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Research Objective:

The problem being addressed is to establish standards for temperature conditions under
which plutonium, uranium, or neptunium from nuclear wastes permeates steel, with which it is in
contact, by diffusion processes. The primary focus is on plutonium because of the greater
difficulties created by the peculiarities of face-centered-cubic-stabilized (delta) plutonium (the
form used in the technology generating the waste).

Temperature is the key controllable diffusion processes, i.e., temperature controls the
rate of diffusion. The scientific goal of this project is to predict diffusion constants on an ab initio
basis, i.e. diffusion distances in specified time at specified temperature for plutonium from
plutonium-based waste materials into various steels or technologically-pertinent metallic alloys.
This predictive ability will help to provide information relevant to setting temperature standards
for maintaining structures, ducts, equipment, or waste-containing vessels until such time as
decontamination and decommissioning and/or permanent storage can be carried out. In
addition, this knowledge will aid in assessing the depth of penetration that must be dealt with in
any surface treatment for decontamination.

The scientific steps of the methodology are (1) to recognize the stabilizing mechanism
and the electronic structure pertinent to that stabilization for face-centered-cubic (fcc) delta-
stabilized plutonium, (2) to extract the information needed to perform dynamic simulations from
ab initio electronic structure calculations, (3) to perform and report the dynamic simulations
predicting the diffusion behavior.

Research Progress and Implications:

This report summarizes progress after 2 1/2 years of a 3-year project. We have
completed step (1) recognizing the stabilizing mechanism and the electronic structure pertinent
to that stabilization for face-centered-cubic (fcc) delta-stabilized plutonium; and the substantial
computations and modeling for (2) and (3) are in progress. The related experimental work is
underway at Los Alamos National Laboratory, and the linkage been our work and that at LANL
has been established in detail.

To model diffusion of the stabilizing element atoms, e.g., gallium, within delta (fcc)
plutonium wastes and then into the steel of containers requires obtaining information about the
electronic structure of fcc Pu in physically accurate yet tractable form. We are working on
several aspects of developing that methodology and generating that necessary information. This
work falls within a conceptual framework based on our understanding of the unusual structural
behavior found in elemental plutonium. It has been evident for some time that this behavior is
related to the localization mechanism for the ¥ electrons in going from alpha to delta (fcc)
plutonium. We explain this behavior on the basis of a multistep 5f localization process involving
spatially nonuniform localization. That is, we suggest that a disordered array of two types of
plutonium on crystallographically equivalent fcc sites breaks the translational symmetry and
provides an entropy generating mechanism that drives these transitions. The two types of



plutonium sites are: first the fluctuating para sites, at which the number of localized f electrons

4

fluctuates between f ~ and f 5 because of hybridization with non-f band electrons, and second

the localized ortho sites, at which the number of localized f electrons remain stable at f 5. Itis

the entropy of mixing between these two types of sites that drives the thermal stepwise (via beta

and gamma) transition from the monoclinic alpha ground state to the face-centered-cubic delta
phase.

(1) We are implementing our theory that provides fundamental understanding of the phase
stabilization of fcc Pu on the basis of a stepwise localization of the 5f electrons into a solid-
solution-like phase, as described above. We have designed and are carrying out large-scale
calculations that will reproduce the fully self-induced or stabilizer-nucleated Anderson
(disorder) localization that leads to this phase. These calculations involve two-electron
dynamics as opposed to the one-electron dynamics of LDA (local density approximation)-
based methods.

(2) Until such time as the very large-scale calculations required in (1) are fully implemented, we
are pursuing an immediately practical alternative for generating the data needed to model
diffusion. We have developed variations of both the LDA+U and LDA-SIC (self-interaction-
corrected) methods appropriate to f-state localization and applied these to fcc plutonium.
These calculations give an atomic volume of fcc Pu about 6% smaller than the experimental
value. Having the total energy from such a calculation together with that from a conventional
LDA calculation for the monoclinic alpha ground state also enables us to predict the
stabilization temperature of the delta (fcc) phase.

(3) We have recognized the importance of correctly treating the localization of the 6p as well as
the 5f electronic states in fcc Pu, and thereby recognized the importance of specific
relativistic effects for the 6p electrons. We are developing methodology to treat these
effects.

Planned Activities:

As stated above, we have developed a detailed technical plan for proceeding with steps
(2, extracting the information needed to perform dynamic simulations from ab initio electronic
structure calculations) and (3, performing and reporting the dynamic simulations predicting the
diffusion behavior). We currently are proceeding systematically through the detailed parts of
this plan.
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