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Production and Characterization of Highly Porous Carbides for the SPES
Target
Dr. BIASETTO, Lisa 1; Dr. PRETE, Gianfranco 1; Dr. ANDRIGHETTO, Alberto 1; Prof. ZANONATO, Pierluigi 2; Dr. CARTURAN,

SaraMaria 1

1 LNL-INFN
2 UNIPD

Corresponding Author: lisa.biasetto@lnl.infn.it

The development of targets for RIBs production is a challenging field for material scientists, who are asked to
develop materials possessing tailored properties in order to:
1) produce the isotopes requested by the specific experiment
2) grant for high release efficiency of the produced isotopes
3) long life of the target during bombardment

In addition, the severe operating conditions in terms of high temperature, thermal stresses, nuclear reactions
that occur in the material, make the choice of the appropriate material very tricky.

Within the SPES Project the research in this field is very active and the production of lanthanide, actinide and
metal transition carbides has been driven towards the development of materials capable of satisfying the
above mentioned requests.
Main attention has been directed to the production of carbides with controlled:
1) composition and grain size
2) specific surface area
3) porosity in terms of amount of free volume, available for isotopes effusion.

Different processing routes will be analyzed, so as the their effects on material properties.

Introductions to Posters / 1

Synthesis and Characterization of Carbide Foams for the SPES target
Mr. CORRADETTI, Stefano 1; Dr. BIASETTO, Lisa 1; Dr. CARTURAN, Sara 1; Prof. ZANONATO, Piero 2; Dr. ANDRIGHETTO, Alberto 1

1 INFN-LNL
2 Università di Padova

Corresponding Author: stefano.corradetti@lnl.infn.it

Materials used in targets for RIBs production have to satisfy several requirements, related to their capability
both to produce specific isotopes with high efficiencies and to withstand harsh operating conditions.
Within the SPES group, new carbides with tailored properties are currently studied and developed in order to
maximize isotopes production at extreme conditions.
In particular, lanthanide and transition metal carbide foams possessing a large amount (up to 90%) of open
interconnected porosity have been produced.
Characterization of these foams is made by evaluation of different aspects:
1) Quantity and size of the pores created during the foaming process
2) Type of porosity obtained
3) Effect of porosity on physical properties such as thermal emissivity and gas permeability.
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The Features of Luminol Chemiluminescence in Detection of Trace
Amounts of Actinides in Solutions
IZOSIMOV, Igor 1; GORSHKOV, Nikolai 1; MIKHALEV, Vladimir 1; FIRSIN, Nikolai 1

1 Khlopin Radium Institute

Corresponding Author: izig@mail.ru

A widespread application of tunable lasers to analytical problems gave impetus to development of new
procedures for detection of trace amounts of a substance in various media. A capability to vary the
wavelength of laser radiation allows selective action on atoms and molecules and also their selective
detection. From the practical standpoint, liquids are the most suitable for analysis since atoms and molecules
in liquids are in the area of interaction with laser radiation at all times. The analytical procedures based on
laser spectroscopy as applied to liquids allow determination of valent states of the element and type of
molecule [1].
Plutonium, neptunium and some uranium compounds do not exhibit direct luminescence in solutions and,
hence, conventional procedure with time resolution (TR) of analytical luminescent signal (TRLIF) cannot be
used for their detection in solutions. However, for detection of plutonium, neptunium and uranium the TR
procedure can be used with registration of chemiluminescence of luminol
(5-amino-1,2,3,4-tetrahydro-1,4-phthalazinedione), which arises under the action of OH radicals generated in
solutions by light-excited actinide ions. We used this procedure for detection of actinides in solutions
containing AnO2(2+) ions (An = U, Np, Pu) [2]. In this case, the chemiluminescence kinetics is characterized
by burning up for three microseconds and decay of chemiluminescence with a characteristic time of
approximately two microseconds.
Selective two-step excitation of actinyl-containing complexes by tunable lasers allows detection of actinide
elements from the chemiluminescence of luminol.
For detection of small amounts of actinides it is necessary to exclude a possibility of registration of luminol
luminescence having nature different from chemiluminescence. Therefore, we studied luminol luminescence
in aqueous-alcoholic solutions with various water contents. It was found that with decreasing water content
the intensity of luminescence having chemiluminescence nature decreases; in addition we observed a
luminescence with red-shifted spectrum and kinetics having no burning-up stage typical for
chemiluminescence. It should be noted that this luminescence different from chemiluminescence arises in
single-quantum UV excitation of luminol molecule and can be significantly depressed in two-quantum
excitation induced by radiation with longer wavelength since luminol has no absorption bands in visible
region.
The results of the study allows conclusion that the presence of a burning-up stage with duration of several
microseconds is typical for chemiluminescence in aqueous or aqueous-alcoholic solutions. Luminol
luminescence in alcoholic solutions with a high degree of dehydration is not of chemiluminescence nature and
can be significantly suppressed in two-quantum excitation.
The features of chemiluminescence kinetics in detection of actinides in solutions are discussed.

This work was financially supported by the ISTC (project no. 3694).
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The SPES project at LNL
Dr. ANDRIGHETTO, Alberto 1

1 INFN - Laboratori di Legnaro

Corresponding Author: andrighetto@lnl.infn.it

The SPES project at Laboratori di Legnaro of INFN (Italy) is concentrating on the production of neutron-rich
radioactive nuclei by the Uranium fission at a rate of 10^13 fission/s . The emphasis to neutron-rich isotopes is
justified by the fact that this vast territory has been little explored, at exceptions of some decay and in-beam
spectroscopy following fission.. The Rare Ion Beam (RIB) will be produced by ISOL technique using the proton
induced fission on a Direct Target of UCx.
The most critical element of the SPES project is the Multi-Foil Direct Target. Up to day the proposed target
represents an innovation in term of capability to sustain the primary beam power. The design is carefully
oriented to optimise the radiative cooling taking advantage of the high operating temperature of 2000°C.
The main goal of the proposed facility is to provide an accelerator system to perform forefront research in
nuclear physics by studying nuclei far from stability. The SPES project is concentrating on the production of
neutron-rich radioactive nuclei with mass in the range 80-160. The final energy of the radioactive beams on
target will range from few MeV/u up to 10 MeV/u for A=130 using the exiting ALPI linac as RIB
post-accelerator.
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Actinide Target Use at ATLAS
Mr. GREENE, John 1; Dr. AHMAD, Irshad 1; Dr. JANSSENS, Robert 1

1 Argonne National Laboratory

Corresponding Author: greene@anl.gov

Molecular plating provides an efficient method to prepare sources and targets of actinide elements on thick
and thin backings. These are required for experiments at the Argonne Tandem Linac Accelerator System
(ATLAS) heavy-ion accelerator. Although the technique is simple and fairly reproducible, because of the
radioactive nature of the targets, it is vital to record the various parameters employed during the preparation
process. At Argonne National Laboratory, 200-500 μg/cm2 thick actinide targets were required for Coulomb
Excitation (COULEX) studies involving GAMMASPHERE. These targets were plated on 50 mg/cm2 Au
backings and were subsequently covered by a 200 μg/cm2 Au foil in order to capture any material lost by
sputtering. Targets of 230Th, 237Np, 239, 240, 242, 244Pu, 241Am, 248Cm, and 249Cf were prepared by
dissolving the material in isopropyl alcohol and electroplating the actinide ions by applying a potential of 600
V. The amount of material in the target was determined by alpha particle counting and gamma-ray
spectroscopy. Many laboratories routinely prepare these targets on thick backings using this technique.
However, it becomes more difficult when employing thin backings (i.e. less than 1 mg/cm2). In recent years,
we have plated targets on, for example, thin Ni and carbon backings. The Ni foils, evaporated on a copper
substrate, are purchased commercially. We used these foils to plate 234U. Afterwards we removed the copper
by acid dissolution. In this way 400 µg/cm2 234U targets were prepared on a 200 µg/cm2 Ni backing. Another
application involved preparation of a 100 µg/cm2 243Am target by plating onto a commercially available 75
µg/cm2 carbon film left on its glass substrate for subsequent floating. A column made of Delrin™ was used
which did not produce any scratches on the carbon film surface. Details of the technique as well as future
prospects will be presented.

(Delrin™ is a registered trademark of E. I. du Pont de Nemours and Company)

This work was supported by the U.S. Department of Energy, Office of Nuclear Physics, under Contract No.
DE-AC02-06CH11357
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CACAO, a laboratory for the production and the characterization fo
radioactive thin layers
Dr. BACRI, Charles-Olivier 1

1 CNRS/IN2P3 Institut de Physique Nucléaire

Corresponding Author: bacri@ipno.in2p3.fr

CACAO, Chimie des Actinides et Cibles radioActives à Orsay, is a project of laboratory for the production
and characterization of thin radioactive layers. The project is now launched and almost financed. It should be
fully operational by the end 2010.
Besides the production of targets, CACAO aims to be a node of a kind of network of laboratories dedicated to
find isotopes, but also to strengthen the know-how for the fabrication, and eventually to share installations.

Introductions to Posters / 6

Magnetic anisotropy of a UFe5Al7 single crystal
ANDREEV, Alexander 1

1 Institute of Physics AVCR, Prague

Corresponding Author: a.andreev@seznam.cz

See the andreev_jda10.doc and andreev_jda10.pdf files sent by e-mail.
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Pressure effect on the crystal lattice of unconventional superconductor
UCoGe.
Ms. ADAMSKA, Anna Maria 1; Dr. HAVELA, Ladislav 2; Dr. KIM-NGAN, N.-T.H. 3; Dr. SURBLÉ, Suzy 4; Prof. HEATHMAN, Stephen 4;

Mr. POSPÍŠIL, Jiří 2; Dr. DANIŠ, Stanislav 2

1 AGH University of Science and Technology
2 Charles University
3 Pedagogical University
4 European Commission, Joint Research Center, Institute for Transuranium Elements

Corresponding Author: anna@mag.mff.cuni.cz

Several unconventional superconductors, i.e. those where non-phonon mediated superconductivity is 
considered, can be found among U-based compounds. Such materials occur at the onset of magnetic order, 
and magnetic fluctuations have to be considered as a key ingredient of a pairing mechanism. A recently 
investigated example of such an unconventional compound is UCoGe, reported to be a weak ferromagnet (TC 
= 2.8 K) and superconductor (Tc = 0.8 K) [1]. High-pressure experiments are a useful tool to provide 
information about the relationship of magnetism and superconductivity (SC). UCoGe was found to be easily 
tunable by hydrostatic pressure whereby ferromagnetism is suppressed and vanishes near pc = 1.4 GPa but 
superconductivity is enhanced and survives in the paramagnetic phase up to at least 2.2 GPa [2,3]. In other 
superconducting ferromagnets such as UGe2 or URhGe, SC exist only in a ferromagnetic phase under 
pressure, close to the critical point, and then both ferromagnetism and SC disappear continuously at the 
critical pressure pc [4,5]. 
The sensitivity of magnetic properties to interatomic spacing is also demonstrated in the case of lattice 
expansion stimulated by hydrogen absorption. This expansion, partly controlled by the hydrogen pressure, 
can simulate to some extent a negative pressure. The studies performed on UCoGe indicated a stabilization of 
ferromagnetism with TC shifted up to the vicinity of 50 K for the dihydride UCoGeH2. In this context it was 
surprising to detect the fully reproducible loss of the weak ferromagnetism in UCoGe for the -hydride 
(roughly UCoGeH0.1) with a small but non-negligible volume expansion of 0.25% [6]. As volume contraction 
has to be generally expected for high-pressure experiments, we face the peculiar situation with magnetism 
disappearing with both volume contraction and expansion. Such a paradox brings about the necessity to 
determine the real lattice reaction to applied hydrostatic pressure. 
The structural behaviour of UCoGe with pressure was studied using a diamond anvil cell (DAC) and a 
modified Bruker D8 diffractrometer (Mo-Ka radiation). Experimental data were collected at room temperature 
and pressure increasing gradually up to p = 30 GPa. UCoGe crystallizes in the orthorhombic structure of the 
TiNiSi type (space group Pnma). High-pressure XRD data showed that the TiNiSi type of structure was 
preserved up to the highest applied pressure. A Le Bail analysis of the high pressure diffraction patterns 
yielded data about the pressure variation of the lattice parameters. The quality of the diffraction data was 
insufficient for full Rietveld analysis however, the attempted refinement gave information about interatomic 
uranium distances (dU-U), which decrease under applied pressure. The most apparent fact deduced is that the 
pressure variations of b and c are much weaker than for a. The observed anisotropy of compressibility with 
the a-axis as the soft direction obeys the same rule as in the compounds with the ZrNiAl structure type [7], 
pointing to a profound unifying underlying mechanism for the anisotropy of compressibility. This work also 
illustrates the fact that the hydrogenation-induced volume expansion cannot be mechanically taken as the 
equivalent of “negative” pressure, because the geometry of the expansion can be dramatically different than 
the geometry of compression under hydrostatic pressure. The equilibrium bulk modulus was estimated both 
from the fit of the Birch and Murnaghan equation of state to the relative volume changes V/V0 calculated at 
each pressure -B0 = 1/kV, where kV is the volume compressibility (Figure 1) and the sum of individual 
compressibilites along given lattice directions -B0 = 1/(ka + kb + kc) (Figure 2). Individual compressibilities 
were obtained from a linear fit of the pressure variations of each individual lattice. The equilibrium bulk 
modulus is relatively high (B0 ~ 340 GPa) when compared to the UTX compounds with the ZrNiAl structure 
type [7], but it is in line with results obtained on UTSi-H compounds which form in a structure similar to 
TiNiSi type (B0 = 257 GPa for UPdSiH1.0 [8]). 
 
Fig. 1. Relative volume as a function of pressure for UCoGe. The line represents the fit of the Birch and
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Murnaghan equation. 
 
Fig. 2. Pressure dependence of lattice parameters a, b and c for UCoGe. The lines represent the fits mentioned
in the text. 
 
 
Participation in the European Commission JRC-ITU Actinide User Laboratory program through the support of
the European Community-Access to Research Infrastructures action of the Improving Human Potential
Programme (IHP), contract RITA-CT-2006-026176, is acknowledged. 
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Field-Induced Phase Transitions in UIrGe Probed by Ultrasound
Measurements
Dr. YASIN, Shadi 1; Prof. ANDREEV, Alexander V. 2; Prof. WOSNITZA, Joachim 1; Dr. ZHERLITSYN, Sergei 1

1 Hochfeld-Magnetlabor Dresden, Forschungszentrum Dresden-Rossendorf, Germany
2 Institute of Physics ASCR, Na Slovance 2, 182 21 Prague 8, The Czech Republic

Corresponding Author: yasin@fzd.de

The Uranium ternary intermetallic material UIrGe belongs to the large family of UTX compounds (T =
transition metal and X = Si or Ge) and crystallizes in the orthorhombic TiNiSi-type structure (space group
Pnma) [1]. Its isoelectronic analogs URhGe and UCoGe have recently attracted much attention due to exotic
coexistence of ferromagnetism and super-conductivity [2,3]. Previous high-field magnetization, specific-heat,
and neutron-diffraction studies on a single crystal of UIrGe reveal antiferromagnetic (AF) ordering below TN
= 16 K [4-7]. The AF structure of the U magnetic moments in UIrGe is non-collinear and commensu-rate with
the crystallographic unit cell. The four ordered U moments in the unit cell are strongly reduced (0.36 B/U at
1.8 K) compared to the U3+ or U4+ single-ion moment. UIrGe exhibits a large magnetic anisotropy with the
hard magnetization direction along the a axis. For magnetic fields applied along the b and the c axis, a
metamagnetic transition (MT) to-wards a field-induced ferromagnetic (FIF) phase is observed. At 2 K, the
critical fields Bc of the MTs along the b and the c axis are 21 and 14 T, respectively.
In the present work, we report results on the sound velocity v and sound attenuation  as a function of
temperature and magnetic field in UIrGe. The UIrGe single crystal (grown in a tri-arc furnace by use of the
Czochralski method) studied in the present experiment is the same crystal used previously for magnetic
measurements [5,6]. The ultrasound measurements were performed using the pulse-echo technique [8] at a
frequency of 62 MHz. A pair of piezoelec-tric film transducers were glued to prepolished flat and parallel faces
normal to the b axis. The absolute value of the sound velocity in zero magnetic field was extracted from the
“echo train” of the ultrasonic signal and is found to be equal to 4250 m/s at 4.2 K. The temperature and
magnetic field dependences of the acoustic characteristics were measured in static field (up to 18 T) applied
along the c axis. Since the transition field along the b axis exceeds the available steady-field value, the field
dependence in this direction was measured in pulsed fields up to 32 T at 4.2 K.
The field- and temperature-dependent changes of the acoustic properties normalized to the values at 4.2 K and
zero magnetic field are presented in Figs. 1-4. Figure 1 shows the tem-perature dependence of the longitudinal
sound velocity along the b axis vbb in zero field and 12 T applied along the c axis (both the wave vector k and
the sound-polarization vector u are parallel to the b axis). The sound velocity in zero field displays a step-like
anomaly of the or-der of 110-4 at TN = 16 K. At 12 T, an anomaly, that is by more than one order larger,
appears at lower temperatures (10.4 K). This is caused by the transition to the FIF state above the
metamagnetic transition. As seen in Fig. 2, the metamagnetic transition for fields applied along the c-axis is
accompanied by a lattice softening with a sound-velocity change of about 1.510-3. A similar effect is
observed at the metamagnetic transition for fields applied along the b axis as well (Fig. 3). Thus, the
metamagnetic transitions affect the sound velocity much stronger than the spontaneous antiferromagnetic
ordering. Regarding the sound attenuation, the metamagnetic transition manifests itself by a strong additional
dissipation (Fig. 4; a simi-lar effect is observed for fields applied along the c axis).
We will discuss the observed magnetoelastic effects in conjunction with magnetization and specific-heat
results reported earlier [5,6].
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Investigation of uranium-colloid interactions in soil by dual Capillary
Electrophoresis / Field-Flow Fractionation hyphenated with Inductively
Coupled Plasma-Mass Spectrometry.
Mrs. CLAVERANNE-LAMOLÈRE, Céline 1; Dr. AUPIAIS, Jean 2; Prof. LESPES, Gaëtane 3; Dr. PILI, Eric 2; Mr. POINTURIER, Fabien 2;

Prof. POTIN-GAUTIER, Martine 3

1 IPREM/LCABIE and CEA-DAM-DIF
2 CEA-DAM-DIF
3 IPREM/LCABIE

Corresponding Author: celine.claveranne-lamolere@etud.univ-pau.fr

Uranium is an actinide which naturally occurs in the environment. Its applications (civilian nuclear industry,
agriculture, military applications, etc…) have induced an anthropogenic contamination, particularly in soils.
So it is essential to know conditions and understand mechanisms of its transport. According to IUPAC,
colloids refer to molecules or polymolecular particles which have in one direction a dimension roughly
between 1 nm and 1 µm. In some cases, colloids are assumed to be responsible for the actinide transport
thanks to a strong chelating capacity and an important specific surface [(1), (2)]. Despite a great deal of
scientific interest [(3), (4), (5), (6), (7)], much information remains unknown.

