and growth mechanisms) (Fig 1). Isothermal XRD
experiments combined with simulations (CALPHAD method) revealed that the competition
between direct and indirect reversion of o.’-phase back to 3-phase, appeared to be governed by time
dependant gallium diffusion [6,7]. Thermodynamic calculations showed that the direct reversion
path would become more favourable as a function of increase in heating rate which would afford
less time for the gallium atoms to diffuse.

Direct path d-phase

a’-phase

Indirect path

—| p-phase |*| y-phase | —*| d-phase

| ] ] ]
0 100 200 300
Temperature (°C)

Figure 1. Diagram showing the competing direct and indirect reverse transformation paths of low temperature induced
o’-phase back to the 8-phase.

This study has demonstrated how differential scanning calorimetry (DSC) can be used
advantageously, to differentiate between the different mechanisms and transformation paths of o’-
phase induced in Pu-lat% Ga alloys, following low temperature treatment. The isothermal and
athermal character of the different mechanisms can been used to distinguish between them and
therefore by conducting recovery anneals, inducing isothermal transformation and optimising the
heating rates for each transformation, a different mechanism (a martensitic or a nucleation and
growth mechanism) and transformation path (direct or indirect) may be favoured [8]. Determining
the transformation path allows the impact of induced o’-phase in a &-phase stabilised alloy to be
evaluated. It provides an understanding as to whether the induced o’-phase transforms directly back
to the d-phase and therefore only has a short lived impact on the material properties of the alloy or
if it is likely to cause a greater and longer term impact by requiring heating to higher temperatures
(360°C) and several phase transformations to revert back to the 8-phase.



On subjecting the alloys to compressive pressure from 100-300MPa, a significant percentage of o’-
phase was induced in the Pu-1at% Ga alloy specimens, whereas no detectable levels of a’-phase
were recorded in specimens of the Pu-2at% Ga alloy. However on thermally cycling the specimens
from ambient to temperatures within the B-phase stability range, o’-phase was detected in the Pu-
2at% Ga alloy as well. Furthermore a significant increase in o’-phase was recorded as both alloys
were subjected to an increasing number of thermal cycles (Fig 2). The increase in o’-phase content
reached a plateau after a given number of cycles for each of the alloys. The Pu-2at% Ga alloy does
not appear to have initially transformed under the compressive stress applied. However there is a
hidden impact in that the alloy has been seeded with o’-phase embryos that grow to produce
increasing amounts of o’-phase when given sufficient stimulus. The transformation of 5-phase to
o’-phase initiated by compressive pressure in the 100-300MPa range has the characteristics of a
martensitic mechanism with the o’-phase forming by short busts which appears to be stress driven.
The stress to drive the transformation is generated on heating the specimens through the o’-phase to
B-phase transformation and on cooling the specimens through the [-phase to o’-phase
transformation, with the associated large volume changes. The transformation of the o’-phase,
induced by compressive pressure in the 100-300MPa range and thermal cycling, back to the 6-
phase in the Pu-1at% Ga and Pu-2at% Ga alloys followed an indirect path [9].
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Figure 2. DSC thermograms for a same specimen of Pu-1at% Ga alloy revealing an increase in o’-phase as a function
of thermal cycling after the specimen was subjected to compressive stress < 300MPa.

On increasing the compressive pressure to 600+50MPa, the percentage of o’-phase induced
in the Pu-1at% Ga alloy showed a significant increase. However on thermally cycling the
specimens the o’-phase content decreases to comparable levels as that obtained for the lower
pressure regime followed by thermal cycling. In excess of 20% of the o’-phase which transformed
on heating to the pB-phase (following the indirect transformation path) appears to have reverted back
to the 5-phase on cooling to ambient temperatures. Increasing the compressive pressure to



600+50MPa in specimens of Pu-2at% Ga alloy induced o’-phase to form. Thermal analysis
revealed that two different transformations were occurring with a portion of the o’-phase formed in
the Pu-2at% Ga alloy, transforming directly back to the 8-phase and the remainder transforming to
the B-phase (indirect path) (Fig 3). Furthermore on cooling the specimens to ambient temperatures
about 50% of the -phase formed appeared to have reverted back to the 3-phase. It would appear
that the o’-phase formed as a consequence of the increase in compressive pressure has different
degrees of stability which would be dependant on the microenvironment of the o’-phase particles
formed and the capacity of the 5-phase matrix to accommodate the induced o.’-phase [9].
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Figure 3. DSC thermogram revealing (A) the direct o’'-6 phase (burst) transformation and (B) indirect o/'-phase
transformation in a specimen of the Pu-2at% Ga alloy after being subjected to compressive stress of 600£50MPa.
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The versatility of Raman scattering spectroscopy and its ability to provide structural information of
even small-size objects allowed its application to radioactive environments. The investigation of
nuclear fuel (UO,, mixed actinide systems) and spent nuclear fuel by Raman spectroscopy began to
be widely used in numerous laboratories.™ 2 This has been usually carried out by connecting the
Raman spectrometer with an optical head or a microscope inside a radioactive shielded cell through
an optical fiber. In fact, this approach allows the measurement of highly radioactive samples but in
turn limits the flexibility of the Raman analysis on one hand and becomes more expensive on the
other hand (high maintenance costs due to radiation damage of the set-up) .

In order to overcome these drawbacks, JRC - ITU has recently developed a new technigque allowing
the measurement of radioactive samples without the nuclearisation of any part of the Raman
spectrometer, just by local confinement, in an alpha-radiation shielded cell, of the nuclear materials
in order to protect the user against ingestion or incorporation.

In this paper, we present a simple local confinement approach and we report a Raman study of
incorporated minor actinides (MA), that is, Np, Am in uranium dioxides. These materials (U,
Am)O, and (U,Np)O; are currently object of many studies due to their potential use as special
nuclear fuel for the transmutation of minor actinides and the consequent significant reduction of the
spent fuel long-term activity. Presence of oxygen defects, stability of fluorite structure with the Am,
Np content will be discussed. Energy dependence of different Raman active modes and resistance to
oxidation under laser beam will be also exposed.
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Chargedistribution in doped uranium dioxide
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Because it is the most used nuclear fuel, uraniwnridé has received attention for more than
fifty years. In the last ten years, the increase in calculation capacities made it possible to achieve
first principles calculations of its electronic structure and to derive a correct simulation of many of
its thermodynamic properties. However simulation of actual irradiated fuel with the same level of
accuracy requires modelling the transfer of electronic charges that occurs,inviéD it is
irradiated and chemically doped by fission products. In most studies it is widely admitted that
uranium dioxide could incorporate large amounts of 3+ cations produced by fission without any
change in its crystalline structure because the 3+ cations fakmsltion and the charge mismatch
is compensated by the formation of'ldr oxygen vacancies.

In this contribution we demonstrate that this assumption is not true in the case of the U-Nd-O
system. A miscibility gap was evidenced in this system for Nd concentration as low as 6 at % [1].
Thus the existence of two coexisting phases with different contents in oxygen and neodymium for a
sample having (U,Nd)£« composition implies that a different mechanism for charge transfer
should be considered for each phase. The coexisting phases in the miscibility gap have different cell
parameters that were modelled with ionic radii of*\NdU** ,U>*, O* and \b [2]. In the
thermodynamic modelling of U-Nd-O phase diagram, the miscibility gap arises from positive
exchange Gibbs energy, notably betweghand Nd* [2]. In both cases ¥ oxidation state plays a
key role. U* incorporation in U@ can also be viewed through the analysis of th@o\érystalline
structure in which it is associated to clusters of interstitial oxygen atoms [3].

These results suggest that 3+ cation incorporation ipwld not be a simple substitution on
uranium crystalline site and could be associated with the existence of complex defect clusters.
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Fig. 1. Miscibility gap in U-Nd-O system (experimental results) [1]
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Hydrothermal Synthesis of Actinide Dioxide at Low Temperature
and Their Physicochemical Studies
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Hydrothermal synthesis in supercritical water is widely used for
the production of nanoparticles of single and complex metal oxides
[1]. During our study to apply thehydrothermal synthesis of UO,, in :
terms of the preparation of the nuclear fuel, a control of the crystalline R |
form, particle size, and O/U ratio was achieved under the supercritical L

condition of 347°-226 atm [2]. In our recent study, the preparation of
U034« was found to proceeds under very mild condition of down to 60°
by the addition of a certain type of aldehyde (Fig. 1) to U(IV) solution
[3]. The product of UO,, obtained at low temperatures shows a larger
value of non-stoichiometry x (Fig. 3) and also an inclusion of organic
components: the component was found as UO, 1 (CsHsO,5) for cyclo-
hexylcalbaldehyde as additive. From the susceptibility measurements, Figure 1:  Aldehydes
the product obtained at 450°C (x ~ 0.06) shows a contribution of para- studied in this study
magnetic UT, in contrast to that obtained at 140°C (x ~ 0.12) shows

a contribution of diamagnetic Ut (Fig. 2) . The low-temperature hydrothermal synthesis
with aldehyde will motivate us to a new challenge not only for a new fabrication method of the
nuclear fuel, but also for a preparation method of inorganic-organic hybrid materials.
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Figure 2: Lattice parameters determined for samples prepared
with vairous additives and temperatures and their comparison Figure 3: Effective magnetic moments ob-

