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Plutonium Encaged: Pu(lVV) and Model Ce(1V) Maltol Complexes
G. Szigethy™, J. Xu", D. K. Shuh', K. N. Raymond™

“University of California at Berkeley, Berkeley CA 94720-1460
"Lawrence Berkeley National Laboratory, Berkeley CA 94720-1150

The coordination chemistry of plutonium remains relatively unexplored. Thus, the
fundamental coordination chemistry of plutonium is being studied using simple multi-dentate
ligands with the intention that the information gleaned from these studies may be used in the
future to develop plutonium-specific sequestering agents. Towards this goal, hard Lewis-base
donors are used as model ligands. Maltol, an inexpensive natural product used in the commercial
food industry, is an ideal ligand because it is an all-oxygen bidentate donor, has a rigid structure,
and is of small enough size to impose little steric strain, allowing the coordination preferences of
plutonium to be the deciding geometric factor. Additionally, maltol is the synthetic precursor of
3,4-HOPO, a siderophore-inspired bidentate moiety tested by us previously as a possible
sequestering agent for plutonium under acidic conditions. As comparisons to the plutonium
structure, Ce(IVV) complexes of the same and related ligands were examined as well. Cerium(1V)
complexes serve as good models for plutonium(lV) structures because Ce(l1V) has the same ionic
radius as Pu(IV) (0.94 A).}?
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bromomaltol complex arranges the maltol rings in a drastically different manner while
maintaining the S4 crystallographic symmetry (Fig 2). The coordination geometry around the
cerium remains a trigonal dodecahedron, but the chelating ligands span a different set of edges as
in the maltol structures; the two-fold related bromomaltol ligands twist away from planarity,
breaking the D,q molecular symmetry. It is unlikely that steric interaction with a bromine on the
same molecule would have caused the observed rearrangement, as there would be sufficient
separation between them to accommodate their bulk in the geometry of the plutonium and
cerium maltol complexes. The extended packing in the unit cell of both the plutonium and
cerium maltol crystals indicates that pi stacking occurs throughout the lattice via the maltol rings
with close contacts between rings of approximately 3.6 A. Introduction of the bromine to this
structure would disrupt the packing that would allow these interactions, causing the molecule to
adopt the geometry present in the bromomaltol structure. In this unexpected arrangement the
complex is still able to maintain some pi stacking with the maltol rings of adjacent molecules
with a close contact of approximately 3.3 A. Additionally, the bromine on each ligand is
arranged such that its next closest contact is with a bromine 3.64 A away on another molecule.
Despite the different ligand geometry, the bromomaltol structure exhibits metal-oxygen bond
distances that are within 0.06 A of those in the maltol complexes.

This research is supported by the Director, Office of Energy Research, Office of Basic Energy
Sciences, Chemical Sciences Division, United States Department of Energy under contract
number DE-AC02-05CH11231. We thank Dr. Allen Oliver for help with crystallography at the
ALS of LBNL.

1. A E.Gorden,J. Xu, K. N. Raymond, Chem. Rev. 103, 4207 (2003)
2. K. N. Raymond, Solid State Inorg. Chem. 28, 225 (1991)
3. J. H. Hooker, R. J. Prokop, W. E. Serbousek, M. D. Cliffton, J. Org. Chem., 44, 3408 (1979)



Plutonium Metallurgy: The materials science challenges bridging
condensed-matter physics and chemistry

A.J. Schwartz

Lawrence Livermore National Laboratory, Livermore CA 94550 USA

The origins of physical metallurgy have been traced back to the highlands of western Asia
northwest of the Persian Gulf as early as the year 4300 BC.' By 2000 BC, smelting, melting,
casting, annealing, and forming of metals such as gold, silver, copper, lead, and iron had been
practiced. Between 2000 BC and 1800 AD, advances in metallurgy impacted society in the areas
of the arts, agriculture, industry, and military applications. By the nineteenth century, the
industrial need for steel drove metallurgy to become an important discipline connecting
chemistry, physics, and mechanics. Matthiessen’s rule, based on an 1867 electrical conductivity
investigation, is credited as the beginning of “physics of metals”, solid-state physics, and now
condensed-matter physics. Phase diagram investigations, the development of the constitution of
alloys, and the principles of heterogeneous equilibria by Willard Gibbs were first published in
1876. Around the same time, physical chemistry was laying the basis for the study of phase
transformation kinetics. Thus, by the end of the 19" century, metallurgy had established its role
in the interspace between condensed-matter physics, chemistry, and crystallography.

In the 20™ century, tremendous advances in metallurgy were made possible by von
Laue’s 1912 discovery of diffraction of x-rays and the subsequent developments by Bragg and
others. This technology opened the door to crystallographic and microstructural studies of
metals and alloys and the discovery of superlattice structures, Hume-Rothery alloys, Laves
compounds, and the importance of point defects. Furthermore, significant developments in the
understanding of solidification, nucleation and growth theory, plasticity, texture, failure,
martensitic phase transformations, diffusion, and many other physical and mechanical properties
of metals and alloys were made. Scientific advances in metallurgy clarified the understanding
that processing of metals was responsible for setting the microstructure, and the microstructure
was closely related to the performance of metals. Thus, microstructure-properties-processing
relationships became the central component of 21* century metallurgy.

The understanding of metallurgy gained over the previous four millennia was vital for
learning how to process and characterize the new element plutonium when it was fabricated by
Seaborg, Kennedy, and Wahl in 1942.> The earliest stages in Pu metallurgy were motivated by
the need to produce a product; at that time, quantity took precedence over quality. Problems
with consistent density and phase transformations led C.S. Smith to suggest intentionally
alloying Pu and ultimately, an alloy of 3.0 to 3.5 atomic percent Ga was used in the Trinity test.’
From 1945 onward, a tremendous amount of effort was placed on phase diagrams and phase
stability. Bochvar et al.," Ellinger ef al.,” Zachariasen and Ellinger,” Chebotarev et al.,” Ward et
al.,’ Hecker and Timofeeva,” and many others contributed significantly to the understanding of
crystal structures, phase diagrams, and phase stability. In the last two decades, the motivation for
Pu science has shifted. No longer is the sole purpose to produce a product. Today, Pu science is
more focused on understanding the fundamental relationships between electronic structure,
crystallographic phase stability, and the roles of microstructure, impurities, and defects. In the
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last few years, the need to understand the aging of Pu has dictated much of the science. The
continuous radioactive decay of Pu produces an array of impurity daughter products that
accumulate with age. How the damage introduced by radioactive decay and the resulting
impurities affect metallurgical aspects of Pu, such as phase transformations and magnetic
properties are areas of intense research.

Today, the boundaries between metallurgy, condensed matter physics, and physical
chemistry in the study of Pu are blurred. Recent advances in our understanding of this intriguing
material are being made in all areas of physical science. This presentation will highlight these
exciting advances and focus on the significant challenges in the field of Pu metallurgy. Among
the topics to be discussed are phase transformations and phase stability. Although there have
been significant advances in our understanding of the phase diagram, even after 40+ years, the
nature of the double-C curve in the time-temperature-transformation (TTT) diagram remains
unresolved. Advances have been made in our knowledge of the 8 = o transformation,'*" but
less is known about the mechanism and kinetics of the o to  and reverse transformation during
temperature or pressure excursions. Natural aging of Pu has been the focus of significant recent
efforts,'* but we still do not fully know the mechanism(s) of delta phase stability,"” the vacancy
migration energy, and the mechanism that appears to limit the size of the helium bubbles that
form from the alpha decay of Pu into U and He.

With thousands of years of accumulated metallurgical knowledge of most every element
in the periodic table, we substantially understand most metals. However, the 21* century finds
us still perplexed by the deeply complex structure-properties-processing relations in Pu. This is
a very exciting time to be engaged in Pu metallurgy. With ever-improving computational
capabilities and significant focus on electronic structure calculations and experiments, there are
now collaborative worldwide contributions to our understanding.

This work was performed under the auspices of U.S. Department of Energy by the University of
California, Lawrence Livermore National Laboratory under contract No. W-7405-Eng-48.
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Scientific Understanding Aids Plutonium Remediation at
Rocky Flats.

G. R. Choppint, D. L. Clark*, D. R. Janecky*, L. J. Lane*
*Los Alamos National Laboratory, Los Alamos, NM 87545
tFlorida State University, Tallahassee, FL 32314

BACKGROUND

The Rocky Flats Environmental Technology Site (RFETS) was a U.S.
Department of Energy (DOE) environmental cleanup site located about 15 miles
northwest of downtown Denver. More than 2.5 million people live within a 50-mile
radius of the site, and 300,000 of those live in the Rocky Flats watershed. From 1952 -
1989, the Rocky Flats Plant made components for nuclear weapons using various
radioactive and hazardous materials, including plutonium and uranium; toxic metals such
as beryllium; and hazardous chemicals, such as cleaning solvents and degreasers. In
1989, Rocky Flats was raided by the FBI/EPA for alleged environmental violations, and
all nuclear operations were suspended. Nearly 40 years of nuclear weapons production
left behind a legacy of contaminated facilities, soils, surface and ground water. RFETS
was designated as an EPA Superfund cleanup site, and in March of 1995, DOE’s
Baseline Environmental Management Report called for the site to be closed by the year
2060 at a cost in excess of $37 billion.

In May of 1995, wet spring conditions and intense rainfall events at the site
caused Site personnel and stakeholder groups to raise concerns about the potential for
increased plutonium mobility in the RFETS environment, and the potential for increased
plutonium transport offsite an onto public lands. These events placed increased emphasis
on the potential for soluble forms of plutonium in surface and ground waters in order to
account for the appearance of plutonium at monitoring stations at the Site boundary. The
accepted DOE model for risk assessment (RESRAD) assumed transport of soluble forms
of contaminants, and required input of distribution coefficients (K4) between aqueous and
soluble phases. When plutonium Kgy’s were input into the model, it predicted no
plutonium transport, in disagreement with the observed plutonium behavior. This
situation led to public mistrust and lack of confidence. When coupled with other
questions regarding the mobility of different actinide elements (U, Pu, Am) at different
Site locations, this situation prompted DOE and Kaiser-Hill to establish the Actinide
Migration Evaluation (AME) advisory group in 1996. The group was formed to provide
guidance on issues of actinide behavior and mobility in the air, surface water,
groundwater, and soil.

Through a combination of expert judgement and state-of-the-art scientific
measurements, it was shown that under environmental conditions at Rocky Flats,
plutonium and americium form insoluble oxides. These insoluble materials are attached
to natural soil organic and mineral particles that can migrate in the Rocky Flats
environment by wind and surface water sedimentation/resuspension processes. This
scientific understanding demonstrated that soluble transport models were not appropriate,
and led to the development and application of large-scale erosion/sediment transport
models. The scientific understanding developed through these integrated studies



contributed directly to the basis for plutonium and americium cleanup levels in soils and
concretes. It helped all parties focus remediation efforts on surficial contamination and
transport pathways (wind and surface water erosion) that posed the greatest risk to human
health and the environment. It helped guide selection of surface-specific removal
technologies and future land configuration strategies. Thus scientific understanding
through advanced measurement techniques was developed into science-based
communication and decision-making for Kaiser-Hill and DOE that helped focus Site-
directed efforts in the correct areas, and aided the DOE in its effort to close the RFETS.
On October 13, 2005, Kaiser-Hill Company declared to DOE the physical completion of
the Rocky Flats Closure Project, culminating a 10-year, $7 billion project — ultimately
delivering nearly $30 billion in taxpayer savings.

An overview of the Rocky Flats Site, the technical issues, the scientific
experiments, the transport models, the environmental cleanup, and the final land
configuration will be presented.

Supported byKaiser-Hill, LLC, and the Division of Chemical Sciences, Geosciences, and
Biosciences, Office of Basic Energy Research, U.S. Department of Energy.



PuCoGas and Related Materials

J. D. Thompson, N. J. Curro, Tuson Park, E.D. Bauer, J. L. Sarrao

Los Alamos National Laboratory, Los Alamos, NM 87545 USA

Superconductivity in actinide-bearing compounds has served as a tool for guiding an
interpretation of the role that 5f-electrons play in determining physical properties. Likewise, an
interpretation of the mechanism of superconductivity must be consistent with what is known
about the normal-state properties of these compounds. PuCoGas, the first Pu-based
superconductor!, exemplifies these complementary approaches to revealing the nature of
plutonium’s 5f-electrons in this compound. Its superconducting transition temperature T, of
18.5K is nearly an order of magnitude higher than that of any previously known 5f-electron
material but comparable to T.’s found in some transition-metal intermetallic compounds. Unlike
these other intermetallics whose superconductivity is conventional, i.e., mediated by an attractive
electron-phonon interaction, the uniform magnetic susceptibility of PuCoGas is Curie-Weiss-
like, with an effective moment expected for a nearly localized 5f° configuration. Because the
presence of a local moment is detrimental to conventional superconductivity, this suggests the
possibility that superconductivity of PuCoGas is unconventional, e.g. mediated by a magnetic
interaction, which is the case in strongly correlated electron materials, such as the high-T,
cuprates and heavy-fermion systems based on Ce or U. This possibility is borne out by NMR
measurements>® that find a power-law dependence of the nuclear-spin relaxation rate 1/T; in the
superconducting state of PuCoGas as well as in the isostructural superconductor® PuRhGas with
T.=8.5K. Further, 1/T; in the normal states of these materials also is unconventional and
consistent with nuclear-spin relaxation being dominated above T, by the presence of 5f-electron
spin fluctuations. Together, these experiments lead to a picture of superconductivity mediated by
magnetic fluctuations associated with Pu’s 5f electrons whose characteristic spin fluctuation rate
is set by hybridization with ligand electrons. This interpretation also is consistent with the
suppression of T, with self-radiation damage, the temperature dependence of electrical
resistivity, the large value of a magnetic field required to suppress superconductivity, and an
enhanced Sommerfeld coefficient of specific heat that are found in these Pu superconductors.

Hybridization of 5f and ligand electrons not only sets the characteristic energy scale for spin
fluctuations but also the bandwidth of electronic states at the Fermi energy Er. In a simple
approximation, the inverse of the bandwidth is proportional to the density of electronic states at
Er measured by the Sommerfeld specific heat coefficient. The superconducting transition
temperatures of Ce- and U-based heavy-fermion compounds, the high-T. cuprates and these Pu
superconductors appear to have a common linear dependence on the energy scale set by
hybridization.” The T¢’s of PuCoGas and PuRhGas are intermediate to those of these two other
families of superconductors, implying that the 5f electrons of the Pu superconductors are not as
localized as the f-electrons in heavy-fermion systems but more localized than the d-electrons of
the cuprates. This is the same correlation expected on the basis of the spatial extend of the
relevant f- or d-electrons and equivalently of their effective bandwidth or Sommerfeld
coefficient. Extending this picture to elemental Pu suggests that its 5f electrons are strongly
hybridized with band electrons, preventing it from being either superconducting or magnetic.



Besides superconductivity, are there other surprises waiting to be found in PuCoGas or
PuRhGas? The answer is almost certainly yes. One possibility comes from a comparison with
the isostructural heavy-fermion compounds CeColns and CeRhlns in which hybridization can be
tuned by readily accessible pressures and magnetic fields. Though CeColns is superconducting
at atmospheric pressure, CeRhlns is antiferromagnetic but becomes superconducting with
applied pressure. Imposing a magnetic field on CeRhins in its superconducting state induces
magnetic order that is hidden by superconductivity in the absence of a field.> Various theoretical
models have been proposed for how this can happen, but the observation of field-induced
magnetic order coexisting with superconductivity remains unresolved. The unusual temperature
dependence of the nuclear-spin relaxation rate in PuRhGas is strikingly similar to that of
CeRhIns under pressure, suggesting that the relative f-electron hybridization is comparable in
both materials which also is true for PuCoGas and CeColns. From this comparison, it seems
worthwhile to search for field-induced magnetism in PuRhGas, which, if found, would allow a
new approach to probing the nature of plutonium’s 5f-electrons and its the evolution with field
tuning.

Work at Los Alamos was performed under the auspices of the U.S. Department of Energy, Office
of Science.

J. L. Sarrao et al., Nature 420, 297 (2002).

N. J. Curro et al., Nature 434, 622 (2005).

H. Sakai et al., J. Phys. Soc. Jpn. 74, 1710 (2005).

F. Wastin et al., J. Phys. Condens. Mat. 15, s2279 (2003).
Tuson Park et al., Nature (in press).
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Futuristic back-end of the nuclear fuel cycle with the partitioning
of minor actinides

by

C. Madic', B. Boullis®, P. Baron®, F. Testard?, M. J. Hudson?, J.-O. Liljenzin®,
B. Christiansen®, M. Ferrando®, A. Facchini’, A. Geist®, G. Modolo®, A. G. Espartero™
and J. De Mendoza™
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7/ PoliMi, Milano (ltaly), 8/ INE, FZ-Karlsruhe (Germany), 9/ ISR, FZ-Julich (Germany),

10/ CIEMAT, Madrid (Spain), 11/ Univ. Auto. de Madrid, Madrid (Spain).

The reprocessing of nuclear spent fuels is industrially carried out in several countries in the
world. The most important reprocessing facility is situated in France at La Hague (Aréva-
Cogéma Company). Today, the aims of the reprocessing are: i) to recover the elements U and
Pu which have large potentiality to produce more energy and which can be recycled as new
fuels (MOX fuel for the recycled Pu), ii) to condition the nuclear wastes into solid matrices.
Most of the radionuclides from the wastes are conditioned in glass. The glasses contain most
of the Fission Products (FPs) and the minor actinides (MASs): Np, Am and Cm. These glass
wastes will be in the future disposed of into deep geological repositories. But, the most
difficult problem to define such deep geological repositories is related to the very important
radiotoxicity of these glass wastes which stay very important for about 100,000 years. This is
mainly due to the presence of the MAs in these glass wastes. So, a new strategy is under
consideration in numerous nuclear countries: if the MAs are eliminated from the glass wastes,
the definition of a deep geological repository will be more simpler. After their partitioning,
the MAs can be considered as destructible by nuclear facility, such as the ADS. So, in France
and in Europe, important reasearch for MAs partitioning are done. Most of the work done was
in the domain of hydrometallurgy. The most important results obtained in Europe will be
presented here.

Separation of neptunium (Np)

In the spent fuel aqueous nitric acid dissolution liquor, Np exist on Np(V) (NpO,") and
Np(VI1) (NpO,**) forms. In order to co-extract Np with U(VI) and Pu(IV) by the TBP within
the PUREX process, it is necessary to convert all the Np into its Np(VI) form which possesses
a high affinity for the TBP. In order to do so, at the CEA-Marcoule, it was shown that if the
[HNOs] of the dissolution liquor is higher than that used in the industrial plant at La Hague ( 3
M HNO3), Np can be totally converted to Np(V1) in presence of the TBP solvent, and then Np
can be co-extracted with U(VI) and Pu(lV). Such a demonstration was successfully
demonstated at CEA-Marcoule in 2005, during the treatment by the PUREX process of 14 kg
of spent UOX fuel.

Separation of americium (Am) and curium (Cm)

As Am and Cm exist in the spent fuel aqueous dissolution liquor as trivalent actinide ions
(An): Am(IIT) and Cm(lll), it was necessary to design new extractant able to co-extract
An(I11) from the nitric acid raffinate issuing the PUREX process. Moreover, as about a third



of the FPs is composed of trivalent lanthanides ions (Ln(Ill)), the co-extraction of An(lll) +
Ln(I1) is obtained. So, after the co-extraction of An(l1l) + Ln(l11) a separation An(I11)/Ln(l11)
should be done.

DIAMEX process. For the co-extraction of An(lll)+ Ln(lll) nitrates from High Active
Wastes, a lot of work has been done to select a new extracting agent. The family of
malonamide molecules was chosen and among more than 100 ligands tested, the
DMDOHEMA was selected for the so-called DIAMEX process. The DIAMEX process was
successfully tested on High Active Raffinate (HAR) both at CEA-Marcoule and at the ITU
(Karlsruhe, Germany). Moreover, at the ITU, the DIAMEX process was also successfully
tested using High Active Concentrate (concentration factor vs HAR of 10).

SANEX process(es). For the separation of An(l11) vs Ln(l11) issuing the DIAMEX process, it
was necessary to define very specific extractants able to selectively extract the An(ll1). In this
very difficult domain, several processes were designed including: i) SANEX process based on
the tridentate N-ligand iPr-BTP, and ii) synergistic mixture of bis-chlorophenyl-di-
thiophosphinic acid ((CIPh),PSSH) + TOPO. Hot tests of the SANEX process using BTP
ligands was done at CEA-Marcoule and at the ITU. If good results were obtained,
unfortunately, it was demonstrated that the BTP extractants are not sufficiently resistant vs
radiolysis to be chosen as industrial extractant. The SANEX process based on (CIPh),PSSH)
+ TOPO mixture was successfully tested on synthetic spiked solutions at FZ-Jilich
(Germany). It should be mentioned that recently a new SANEX system has been defined by
CEA and successfully tested in 2005 with real HAR.

Cm/Am separation.

As it will be difficult to destroy Cm nuclides, it was considered necessary to define an
Am(IN/Cm(I) separation process. As the malonamide DMDOHEMA possesses a slight
higher affinity for Am(l11) vs Cm(I11) (SFamicm= 1.6), a DIAMEX-2 process was defined and
successfully tested at CEA-Marcoule with real hot feed.

Most of the work described herein was done within the PARTNEW European Integrated
Project (IP) of FP-5. Now, since 2004, the research continues in Europe within the IP
EUROPART (FP-6), which incorporates not only MAs partitioning work in hydrometallurgy,
but also in pyrometallurgy.
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Thermostatics and Kinetics of Transformations in Pu-based Alloys

P.E. A. Turchi*, L. Kaufman', and Zi-Kui Liu'"

"Lawrence Livermore National Laboratory (L-372), P. O. Box 808, Livermore, CA 94551 USA

140 Clark Road, Brookline, MA 02445-5848 USA

"The Pennsylvania State University, MS&E Department, College Park, PA 16803 USA

INTRODUCTION

Despite the recent progress made in predicting the impact of electron localization on the
stability of the 0 (or fcc) phase of Pu, an accurate determination of the energetics for pure Pu and
its alloys still offers paramount challenges. As a viable alternative, the CALPHAD (CALculation

of Phase Diagrams) methodology' has been
extremely successful since the 70’s in describing
the thermodynamics of complex multi-component
alloys. Hence, before input from ab initio
calculations to the thermodynamic database
becomes a reality, statics and kinetics of phase
transformations in a series of Pu-based alloys
have been investigated® with CALPHAD with
reference to experimental data only. Here we
summarize some of the most salient conclusions
of this study for the Pu-Ga alloy system.

STATICS OF PHASE TRANSFORMATIONS

In the 80’s attempts have been made to
assess the phase stability properties of Pu-Ga
alloys by focussing on the Pu-rich part of the

phase diagram’. However, since stability is a
global property that requires an accurate
knowledge of alloy behaviour in the whole range
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Figure 1. CALPHAD assessment of the
Pu-Ga phase diagram.

of composition, a new assessment was performed. The input data consisted of the phase diagram
and the heats of formation of the compounds measured experimentally. Since the emphasis was
put mostly on the high-temperature phase diagram data, the low temperature alloy behaviour
comes out as a prediction from this assessment. As shown in Fig. 1, besides the overall
agreement with the known experimental phase diagram, an eutectoid-phase decomposition is
predicted at about 57 °C in the Pu-rich portion of the phase diagram in agreement with the
Russian experimental results®. It is worth noting that the CALPHAD boundary of the two-phase
region (8+Pu3Ga) lies on the left (i.e., at lower Ga composition) of the experimental results. This
finding was expected since the slow kinetics of formation of PusGa precipitates in the fcc matrix
at low temperatures precludes the observation of small phase fraction of Pu;Ga.



KINETICS OF PHASE TRANSFORMATIONS
Kinetic modeling was applied to the study of
diffusion-controlled transformation in the case of the .

O
eutectoid reaction 0—a+Pu;Ga with the g
thermodynamic driving force obtained from the §
previous results and a mobility database built upon §
available experimental data. The temperature-time-
transformation (TTT) curves are shown for the two
separate reactions in Fig. 2. Close to the temperature of

eutectoid decomposition, the time for transformation is
about 1.5 10° years. Hence, although the “American”
version of the phase diagram describes metastable
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equilibrium, the actual equilibrium eutectoid 5%
transformation is definitely inhibited by diffusion alone.

martensitic transformation, the model of martensite
nucleation proposed by Cohen and Kaufman (CK)’, and
successfully applied to Fe-Ni alloys, was adopted. In

To study the early stage of the d—a isothermal

Temperature (°C)

this model, the main idea is that a heterogeneity must
pre-exists beyond a critical size, and to rapidly
transforms in a martensite this embryo must go through
a number of growth steps that are thermally activated.

In the present case, a rate control reaction at the highest
Ga contents was proposed to explain the transition from
single to double C-shape of the TTT curves with an
increase in Ga content. The results shown in Fig. 3
account for the change in time scale of the early stage
of martensite nucleation with alloy composition, in

Temperature (°C)

agreement with those from Orme et al.®

This work was performed under the auspices of the U. S.
Department of Energy by the University of California Lawrence
Livermore National Laboratory under Contract W-7405-ENG-48.
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Zirconia inert matrix for plutonium utilisation and minor
actinides disposition in reactors.

Claude Degueldre.

NES, Paul Scherrer Institute, 5232-Villigen-PSI, Switzerland.

The toxicity of the UOX spent fuel is dominated by plutonium and minor actinides (MA): Np,
Am and Cm, after decay of the short live fission products. Zirconia ceramics containing Pu
and MA in the form of an Inert Matrix Fuel (IMF) could be used to burn these actinides in
Light Water Reactors and in High Temperature Reactors. Optimisation of the fuel designs
dictated by properties such as thermal, mechanical, chemical and physical must be performed
with attention for their behaviour under irradiation. Zirconia must be stabilised by yttria to
form a solid solution such as An,Y,Pu,Zr;.,O,., where minor actinide oxides are also soluble.
Burnable poison such as Gd, Ho, Er, Eu or Np, Am them-self may be added if necessary.
These cubic solid solutions are stable under heavy ion irradiation. The retention of fission
products in zirconia, under similar thermodynamic conditions, is a priori stronger, compared
to UO,, the lattice parameter being larger for UO; than for (Y,Zr)O,«. (Er,Y,Pu,Zr)Os4 in
which Pu contains 5% Am was successfully irradiated in the Proteus reactor at PSI, in the
HFR facility, Petten as well as in the Halden Reactor. These irradiations make the Swiss
scientists confident to irradiate such IMF in a commercial reactor that would allow later a
commercial deployment of such a fuel for Pu and MA utilisation in a last cycle. The fuel
forms namely pellet-fuel, cercer, cermet and coated particle fuel are discussed considering the
once through strategy. For this strategy, low solubility of the inert matrix is required for
geological disposal. As spent fuels these IMFs are demanding materials from the solubility
point of view, this parameter was studied in detail for a range of solutions corresponding to
groundwater under near field conditions. Under these conditions the IMF solubility is 10°
times smaller than glass, which makes the zirconia material very attractive for deep geological
disposal. The desired objective would be to use IMF to produce energy in reactors, opting for
an economical and ecological solution. The Swiss IMF results are reported in the proceedings
of the IMF workshops published in J. Nucl. Mater. (1999, 2003 & 2006) and Prog. Nucl.
Energy (2001).



The theory of electronic structure and magnetic properties of Pu
and Pu alloys

V.I. Anisimov
Institute of Metal Physics, 620041 Ekaterinburg GSP-170, Russia

The key question in understanding plutonium properties is a problem of Sf-electrons localization. For the
actinides on the right side of Pu in periodic table starting from americium jf-electrons are fully localized while for
the left side elements they are itinerant and contribute to the chemical bonding resulting in a much smaller atomic
volume. Pu itself can be as in small volume state (o phase) as well as in large volume state (& phase). Density
functional theory calculations describe well small volume phase but in order to reproduce large volume phase a
strong spin-polarization of Sf-electrons is needed. That is in contradiction with experimental data showing that there
are no local magnetic moments of Pu ions. There are two ways to explain the absence of magnetic moments on
localized 5f electrons. One is Kondo type screening due to the hybridization of 5f electrons with s-, p- and d-
electrons. This effect can be described in Dynamical mean-filed theory calculations. Another explanation come from
the taking into account very strong spin-orbit coupling in this material that can lead to the f° configuration with a
zero value of total magnetic moment. In the talk a review will be given of various attempts to describe electronic
structure and magnetic properties of Pu and Pu alloys in ab-initio calculations.



Solubility and Redox Equilibria of Plutonium

Th. Fanghéinel*f, M. Altmaier’, H.R. Cho", C.M. Marquardt*, V. Neck, A. Seibert”, C. Walther,
J.-I. Yun"

“Institut fiir Nukleare Entsorgung, Forschungszentrum Karlsruhe, D-76021 Karlsruhe, Germany
"Physikalisch-Chemisches Institut, Universitit Heidelberg, D-69120 Heidelberg, Germany
#European Commission, JRC, Inst. for Transuranium Elements, D-76125 Karlsruhe, Germany

The redox behavior of Pu, the hydrolysis of Pu(IV), and the solubility of Pu(IV) hydrous
oxide in the presence of oxygen are discussed controversially in the literature. Experimental
results are often ascribed to radiolysis or kinetic effects, disproportionation reactions, etc. We
have studied the redox behavior of Pu(IV) solutions at pH 0 — 2 as function of time and the
solubility of Pu(IV) hydrous oxide at pH 2 — 13 (under Ar + traces O,) using Pu-242. The redox
potential, in many literature studies not measured or considered as not reliable, is found to be a
key parameter for the understanding of the aqueous Pu chemistry. With the known equilibrium
constants for the system Pu/e/H/OH/NaCl or NaClO4/H,0 (25°C)'* and additional data
determined for PuO,.(s,hyd) and small Pu(IV) colloids/polymers (1.5 — 2 nm), which are part of
the thermodynamic system, the total Pu solubility and oxidation state distribution is explained
consistently in terms of equilibrium thermodynamics.

REDOX BEHAVIOR AND HYDROLYSIS OF Pu(1V) IN ACIDIC SOLUTIONS

Electrochemically prepared Pu(IV) stock solutions were diluted to 107 to 510 M Pu(IV)
solutions at pH. = 0.3 - 2.1 in 0.5 M HCI/NaCl. The concentrations of Pu(IV)aq, Pu3+, PuO," and
PuO,”" were determined by UV/Vis/NIR absorption spectroscopy, using a 1m-capillary cell for
low concentrations. The presence or absence of Pu(IV) colloids > 5 nm was confirmed by
LIBD’. The oxidation state balance determined by spectroscopy and LSC in solutions free of
colloidal Pu(IV) demonstrates that the Pu(IV) absorption band at 470 nm remains unaffected by
mononuclear hydrolysis reactions in the pH range 0 — 2. The decrease in the molar absorbance is
only caused by the formation of polymeric/colloidal species Pu(IV)cor.

The redox behavior of acidic Pu(IV) solutions is usually ascribed to the disproportionation
of 2 Pu(IV) into Pu(Ill) and Pu(V) and/or of 3 Pu(IV) into 2 Pu(Ill) and Pu(VI). Accordingly, at
any time the following balance must be valid: [Pu(IIl)] = [Pu(V)] + 2 [Pu(VD)].” However,
doubts on this reaction path™* are confirmed: None of the investigated solutions fulfills this
balance at reaction times < 10 days. Instead, the formation of Pu(IIl) is equal to the simultaneous
decrease of Pu(IV),q, (d[Pu(Ill))/dt = - d[Pu(IV),q]/dt), i.e., {[Pu(IV)aq] + [Pu(Ill)]} = constant
and, as a consequence: d{[Pu(V)] + [Pu(VID)]}/dt = - d[Pu(IV)con]/dt.

These results indicate that the so-called ‘disproportionation of Pu(IV)’ is a two-step process.
The initial step is the formation of PuO,", either by the oxidation of colloidal or polynuclear
Pu(IV) species by O, or due to the redox equilibrium with Pu(IV) colloids > 5 nm which have
thermodynamic properties equal to PuO,(am, hyd) °:

PuO,(am, hyd) < PuO,” +e  (log K°ysy = -19.78 + 0.86) (1)

The second step is the simultaneous equilibration of the redox couples Pu(V)/Pu(VI) and
Pu(IV)/Pu(Ill) which are related by pe (and pH because of Pu(IV) hydrolysis equilibria):



PuO," < PuO,* +¢ (log K.y = -15.82 + 0.09)’ )

Pu’ o Pu* +e (log Ky = -17.69 + 0.04)’ (3)

Pu*' +n OH < Pu(OH),"™  (log B°) 4)
The oxidation state distributions and redox potentials (pe = 16.9 Eh(V) at 25°C) measured after
more than 20 days are consistent with known ‘disproportionation’ equilibria*® which correctly
describe the equilibrium state, but not the underlying reaction mechanism.

Combining reactions (3) and (4) allows to determine log B°,(Pu(OH),*™) from the relation:

pe + log ([Pu*"/[Pu(IV),y]) = — log Ky — log (1 + = B2, [OHT") (5)

The spectroscopically determined concentrations of Pu®" and Pu(IV),q and the measured redox
potentials (consistent with pe values calculated from log K°y.y; and the spectroscopically
determined Pu(V) and Pu(VI) concentrations) yield the following hydrolysis constants, corrected
to I = 0 with the SIT: log B° = 14.0 £ 0.2, log B° = 26.8 £ 0.6, log B°; = 38.9 £ 0.9). These
values are lower than those selected in the recent NEA-TDB review”.

SOLUBILITY OF Pu(IV) HYDROUS OXIDE IN THE PRESENCE OF OXYGEN

The total Pu concentrations, oxidation state distributions and redox potentials measured in
solubility studies with Pu(IV) hydrous oxide under air (Rai et al.”) and under Ar containing only
traces of O, (present work) indicate that O, is scavenged by solid PuOs(s,hyd) yielding mixed
valent PuOy:(s,hyd) = (Pu")2x(Pu'")1.2:02:x(s,hyd) as proposed by Haschke et al.”:

PuO,(s,hyd) + x/2 05(g) — PuOs.x(s,hyd) (6)

The oxidized fractions of PuO,.«(s,hyd) (ca. 10 % in the studies of Rai et al.” under air and 0.5 %
in the present experiment) are correlated to the amount of oxygen in the system and/or the
amount of oxidized Pu in the original Pu(IV) stock solution. At low pH they are completely
soluble but at pH > 3, the aqueous Pu(V) concentration is limited to the solubility of
PuO,«(s,hyd) which may be considered as solid solution (PuO, s)2x(Pu0,);.2x(s,hyd):

log Kgp(PuOy 5 in PuO,y(s,hyd)) = log ([PuO, J[OHT) = -14.0 = 0.8. (7)

The low redox potentials at pH 4 — 13 are reproducible and independent of the initial O; in the
system. They can be explained by equilibria between PuO,.(s,hyd), PuO, (aq) and small Pu(IV)
colloids/polymers (1.5 - 2 nm) which are part of the thermodynamic system and predominant at
pH > 7. The molar standard Gibbs energy A¢G°n,(PuO,.:«(s,hyd)) derived from the solubility data
is considerably less negative than calculated by Haschke et al.* who assumed the oxidation of
PuOs(s) by reaction with water.
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Nuclear forensics investigations with a focus on plutonium

M. Wallenius, K. Liitzenkirchen, K. Mayer, I. Ray

European Commission, Joint Research Centre, Institute for Transuranium Elements, P.O.Box
2340, 76125 Karlsruhe, Germany

ABSTRACT

Since the beginning of the 1990’s when the first seizures of nuclear material were
reported, IAEA has recorded over 200 cases of illicit trafficking of nuclear materials. The
number of nuclear material seizures has decreased drastically from the “record” year of 1994
when 45 seizures were recorded to about 10 seizures per year at the present. However, the issue
continues to attract public attention and is a reason for concern due to the hazard associated with
such a materials. The radiological hazard arises from inappropriate handling, transport or
storage, and even more serious concerns arise if considered in a terrorist context. Nuclear
material can either be used in a radiological dispersal device, so-called “dirty bomb” or - if
available in sufficient quantity and quality - in nuclear explosive devices.

Once illicitly trafficked nuclear material has been intercepted, the following questions are
to be addressed: What was its intended use? Where is its origin and who was its last legal owner?
Especially the origin is of prime importance in order to close the gaps and improve the physical
protection at the sites where the theft or diversion occurred. The analytical strategy is following a
step-by-step approach, where based on actual findings the next step is defined and performed.

Analytical methods adapted from nuclear safeguards serve as a basis in nuclear forensic
analysis. However, it was soon noticed that they were not sufficient to provide answers to all the
questions. Therefore, dedicated nuclear forensic methodology has been developed. This
approach combines methods used in nuclear fuel cycle, materials research and environmental
studies, including radiometric and mass spectrometric techniques as well as electron microscopy.
The conclusions from such investigations need to be supported by reference data whenever
possible.

The Institute for Transuranium Elements (ITU) has been involved nuclear forensics
research since the beginning. During the last ten years, methods for the age determination of U
and Pu, the geolocation of natural U, and the determination of the reactor type from the Pu
isotopic composition have been developed. In addition to that some 30 samples originating from
real seizures of nuclear material have been analyzed. In this paper, an overview is given on the
methodologies used, on the past and on-going developments and on the experience gathered.
Some selected examples shall illustrate the challenges and the complexity associated with this
work.



How the f electrons hide
J. L. Smith, J. C. Lashley, M. E. Manley, B. Mihaila, C. P. Opeil, and R. K. Schulze
Los Alamos National Laboratory

When the f electrons seem to come and go in cerium, at least a magnetic moment comes
and goes; so things look simple. In plutonium the magnetism that should be there, never
shows up. These questions will be reviewed. Recent results will be shown that tie
together neutron scattering, photoemission, and thermodynamic measurements. Along
with other work, we can put some limits on models of f-electron behavior. It does seems
as if we have made some progress after years of drought.



Insights into the bonding and electronic nature of heavy element
materials

R. G. Haire
Chemical Sciences Division, Oak Ridge National Laboratory, P. O. 2008,
Oak Ridge, TN 37831-6375, USA

ABSTRACT

A long standing issue in heavy element science is what role electrons, especially the f
electrons, play in chemical and physical behaviors. This interest prevails not only for
differences between the two different f-electron series and but also for comparing a
particular element’s behavior in its elemental and combined states.

Different types of experimental results over the years have been employed to probe and
evaluate the nature of bonding and electronic configurations in these materials. In some
instances the conclusions arrived at from experiment and theory has differed, but recently
both theory and experimental techniques have become more encompassing and
sophisticated.

Interpretations about the electronic interactions and bonding at ambient or elevated
temperatures in the f-elements have been employed for many years and have generated
information under these conditions. More recently, structural behaviors under pressure
and the associated correlations with bonding via experimental methods have become
especially enlightening, and have resulted in surprising results. These experimental
findings also generated increased theoretical efforts to probe and understand these
changes, as well as offer new insights. Modern experimental and theoretical approaches
in this arena alone have improved dramatically and now offer improved accuracies and
detailed insights.

The changes in bonding and the electronic behavior of metals and alloys from the
application of pressure provide different insights into the materials than examined by
other techniques and under different conditions. The decreasing interatomic distances
occurring under pressure alter energy levels and may provide a different potential for the
overlap or hybridization of electronic orbitals. In contrast, changes observed in
compounds under pressure may or may not reflect the involvement or a participating role
for the f electrons. This difference with compounds probably reflects the presence and
different bonding roles of the non-f element atoms, which affect not only the interatomic
f-element distances but also the type of electronic orbitals encountered that can
potentially interact.

Experimental results obtained from applying pressure are known for Th, Pa, U, Np, Pu,
Am, Cm, Bk, and Cf, and attempts have been made to study Es. Several aspects of these
elements’ behaviors under pressure have also been considered theoretically, and in
several instances theory and experiment have now become in accord. = The recent
findings with curium under pressure are exceptionally interesting, as it displays a unique



phase stabilized due to the magnetic influence of its 5f electrons'. Yet, there remain
some interesting differences between experimental and theoretical interpretations of the
changes observed with americium®”’, which arises from aspects of the “fine tuning” used
in the interpretations.

Different aspects of results obtained to date for f-electron materials using different
experimental approaches and conditions will be examined and discussed here with regard
to electronic configurations and potential changes in bonding. In addition, prospects for
future efforts, the potential findings envisioned for these f-electron metals and
compounds, and the effects on their fundamental and technological science offer
intriguing science for the future. The different prospects presented here will also serve as
introductory comments for presentations in the following sessions.
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Density changes of & - plutonium with alloying elements and
with aging.

W.G. Wolfer

Lawrence Livermore National Laboratory, Livermore, CA 94552, USA

Experiments are conducted at several laboratories to monitor the dimensional changes of
Pu-Ga alloys with time, with temperature, and with the alloy composition. Measurements
are performed by x-ray diffraction, by EXAFS, by dilatometry, and by immersion
density. The dimensional changes attributed to the radioactive decay of plutonium are
divided into four processes:

1) An initial transient expansion that manifest itself as an increase in both the lattice
parameter and the length of a specimen. This expansion is reversible as it can be
annealed by heating the material to a temperature above about 450 K.

2) A gradual long-term expansion that is attributed to the in-growth of helium
bubbles and to the accumulation of actinide daughter products.

3) Radiation-induced void swelling is a possible process but has so far not been
observed.

4) Transformation of the metastable Pu-Ga d-phase.

We review the experimental data and evidence for each of these four processes and
discuss recent theoretical and computational work to explain the data or to predict what
might be observed in future experiments.

The transient expansion of plutonium-gallium alloys observed both in the lattice
parameter as well as in the dimension of a sample held at ambient temperature is
explained by assuming incipient precipitation of Pu3Ga. However, this ordered C’-phase
is also subject to radiation-induced disordering. As a result, the gallium-stabilized d-
phase, being metastable at ambient temperature, is both driven towards thermodynamic
equilibrium by radiation-enhanced diffusion of gallium and at the same time pushed back
to its metastable state by radiation-induced disordering. A steady state is reached in
which only a modest fraction of the gallium present is tied up in the T’-phase.

Next, we discuss the analysis of irreversible volume changes due to the accumulation of
helium and daughter products generated in the radioactive decay of plutonium. It is
shown that the lattice parameter changes in 8-phase plutonium caused by Am, U, and Np
are significant and compensate to some degree the swelling from helium bubble
formation and growth. Comparison with experimental results obtained so far suggests
that the decay products dominate the rate of volumetric change in the long run.

The absence of voids or any other observable radiation-induced defects (other than
helium bubbles) is discussed in terms of dose rate effects, vacancy migration, nature of
the self-interstitial, and dislocation bias. Several of these factors indicate that void
swelling is unlikely to occur in Ga-stabilized d-plutonium.



Plutonium Science Futures

G. H. Lander
European Commission, Joint Research Center, Institute of Transuranium Elements,
Karlsruhe, D-76125 Germany

Much was anticipated at the discovery of plutonium in 1941 in Berkeley, but initially the
chemical and metallurgical properties were completely mystifying. By the mid 1960s the
physical properties, even at low temperature were reasonably well characterized. With a
few notable exceptions, e.g. photoemission, most properties of Pu were known by the
1970 Conference in Sante Fe. However, these properties of Pu continue to test our basic
understanding even today. Actinide science has flourished in the last 50 years, and very
often Pu is at the heart of it — take, for example, the recent discovery of superconductivity
at 18 K in a Pu-containing compound.

This overall activity, crucial for the underpinning of nuclear technology, is at risk due to
the ever-tightening regulations and difficulty of access. Of course, we cannot have Pu in
every University Laboratory, but we must find a way to keep research on plutonium
chemistry and physics alive and diversified, and more people interested in the basic
properties, chemical and physical, of the transuranium materials. The political
consequences of the actinides will not “go away” by pretending Pu does not exist.

For presentation at the “Plutonium Futures — The Science 2006”
Asilomar, CA, July 12, 2006



“Plutonium World Futures”

Siegfried S. Hecker
Center for International Security and Cooperation
Stanford University
For presentation at “Plutonium Futures — The Science 2006
Asilomar, CA
July 12, 2006

In addition to being the most complex element in the periodic table, plutonium
also has great societal impact. It has become to symbolize everything we associate with
the nuclear age. It evokes the entire gamut of emotions from good to evil, from hope to
despair, and from the salvation of humanity to its utter destruction. No other element
bears such a burden. Its discovery in 1941, following the discovery of nuclear fission in
1938, unlocked the potential and fear of the nuclear age. During the Cold War, plutonium
was of interest primarily for nuclear weapons and deterrence. Beginning in the 1950s, it
also became an integral part of the quest for almost limitless electrical power. Today,
concerns over energy availability and global climate change have rekindled interest in
nuclear power. However, to benefit from the factor of millions that splitting the atom
provides, we must tackle the challenges posed by concerns about the proliferation of
nuclear weapons, the disposal of nuclear waste, and the cleanup of nuclear contamination
at the world’s weapons sites. We can’t just make plutonium go away — so we must learn
to manage it, and this has to be a cooperative international venture.



Theoretical Studies of the Structure and Bonding of Actinide
Complexes

B. E. Bursten™", J. Li*, T. Yang', J. L. Sonnenberg', and M. Mrozik'

“Department of Chemistry, University of Tennessee, Knoxville TN 37902 USA

"Department of Chemistry, The Ohio State University, Columbus OH 43210 USA

*William R. Wiley Environmental Molecular Sciences Laboratory, Pacific Northwest National
Laboratory, Richland WA 99352 USA

We have used density functional theory with relativistic corrections and higher level
electronic structural methodologies to address the structure and bonding of a number of
interesting actinide coordination complexes. Results will be presented on a variety of systems,
including the products of laser-ablated actinide atoms with small substrate molecules,
coordination complexes of actinide and actinyl ions with unusual ligands, and the multi-shell
coordination chemistry of actinide ion in aqueous
solution.

Among the specific systems to be discussed will be
the CUO molecule, which is formed experimentally
upon the reaction of U atoms with CO and which shows
significant interactions with noble-gas atoms. We will
recap the history of the discovery of this unusual
bonding interaction, which has ultimately led to
unusually extensive noble-gas coordination chemistry
at a uranium center. These results will be extended to a
discussion of molecular UO,, which has received a
great deal of recent experimental and theoretical study
and has proven to be a vexing molecule with respect to
electronic structure.

We will also present recent results on using density
functional theory to describe the static structures of the
first two hydration shells of the hydrated Cm*" ion
(Figure 1). We have used molecular dynamics
calculations to determine the lifetime of the second
shell, which we predict to be stable enough to be observed.

Finally, we will present our recent studies of unusual structural motifs, including bent uranyl
complexes and organouranium complexes that contain “linear” Cp*-U-Cp* (Cp* = 1°-CsMes)
linkages.

Fig 1: Depiction of the optimized
structure of a Cm>* ion with nine
and 20 water molecules in the first
and second coordination spheres:
[CM(H20)s(H20)20]*"

We gratefully acknowledge support from the Division of Chemical Sciences, Geosciences,

and Biosciences, Office of Basic Energy Sciences, U.S. Department of Energy, the Ohio
Supercomputer Center, and the Molecular Science Computing Facility at the Environmental
Molecular Sciences Laboratory at Pacific Northwest National Laboratory.



Fun at the Bottom of the Periodic Table: Novel Reactivity
Patterns in Actinide Molecular Systems

Jaqueline L. Kiplinger

Los Alamos National Laboratory, Los Alamos NM 87545 USA

Although transition-metal complexes possessing terminal Schrock-type alkylidene
(M=CR/R;) functionalities are well known, related actinide complexes have remained elusive.!
Traditional routes employed for the preparation of transition-metal alkylidene complexes include
a-hydrogen abstraction and carbene transfer from diazoalkanes.'

We have investigated the reaction chemistry of low-valent organouranium complexes with
diazoalkanes. Reaction of the known complex (CsMes),UCl, with two reducing equivalents
(provided by KCg), followed by reaction with excess diphenyldiazomethane generates the
bis(diphenyldiazomethane) uranium complex (C5Me5)2U(=N-N=CPh2)(n2-(N2)-N=N=CPh2)

(Figure 1).
c
s
Cl 1)2KCs AZ

U—N

/
U\.., 22PhCN, N
/ cl 2T / N
N=CPh,

Fig 1: Synthetic scheme for the preparation of a uranium diazoalkane complex and its
molecular structure.

This is the first example of a diazoalkane actinide complex and is unlike existing transition metal
diazoalkane complexes in that it possesses two diazoalkane molecules bound to a single uranium
metal center: one diazoalkane is coordinated to the uranium metal center in an 1'-fashion and
forms a uranium imido (U=N) bond with a short U-N bond distance of 1.921 A and a U-N-N
bond angle of 172.8°. The second diazoalkane is coordinated to the uranium in an n*-manner,
possibly through the N=N n-system (U-N = 2.452, 2.325 A). The exceedingly long N-N bond
distance (1.411 A) compared with that of uncomplexed diazoalkanes (1.12—1.13 A) indicates that
substantial m-backbonding from the (CsMes),U fragment (orbitals of the appropriate symmetry
exist) to the diazoalkane lowest unoccupied molecular orbital (LUMO), which is N-N
antibonding. Interestingly, theoretical (DET) calculations reveal an f'n* electronic configuration
and suggest delocalization of a 5f electron throughout the N=N=C framework of the n*-
coordinated diazoalkane. Spectroscopic data support the hypothesis of donation of electron
density from the uranium metal center onto the diazoalkane molecule.

Recent reports have shown that oxidatively induced a-hydrogen abstraction may be used to
prepare early transition metal alkylidene complexes.”> The propensity of uranium to exist in the



hexavalent oxidation state coupled with the known oxophilicity of tetravalent uranium, suggested
to us that uranium(VI) alkylidene complexes of the type, (CsMes),U(=0)(=CHR), might be
prepared by oxidatively-induced o-hydrogen abstraction chemistry between uranium(IV)
bis(alkyl) complexes such as (CsMes),U(CH,R), and an appropriate oxygen atom transfer agent.
Pyridine N-oxide is a prototypical oxygen atom transfer reagent that has been routinely used
in the synthesis of high-valent transition metal and actinide oxo complexes.” We have found that
uranium(I'V) and thorium(IV) bis(alkyl) complexes of the type (CsMes),AnR, (An = U, Th; R =
CHs, CH,Ph) instead activate the sp® and sp’ hybridized C-H bonds in pyridine N-oxide and
lutidine N-oxide to produce the corresponding cyclometallated complexes, (CsMes),An(R)[n*
(0,C)-ONC;sHy4] and (CsMes),An(R)[1n*-(0,C)-ON-2-CH,-5-CH;-CsHs] (Figure 2).*

Fig 2: Scheme illustrating the reactivity of (CsMes),Th(CH,Ph), towards sp2 and sp3
hybridized C-H bonds in pyridine N-oxides.