The aim of this work was to investigate uranium-colloid interactions thanks to CE-ICP-MS coupling. For this,
the more mobile fraction of a soil obtained after leaching experiments was studied. In the different samples
analysed, colloids were in balance with uranium. By varying the pH and media, the variations of affinity with
surface sites were studied. The specific objective was to observe what could be the influence of these factors
on the present uranium colloidal species. Indeed, on the site studied site, pH variation is expected between
slightly acidic rain water and alkaline chalk soil. To complete the colloidal characterization (nature and size),
Asymmetrical Flow Field-Flow Fractionation (As-Fl-FFF)-multi-detection (UV, Multi-Angle Laser-Light
Scattering (MALLS) and ICP-MS) was used.

References
[1] K.V. Ticknor et al., Applied Geochemistry 11 (1996) 555-565
[2] V. Moulin and C. Moulin, Applied Geochemistry10 (1995) 573-580
[3] A.B. Kersting et al., Nature 39717 (1999) 56-59
[4] M. Dai et al., Environmental Science and Technology 36 (2002) 3690-3699
[5] M.Dai et al., Journal of Environmental Radioactivity 53 (2001) 9-25
[6] L. Chunli et al., Radiochimica Acta 89 (2001) 387-391
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High-pressure hydrogen doping into the UTGe compounds.
Ms. ADAMSKA, Anna Maria 1; Dr. HAVELA, Ladialv 2; Mr. POSPÍŠIL, Jiří 2; Dr. KIM-NGAN, N.-T.H. 3

1 AGH University of Science and Technology
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Corresponding Author: anna@mag.mff.cuni.cz

Hydrogenation is a powerful tool capable of changing both crystal structure and magnetic properties of 
intermetallic compounds. The hydrogen absorption of UTSi compounds (T = Co, Pd, Ni) compounds obtained 
by direct synthesis from intermetallic precursors at high H2 pressure (pH2 > 100 bar) leads to a notable lattice 
expansion and an increase of respective magnetic ordering temperatures [1,2]. This opens even better 
possibility for fine tuning of magnetism by H doping in UTGe compounds, replacing Si by larger Ge. The 
effect of hydrogenation is already known for U(Fe,Rh)Ge compounds [3]. In the present work, the 
hydrogenation was performed for UTGe series with T = Rh, Pd, Ir and Ni by applying the highest hydrogen 
pressure (pH2 ~60 bar) and temperature cycling up to T = 773 K. Most of the UTGe compounds crystallize in 
the orthorhombic TiNiSi-type of structure (space group Pnma). In the case of a-hydride of URhGe obtained at 
slightly lower pressure, the crystal structure remains orthorhombic with the volume expansion of 1.0 %. The 
value of TC was difficult to determine due to apparent inhomogeneity of the system. However, one can say 
that TC extends to substantially higher values than for URhGe (9 K) [3]. By applying the highest pH2 we 
obtained another a-hydride of URhGe with 0.3 H/f.u. and the volume expansion of 1.3 %. Unlike URHGeH0.1, 
URhGeH0.3 is magnetically homogeneous, the value of TC of 17 K was determined from the Arrott plot (Fig. 
1.). The spontaneous magnetization increases from 0.14 mB/U-atom for the parent compound to 0.34 
mB/U-atom for the hydride (both fixed powder data) at T = 2 K. 
 
 
Fig. 1. Arrott plot for URhGeH0.3. 
 
The hydrogenation of UPdGe and UIrGe at pH2 ~ 160 bar causes the volume expansion of 0.5 % and 0.7 %, 
respectively, preserving the TiNiSi type of structure. The pure UPdGe undergoes two phase transitions 
FM–AFM–PM with the phase transitions at TC ~ 30 K and TN ~ 50 K. Hydrogen absorption in UPdGe does 
not change TN, but it leads to a suppression of TC down to 26 K (Fig. 2.). In the case of UIrGe, we observe the 
antiferromagnetic ground state (TN ~ 16 K) [4] transformed into ferromagnetic one in the a-hydride 
(UIrGeH0.1). Such a transition was revealed by a well-pronounced but broad peak of ac susceptibility with 
maximum around 30 K (Fig. 2.). The spontaneous magnetization corresponds to 0.29 mB/U-atom. The onset of 
ferromagnetism can be assumed around 40 K, but the system looks magnetically inhomogeneous. A 
single-phase hydride of UNiGe with high H occupancy (1.2 H atoms per formula unit) was synthesized at the 
highest H2 pressure. After hydrogenation the orthorhombic symmetry of the parent compound is lifted to 
hexagonal (ZrBeSi-type) and the unit cell volume expands by 7.6 %. UNiGe exhibits two antiferromagnetic 
phase transition, one below below TN ~ 42-44 K and the second one just below 50 K [4], whereas UNiGeH1.2 
is a ferromagnet with TC below 100 K (Fig. 3.) and the spontaneous magnetization around 0.40 mB/U-atom. 
The results of the crystal structure refinement and the fitting parameters of the modified Curie-Weiss law for 
UTGe and its hydrides are given in Table 1. 
 
Fig. 2. ac susceptibility- ac(T) (real and imaginary part) for UPdGe, UPdGeH0.1 and UIrGeH0.1. 
 
Fig. 3. Temperature dependence of the magnetic susceptibility for UNiGe and its hydride measured in moH = 
2 T. 
 
Table 1. Comparison of crystal structure and magnetic susceptibility parameters of UTGe and its hydrides. 
 
It gives lattice parameters a, b, and c, volume per formula unit, relative increase of volume with respect to 
UTGe (DV/V), inter-uranium spacing dU-U, the ordering Curie temperature TC and parameters of the fit of 
the susceptibility in the modified Curie-Weiss regime (high T): effective moments meff, paramagnetic Curie 
temperature Op, and the T-independent term . *- data from Ref. [4].
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Quadrupolar interactions in UPd3 observed by inelastic neutron
scattering
Dr. LE, Manh Duc 1; Prof. MCEWEN, Keith A 2; Dr. BEWLEY, Robert I 3; Dr. GUIDI, Tatiana 3
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UPd3 is a rare example of a compound where the low temperature ordered phase involves the alignment of
electric quadrupoles of the f-electrons on neighbouring ionic sites, rather than their magnetic dipole moments.
We show inelastic neutron spectra of the dispersion of crystal field excitations in UPd3, which are consistent
with RPA calculations assuming quadrupolar exchange interactions between the f-electrons on the hexagonal
U4+ sites.

Introductions to Posters / 12

Electrical properties of (Pu,Lu)Pd3
Dr. LE, Manh Duc 1; Prof. MCEWEN, Keith A 2; Dr. COLINEAU, Eric 3; Dr. GRIVEAU, Jean-Christophe 3; Dr. ELOIRDI, Rachel 3

1 Helmholtz Zentrum Berlin für Materialen und Energie
2 University College London
3 European Commission, JRC, Institute for Transuranium Elements

Corresponding Author: duc.le@helmholtz-berlin.de

We present the resistivity and Hall coefficient of the heavy fermion compound PuPd3 and its solid solution
with LuPd3. A simple crystal field model of conduction s-electrons scattering off local f-electron moment was
found to describe the low temperature behavior of the resistivity. This model suggests that the s-f exchange
interaction as well as the inter f-electron interactions decrease with increasing Lu doping. The high
temperature resistivity shows Kondo behaviour up to 50% doping.

Introductions to Posters / 13

On the existence of cerium (IV) orthophosphate, ‘Ce3(PO4)4’
Mr. BORHAN, Adrian 1; Mr. APETRACHIOAIEI, Bogdan 1; Prof. POPA, Karin 1

1 “Al.I. Cuza” University, Faculty of Chemistry, 11 - Carol I Blvd., 700506 - Iaşi, Romania

Corresponding Author: kpopa@uaic.ro

The present study is aimed to elucidate the existence of the ceric orthophosphate by synthesis and
characterization of ‘Ce3(PO4)4’ and CePO4. The results obtained indicate a mixed valence in both phosphates
obtained, corresponding to nonstoichiometric compounds of cerium in an intermediate oxidation state (molar
ratios P/Ce of 1.06 to 1.18). Based on the results obtained, the existence of other ceric phosphates synthesized
at high temperatures is discussed.
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Thermodynamic study of the molten salt fast reactor fuel
Dr. BENES, Ondrej 1; Mr. BEILMANN, Marcus 1; Dr. KONINGS, Rudy 2

1 EC-JRC-ITU
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The Molten Salt Reactor (MSR) is one of the six reactor concepts of the Generation IV (GenIV) initiative. In
this concept the fissile material (233U, 235U and 239Pu) is dissolved in the molten fluoride matrix circulating
in the primary circuit from the reactor core to the heat exchanger and back. Compared to solid fuel reactors,
the advantage of the MSR is the possibility of fuel purification during the operation. Since the salt is in the
liquid form it can be extracted, either online or in batches, and cleaned from the fission products in chemical
re-processing plant. This process increases the effectiveness of the reactor because most of the fission products
cause parasitic neutron capture and their accumulation would slow down the chain reaction.
Currently there are two main approaches of the MSR. The first are moderated and non-moderated breeder
reactors based on the 232Th/233U cycle, for which respectively 7LiF–BeF2 and 7LiF are considered as an ideal
matrix due to the very low parasitic neutron capture cross section of given cations. When designed as an
actinide burner the fuel will be most likely PuF3 with possibly small addition of minor actinide tri- or
tetra-fluorides (AmF3, NpF4, …). To achieve a favourable melting temperature of the fuel, the matrix based on
the 7LiF–NaF–BeF2 system is the prime candidate.
In this study we perform a thermodynamic investigation of the LiF-NaF-UF4-ThF4 system in order to optimize
the fuel composition of the molten salt fast reactor (MSFR) concept [1]. First the binary sub-systems are
assessed based on the available experimental data and based on these results the higher order systems are
extrapolated according to the developed mathematical formalisms. This approach was shown as a very strong
tool of predicting the fuel behaviour as demonstrated in previous studies [2,3,4]. Furthermore once the
thermodynamic database is developed properties such as melting temperature, vapour pressure or solubility of
actinide fluorides in the fuel matrix can be calculated. All of these properties are very important quantities for
the nuclear reactor design; hence the knowledge of the thermodynamic database is of importance.
The initial matrix of the molten salt fast reactor is based only on the pure 7LiF compound, however as shown
in this study the melting temperature of the fuel based only on a single component solvent is rather high,
around 840 K. This is also the main reason that the designed inlet temperature of this reactor concept is set
relatively high at 903 K. One of the possible solutions to decrease the melting temperature of the fuel is to add
another matrix component. Therefore one of the objectives of this work was to investigate the effect of the
NaF addition as another possible component in the fuel solvent. It has been found that such addition has
significant influence on the melting behaviour decreasing the melting point of the fuel by more than 50 K.
This is reported in Figure 1 which shows a liquidus projection of the LiF-NaF-ThF4 pseudoternary system with
a concentration of UF4 fixed at 2 mol% which corresponds to the initial concentration of this fissile material in
the MSFR. The calculated lowest melting temperature was found at 772.6 K and ThF4 concentration of 22
mol%. This value is in agreement with the proposed concentration of this fertile material in the MSFR.

40èmes Journées des Actinides &amp; 2nd Workshop on Actinide Targets / Book of abstracts

12 



Theory and Spectroscopy II / 15

Electronic structure theory of Pu-based alloys and compounds: Pu-Am,
Pu-Ce-alloys and PuCoGa5
Dr. KOLORENC, Jindrich 1; Prof. HAVELA, Ladislav 2; Dr. SHICK, Alexander 3

1 Institute of Physics ASCR, Prague and University of Hamburg
2 Charles University, Prague
3 Institute of Physics ASCR, Prague
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In the present work, we study the electron correlation effects in the electronic structure and spectra of Pu-Am,
Pu-Ce alloys and PuCoGa5. We make use of the “local density matrix” approximation (LDMA) to DMFT, that
combines the Hubbard-I approximation with the full-potential linearized augmented plane wave (FP-LAPW)
method , including self-consistency over the charge density. Calculated PE spectra and electronic specific
heatcoefficient are in good agreement with avaliable experimental data.

Theory and Spectroscopy I / 16

Electronic structure and ionicity of actinide oxides from first principles
Dr. PETIT, Leon 1; Prof. SVANE, Axel 2; Dr. SZOTEK, Zdzislawa 1; Prof. TEMMERMAN, Walter 1; Dr. STOCKS, Malcolm 3
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The ground-state electronic structures of the actinide oxides AO, A2O3, and AO2
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Bulk properties of the ζ-U-Pu phase
HAVELA, Ladislav 1; ADAMSKA, Anna 1; ELOIRDI, Rachel 2; BOUEXIERE, Daniel 2; COLINEAU, Eric 2; GRIVEAU, Jean-Christophe 2;

SHICK, Alexander 3

1 Charles University Prague
2 ITU Karlsruhe
3 Institute of Physics, Prague

Corresponding Author: havela@mag.mff.cuni.cz

In the U-Pu phase diagram a mysterious ζ-U-Pu phase exists over a large composition range (35-70 % U). This
cubic (rhombohedrally distorted) phase has 10 different crystallographic positions, randomly occupied by U
and Pu. When compared with other Pu allotropic phases, its volume density of 18.55 g/cm3 fits about half way
between a-(19.92 g/cm3 ) and b-Pu (17.70 g/cm3).This value is much smaller than the d-Pu and presents clear
interesting features. Indeed recent theoretical analyses suggest that this is not the volume density but the 5f
occupancy, which decides about the type of ground state in Pu system. Besides fundamental purposes, related
mostly to a realistic description of Pu-based systems, the ζ-phase is an important part of potential future metal
nuclear fuels.
Here we report on basic properties at low temperature of samples presenting ζ-U-Pu phase. Two samples with
concentrations U59Pu41 and U41Pu59 were synthesized by arc melting and annealing. XRD revealed the
proper cubic structure with space group Pm-3m (the small rhombohedral distortion with angle a 89.7 deg was
not considered during the refinement) with a small trace of UO2. The lattice parameters U41Pu59: a =
10.664(2) Å, U59Pu41: a = 10.661(1) Å are close to values reported in literature.
The samples have been studied by magnetic and specific heat studies using a SQUID magnetometer (MPMS-7)
and a PPMS-9 T. Both concentrations turned out to be weak paramagnets. In this case the correction for the
sample holder becomes important, representing more than 10 % of the samples susceptibility. The obtained
data exhibit only a very weak T-dependence that could not be analysed in terms of a modified Curie-Weiss
law. The examination of absolute values reveals, that compared to the values of Pu phases or a-U, both U-Pu
samples present higher susceptibility. At room temperature, one obtains 8.0x10-9 m3/mol for U0.41Pu0.59 and
7.3x10-9 m3/mol for U0.59Pu0.41 while one gets 8.5x10-8 m3/mol and 7.7x10-8 m3/mol respectively in a broad
weak maximum below T = 50 K. This is clearly higher than for a-U (4.8x10-9 m3/mol) or for a-Pu (6.7x10-9
m3/mol). Nevertheless, this enhancement can not be assimilated to magnetism. A tentative analysis of the
contribution of Pu to susceptibility leads to assume that the contribution to susceptibility of U corresponds to
that of a respective fraction U in the sample. It has been shown that in PES spectra, the character of Pu-5f
states does not change significantly from the situation of a-U. Assuming that the U contribution corresponds
to that of the same amount of a-U, we obtain 1.02x10-8 m3/mol Pu for U0.59Pu0.41 and 1.09x10-8 m3/mol Pu
for U0.59Pu0.41. These results suggest that the relative contribution of Pu may in fact increase if Pu is more
diluted. One should notice that such susceptibility values per Pu are in the ζ-U-Pu phase higher that e.g. in
d-Pu stabilized by various dopants or even substantially expanded by Am doping.
The heat capacity measurements reveal that the Debye temperatures are slightly higher that for d-Pu alloys
(100 K) while the Sommerfeld coefficient of electronic specific heat g is lower than that for d-Pu. Comparing
the two U-Pu alloys, the higher Pu concentration has the higher g-value and lower Debye temperature. The
actual g-values amount to 23 mJ/mol K2 for U0.59Pu0.41 and 35 mJ/mol K2 for U0.59Pu0.41. The respective
values of Debye T (153 K and 142 K) are close to the value given for a-Pu. Estimating the contribution of Pu
into the g-value of the alloy, we can follow the same procedure used for susceptibility, i.e. assuming the
fictitious U contribution equal to appropriate amount of a-U (g taken as 9 mJ/mol K2 for a-U). The values
obtained by this way (42 mJ/mol Pu K2 for U0.59Pu0.41 and 53 mJ/mol Pu K2 for U0.59Pu0.41) are in the range
of the valued reported for d-Pu, i.e. much enhanced comparing to 17 mJ/mol K2 for a-Pu. The results will be
discussed in the framework of LDA+U and LDA+Hubbard I calculations.
Neither hint of superconductivity nor any phase transition has been observed on U0.59Pu0.41 by heat
capacity. Despite the use of a 3He insert and the very small mass of our sample (350 mg), self heating power of
239Pu has prevented us to cool our material below 2K.
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The co-precipitation of tetravalent actinides as an oxalate single phase is currently considered as a promising
option to improve the homogeneity as well as the sinterability of mixed oxides fuels envisaged in several
concepts of Gen-IV nuclear reactors [ ]. Even if actinides oxalates are studied since several decades in this
purpose, some uncertainties remain about the associated crystallographic data. In this frame, the crystal
structure of Th1 xUx(C2O4)2 • 2H2O solid solutions was first elucidated at room temperature. While these
compounds are usually reported as orthorhombic [ , ], all the samples studied during this study were found to
crystallize at ambient temperature with a monoclinic (pseudo-orthorhombic) lattice (space group C 2/c). The
structure determined from twinned single crystals consists in a two-dimensional metal organic framework
formed by metallic centers connected through bis-bidentate oxalate ions (fig. 1a). The stability is then ensured
through two kinds of hydrogen bonds achieved with the coordinated water molecules (fig. 1b).

