
Challenges in Plutonium Science
Los Alamos Science Number 26, 2000 

Volume I
Historical Introduction
Condensed-Matter Physics
Plutonium Aging

Volume II
Plutonium Metallurgy
Actinide Chemistry and the Environment
The Yucca Mountain Project

  LA-UR-00-4100

Editor
Necia Grant Cooper

Managing Editor
Ileana G. Buican

Science Writer
Jay A. Schecker

Designer
Gloria E. Sharp

Distribution Manager
Donna L. Spitzmiller

Illustrators
Andrea J. Kron
David R. Delano
Annie T. Loweree

Editorial Support
Judyth K. Prono
Martha L. DeLanoy
Brian H. Fishbine
Wendy M. Burditt
Christopher L. Pearcy
Octavio Ramos, Jr.

Photographers
Michael D. Greenbank
John A. Flower
Gary A. Warren

Printing Coordination
Guadalupe D. Archuleta 

Address mail to
Los Alamos Science
Mail Stop M711
Los Alamos National Laboratory
Los Alamos, NM  87545

lascience@lanl.gov
FAX:  505-665-4408
Tel:  505-667-1447

For past issues of Los Alamos Science, see our Web site:
www.lanl.gov/external/science/lascience/index.html

Download Acrobat 4.0

Los
N A T I O N A L L A B O R A T O R Y

Alamos



Sc enceLos Alamos

Volume I

An Update: Plutonium and Quantum Criticality  George Chapline and James L. Smith  1

Historical Introduction, Condensed-Matter Physics, and Plutonium Aging

Historical Introduction

Plutonium—A Historical Overview Siegfried S. Hecker with the Los Alamos Science staff  2
In the Beginning 3
A Factor of Millions—Why We Made Plutonium—with André F. Michaudon and Ileana G. Buican  4
Plutonium in Use—From Single Atoms to Multiton Amounts  10
Plutonium—An Element at Odds with Itself  16
The Plutonium Challenge—Stockpile Stewardship  24
The Plutonium Challenge—Avoiding Nuclear Weapons Proliferation  28
The Plutonium Challenge—Environmental Issues  36

The Taming of “49”—Big Science in Little Time  48
Recollections of Edward F. Hammel

Reflections on the Legacy of a Legend—Glenn T. Seaborg (1912–1999)  56
David L. Clark and David E. Hobart

From Alchemy to Atoms—The Making of Plutonium  62
André F. Michaudon

Plutonium and Health—How Great Is the Risk?  74
George L. Voelz as told to Ileana G. Buican

Plutonium Condensed-Matter Physics

Plutonium Condensed-Matter Physics—A Survey of Theory and Experiment  90
A. Michael Boring and James L. Smith

Actinide Ground-State Properties—Theoretical Predictions  128
John M. Wills and Olle Eriksson

Basics of the Density Functional Theory (DFT) Approach  135
Electronic Structure of α- and δ-Plutonium—Theory vs Experiment  152  

Aloysius J. Arko, John J. Joyce, and John M. Wills

A Possible Model for δ-Plutonium—Self-Induced Anderson Localization, δ-Phase Stability, 
and the Melting Temperature of Plutonium  154
Bernard R. Cooper 

Photoelectron Spectroscopy of α- and δ-Plutonium  168  
Aloysius J. Arko, John J. Joyce, Luis A. Morales, Jeffrey H. Terry, and Roland K. Schulze

Laser-Plasma Light Source—Design and Operation  186  
John J. Joyce, Aloysius J. Arko, and Luis A. Morales

Actinide Photoemission Measurements at the Advanced Light Source  188  
Roland K. Schulze and Jeffrey H. Terry 

Number 26  2000  
Challenges in Plutonium Science 

v



vi

Atomic Vibrations and Melting in Plutonium  190
Andrew C. Lawson, Barbara Martinez, Joyce A. Roberts, James W. Richardson, Jr.,

and Bard I. Bennett
Equations of State—Theoretical Formalism  192  

Bard I. Bennett
Microstrain in δ′-Plutonium  201  

Andrew C. Lawson

Vibrational Softening in α-Uranium  202  
Michael E. Manley

Elasticity, Entropy, and the Phase Stability of Plutonium  208  
Albert Migliori, Joseph P. Baiardo, and Timothy W. Darling

Preparing Single Crystals of Gallium-Stabilized Plutonium  226
Jason C. Lashley, Michael S. Blau, and Roger L. Moment

