















































and that delivered less complicated
radiation. A Van de Graaff
accelerator for electrons and a
cobalt-60 source for gamma rays
were in service by 1955.

Corrosion of metals is largely
electrochemical, that is, it involves
transfer of electrons between the
metal surface and the corroding
liquid. Motivated by corrosion
problems with the aqueous
homogeneous reactor, ORNL set up
a program devoted to the
fundamental electrochemistry of
corrosion before 1950. It elucidated
mechanisms for corrosion for
metals of practical interest (iron,
titanium, zirconium) and provided
assistance to the groups concerned
with specific corrosion problems in
reactors.

A number of chemists who had
worked on the Manhattan Project
had training and experience in
areas other than those relevant to
nuclear technology. As special
feasibility rather than nuclear
relevance became an acceptable
justification for research, some of
these chemists began to attack
problems that combined their
former interests and capabilities
with the special opportunities
available at the Laboratory.

One example involved organic
chemists who had originally
developed high-yield synthetic
methods for organic intermediates
labeled with carbon-14 so that the
distribution by the Laboratory
would be in a form that could be
used efficiently by outside
researchers. They began a small
program to use some of these
materials in their own research on
organic mechanisms. This research
was based on their extensive
experience in using isotopic
substitution in synthesis and in
doing precise counting of organic
compounds containing carbon-14.
The program was highly successful
in the study of mechanisms but was

NUMBER THREE 1986

‘tant in training
iiques of
chemistry.

rams, probably
emical physics,
o exploit the
lities in other

t obvious of
liffraction,
wave nature of
or structural
complement

y because they
ed by hydrogen
ulting

Zives

he location of

e scattered only
hydrogen atom’s
3, therefore, are
scating this

The ORNL

18 in this way
utions to

luding not only
articular

the development
ethods (because
iessed advanced
y) and of

on equipment

8) that is now a

:ion with a

to measure

of radioactive

: rotational

an independent
owave and
niques. Among
nplishments are
st extensive
are quadrupole
country,
dentification of
lydrogen atom)
id by electron
(3) along and
plying electron
roblems in

1 more recently,

Finally, chemists at the
Laboratory achieved a long-sought
goal of chemical kinetics, the stud;
of a chemical reaction between
crossed molecular beams.
Measurement of the minute
amounts of product from such
reactions had been the obstacle,
and the rationale for trying it at
ORNL was the possibility of using
neutron activation as part of the
detection scheme. As it turned out
a less tedious method was
discovered that was applicable to
many reactions of the alkali metal
with such molecules as the
hydrogen halides. Because these
reactions could be used effectively
to discover general features of
bimolecular reactions, the techniq
was widely used. With new
developments in sensitive detector
and in tunable lasers, the goal of
studying reactions in the most
elementary fashion possible, that i
between molecules in single-energ)
states, can now essentially be
realized.

So there’s a rough outline of
how chemical science evolved at tk
Laboratory between about 1943 an
1955. Today, thirtv years later, it i
still evolving





















the near-surface region and
inducing a variety of properties
that are new and often unique to
the laser annealing process. In the
case of Si, the molten layer
recrystallizes into a defect-free
crystal by liquid-phase epitaxy as
long as the velocity of the liquid-
solid interface is 12 m/s or less. If
the quenching rate is increased, the
velocity of the liquid-solid interface
increases, and above about 12 m/s
the interface is moving so rapidly
that the atoms there no longer have
time to arrange themselves into an
ordered crystal structure. Thus, the
surface layer solidifies into an
amorphous structure resembling
that of a liquid. It is not yet fully
understood whether the amorphous
phase nucleates separately at the
liquid-solid interface or grows from
a continuing accumulation of
crystal defects at these rapid
velocities. What is clear is that this
question will most likely be
answered by time-resolved
measurements. Because of this
tremendous control over the
interface velocities, it is now
possible to actually probe the
kinetics that govern crystallization
at the interface.