Fig. 1. Projection along a axis Th1 xUx(C2O4)2, 2H2O metal-organic framework (a) and scheme of hydrogen
bonding between the layers (b).

The variation of unit cell parameters versus the thorium substitution rate showed that only the c axis was
significantly modified while the  angle was found to tend to 90° when increasing the uranium amount in the
sample. This slight structural variation observed between thorium and uranium(IV) end-members was also
evidenced through -Raman spectroscopy analysis since the double band associated to the S(C-O) vibration
(around 1470-1490 cm-1) was found to be highly sensitive to the cationic environment.
In a second step, in situ HT-XRD and HT-Raman experiments allowed to point out a phase transition leading
to an orthorhombic variety of Th1-xUx(C2O4)2 • 2H2O solid solutions. The structure was solved for x = 0.5
from single crystal data collected at 90°C in the space group Ccca. The transformation mainly consists in a
rearrangement of the oxalate entities leading to a unique carbon site and a reduction from 4 to 2 oxygen
atomic positions. In this form, all the hydrogen bonds became equivalent. Moreover, the
ferroelastic-paraelastic type transition between the monoclinic and orthorhombic forms is accompanied by
few differences in the structural arrangement and the reverse transition led to systematically twinned crystals.
Finally, -Raman spectrometry allowed to point out the phase transition through the observation of the
S(C-O) vibration bands, that turned as a single band due to the symmetrisation of the oxalate group (fig. 2).
This study also led to determine the temperature of transition which was found to decrease linearly with the
increase of uranium amount in the solid, leading to a strong difference between thorium (around 116°C) and
uranium (IV) (42°C) end-members.

Fig. 2. Variation of the in situ HT-Raman spectrum through the monoclinic  orthorhombic transition of Th1
xUx(C2O4)2, 2H2O solid solutions.

References
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The actinide compounds AnX3, where X is an element from Group IIIA or IVA, crystallize in the cubic AuCu3 
structure. They are characterized by an actinide-actinide interatomic distance far above the Hill limit, 
therefore 5f–ligand hybridization is the main mechanism responsible for the delocalization of the 5f electrons. 
The systematic of this hybridization has been well demonstrated for the UX3 compounds, which either do not 
order magnetically (X=Al, Si, Ge, Sn) or exhibit antiferromagnetism (X=Ga, In, Tl, Pb). It was concluded that 
the 5f–ligand hybridization increases as one moves up a column of the Periodic Table or moves from a Group 
IIIA element to a Group IVA element [1,2]. 
Although data on corresponding Np intermetallics are much less documented, a similar trend was noticed. 
However, it is clear that the Np-based compounds are more “magnetic” than their uranium analogues, which 
is consistent with the general picture that the hybridization decreases as one substitutes a heavier actinide. 
Indeed, all NpX3 compounds (X=Al, Ga, In, Sn) order magnetically at the exception of NpGe3 and NpSi3 
[3,4,5]. 
 
Several UX3 systems (X=Al, Ga, In, Sn, Pb) present enhanced specific heat at low temperature, in particular 
USn3 ( = 170 mJ mol-1 K-2) and UPb3 ( = 110 mJ mol-1 K-2). In the neptunium analogues, only NpSn3 ( = 
88 mJ mol-1 K-2), NpIn3 ( = 72 mJ mol-1 K-2) and NpGe3 ( = 34 mJ mol-1 K-2) have been investigated [6]. 
 
In the present study, we focus on the specific heat properties of NpGa3. It is worth noticing that UGa3 is the 
only UX3 compound considered to be itinerant that displays magnetic order [2]. NpGa3 exhibits 
antiferromagnetic ordering (k = (½ ½ ½)) below TN65K, but ferromagnetic order with an ordered moment 
Np1.5B is stabilized below TC50K [7]. The high pressure behavior of NpGa3 indicates a weak 
delocalization of the 5f electrons [8]. 
 
Figure 1 shows the temperature dependence of the specific heat in NpGa3. The room-temperature value 
corresponds to the Dulong-Petit limit (100 J mol-1 K-2). Going down in temperature, we observe a 
lambda-type anomaly at 66K that corresponds to the onset of antiferromagnetic ordering. At 51K, an intense 
and narrow peak emerges from the curve, indicating the magnetic phase transition from antiferromagnetism 
to ferromagnetism. This sharp peak reveals the first-order nature of the transition, as previously pointed out 
by the thermal variation of the magnetic moment measured by Mössbauer spectroscopy and neutron 
diffraction [7]. At low-temperature, the extraction of the electronic specific heat is delicate, due to the 
magnetic contribution and the presence of an upturn, but the Sommerfeld coefficient can be roughly estimated 
to ~ 40 mJ mol-1 K-2, which is smaller than the  values reported for the other ordered NpX3 compounds and 
for UGa3 . This observation is consistent with the narrow-band picture suggested by high-pressure 
experiments [8]. 
Experiments in magnetic fields up to 14T have also been performed and will be presented. The 
antiferromagnetic phase is destroyed above 4T. The magnetic phase diagram was precisely rebuilt and 
essentially confirms the previously established one. 
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The understanding of dissolution processes of actinides dioxides has become essential for the optimization of
reprocessing operations associated to the back-end of nuclear fuel cycle. As several GenIV reactor concepts
plan to operate the simultaneous reprocessing of majors and minors actinides (such as AmIII and CmIII) in
new fuel elements, we focused a study on the influence of the incorporation of a trivalent lanthanide cation
(NdIII or ErIII) in fluorite-type matrix CeIVO2, as model compounds before forthcoming work based on
AnIV-LnIII oxides.
In this aim, several mixed-oxides were synthesized using an initial oxalic co-precipitation of the cations in
order to maximize the homogeneity of the final compounds, obtained after heat treatment at 1000°C. From a
structural point of view, the substitution of CeIV by LnIII appears to be accompanied by the formation of
oxygen vacancies, in good agreement with literature data [1]. From XRD study of CeIV1-xLnxIIIO2-x/2 mixed
dioxides, fluorite structure (Fm3m) remains stable up to about x = 0.4. For higher x values a cubic
superstructure (Ia-3) appeared, resulting of rearrangement of oxygen vacancies. Finally, for
CeIV0.25NdIII0.75O1.625 and upper x values, formation of additional hexagonal Ln2O3 (space group P3mm)
was observed.
Dissolution experiments of dioxides compounds were then undertaken in 4M HNO3. Small amounts of
solution were regularly uptaken and cations concentrations were measured by ICP-AES. Fig. 1 reports the
evolution of normalized weight loss of Cerium (NL,Ce) for several CeIV1-xNdxIIIO2-x/2 samples. The
associated initial dissolution rates (RL,i) determined from this results and reported in fig. 2 clearly showed that
the trivalent cations fraction (and therefore the oxygen vacancies) strongly enhance the dissolution rate.
Conversely, the crystalline structure-type does not seem to have any significant influence on the dissolution
rate.

Environmental SEM and BET studies were then undertaken on several samples to follow the variation of the
samples morphology throughout the dissolution process. We observed in the first times of the dissolution a
strong increase of the specific surface area, correlated to the breakaway of nanometric crystalites (fig. 3,
3days). For longer leaching times, the formation of a gelatinous layer was systematically observed and could
be linked to the decrease of dissolution rate after few hours.

Similar experiments were carried on sintered pellets (t = 10 hours, T = 1400°C)
(fig. 4). The material appeared preferentially altered 1) through the creation of corrosion pits randomly
dispersed onto grains surface, 2) along grain boundaries, which also causes surface grains break away, and 3)
by an alteration of the grains surface only observable after 60 hours for this example. Thereby, it seems that
there is not only one preferential site or mechanism of dissolution in sintered compounds since the material is
more rapidly dissolved from the alteration of grain boundaries and surface local defects.
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A central issue in the investigation of various properties of actinide systems is the nature of the 5f electrons in
different systems. Many of the unusual properties found specifically in uranium (U) compounds are thought to
be related to the delocalization of the partially filled U 5f electron states and their hybridization with the U
6d-7s states. However, due to the complexity of the physics involved, a complete understanding of the
electronic structure of actinides has not yet been achieved.
An element-selective probe of the electronic structure is provided by inner-shell X-ray spectroscopy.
Especially, hard X-ray spectroscopy is the ideal candidate for the actinide systems, since it does not require
the high-vacuum environment around the sample. For the moment, the X-ray absorption near edge
spectroscopy (XANES) at the L3 edge of U (~17.166 keV) has been the most commonly reported. Nevertheless,
the large lifetime broadening at the 2p level (~7.4 eV for U) renders the technique little sensitive to the
electronic structure. Hämäläinen and co-workers [1-2] showed that the L3 edge of lanthanides can be studied
in considerably more details as compared to standard absorption spectroscopy by employing an X-ray
emission spectrometer with an instrumental energy resolution similar to the core hole lifetime broadening.
We have studied the electronic structure of U systems in different oxidation states by means of resonant
inelastic X-ray scattering (RIXS) via transitions between core levels and between core and valence levels at U
L3 edge. The pre-edge structure near the main L3 edge is clearly resolved in U L3 XANES spectra with a help
of X-ray emission spectrometer. The general model for interpreting pre-edges of lanthanides is to consider
them as quadrupole transitions into the empty f states. In order to analyze the possible existence of
quadrupole transitions of U compounds we carried out FDMNES [3] calculations for the different U systems.
Crystal field splitting of the U 6d states were observed in valence band RIXS spectra for UO2 system and
reproduced theoretically using LDA+ U [4] approximation.
On the other hand, the f shell can be directly probed via dipole transitions from 3d core levels (U M4,5
absorption edge). RIXS spectroscopy has also been used to record changes of the oxidation state in the U
systems, by directly observing f-f interactions at U M5 egde. The experimental results are supported by the
atomic multiplet calculations[5]. The f-f transitions uniquely identify the ground state configuration of the
uranium ion and can therefore provide an indication of the valence state of U in different complex materials.
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The reprocessing of actinides from nuclear spent fuel into new fuel elements has emerged to economise 
uranium resources, reduce long-term radiotoxicity of waste and increase resistance of plutonium to 
proliferation. Such a strategy, initiated with the recycling of uranium and plutonium into MOX fuel obtained 
through dry chemistry processes, could be improved by the initial co-precipitation of cations into 
low-temperature precursors such as oxalates. The final compounds are then expected to present a greater 
homogeneity in term of cations repartition as well as an improved microstructure. In this context, it appears 
important to evaluate the consequences of these changes over dissolution processes. 
 
Particularly, this study aims to highlight the relationships between the crystallization state and the 
microstructure of dioxide materials and their ability to dissolve since several studies already shown that 
parameters such as density, porosity, grain size or density of grain boundaries could have a significant impact 
on dissolution rates [ , ]. As a first approach before the preparation of actinides mixed dioxides, model 
compounds with general formula Ce1-xNdxO2 were synthesized from oxalic co-precipitation then fired to 
obtain the corresponding oxides (300°C < T < 1100°C) 
 
 
Fig 1: XRD patterns of CeO2 versus temperature of heat treatment in air. 
 
Fig 2: Variation of the FWHM versus the temperature 
 
 
Above 300°C, the XRD patterns show the characteristic diffraction lines of the face-centered cubic structure of 
fluorite-type CeO2 (space group Fm3m). The variation of the crystallization state of cerium dioxide with the 
heat treatment was evidenced through the average full width at half maximum (Fig 2). 
 
. 
 
In a first step, average FWHM decreases strongly between 300°C to 700°C, and then stabilized up to 1100°C. 
The crystallization of the cerium dioxide seems optimal from 700°C. 
 
The dissolution of these solids was then studied in 2M HNO3 at 60°C. Whatever the temperature of the heat 
treatment, the variation of the normalized weight loss (NL) show two distinct tendencies. On the one hand, 
the evolution of the normalized mass loss is linear during the first days. On the other hand, after about 8 days 
of leaching, the normalized dissolution rate, Rt, decreases by an order of magnitude over R0. This result could 
be explained by the formation of a amorphous gelatinous layer at the surface of the solid. The variation of 
normalized dissolution rates R0 and Rt was then studied versus the temperature of the heat treatment (fig 3). 
 
a) b)
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Fig 3: Variation of R0 (a) and Rt (b), versus heat treatment 
 
 
The initial dissolution rate decreases inversely with temperature. This result is in good agreement with the
variation of the full width at half maximum of diffraction peaks. Moreover the ratio and appear nearly equal,
which tends to indicate that FWHM is a good indicator to evaluate the influence of crystallization state.
Conversely, the Rt value was not found to be sensitive to crystallisation state. This result could be correlated
to the presence of the gel which annihilates the influence of crystallization state. 
Studies are now currently underway on sintered pellets to highlight the relationships between the
microstructure of dioxide materials and their dissolution.
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Uranium dioxide UO2 is the standard nuclear fuel used in current pressurized water reactors. The description
of this oxide by first-principles calculations remains challenging because of the peculiar properties of the
uranium 5f electrons which do not allow the standard LDA or GGA functionals to accurately reproduce its
electronic properties.
In this study, we use the DFT+U approximation to take into account the strong correlations among 5f
electrons and we first investigate the stability of the Jahn-Teller distortion in UO2 seen experimentally at low
temperature. We also study the relative stability of the collinear (1k) and the noncollinear (3k)
antiferromagnetic orders, taking into account the spin-orbit coupling.
Second, in order to better understand the behavior of uranium dioxide under irradiation, we investigate the
stability and migration mechanisms of point defects, in particular oxygen defects, whose excess governs
radiation tolerance, as well as fission product accommodation and release. Activation energies for oxygen
self-diffusion have already been measured and reported in the literature, but still little is known about
migration mechanisms. We therefore determine the formation energies of the oxygen single interstitial and
vacancy in UO2, and we compare the results obtained in the fluorite structure with those in the Jahn-Teller
distorted structure. We finally calculate migration energies for these defects using the Nudged Elastic Band
method. We investigate simple migration pathways, such as the interstitialcy mechanism for the single
interstitial, as well as diffusion along the [100] and [110] directions for the single vacancy.
Using formation and migration energies calculated, we determine the activation energies for oxygen diffusion
in UO2 and compare our results with recent DFT+U results, as well as with new experimental values
determined by electrical conductivity measurements.
In order to prevent the system from reaching metastable states created by the DFT+U approximation, all
calculations are carried out using an efficient scheme based on the control of uranium 5f occupation matrices.
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Actinides silicates, including coffinite (USiO4), and derived mineral phases obtained either by cationic or
anionic substitutions have been widely studied from various points of view (chemistry, geology,
radioecotoxicology). Even if some recent studies led to a reproducible method of preparation for synthetic
coffinite samples, this family of compounds remains poorly described in terms of crystal structure. Moreover,
in the way of an underground radwaste repository, the degradation of the confining barriers during an
accidental situation could induce alteration phenomena. In such conditions, the interaction between actinides
and the environment could lead to thermodynamic equilibrium controlling the concentration of actinides in
solution, especially through the precipitation of neoformed phases such as coffinite and associated solid
solutions. This study thus aims to investigate the formation of actinides bearing silicates, then to collect
associated thermodynamic data, including solubility constants.
Several silicates of the zircon group MIVSiO4 (MIV = Zr, Hf, Ce, Si, Th, U) were then synthesized by both dry
and wet chemistry methods. On the one hand, ZrSiO4 and HfSiO4 were obtained by mixing stoichiometric
quantities of respectively ZrO2 and HfO2 with amorphous SiO2 (silica gel). The powdered mixtures were
shaped into pellets and heated up to 1400° C for 24 hours. The pellets were then ground and analyzed by XRD
(Fig. 1). The diffraction patterns revealed the formation of the silicate phases, respectively zircon and hafnon
at 1400° C. Nevertheless, weak XRD lines of cubic MO2 were systematically observed and confirmed the
formation of additional secondary phase.

Fig. 1 XRD powder pattern for the ZrSiO4 (left ) and HfSiO4 (right) samples.

On the other hand, the main protocol for wet syntheses of the silicates deals with the hydrothermal route
developed by V. Pointeau et al. [1] after the method used by L.H. Fuchs and H.R. Hoetkstra in 1959, based on
the principle that an insoluble metal silicate is usually precipitated as a gelatinous amorphous medium when a
solution of a polyvalent metal salt is added to a solution of a soluble alkali metal silicate [2]. ThSiO4 was then
prepared by adding drop wise thorium nitrate solution to sodium silicate solution in the expected
stoichiomerty and adjusting the pH value to 10 using concentrated sodium hydroxide solution. The resulting
gel was heated at 200° C for 20h. After cooling, the solution was centrifuged and the precipitate was separated,
washed, dried than analyzed by XRD, SEM as well as IR and -Raman spectroscopies. The XRD powder
pattern (Fig.2) clearly evidences the formation of ThSiO4 while SEM micrographs show a homogeneous phase
composed by nanocrystals 20 nm in lenght. (Fig.2)

Fig. 2 XRD diagram and SEM observation of ThSiO4 obtained through hydrothermal synthesis.