with previous report [4] tained by MCW analysis (top) and Weiss-
temperature (bottom)
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Thermochemisty of reactor materials: actinide oxides and fission compounds
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The thermochemistry of the actinide elements is a key component to understanding the
behaviour of nuclear fuel components for reactor safety. The most common fuel types are in the
form of actinide oxide species, namely UO; and a mixed (U,Pu)O,. Minor actinide inclusion in the
form of neptunium and americium are also considered to ease the burden of waste toxicity. These
complexes have been the subject of various reviews [1,2] conducted by agencies including the
international atomic energy agency (IAEA) and nuclear energy agency (OECD/NEA), who
continues to pursue the topic with respect to newly developed data. These reviews present an
important basis as the physical properties of reactor materials are determined by their chemical
makeup and state. The main focus of these works is to create a comprehensive assessment of
available thermodynamic data such as formation enthalpies, standard entropy and heat capacity data,
as tabulated and reviewed in [3]. Properties such as the volatile nature of the actinide complexes as
well as other fission products (FP's) play a principle role in being able to predict possible outcomes
of gaseous release into the atmosphere (i.e. source term) in the case of an accident scenario. Many
computational models rely on the chemical thermodynamic descriptions of fuel components and
FP's as their behaviour is influenced by variations in temperature, pressure and composition. This
work aims to further the current state of assessed data by providing an update and overview of
currently available experimental data. A critical review, analysis and assessment of this data
provide an important reference bank for these materials. The assessment will be based on
fundamental thermodynamic functions including entropy, enthalpy and the Gibbs energy function of
the systems. Experimental measurements of incremental enthalpies and heat capacities, equilibrium
pressures and constants as well as formation energies and dissociation pressure allow for a complete
description at equilibrium for a wide range of temperatures and compositions of the phases of the
multicomponent systems considered. The systems under investigation include the fuel components
such as UO,, PuO,, AmO, (and their elemental counterparts), in addition to fission products or
containment materials (Zr, Tc, Se, Te) etc. and their oxide compounds. Experimental techniques
such as various calorimetric methods (drop, adiabatic, differential scanning and combustion) as well
as Knudsen effusion, mass spectrometry and dissociation pressure measurements are considered for
their thermodynamic properties and evaluated based on consistency using the third-law method.
Gas phase properties are calculated using spectroscopic measurements and molecular constants, at
times ab initio techniques are taken into account where data is lacking or completely unavailable.
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According to the rule of Hill [1] the electronic system of phase of metallic americium - Aml is
related to the crossover region of superconductivity and magnetism. Its magnetic susceptibility
sharply increases with decreasing temperature near the critical temperature (7). With increasing
pressure there are four phases of americium Aml (dhcp), Amll (fcc), Amill (Fddd) and AmIV
(Pnma) [2]. The superconductivity, the temperature of which is strongly dependent on the applied
pressure [3], is observed in all of these phases. However the question of the mechanism of
superconductivity in phases of americium still remains open even for normal phase.

In the present study, the temperature dependence of the magnetic susceptibility is investigated
with respect to the possibility of singlet pairing of f-electrons by means of the paramagnons
exchange in the framework of the spin-fluctuation theory and models of the electronic structure of
the americium phases obtained in the approximation LDA + U [4]. The calculation is carried out in
the framework of the Hubbard model, where Hamiltonian is written in terms of the operators of spin

and charge densities:
H=Y el oo +U Y [Seee ~UD N /2 L
q q

where ¢, is one-electron spectrum, a;,G(ak,G) is the birth (annihilation) operator of electrons with
quasi-impulse k and spin quantum number o, U is the Coulomb interaction between electrons, S, is
the Fourier transform of the operator of the spin-density vector of the electrons, e, is the random

unit complex vector along the quantization axis of the Fourier transform of the spin density
operator, N, = ZG Ngo» Ngo = Zk o8y ,q.o IS the Fourier transform of the density operator of

electrons per site, q is quasi-impulse.
The calculation of the normal and anomalous Green's functions has been carried out in
approximation of homogeneous local fields in the perturbation theory:
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where (...) is procedure of averaging at the corners, GLEOC)Y is Green's electron function of the normal

, (29)

, (2b)

phase, &, =Zq6§w exp(iqv), &, is the stochastic exchange field, m, is the stochastic charge

field.
The critical temperature is estimated as the temperature of the appearance of a nonzero
solution of the system (2) in the lowest approximation in the anomalous averages:
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where mis the mean square amplitude of the fluctuations of the spin density of f-electrons, (m, is
the mean square amplitude of the fluctuations of the transverse components of the spin density of f-
electrons), g,(e) is the density of f-states, u is the chemical potential, x is the spin stiffness

T, =Um? —2km? | . (3)

coefficient of f-subsystem, n is the number of electrons,
ner) => aj 9o (&)f (s—u—ocUm+Un/2)/2, f(e—p) is the Fermi-Dirac function.
a=t1

To estimate the magnetic susceptibility the term of the form hS,, that describes the Zeeman

shift of the electron energies, should be added to the Hamiltonian (1), where h is vector of
magnetic field, expressed in units 2uB (uB is Bohr magneton):

1@ =1+ a0+l (4)
I=s,p,d
where I1=s,p,d, x" =2g{’(u) is the paramagnetic susceptibility of s-, p- and d-electrons,
x (N =2u ‘1(1— Do’} )DO’f is the paramagnetic susceptibility of f-electrons (Dy% is the inverse
exchange enhancement factor of the paramagnetic susceptibility of f-electrons),
X(fb): Z nf[N_an
"~ &y NG +Um(o—a)]
degeneracy of the f-band states, n; is the filling of the f-band, & is the average energy separation
between the energies of the multiplets of the f-band).

The results of calculations for critical temperatures of different phases are listed in
comparison with the experimental data in Table 1, where Vy is the volume at atmospheric pressure.

is the orbital susceptibility (N is the magnitude of the orbital

Table 1.
Phase of V(p)/Vo p, GPa T, K Te, K (experiment [3])
americium
Aml 1 0,8 0,7
Amll 0,83 2 2,15
Amlll 0,76 11 1,8 1,8
AmlV 0,61 20 1,3 1,4

Figure 1 shows the results of the calculation of the magnetic susceptibility of americium
under pressure: 0 GPa (Aml), 8 GPa (Amil), 11 GPa (Amlll) and 20 GPa (AmIV).
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Fig. 1. Temperature dependence of the magnetic susceptibility ¢(7) of americium in phases Aml, Amil, Amill and
AmIV compared with experimental data [5] on the magnetic susceptibility of Aml (p = 0 GPa).

From a comparison the theoretical results of calculations of 7. and the temperature
dependence of the magnetic susceptibility it follows that in phase Aml critical temperature is higher
than the temperature of the magnetic singularity of y(7) dependence, which reflects the suppression
of magnetic instability by Cooper pairing through paramagnons. The magnetic instability (to the
formation of magnetically ordered ground state) disappears in phases Amil, Amlll, AmIV.
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We report the first-principles study of the correlated oscillating behavior of the magnetic
anisotropy energy (MAE) and orbital moment anisotropy (OMA) as the functions of the thickness N
of the Fe film. The work is motivated by recent experimental studies combining photoemission,
XMCD, and magnetic anisotropy measurements. In agreement with experiment, both MAE(N) and
OMA(N) show oscillating behavior that has its origin in the formation of the 3d quantum well states
(QWS) confined in the films. We demonstrate that the main contribution to the oscillation
amplitude comes from the surface layer. This is unexpected feature of the phenomenon consisting in
the peculier dependence of the physical quantities on the thickness of the film. We explane this
effect by different =m polarizability of different spatial parts of the QWS (m is magnetic quantum
number of the atomic 3d orbitals). The +m polarizability is caused by the spoin-orbit coupling
(SOC) and is the origin of the atomic orbital moments. We demonstrate that the band structure of
the bulk Fe cannot be used for the interpretstion of the 3d-QSW in the thin films. A detailed poin-
by-point analysis in the 2D BZ shows that the contribution of the Gamma point, contrary to a rather
common expectation, is not decisive in the formation of the oscillations.

Combining symmetry arguments and direct calculations we demonstrate that orbital moments
of the electronic states possess non-zero transverse components orthogonal to the direction of the
spin magnetization. The account for this feature is crucial in the point-by-point analysis of the
OMA. On the basis of the calculations for the noncollinear spin configurations we suggest
interpretations of two interesting experimental findings: fast temperature decay of the oscillation
amplitude in MAE(N) and unexpectedly strong spin mixing of the intial states of the photoemission
process.
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Nearly all the so far known aluminides UX2Al2 (X = Ti, V, Nb, Ta, Cr, Mo, and W), crystallizing
with the cubic CeCr2Alx-type crystal structure, were characterized in the literature as weak Pauli
paramagnets. In striking contrast, the isostructural phase UMnAlx was reported to order
ferromagnetically due to the presence of magnetic moments on the manganese atom sites. In this
contribution, we present the results of our calculations from first principles in the local density and
local-spin density approaches, employing the full-potential local-orbital method within the density
functional theory. The majority of aluminides UX2Alzo exhibit very similar Fermi surface topology
and similar, slightly enhanced, values of the density of states (DOS) at the Fermi level, which account
well for the experimentally observed electronic contributions to their heat capacity. In contrast, DOS
of the compounds with T = Cr, Mn is considerably enhanced, in accord with strong spin fluctuations
that govern the ground states of both materials. The electronic structures of the UX2Al2o phases will
be compared with those of a few counterparts from the RX>Alx (R = La, Ce, YD) series.
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The 1-2-2 uranium intermetallic compounds with ThCr,Si,-type crystal structure show various
ground-state properties such as exotic magnetic order, heavy fermion states, hidden order and
superconductivity. UAu2Si2 belongs to the 5d-family of UT2Si> (T = transition metals), and has
been classified as a heavy-fermion compound with a ferromagnetic ground state [1]. However, there
are only 5 experimental reports on polycrystalline samples, and no further detailed 5f-electronic
property has been investigated so far. Moreover, there is significant discrepancy in explanations of
an upturn anomaly in the magnetic susceptibility at around 45 K, which is higher than the
ferromagnetic ordering temperature To = 20 K [2,3]. In order to resolve the controversy and clarify
the 5f-electronic properties of this compound, we have performed X-ray diffraction, magnetization,
specific-heat and electrical-resistivity measurements on polycrystalline UAu2Si> and on its
isostructural nonmagnetic counterpart ThAu2Si,.

Our experiments have revealed that the magnetic anomaly at ~ 45 K can be attributed to a
magnetic impurity, because the anomaly is seen only in the magnetic susceptibility and easily
saturated by magnetic field. We found that some of the behaviours observed below T, in the above
guantities are not simply be described as usual ferromagnetic properties. As the field is increased,
the magnetization shows a distinct cusp anomaly at T, (Fig. 1) and the specific-heat jump at To
becomes not broad but more pronounced (Fig. 2). Besides, an upturn-anomaly at T, in the resistivity
suggests opening of an energy gap on a portion of Fermi surface. We strongly suggest from the
observations that the phase transition at T, will be intrinsically antiferromagnetic, not simply
ferromagnetic as reported previously. This speculation seems to be consistent with our preliminary
results of 2°Si-NMR experiments.