A Single-Crystal Saga  233  
Roger L. Moment

Plutonium Aging

Aging of Plutonium and Its Alloys  238
Siegfried S. Hecker and Joseph C. Martz

A Tale of Two Diagrams  244 
Siegfried S. Hecker and Lidia F. Timofeeva 

Surface and Corrosion Chemistry of Plutonium  252
John M. Haschke, Thomas H. Allen, and Luis A. Morales

Catalyzed Corrosion of Plutonium: Hazards and Applications  266
John M. Haschke and Joseph C. Martz

Radiation Effects in Plutonium—What Is Known? Where Should We Go from Here?  274
Wilhelm G. Wolfer 

Transmission Electron Microscopy of Plutonium Alloys  286
Thomas G. Zocco

Volume II
Plutonium Metallurgy, Actinide Chemistry and the Environment, and the Yucca Mountain Project

Plutonium Metallurgy

Plutonium and Its Alloys—From Atoms to Microstructure  290
Siegfried S. Hecker

Mechanical Behavior of Plutonium and Its Alloys  336
Siegfried S. Hecker and Michael F. Stevens

Where Is the Gallium?—Searching the Plutonium Lattice with XAFS  356
Steven D. Conradson

Number 26  2000

Los Alamos Science Number 26  2000



Challenges in Plutonium Science 

vii

Actinide Chemistry and the Environment

The Chemical Complexities of Plutonium  364
David L. Clark

Computational Studies of Actinide Chemistry  382 
P. Jeffrey Hay and Richard L. Martin

The Chemical Interactions of Actinides in the Environment  392 
Wolfgang H. Runde

Spectroscopies for Environmental Studies of Actinide Species  412  
Wolfgang H. Runde

Siderophore-Mediated Chemistry and Microbial Uptake of Plutonium  416  
Mary P. Neu

Characterizing the Plutonium Aquo Ions by XAFS Spectroscopy  418  
Steven D. Conradson, David L. Clark, Mary P. Neu, Wolfgang H. Runde, and C. Drew Tait

XAFS—A Technique to Probe Local Structure  422  
Steven D. Conradson as told to Jay A. Schecker

A Vision for Environmentally Conscious Plutonium Processing  436 
Larry R. Avens and P. Gary Eller

Salt Distillation  449  
Eduardo Garcia, Vonda R. Dole, James A. McNeese, and Walter J. Griego

Hydrothermal Processing  450  
Laura A. Worl, Steven J. Buelow, and Dennis D. Padilla

Enhanced Pyrolysis for Converting Polystyrene or Cellulose Polymers  451  
Daniel J. Kathios

Treatment of Liquid Wastes  452   
Gordon D. Jarvinen, Geraldine M. Purdy, Barbara F. Smith, and Thomas C. Robinson

Electrochemical Decontamination of Metallic Wastes  453  
Douglas E. Wedman and Jerry L. Lugo

Molecularly Engineered Resins for Plutonium Recovery  454  
S. Fredric Marsh, D. Kirk Veirs, Gordon D. Jarvinen, Mary E. Barr, and Eddie W. Moody

The Yucca Mountain Project

Yucca Mountain—Looking Ten Thousand Years into the Future  464
by Roger C. Eckhardt for David L. Bish, Gilles Y. Bussod, June T. Fabryka-Martin, Schön Levy, Paul W. Reimus, 
Bruce A. Robinson, Wolfgang H. Runde, Inés Triay, and David T. Vaniman

Mesh Generation for Yucca Mountain  472  
Carl W. Gable

Colloids—Carriers of Actinides into the Environment  490  
Analyzing Volcanic Hazards at Yucca Mountain  492  

Frank V. Perry, Bruce M. Crowe, and Greg A. Valentine

Number 26  2000  Los Alamos Science  



Element 94 has baffled scientists
since the days of the Manhattan Project.
When the first ponderable quantities of
reactor-made plutonium arrived at Los
Alamos in 1944, the pure metal showed
wildly differing densities, and the
molten state was so reactive that it cor-
roded almost every container it came in
contact with. The engineering challenge
was to prepare a stable metallic form
and fashion it into a pair of hemispheres
for the first implosion nuclear bomb.
That task was accomplished in about 
15 months, a remarkable feat consider-
ing how little was known about
plutonium at the time. 