Interestingly, the thorium(IV) bis(alkyl) and bis(aryl) complexes (CsMes),ThR, (Me = CH3, R =
CH,C¢Hs or C¢Hs) have been found to mediate ring-opening and dearomatization of the pyridine
ring in pyridine N-oxide under ambient conditions to afford the first thorium 1n’-(O,N) oximate
complexes.” These reactions provide rare examples of C—H and C=N activation chemistry
mediated by actinide metal ions with accessible 5f orbitals, and such transformations represent
new types of reactivity available to pyridine N-oxide. Recent developments in this exciting area
of chemistry will be presented.

For financial support, we acknowledge the Division of Chemical Sciences, Office of Basic
Energy Sciences, and the Los Alamos National Laboratory’s Laboratory Directed Research &
Development (LDRD) Program.
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(b) S. M. Mullins, A. P. Duncan, R. G. Bergman, and J. Arnold, Inorg. Chem. 40, 6952-6963 (2001). (c¢) K.
M. Sung, and R. H. Holm, J. Am .Chem. Soc. 123, 1931-1943 (2001).
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Covalency in the f-element—chalcogen bond. Computational studies
of [M(N(EPR>),)3] (M =Pu, U, Ce, La; E=0, S, Se, Te; R=H, Me)

K. 1. M. Ingram”, N. Kaltsoyannis~, A. J. Gaunt’, M. P. Neu'

" University College London, London, WC1H 0AJ, UK.
" Los Alamos National Laboratory, Los Alamos, NM 87545, USA.

INTRODUCTION

Current understanding of chemical bonding involving 5f-elements still trails behind that of
the transition metals and lanthanides. This is partly due to a paucity of well characterized
molecular complexes featuring donor atoms spanning the range from hard to soft, as actinide
chemistry has traditionally been dominated by hard donor ligands, especially oxygen. Recently,
however, there has been increased research into the chemistry of the actinides with softer donor
ligands such as nitrogen and sulfur. This interest is partly fundamental, but also stems from the
anticipation that subtle differences between lanthanide 5d4f- and actinide 6d5f-orbital bonding
with soft donor ligands will find application in the separation of lanthanides from actinides in,
for example, nuclear wastes." A thorough understanding of the changes in f-element-ligand
bonding as the donors progress from hard to soft, especially the extent to which covalent
interactions influence chemical structure and reactivity, is therefore extremely important for both
fundamental and applied reasons.

At the Actinides 2005 conference in
Manchester, UK, and in reference 2, two of us
reported the synthesis and characterisation of a range
of homoleptic, trivalent lanthanum and uranium $
complexes with  imidodiphosphinochalcogenide
ligands [N(EPPh,);]” and [N(EP'Pry).]” (E = S, Se).
The X-ray crystal structure of [U(N(SP'Pr,),)s] is
shown in Figure 1.

The comparison between analogous La(lll) and
U(I1) imidodiphosphinochalcogenide compounds is
very interesting for, as shown in Table 1 below, the
metal-chalcogen  distances  show  significant
differences. Clearly, the U-chalcogen distance in
both types of system is significantly shorter than the Fig 1: The X-ray crystal structure of
corresponding  La—-chalcogen bond, and this [U(N(SP'Pr2)2)s].
difference increases as the chalcogen becomes softer.

Given that the six-coordinate ionic radii of La** and U*" are essentially the same, 1.045 and
1.040 A respectively, the logical conclusion is that there is some additional bonding interaction
present in the uranium compounds, presumably covalent in nature.

Building on the La(ll)/U(IIT) results, very recent work at Los Alamos has furnished
analogous Pu(lll) and Ce(lll) imidodiphosphinochalcogenide complexes (the six co-ordinate
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ionic radii of Pu®* and Ce** are essentially the same as one another). These results allow further
An(l)/Ln(11T) comparisons to be made, and also comparisons within the actinide and lanthanide
series. These new compounds, and the La(lll) and U(111) systems discussed above, are the focus
of the present computational study, together with complexes containing oxygen- and
tellurium-donor imidodiphosphinochalcogenide ligands. The extension to the O- and Te-based
ligands allows us to probe the f-element—chalcogen bond for all of the first four group 16
elements, with the aim of establishing the extent of covalency, and its dependence upon the
metal and chalcogen.

Compound Bond Distance/A | Difference (La-U/A)
[La(N(SPPh2),)s] | La(ll)=S | 3.0214(11)
[UN(SPPh,),)s] | U(IIN-S | 2.9956(5) | 0.0258
[La(N(SePPh,),)s] | La(ll)=Se | 3.1229(3)
[U(N(SePPh,),)s] | U(II1-Se | 3.0869(4) | 0.0360

[La(N(SP'Pro),)s] | La(lll=S | 2.892(1)
[UNN(SPPr2)2)s] | U(II)-S | 2.854(7) | 0.038
[La(N(SeP'Pr2),)s] | La(lll)=Se | 3.019(3)
[U(N(SeP'Pr)2)s] | U(lI)-Se | 2.964(7) | 0.055

Table 1: Metal-ligand bond distances in [M(N(EPRy))s] (M = La, U; E=S, Se; R = Ph, 'Pr).

COMPUTATIONAL STUDIES

Relativistic, gradient-corrected density functional theory has been used to probe the
geometric and electronic structures of the title compounds (models for the experimentally
reported systems). Excellent agreement has been found between the computed geometries and
those of the experimentally characterised compounds. The bonding between the metals and the
chalcogens has been investigated using a variety of analysis tools, including the Mulliken and
NBO population and charge schemes, and the Ziegler-Rauk energy decomposition scheme. It
will be shown that the computational data clearly indicate that there are greater covalent
interactions between a given metal and the chalcogen donor atoms of the ligands as the
chalcogen is altered from O to Te, and also as the metal is changed from Ln to An for a given
chalcogen. The relative role of the d and f valence atomic orbitals in these covalent interactions
will be discussed, as will the effects of the actinide contraction, i.e. the differences between
analogous Pu(lll) and Ce(Ill) complexes will be compared with the corresponding U(lll) and
La(lll) systems.

We are grateful to the UK’s EPSRC for computational resources under grant GR/S06233/01.
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Soft X-ray Emission and Absorption Spectroscopy for Curium-
Nitrogen Donor Ligand Complex System
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Energy Agency (JAEA), 1-1-1 Koto, Sayo-cho, Sayo-gun, Hyogo 679-5148, Japan.
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INTRODUCTION

Soft donor aromatic nitrogen ligands (N-
donor) often show unique properties, which are
not observed in the oxygen (O)-donor type
ligand complexes, in their chemical bonding
with trivalent actinides. This unique feature is
not observed strongly in lanthanide complexes.
Therefore, the application of N-donor ligands
have great promise for the partitioning of
trivalent actinides from lanthanides for the
transmutation of poisonous nuclides such as
Am-241 by burning up with an ADS
(Accelerator Driven System) or FBR (Fast
Breeder Reactor system). This essential
mechanism is considered to originate from a
covalent interaction between the actinide and
ligand, however, no detailed studies on their
chemical bond from the viewpoint of electronic
structure have been performed to date. In this
study, we investigate the valence electronic
structure for a Cm-N donor ligand utilizing soft
x-ray  emission and x-ray  absorption
spectroscopies. The x-ray emission and

absorption spectra experimentally give us an approximate partial density of state (PDOS). The
soft donor ligands in this study are /,/0-Phenanthroline (Phen) and the derivatives, and show
high separation factor between trivalent actinide and lanthanide (SF=Dm/Dgy,, D: Distribution
ratio), as shown in Fig. 1. The base Phen ligand shows an interesting substituent effect on the SF
(Fig. 1) and series of studies on the electronic structure with varying SF would be of particular

interest.

Methyl-Phen
SF=233
Dam=108

Phen
7 \ 3\ SF=407
=N  N= Dam=53

Nitro-Phen
SF<5
DAm:0.07

Fig. 1: 1, 10-Phenanthroline (Phen) and the
derivatives.

"Dy: Distribution ratio of a metal, M;
.. SF= Dam/Dgu.
These extractions were performed by
CHCI; with NH4SCN under pH=4.



EXPERIMENTAL

Complex samples were synthesized by mixing M*" and ligand with a 1:2 ratio in methanol
solutions. In methanol solutions, we have previously confirmed that the trivalent metal ion forms
a 1:2 complex with the ligands based on UV-VIS spectrophotometric titration spectra. The x-ray
emission and absorption spectra of Cm, Eu and the other lanthanides-ligand complexes were
measured at the BLs 7.0.1 and 8.0.1 of the Advanced Light Source. EXAFS structural studies of
the lanthanide complexes by were also performed at the BL11 of Super Photon Ring 8 GeV
(SPring8).

RESULTS AND DISCUSSION

Figure 2 shows the N-K XAS and XES
spectra of the Phen, Cm-Phen, and Eu-Phen

~

Fermi Level (EF)

. N 2p PDOS
complexes. All of the spectra corresponding to the P
ligand 2p PDOS are observed, in which both Occupi —_
; ccupied & Unoccupied
Fermi levels are located at ~395 eV, measured (XES) Je (XAS)

from N 1s core level. The sharp peaks in the XAS
spectra arise from the 1s>s transition and are
observed within ~1.5eV of E-Eg. The lineshapes
of Cm-Phen complex have quite different profiles
which  exhibit broadening and decreased
intensities compared to the Phen ligand when
normalized to the peaks for the 1s>0 transition at
7~12 eV. The lineshapes of the Eu-Phen spectra
do not show appreciable differences compared to
the spectra from base ligand. Furthermore, a
significant difference in the XES (PDOS of the
occupied states) of Cm-Phen spectrum appears ‘ ‘ —
around -6 eV (arrow in Fig. 2). It is a noteworthy -20 -15 -10 -5 0 5 10 15
result from the viewpoint of evidence for a E-E/eV
covalent interaction between Cm and Phen ligand.  Fig.2:

Namely, it suggests that some interaction like The experimental N-2p PDOS for the
back-donation from Cm increases the N-2p PDOS  Phen, Cm-Phen, and Eu-Phen derived from
of the Phen. In this presentation, we will discuss  XES and XAS spectroscopies.

the substituent effect in the Phen system and the ~ "The samples are: a) Cm(Phen),Cl3(H,0),
molecular design of N-donor ligands for 4f/5f (O:XES, [1:XAS); b)

H > <+ 0 S 0 = +X<

separations based on the results of this study. Eu(Phen),Cl3(H,0)x
(@:XES, H:XAS).
Acknowledgements " The Phen spectra are overlapped as the
Authors thank to the Dr. Ikeda, Mrs. dashed line (---).
Numakura and Kobayashi for the sample "“The XES spectra are obtained by x-ray

preparation. irradiation at greater than 425 eV.



Muon Spin Relaxation (uSR) Studies of a-Pu, 8-Pu and PuCoGas
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During the past decade there has been a resurgence of interest in the electronic properties
of Pu metal and Pu compounds, principally because the f-electrons in Pu sit at the boundary
between localization and itinerancy,' thus presenting a challenge for modern theories of
correlated electron physics.

In Pu metal interest has centered on whether or not magnetic order exists in the high
temperature fcc 6 phase, which occurs in pure Pu near 700 K, but can be stabilized at room
temperature by alloying with a few percent Al or Ga, for example. Neutron scattering
experiments® have set a limit of 0.04-0.4 ug for the ordered moment in §-Pu, but only recently
have theories been able to predict such a small value.?

Adding to the interest in Pu-based materials, superconductivity was recently discovered**
in PuCoGas and PuRhGas. These compounds are structurally the same as their more studied Ce
analogs CeColns and Celrins in which superconductivity is found to exist in close proximity to
magnetic phases near a quantum critical point. A key question has been whether these
structurally similar materials also possess similar superconducting order parameters, pairing
mechanisms and associated magnetic and superconducting phase diagrams. Also relevant to the
Pu superconductors is the effect of self-induced radiation damage on their intrinsic properties.

In this paper we summarize the results of muon spin relaxation (uSR) measurements
carried out in a- and 8-Pu (Pu alloyed with 4.3 at. % Ga) and in the superconducting state of
PuCoGas. The Pu metal studies were designed to search for evidence of magnetic ordering, and
have set the most stringent limits to date for the ordered moment: porg < 107 pg, about 40 times
smaller than obtained with neutron scattering. In PuCoGas the temperature dependence of the
magnetic penetration depth A(T) was investigated in a fresh sample and again in the same sample
after 400 days of aging. We find A(T) o« T for T < T./2, indicating a line of nodes in the
superconducting order parameter. Remarkably, the temperature dependence of A(T) is little
changed even after significant radiation damage.

Our results are compared to NMR experiments®’ in nominally the same materials (5-Pu,
PuCoGas and PuRhGas) to illustrate the complementarities of the techniques.

Acknowledgements: Work at LANL and LLNL (contract W-7405-Eng-48) performed under the
U.S. D.O.E. Work at Riverside supported by the U.S. NSF, Grant DMR-0422674. We thank the
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Americium under pressure
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High-pressure measurements of the resistivity of americium metal (dhcp structure at
ambient pressure) are reported to 27 GPa and down to temperatures of 0.4 K [1] under magnetic
field. Americium is the first actinide element in which, at ambient pressures, the 5f electrons may
be described as localized (as in most of the 4f rare-earth series) and thus do not participate in the
bonding. Am’* has an electronic ground state with a J = 0 singlet, so that (in Russell-Saunders
coupling) L = —S = 3 and no magnetic moment exists. This simple picture of Am metal (6
electrons forming an inert core decoupled from the spd electrons) led to the prediction [2] in
1975 of superconductivity in Am, a prediction soon verified [3] showing T. = 0.79 K. Resistivity
under pressure [4] showed that T, rapidly increased with pressures in the GPa range. The
question is when the 5f electrons begin to affect the low-energy properties of Am. How do they
affect the superconductivity when 5f spectral weight is present at Fermi Energy, taking part in
the formation of Cooper pairs? Previous studies [5] indicate that Am at ambient pressure is a
type-I superconductor with a small zero-temperature critical field H.(0)= 53 mT. The pressure
dependence of the upper critical fields is surprising, with Hc(0) increasing rapidly with pressure
(~ 1 T at the maximum of T.). The study of superconductivity in Am metal reveals that, contrary
to expectations, the 5f electrons play an important role in this material even at low pressures.
Furthermore, the localization-delocalization (Mott) transition in Am is a gradual phenomenon
rather than the abrupt change predicted by theory. There is no sign of any transition to ordered
magnetism, as judged by an anomaly in the resistivity, in contrast to the predictions [6].

This work was supported by “Training and Mobility of Researchers” program of European
Union (project number EU 2000/30/02). GK is supported by DOE-DE-FGO02-99ER45761..
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Many-body Electronic Structure of Americium Metal
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INTRODUCTION

Acrtificially produced from Plutonium-239 in 1944, and widely used in smoke detectors
Americium is the first transuranic actinide where 5f6 electrons become localized and form a
closed relativistic subshell. Its recent high-pressure studies[1] have drawn much attention as
understanding volume behavior in actinides systems has important consequences on their storage
and disposal. They have revealed that Am undergoes a series of structural phase transitions
(denoted hereafter as I, Il, Il1, and V) and reproduces at least two of the structures of another
mysterious element, Plutonium, which links the physical behavior of all actinides materials to
our fundamental understanding of bonding between their 5f- electrons. At ambient pressure Am |
behaves as an ordinary metal with slightly enhanced electrical resistivity p(T=300K)=68 u x cm
and no sign of ordered or disordered magnetism. This is standardly understood as a manifestation
of 7F0 ground state singlet of 5f6 atomic configuration. However, the resistivity of Am raises al-
most an order of magnitude and reaches its value of 500 pxcm at the orthorhombic structure of
Am IV which is realized at pressures P above 16 GPa. The most prominent feature of the
pressure P vs. volume V behavior is the existence of two distinct phases: the “soft” one which
occurs in Am I through 111 as well as another “hard” phase realized in Am IV. On top of that a
superconductivity in Am was first predicted[2] and then discovered[3] with Tc raising from 0.5K
in Am | to 2.2K in Am I, falling slightly in Am Il and then exhibiting a sharp maximum in
phase IV[4].

METHOD

In this work we introduce a novel many-body electronic structure method which allows us to
uncover the physics of Am. It is based on dynamical mean field theory (DMFT), a modern many

body technique for treating strongly correlated electronic systems in a non-perturbative manner[5,
6] and at the same time has computational efficiency comparable with ordinary electronic
structure calculations thus allowing us to deal with complicated crystal structures of real solids
by self-consistent many-body calculations. Our new method considers the local Green function
as a variable in the total energy functional and can be viewed as spectral density functional
theory[7, 8, 9]. The advantage of such formulation as compared to original density functional
theory[10] is a simultaneous access to energetics and local excitation spectra of materials with
arbitrary strength of the local Coulomb interaction U.

RESULTS
The computational speed gained by our new algorithm allows us to study complicated crystal
structures of Am. In particular, the existence of soft and hard phases in its equation of state can



be predicted via our self-consistent total energy calculations. Our calculation reproduces the well
known fact that the f electrons in Am at zero pressure exists in a f6 7F0 configuration.

To gain theoretical insight and understand the origin of localization-delocalization transition we
discuss the behavior of the electronic structure under pressure. Upon compression, the
remarkable effect is observed as peak near the Fermi level gets pushed down while a resonance
(small shoulder) starts forming at Ef and becomes more pronounced with increasing pressure.
The f6 ground state of the atom starts admixing an f7 configuration with a very large total spin of
J=7/2. Due to hybridization with the spd bands, this large spin gets screened thus lowering the
energy of the system. This is the famous Kondo mechanism, and the energy gain increases as the
hybridization increases by applying pressure.

We also estimate the superconducting critical temperature by computing from first principles [11]
the electron-phonon coupling of the electrons in the presence of correlations. For this purpose we
have extended a newly developed dynamical mean field based linear response method, which has
previously proven to provide accurate phonon spectra in correlated systems [12,13]. We estimate
the coupling constant which comes out to be sufficiently high (~0.5) to predict superconductivity
of the order of 1 K. The occurrence of the first maximum in experimental Tc vs pressure
dependence, can then be understood as the result of the variation of the spd density of states
which first increases as a result of a band structure effect but then eventually decreases as the
hybridization with the f electron grows with the increase of mixed valence.

The content of this work is currently in press [14].
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ELECTRONIC STRUCTURE OF d-Pu

While light actinide elements are Pauli paramagnets with the itinerant 5f states at the Fermi level, the
localization for actinides behind Am leads to magnetic ordering analogous to lanthanides. The specific position of
Pu just before the localization threshold should make it very sensitive to external variables, but various Pu allotropic
phases have surprisingly nearly identical weak magnetic susceptibility, despite a large volume expansion exceeding
20% for the fcc d-Pu comparing to monoclinic a-Pu. This situation poses a problem for theoretical description,
because LDA or GGA calculations indicate the formation of magnetic moments for the expanded phases’. Our
recent LDA+U calculations’ (around mean field version), which yield a non-magnetic ground state (S= 0. L = 0)
and correct cohesion properties, suggest that the key, at least for d- Pu, can be the 5f-count approaching the non-
magnetic 5f ® state, i.e. much higher than the originally expected value close to 5.0. The calculations also indicate®
that the magnetic order is not established, when the lattice is expanded by Am doping, or if the dimensionality is
reoéuced. For the terminal concentration of pure Am the LDA+U calculations® correctly reproduce the non-magnetic
5f ° state.

The main characteristics of the Pu-5f states is the density of one—electron states concentrated around 1 eV
binding energy, while the empty states of the 5f;, character are about 4 €V above Er. Variations with increasing Am
concentration in the fcc Pu-Am solid solution were found negligible. If this picture is credible, the high value of the
gcoefficient of low-temperature electronic specific heat, aswell as high-intensity f-emission observed close to Er by
PES, should have been due to many-body states, as suggested in Refs.4,5. One way to test the adequacy of our
LDA+U calculations is to study experimentally the behaviour of expanded Pu. For this purpose, the doping by Am
is the most efficient tool. Unlike the common d-phase stabilizing dopings by Al or Ga, the doping by Am expands
the lattice, and the expansion is larger than e.g. for the Ce doping.

Considering the alternative scenario, at which a narrow 5f band at E¢ is the key ingredient bringing d-Pu to the
verge of magnetism, such expansion should lead to increase of g, presumably to onset on magnetic order, and all
properties would undergo a dramatic development due to the changing density of one-electron states at Eg,
increasing up until it is suddenly forced to leave the Fermi level due to incipient localization.

PROPERTIES OF Pu-Am SYSTEM

Am doping to Pu corresponds to a dilution by a non-magnetic element. Magnetic susceptibility of Amisrather
high (the value approaching 1*10® m*mol ©) due to the Van Vleck susceptibility of the 5f ® state with J = 0. The
behaviour of Am under pressure”® suggests that the localized character is not affected even if the volume is
compressed to the volume of d-Pu. We can therefore assume that the non-magnetic character of Am stays
throughout the Pu-Am system at ambient pressure. This is corroborated by rather invariable character of Am
electronic states obtained from calculations mentioned above. In fact, Pu and Am are not completely miscible, but
the fcc structure extends at least to 75% Am, while remaining as a high-temperature phase of pure Am. Here we
review recent results on Pu-Am system using photoel ectron spectroscopy (PES) and specific heat. Although PES
does not bring any direct information on a possible magnetic order, the invariable character of the Pu-5f states,
evidenced for concentration to about 30% Am, excludes any noticeable change of the ground state. Moreover, the g
values weakly decrease with increasing Am concentration, even if they are normalized per mole of Pu (assuming a
negligible contribution from Am, as ga,, = 2 m¥mol K?), from 60 mJ¥mol Pu K? for Pu-8%Am to 48 mJ/mol Pu K?



for Pu-15% Am. These findings, together with the observed insensitivity of electrical resistivity and magnetic
susceptibility® to the volume expansion (3.5% for Pu-20% Am comparing to pure d-Pu), indicate that the alternative
5f narrow-band scenario is not tenable for d-Pu.

WHICH Pu SYSTEMSCAN BE MAGNETIC?

The non-magnetic character of d-Pu is well established’®*!. We have been showing that the important feature
of the non-magnetic ground state could be the proximity of the 5f count obtained to the non-magnetic 5f © singlet.
The LDA+U calculations indicate that even if such state is hybridized with conduction electrons and part of the 5f
chargeislost, the holein the 5fg), states can remain isotropic, i.e. without any spin or orbital polarization. Such state
can be then robust with respect to lattice expansion or reducing the dimensionality. A hint how to reach a magnetic
state for Pu would be to allow for a higher depletion of the 5f states by hybridization in a compound, while keeping
the 5f band narrow enough in the sense of Hill limit arguments. Inspecting the occurrence of Pu magnetism, we can
understand why the Pu chal cogenides PuS, PuSe, PuTe are weakly magnetic, while the pnictides as PuSh, with one
less electron and assumed 5f ° state, are magnetically ordered. Another instructive example is the behaviour of Pu
in diluted alloys. For example, Pu has magnetic moment as diluted in Pd,*® which contrasts with non-magnetic U
diluted in Pd.*® A certain charge transfer towards the Pd-4d states, induced by the large difference in
electronegativity of Pd and the actinides, which probably eliminates the U moments, can give rise to the Pu
moments. As a conclusion, we suggest that a reduction of the 5f count due to bonding is a necessary pre-requisite for
Pu magnetism, which isindeed observed in many compounds.

The present work was undertaken within the “ Actinide User Laboratory” programme conducted at the 1TU-
Karlsruhe. The financial support to users from the European Commission, DG-JRC is acknowledged. The work of
P.J. and L.H. was also supported by the Grant Agency of the Czech Republic under the grant No. 202/04/1103.
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INTRODUCTION

The role and importance of redox reactions in determining actinide subsurface mobility
are beyond question. In the subsurface, redox control is often established by the iron mineralogy
and associated aqueous chemistry™ 2. There is also a growing recognition of the important role
microbiological processes have in defining the redox chemistry of multivalent actinide species® *
by both direct and indirect means. The mechanisms by which redox control is established is a
key aspect of remediation and immobilization strategies for actinides when they are present as
subsurface contaminants.

The important effects of redox-active minerals (e.g. iron and iron oxides) and microbial
processes on subsurface redox processes are not mutually exclusive®. Metal reducing bacteria
often modulate the oxidation state of aqueous iron species and can solubilize iron to increase its
bioavailability. It is this coupling of biological and geochemical processes, and correspondingly
its effect on actinide speciation, that is the focus of our current studies. Progress made in the
study of bio-mediated reduction pathways towards the reduction of Pu (VI) and U (V1) species
by S. algae BrY under anoxic conditions is reported.

EXPERIMENTAL APPROACH

Shewanella Algae strain BrY is a dissimilatory gram negative iron reducing bacteria that
was isolated from the Great Bay estuary, New Hampshire®. It is a facultative anaerobe that was
grown aerobically on tryptic soy broth prior to use. Cells were harvested, rinsed in PIPES
media, concentrated by centrifugation, and then re-suspended to prepare an inoculum stock prior
to addition into the various growth media in an anoxic glovebox, where the experiments were
conducted.

Uranium (as UO,**) and plutonium (as PuO,** or PuO,") were the initial species added to
the various growth media or groundwater simulants (~pH 7-8). Iron, when present, was added as
a stabilized Fe®" - NTA complex. Lactate was used as the electron donor. Total uranium, iron,
and plutonium concentrations were determined by ICP-MS (Agilent) specially configured for
iron analysis. Lactate was analyzed using a lactate analysis kit based on a colorimetric
technique. NTA and other organics were analyzed by ion chromatography (Dionex DX 500).
Absorption spectrometry (CARY 500) was used to establish and confirm the actinide and iron
oxidation states.



RESULTS AND DISCUSSION

Abiotic and biotic experiments were performed. In the abiotic experiments, Pu(VI) and
U(VI) were added to pH ~ 7-8 groundwater in the presence of iron and iron oxides to establish
the redox trends. Example results for Pu(VI1) and iron oxides are shown in Figure 1. Here it was
observed that on a timeframe of less than 100 hours
almost all the Pu(V|) was reduced when reduced Figure 1. Reduction of Pu(V1) by Iron and Iron Oxides
iron was present. The most rapid reduction rate was oooons 1 §
observed with magnetite and attributed to the \
presence of Fe(ll) in the oxide. The corresponding
decrease in total plutonium concentration to sub-
micromolar concentrations is indicative of a redox
process where Pu(IV/IIl) species are being .x/Fe POWOET Final concentrations
generated. When only Fe(lll) was present, as was 000001 1 KC"“""" 0.1 10 0.01 micromolar
the case with hematite, the plutonium concentration /'\\‘* o~
did not decrease substantially but essentially all the T
Pu(V1) was reduced to Pu(V). U (VI), under similar Time in hours
conditions, was stable towards reduction for over a
year although eventually reduction was noted.

0.00004
Ferric oxide

0.00003

0.00002

[Pu] Puin M

0000009 Magnetite ¥ Y v '
X . .

In the biotic experiments performed, the
goal was to establish the conditions and key Fioure 2 Reaction Progrees i Bio-mediatsd UOVD)
mechanisms leading to actinide reduction. Direct reduction by S. Algae
and indirect (co-metabolic) pathways for reduction ror S
exist. In the presence of S. algae, and 10 mM of \
\\ Lactate Degradation

Total Fe

0.8 -

Fe** as an NTA complex, no reduction of iron or
uranium was noted under aerobic conditions. When
anaerobic conditions were established both iron (111)

Reaction Progress

and uranium (VI) were reduced (see Figure 2). N\ Total U~ Abiotic
Although uranium precipitated, iron remained 0z \'\

solubilized as an Fe** complex. Analogous results ol — o
were obtained with plutonium but there is a much . . P
greater effect of abiotic processes and reactions. Time (days)

Establishing the mechanistic details of these abiotic
and direct/indirect biotic processes is the subject of
ongoing research.

This work is performed in part under the Actinide Chemistry and Repository Science Program
supported by the Waste Isolation Pilot Plant (DOE-CBFOQO) and the Natural and Accelerated
Bioremediation Research program (DOE-OBER/QS).
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Disproportionation of Pu(lIV) or a two step mechanism?
Redox behavior of Pu(lV) in acidic solutions
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The redox behavior of plutonium in acidic solutions has been studied for many decades. The
formation of Pu(lll), Pu(V) and Pu(V1) in Pu(lIV) solutions exposed to air is usually ascribed to
the disproportionation of Pu(IV) into Pu(lll) and Pu(V), followed by the reaction of Pu(V) with
Pu(1V) or the disproportionation of Pu(V) into Pu(l1l) and Pu(V1)."* As the measured oxidation
state distributions led to doubts on this reaction path,®> we have revisited this topic and studied
10 to 510 M Pu(1V) solutions (pHc = 0.3 - 2.1 in 0.5 M HCI/NaCl, 22°C) as a function of time.
The solutions were obtained by dilution of electrochemically prepared Pu(lIV) stock solutions.
The concentrations of Pu'V(ag), Pu**, PuO," and PuO,** were determined by UV/Vis/NIR
absorption spectroscopy, using a 1m-capillary cell for low concentrations. Partly the solutions
were colloid-free, partly they included Pu(lV) colloids, in particular at Pu(lV) and H*
concentrations above the reported solubility of PuO,(am, hyd).° The presence or absence of
Pu(lV) oxyhydroxide colloids >5nm was confirmed by laser-induced breakdown detection
(LIBD)*® . As the fraction of polymeric or colloidal Pu(1V) cannot be quantified by spectroscopy
it was calculated from the difference [Pulir - {[Pu'Vzq] + [Pu®] + [PuO,"] + [Pu0,*1}.

The disproportionation of Pu(lV) solutions at pH 0 - 2 leads to Pu(lll) and, depending on pH, to
Pu(V), Pu(VI) or both** : 3 Pu*" + 2 H,0 < 2 Pu®* + PuO,** + 4 H*

Accordingly and independent of whether an equilibrium state is reached or not, the following
balance must be valid for Pu(l11), Pu(V) and Pu(V1) formed from Pu(1V):?

[Pu(liD] = [Pu(V)] + 2 [Pu(VI)] 1)

However, none of the solutions investigated in the present study (two examples are shown in
Fig.1) fulfils this balance at reaction times < 10 days. Instead, the formation of Pu(lll) is always
approximately equal to the simultaneous decrease of Pu(IV)aq (Fig.1, left):

d[Pu(l11))/dt = - d[Pu(IV)4g]/dt 2
i.e., {[Pu(lV)aq] + [Pu(l11)]} = constant and, as a consequence:
d{[Pu(V)] + [Pu(VD]}/dt = - d[Pu(IV)con]/dt. (3)

At concentrations above the solubility of PuO,(am, hyd) (Fig.1, right) it is directly observed, that
[Pu(IV)con] + [Pu(V)] remains constant.
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Fig 1: Oxidation state distributions of initially Pu(IV) solutions as a function of time

The present results indicate that the so-called ‘disproportionation of Pu(IV)’ is a two-step
process. The initial step is the formation of PuO,’, either by the redox equilibrium with
PUO2(am, hyd) "8 which is equal to PUO,(OH)4.2nXH-O colloids > 5 nm:

PUO(coll, hyd) <> PUO," + € (4)

or by the oxidation of colloidal or smaller polynuclear Pu(lV) species by O,, analogous to the
water-catalyzed oxidation of solid PuOzs, nyd) t0 PUO24x(s, hya),” followed by the dissolution of the
oxidized Pu(V) fractions:

PuO2cony + x/2 O; + X H,O — PUO2+x(coly + X H2O0— 2X (PU02+ + OH) + (1-2x) PUO2(con) (5)

The second step is the simultaneous equilibration of the redox couples Pu(V)/Pu(VI) and
Pu(IV)/Pu(l11) which are related by pe (and pH because of Pu(IV) hydrolysis equilibria):

PUO," < PuO,* + ¢ (6)
Pu* +e < Pu* (PU(OH),*" + nH* + & < Pu** + n H,0) (7

This mechanism explains that the sum {[Pu(I11)] + [Pu(IV)ag]} always remains constant. It also
explains that colloid-free Pu(lV) solutions at very low pH (e.g. pH 0.3), i.e., far below the
solubility of PuO,(am, hyd), ® reacts much more slowly and to a lesser extent than at pH = 1.0
where 5polynuclear and colloidal Pu(lV) is formed immediately. In the experiment at [Pu]it =
1.010° M and pH. = 2.1 (Fig. 1,right), considerably above the solubility of PuOz(am, hyd),®
Pu(V) is evidently formed faster than Pu(lll), not simultaneously as required by the
disproportionation reaction.

The oxidation state distributions and pe values measured after equilibration times of more than 20
days are consistent with the known redox equilibria (4), (6) and (7).”®*° The “disproportionation’
reactions also describe correctly equilibrium state thermodynamics, but not the underlying
reaction mechanism.
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Plutonium Speciation in Environmental Systems, From Hydrolysis
to Aerobic and Anaerobic Biogeochemistry
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Plutonium is present in the environment as a result of nuclear energy and weapons
production.  Surfacial contamination can be removed Given the impressive sensitivity of
radioanalytical methods and mass spectroscopy, the transport of residual contamination can be
detected and tracked . However the form of Pu can rarely be determined from direct
characterization. Generally, the concentration of plutonium is too low or the conditions of the
measurement(s) are different from the conditions at the sample site. Thus, the plutonium
migration can be observed, but not predicted since the mechanism of transport can not be
discerned.

In order to develop an ability to forecast the stability and long-term fate of plutonium we
must understand fundamental plutonium redox, complexation reactions, surface reactions, and
coupled biogeochemical processes that can be individually parameterized and systematically
combined. Together with site-specific properties, such as the chemical composition and Eh of
the water, the microscopic and macroscopic mineralogy, the amount and viability of
microorganisms present, and the underlying hydrology and geomorphology of the region, these
thermodynamic and kinetic values can be used in fate and transport codes. This presentation will
review the mechanisms and reactions that have been reported and the research that remains to
realize a predictive model of plutonium speciation and resultant mobility in aqueous
environmental systems.



U(VI) Silicate Solid Phases as Sinks for Sequestration of Non-U
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INTRODUCTION

If used nuclear fuel is disposed of in a high-level waste repository without reprocessing, the
uranium fuel will oxidize on a geologic time scale to form U(VI) solids. The 1:1 uranyl silicate
minerals such as uranophane (Ca[(UQO,),(SiOs0OH),]5(H,0)) and boltwoodite ((Na,
K)[(UO,)(Si0;0H)](H,0),5) may be important solids for controlling the environmental
availability of other f-elements that are produced during neutron irradiation. These solids provide
surfaces to which the non-U f-elements may sorb or solids into which they may be incorporated.
Often, very finely divided nano-materials are present, and appear to play an important role in
sequestration. Defining mechanisms of sorption and/or incorporation of these f-elements along
with thermodynamic descriptions of these processes are needed for performance assessment
activities in high level waste disposal. In this presentation, the chemistry of these U(VI)-silicate
solids will be explored, along with the partitioning of non-U f-elements to them.

EUROPIUM PARTITIONING INTO URANOPHANE'

Uranophane was synthesized with various mole ratios of Eu*":Ca’*" present. In all solids
prepared, the Eu’® was sequestered to the U(VI) silicate solid formed. Powder x-ray
diffractograms of the resulting solids indicated that on the bulk-level, the uranophane structure
was preserved when the mole ratio of Eu*":Ca*" remained below 10%. At higher levels of Eu**, a
crystalline solid was formed that was not consistent with the uranophane structure. For those
solids with 10% or less Eu’" present, transmission electron microscopy analysis of the solid
indicates that the bulk material is actually a mixture of needle-like materials as expected for
uranophane, and additional finely divided materials with diffraction patterns that are not
consistent with uranophane. Microscale elemental analysis of these materials indicates that the
polycrystalline solids are largely responsible for sequestration of most of the Eu’". The
uranophane needles do incorporate small quantities of Eu**, but never more than 5 mole %.

NEPTUNIUM PARTITIONING TO URANOPHANE?

In this case, both uranophane and sodium boltwoodite were prepared in the presence of
trace quantities of neptunium (V) as the NpO," cation (0.5 — 2.0 mole %, relative to U). In all
cases, the Np is quantitatively sequestered into the U(VI) silicate solid. The presence of the Np
did not alter the powder diffraction patterns of the resulting solids. Individual crystallites of the
solids were analyzed with transmission electron microscopy and electron energy loss



spectroscopy to demonstrate that Np is associated with isolated solids. No evidence for discrete
Np phases such as Np oxides was observed.

SUMMARY

These results will be described for Eu’" and NpO," partitioning into the 1:1 U(VI) silicate
solids. The structures of uranophane and boltwoodite will be described along with the
possibilities for Eu’" and NpO, " substitution into the solids. Where possible, incorporation will
be distinguished from sorption. In both cases, thermodynamic approaches for treating these
processes during modelling will be described.

Project funding was provided by DOE’s Office of Science, Heavy Elements program. Former
graduate student, Dr. Matthew Douglas of PNNL, is acknowledged for much of the experimental
work described. WSU College of Sciences Microscopy facility was used for scanning electron
microscopy. Prof. Rod Ewing and Dr. Satoshi Utsunomiya of University of Michigan are
acknowledged for the transmission electron microscopy work on the Ew’* solids. Dr. Edgar Buck
and staff of PNNL’s Radiochemical Sciences and Engineering group are acknowledged for the
transmission electron microscopy of the NpO,"-containing solids.
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Ewing, “Microscale characterization of U(VI) silicate solids and associated Np”, Radiochimica Acta, 93, 265-
272 (2005).



Radionuclide Distribution in Debris from Underground Nuclear
Tests Detonated in Silicate and Carbonate Rocks
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Underground nuclear detonations produce a diverse suite of radionuclides that includes
tritium, fission products, activation products, and residual actinide fuel'. The initial distribution
of these species within a test cavity and chimney is determined by the temperature and pressure
history immediately following the explosion.” Refractory species that condense at high
temperatures tend to be partitioned into the ‘melt glass’, while volatile species that condense at
lower temperatures tend to be more widely dispersed throughout the rubblized cavity-chimney
environment. Recommendations for radionuclide partitioning have been published’, but for
many species there is still a significant margin of uncertainty in these estimates. Furthermore,
radionuclide partitioning has been developed only for tests conducted in rock or alluvium
dominated by aluminosilicate minerals. No such partitioning information is available for tests
conducted in carbonate rock (Figure 1).

Fig 1: Photographs illustrating the textural characteristics of nuclear test debris. (A) Dark-colored
aluminosilicate melt glass exhibiting typical ‘obsidian-like’ textures and (B) Friable, chalk-like
carbonate test debris exhibiting only minor glassy and iron-oxide stained fragments.

We will describe the results of two separate investigations into the physical and chemical
distribution of radionuclides in underground nuclear test cavities at the Nevada Test Site (NTS).
In 2005, we investigated radionuclide redistribution from the Chancellor test. The Chancellor
test was detonated in the U-19ad emplacement hole on 1 September 1983 at a vertical depth of
2,047 ft (624 m) below the surface of Pahute Mesa, NTS. It has an announced yield of 143 kt.*



The test was conducted in the Tertiary rhyolite of Echo Peak’, a devitrified lava of the Paintbrush
Group that erupted from the Claim Canyon Caldera approximately 12.8 million years ago®. For
plutonium, 1.5% of the inventory is contained in the rubble fraction and 98.5% is present in the
melt glass. These results are in agreement with estimates reported by the IAEA’ (2% rubble,
98% glass). However, they differ from the 0% rubble fractionation (100% in glass) reported by
the French’ and are less conservative than the 5% rubble fractionation (95% in glass) used in
recent radionuclide contaminant transport models at the NTS. For uranium, approximately 94%
of the test-derived uranium is contained in the melt glass, and 6% is in the rubble. The uranium
fraction in the rubble is somewhat lower than the IAEA estimate of 10%. However, compared to
plutonium, it is apparent that uranium is more volatile and is redistributed more widely in the
nuclear test cavity.

Presently, we are investigating the radionuclide distribution in tests conducted in carbonate
rock. Only four tests were conducted in the carbonate rock in Yucca Flat, NTS. However, two
tests are located close enough to saturated water table to provide a direct path for radiologic
contamination of the regional carbonate aquifer. We expect the partitioning of Pu and U in the
debris from carbonate tests to differ significantly from that of tests conducted in aluminosilicate
rock due to their widely differing early time pressure, temperature, and rock condensation
histories. We will describe the partitioning of various classes of radionuclides between the “melt
glass” and rubble in carbonate tests and compare these results to the partitioning behaviour
observed in the Chancellor test. Furthermore, we will describe how the Underground Test Area
(UGTA) project utilizes this partitioning information to develop radionuclide reactive transport
models and predict the extent of groundwater contamination at the NTS.

This work was funded by the Underground Test Area Project, National Nuclear Security
Administration, Nevada Site Olffice and was performed under the auspices of the U.S.
Department of Energy by Lawrence Livermore National Laboratory under contract W-7405-
Eng-48.
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Microbial Transfor mations of Plutonium

A. J. Francis, C.J. Dodge and J.B. Gillow
Environmenta Sciences Department, Brookhaven National Laboratory, Upton, NY 11973, USA

The presence of Pu in transuranic (TRU)- and mixed-wastes together with organic
compounds, isamajor concern because of the potential for migration from the waste repositories
and contamination of the environment™“. Pu exists in several oxidation states (111, 1V, V, VI) and
as various chemical species (salts, organic complexes, colloids) having avery complex chemistry
and environmenta behavior. Soil pH, the presence of organics, redox conditions, mineralogy,
and microbial activity affect the chemical speciation of Pu'>. Chelating agents, such as citric
acid, are present in Waste Isolation Pilot Plant (WIPP) TRU and mixed wastes. Citric acid forms
a strong complex with Pu(1V) and has been used in extracting **°Pu from contaminated soil.

Microorganisms have been detected in low-level radioactive wastes, TRU wastes, Pu-
contaminated soils, and in current and planned waste-repository sites for disposal of nuclear
waste. Leachates collected from the low-level radioactive-waste sites contained *® %9 #0py
(gross alpha activity of 1.7 x 10° pCi/L), aerobic- and anaerobic- bacteria (Bacillus sp.,
Pseudomonas sp., Citrobacter sp., and Clostridium sp.) and organic compounds“**. The
radioactive- and organic-chemicals in the leachate were not toxic to the bacteria. Metabolically
active microbes were identified at the LANL's TRU waste burial site containing **Pu-
contaminated soil. Microorganisms present in the radioactive wastes can affect the long-term
stability of radionuclides. We investigated the biotransformation of Pu-citrate and Pu-nitrate by
aerobic and anaerobic bacteria, respectively.

Reductive dissolution of Pu(l'V) by the anaerobic bacterium Clostridium sp. Addition
of 1x10”" M ?**Pu (IV)-nitrate had no effect upon the growth and
metabolism of glucose of Clostridium sp. Plutonium added to the
bacterial growth medium (uninoculated control) resulted in its

SNARN precipitation and was removed by 0.4um filtration. Speciation

v i) .1 calculations showed that Pu most likely existed as Pu(OH),4 at pH

6.2 due to hydrolysis and polymerization. The growth of the

bacterium lowered the Eh of the medium from +50 mV to -180

mV), and the pH from 6.2 to 2.8, concomitant with the

%0 lass 100 108 1800 production of acetic and butyric, acids and carbon dioxide (225

Eneray (&) umol). After 14h of growth, 70% of the Pu passed through a 0.4

Figl. XANES analyses  um filter and 55% passed through a 0.03 um filter suggesting a

of Pu before and after significant portion of Pu was solubilized. Solvent extraction by

bacterial action. thenoyltrifluoroacetone (TTA) confirmed a decrease in the

polymeric form of Pu and an increase in the soluble fraction,

suggesting the presence of Pu®**. XANES analysis of the culture at the Pu L, edge (18.057 keV)

confirmed that the oxidation state was Pu** (Figure 1). The Eh of the medium was low and the

CO; concentration high, thus favouring the reduction of Pu from the tetravalent to the trivalent

state. These results suggest that under appropriate conditions Pu can be reduced to Pu(lll) by
anaerobic bacteria.
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Biotransformation of Pu(lV)-citrate complex by Pseudomonas fluorescens.
Electrospray ionization-mass spectrometry (ESI-MS) analysis of 2*Pu-citrate in the presence of
excess citric acid indicated the presence of a biligand Pu-cit;

100 gy complex. XANES and EXAFS analyses showed that Pu was
S f;/*/ in the +4 oxidation state and associated with citric acid as a
g 80 /  ciricaid mononuclear complex. The metabolism of citric acid by P.
$ 60| :igm:zgzz fluorescens was not affected by the presence of 10° M Pu.
S .f The Pu-citrate complex is relatively stable in the absence of
_§ 40 /4 bacterial activity. However, in the presence of bacteria and
S a0l after complete metabolism of citrate, solvent extraction by

TTA and microfiltration (0.03 um) of the medium showed
0

020 4 e 8 o0 that the Pu was present in the polymeric form. High ionic

Hours strength (0.9M) of the medium affected citrate metabolism,

Fig 2. Effect of adding *Pu and Pu remained in solution complexed with citric acid. The

on citrate metabolism. Citric- extent of formation of the Pu polymer depended on the

acid concentration is 10°* M. Pu:citrate ratio, the extent of citrate metabolism, and the ionic
strength of the medium.

Moabilization of Pu from contaminated Soils. Chemical characterization of Pu at
contaminated sites shows that its environmental form varies according to the site and the waste
stream. For example, at Rocky Flats, CO, the predominant form appears to be as PuO,(s); at the
Nevada Test Site Pu was associated with minera colloids; while, a Oak Ridge, TN it is
associated with organic matter. Pu is generally considered to be relatively immobile; however, its
transport, albeit at very low concentrations, has been observed at severa DOE sites including
Rocky Flats (RF), Los Alamos National Laboratory (LANL), and Nevada Test Site (NTS)®.
Plutonium in surface waters a the RF site was shown to be associated with organic
macromolecules’. Studies with Pu contaminated soils show that Pu and other radionuclides can
be remobilized due to enhanced aerobic or anaerobic microbial activity. Studies are under way to
determine the mechanisms of dissolution of Pu from contaminated soils.
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Actinide Sorption by Well-Characterized Colloid Particles.
Redox Speciation and Surface Complexation Modelling.
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S.B. Clark'™

“Lomonosov Moscow State University, Chemistry department, Moscow 119992, Russia
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""Research Centre "Kurchatov Institute", Moscow 123182, Russia

WWashington State University, Pullman WA 99164, USA

INTRODUCTION

Colloids are submicron particles ubiquitous in the subsurface environment. Due to high
surface to mass ratio and small size they may be responsible for facilitated transport of
contaminants including actinides. For facilitated transport in subsurface environment they should
be sorbed onto colloids. The molecular level understanding of sorption is required to predict the
role of colloids on actinide behaviour in the environment. This includes study of possible redox
reactions, reversibility of sorption and surface complexation modelling (SCM). The aim of this
work is to study neptunium and plutonium sorption and speciation on different colloid particles
both synthesized in the laboratory and separated from contaminated aquifers.

EXPERIMENTAL

The SCM exercises were done with synthesized well characterized colloidal phases
including goethite (a-FeOOH), hematite (a-Fe,O3), maghemite (y-Fe,Os) and amorphous MnO:..
Most of experiments were done with actinides taken initially in pentavalent form at various
concentrations, i.e. about 107'°—5-10"° M. Several sorption studies were performed with Pu(IV)
at tracer concentrations (i.e. 10" — 10™° M). For SCM the dependence of actinide sorption on
pH, ionic strength and total metal concentration were obtained. For actinide redox speciation at
tracer concentrations the solvent extraction technique with HDEHP and TTA were used. For
macroconcentrations (i.e. 5-10° M) of actinides the An4f XPS and XANES at LIII edges were
used. The local environment of the actinide atom was studied by EXAFS LIII edges in
fluorescent mode. The colloid particles from contaminated aquifer of oxidizing conditions (PA
“Mayak”, Russia) were collected anaerobically and separated by sequential micro- and
ultrafiltrations (3 kD — 450 nm). The colloids were characterized by SEM, TEM-EDX and
SAED. Preferential sorption of actinides was studied by nano-SIMS.

RESULTS

It was established that Pu(V) and Np(V) sorption by a-Fe,Os; and y-Fe,Os; was not
accompanied by actinide redox transformations in the studied concentration range. The sorption
of actinides was defined by formation of inner-sphere surface complexes. In case of MnQO, slow
oxidation of Pu(IV) to Pu(V) and Pu(VI) was established with no redox reactions in case of
Np(V). For all studied systems actinides remain in their initial redox forms in solution at least
during the time of the equilibration (up to 100 days). In case of Pu(V) sorption by a-FeOOH
rather fast reduction to Pu(IV) is observed. The steady state equilibrium is reached in about one
day with complete reduction of Pu(V). The reduction took place in broad concentration range of



Pu (i.e. 10'° — 10° M) that was supported by both solvent extraction, XPS and XANES.
According to EXAFS two oxygen atoms are found in the first coordination sphere (possibly from
surface hydroxyl groups), four oxygen atoms in the second sphere and one Fe atom in the third
sphere at the distance of 3.32 E.

The Gibbs energy minimization
software (FITEQL) was used for SCM.
For systems where no redox reactions take
place the values of stability constants of
surface complexes were obtained. In case
of Np(V) sorption they change in the
following  sequence: K(MnO;) >
K(a-FeOOH) > K(y-Fe;03) ~ K(a-Fe,03)
that is demonstrated in the Fig. 1.

In order to support the SCM data the
groundwater sample from radionuclide
contaminated aquifer was analyzed. The
colloid particle composition for these
sample changed in the following sequence:
amorphous hydrous ferric oxide (HFO) >>
clays ~ calcite > rutile ~ hematite ~ barite
~ MnO, > monazite. According to SIMS
measurements the strength of actinide

= ¢-FeOOH, ¢(Np)=7-10'M ®  oFe,0, c(Np)=7-10"M
-4~ y-Fe,0,, c(Np)=3.10"M v MnO, c(Np)=1.510"M

Sorption, %

binding change in the following sequence: Fig 1. Sorption of Np(V) by different colloid
HFO ~ MnO, >> Fe,0;, while other particles

phases did not sorb actinides. The typical

elemental maps are presented in Fig. 2.

Fig 2: The ion nano-probe mapping of major elements, U and Pu for colloidal matter
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Cancellation of spin and orbital magnetic moments in 6-Pu: theory

Per Soderlind

Lawrence Livermore National Laboratory, Livermore CA 94550, USA

INTRODUCTION

The last few years have seen an increased focus in trying to understand the actinide metals
in general and plutonium in particular. One of the more fundamental issues with plutonium is the
existence of a highly complex ambient-pressure phase diagram with as many as six well-defined
phases (a, B, v, 9, d’, and ¢).