MiH emu/mol)

0.04 T T T T TTTT] T T T T TTTTT T T 1.6 T T ||||||| T T IIIII||
| - UAU,S, (B=0T) |
—dh— = '
0.03 - _12f UALLS, (B=9T) _
= o-ThauS, ] TN
2 L
002 - Né 08}l .
[y
R3
001 - ] 04 T
Ll Ll - 202 L .
0.00 2 4 6 8 2 4 68 2 4 0.0 .... 6 8 2 468I 2 4
1 10 100 1 10 100
Temperature (K) Tem perature (K)
Fig. 1. Temperature dependence of magnetization divided Fig. 2. Specific heat divided by temperature of UAu,Si,
by magnetic field of UAu,Sis,. and ThAU,Si,.
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U3Co4Ge7 and UszCo.Ge7 have been prepared as single crystals by solution growth from tin
flux. Several small crystals were grown from nearly stoichiometric amounts of U, Co and Ge from
(40-50)-fold excess of Sn. The products were characterized by means of X-ray Laue single-crystal
analysis, X-ray powder diffraction and EDX spectroscopy. UsCosGey crystallizes in the tetragonal
structure (14/mmm) with lattice parameters a=4.116 A and ¢ = 27.49 A and U3Co,Ge7 possesses
the orthorhombic structure (Cmmm) with a = 4.151 A, b = 2498 A, c=4.160 A. The crystal
structures of the two compounds are closely related. Consequently, always some microscopic
U3Co4Gey regions have been found in the UsCo.Ge7 samples by the EDX analysis. Reciprocal effect
was not observed.

The crystals of UsCosGer and UsCo.Ge; were studied by measurements of the
magnetization, ac susceptibility and heat capacity on the PPMS and MPMS facilities (Quantum
Design). All measurements clearly document ferromagnetism in UzCo4Ge7 below Tc =21 K. The
second phase transition at 20.5 K, previously reported from studies of polycrystalst, has not been
confirmed neither on single-crystal nor polycrystalline samples. The magnetization and magnetic
susceptibility measurements revealed strong magnetocrystalline anisotropy. The c-axis has a strong
ferromagnetic contribution to the magnetization and was found to be the easy-magnetization
direction. The value of the saturated magnetic moment in the easy direction was found to be zzat =
0.9 ps/U. The magnetization starts to saturate at the magnetic field of 0.35 T, and the spontaneous
magnetization g = 0.77 us/U has been determined. The a-axis is the hard magnetization direction;
the magnetic susceptibility is much smaller and exhibits a weak temperature dependence, the
magnetization at 2 K is linear up to 7 T reaching magnetic moment = 0.07 us/U. No spontaneous
magnetization was observed in the hard magnetization direction. The susceptibility above 100 K can
be described by a Curie-Weiss law with the following values of the effective moment and
paramagnetic Curie temperature: e = 2.5 and 3.5 ps/U, 6y = 20 and -190 K for the c- and a- axis
components, respectively. A clear peak in the temperature dependence of the specific heat was
observed indicating the presence of the magnetic phase transition at T = 21 K. The Sommerefeld
coefficient y = 100 mJ/mol-U K2 has been determined.

UsCo2Ge7 shows onset of magnetic ordering at 40 K; another transitions were observed at 20
K and 10 by ac susceptibility measurements. The transition at 20K is ascribed to impurity, the
previously mentioned phase UsCosGe;. The c-axis is the easy magnetization direction with the
saturated magnetization ssat = 1 pus/U at 2 K. The magnetization curves show anomalous behavior;
the virgin curve goes far out of the hysteresis loop and reaches higher value of saturated
magnetization. The metamagnetic-like transition above 4 T offers speculations about the ground-
state antiferromagnetism which is converted to ferromagnetic ordering in higher magnetic fields but
cannot be restored when removing the applied magnetic field. This effect vanishes at about 10 K [].
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A large family of equiatomic ternary compounds tailzing in the ZrNiAl structure type
(ordered ternary variant of the JPetype) includes numerousT® compounds, wher& is a late
transition metal an a p-block metal. So far, no representatives with Zn have been reported. Here
we present the results on synthesis and crystal structure of UNiZn compounds and its hydride.

UNiZn polycrystalline sample was prepared by placing pure elements with the stoichiometry
1-1-1.02 into the quartz tube, which was sealed under argon atmosphere and subsequently inserted
into the oven and heated fast to 500°C, where it was held for 1 hour. After that the sample was
heated fast to 1100°C, where it was held for 26 min, and subsequently cooled down at the rate
1 °C/min to 700°C. At this temperature it was removed from the furnace. Hydrogenation of UNiZn
was performed at hydrogen pressure 120 bar by heating Up=%73 K only and subsequent
cooling with the rate 0.5 K/min. It turned out that such conditions are not only sufficient for
hydrogenation, but the amount of absorbed hydrogen estimated from the weight change is 2.3 H/f.u.

UNiZn crystallizes in the hexagonal ZrNiAl type of structuPém). The crystal structure
parameters are summarized in the table. The shortest inter-uranium didtanse3(43 A) is in the
basal plane, similar to most of other U-compounds with the same structure type. Hydrogenation
leads to anisotropic crystal lattice expansiaa/@ = 10.9 %,Ac/c = -2.6 %,AV/V = 19.7 %) with
concomitant symmetry increase.

The powder diffraction pattern obtained for UNiZd exhibiting smaller number of
reflections, clearly indicated the symmetry increase and could be indexed in the space group
P6/mmm with the lattice parameters a = 4.2371(4) A 8.9520(5) A. The transition from the space
groupP62mto P6/mmm can be achieved via the shift of Nil atoms to the same plane as Ni2 atoms,
followed by the formation of regular hexagonal nets containing Ni and Zn atoms. This modification
would mean the realization of ternary ordered variant ohAlBucture type. The resulting unit cell
for the space group6/mmm is three times smaller compared to the onePf#m the translation
vector in thec-direction remains the same, whereassan/a ps/mmm = V3. One should keep in mind
that due to the close atomic numbers of Ni and Zn their X-ray scattering cross-sections are almost
equal and allocating both Ni and Zn in the presence of heavy uranium atoms is rather uneasy. The
table provides the results of the crystal structure refinement for UNiZitHthe AIB, structure
type, assuming the statistical mixtuké& = 0.5Ni+0.5Zn occupying the sites inside the trigonal
prisms formed by uranium atoms. However, if we assume that the hydride crystallizes with the
structure directly related to the ZrNiAl structure type observed for the precursor, we may expect the
ternary ordered derivative of AjBstructure type, namely the LiBaSi type. In this structure, the nets
between the uranium layers consist of hexagons formed by strictly alternating atoms of Ni and Zn.
Such an ordering would result in the realization of the space g@up. However, this suggestion
can be proved merely in the case Ni and Zn atoms can be distinguished.



Crystal structure parameters for UNiZn and UNiZinH

Compound UNiZn UNiZnH; 3
Structure type ZrNiAl AlB,

Space group P62m (189) P6/mmm (191)
Pearson symbol hP9 hP3

The unit cell parameters

a(A) 6.6178(2) 4.2371(5)
c(A) 4.0596(1) 3.9519(6)

V (A% 153.976(8) 61.44(1)

Atomic coordinates

U (0.5747(3),0,0)
Nil (1/3,2/3,1/2)

U (1a) (0,0,0)
M (2d) (1/3,2/3,1/2)

Ni2 (0,0,0)
Zn (0,220(2),0,1/2)
Atomic displacement parameters’JA By = 1.44(5) By = 2.61(4)
Bni1 = 20(3) Buw = 267(9)
Bniz = 2.0(3)
Bzn = 31(2)
du.u (A) Ic-axis 4.06 3.95
du.u (A) basal 3.43 4.21
Reliability factors
Rs; Ry (%) 10.9; 6.79 7.93; 6.10

M = 0.5Ni+0.5Zn

The volume expansion of UNiZnH is almost 20 %. It realizes as a large expansian in
direction (10.9%), whereas tlteaxis even shrinks (by 2.7 %), which can be compared with UNiAl
(6.7% increase i, 1.1% decrease ig for UNIAID,;, AVIV = 12.7%). The compressibility
anisotropy (or to some degree equivalent anisotropy of thermal expansion) of UNiZn and its hydride
are therefore of a primary importance and corroborate existence of basic rules relating the U-U
coordination with elastic anisotropy, and perhaps even with magnetic anisotropy if magnetic

structure would be determined.
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Its properties puts UNiGa on the top of the most investigated uranium compounds. Huge
anisotropy, rather rich magnetic phase diagram, based on the different stacking of ferromagnetic
(FM) sheets along the c-axis with its sensitivity to alloying and pressure builds up a wide playground
for testing theoretical and experimental approaches.

UNiGa undergoes several magnetic phase transition in the vicinity of TN (~39K) going from
incommensurate AF phase through several commensurate magnetic phase to the ground state
characterized by the (++-+--) stacking [1]. With application of magnetic field (~0.7T) along the c-
axis at low temperatures it undergoes transition to FM state.

In this work measurements of thermal expansion and magnetostriction measurements on single
crystal sample by means of dilatometry will be present, followed by discussion of results with respect
to the uniaxial and hydrostatic experiments .
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U, (Fey,Nizx)2Sn form a continuous series of the isostructural tetragonal compounds (Mo,FeB.-
type, space group P4/mbm). U;Ni,Sn (Ty = 26 K) is an antiferromagnet with Ty = 26 K and
U,Fe,Sn is non-magnetic. The increase of the iron content from Xge = 0 to 0.2 leads to the
monotonous decrease of the Néel temperature, and the compounds with xge > 0.2 are non-magnetic.
The suppression of the magnetic ordering in Uy(Fe, Niix)2Sn is accompanied by the behavior
resembling the non-Fermi liquid state when the concentration dependence of the Sommerfeld
coefficient comes through a steep maximum at xge = 0.2. The temperature dependence of the
specific heat at the critical Fe concentration U,(Feg2,Nigg).Sn has the upturn below 6 K, which
could be interpreted as the crossover from the weakly-interacting spin fluctuations to the
paramagnon regime around 3 K. The width of the possible NFL region could be estimated as +/-2 K
since the low-T upturn in the specific heat is clearly observed for xg. = 0.20 and 0.21 but it
disappears for xge = 0.17.