Complementary studies are now performed to obtain USiO4 following the same protocol, with the exception
that all the reactants will be outgased and the synthesis will take place in inert atmosphere (glove box) to
avoid the oxidation of tetravalent uranium into uranyl.

References

1. V. Pointeau, A.P Deditius: Synthesis and characterization of coffinite: Journal of Nuclear Materials 393 (
2009) 449-458
2. L.H. Fuchs, H. R. Hoekstra: The preparation and prorieties of uranium(IV) silicate: The American
Mineralogist 44 1057-1063 1959

40èmes Journées des Actinides &amp; 2nd Workshop on Actinide Targets / Book of abstracts

23 



40èmes Journées des Actinides &amp; 2nd Workshop on Actinide Targets / Book of abstracts

24 



Theory and Spectroscopy II / 27

The Schrieffer-Wolff transformation for the S=1 Underscreened Kondo
Lattice model : Application to Uranium compounds
Dr. COQBLIN, Bernard 1; Mr. THOMAS, Christopher 2; Prof. DA ROSA SIMOES, Acirete 2; Prof. IGLESIAS, J. Roberto 2; Dr. LACROIX,

Claudine 3; Prof. PERKINS, Natasha 4

1 CNRS-Univ. Paris-Sud, 91405-Orsay, France
2 UFRGS, 91501-970-Porto Alegre, Brazil
3 Inst. Neel, CNRS-UJF, 38042 Grenoble, France
4 Univ. Wisconsin-Madison, Madison, WI53706, USA

Corresponding Author: coqblin@lps.u-psud.fr

The Schrieffer-Wolff transformation for the S=1 Underscreened Kondo Lattice model : Application to Uranium 
compounds 
 
Christopher Thomas1, Acirete S. da Rosa Simoes1, J. R. Iglesias1, C. Lacroix2, 
N. B. Perkins3, B. Coqblin4 
 
1 Instituto de Fisica, Universidade Federal do Rio Grande do Sul, 91501-970 Porto Alegre, Brazil. 
2 Institut Néel, CNRS-UJF, 38042 Grenoble Cedex 9, France. 
3Department of Physics, University of Wisconsin-Madison, Madison, WI 53706, USA. 
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It is well known that the interplay between the Kondo effect and magnetism plays a very important role in 
Cerium, Ytterbium, Uranium or other anomalous rare-earth and actinide systems. Both effects depend 
strongly on the hybridization between the f and conduction electrons, which in turn significantly depends on 
the level of localization of the f electrons. In the case of Cerium compounds, 4f-electrons are usually well 
localized, while in the case of Uranium and other actinide compounds, 5f-electrons can be either localized or 
itinerant or in between, depending on the studied system. The difference between 4f- and 5f-electrons can lead 
to very different magnetic properties of rare-earth and actinide compounds. 
It is now established that some actinide compounds exhibit a co-existence between magnetic order and Kondo 
effect. This phenomenon was observed in several Uranium compounds, like UTe, UCu0.9Sb2, UCo0.5Sb2 or 
UNiSi2, in which a ferromagnetic order with large Curie temperatures (equal respectively to Tc = 102K, 113K, 
64.5K and 95K) and a logarithmic Kondo-type decrease of the resistivity above Tc have been experimentally 
observed [1] [2]. Moreover, the Curie temperature of UTe is passing through a maximum and is then 
decreasing with applied pressure, which is interpreted as a weak delocalization of the 5f electrons under 
pressure [3] [4]. A similar observation has been done in the Neptunium compound NpNiSi2 with a Curie 
temperature equal to 51.5K [5]. This behaviour is very different from that of Cerium compounds, in which 
there is a competition between the Kondo effect and the magnetic ordering of the Ce moments, leading to 
rather low ordering temperatures, typically of order 5 to 10 K. 
The first attempt to describe the coexistence of ferromagnetism and Kondo effect in Uranium compounds has 
been performed within an underscreened Kondo lattice (UKL) model which considers localized f-spins Sf = 1 
to describe a 5f2 configuration of Uranium ions with 2 f-electrons [6]. This model describes the interaction 
between the localized spins and s=1/2 spins of conduction electrons through the local Kondo interaction, JK, 
and the inter-site exchange interaction between the f-spins, JH. The UKL model gives a new diagram for the 
Curie Tc and the Kondo TK temperatures versus JK: at a critical value of JK, there is a steep increase of TK, 
while Tc increases smoothly above this critical value of JK. This diagram, which is different from the Doniach 
diagram used for Cerium compounds, can account for the coexistence of ferromagnetism and Kondo effect 
and for the increase of Tc with pressure at low pressures in UTe. However, this model is based on the 
assumption of localized 5f-electrons, which does not reflect the situation of several Uranium compounds. 
Thus, it is necessary to include in the UKL model the possibility of describing the 5f electron delocalization 
and this will be done here by considering a finite f-band width. 
Here we start with an underscreened Anderson Lattice (UAL) Hamiltonian and transform it to an effective 
Kondo-type spin Hamiltonian by use of a generalized Schrieffer-Wolff (SW) transformation [7]. Namely, the 
SW transformation yields the usual exchange Kondo-type term for Sf =1 spins with an exchange interaction
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proportional to the square of the hybridization parameter Vkf between conduction and f-electrons, and a new
scheme for the bands, giving two hybridized bands and one f-band which has a spin-dependent width given
by W = -JKA/2, with A = [(nf)2 –(1/2)nfnf- – (1/4)(nf-)2], where nf is the average number of
f-electrons per site i in one of the orbitals 1 or 2 and spin . 
We discuss now the results obtained by this improved UKL model. In the joint Figure 1, we plot Tc and TK
temperatures versus the Kondo interaction parameter JK , obtained for the two following cases: in case (a), the
f-band width is proportional to JK, W = QJK with Q=0.12 and in case (b), the relation between W and JK is
that previously derived by the SW transformation and is spin-dependent, W= PJKA, with here P= -2. 
 
Figure 1. Plots of the Curie temperature, Tc, and the Kondo temperature, TK, versus JK, in the two cases
explained in the text. The parameters are: JH= -0.01, a total number of 5f electrons equal to 2, a number of
conduction electrons = 0.8, U’ = J = 0 and U infinite. 
 
In the case (a), we obtain a maximum at the crossing point between Tc and TK and finally Tc is tending to
zero. Since JK increases with pressure, this dependence can provide a possible explanation for the pressure
dependence of Tc in UTe compound. In the case (b) the behaviour Tc with JK is qualitatively similar. Thus, for
low values of JK, there are no Kondo effect and only a ferromagnetic order, as resulting from the exchange
interaction JH. On the other hand, at a sufficiently large JK, there is a very steep increase of the Kondo
temperature, indicating that the Kondo screening takes place and, at large JK, a ferromagnetic-Kondo regime
is realized. However, as expected, the Kondo effect tends to suppress the ferromagnetic order and as a result,
the Curie temperature Tc is passing through a maximum and decreasing with JK. 
In conclusion, taking into account a f-band width, derived correctly from the SW transformation for Sf =1
spins, improves considerably the description of the Kondo-ferromagnetism coexistence and presents a first
approach for describing the decrease of the localization of the 5f electrons when the Kondo effect arises or
when pressure increases. 
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High-performance ceramics with nanosized microstructures and functionalized porosities provide the
technical base for a large variety of applications in many technologies. This type of microstructure of interest
in the nuclear field is due to its appearance at the periphery of Light Water Reactor (LWR) UO2 fuel at high
burn-up. As shown in the past, the fuel spontaneously transforms to a closed porous nanocrystalline structure
during irradiation [1,2]. The mechanical properties of this newly formed material are far superior to the
original due to the nanostructure.

The aim of these studies is the development of a fuel consisting of nc-UO2, which, besides the advantages of
enhanced plasticity and faster creep characteristic of the nc-state, diminish the pellet-cladding-interaction
(PCI)-stresses and cladding failure risks. In addition, the potentiality has to maintain closed porosity under
irradiation to safely retain fission gases. The latter is supported by observations of the in-pile behaviour of the
nanoscale High-Burnup Structure (HBS) formed in LWR-fuels after prolonged irradiation [3], and by
experimental simulation studies with nc-ZrO2 [4].

First studies at the JRC-ITU were performed to determine the critical ranges of U-concentration and acidity
(pH) for nanophase UO2+x precipitation from U(IV)-sulphate solutions [5]. It was shown that the precipitation
of UO2+x nanoparticles aggregates occurred at very low U-concentrations (<10-6 M), but the formation of
complex U-sulphate compounds overwhelmed the formation of oxide nanoparticles at higher
U-concentrations. Thus, the sulphate route for large-yield production of nanoscale UO2+x material [6] was
excluded.

An alternative route also based on the precipitation of colloidal U(IV)-oxide from slightly oversaturated (near
equilibrium), electrolytically reduced U(IV)-solutions, has been explored using U-chloride solutions. Positive
results yielding 3 to 5 nm UO2+x crystals with the typical fcc structure (see Fig.1) were obtained for the whole
range of U-concentrations, especially for the industrial relevant range [U]  10-2 M (pH ~1.8 to 2.8).

High-temperature X-ray diffraction investigations of the material indicate that the crystal size remains <10 nm
for temperatures below 700° C, followed by a sharp increase, culminating with sizes around 80 nm at 1200° C
(see Fig. 2,3). Furthermore, an important shift in the lattice parameter has been observed as a function of
temperature (Fig. 2), indicating a lattice expansion that extends beyond that caused by thermal effects. The
origin of this abnormal (size-dependent) lattice expansion could be the reduction of the material during
thermal treatment or the relaxation of binding-forces at the crystal surface. Detailed investigations are in
course to elucidate these trends.
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Very recently studies have been started at IPNO within the framework of the SPIRAL2 project to optimize the
properties of uranium carbide used as a fission target. The required characteristics of this target are both the
high fission production yield and the capability to release the fission products outside the material as fast as
possible. The method of production of this material must be safe and reproducible. The method must allow to
control various properties such as the stoichiometry, the density, the size of the pore and their connectivity,
the mechanical resistance to swelling during irradiation and the thermal stability. Through the studies we are
undertaking, the objective is to get an in depth understanding of the properties of the uranium compounds as
a function of the synthesis parameters and also of their behaviour under operating conditions: high
temperature and high irradiation dose. Our studies concern three ways of synthesis: the first two methods are
the carbo-thermic reductions of a mixture of uranium oxide and uranium oxalate and graphite at high
temperature [1-4]. The third way is the synthesis by fusing a stoichiometric mixture of metallic uranium and
graphite into an electrical arc [5]. Most of the important characteristics detailed above are controlled by
dependant parameters like synthesis and sintering temperatures and durations. Because of the drastic
conditions of use, all these characteristics could change. High temperature and high irradiation dose will
modify considerably the initial properties of the material and could lead to the collapse of the material by
swelling, polygonization or amorphization [6-11].
Our first studies show that we are able to well-control the stoichiometry of the material (monocarbide UC or
dicarbide UC2) determined by the X-Ray diffraction measurements. We can also control the density ranging
from 3.5 g.cm-3 to 13.2 g.cm-3 (25% to 97% of the theoretical density of UC). The density is determined by
helium pycnometry. The control of the grain size ranging from 1 to 30 µm (measured by Scanning Electron
Microscope) and also the control of the size and the distribution of the pore size (measured by mercury
porosimetry) are in progress. The target release properties will be performed by comparing the quantity of
radio-nuclides present in irradiated pellets before and after heating by gamma-spectrometry. The behaviour of
the most interesting targets obtained will be studied under high temperature and high irradiation dose. The
kinetic of the closing of the pores and the evolution of the mechanical strength of the pellet during long term
operation will also be studied.
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237Np Mössbauer effect study of NpPdSn
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During the past decades ternary actinide-based compounds containing d- and p-electron elements have 
attracted much attention for their large variety of physical behaviors arising mostly from the hybridization of 
actinide 5f electrons with s, p and /or d states on neighboring sites. An example of a system with promising 
physical behavior is the ATX composition where A stands for actinide atoms, T for d-element metals and X 
for p-electron elements. 
Among this family, the uranium stannite UPdSn exhibits an antiferromagnetic phase transition at 37 K 
leading to a magnetic structure with orthorhombic symmetry. A second transition occurs at 25 K and the 
magnetic structure becomes of monoclinic symmetry [1]. The plutonium analogue PuPdSn undergoes two 
successive antiferromagnetic transitions at 21 K and 9.6 K [2]. In contrast, the neptunium analogue NpPdSn 
exhibits only one antiferromagnetic transition at 19 K [3]. An effective magnetic moment μeff = 2.66 μB , close 
to the Np3+ free ion value, was inferred from magnetization measurements but the ordered moment was not 
determined in previous studies. Here, we present a 237Np Mössbauer investigation of the NpPdSn compound. 
 
The ATX compounds crystallize in various crystal structures, like the hexagonal ZrNiAl- and GaGeLi- types, 
the orthorhombic TiNiSi- type and the cubic MgAgAs-type. 
NpPdSn crystallizes into the hexagonal ZrNiAl-type structure with space group P-62m. A Rietveld analysis of 
the x-ray powder diffraction profile measured at room temperature has been performed to refine the lattice 
parameters and the internal atomic coordinates. The diffraction pattern is shown in Figure 1, together with the 
calculated profile and the residual line. The results show that the investigated sample is single-phase, with 
lattice parameters a = 7.5075Å and c = 4.0954 Å, in agreement with previous investigations [3]. The Np atoms 
occupy the 3f site (x=0.5875), the Pd atoms are located on the 1a and 2c sites and the Sn atoms fill the 3g site 
(x=0.2487). 
237Np Mössbauer spectra were recorded between 4 K and 25 K in a transmission geometry spectrometer with 
a ~100mCi 241Am source kept at a temperature of about 4 K. The absorber was prepared by grinding the 
sample to a fine powder to ensure a constant surface density with an optimal thickness of 140mg Np/cm2. The 
velocity scale was calibrated using the NpAl2 standard compound. The isomer shift, IS, is given relative to 
NpAl2. The spectra were analyzed using Lorenzian lines. The position and relative intensities of the 
absorption lines of Np nuclei were calculated by solving the complete Hamiltonian for the hyperfine 
interaction in both the excited and ground nuclear state of 237Np. 
Mössbauer spectra of NpPdSn at 25 K and 4.2 K are presented on the Figure 2. 
Following the value of IS = 14.4 mm/s (vs NpAl2) we assigned a formal 3+ oxidation state to Np atoms [4], 
which is in agreement with the magnetization data. 
In the paramagnetic region, the spectrum consists in only one a small quadrupolar splitting (QS), reflecting the 
fact that Np occupies a unique crystallographic site. 
At 4K, the spectrum is split by the magnetic hyperfine interaction caused by the ordering of the magnetic 
moments. However, several subspectra - with equal IS and QS parameters but different magnetic hyperfine 
field Bhf - are required to reproduce the experimental pattern. In our fit, we used three different values of Bhf, 
corresponding to three different magnetic moments carried by the neptunium atoms. Two of the measured 
moments have a similar value (μNp = 1.53(5) μB and 1.44(5) μB), the third one is almost vanishing (μNp = 
0.05(5)μB). The latter is indeed visible on the central line of the 4 K spectrum. 
The higher number of subspectra than expected from the crystallographic structure may be due to different 
orientations of the principal axis (Vzz) of electric field gradient of Np atoms at 3f site vs. crystallographic axis, 
as observed in FeSn, crystallizing also into an hexagonal crystal structure [5]. The existence of several 
subspectra with different magnetic moments could also originate from a complex magnetic structure, like e.g. 
in NpIn3 where a modulated antiferromagnetic order, including vanishing moments, was observed by 
Mössbauer spectroscopy and neutron diffraction [6]. 
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The interaction between metallic uranium surfaces and water vapour is considered to be most important in
regard to the environmental corrosion of the metal. Numerous studies have examined the initial stages of
these interactions. However, there have been discrepancies in the published data describing kinetic laws,
pressure dependence of the reaction rate constant and activation energies. The precise mechanism for uranium
corrosion is not entirely clear. Existing discrepancies in the published data may, in part, be related to
differences in the provenance and purity of the metal used by different groups, with the reactivity of impurity
species such as carbide precipitates, affecting recorded data.

To provide data for an improved understanding of the role of impurity phases in the uranium-water reaction,
samples of uranium containing 600 ppm carbon were analysed during and after controlled exposure to water
vapour at 19 mbar pressure in an environmental secondary electron microscope (ESEM).

The oxidative corrosion of carbide (UC) inclusions at the surface of uranium metal was readily observed,
forming voluminous secondary precipitates determined to be nominally UO3.H2O by X-ray diffraction
techniques. A focused ion beam (FIB) system was used to produce sections that were cut through the reacted
carbides for subsequent analysis by electron microscopy. Over the period of a week the precipitates were
observed to grow in size, consuming only the carbide particles and not the surrounding metal. In some cases
complete decomposition of the surface carbides was observed.

From the results of the current work it is apparent that that the carbide particles reacted readily with the
water vapour. Resultantly it is suggested that disparities between previous studies of the uranium-water
reaction may be partly attributable to differential purities of uranium metal used by different research groups,
with resultantly different populations of carbide particles.
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Initial electron back-scattered diffraction observations of Ce-La alloy
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Experimental surrogates for Plutonium may provide an effective means to help understand and model some of
the many complex metallurgical issues concerning material. Cerium, located in the lanthanide family of the
periodic table, is considered to be a non-radioactive surrogate of Pu because of the several similarities between
the two metals including similar crystal structures (fcc), multiple allotropic forms, large volume changes
associated with phase transformations, pressure–melting temperature dependence, unusually low melting
temperatures (Ce = 798°C, Pu = 640°C), formation of asymmetric crystal structures, similarity in electronic
configurations and the itinerancy of f electrons, and their alloys exhibit solid-state microsegregation (Ce–La
and Pu–Ga). This connection defines a foundation for the use of Ce as a surrogate for Pu.