Some of the new properties of
materials that can result from the
use of laser annealing have been
described in my article in the Fall
1983 issue of the ORNL Review.
The article also discussed the
fabrication of supersaturated
substitutional alloys of Si. This new
class of materials occurs when
laser-annealed Si recrystallizes
defect free at such rapid velocities
that ion-implanted dopants such as
boron, phosphorus, arsenic,
antimony, and bismuth are trapped
into substitutional sites at
concentrations that can exceed
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produced in an ion source,
extracted, analyzed for mass and
energy, and accelerated to produce
a beam of isotopically pure,
monoenergetic ions. When directed
onto a solid, these ions penetrate
the near-surface region and become
embedded there. The depth of
penetration is accurately controlled
by regulating the energy of the ion
beam; lateral uniformity is
achieved by beam scanning; and the
implanted dose (concentration) is
accurately controlled by measuring
the accumulated charge.

Often in materials science small
amounts of the “right” impurity
can alter the properties of a solid
or create a dominant property, and
implantation doping provides an
accurate, pure, and reproducible
means of introducing any impurity
into any solid. These attributes
have made implantation one of the
premier fabrication processes in the
semiconductor industry. A present-
day very large-scale integrated
circuit, for example, may have from
6 to 12 implantation steps in its
fabrication.

A companion ion-beam
processing technique is ion-beam
mixing. In this process a thin film
of one material is deposited onto
the surface of a substrate material
and the composite is bombarded
with a beam of energetic ions.
When the ions penetrate the
interfacial region separating the
two solids, a variety of ion-induced
interactions “mix” the atoms of the
two materials together and induce
unusual interactions, thus the name
ion-beam mixing. Both ion
implantation doping and ion-beam
mixing are nonequilibrium
processing techniques and, as a
consequence, they often result in
material properties that are very
different from properties achieved
using conventional equilibrium
methods. In the case of ion
implantation doping, because the
ions are forcibly injected into the
solid at depths determined solely by
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the ion energies and at
concentrations determined only by
the selected dose, normal processing
constraints such as thermal
diffusion and solid solubility limits
are no longer limiting factors. It is
instructive to consider the
consequences of some of the ion-
solid interactions that occur during
these processes because they
provide insights into the
mechanisms responsible for the
nonequilibrium nature of the
resulting material interactions.

One such mechanism, called
ballistic mixing, depends only on
the dynamics of the collision
process. Each energetic ion collides
with many atoms as it penetrates
into the solid, and each of these
displaced atoms displaces other
atoms in turn. This series of
collisions results in thousands of
displaced atoms along the track of
the ion, forming a collision cascade.
These ballistic collisions mix atoms
of the two materials at their
interface independently of, or if you
will, in spite of, any thermodynamic
or chemical driving forces that
usually cause interactions in
materials. Such interface mixing
has many practical benefits. It is
possible to create compositionally
graded interfaces with increased
resistance to thermal stress, to
greatly improve adhesion of
deposited films, and to “dilute”
interface impurities.

In addition to ballistic mixing,
many other ion-induced
interactions can greatly accelerate
mixing and induce unique materials
interactions. Within each collision
cascade, many defects are created
by the energetic ions. These defects
are vacancies (lattice sites vacated
by displaced atoms) and
interstitials (atoms displaced from
their original sites). Normal
thermal diffusion occurs when
atoms work their way into the solid
by jumping from defect site to
defect site; the defects and atom
motion are usually caused by heat
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(atom vibrations). The large excess
of defects caused by each energetic
ion can greatly accelerate diffusion
without the introduction of heat.
This process, called radiation-
enhanced diffusion, can accelerate
mixing by orders of magnitude over
normal diffusion. Furthermore,
huge amounts of energy are
dumped into the lattice by
collisions initiated along the track
of the ion. The energy deposited in
this ion cascade is shared among
many atoms and yet dissipates in
times of only 107 to 10713 s. This
time is equivalent to an extremely
rapid quench of the affected region
of the solid, suggesting one reason
why ion bombardment is capable of
inducing new metastable phases,
extended solid solutions, amorphous
alloys, and numerous other new
material properties. The rapid
quench resulting from ion
bombardment may explain why this
technique leads to the formation of
amorphous, or highly disordered,
regions in solids. Many of these
effects were discussed in the Fall
1983 issue of the ORNL Review.