Hydrogenation of U,(Fex,Ni;«).Sn leads to the absorbtion of about 2 H atoms per f.u by all
studied intermetallics with Xge = 0...0.8, which retain the original crystal structure despite the
volume increase by 7% to 9.5%. Magnetic exchange is stronger in the hydrides as evidenced by the
increase of the Néel temperature in U;Ni,Sn-H up to 87 K and the ferromagnetic ordering of
U,(FeopsNip2)2Sn-H at T¢c = 30 K. Noteworthy, the magnetic ordering of the hydrides is affected by
the Fe content variation in very similar way as in the parent compounds with the critical
concentration also around xge = 0.2, although the hydrides with xg > 0.2 are ferromagnets with
almost constant T¢ ~ 30 K. No upturn of the low-temperature specific heat at xge = 0.2 has observed
in the hydrides. The Sommerfeld coefficients in the studied hydrides drop by at least 30% after the
hydrogenation.

According to the neutron diffraction and Mossbauer studies of the Ni-based compound only the
uranium atoms carry the magnetic moments of 1.05(5) us/U and they are arranged collinearly in the
basal plane [1]. It was also suggested that the f-d rather than the f-f hybridization has the dominating
effect on the magnetic interactions in U,Ni,Sn. Then, considering the strengthened magnetic
exchange and the reduced electronic contribution to the specific heat, one can conclude that the f-d
hybridization is weakened in U(Fey,Nis-x)2Sn upon hydrogenation.
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UsFe,Ge; is the latest discovered intermetallic compound crystallizing in the orthorhombic
isotype La;Co,Ges (space group Cmmm). The last converging lattice parameters for UsFe,Ge; from
the single crystal data refinement were a = 4.171(5) A, b = 24.990(5) A and ¢ = 4.157(5) A. The
asymmetric unit for U3;Fe,Ge; consists of seven different atomic sites (two for U, one for Fe and
four for Ge) with full occupancy. A scheme of the unit cell and of the uranium sublattice is
presented in Fig. 1.

UsFe,Ge; orders ferromagnetically as

tf}(:llows frorp the tempe'rature‘ dependence of . F\ '_qﬁ.j S\_!a}
e magnetization, M (inset in Fig. 2). The L y 1 s A
specific heat, C,, indicates that the Curie faa TR LA
temperature is 7c = 62 K and the Sommerfeld gy .Iﬁ;.
coefficient is y = 150 mJ mol’ K? (upper §Ge )\I N\ al
panel in Fig. 3). Above T¢ the specific heat ~ @Fe Y@ [ ®
can be fitted using the Debye integral (red line .
in Fig. 3). The magnetic order also affects the }" |
electrical resistivity, p, whose temperature UGes { \ ® ' © ®
derivative displays a sharp maximum at Tc (®PeAuCw) D | ;
(lower panel in Fig. 3). At low temperatures . %o
both, C, and p, identify a gap in the magnon ® ®
spectrum of about 20 K. The corresponding fit
to p is shown by the orange line in Fig. 3. UFeGe2 ®
As typical uranium intermetallics, ®P°°eNS?) g
UsFe,Ge; exhibits a strong uniaxial §
anisotropy. Measurements in static (up to 14 "i‘ki J

T) and pulsed (up to 60 T) magnetic fields 5 ~o—
indicate that the magnetic moments lie along Fig. 1. (a) Unit cell of UsFe,Ge; and coordination
the ¢ axis with the spontaneous magnetic polyhedra for the Ul (green) and U2 (cyan) atoms. The
moment M; = 3.3 up/fu. at 2 K. A strong structure can be seen as a stacking of layers of UFeGe,
anisotropy is present in the (ab) plane as well. and UGe; along the b axis. (b) Uranium sublattice
An S-shape anomaly is observed along the a showing the zigzag coordination of th@ U% atoms (a
axis in an applied magnetic field and is second unit cell was added along the a direction).

reminiscent of a first-order magnetization process (FOMP). This is a type-I FOMP since
immediately above the transition the magnetization reaches the easy-axis value (and even slightly
exceeds it). The presence of the FOMP is outstanding since it provides a tool for description of the
magnetic anisotropy despite its enormous energetic strength making its direct measurement
impossible  for Us;Fe;Ge;, A FOMP can  be described wusing the relation
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=25, & y? ¥ where K, K; and K; are th d-, fourth- and sixth
HMF—E&':_E-I- 4K, [?:} + 6K, [M—‘ , where K, K> and K3 are the second-, fourth- and sixth-

order anisotropy constants, respectively. By fitting the experimental curves we obtained the
following anisotropy constants at 2 K: K;* = 1.47 MJ/m® and K»* = -0.34 MJ/m’ (K3 = 0 for type-I
FOMP). The constants decrease gradually with temperature. We should, however, underline that
this anisotropy constants are obtained from the magnetization curve along the a axis (marked by the
index “a”) which is not the hardest axis in UsFe,Ge;. Estimation of K; from the magnetization
curve along the hardest b axis yields a much larger value (K" = 4.4 MJ/m’) at 2 K.

Although UsFe,Ge; displays strong magnetic anisotropy reflecting involvement of U in its
magnetism, a Mossbauer study indicates that the Fe sublattice also carries a magnetic moment of
about 0.2 pp per Fe atom. Assuming collinear ferromagnetic arrangement of the U and Fe
sublattices, we can estimate the magnetic moment of the uranium sublattice as about 1 pg per U
atom. This value is considerably larger than in other U-Fe-Ge intermetallics (0.5 pus/U in U,Fe;Ge
[1] and 0.4 pp/U in UsFesGey [2]), but lower than in binary UGe, (1.5 pg/U [3]).
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Fig. 2. Magnetization curves of a U;Fe,Ge; 140 o ' 100 ' 200 ' 308-0
single crystal in static and pulsed magnetic T K
fields at 2 K. The inset shows the temperature . (K) .
dependence of the magnetization in 0.1 T Fig. 3. Temperature dependence of the specific
along the ¢ axis. heat and electrical resistivity of a UsFe,Ge; single

crystal. The upper inset shows the C,/T (T%)
function and the lower inset the p(7) function and
its fit at low temperatures.
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The UK nuclear industry is currently in a state of change. There are requirements to shut down
and decommission existing nuclear facilities which have reached the end of their useful life,
alongside requirements to maintain the existing operating facilities, safety manage nuclear waste in
the long term and embark on a new build programme to underpin national energy supply. This has
placed a significant demand on both current technology and the available experienced nuclear
human resources within the industry. The most pressing challenges such as threat to maintaining the
existing level of safety and/or security need to be addressed through nuclear research. However,
undertaking nuclear research requires especially designed laboratories/facilities, safety procedures,
and trained people to handle radioactive materials. This means there are high technical and ‘safety
barriers to entry’ for people wanting to conduct nuclear research. A new thin-film approach provides
a unique opportunity for fabrication and analysis of new generation nuclear fuel materials, which
significantly reduces experimental risk and limitations. Thin film of uranium and related
compounds samples may be used as a useful ultra-low radioactivity experimental surrogate for bulk
systems [1]. They exhibit no easily detectable radioactivity and are therefore exempt from transport
restrictions. In addition, thin films pose a particular benefit for studying a material. The high surface
area to volume ratio means that it is possible to reduce the dimensionality such that surface effects
are much more easily observable than for bulk samples. Such simplified ‘model’ surfaces can be
exposed to different environmental conditions (gases, radiation, and temperature) and subsequently
used to predict material properties and changes in their bulk counterparts. More fundamentally, the
thin film approach to studying of actinide compounds may lead to better understanding of 5f
electron systems. Thin film technology can also be used to isolate compounds or phases that may be
more difficult to synthesise or even unknown in the bulk.

Polycrystalline and single crystals of uranium-oxide or uranium-alloy thin films — potential next
generation nuclear fuel materials have already been grown using ultra-high vacuum DC magnetron
sputtering [2-3]. Some of the arising single-crystals of UO> have been tested with heavy ion
irradiation, simulating the conditions in the heart of a nuclear reactor core. The induced radiation
damage was studied using a cutting-edge Electron-Backscatter Diffraction technique, revealing that
significant recrystallization and development of a discrete surface nanostructure had occurring in the
films. Recently, a new technique for synthesis of polycrystalline thin films has been employed. Fig.
1 and 2 show the columnar growth of an electrodeposited uranium oxide thin film on a nickel
substrate produced for potential solar cell applications.

electodeposited on Ni-substrates. electodeposited on Ni-substrates.
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Attenuating mediums, targets and barriers made of sub-micron layers with low average atomic
number (Low Z) and minimal surface density that decreases elastic scattering and absorption of
radiation are required for many applications with low energy experiments in physics, biology and
chemistry and can be used for surface studies, electron interactions with matter researches, radiation
attenuation, etc.

This work describes the development and characterization of sub-micron Lexan polymer foils
with low Z for two new IMFP (Inelastic Mean Free Path) estimation methods validation
experiments. 120+240 nm Lexan layers were developed and fabricated from 1.56, wt.% solution by
using Spin Coating on glass substrates.

The sub-micron layers were characterized by AFM and CSI, for thickness, roughness and
levelness (Fig. 1). Roughness found to be, overall 10 + 1 nm rms, local 1.0 + 2.4 nm rms, total
thickness change within + 7.5%. To test the foil and its suitability for IMFP, "Total Current
Measurement" experiment, 177 nm Lexan foil was coated with 7 nm gold layer and irradiated under
1+15 keV SEM electron beam in a comparative experiment to one that was conducted in the past
with Polyimide Quantomix® foil [1] (Fig. 2).

The integral electron current attenuation was measured and same behavior for both foils was
observed, meaning, energy shift from inelastic scattering and typical attenuation form to a measured
thickness. As the foil was well characterized, threshold values needed for the experiments were set.
Foil durability was tested by attempt to penetrate it with the electron beam without success.
Observation with HR SEM revealed no findings.

A first step of “Wide Spectrum™ experiment was performed at ESRF. The spectrum on Lexan
showed the signal peak, as well as the multi inelastic scattering peak (MIC peak) similar to previous
measurements on carbon films [2]. The Lexan photoelectrons spectrum is shown in Fig. 3.

This work supported the suitability of the developed Lexan foil, for SEM experiments, and
allows the continuing of "Total Current Measurement” experiments to evaluate IMFP as well as
being an essential landmark in approving the foil for "Wide Spectrum™ ongoing study at the ESRF
synchrotron.