Electron back-scattered diffraction (EBSD) orientation mapping has proven to be a valuable microstructural
characterization technique for understanding phase transformations, texture, orientation relationships,
grain-boundary character distribution, phase identification, etc., for pure metals and alloys (Schwartz et al.
2000). However, owing to its extreme surface reactivity, EBSD analysis of pure Cerium has only been reported
on one occasion (Farr et al 2003). This current work represents the first successful attempt to obtain EBSD
patterns and orientation maps of Ce-La5 alloy. Initial data were generated using a combined ion-electron
beam system, where ion milling and EBSD mapping were preformed EBSP in situ. For subsequent samples
surface preparation by ion milling was performed in a focused ion beam (FIB) system and the sample was
briefly transferred through air for analysis in a separate secondary electron microscope (SEM) fitted with
EBSD instrumentation.
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Gamma ray spectrometry and ICP-MS methods were investigated in vegetation samples, collected from the
surface tailing, near a uranium mine, located in the Baita region , West part of Romania. The main goal of this
investigation was to determine distribution of soil-to-plant transfer factors for the natural uranium isotopes
and to compare the experimental results obtained between this methods. The results will be present in this
paper.
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tailing dumps
Dr. BRAGEA, Mihaela Gladiola 1; Dr. ALDAVE DE LAS HERAS, Laura 2; Mr. CARLOS MARQUEZ, Ramon 2; Mrs. CRISTACHE, Carmen
3

1 Institute of Public Health Timisoara
2 European Commission, Joint Research Centre, Institute for Transuranium Elements, P.O. Box 2340, 76125, Karlsruhe, Germany
3 Horia Hulubei National Institute for Physics and Nuclear Engineering, P.O. Box MG-6, 077125 Magurele (Ilfov), Romania

Corresponding Author: mbragea@yahoo.com

A study is presented on the disequilibrium of uranium isotopes (234U and 238U) in soils and vegetation
samples collected near an uranium tailing dump. Factors affecting uptake of uranium by plants, including
relationships between these radionuclides in soils and in plants, and the temporal changes of uranium
concentrations in different plant species are discussed. The 234U/238U atom ratio can provide information
regarding disequilibrium in plants.
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Uranyl behaviour at the gibbsite-water interface: a Car Parrinello
molecular dynamics study
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In order to understand the various mechanisms involved in the retention of the radionuclides on mineral
surfaces, molecular simulations appear as a complementary tool to experiments. In this work, we propose to
study the sorption of the solvated uranyl cation UO22+ on an abundant mineral surface, the gibbsite (Al(OH)3.
The study of such complex systems may involve finite temperature simulations with a realistic representation
of the interatomic interactions. We have therefore chosen to perform simulations within the Car-Parrinello
molecular dynamics method [1], in which the trajectories of the nuclei are obtained by on-the-fly DFT
calculations.

As a first step, a system consisting of an uranyl ion in solution was simulated. This step is crucial to
understand the nature of the interactions between this ion and water molecules. The structure of the first and
the second solvation shell was characterized, in good agreement with previous experimental [2] and
theoretical [3],[4] studies.

The second part of our work concerns the hydration of the (001) gibbsite face. First, we optimized the bulk
crystallographic parameters in order to build a (001) gibbsite face model. Calculations display very small
relaxation of the surface atomic positions relative to the bulk atomic ones. Then, we simulated a system
consisting of the solvent and the gibbsite face. Two different adsorption modes were identified for first layer
water molecules on the (001) face, both involving hydrogen bonds with similar energies. These results are in
good agreement with experimental findings [5].

In the last part, the full system including the solvated uranyl ion and the hydrated gibbsite (001) face was
investigated. We simulated two adsorption mechanisms: the inner sphere and the outer sphere mechanism.
Both states are stable, and the transition from one to another one involves the crossing of an energy barrier.
We determined this activation energy using the umbrella sampling method, which allows us to predict the
most stable adsorption mechanism.
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Yield determinations of various uranium targets which could be used in the presented concept of a two-stage
target.
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Investigations on uranium-based ternary intermetallics continue to reveal new phases, with specific structures
and rich variety of ground-state properties. In the U-Fe-Ge system the previously reported ternary
intermetallic compounds were UFeGe (P21/m, type UFeGe below 500K, and Pnma, type TiNiSi above 500K)
[1], UFe2Ge2 (I4/mmm, type ThCr2Si2) [2], UFe6Ge6 (P6/mmm, type YbCo6Ge6) [3], and the solid solution
U2Fe17-xGex with 2<x<3 (P63/mmc, type Th2Ni17) [4], in addition to the recently reported U2Fe3Ge
compound (P63/mmc, type MgZn2) [5, 6]. Following the previous work made on the U-Fe-Ge system [7], the
aim of the present study is to complete the experimental investigation of the 900ºC isothermal section of the
U-Fe-Ge phase diagram and the characterization of the new intermetallic compounds. The samples were
prepared by direct melting the calculated amounts of U, Fe and Ge elements (purity >99.9 mass%), in an
arc-melting furnace and under high purity argon atmosphere, followed by annealing at 900ºC for one week
inside evacuated quartz ampoules. The microstructure of all samples was analysed by SEM-EDS and the
crystalline structure was characterized by powder and single-crystal X-ray diffraction. The existence and
composition of all the binary phases previously reported at 900ºC were confirmed and their crystal data are in
agreement with literature. The binary compound UFe2 is the only one existing in the U-Fe system at the
studied temperature, and in this ternary system, there is a substitution of iron by germanium in an amount up
to 6.7 at%, as solid solution UFe2-xGex. All the other binary phases have negligible solubility extensions into
the ternary system at this temperature. The isothermal section was found to be very rich: there are 13 stable
phases at 900ºC. Among these, there are nine new intermetallic compounds: U34Fe4-xGe33, UFe1-xGe2,
U3Fe2Ge7, U9Fe7Ge24, U2Fe3Ge, U6Fe16Ge7, U3Fe4Ge4, UFe4Ge2 and U6Fe22Ge13. Within these new phases,
three are new original structural types: U34Fe4-xGe33 and U9Fe7Ge24 (tetragonal system), and U6Fe22Ge13
(orthorhombic system). Within this section there are also two solid solutions UFe6+xGe6-x (x<0.7), which
crystallizes in the YCo6Ge6 structure type and U2Fe17-xGex (with 2<x<3.7), crystallizing in the Th2Ni17-type
structure [7].
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UCo2Si2 belongs to a wide group of UT2X2 compounds, where T is a late d metal and X is Si or Ge. They 
exhibit a large variety of magnetic states starting from antiferromagnetic (AF) ordering for UCr2Si2, 
ferrimagnetic (UNi2Si2) and ferromagnetic (F) structures (UCu2Si2) through Pauli paramagnets (UFe2Si2) to 
compounds, which become superconducting inside an AF state (URu2Si2) [1-3]. UCo2Si2 has a tetragonal 
ThCr2Si2 crystal structure and orders AF below TN = 83-85 K. The magnetic structure (from powder neutron 
diffraction) consists of F basal-plane layers of U moments of MU = 1.42 B oriented parallel to the c axis, 
which are coupled in a simple sequence ++ (AF type-I structure) in the same direction [2]. Magnetic 
moment is carried only by U atoms. 
UNi2Si2 exhibits in addition to the AF type I structure, a ferrimagnetic and an incommensurate AF phase. In 
the ground state, it exhibits ++ sequence with longitudinally modulated amplitude of the magnetic moment 
resulting in a spontaneous moment of 0.53 B, 1/3 of MU [4]. The ++ phase is also observed at high magnetic 
fields in UPd2Si2 (with an AF type-I structure in zero field) [5]. It was interesting to check whether UCo2Si2 
exhibits this phase at high magnetic fields as well. In this work we indeed observed such transition. 
The investigated single crystal was grown by Czochralski method in a tri-arc furnace. The x-ray 
powder-diffraction analysis confirmed the tetragonal body-centered ThCr2Si2-type crystal structure with 
lattice parameters a = 392.1 pm, and c = 963.9 pm in agreement with literature. The x-ray Laue patterns 
showed the high quality of the crystal. The magnetization curves were measured in pulsed fields up to 60 T 
applied along the c and a axes using a non-destructive pulsed magnet with pulse duration of 25 ms. The 
magnetization signal was detected by integrating the voltage induced in a pick-up coil surrounding the 
sample. The absolute values of the magnetization were calibrated from steady-field measurements up to 14 
Tesla. 
For the fields applied along the c axis, the metamagnetic transition is observed at the critical field 0Hcr = 45 
T (Fig. 1). It is very sharp but has a small hysteresis (0Hcr = 0.16 T). The analogous transition in UPd2Si2 
shows huge hysteresis of more then 15 T [5]. The transition in UCo2Si2 is characterized by a magnetization 
jump of M = 0.52 B. M roughly corresponds to 1/3 of MU = 1.42 B [2]. Therefore, we can suppose that the 
high-field state is ferrimagnetic with the ++ arrangement along the c direction. At much higher fields 
another transition to a fully polarized state can be expected. The magnetization curve measured along the a 
axis shows no transition and is linear up to the highest fields. The a-axis susceptibility of 3.7x10-3 B/T per U 
atom is a typical value for the hard-axis magnetization of U intermetallic compounds independent of crystal 
structure and type of magnetic ground state and reflects mostly the Pauli paramagnetism of the conduction 
electrons [1]. 
The transition for H || c is still very sharp at 20 K. At higher temperatures, it becomes considerably wider and 
might loose the first-order character above 80 K (Fig. 2). The transition field 0Hcr determined as maximum in 
the derivative dM/dH (Fig. 3) decreases with increasing temperature. At 80 K the small maximum at 21 T in 
dM/dH still indicates the metamagnetic transition. 
M, Hcr, and Hcr decrease monotonously with increasing temperature and vanish at TN. In the H-T phase 
diagram of UCo2Si2 in fields applied along the c axis (Fig. 4), the diamonds correspond to TN(H) taken from 
Ref. 3. 
 
Fig. 1. Magnetization curves measured along the principal axes at 1.4 K. Fig. 2. Magnetization curves measured 
along the c axis at different temperatures. 
 
Fig. 3. Field dependence of the differential susceptibility dM/dH measured along the c axis at different 
temperatures. 
Fig. 4. Temperature dependence of the magnetization gain M at the transition, the width of hysteresis 0Hcr 
and H-T phase diagram of UCo2Si2 in fields applied along the c axis. 
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Uranium based intermetallic compounds have been intensively studied due to their unusual ground states and
behaviours (as intermediate valence states, heavy fermion behaviours, unconventional superconductivity,
etc.). The binary U–Zn system is characterised by the existence of two compounds, UZn12–x
(high–temperature form of SmZn12) and U2Zn17 (crystallizing in two polymorphic modifications, with
Th2Zn17 and Th2Ni17 structure types, respectively), which show coexistence of magnetism and heavy
fermion behaviour [1,2]. Albeit this, the study of U–Zn–X (X = p element) ternary systems is still scarce. This
work is a part of our systematic investigation of uranium – d– and p–metal alloy systems and consists on the
exploration of the U–Zn–Al phase diagram and identification of the ternary compounds and solubility ranges.

The samples were synthesized at 950ºC from the pure elements, inside quartz ampoules under vacuum. No
reaction with the quartz ampoules was observed. The obtained products were characterized by using X–ray
powder diffraction techniques. Needle–shape high quality crystals were selected from crushed samples with
nominal ~U10Zn60Al30 composition and used in the X–ray diffraction measurements. The experiments were
made at room temperature by using a four–circle Nonius CAD4 diffractometer with graphite
monochromatized Mo Kα–radiation and a scintillation counter with pulse height discrimination. Scans were
taken in the ω/2θ mode. Empirical absorption corrections were applied on the basis of Ψ–scan data. The
crystal structure was refined using Shelxl–97 [3] (full–matrix least–squares on F2). The unit cell parameters
were obtained by least–squares refinement of the 2θ values of 25 intense and well–centered reflections from
various parts of the reciprocal space (16°<2θ<36°).

The X–ray powder diffraction data of the as–prepared ~U10Zn60Al30 sample shows the presence of three
phases: Zn1–xAlx (Mg–type), binary UAl3 (AuCu3–type) and hexagonal phase Ux(Zn1–yAly)z, with cell
dimensional: a = 9.047(1) Å, c = 8.858(1) Å, V = 627.9(1) Å3. The cell dimensions fitting, from the 25 reflections
and performed for several single crystals, gave always similar results: a ~9.03 Å, c ~8.82 Å, V ~622 Å3. After
testing various models for well–known structures of binary R–Zn and ternary R–Zn–X compounds (R = rare
earth), our attention was stopped on the high–temperature form of SmZn12 type structure (space group
P6/mmm). In a first stage this structure type was adopted in the Ux(Zn1–yAly)z structural refinement from
the single crystal X–ray diffraction data and residuals R1 = 0.0642, Rw = 0.1154 (405 F2 values, 41 variables)
were obtained. The composition of this hexagonal phase was also refined, being obtained ~U1.12Zn9.51Al1.71
(=U9Zn77Al14). However, quite high residual factors still remain, which could indicate that the structure of
the above mentioned phase was not exactly of the SmZn12 type, but some derived from it. In a second step
direct methods were used and the Ux(Zn1–yAly)z crystal structure was determined and refined.
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U-based intermetallic compounds continue attracting much attention due to a wide spectrum of their unusual 
physical properties. Some of them belong to the class of the so-called heavy-fermion systems, and a few of 
these systems order magnetically at low temperatures, usually with antiferromagnetic structures. 
 
The binary U-Zn phase diagram contains two intermetallic compounds, U2Zn17 and UZn12. The low 
temperature polymorph of U2Zn17 (Th2Zn17-type) has been deeply studied. The compound shows 
antiferromagnetic ordering below TN = 9.8 K, with a sizeable magnetic anisotropy both in the 
antiferromagnetic and paramagnetic regions [1]. Its Sommerfeld coefficient is equal to 535 mJ/(mol K2) [2], 
indicating a heavy-fermion character of the electronic ground state. The other phase, UZn12, crystallizes in 
the hexagonal high-temperature form of SmZn12 (P6/mmm) [3]. Single-crystal X-ray data revealed some 
disorder in the crystal lattice, which leads to compositions deficient in zinc, ranging from UZn9.4 to UZn11.5 
[4]. Specific heat measurements, performed on polycrystalline samples, revealed a heavy-fermion behaviour of 
this compound, with (0) = 850-900 mJ/(mol K2) [5,6]. Neither magnetic nor superconducting phase transitions 
were observed down to 0.4 K [5,6]. 
 
The present work reports on the growth of UZn12 single crystals, and their study by means of X-ray 
diffraction, magnetisation, specific heat, and electrical resistivity measurements. These experiments have been 
supplemented by muon spin relaxation spectroscopy, carried out on polycrystalline sample from the same 
batch. 
 
Single crystals of UZn12 with typical dimensions 1.5x1.5x0.2 mm3 were grown by the high-temperature 
solution growth method, using zinc as solvent. Single crystal X-ray diffraction studies confirmed the 
SmZn12-type structure with the refined composition U1.01(1)Zn11.7(1) that is much closer to the ideal one 
than those reported in the literature [4]. The U atoms are mainly located at the 1a and 2d sites, with the U-U 
shortest distances (2d-2d) of ~5.164 Å. However, ~4% of the U atoms were also found at the 2c site due to a 
partial substitution of the 4h Zn pairs. 
 
At odds with the literature data [5,6], bulk magnetization measurements of single-crystalline UZn12 revealed 
an antiferromagnetic-type anomaly at 5.0(2) K. This singularity was observed for both characteristic directions 
in the hexagonal unit cell, but its magnitude was much less pronounced for B || c-axis, hence suggesting that 
the magnetic moments are confined within the a-b plane. The presence of long-range magnetic order below 5 
K was confirmed by muon spin relaxation experiments. 
The specific heat of UZn12 measured in zero magnetic field exhibits a clear -type anomaly near TN = 5 K. 
Upon applying magnetic fields, directed with the a-b plane, the peak in C(T) shifts to lower temperatures, as 
expected for aniferrromagnets. From the analysis of the specific heat data between 8 and 13 K, the electronic 
specific heat coefficient p ≈ 340 mJ/(mol K2) is obtained. From the data measured below 3.7 K, the (0) value 
as large as 800 mJ/(mol K2) can be derived. The strongly enhanced electronic contribution to the specific heat
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corroborates the previously formulated hypothesis [5,6] that UZn12 can be classified as a heavy-fermion
system. 
 
The heavy-fermion character of UZn12 manifests clearly in the overall shape of temperature-dependent
electrical resistivity that is dominated by a single-ion Kondo effect at high temperatures and coherent Kondo
scattering at low temperatures. From room temperature down to about 150 K, the resistivity changes with
temperature in a logarithmic manner. At about 15 K, a maximum in (T) is seen, which marks a crossover
from incoherent to coherent Kondo regime. Below this temperature the resistivity decreases with decreasing
temperature down to about 80 cm at 2 K. This rather large value indicates significant residual scattering,
mainly caused by the inherent atomic disorder, evidenced in the X-ray studies, but probably also due to
significant disorder in the spin system that persists down to the lowest temperatures. Remarkably hardly any
singularity in (T) occurs at the antiferromagnetic phase transition at TN = 5 K. It seems likely that the
expected change at TN in the magnetic contribution to the resistivity is obscured by the much more effective
scattering conduction electrons on structural and magnetic defects. 
 
In conclusion, UZn12 is a heavy-fermion system with antiferromagnetic ordering below 5 K. The obtained
results point to a fundamental role of structural disorder on the onset of magnetism in this compound. 
 