Very recently John Budai and
Mike Aziz of the Solid State
Division decided to see if some of
the constraints placed on materials
interactions by ion-beam and laser
processing could be used to shed
more light on the properties of a
new alloy phase of aluminum-
manganese (Al-Mn) that had been
produced by rapid-quenching
techniques and that exhibited
metastable quasicrystalline order
(so-called icosahedral phase of Al-
Mn). The scientific interest in this
unusual structure arose because it
exhibited diffraction behavior that
was inconsistent with current
understanding.

Although several groups had
produced and studied the unusual
structure, no one had been able to
establish the location of the atoms
in the quasicrystal structure. Budai
and Aziz found that implantation of
Mn into Al single crystals formed
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OUIET TR TEIY, T VETLW T Press,
New York, 1985, 256 pages.
Reviewed by Carolyn Krause,
ORNL Review editor.

1at does it take to be a

uccessful scientist? What
are the job satisfactions of
doing good science? What are the
career options for scientists? Can
women make it in science these
days? These are some of the
questions addressed in depth by
The Joy of Science.

The author of Winning the
Games Scientists Play (reviewed in
"the No. 3, 1984 issue of the Review),

Carl J. Sindermann is director of
the Sandy Hook Marine Laboratory
in New Jersey and adjunct
professor of oceanography at the
University of Rhode Island. He
writes clearly, concisely, and
humorously about a variety of
subjects that may be of interest to
all scientists and many
nonscientists as well.

The title of this upbeat book is a
little misleading because it is not
100% concerned with the joy of
science. In fact, sometimes the book
discusses science’s negative aspects
(e.g., fraud) and even its sorrows
(e.g., regrets about not devoting
enough time to spouse and children
because of the need to work long
hours in the laboratory). The
author recognizes this problem and
tries frequently to relate the
subject matter at hand to the joy of

NUMBER THREE 1986

science, which he defines as “a
sense of internal well-being and
satisfaction.”

The book relates many case
histories (the names used are
usually fictitious) about male and
female scientists who make it and
how they did it. It also contains
many useful lists (e.g., ways to
successfully communicate research
results).

What is the recipe for success in
science? According to Sindermann,
if you practice excellence in
science—choose research problems
correctly, design experiments
logically, derive significant insights
from interpreting research results,
keep up with the literature in your
field, communicate your research
results effectively, maintain a high
level of productivity, and
consistently enjoy your work, you
are a successful scientist.

However, to the outside world,
the author argues, the most
successful scientists appear to
combine technical achievement with
skills in interpersonal relations.
The “scientific elite” are highly
productive professionals endowed
with charisma who usually
surround themselves with people
(“loyal support infrastructure”).
They maintain close professional
relationships with colleagues,
participate in activities of
professional societies, serve as
reviewers or editors for journals,
organize or chair workshops, and
win prestigious awards.

Various chapters in
Sindermann’s book may appeal to
some groups of scientists more
strongly than others. Older
scientists should be interested in
the chapter on “Managing Career
Transitions,” which states that the
four principal motivations for
career changes are a financial
crisis, midlife crisis, divorce, or
death of someone close. The chapter
on “Career Destinations,” which
describes the various types of jobs

open to scientists (e.g., re
educators, administrator:
bureaucrats, entrepreneu
consultants, and internat
scientists), may be of par
interest to graduate stud
scientists who have just !
their careers. A similar ¢
“Scientists Outside the L
describes other roles for
advocate, expert witness,
liaison, and public scient!
Carl Sagan).

Women scientists ma;
particularly drawn to the
on “The Ascendant Fema
Scientist.” Sindermann, v
careful to write in nonse:
language, states that the
successful female scientis
the upper echelons of sci
federal regulatory agenci
middle bureaucracy of go
granting agencies, govert
research laboratories, an
communications in all m
female scientists,” he adc
finally making it into ser
positions—as measured
and support staff—in fed
research laboratories.”