Fig. 1 CSI image of typical 0.2 x 0.2 mm Lexan film.
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Fig. 2 Total Current experiment results for 177 nm Lexan foil was coated with 7 nm
gold layer in SEM compared to 177 nm Polyimide Quantomix® foil results.
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Fig. 3 The Lexan photoelectrons spectrum from the experiment at the ESRF synchrotron.
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An addition radioactive element such as thorium to thin films is expected to provide a unique path
for studying radiation damage in materials. As first part of this work, we developed a small volume
chemical bath deposition (CBD) process for controlled alloying of PbS thin films (~100 nm thick)
with the stable isotope (ty,~10° years), ***Th. Small volume CBD technique is mandatory in order
to decrease the use of Th precursor solution. In contrast to our previous work’, we were able to
drastically increase Th concentration in the films (up to ~7 at%). This was achieved by addition of
sodium citrate into deposition solution, which extended Pb ions complexation in solution and
allowed to obtain thicker films with higher Th concentration. Next, we developed small volume
CBD process for controlled doping of PbS thin films with active **Th isotope, using different
deposition parameters, due to ?*Th daughters presence in solution. This was achieved by altering
deposition parameters such as temperature, pH, reagent concentrations and time.

The morphology and the thickness for all films were determined using scanning electron
microscopy (SEM). X-ray photoelectron spectroscopy (XPS) depth profiles in ***Th-alloyed PbS
films indicated homogeneous “**Th distribution in the films, and considerable amounts of oxygen
were detected in the films as well. Presence of oxygen is explained by compensation of Pb**
vacancies created in PbS lattice due to oxidation state difference between Pb** and Th** ions, by 0%
in the films. ®Th-doped films were characterized using x-ray powder diffraction (XRD), which
indicated a single phase material. Alpha-autoradiography confirmed homogeneous distribution of
228Th jons throughout the films. The properties of the PbS(??®Th) film activity were investigated by
using alpha-spectroscopy and gamma-spectroscopy. The resulting films show promise as a model
system for the analysis of dilute defect systems in semiconductor thin films.
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Uranium complexes with fluoride-!, borohydride-?, amide-3, silazane-*, alkoxide-®> and acetyl
acetonate® ligands are known to be volatile but are not suitable for CVD processes due to different
reasons: they are either unsuitable for safe long-term storage, thermally unstable, decompose under
air or are sensitive to UV/Vis light. Recently, we have demonstrated the synthesis of air-stable,
volatile uranium (IV) and (VI) compounds as well as their gas phase conversion to uranium oxide
films.” Herein we present the use of heteroarylalkenolates with elongated perfluoroalkyl chain as
well as the use of tetradentate enaminon ligands for obtaining novel uranium (IV) complexes with
enhanced volatility.
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In our contribution we present results of magnetization, AC susceptibility and specific heat
measurements of CeNi;CoxGe, heavy fermion system (0 < x < 1) which were prepared by arc
melting and grown by optical floating zone method in four mirror furnace. The parent compound
CeNiGe;, is an antiferromagnetic Kondo system that orders magnetically at Ty = 3.9 K and
undergoes a spin structure rearrangement at T; = 3.2 K [1] while CeCoGe; is a nonmagnetic heavy-
fermion Kondo compound with j = 5/2 ground state and large Kondo temperature Tx > 200 K [2].
Heat capacity measurements revealed double peak at magnetic phase transition with Ty = 3.6 K and
T, = 3.0 K (Fig 1.). AC susceptibility measurements showed that the phase transition from the
paramagnetic to the antiferromagnetic state was suppressed to lower temperatures with an
increasing concentration of Co (insert of Fig 1.). The maximum of the transition temperature of
CeNiGe; has been detected around 3.8K for x = 0. The Neel temperature decreased to 3.5K in the
case X = 0.01. In the case of the substitution with x = 0.05 the Neel temperature decreases to 2.6K.
In temperature range from 300K to 200K, the inverse susceptibility is linear and can be fitted with
the Curie — Weiss law for all samples. The effective magnetic moment .5 for each compound has

approximately the same value 2.55ug and the paramagnetic Curie temperature 8 changes from -5.59
to -80 K.
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Fig. 1 Maxima related to magnetic phase transition in heat Fig. 2 Temperature dependence of magnetization. The
capacity for CeNiGe,. The insert shows maxima in real insert shows inverse susceptibility.
part of AC susceptibility.
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The detrimental effects of radionuclide release caused by uranium hydride (UHs) ignition when
exposed to air are well known and established [1]. Hydride is found to form on the uranium surface
in a spot wise manner nucleating at low energy sites (twin boundaries, grain boundaries, inclusions
etc.) where physisorption, dissociation and absorption is assumed to be easier and more favourable.
It is thus logical to examine the reaction at the very initial stages where hydride sites are nucleating
and in the early stages of growth. At this early stage, growth spots can be very small, even submicron
sized (small diameter family), or depending on the controlling influences, large enough to be easily
observable (>50um). In both cases, there is a need to verify that these nucleation spots are indeed
UHs3 sites. Secondary lon Mass Spectrometry (SIMS) has allowed us to quickly verify and locate
hydride spots across the corroded Uranium surface by mapping UH" ion clusters; characteristic ion
fragments produced by Gallium ion-sputtering of the sample surface on the regions where hydride
was suspected to form (Fig.1b).

25.00um 3 X1000. 25.0kV

Figure 1: SEM image of a spot-hydrided and pre electropolished uranium surface. Mass spectra for a) Uranium (238) b)
UH (239) ¢) UO (254) d) UO; (270).

To evaluate the preferential location of growth sites we have used Focus lon Beam milling (FIB) to
produce sectional cuts through every spot within a defined area and then observe the cross section
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face at high magnification (Fig.2). However, this method is long-lasting especially for nucleation
densities that exceed 500 spots per mm?.

Figure 2: FIB sectioning on an initially intact hydride forming at the margins of a carbide inclusion. Twin boundaries can
be easily seen passing through the centre of the nucleation spot.

This issue was overcome by direct ion-sputtering of the hydrided surface up to the stage where the
grain structure was revealed and the sputtering depth has not exceeded the depth of the hydride nuclei
causing them to vanish (Fig.3). Of course, this procedure is feasible only for preparations involving
chemical etching (i.e electropolishing) which result in a pristine and non-damaged surface as
compared to the mechanically damaged outer layer of a polished sample.

Figure 3: FIB images of a spot hydrided surface a) before ion-sputtering and b) after ion-sputtering for 5 minutes
(6600pA).

By using ion-sputtering on a hydrided surface we were able to gain information about the preferential
sites of hydride growth semi-quantitatively. However, to obtain quantitative microstructural and
crystallographic information about the preferential sites of hydride initiation we have used Electron
Backscatter Diffraction (EBSD). Following a step by step method of preparation, good EBSD patterns
maybe produced for a hydrided uranium surface (Fig.4).



Figure 4: 1Q + IPF map of a spot hydrided uranium sample. Large diameter and small diameter hydride spots are forming
mainly around grain and twin boundaries.

Such an analytical approach permits statistical analysis of hydride nuclei location for Magnox-U
containing chiefly Fe, Al and C impurities. From the analysis it was found that on an
electrochemically etched surface, nucleation of UHs occurred predominantly at high angle grain and
twin boundaries.
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In Situ X-ray diffraction measurements of U-0.1w% Cr oxidation
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Understanding the corrosion fundamentals of uranium alloys are essential for handling and long
term disposal of spent nuclear fuels. In-situ X-ray diffraction was utilized to study the oxidation
kinetics of U-0.1w%Cr under 3 PSI oxygen atmosphere and temperature range 90-150°C. The
oxide thickness formed on the surface during oxidation was evaluated from the attenuation of the
metallic uranium diffraction peaks. This method allows to follow the oxidation kinetics of different
crystallographic uranium plains at the surface.

Fig.1 presents XRD spectra taken during oxidation at 150°C, illustrating the attenuation of the
metallic U peaks and the development of the UO,. Oxide thicknesses vs. time, as obtained for the
indicated temperatures and for the different crystallographic metal plains are presented infig. 2. A
difference in the oxidation rates was found depending on the crystallographic orientation, the (112)
being the fastest and (002) the slowest to oxidize. Fig. 3 presents the oxidation rates of the uranium
(1112) plain at the different temperatures. It is noticeable that the oxidation starts with a parabolic
kinetic rate and when the oxide thickens breakaway and linear rates are observed. The reaction rates
have strong temperature dependence and activation energies of Qpaapciic=17.5 kcal/mol and
Qiinear=19 kcal/mol were evaluated using Arrhenius plot.

Complementary SEM analyses were performed on the oxidized surface, as presented in fig. 4. It can
be seen that the oxide thicknessisin very good agreement with the XRD calculations. Uranium
carbides (UC) are found to accel erate oxidation around them.
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Fig. 1. XRD spectra taken in-situ during oxidation at 150°C.
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Fig. 2. Oxide thicknesses vs. time, as obtained for the indicated temperatures and for the different
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The UM’B,4 (M’=d-element) uranium borides were reported to exist and to crystallize in three
different crystal structures YCrB4-, ThMoB4- and ErNiBy-type [1]. However, their characterization
was only preliminary, mainly devoted to crystallographic studies. Magnetization measurements
were made just in the 80-300 K temperature range for the V, Mn, Fe, Co compounds, with no signs
of magnetic transitions. The existence of superconductivity was also investigated for the Ru and Os
borides, but no superconducting transition was observed down to 1.5 K. UFeB4 was characterized
by our group, the studies pointing to a predominant YCrB,-type structure (in agreement with the
previous results), but with a defective structure compatible with an intergrowth of YCrB,4- and
ThMoB;-type layers [2]. A paramagnetic behavior was observed in the 2-300 K temperature range.
Continuing our investigations, here we present the preparation and study of another part of this
family, UMB, (M=V, Cr, Mo, W), by means of X-ray powder diffraction, magnetization and
specific heat measurements in the 2- 300 K temperature range.

The UMB, compounds were prepared by arc-melting followed by annealing at 2000°C for 300h.
Their powder X-ray patterns confirm that the V and Cr borides crystallize mainly in the YCrB,-type
structure (S.G. Pbam), while the Mo and W phases essentially adopt the ThMoB,-type (S.G.
Cmmm). The unit cell volume of the last two borides is significantly higher than the first two,
which is in agreement with previous results that indicate that UM’B, borides containing larger
transition metals have the tendency to crystallize in the ThMoB,-type structure and those with
smaller ones mainly adopt the YCrB,-type [3]. From the point of view of magnetism, all compounds
are weak Pauli paramagnets. The specific heat exhibits a strongly non-Debye character for all
compounds, which most probably is related to the hardness of the boron sublattice. The j-coefficient
is moderately enhanced, but does not exceed 50 mJ/mol K?, pointing to the presence of weakly
correlated 5f states at the Fermi level.
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In the framework of the ActiLab [1] Work Package in ENSAR, a project within the 7th
Framework Program of the European Commission, synthesis and characterization of different
uranium carbides was carried out.