Recently', calculations founded on the density-functional theory (DFT) were able to
describe total energies, atomic densities, and bulk moduli remarkably well for all the Pu phases.
The effects of localization (weakening metallic bond strength) of the 5f electrons proceeding
from o to B and so on were apparently accurately modelled by formation of magnetic moments'
which were smallest for the o phase and largest for the 8 phase. Although details of the
theoretical electronic structure seem appropriate® when compared to photoemission spectra, the
validity of the large magnetic moments in Pu has been questioned for some time and a summary
can be found in Ref. 3. The lack of convincing experimental evidence of magnetic moments,
contrasted by the firm DFT prediction of magnetism, pose an interesting problem in Pu. The
literature offers several plausible explanation for this, for instance: (i) The magnetic moments in
the theory have no physical meaning but provide additional degrees of freedom and variational
flexibility such that other electron-correlation effects are mimicked. (ii) Fluctuations wash out
the net magnetic moments on a time scale shorter than experiments. (iii) Local magnetic
moments are subject to Kondo screening. (iv) The spin moments are exactly cancelled by anti-
parallel orbital moments on each atomic site. The explanations (i) - (iii) cannot be investigated
by a DFT approach because they rely upon deficiencies within the DFT itself. The (iv)
explanation was proposed theoretically', but has not been investigated in detail.

The present paper discuss the possibility of a cancellation of the spin and orbital moments as
a plausible reason for the lack of credible experimental evidence of sizeable net magnetic
moments in Pu. This is done by means of constrained DFT calculations utilizing the so-called
fixed-spin-moment method (FSM). The focus will be on the 6 phase because of the simplicity of
the cubic crystal structure and the greater magnitude of the theoretically predicted magnetic
moments.

COMPUTATIONAL DETAILS AND RESULTS

The electronic-structure calculations are performed within the framework of DFT. Since the
magnetic moment is the fundamental property of interest here, we have employed the linear
muffin-tin orbitals method, within the atomic sphere approximation (ASA). This technique has
the advantage that both spin and orbital moments can be computed throughout the entire crystal,
whereas in calculations not relying on the ASA this is typically not possible. The ASA has well-



known challenges with accuracy of structural energies, especially for open phases. Here,
however, we only consider the close-packed face-centered cubic 0 phase, and are less concerned
with an accurate structural energy.

Every DFT calculation is |
associated with errors arising from 12 L
necessary approximations applied in
the theory. The atomic equilibrium
volume for a wide range of transition
and actinide metals generally has an
error of about 2-3%, the bulk
modulus ~10-20%, and the spin
moment ~10-20%. The earlier
studies' suggested that for 8-Pu the
total magnetic moment on each site
was of the order of ~1 up, with the
spin being larger than the orbital
moment. Because of the non- .
negligible inherent inaccuracy of the 0 L 2 3 4
DET spin moments, it is of interest to Spin moment ( Bohr magnetons )
investigate the dependence of the
total magnetic moment on the spin Fig 1: Total energy and moment vs. spin moment.
moment. l.e., an error in the DFT
spin moment may have an important role for the sensitive cancellation of the spin and orbital
components. We therefore employ the FSM method, which has been described in detail* that we
will not repeat here other than to say that it is a way of constraining the total spin moment in a
metal to any preferred magnitude. This enables us to calculate the total magnetic moment on
each site as a function of spin moment. In Fig. 1 we show the total energy and total magnetic
moment as a function of spin moment. Within the expected DFT error of the spin moment
(£20%, vertical dashed red lines) the total moment crosses the zero axis, suggesting a possibility
for a complete cancellation and a zero total moment. The total-energy shift associated with the
zero moment is ~1 mRy which is close to the accepted DFT energy error.

To conclude, we have shown that a zero total magnetic moment is possible in 8-Pu due to
the exact cancellation of spin and orbital components when a small correction, to compensate for
an expected DFT error of the spin moment, is allowed.

§5-Pu

=
T

=

oo

T
1
[
B

Total Energy ( mRy/atom )

(1

{ suoiguﬁeux .rqo& ) 1119&10111 0],

0.0

T

1]
L |
[

This work was performed under the auspices of the US DOE by the UC LLNL under contract No.
W-7405-Eng-48.

P. Soderlind and B. Sadigh, Phys. Rev. Lett. 92, 185702 (2004); P. Séderlind, EuroPhys. Lett. 55, 525 (2001).
P. Séderlind, A. Landa, and B. Sadigh, Phys. Rev. B 66, 205109 (2002).

J.C. Lashley et al., Phys. Rev. B 72, 054416 (2005).

K. Schwarz and P. Mohn, J. Phys. F 14, L129 (1984).

AWM —



Mechanical Behavior of Delta-Phase Plutonium-Gallium Alloys

George C. Kaschner , Michael G. Stout, Siegfried S. Hecker

Los Alamos National Laboratory, Los Alamos NM 87545

In this report, we present a constitutive model that predicts the yield strength and ultimate
tensile strength (UTS) of delta-stabilized plutonium-gallium alloys (Pu-Ga). The model accounts
for the effects of temperature, strain rate, grain size, and gallium (Ga) concentration. The
coefficients in the model are based on ambient-pressure quasi-static data that were published in
the open literature ®. These data include a range of gallium concentrations and purities, tested
over a large range of temperatures and strain rates as shown in the table below.

Experimental Condition Range of the Variable
Temperature, °C — 60 to 558
Strain Rates, s 1.4x10°to 75
Stress State tension and torsion
Microstructure
Grain Size, um 11030 x 90
Composition
Gallium Content, wt. % 0.29t0 1.63
Iron and Nickel Content, wt. ppm <30 to 900
Carbon Concentration, wt. ppm 30 to 310
Experimental Results
Yield Stress (tension), MPa 48 t0 125
Ultimate Tensile Strength, MPa 66 to 174

We constructed and fitted the mechanical threshold stress (MTS) model reported by
Follansbee and Kocks’ to predict the yield and flow stress behavior for single-phase §-stabilized
Pu-Ga alloys as a function of strain rate and temperature. Our extended model also accounts for
variations in gallium content and grain size. This model has been validated against
approximately 50 different experiments for both yield and ultimate strength. The predicted yield
strengths agreed with the experimental data to within a £1 standard deviation of 15%.

The key material variables potentially affecting plutonium-gallium alloys are gallium
concentration, grain size, iron and nickel content, and carbon concentration. We predicted the
yield strength of the alloys based on the temperature and strain rate of the experiment and the
grain size and substitutional element concentration (Ga+Al+Si+Am). The model allowed us to
plot yield strength against individual microstructural parameters to look for correlations. Grain
size and gallium concentration appear explicitly in our MTS model. In these two cases, we took
the input to the model as a reference value—20 pum for grain size and 1 wt. %, or 3.35 at. %, for
gallium concentration.

We found that gallium concentration had the most significant effect on yield strength.
We examined data for materials with a gallium content from approximately 1 at. % to 6 at. %,
covering almost two-thirds of the entire 5-phase field retained by gallium additions. This



variation in gallium content changed the yield strength by 50%. The concentrations of impurities
Al, Si, and Am, which like Ga substitute in the fcc 5-phase Pu lattice, was small in the data sets
we examined and, hence, they had negligible effects on strength.

We also found that grain size had a measurable, but modest, effect on yield strength. The
experimental data we examined represented samples with average grain sizes from 10 um to
about 50 um. Our analysis of the data confirmed the observation of Wheeler, Thayer, and
Robbins® that the yield strength follows an inverse square-root Hall-Petch relation to grain size.
The decrease of grain size from 50 um to 10 um produced a 15% increase in yield strength.

Lastly, we looked for a correlation between room-temperature, quasi-static yield strength
and the impurity levels of iron and nickel, and carbon. We did not observe a correlation or trend
in either case. The iron and nickel each form an intermetallic phase with the plutonium. Optical
metallography shows that these intermetallics typically have a length scale of microns, far too
large to interact effectively with dislocations and to increase the yield strength. Carbon is nearly
insoluble in plutonium and forms carbide inclusions, which are also on the length scale of
microns. Thus, like the iron and nickel intermetallics, the carbides are too large to affect the
yield strength.

The MTS model, with the parameters defined in Stout, et al**°, can now be used to
isolate the influence of test conditions and some microstructural features such as composition,
grain size and inclusions content. The model will predict results beyond the current literature
data so long as deformation mechanisms appropriate for the MTS model apply.
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The phase diagram Pu-Ga in the Pu-rich region
Thaddeus B. Massalski* and Adam J. Schwartz**

*Carnegie Mellon University, Pittsburgh, PA 15213, USA
**Lawrence Livermore National Laboratory, Livermore, CA, 94550, USA

ABSTRACT

The present status of the phase equilibria and phase boundaries in the Pu-rich region of
the Pu-Ga phase diagram will be briefly reviewed, covering both the reported
experimental work and the phase diagram calculations. We shall try to assess the overall
information now available regarding the equilibrium and metastable phase boundaries,
the trend of the Ty, temperature for the § ——> o’ transition, and the corresponding trends
of the martensite-start (Mp) and martensite-revert (Rg) temperatures.

This work was performed under the auspices of U.S. Department of Energy by the
University of California, Lawrence Livermore National Laboratory under contract No.
W-7405-Eng-48.



Evidence for Formation of Alpha Embryos in a Pu-2.0 at% Ga
Alloy at Ambient Temperature

K.J.M. Blobaum’, C.R. Krenn®, M.A. Wall’, T.B. Massalski', and A.J. Schwartz"

"Lawrence Livermore National Laboratory, Livermore, CA 94550 USA
fCarnegie Mellon University, Pittsburgh, PA 15213 USA

INTRODUCTION

For a Pu-2.0 at% Ga alloy, o and Pu3Ga are the expected stable phases at ambient
conditions'. However, the complete eutectoid decomposition to o + PusGa from the fcc § phase
is expected to take about 10,000 years®, and the phase typically observed at ambient conditions is
0, which is retained in a metastable state. When the metastable 8 is cooled to subambient
temperatures, it partially transforms via a burst martensite mode to the monoclinic o' phase”.

It is reported that successive thermal cycles to form and revert o' in Pu-Ga alloys result in
less o formation in each cycle*”. Here, we show that certain annealing and ambient-temperature
conditioning sequences result in reproducible amounts of o' formation in successive cycles.

RESULTS AND DISCUSSION

Differential scanning calorimetry (DSC) was used to investigate the amount of o' formed
and reverted in thermal cycles following various conditioning treatments. The area of the 6 = o'
and a' = 0 DSC peaks are directly proportional to the amount of o' formed. Prior to each
thermal cycle, the sample was annealed at 375°C for 8 hours and then it was conditioned for 2 to
16 hours at a temperature in the range —50°C to 370°C. The amount of o' formed upon cooling a
Pu-2.0 at% Ga alloy is a function of the time and temperature of this conditioning treatment.

Figure 1 shows the o' = 0 reversion peaks for conditioning treatments at 25°C. Some o'
is formed even when no conditioning treatment is employed (0 hours), but the amount of o'
formation increases with conditioning time up to approximately 6 hours. Longer times, up to 70
hours (not shown), do not result in additional a' formation. Figure 2 shows the effect of
conditioning temperature on the amount of o' formed. Conditioning at —50°C and 370°C results
in approximately the same amount of a' formation as when no conditioning treatment is
employed. A moderate amount of a' forms when the sample is conditioned for 13 hours at
150°C, but the largest amount is observed to form after conditioning for 12 hours at 25°C.

We hypothesize that embryos of the equilibrium o phase begin to form in the metastable
O matrix during ambient temperature conditioning treatments. These embryos may be dynamic
fluctuations or static distortions that may have structural and crystallographic attributes of the o'
martensite, and self-irradiation by the Pu may assist diffusional formation of the o embryos.
Upon cooling, these embryos become sites for o' formation.

Formation of o' is enhanced by conditioning at 150°C, although to a lesser extent than
conditioning at 25°C. At 150°C, the equilibrium phases of the Pu-2.0 at% Ga alloy are expected
to be P (body-centered monoclinic) + 8. We propose that at 150°C, embryos of the § phase form.



However, they either form more slowly than o
embryos, or they are not as effective at
nucleating a'. Both of these hypotheses could
explain the smaller amount of a' formed
following the 150°C conditioning treatments
compared to those at 25°C, but the latter option
seems more likely since a embryos have the
same crystal structure as o', while § embryos
do not.

Even the least effective conditioning
treatments result in a small amount of o'
formation. In these cases, it is likely that o'
nucleates on intrinsic sites such as grain
boundaries, impurities, etc. At 370°C, 9 is the
only stable phase expected, so no additional
embryos would form during a conditioning
treatment. At —50°C, diffusion is effectively
quenched and thus o embryos are not expected
to form during conditioning. Thus, the o'
observed to form following conditioning
treatments at 370°C and —50° is expected to
utilize only intrinsic sites for nucleation.

We propose a classical nucleation and
growth model for the initial stages of o'
formation®. When the sample is conditioned at
temperatures near Ty, diffusion is fast, but the
driving force for nucleation is low. At low
temperatures, diffusion is slow, but the driving
force is high. Therefore, the highest nucleation
rate is observed at some intermediate
undercooling. In this case, 25°C appears to be
near this optimal nucleation temperature.
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The Pu-Ga system is perhaps the most complicated binary alloy system in nature. Not
only does this system have important technological importance, but also scientifically it is
extremely challenging. Previously we have used the Modified Embedded Atom Method
(MEAM) to describe the behavior of both Pu and Ga. This method, though semi-empirical, is
able to capture most of the important unusual behavior of both of these elements.

In this presentation we show the results of recent calculations using MEAM for various
alloys (phases and composition) in this complex system. Results presented will include simple
bulk thermal and mechanical properties such as specific heat, thermal expansion, and elastic
constants for the solid phases. Two-phase equilibrium will be discussed with respect to melting
and the predicted phase diagram. Predictions will be compared with experiment when available.
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INTRODUCTION

Primary energy consumption is near 12 Gtoe in the world. It is provided essentially by fossil
matter : oil 40%, coal 20% and gas 20%, but oil reserves would be reduced dramatically during
the next 50 years. In the same time, the world population could be multiplied by 1.6, and
therefore the energy consumption will increase significantly. Nuclear energy well known from
fission reactors represents only 7% of total primary energy, and could be more intensively used
in future. Nevertheless, the quantities of natural fissile isotopes (**°U) are relatively low and the
use of plutonium will be developed for the sustainability. Basic research on plutonium
compounds is realized in our Laboratory.
The fuels of power reactors are oxides in large majority UO, or MOX (U;_,Pu,)O,. An important
knowledge on plutonium mixed oxides exists in France after Rapsodie, Phenix and Super-Phenix
FNR programs and the use of MOX in PWR. However, progress on plutonium oxide fuels must
be done for the next PWR generation : EPR with 100% MOX fuel at higher Pu content and for
high burn up. On the other hand, materials for new advanced high performance reactors are also
studied for the future (Sodium Fast Reactors and Gas Fast Reactors, in international Forum
Generation IV [1]).

BASIC SCIENCE on PLUTONIUM MIXED OXIDES

Structure and thermophysical properties

Plutonium, uranium or mixed oxides are iono-covalent cubic face centered phases (fluorite type)
with large deviation possible from stoichiometry (O/U+Pu#2). Stable hyper stoichiometry in
plutonium oxide has not been confirmed from our investigations [2]. The clusters of point
defects reported in literature for hyper stoichiometric plutonium mixed oxides are not compatible
with ionicity and our measured lattice parameters. New analysis on defect structure will be
presented. The contribution of other species present in MOX fuels (additives, Fission Fragments)
will be also analysed with some examples. Then, the effect on specific heat will be discussed and
compared with our experimental results.

Radiation damage

PIE of MOX fuels have been done in our hot cell Laboratory for 40 years. Mixed plutonium
oxide fuels have a good resistance to radiation. Characterisation of damage in irradiated fuels at
atomic scale is very difficult, with multiple and complex mechanisms. Experimental simulation
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of irradiation by Fission Fragments has been done at CIRIL/GANIL. Results on point defect,
chemical properties and mechanical properties will be reported and compared with calculations.

BASIC SCIENCE on PLUTONIUM NITRIDES

Chemical and electronic structure, thermophysical properties

High melting point, high density of actinides, good thermal conductivity are in favor of nitrides
and carbides for future reactor fuels. Polycrystalline plutonium nitrides have been prepared and
characterized in our Laboratory. Results on lattice parameter, specific heat and thermal
conductivity will be reported and analysed.

Table 1. Lattice parameters of (Pu,M;,)N

Lattice parameter, nm
Nitride Our measurements from atom Radii 5f
metallic | Covalent | M*N°" | M*N°" | localized
UN 0.4889 0.448 0.454 0.504 0.476 4.82
PuN 0.4905 0.466 0.456 0.498 0.468 6.75
(Pug2Ug )N 0.4891 0.451 0.503 0.474 5.2
ZrN 0.4578 0.462 0.446 - 0.440 =0
(Pug25Zrg.75)N 0.4635 0.463 (1.3)
(Ug.2Zro )N 0.4638 0.459 (0.9)

Results on lattice parameters confirm the mixed bonding in plutonium nitrides : metallic and
ionic (Table 1). Optical absorption spectra show tetravalent actinides and exclude practically
An’" in nitrides. The localized 5f electrons are respectively 4.8 and 6.7 in uranium and plutonium
nitrides. The specific heat of mixed nitrides does not respect the “mixture” law (Fig. 1).
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Figure 1. Specific heat of nitrides Figure 2. Optical absorption spectra of
UN non-irradiated (nir) and irradiated(ir)
Radiation damage by 5.10°Cd 1GeV/em®

The good resistance of nitride fuels was shown after experimental simulation of irradiation by
Fission Fragments : small amount of An*" and defects on nitrogen lattice were detected (Fig. 2).
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ABSTRACT

Of great scientific interest are (i) regular changes in physical and mechanical properties
of 3d—, 4d—, 4f—, and 5f — elements as pertinent electronic shells are being filled and (ii) effects
induced by changing localization extent of 3d—, 4d—, 4f—, and 5f — electrons under intensive
external impacts. Therefore, methods and facilities previously developed in [1-10] to study
behavior and properties of fissile materials under dynamic loading can and must be used for
fundamental investigations of lantanedes and actinides.

1. 3d and 4d — transition, as well as 4f— and Sf-metals — Fe, Zr, Ce, U, Pu and their alloys — are
materials, which are unique for studying the progress of polymorphous, electron, and phase
transformations and these transformations-related natural changes in their physical, mechanical,
and thermal properties both under static, and dynamic loading.

Explosive and shock-wave experiments provide data on (i) a wide range of changing longitudinal
stresses, temperatures, and energy densities hardly attainable in static experiments, (ii)
equilibrium properties of the shock-compressed matter, (iii) kinetics of high-rate visco-
elastoplastic deformation, (iv) kinetics of polymorphous, electron, and phase transitions, (V)
specifics of nucleation, development, and recompaction of spall and shear fractures at different
scale levels and in conditions of different phases co-existence. In experiments, in addition to the
time-resolved diagnostics of the structure and parameters of stress waves or profiles of sample
free-surface velocity directly during loading and unloading of shock-compressed materials,
sometimes after explosive loading, samples manage to be recovered for their follow-on
comprehensive materials science investigations.

As distinct from experiments with Fe, Zr, Ce, and U, where these materials must be protected against
oxidation only before their explosive or shock-wave loading, the explosion experiments with Pu and its
alloys require that stringent environmental safety requirements be met. The purpose of this work -
summary information on feasibility of environmentally safe explosion experiments involving Pu
and its alloys with time-resolved diagnosing of wave processes in fissile materials directly under
sample loading and recovery after unloading for their follow-on physical investigations. These
experimental setups are of interest from the standpoint of fundamental reseach into behavior and
dynamic properties of actinides.

2. Properties and phenomena to be studied
— phase diagrams and kinetics of polymorphous, electron, and phase (melting, evaporation)
transitions;



— changes in shear and spall strength of metals and alloys in the case of their high—strain rate
deformations in different phase states;

— micromechanisms of high—strain rate deformation, phase transitions, nucleation,
development, and recompaction of fractured matter.

3. Methods

3.1 The modified photochronographic optical-lever method [1, 7, 9, 10] and the laser
interferometry method

3.2 The photoelectric method and the manganin gage procedure

3.3 Shock-wave recovery experiments [1-5, 10].

Conclusions
The paper presents experimental setups with hermetical recovery and localization devices

to study fundamental properties of 4f- and S5f-metals, as well as alloys — dynamic strength,
polymorphous, electron, phase, and structural transformations. Methods and facilities previously
developed to investigate the behavior and properties of fissile materials under dynamic
(explosion and shock-isentropic) loading, can and must be used in the interest of fundamental
research of lantanedes and actinides.
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THE ACTINYL CATIONS

The linear dioxo actinyl cations, {AnO,}*" (x = 1 or 2), dominate the +V and +VI solution
chemistry of the mid actinide elements (U, Np, Pu and Am). Usually, between 4-6 additional
ligands coordinate in the equatorial plane yielding bipyramidal geometry. An increased
understanding of actinyl chemistry will underpin a range of nuclear applications, from novel fuel
processing technologies through to environmental waste remediation. Of particular relevance are
{UO,}*" and {NpO,}", the dominant chemical forms of U and Np respectively, and {PuO,}",
which is thought to have environmental significance.

By far the most commonly studied actinyl cation is {UO,}*", primarily due to its chemical
stability and the comparatively low radiological hazard associated with uranium chemical
research. Recent highlights include the incorporation of this moiety into liquid crystals,' the
preparation of uranyl selenate nanotubules” and structural evidence for cation-cation interaction.’
Although prone to disproportionation, there are still ongoing investigations into {UO,}"
chemistry, including the structural characterisation of [UO,(OPPh;)4](OTY).* Finally, bis-imido
analogues of the uranyl(VI) cation, {U(NR),}*", have recently been synthesised and used to
probe the role of the 5f and 5d U orbitals in bonding.’

The higher specific activity of the transuranium elements restricts experimental chemistry to
specialist facilities. While there have been quite a few neptunyl (V and VI) structural studies the
first structural characterisation of {PuO,}”".® and indeed {PuO,}",” complexes have only just
been reported. This lack of basic knowledge is also reflected in solution chemistry, with a recent
report on {PuO,}*" hydrolysis providing valuable thermodynamic data.® Perhaps the most
interesting recent development in neptunyl chemistry has been the synthesis of {NpO,}" (and
indeed {UO,}*") peroxide nanoclusters from alkaline peroxide solution.” Finally, while there is
no spectroscopic or structural evidence for {PaO,}" a recent EXAFS study points to the
existence of a Pa(V) single oxo species, {PaO}>"."

ACTINYL CHEMISTRY AT THE CENTRE FOR RADIOCHEMISTRY RESEARCH

At the Centre for Radiochemistry we have investigated several actinyl systems. Recent
highlights include the use of spectroscopic techniques to prove that the pertechnetate anion,
[TcO4], can coordinate directly to the uranyl(VI) cation'' and that bioreduction of {UO,}*" to
U(IV) can occur via a {UO,}" intermediate.'” Tri-lacunary heteropolyoxometalate ligands have
been shown to be very good complexants for the uranyl cation and we have used comparatively
straightforward synthetic strategies to take this chemistry forward to neptunyl(V)." Very
recently we have made significant advances in this area of research, yielding further structural



and spectroscopic characterisation of {NpO,}" complexes
with different tri-lacunary ligands (see, for example, Fig.
1) and extending our investigations to {NpO,}*" and
{PuO,}*". Both the charge on the actinyl cation (e.g.
{NpO,}" vs {NpO,}*") and the type of polyoxometalate
anion (e.g. A-type vs B-type) can lead to different
structural types of complex being isolated.

Focusing again on uranyl chemistry, non-aqueous
systems have been investigated where the ligands have
been chosen with the aim of perturbing the actinyl bond.
As an example of this chemistry bidentate (NCN)
benzaminato ligands, [PhC(NSiMes),], can be used to
complex to {UO,}*" and significantly distort (bending
and stretching) the uranyl cation. Using this ligand . .
system the uranyl oxygen can be activated to behave as a Fig. 1 Poly\llhedra representatll%fl
Lewis base, yielding the B(CeFe); adduct, ©f [Na2(Np 02)(GeWoOss)]
[UO,B(C4Fs)3{(SiMesN)CPh(NSiMe3)}2].'*  We have
recently taken this chemistry transuranic, showing that R;P=NH ligands will displace R3P=0
ligands coordinated to {UO,}*" and {NpO,}*"."

Our current research goal is to further develop transuranic actinyl research. This will be
undertaken experimentally in collaboration with Nexia Solutions at Sellafield and EU ACTINET
partner laboratories; particularly ROBL-ESRF, Grenoble and CEA Atalante at Marcoule. A
collaborative computation programme is currently being undertaken by Kaltsoyannis and co-
workers at University College London.
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The transuranium actinides were unknown on earth until the late 1930s - early 1940s.
From that time through the 1950s and into the 1960s, these elements were discovered as
byproducts of the irradiation of uranium (and subsequently of transuranic element
targets) with subatomic particles. Separations chemistry (precipitation/co-precipitation,
ion exchange, and solvent extraction) was central to the discovery of the individual
actinides, to the isolation and purification of target nuclides and to the preparation of
samples of sufficient purity to allow elucidation of their chemical/physical properties.
Further, solvent extraction, in the form of the PUREX process, has become the single
most important separations process in actinide technology.

As we move into the 21* Century, a reinvigoration of actinide separation process
chemistry is in evidence. A more wide spread adoption of a closed nuclear fuel cycle
approach to radioactive materials management seems inevitable. In fact, a considerable
amount of research has been done around the world to develop more efficient separations
methods during the last decade. In the future pyrometallurgical/electrometallurgical
separations and perhaps more advanced techniques based on volatility or new materials
like supercritical fluids or Room Temperature Ionic Liquids may become more important.
For the present and the near future, development of new methods continues to rely on the
proven techniques of solvent extraction and related methods. This emphasis arises to a
significant degree from the considerable amount of insight we have gained into the
chemical processes that control solvent extraction processes. The flexibility available in
solvent extraction that allows ready adjustment of operational parameters and the
inherent adaptability of solvent extraction to continuous operations (and thus high
throughput) also favor (and justify) continuation of this dominance.

While both favorable thermodynamics and kinetics are needed for the development of a
useful separation technique, the greatest insight into process and new reagent design has
been gained from correlations of thermodynamic data describing liquid-liquid phase
transfer reactions. Solvent extraction reactions of f elements range widely from enthalpy-
to entropy stabilized. Enthalpy-entropy compensation effects and solvation energy
differences also figure prominently in this chemistry. It is important to note as well that
minor differences in the energetics of chemical reactions in solvent extraction can have a
major impact on separation efficiency. In this presentation, the basic thermodynamics of
solvent extraction reactions of actinide and lanthanide metal ions will be discussed.
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INTRODUCTION

The main objectives of the development of innovative fuel cycles such as those conceived in
the Generation IV forum, are an efficient use of energetic resources by recycling together the
major and valuable actinides such as uranium and plutonium, and a drastic decrease of the
radiotoxicity of the ultimate wastes by partitioning and transmutating the minor ones such as
americium, curium or neptunium. Whatever the choice of management in the present or future,
innovative synthesis methods are studied to elaborate new mixed actinides based materials. For
their synthesis, wet methods fulfill very useful requirements such as flexibility, compatibility
with a hydrometallurgical fuel processing, less dissemination of highly radioactive dusts during
processing, and above all a better accessibility to very homogeneous polymetallic compounds
and interesting nanostructures'. Moreover these
homogeneous solids improve the proliferation Bidentate oxalate ligands
resistance by diluting plutonium with other
actinides.

The oxalic precipitation of plutonium(IV)
or plutonium(IIl) is used at an industrial scale
during the reprocessing of the nuclear fuel, e.g.
by the PUREX process?, in order to convert into
oxide this energetically valuable actinide.
Oxalic acid is also a very common reagent to
recover actinides from liquid waste using
precipitation methods because of the very low
solubility of An(IV) or An(Ill) oxalate
compounds in acidic solutions™*. The flexibility
of the oxalate ligand leads to actinides-based
solid compounds which are particularly suitable
precursors of actinides oxide solid solutions.

Bonded water molecule
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AN(IV)-AN(IIT) OXALIC COCONVERSION

Reaction of a solution containing a  Fig 1: Environment of An(IV) — An(III)
tetravalent actinide An(IV) and a trivalent crystallographic mixed site and structural
actinide An(IIl) in presence of oxalic acid in arrangement in : the hexagonal mixed oxalate
acidic media under controlled conditions, leads (a) and in the tetragonal one (b).



to the precipitation of mixed An(IV)-An(Ill) oxalate compounds, with An(IV)=Th, Np, U or Pu
and An(III)=Pu or Am, never described before. New mixed An(IV)-An(Ill) single—phase co-
precipitates were obtained and characterized from powder diffraction patterns by analogy to
uranium (IV)-lanthanide (III) oxalates whose structures were solved recently from single-crystal
X-ray diffraction data™®’. By varying the (An'",An"") pair and depending on the An'"/An"" ratio,
two original series were identified, M2+XAnIV2_XAnIHX(CzO4)5-4H20 (1) and MI_X[AnHIl_
(An'Y(C204),.H,0]-4H,0 (2) (M = single charged cation), with hexagonal or tetragonal
symmetry, respectively. The originality of both structures is based on a mixed crystallographic
site which can accept either a tetravalent actinide or a trivalent one, the charge balance being
ensured by the adjustment of the single-charged ions within the structure. The main difference is
that actinides are ten-coordinated in (1) and nine-coordinated in (2) (Fig 1). The honeycomb-like
structure of the hexagonal compound is based on a three dimensional network of metallic and
oxalate ions creating parallel tunnels. For the tetragonal series, the metallic ions are linked
through oxalates ions to build a bidimensional arrangement of squared cycles.

Complementary investigations by (V) or uav)
UV-visible and Infrared spectroscopies Pu(ll) ?
and thermogravimetric analysis were led
(Fig 2). They confirm the simultaneous
co-precipitation of An(Ill) and An(IV)
without modification neither of the ratio
between A(IV) and An(Ill) nor of the i
oxidation state and hlghllght the role of 450‘ B ‘5(‘)0‘ a ‘550‘ B ‘6(‘)0‘ a ‘550 | ‘7(‘)0‘ a ‘7‘50

single-charged  cation and  water ) ) AMnm) i
molecules. Fig 2 : UV-Vis Spectra of U(IV)-Pu(Ill) 50/50 nitric

solution (red line) and U(IV)-Pu(III) solid co-
precipitate showing the invariability of oxidation

CONCLUSION state during experiment.

In these experiments dedicated to
actinides co-management using oxalic co-conversion, the simultaneous co-precipitation of the
involved actinides is an important first achievement considering the specific properties of each
actinide, properties which moreover differ according to various possible oxidation states.

Pu(lll)

Abs or (a.u)
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INTRODUCTION

The problem of high radioactive waste (HLW) treatment and storage is at present one of the
most important ecological problems in Russia and in the U.S. Solution to this problem have
two general aspects: (1) development of effective methods of HLW partitioning and disposal;
and (2) determination, recognition, and isolation of hazardous radionuclides in the
Environment. To satisfy both of these demands the main question is choice of highly accurate
methods of radionuclide recognition, separation, and recovery of long-live isotopes from
complex media. In practice for these purposes an extraction and sorption methods are used. In
our opinion the following directions in the frame of development of fundamental knowledge of
the processes of separation in nuclear technology will predominate in 21-st century: (1) The
directed design and study of selective macro cyclic ionophores and another ligands with high
chemical and radiolytic stability for isolation of a long-live radionuclides by means of a Liquid-
Liquid, and Countercurrent Chromatography (CCC) from different media; (2) Practical
realization of Supercritical Fluid Extraction (SFE) method based on quantitatively dissolution
of UO; in some organic reagents, saturated with nitric acid in supercritical CO; as a solvent; (3)
Development of effective sorption methods of reducing and recovery of Pu and other TRU
from different man-caused and nature solutions using a fibrous “filled” sorbents. The results of
a systematic study on realization of these three directions are summarized in our presentation.

EXPERIMENTAL

Extraction of U, and TRU by (4,4°(5”)) bis(dialkylphosphoryl)-, bis(diphenylphosphoryl)-,
bis(O-alkyl)phosphoryl)-benzo-n-crown-m ethers (n = 18 and m = 6; n =21 and m = 7; n = 24
and m = 8, respectively) solutions in 1,2-dichloroethane and chloroform has been studied from
nitric acidic media. It has been demonstrated that, during extraction, distribution coefficients
(Dm) of U(VI), Pu(1V), Am(III), Eu(IIT) depend upon experimental conditions as well as upon
structural features of the molecular complexes used. It is important that, within the range of
[HNOs] = 0,02 — 1,0 mol/l, the Dy values for metals depend on stereochemical orientation of
phosphoryl- groups. It was found out that the extraction ability of cis(4,4’-) isomers is higher
than for trans(4,5’-) isomers and for their mixtures. Using compound that has cis-oriented
(nBuO),P(0)-groups as an example, it was observed that the highest Dy = 0,98 in 3 mol/l
HNOs; Dpy, = 5,1 in 0,5 mol/l HNO; and Dap, = 0,007 at pH = 2. For trans-conformer under the
same conditions Dy for U(VI), Pu(IV), and Am(III) are 0.091, 1.8; 0.003, respectively. It has
been shown by using the BIO+(CHARMM) and MNDO computer methods, that the complexes
of elements with trans-positions of the (nBuO),P(O)- groups have larger volume, their energy



of formation is higher, and stability of the ,,host-guest* complexes is lower All this leads to the
decrease of the Dy value during extraction. Under the same other conditions, the influence of
the dimensions of the macrocycle (C,) upon extraction is essential. Using extraction of Am(III)
from 0.01-3MHNO; as an example, it has been demonstrated that for all molecules
investigated, the most effective extragents are crown-ethers with n = 21. The shift of the
Dam * to the higher [HNOs] was observed with the increase of n. The sequence of the
coordination properties of phosphoryl-containing ligands based upon functionalized benzo-21-
crown-7 under extraction of Am(II) from 0.01-3M HNOs is as follows: (nBuO)(OH)P(O)- >>
(nBuO),P(0)- > Ph,P(0O)-. Extraction properties of di(nBuO)(OH)P(O)-dibenzo-21-crown-7
(Dam = 814 in 0,IM HNO;) are >10? higher for all compounds studied. The conditions of
selective separation of Am(III)/Eu(Ill) by means of bis(O-alkyl)(OH)phosphoryl)-dibenzo-21-
crown-7 have been determined with separation factor of >90 at [HNO3] = 0.01 mol/L.

Application of SFE technique was recently shown to be very promising for oxide nuclear
fuel reprocessing thanks to using supercritical CO,. The main aim of realization of this process
is to find and study the necessary organic ligands suitable for direct dissolution of TRU oxides
for their separation. For experiments the adducts TBP-HNOj (1), methylisobutylketone - HNO;
(2) and dimethyl-N,N’-dioctyl-hexylethoximalon- amide - HNO; (3) are prepared by mixing of
equal volumes of the ligands with 8M HNO; during 15 min. The known volume of adducts
used were introduced into a centrifuged test-tubes with the MOX samples (90-95% ******U0,,
and 10-5% *’Pu0,) at 60°C for ~3 h for dissolution. It was shown that MOX completely
dissolved only in the (1) and (3) (>99% of U, and Pu in the solution). When dissolving the
MOX sample in the (2), extraction of U only occurs (>99%), resulting in separation of U(VI)
from Pu(IV), which remains (>99%) in the solid phase probably as PuO,. Hence, the system (2)
one can find application in the future technology of oxide nuclear fuel reprocessing under SFE.

Direct dissolution of solid solution of 4.6% of PuO, and 95.5% of UO, in TBP-HNO;
complex, conducted by us previously, requires the subsequent separation of U and Pu. Such
separation may be performed by the method of CCC with the use of two-phase liquid system of
TBP-HNO;. Influence of compositions of mobile and immobile phases on efficiency of
separation of the elements was studied, and it was shown that CCC permits to separate U and
Pu rather effectively under the conditions of concentration gradients both of TBP in immobile
phase and of HNOj in mobile phase. At first, under optimal separation conditions, the fraction
containing 99.7% of Pu and 0.3% of U goes out, and then uranium fraction is eluted.

At detection of TRU in natural and technological waters it is required their pre-
concentration and separation from other elements. For this purpose it is most perspective
sorption separation of TRU with use of the fibrous "filled" sorbents. These materials represent
thin porous fibers inside which it is kept fines grain “filler” — complex forming or ion
exchanger sorbent. We investigated the properties of the fibrous "filled" sorbents type
POLYORGS 33-n, 34-n, and 35-n (complexing sorbents with amidoxime and hydrazidine
groups) for pre-concentration of Pu(IV), U(VI), Np(V), Am(IIT) (~10 ppm) from solutions: I-
0.5M NaCl, pH=6; I1- Ca-0.043; Mg-0.08; Na-0.045; CI- 0.2 mg/l; pH=6.5; Il1l- Ca- 42; Mg-
10; Na-54; K-39; CI-4.6; SO4-29; HCOs - 159 mg/I. It was found that the sorption degree of the
TRU used during extraction from all the model solutions by POLIORGS at ratio V : M = 100
ml/g and time contact ~2 h are exceeded 96 — 99%.

The work was supported by the U.S.DOE-OBES, Project RUC2-20010-MO-04, RFBR grant
05-03-32908, 33094; and President RF grant 1693.2003.3.
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INTRODUCTION

In the feasibility study on the commercialized fast reactor cycle systems, which aims for
ensuring safety, economical competitiveness, efficient utilization of resources, proliferation
resistance, and decreasing environmental burden, Japan Atomic Energy Agency (JAEA) has
been devel oping the advanced aqueous reprocessing system named “New EXtraction system for
TRU recovery (NEXT) process’ for the spent fast reactor fuel reprocessing. The NEXT process
basically consists of 3 characteristic processes; the crystallization process for recovering a part of
U from dissolver solution, the U-Pu-Np co-recovery process with single cycle flowsheet using
TBP as an extractant and the Am-Cm recovery process with extraction chromatography™. In this
study, we will discuss the behaviour of Pu and other actinides in the crystallization process and
the U-Pu-Np co-recovery process with referring to the experimental results obtained in our
experimental facility, Chemical Processing Facility (CPF).

CRYSTALLIZATION PROCESS

Aswe reported in the previous work?, Pu shows the different behaviour in the crystallization
process according to its valence in the dissolver solution. If Pu(VI) exists in the dissolver
solution, Pu is co-crystallized with U, which brings low /
decontamination factor (DF) of Pu to U (DFp,) and
makes it difficult to improve DFp, by washing the
crystal. On the other hand, under the condition that Pu
is adjusted to Pu(1V) in the dissolver solution, Pu is not
crystallized and only U crystal is obtained. Although
the surface of the U crystal is contaminated with mother
solution containing Pu, comparatively high DFp, can be
achieved easily by washing the crystal surface with
nitric acid solution. It is, therefore, important for
preventing Pu co-crystallization and keeping high DFp,
to adjust the Pu valence to Pu(lV) in the dissolver
solution.

Under some crystalization condition, we have
found that Cs contained in the dissolver solution as FP
can be hardly separated from the U crystal, i.e. DFcs
shows very low values®. In our recent research, it is
suggested that such behaviour of Cswill be related with
the formation of some kinds of Cs compounds with Pu

Photo 1: U crystal obtained in the
crystallization tests with U-Pu-Cs
solution (U: 409g/l, Pu(lV): 41.8g/l,
Cs: 4.60/l) (after washing). A small
amount of whitish green crystals are
observed in the yellow U crystal.



in the dissolver solution. It is known that whitish green crystal of Cs,PU(NOs)s is composed by
mixing CsNO3 and Pu(NOs), in high nitric acid solution under low temperature condition. We
have aso obtained a small amount of similar crystals in the U crystal after some crystallization
tests in which the concentration of Csis comparatively high (Photo 1).

The analysis of these crystals is now in progress, and it will be further required for high
DFcs to clarify the process condition without the formation of such Cs-Pu compounds, and/or to
develop some purification methods for the U crystal contaminated with these compounds.

U-Pu-Np CO-RECOVERY PROCESS

In the U-Pu-Np co-recovery process with single cycle flowsheet, Pu partitioning section is
eliminated from the conventional PUREX process, i.e. no Pu reduction to Pu(lll) occurs in the
process. In this process, Pu is stripped with U just by diluted nitric acid solution. The stripping
reactions of Pu (Pu(1V)) and U (U(V1)) are exothermic and endothermic respectively. Therefore,
it isimportant for the effective co-stripping of these elementsto control the temperature carefully
in the striping section (Fig. 1). It is also required for preventing the generation of Pu polymer

under the low acidity to adjust the nitric acid nDD loaded solv. M HNO, 0.02M HNO,
concentration to be a suitable value in the stripping v v v v N
section. « I

LE+03 F

Among the actinide elements, Np shows the

1.E+02 *
complex behaviour in the extraction section because of

. . . A . . l.E+01;
its variable valences in the nitric acid solution; F

extractable Np(IV) and Np(V1), and inextractable = "i;A--A..‘.}_A
Np(V). These Np valences are affected by the _ % T L TR
concentration of nitric acid and nitrous acid in the ?1-502; .
process, and it is desirable for the effective Np 5 1E®s}| =
extraction, i.e. the effective oxidation of Np to  1e04| u
extractable Np(V1) in the extraction section, to increase  1e0s L e
the nitric acid concentration, and to control and 1E06 | [U10rg. (25°C incach stage) .
optimize the nitrous acid concentration in this section. 1eor | - ﬁ%%?%%?ﬂ%ﬂ%%
Although there are some considerable points on B R S
developing and improving the flowsheet for the U-Pu- 1234567 8910111213141516
Np co-recovery process as mentioned above, we have Stage Nuber

confirmed that over 99.9% of U and Pu, and 99% of Np
can be co-recovered with sufficient DF of total y (~10% and Pu profiles in the stripping

under the appropriate condition™. For optimizing the ¢otion which was calculated with
flowsheet, further investigation will be carried out. the simulation code “MIXSET-X"

Fig. 1. Temperature dependence of U

Y. Takata, et al., J. Nucl. Sci. Technal., 41(3), 307 (2004).
K. Yano, et al., Proc. of Actinides2005, 5P47 (2005).

K. Yano, et al., Proc. of Global 2005, 118 (2005).

Y. Sano, et al., Proc. of ISEC2005, B206 (2005).

M. Nakahara, et al., Proc. of Global2005, 262 (2005).

b wNBEF



Electr ochemical studies on Plutonium in molten salts

G. Bourgés’, S. Rochefort”, D. Lambertin®, H. Chollet”, S. Delpech’, G. Picard'

" CEA - Centre d'études de Valduc — 21 120 Is sur Tille — France,

" Laboratoire d'Electrochimie et de Chimie Analytique - ENSCP, 11 rue Pierre et Marie Curie -
75231 Paris - France

INTRODUCTION

Pyrochemical separations, involving salt and metal molten media, by liquid/liquid extraction
or electrorefining are studied for nuclear defence and civil applications. Both are concerned by
actinides separations. Lanthanides, such as cerium, are often used as surrogates.

Early steps of such pyrochemical processes development consist of studying of the molten
salt chemistry of the elements to be separated. Activity coefficients of the solute in liquid metal
and salt phases are important thermochemical parameters for predicting separation efficiency and
to assess the solvents influence.

CEA has been operating such processes in chloride media for more than 40 years for both
plutonium metal preparation and residues recovery. In the 70's, the earlier studies concerned
plutonium in NaCI/KCI/BaCl; mixture. More recently, Pu(ll1) has been investigated in NaCl/KClI
eutectic mixture and in pure CaCl, .As solvent metal such as gallium could have potentialities for
the recovery of plutonium from metal scraps, the thermochemical properties of plutonium
dissolved in gallium were then studied.

EXPERIMENTAL

Electrochemical investigations using cyclic voltammetry, potentiometry and
chronoamperometry have been carried out to study the properties of plutonium (11I) in various
molten chlorides and of Pu metal in gallium metal.

The feed chlorides were previously dried. Pure commercial gallium and plutonium metal
pieces prepared at CEA/Valduc were used as metal feed. The chloride salt and the metal were
melted in a magnesia crucible placed under dry argon. The reference electrode was a silver wire
dipped into a porous alumina tube containing a solution of silver chloride in the corresponding
chloride. Tungsten wires were used as working and counter electrodes.

ELECTROCHEMICAL PROPERTIESOF PLUTONIUM IN MOLTEN CHLORIDES

The standard potential of Pu(l11)/Pu redox couple in eutectic mixture of NaCl/KCI/BacCl, at
1073 K deduced from early studies by potentiometry is equal to -2.56 V*(see fig.1). In NaCI/KClI
eutectic mixture and in pure CaCl, (see fig.2), the standard potential deduced from cyclic
voltammetry are respectively -2.54 V and -2.51 V, and led to the activity coefficients of Pu(lll)
in the molten salt’. In NaCl/KCI media, the presence of plutonium seems to involve a decrease of
the solvent limit (sodium reduction) so that the gap between Pu®**/Pu and Na*/Na couples is
small. In more acidic melt, like CaCl,, the standard potential is close to the reference related to
pure compounds.

As oxides ions concentration in molten salts may be important for separation processes, the
potential — p(O*) diagrams were built from these results and literature data in order to define the
stability domains of the plutonium — oxygen - chlorine compounds®®,
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Fig. 1: Potentiometry of Pu(l11)/Pu couple in
NaCIl/KCI/BaCl, (from%).

THERMOCHEMICAL PROPERTIESOF PLUTONIUM IN LIQUID GALLIUM

Chronoamperometry on plutonium in
liquid gallium in chlorides — CaCl, (see fig. 3)
and equimolar NaCI/KCl - led to the
determination of the activity coefficient of Pu
in liquid Ga, log y = - 7,2*.

This new data is key parameter to assess
the scientific feasibility of an original process
for plutonium recovery from metallic scraps
after dissolution in liquid gallium by selective
extraction.

As activity coefficient of cerium in
gallium was previously determined’, it is
possible to compare gallium with other
solvent liquid metals such as Cd, Bi, Al for
plutonium - cerium separation.

Fig. 2: Cyclic voltammetry obtained on a
tungsten working electrode in CaCl,
containing Pu(I11) ions (Xpyquy = 1.1x 10°°)
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Fig. 3: Intensity-potential curve in CaCl, at 1073K

obtained from chronoamperograms,
XPu(Ga)=0.0129 ,XPuCl;=0.0011

The authors would like to thank J. Lannaud for his “pioneer” studies, and staff of Valduc 118

facility for their technical support.

1 J. Lannaud, CEA-DAM internal report (1973).

2  D. Lambertin, S. Ched’Homme, G. Bourgeés, S. Sanchez, G. Picard, J. of Nuclear Materials, 341, (2005), 124-

130

3  S.Sanchez, G. Picard, D. Lambertin, J. Lacquement, Proceedings “OCDE/NEA workshop on pyrochemical

separations”, Avignon, (14-16 march 2000), 213-221

4  D. Lambertin, S. Ched’Homme, G. Bourgeés, S. Sanchez, G. Picard, J. of Nuclear Materials, 341, (2005), 131-

140




Systematicsin PuT Gas Compounds
F. Wastin, E. Colineau, F. Jutier and J. Rebizant

"European Commission, Joint Research Centre, Institute for Transuranium Elements,
Postfach 2340, D-76125 Karlsruhe, Germany

The recent discovery of superconductivity™® at a high transition temperature in the
plutonium-based compounds PuCoGas (T = 18.5 K) and PuRhGas (T =9 K) hasignited ahigh
interest in these new materials. Prior to this discovery, no Pu-based compound was found to
exhibit superconductivity. Moreover, among the known actinide or lanthanide superconductors
one rarely finds a material with a T, over 2 K. From this perspective, Pu(Co or Rh)Gas can be
regarded to have an astonishingly high transition temperature and the nature of the
superconducting pair formation has been a point of special focus®*. Most recently, experimental
studies, employing nuclear magnetic and quadrupolar resonance (NMR, NQR), proved that
indeed PuCoGas and PuRhGas are unconventional, spin-singlet, d-wave type superconductors>®.
However, the experimental investigations of these Pu-based compounds is complicated by the
evolution of their properties as a function of time**>’, due to the impact of self-radiation
damage, induced by the a-decay of the Pu atoms.

At ITU-Karlsruhe, we have started a systematic _
investigation of PuTGas (T a d transition metal) sum- | € Co NI
marized in the figure 1, but no new superconducting P HHER s
materia has been evidenced up to now, and paramagnetic
type behaviour is most commonly observed in the series. 4|l Ru Rh Pd
However some systematics can be drawn out. 9K

First, from the chemical point of view, we observe that sd|  Os Ir Pt
moving aong the 3d series beside the Co and/or going PP
down within the Co-column, the 1:1:5s are more and
more difficult to obtain as pure phase and become
unstable. Thermodynamic competition with neighbouring
phases (e.g. 2:1:8, 4:1:12, ...) is more and more 1:1:5 i _
unfavourable. This observation may be related to the Fig 1. Benaviour of PUTGas
1:1:5 phase stability observed in Ce-compounds (only compounds.

formed with In) and other 4f and 5f elements (Th, U, Np)

that reveals a marked effect of the f-electron count. It is marginal to conclude that the electronic
structure may play an important role in the 1:1:5 phase stability and may deserve a thorough
theroretical investigation.

Paramagnetic ’ ‘ Superconductor

element in italic: does not form or was not obtained

Another systematic addresses the interesting variation of the T, versus c/a ratio® (Figure 2a). For
each family, the differencesin T, from compound to compound (under changes in the doping on
the transition metal site) from the group Co, Rh, Ir are found to correlate with the differences in



c/a ratio: the plot of Tc versus c/aforms a straight line of positive slope. However, recent solid
solution studies’ and high-pressure investigations'®, have shown that this variation could not be
assigned to the c/a ratio as being the main tuning parameter.
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Fig 2: @) Variation of T as afunction of the c/aratio and b) Distribution of T, asa
function of the electron counts.

Figure 2b provides a new perspective on the influence of doping the systems investigated with
different elements. Plotting the variation of T, as a function of the electrons count (here only
outer-shell electrons are counted), shows a spectacular concentration of al AnTGas
superconducting compounds in a narrow band at approximately 32+0.2 electrons, whereas all
compounds outside of this band (i.e. with different electron count) are not superconducting.

Further systematics, and in particular addressing the magnetic properties, can be drawn and will
be addressed in our presentation.