 
Acknowledgments 
This work was partially supported by the Executive Programme of Scientific and Technological Cooperation
between Portugal and Poland, for the years 2009-2010, and by FCT, Portugal, under the contract nr.
PTDC/QUI/65369/2006. 
 
References 
1- J.O. Willis, Z. Fisk, R.M. Aikin, M.W. McElfresh, J.D. Thompson, E. Zirngiebl, J.A. O'Rourke, J.L. Smith, J.
Appl. Phys., 61 (1987) 4373. 
2- H.R. Ott, H. Rudigier, P. Delsing, Z. Fisk, Phys. Rev. Lett., 52 (1984) 1551. 
3- J.T. Mason, P. Chiotti, Acta Cryst. B27 (1971) 1789. 
4- P. Chiotti, J.T. Mason, J. Less-Common Metals 40 (1975) 39 
5- Y. Nakazawa, M. Ishikawa, S. Noguchi and K. Okuda, Physica B 186-188 (1993) 711. 
6- Y. Nakazawa, M. Ishikawa, S. Noguchi and K. Okuda, J. Phys. Soc. Jpn. 62 (1993) 3003.

40èmes Journées des Actinides &amp; 2nd Workshop on Actinide Targets / Book of abstracts

40 



Introductions to Posters / 41

Considerations on the U-Fe-B ternary system
Dr. PEREIRA GONÇALVES, António 1

1 Instituto Tevnológico e Nuclear

Corresponding Author: apg@itn.pt

Considerations on the U-Fe-B ternary system 
 
M. Dias1,2, I.C. Santos1, P.A. Carvalho2, M.Bohn3, O. Tougait4, 
H. Noël4, A.P. Gonçalves1 
 
1Dep. Química, Instituto Tecnológico e Nuclear/CFMC-UL, P-2686-953 Sacavém, Portugal 
2Dep. Eng. Materiais, Instituto Superior Técnico, Av Rovisco Pais, 1049-001 Lisboa, Portugal 
3Departement DRO/Geosciences Marines, Ifremer Centre de Brest, B.P. 70-29280 Plouzane, France 
4Laboratoire de Chimie du Solide et Inorganique Moléculaire, UMR CNRS 6511, Université de Rennes 1, 
Avenue de Général Leclerc, 35042 Rennes, France 
 
Uranium based intermetallic compounds frequently show unusual ground states and behaviours, such as 
unconventional superconductivity, coexistence of magnetic order and superconductivity, heavy fermion 
behaviour, etc. Ternary intermetallic borides of AMxBy type (A = actinide or rare earth; M = d-transition 
metal) have also attracted considerable interest due to their large diversity of physical characteristics, which 
extend from permanent magnetism with high coercive fields (like in SmCo4B) to unconventional magnetic 
ordering (as seen in UNi4B). However, the study of the U-Fe-B ternary phase diagram was far from being 
complete. Partial results on the isothermal section at 800ºC for this system were first reported, with the 
identification of two compounds, UFeB4 and UFe3B2 [1,2]. In this contribution we will present an overview of 
our recent work on the U-Fe-B ternary system, including the study of its isothermal section at 950ºC, the 
liquidus projection and selected vertical section. 
 
Over 70 alloys, with general xU:yFe:zB compositions, were prepared by arc-melting the desired amounts of the 
elements, the melting process being repeated at least three times in order to ensure homogeneity. No losses 
higher than 1 wt.% were observed. The high cooling rate of the solidification process enabled to follow the 
solidification path of the alloys under non-equilibrium conditions. Subsequent heat treatments at 950 °C 
allowed inferring the transitions leading to equilibrium. The as-cast and annealed alloys were characterized 
by powder X-ray diffraction (PXRD), scanning electron microscopy (SEM), complemented with Energy 
Dispersive Spectroscopy (EDS), electron microprobe micro-analysis (EPMA), differential thermal analysis 
(DTA) and Electron Backscatter Diffraction (EBSD). Single crystal X-ray diffraction studies were also 
performed for some of the ternary compounds. 
 
The U-Fe-B ternary system is considerably richer than what was reported before. A total of five ternary 
compounds were identified at 950ºC: in addition to the previously reported UFeB4 and UFe3B2, three new 
compounds, UFe4B, U2Fe21B6 and UFe2B6 were found to be stable at this temperature. However, all these 
ternary compounds are formed by peritectic reactions, being difficult to obtain as single phase samples. 
Moreover, only for the UFeB4, UFe3B2 and UFe2B6 compounds it was possible to get small single crystals 
suitable for X-ray diffraction studies. They have confirmed that UFeB4 and UFe3B2 crystallize in the YCrB4 
and CeCo3B2 -type structures, respectively, and indicated that UFe2B6 is isostructural with the CeCr2B6-type 
[3]. Moreover, in the case of the UFeB4 compound it was found a cooperative (concommittant ?) growth of the 
YCrB4 and ThMoB4 type structures. For the other compounds, only PXRD measurements could be done, 
which indicate that UFe4B crystallizes in a structure type related to the CeCo4B-type and that U2Fe21B6 most 
probably crystallizes in the Cr23C6-type. In order to get more information on the crystal structures of these 
last two compounds, EBSD studies were preformed. They show that U2Fe21B6 really crystallizes in the 
Cr23C6-type structure and that the pattern of UFe4B is better explained by the Lu5Ni19B6-type simulation. 
 
A cascade of peritectic reactions was found to exist along the U:(Fe,B)=1:5 line [4]: 
 
L + UB4  UFeB4
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L + UFeB4  UFe3B2 
L + UFe3B2  UFe2 + UFe4B 
 
The solidification paths show that the formation temperatures of the compounds decrease in the above order.
Solidification ends with the ternary eutectic of UFe2 + UFe4B + -Fe at 980 ºC. The liquidus surface of the
U-Fe-B ternary system is complex, with the presence of at least eighteen invariant points. The UFeB4 and
UFe3B2 have large primary crystallization surfaces, but for the other three compounds they are small and are
far from their nominal composition. All this information represents fundamental knowledge for the synthesis
of pure compounds, necessary for the physical properties characterization. 
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Considering several properties of interest, Thorium Phosphate-Diphosphate Th4P6O23 (namely beta-TPD) was
considered as a promising matrix for the specific immobilization of actinides. Among its interesting properties,
one can note its capability to form solid solutions with high actinides mole loadings, its good sintering
capability and its high resistance to aqueous corrosion or to radiation damages. Since water is the main vector
for radionuclide migration from a deep disposal repository, the long-term behavior of beta-TPD and
associated solid solutions with tetravalent plutonium was examined. The evolution of raw and leached
Th4-xPuxP6O23 samples were examined for several years in order to show the effects of internal irradiation
on the beta-TPD crystal structure and on the physico-chemical properties of interest such as the chemical
durability of the samples.
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The ternary uranium arsenide U2Cu4As5 crystallizes with a body-centred tetragonal structure of its own type
(space group I4/mmm, lattice parameters: a = 3.990 Ă, b = 24.299 Ă) [1]. Magnetic susceptibility measurements
revealed that the compound orders antiferromagnetically at TN = 189 K [1]. The onset of the ordered state is
accompanied by a rapid drop in the electrical resistivity [1]. Here, we report on the results of our recent
specific heat, electrical resistivity, magnetoresistivity and Hall coefficient measurements, performed in wide
ranges of temperature and magnetic field on high-quality single crystals of U2Cu4As5 grown by chemical
vapour transport method.
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Several binary or ternary uranium based germanides have been reported to exhibit superconductivity at low
temperatures, that emerges either from paramagnetic state (e.g. U7Ge, U5Ge3 [1]) or from ferromagnetically
ordered state, in ambient pressure conditions (e.g. URhGe [2], UCoGe [3]) or under applied hydrostatic
pressure (e.g. UGe2 [4]). In the search for other germanides with interesting physical properties, we have
recently focused on the ternary system U-Ru-Ge. So far, crystal structures and physical properties of four
phases from this system have been reported, namely for: U4Ru7Ge6 [5], U3Ru4Ge13 [6], URuGe [7] and
U2Ru3Ge [8].

In the present contribution we report on our discovery of two novel compounds: URu1-xGe2 and U34Ru4
xGe33. The crystal structures of both phases have been determined by means of single crystal X-ray
diffraction. The former phase crystallizes with a monoclinic unit cell of lattice parameters a = 4.098(1) Å, b =
15.936(2) Å, c = 4.045(1) Å and  = 90.09(1)°, which is a derivative of the orthorhombic CeNi1-xSi2 type
structure. The other compound adopts a tetragonal structure of the U34Fe4-xGe33 type [a = 10.8933(1) Å and c
= 25.3401(3) Å], which may be derived from the binary USi-type unit cell.

The physical properties of both compounds have been studied by means of dc- and ac-magnetization,
electrical resistivity and specific heat measurements. Both germanides have been found to order
ferromagnetically at Tc = 62(1) K and 38.5(5) K, for URu1-xGe2 and U34Fe4-xGe33, respectively. The obtained
results will be comprehensively discussed at the conference with respect to some characteristic structural
features, and in comparison to the physical properties of related compounds.
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The first online mass separated isotope (ISOL) beam was produced 60 years ago at the Niels Bohr Institute in
Copenhagen. Krypton beams were obtained by fission reactions in a large and heated UO2 target positioned at
proximity of a neutron converter [1]. Since then a large variety of other targets and primary drivers have been
developed and used in several facilities throughout the world. At CERN-ISOLDE for example, actinide targets
(ThnatCx, ThnatO2, UdepCx with diverse microstructures) have been developed for over thirty years and
represent today more than 60% delivered beam time.
We report here the synthesis and first online tests of UCx targets made by carbothermic reduction of UO2
powders pressed with carbon nanotubes. This program took place within the SPES project and EURISOL-DS,
in which carbide target materials are developed to meet the stringent requirements of both facilities in terms
of mechanical, heat and isotope production characteristics [2,3]. The resulting material is compared with the
standard ISOLDE UCx production target. We will provide in particular some details on the synthesis,
properties and first radioactive ion beam yields obtained with these new targets.

Fig. 1. Left: SEM picture of UCx synthesized for SPES and compared to standard ISOLDE UCx target
Right : UCx target pellet synthesized with carbon nanotubes
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Low temperature properties of AnFe2Si2 systems (An = Th, Np, Pu)
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The ThCr2Si2 (body centered I/4mmm) structure has long been typical of systems presenting striking physical
properties. Two compounds presenting this structure, namely CeCu2Si2[1] and URu2Si2[2] are
unconventional superconductors, and the nature of the coupling mechanism is still under debate 30 years after
their discovery. Here we have focused on Transuranium systems (TU) with this structure and selected
compounds with Fe as transition metal. The interplay between the hybridization and magnetism of 3d
electrons from Fe and the 5f electrons from Actinides is in the background of exotic phenomena.
Low temperature properties have been examined (or re-examined) for ThFe2Si2, NpFe2Si2 and PuFe2Si2.
Polycrystals of each system have been produced by arc melting stoichiometric amounts of the pure metals
components in argon atmosphere. X-ray-diffraction patterns were collected indicating that ThFe2Si2 and
NpFe2Si2 samples are single phase, while PuFe2Si2 presents a small amount (<5%) of an extra phase. All the
majority phases present the ThCr2Si2 structure and the lattice parameters are very close to those previously
reported in literature.
Magnetization has been performed in a MPMS-7 down to 2 K and in magnetic fields up to 7 T. Previous
studies indicated that ThFe2Si2 and PuFe2Si2, order antiferromagnetically (TN~100 K) [3] and
ferromagnetically (TC~35 K) [4], respectively. Starting from very pure thorium metal for the preparation of
ThFe2Si2 and after a thermal treatment for PuFe2Si2, it appears that both are actually paramagnetic.
Nevertheless, we confirm the occurrence of antiferromagnetism in NpFe2Si2 as previously reported [5], but
we determine a Néel temperature TN=90 K slightly higher than the reported value (TN ~ 87 K).
Low temperature specific heat measurements under magnetic fields have been performed in a PPMS-9 down
to 1.9 K and up to 9 T. No hint of magnetic order has been observed neither in ThFe2Si2 nor PuFe2Si2 in
agreement with our magnetic studies. In the case of NpFe2Si2 a clear peak is visible at TN (Fig. 1). This peak
presents a shoulder that may be reminiscent of a possible double magnetic transition. This feature has not
been reported before [5,6]. In addition, the specific heat of ThFe2Si2 has been used to estimate the phonon
contribution in NpFe2Si2 .
Transport properties measurements (r, Dr/r, S) down to 1.8 K have been performed also for NpFe2Si2 and
PuFe2Si2. Electrical resistivity measurements confirm the presence of a clear magnetic transition at 93 K for
NpFe2Si2 while no signature of any magnetic transition is noticeable in PuFe2Si2. The thermo power of
NpFe2Si2 is relatively small (~-2 mV/K) at room temperature, suggesting a rather localized character of the 5f
electrons and it also reverses its sign in the vicinity of TN. This indicates a large impact of the magnetic
ordering on the Fermi surface and its possible reconstruction below TN.
Finally, we performed high pressure resistivity measurements on NpFe2Si2 up to 12 GPa. We observed an
increase of the Néel temperature up to 130 K. This relatively strong increase indicates that the magnetic order
is dominated by antiferromagnetic Np-Np interactions already suggested for this system by Mossbauer studies
[5].
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Techniques elaborated for the R on fission targets for SPIRAL2
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The SPIRAL2 fission target must fulfill restrictive specifications to ensure an efficient production of
neutron-rich isotope beams. The realization of such a target requires a thorough program to develop the
appropriate uranium carbide (UCx) material. In particular, the material should provide a high fission yield and
allow a fast release of the fissions products. These requirements can only be reached by finding an
optimization between the material density and its porosity.

A R program has been set up at IPNO and Sciences Chimiques de Rennes to elaborate techniques of synthesis
and characterization. First, three different processes for the UCx material synthesis have been selected for
investigation: the carbothermal reduction of uranium oxide mixed with graphite [1-3], the carbothermal
reduction of uranium oxalate [4-5] and the direct melting of a mixture of metallic uranium and graphite by
electrical arc [6].
Each of the three processes requires careful techniques to manufacture and to check the product at the various
stages.

To determine the process which best suits the specifications, we first have to understand how the different
parameters of the synthesis process affect the material. For this purpose, we are carrying out systematic
characterization measurements on the samples: determination of the material composition, measurement of
density and porosity, evaluation of grain sizes and measurement of the pore size distribution.

The implementation of the different synthesis processes of the UCx material and the measuring devices for the
material characterization will be described in details.

Abstract submitted for a poster presentation.
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Study on the U-Co-Ge ternary system at 973K
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The recent discovery of the coexistence of ferromagnetic order and pressure induced superconductivity in 
UCoGe [1] has boosted up explorative investigations on the crystal-chemistry and low-temperature physical 
properties of novel intermetallic phases in the U-Co-Ge ternary system. These efforts resulted in the 
characterization of six intermediate phases, which have hitherto been reported in the literature, namely: 
UCoGe [2], UCo2Ge2 [3], UCo6Ge6 [4], U3Co2Ge7 [5], U3Co4Ge7 [6] and U2Co17 yGey with 1.3 ≤ y ≤ 3 [7]. 
Our systematic study on the U-Co-Ge system was carried out in the whole concentration range of the ternary 
phase diagram. The syntheses were performed by melting appropriate amounts of the elements in an arc 
furnace under high-purity argon atmosphere. The samples were annealed at 973 K for 3 weeks in sealed silica 
tubes, followed by air quenching down to room temperature. The products were characterized by powder X 
ray diffraction. The microstructure and the chemical compositions were studied on polished surfaces using a 
scanning electron microscope coupled with an energy dispersive spectrometer (SEM-EDS). The crystal 
structures were determined from single crystal X-ray diffraction data. DC magnetic measurements were 
carried out using a SQUID magnetometer. The electrical resistivity was measured employing a standard DC 
four-point technique. 
The assessment of U-Co-Ge isothermal section at 973 K confirmed the formation of the previously reported 
compounds. However, the crystal structure of UCo6Ge6 was found different from that reported in the 
literature. In addition, our study revealed the existence of as many as twelve novel compounds: UCo3 yGey 
with 0.2 ≤ y ≤ 0.4, UCo4.5Ge0.5, U2Co3Ge, U3Co6Ge2, U3Co12 xGe4 with 0.0 ≤ x ≤ 2.0 [8], ~U15Co55Ge30, 
U6Co30Ge19, U34Co4 xGe33 with 0.0 ≤ x ≤ 3.0, UCo1-yGe1+y with 0.6 ≤ y ≤ 0.7, ~UCoGe2, U4Co1-yGe6-x+y 
with x = 0.6 and 0.0 ≤ y ≤ 0.5 and UCo1 xGe2 with 0.22 ≤ x ≤ 0.45 [9,10]. In this communication we describe 
the crystallographic features as well as the magnetic and electrical transport properties of U4Co1 yGe6-x+y 
and UCo1-yGe1+y. 
UCo1-yGe1+y (0.6 ≤ y ≤ 0.7) crystallizes with a unit cell related to the AlB2 type with the lattice parameters a 
= 4.111(5) Å and c = 7.641(5) Å (fig. 1a). The structure is composed of [U6] trigonal prisms, alternatively 
centred either by the (Co,Ge) atoms or the Ge atoms. The presence of modulations in the crystal structure 
makes its refinement difficult. The magnetic measurements revealed a ferromagnetic transition (fig. 2a), at the 
Curie temperature varying along the homogeneity range (38 K ≤ Tc ≤ 48 K). In the paramagnetic region, the 
magnetic susceptibility follows a modified Curie-Weiss law with the effective magnetic moment of 2.40(1) 
µB/(U atom). The electrical resistivity of UCo1-yGe1+y is about 360 µcm at room temperature and shows 
rather minor temperature variation (fig. 2b). Below 75 K, it slightly increases with decreasing temperature 
reaching 375 µcm at liquid helium temperature. The ferromagnetic phase transition is hardly resolvable from 
the resistivity curve. 
 