All in all, I basically :
the review excerpt quote
book’s jacket by W. S. (B
consultant to ORNL’s An
Chemistry Division: “Sin
has the rare ability to co
clear entertaining prose "
unique observational and
synthesizing talents. . [E
captured the joy, the spe
emotion that goes with s
achievement, and has ex]
upon it. But he has done
merely describe the sucee
scientist; he shows us ar
options that the scientist
to him at various stages
career. . .But just as imp
book can provide the non
with a rare view of what
scientific life is like. Its ¢
simple style conveys a wi
truth.”
























arranged in a cluster but somehow
obscured from the player’s view.
The player’s goal is to determine
the arrangement of the balls by
shooting a cue ball at them and
observing the final direction and
velocity of the cue ball after it
bounces off the cluster. In the ion-
scattering experiment the incident
ions are like cue balls and the
surface is the cluster of unknown
geometry. The final velocity, or
energy, of the ions and their final
directions are determined by an
electrostatic analyzer and detector.
This analogy is quite accurate
because, at the ion energies used,
the motion of the ions is governed
by the laws of classical mechanics.

Overbury has applied this
technique to study the adsorption
of small molecules such as oxygen,
ethylene, sulfur, and carbon
monoxide on single-crystal surfaces
of molybdenum (Mo). At or above
room temperature, the molecules
spontaneously decompose on a clean
(100) Mo surface, as has been
determined by other techniques.
This decomposition occurs because
the bonding of the individual atoms
to Mo is stronger than the bonds
between the atoms in the molecules.
But, do the resulting “ad-atoms”
bond to one, two, or more Mo atoms
and where do these ad-atoms stick?
To put it another way, do they go to
an atop site, bridged site, or four-
fold hollow site?

To answer these questions,
Overbury oriented a Mo crystal
with respect to the incident ion
beam in a preferred geometry for
scattering (see Fig. 7). A detector
was positioned so that it could
detect only ions scattered in a
particular direction. Under these
circumstances the observed
scattered ions are predominantly of
two energies—that is, they have
lost either about 65% or about 75%
of their initial energy. From
analysis of the energetics, Overbury
found that the two energies
correspond to trajectories in which
the particle scatters from only one
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atom (“single scattering”) or in
which it scatters sequentially from
two atoms (“double scattering”). If
oxygen is adsorbed on the surface,
the scattering spectrum changes.
Double scattering is no longer
observed, as would be expected if
the oxygen atoms blocked the path
of the double scattering ions,
causing them to lose a much larger
fraction of their energy. This
observation and those at other
angles support the conclusion that
oxygen is bonded at the fourfold
hollow site. Overbury found that
carbon, sulfur, and nitrogen atoms
also tend to adsorb at this site.

Below sufficiently grazing
incident angles, even the single-
scattering type of trajectory is
blocked by oxygen atoms bonded
above the surface. Measurement of
this angle and comparison with
results of computer simulations of
the ion trajectories has permitted
the determination that oxygen
atoms are located about 0.3 A above
the plane of the first layer of Mo
atoms.

As the amount of material
adsorbed on a surface increases, it
is reasonable to expect that more
than one type of adsorption site
would become populated. This
phenonemon might result as a
consequence of the complete filling
of one kind of site or might simply
be a competition between two or
more kinds of sites, each having a
different sticking probability. To
illustrate that this adsorption by
sites of more than one type indeed
occurs and that it is possible not
only to distinguish between two
types of sites but also to determine
how they are populated, consider
the adsorption of oxygen on a clean
tungsten [W (112)] surface. At room
temperature oxygen adsorbs
dissociatively on this surface and
forms a variety of ordered
overlayer structures that have been
characterized by their LEED
patterns. One type of LEED pattern
is observed at a coverage of 0.5
monolayers, and then a second

pattern develops as the monolayer
is completed with additional
exposure. Further oxygen may then
be adsorbed in a second layer,
leading to a total coverage of 1.5
monolayers, and a third LEED
pattern is observed. It has been
postulated that two different sites
are populated in this adsorption
sequence. Initially oxygen atoms
are thought to bond in bridge sites
in the troughs, which are present
because of the open nature of this
surface. This is thought to be
followed by adsorption into bridge
sites in the top layer. These ideas
about bonding result from an
examination of the surface
structure (see Fig. 8a).