The high purity Pu metals required for the fabrication of the compounds was made available
through a loan agreement between Lawrence Livermore National Laboratory and ITU, in the
frame of a collaboration involving LLNL, Los Alamos National Laboratory, and the US
department of Energy. F. J. acknowledges the European Commission for support in the frame of
the Training and Mobility of Researchers' programme.
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Given its characteristic energy scales, the unconventional superconductor PuCoGas (7. =18.5 K)
is playing the central role of a missing link between the canonical heavy fermion
superconductors and the high-7, cuprates [1]. The understanding of its physical properties will
thus allow progress in the global understanding of unconventional superconductivity. While a
magnetic mechanism for the electron pairing is strongly suggested, the study of the phonon
spectrum is nonetheless of interest. This is partly due to tremendous recent progresses in band
structure calculations that allow to compute accurate phonon spectrum of strongly correlated

electron systems [2,3].

We measured the phonon dispersion
curves of single crystalline PuCoGas
samples along the [100], [110] and [001]
directions by Inelastic X-ray Scattering
(IXS) at room temperature. The IXS data
are compared with a density functional
theory (DFT) ab-initio calculation using
the Generalized Gradient Approximation
with finite U (GGA+U) method [2]. We
concluded that the inclusion of a finite on-
site  repulsion between f electrons, U, of
approximately 3 eV is essential to describe
quantitatively the lattice dynamics of
PuCoGas. This conclusion is primarily
drawn from the sensitivity of the lowest
transverse optic modes to the Coulomb
repulsion that undergo up to 30 %
change in energy between the calculations
with U= 0 and U =3 eV. The comparison
of the experimental data with the ab-initio
calculation for U=0eV and U= 3 eV is
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Fig. 1 : Dispersion relation of PuCoGas for the [001]
direction at 300 K. The experimental data (full
circles) are compared with ab-initio calculation for
U = 0 (left) and 3 eV (right). Branches are classified
according to the irreducible representations (A, A3z)
along [001].



shown in Fig.1 for the direction [001]. The best agreement with the U = 3 eV calculation, that is
found for [100], [110] and [001] directions, gives support to the existence of substantial f
electrons localization in PuCoGas in agreement with photoemission results [4].

In contrast, it was found that the phonon spectrum of the itinerant electron paramagnet UCoGas
is better described with U= 0 eV [5]. This is consistant with the known delocalization of f* elec-
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-trons in this compound [6]. The comparison between experimental data and calculation for the
lowest TO branch propagating along [001] and polarized along [100] is shown in Fig.2 for the
two compounds. The ab-initio lattice dynamics calculation shown corresponds to UCoGas with
U =0 eV and respectively to PuCoGas with U= 3 eV.

Our study gives new evidence for localized degrees of freedom of f electrons in PuCoGas and
shows that phonon spectroscopy is an alternate way of probing electronic properties of strongly
correlated electron systems. This study is in line with other critical tests of theoretical treatment
of 5felectrons, e.g. the one performed on 6-Pu [7].
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P.M. Oppeneer’, S. Lebégue', O. Eriksson”

“Department of Physics, Uppsala University, Box 530, S-754 47 Uppsala, Sweden
"Laboratoire de Cristallographie et de Modélisation des Matériaux Minéraux et Biologiques,
CNRS-Université Henri Poincaré, B.P. 239, F-54506 VVandoeuvre-lés-Nancy, France

SCIENTIFIC RELEVANCE OF Pu-COMPOUNDS

The interest in Pu-compounds has been revitalized considerably by the discovery® of
superconductivity at a very high T, of 18.5 K in the ternary Pu-compound PuCoGas. The
mechanism of the superconducting pair formation has been a point of special attention in the
scientific community. It was speculated™? that possibly an unconventional pairing mechanism
might be responsible for the anomalously high T.. Several investigations'? showed that PuCoGas
is close to magnetic ordering, and, consequently, a magnetic mechanism could be responsible for
the Cooper pair formation. Recently, two experimental studies®* employing NMR and NQR
showed that PuCoGas as well as the isoelectronic PuRhGas are unconventional, spin-singlet, d-
wave type superconductors. This type of unconventional order parameter could possibly
correspond to pairing mediated by antiferromagnetic spin fluctuations.’

In the sequel of the initiating discovery, many actinide compounds, which crystallize in the
tetragonal HoCoGas structure were synthesized and investigated. An important point-which yet
has to be clarified—is what the essential difference is between the two superconducting Pu-115
compounds and other, non-superconducting actinide-115 compounds. Several Pu-based 115-
compounds were synthesized, but the only superconducting Pu-compounds so far are PuCoGas
and PuRhGas. Moreover, substituting Co by Fe or Ni, its direct, respective neighbours in the
Period Table, rapidly quenches the superconductivity.®> At present it is not understood why the
effect of substitution on the Co site is so pronounced. Viewed from the number of electrons in
the unit cell, it turns out that superconductivity appears only in a narrow “dome” around the
electron filling of 32 valence electrons per unit cell (corresponding to PuCoGas).

ELECTRONIC STRUCTURE INVESTIGATIONS OF Pu-COMPOUNDS

With the aim to search for differences between the Pu-115 materials, we have performed a
computational investigation of the electronic structures of several Pu-115 compounds. We used
the density functional theory (DFT) in conjunction with the local spin-density approximation
(LSDA) and the generalized-gradient approximation (GGA). The calculations were performed
with the full-potential LMTO as well as with the FP-LAPW method, in which scalar-relativistic
effects and the spin-orbit interaction are included. In the GGA/LSDA calculations the Pu 5f
electrons are treated as delocalized valence states. Previously the importance of Coulomb
correlations within the Pu 5f shell has been pointed out®’ for PuCoGas. To investigate their
importance, we also performed LSDA+U calculations for several Pu-115 compounds. The
appropriate 5f description has to be established through comparison with experiments.



Our GGA calculations show that there exists sensitivity to the
band filling (i.e., number of electrons) in these materials. The 3d-
states of Fe, Co and Ni are mostly retracted from the Fermi energy,
although there is in the density of states (DOS) a tail, which extends
to several eV above the Fermi level. A part of the Pu 5f states is
positioned near the Fermi energy.® To a good approximation, the
filling of the 3d band leads to a rigid-band-like shift of the Fermi
level within the narrow 5f band. Because the 5f partial DOS is rather
steep near the Fermi level, the band filling leads to significant
changes of the Fermi surfaces. In particular, the Fermi surface
computed for PuCoGas is most 2-dimensional, whereas the Fermi
surfaces of PuFeGas and PuNiGas are computed to be more 3-
dimensional. This indicates that nesting properties of the Fermi
surfaces—which could be important for the pairing interaction-are
different for the Pu-115 compounds.

RELATED PuGa3 AND Puln3 COMPOUNDS

Closely related to the Pu-115 compounds are the binary Pu-
compounds PuGaz and Pulnz. An essential building block of the Pu-
115’s would be the cubic PuGaz group. However, so far only Pulng
was synthesized® in the cubic AuCus phase; it has not been possible

Fig 1: The calculated GGA
Fermi surfaces of Pulna.

to synthesize PuGas in the cubic structure. It could be synthesized"® only in a trigonal and a
hexagonal phase, both of which are magnetic. The Fermi surface of Pulns was studied® recently
through de Haas-van Alphen (dHvA) experiments. This study revealed that one part of the Fermi
surface of Pulns as detected in dHVA experiments, is reasonably described by DFT calculations.
We have investigated Pulns, too, and obtain (in variance with the previous study) one of the
Fermi surface sheets to be connected across the zone boundaries (see Fig. 1). Thus, we find
overall similar features of the Fermi surface, except for the topology of one Fermi surface sheet.
Further de Haas-van Alphen studies would be desirable to achieve a complete picture of the
Fermi surface. Also for PuFeGas and PuNiGas such investigations could be employed to reveal if

these materials indeed have a more 3-dimensional Fermi surface.
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INTRODUCTION

The discovery of high-temperature superconductivity in plutonium compounds renewed
interests in plutonium and other actinide compounds. The high superconducting transition
temperature of PuCoGas (18.5 K)' and PuRhGas (8 K)* is discussed based on the
quasi-two-dimensionality in the electronic state predicted by the 5f-itinerant band calclations®*.
On the other hand, there is no experimental work for the investigation of the Fermi surface
topology because of the experimental difficulties such as strong radiation damage and self
heating effect. It is therefore challenging to clarify the electronic states of plutonium compounds
experimentally, by using de Haas-van Alphen Effect (dHVA) or angle-resolved photoemission
spectroscopy. In this paper we report the first dHVA study in plutonium compound Puln; with
the cubic AuCus type structure, which can be regarded as a reference compound of PuCoGas.
The result was analyzed based on the itinerant 5f electron picture. Experimental results on
magnetic and superconducting properties of PuRhGas are also presented.

EXPERIMENTAL

Single crystals of Puln; and PuRhGas were grown by the flux method using an enriched
>°Pu metal as the starting material™®. The sample was characterized by the x-ray diffraction.
The single crystal for magnetization and dHvA measurements was encapsulated in a small
polyimide tube with typical dimensions ¢2 x 8 mm. To ensure a good thermal contact between
the sample and the cryostat, the sample was mounted on a silver disk. The sample was cooled
down using a dilution refrigerator. Because of the self heating effect 5.2 uW of Puln;, the
temperature of the sample is about 10 mK higher than that of the mixture at the base temperature
30 mK. The dHVA effect was measured by the field-modulation technique. The anisotropy of
the magnetic susceptibility was measured by the SQUID magnetometer where the field direction
was changed by rotating the sample capsule along its axis.

RESULTS’
We have succeeded in observing the first dHVA oscillation in plutonium compounds, as
shown in Fig. 1. The signal with the dHvVA frequency 2.1 x 10" Oe shows a clear angular



dependence reflecting the crystal symmetry.
The cyclotron effective mass of this branch,
determined from the temperature dependence
of the dHvVA amplitude, is significantly larger
than that of an ordinary metal, 4.8 m, where
my is the electron rest mass. These results
show that this signal is attributed to the dHVA
oscillation from Pulns. On the other hand, the
signal with a lower frequency 5.5 x 10° Oe

Puln, Ex 1

(a)
Ex 2

SR T

!

lacks these features and therefore is 110 kOe H—~ 149 kOe
considered to come from indium metal. It

should also be noted that the dHvVA amplitude

strongly decreases as function of time, as v

demonstrated in Fig. 1. Ex 1 was measured 4

days after the crystal growth, while Ex 2 was

measured under the same condition 10 days

after Ex 1. Such decrease of the dHVA can be ®)
attributed to the radiation damage caused by Exl
the a-decay of Z’Pu. In fact the mean free
path of the carrier estimated from the dHvA
measurements changes from 860 A for Ex 1 to
570 A for Ex 2.

The result of the angular dependence of the dHVA frequency, which corresponds to the
extremal cross section of the Fermi surface perpendicular to the field direction, was analyzed by
the band calculations. The experimental data agree well with the theory, indicating that the 5f
electrons can be treated as itinerant ones. In addition to the dHVA branch detected in the
experiment, band calculations predicted 2 more Fermi surfaces which have larger dHVA
frequency and cyclotron mass. However, those branches are expected to have significantly small
dHvA amplitude and difficult to observe because of the radiation damage as mentioned above.

From the present results, it is expected that the band calculations are valid also for PuCoGas
and PuRhGas. The experimental dHvVA study for these superconductors are also desired but
more challenging because the superconducting mixed state extremely weaken the dHVA
amplitude.

/\/\/\/\ /-"/\\MM/—\ Ex2
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dHvA Frequency (xlO7 Oe)

J. Sarrao et al., Nature (London), 420, 297 (2002).

F. Wastin et al., J. Phys. Condens. Matter, 15, S2279 (2003).

I. Opahle and P. M. Oppeneer, Phys. Rev. Lett., 90, 157001 (2003).
T. Macehira et al., Phys. Rev. Lett. 90, 207007 (2003).

Y. Haga et al., J. Phys. Soc. Jpn. 74, 1698 (2005).

Y. Haga et al., J. Phys. Soc. Jpn. 74, 2889 (2005).

AN AW~



What Does PuCoGas Teach Us About Pu?

E. D. Bauer', J. D. Thompsonl, N. J. Curro', T. Durakiewicz', J. J. Joycel, J. L. Sarrao',
L. A. Morales', J. M. Wills', C. H. Booth?, F. Wastin®, J. Rebizant’, J. C. Griveau®, P.
Javorsky3 , P. Boulet’, E. Colineau’, G. H. Lander’

"Los Alamos National Laboratory, Los Alamos, New Mexico 87545, USA

*Chemical Sciences Division, Lawrence Berkeley National Laboratory, Berkeley, California
94720, USA

3 European Commission, Joint Research Centre, Institute for Transuranium Elements, Postfach
2340, 76125 Karlsruhe, Germany

Many of the interesting physical and mechanical properties of plutonium are derived
from the behavior of its 5f electrons. The existence of six allotropic phases suggest an
extreme sensitivity to slight variations in electronic structure, such as the f-electron
localized to delocalized transition believed to be responsible for the large volume
expansion (~25%) when Pu transforms from the a phase to the § phase. To date, a
complete description of the electronic structure of plutonium is still lacking; moreover,
the strong electronic correlations that give rise to, among other things, a large
Sommerfeld coefficient y~55 mJ/mol-K* and a temperature-independent magnetic
susceptibility in the d phase, cannot be adequately accounted for by theory.

By studying plutonium intermetallic compounds, we may gain unique insight into
the nature of Pu itself. The strong electronic correlations in elemental Pu bear a strong
resemblance to those found in the PuCoGas superconductor [1]. In PuCoGas, the 5f
electrons are neither fully localized nor fully itinerant [2]; elements of both kinds of
behavior manifest themselves in such properties as an effective moment pesr = 0.7 up,
close to that expected for Pu’" (0.84 ug) and an enhanced electronic specific heat
coefficient y ~ 100 mJ/mol-K” consistent with moderately heavy fermion behavior [1].
Recent nuclear magnetic resonance measurements [3] provide strong evidence for
unconventional d-wave superconductivity in PuCoGas and for a spin fluctuation energy
scale that may not be too different from that of 0-Pu. In addition, a systematic
investigation of ACoGas (A = U, Np, Pu, Am) reveals 5/ electron behavior quite similar
to the elemental actinides where Pu is poised at the itinerant/localized boundary. In this
talk, I will compare the physical properties of PuCoGas and elemental Pu and discuss the
implications of such a comparison.

[1] J. L. Sarrao et al., Nature 420, 297 (2002).
[2] J.J. Joyce et al., Phys. Rev. Lett. 91, 176401 (2003).
[3] N. J. Curro et al., Nature 434, 622 (2005).
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In the pure form, the cerium and plutonium based 115 superconductors, such as CeColns and PuCoGas, exhibit
many interesting properties, not the least of which are their extraordinarily high superconducting transition
temperatures (7,’s). The structure of these materials is consistent with a superconducting, two dimensional (2D) Ce-
In or Pu-In layer, flanked by non-superconducting layers (see figure). Such an enhancement of 7, in a 2D system
furthers the comparisons to the high-T7, copper oxide materials that already bear many significant similarities to rare-
earth intermetallics, including relations to magnetic fields and non-Fermi liquid behavior. It is therefore not
surprising that there might be a similar dependence on local-structure properties.

We will present x-ray absorption fine-structure (XAFS) data on a variety of 115 materials. We find that the
local structure in CeRh_lIrIns is remarkably insensitive to the exact stoichiometry on the transition-metal site,’
consistent with the slowly varying electronic and magnetic properties (7. — 0 K only after ~75% Rh, and even
CeRhln;s is superconducting under applied pressure). On the other hand, substituting Sn for In has a very strong
effect, with 7,—0 K at only 3.6 mol% Sn. We find that this sensitivity is much stronger than expected given the
known superconducting coherence length. XAFS results, however, indicate that the Sn preferentially resides on the
in-plane In(1) site”, thus concentrating the defects into the superconducting layers and explaining the strong
sensitivity to Sn doping. Observed changes in the Kondo temperature will also be discussed in light of these results.

The PuCoGas superconductor is not only fascinating as an actinide counterpart to the Ce-based 115’s, but also
because of its relationship to 5—Pu and the role that the radioactivity of plutonium plays in the structural, electronic
and magnetic properties. For instance, this material exhibits local-moment behavior, a property that some have
suspected for 6—Pu for many years. We will present Pu L;-edge
data that are consistent with this interpretation. Also, these
materials exhibit high critical-current densities, probably due to the
generation of defects by the radioactive decay of plutonium in the
lattice. Our local structure data show a surprisingly large sample
volume affected by these decays, suggesting that in addition to the
number of Frenkel defects and holes (some estimates are as large Co/Rh/Ir &
as ~3000 pairs per decay), a relatively large sphere exists around
each defect that is essentially amorphized. Our ultimate hope is to
correlate  the observed XAFS amplitude reductions to
measurements of such properties as the superconducting coherence
length to gain a better understanding of the average distortions in
this material, information that would be directly applicable to other
plutonium alloys.

This work was supported by the Director, Office of Science, Office of Basic Energy Sciences (OBES), Chemical
Sciences, Geosciences and Biosciences Division, U.S. Department of Energy (DOE) under Contract No. AC03-
76SF00098.
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The plutonium generated in nuclear power reactors can be re-used at least partially through
the exploitation of a Mixed OXide (U,Pu)O, fuel. Industrially, the manufacture of the MOX fuel
proceeds in UO, and PuO, powders co-crushing, pelletizing and sintering. With this method, a
fluorite-type solid solution (U,Pu)O, is obtained. Currently, rather than a mechanical mixing of
pulverulent compounds, a new technique of manufacture for specific needs is under development,
based on a co-precipitation of uranium and plutonium (chemical mixture). A better homogeneity
of the U and Pu repartition in the solid and at lower temperature is awaited by this ‘wet route’.
The homogeneity of the final products may represent a significant criterion for an optimized
behaviour in power reactors.

The synthesis method was optimized in the CEA Atalante facility at Marcoule [1,2] in order
to obtain (U,Pu)O, solid solutions with a minimal content of synthesis impurities and a O/M ratio
equal to 2.0. This method is based on the oxalic co-precipitation of U(IV) and Pu(III) followed by
the thermal conversion of the co-precipitate into oxide. Each sample is characterized with X-Ray
Diffraction. But, in order to fully investigate the ideality of the solid solution a more local probe
is needed. XAFS spectroscopy using synchrotron radiation is an extremely suitable technique to
study local atomic and electronic structure of mixed oxides [3,4].

EXPERIMENTAL DETAILS AND RESULTS

A series of solid solutions of U, Pu,0, (x=0.07, 0.15, 0. 30 and 0.50) were prepared in the
ATALANTE Facility. Both UO, and PuO2 reference compounds were synthesized following the
same chemical procedure. All the samples were analysed by XRD. In each case, a face centered
cubic structure was observed and the cell parameter deducted obeys the Vegard’s law.

The XAFS measurements were performed on the ROBL beam line of the European
Synchrotron Radiation Facility (Grenoble, France). For each sample, XAS spectra were recorded
at both uranium and plutonium Ly edges. The evolutions of the Fourier Transform are
summarized on the figures 1 and 2. The overall shape of the spectra is almost always the same
while the global intensity varies a lot with the plutonium content. Thus, an important decrease of
oscillations for the 30 and 15% Pu samples is observed. X-ray diffraction leads to the same result
showing a greater disorder than for the PuO, and 50 % Pu samples.

At the uranium L edge, the best fit of the 50% Pu sample leads to the following distances:
Ru.0=2.352(5) A, Ry.u=Ru.p.=3.845(5) A and Ry.= 4.51(1) A. The oxygen neighbors are the same
as in UO2 and the U/(U+Pu) ratio is 0.51. The uranium local environment is clearly the one of an
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Fig 1: Fourier Transforms of the plutonium Fig 2: Fourier Transforms of the
L edge EXAFS. uranium L edge EXAFS.

ideal solid solution. The case of plutonium environment is a little more complicated. Indeed, the
fitting of the first peak of the Fourier transform of the plutonium L edge spectra leads to values
unsuitable with the fluorite structure. As seen on the figure 1, the shape of this peak (first
coordination shell) is no longer gaussian. To fit it, we had to introduce an additional asymmetry
term (third cumulant)[7]. Using this method, we finally obtain a shell of 8 oxygen neighbors at a
distance of 2.351(5) A, which is consistent with the result obtained at the uranium edge.
Considering the plutonium-metal shell, we also find an ideal solid solution structure with Pu-Pu
and Pu-U distances equal to 3.845(5) A . The Pu/(U+Pu) ratio thus obtained is 47%. The results
of the analysis at the two edges clearly show that the chemical procedure used to prepare the
(UgsPug5)O, sample is validated.

For the intermediate plutonium concentrations of 15 and 30%, the local environment of
plutonium and uranium is highly perturbed as seen in figures 1 and 2. On the opposite to the 50%
plutonium sample, a third cumulant has to be introduced in the fitting procedure even at the
uranium edge. Even, if the distances obtained are in good agreement with the Vegard’s Law, a
doubling of the Debye-Waller (0%.0(30% Pu) = 0.014 A? instead of 6%.0(50% Pu) = 0.0065 A?)
is observed. This is the signature of a higher disordered structure with a probable
hyperstoichiometric composition.

Clearly, as the plutonium content is equal or below 30% at., a great distortion in the Pu local
environment is observed. This disorder is incompatible with an ideal solid solution structure. It is
interesting to note that EXAFS appears to be the lone technique outlining this discrepancy in
plutonium and uranium local environment. Some steps of the process via the wet route checked
in this study are currently modified considering their potential influence on the mechanisms of
formation of ideal solid solutions, particularly with plutonium content lower than 50%.
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INTRODUCTION

In a typical fuel element, cylindrical UO; fuel pellets are stacked in a steel cladding. The
gap between the cladding and the fuel pellet is filled with helium. The fission reaction generates
heat that is diffused mostly outwards in the radial direction. Due to the Soret effect, the gradients
in temperature induce oxygen diffusion which in turn triggers the conventional Fickian diffusion.
The counterbalancing effects of the Soret and Fickian fluxes are responsible for a variation of
oxygen concentration through the fuel pellet even at steady state “?. Conversely, the temperature
variation through the pellet is preserved because of the heat generation, which manifests itself as
a source term in the heat equation.

To address the complexity of the phenomena that occur in a fuel element, a new multi-
scale and multi-physics method was developed at LANL. The method incorporates theory-based
atomistic and continuum models into finite element simulations to predict thermo-mechanical
properties of alloys and ceramics. By relating micro and nano-scale models to the macroscopic
equilibrium and non-equilibrium simulations, the predictive character of the method is improved.
The multi-scale approach was applied to calculations of phase stability and defect concentration
in PuO,., simulations of heat and mass transport in UO,.x, and simulations of irradiation effects
in Fe.

MODELS

The concentration of oxygen atoms is often expressed in terms of the non-stoichiometry,
x in UOy., Which is strongly related to the type and concentration of point defects. Following
the pattern of a recently published model 3 of PuO,.,, we included in the present model four types
of point defects that are considered major contributors to the lattice disorder of UO,.,: U
uranium ions, Frenkel pairs, oxygen interstitials, and oxygen vacancies. The cation (U) sublattice
was treated as ideal, in the sense that the concentrations of uranium vacancies and uranium
interstitials were both ignored. At this stage, the Coulomb interaction between the charged
species and the spatial correlations due to the exclusion effects was not included. The defect
species equilibrium have been described using the general mass action equations, supplemented
by charge conservation and lattice geometry constraints. This model was tested against
experimental data using a Mathcad code. Given the enthalpies and the entropies of reaction
between various types of defects the program predicted the concentration of various point defects
and the stoichiometry as functions of temperature and oxygen partial pressure.



SIMULATIONS

We first examined the case fully radial heat conduction and oxygen diffusion, at steady
state. The temperature distribution was calculated in the fuel, gap and cladding while the non-
stoichiometry was only calculated in the fuel. We use typical dimensions of Roq = 4.3 10> m and
Reiad = 4.833 10° m, and a gap of 0.03 mm. For the temperature in the outer face of the steel
cladding, we set Dirichlet boundary conditions by fixing the temperature at 750 K, which
represents a typical operating temperature. Similarly, for the outer edge of the fuel rod, we set
the non-stoichiometry to 0.001. For the heat generation rate due to the fission reaction, we used a
typical * value Q = 4.304 10° W/m®.

The temperature and non-stoichiometry distributions along the radial direction of a fuel
rod were calculated. The heat generation due to the fission reaction caused the temperature
within the rod to be the highest at the center. Since heat is extracted from the outer surface of the
cladding, the temperature decreased with increasing radius, as expected. The oxygen atoms re-
distributed such that hyperstoichiometry was higher in the hotter regions.
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Development of Fuel Material with Porous Zirconium Carbide Inert Diluent

for Plutonium and Minor Actinides Recycling in Fast Reactors
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A.A. Bochvar VNIINM, Moscow, Russia

An effective technique of atomic power nuclear waste treatment resulting in the waste radiotoxicity
decrease is the reactor reprocessing technique that ensures the possibility to develop a closed fuel
cycle. The technique is based on recycling of plutonium and minor actinides (MA) — neptunium,
americium and curium extracted from spent nuclear fuel as a new fuel for fast reactors. This
technique is more attractive because it allows generating an additional energy from the produced
and stored plutonium and MA. The fuel with an inert diluent without uranium is of a great interest

for most effective recycling of MA and plutonium [1,2].

As an option of such fuel, the authors proposed and investigate the composite material, patented at
VNIINM, on the basis of zirconium carbide porous skeleton with introduction of plutonium dioxide
and minor actinides oxides in the skeleton pores [3]. The skeleton type inert diluent on the basis of
porous zirconium carbide has a complex of unique properties — thermalphysic, physical-mechanical,
thermodynamic, radiation, high melting temperature ~ 3500 °C, thermal conductivity rising with
operating temperature rise, and also chemical, thermodynamic and radiation stability. The positive
characteristics of such type of fuel are a comparative simplicity of the fabrication process and its
universality. Reactors with this type of fuel should have the negative sodium void reactivity effect

(SVRE) that allows introducing a significant amount of MA (up to 30-40 %) in such fuel.

On the basis of calculation, the requirements are identified for characteristics of the fuel
composition having the zirconium carbide porous skeleton matrix to use it in the operating fast

reactor BN-600. The calculations show that it is possible to transmute 60 kg of Np-237 per year in



2

the reactor BN-600. Adding Pu-238 generated during transmutation of Np-237 to plutonium fuel in
the active core allows making the plutonium unsuitable for weapon purposes, at that, about 200 kg
of plutonium per year is burnt up. Subject to these requirements the flowsheet is developed for

fabricating the fuel cores with the zirconium carbide porous matrix.

Under the developed flowsheet the cores pilot batches of compositions ZrC-simulator MA (CeQO2),
ZrC-PuO, are fabricated. The cylindrical cores had the diameter of 5.9 mm, the length of 40-70

mm, the compression strength of 11-14 MPa.

The skeleton material had an open porosity of 60—70%. The skeleton material phase composition
identified by X-ray diffractometry method (FCC with the period a = 4.691 — 4.700 A) was

consistent with the zirconium carbide stoichiometric composition.

The fissile component content in the core material changed subject to impregnation mode. The
cores are fabricated with the fissile component content (CeO,, PuO;) over the range from 3.9 up to

38.0%.

The further investigation paths are outlined, which proximate purpose is to fabricate an enlarged
batch of fuel cores having the specified composite fuel for testing in the research reactor with

subsequent investigations of the irradiated material.
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The safe disposition of fissile Pu from dismantled nuclear weapons and the “minor”
actinides (Np, Am, Cm) generated by the nuclear fuel cycle remains a major challenge for the
development of next generation nuclear reactors. Recently, there has been extensive interest in
using materials with fluorite and fluorite-related structures, such as isometric pyrochlores, as
potential host phases for the immobilization of actinides, particularly Pu [1]. Systematic ion
irradiation studies of stoichiometric lanthanide pyrochlores (Ln,B,07) (B = Ti, Zr, and Sn) have
indicated that the radiation response of the pyrochlore compounds is highly dependent on
compositional changes. Both the ionic size and cation electronic configurations (e.g., bond-
types) affect the structural distortion from the ideal fluorite structure and thus the response of
pyrochlore-structure types to ion beam irradiation [1]. In this study, several actinide-doped
pyrochlores were synthesized, including (Cap.62Gdo.97U0.23)(Zro.84Ti1.34)Os.90,
(Ca0.47Gdo.95Tho.40)(Zr1.29Ti0.89)O7.05, (Ca0.44GAdThg 42)Zr21307.0s, and Cage1ThogaZr2.2507.09, and
their response behaviors upon radiation damage were simulated by 1 MeV Kr?* ion irradiation
under in-situ TEM observation. The ion beam irradiations of Ce-doped pyrochlore (CaCeTi,0O5)
as well as the solid solution of (La;-xCex)2Zr,07 (x =0, 0.1, 0.2, 1) were also performed, in which
Ce was used as an analogue element for Pu because of their similarities in charge and size.

Figure 1 shows the critical amorphization fluences of actinide-doped pyrochlores
irradiated by 1 MeV Kr®" as a function of temperature. The critical amorphization temperatures
of CaCeTi,07, (Cape2Gdo.97U0.23)(Zro.84Ti1.34)O6.90, and (Cao.47Gdo.o5Tho.40)(Zr1.20Tl0.89)O7.05 are
~1060, 820 and 550 K, respectively. No ion irradiation-induced amorphization has been
observed in (Cap.44GdTho42)Zr2130705 and Caggi ThogaZr22507.09, Subjected to 1 MeV Kr?* at
room temperature. The greater radiation “resistance” of actinide-doped pyrochlores, as compared
with that of Ce-doped composition, is consistent with the larger average ionic radius at the B-site
with increasing concentrations of Zr. In the solid solution binary of (La;-xCex)2Zr,07 (x =0, 0.1,
0.2, 1), LaxZr,07 can be amorphized by a 1.0 MeV Kr?* ion irradiation at 25 and 293 K at doses
of ~1.19 and ~3.55 dpa, respectively, similar to that observed under 1.5 MeV Xe" irradiation [2].
With the addition of Ce in lanthanum-zirconate pyrochlore structure (x = 0.1), no ion irradiation-
induced amorphization has been observed at room temperature. The critical amorphization dose
for (LapoCep1)2Zr,07 at 25 K is ~3.55 dpa, and with increasing Ce-content, a higher dose (~5.20
dpa) is required to fully amorphize (LaggCeo2)2Zr,0; at 25 K. No amorphization occurred for
Ce,Zr,07 at 25 K at a dose of ~7 dpa. The addition of Ce into the La,Zr,O; structure increases
the radiation stability of materials (Figure 2), which may be attributed to the decreasing average
radius of cations in the A-site, resulting from the smaller ionic radii of Ce** (0.114 nm) and Ce**
(0.097 nm) as compared to La**(0.116 nm). These results suggest that complex pyrochlore



compositions, caused by the incorporation of actinides and lanthanides, may exhibit dramatic
differences in their response to a radiation environment. The addition of actinides may enhance
the radiation stability of these materials. Data such as these allow one to design a specific
pyrochlore composition with a desirable radiation stability and chemical durability as a potential
waste form for the immobilization of actinides, particularly Pu.
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Figure 1. Critical amorphization fluences of actinide-doped pyrochlore vs. irradiation
temperature.
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Figure 2. The addition of Ce in the solid solution of (La;«Cex)2Zr.O; enhances the radiation
stability.
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High Temperature Gas Cooled Fast Reactors for the fourth generation of reactor studies
have lead to chemical compatibility studies between the foreseen fuel and matrix materials, in
normal operation, incidental and accidental conditions. Reactivity experiments were first carried
out for temperature incidental conditions.

A first experiment was carried out at 1650°C - 100h for a sample which consisted of a
mixture of mixed uranium and plutonium carbide (14 mole %) and betaSIC (86 mole %)
powders. The temperature was representative of accidental conditions. The aim was to determine
whether new liquid phases or new solid phases may appear thus disturbing the reactor core
behaviour and in the case it occurs to find a way to dodge this problem by adding a thin barrier
material.

The mixed uranium and plutonium carbide comes out of a fabrication made by TUI
dedicated to NIMPHEZ2 irradiation ("Nltrure Mixte PHenix"). As shown by XRD powder
patterns, it is made of a mixture of three monocarbide phases the lattice parameter of which is
4.979, 5.000 and 5.017 A as well as a sesqui-carbide phase (8.117 A). Chemical composition of
C, N and O elements can be interpreted by a partial oxidation of an initial mixture of (U,Pu)C to
give these three Fm3m phases and (U,Pu),Cs. Under the assumption of a Vegard's law the
mixture would consist of 86 W% of Ug 7gPU0.22C0.900.1 and 14 w% of (Ug.esPUo 35)2Cs.

The cubic polymporhic phase (3C) of silicon carbide was used for this study.

Although U-Si-C phase diagram is known, very limited thermodynamic data are available for the
description of Pu-Si-C and U-Pu-Si-C phase diagrams hence limiting potential valuable
computations on the expected reaction products.

XRD diffraction pattern of the mixture after the experiment shows UgsgPuo2C as main phase,
beta-SiC at alower amount, a significant amount of MxSi16Cs where M could be either U or Pu,
a less abundant Pu,Cs and tetragonal PuC, phases, trace amounts of hexagonal beta-PuSi,.
Guinet indicates that U»Si16C3 shows a peritectic decomposition at 1600°C.Thus M2Si16Cs may
have appeared while cooling down the temperature. This compound shows a slight deviation of
its ¢ lattice parameter value (8.012+0.002 A) from UxSi1sCs value. This high reactivity deters
from using these two materials in direct contact one with the other in reactor at this temperature.
Studies at alower temperature (1400°C) are under way .

Mo, Mo-Re, W and Wy gsRepos have been considered as refractory metal diffusion barriers
between (U,Pu)C and SiC.

Under neutron flux W transmutes into Re and might induce a phase change of W-Re in the
reactor. Ekman, Persson and Grimwall [1] have shown that under a Re mole fraction equal to



0.3, the CC phase remains stable. Re cluster spreading (after W transmutation) and cluster
diffusion should maintain Re concentration under this threshold value. Phase instability is thus
unlikely in the case where Re/(W+Re)=5%.

A sandwich material was made of a layer of Mo, a layer of NIMPHE2 mixed carbides and a
layer of WogsRepos . It underwent a thermal treatment at 1800°C during 6h in a HF oven. This
high temperature was chosen in order to enlarge the thickness of the reactivity product layer and
facilitate its observation. It was then observed by optical microscopy (Figure 1) and some
material was sampled at the interfaces (Mo side of Mo/(U,Pu)C interface, (U,Pu)C side of
Mo/(U,Pu)C interface, (U,Pu)C side of (U,Pu)C/W-Re interface and W-Re side of (U,Pu)C/W-
Re interface) for an XRD characterization. Only two interface XRD results are yet available: the
Mo side of the first interface shows evidence of Mo,C and UMoC, phases while the W-Re side
of the interface shows evidence of U,W,C, and W,C phases.

W-Re

Fig. 1: optical microscopic observations of Mo/(U,Pu)C/W-Re sandwich after thermal treatment.

Mo and W-Re high temperature reactivity with SIC experiments were carried out at 1600°C for
100 hours. 60um long Si rich fingers were observed by means of a SEM. Local W/Si ratios were
measured confirming the possibility of occurrence of WsSiz phase. This is in agreement with
studies, reported by severa authors [2, 3], which make evidence, between 1700 and 1900°C, of
the succession of phases: SIC/WSi/WC/WsSis/W,C/W.

At 1600°C, even after 6 hours, a 60um thick reactivity layer can be observed in Mo in contact
with SIC. SEM local analysis of Mo and Si coupled with the measurement of their total weight
percent give results compatible with MosSi; and Mo,C phases. These phases were observed with
XRD experiments by other authors in the same conditions.

As aconclusion, at 1600°C NIMPHEZ2 carbide reacts with SIC. A Mo or W-Re diffusion barrier
would have the drawback of consuming a part of the (U,Pu)C carbide carbon. To avoid this
problem W-Re would have to be coated with Re on one of its sides in order to limit its reactivity
with (U,Pu)C. The other side of W-Re would need to be protected by another material in order to
limit its reactivity with SIC.

[1] Ekman, Persson and Grimwall, J. Nuc. Mat. 278 (2000) 273-276
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Interfacial properties and phase behaviour of W coated on SiC and SiC/SiC composites for advanced Nuclear
Energy Systems

[3] B.V. Cockeram, BETTIS Atomic Power Laboratory, US DOE contract #DE-AC11-98PN38206, B-T-3255,
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ABSTRACT

Mixed oxide (MOX) test capsules prepared with weapons-derived plutonium have been
irradiated to a burnup of 50 GWd/t. The MOX fuel was fabricated at Los Alamos
National Laboratory by a master-mix process and has been irradiated in the Advanced
Test Reactor (ATR) at the Idaho National Laboratory (INL). Previous withdrawals of the
same fuel have occurred at 9, 21, 30, 40, and 50 GWd/t" # * %, Oak Ridge National
Laboratory (ORNL) manages this test series for the Department of Energy’s Fissile
Materials Disposition Program (FMDP).

A UNIX BASH (Bourne Again SHell) script CMO has been written and validated at the
Idaho National Laboratory (INL) to couple the Monte Carlo transport code MCNP® with
the depletion and buildup code ORIGEN-2° (CMO). The new Monte Carlo burnup
analysis methodology in this paper consists of MCNP coupling through CMO with
ORIGEN-2, and is therefore called the MCWO" 2. MCWO is a fully automated tool that
links the Monte Carlo transport code MCNP with the radioactive decay and burnup code
ORIGEN-2.

The fuel burnup analyses presented in this study were performed using MCWO. MCWO
analysis yields time-dependent and neutron-spectrum-dependent minor actinide and Pu
concentrations for the ATR small I-irradiation test position. The purpose of this report is
to validate both the Weapons-Grade Mixed Oxide (WG-MOX) test assembly model and
the new fuel burnup analysis methodology by comparing the computed results against the
neutron monitor measurements and the irradiated WG-MOX post irradiation examination
(PIE) data.
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Introduction

An inductive cold crucible melting (ICCM) is an effective method for growing of
single crystals for various technical and jewelry purposes and production of glassy and
ceramic materials." The ICCM is currently developed as an alternative to vitrification of
high- (HLW)?® and intermediate-level wastes (ILW)* in Joule-heated ceramic melters.
The ICCM seems to be very effective method of HLW ceramization due to small
dimensions, high-active hydrodynamic regime, and high temperature availability. This
method was used to producing numerous ceramic waste forms (see, for example®®).

Murataite-based ceramics are considered as perspective matrices for complex
actinide/rare earth-bearing wastes® due to high chemical durability’® and capability of the
murataite structure to accommodating elements with widely variable ionic sizes and
radii.>***? Therefore, it is expedient to apply the ICCM to develop high-productive,
compact, and remote operable process with high volume reduction yielding leach
resistant waste form.

Results

Specified chemical compositions of the ceramic were as follows (wt.%): 5 Al,0s3,
10 Ca0, 55 TiO,, 10 MnO, 5 Fe;03, 5 ZrO,, 10 AnO, (An = U, Th). The UO,-doped
ceramic (U-ICCM) was produced at the Radon bench-scale cold crucible (108 mm in
inner diameter, stainless steel) unit energized from a 1.76 MHz/60 kW generator. The
ThO,-doped ceramic (Th-ICCM) was produced in a lab-scale unit with a 65 mm inner
diameter copper cold crucible energized from a 5.28 MHz/10 kW generator.

At the U-ICCM ceramic production starting melt formation using a SiC rod took
22 min followed by batch feeding in portions for 15 min, homogenization for 5 min and
pouring into container. Totally batch in amount of 5 kg was fed and product in amount of
~2.7 kg was poured into container (about 2.3 kg remained as “dead volume” in the
crucible). Because 2.7 kg of ceramic was produced for 20 min, average productivity is
8.1 kg/h or specific productivity — 900 kg/(m? h).

The Th-ICCM ceramic was produced in the lab-scale crucible in amount of ~1 kg.
Both the ceramics were composed of predominant target murataite-type phases and minor
extra phases: rutile, crichtonite and glass (due to melt contamination with Si from the SiC
rod) in the U-ICCM ceramic, and crichtonite and traces of thorianite, pyrochlore, and
low-symmetry phase in the Th-ICCM ceramic (Figure 1, a,b).

In the U-ICCM ceramic the murataite is represented by three different polytypes
with five- (5x), eight- (8x), and three-fold (3x) elementary fluorite unit cell (Figure 1,c-e)
composing centre, intermediate part, and rim of the murataite grains, respectively (Figure
1, a,b). Their formulae calculated from the EDS data and suggestion on formation of the
murataites structure from pyrochlore and murataite-3 modules*? are as follows: Cay 4
Mn154Uo.56Zr0.88 T 17.80F€0.81 Alo.g7027.x (5x), Cas33MnN2.99U0.86Z11.10 T 113.51F€1.42Al1.78047.x



(8><), and Ca1_37Mnl_37U0_162ro_20Ti5_45Fe0_95AI1_50)Ogo-x (3><) Maximum UO, content
(12.1%) was found to be in the core of grains (5x polytype). UO, content in the rim is
much lower (5.2%). In the Th-ICCM ceramic the only 5x polytype (Caz13Mn1.90Zro 52

Figure 1. SEM-images of the ceramics U-ICCM (a), Th-ICCM (b) and SAED patterns
from (100) plane of inverse lattice of the murataite polytypes 5x (c), 8x (d), and 3x (e).

Discussion

The ICCM is very high-productive process for actinide-waste forms fabrication.
Application of a larger-scale (108 mm in diameter) cold crucible provides for low melt
cooling rate in both crucible and filled container with sequential crystallization of various
murataite polytypes. This yields dense ceramic with zoned structure of the grains with
maximum actinide concentration in the core and minimum - in the rim thus reducing their
leachability. Melt cooling rate in small cold crucible is higher and fast crystallization
resulted in the only (5x) murataite polytype formation with uniform distribution of waste
elements. Thus, application of large-scale cold crucibles is a perspective route to
development of industrial-scale process and technology for ceramization of actinide-
bearing HLW such as actinide or actinide/rare earth fraction of HLW and Am/Cm waste
from conversion of excess weapons plutonium to MOX fuel.
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EVOLUTION OF PHASE DIAGRAMS UNDER PRESSURE

The binary phase diagram at atmospheric pressure as a section of the pressure—temperature -
composition PTC diagram results from a regular variation of phase areas with space. PT diagram
for Pu and earlier experimental data '** underlie schematic phase diagrams for the Pu-Al and
Pu- Ga systems over the 0 ~3 GPa pressure range (see Figure 1). As Pu phases disappear with
increasing pressure, the binary phase diagram varies from complex one at atmospheric pressure
to rather simple at high pressures (see Figure 1). Features of PT binary Pu-Ga (Al ) diagrams was
analyzed at the pressure of triple points on PT phase diagram for Pu. Our notions on the phase
diagrams evolution under pressure were used for experimental constructing of phase diagrams at
different pressures.
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Figl: Evolution of Pu-Ga Diagram under Pressure (scheme on a base of Experiment
and Prognosis)

EXPERIMENTALLY AND THERMODYNAMICALLY DETERMINED 8-PHASE
BOUNDARIES

Based on isothermal annealing results under static pressures as large as 0.6-0.8 GPa, 6-phase
boundaries for the Pu-Al and Pu-Ga systems were delineated. The thermodynamic calculation of
the displacement of the d-phase boundaries to P = 2-3 GPa correlates well with the experiment.
The d-phase boundary shifts to higher concentrations of Al or Ga on the Pu-side and slightly to
Pu on the intermetallic compound side. The d-region decreases to the point of disappearance.
The d-phase eutectoid decomposition temperature at different pressures was evaluated from
intersection of boundaries on the NMOM,AI(Ga)— 1/T K coordinates. The eutectoid decomposition
temperature (T.q) versus pressure was plotted (see Figure 2). Parameters of the four-phase
equilibrium (6,0, PusGa) at point “H” on PT binary PuGa diagram were determined. Point “H”
is a projection on the PT plane of the HH line. It is line of intersection of two three-phase
equilibrium surfaces on the PTC phase diagram (see Figure 3). Above and below point H the o-
eutectoid decomposition results in fPu + Pu3;Ga and aPu + PusGa, respectively.
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KINETICS OF 8-PHASE EUTECTOID DECOMPOSITION

As pressure and temperature increase, the rate of the d-phase diffusion decomposition rises,
the kinetics changes and the latent reaction period decreases from hundreds of hours to a few
minutes as opposed to atmospheric pressure. The &
activation energy established for Pu-Al alloys by two
methods, namely, the Avrami equation and the
isothermal cross-section method, reduces from 30 ¢
kcal/mole at 0,1 GPa to 8 kcal/mole at 0,6 GPa. At a
relatively low pressure, the both alloy systems show
an eutectoid decomposition of different morphology:
laminar for Pu-Ga (see Figure 4) and skeleton-like
spheroidized for Pu-Al*.

With due regard for decomposition acceleration
and lower activation energy with increasing pressure,
it can be suggested that the eutectoid decomposition
can experience shock wave loading in a narrow
pressure range.

Eutectoid !’ *ﬁf' ,-‘\O <’ _:‘u}j

o+Pu;Ga wt iy -_._ ‘_p ’f

SUMMARY

Theoretical, experimental and thermodynamically
calculated phase diagrams plotted for binary Pu-Al
and Pu-Ga systems made it possible to clarify evolution of the phase regions under a pressure up
to 2-3 GPa, to establish the temperature and pressure dependence of the eutectoid decomposition
temperature With increasing pressure, the O-phase diffusion decomposition was shown to
accelerate and the eutectoid decomposition to transform at relatively low pressures, resulting in
an decrease in the activation energy.

Fig 4: Microstructure of
hypoeutectoid Pu-Ga alloy, P>1 GPa
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Non-linearity refers to a situation where small perturbations cause large shifts in the
excitation spectrum. By this definition the phonons in a-uranium are quite non-linear, the
phonon DOS can soften by as much as 10% when the temperature changes by as little as
100 K [1]. Although thermal softening is an expected consequence of anharmonicity, o.-
uranium is unusual in that it does not show behavior typically associated with a strongly
anharmonic solid. First, the elastic energy of expansion can only account for about 10%
of the observed softening [1]. Second, the power-spectrum derived energy exhibits linear
scaling with temperature, behavior consistent with classical harmonic vibrations [1].
Finally, the features in the phonon DOS sharpen with increasing temperature, the
opposite of what is expected from anharmonic lifetime broadening. Based on these
observations it has been concluded that the phonon softening in uranium originates with
intrinsic temperature dependence in the inter-atomic forces. By extension it has been
argued that the softening originates with thermal-changes in the electronic structure [1].

The nature of the non-linearity in the lattice dynamics of a-uranium is clearly
unconventional; the usual effects associated with phonon softening are not observed.
There is, however, another way non-linearity might appear. Calculations have shown that
non-linear dynamics can lead to the formation of spatially localized vibrations [2].

Recent measurements using both inelastic x-ray scattering (IXS) and inelastic neutron
scattering (INS) have revealed that at least some of the phonon softening in a-uranium is
associated with a new mode forming [3]. Figure 1 shows how the new 14.3 meV mode
appears at high temperatures at a Q-position on the [01{] zone boundary. Also appearing
in Figure 1, a phonon branch that sits just below the new mode energy softens with its
formation. A more detailed view of the dispersion curves (not shown here) indicates that
other branches also soften, but mainly along the zone boundary [3], and also that intensity
is lost in the [00C] longitudinal optic phonon branch [3].

Reference [3] provides detailed arguments supporting the hypothesis that the new mode
shown in Figure 1 is an intrinsically localized vibration [2]. Briefly, the five main points
are:

(1) Extra modes form without a long-range crystal structure change, indicating that

the required symmetry breaking must be local,
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(2) New modes appear confined to a zone boundary, implying that its spatial

periodicity does not extend much beyond the lattice spacing;

(3) Movements of defects involved in plastic deformation are impeded by the new

modes while the long-range elastic moduli are not affected,;

(4) The mode forms in the presence of a strong non-linearity in the dynamical

behavior;

(5 An excess in the heat capacity is found to be consistent with the configurational

entropy of having randomly distributed intrinsically localized modes on the lattice.

Interestingly many of the effects of the local mode resemble the effects of adding
impurities; a reduction in mechanical ductility and the appearance of mixing entropy [2].
This is because, much like impurities, local modes are distinguishable within the crystal
and they have associated strain fields. In other ways the new mode is like a vacancy,
since they are thermally activated and occur randomly throughout the lattice.

Inelastic neutron and x-ray scattering measurements are revealing a surprising
assortment of exotic dynamical phenomena in uranium, forcing us to rethink our basic
understanding of phonon physics as well as a number of related problems including
thermodynamic stability and mechanical deformation. It is likely that similar effects are
also present in plutonium and other actinides and that future work will prove to be a rich
area for advancing our basic understanding of condensed matter physics.
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Temperature and time-dependence of the elastic moduli of Pu
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INTRODUCTION

We measured the elastic moduli of Pu and Pu-Ga alloys with three goals. They are 1)
Provide accurate elastic moduli, 2) provide accurate temperature dependence, and
3)Measure the relative changes with time. We summarize here results for the time
dependences with conclusions and results important to LANL and LLNL programs.

Fig. 1shows an example of an RUS system for use with Pu and Pu-Ga alloys. A complete
description of this system and a review of RUS are described by Migliori et al.[1] We
have measured Pu, Pu-Ga alloys and an Accelerated-Aging Program (AAP) alloy at
ambient and cryogenic temperatures. The AAP alloy “ages” at a rate 16.5 times that of
normal *’Pu and it was “made” on 15 May 2002. All measurements presented were
performed on fine-grained polycrystal, accurately-polished RPR’s of known composition.
It is expected that some formation of mechanically-induced alpha-Pu has occurred in
delta-Pu specimens, but because all samples are at least as large as a 2mm cube, minimal
errors in absolute moduli are calculated from this effect.

TIME DEPENDENCE OF ELASTIC MODULI OF PU AND PU-GA ALLOYS

To understand the variation of the elastic moduli with time in Pu one must keep in mind
several effects. These are: 1) Pu-Ga alloys are not thermodynamically stable at ambient
temperature. 2) As > Pu decays radioactively, interstitial-dislocation pairs are produced,
about 2200/decay. 3) Decay products include He and metals that are not Pu, and so can
change physical properties. A few key referents include: 1) from radioactive decay,
3.16x10” of the Pu atoms present in a specimen decay per hour, 2) 6.9x10° Frenkel
pairs/hour/atom are produced, 3) From measurements of 3.3 at. % Ga and the 3.9 at. %
Ga samples, the maximum long term fractional rate of change of the bulk modulus is of
order 9x107/h, 4) The elastic moduli change at a rate much higher than that of e.g. the
density or Frenkel pair retention rate. Thus from the raw Frenkel pair production rate, we
can estimate that the elastic moduli change at a fractional rate of order 7x10”/h. These
rates are limiting associated with radioactive decay and very low temperature . Any rate
substantially different from these must be associated with other physical effects.