 
Fig.1: Projections on the (a,b) plane of the crystal structures of a) UCo1-yGe1+y and b) U4Co1-yGe6-x+y 
 
U4Co1-yGe6-x+y (x = 0.6 and 0.0 ≤ y ≤ 0.5) adopts the hexagonal Er4(Ga,Ge)7 type structure (space group P 
m2) with the lattice parameters a = 8.016(1) Å and c = 4.021(1) Å. This crystal structure is a derivative of the 
AlB2 type. The U atoms form [U6] trigonal prisms. Six over eight of them are occupied by the Ge atoms, one 
is centred by the Co atom and the eighth prism is empty, due to the proximity of two Ge atoms that are 
strongly shifted from the center of their prisms (fig. 1b). The compound shows a ferromagnetic transition at Tc 
= 39 K (fig. 2a). At higher temperatures a modified Curie-Weiss law is observed for the magnetic 
susceptibility, with the effective magnetic moment of 2.76(4) µB/(U atom). In the paramagnetic state the 
resistivity is almost temperature independent being of about 275 µcm (fig. 2b). The magnetic transition 
manifests itself as a distinct kink at the resistivity curve, below which the resistivity sharply decreases down 
to 175 µcm at 4 K. 
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Fig.2: Temperature dependencies of (a) the magnetization and (b) the resistivity of U4Co1-yGe6-x+y (blue
symbols) and UCo1-yGe1+y (red symbols). The ferromagnetic phase transitions are marked by arrows. 
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The main accelerator of iThemba Laboratory for Accelerator Based Sciences is a K = 200 Separated Sector
Cyclotron (SSC). Use of the accelerator is shared by groups engaging in nuclear physics research, radiation
therapy and radio-isotope production. The long term plan calls for the addition a high-intensity, K = 70 MeV
proton accelerator to the laboratory, to both alleviate over-subscription of the SSC and to be used as a primary
accelerator for radioactive beam production using the ISOL method. The proposed RIB facility would produce
neutron rich species by fissioning uranium. As a first step in this programme, we present a proposal being
developed at the laboratory to build a target and laser-ionization demonstrator at the laboratory, utilizing the
present 66 MeV proton beam from the SSC. Neutron–rich isotopes produced in this way would be used for
materials analysis and beta-decay studies.
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Design concerns for future RIB production facilities at TRIUMF
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Since the first Workshop on Actinide Targets in 2006, two such targets have been used successfully for RIB
production at TRIUMF’s ISAC facility. In a test run in August/September 2008, a uranium oxide target coupled
to a surface ionization source was irradiated with ~300 µA•hrs of 500 MeV protons and RIB yields were
measured at the ISAC yield station. In a follow-up run, in December 2009, a similar target coupled to a
FEBIAD ion source was irradiated with ~425 µA•hrs of protons and RIB were delivered to an experimental
location. In both runs it was demonstrated that such targets could be used safely within the existing ISAC
infrastructure. As a result, TRIUMF now has regulatory permission to proceed with regular irradiations at low
proton currents.

Despite the low-current nature of these runs, it was necessary to install new radiation monitoring systems and
implement new procedures for the handling of targets and target modules. The experience gained from these
runs and from the use of these new systems and procedures (and from ongoing operation with non-actinide
targets) is being incorporated into the design specifications for the future ARIEL facility at TRIUMF. ARIEL,
the Advanced RadioIsotopE Laboratory, will have the capability (pending a funding commitment from the
Canadian government) of producing RIB via ~500-MeV proton-induced reactions as at ISAC and via
photofission using a new 50 MeV, 100+ kW electron-linac driver. Two new target stations will be built to
accommodate RIB production and coupled into the existing ISAC beamline and accelerator complex. The
impact of TRIUMF’s actinide target program on the design of the target stations and their related
infrastructure will be discussed.
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The binary uranium-carbon phase-diagram comprises three intermediate phases (UC, U2C3 and UC2)
showing high melting / decomposition points, high thermal conductivity, lack of phase-transformations at
temperatures of practical relevance, and good stability under irradiations, which allow their use under
extreme conditions. An enormous amount of work has been directed to those binary compounds as nuclear
fuels for fast reactors operating at high temperatures or targets for high energy spallation or fission sources at
ISOL facilities of new generation.
Both projects claim a significant gain of the efficiency of the future systems compared with the systems
available to date, for this the two most important are the need to increase the life-time of the fuel or of the
target and the need to use them at high temperatures (800-1000°C for GFR-He, compared to 300-450°C for
current nuclear plants). The first reason is to limit the serious problem arisen for the replacement of the highly
radioactive materials, the amount of nuclear wastes and to burn the minor actinides in the case of fuel. The
increase of the working temperatures is directly linked to the efficiency of the fuel or of the target, but also it
allows co-generation, in the case of Gen-IV nuclear plants.
For a decade, the research activities of our research group focused on the study of uranium, carbides, covering
various aspects, such as the synthesis, the phase relations in the U – C binary phase-diagram, the
microstructural characterization of the powders, and finally the sintering of these powders. In this
presentation, a general description of these experimental tasks will be given. New results will be exposed and
compared with literature data. The conclusion will focus on the most significant advances for the preparation
of high purity powders of uranium carbides, by means of controlled key-parameters, that were identified as, U
to C atomic ratios, temperature, partial pressure of the reaction chamber, time of the dwell.
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Crystal structure and physical properties of NpRh2Sn, 
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The large family of the ternary actinide compounds AnT2M, where An is an actinide element, T is a transition 
element, and M is a metalloid, forms mainly in the orthorhombic crystal structure (Pnma, s.g. 62). The 
uranium based alloys (UT2M) have attracted considerable attention due to a wide range of physical properties, 
which originates from the sensitive nature of the uranium 5f-electrons. Very few compounds with An other 
than uranium have been reported, and most of them contain palladium as the transition element. 
 
Here, we will present the crystal structure and physical properties of a new intermetallic NpRh2Sn compound, 
which is the first member of the AnRh2M family. 
 
A sample with nominal stoichiometry NpRh2Sn was prepared by arc-melting under argon atmosphere. The 
as-cast piece was studied by x-ray powder diffraction and the result is presented in Figure 1. The GSAS 
package was used for Rietveld structure refinement [1,2]. Refined lattice parameters, An-An distance for 
NpRh2Sn, and few other members of AnT2M, are summarized in Table 1. 
 
Fig. 1. Room temperature x-ray diffraction pattern of NpRh2Sn. (+) represent experimental data, black and red 
ticks indicate Bragg peak positions for NpRh2Sn and NpO2 respectively. The refinement and difference are 
shown as solid lines. The crystal structure of NpRh2Sn is presented in the inset. 
a (Å) b (Å) c (Å) d An-An (Å) TN (K) CW (K) 
NpRh2Sn 9.7300(6) 4.4278(3) 6.9115(5) 3.984 34 -29 
NpPd2Sn [3] 10.004(3) 4.535(2) 6.961(1) *) 15 -80 
PuPd2Sn [4] 10.053(9) 4.502(4) 7.065(6) *) 11 -30 
UPd2Sn [5] 9.9415(4) 4.6050(2) 6.8633(3) 4.182 --- -100 
 
Table 1. Refined lattice parameters, distance between actinide atoms (dAn-An), Néel temperature (TN), and 
paramagnetic Curie-Weiss temperature (CW), for selected members of AnT2Sn family. *) – due to the lack of 
information about the refined atomic positions for NpPd2Sn and PuPd2Sn, the dAn-An can not be calculated 
for these two compounds, but some information can be deduced by comparing b lattice parameter. 
 
In Figure 2 we show the temperature dependence of inverse susceptibility (a) and specific heat (b) of NpRh2Sn. 
The Curie-Weiss fit of the data above 75K (red solid line) gives a Curie-Weiss temperature CW= -29K, and 
an effective magnetic moment eff2.42B. This is close to the expected value for Np+3 (2.68B). This 
measurement indicates an antiferromagnetic anomaly at TN = 34K. At the same temperature region a slight 
change of slope is observed on the specific heat curve CP(T). Marginal evidence of a specific heat anomaly 
was reported also for UPd2Sn, as discussed in Ref. [5]. 
 
 
 
 
Fig. 2. a) The temperature dependence of the inverse magnetic susceptibility (-1) and b) specific heat (CP) of
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NpRh2Sn. The straight, red line through the data is the fit by the Curie-Weiss law. 
 
To summarize, we have synthesized and studied a new Np-based ternary NpRh2Sn compound. Its properties
are similar to NpPd2Sn, although a shorter Np-Np distance causes an increase of the Néel temperature.
NpRh2Sn is a rare representative of heavy-fermion systems amidst Np- intermetallics. 
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A number of intermetallic of the stoichiometric compounds U2TM3, where T = 3d, 4d and 5d electron 
transition metals and M = Si or Ga have been discovered [1-3]. Generally, these compounds adopt two well 
known types of crystal structures, i.e., the hexagonal AlB2- or orthorhombic CeCu2-type, respectively. Most of 
the compounds which crystallize in the hexagonal AlB2-type are those containing M = Si and showing 
spin-glass or ferromagnetic cluster glass behavior [1,4]. On the other hand, the compounds with M = Ga favor 
the CeCu2-type and exhibit various types of magnetic ordering including the spin fluctuation, ferromagnetic 
and antiferromagnetic order at low temperatures [3,5]. Amongst U2TGa3 , the magnetism of the Pd- and 
Pt-based compounds appears to be an enormously complex subject owing to a competition between the Kondo 
effect and randomness for long range antiferromagnetism. Therefore, in order to made a systematic study, an 
investigation of systems being isostoichiometic and/or isostructural to U2(Pd,Pt)Ga3 would be useful. In this 
contribution, we present the synthesis and crystallographic characterization, and as well magnetic properties 
for a new Np-based Np2PdGa3 compound. 
 
 
Fig. 1 X-ray powder diffraction pattern of Np2PdGa3. The observed (open circles), calculated (solid line), 
positions of Bragg reflections (vertical lines) and the difference between observed and calculated data 
(bottom). Inset: Crystal structure of Np2PdGa3. Large balls represent the Np atoms and small ones the Pd or 
Ga atoms. Note that the nearest Np neighbors form zigzag chains parallel to the b axis (thick line) and the 
next-nearest Np neighbors are connected by zigzag chains along the a axis (thin line). 
 
 
 
The X-ray diffraction data collected in the range 20 – 100 deg, shown in Fig. 1, revealed that the majority 
phase (> 95 mass. %) has the orthorhombic CeCu2-type structure. We were able to identify NpO2, Np3Pd3Ga8 
and NpC to be the main impurities. Traces of these impurities are denoted by arrows in the diffraction pattern. 
The observed Bragg reflections for Np2PdGa3 could be indexed with lattice parameters a = 0.4445(2) nm, b = 
0.7089(3) nm and c = 0.7691(3) nm. Taking into account the size of An3+ and An4+ ions and comparing the 
lattice parameters of U2PdGa3 and Np2PdGa3 one suspects the 3+ valence of the magnetic Np ions. 
 
The measurements of magnetization specific heat, electrical resistivity, magnetoresistance and Hall effect for 
Np2PdGa3 indicated a ferromagnetic ordering below 62.5(5) K. The analysis of magnetic susceptibility (Fig. 2) 
and specific heat (Fig. 3) consistently suggests a CEF splitting with doublet-doublet-doublet scheme and CEF 
~ 60 K and 180 K. 
 
 
Fig. 2 Temperature dependence of magnetic susceptibility of Np2PdGa3 and Lu2PdGa3. The solid line is the 
CEF fit 
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Fig. 3 Temperature dependence of the contribution of 5f-electron specific heat and 5f-electron entropy of
Np2PdGa3. 
The lines are calculated CEF, Kondo and magnon contributions to the specific heat. 
 
 
 
 
The enhanced Sommerfeld ratio at low temperature (C5f/T = 120 mJ/K2mol.Np at 2 K) and lnT dependence of
the resistivity can be interpreted due to the Kondo effect with TK ~ 35 K (see dash-dotted line). The Hall
coefficient exhibits a behavior for localized moment ferromagnets with low carrier concentration (0.17
carrier/f.u) and with enhanced effective mass (~ 144 m0). 
The presented data seem to be consistent with the underscreenced Kondo lattice model recently developed by
Perkins et. al [6]. We argue thus that Np2PdGa3 is a new ferromagnetic Kondo lattice with TK < TRKKY ~
CEF. Among Np-based compounds, ferromagnetic Kondo behavior was previously found for NpNiSi2 [7]. 
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The UNi1/2/2Sb2 compound crystallizes in the tetragonal HfCuSi2 type structure with space group P4/nmm
[1]. The single crystals studied order antiferromagnetically below 161 K, with the effective magnetic moment
3.17 B[1].
We present results of ab-initio band structure calculations based on full potential - linearized augmented plane
wave (FP-LAPW) implemented in WIEN2k code [2]. Calculations based on experimental lattice constants and
Wyckoff positions [1]. The spin polarized calculations were done for parallel and antiparallel magnetic
moments arrangements. For antiferromagnetic calculation we prepared double supercell, the Wyckoff
positions of uranium atoms were splitted into two nonequivalent sorts: U1 and U2. The antiferromagnetic
solution was not assumed in advance. The starting magnetic moments on uranium atoms had opposite signs
because of initial splitting. The system reached, iteration by iteration, selfconsistent solution, which was
antiferromagnetic state. Starting from the local (spin) density approximation (L(S)DA) we verified either the
orbital polarization (OP) correction or the LSDA+U approach with Coulomb repulsion energies U from 0 to 3
eV for the uranium
5f-electrons.
Calculated magnetic moments confirm antiferromagnetic ground state and collinear magnetic sequences.
Total LSDA magnetic moment on uranium atom amount to 0.88 B .

Fig. 1 Crystalographic structure and DOS plots for UNi1/2Sb2 compound.
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Ternary rare-earth-based intermetallic compounds RT2M20 (R = Ce, Gd, Yb; T = d-electron transition metal; 
M = Zn, Al) crystallize with a cubic structure of the CeCr2Al20-type (space group Fd3m, No. 227) [1-5]. The 
characteristic feature of the unit cell is that the R atom has only one unique crystallographic site surrounded 
by as many as sixteen M atoms, which constitute a Frank-Kasper-type nearly spherical polyhedron of cubic 
symmetry. The shortest R-R spacing is about 6 Å, thus the R atoms may be considered as mutually isolated. In 
contrast, all the T and M atoms occupy positions (one for T and three for M) with trigonal point symmetry. 
Similar compounds with uranium and zinc were reported to form with T = Fe, Co, Ru, Rh, Ir [6-9]. They 
exhibit a variety of anomalous physical properties governed by different strength of f-d hybridization. The 
phases UCo2Zn20 and URh2Zn20 were described as paramagnetic heavy-fermion systems with well localized 
5f electrons [8,9], while UIr2Zn20 was found to be a heavy-fermion itinerant ferromagnet [7,8]. Very limited 
information is available for UFe2Zn20. The compound was reported by Goncalves at al. in their pioneering 
study on polycrystals [6] to be paramagnetic down to 5 K, yet no other than the magnetization and 57Fe 
Mössbauer data was communicated in the literature up to date. 
Single crystals of UFe2Zn20 were grown in Zn flux. The obtained crystals were well-developed cubes with the 
dimensions up to 60 mm3. Heat capacity and electrical resistivity measurements were performed in the 
temperature range 0.35 K – 300 K using a Quantum Design PPMS platform. The resistivity was measured with 
the AC current flowing along the [110] direction. 
The temperature variation of the specific heat of UFe2Zn20 is shown in Fig. 1. In agreement with the magnetic 
data [6], no hint at any phase transition is seen down to 350 mK. The electronic contribution to the specific 
heat, determined from the region below 7 K (see the inset), is about 180 mJ/(mol K2). This enhanced value of 
the Sommerfeld coefficient may indicate heavy-fermion character of the compound studied. 
Fig. 2 displays the temperature dependence of the electrical resistivity of UFe2Zn20. At room temperature the 
resistivity is about 160 cm. The resistivity at the terminal temperature of 0.35 K amounts to about 13 μΩcm, 
yielding the residual resistivity ratio of about 12. These values are similar to those reported for the other 
UT2Zn20 compounds [7,8]. On decreasing temperature from 300 K down to ca. 130 K, the resistivity increases 
in a logarithmic manner [ρ(T) = 243.2 - 14.2lnT], hence suggesting significant Kondo contribution to the 
scattering of conduction electrons. Consequently, the maximum in ρ(T) near 100 K should associated with a 
crossover from single-ion to coherent Kondo regime. In the latter state, the resistivity decreases rapidly with 
decreasing temperature, and below 10 K it is proportional to T2 [ρ(T) = 12.8 + 0.143T2], as expected for a 
Fermi liquid. Combining the specific heat and electrical resistivity data of UFe2Zn20 one obtains the 
Kadowaki-Woods ratio of 0.43 • 10-5 μΩcm/(mol K2/mJ)2 that is fairly close to the universal value for 
nonmagnetic Fermi liquid systems (with the orbital degeneracy N = 2). 
To summarize hitherto findings, UFe2Zn20 seems to be a novel paramagnetic moderately-enhanced 
heavy-fermion system, quite similar to the isostructural compounds UCo2Zn20 and URh2Zn20. Further 
experimental studies aimed at verifying this hypothesis are presently underway and the results will be 
reported at the conference. 
 
 
 
 

40èmes Journées des Actinides &amp; 2nd Workshop on Actinide Targets / Book of abstracts

57 



Fig. 1. Temperature dependence of the specific heat of single-crystalline UFe2Zn20. The inset shows the heat
capacity data in the form C/T vs. T2. The dashed line emphasizes the linear dependence. 
 