These materials were designed to be used as innovative targets for ISOL (Isotope Separation
On-Line) facilities for the production of Radioactive lon Beams (RIBs) [1], to be used for nuclear
physics, astrophysics, medicine and materials science studies and applications.

The work here presented was in particular performed in the R&D laboratories of the SPES
Project [2], a new ISOL facility now under construction, in collaboration with the other laboratories
involved in the ActiLab WP (CERN, IPNO, GANIL, PSI).

The material synthesis was carried out starting from UO>, graphite and phenolic resin mixtures
pressed to form cylindrical pellets, which were then heated up to 1700 °C in a high vacuum furnace
(P ~ 10® mbar). Prior to mixing it with the other reagents, UO- particle size was reduced by means
of a vibratory micromill and selected using sieves.

Other materials, either UC or UC»-based, were synthesized in other laboratories and sent to the
SPES labs in the framework of the collaboration.

Thermal characterization consisted of emissivity direct measurements performed on all the
samples and conductivity estimations on one material type using the technique reported in [3],
developed at INFN-LNL to study refractory materials for the SPES target. The experimental setup to
perform conductivity measurements, shown in fig.1, is based on a graphite crucible, heated by Joule
effect, which by radiation induces thermal gradients in a cylindrical sample suspended above it,
inside a high vacuum chamber. The measurement of the temperature gradient in specific positions
of the sample top surface, and the comparison of these data with a numerical model developed in
ANSYS®, results in the estimation of thermal conductivity by means of the inverse analysis method
[3]. Emissivity measurements were obtained on the same setup, placing the samples directly on top
of the heating crucible.

40

inverse estimation
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Fig. 1. a) CAD view of the setup for thermal conductivity measurements, b) setup during operation, c) k vs.T estimation.
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Fig. 2. Emissivity measurements of different uranium carbide-based materials.
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Due to their high uranium density and good irradiation stability, cdb{8Mo) alloys are the
most promising candidates for the fuel conversion of research and test reactors. Post irradiation
examinations pointed out, among other [1,2], a major role of the decomposition reaction
yU(8Mo) — U,Mo + aU occurring below the eutectoid temperature of 585°C, on the fission gases
behaviors and fuel-matrix interactions.

In order to better understand the decomposition process, it has been followed at 450°C by
neutron diffraction (ND) fory-U(8Mo) powder obtained by magnesio-reduction [3]. The
decomposition kinetics are compared to the microstructure of the powder, examined by scanning
electron microscopy, electron backscattered diffraction and transmission electron microscopy.

The results of ND pattern sequential refinement and the microstructural features, showing a
clear relationship between the chemical homogeneity of the starting material and its resistance to
decomposition, will be presented.

[1] A. Leenaers et al., J. Nucl. Mater. 2011, 412, 41.
[2] S. Van den Berghet al, J. Nucl. Mater. 2008, 375, 340.
[3] G. Champion et al Adv. Eng. Mater., 2013, 15, 257.
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Pyrochemical reprocessing of spent nuclear fuels (SNF) employing molten salts and liquid
metals as working media is considered as a possible alternative to the existing solvent extraction
(PUREX) process. High radiation resistance and thermal stability of molten salts and liquid metals
are the main advantages, which allow reprocessing irradiated fuel from the fast neutron rectors with
a high burn-up after relatively short cooling time.

Gallium-tin eutectic has one of the lowest melting points (m.p. 293.5 K) amongst gallium
containing binary alloys. A wide temperature region of the liquid state makes Ga-Sn alloy quite
attractive for the pyrochemical technologies. Knowing the main thermodynamic characteristics of
uranium in both molten salts and liquid metals is necessary for achieving efficient separation of
SNF elements.

The aim of the present work was studying the behaviour of uranium in the Ga-Sn based alloys
and determining thermodynamic characteristics: activity, activity coefficients, and solubility of
uranium.

Activity of uranium was determined in alloys based on Ga-Sn, Ga and Sn using the
electromotive force (EMF) method. Uranium in the studied temperature range (298-1073 K)
undergoes two phase transformations. In the present study for the thermodynamic measurements y-
uranium and super cooled liquid uranium were chosen as the standard states. The method of
intermetallic compound (IMC) precipitation from the oversaturated alloys was employed to obtain
uranium solubility directly from concentration of ‘uranium in an alloy at a chosen temperature.
Uranium activity coefficients in these liquid metals were determined from the difference between
experimentally measured activity-and solubility values:

To determine uranium activity the EMF measurements of the following galvanic cell were
performed between 573 and 1073 K:

(-) U | LiCI-KCI-CsCI-UCI3 | U + Me (+), (1)

where Me-is the low melting metal (Ga, Sn.or Ga-Sn eutectic). ~Uranium-metal acted as-the
reference electrode. Low melting ternary LiCI-KCI-CsCl eutectic (57.5 mol. % LiCl and 16.5 mol.
% KCI, m.p. 536 K) was used as the solvent salt. Solubility of uranium in pure Ga and in the Ga-Sn
eutectic alloy was measured in a wider temperature range of 296-1073 K employing the IMC
precipitation method. All experiments were carried out in high-pure argon (99,998%) atmosphere.

1. Activity of uranium in alloys with Ga-Sn and Sn

X-ray powder diffraction analysis showed the existence of UGas and USns intermetallic phases
in the solid alloy samples obtained in U-Ga-Sn and U-Sn alloys, respectively.

Activity of y -U and super cooled liquid uranium in Ga-Sn-U alloy were calculated from the
results of EMF measurements and are described by the following equations (at 571-1016 K):

lga,-Uga-sn) = 3.17 — 8.91-10°T ™ (£0.18) ()
lga-Ugga-sn = 3.51 — 9.39-10°T ™ (£0.18) 3)

Activity of y-uranium in binary U-Sn alloy was determined by [6] from EMF measurements at
813-1117 K. In the present study uranium activity in alloys with Sn was determined in a wider
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temperature range of 573-1073K. The results obtained for y-uranium and super cooled liquid
uranium in U-Sn alloy in this temperature range is adequately described by the following equations:

lga, usn = 3.11 - 8.79-10%T * (£0.18) (4)
lgau(sn = 3.11 — 8.79-10%T * (£0.18) (5)

The data obtained in this work for U-Ga alloys are in a good agreement with previously reported
[6]. Below 900 K our results are slightly different from those found in the literature. It may be
connected with difficulties of measurements due to small solubility of uranium in pure tin at these
temperatures.

Comparison of y-uranium activity in U-Ga [5], U-Ga-Sn and U-Sn alloys, Fig. 1, shows that
uranium activities in these alloys are essentially identical and they do not depend on the phase
composition.
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Fig. 1 - Activity of y-U in U-Sn, U-Ga and U-Ga-Sn alloys. Symbols show the results obtained
in the present work for the:alloys based on Ga-Sn (o), Sn'(A). Dashed lines show the literature data:
1-4=U-Ga[1-3, 5], 5 — U-Sn [6].

2. Activity coefficients of uraniumin alloys with Ga-Sn, Ga, Sn

The uranium activity coefficients were obtained as different between activity and solubility of
uranium in the alloy under study at chosen temperature.

The obtained temperature dependence of activity coefficients for y-uranium and super cooled
liquid uranium in Ga-Sn eutectic alloy can be well described by the following expressions at 570-
1016 K:

l9y,-u(ca-sn) = 0.07 — 1.43-10>T ! (20.18) (6)
lgy1-uGasn) = 3.39 — 6.52:10°T ™ (£0.18) 7)

The temperature dependence of uranium activity coefficients in liquid gallium was derived from
different of uranium activity in gallium [5] and uranium solubility in gallium obtained in present
work at the same temperature. This dependence for y-uranium and super cooled liquid uranium can
be described by following equations at 298-800 K:

l9y,-uca) = 242 — 5.32:10>T ™ (+0.42) (8)
lgy1ua) = 2.77 — 5.81-10>T ™ (£0.31) (9)
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In this work we did not obtain solubility of uranium in liquid tin. Therefore extrapolated
temperature dependence of uranium solubility in tin [6] was used to derive the activity coefficients
of uranium in this metal in the wide temperature range of 569 — 1025 K. The obtained results for y-
uranium and super cooled liquid uranium can be well described by the following expressions:

1gyy-usn) = 2.62 — 6.13-10%T ™ +1.00-10°T 2 (£0.21) (10)
lgyiuesn = 2.96 — 6.61-10*T ™ + 1.00-10%T 2 (0.21) (11)

Uranium activity coefficients in Ga-Sn based alloys determined in the present work are very
close to those in U-Ga alloys and lower than in U-Sn system. This difference increases with
lowering the temperature, Fig. 2.
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Fig. 2 Activity coefficients of y-U in_liquid alloys with tin, Ga-Sn eutectic, and _gallium.
Symbols show the results obtained in the present work for the alloys based on Ga-Sn (o), Sn (A).
Lines show the literature data: 1 U-Sn [6], 2-4 U-Ga[5, 1,2]

3. Solubility of uranium in pure Ga and Ga-Sn eutectic alloys

The temperature dependence of uranium solubility in Ga-Sn eutectic alloy can be described by
two linear equations (Fig. 3):

l9Xu(Ga-sn) = -2.79 — 1.46:10>T ™ (£0.66) (20 — 203 °C) (12)
l9Xu(Ga-sn) = -0.02 - 2.77-10>T * (£0.37) (203 —803°C) (13)

The temperature dependence of uranium solubility in Ga can be described by two following
linear equations (Fig. 3):

l9Xu(Ga-sn) = -2.55 — 1.20-10>T * (£0.49) (23.5-274°C)  (14)
l9Xu(Ga-sn) = 0.33 — 2.89-10°T ™ (£0.33) (274 — 800 °C) (15)

In the studied temperature range uranium solubility in the Ga-Sn eutectic is very similar to the
data obtained for U-Ga system, however there is a slight difference at a lower temperature range
(297 — 524 K). Also at higher temperatures, the solubility of uranium in in the Ga-Sn alloy is close
to that in pure tin but U solubility in Sn drops very fast with lowering the temperature [Fig.3].