It is important to note that the effects seen are much smaller than the error bars for
measurements presented above. This is because the precision of RUS for Pu specimens is
of order 5 parts in 10’, but absolute accuracy is limited by errors in the measured size of
specimens, of order several tenths of a percent.

Measurements were made using a very-high-precision temperature control system
that held temperatures to within a few mK over many days. Good temperature control is
crucial because of the strong temperature dependence of the elastic moduli of all samples.



In Fig. 2 we show the time dependence of the moduli of alpha Pu and Pu 2.36 at. % Ga.
We can extract an important time scale from these measurements. Note that at 10K where
Frenkel pairs are expected, from other studies, to be approximately fully retained, with
less than a few tens of percent immediately annealing out, we find that delta Pu shear
modulus decreases at a fractional
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Figure 2. Left: The normalized shear modulus change for alpha Pu versus time and
temperature. Right: The normalized shear modulus change for Pu 2.36 at. % Ga versus
time and temperature.

rate of about 4x107/h and that the modulus of alpha Pu decreases at a higher rate, about
20x10/h. The differences are not surprising in light of the differing responses of alpha
and delta Pu to radiation damage. We conclude unambiguously that radiation damage
reduces the elastic moduli of Pu alloys. Thus the time variation of these samples is
strictly associated with Frenkel pair production, and because both alpha and delta change
approximately similarly, we can rule out any effects from thermodynamic reversion of the
phases predicted by the Russian phase diagram.

The time scales associated with thermal equilibration of Frenkel pairs can now be
determined. Using a relaxation model, our measured difference in bulk modulus of
normal and AAP Pu (about 52.3-51.3=2%), the difference in the rate of Frenkel pair
production between AAP and normal Pu (a factor of 16) and, and the approximate
measured rates of change near room temperature convoluted with the maximum
estimated total change (Tt By/Buging=15 years), we can self-consistently find the Frenkel

pair main relaxation rate from
~t
B = BO + Baginge !
Where we find Biging=0.16%, and t=8 days. Thus in of order a month, the elastic moduli
stabilize, and any further time dependences must be associated primarily with He and U

production.

ACKNOWLEDGEMENTS
This work was supported byt the State of Florida, the NNSA, and the LANL laboratory
directed research and development program and Enhnanced Surveillance.



The unique high-pressure behaviour of curium
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INTRODUCTION

The role of the 5f electrons in the actinide series has been of prime interest for many years.
The abrupt changes in volume and structural behaviour observed in going from plutonium to
americium in the series are well documented and the subject of several reports. A few years ago
the remarkable behaviour of americium under pressure' precipitated a strong interest in the
behaviour of its 5f electrons and the structural changes observed. Very recently, both
experimental and theoretical findings regarding curium under pressure were published; these
findings demonstrated that curium’s behaviour under pressure® was not a mirror image of that for
americium. Rather, one of the five crystallographic phases observed with curium (versus four
for americium) was a unique monoclinic structure whose existence was attributed to a special
spin stabilization effect by curium’s 5f” electrons and its half-filled shell. These findings for
curium have resulted in additional overall theoretical interest in these transplutonium metals, as
their reduced atomic volumes affect the energies of the structures and the potential bonding that
is present. In this presentation, we review briefly the behaviour of curium under pressure but
also report on the behaviours of curium alloys under pressure relative to the behaviour observed
with pure curium, and discuss the significance of the differences found.

RESULTS

Curium has a half-filled shell with seven 5f electrons spatially residing inside its radon core,
and the element lies at the center of the actinide series. Compared to americium up to 100 GPa,
curium exhibits one additional, unique structural form (identified as a Cm(III) phase, having a
monoclinic symmetry) that occurs between 37 and 56 GPa. Ab initio electronic structure
calculations agree with the observed experimental structural sequence’, and these calculations
also establish that it is the spin polarization and magnetism of curium’s 5f electrons that are
responsible for the formation and stabilization of this Cm (III) phase. With additional pressure,
curium then adopts the Fddd and then the Pnma structures displayed by americium', as a result
of acquiring additional participation of the 5f electrons in its bonding. The Pnma structures
observed for americium and curium approaching 100 GPa are accepted as reflecting that full
delocalization of their 5f electrons has occurred.



To enlighten further the influence of
spin polarization for formation of the Cm 100
(IIT) phase, as well as for the overall 0.95
behaviour of curium, we consider here 090
the pressure behaviours of curium alloys
formed with its near neighbours,
americium and berkelium: specifically,
an AmgsCmygs alloy3 and two Cm,Bk
alloys (Cl’l’lojBkog and Cm0446Bk0A54).
The experimental relative volume (V/Vy)
behaviours of americium, curium and the
two Cm,Bk alloys are shown in Figure 1. 0,58
The behaviour of the AmgsCmygs alloy 050
under pressure3’4 is similar to that for 0 5 10 15 20 25 30 35 40 45 0 35 0 65 0
pure americium although the transitions Pressure [GPa]

are shifted to higher pressures. In all of | Fig. 1: The compression behaviours of Am,
these alloys under pressure, the unique | Cm and the two Cm,Bk alloys are displayed up

Cm (III) phase is not observed. to 70 GPa. (The Pnma structure for curium is
The crystal structures of the three observed above 90 GPa)

alloys containing curium under pressure
were considered by first-principles, self-consistent total energy calculations based on the
generalized full potential, linear muffin-tin orbital (FPLMTO) method together with the
generalized gradient approxiamtion by Perdew, Burke and Ernzerhof within density functional
theory. The virtual crystal approximation and the spin-orbit coupling of the 5f-electrons are
considered in the calculations for these alloys. Both antiferromagnetic and ferromagnetic
calculations were performed for the different phases. The structural results found were in good
agreement with experimental findings.
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In the early actinides the f electrons are well described by the itinerant model while in the late
actinides they should be treated as localized.

Dynamical Mean Field Theory (DMFT), allows to treat localized and itinerant electrons

within a unified approach, and properly describes the crossover between the two regimes.

We will present a comparative DMFT study of Pu®, Am? and Cm®.

We will discusss the photoemission and inverse phtoemission spectra of the different phases
of these materials, and discuss the relation between structural properties electronic properties
and magnetism in these materials.

Electron electron interactions are dominant for delta plutonium, while the phonon entropy has to
be included for a proper description of the delta to epsilon transition. In all cases DMFT predicts
a non magnetic ground state in agreement with experiments.

The theory predicts Cm to be magnetic, and predictions for the magnetic structure and the
photoemission spectra of this material will be presented and compared with existing
experimental data.

The Mott transition point, is located between Plutonium and Americium, and has very different
character when approached from the Plutonium or the Americium side. Approaching the Mott
point from the itinerant side, leads to an increase in the specific heat. The approach from the

the localized side is accompanied by mixed valence and superconductivity.

In plutonium, the f-valence is between 5 and 6, while in Am under pressure,

it is between 46 and fA7. Cm has a nearly pure A7 configuration.

We will conclude with a discussion of the implications of these
results for alloys, and discuss the possible formation of local
moments in these systems.

Acknowledgements: work supported by the Department of Energy.

1 K. Haule et.al in preparation..



S. Savrasov K. Haule and G. Kotliar PRL in press.
For a review see G. Kotliar et. al. Rev Mod Phys in press.



Plutonium and Quantum Criticality
G Chapline*, M. Fluss*

“Lawrence Livermore National Laboratory, Livermore CA 94552 USA

ABSTRACT

At its onset the Manhattan Project was bedeviled with a peculiar problem; the lattice
structure and density of elemental Pu seemed to depend on how it was prepared. Perhaps even
more remarkably, despite the great importance of this problem and the passage of more than 60
years, understanding why Pu occurs in these two allotropic forms has proved elusive. Adding to
this enigma are many other puzzles such as why attempts to calculate the densities and binding
energies of Pu from first principles seem to typically require that the Pu ions have local moments
that are antiferromagnetically ordered, while there is considerable experimental evidence that
there are no local magnetic moments in elemental Pu.

Fortunately a solution to these puzzles may be on the horizon. A hint that elemental Pu lies
close to a quantum critical point (QCP) of some kind is that as a function of relatively modest
changes in temperature and pressure there are a variety of complex phase transitions in Np, Pu,
and Am that apparently involve changes in both the lattice structure and the electronic
organization of the 5f electrons [1]. Consideration of atomic volumes suggests that it is & phase
of Pu that is nearest to the QCP point. Indeed, the negative thermal expansion of & Pu for low
impurity doping is by itself indicative of quantum critical behavior. A possible clue to the origin
of the quantum critical behavior of Pu is provided by the pressure versus atomic volume curves
for many rare earth materials that show a discontinuous decrease in volume at a critical pressure.
In elemental Sm though this volume collapse becomes
a continuous transition, and the proliferation of
complex phases on the high pressure side of this
transition is reminiscent of Am/Pu. Although these 15
transitions occur at finite temperature the evolution of
the first order volume collapse transition into a
continuous transition as the atomic number of the rare &0 1
earth approaches that of Sm is remarkably similar to .
the changes in P vs V curves of a quantum fluid near
to zero temperature that result from changing some 05
parameter in the Hamiltonian (cf Figl). In general, for
some particular value of the parameter there is no
longer a discontinuous change in volume, but only a 00_5 1 15 9 25 3
critical point. Very recently direct evidence has been ,

. . . Fig 1: Pressure versus condensate density for a
obtained for the c?volutlon of volume collgpse in CeTh quantum fluid at zero temperature for various
doped with La into a continuous transition at zero  yajues of a parameter in the Hamiltonian such

temperature as the La doping approaches 15% [2]. as the strength of repulsion between
constituent particles.
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An obvious question that arises in connection with associating the behavior of the elemental
rare earths and actinides with a QCP is what is the physical nature of the organizational changes
in the ground state? It cannot be a Mott metal-insulator transition because Mott transitions are
always first order. In the case of the actinides it does not appear to be a change in magnetic
order; although Np and Pu have rather large magnetic susceptibilities, neither are magnetic at
accessible temperatures, while Am is superconducting at low temperature. The answer may be
that in both the rare earths and actinides the metallic electrons form a “gossamer condensate”;
i.e. the ground state wave function has BCS-like pairing of mobile charge carriers. The idea of a
gossamer condensate was originally introduced to explain the close relationship between
antiferromagnetism and high T, superconductivity in the hole doped cuprates. Subsequently it
was suggested [3] that there is a gossamer condensate in all materials that have metal — bad
metal phase transitions similar to the aa—y volume collapse transition in Ce. The presumed
reason that these gossamer materials are metallic and not superconducting is that the quasi-
particle excitation gap is very small. In this talk I argue that both the rare earth volume collapse
transitions and the strange behavior of the actinides near to Pu have their origin in the presence
of a gossamer condensate that is strongly coupled to the crystal lattice.

In a superconductor the condensate density is equal to the density of metallic electrons. In
gossamer metals the spectral weight assigned to conduction electrons near to the Fermi surface is
significantly reduced in comparison with ordinary metals due to electron repulsion. On the other
hand decreasing the spectral weight of mobile electrons decreases the binding energy of the
lattice. As a result of competition between the changes in spectral weight for conduction
electrons and Fermi pressure the P vs V curve for a gossamer metal will be qualitatively similar
to the pressure versus atomic volume curves for the elemental rare earths. The photoemission
amplitudes will also behave at least qualitatively as observed for both elemental rare earths and
actinides. In addition, the magnetic susceptibility near to the critical point will be quite large.

The physical origin of the gossamer condensate in rare earth and actinide materials may be
spin orbit effects. It is well known that spin orbit effects are important for core states in f-
electron materials. Spin orbit effects may also be important for conduction states if the screening
length is not too small and lattice distortions give rise to a Rashba effect. Under these
circumstances the charge carriers are localized and carry a monopole-like charge. The BCS-like
pairing is a result of the fact that spin up and spin down carriers carry opposite monopole charge.
The picture that emerges for impurity stabilized 8 Pu is that it a mixture of two phases: a nearly
uniform condensate with only transient distortions of the fcc lattice mixed with “gossamer
insulae”, where the condensate density is substantially larger and the lattice is permanently
distorted. This phenomenon is similar to the occurrence of low temperature textures in the
manganites, except that the d Pu texture involves continuous variations rather than domain walls.
Thus 8 Pu provides a prototype for heterogeneous quantum ground states which occur because of
proximity to a quantum critical point rather than a metal-insulator transition.

The authors are grateful to Scott McCall, Jason Lashley, and Jim Smith for discussions
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1. Refs. [1], [2] show the course of transformation of four plutonium-gallium alloys
with 1, 1.7, 2.5 and 3.5 at. % Ga under isostatic pressure at 25°C in Bridgman dilatometer. As
expected, large-volume 6 phase collapses at low enough pressures and transfers directly from
0 to o’ phase with possible y'-phase traces. Everything indicates that 6—a transformation
proceeds by the martensite mechanism much like it has been found in cooling.

The data presented shows that when 6-phase alloy volume changes under applied
positive pressure above a body the work is done which is expended for the 6—a'
transformation. This means that the energy level of the alloyed d-phase is lower than that of
the o’ phase. At the same time, it is well known that the unalloyed o phase is more beneficial
energetically than the unalloyed 6 phase and the transition from the o phase to the & phase at
room temperature occurs when tensile stresses of 0.35 GPa are applied [3].
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Fig. 1. Pressure versus specific volume of Fig. 2. Energy of o’ and & plutonium alloys as
Pu-Ga alloy with different contents of Ga (at.  a function of specific volume.
%) in loading and pressure release

The presented curves can be used to determine from Fig. 1 the energy of the 6—a'
transformation as a function of gallium concentration in alloy through calculation of de V at

the inelastic segment of the compression curve. Energy per gallium mole in alloy is almost
independent of gallium content, which suggests the existence of some stable gallium complex
in d plutonium, which manifests itself identically in alloys with Ga content ranging from 1 at.
% to 3.5 at. %. Energy of this complex can be represented as AE=67-100x kJ/mole Ga, where
x 1s the relative fraction of Ga in Pu-Ga alloy. In this case the enthalpy of intermetallic
compound PusGa is 42 kJ/mole, which is close to the data evaluated in the literature [4].

The pattern of the transition of gallium-alloyed &-plutonium alloy under pressure to



the o'-phase state can be represented in the graph of Helmholtz free energy as a function of
specific volume. Internal energy of different plutonium phases is given by

9B,
E.(0) :2—1(0“3 -1’ +C,,

1

where B; and p; are the bulk modulus and equilibrium density of each phase at standard
conditions (at ¢ = 1), C; are constants determining minimum energy for each phase. In Fig. 2,
the calculation uses 30 GPa bulk modulus for ¢ phase, 50 GPa for o’ phase and experimental
equilibrium densities of either phase. The slope of the common tangent to curves F(V) for the
two phases determines the phase transition pressure in the thermodynamic equilibrium state.

The plots in Fig. 2 show that the transition occurs with changing pressure, and this is
evidence of thermodynamic disequilibrium. The thermodynamic disequilibrium is also
testified for by the presence of hysteresis. It is well known (at least, at elevated temperatures
of 130-150 °C) that the remaining & phase gets enriched in gallium during the 3—a’
transformation. This kinetic process can be responsible for the thermodynamic disequilibrium.

The a-plutonium tension of P= — 0.35 GPa [3] that fits the a—d transformation in
unalloyed plutonium at standard temperature is correspondent with the phase energy
difference of 1.2 kJ/mole. This value is less significantly than TAS in the a—9 transformation
(3.6 kJ/mole at 300 K and AS=12 J/mole). Because of scarcity of information about the a—9
transformation in tension the transition energies in pure and alloyed plutonium cannot be
compared, as the fraction of 6 phase that therewith results is unknown. The transition from the
o’ phase to the pure o phase may be attended with energy release from 3.6 to 10 kJ/mole
depending on gallium concentration. This can be energy of pure a-phase lattice deformation
in o'-phase formation due to gallium atom capture in random sites of the a-phase lattice. The
o’ phase is known to be of a lower density than the pure a phase, that is its lattice is expanded.

If it is taken that in gallium-stabilized o phase there is chemical bond of gallium and
plutonium similar to that in Pu3;Ga, while in the o’ phase the chemical bond disappears, then
Helmholtz free energy difference evaluated experimentally from the d—a’ transformation
under pressure at constant temperature is close to plutonium-gallium alloy formation
enthalpy. Fig. 3 plots the & plutonium alloy calculated enthalpy, divided by mole of the sum
of nuclei of plutonium and complexes Pus;Ga depending on atomic fraction of gallium in Pu-
Ga alloy. Two experimental points obtained with the method of drop calorimetry [5] fall
exactly on this calculated curve. In other words, the results of the measurements and
experiments on the d—a’ transformation under pressure agree. The results of drop calorimetry
for Pu-Al alloy are presented in ref. [12].
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2. The recent experiments using diamond anvils and synchrotron radiation sources
have supplied interesting, important information about crystalline and electron structure of
actinides in the megabar pressure range [6-10].



Ref. [7] studies compressibility of Pa to 129 GPa pressure. The computational analysis
shows that up to P95 GPa the experimental points fall on the computed curve with
parameters po = 15.37 g/em’ and By = 115 GPa. At higher pressures the experiment deviates
significantly from the computed dependence and can be described as the state of another Pa
electron phase with parameters py = 19,827 g/cm3 and By = 400 GPa. Ref. [7] notes that at
P=77 GPa the tetragonal structure of protactinium changes to low-symmetry orthorhombic
structure of o uranium. At 77 GPa, however, there is no noticeable change in slope of the
curve P(p), which is evidence that the initial electron structure of Pa remains unchanged. The
slope and electron structure change abruptly at 95 GPa, evidently, at unchanged orthorhombic
crystalline structure. Previously [11] it was noted that the experimental data on
compressibility of thorium and uranium also indicated the existence of a stiff phase in them
(with By=400 GPa) at pressure above 100 GPa.

Compressibility of curium metal to 100 GPa pressure is studied in ref. [10]. The parent
phase of Cm (of equilibrium density 13.3 g/cm’) has bulk modulus By = 40 GPa, which is
somewhat higher than that of americium metal and d-phase plutonium. At pressure about 10
GPa the electron structure of Cm metal changes. The new phase parameters are py = 13.96
g/em’, By = 60 GPa. According to [10], at 17 GPa the parent dhcp structure changes to fcc
structure. In the 10-37 GPa pressure range, however, the experimental points are described
well as states of one electron phase. Phase CmlIl (monoclinic structure) has somewhat lower
bulk modulus (By = 53 GPa) at the same equilibrium density (po = 13.96 g/cm®). For P>57
GPa the points for phases CmIV and CmV can be described as states of one and the same
electron phase with po = 20.35 g/cm’, By = 280 GPa. The parameters of this electron phase are
close to those of phase Am IV at pressure 55-100 GPa.

At standard conditions, there are three electrons in the outer shell in thorium metal and
four in uranium. In compression by high pressure the electron structure rearrangement takes
place leading to the increase in the number of outer electrons to five or even six. In americium
and curium the number of outer electrons increases under pressure to five.
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There are a number of solid uranium oxides ranging from U(ID)O to U(VI)O5, with essentially a continuous range of
stoichiometries from UO,_, up to UO3. UO, is fairly stable under normal ambient conditions and is the form often

used in oxide fuels and in many waste forms. There are concerns related to changes in the chemical and mechanical
properties of the UO, upon bulk oxidation. Bulk oxidation proceeds by at least two steps: 1) oxygen incorporation

into surface and 2) subsequent diffusion into the bulk. We have examined both steps using water adsorption on
single crystal UO,. In the first set of experiments, a U16O2 sample is exposed l80—labeled water and investigated
using electron stimulated desorption (ESD). In ESD, electron irradiation leads to the desorption of oxygen ions from

18

the surface layer only. For clean UO, surfaces, only 16OJr is observed; both *~O and 16O are seen for water-

exposed surfaces, even at cryogenic temperatures. The exchanged 18O, however, remains at the surface up to
temperatures as high as 650K, above which it decreases due to diffusion into the bulk. In the second set of
experiments, a UO2 surface is made oxygen deficient by ion sputtering. This reduced surface is reactive to water
leading to H, desorption at 400K. By annealing the sample to various temperatures prior water exposure, we find

the surface reoxidizes by diffusion of oxygen out of the bulk at ~700K. From these studies, we can determine the
diffusion constant of oxygen in UO, at 700K. The calculated D (~10'17 cmz/sec) is in good agreement with

extrapolations from previous high temperature (>1200K) studies.

Acknowledgements: This work was supported by Los Alamos National Laboratory LDRD. JS acknowledges the
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The magnetic-property study of actinide (5f) complexes is few, compared with its
intermetallic systems where the so-called heavy-fermion type exotic physical (electronic and
magnetic) properties have been intensively studied. However, to elucidate the magnetic
property of actinide complexes is of particular interest from the viewpoint of 5f low-dimen-
sional (low-D) molecular magnetism. We are interested in the magnetic property of neptunyl
(+1,+2) (Np(V,VI): 5£=") complexes in which strongly-bonded linear neptunyl (O=Np=0)"'-">
monocations form unique 0, 1 to 3D network structures extended by the so-called
‘cation-cation bond (CCB)’. Lately, transition-metal (3d) and lanthanide (4f) clusters, rings
and complexes have been receiving increasing attention as a nanoscale and/or molecular
magnet." Also in this context, actinide complexes where the 5f electrons are known to exhibit
a marginal character between the 3d and 4f electrons are expected to represent a novel class
of nanomagnetic materials.

Though only a few of them are investigated up to now, magnetic-susceptibility and >*"Np
Massbauer study of our group” has revealed that oxygen-coordinated neptunyl (+1) (Np(V))
complexes exhibit intriguing common feature as a neptunyl-molecular magnet and yet
diversed magnetic character depending on the specific neptunyl network structure from a
Curie-Weiss paramagnet to ferro- and meta-magnets.

We are lately extending such study to neptunyl (+2) (Np(VI)) complexes; a trinitrato
complex, NH4[NpO,(NOs),](1), and two (acetyl-aceton (acac=CsH-O;") or trinitrato) pyridine
(py=CsHsN) complexes, NpOa(acac),py(2) and NpO»(NOs),byp(3) (where bpy(bipridine)
=C1oHgN>).” In the latter two (2, 3) systems, one or two of the coordinating non-nyl oxygens
are substituted with nitrogen(s). Plausibly related to this O—N substitution in the Np
coordination environment, 2 and 3 are found to exhibit many striking magnetic features
(peculiar field-dependent paramagnetic behavior up to room temperature, very large magnetic
relaxation effect at low temperature, etc.) different from those of 1 and other known neptunyl
(+1, +2) systems. These results are discussed in connection with their microscopic *'Np
Mossbauer data.

1. 0. Kahn, ‘Molecular Magnetism’, Wiley-VCH (N.Y), 1993.

2. T. Nakamoto, M. Nakada and A. Nakamura, J. Nucl. Sci. Technology, Suppl.3, 102 (2002).

3. A. Nakamura, M. Nakada, T. Nakamoto, T. Kitazawa and M. Takeda, submitted to J. Phys. Soc. Jpn.
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INTRODUCTION

Nanostructure is the term
generaly used to describe the
structure with at least one
dimension in the nanometer
range (1-1000 nm). These
include nanocrystals and clusters
(quantum  dots),  nanowires,
nanotubes, thin  films and
superlattices (3-D  structures).
Usually, nanostructures have
more reactive surfaces and
exhibit new functions for the
same chemical composition in
comparison  with  the bulk Fig. 1. Np-24 and U-28 nanospheres [2].
material. Investigations of
organization of matter at the nano-level are under way in many chemical systems with present
and potential applications in nanotechnology. Recently, nanoscale structures were reported for
the first time for actinide-containing compounds as well [1] and here we briefly summarize our
recent results in the field.

NANOCLUSTERS: 0D NANOSTRUCTURES

Burns et al. [2] reported the synthesis and characterization of a new family of self-
assembling, f-ion (An) nanospheres with compositions such as
K6(H,0),(U0,)(0,),(H,0),[(UO,)(O,), l,;** and Lig(H,0);NpO,(H,0),[(NpO,)(O,)(OH)],,2*
that are comprised of linear actinyl-peroxide building blocks. Their molecular units are
composed of 24, 28 or 32 uranyl peroxide polyhedra (designated U-24, U-28 and U-32), or 24
neptunyl peroxide polyhedra (designated Np-24). The nanospheres have diameters of
approximately 16.4, 17.7, and 18.6 A (between the centers of bounding O atoms). The
nanospheres are comprised of two types of actinyl peroxide polyhedra. U-24, U-32 and Np-24
contain topologically identical (AnO,)(O,),(OH), hexagonal bipyramids, with O atoms of the

actinyl ions constituting apices of the bipyramids, and peroxide groups form two of the
equatorial edges of the polyhedra.




1D NANOSTRUCTURES: URANYL-BASED NANOTUBULES

Krivovichev et al. [3,4] reported
synthesis and structures of two
uranium(V1) compounds, Ks[(UO,)3
(Se04)s](NOs)(H0)35 (1)  and
(C4H12N)14[(UO2)10(Se04)17(H20)]
(2), containing nanometer-sized
tubules formed by corner sharing of
U®*O; pentagonal bipyramids and
SeQq tetrahedra. The most intriguing
feature of the structures of
compounds 1 and 2 is in that they
contain isolated nanotubules formed
by corner sharing of U%O; _
pentagonal bipyramids and SeO. Fig. 2. Uranyl selenate nanotubules in the structure of 2.
tetrahedra (Fig. 2). Such nanometer-
scale tubules formed by two types of coordination polyhedra are new for inorganic oxosalts. The
uranyl selenate nanotubules in the structures of 1 and 2 have circular cross-sections with outer
diameters of 17 and ~ 25 A (= 1.7 and 2.5 nm), respectively. The crystallographic free diameters
of the tubules are 4.7 and 12.7 A for 1 and 2, respectively.

2D NANOSTRUCTURES: NANOCOMPOSITES

Hybrid organic-inorganic highly ordered nanocomposites have been recently reported by
Krivovichev et al. [5,6]. In these structures, interfacial interactions between organic and
inorganic substructures can be studied by charge-density matching principle. Application of this
principle to actinide compounds requires special attention since surface area of actinide-based
2D units is higher than that of other inorganic oxysalts units (i.e. metal phosphates). The charge-
density matching principle is, however, observed either through tail interdigitation (for long-
chain monoamines) or incorporation of acid-water interlayers into organic substructure (for long-
chain diamines). In some compounds, protonated amine molecules form cylindrical micelles that
involves self-assembly governed by competing hydrophobic/hydrophillic interactions [5]. The
flexible inorganic complexes present in the reaction mixture could then form around cylindrical
micelles to produce highly undulated 2D sheets or nanotubules.

Thanks are due to the Ministry of Science and Education of the Russian Federation and RFBR
for financial support.
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SOLUBILITY AND REDOX POTENTIALS

The solubility and redox reactions of Pu(IV) hydrous oxide were analyzed by comparing
total Pu concentrations, oxidation state distributions and simultaneously measured redox
potentials under air (Rai et al.') and under Ar containing only traces of O, (present work).
Combing all information strongly indicates that O, is scavenged by solid PuO,(s,hyd) yielding
mixed valent PuO,(s,hyd) = (Puv)zx(Puw) 1-2xO2:4x(s,hyd) according to the net reaction of the
water-catalyzed oxidation mechanism proposed by Haschke et al.:

PuOs(s,hyd) + x/2 O1(g) — PuO,«(s,hyd)

At pH <3 (region A in Fig.1), the oxidized fractions of PuO,(s,hyd) (ca. 10 % in the studies of
Rai et al.' under air and 0.5 % in the present experiment) are completely soluble and lead to a
constant level of [Pu(V)] + [Pu(VI)] (under air), which is correlated and limited to the amount of
oxygen in the system and/or the amount of oxidized Pu in the original Pu(IV) stock solution. In
the present study under Ar, the samples at pH < 2.5 did not contain Pu(VI) but predominantly
Pu(V) and Pu(Ill). At pH > 3, the aqueous Pu concentration is dominated by Pu(V) for both the
studies under air or Ar. The maximum concentration of PuO,", decreasing with slope -1 in a
logarithmic plot vs. pH (regions B and C in Fig.1), is limited to the solubility of PuO,(s,hyd)
considered as solid solution (PuO; 5)2x(PuO3);.24(s,hyd). Defining the solubility product as

Kp(PuO2 5 in PuOs.(s,hyd)) = [PuO, J[OH]

all experimental data in dilute to concentrated electrolyte solutions lead to a consistent value at
=0, log K°,=-14.0 + 0.8 (25), which is comparable to the value for NpO,.5(s)’. The low redox
potentials at pH 4 - 13 (regions C in Fig.1) could not be explained'. We have shown that they are
reproducible (pe + pH = 12.5 £ 1.2), independent of the initial O, in the system, and caused by
equilibria between PuOa+,(s,hyd), PuO,"(aq) and small Pu(IV) colloids/polymers (1.5 - 2 nm)
predominant at pH > 7 (log [Pu(IV)]con = -8.3 = 1.0).

THERMODYNAMIC DATA

The molar standard Gibbs energy for PuO,(s, hyd) = (PuO;.s)2x(PuO;);2x(s, hyd) can be
estimated from the solubility data for x = 0.003 (present study) and x = 0.05 (under air'):

AG°m(PuO1:x(s,hyd)) = 2x AG®m(PuO,.5(s, hyd)) + (1-2x) AG°m(PuOx(s,hyd))
= 12x (- 971.2 £ 5.4) + (1-2x)(- 965.5 = 4.0)} kJ/mol
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Fig 1: a) Solubility of PuOa.y(s, hyd) at 20 - 25°C; calculated Pu(IV) concentration®, Pu
concentration measured after ultrafiltration (open symbols) and [Pu]i including Pu(IV)
colloids/polymers (crosses), b) simultaneously measured redox potentials (pe = 16.9 Eh(V) at
25°C). Comparison of data from Rai et al.' under air and present work under Ar (traces O5).

Accordingly, AfG°n(PuOsix(s,hyd)) is only slightly lower than A¢{G°n(PuO,(s,hyd)) = -965.5 +
4.0 kJ/mol’. Since the experimental data for PuO,.,(s,hyd)) include a certain solid solution
stabilization energy, it is not clear whether PuO,.«(s,hyd)) can be oxidized to values of x > 0.27,
the maximum value observed®. Possibly, the molar standard Gibbs energy for PuO, s(s,hyd) is
slightly less negative than A{G°n(PuOa(s,hyd)) = -965.5 + 4.0 kJ/mol. Anhydrous Pu(IV) dioxide
(AfG®n(PuO,(cr)) = -998.1 + 1.0 kJ/mol)’ cannot be oxidized by O»(g). Known analogous data
and observations for hydrated and crystalline NpOx(s) and NpO,s(s) support the calculated
thermodynamic data for PuO,.,(s). The values reported by Haschke et al.?, A{G°n(PuO;25(s)) =
-1080 kJ/mol and A{G°y(PuO,s(s)) = -1146 kJ/mol are much too negative. They are calculated
assuming the oxidation of PuO,(s) by water according to

PUOZ(S) +Xx Hzo - Pu02+x(s) +X Hz(g)

For thermodynamic reasons this reaction is not possible (A;G°;, > 200 kJ/mol).
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Abstract

In this talk we will investigate recent breakthroughs in solid-state actinide chemistry with a focus on oxide-
type materials. We will attempt to look into the crystal ball to see what the future holds in store for this field by
looking at recent developments of great importance that will likely have a transforming affect on solid-state actinide
chemistry. There have been many exciting disclosures over the past five years that are worthy of highlighting.
These topics will including a discussion of nanoscale bonding features in uranyl and neptunyl compounds, magnetic
ordering phenomena derived from super-exchange
interactions in neptunyl networks, the isolation of a
series of Pu(V) compounds that were once thought to
be unstable, and unusual bonding in actinide-containing
extended networks (Fig. 1). We will look closely at
advances in “designing” actinide structures for specific
applications, such as ion exchange and nonlinear optics. g _ .
This will be a far ranging talk intended to peak interest . 4 L » 9 .. l|
in many aspects of this discipline. i : ! . i
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Fig 1: A view of the structure of mixed-valent
Np(IV)/Np(V) Selenite, Np(NpO,),(SeOs)s.
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INTRODUCTION

Among the actinides, plutonium is certainly the most complex element due to its
intermediate position in the 5f-series, at the edge between localized and itinerant electrons. Most
studies focus on plutonium alloys since they can be stabilized at room temperature in the face-
centered-cubic phase (8) by adding deltagen elements such as aluminum, gallium, cerium or
americium. The plutonium decay results into the creation of helium and uranium ions, which
produce defects through displacement cascades.

EXPERIMENTAL EVIDENCE OF AGING EFFECTS

The self-irradiation defects may affect the plutonium properties and, for instance, induce
swelling which amplitude depends on the nature of the solute element and its tendency to
segregate in the matrix. Dilatometry and X-ray Diffraction (XRD) have revealed differences in
swelling. While XRD shows a microscopic swelling that saturates after about 0.08 displacemens
per atoms (dpa) for well homogenized PuGa alloys, macroscopic swelling (as measured by
dilatometry) follows a linear trend after a transient period. Swelling might then be the sum of
several contributions that affect differently macroscopic and microscopic scales. A better
understanding of the basic mechanisms involved in the production of the radiation damages,
especially at the early stages, is then required in order to predict their effects on alloyed
plutonium. Positron annihilation spectroscopy is an appropriate method to tackle this problem,
owing to its specific sensitivity to vacancy-type defects in solids, while lessening radiological
constraints by remote measurements. This technique was implemented to monitor the early
stages of defect production in as-prepared d-stabilized PuGa alloys, and to correlate the results
with those obtained by dilatometry and XRD. Both types of swelling were investigated versus
time. The increase of the positron mean lifetime observed just after casting is associated with an
increase in the concentration of vacancy clusters, rather than with an increase in the defects
average size, according to the increase in microscopic swelling observed by XRD [1]. Indeed, a
size increase of the defects tends to deform the lattice, resulting in the broadening of X-ray lines,
whereas an increase in concentration leads to a lattice parameter increase, detected in the present
case.

AGING MODELING

However, even if the description of this first stage of defects creation is essential to
understand further evolutions, it remains necessary to quantify the changes in physical
properties, especially swelling, for much longer periods, for which samples are not available. A
multi-scale (time and size) modeling of self-irradiation effects, was therefore developed to



predict the changes. The prime aim was to compare modeling and experiments regarding the
swelling data. Moreover, multi-scale modeling might unveil the presence of specific defects
required for a more realistic assessment of aging phenomena, and in turn also suggest additional
specific experiments for their characterization.

The ab-initio method allows to calculate physical characteristics such as elastic constants,
bulk modulus, that are crucial input data to estimate the interatomic potential used for molecular
dynamics calculations. Displacement cascades were calculated using the Modified Embedded
Atom Model, with a progressive increase in the energy of the uranium recoil atom. Preliminary
results for 10 keV reveal that, in the first stage, displacement cascades lead to the formation of an
amorphous core of 5 nm average radius containing approximately 5000 Frenkel pairs. At the end
of the defects recombination stage (after a couple of nanoseconds), only a few interstitials remain
outside the melting zone with an equal number of mono-vacancies within the melting zone [2].
Initial results concerning a 64 keV displacement cascade suggest that sub-cascades appear
rapidly. Subsequent diffusion of the defects formed are described with a mesoscopic Monte-
Carlo approach, that allows to calculate swelling induced by the remaining defects, and to
compare directly to experimental data. In parallel, a more phenomenological approach, based on
rate equations has been developed and compared to the Monte Carlo approaches.

Whatever the scale, modeling must be validated through comparison with experimental
data. Dedicated experiments have therefore been designed to measure the plutonium physical
properties required by the theoretical approach. For example, molecular dynamics simulation of
displacement cascades depends strongly on the choice of the interatomic potential. This complex
potential is adjusted using experimental data such as elastic constants. Consequently, we
designed X-ray diffraction (XRD) experiments to extract single crystal elastic constants from
measurements performed on a polycrystal of 3-Pu alloy. Moreover, the number of defects
induced by a a-decay is directly determined by the displacement threshold energy Eg4, not
hitherto measured for plutonium. Hence, a low-temperature electrical resistivity setup was
designed to measure E4 in electron-irradiated plutonium. Furthermore, isochronal annealing
should also allow the measure the migration energy of the various defects. All these
experimental results should contribute to the validation of both ab-initio and molecular dynamics
calculations and will be used as input data in Monte-Carlo methods.

Recent results regarding the different physical properties cited above will be presented.

1 B. Oudot, PhD Thesis, Université de Franche-Comté, Besangon, France (2005).
2 L. Berlu, G. Rosa, P. Faure, N. Baclet and G. Jomard, MRS Fall Meeting, Boston, (2005).



First principles determination of the vacancy
formation energy in d-plutonium
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Abstract :

One of the most tricky problems concerning the & fcc-stabilized phase of
plutonium consists in predicting its properties under long-term aging.

Due to its radioactive nature, the unstable plutonium nucleus decays
principally by a- decay. Two types of defects, namely vacancies and self-
interstitials, are formed in metals by this self irradiation.

The evolution of defect population can lead to significant changes in the
microstructure and causes a number of radiation-induced macroscopic
properties changes such as density, ductility or elastic constants.

Due to the special location of plutonium at the boundary between light
actinides (delocalized 5f electrons) and heavy actinides (localized 5f
electrons) a slight change in atomic volume or internal stresses could affect
its stability.

Concerning the knowledge of the thermodynamic and kinetic behavior of
metals, one of the most important quantity is the vacancy formation energy.
Its determines the equilibrium vacancy concentration and contributes to the
self-diffusion coefficient in the monovacancy mechanism, which is the main
diffusion process in the closed-packed metals. Then the activation energy is
the sum of the vacancy formation energy and of the migration energy of the
vacancy. Due to the lack of experimental values concerning defects in
plutonium [1] and its alloys, first-principles calculations are of considerable
interest to estimate the formation energies of point defects in these phases.
In this aim, we study the stability and formation energies of vacancies in
plutonium with spin-polarized PAW calculations using the Vienna ab initio
simulation package VASP [2][3].

Even if magnetism in &-Pu has not been confirmed by experiment [4][5],
taking into account magnetic exchange interaction leads to major
improvements compared to standard non-magnetic LDA or GGA results.



As already shown in these previous papers [6][7][8][9] spin polarized GGA
approximation is able to reproduce the main equilibrium properties and
energy differences of pure and alloyed plutonium.

In these presentation, we follow these ideas and expand the investigation

to study the influence of magnetic configuration on the vacancies energies in
o0-plutonium. The calculations were performed for three different
configurations, namely : antiferromagnetic (AF), ferromagnetic (FM) and
disordered magnetic structures (DM). We also evaluate box-size effects and
local relaxations with these three magnetic configurations. Some results
have already been reported in an earlier paper [10].

The first interesting result is that the unrelaxed values of both mono and
divacancies are not very sensitive to the long range magnetic ordering.

The other important point is that the formation of divacancies do not require
an additional energy with respect to the formation of two isolated
monovacancies. This indicated that vacancy clusters are as stable as isolated
vacancies.

Now, if we allow atomic relaxation, the inward relaxation is of order of 3 %
(7 % for divacancies), as usually obtained for transition metals.

The energy of the divacancy is still similar to the energy of two isolated
vacancies. Nevertheless, the relaxed energy and forces acting on atoms is
function of magnetic configuration.

1 M.J. Fluss, B.D. Wirth, M. Wall, T.E. Felter, M.]. Caturla, A. Kubota, T. Diaz de la Rubia,
J. Alloys. Comp. 368,62, 2004

G. Kresse and J. Furthmiiller, Phys Rev B 54,11169 (1996)

G. Kresse and J. Furthmiller, Comput. Mater. Sci. 6,15 (1996)

N.J. Curro and L. Morales, Mat. Res. Soc. Symp. Proc. 802, 53 (2004)

R.H. Heffner, G.D. Morris, M.]. Fluss, B.Chung, D.E. MacLaughlin, L. Shu and ]J.E.
Anderson, in press, Physica B

Y. Wang and Y.F. Sun, J. Phys. Condens. Mater. 21,1.311 (2000)

P. Soderlind, A. Landa, B. Sadigh, Phys. Rev. B 66,205109 (2002)

G. Robert, C. Colinet, B. Siberchicot and A. Pasturel, Modelling Simul Mater Sci. Eng
12,693 (2004)

9 B. Sadigh, W.G. Wolfer, Phys. Rev B 72,205122 (2005)
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Monte Carlo + Molecular Dynamics simulation of radiation damage
evolution in Pu

V.V. Dremov, P.A. Sapozhnikov, S.I. Samarin, D.G. Modestov, N.E. Chizhkova

Russian Federal Nuclear Centre — Zababakhin Institute of Applied Physics (RFNC-VNIITF)
Snezhinsk, Russia 456770

ABSTRACT

The paper presents results obtained in the simulation of damage cascades in self-
irradiated unalloyed and gallium-alloyed delta-plutonium. The fast cascade stage was simulated
by Monte Carlo method. It follows from Monte Carlo calculations that in a cascade formed by a
uranium nucleus of energy 86 keV, about 40% of the initial energy is lost in inelastic collisions
with electrons and the rest energy resides in the crystal lattice. When the energies of cascade
particles became close to the displacement energy, the cascade configuration resulted
(coordinates + particle velocities) was transferred to a molecular dynamics (MD) code which
helped track the further evolution of the system to ~1-2ns. The Modified Embedded Atom
Model (MEAM) [1,2] was used to describe particle interactions.

Our simulations show that a cascade from the uranium recoil nucleus causes a large
energy release into a lattice subsystem within a local region measuring about 20-25 nm; this
causes material melting and subsequent recrystallization. Preliminary estimates showed that the
energy transferred to the lattice is enough to cause melting in a region which characteristic size
reaches 15 nm; the region contains ~200 000 atoms. MD simulations show that lattice heat
conductivity reduces the characteristic size of the melting region to ~8-10 nm (~35 000 atoms) in
a sample whose initial temperature was 300K.

The evolution of temperature and density fields in the damaged region was tracked in
simulations. The time of recrystallization was estimated to be ~Ins. The distribution of point
defects in the recrystallized region was obtained. Most of point defects created during a fast stage
of the cascade vanish when melting and recrystallizing, residual defects evolve much slower than
the nano-second time scale

The calculations have also been carried out for polycrystalline samples. If the damaged
region is inside a single-crystal grain, the melted material undergoes complete recrystallization
when cooling. If radiation melting occurs in a region which contains a grain boundary, the
recrystallization in the melted regions adjacent to different grains will differ. Such a process
results in grain boundary sagging and broadening with time. As an illustration Figure 1 shows
the same fragment of a sample containing a grain boundary at the moment of maximum size of
melted region (left picture, t=20 ps) and at the moment 1 ns (right picture) when the process of
recrystallization is almost completed.



Fig.1 Fragments of a polycrystalline sample containing grain boundary adjacent to the damaged
(melted) region. Taupe color is for disordered structure (grain boundary, melted region), light
grey color if for fcc 8-Pu. Dashed line contours the region where the recrystallization took place.

1. M. L. Baskes, Phys. Rev. B, v. 62 (2000), p. 15532.
2. M. L. Baskes, K. Muralidharan, M. Stan, S. M. Valone, F. J. Cherne, JOM 55 (2003), p. 41.



Collective Effects in PuGa Alloys and Their Effects on Structure,
Phase Stability, and Radiation Damage Mechanisms

Steven D. Conradson
Los Alamos National Laboratory, Los Alamos NM 87544 USA

Local structure measurements, particularly the element specific information afforded by
EXAFS studies at the Pu, Ga, In, Ce, and U edges, show evidence for collective behavior among
these minority elements that are present at only a few atom percent and are never observed to be
directly bonded in significant amounts. Certain aspects of the concentration dependence of the
EXAFS are consistent with the Ga atoms being "organized" within the delta host to give a semi-
ordered, quasi-intermetallic phase with a Pu:Ga ratio of around 30:1. In this the Ga atoms would
have higher probabilities of being at certain distances and angles with respect to each other
without being at positions specific enough to modify the diffraction pattern from that of a
random solid solution with a cubic structure. However, this long-range clustering is sufficient to
promote the formation of nanoscale regions that are locally depleted in Ga below the saturation
limit at around 3.3 at-% Ga. If separated from the host delta lattice the up to 20% of the Pu atoms
within these volumes would form alpha Pu. However, because of the tensile stress (negative
pressure) and epitaxial constraints exerted by the host, it instead forms a second, ordered, novel
structure called "sigma" (Fig. 1). Sigma Pu consists of a modulated, expanded Fm3m
arrangement of atoms that must also contain some interstitials to retain the delta density. In
addition, In- and Ce-based delta Pu alloys show analogous kinds of behavior that imply that,
even when the elastic strain is minimal because the alloys atoms are close in size to Pu, there are
still strong interactions between relatively distant minority atom sites that disrupt the
arrangement of Pu atoms around them and also cause long range organization and clustering.

This heterogeneity and corollary nanophase separation is critical in aging, most likely
accounting account for the very large (tens of percent) numbers of Pu atoms displaced from the
delta lattice in aged materials. As with the sigma structure, these atoms appear to form additional
types of ordered structures so that the radiation damage does not result in the Pu becoming
"glassy" through decades of normal aging (Fig. 1). The radiation effects do ultimately affect
phase stability however, so that causing the reversible martensitic transformation through the
alpha phase that does not foster radiation damage produces some very unusual effects. These
results are perhaps best explained and reconciled with other macroscopic properties in terms of
describing the material with a dynamic energy landscape incorporating rehybridization induced
by local composition and strain that results in multiple stable shapes for the Pu atoms and
multiple structures for the nanophases.

Figure 1. Pu %(R, k?) residuals obtained by subtracting the curve-fit with only the 0 shells of
atoms from the spectra from k=3.7-14.8 A™'. Over this range a simple Pu shell will give a
spectral feature in which the real component gives a minimum close to where the modulus peak
is located and somewhat symmetric maxima on each side, features with a different pattern
indicate more complex types of structures. The lines act as approximate guides to features



exhibited by several spectra that are associated with the o and o' structures, the 0 structure, initial
radiation damage in 1.7 at-% Ga materials (d-1) and longer duration damage in materials with
higher [Ga] and AAP (d). Features below 2.5-3.0 A that are not common to several samples are
most likely low frequency residuals from incomplete background subtraction due to, e.g., a small
Am edge in the spectrum or other low frequency artifacts. A spectrum of o Pu reduced in
amplitude by a factor of 5 is included with the standards for comparison with the o' feature.
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The Actinides— a beautiful ending of the Periodic Table

B. Johansson "
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The series of heavy radioactive elements known as the actinides al have related
elemental properties. However, when the volume per atom in the condensed phase is illustrated
as a function of atomic number, perhaps the most dramatic anomaly in the periodic table
becomes apparent. The atomic volume of americium is amost 50% larger than it is for the
preceding element plutonium. For the element after americium, curium, the atomic volume is
very close to that of americium. The same holds also for the next elements berkelium and
californium. Accordingly from americium and onwards the actinides behave very similar to the
corresponding rare-earth elements - a second lanthanide series of metdlic elements can be
identified. This view is strongly supported by the fact that al these elements adopt the dhcp
structure, a structure typical for the lanthanides.

The reason for this behavior is found in the behavior of the 5f electrons. For the earlier
actinides, up to and including plutonium, the 5f electrons form metallic states and contribute
most significantly to the bonding. In Np and Pu they even dominate the bonding, while all of a
sudden they become localized in Am, very much like the 4f electrons in the lanthanide series,
and contribute no longer to the cohesion. This withdrawal of 5f bonding gives rise to the large
volume expansion between plutonium and americium. This difference between the light and
heavy actinide suggests that it would be most worthwhile to strongly compress the
transplutonium elements, thereby forcing the individual 5f electron wave functions into strong
contact with each other (overlap). Recently high pressure experiments have been performed for
americium and curium and dramatic crystal structure changes have been observed. These results
and other high pressure data will be discussed in relation to the basic electronic structure of these
elements. We will also discuss some other recent high pressure data for the earlier actinides.
Here it becomes important to establish to what extent standard density functional theory can
account for the observed behavior.



Announcing Publication of the Third Edition of
The Chemistry of the Actinide and Transactinide Elements

A team of international experts was invited to co-author the third edition of a classic text,
The Chemistry of the Actinide and Transactinide Elements. Edited by Lester Morss, Norman
Edelstein, and Jean Fuger, the book will be released in early 2006 by Springer Publishers. The
five-volume set is critically acclaimed as the most authoritative and comprehensive compilation
of the chemical properties of the actinide and transactinide elements to date and is anticipated to
be the definitive work on actinides for the next twenty-five years.

The first edition of The Chemistry of the Actinide Elements, edited by Joseph Katz and
Glenn Seaborg, was published in 1957 before the discovery of nobelium and lawrencium and the
transactinide elements. The second edition of The Chemistry of the Actinide Elements, edited
by Katz, Seaborg, and Morss, was
published in 1986 by Chapman and | 2 W springeronline.com
Hall, London and New York. The — : _
third edition, containing thirty-one | |
chapters, will include a contemporary | RMaet cor P=9 i
and definitive compilation of the it MﬂSt comprehens“,e

chemical properties of the elements | anddeﬁnitive work

from actinium (atomic number §89) to ! _ i
hassium (atomic number 108). Also | | the ﬁeld
included are authoritative review
chapters on specialized topics such as
thermodynamics, electronic theory, " nide
spectroscopy, magnetic properties [ e laboratory
organoactinide chemistry, coordina- 1
tion chemistry, solution chemistry
separations science and technology,
environmental science, analysis, and
future element predictions. The book
editors assembled teams of authors
who are active practitioners and rec-
ognized experts in their specialty to
write each chapter. The editors and
authors have endeavored to provide a
thorough, balanced, and perceptive
treatment of the fascinating elements
at the frontier of the Periodic Table.
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Actinides Research Capabilities at the Lujan Neutron Scattering
Center at LANSCE.

A.J. Hurd

"Los Alamos National Laboratory, Los Alamos NM 87545 USA

NATIONAL SECURITY AND ACADEMIC RESEARCH

The Lujan Center has a new set of tools for users in neutron
scattering and nuclear physics research. These tools further the
Center’s unique position for performing national security
research including actinide science.

Since 2000, four new scattering instruments have been
commissioned and three scattering instruments were
substantially upgraded. For nuclear physics and nuclear
chemistry, two new instruments have been built; these
complement the Isotope Production Facility at LANSCE
commissioned in 2004. This new suite of tools, along with user-
support facilities in chemistry, x-ray scattering, and Raman
scattering, plus new sample-environments in extreme pressure,
magnetic fields, and temperature, provide the research
community a superb environment to address both academic and
national security issues.