Experimental work since then has
revealed the unusual ground-state struc-
ture of plutonium, its seven distinct
crystallographic phases, its dimensional
changes with temperature, pressure, and
impurity content, its ability to combine
with virtually every other element, its
pyrophoricity, its multitude of oxidation
states, its highly anomalous resistivity,
its resemblance to heavy-fermion com-
pounds and other correlated-electron
materials, and on and on. This body of
data has only added to plutonium’s rep-
utation for being the most perplexing
element in the periodic table and, 
arguably, the most interesting. The
solid-state, chemical, and metallurgical
properties appear to be in a class of
their own and, until recently, much 
too complex to be understood from 
first principles. 

Ironically, the fissile properties of
plutonium-239, which render it useful
for nuclear bombs and nuclear reactors,
are not nearly as difficult to understand.
In fact, those nuclear properties had
been predicted even before plutonium
was made and isolated at Berkeley in
1941 and well before Enrico Fermi and
Leo Szilard demonstrated the first self-
sustaining fission chain reaction in
December 1942. 

The inspiration for this issue of 
Los Alamos Science is threefold. First,
recent developments in understanding
the chemistry and condensed-matter
physics of plutonium at a fundamental
level call for even greater involvement.

Second, three missions of Los Alamos
National Laboratory—stewardship of
the nuclear weapons stockpile, reducing
the threat of nuclear weapons prolifera-
tion, and cleanup of the nation’s
nuclear weapons complex—demand
that we develop a deeper understanding
of plutonium. Third, as Los Alamos has
the only remaining national facility
fully equipped for all aspects of pluto-
nium research, it is our job to document
the recent progress and to interest the
next generation of scientists in keeping
our nation at the frontier of this very
difficult but dynamic field.

A few recent Los Alamos achieve-
ments will illustrate the new directions
in research. Electronic-structure calcula-
tions from first principles have finally
reproduced the ground-state properties
of plutonium, including its atypical
crystal structure. These calculations
predict that the f-shell electrons of
neighboring atoms overlap, but just
barely, forming a narrow conduction
band, a picture that has been confirmed
directly at Los Alamos through the first
photoemission measurements of elec-
tronic structure. Narrow bands are
associated with strong electron-electron
correlations, and the next step is to
probe the nature of those correlations
and their effects on the phase stability
of plutonium and its alloys. Resonant
ultrasound spectroscopy, a technique
developed at Los Alamos, has yielded
very accurate measurements of the elas-
tic constants of both the α- and the
δ-phase of new and aged plutonium. 
It should prove very useful in the study
of aging effects as well as fundamental
properties. X-ray absorption fine-
structure (XAFS) spectroscopy is 
revealing the possible existence of new
substructures in plutonium and its 
alloys and is proving to be extremely
useful in characterizing chemical
species in the environment. Surface
studies are revealing new modes of 
corrosion in plutonium that must be 
understood for the safe disposal of plu-
tonium over the long term. 

If we can support the experimental
work that needs to be done, our scien-

tists are likely to predict, within the
next decade, such critical matters as 
the aging of plutonium in weapons
components and the rates at which 
colloidal forms might carry actinide
wastes from particular locations under-
ground. At the same time, the truly
unique electronic features of plutonium
are challenging established paradigms,
and we can expect this element to influ-
ence the science of condensed-matter
physics for a long time to come.

The larger context for plutonium 
research is covered in a sweeping
overview by former Laboratory Direc-
tor Sig Hecker. In tracing the history 
of plutonium on the planet, its use in
nuclear weapons and nuclear energy,
and the mission-oriented challenges 
facing our scientists, Hecker empha-
sizes the particular need to help the
Russians safeguard their weapons-grade
plutonium and to collaborate with them
on health and environmental problems
that have resulted from the excesses of
the Cold War. The international forces
that will determine the future of pluto-
nium on the planet should also be kept
in mind. The 200 tonnes of weapons-
grade plutonium is dwarfed by the 
1000 tonnes of plutonium present in
spent fuel from nuclear reactors. 
Much of the world wants to use that
plutonium in civilian power reactors.
France and Japan are currently burning
MOX fuel (mixed oxides of uranium
and plutonium). Even in nuclear reac-
tors now operating in the United States,
about a third of the power comes from
the fissioning of plutonium that has
“grown in” within the uranium fuel
through neutron irradiation.

U.S. policy notwithstanding, 
plutonium is likely to be used and cov-
eted for the foreseeable future, and this
Laboratory must continue its historic
role—to prepare for all potential uses
and abuses of this unique element. 
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