The fact that only UGa3 intermetallic compound was found in cooled two-phase U-Ga-Sn
alloys indicates that, al least at lower temperatures, uranium predominantly interacts with gallium.
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Fig 3 - Solubility of uranium in liquid alloys with tin, Ga-Sn eutectic and gallium. Symbols
show the results obtained in the present work for the alloys based on Ga-Sn (), Ga (¢). Lines show
the literature data: 1 U-Sn [6], 2-3 U-Ga [1, 4]
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Non-equilibrium solidification leads to a segregated as-cast plutonium microstructure containing
two phases (a0 and & phase). As a result the castings are homogenised usually for hundreds of
hours. Segregation depends on a number of factors which include diffusion co-efficient of the
alloying element in the different phases, the average cooling rate and average dendrite arm spacing.
The calcium silicate insulation material and the thickness of the graphite furniture used in the
casting process are thought to severely limit the average cooling rate. A Finite-Element model of
the plutonium casting process was developed to explore ideas in which the cooling rate could be
increased further. By removing the insulation material, replacing the soldered heating coils with

brazed coils and reducing the mould wall thickness the average cooling rate could be increased by
up to 332%.
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The safe long term containment of radioactive waste is an essential goal for the UK nuclear
community. Within the UK radioactive waste inventory, metallic uranium fuel and its associated
Magnox cladding are key ‘reactive’ materials requiring long term containment. Currently, this
intermediate level waste (ILW) is encapsulated in cementitious materials and stored in stainless
steel canisters [1]. Recently, significant volumetric expansion has been observed around the
circumference of some of these canisters. The suspected reason for this expansion is the corrosion
of the encapsulated metal as it reacts with the water present in the
cement pores [2]. The arising corrosion products of uranium
(uranium oxide/hydride) can occupy a significantly greater volume
compared to the parent metal (around 2 times larger) [3]. This
increasing internal pressure can lead to extensive grout cracking,
when its strength (tensile and compressive) is exceeded.
Furthermore, the transmitted stresses throughout the whole volume
of the grout cause strains which are finally imposed on the encasing
steel canister causing the formation of bulges.

In the event of an ultimate system’s failure expressed by

steel fracture, radioactive material could be released in atmosphere Figure 1: Crack pattern as a result

. . . . . . of tensile strength excess at the
posing significant environmental threat. Besides, if pyrophoric ,oin: of steel’s yielding initiation.
uranium hydride forms within the grout environment a radioactive Massive cracks are shown in red
fire may occur as a result of oxygen influx through the failed S°'°U"
encapsulated system. The latter scenario threatens the safe long term transport and disposal of the
ILW drums. Consequently, the association of the corrosion extent with the mechanical degradation
of the encapsulants; i.e the grout cracking and steel distortion magnitude, is essential to evaluate the

risk of potential system’s failure.

Finite element (FE) modelling, laboratory experimental work and synchrotron X-
Ray/neutron diffraction and tomography are the tools employed to shed some light in the interior
failure mechanisms of the ILW system. Finite element modelling can prove to be a useful predictive
tool in terms of determining the strain state within the grout bulk and the surrounding stainless steel.
2d and 3D models with embedded metal bars have been created. The corrosion — induced volume
expansion is simulated using the displacement method around the uranium edges. Crack pattern and
Von Mises stress distribution can indicate the level of material degradation at all different steps of
loading; i:e at different levels of corrosion (Fig.1). The outputs of the analyses indicate that the
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grout’s failure may occur very rapidly for low levels of uranium corrosion. Yielding of steel takes
place later while most of the grout is crushed.

However, numerical analyses should be validated against
experimental work to be efficient as the models are based on specific
simplifications and assumptions. Accelerated corrosion tests are
currently performed to test the validity of the FE models. Miniaturised
ILW canisters with encapsulated uranium in grout are created and
allowed to react under hydrogen exposure in suitable pressure —
temperature conditions to initiate corrosion. A high magnification
camera set up is used to monitor crack initiation and propagation
resulting from corrosion — induced volume expansion (Fig.2). A laser
scanning technique shall be used for displacement profiling around the
circumference of the stainless steel. Time resolved corrosion extent
measurements are obtained and linked with the crack initiation,
surface cracking and other critical stages of the system’s degradation.

Figure 2: Miniaturised ILW drum

. - . . . system being corroded in the lab.
This specific experimental set up doesn’t allow visualization of Y J

the interior of the canister, though. It is essential to reveal the
(morphology, characterization of the corrosion products) as well as

mechanisms of corrosion

Mydrided U encapsylaled ingrovt

the interior crack initiation and propagation in order to fully }

understand the deterioration process. Besides, it is not yet proven :E

that hydride can form in a completely constrained environment, ; wl

even in an artificial environment. Thus, “seeing inside the box”is |® ‘“‘i v ¢

required. Studies of uranium corrosion in grout have found that | = L\J'\Uh syl f? h
of M

attempts in air or a glove box to physically open the system and
directly access the corrosion products can result in their vigorous
exothermic chemical transformation, altering the system’s
behaviour and affecting the results [4]. An alternative non —
destructive method to visualize the interior of the canister is using
high energy synchrotron X — Rays to directly observe the corrosion
state and the cracking behaviour. The latter has already been

15 20 26 30 15 4D 45 50 45 60
2%

Figure 3: a) XRD pattern of

successfully performed in Diamond Light Source in non-confined
hydrided uranium — grout system,

systems (uranium — grout). X — Ray diffraction can allow
characterization of the arising corrosion products to finally determine
if hydride can form (Fig.3a). X — Ray tomography may provide full
3D visualization of a particular area around the uranium region in
order to detect cracks and obtain information about the morphology

b) Radiograph obtained illustrating
the parent metal (light grey), the
corrosion products (green) and
grout (dark grey. Crack is also
shown.

of the corrosion products (Fig.3b) [4]. Relevant proposals have been sent to allow us study the
online corrosion occurring inside a miniaturised ILW drum, representing a real ILW package.
Neutron and gamma Ray tomography is also planned to be conducted in order to estimate the
possibility of investigating larger scale drums efficiently.
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An area in gneissic rock near Krasnoyarsk has been chosen as one of the probable sites
for a deep geological repository of high level radioactive wastes [1].

The kinetics of light actinides (U (VI), Np(V), Pu(IV) and Am(IIl)) and some fission
products (Cs (I), Sr(Il)) sorption from modeling groundwater by gneiss and dolerite collected
from the above-mentioned site were evaluated at temperatures of 20 °C and 90 °C with different
times of contact. Speciation of sorbed radionuclides and its time and temperature depend
changes were studied using a modified Tessier’s procedure of sequential extraction.

Rising temperature decreases Cs uptake and decrease part of residual fraction with
increasing acid soluble one for all studied rock samples. Both of this fractions are strongly bound
and such redistribution does not lead to decreasing safety of repository. Neptunium and uranium
distribution coefficients, Kd, used in migration forecast increase several times with rising
temperature from 20 °C to 90 °C. All other radionuclides have not shown significant increasing
of uptake with temperature.

Speciation of sorbed radionuclides shows that for all studied radionuclides excluding Cs
part of strongly bound fractions increase with rising temperature. Temperature depend changes
are more pronounced than time depend.

Distribution of sequential extraction fractions either doesn’t significantly change with
time or part of strongly bound fractions increases or fraction related to iron oxides increases with
decrease of all other fractions.

This shows that radioecological safety of repository will increase with time.

References
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Introduction:

A radiological weapon, or radiological dispersion device (RDD), is designed to spread radioactive materials ('*’Cs, ¢°Co,

241 Am, 252Cf, 192|r, 238py, 90Sr, 226Ra, etc) over a large area, in order to cause severe contamination. The dispersed radioactive - i
material can be strongly bound to surfaces if not effectively removed shortly after the event. S
An effective decontamination agent for such cases is the commercial polymer Decongel-1101'. It can be applied onto contaminated surfaces by
brushing or spraying. Upon drying, it forms stable films that can be peeled off the surface, together with most of the contaminating materials.

One of the most dangerous isotopes that can be used to produce a RDD is '¥7Cs?, therefore, it is important to examine the effectiveness of the polymer
DeconGel-1101 in removing it. Working with 37Cs in large scale experiments presents some difficulties, hence It was suggested to replace 3’Cs with
the short lived radioisotope Rb (~18.6 days). This isotope is a good surrogate for '3’Cs, having similar chemical properties and migration behavior.

[1] http://decongel.com/documents/1101%20Product%20Data%20Sheet%20v080612.pdf (Last accessed on 18.1.14).

[2] J.L.Conca, J.R. Wischnewsky and M.D. Johnson, Reducing the Threat of a Serious 137Cs Dirty Bomb, Proceedings of the DHS Conference; Working Together — Research & Development Partnerships in Homeland Security, the Seaport Hotel and World
Trade Center, Boston, MA, April 27-28 (2005).

Th e g 0 al . Verifying whether 8Rb can serve as a surrogate to '3’Cs in the development of cleanup procedures for large contaminated areas.

Methodology:

1. Natural Rb and Cs chloride salts (1ml) were spread on two different types of coupons (5X5cm?), displaying
porous and non-porous surfaces. The first made of Type Il Portland cement and the second made of
“Hebron” type marble. The concentrations of the chloride salts solutions were 0.1, 1, 10, 50 and 100 g/I,
respectively.

| Combustion
‘ reaction

2. After drying of the coupon surfaces, DeconGel-1101 was applied manually.

3. After 24 hours, the dry polymer was peeled off and mineralized in a combustion bomb containing 10 ml 0.1N HNO,.

ANALYSIS

4. Concentrations of Rb and Cs in the 0.1N HNO; solutions were determined by suppressed ion chromatography.

Results:

Linear fit of the Cs to Rb Decontamination factor.

Data taken from a non- porous (“Hebron” marble) Decontamination of porous
surface cleaned with DeconGel-1101 . (concrete) surface with DeconGel-1101
(XRF measurements)
1m 2o
o 110 | 1o
* E 100 I ______‘ _____
E . blank
8 w T 1 o
1 . 2 0.1mg Cs+Rb
80 uﬂ 20 40 60 80 100 o - 1 mg cs
Rb o gt & plests * Hebron marbel byps — - Baigh - 1mg Rb
60
20 The ratio between the percentage of cesium| 2™
"—" and rubidium removed from the £ o~
— expected value . O 2600
20 ’ -_— 5 (mg different surfaces coupons
0 4=  Rb(mg) e
1 2 3 4 P « A

Conclusions:

1. The results obtained in this study point out that rubidium behave similarly to cesium in all surfaces tested, as expected from
their chemical properties (some random variations have been observed which are within the limits of the experimental error),
Hence 8Rb may serve as a surrogate to '3’Cs in cleanup procedures of large contaminated areas experiments.