The ability to perform research requiring special security is a
key unique factor at the Lujan Center. Alliances with Theory
Division, the Center for Integrated Nanotechnologies (LANL

and SNL), the National High Magnetic Field Laboratory ) )
(LANL), and the Molecular Foundry (LBNL) expand the Figure 1 The Lujan
possibilities for applying unique tools to the most challenging Center's 11-Tesla

problems. superconducting
magnet has an internal

. . . sample goniometer
The Lujan Neutron Scattering Center at LANSCE is funded by the (£15° about the neutron

Department of Energy's Office of Basic Energy Sciences and Los . . 1 _ .. __ .
Alamos National Laboratory, operated by the University of California under DOE Contract W
7405-ENG-36.




Plutonium and other f~-Element Complexes With 'soft' Donor
Ligands

Andrew J. Gaunt, Sean D. Reilly, Alejandro E. Enriquez, Brian L. Scott, Mary P. Neu

"Los Alamos National Laboratory, Los Alamos, NM 87545, USA

There are fundamental unanswered and intensely debated questions in the coordination
chemistry of the early actinides (Th-Cm). For example, to what extent and generality is covalent
bonding important? What are the limits of ‘hard-soft’ interactions? And, expressed in a way to
illustrate the role of coordination chemistry in industrial processes, do relativistic effects impact
f-element coordination chemistry such that bonding differences between An(Ill) and Ln(III) ions
of similar ionic radii,' can be exploited to minimize the cost and environmental impact of waste
in advanced nuclear fuel cycles? The prevailing thesis is that An(IIl) complexes display greater
covalency than corresponding Ln(III) complexes and this difference in covalency decreases
across the actinide series, and is thought to be negligible for actinides beyond Bk. However,
systematic studies are needed to understand and support or dispel the thesis. Towards addressing
these questions and discerning differences that may be developed into separations processes, we
are preparing actinide and Ln(III) complexes with N, S, Se and Te donor ligands. We have
prepared trivalent Pu, U, La and Ce complexes with [N(EPR»),] ligands (E = S, Se, Te; R = Ph,
iPr) allowing systematic variation of the ‘softness’ of the donor atom in isostructural compounds.
Most directly related to the Cyanex agents that have shown great promise for An/Ln separations,
low-valent f-element complexes with dithiophosphinates and diselenophosphinates have also
been prepared. In addition, thiolates and selenolates have been synthesized by oxidation of
actinide metal with dichalcogenides.

(tmeda)
Na
1d \T Et,0 ,
Miy(sol)y + 3 Boo® MIN(TePPr2)2l;
iPs P~ 23 el
sol = py,M=U, Pu Pr—iSN“Pr -9 Imeda M=U, Pu, La, Ce

sol = thf, M = La, Ce Pr' ipr

Fig. 1: ORTEP (left) and synthetic scheme (right) of trivalent f-element
imidodiphosphinotellurido complexes.



The synthesis, structural analysis by single crystal X-ray diffraction, and traditional
spectroscopic characterization (multi-nuclear NMR, IR, UV/vis/nIR) have been completed. From
these studies, we find stronger bonding in U(III) ‘soft’ donor complexes compared to La(IIl),
reflected by shorter U-E than La-E bonds, and that the difference is greater the ‘softer’ the donor
atom. Collaborative studies have been initiated to more directly characterize the bonding in these
molecules using X-ray spectroscopy and photoemission methods. Comparable theoretical
analyses, using density functional theory, are also in progress.

References:

1 M. P. Jensen and A. H. Bond, J. Am. Chem. Soc. 124(33), 9870, (2002).



Structural Studies of Pu(VII1) Under Extreme Alkaline Solution
Conditions

D. L. Clark*, S. D. Conradson*, P. L. Gordonf, D. W. Keoght, C. D. Taitt
*Los Alamos National Laboratory, Los Alamos, NM 87545
tpresent address: Applied Marine Technology, Inc., Virginia Beach, VA 23452

BACKGROUND

Light actinide ions (U, Np, Pu, Am, Cm) in their higher oxidation states (V) and (VI)
form a unique series of linear trans dioxo ions (AnO,""; n = 1, 2) that pervade the chemistry of
these elements in aqueous, nonaqueous and solid-state media. Over the last 60 years, a great deal
of effort has gone into study of this inorganic functional group, and to understand its physico-
chemical properties. These cations are remarkably stable, showing a high degree of covalency
and chemical inertness with respect to the axial An=0 bonds that can be traced to the ability to
use a combination of valence 5f, and 6d, and semi-core 6p atomic orbitals in chemical bonding.'
The ability of the 6p, orbital to hybridize with 5f,3 can lead to unusually strong oc-bonding, and
this type of o-hybridization was shown to be a predomrnant contributor to the strong covalent
bonds in linear hexavalent AnO,>" ions (An = U, Np, Pu).> For transuranium elements, even
higher oxidation states are possible. For the heptavalent (VII) state for Np and Pu, it is known
that other highly unusual, polyoxo units can form. In general, very little is known about these
functional groups in comparison to the linear trans dioxo unit. In alkaline aqueous solutions
between 1-10 M NaOH, An(VII) 10ns form unusual square planar tetra-oxo umts of general
formula AnO4(OH,),", and AnO4(OH),” that have garned recent attention and study At even
higher alkahnlty, between 10-18 M NaOH, it is thought that penta- or hexa-oxo units
AnOs(OH)* and AnOs”" of unknown structure can form.” For plutonium, Tananaev reported that
between hydroxide concentrations of 10-17 M, the Pu(VII) ion displays profound changes in the
electronic absorptlon spectra and the results were 1nterpreted as evidence for the formation of
either PuOs(OH)* or PuOs”.° These unusual inorganic ions are exceedingly rare in actinide
chemistry, and little is known about their molecular and electronic structure. The present study
aims to examine the molecular structure of the Pu(VII) species formed under these extreme
alkaline solution conditions.

RESULTS AND DISCUSSION

Heptavalent plutonium solutions are only stable for about 12 hours, making it impossible
to prepared them in a radiological laboratory and ship them to a synchrotron facility over 1000
miles away for XAS study. Due to this inherent instability of Pu(VII) solutions, we developed
an electrochemical XAFS cell for in situ preparation of samples based on the seminal work of
Antonio and co-workers,’ and tested it’s utility on Np(VII) under moderate hydroxide conditions.
The in situ electrochemrcal cell was made of polyethylene, and consisted of working and counter
compartments approximately 25 x 10 x 6 mm, separated by a Nafion membrane. The working
compartment held a Pt mesh electrode, a Ag/AgCl reference electrode, a magnetic stir bar, and
the sample. The counter compartment contained a Pt mesh electrode with a surface area greater
than that of the working electrode and an electrochemical buffer solution consisting of 0.05 M
NaszFe(CN)g in 18 M NaOH. The plutonium sample contained 0.008 M Pu(VI) and 18 M NaOH.



The high NaOH concentration was chosen to shift the Pu(VII/VI) couple below that of H,O
oxidation and inhibit O, generation in the cell for use at a synchrotron radiation source.

The in situ cell was tested using the
transformation from Np(VI) to Np(VII) in |(a)
3M NaOH. Using XANES spectroscopy at
the Np L edge, we observed the clear
transformation of dioxo to tetraoxo forms
upon oxidation of Np(VI) to Np(VII),
similar to that reported by Williams and
coworkers,” and shown in Fig. la. We
found a rather small 0.4 eV shift in the edge
between Np(VI) and Np(VII) hydroxide
complexes and a double “white line” peak of
the tetraoxo spemes as observed 17,(;15 s 17,(;35 1765 18,060 18,070 18,080
previously.” These spectral changes were Energy (eV) Energy (¢V)

rever51‘ble when  the eleCtrOCheml'Cal Figure 1. (a) XANES spectra of a Np solution as a
potential was changed to promote reduction  fynction of electrolysis time, showing the reversible

of Np(VII) back to Np(VI). In these transformation from dioxo Np(VI) to tetraoxo
experiments the reversible oxidation, Np(VII). (b) XANES spectra showing the reversible
concomitant transformation to the tetraoxo  transformation of Pu(VI) to Pu(VII) in 18 M NaOH.
geometry, the energy shift, and change in

the shape of the XANES are all observed in real time (Fig. 1a), demonstrating the effectiveness
of the in situ cell. EXAFS analysis of the resulting Np(VII) species produces four Np= O units at
1.88 A, and two Np-OH units at 2.32 A consistent with the formulation of NpO4(OH)2 (shown
in 1) as reported preV10usly 34

b
N/pO4(0H)23‘ (b) PuO5(OH)*
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Using the same cell setup, we recorded Pu Liy XANES spectra during the oxidation of
Pu(V]) to Pu(VH) 1n highly concentrated 18 M NaOH in search of evidence for either
PuOs(OH)* or PuOs as shown in Fig. 1b. A 1.0 eV edge energy shift was observed similar
what we found in Np(VII), yet the characteristic double “white line” and first EXAFS oscillation
(Fig. 1a) did not develop as for the Np(VII) series. EXAFS data analysis for the Pu(VII) species
under these hlghly alkaline condltlons indicate that the two inner shells of Pu-O bonds are both
contracted, in contrast to NpO4(OH)2 (1) where both shells lengthened relative to the Np(VI)
starting compound. For Pu(VII) under these extreme alkaline conditions, EXAFS analysis
reveals two O atoms at 1.83 A, and 4 O atoms at 2.29A, thus the ion is clearly not the tetraoxo
PuO4(OH)2 ion, consistent with Tananaev’s proposal for a species of formulation PuOs(OH)
or PuO¢” under these conditions. In interpreting our data, we recognize that 18M NaOH is



essentially NaOH-2H,0, and therefore there is no free water in the “solution”. Therefore, even
the Na ions must be highly coordinatively unsaturated. We postulate therefore, that under these
conditions, a PuOs(OH)* or PuOg” ion is likely to have interactions with Na ions, and we
propose the structural motif indicated in 2. At first the result of a trans dioxo unit seems
puzzling, but we note that Straka and coworkers recently reported DFT calculations on the
related hypothetical octavalent PuOs> ion, and found, remarkably, that the most stable
configuration is to convert back to a trigonal bipyramidal trans dioxo form as shown in 3,” with
calculated axial and equatorial Pu-O bond lengths of 1.84 and 1.95 A, respectively.
Experimental details and interpretation of data leading to these conclusions will be discussed.
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Quantum Mechanical studies of the Cation Cation interaction.
H.M. Steele, R.J. Taylor and M Sarsfield.

Nexia Solutions, Hinton House, Warrington WA3 5AS

INTRODUCTION

The tendency for pentavalent actinides to form so-called cation cation (CC) complexes is

clearly a ubiquitous feature of actinyl chemistry and although first reported by Sullivan' in the
1960’s their potential role within separation
processes is still not fully quantified. There
is now substantial evidence, including
crystal  structures of solid Np(V)
compounds, that a CC complex contains at
least one actinyl molecule acting as a
ligand through its actinyl oxygens to
another ‘active cation’, which can be either
another actinyl or other positively charged
metals.
Experimentally, the presence of a CC
complex is typically characterized by short
An-An separations and considerable
change in the UV and IR spectra’s of the
actinyl group. The ability of the CC
complex to perturb the IR and UV spectra,
the dominance of Np CC complexes with
respect to U and Pu actinides, the type of
‘bonding’ which exists within the CC complex and the roles played by ligands and solvation, are
still not fully understood”. We have used quantum mechanical (QM) approach to start to address
some of these key questions.

COMPUTATIONAL APPROACH

Initial atomic co-ordinates were taken from experimentally determined crystal structures and
optimised.™ The affects of interchanging actinide species in both donator and acceptor sites,
altering the actinide oxidation state between V and VI, changing the complexing ligands,
adjusting the electronic structure of the actinyl species and changing the dielectric of the
solvation were all studied. All calculations were performed using Gaussian 03 employing the
Hartree-Fock, Moller-Plesset and Density Functional levels of theory, relativistic
pseudopotentials and a range of basis sets were employed.



KEY OBSERVATIONS

By following the orbital occupancy, it was shown that when the actinyl acts as a ligand its
symmetry is reduced from D, to C,,. This leads to orbital rearrangement which enables the
oxygen on the actinyl donator molecule to carry significantly more electron density than usual
for actinyl oxygen atoms, this is shown in the figure above. A much stronger electrostatic
interaction can then occur between the donator actinyl oxygen and the cation centre. Further, the
strength of the CC interaction is specific to the actinides involved, their oxidation state and
whether they occupy the donator or acceptor sites.

From our calculations of the vibrational frequencies we obtained similar values for the
asymmetric stretching vibrations to those observed experimentally. It is well known that CC
complexation causes shifts in O=An=0 vibrational frequencies compared to those normally
expected for the actinyl group”. However, the calculations also showed that each of these lower
energy bands has a higher energy partner. Hence we conclude that this is not a shift in the
vibrational frequency as usually suggested but a splitting due to the broken symmetry of the
actinyl group.

Finally, the affect of altering the solvent surrounding the CC complex was studied and initial
calculations have shown that increasing the solvent dielectric constant decreased the stability of
the CC complex.
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Heteropolyanion Ligand Sensitised Uranyl Luminescence

Caytie Talbot-Eeckelaers, Simon Pope and Tain May"

*Centre for Radiochemistry Research, School of Chemistry,
University of Manchester, Oxford Road, Manchester, M13 9PL, UK

INTRODUCTION

A systematic analysis of the photophysical properties of
uranyl containing tri-lacunary heteropolyanions (HPA) is
presented. HPA stimulated emission of lanthanide and actinide
complexes, is well documented, as is the emissive nature of the
uranyl moiety."* However, no studies to date have explored the
photophysics of uranyl complexed HPAs. We report the effects
of heteroatom, cluster type, counter-cation, solvent and
concentration on the lifetime, intensity, excitation and emission
wavelengths observed for these clusters in solution.

Both A- and B-type tri-lacunary heteropolyanion ligands
(of general formula [A-X"WoO34]" , X = As", PV, Ge", Si'"; n
=m —14 or [B-Y'Wy033]%, Y = As", Bi'", Sb" and Te"; q =p
— 12) are observed to sequester {UO,}*" ions forming 2:2  Fig. 1: Polyhedral
sandwich clusters in solution and in the solid state.>® representation of the
Complexes with A-type ligands, such as the [(UO,):Nay(A-  [(UO1):Nay(A-PWoO34)2]">
PWy034):]"*" anion form closed-type structures containing anion
encapsulated Na™ ions (Fig. 1).” B-type ligands are unable to
form this type of complex due to the presence of a
lone-pair of electrons located on the heteroatom and
form an open-type structure such as observed in
[(UO,),(H,0)»(B-SbWo0s3),]' (Fig.2).k

@°
@s
\' u
oV

Fig. 2: Polyhedral representation of the
[(UO2)2(H20)2(B-SbW4033)2]'* anion

RESULTS

Emission from tri-lacunary heteropolyoxotungstate uranyl complexes is observed between
500 and 600 nm, the typical region for uranyl complexes (Fig. 3). The corresponding excitation
wavelengths show two bands, at ~350 nm and ~ 440 nm. The former relates to the O—->W LMCT
and the latter to the O—U LMCT in the absorption spectra. Variation in heteroatom, for a given
complex type, leads to subtle differences in excitation frequency. Luminescence life-times



(ranging from 0.05 ms to 0.5 ms) and degree of vibronic fine structure are similarly determined
by choice of heteroatom and ionic strength of the solution.

500 - e c x citation spec (509 nm)
C— X citation spec (550 nm)
450 A C—xC 349 nm
exc 438 nm
400 A
350 o
300 A
250 -~
200 -
150 -~
100 A
50 -
O h T T = \I T — 1
200 300 400 500 600 700

wavelength / nm

Fig. 3: Excitation and emission spectra of the [(UO,),Nay(A-PWoO34),]'* anion in 1M NaCl
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Uranium complexes with newly designed tetraketones
for active materials of redox flow battery

K. Shirasaki, T. Yamamura, S. Ohta, Y. Shiokawa
Institute for Materials Research, Tohoku University, Sendai, Miyagi 980-8577, Japan

The light actinide such as uranium and neptunium are known to show two couples of
reversible or quasi-reversible electrode reactions as seen in Np(III)/Np(IV) and Np(V)/Np(VI)
[1]. By utilizing these two couples of fast reactions suppressing the overvoltage at electrodes, a
redox-flow battery using the light actinide as an active material with the high efficiency has been
proposed [2]. Though redox flow batteries befit the battery for the electric power storage, the
energy efficiency of the existing battery with vanadium ions for positive and negative
electrolytes is rather high [3]. However, because of the slow kinetics especially for the positive
reaction (VO2t/VO,"), the large reaction overvoltage lowers the energy efficiency.

Active materials of the uranium battery require several conditions to be satisfied for the
high-energy efficiency. At the first, the materials for both positive and negative electrolytes
should dissolve in an aprotic solution at a high concentration, in order to avoid the
disproportionation reaction of U(V) from degrading to U(IV) and U(VI) in the presence of the
proton [4, 5]. Since uranium -diketone complexes show relatively high solubility in the aprotic
solution, they have been investigated for the active material [6]. Recently, we reported that a
quantitative electrolysis of the dimethyl sulfoxide (DMSO) solution of U(VI) to give the U(V)
solution which was relatively stable as the half-life of 2 days at 16°C [7, 8]. In the course of the
electrochemical investigation of U(VI) and U(IV) B-diketones, both complexes were found to
display the ligand dissociation and association reactions during the electrode reactions as

U(IV)D4 + e 2 UI)D3 + D, (1)

U(VDO,D; + e 2 U(V)O,D + D, (2)
where D- denotes the PB-diketone ligands. These side reactions would be originated from the
instability of U(V) and U(II) complexes compared with U(IV) and U(VI) complexes,
respectively, and this consideration agrees with the general tendency of the stability of uranium
complexes; U(IV) > U(VI) > U(IIT) > U(V). With an aim in the development of the high-energy
efficiency battery, these side reactions are not desired because of the rearrangement makes the
kinetics slower and also the change in the redox potential results in the energy loss [6]. The
simple redox reaction without these side reactions would be realized by stabilizing the U(V) and
U(IIT) complexes by using long-chained or macrocyclic ligands, which utilizes the entropy effect
as can be seen in crown ethers capable of complexation even with alkaline metal ions. Previous
study, two tetraketones with two units of acetylacetone ligand in their molecule,



8-0x0-2,4,12,14-teraoxapentadecane (I; keto-form in
Fig. 1) and m-bis(2,4-dioxo-1-pentyl)benzene (2;
keto-form in Fig. 1) were synthesized [9]. Detailed
NMR measurements were conducted to reveal the
keto-enol tautomerism of the tetraketones in CDCl;
and titration measurements were carried out in
water-dioxane (1:1 (v/v)) solutions to evaluate
formation constants with metal ions at III-VI valences.
Although the first acid dissociation constants for 1
and 2 were close to that for the acetylacetone, the
formation constants of them at large coordination
numbers are larger than those of acetylacetone. On

the basis of these formation constants, the Fig 1. Tetraketone ligands prepared
according to A.H. Alberts and D.J.

Cram (1, 2) and newly designed (3, 4)

thermodynamic  distributions  of  tetraketone
complexes are evaluated in the solution to
demonstrate that the change in the coordination number is not expected during the redox
reactions contrary to the case of the acetylacetone. Recently, we observed dimer formation with
uranyl(VI) was observed for 2 in single crystal x-ray crystallography. This could mean that
cavity radius of these ligands (1 and 2) is larger than ionic radius of uranium and it is not
desirable for active materials of the battery.

In the present study, new tetraketones, m-bis(3,5-dioxohexyl)benzene (3; keto-form in Fig.
1) and 1,6-bis(2,4-dioxo-1-hexyl)hexane (4; keto-form in Fig. 1), which is expected to form
monomer complex with uranium, were synthesized. Uranium(V) and uranium(IIII) complexes
with these new tetraketones were characterized by electrode reaction and also by electrolytic

reduction.
We would like to thank Prof. Y. Nakamura of Tokyo Institute of Technology for his kind
measurements.
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Studies of Gluconate Complexation with U(VI) and Np(V)

In Acidic to Neutral Solutions
Z. Zhang,*" S. B. Clark,* G. Tian,” L. Rao”

a. Washington State University, Pullman, WA 99164
b. Lawrence Berkeley National Lab, Berkeley, CA 94720

INTRODUCTION

The complexation of actinide cations by gluconate is of interest
due to their existence in the Hanford high-level radioactive waste tanks. ?
Gluconic acid, a polyhydroxycarboxylic ligand, has strong complexation HCOH
ability with metal cations." To develop effective treatment strategies for
high-level radioactive wastes, the interaction of gluconate with actinides
must be understood.

While this ligand has been investigated for many years, the |

lcoon

HOCH

majority of the studies have been focused on systems involving HCOH
transition metals, with very few reports relating to complexation with )
lanthanides and actinides.” Furthermore, molecular-level interactions HCOH

between actinide cations and gluconate are not well defined. In this
work, multiple techniques have been used to study the complexation of
gluconate with U(VI) and Np(V) as dioxo cations, e.g. Np'O," and
UY'0,%" in acidic to neutral solutions. The uranyl and neptunyl cations  (jluconic acid
serve as analogs for the Pu¥0," and Pu"'0,*" cations, respectively. (HGH,)

i
HoCOH

COMPLEXATION WITH NEPTUNYL

The thermodynamic parameters of gluconate complexation with NpO," have been
measured by spectrophotometric titrations and calorimetry under the conditions: ¢ = 25 °C, [ =
1.0 M and pH~6.0.* As indicated in Figure 1 (next page), near-IR data collected during titrations
of the Np(V) cation with gluconate yield two species, NpO,GHs and NpO,(GH4),. The
formation constants and enthalpies of complexation are: log f; = (1.48 £ 0.03) and AH, = -(7.42
+ 0.13) kJ'mol™ for NpO,(GHy), log > = (2.14 + 0.09) and AH, = -(12.08 + 0.45) kJ-mol™ for
NpO2(GHy),. Comparison of those parameters to the thermodynamic data for complexation of
NpO, " with other carboxylic ligands, it is observed that gluconic acid, like a-hydroxycarboxylic
acids, forms stronger complexes than simple monocarboxylic acids. It is therefore suggested that
a-hydroxyl group of the gluconate probably participates in coordination to the NpO," cation.
Analysis of extended x-ray absorption fine structure (EXAFS) state also supports this
observation.

COMPLEXATION WITH URANYL

For the uranyl-gluconate system, we have used potentiometry and calorimetry to measure
the thermodynamic properties under the conditions: ¢ = 25 °C, / = 1.0 M and pH 2.0 — 3.5. In
this case, °C NMR was employed to determine coordination sites for the uranyl cation to the
gluconate ligand (Figure 2). With addition of uranyl into gluconate solutions, significant line



broadening of the peaks corresponding to the first (data not shown) and second carbons of the
gluconate indicates that both the carboxylic group and a-hydroxyl group most probably take part
in complexation. In combination with the structural information obtained by *C NMR, the
structural characteristics of those complexes has been analyzed by EXAFS.

SUMMARY

In this presentation, our results will be described and discussed in terms of the impact of
effective cationic charge on the metal cation and steric effects for the ligand and the dioxo
cations. Comparison to other systems of similar ligands will also be made.
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ENVIRONMENTAL CONSIDERATIONS IN THE WEST SINAI AND
ROSSETTA BEACH ON THE MEDITERRANEAN
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ABSTRACT

THE NUCLEAR MATERIALS AUTHORITY IS TAKING OVER THE
RESPONSIBILITY FOR EXPLOITATION OF

THE BLACK SAND DEPOSITS AT THE ROSSETTA BEACH ON THE
MEDITERRANEAN COAST AND AT THE

WEST SINAI AREA WHERE THE REMAINING PROSPECTING DRILL
HOLES OFFER SUITABLE SITES FOR HYDROGEOLOGICAL AND
GEOCHEMICAL STUDIES.THESE DEPOSITS CONTAIN
MONAZITE,ZIRCON AND RUTILE AS WELL AS ILMENITE AND
MAGNETITE.A RESEARCH PROGRAMME ON RADIONUCLIDE
TRANSPORT ANALOGY CONTINUES IN THE SURROUNDINGS OF THE
ROSSETTA AND WEST SINAI DEPOSIT. IN THIS PAPER WE
DETERMINE AND STUDY THE PROCEDURES THAT UNDERTAKE AT
THE SITES.ALSO,WE ,AS INDEPENDANT SPECIALISTS,WILL
DESCRIBE THE GOVERNMANTAL POLICY OF THE

NUCLEAR WASTE AND OUR FEARS.



Plutonium Uptake by Brucite and Periclase
J.D. Farr*, M. P. Neu*, Roland K. Schulze and B. D. HoneyrnanJr

*Los Alamos National Laboratory, Los Alamos, NM 87545 USA
tColorado School of Mines, Golden, CO 80401 USA

Batch adsorption experiments and spectroscopic investigations consistently show that
aqueous Pu(IV) is quickly removed from solution and becomes incorporated in a brucite or
hydroxylated MgO surface to a depth of at least 50 nm, primarily as Pu(IV) within a pH range of
8.5 to 12.5. This absorption behavior is unaffected by the presence of the organic ligand,
citrate.!"

Further studies on

colloidal  brucite,  natural Pu 4f region O 1s region

crystalline brucite and MgO —

crystals that were exposed for g0 High i
longer times (70 hours) to

solutions containing Pu(IV) e M50 ow i
confirmed the presence of \
subsurface Pu and ‘ Brucie igh i
demonstrated a continuation of Bt ish o1 W
the Pu uptake behavior Ww\'«u s e Bt ow i
previously observed. X-ray

Crystals exposed to 1 x 10°* M Pu(IV) Crystals exposed to 1 x 10-5 M Pu(IV)
for 70 hours for 70 hours

photoelectron  spectroscopy | | | | | | | |
(XPS)’ X-ray absorptl()n ﬁne - Bindin4g4°Energy (e\/4)30 . 540 535Binding ES::rgy (eV)525 e
structure (XAFS), Rutherford

backscattering  spectroscopy  Fig. 1. XPS spectra for Pu 4f and O 1s regions of the MgO
(RBS) and x-ray diffraction and brucite crystals that were exposed to 1 x 10° M Pu(IV)

(XRD) were used to estimate for 70 hours. Pu intensities are less than those seen for
Pu penetration depth and crystals exposed for only 7 hours, but alpha activity is
provide information about its much greater, indicating more subsurface Pu oxides and
chemical state. hydroxides.

Periclase = (MgO) and
brucite (Mg(OH), are not commonly used as substrates in batch adsorption experiments because
they dissolve readily and are highly basic. A large body of research involving metal adsorption
from solution has been performed on less soluble oxides such as silica or hematite. At first, it
was not clear to us how plutonium could be removed from solution by a substrate that so rapidly
dissolves. Another mystery was how Pu got so deep in the crystal so rapidly. The 50 nm
penetration depth of Pu in such a short time precludes solid state diffusion as a mechanism.

The initial adsorption of Pu(IV) is expected to occur rapidly due the easy availability of
sorption sites on the hydroxylated MgO and brucite surfaces. In most systems, sorption of
cations will commence at the pH of initial hydrolysis. The first hydrolysis constant for Pu+4 is
0.6, so hydrolysis and adsorption occur below pH 1. Under the solution conditions of these
experiments, Pu will exist primarily as the neutral tetra hydroxide.”’ The MgO and brucite



Channel surfaces will be hydroxylated and
oo have a hydration layer that extends
: from the solid into the solution.
MgO dissolution is believed to
occur by first converting to
brucite™ *. A flocculent, gel-like
adherent film was observed on
MgO crystals that were exposed to
water for several months at a time.
The observed film is assumed to be
composed of disordered and
Pu extended polynuclear Mg oxide
and hydroxide moieties and water,
=% 5 % 7 % 5 = & much like a gel. This film was not
Eneray [Mev] observed on MgO crystals that

were exposed to water for shorter

. . periods, or even the crystals that
Fig. 2. Rutherford backscattering spectroscopy. Puwas  were exposed for 70 hours, but it

1,2oté ®
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Simulation o Experiment ‘

detected 60 — 100 nm below the surface of the was likely still forming and had not
hydroxylated MgO(100) crystal. The sample holderis  yet become visible. After
the source of the Fe signal. dehydration, the hydroxylated

surface layer is at least 50 A thick
on the MgO crystals exposed to water for 7 hours, according to the XPS and RBS data. The
thickness of the hydroxylated layers on crystals exposed for longer periods is expected to be
greater.

Pu(1V) will diffuse through the gel-like layer and may become incorporated in the active
crystal surface. Pu hydroxides are much less soluble than Mg hydroxides so remain with the
solid. Upon dehydration the gel-like layer re-solidifies with the incorporated Pu.

The research presented here strengthens the technical basis for our stewardship of actinide
materials, particularly Pu oxide or materials contaminated with Pu. These investigations directly
support TRU waste disposal practices at the WIPP and enhance our ability to predict Pu
behaviour in other environmental settings. Pu ions adsorbed from water on brucite and
hydroxylated MgO form compounds on the surface that share many of the same spectral features
that have been observed on water-exposed Pu oxide ™', suggesting that Pu adsorbed on mineral
surfaces will behave similarly.

RBS analysis was provided by Chris Wetteland and Yonggiang Wang of LANL. XANES data is
courtesy of Jeff Terry.

Farr, J.D., R.K. Schulze, and B.D. Honeyman, Radiochimica Acta, 2000. 88(9-11): p. 675-679.
Runde, W., et al.,. Applied Geochemistry, 2002. 17(6): p. 837-853.

Wogelius, R.A., et al.,. Geochimica et Cosmochimica Acta, 1995. 59(9): p. 1875-1881.

Jordan, G., S. Higgins, and C. Eggleston,. American Mineralogist, 1999. 84(1-2): p. 144-151.

Farr, J.D., R.K. Schulze, and M.P. Neu,. Journal of Nuclear Materials, 2004. 328(2-3): p. pp. 124-136

A e



Actinide Interactions with Iron Oxide/Oxyhydroxide
S. A. Stout, E. Bauer, S.D. Reilly, P. Lichtner, J. D. Farr, and M. P. Neu

Los Alamos National Laboratory, Los Alamos, NM 87544

INTRODUCTION

Actinides (An) are commonly found as contaminants at sites performing nuclear material
production, processing, and storage. The fate and transport of these radionuclides is largely
controlled by interactions occurring at the solid-solution interface of vadose zone minerals.
Thermodynamic adsorption data is needed to accurately model behavior and to produce reliable
risk assessments. Adsorption experiments were conducted to determine the affect of pH (2 —10)
and concentration (10°-10* M An) on the adsorption of U(VI), Np(V), and Pu(VI) onto hematite
(Fe,03) and goethite (FeOOH). Spectroscopic data show that Pu(VI) was reduced in solution to
Pu(V) by goethite, while no reduction of Np(V) was observed.

RESULTS
Hematite and goethite have very similar binding sites and points of zero charge (PZC);
therefore, it is not unexpected that the actinide adsorption isotherms for a given actinide have
very similar pH-dependence and edge positions. Although the surface areas of the mineral
suspensions were normalized, the

100 adsorption edges for like actinides were
A &-ﬁ—m.ﬁi*'.—m—ﬁ.—ﬂ—ﬁ—l@ﬂ; . . )

90 - & not identical. The adsorption edges for

- actinides reacted with goethite occurred

- 80 1 at slightly lower pH than those reacted

© 70 | A ® with hematite under similar

g 60 | concentrations. Figure 1 shows the pH-

[5) “ dependent adsorption isotherm for U(VI)

Ei 50 - e adsorption onto the iron minerals after a

; 40 - 24 h reaction time. Decreasing the
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To test this hypothesis, Pu(VI) (initially 10 M) was reacted with goethite for 24 hr. The
solution phase contained Pu(V) as was evident by the presence of a characteristic Pu(V)
adsorption band at ~ 569 nm indicating that Pu(VI) was reduced in solution by the FeOOH;
however, no Pu(IV) absorption bands were observed (Figure 2b). These results contrast those
observed previously when studying Pu(V) interactions with 6-MnQ,. In the presence of &-
MnQO,, Pu(V) was completely oxidized to Pu(VI) and bound to the manganese oxide as a Pu(VI)
inner-sphere surface complex. The goethite solids were filtered from the reaction solutions,
washed, and air-dried for ~ 1 month in a glovebox prior to analysis with x-ray photoelectron
spectroscopy (XPS). The XPS results indicted that at near neutral pH Pu was bound to the
mineral surface primarily as Pu(IV) with a small percentage of Pu(V) also present. These
experiments were conducted under CO, free conditions and even at high pH no carbonate species
were detected by XPS. As expected, under similar experimental conditions no reduction of
Np(V) was observed in solution by UV-Vis or on the goethite solid by XPS.

DISCUSSION

The oxidation states of U(VI) and Np(V) are stable under our experimental parameters,
and we are attempting to fit this data using hexavalent and pentavalent surface complexes,
respectively. These fits will then be compared to those for Pu(VI). Initial surface complexation
modeling efforts for Pu(VI) interaction with hematite required the use of both Pu(VI) and Pu(IV)
surface complexes to accurately fit our experimental data. These predictive geochemical models
will enhance our ability to produce more accurate risk assessments and support the use of
monitored natural attenuation.
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To assist the safety assessment of high-level nuclear waste repositories, a profound knowledge
about the speciation of plutonium in agueous systems is necessary. The knowledge of physical
and chemical processes responsible for the behavior of plutonium in a geogenic system enables
to predict the migration of plutonium and thus advances the long term safety assessments of
nuclear waste repositories or facilitates the development of new remediation strategies for
contaminated sites.

Capillary electrophoresis (CE) coupled online to ICP-M S has been devel oped as a method for the
speciation of plutonium oxidation states [1]. The detection limit is 20 ppb (10 — 10"* g) for one
oxidation state. To improve the sensitivity further, the coupling of CE to resonance ionization
mass spectrometry (RIMS) has been explored. The detection limit of RIMS [2] enables to
decrease the concentration of plutonium by 2 to 3 orders of magnitude compared to the CE-1CP-
MS. Thus, the speciation of the oxidation states of plutonium at ultra trace levels of 10 to 10*°
mol/L appears to be possible [3].

For the speciation of plutonium in agqueous systems, the (1) redox Kinetics, (I1) complexation, and
(1) sorption behavior of plutonium under environmental conditions have to be studied.

(I) Redox kinetics: Ubiquitous humic substances (HS) play an essential role in the migration of
plutonium due to their complexation and reducing abilities. The redox speciation of plutoniumin
contact with HS has been investigated by CE-ICP-MS. A reduction of Pu(VI) by Aldrich humic
acid (HA) and Gorleben fulvic acid (FA) to Pu(IV) and Pu(l11) occurs within a couple of days or
weeks, a short time on the scale of nuclear waste disposa in a deep geological formation.
Therefore, the speciation of trivalent and tetravalent plutonium in aqueous solution was mainly
studied. The reduction of Pu(VI) with FA shows an approximately linear behavior (in half-
logarithmic scaling) and a significant dependence on the pH value, similar to the behavior of
HA. The enhanced reduction of Pu(V1) by increasing the pH may be explained by the increased
fraction of dissociated groups of the HA [4].

(I1) Compexation: The time dependence of the plutonium(lV) complexation with Aldrich humic
acid has been investigated and the complex formation constants (logf3 c) of Pu(lll) and Pu(IV) at
different pH values have been determined using the ultrafiltration method. Different
concentrations of plutonium (10° to 10® M) and Aldrich humic acid (0.01 to 25 mg/l) were

applied.



(111) Sorption: The sorption of trivalent and tetravalent Pu on kaolinite has been studied as a
function of pH. The sorption studies were performed by batch experiments under aerobic and
anaerobic conditions. A pH range of 0 - 12 was examined with Pu(l11) and Pu(lV) concentrations
of 107 - 10° M and a solid phase concentration of 4 g/L kaolinite. Plutonium carbonate
complexes are the dominant species in agueous solution in the presence of CO, at higher pH for
both tri- and tetravalent Pu. A similar sorption behaviour can aso be reported for the trivalent
americium and the tetravalent thorium. The desorption of Pu(IV) from kaolinite is only 1 - 10%
for the studied pH range.

The obtained results will be briefly discussed.
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Speciation of actinides in contaminated groundwaters from Russian
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The study on environmental behavior of the actinides (U, Np, Pu and Am) at
contaminated sites of Russia has been the major task of this work. It includes the study on
speciation, transport properties and processes in both sites of deep underground disposals and
near surface aquatic ecosystems.

Several sites exist in Russia to study actinide behavior in the environment including:
e Deep borehole injection of liquid radioactive wastes near Tomsk (SCC) and Krasnoyarsk.

e Near surface groundwater, soil, lake and river sediments contamination at the territory of

PA “Mayak”.

The field studies include sampling of groundwater from the contaminated area and
outside it with aquifer and outside this with in-situ measurement of groundwater
hydrogeochemical characteristics. The multi-channel hydrogeochemical probe was used for this
purpose. The sampling was performed by the pumping of the aqueous samples with electrical
pump. The pumping rate was 2-2,5 m*/hour. The glass bottles were used for sampling previously
purified by blowing of nitrogen with 1% carbon dioxide. The samples were placed to the bottles
in nitrogen atmosphere avoiding contact with air. The same method was used for collecting the
sub-samples after the micro- and ultrafiltration in the laboratory.

It was established that at Mayak site U and Np are presented as U(VI) and Np(V).
Plutonium behaves as if it is a mixture of Pu(IV) and Pu(V). Despite highly oxic conditions near
Karachay Lake Pu in hexavalent form was not found. The presence of Pu(V) in groundwater
samples should be considered as one of the main mechanisms of migration however the share of
pentavalent Pu is not high since mostly this element is bound to solid phases including Fe-, Mn-
oxides and clays. For surface waters of some industrial reservoirs the share of Pu(V) is 50-80%
from the total concentration of true soluble species, however 99,9% of this element is bound to
bottom sediments and is presented in tetravalent form'.

For SCC contaminated groundwaters the main fraction of actinide including uranium are
presented in low oxidation states. However despite the anoxic conditions in uncontaminated
waters (well A-15) the natural U is presented as U(VI). Therefore it is possible that either U is
present in tetravalent form in waste effluents that were injected or it is reduced upon interaction
with surrounding geologic media. The following facts should be taken into consideration:

e The concentration of complexing substances is significant in waste solutions that possibly
can shift the equilibrium between different redox forms.

e Nitrite ions are formed due to radiolysis in the injection well?.

e The high sorption affinity of actinides in low oxidation states towards colloids can alter
the initial redox equilibrium.



Therefore the reduction of actinides in water proof horizon is possible. This is also
supported by the fact that the share of U(IV) and Np(IV) in groundwater samples from SCC is
proportional to the total U concentration.

For groundwater samples from Mayak site actinides are bound to relatively small colloid
particles (5-10 nm) and filtrate fraction. The mass fraction of actinides bound to colloids
decrease in the following sequence: Pu > Zr > Am > Eu >> Np > U. The share of U and Pu
bound to colloidal matter increase upon dilution of waste effluents with preferential association
of U with small particles (filtered by 3-10 kDa ultrafilter) and Pu with larger particles of 10 kDa
and more. It is probably that U forms true hydroxo-colloids upon shifting of equilibrium between
carbonate complexes and hydrolyzed complexes. In case of Pu it is sorbed on the clay particles
with formation of pseudo-colloids.

In case of SCC U and other actinides are found to be bound to relatively large colloid
particles. In the first case U is in hexavalent form and is not bound to colloids. In contrast to
Mayak site the groundwater samples from SCC the following sequence of inclusion of
radionuclides to colloid particles is observed: U > Np > Pu > Am = Zr > Zn 2> Eu.

The manner of actinide inclusion to colloid particles for Mayak site is reasonable taking
into account the results of redox speciation. For SCC groundwater samples one would expect
another manner of actinide distribution. However since they are represented in low oxidation
states (IV or III for TPU), this sequence is governed by their total concentration that changes in
the following sequence: U >> Np >> Pu> Am.

The elemental distribution on the surface of colloid particles were studied using
secondary ion mass spectrometry with nanometer scale resolution (nanoSIMS-50, Cameca,
France).

Sample from Mayak. According to the high-resolution TEM measurements performed as
well with the same sample the mineral composition of colloids is formed by amorphous Fe oxide
or hydroxide, MnO,, TiO,, CaCOs, BaSQ,, clays and zeolites. The aim of this study was to
determine the main colloidal phase responsible for sorption of **®U. For this purpose the
following U, Fe, Mn, Al, Si, Ca and Ti distribution was studied. It was observed from the
experimental data that >*U distribution follows the distribution of Fe while Al, Mn or Si
containing particles were not enriched with U. The main chemical form of ***U is uranyl sorbed
onto Fe oxide colloids.

Sample from SCC. According to the measurements of actinide redox speciation uranium
is present in tetravalent state (U, Np and Pu are present in tetravalent form). Therefore the
possibility of formation of U(IV) true colloids is possible. The elemental distribution of U, Fe,
Mn, Ti, Ca, Si, Al was studied. In contrast to sample collected at the Mayak site the distribution
of U is anti-correlated with major elements that is due to the formation of U true colloids.
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INTRODUCTION

Organic and mineral colloids may enhance the mobility of pollutants in subsurface
environment, including actinides. The effect of humic substances in actinide-mineral interaction
is essential for modeling of actinide behavior in the far-field conditions of nuclear wastes
repository sites. The goal of this work is to study the effect of humic acids (HA) with different
content of hydroquinone groups on Np(V) sorption by goethite (a-FeOOH) and hematite
(a-Fe,03) colloids in the broad pH range.

EXPERIMENTAL

Samples of hematite and goethite were synthesized according to Penners and Koopal' and
Atkinson et al.? accordingly. Their physical characteristics were obtained using XRD, SEM,
potentiometric titration and BET surface analysis.

The hydroquinone-enriched derivative of HA was synthesized according to Perminova et
al.’ using the reaction of formaldehyde copolycondensation between parent humic material
(leonardite humic acid, CHP) and hydroquinone. The derivative was obtained for monomer :
CHP ratio of 100 mg per 1 g and marked as HQ-100.

The batch sorption and kinetic experiments were studied in 50-ml polypropylene tubes in
NaClOy solution in a glove-box in Nj-
atmosphrere and in the absence of UV- 100
light. | %8

Micro- and ultrafiltrations were
used for solid/liquid separation. The
redox speciation of Np(V) and Pu(V),
formation of actinide-humate complexes
and determination of HA concentration
in the solution were studied by solvent
extraction®, Vis-NIR spectrophotometry
and X-ray photoelectron spectroscopy.

RESULTS AND CONCUSIONS

The batch kinetic experiments s 3 a4 s
indicated that the steady state
equilibrium of Np(V) sorption in binary ~ Fig 1: The pH dependences of Np(V) sorption by
goethite / Np and hematite / Np systems a-FeOOH (¢=0.22 g/1) in the presence of HQ-100
was achieved for 3 days while in case if (44 ppm) or CHP (43 ppm); c(Np)=5.8-10" M.
HA are present it took more than one
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month to reach steady state equilibrium.

The sorption of Np(V) onto goethite in binary and ternary systems is presented in Fig. 1 for
CHP and HQ-100. The presence of hydroquinone-enriched HQ-100 sample enhanced Np(V)
sorption at the pH < 6 with slight effect in case of CHP sample (Fig. 1). The explanation of these
effects is due to the reduction of Np(V) by Np(IV) by HQ-100 at low pH values that is not the
case for CHP sample. The distribution of Np fits the distribution of HQ-100 at low pH values in
case of goethite that is demonstrated in Fig. 2. It was established that the sequestration of Np at
low pH values upon interaction with quinone enriched HA was observed only in case of goethite
colloids and not in case of hematite colloids.
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Fig 2: The correlation of Np sorbed / Np total concentrations to HA sorbed / HA total
concentrations for studied ternary systems at different pH values.
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INTRODUCTION

The concept of deep underground repositories in geological formations is accepted in many
countries as a final step of nuclear fuel cycle. The multi-barrier systems are designed at the
repository sites and are aimed to prevent radionuclide release into the environment. Materials
commonly used as engineered barriers should have high sorption properties towards
radionuclides, maintain low Eh values of groundwaters and have low hydrolytic conductivity.
Among proposed materials are bentonite clays, cements, etc. This study deals with the possible
application of humic substances (HS) derivatives as nano-sized material for sequestration of
actinides from aqueous solutions.

Natural HS are known to reduce Pu(V) and Pu(VI) to less mobile Pu(IV) and even to Pu(III).
Marquardt et al.' established stepwise reduction of Pu(VI) to Pu(IV) and Pu(IIl) by humic
materials from Gorleben groundwater. Similar results were obtained by Andre and Choppin®.
However, the ambiguous results were reported for Np(V). According to Choppin®, Np(V) is not
reduced by natural HS, while Artinger at al.* showed slow reduction of Np(V) by HS from
Gorleben groundwater. The capability of HS to reduce Pu, Np, and other actinides offers their
use as reducing agents for in situ remediation technologies. It was hypothesized that reducing
performance of natural humics can be enhanced by incorporating additional hydroquinone
moieties. The aim of this research was to evaluate reducing performance of leonardite humic
acids and of their hydroquinone-enriched derivatives with respect to Pu(V) and Np(V).

EXPERIMENTAL PART

The quinonoid-enriched humic derivatives were obtained as described in Perminova et al.” using
the reaction of formaldehyde copolycondensation between parent humic material (leonardite
humic acid, CHP) and hydroquinone at hydroquinone (HQ): CHP ratio of 100 mg per 1g of
CHP. The obtained derivative was designated as HQ100.

The reduction of Pu(V) by humic derivatives at tracer level concentrations of plutonium (2.3-10™
M) and HS concentrations of 10 mg/l was studied by solvent extraction technique®. The visible-
near-IR spectrophotometry” was used to study reduction of Np(V) at macro-concentrations
(3.5-10° M) and HS concentrations of 250 mg/l. Reduction of Pu(V) was studied using solvent
extraction described by Andre and Choppin which allows tracing trivalent form®. Np(V)
reduction was studied by tracing of NpO, " and Np(V)-humate absorbance at 980.9 and 987.5 nm
respectively.

Pu(V) and Np(V)reduction was studied in plastic 20 mL vials foiled to prevent HS photolysis. In
case of Np(V), all manipulations were carried out in the glove box under N, atmosphere. Pu(V)
reduction was studied on the air. All experiments were carried out at pH of 4.5+0.2 without a



background electrolyte. The oxidation states were tracked by sampling 1.5 ml aliquots for
solvent extraction in case of Pu(V), and for NIR-spectrophotometry - in case of Np(V).

RESULTS AND DISCUSSION

Reduction of Pu(V) and Np(V)
by HQ100 sample is presented
in Figure 1. As it can be seen,
only slight reduction was
observed for Np(V). At the
same time complete reduction
of Pu(V) was observed in the
presence of HQ 100 within 180
h despite the presence of air
oxygen. No Pu(Ill) was found
in the reaction mixture over
total exposure time (180 h) that
indicates a predominance of
Pu(IV). Hence, under
environmental conditions
reduction of Pu(V) to Pu(IIl) is
hardly possible and Pu
immobilization  could  be
achieved. It appears that
hydroquinone groups play a
major role in Pu(V) and Np(V)
reduction by HS.

The obtained results
demonstrate a viability of the
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Fig. 1 Pu(V) and Np(V) reduction by CHP and HQ100;
C(Pu)=2.3-10" M, C(Np)=3.5-10" M, pH 4.5+0.2, =0 M

undertaken approach to producing humic materials of the enhanced redox properties. This opens
a way for broad application of the humic materials in the practice of remediation technologies.
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ABSTRACT

The definition and the evolution of the source term of the High Level Waste repository are
some of the key issues related to the performance assessment studies. In this way, it is essential
to determine which is the most conservative and realistic concentration for each radionuclide
under repository conditions. The stability of spent fuel and its ability to retain radionuclides is
not an inherent materials property but it rather depends on the waste package and the properties
of containment and corrosion behaviour by groundwaters. Important processes controlling
radionuclide release in case of water access are: dissolution of gap and grain boundary
inventories of segregated radionuclides, radiolytic production of oxidants, oxidative dissolution
of the fuel matrix, sorption of radionuclides on solid phases surface in the near field and
formation of secondary solid alteration products by precipitation or coprecipitation providing
new host phases for retention of radionuclides'~.

This empirical approach is particularly important as thermodynamic databases but is not
complete enough to predict unambiguously solubilities in multicomponent systems such as
aqueous media in contact with spent fuel. Furthermore, the ongoing work will help realistic
geochemical modelling of spent fuel/groundwater interactions by identifying radionuclides,
elements thermodynamic properties are needed in order to be described in terms of solid
solution, which solubility is better described by pure phases.

As the title remarks this is one of a group of papers related to coprecipitation phenomena
with initially dissolved spent fuel in different media®*. This paper is focussed on the results
obtained on studying precipitation and coprecipitation from a supersaturated solution on U-Pu
under granitic-bentonitic groundwater. In addition to assess the influence of the o radiation field
(Pu in solution) on the U secondary phases formed and the final concentration value obtained for
U and Pu. o e

EXPERIMENTAL PROCEDURE & RESULTS

The experimental procedure followed is exactly the same that those
described in previous papers >*. These experiments were carried out (in ||
glove box) under different pH and redox conditions, i.e., oxidizing conditions
and anoxic conditions (air and Ar — CO, atmosphere, respectively; see Figure
1). Aliquots of filtered (membrane pore diameter 220 nm) and ultrafiltered
(membrane pore diameter 8 nm) solutions were analysed by oa-spectroscopy
and ICP-MS (represented in plots as solid and open symbols, respectively).

Fig 1: Reactor
vessel used.
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Fig 2: Evolution of the U & Pu conc. vs pH and Fig 3: Influence of redox, pH and presence of
the initial redox conditions. Pu on the U concentration in solution.

Figure 2 shows the mean U & Pu concentration data obtained for each one selected value
(both filtered and ultrafiltered data). The behaviour observed points out that with independence
of the initial redox conditions the differences between the U concentration values achieved is
small. However, in the case of Pu concentration values this difference it is not observed. When
these results are compared with other performed in similar conditions but in absence of a-
radiation field* (see Figure 3) for pH > 8, similar U concentration behaviour is observed. This U
behaviour observed could be explained as a consequence of the water a-radiolysis. Radiolysis
generates oxidant species that produce an increase of the final U concentration in solution
measured. In the case of Pu the final concentration in solution measured is very similar to those
measured both in spent fuel’ and/or Pu-dopped pellet leaching® experiments. This experimental
evidence demonstrates that a coprecipitation process between U-Pu is not observed in the studied
system, under the environmental conditions simulated. Furthermore, the physicochemical
characterization of the solid precipitated (by ICP-MS and XRD) shows the following evidences:
1) the Pu/U ratio in the solid is the same than in the initial solution; ii) unlike with those previous
experiences performed in absence of Pu’, amorphous structure (XRD-pattern) of all solid phases
were found.
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MEASUREMENT OF ENVIRONMENTAL LEVELS OF
PLUTONIUM IN SOIL

Thompson P., Thomas M.A., and Thomas N.
AWE, Aldermaston, Berkshire RG7 4PR, United Kingdom.
INTRODUCTION

Many organisations, including AWE, are required to measure environmental levels of
plutonium in soil. Measurements are made using isotope dilution analysis,
radiochemical separation of plutonium from the matrix and preparation of sources for
measurement by alpha spectrometry.