The electron energy loss
spectroscopy (EELS) technique can
be used to provide concrete evidence
in support of these ideas. In the
EELS technique, electrons having
relatively low energy, usually ‘
between 1 and 10 eV, are directed
at the surface, and the energies and
intensities of the scattered I
electrons are measured using a very
high-resolution detector. When the
electrons interact with the surface,
some of them will lose energy as a
result of exciting a vibration
between two atoms. By measuring
the vibrational energy losses in the
back-scattered spectra and
comparing them with either other
types of data or the results of
calculations, it is possible to obtain
information about the positions as
well as the identity of adsorbed
atoms.

Vibrational electron-energy-loss
spectra were obtained by John
Wendelken for each of the three
coverages mentioned following
oxygen exposures at room
temperature. As shown in Fig. 8b,
after a low exposure, a loss peak at
82 meV dominates the spectrum,
which includes a much weaker peak
at 52 meV. However, after a higher
exposure, the lower peak becomes
dominant. These two loss peaks,
which behave independently, may
be associated with two distinct



































































Paul Becher is leader of the Structural
Ceramics Group in ORNL’s Metals and
Ceramics Division. Before joining ORNL
in 1980, he conducted research at the
Naval Research Laboratory and the Jet
Propulsion Laboratory. in 1970 he
received his Ph.D. degree in ceramics
engineering from North Carolina State
University. His research interests
include the mechanical behavior and
processing fundamentals of ceramic
materials, and he has published
technical papers related to these topics.
He has served as chairman of
programs, exhibits, and lectures for the
Basic Sciences Division of the American
Ceramic Society, and now serves as
the division’s secretary. He was named
a Fellow of the society in 1979.
Currently he is also a symposium co-
chairman and organizer for the Materials
Research Society.

Sunggi Baik has been a senior staff
member of the Structural Ceramics
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Group since 1983. He was a
postdoctoral research associate at
Cornell University for two years after
receiving his Ph.D. degree there in
materials science. His research
interests include ceramic processing
sciences and related surface and
intersurface behavior. He is a member
of the American Ceramic Society and
the American Society for Metals.

John Bates is leader of the Solid
Electrolytes Group in ORNL's Solid
State Division. Before coming to ORNL
in 1969, he was a research associate
at the University of Maryland. He
received his Ph.D. degree in physical
chemistry from the University of
Kentucky in 1968. His research
interests focus on the properties of solid
interfaces, fast ionic transport, and
transport in oxides. He was co-chairman
of the 1986 Gordon Conference on
Solid State lonics and now serves as
associate editor of Solid lonics. He has

served on various international
committees. Bates is a Fellow of the
American Physical Society.

Alan Bleier joined the Structural
Ceramics Group in 1983 as a senior
staff member. Earlier, he was a faculty
member in the Department of Materials
Science and Engineering at the
Massachusetts Institute of Technology
and a research chemist at Union
Carbide Corporation’s Research Center
at Tarrytown, New York. He earned a
Ph.D. degree in physical chemistry from
Clarkson University in 1976. His
research has focused on colloid and
surface science. He has served as
program chairman of the American
Chemical Society’s Division of Colloid
and Surface Science and is currently
the chairman-elect of the division’s
Fellowship Committee. He also serves
as an abstractor and editor for the
American Ceramic Society.

They are used in a wide variety of
chemical environments (e.g., air,
water, and corrosive chemicals) and
over a range of temperatures.
Structural ceramics must be strong
enough to tolerate the stresses
(force/unit area) encountered in
service. Ceramics exhibit an elastic
response up to the stress at which
they fail instead of deforming at a
yield stress as metals do. As a
result, ceramics have very high
strengths when loaded in
compression. This same feature,
however, limits their strength when
they are pulled or loaded in tension.
Only a small tensile stress is
required to advance a pre-existing
crack in a ceramic and cause
failure. This is because the applied
stress is magnified many-fold at
the crack tip and reaches the levels
required to break the chemical
bonds in the ceramic (see Fig. 1).
In metals, by contrast, the
material near the crack tip usually
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Liane B. Russell has been elected
to the National Academy of
Sciences. She is the first woman
from Tennessee to be so honored.
She is also president-elect of the
Environmental Mutagen Society.