Fig. 2. Temperature variation of the electrical resistivity of single-crystalline UFe2Zn20 (note semilogarithmic
scale). The solid and dashed curves mark the Fermi-liquid- and Kondo-like behaviors at low and ambient
temperatures, respectively. 
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Here we present soft X-ray emission and X-ray absorption spectroscopic data recorded at O K edges of UO2,
NpO2 and PuO2. Interpretation of the experimental data is supported by first-principle calculations in
framework of LDA+U and GGA+U formalisms (see Fig. 1). A discussion regarding the origin of different
structures in the X-ray emission and X-ray absorption spectra is included. The effect of varying intra-atomic
Coulomb interaction U for the f-electrons is investigated. Our data indicate that O-K X-ray absorption and
X-ray emission spectroscopies can successfully be used to study correlation effects in compounds of light
actinides.
For single-crystal Pu(239 isotope)O2, the measured O 1s X-ray absorption spectra show significant difference
in intensity for the first two peaks between different areas/spots on the single crystal surface. From theoretical
results, the first peak can be attributed to O 2p-Pu 5f hybridization, while the second peak is due to
hybridization with Pu d-states. The observed difference in the O 1s X-ray absorption spectra was studied by
simulating a number of defect structures of PuO2 as well as existence of Pu(V) sites. The results indicates the
presence of higher oxidation states than Pu(IV) in some surface areas of the single crystal. The results also
suggest that plutonium oxide with a Pu fraction in a higher oxidation state than Pu(IV) consists of
inequivalent sites with Pu(IV)O2 and Pu(V)O2 rather than is being a system where the Pu oxidation state is
constantly fluctuating between Pu(IV) an Pu(V).
Oral presentation.

Fig.1 Comparison of experimentally recorded (in red) and LDA+U calculated (in blue) O K X-ray emission
and O 1s X-ray absorption spectra of UO2, NpO2 and PuO2.
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The compound UNiSi2 crystallizes with an orthorhombic structure of the CeNiSi2-type and exhibits a 
ferromagnetic ordering of localized magnetic moments of uranium (~ 1.2 B) at the Curie temperature TC = 95 
K [1]. Our recent experiments carried out on high-quality single crystalline specimens revealed that the 
ferromagnetic ordering occurs in the system in the presence of the Kondo effect, which dominates the 
electrical resistivity of UNiSi2 in the paramagnetic region [2]. In turn, investigation of a solid solution 
UNi1–xCoxSi2 (0  x  1) indicated a very robust nature of the ferromagnetism observed in the parent 
compound, and its persistence up to the very vicinity of x = 1 [3]. Also partial substitution of silicon by 
germanium in UCoSi2–xGex revealed immediate appearing of the ferromagnetic order to be observed already 
for UCoSi2 doped with about 1% of germanium [4]. 
In order to shed more light on the origin of the strong ferromagnetism in UNiSi2 we have undertaken 
comprehensive studies of another isostructural solid solution of that system, namely U1–xThxNiSi2. Here we 
present some preliminary results of X-ray powder diffraction, magnetic susceptibility, electrical resistivity and 
specific heat measurements carried out in wide temperature and magnetic field ranges using polycrystalline 
specimens of the latter system. 
Since the partial substitution of uranium by 15%-larger thorium expands the unit cell of the parent compound 
(cf. Fig. 1), the Kondo effect in the system is supposed to become weaker than the RKKY interactions for a 
certain Th-content [5], and thus the ferromagnetic order might be promoted at temperatures higher than in 
pure UNiSi2 (95 K). On the other hand, the U/Th substitution gradually dilutes the magnetic sublattice in the 
U1–xThxNiSi2 system and hence the long range magnetic order in the diluted limit should eventually be 
suppressed to absolute zero temperature. Indeed, as can be inferred from the temperature variations of 
magnetization (Fig. 2), electrical resistivity (Fig. 3) and specific heat (Fig. 4), the U/Th substitution results in 
systematic decrease of the Curie temperature from TC = 95 K in pure UNiSi2 down to about 30 K in 
U0.2Th0.8NiSi2. Though in the Th-rich alloys the phase transition is no longer as sharp as in the parent 
compound UNiSi2, the ferromagnetic order remarkably survives in the system down to very diluted limit, 
hence reflecting a very robust nature of the ferromagnetism in U1–xThxNiSi2. 
In the paramagnetic region, the electrical resistivity of all the samples studied increases logarithmically with 
decreasing temperature, being characteristic of Kondo systems. The slope of the resistivity curves does not 
change significantly upon increasing x, hence indicating that the transport properties are governed by single 
Kondo impurity effects. Minor modification of the (T) curves in this region can be ascribed to the reduction 
of the Kondo temperature being a consequence of the change in the unit cell volume. 
The presented results suggest that UNiSi2 may be another clear example (together with e.g. isostructural 
NpNiSi2 [6]) of a ternary system that shows coexistence of ferromagnetic ordering and Kondo interactions, as 
recently considered by Coqblin and co-workers in terms of underscreened Kondo lattice approach [7]. Further 
results (in particular for samples with lower uranium content) as well as their extended analysis will be 
updated at the time of the conference. 
 
 
Fig.1. Lattice parameters a, b and c (left axis), and unit cell volume V (right axis) of U1–xThxNiSi2 as a 
function of Th content x. 
Fig.2. Temperature dependence of magnetization  of U1–xThxNiSi2 measured in field cooling regime. The 
arrows mark the phase transition temperatures. 
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Fig.3. Temperature variation of the normalized electrical resistivity / of U1–xThxNiSi2. The arrows
mark the Curie temperatures. Fig.4. Specific heat of the compounds U1–xThxNiSi2 as a function of
temperature. The arrows mark the phase transition temperatures. 
 
This work was supported by the Polish Ministry of Sciences and Higher Education through the research grant
No. N202 116 32/3270. 
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From a recent plutonium uranium mixed oxide (MOX) fuel characterization campaign by micro-x-ray 
absorption fine structure (µ-XAFS) spectroscopy the chemical bounds, valences and stoichiometry of Pu and U 
were determined. Experimental data was gained for non-irradiated as well as for the irradiated (burn-up 60 
MW d kg-1) fuel material examined in the center of the fuel as well as in its peripheral zone (rim). The MOX 
fuel undergoes locally crystalline changes during burn-up. In the fuel center, the slightly smaller burn-up 
(1700 dpa) compared to the fuel average limits damage and the rather high temperature (e.g. ~1675 K) allows 
healing. In the rim zone, the larger burn-up (2500 dpa) compared to average increases damage potential, 
however, the rather low temperature (e.g. ~875 K) reduces the healing action, which increases the defect 
occurrence and the partial disaggregation of the fuel. In the irradiated sample Pu remained Pu(IV)>95% and no 
(<5%) Pu(V) or Pu(VI) could be detected while the fuel could undergo slight oxidation in the rim zone. Any 
slight oxidation may be buffered by the UO2 matrix while locally fuel cladding interaction might also affect 
the redox of the fuel [1]. 
 
The white line factor ( ) may be defined from the characteristics of the near edge structure XANES feature as 
 = 2 (IM - Im) / (IM + Im ) with IM the intensity of the white line and Im its intensity from the first minimum 
behind the white line. Its trend for Pu as a function of the coordination number (CN) is sketched in Fig 1. It is 
clearly observed that the white line decreases when Pu increases in valence state. This is due to the change of 
valence state as depicted in the structural pictures e.g. [O4AnO4]12- in AnO2(s) but also due to the formation 
of actinyl feature of [O=An=O]2+ and the potential of 5 oxygen atoms (e.g. water molecules) in equatorial 
plane. 
 
The paper discusses also the impact of actinide Th, U, Np and Pu valence and atomic environment with 
regards to oxygen atoms from solution (hydrated ion) to gel (disordered) and to oxide (ordered) on the white 
line amplitude and morphology as recorded earlier [2]. 
 
This understanding is crucial since no significant edge energy shifts are generally recorded between Np(IV) 
and Np(V) or Pu(IV) and Pu(V). The discussion emphasises the use of XAFS for the characterization of 
actinides. 
 
 
 
 
 
 
 
 
 
Fig. 1. Pu white line factor for Pu(III), Pu(IV), Pu(V) and Pu(VI) 
in solution (sol) or gel or oxide (Ox). 
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In recent years the high power Radioactive Beam community has had a renewed interest in actinides targets 
that has sparked several research activities around the world. In the USA, despite the FRIB (Facility for 
Radioactive Ion Beams) project not having, in the DOE approved form, an ISOL station, the studies of high 
power actinide targets continue to be of high priority for the research community. In Europe, with the 
EURISOL project among others, also there is a great interest in high power actinide targets. The development 
of thorium and uranium targets that can withstand beam powers of 100-400 kW is of high interest for the 
community. Targets with fast release characteristics are also of high interest. Currently there is a project 
funded by DOE to produce thin plates of uranium and thorium to be used in a tilted or multi-foil target. The 
primary candidate for this kind of targets is compressed powder with some pore former. Several pore formers 
are under consideration and the literature for HTGR fuel elements has a number of experiments performed 
with successful pore formation and structural soundness of thin samples. 
The production of rare isotopes using a tilted target is an option being pursued for a few years. The two 
greatest advantages of this approach are: (a) a short path for the produced rare isotope to reach the plate 
surface for desorption, and (b) a large area to radiation heat transfer to the enclosure. Using a tilted angle of 6o 
it is possible to have the distance from any production point to the nearest surface roughly 20 times smaller 
than the thickness of the plate seen by the beam particles. The use of porous material facilitates the release of 
the produced rare isotopes. The porosity of the plate cannot be high because it has to be structurally sound 
and have good thermal conductivity. 
Another option is to have very thin plates, in the sub-millimeter range, stacked as it is done in ISAC and 
ISOLDE. This approach facilitates diffusion out of the plates but the heat transfer to the enclosure is limited to 
the surface area of the cylinder. However, this concept would also profit from having thin plates with 
controlled porosity to stack them in available target enclosures. 
Another area of interest is the production of radioisotopes for medical, industrial, and other applications. 
Actinide targets are seen as a good option for the production of several isotopes of interest. There are proposed 
configurations to directly irradiate uranium targets with proton beams to harvest 99Mo and other radioisotope 
of interest [1]. The cooling of the plates becomes an important issue in those systems and new approaches are 
necessary to produce the isotopes while efficiently removing the heat deposited. 
In this area of application active cooling of the plates is possible, in contrast with radioactive beam 
applications, because the produced isotopes, in most of the cases, should be kept inside the material for 
post-irradiation processing. Foam products that have a complete structure of interconnected pores with pore 
volume percentage ranging from 85 to 50% are of interest and commercially available. The large internal 
surface area of metallic, carbide, or oxide foam material presents an attractive feature for heat transfer and 
cooling (Fig. 1). The large internal surface area per unit volume for heat transfer makes it possible to extract 
large amounts of heat without a large increase in temperature of the coolant or target material. The 
application of the foam fabrication technique to actinide targets is one of the goals of this project of actinide 
target development. 
As an alternative to the foam target structure, a stack of thin foils of sub-millimeter thickness tilted at an 
angle of about 6o to the beam direction (Fig.2) can be used. The plates can be actively cooled by forced flow of 
a liquid or gas through sub-millimeter channels that separate the plates. The same advantage of the one-plate 
tilted can be accomplished with the added advantage of the active cooling to reach high power levels. 
 
Fig. 1. Schematic representation of the Foam Target model with cooling across the porous media.
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Fig. 2. A schematic representation of the Tilted Target model with multi-foil and cooling channels; the plates
are tilted 6o from the beam direction in this model. 
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Study of chemical properties of heavier actinides is challenging due to their short-half lives and production in
minute quantities. One of the major factors in producing these actinides in larger quantities is the large fission
cross section when compared to the evaporation leading to the formation of actinides. The studies of these
actinides make its necessary to have a mass separator or adopt suitable chemical procedures to minimize the
unwanted activity.
With the objective of producing and separating berkelium isotopes to ascertain the decay scheme of 244Bk,
uranium metal targets of thickness ~30 mg/cm2 were irradiated with 63.5 MeV 11B beam at the BARC-TIFR
pelletron facility. The energy was optimized using HICOL code to get maximum cross section for 244Bk.
However, even at this energy, the fission cross section is 500 times more than the evaporation. The solvent
extraction procedures were optimized to remove major fission product activity and the bulk uranium from the
sample [1]. The sample was assayed by gamma-spectrometry using an 30% HPGe and a clover containing 4
segments. The reported gamma-lines of 244Bk are 217.6  0.3 keV and 891.5  1.0 keV [2]. These were
identified in the -spectra and their decay profiles were followed. The measured half life from the above
gamma-lines was 5.56  1.16 h. The only reported value of half life of 244Bk is 4.35  0.15 h [3]. Treating each
of the segments of the clover as separate detectors, the coincidence spectra were built from the list mode data
with a gate on 217.4 keV on other 3 segments of the detector. The gamma-line at 1243.5  1.5 keV was found to
be in coincidence with 217.4 keV. There is also a signature of another gamma-line at 2401  2 keV. These
gamma-lines have not been reported earlier. The details will be discussed.
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At the radioactive ion beam facility, ISOLDE-CERN, more than 900 isotopes of 70 elements are produced and
delivered as radioactive ion beams of high elemental and isotopic purity. At ISOLDE an extensive solid state
programme of research has been in place for many years and continues to develop and expand by the year.
This activity embraces a wide range of techniques and materials.
Among the techniques used are those which utilize nuclear properties such as Perturbed Angular Correlation
(PAC), Emission channeling (EC), Mössbauer spectroscopy and -NMR. These methods are capable of probing
the local environment of the host material and provide important and often unique hyperfine data. In addition
to these techniques traditional semiconductor spectroscopies such as Deep level Transient Spectroscopy
(DLTS), Photoluminescence (PL) and diffusion gain extra sensitivity and yield chemical information when
combined with radioactivity.
The materials studied have changed as research priorities in the world at large have changed. Nowadays the
bulk of the semiconductor work is focused on compound materials such as ZnO, GaN and CdTe. In addition
Multiferroic materials such as RMnO3 (R = Tb, Dy) (among others) now account for significant proportion of
the beamtimes, along with studies of high Tc Superconductors. One of the advantages of many of the
techniques which utilize radioactive probes – such as PAC – is their flexibility to be applied to a wide variety
of materials. This has allowed us to pursue a very active biophysics program in parallel with the more
“traditional” solid state work. These experiments use the implanted radioactive ions to study the local
environment of proteins, complementing and enhancing similar experiments using NMR and synchrotron
radiation.
In this talk I will detail the recent successes of experiments at ISOLDE, and of the unique advantages that
radioactive probes can bring. Results from the previous few years will be presented from the main areas of
work: semiconductor physics, multiferroic materials and biophysics.

Abstract submission for oral presentation.
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High temperature drop calorimetry for actinide samples 
 
Octavian S. Vălu1,2, Markus Beilmann2, Ondrej Beneš2 and R. J. M. Konings2 
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Using a Setaram multi-detector high temperature calorimeter (MHTC 96 type) operating in drop mode we try 
to prove that it is possible to perform drop calorimetric measurements for actinide samples using a very small 
amount of substance (less than 150 mg). 
Therefore, we performed drop calorimetric measurements for CsF samples and compare our results with 
existing literature data Nist – Janaf [1] and A. C. Macleod [2]. 
 
a) b) 
Fig. 1. Results of our experiment and Macleod’s work. a) liquid phase; b) solid phase 
 
Using the equations from Figure 1, which are obtained from linear fit of the data, the enthalpy of fusion is 
calculated as well as the heat capacity for our experiment and Macleod’s work. The results of the calculation 
are shown in Table 1. 
 
Table 1. Enthalpy of fusion and heat capacity of CsF. 
 
 
 
Comparing our results with the results of Macleod we can observe that the heat capacity has a very similar 
value. It is important to mention that in his experiment Macleod used an amount of 10 g of CsF for every drop 
whereas we used only 150 mg. From here we conclude that it is possible to analyze actinide samples using a 
relatively small amount of substance obtaining enough accurate results in order to predict the behavior of the 
Molten Salt Reactor (MSR) fuel. 
The principle of the Drop technique is based on measuring the enthalpy increments of a sample, while 
dropping it from ambient temperature (exactly measured) to the programmed temperature, which is kept at 
constant value. The crucible design used for the encapsulation was presented in Beneš et al. [3]. 
Each measurement consists of several drops made in 25 minutes intervals, enough to re-stabilize the 
temperature and the heat flow signal. From several measurements the temperature function of enthalpy is 
obtained and from these results the heat capacity is derived according to equation: CP = . 
Prior to each drop the samples were stored in a sample holder, which is positioned over the detector. The 
furnace of the calorimeter is programmed to stabilize at desired temperature and to keep it constant during the 
experiment. After this period the sample is dropped into the calorimeter. At this moment extra heat 
(monitored as heat flow) is delivered into the detector in order to maintain the pre-set temperature. The 
amount of heat corresponds to the energy which is necessary to heat up the sample from ambient temperature 
to the operation temperature. Typical results of one measurement are shown in Figure 2. Before and after 
every sample, a reference material is dropped to determine the sensitivity of the detector. As reference 
material we used small pieces (75 – 95 mg) of corundum (Al2O3) whose heat capacity is known. 
 
Fig. 2. An example of measurement made by Drop calorimeter; the investigated sample is CsF and as reference 
we used Al2O3. 
 
Each peak, on the heat flow curve, is analyzed individually by integration with respect to time, using 
OriginPro 7.5 Software and knowing the sensitivity of the calorimeter the obtained are is converted into
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enthalpy. 
The same technique to measure the high temperature heat capacity has been used by Burriel et al. [1] and
Beneš [3]. 
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The Handling Engineering Group at CERN has undertaken several initiatives to reduce personnel radiation
doses incurred during handling and other activities by developing remote handling equipment, optimized
handling equipment / procedures as well as remote inspection and measurement devices. The equipment
produced and under development will be presented along with some results for radiation dose reductions.
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