At AWE, the recovery of plutonium from environmental samples for the past ten
years has used two separate methods. The two methods were designed for different
sample sizes, 1 and 10 grams. The aim was to develop a single generic method to be
used for both sample sizes. It was desired that analysis time be shorter, resources used
to be minimised and if possible the purity and recovery of the plutonium to be
improved.

RESULTS AND DISCUSSION

Samples requiring measurement of environmental levels of plutonium in soil are first
treated by ashing and addition of ***Pu tracer. The plutonium is removed from the soil
matrix by acid leaching and then separated and purified by ion exchange
chromatography. Sources are prepared by electrodeposition for alpha spectroscopy.
Further measurements of the isotopes present can be made using mass spectrometry.

The original method for analysis of 10g soil samples utilised a cation exchange resin
for initial separation of the plutonium. This step required large amounts of acid for
conditioning and elution and took several days to complete. The Pu eluate was
purified by anion exchange chromatography using BioRad AG1 x 4 resin.

For gram size samples, boric acid was used following the acid leaching process to
neutralise the fluoride ions present. Successive ammonia precipitations were then
performed to remove insoluble hydroxides prior to anion exchange purification using
BioRad AGI x 8 resin.

Using these original methods, a generic method for samples up to 10g of soil has been
developed. Following acid leaching and complexing of the fluoride ions as boron
trifluoride, the leachate is reduced to low bulk and converted to a nitrate form. The
hydroxide is precipitated using ammonia which once dissolved in 8M nitric acid is
passed through an anion exchange column using BioRad AG1 x 8 resin. Hydriodic
acid is used as a reducing agent for this and the eluate is passed through a second
anion exchange column to further reduce the level of impurities.
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The benefits of the method development are that there is now a generic method for
use with the range of soil samples. It has led to faster analysis time, reduction in the
amount of chemical waste and a reduction in the costs of materials and manpower
required. The additional purification step has also reduced the impurities present in
the plutonium fraction. Future development work will focus on achieving total
dissolution of the soil matrix and investigating new resins available which may further
improve separations.
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Gel for Np(V) Sequestration

LV. Perminova*, L.A. Karpiouk*, N.S. Shcherbina*, S.A. Ponomarenko®, St.N. KalmykovT, and
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INTRODUCTION

The most commonly applied technology for treatment of groundwater contaminated with
metals and/or radionuclides is “pump and treat”, followed by disposal or re-injection of treated
water. This process can be costly and inefficient due to difficulties arising from the ineffective
capture of contaminated groundwaters and the sorption of contaminants on mineral surfaces'. A
permeable reactive barrier (PRB) is an alternative technology to “pump & treat” systems. A PRB
is a subsurface wall of reactive permeable medium emplaced across the flow path of a
contaminant plume®. The most commonly used reactive materials are zero valent iron (ZVI),
activated carbon, zeolites, and cellulose solids. Most PRBs use ZVI to treat chlorinated
hydrocarbons, while a limited number remove nitrate, hexavalent chromium, and radionuclides’.
A typical PRB is costly to install but economical to maintain. Much of the installation cost is
related to excavation of aquifer material that is then replaced with reactive porous medium®.

The goal of this study was a proof of the concept that the reactive agents of a new
technology can be designed that can be used for creating broad spectrum sorptive PRBs without
excavation. As those agents, the proposed innovative technology uses soluble Humic Substances
(HS) that have been specifically modified to adhere to the surfaces of the mineral support and to
mediate redox-transformations of actinides. These customized humic materials are immobilized
onto silica gel to imitate reactive media of in situ created PRB and to assess their sequestering
performance with respect to highly mobile actinide species — NpO, .

EXPERIMENTAL PART

A sample of leonardite humic material of enhanced redox activity with incorporated
hydroquinone moieties (HQ100) was synthesized as described by Perminova et al.* and kindly
provided by A.N. Kovalenko. Parent and modified leonardite materials (CHP and HQ100,
respectively) were used for preparing alkoxysilyl-derivatives as described in our PCT-
application®. 3-amino-propyltrimethoxy-silane (APTS) was used to incorporate alkoxysilyl-
groups into both humic materials. To prepare solid-phase humic scavengers, aqueous solutions of
either HA-APTS or HQ-APTS at concentrations of 5 g/LL (10 mL) were added with 0.1 g of silica
gel and mixed for 24 hours. The silica gel with immobilized APTS-derivatives was centrifuged



and washed with distilled water. The carbon content in HA-APTS, immobilized on silica gel,
was 9.2% mass, and in HQ-APTS, immobilized on silica gel, — 3.3% mass.

The experiments on Np(V) sequestration were conducted under anoxic conditions in the
dark in the glovebox. Solutions of Np(V) at concentration of 3.5-10° M (20 mL) were added
with 40 or 70 mg of solid HA-APTS-SiO, or HQ-APTS-Si0,, respectively, and adjusted to pH
4.5. The prepared solutions were sampled over 9 days exposure. The content of Np(V) in the
solution was determined using extraction with HDEHP followed by liquid scintillation counting”.

RESULTS AND DISCUSSION

Figure 1 shows the sequestration kinetics of Np(V) in the presence of pure SiO,, HA-APTS-
SiO; containing not enriched leonardite HA and of HQ-APTS-SiO, containing hydroquinone
enriched leonardite HA at pH 4.5. As it can be seen from the shown kinetic curves, both humic
containing scavengers efficiently sequester Np(V) from solution with efficiency of
hydroquinone-enriched scavenger being higher, as compared to that of the non-enriched
scavenger.

The obtained
results demonstrate
a viability of the
undertaken
approach to
producing reactive
humic materials
applicable for in situ
installation of
sorptive  PRBs in
actinide-
contaminated 0 o
aquifers. This opens
a way for broad
application of the
humic materials in  Fig. 1. Sequestration kinetics of Np(V) in the presence of pure SiO, and
the practice of of SiO, with covalently bound leonardite HA (HA-APTS-Si02) and of
remediation their hydroquinone enriched derivative (HQ-APTS-Si0,) at pH 4.5.
technologies.
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Combined Procedure for the Determination of Actinides in
Environmental and Radioactive Waste Samples

M. H. Lee, K. K. Park, J. Y. Kim, Y. J. Park, W. H. Kim

Nuclear Chemistry Research Division, Korea Atomic Energy Research Institute, 150 Deokjin-
dong, Yuseong, Daejeon, Korea

Recently, several studies have been reported on the combined procedure for the determination
of the radionuclides in environmental samples with extraction chromatographic materials such as
TRU Spec, TEVA Spec resins and Diphonix [1,2]. However, the combined methods for the
nuclides in soil or sediment samples are limited because it is somewhat difficult to purify the
radionuclides due to major salt ions in the soil. Also, these combined methods were focused on
only Pu and Am isotopes, not including the Np and U isotopes. In this study, an extraction
chromatography method using anion exchange resin and TRU Spec resin was developed for
rapidly and reliably determining the low levels of Pu, Np, Am and U isotopes in environmental
samples and radioactive waste samples. The developed analytical method for Pu, Np, Am and U
isotopes was validated by an application to [AEA-Reference samples.

A total of 20 g of soil was weighed into a porcelain dish and ashed in a muffle furnace with a
gradual heating program up to 600 °C to eliminate the organic matter. To compensate for the
chemical recovery, 242Pu, *®Am and 232U, as yield tracers, were added into the soil sample. The
calcined samples were dissolved with each 10 mL of concentrated HNO; and HF and evaporated
to a dryness. The residue was dissolved with 30 mL of 9 M HCI or 8 M HNOj;. The oxidation
states of Pu and Np were adjusted to tetravalent plutonium and hexavalent neptunium with 0.2 M
NaNO,. The fractions of Pu and Np were purified by an anion exchange resin, and those of Am
and U were purified by a TRU Spec resin and anion exchange resin [3]. The purified Pu, Np, U
and Am isotopes were electroplated onto stainless steel planchets and measured by alpha
spectrometry [4].

The measured concentrations of ***’Pu in the IAEA-375 and IAEA-326 were consistent with
the reference values reported by the IAEA. There was no significant difference in the chemical
recoveries for Pu between the 9 M HCI/ 0.1 M HNO3z; media and the 8 M HNO; media. However,
with the anion exchange method in the 8 M HNO; medium, the tracer level of U was often
detected in the final Pu fraction during the routine analysis. There was not *’Np detected in the
IAEA reference soil. The concentrations of **' Am and ***U in the IAEA-375 and IAEA-326 were
within the confidence interval. Also, the chemical recoveries for Am and U isotopes with TRU
resin in the 8.0 M HNO; media were lower than those in the 9.0 M HC1 media. This result means
that a lot of irons which leached from the soil hinder adsorption of Am and U isotopes onto the
TRU resin, even if ascorbic acid is added to the sample solution to reduce the Fe (III). Therefore,
in the nitric acid media, it is necessary to remove Fe by means of an oxalic coprecipitation before
loading the solution containing Am and U isotopes onto the TRU resin. On the other hand, in the
9 M HCI media, lots of irons are strongly adsorbed onto the anion exchange resin and thus only a



small portion of Fe was eluted in the passing and washing solution. Hence, it is not necessary to
remove Fe before loading the solution onto the TRU resin.

Sequential separation method of the Pu, Np, Am and U Isotopes in the soil samples
investigated in this study is rapid and reliable. The activity concentrations of the ****°Pu, *'Am
and *U in the IAEA-375 and TAEA-326 reference samples were close to the reference values
reported by the IAEA. In the separation of Pu and Am using an anion exchange resin and TRU
resin, a hydrochloric acid medium is favoured over a nitric acid medium. The sequential method
of the Pu, Np, Am and U Isotopes will be applied for the low level radioactive waste samples.
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Kinetics of redox reactions of Pu(V) in solutions containing different
fractions of humic substances

O.A. Blinova*, A.P. NovikovT, L.V. Perminova’, R.G. Haire*
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TVernadsky Institute of Geochemistry and Analytical Chemistry, Moscow, Russia,
"Lomonosov Moscow State Univercity, Moscow, Russia,
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Humic substances (HS) play an important role in speciation of actinides in the
environment due to complexing, redox and sorptive interactions. Actual work is devoted to
plutonium speciation studying on hematite (o-Fe,O3) -natural water interface with presence of
humic substances.

Sorption of Pu(V) onto low-temperature hematite was studied in presence of natural
occurring and synthetic humic acid (HA) under different concentration of HA. Sorption was
carried out at pH 6.0 — 6.1 in 0.01M NH4ClOy4 (as a background electrolyte) and at range of HA
concentration from 57.0 to 0.57 ppm. It was shown by solvent extraction method that all Pu
adsorbed onto hematite surface in presence of HA posed as Pu(IV).

To study the reduction of Pu(V) by natural occurring HS was humic and fulvic acids
(FA) were eluted from sod-podzol and chernozem soils sampled near PA “Mayak” (Russia)
using conventional method and separated to fractions depending on their nature (FA or HA),
solubility and affinity to mineral part of soil. Obtained fractions of humic substances then were
separated by molecular size for more detail studying of their reducing ability. Kinetic curves
were obtained for each fraction and compared with results obtained for synthetic HS.

On the base of curve slope, reducing ability is increased in order: HA < FA < low
molecular size fraction.

Obtained data show that different HS can play different parts in Pu(V) migration ability
due to different reducing and complexing properties that allow to estimate influence of different
HS to actinides behavior in actual geological system (prevention or promotion their sorption on
minerals and clays).
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(DOE Projects RUC2-20006MO).



Partitioning of Pu between organic matter fractions in the
contaminated soils and bottom sediments

O.A. Blinova*, T.A. GoryachenkovaT, A.P. NOVikOVT, S. Clark*

* A.N.Frumkin Institute of Physical Chemistry and Electrochemistry, Moscow, Russia,
TVernadsky Institute of Geochemistry and Analytical Chemistry, Moscow, Russia,
1[Washington State University

The aim of the study is to develop the optimized scheme for sequential extraction of
radionuclides from soil or bottom sediment samples. Several procedures were used as described
n:

e Smith, G.E. Fractionation of Actinides Elements in Sediments Via Optimized Protocol

for Sequential Chemical Extraction, Masters Thesis, Florida State University, (1998),

e Miller W.P., Martens D.C., Zelasni L.W. J. Soil Sci. Soc. Am, V.50, P.598-601 (1986),
e Tessier A., Campbell P.G.C., Bisson M. Anal. Chem., V.51, P.844-851 (1979),
e Pavlotskaya F.I. Problems of Radiochemistry and Cosmochemistry, Moscow, Nauka,

P.148-179 (1992).

The bottom sediment sample with high plutonium content from the reservoir 10 located
at “Mayak” Production Association Plant has been chosen for carrying out of comparative
researches . The reservoir was constructed for storage of low activity waste solutions and self-
cleaning of water by sorption on bottom sediments. The sample used in this study was light loam
of dark gray color with high peat content. Chemical and mineralogical content of the sample was
thoroughly studied. The major part of plutonium (92 - 93%) is bound to amorphous compounds.
This is in good agreement with earlier obtained data for various soils and sediments. The major
part of plutonium in organic fraction (86-91%) was associated with low soluble humic
compounds and their compounds with R,03.nH,O (where R=Fe, Al). The pentavalent plutonium
compounds are the most soluble among other oxidation states that was demonstrated by
speciation experiments. Only about 1% of total plutonium is extracted by water but 80% of it is
found in Pu(V) form. The share of Pu(V) in exchangeable fraction (extracted by acetate) reach
55%.
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Pu(VI) Speciation In Environmentally Relevant Solutions
S. D. Reilly, W. Runde, M. P. Neu
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INTRODUCTION

Plutonium exists in the environment as a result of nuclear energy and weapons production.
Plutonium has rich redox chemistry and can exist in the environment in the four oxidation states
III through VI. Each oxidation state has unique solubility and complexation chemistry that
contributes to the overall speciation and mobility of Pu. Cations of all the oxidation states form
molecular complexes with anions that are common in environmental media. The higher valent
species Pu(V) and Pu(VI) tend to adsorb to minerals and other matrices to a lesser extent than
lower valent species, and are therefore particularly important to characterize. Carbonate and

: . CO, (9) Gas Phase
hydroxide compounds are of mt‘erest o, N Aaueous Phase
because they form strong and sparingly AH* + (PUOZ)m(OH)2m-+ ls C0; (aq)
soluble complexes. Chloride complexes Nm - HLL:O

. . . . — 2’ 3
are comparatively weak, being significant o "7 3
primarily in areas containing brine. The O+/2Puos +V:Pu mPuY0z%* + nCOs* < (Pu01(COy) -2
. N . 2 H* .
extent to which these anions stabilize 1\v / 2H
PuVO,* Agqueous Phase

plutonium(VI) and influence the behavior
of Pu in the near field of radioactive waste
repositories and other nuclear sites is
being determined.

RESULTS

We have investigated the environmentally-relevant equilibria shown in Figure 1 using a
variety of experimental techniques. We studied the chloride complexation of Pu(VI) in NaCl
media using visible-near infrared (vis-NIR) spectrophotometry and determined the stability
constants of the PuO,CI" and PuO,Cl,’(aq) complexes.' The initial hydrolysis of Pu(VI) was
studied using complementary potentiometric and vis-NIR techniques.” We found evidence for
both monomeric and dimeric initial hydrolysis species, depending upon the Pu(VI)
concentration, but not trimeric species that are important in U(VI) hydrolysis.

We determined the solubility product of PuO,COs(s) in NaCl and NaClO4 media as a
function of electrolyte concentration using vis-NIR spectrophotometry and potentiometry. Vis-
NIR spectra of Pu(VI) in solutions containing excess carbonate relative to Pu (Fig 2) show
absorbances characteristic of both carbonate and hydroxide species. We are analyzing
spectrophotometric and potentiometric data to determine the stoichiometries and stabilities of the
species formed under these conditions.

We have also studied the redox and speciation of Pu in synthetic brine solutions that were
stored in contact with actual TRU waste for several years. For example, spectra of Pu(VI) in
these brine solutions show absorbances attributable to Pu(VI) hydroxides and carbonates (Fig 3).

Pu(OH)4(s) PuO;(OH)»*xH20(s) Solid Phase

Fig 1: Numerous plutonium(VI) species can exist
in aqueous solution. Complexation, solubility,
sorption, and redox equilibria exist.



Interestingly, spectra of Pu in brine that had been in contact with pyrochemical TRU waste for
weeks to months showed the presence of Pu(VI) hydroxide (Fig 3).
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Fig 2: Spectrophotometric titration of 4 Fig 3: Spectrum of synthetic WIPP brine
mM Pu(VI) in the presence of excess contacted with TRU waste (blue).
COs™. Reference spectra of 0.5 mM Pu(VI) in
Castile brine (green) and Brine A (red).
DISCUSSION

Plutonium solution thermodynamics and speciation studies are often complicated by
multiple complexation, redox, and solubility equilibria. Based on analyses of environmental
samples from Pu contaminated sites and from seawater, Pu(VI) species account for a relatively
small fraction of the total Pu present. However, common soluble carbonate and hydroxide
complexes are highly stable and likely contribute to the overall environmental mobility of Pu.
Additional ligands, such as chloride in brines, further increase the stability and solubility of
Pu(VI) under oxic conditions.

We and others have found that plutonium(VI) exhibits concentration-dependent initial
hydrolysis behavior. =~ Monomeric Pu(VI) hydrolysis species persist at sub-millimolar
concentrations. The solubility of PuO,COs(s) is greater in solutions containing high chloride
concentrations due to the formation of Pu(VI)-chloro complexes, and the mono-carbonato
solution species, PuO,COs(aq), has a relatively large stability field. The unexpected observation
of Pu(VI) hydroxide in brine contacted with test TRU waste confirms that Pu(VI) complexes
should not be neglected from plutonium speciation models.

This work was sponsored by the D.O.E. Office of Science Programs in Heavy Element Chemistry
Program and in Environmental Remediation Sciences (BES and BER), the Los Alamos National
Laboratory Directed Research & Development program, and the Actinide Source Term Waste
Test Program.
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Neptunium Dioxide Precipitation Kinetics in Aqueous Solutions
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The proposed Yucca Mountain nuclear waste repository poses many questions about the
behavior of nuclear materials stored underground for tens of thousands of years. The chemical
and transport behavior of *’Np in such a repository is of particular interest, as it has a 2.14
million year half-life.

Previous studies of Np solubility in Yucca Mountain groundwaters supersaturated with
Np(V) and performed at temperatures below 100°C for up to a year reported different solid
phases, although all were Np(V) solid phases'”. However, thermodynamic modeling of Np
indicated that Np(V) under those conditions should have resulted in the precipitation of the
slightly more thermodynamically stable NpOs(cr); it was hypothesized that the Np(IV) solid
phase was not seen in earlier experiments because of kinetic limitations®. Roberts, ef al.
performed solubility experiments with aqueous Np(V) in very dilute NaCl solutions at near
neutral pH at 200°C, resulting in the precipitation of crystalline NpO, and suggesting that the
Np(IV) solid phase was indeed kinetically limited”.

We are continuing studies of aqueous Np(V) solutions at elevated temperatures.
Experiments at varying temperatures near 200°C are being performed to determine the activation
energy for the reduction/precipitation reaction. This will allow for the estimation of relevant
time scales for the reaction at lower temperatures, such as those found in Yucca Mountain.
Studies are also being conducted to evaluate the effect of ionic strength on precipitation kinetics.
This is also an important issue, as the ionic strength of Yucca Mountain groundwaters varies by a
factor of approximately 10. Finally, we are investigating the effects of O, and CO, on the
equilibrium concentration of various species.

This work was performed under the auspices of the U.S. Department of Energy by University of
California Lawrence Livermore National Laboratory under contract No. W-7405-Eng-48. This
work was also supported by the National Science Foundation and the University of California,
Berkeley.
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Interactions of Heavy Elements with Microorganisms
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INTRODUCTION

The presence of actinides in nuclear reactors and radioactive wastes is a major
environmental concern due to their long radioactive half-lives, their high-energy radiation
emissions, and their chemical toxicity. In order to determine the mobility of actinides in the
environment, studies have been designed to examine its interactions with soils and subsoils
composed of abiotic and biotic components, principally minerals, organic matter and bacteria'.
Among the biotic components, microorganisms have been shown to sorb actinides on cell
surfaces™ . The high capacity of microbial surfaces to bind actinides may affect the migration of
actinides in the environment. However, we have only limited knowledge of the role of
microorganisms in the migration of actinides in the environment.

The interaction of actinides with microorganisms involves (i) adsorption, (ii)
oxidation/reduction, (iii) degradation of actinide-organic component complexes and (iv)
mineralization. The interaction of actinides with microorganisms results in changes in the
chemical state of actinides (biotransformation). We have been conducting basic scientific
research on microbial interactions with actinides in order to elucidate the environmental behavior
of actinides under relevant microbial process conditions.

ADSORPTION OF ACTINIDES-DFO COMPLEXES WITH BACTERIA

Adsorption of Pu(IV)-, Th(IV)- and Eu(Ill)- desferrioxamine B (DFO) on bacteria was
studied’. A Gram-negative bacterium Pseudomonas fluorescens or a Gram-positive bacterium
Bacillus subtilis was exposed to Pu(IV), Th(IV) or Eu(III) solution in the presence of DFO. At 3
hours after contact of the 1:1 Th(IV)- and Eu(Ill)-DFO complexes with the cells, the sorption of
Pu(IV) and Th(IV) on the cells increased with a decrease in pH from 7 to 4. On the contrary,
without DFO most of Pu(IV), Th(IV) and Eu(Ill) were precipitated in the solution of pH between
7 and 4. Adsorption of DFO on the cells was negligible in the solution with and without metals.
Adsorption of Pu(IV), Th(IV) and Eu(III) on P. fluorescens cells decreased in the order Eu(III) >
Th(IV) > Pu(IV), which corresponds to the increasing the stability constant of the DFO
complexes. These results indicate that Th(IV), Pu(IV) and Eu(Ill) dissociate by contact with cells,
after which the metals are adsorbed, and that pH dependence of adsorption density of metal ions
on cells is dominated by the stability of the metal-DFO complexes.

REDUCTION OF Pu(1V) BY SULPHATE REDUCING BACTERIUM

Reduction of Pu(IV) by Desulfovibrio desulfuricans was studied in the presence of citric
acid at pH 7.0°. Plutonium(Il) in spent medium was determined by the extraction with



thenoyltrifluoroacetone (TTA) solution after oxidizing with Cr,0;* solution. Effect of 2,6-
anthraquinone disulfonate (AQDS) was also examined. After the exposure of Pu(IV) to D.
desulfuricans approximately 10% of Pu was present as Pu(IIl). No Pu(Ill) was detected in the
solution without bacterium. These findings suggested that Pu(IV) is reduced to Pu(Ill) by the
activity of sulphate reducing bacteria. Fraction of Pu(IIl) in the spent medium containing AQDS
was nearly the same as that without AQDS, suggesting that AQDS does not enhance the
reduction of Pu(IV) to Pu(III).

BIOMINERALIZATION OF H-AUTUNITE BY YEAST

Mechanism of uranium mineralization by the yeast Saccharomyces cerevisiae was examined
by batch experiment at pH 3.2°. FESEM-EDS analyses revealed the formation of a U(VI)-
bearing precipitate on the yeast cells. Analysis of the U(VI)-bearing precipitates by FESEM-EDS,
TEM, and visible diffuse reflectance spectrometry demonstrated the presence of H-autunite,
HUO,PO4-4H,0. Thermodynamic calculations suggest that the chemical compositions of the
solutions were undersaturated with respect to H-autunite, but were supersaturated with ten-times
more U(VI) and P than were actually observed. Apparently, the sorbed U(VI) on the cell surfaces
reacts with P released from the yeast to form H-autunite by local saturation. These findings
indicate that the yeast’s cell surfaces, rather than the bulk solution, offer the specific conditions
for this geochemical process.

EFFECT OF Eu(lll) ON DEGRADATION OF MALIC ACID BY A SOIL BACTERIUM

We studied the effect of Eu(Ill) on the degradation of malic acid by the bacterium
Pseudomonas fluorescens®. Its breakdown depended upon the ratio of Eu(Ill)- to malic acid-
concentrations; the higher the ratio, the less malic acid was degraded. The resulting chemical
species of Eu(Ill), determined by calculations using thermodynamic data, indicated that
predominant species were Eu(Mal), and EuMal’; free Eu(Ill) was less than 1% of the total
Eu(Ill). The degradation of malic acid was independent of Eu(Mal), , and was hindered by the
presence of EuMal’, as well as by free Eu(IIl). These results suggest that Eu(III) retards the
degradation of malic acid, and the effect can be masked through its complexation with malic acid.
The degradation of malic acid was followed by the production of unidentified metabolites which
were associated with Eu(III). One of the metabolites was analysed to be pyruvic acid.

Our findings indicate that biotransformation of actinides caused by adsorption, reduction,
mineralization and degradation should be taken into account for predicting environmental
behaviors of actinides.
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Selective extraction of Pu by a calix[6]arene bearing
hydroxamic groups. Application to bioassays

B. Boulet*, C. Bouvier-Capely*, G. Cote', L. Poriel*, C. Cossonnet*'

*IRSN/DRPH/SDI/LRC, BP 17, 92262 Fontenay aux Roses - FRANCE
'Present address: IRSN/DEI/STEME/LMRE, Bat 501, Bois des Rames, 91400 Orsay - FRANCE
TENSCP/LECA - UMR 7575 - 11, rue Pierre et Marie Curie, 75231 Paris Cedex 05 - FRANCE

INTRODUCTION

Individual monitoring of workers exposed to a risk of internal contamination with actinides
is achieved through in vivo measurements (anthroporadiametry) and in vifro measurements
(urine and feces). The procedures currently used for actinides analysis in urine are well
established and validated but are time-consuming, which limits the frequency and the flexibility
of individual monitoring. The aim of this work is to propose an alternative radiochemical
procedure for plutonium and possibly in the presence
of uranium. Indeed when Pu and U are both analyzed,
it is necessary to separate them prior to alpha
spectrometry measurement.

In our previous work, a calixarene-based
uranophilic  extractant, the 1,3,5-OCH;-2,4,6-
OCH,CONHOH-p-tertbutylcalix[6]arene (LH3)
(see Figure 1), has been selected and has already
shown a very good affinity towards uranyl ion'.
Furthermore, the hydroxamic chelating functions

(CONHOH) of LHj are supposed to present a very Fig 1: Structure of

high affinity towards Pu(IV). 1,3,5-OCHs-2,4,6-OR-
The aim of this work is to study the affinity of p-tertbutylcalix[6]arene

LH; towards'plutonium b‘y‘solvent ex'traction and to R = CONHOH (LH;)

deﬁne. experimental .condltlons allowing to separate R = COOH (L’H3)

plutonium from uranium.

RESULTS

To be representative of the concentrations currently measured in routine monitoring, Pu and
U concentrations were in the order of 10°M.

Preliminary experiments have been realized to study the affinity of LH; towards plutonium
at the three most stable oxidation states in aqueous phase (III, IV, and VI) using typical oxidizing
or reducing agents (CINH;NOH, NaNO,, and KMnQ,). The results have confirmed that LH;3
presents the best affinity for Pu(IV). Thus, a protocol has been chosen to control the Pu oxidation
state to have only the Pu(IV) species in solution prior to the extraction by LHj.

Then, the affinity of LH; towards Pu(IV) has been studied as a function of pH. The results
have shown that LHj3 extracts quantitatively Pu from pH 2. At this pH, the 1,3,5-OCHj;-



2,4,6-OCH,COOH-p-tertbutylcalix[6]arene (L’H;) (see Figure 1) does not extract Pu(IV). This
result confirms the very good affinity of hydroxamic functions for Pu(IV)

Lastly, in order to determine L0 1 -+ g
experimental conditions to isolate
Pu from U, we have compared the
extraction of Pu(IV) and of U(VI)
by LH; as a function of pH (see
Figure 2). The extraction curves
show that both elements can be
selectively extracted in function of
the pH value of the aqueous phase.
Indeed, a first step allows to extract 20 -
quantitatively plutonium at pH 2.

Then, the increase of the pH of the 0 X ‘ , [ ‘ X
aqueous phase at pH 5 allows to 0 1 5 3 pHy ¢ 5 6 7
extract quantitatively uranium.

CONCLUSION

In this work we have studied the affinity of a calix[6]arene bearing hydroxamic groups
towards plutonium and uranium. The results have shown the very good affinity of this molecule

for Pu(IV) and the possibility to separate Pu from U at the extraction step by choosing the
adequate pH value.

80 1

40 -

Extraction (%)

Fig 2: Extraction (%) of Pu and U by LH3 versus pH

1 B. Boulet, C. Bouvier-Capely, C. Cossonnet, G. Cote, to be published to: Solvent extraction and Ion exchange.
2 R.J. Taylor, 1. May, A.L. Wallwork, L.S. Denniss, N.J. Hill, B.Ya. Galkin, B.Ya. Zilberman, Yu.S. Fedorov,
J. Alloys and Compds, 271, 534 (1998).



Plutonium Interactions with Aerobic Microorganisms and Microbial
Chelators.

Hakim Boukhalfa, Sean, D. Reilly, and Mary. P. Neu*

* Chemistry Division, Los Alamos National Laboratory Los Alamos, New Mexico 87545

Microorganisms and their metabolites affect the chemistry of metals present in their
environment through solubility and speciation changes, chelation, biosorption,
bioaccumulation and other transformations. Bio-molecules can solubilize, oxidize,
reduce or precipitate major metal contaminants in soils and ground water and affect their
distribution, mobility and bio-availability. We are studying the fundamental interactions
between actinides and natural microorganisms to gain an understanding of how they
could affect environmental contaminant behavior. The specific interactions we have
focused on are bacterial cell surface and bi-products such as siderophores and
extracellular polymeric substances (EPS) interaction with Pu species. We examined
Pu(IV) binding by classes of natural siderophores, including pyoverdin, desferrioxamine
B, desferrioxamine E and rhodotorulic acid; characterized the redox properties of the
complexes formed; examined Pu accumulation by biofilms and EPS substances; and
quantified Pu uptake through multi-protein siderophore mediated uptake systems in
aerobic bacteria.

We found that siderophores have strong binding affinity for Pu(IV) and that all
Pu species (III, IV, V, and VI) rapidly and irreversibly form Pu(IV)-siderophore
complexes. We will show that Pu(IV)-siderophore complexes are as stable as their
Fe(III)-siderophore complexes analogues with the same composition, and that additional
complexes can form due to the exceptionally large Pu coordination sphere. We have also
found that Pu-siderophore complexes can be recognized by protein membrane
transporters and transported across the cell membrane and thereby accumulated
intracellularly. Selected data from this broad range of experiments, including biosorption
of plutonium, spectroscopic characterization of plutonium-siderophore complexes, the
thermodynamic values of the stability constants of the complexes formed and their
electrochemical behavior will be presented.



The Surface Properties of UO, Related to Disposal of SNF and
Possible Application of Depleted Uranium
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INTRODUCTION

The behavior of UO, under different conditions and its interaction with fission products
and actinides is a key parameter in modeling radionuclide release from irradiated nuclear fuel.
Such information is essential in case of direct disposal of spent nuclear fuel (SNF). On the other
hand huge quantities of depleted uranium (DU, primarily as UF¢) is accumulated worldwide.
Despite DU being considered a low-level waste, its conversion to stable oxide forms and
subsequent emplacement in a near-surface disposal facility is not an appropriate means of
disposal. Use of DU in deep repositories for high level nuclear waste (HLW) may be beneficial.
DU can be used in the form of UO, for heavy concrete casks as shielding over-pack, as a floor
material component (drift "invert"), or as fill and backfill material '. The goal of this study is to
develop a molecular-level understanding of the interaction of Np(IV) and Np(V) with UO,.x.

METHODS

Industry produced sample of DU dioxide was studied. The sample was prepared from UFg
and then annealed at 625°C in Hy/Ar gas mixture. The average particle size was about 1.5 pm
with low free surface area about 1.5 m?/g as determined by dynamic light scattering technique,
scanning and by N»-sortion and fitting by BET equation.

Partial oxidation of U(IV) to U(VI) takes place for sample as a result of oxygen diffusion to
its crystal structure. This leads to the decrease of lattice constant value. The bulk ratio of U/O of
the sample was studied by powder X-ray diffraction and surface ratio of U/O was studied by X-
ray photoelectron spectroscopy. According to the measurements the bulk composition was close
to UO; while the surface composition was close to UO; »s.

The solubility and the sorption of the sample were studied in aqueous solutions at constant
pH x Eh values in Ar atmosphere. Redox speciation of uranium in solutions was determined by
solvent extraction technique. Sorption of Np(IV) and Np(V) by UO,;« was studied in batch mode
at total Np concentration of 1107 M (using **’Np and **’Np mixture). The radioactivity of
solution aliquots was measured by liquid scintillation counting after filtration. For the
comparison the sorption of Th(IV) was studied under exactly the same conditions using >**Th
and “**Th mixture.



RESULTS AND DISCUSSION

The sorption of Np(IV),
Np(V) and Th(IV) by the studied
sample is presented in Fig. 1. It
was established that at steady
state equilibrium the sorption of
Np(IV) and Np(V) was almost
similar. The decrease of sorption
at neutral pH values is
established that is not typical for
cation sorption. The explanation
of this phenomenon is due to the
redox reactions that take place at
different pH values. At pH < 3.5
- 4.0 due to high solubility of
U(VI) (Fig. 2) the sample surface
is "washed" and its composition
is close to UO,. The reduction of
Np(V) takes place at these pH
values upon contact with UO,
that favors its high sorption. This
is supported by Th(IV) sorption
that is close to 100% at pH>2.
Due to low free surface area it is
not possible to use any
spectroscopic methods for Np
redox speciation on the surface.

At pH>3.5 the surface
composition changes from UO;
to UO, that prohibit the
reduction of Np(V). This is the
reason of that sorption decrease
at pH=3.5-8. At higher
pH values Np(V) is stabilized
and is sorbed by the surface
complexation mechanism.

The effect of surface

mediated redox reactions at different pH values and their influence should be considered in case
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Fig 1: Sorption of Np(IV), Np(V) and Th(IV)
by DU dioxide sample.
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Fig 2: Solubility of DU dioxide sample as a
function of pH.

of direct SNF disposal and use of DU dioxide in HLW repositories.

We acknowledge Dr. M.J. Haire and Dr. R.G. Wymer (Oak Ridge National Laboratory) for

collaboration in this study as well as ISTC for financial support (project 2694).

1 M. Betti, J. Environ. Radioactivity, 64, 113—119 (2003).



Actinide Analysis and Leaching of Samples Collected from the
Glovebox Excavator Method Project

W. F. Bauer, G. S. Groenewold, R. V. Fox, B. J. Mincher, A. K. Gianotto

Department of Chemical Sciences, Idaho National Laboratory, Idaho Falls ID, USA

INTRODUCTION

The transport of radionuclides in the subsurface is a topic of concern, which is motivated by
the disposal of contaminated material in unlined waste pits. At the Idaho National Laboratory
(INL), these practices were used from the 1950s to the early 1970s to dispose of radioactive
wastes from a wide range of activities, most notably plutonium milling operations conducted at
the Rocky Flats, CO plant. Estimation of transport involves modelling hydrologic flow
occurring in the geologic subsurface that is coupled to the geochemistry of the radionuclides of
interest. The modelling requires knowledge of the contents of the source term, and of the
solubilisation properties of the radionuclides. Source term contents are normally inferred from
disposal records, and substantiated by subsurface gamma probes. Solubilization behavior
generally is derived from solid-solution partitioning studies conducted on model systems in the
laboratory. However, there are few studies where samples from radioactive waste disposal pits
were measured for radionuclide content and solubilisation properties. This is because sampling
would require disinterring the burial zones, which is onerous on account of exposure and
environmental concerns.

In late 2003 — early 2004 waste and soil samples were collected during a waste retrieval
demonstration (Glovebox Excavator Method Project) in Pit 9, which is part of the Subsurface
Disposal Area. The Subsurface Disposal Area (SDA) is a radioactive waste landfill located in the
Radioactive Waste Management Complex at the INL in southeastern Idaho. The samples
presented a unique opportunity to measure actinide contamination, leaching, and speciation in
material that has been buried more than 30 years.'

EXPERIMENTAL METHODS

The Glovebox Excavator Method consisted of a
backhoe housed in an enclosure that was constructed over
the Pit 9 dig area, and was designed to eliminate release [
of airborne particulate contamination during operations
(Figure 1). The excavation was not designed for sample
collection, however grab samples of both soil and waste
were intentionally collected from the waste zone to
ensure acquisition of actinide contaminated material.

The samples were dissolved using a sodium peroxide
fusion procedure, and then analyzed using inductively
coupled plasma-mass spectrometry, with mass acquisition
focused on actinide contaminants. Leaching studies were ~ Fig 1: Backhoe bucket grabbing a
conducted by contacting the solid samples with a leachate barrel.




solution, and analyzing the actinide concentrations that were partitioned into the solution.
Sequential aqueous extractions were conducted using a modified Tessier-type procedure.

RESULTS

Nearly all of the soil and waste samples were contaminated with plutonium, and most had
elevated levels of uranium, americium, or neptunium. This observation was consistent with the
grab sampling procedure that targeted collection of contaminated material. Samples that were
not visually contaminated contained 23%py at concentrations ranging from 80 ppb to not detected,
and had uranium concentrations consistent with the natural background. On the other hand,
highly contaminated soil samples were collected (a) from soil caked to graphite mold fragments,
and (b) after rupture of a jar containing graphite mold scarfings that contaminated the excavation
area: [~’Pu] ranged from 30 to 80 ppm in these samples. The *’Pu/***Pu and *’Pu/**'Am
isotope ratios indicated that much of the actinide contamination was derived from weapons-grade
plutonium originating from Rocky Flats Plant.

Leaching of plutonium at ambient pH generated operational soil/aqueous distribution
coefficients (Kq) of about 10° mL/g for organic waste, 10* to 10° mL/g for low-contamination
soil, and about 10° mL/g for highly contaminated soil (Figure 2). The excavation logs indicate
that the highly contaminated soil was probably exposed to Pu-bearing graphite dust. The Kq4
values are consistent with 1E407
sequential aqueous extraction
results that showed large
percentages of plutonium in the 1E+05
nonextractable fraction. High Ky
values were also measured for
americium. Leaching studies of
uranium and neptunium showed
enhanced aqueous partitioning at
pH values of <~4. Complete 1E+01
leaching as a function of pH and
ionic strength and studies of
sequential aqueous extraction
were reported for uranium,
neptunium,  plutonium, and
americium.
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Fig 2: Soil/aqueous distributFi)gn coefficients for **’Pu
plotted versus pH. Note that the soils containing
high levels of Pu were probably contaminated with
graphite dust, and displayed very little leaching.

Work supported by the U.S. Department of Energy under DOE Idaho Operations Office Contract
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Uranium (V1) Solubility from Over-saturation in
Carbonate-free Brines
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Los Alamos National Laboratory, EES-12 Carlsbad Operations, Actinide Chemistry and
Repository Science Program, Carlsbad, NM, USA

Introduction

The environmental chemistry and the subsurface mobility of actinides are of
primary importance for a transuranic waste repository such as the Waste Isolation Pilot
Plant (WIPP). In WIPP Performance Assessment (PA), the uranium (VI) solubility was
estimated to be (8.8+0.1)x10° M in the absence of carbonate, but this value has not being
experimentally confirmed under the WIPP specific conditions (highly concentrated brines
at pH <12)'. At high pH, carbonate complexation is expected to compete with hydrolysis,
leading to lower uranyl U(VI) solubility in the absence of an amphoteric effect’.
Determination of the relative importance of these two processes is the objective of our
experimental program.

This study was conducted with carbonate-free simulated WIPP brines to establish
a baseline for the effect of carbonate on the solubility of the +VI oxidation state of
actinides (including Pu) in the WIPP. Herein we present the results of uranium (VI)
solubility experiments, performed using the over-saturation approach in two simulated
WIPP brines, for 250 days, at pH=6-12 and in the absence of carbonate.

Results

The over-saturation approach of these solubility experiments consisted of
sequentially adding dissolved uranyl until precipitation was observed, and a steady-state
concentration was achieved.

The two simulated WIPP brines used were ERDA-6 brine (multi-component
sodium chloride-based brine at ionic strength = 5.0 M) and GW brine (multi-component
magnesium chloride-based brine at ionic strength = 6.8 M). Significant effort was made
to establish carbonate-free conditions. The removal of carbonate from the brines was a
two-step process: acidification of the brines to convert carbonate into carbon dioxide, and
a smooth removal of the dissolved gases using a slow pump-down process. The solutions
were continuously kept in a nitrogen-controlled atmosphere glove box (oxygen level < 10
ppm).

Because of the high ionic strength and strong buffer capacity of the brines, the
negative logarithm of the hydrogen ion concentration, called pCy, was determined by
adding an experimentally measured constant (0.94 for ERDA-6 brine, 1.23 for GW brine)
to the measured pH.

The experiments were initiated by first adding uranyl-spiked brine (1.7x10> M)
into pCys-adjusted brines. The solutions were periodically sampled, ultra centrifuged,
filtered (30,000 Daltons cut off) and analyzed for uranium content by ICP-MS. A second
addition of uranyl-spiked brine (8.6x10” M) was performed into pCy-adjusted brines at
day 215. The pCys values of the solutions were experimentally checked and did not
change during the 250 days of the experiment.
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Fig. 2: Concentration of uranium, in GW brine and a nitrogen atmosphere, with
time. Uranium concentration profiles correspond to pCy:=6, 7, 8 and 9.



Discussion

The uranium concentration profiles (in Figure 1 for carbonate-free ERDA-6 brine
and in Figure 2 for carbonate-free GW brine) suggest that before the second uranyl
addition, the uranium solubility was close to equilibrium in all solutions when the initial
uranium concentration introduced in solution was above the uranium solubility. The
decrease of the uranium concentration to the apparent equilibria obtained before the
second uranyl addition seemed faster in GW brine than in ERDA-6 brine. Based on these
results, we estimate that the uranium (VI) solubility in carbonate-free brines at high pCy;
is about 10°-10° M in GW brine and below 10° M in ERDA-6 at pcH > 9, which are
lower than the PA theoretical predictions. Further work will be performed to establish the
role of the ionic strength in the uranium (V1) solubility difference between the two brines.

A strong pCp+ dependence was observed in carbonate-free ERDA-6 brine.
Uranium (VI) concentrations were lower when pCy increased (Fig.1). They were
slightly less than the second uranyl addition concentration at pCy.=8, but about 3 orders
of magnitude lower at pCy+ > 9. This pH dependence was mostly a hydrolysis effect. We
observed a yellow precipitate, presumably a uranyl hydroxide phase, in ERDA-6 in
nitrogen-controlled atmosphere at pCp:=12. We will characterize the precipitate at the
end of the experiments.

The uranium concentration trends observed over time at pCy; values up to 12 in
carbonate-free ERDA-6 brine indicate that uranium (VI) does not exhibit amphoteric
behavior under the conditions investigated.

We compared our data with the most similar published work, performed by Diaz
Arocas and Grambow’. They performed uranium (VI) solubility experiments in 5 M
NaCl at 25°C and different basic pH values, under an argon atmosphere using an over-
saturation approach’. The uranium solubility data measured in our ERDA-6 experiments
at pCy+=9 are lower by two orders of magnitude than Diaz and Grambow’s data. Some
identical experiments were performed with less stringent CO; controls in sealed vessels
kept in room air, leading to CO, uptake during sampling. The uranium concentrations
obtained were two orders of magnitude higher than in our nitrogen-controlled atmosphere
and comparable with Diaz and Grambow’s data.

These data on solubility of uranium (VI) in WIPP brines are the first at high pCyy+
under what we believe to be a truly carbonate-free system. They establish a uranium
solubility, in the absence of carbonate, that is 10-100 times lower than published results.
These estimated values define a “baseline” carbonate-free uranium solubility that will be
used to evaluate the effect of carbonate on uranium (VI) solubility in future studies.
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Aerosol Monitoring During Works inside the Object “Shelter”:
Analysis of Dispersity and Concentration for Different Work Types
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INTRODUCTION

Results of aerosol monitoring inside the Object Shelter (OS) are presented in the given
work. Taking into account the fact, that dispersity of aerosol is one of the main dose-forming
factors of internal exposure dose, principal task of the investigation was determination of
radioactive aerosol distribution an aerodynamic diameter (AD). At that, special attention was
paid on content in the aerosol of transuranium elements as the main dose-forming radionuclides
for the OS conditions. At present, works on stabilization of unstable constructions of the OS are
in their active stage. Most of the works inside the OS lead to increased generation of radioactive
aerosols. At that these works are carried out in highly contaminated premises of the OS, where
radioactive situation is unstable and has been formed during the accident.

DESCRIPTION OF EXPERIMENTS

Results on two major directions of the experiments are presented in the work: the first —
dispersity and radionuclide composition determination directly in breathing zone of the
personnel during works, and, the second - experiments on aerosol distribution determination in
different radiationally
dangerous rooms with
stationary impactor
equipment usage. Six- and
eight-cascade Marple
personal  impactors 290
Series and air pumps GilAir-
5 and Gilian 3500 were used
for the first task, and two set
of Hi-Q Environment
company impactors SA-235
model was wused for the
second task. Special program
of monitoring was developed.
This program included four
major directions: preparation Fig 1: Personal air sampling by individual impactor during

and organization; quality  work area preparation, room G 635/3, mark +33
assurance  program;  air

sampling procedure; radiometric measurements. According to the analysis results, works were
divided into 5 major types. In fact all radiationally-dangerous works with the increased
probability of radioactive aerosols generation were covered, namely: preparation of the
workplace (see Fig. 1), elements mounting and cleaning, welding, drilling, cutting of metal.




RESULTS

According to the developed program, for the period from September 2005 till February 2006
more than 100 impactor measurements were carried out. Data on aerosol distribution,
radionuclide composition and concentrations of the radioactive aerosols during the works inside
the OS is analysed. All air samples obtained during the monitoring underwent measuring of total
activity of alpha- and beta-emitters, and selected - for further radiometric analysis of Cs-137
content and radiochemical separation of Pu-239, Am-241. Generalized results on dispersity,
radionuclide composition and concentrations of the radioactive aerosols dependences on the type
of work are presented in the paper. Analysis of experimental data allows to determine the most
radiationally-dangerous types of works. Results of the investigations are used for planning and
optimization of radiation protection.



XANES IDENTIFICATION OF PLUTONIUM SPECIATION IN
RFETS SAMPLES

V. LoPresti, S. D. Conradson, D. L. Clark
Los Alamos National Laboratory, Los Alamos, NM 87545 USA

Using primarily X-ray Absorption Near Edge Spectroscopy (XANES) with standards run in
tandem with samples, probable plutonium speciation was determined for 13 samples from
contaminated soil, acid-splash or fire-deposition building interior surfaces, or asphalt pads from
the Rocky Flats Environmental Technology Site (RFETS). Save for a single extreme oxidizing
situation, all other samples were found to be of Pu (IV) speciation, supporting the supposition
that such contamination is less likely to show mobility off site. EXAFS analysis conducted on
two of the 13 samples supported the validity of the XANES features employed as determinants
of the Pu valence.
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INTRODUCTION

The interaction of humic substances, a ubiquitous compound in natural aquifers, with
radionuclides in aqueous solutions are manifold, e.g. complexation of metal ions, sorption of
metal colloids and redox reactions. For the migration behaviour of plutonium in aquifers nearby
nuclear waste repositories in deep geological formations, the redox stability of plutonium species
is one of the key questions. Therefore we wanted to know, what are the dominant species in
presence of humic substances and under anaerobic conditions and can this redox behaviour be
described with a thermodynamic approach? For that studies have been performed on the
interaction of plutonium with GoHy-573 fulvic and humic acid. Unfortunately, the exact
composition of reducing entities of humic substances are not known and this makes the
interpretation of experiments difficult. Therefore it is convenient to use simultaneously more
simple reducing compounds as model substances in the experiments. As one model substance
hydroquinone has been chosen, because it is generally accepted that hydroquinone-like entities
can act as redox centres in humic substances.

RESULTS AND DISCUSSION

To hydroquinone (H,Q) solution hexavalent plutonium (PuO,”") was added at various pH
values between pH 1 and 7 and 0.1 M NaClO, as background electrolyte. The final Pu and H,Q
concentrations were typically 1-2:10% M and 2-3-10~ eq/L, respectively. The process of the
reduction has been followed by absorption spectroscopy and solvent extraction with BMBP' as
chelating agent. In a first step, the reduction of PuO,*" to pentavalent Pu (PuO,") was studied.
We have observed that the reduction is fast and complete within less than one minute. To get the
stoichiometry of the reaction, 1-2-10* M Pu(VI) was titrated with 1:10~° M H,Q until all Pu(VI)
is reduced. At pH 3 for each mol of hydroquinone 2 mol of Pu(VI) are reduced that confirms the
following redox reaction, where H,Q stands for CcH4(OH), (Hydroquinone), and Q stands for
CsH40; (Benzoquinone):

2Pu0,>" + H,Q = 2Pu0,” + Q + 2H'
This result coincides with observations from Newton?, who has performed the experiment in 1 M
HClOs,.

The next step in the reaction sequence is the reduction of Pu(V) to lower oxidation states
Pu(Ill) and (IV). Here, we have focused first on the rates and on the Pu oxidation state
distribution. For that excess of H2Q was added to the solutions from the titration experiment and
the evolution of the lower oxidation states were observed with time. The rate of this step is much

T Present address: European Commission, JRC, Inst. for Transuranium Elements, D-76125 Karlsruhe, Germany



slower and reduction is completed after about two months. Depending on the pH value Pu(III) or
Pu(IV) is the prevailing Pu oxidation state. At pH below 3 mainly Pu(IIl) is formed, but Pu(IV)
is dominating at pH values above 3. The results are illustrated in Fig. 1. On the left the
characteristic absorption bands of the Pu(Ill) are observed in the absorption spectrum at pH 1
and 3. At pH 3 a tilted background spectrum evolves coming from colloidal Pu(IV) and
superposes the Pu(Ill) spectra. At higher pH values, that is shown on the right, only the
background spectra of colloidal Pu(IV) is observed. At the present conditions, the main part of
Pu(IV) precipitates as a brownish solid, indicating that the colourless hydroquinone was
converted to a brown reduction product, that was sorbed on the Pu(OH)s(am). Similar
experiments have been done with Pu and purified GoHy-532 fulvic acid. From the results so far
the prevailing Pu species are Pu(Ill) or Pu(IV) depending on the pH range. Pu(IlI) is dominating
in the acidic pH range below pH 3, whereas Pu(IV) is the most stable oxidation state in the near
neutral pH range.
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Fig 1: Absorption spectra of Pu, added as Pu(V), in hydroquinone solutions after a
reaction time of 2 months at pH 1 and 3 (left hand) and pH 4, 5, 7 (right hand).

