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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 process, 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 final report summarizes the work completed on this 4-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 and will be completed in a following
study. 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. In this report we
summarize our successful identification of the electronic structure of 6 plutonium and the
validation in comparison with photoemission experiments carried out at Los Alamos.

The crystallographic behavior of plutonium has long been viewed as one of the most
dramatic in the periodic table, going through a series of steplike expansions in atomic volume
from the o monoclinic to the B bodycentered monoclinic at 395K to the distorted diamond
cubic y at 479K to the cubic closepacked (fcc) 6 at 592K, giving an overall expansion of atomic
volume of about 27% between the o and & structures. This behavior is widely viewed as a
particularly striking example of the loss of 5f bonding, i.e., that occurs at this steplike series of
5f localization transitions. Other noteworthy properties of elemental plutonium include a
severely depressed melting temperature with respect to neighboring elements, and striking
anomalies especially evident for the 3 cubic close-packed phase when stabilized below room
temperature by the addition of gallium or cerium, including a negative thermal expansion and a
large temperature-independent magnetic susceptibility.

A full-potential SIC-LDA-LMTO (self-interaction-corrected, local density
approximation, linear-muffin-tin-orbital) computation was used to represent the 5 plutonium
state. We summarize our results as follows. In understanding the behavior of & Pu (fcc with
atomic volume expanded 27% from that in the monoclinic o ground state) it is important to

recognize that the lowest energy localized state, as shown by the SIC-LDA total energy



calculations is that with four rather than five localized 5f electrons, and the next highest state in
energy is that with three localized 5f electrons. (Atomic plutonium has six 5f electrons; while
in the solid state, plutonium has five 5f electrons.)

We now consider how the experimental photoemission spectrum of Arko and Joyce at
LANL compares to our expectations based on the densities of states for the various SIC-LDA
states. In doing this, it is important to bear in mind the 10™*® second time scale of
photoemission. Our expectation is that the observed sharp Kondo resonance peak just below
the Fermi level should be best represented by the SIC-LDA density of states for three localized
5f electrons. This is because we expect that state to best capture the turbulent mixing of band
and 5f electrons epitomized by the rapid fluctuations between the states with four and three 5f
electrons. Indeed, the agreement between the experimental peak and the ab initio calculation is
remarkably close. Furthermore, when we examine the corresponding (n=3) f-projected density
of states (Fig. 5), we see strong evidence for band 5f hybridization, which transfers spectral
intensity from nearby energies just below and above the peak into the very strongly hybridized
resonant peak seen in the n=3 total density of states.

In the context of the two (ortho-para)-site model, we expect the remaining nonresonant
part of the photoemission spectrum to be reflected in the density of states for the n=4 SIC-LDA
ground state for delta Pu. Indeed, both the double peak falling between about -0.3 ev and -1.1
ev below the Fermi energy and the broad structure between about -1.1 ev and -2.1 ev are well
represented by the SIC-LDA density of states for four localized 5f electrons. Furthermore,
comparison with the f-projected density of states shows that the double peak between -0.3 and
-1.1 ev is of 5f spectral origin, and the broad shoulder between -1.1 and -2.1 ev is of band

spectral origin.



Our expectation is that the best overall mean field (long time scale compared to 102
sec) picture of the spectral density from the SIC-LDA calculations is provided by that for five
localized 5f electrons, and this indeed is the case. The density for this state is only 2.6% more
than the experimental density further supporting our view that this state provides a very high

quality mean field portrayal of delta plutonium after localization has occurred.
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