Carl A. Burtis has received the
1986 National Lectureship Award of
the American Assocation for
Clinical Chemistry.

David E. Reichle has been named
director of ORNL’s Environmental
Sciences Division, replacing
Stanley I. Auerbach, who has been
appointed senior staff advisor in
the Environmental Sciences
Division. Auerbach also has been
appointed to the Executive
Committee of the Science Advisory
Board of the U.S. Environmental
Protection Agency.

E. B. Harris has been named
deputy director of the Strategic
Defense Initiative Program at
Martin Marietta Energy Systems,
Inc.

Robert H. Gardner has received
the 1985 Scientific Achievement
Award of ORNL'’s Environmental
Sciences Division.

Larry Barnthouse and Barbara
Walton have been named members
of the National Research Council’s
Committee on Pyrethroids and
Ecological Risk Assessment.

Thomas J. Wilbanks has received
the highest Honors Award of the
Association of American
Geographers.
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W. C. (Bill) McWhorter has been
named manager of the System and
Equipment Maintenance Monitoring
for Surface Ships Program for the
Data Systems Research and
Development Program of Martin
Marietta Energy Systems, Inc.

The Council of the American
Physical Society passed a resolution
expressing gratitude to Jack A.
Harvey for the “excellent service he
has given the Society as secretary-
treasurer of the Division of Nuclear
Physics since its founding in 1966.”

dJerry Elwood has been appointed
to the Advisory Panel for
Ecosystem Studies of the National
Science Foundation’s Division of
Biotic Systems and Resources.

J. Lowell Langford has been
certified for membership in the
Institute of Certified Records
Managers.

Edward L. Hillsman has been
selected to receive a 1986 Applied
Geography Project Citation Award
for his paper “PARA: Population-
at-Risk Analysis.”

Michael Kuliasha has been named
head of the Efficiency and
Renewables Research Section of
ORNL'’s Energy Division.

Gerald N. Case has received the
Outstanding Technical Support to
Researchers Award for 1986 from
the Oak Ridge Chapter of Sigma Xi,
the Scientific Research Society.

Susan Hughes, Jeanne Dole, and
Kathie McKeehan have been
elected president, secretary, and
treasurer, respectively, of the East
Tennessee Chapter of the Society
for Technical Communication.

In the 1986 Battle of the Graphics
Artists Competition sponsored by
the Integrated Software Systems

Corporation (ISSCO), seven Energy
Systems employees won awards.
They are Margaret Susan Marsh,
gold, bronze, and honorable
mention medals; Morris L.
Slabbekorn, one silver, two bronze,
and two honorable mention medals;
Alan R. Kerekes, one silver medal;
Thomas R. Henry, two honorable
mention medals; Robert Bruce
Johnston, two honorable mention
medals; LeJean M. Hardin,
honorable mention medal; and
Cynthia H. Johnson, honorable
mention medal.

David L. Greene has been named
chairman of Committee A1FO1 of
the Transportation Research Board
of the National Research Council.
This committee focuses on energy
conservation and transportation
demand for the 1986-1989-term.

Gene M. Goodwin has received the
Airco Welding and W. H. Hobart
Memorial Medal Awards of the
American Welding Society. R. K.
Nanstad also received a W. H.
Hobart Memorial Medal Award.

Martin Marietta Energy Systems,
Inc., honored its employees April
25, 1986, at the second annual
dinner and awards presentation
program at the Hyatt Regency
Hotel in Knoxville. Of the 203
awards, 113 were given to ORNL
employees. The inventor of the year
was Charles D. Scott, and the
author of the year was Baha
Balentekin. Winners of other
Energy Systems awards (excluding
Community Service Awards) are
given below.

Ten ORNL employees received
Operational Performance Awards,
which recognize outstanding,
exemplary performance in
management, business, personnel,
manufacturing, and other similar
functions. The winners were
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spectroscopy and many other
applications.