CONCLUSIONS

From our results we can conclude that Pu(V) and Pu(VI) are not stable in solutions
containing hydroquinone and hydroquinone-like organic compounds like humic substances, and
under oxygen free conditions. The tetravalent Pu will be the main species in solution at pH
values relevant for aquifers in deep geological formations (pH 5-9), provided that similar redox
conditions prevail like in our experiments. It cannot be excluded, that the Pu(IIT) might be more
stable in aquifers containing stronger reducing organic compounds than the GoHy-573-FA batch
we used. This batch was separated and purified under air conditions from a Gorleben
groundwater and has presumably changed its redox state.
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Neodymium Analog Study of An(l11) Solubility in WIPP Brine

M. Borkowski, J-F. Lucchini, M. Richmann and D. Reed

Los Alamos National Laboratory, Carlsbad Operations, NM 88220 USA

The solubility of An(IIl) and An(IV) in brine is important to the Waste Isolation Pilot
Plant, WIPP, primarily from the point of view of release of transuranium elements to the near-
field environment. The solubility of Am(III) and Nd(III), which is an established analog for
Am(III), was measured in low ionic strength solutions', as well as in 3-4 M NaCl and NaClO,
solutions”®. These data were used by WIPP PA for modeling An(III) solubility in brines’. The
goal of the present work, conducted using an Nd(III) analog, was to measure the effect of pCys,
carbonate concentration, and brine composition on Nd(III) solubility to verify model
calculations. Long term experiments (>150 days) were performed in three kinds of brine: ERDA-
6, GWB and in 5 M NaCl in the basic pCy+ range, in the presence and absence of carbonate ions
at a temperature of ~25 °C. Both over-saturation and under-saturation approaches were used.

CARBONATE FREE EXPERIMENTS

These experiments were designed to provide baseline data for the effect of carbonate.
Carbonate was carefully removed from the brine. The brine solution was acidified and bubbled
with high-purity nitrogen. The brine was then placed in a nitrogen glove box and the atmosphere
was controlled for the duration of experiment. The desired pCp+ was adjusted in each bottle and
a stock neodymium solution at pH~4 (HCI) was used as a spike in the over-saturation approach.
For the under-saturation experiments, commercialyy-available neodymium hydroxide was used
as the solid phase. The results of these experiments are presented in Figure 1.
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Fig 1. Solubility of Nd(III) measured after 150 days of equilibration without carbonate ion as a
function of hydrogen ion concentration. Neodymium concentrations measured for over-
saturation and under-saturation were very close to each other.

The pCu+ neodymium concentration trend for 5 M NaCl is analogus to the Am(III)
solubilities reported for low ionic strength solutions'™ but is shifted up by about two orders of
magnitude. At pCpy ~8.5, the likely value expected in the WIPP, the lowest Nd(III) solubility
was found in ERDA-6 (the low magnesium brine) and was almost one order of magnitude lower
than in GWB (high magnesium brine). The shoulder observed for ERDA-6 brine with a



maximum at pCpr = 9.6, can be assigned to neodymium complex formation with brine
components. This shoulder probably exists in GWB brine but could not be measured due to the
precipitation of this brine at pCp >8.9.

EFFECT OF CARBONATE, pCyy AND BRINE COMPOSITION

The carbonate effect was measured in similar systems. Four concentrations of total
carbonate were used: 107, 107, 10* and 10° M. In each sample, pCy: was adjusted to the
desired value and stock neodymium solution at pH~4 (HCI) was used as a spike in the over-
saturation approach. The initial neodymium concentration was equal to 5x10° M. For under-

saturation experiments, NdCO;OH, s o
; 5 M NaCl ) GWB
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the dependencies found in the
carbonate free experiments. In 5 M Fig2. Neodymium concentrations as a function of pCy

NaCl solution with pCygr > 9, a after 220 days of equilibration. Experimental points are
shoulder similar to the ERDA-6 case presented for various carbonate concentrations. The

in the carbonate free system was trend curve (dashed line) was transferred from the graph
found. This change in neodymium in Fig 1 for the carbonate free GWB system to the
solubility observed in the 5 M NaCl carbonate GWB under-saturation case for comparison.

solution with carbonate in respect to

carbonate free system, can be explained as carbonate complexation, however this effect did not
increase with increased carbonate concentration. Characterization of solids controlling solubility
collected in broad range of pCys values will give us more information to better explain this
phenomenon.

The Nd(IIT) complexation with carbonate ion does not appear to play a significant role for
neodymium solubility in the WIPP brine. The solubility of neodymium is mostly controlled by
the hydroxyl ion concentration and decreases as pCyy increases. For 8.5 < pCp: < 10.5, a
shoulder in neodymium solubility was found in some cases. This shoulder was assigned to
complexation of neodymium with carbonate ion or with brine component (e.g. borate) in
carbonate free system. These observations are consistent with the literature data*®. However, the
literature data are reported for low ionic strength solutions and hydroxyl ion concentrations used
were not high enough to observe the further decrease we noted at higher pCp-.

The An(III) solubilities calculated in GWB and ERDA-6 brines using the Pitzer model’ at
pCr:~8.5 are equal to 3x10”7 M and 1.7x10” M respectively and are in good agreement with the
neodymium solubility data measured in the present work.
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The effect of extracellular polymeric substances (EPS) on
adsorption of Pu(IV) and (V) on silica particles.
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ABSTRACT

Phytoplankton and bacteria exude extracellular polymeric substances (EPS) that are acid
polysaccharide-rich and expected to affect the mobility and adsorption of actinides in surface and
ground water. EPS are predicted to enhance adsorption onto particles, especially if they are
amphiphatic and contain hydrophobic moieties, such as proteins. Because plutonium can occur
in several oxidations states under normal environmental conditions, the focus of the work
presented here will be on comparing the adsorption of Pu(IV) and Pu(V) onto silica particles in
the presence or absence of EPS harvested from laboratory cultures. The hypothesis that will be
tested is that EPS also contains reducing moieties capable of reducing Pu (V) to Pu (IV), thereby
favoring Pu immobilization by rendering Pu more particle active. Preliminary data on particle-
water partition coefficients (Kd) for Pu(IV) and Pu(V) to EPS from Pseudomonas fluorescens
Biovar II with and without proteins, in 0.1M NaClO4 and Tris buffer at pH of 8.4+0.1, after 2
days exposure of Pu tracer to EPS, and subsequent separation by ultrafiltration through 1 kDa
ultrafilters, will be presented. Log Kd of Pu(IV) to EPS without protein was significantly lower
(7.51 vs. 7.93), when EPS was dissolved in EPS for less than one day before a short-term
sorption experiment. However, the more mobile Pu(V), prepared according to Saito et al.!,
equilibrated for 4 days with EPS that was pre-equilibrated for 4 days in distilled water, showed
much lower log Kd than the more particle-reactive Pu(IV), regardless of protein content (6 vs
7.3). The experimental results will also be compared to chemical composition data of the EPS
used such as carbohydrate and protein content, and the relative hydrophobicity of EPS as
characterized by the hydrophobic contact area.

1 A. Saito et al., Anal. Chem. 57, (1985).



The Effects of Extracellular Polymeric Substances (EPS) on
Plutonium Sor ption Behavior
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EXTRACELLULAR POLYMERIC SUBSTANCESAND PLUTONIUM MOBILITY

Until relatively recently, the potential for plutonium (Pu) transport through soils and
sediments as a constituent of the mobile agueous phase was considered to be limited. The
aqueous solubility of Pu ranges from atamolar to femtomolar, and its solubility may be further
reduced through sorption onto mineral surfaces’. The implication of mineral colloids® in
facilitating Pu transport through groundwater systems has been demonstrated to be a reasonable
mechanism for enhanced Pu transport. Biocolloids (biologically-generated organic
macromol ecules and bacteria) may also serve to enhance Pu mobility in some circumstances.

RESEARCH GOALS

In this study, we investigate the effects of
microbial extracellular polymeric substances (EPS) on
plutonium sorption behavior in bench-scale |aboratory
systems. EPS is defined as “extracellular polymeric
substances of biological origin that participate in the
formation of microbial aggregates’®. These
microbially produced ligands represent an organic
matter fraction at the very beginning of the microbial
food-chain. In the early stages of biofilm research,
polysaccharides had been considered the most
abundant components of EPS; however, proteins,
nucleic acids as well as amphiphilic compounds are
now aso known to contribute substantially to biofilm
formation. Previous research indicates that EPS has
the ability to strongly complex plutonium in solution®,
and preliminary data also suggest that plutonium
sorption is affected by the presence of EPS in solution.

This investigation focuses on two aspects of the
role of EPS on Pu mobility: (1) the potential decrease
of plutonium sorption to the mineral phase due to Pu-
EPS complexation in solution, and (2) the potential
remobilisation of sorbed plutonium as a result of the
presence of mobile-phase EPS. The first question is
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Fig 1: Experimental static column
setup used for the investigation of the
effects of EPS on plutonium sorption
behavior.



essential to determine if Pu-EPS complexes found in solution can possibly be further transported
in the subsurface. The latter question represents an attempt to simulate seasonal changes in the
soil column during spring run-off, when moisture and nutrient conditions improve, and
microorganisms tend to release EPS from cell surfaces.

EXPERIMENTAL SETUP

EPS used in experiments has been extracted from Pseudomonas fluorescens Biovar Il and
gone through a detailed characterization concerning its chemical composition®. EPS found in
nature is probably more heterogeneous in composition and affected by the microbial diversity of
the soil of interest than is our target EPS. The use of EPS from one particular soil bacteria
culture, however, provides a controllable and reproducible organic matter composition
throughout the course of the experiments. Pretreated silica sand (Q-ROK #1, U.S. Silica) was
used as a soil surrogate to minimize the contribution of soil organic matter other than EPS to the
organic carbon content of pore water solutions. In addition to the silica sand, which represents a
complex 'geomedia’ due to commonly found surface impurities, we also evaluate Pu sorption to
goethite. Goethite provides a good reference material and has been used for plutonium batch
sorption studies in the past®. Further, solution conditions, such as pH and ionic strength, are
controlled during the course of experiments.

This investigation includes two types of experimental setups, the commonly used batch
sorption experiments and a static-column setup’ (see Fig. 1). Static columns represent pseudo-
advective systems with a high solid-to-liquid ratio, which allow the controlled exchange of pore
volumes during experiments. Therefore, static columns can be used as a good screening tool
prior to the performance of advective column experiments.

Supported by the U.S Department of Energy, Office of Science, Natural and Accelerated
Bioremediation Research Program (NABIR). The authors acknowledge Peter Santschi’s Group
at Texas A&M at Galveston, Texas for providing the Pseudomonas fluorescens Biovar |1 EPS.
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Effect of Microbial Activity on the Release of Plutonium from, and
the Transport within, Contaminated Soils

A.D. Diaz*, J.B. Gillow*f, B.D. Honeyman*

“Laboratory for Applied and Environmental Radiochemistry, Environmental Science and Engineering Division,
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PLUTONIUM IN THE ENVIRONMENT

The behavior of plutonium (Pu) in natural environments is generally poorly understood; it
is the objective of this work to help elucidate the effect of microbial activity on the fate of Pu.
Although there is a comprehensive knowledge base for the microbial transformation of uranium
under various redox conditions, relatively little information is available for Pu on the major
microbially-catalyzed processes that are expected to affect its transport behavior.

PLUTONIUM AND MICOORGANISMS 239'2"'0Pu Mobilization - Incubation

Over the last several years, mounting evidence Experiment

has indicated that small amounts of Pu are mobile in vz

saturated groundwater systems. For the most part,
models of Pu transport via the ‘colloid pathway’
have focused on Pu transport by inorganic colloidal
species [1]. However it is clear from our recent
laboratory studies that bacterial metabolic products
such as citric, alginic and galacturonic acids, and
exocellular polymeric substances (EPS), are capable
of complexing Pu; such complexes have the
potential of fostering the transport of Pu under
advective flow conditions. In addition, microbial
activity can alter the local geochemical environment

through such processes as the reductive 239240

solubilization of Fe(IIT) oxides. Figure 1: Enhanced *""Pu transport
resulting from incubation of indigenous

Rocky Flats soil microbes in static
PRELIMINARY RESULTS columns. Note: batch studies resulted in
Batch reactors and ‘static columns’ [2] were used 4% total Pu released.

to examine the microbially-stimulated release (i.e.,

solubilization) and transport (i.e., mobilization) of Pu from Rocky Flats, Colorado, USA soil
samples. Soils under study have *****°Pu activities ranging from 50-300 pCi/gram. Metabolic
activity of indigenous soil microorganisms was stimulated by the addition of electron donors.
Amendments of soil isolates with glucose under batch conditions resulted in the production of
Fe(Il) and potentially mobile Pu (approximately 4% of the soil Pu was found in the solution
phase as compared to deionized water-amended controls). These results indicate that microbial
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activity may mobilize Pu as Pu colloids in contaminated soil, possibly due to dissolution of iron
phases and or complexation with microbial exudates.

While batch experiments allow for the investigation of Pu release, static columns permit the
assessment of Pu release and transport as a result of microbial activity at solid/solution ratios
more appropriate for saturated groundwater systems without the complexity of full column
studies. Static column experiments conducted include incubation experiment where glucose is
the electron donor provided to indigenous microbes and EPS experiments where Pseudomonas
fluorescens EPS is introduced into the column to determine if enhanced transport occurs and to
assess EPS biodegradation and the resulting fate of Pu. In both batch and static column
experiments where glucose is provided as the electron donor products of metabolic activity were
identified and microbial activity resulted in both the enhanced release and transport of Pu.

Batch and static columns have substantially different soil/solution ratios (e.g., 0.125 g/mL
vs. 1.5 g/mL, respectively). Initial results indicate that the greater soil/solution ratio in the static
columns results in a decreased microbial activity compared to batch systems and a greater
amount of Pu released in the batch studies when compared to the amount of Pu released and
transported in the static column experiments (Figure 1). The magnitude of acid production and
the percent of total soil Pu released/mobilized also is a function of the soil/solution ratio. While
iron release was detected in the batch systems, there was no detectable iron present in the
effluent of the static columns after ten days of incubation; we also believe this to be a
consequence of the soil/solution ratio.

Preliminary static column experiments conducted in the presence of P. fluorescens EPS, a
microbially produced ligand, indicate that the transport of Pu is enhanced in the presence of the
EPS. The potential for microorganisms to utilize EPS as their primary carbon source exists [3].
This work will investigate such a potential for P. fluorescens EPS and indigenous Rocky Flats
soil microbes in static columns. Changes in molecular weight will be determined with 2-
dimensional polyacrylamide gel electrophoresis (2D PAGE) while high performance liquid
chromatography (HPLC) will detect the production of organic acid metabolites as a result of
biodegradation.

This work also involves sequencing extracted DNA from “raw” Rocky Flats soil, non-
amended static column soil (i.e., control), and amended static column soil (i.e., incubated with
either glucose or EPS). DNA sequencing will provide information regarding the link between
microbial community and changes in biogeochemistry responsible for enhanced Pu transport.
Knowledge in this area is currently lacking.

This work was supported by the U.S. Department of Energy, Office of Science, Natural and
Accelerated Bioremediation Research Program (NABIR). The authors acknowledge Peter
Santschi’s group at Texas A&M University at Galveston, TX for providing Pseudomonas

fluorescens EPS.
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Effect of HEDPA on Partitioning of Np(V) and Pu(V) to Synthetic
Boehmite (y-AIOOH)
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INTRODUCTION

A fundamental understanding of actinide partitioning to natural and synthetic minerals is
necessary for the reliable prediction of hydrogeochemical behavior of the actinides, to evaluate
the risk posed by subsurface contamination, and to design remediation strategies for
contaminated sites and high-level wastes. Sorption of actinides to aluminum oxides and
oxyhydroxides is proposed to be a primary control of migration' . Therefore, a detailed
description of Pu(V) and Np(V) interactions with aluminum oxyhydroxides will aid in the
refinement of models predicting subsurface actinide transport. Additionally, aluminum oxides
are a principle component of the sludge phase within the underground storage tanks at the
Hanford site. In order to develop an efficient waste treatment process, interactions between
Pu/Np and this predominant sludge component must be understood. To reduce the cost of
vitrification of the sludge, reduction of the sludge volume via dissolution of the aluminum oxide
phase is desirable. For such a process to be effective, the partitioning of the actinides during
dissolution must be examined.

Pentavalent actinides generally have a lower affinity for solid phases relative to other
actinide oxidation states due to their low effective charge of approximately +2.2%. At low pH
values where metal oxide solid phases possess an overall positive charge, electrostatic repulsion
prevents sorption of the cationic AnO," species. As the pH increases and the surface develops an
overall negative surface charge, sorption generally increases. The presence of naturally-
occurring or synthetic organic ligands will drastically affect the partitioning of Np/Pu through
formation of Np/Pu complexes and dissolution of the solid phase. The objective of this study was
to investigate the effect of 1-hydroxyethane-1,1-diphosphonic acid (HEDPA) on the sorption of
Pu(V) and Np(V) to synthetic boehmite (y-AIOOH). HEDPA is a diphosphonate complexant that
forms strong complexes with actinides and aluminum in acidic to neutral and basic solutions.

RESULTS and DISCUSSION

The effect of HEDPA on sorption of Np(V) and Pu(V) over time was examined via batch
sorption experiments. Np(V) and Pu(V) were equilibrated with 600 mg L™ boehmite suspensions
until a steady state was reached. Then HEDPA was added and the concentration of Np and Pu in
the aqueous phase was measured over time. Data describing the effect of HEDPA on Np(V) and
Pu(V) sorption to boehmite are shown in Figure 1. In the absence of HEDPA, sorption edges for
Pu(V) and Np(V) (defined as the point at which 50% is sorbed) occurred at approximately pH
6.6 and 8.0, respectively. This is consistent with the point-of-zero-charge of 8.1 for boehmite
measured via potentiometric titration.

Addition of HEDPA effects the partitioning of Np and Pu through formation of Np/HEDPA
and Pu/HEDPA complexes and by dissolution of the solid phase, although these reactions occur
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Fig 1: Effect of HEDPA on Pu(V) (a) and Np(V) (b) sorption to boehmite (y-AIOOH). System
parameters: [HEDPA] = 5.4 mM; [y-AIOOH] = 600 mg L'; [NaCl] = 1.0 M; [**Pu(V)] = 1.9
UM; [*"Np(V)] = 9.4 pM. Open symbols represent steady state distribution (10 day equilibrium)
of Pu(V) (a) and Np(V) (b) without HEDPA present.

on different time scales. Within the first few days following HEDPA addition, formation of
Np/HEDPA and Pu/HEDPA complexes modified the distribution of Np and Pu between the solid
and aqueous phase. At pH values below the original sorption edge, where the surface is
predominantly positively charged, addition of HEDPA caused increased sorption of Np and Pu
relative to the HEDPA free system. Conversely, at pH values above the original sorption edge,
HEDPA caused leaching of Np and Pu into the aqueous phase. These results indicate that
Np/HEPDA and Pu/HEDPA complexes are primarily anionic.

At extended time periods, the fraction of Np and Pu in the aqueous phase slowly increased.
This is likely due to dissolution of boehmite facilitated by HEDPA. The change in Np and Pu
partitioning in this system was concurrent with dissolution of boehmite by HEDPA’. Maximum
boehmite dissolution was observed at pH 4 and 11. As the pH increased from pH 4 and
decreased from pH 11, the Al concentration decreased monotonically until converging at pH 7.5.
Addition of HEDPA clearly effects the partitioning of Np and Pu in these systems through
dissolution of the solid phase and formation of Np-HEPDA and Pu-HEDPA complexes.
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Actinides in Sediment and Submerged Plants of the Yenisei River

A. Bolsunovsky and L. Bondareva

Institute of Biophysics SB RAS, Akademgorodok, Krasnoyarsk 660036 Russia

INTRODUCTION

The Yenisei is one of the world’s largest rivers, over 3000 km long, flowing into the
Kara Sea. The Mining-and-Chemical Combine (MCC) at Zheleznogorsk is situated on the
right bank of the Yenisei River, 60 km down of the city of Krasnoyarsk. The Combine has
been producing weapons-grade plutonium in uranium-graphite reactors since 1958, when the
first reactor was started up. The irradiated uranium is reprocessed at the radiochemical plant
to separate uranium, plutonium, and fission products. The reactor plant houses three reactors.
Two of them used the Yenisei water as coolant, i.e. the water was taken from the river to
remove heat from the core, passed through the reactor fuel channels, and returned to the
Yenisei. Both of these reactors were shut down in 1992, but the third reactor is still working.
It has been proposed to put it out of service in 2007-2009. This reactor also uses the Yenisei
water as coolant for some channels and releases radionuclides of activation origin into the
river.

Scientific expeditions revealed that the Yenisei River flood plain is contaminated with
artificial radionuclides, including plutonium isotopes, within 2000 km downstream of the
plutonium complex'. However, earlier investigations ignored the radioactive contamination of
components of the aquatic ecosystem. Gamma-spectrometric and radiochemical analysis of
samples of aquatic plants and animals collected from the river near the MCC during the 1997-
2004 expeditions revealed a broad spectrum of long-lived and short-lived radionuclides’.
Among the short-lived radionuclides the highest activity concentration in aquatic plants and
animals was recorded for **’Np. The Yenisei River continuously receives a wide range of
radionuclides, both long-lived and short-lived, and, thus, the aquatic ecosystem of the Yenisei
River is a unique object that can be used to study the migration mechanisms of various
radionuclides in the environment.

The aim of our investigation was to assess the levels of actinides in sediments and
aquatic plants both near the MCC and at a considerable distance from it, down the Yenisei
River.

MATERIALS AND METHODS

During the expeditions of 1997-2005, samples of sediment and aquatic plants were
collected from the Yenisei River at different distances downstream of the MCC. The aquatic
plants sampled were of two species: Potamogeton lucens (shining weed) and Fontinalis
antipyretica (water moss). As control, we used samples of aquatic plants collected upstream
of the MCC. Samples of sediments and aquatic plants were prepared for investigations
following standard procedures. In some cases, parts of the aquatic plant Potamogeton lucens
(leaves and stem) were measured separately. For radiochemical and some y-spectrometric
investigations samples of sediments and aquatic plants were ashed. For the radiochemical
analysis to determine the content of actinides in samples of aquatic plants, the ash was treated
with acid in an MLS 1200 mega microwave system (Milestone) equipped with high pressure
TFM vessels. Methods of radiochemical analysis of samples for actinides and *Sr were



described in detail elsewhere'”. Radiochemical determination of actinides in sediment and
plant samples was performed at the RPA RADON (Moscow)' and y-spectrometric
measurements of **'Am and **’Np — at the Institute of Biophysics (Krasnoyarsk). Sequential
extraction technique proposed by Tessier and modified by Klemt and his colleagues® was
used to investigate sediment samples. An abbreviated procedure was used to perform
sequential extractions in aquatic plant samples and the obtained fractions were exchangeable,
adsorbed fractions, organics, and mineral residue.

RESULTS AND DISCUSSION

Investigations of the Yenisei River sediment samples revealed high activity
concentrations of transuranic elements (23 8Pu, 239’240Pu, and 241Am), which were 10 and more
times higher than those reported earlier and 100 times higher than their global levels. These
local anomalous spots can be found both in the top and in the deep layers of sediments. In
these spots specific activities of transuranic elements can be very high: *****Pu up to 280
Bg/kg, **'Pu up to 1429 Bg/kg, **'Am up to 48 Bg/kg, **'Np up to 5.6 Bq/kg. These
anomalies are indicative of mobile behavior of transuranic radionuclides in the environment
and of continued disposals of artificial radionuclides by the MCC?.

Sequential extraction of samples of sediments collected near the MCC showed that the
amounts of extracted '"Eu and **'Am were the largest (60-80% of initial activity), then
followed *°Co (30%), and, last, *’Cs (5-15%). The largest amounts of the radionuclides are
extracted from such fractions as organics, sesquioxides and hydroxides, and amorphous
silicates. Exchangeable fractions contain not more than 2% of total radionuclides. In the
sediment — Yenisei River water systems spiked with **'Am the distribution of the actinides
released at different extraction stages was not the same as in the unspiked samples.

It was found that aquatic plants of the Yenisei River collected both near the MCC
discharge site and at a distance up to 200 km downstream contained a wide range of artificial
radionuclides, including actinides (plutonium isotopes, americium, and neptunium). The
aquatic moss Fontinalis antipyretica was found to have the highest radionuclide concentration
factors. Leaves of Potamogeton lucens contained higher levels of radionuclides, including
*’Np, than stems. Sequential extraction of radionuclides from samples of aquatic plants
showed that *’Np levels in exchangeable and adsorption fractions of Potamogeton lucens
biomass were higher than in the respective fractions of Fontinalis antipyretica biomass.

The study was supported by RFBR Grant No.06-04-48124 and Integration Project SB
RAS No.30.
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Biotransformation of Plutonium (1V) Adsorbed to Iron Oxides
J.B. Gillow ", B.D. HoneymanT, and A.J. Francis'

"Brookhaven National Laboratory, Upton, NY 11973 USA
Colorado School of Mines, Golden, CO 80401 USA

INTRODUCTION

Iron oxide coatings and mineral phases are an important sorptive phase for radionuclides in
the natural environment and in nuclear waste repositories (1). Plutonium (IV), (V), and (VI) has
been shown to adsorb to iron oxides including goethite and hematite. Sorption of Pu onto iron
oxides may facilitate colloidal transport; adsorbed Pu(V)
has also been shown to be reduced to Pu(IV) in the case 100% | 5
of goethite (2,3). Once adsorbed the sequestered Pu(IV) SR o
may be transformed due to biogeochemical processes. A P .
moderately stable, crystalline iron oxide common in the
natural environment and on corroding steel surfaces is
goethite (0-FeOOH). Anaerobic fermentative microbial
activity can profoundly affect the stability of the iron
oxides due to reductive dissolution caused by direct and
indirect action including lowering of the Eh and pH and
electron transfer processes that alter the mineral phase
(4). We studied the fate of Pu(IV) adsorbed to goethite in
the presence of an actively growing culture of
Clostridium sp.

MATERIALS AND METHODS 1 2 3 4 5 & 7

pH

80% |

60% | 4

Pu adsorbed

40% |

20% |

Goethite was synthesized according to the methods
of Schwertmann and Cornell (5). ***Pu(IV) nitrate was Figure 1. Sorption edge of Pu(IV)
obtained from New Brunswick Laboratory (Argonne, IL).  onto synthetic goethite.

The oxidation state was determined by extraction with

thenoyltrifluoroacetone at pH 0 and 4. Pu was added to 10 mg of the oxide to achieve a
concentration of 1.8 x 10"M and pH adjusted to 2-9; adsorption to the solid oxide was
determined after 19 hours by centrifugation (6,000xg) and liquid scintillation counting (LSC).
The goethite with adsorbed ***Pu was then added to culture medium containing the following:
glucose, 28 mM; Na', 2.0 mM; Ca2+, 3.4 mM; Mg2+, 0.8 mM; NH,4", 12 mM; CI', 16 mM; SO42‘,
0.8 mM; PO,>, 0.08 mM; glycerol-1-phosphate, 1.22 mM; peptone, 0.1 g/L; yeast extract, 0.1
g/L (I=0.1 M, pH = 6.8). Triplicate samples were inoculated with the actively growing anaerobic
bacterial culture Clostridium sp. and pH, Eh, inorganic phosphate (ascorbic acid method) and
iron dissolution (Fe(Il) determined by o-phenanthroline) were monitored in a time course
experiment. Soluble ***Pu was determined by filtration using a 0.45 pum syringe filter followed
by LSC of the filtrate. Similar experiments were performed with *°Th (2.4 x 10° M).
Geochemical modelling of the Pu speciation was performed using PHREEQCi with hydrolysis



constants for Pu(IV) and for formation of carbonate and phosphate species from the NEA TDB
project and Lemire (6).

RESULTS AND CONCLUSIONS

100 ; The pH sorption edge for
]1 Pu(IV) onto goethite was

g0 |\ PH characterized by a steep increase in
\ 6 adsorption between pH 3 and 6 with

60 \\ D Dissolution of Fe and Pu by >95% uptake at pH 6_7 (the pszc Of

Clostridium sp. goethite is ~T7)(Figure 1).
Biotransformation of the Pu
adsorbed to the goethite resulted in
4 dissolution of iron and a
Pu corresponding release of ***Pu into

it solution (<0.45 pm)(Figure 2). At 22
S =, hours 66 + 3% of the iron and 54 + 9
0 20 40 60 80 100 % of the Pu was released into
solution at pH 3.5. However the Pu
was removed from solution by 47
hours, with only 15 £ 1 % of the total
detected in the <0.45 um fraction.
Concomitant with microbial growth is an increase in biomass and increase in the inorganic
phosphate concentration in the medium (47 hrs., 0.3 mM orthophosphate). Reductive dissolution
of goethite stimulated the release of phosphate (in the absence of the solid iron oxide phosphate
was not detected in solution at 47 hours). Studies of **°Th in this system showed that the Th(IV)
was solubilized over the same period of time and rapidly precipitated at 48 hours. Geochemical
modelling of Pu(IV) in the growth medium reveals that at pH 3 and in the presence of 0.3 mM
PO,”, actinide phosphate species dominate and could precipitate Pu as insoluble or colloidal
phases. In addition, phosphate rich functional groups at the bacterial cell surface, and exudates
released in the medium stimulated by solid iron oxide dissolution, can interact with the
mobilized actinide. These studies demonstrate the redistribution of Pu due to anaerobic microbial
activity.

40

20

“2py or Fe (<0.45 um), % of Total Added

Figure 2. Reductive dissolution of iron and release of Pu
due to growth of Clostridium sp. BC1.
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Plutonium in seawaters of the Pacific Ocean
K. Hirose*, M. Aoyama*, C.S. Kim'

*Meteorological Research Institute, Nagamine 1-1, Tsukuba, Ibaraki 305-0052, Japan
"Korea Institute of Nuclear Safety, Daeduk-Danji Daejeon 305-336, Korea

INTRODUCTION

Plutonium in seawater of the Pacific has been introduced in ocean surface by global fallout due
to atmospheric nuclear weapons testing, from which the major fallout occurred in the early
1960's."* A significant amount of plutonium was injected into seawater by close-in fallout from
the US nuclear explosions conducted at the Pacific Proving Grounds in the Marshall Islands in the
1950's>* and the French nuclear explosions conducted at the French Polynesia.” As a result, the
Pacific waters have been contaminated by plutonium. The vertical and horizontal distributions of
plutonium in the Pacific as did its temporal trend and biogeochemical behaviour have been
reviewed by Livingston et al. (2000)°, Hamilton et al. (1997)’, and Hirose and Aoyama.8

Until 1997, there is a little information on the spatial distribution of plutonium concentrations in
seawater of the Pacific except the GEOSECS expedition® and the continuous monitoring of the
western North Pacific.” Recently, some research projects have been conducted to survey artificial
radioactivity contamination in the World Ocean, in which Worldwide Marine Radioactivity
Studies (WOMARS: an IAEA’s Co-ordinated Project)'® and Southern Hemisphere Ocean Tracer
Study (SHOTS: MRI, JAMSTEC, IAEA-MEL, KINS and others) were included.'’ These projects
provide new data of plutonium concentrations and plutonium isotope ratios in seawaters of the
Pacific, especially the South Pacific. As a result, we can depict the current features of plutonium
contamination levels in the Pacific waters as do the transport processes of plutonium in the ocean
and the interaction of plutonium with biogenc particles in seawater.

SAMPLING AND METHOD

Surface water samples were collected during cruises on board the R/V Ryofu-maru (the Japan
Meteorological Agency) and the R/V Mirai (the Japan Marine Science and Technology Center),
respectively, over the period from 1997 to 2004. All water samples were filtered through a fine
membrane filter (Millipore HA, 0.45 um pore size) immediately after sampling.

Plutonium isotopes dissolved in seawater were coprecipitated with Fe hydroxides from 50 to
200 L of seawater samples. Plutonium (**°**°Pu) concentrations were assayed using
a-spectrometry and SF-ICPMS'? following radioanalytical separation using anion exchange resin
and extraction chromatographic resin (TEVA), described in detail elsewhere.’ The chemical yield
was determined by the addition of a known amount of ***Pu.

PLUTONIUM IN THE PACIFIC

In the 1970s, *°***Pu concentrations in surface waters of the Pacific showed a typical latitudinal
distribution of high in mid-latitudes of the North Pacific and low in the South Pacific.® This pattern
has been considered to reflect the geographical distribution of global fallout due to the atmospheric



nuclear weapons testing. We examined the latitudinal distribution of surface >****°Pu in the period

from 1997 to 2004. The present >>****Pu concentrations in surface waters of the North Pacific were
in the range of 1.5 to 9.2 mBq m™, whereas the *****Pu concentrations in surface waters of the
South Pacific were in the range of 0.8 to 4.1 mBq m™. Surface *****°Pu showed no marked
inter-hemisphere distribution in the North Pacific, although spatial variation of surface *****’Pu
has been observed. In fact, there is the longitudinal variation of surface **°**°Pu along 30°S as
shown in Fig. 1. The result suggests that the current level of surface ****°Pu in the Pacific is
controlled by oceanographic processes such as advection and diffusion as well as biogeochemical
processes.
The vertical profiles of *°**Pu Longitude

observed in mid-latitudes of the North g T | | | T |
Pacific are characterized by a typical
distribution  pattern  with  surface
minimum, subsurface maximum (700 -
750 m depth) and gradual decrease with
increasing depth. In the South Pacific, the
vertical profiles showed the similar
pattern as that in the North Pacific.
However, the 239.240py concentrations in
deep waters (> 700 m depth) of the South
Pacific were significantly lower than that 0 L L L L L L L
in the North Pacific. It has been reported I60E 180 160 140 120 100 80 60W

that the subsurface maximum of ******Pu in Fig. 1 Longitudinal distribution of >****’Pu
mid-latitudes of the6 North Pacific has moved  ¢oncentrations in the mid-latitude region of the
into deeper water.” This pattern of vertical — gouth Pacific

239299py profiles and their temporal change

has been demonstrated by particle-scavenging processes, the removal of 2***°Pu by sinking
particles following regeneration of dissolved “***'Pu due to the biological degradation of
particles.
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On the possibility of application of ultrashort pulses of laser
radiation to study the properties of metallic Pu under extreme
conditions

A.Ya Uchaev, V.T. Punin, N.l. Sel’chenkova, E.V. Kosheleva

Russian Federal Nuclear Center — VNIIEF, Russia, 607188, Nizhni Novgorod region, Sarov, Miraavenue 37,
uchaev@expd.vniief.ru

At present the knowledge of matter behavior under extreme conditions is acute as, for
example, ultimate capabilities of current technology and unique scientific facilities are related
to the processes caused by powerful impulse action on the matter.

The knowledge of behavior of metallic Pu under extreme conditions is acute at present
due to insufficient knowledge of properties of metallic Pu of different age and its behavior at
high-intense pulse action.

To study the dynamic failure phenomenon®®, there were applied the methods of
explosion and shock-wave loading (longevity is 10° < t < 10® s), the heat shock method (HS
- longevity ranget ~ 10°® + 10™° s); aswell as to study the dynamic failure in subnanosecond
range (10°° + 10 s), there were applied ultrashort pulses of laser radiation (USPLR) with
power density J of laser radiation up to J~ 104 W/cm?.

The paper contemplates a possibility for applying the critical phenomena theory and theory
of second-kind transitions to the description of failure process at the final stage in the
dynamic longevity range (submicro-subnanosecond range).

As aresult of alarge scope of research™ 2 it was shown that arising dissipative structure—
failure centers cascade - puts up the resistance of the body to the external action in the
dynamic longevity range The failure centers cascade is afractal cluster.

A model of lattice gas was applied for adequate mathematical modeling of the arising
failure centers cascade which is a percolation cluster at the stage of macrofailure.

At present it is known that canonical distribution function in the Ising model is similar to
the function of distribution of large canonical ensemble in the lattice gas model. This reflects
the analogy between the model of 1sing ferromagnet and the | attice gas model.

Application of the apparatus of critical phenomena theory and second-kind transition
theory in an effort to describe the dynamic failure processes at the final stage allowed
determination of universal attributes of metals behavior in the dynamic failure phenomenon
conditioned by self-organization and instability in dissipative structures.

On the basis of complex approach to the work there is considered a possibility for
obtai ning quantitative characteristics of behavior of anumber of metals including metallic Pu,
under extreme conditions on the macro-level on the basis of analysis of quantitative
characteristics of dissipative structures, arising on different scale levels, whose behavior is
similar to behavior of systems near the second-kind transition.

The approach proposed specifies the possibility for predicting behavior of a number of
metals, including metallic Pu* on different scaletime levels basing upon experimental studies
performed in the [aboratory environment on small samples.
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Neutron Resonance Spectroscopy Measurements of
Temperature and Velocity During Shock Wave Experiments

D.C.Swift and V.W.Yuan

Los Alamos National Laboratory, Los Alamos, NM 87545, USA

INTRODUCTION

Most of the applications of high-pressure physics, and many of the experimental
measurements, involve dynamic loading and shock waves. A key outstanding problem is
the measurement of temperatures within condensed matter during dynamic loading.
Temperature is a critical quantity in many aspects of the response of condensed matter to
dynamic loading, as it governs the activation of processes including phase transitions,
chemical reactions, and plastic flow. Without reliable measurements of the temperature
within a sample, the value and effects of temperature can be deduced only indirectly, for
instance from surface measurements.

Neutron resonance spectroscopy (NRS) is a very powerful technique, offering the
possibility of direct measurements of internal temperature on short time scales, even for
opaque materials such as metals. A small number of shock wave experiments have been
performed to investigate the feasibility of the technique. Temperatures measured in a
model system thought to be well understood were higher than expected, highlighting
unresolved issues either with the experimental technique or with the theoretical model.
Here we discuss contributions to the temperature from plastic flow, and newly-quantified
details of the shock-loading system which may appear as a higher apparent temperature.

PREVIOUS RESULTS FOR MOLYBDENUM

NRS measurements' of temperature in shock-loaded systems have been performed at
the LANSCE accelerator at Los Alamos National Laboratory. In each experiment, a
pulse of 800 MeV protons was used to generate a pulse of neutrons from a nuclear
spallation target. The neutrons were moderated to epithermal temperatures before use in
the resonance spectroscopy measurement. The sample material was dilutely doped with
an element possessing suitably-chosen neutron resonances: energies of a few tens of
electron-volts, fairly narrow, and clearly distinct from resonances in the sample material.
A region of high and (close to) constant shock pressure was induced by the impact of a
projectile. The neutron pulse was synchronized to arrive while the shock state was as
constant as possible over the doped region. The neutrons interacted with the resonances
in the dopant nuclei according to the energy of the neutrons in the rest frame of each
nucleus; thus, in the laboratory frame, the interaction varied with the material velocity
and temperature of the doped material, in a calculable way. Essentially, each absorption
peak was shifted according to the relative velocity of the material and broadened
according to its temperature. The modified resonance spectra were measured using time-
of-flight discrimination of the neutrons at the detectors. Calibration experiments were
performed on samples heated in an oven. Dynamic experiments were performed on Mo
as a material for which it was expected that shock heating would be predicted accurately
by continuum dynamics, and on a chemical explosive.”



The Mo was doped with '**W, which has a usable resonance at 21.1 eV. In two

experiments, samples were shocked to ~63 GPa, a value obtained by calculation using the
laser Doppler velocimetry measured free surface velocity of the shocked sample and Mo
equation of state, which describe the pressure-volume-energy relation.. The
experimentally-measured temperatures were 150-300 K higher than predictions using
plausible equations of state (Figure 1).

THE EFFECT OF PLASTIC HEATING

Recently a new model and numerical method of solving the shock jump conditions
for general forms of material response was used to predict the magnitude of plastic
heating consistent with the shock jump conditions. Using the Steinberg-Guinan model of
plastic flow stress in shocked Mo, the temperature was predicted to be significantly closer
to the measurements (Figure 1). The flow stress may deviate from the Steinberg-Guinan
predictions by tens of percent at high pressures, though the velocimetry records indicated
that the difference may not be this large.
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Figure 1: Comparison of shock Hugoniots with and without strength (curves), and NRS measurements

(points). Note that the stress is inferred from the particle speed using the material model, and varies
slightly depending on the strength.

POSSIBLE NON-IDEALITIES IN THE SHOCK SYSTEM

The shock-inducing projectile was launched using a high-explosive system.” New
simulations of the system and interpretation of the velocimetry record indicate that the
projectile might have been accelerating on impact, and if so the shock pressure was not
constant. Simulations also suggest that the projectile may be distorted on impact. Both
effects would appear as a higher apparent temperature, suggesting that the NRS technique
itself is likely to be more accurate than previously thought.

Discussions with C.Greeff, A.Seifter, and L.Bennett are gratefully acknowledged.
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Future Capability for Experiments on the Dynamic Behavior
of Materials at the LANSCE Scientific Firing Site

D.C.Swift, W.V.Anderson, and K.Schoenberg

Los Alamos National Laboratory, Los Alamos, NM 87545, USA

INTRODUCTION

This is an exciting time in shock physics. Recently, great advances have been made
in developing new techniques for applying the load to the sample, and in probing the
response of the sample. It is now possible to investigate the response at the atomic level
as well as the average or bulk response, and thus to explore the contribution of different
physical processes to the behavior of the material. Atomic-level measurements and
simulations are also converging so that direct comparisons can be made.

Some of the new experimental capabilities require large facilities such as particle
accelerators, and it is common for an experimental facility to specialize in a subset of the
capabilities desirable for a thorough characterization of material response and underlying
physics. We are proposing to develop a new experimental facility based around an
enhancement to the LANSCE accelerator at Los Alamos National Laboratory, which
would build on the exceptional diagnostics afforded by LANSCE and combine them with
a selection of loading techniques other diagnostics to maximize the rigor and accuracy
with which dynamic loading measurements can be made. The configuration is designed
to allow great flexibility in experimental configurations and efficiency in acquiring data.

The new facility will also allow experiments on warm dense matter and the
development of applications for high-energy short-pulse lasers.

DYNAMIC LOADING AND DIAGNOSTIC CAPABILITIES

The LANSCE enhancement is expected to lead to a factor of ~10* increase in proton
current, along with changes in pulse structure. The spallation neutron source will be
reconfigured to allow shock experiments to be probed without the degree of disruption
currently caused to other users. A prime driver for locating the Scientific Firing Site at
LANSCE is to enable experiments to use proton radiography (pRad) and neutron
resonance spectrometry (NRS) more routinely and with large improvements in signal,
etc. Density and damage distributions can be reconstructed from pRad measurements,
with the possibility of discriminating between materials of different composition. NRS
measurements can detect the temperature and velocity within materials, even if optically
opaque.

Loading methods will include a gas/propellant gun, containment vessels for high-
explosive drives, a ~100 kJ class capacitor bank to launch flyers or induce ramp loading,
and ~5 kJ class lasers capable of inducing shock or ramp loading by surface ablation (~1
to 10 ns pulse length) or of inducing loading or launching flyer plates by tamped ablation
(~0.1-2 us pulse length). Nanosecond laser pulses will also be used to generate x-rays for
radiography and diffraction. It will be possible to preheat or precool the sample.

A suite of optical techniques will be available to measure velocity, displacement,
electronic band structure (e.g. from multi-band ellipsometry), vibrational modes (e.g.



from Raman spectrometry), emission spectra, and particulate holography. These will
require additional, lower-power probe lasers. A pulsed-power x-ray source will be used
for radiography, diffraction, and in-situ imaging of defects during loading. A high-power
short-pulse laser (100 J class, ~100 fs-1 ps pulse length) will be included in the facility,
and could be used as an x-ray source, or even to accelerate electrons or ions. The facility
will be configured and managed so that the core loading and diagnostic capabilities are
readily accessible and well-maintained, while making it possible to develop new
capabilities. Dynamic electron microscopy is a diagnostic which we plan to develop,
possibly using a short-pulse laser pulse to accelerate the electrons. An important
consideration will be the synchronization of the different loading methods and
diagnostics: this will be made as straightforward, reliable, and reproducible as possible
for users.

The experimental area will be laid out so that several different experiments can be
performed simultaneously. In particular, this means that laser — and possibly proton —
beams will be designed with flexibility in the beam transport. The facility will be
licensed to perform experiments on toxic and radioactive materials, including plutonium.

EXPERIMENTS ON THE BEHAVIOR OF CONDENSED MATTER

The mainstay of shock physics experiments will be the well-diagnosed single-shot
measurement. There is a huge opportunity to perform experiments on the effect of the
microstructure of materials on their plastic flow properties, tensile damage leading to
spall and ejecta, and phase changes. For these experiments, the microstructure must be
well-characterized and often constructed to investigate some particular conformation of
crystals or voids, and the loading history must be controlled and understood very well.
For some studies, it may be advantageous to operate at a high repetition rate, e.g. to
collect statistics of the onset of a phase change in a single crystal, translating the crystal
automatically between shots. It may be possible to perform some such multi-shot
experiments with laser loading.

We envisage a series of experimental campaigns exploring different aspects of shock
physics and material dynamics, and employing a few basic experimental configurations:

* Equation of state to a few hundred gigapascals, driven by gun, pulsed power or
laser, and using velocimetry and NRS, and possibly radiography.

* Phase change dynamics from a few to a few hundred gigapascals, loaded using all
of the techniques, and probed using velocimetry, ellipsometry, Raman
spectrometry, and x-ray diffraction.

* Plasticity, mainly at a few to a few tens of gigapascals, loaded by all techniques
and probed with velocimetry, NRS, x-ray diffraction, and x-ray imaging of
defects.

* Tensile damage and ejecta, loaded mainly by gun, pulsed power and explosives,
and probed with velocimetry, pRad, x-ray radiography, and holography.

* Experiments on configurations representing parts of application systems, such as
inertial fusion capsules.

A huge amount of science will be accessible in this way, and we anticipate that this
flexible facility will make it possible to add currently unforeseen capabilities relatively
painlessly further in the future.



Actinide Sample Preparation for Materials Science, Chemistry, and
Physics
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Abstract

The development of the Actinide Sample Preparation Laboratory commenced in 1998
driven by the need to perform transmission electron microscopy studies on aged plutonium
alloys. Remodeling and construction of laboratory space in the Chemistry and Materials Science
Directorate at LLNL was required to turn a radiological laboratory into a type III workplace. A
dry-train glove box (Figure 1) with a baseline atmosphere of 1 ppm oxygen and 1 ppm water
vapor was installed to facilitate sample preparation with a minimum of oxidation or corrosion.
This glove box continues to be the most crucial element of the laboratory allowing essentially
oxide-free sample preparation for LLNL-based characterizations such as transmission electron
microscopy, electron energy loss spectroscopy, optical microscopy, electrical resistivity, ion
implantation, and differential scanning calorimetry. In addition, the glove box is used to prepare
samples for experiments at world-class facilities such as the Advanced Photon Source at
Argonne National Laboratory, the European Synchrotron Radiation Facility in Grenoble, France,
the Stanford Synchrotron Radiation Facility, the National Synchrotron Light Source at
Brookhaven National Laboratory, the Advanced Light Source at Lawrence Berkeley National
Laboratory, and the Triumph Accelerator in Canada.

Preparation Methodology

Nearly all of the sample preparation procedures are based upon the fundamental
metallographic preparation procedures of dicing, lapping, polishing, etching, and electrochemical
polishing'. The experimental methodology for sample preparation and design is based upon a
lowest common denominator shaped sample. Simple put, a standard 3mm diameter transmission
electron microscopy (TEM) sample shape is the basic geometry for virtually all of the small
scale science experiments. For example, prior to thinning a 3mm diameter by 100um thick TEM
disc to electron transparency it is possible to (i) prepare one side of the sample for optical
microscopy (figure 2), (ii) perform standard X-ray diffraction, (iii) measure resistivity” (Figure
3), (iv) further thin for EXAFS® (Figure 4) and/or in-elastic X-ray studies® (Figure 5a,b), (v)
finally thin for TEM studies (Figure 6a,b).

Conclusion
The combination of small sample methodologies, adapted conventional sample preparation

techniques, and custom built laboratory and glovebox designs has lead to versatile, efficient
sample preparation of actinide samples for a wide variety of small-scale experimentation.
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Figure 1. Glove box for small-scale sample preparatlon Flgure 2. Optical micrograph of a delta
phase Pu-Ga sample after partial transformation to alpha-prime as a result of quenching to —120°
C for =100 minutes. Figure 3. Resistivity data from a cooling and heating cycle of a Pu-Ga
“TEM” disc specimen.

Figure 4.a) Insert shows 2 each, ~10pm thin, “TEM”
disc specimens that will be sealed inside a double
Kapton windowed holder for EXAFS experiments. b)
EXAFS data from a two-phase delta-alpha Pu-Ga
sample. Figure 5.a) Optical micrograph of a large
grain grown by stain-annealing for in-elastic X-ray
experiments that produced the first measurements of
the FCC Pu phonon dispersion curves. b) Double Kapton wmdowed sample holder for ~8 um
think “TEM” disc samples used for the phonon dispersion experiments. Figure 6 a) Bright field
TEM image of alpha-prime plates in a delta matrix. b) Electron diffraction from the alpha-prime
plates and the delta matrix showing the Zocco orientation relationship.

This work was performed under the auspices of the U.S. Department of Energy by the University
of California Lawrence Livermore National Laboratory under contract No. W-7405-Eng-48.
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Reinvestigating plutonium phase transitions using
high purity electro-refined metal

A. Perry, M. Boyd, P. Roussel
AWE Aldermaston, Berkshire, UK, RG7 4PR

Plutonium is a unique element. In the pure state is has six temperature
induced metallic phases. These phases start in the unusual monoclinic o-
phase progressing through monoclinic 8, orthorhombic y to cubic (face
centred) 6-allotrope. The transition from o to d is accompanied by a 20 %
density decrease. In the § phase plutonium undergoes negative thermal
expansion changing to the tetragonal &’ and finally increasing density by 4.6
% to the cubic (body centred) ¢ phase. It should be noted that there is some
discrepancy within the literature on the actual transition temperatures. For
example, the a to p transition has been reported in the range of 119 to 127
°C. This may arise from differences in sam