2. The chelating agents in the commercial DeconGel-1101 used is non-selective and extracts other metals such as Fe, Ca, etc,
from concrete surfaces.

3. .The decontamination efficacy seems to be affected strongly from the surface type (porous or non-porous material)

A A A A A A A A A A A A A A A A A !
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Optimization of aerial survey of radiation in outdoor and
indoor environments

Field of research Pls
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Dr. Shai Arogeti — BGU

Scientific background

Aerial radiation survey is the method of choice of first responders to a major nuclear incident. Aerial
survey produces real time data that enables on line risk assessment and situation awareness. Large scale
aerial radiation survey systems such as the SPARCS (USA) in Figure 1 (a) and Air RAM-2000 (Israel) are
available and been used on various fixed wing airplanes and helicopters. All those systems require
significant resources to operate and to maintain functionality for time of need. Also the large scale
systems do not solve the problem of high accuracy and high resolution contamination estimation
specifically in confined environments such as urban or indoor scenarios expected in Radiation Dispersal
Device (RDD) attack.

a. SPARCS b. Casper UAV

c. Mikro-Kopter UAV

Figure 1 — Platforms for Airborne Radiation Survey

To achieve the ability to monitor and assess contamination and its’ risks with high accuracy the aerial
monitoring system should have the following properties: (a) high sensitivity that will allow the shortest
possible measurement time needed to collect the required statistics (sensor sensitivity) (b) the system
should have the ability to “hold station” with high accuracy (c) the system should have the ability to
measure its’ altitude above ground with the required precision (sensor to source distance correction).
The 1st requirement can be divided into two interleaved technical issues, the airborne sensor (payload)
its’ sensibility and sensitivity which translate to size, weight and power requirements and the flying
platform characteristics, specifically, station keep ability, endurance and power efficiency.
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Analytical and simulative work has that proposes an algorithm for radioactive contamination estimation
out of airborne survey data has been carried out at the NRCN and awaits validation with real world data.
Number of test survey flight that were made both by a fixed wing drone (Casper UAV Figure 1 (b)) and a
hexacopter platform (Mikro-Kopter Figure 1 (c) and Figure 2) show the feasibility and limitations of the
airborne survey by small scale UAVs . The test surveys emphasized the inherent limitations of the
platform and payload combinations and the need to optimize both.

Figure 2 — Contamination Survey using a QuadCopter UAV and results obtained in a 12 minutes flight

Motivation

While large scale airborne radiation survey systems exists they cannot answer the need for high
accuracy survey required in radiation dispersal scenarios both in indoor and outdoor environments
following an RDD attack. With recent advances in the civilian the drone field, it becomes apparent that
this gap in survey ability can be bridged by employing small scale drones of various types. Those drones
employ high level of autonomy and it is evident that automatic operation and smart survey patterns can
be employed with high level of confidence. The main drawback of small scale drones is their operation
time (endurance) versus useful payload weight. While fixed wing small scale drones can achieve
substantial air time to pay load weight they cannot achieve the slow flight or hover characteristics
needed for high accuracy survey. Therefore an optimization of the radiation sensor (sensitivity vs.
weight) and carful platform selection is needed to provide a real world applicative high accuracy
airborne survey system.

Research goals

The goal of the research is to produce a parametric selection function for the survey system and to
achieve a real world demonstration of optimal aerial survey system of radiological contamination in
outdoor and indoor environments.

The research will focus on the optimization of the sensor and flying platform. The research aims to
produce an optimized parametric selection function which will help to quantize the engineering
tradeoffs of detector sensitivity versos platform performances. A benchmark will be established and
validated through simulations, calibration measurements using sealed radiation sources and with data
from various platforms and sensors combinations.
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reactivity against Broensted acidic compounds
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The organometallic complexes [CpsAn] (An: Th, U, Np, Pu) of the 4-valent actinides are among the
first organometallic compounds of these elements which have been synthesised and described in the
literature [1-4].

They can be prepared relatively easily by metathesis reaction in high yields. Kinetic shielding of the
nuclei by the four organometallic Cp-ligands in a tetrahedral arrangement around the central metal
contributes to their resulting good stability.

However, under careful control of the reaction conditions reaction with Broensted acidic
compounds might proceed to well defined organometallic products exhibiting interesting
spectroscopic and magnetic properties.

An example of the presented chemistry is given in the scheme 1, the reactions will be presented on
Th, U, and Np, respectively.

Scheme 1: Cp,An, conversion into CpsAnX, both starting material for the synthesis of
CpsAnX derivatives of via salt metathesis or via direct reaction with Broensted acidic
compounds.
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The interaction of U(VI) with oxalic acid is of great interest. It deals not only with a
fundamental knowledge, but also with the migration of U(VI) species in the environment, as oxalic
acid is one of the products of the degradation of natural organic matter and can form the complex
species with U(VI).

The focus of this project is to obtain information about the existence of protonated uranyl
oxalate species by using affinity capillary electrophoresis. The protonated complex species of
uranyl oxalate are difficult to identify by physical methods [1]. In this project the mobilities of
U(VI) are measured in aqueous acid solutions, containing oxalic acid at different concentrations.
The observed U(VI) mobility is found to decrease with increasing ligand concentration added to the
background electrolyte. The obtained data do not allow to confirm the existence of protonated
uranyl oxalate species in aqueous solutions in range of pH from 1,5 to 2,5.

References
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and J. Perrone, vol. 9, 1088 pages (2005) (Elsevier, Amsterdam).
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Introduction

There is growing concern about the emission of greenhouse gases (GHG), namely CO2, CH4 and
NOx. A way to mitigate its effects implies their use as reagents aiming the production of value-
added chemicals such as hydrocarbons and alcohols [1]. The production of CH3OH became a major
target addressing two major problems: depletion of fossil fuels and GHG effect. Actinides and
lanthanides based catalysts were already applied with success in the partial oxidation of CHs and
other catalytic reactions evolving hydrocarbons [2-5] as well as CH3OH synthesis [6].

Herein, CO, and CH4 were used as reagents for the production of CHzOH over Cu combined to f
elements catalysts.

Experimental

The bimetallic oxides supported in alumina were prepared by co-precipitation method, as described
elsewhere [1b]. The intermetallic compounds containing f-block elements (IC) were obtained by the
arc melting technique [7]. In order to obtained the bimetallic oxides, some of IC suffer a controlled
oxidation under air (Air Liquide, O2:N2 = 20:80 (vol%), purity 99.995%). All prepared catalysts
were characterized by XRD and SEM.

The catalytic tests for methanol production were carried out at 50 bar in a stainless steel reactor.
Mass flow controllers were used to control CH4 (Air Liquide, purity 99.9995%), CO. (Air Liquide,
purity 99.9995%), H (Air Liquide, purity 99.9995%) and He (Air Liquide, purity 99.9995%) flows.
Unless otherwise stated, a gaseous mixture with a CO2 / H2 / CH4 (1:3:1 mol/mol/mol) was used
and the reaction studied with an adequate Gas Hourly Space Velocity (GHSV, mL of COz/g of
catalyst.h) of 40000 molco2 /gcat.h.

Results and discussion
Preliminary results show that bimetallic oxides obtained from IC are more active than commercial

Cu based catalysts (Alfa Aesar) for the production of CHsOH using CO,, CH4 and H> as reagents at
50 bar and 250 °C (Fig.1).



300 - - 100
= =
o L 80 =
£ T
— 200 - @)
£ - 60 T
I o
2 40 2
5 100 - 2
®)

5 L 20 o
p )]
0 0
K
&

Catalyst

Figure 1. Activity and selectivity for the production of methanol using CO2 / H> / CH4 (1:3:1
mol/mol/mol) as reagents at 250 °C, total pressure of 50 bar and a gas hourly space velocity
(GHSV) of 40000 molco2 /gcat.h.

Ongoing characterization show that the bimetallic oxides are better described as a d metal oxide
embedded in a matrix of lanthanide or actinide oxides where the existence of a synergism with the f
block element phase [4] can explain the higher activity for methanol formation.

Acknowledgements: this work was supported by FCT under contract number PTDC/AAG-TEC/3324/2012. Ana C.
Ferreira thanks FCT for her PhD grant (SFRH/BD/69942/2010).
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Existing research recognizes the critical role played by understanding of metal-ligand covalency in
actinide bonding and particularly appealing f-block arene n- and 6-(back)bonding interactions. On
the contrary, the interactions of transuranic cations to aromatic n-electron systems remain restricted
to the cyclopentadienyl and cyclooctadienyl anions and to our knowledge no transuranic metal-
arene interactions have been investigated to date.

Inspired by previous findings of - and d-symmetry bonding interactions of the flexible
small-cavity macrocycle trans-calix[2]benzene[2]pyrrole, HoL, to uranium and Th'V cations!*l, we
were interested in the ability of (L)* to complex the heavier actinides, and report here reactions
with neptunium(lV) chloride that result inthe spontaneous reduction and formation of mono-
and bimetallic Np"' complexes, and the structural preference for a bis(arene) type neptunium
coordination.

Z'NpCl,;  was  treated  with  the  equimolar  of  dipotassium  salt
of trans-calix[2]benzene[2]pyrrole (KoL) in tetrahydrofuran yielded
[(L)%"Np(u-C1)22"NpCl2(THF)s] (2). The similar approach utilizing 1.5 molar equivalent of KoL
afforded the mononuclear complex [(L)Z’NpCI] (1) in 46% isolated yield. Both reactions produced
also copious off-white organic residues, potential radical recombination byproducts of the unstable
metalocene—Np' bond homolysis step. Suprisingly, this reactivity resulted in the reduction of Np'V
to Np'!" in each case, in the absence of any obvious reducing agent. Complex 2 formally contains an
additional equivalent of in situ generated Np'"'Cls bound through a chloride bridging rather than
participating in ligand bridging.

A concept, syntheses, crystal structures and solution studies by *H NMR of the new Np'"' complexes
will be presented and discussed.
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