Twenty-two ORNL employees
received Technical Achievement
Awards, which recognize the
excellence of employee
contributions of a scientific or
engineering nature to the activities
of Energy Systems. The winners
were Richard D. Cheverton, for
development and verification of
fracture analysis methods used in
assessing light-water reactor
pressure vessel integrity under
accident conditions; Lynn D.
Chitwood, for outstanding technical
support of nondestructive testing
advancement through the
development and field
demonstration of eddy-current
testing equipment; John A.
Clinard, for outstanding
contributions to the Large Coil
Program through very large-scale,
state-of-the-art structural analyses
of the International Fusion
Superconducting Magnet Test
Facility; Stephen K. Combs, for
outstanding contributions in the
development, installation, and
operation of an advanced plasma
fueling device for the Tokamak
Fusion Test Reactor; Robert N.
Compton, for development of
accelerator-based autodetachment
spectroscopy for the study of
metastable negative ions and for
subsequent use of the technique in
fundamental studies of “exotic”
atomic and molecular ions and
“particle beam” neutralization;
Elias Greenbaum, for discovering
that colloidal platinum precipitated
onto the surface of thylakoid
membranes interacts directly with
the chlorophyll-driven photosystem
I; Dale W. Johnson, for
outstanding research on the role of
biogeochemical cycling of forest
nutrients and forest productivity in
both natural and disturbed forest
ecosystems; the late Wallace C.
Koehler, for extensive innovative
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applications of neutron-scattering
techniques in obtaining an
understanding of many physical
properties of materials and for
administration of the NSF-DOE-
ORNL National Center for Small-
Angle Scattering Research.
Francis C. Kornegay, for
development of a real-time
atmospheric dispersion modeling
capability for Energy Systems
facilities, which is important for
predicting transport of airborne
pollutants and evaluating ground-
level concentrations; Manfred O.
Krause, for continuing excellence in
developing the photoelectric effect
as a sensitive and specific probe of
the electronic structure and
dynamics of atoms; James M.
Leitnaker, for innovative,
significant, continuing
contributions to the maintenance of
barrier separative efficiency,
operational safety, and improved
system performance of the gaseous
diffusion plants; Steven E.
Lindberg, for quantifying the
importance of dry atmospheric
deposition of airborne contaminants
and nutrients to forest vegetation
and their influence on
biogeochemical cycles within the
forest; Robert W. McClung, for
his major contribution in the repair
of a multimillion-dollar, spacecraft,
radioisotope-powered, thermelectric
generator that contained several
materials developed and fabricated
at ORNL; Carl J. McHargue, for
outstanding original research on
the modification of the surface
properties of ceramics by ion
beams; Sankar Mitra, for
outstanding contributions to the
regulation and characterization of a
protein that mediates the repair of
chemically damaged DNA;
Masanori Murakami, for
outstanding contributions toward
the international understanding of
plasma confinement in tokamak
devices; Mark Rasolt, for
significant contributions to the

theory of pulsed-laser annealing,
the critical behavior of dilute Bose
fluids, and the fractional quantum
Hall effect; Vinod K. Sikka, for
developing and advancing the
commercialization of a new
chromium-molybdenum (9 Cr:1 Mo)
steel and advanced aluminide
intermetallic alloys and for
vigorous leadership in bringing the
new Steel Initiative Program to
ORNL; G. Pedro Smith, Jr., for
outstanding career contributions to
the experimental determination of
chemical structure and reactivity in
molten-salt media; G. Malecolm
Stocks, for outstanding, sustained,
and innovative contributions to the
development of a first principles
theory to provide a microscopic
understanding of the physical and
metallurgical properties of metallic
alloys; Tuan Vo-Dinh, for
development of the simple, cost-
effective, synchronous luminescence
technique for screening important
bioindicators—carcinogen-DNA
interactions—in biological samples;
Alan J. Witten, for advancing the
state of the art in subsurface
characterization methodology
through the development of
acoustical imaging techniques for
both geophysical and medical
applications.

ORNL employees received 58
Publication Awards, which
recognize superior employee
performance in the authorship of a
paper, technical article, or book
that represents a significant
advance in the author’s professional
field. The winners were B. K.
Annis, R. L. Hahn, and A. H.
Narten for “Hydration of the Dy?*
Ion in Dysprosium Chloride
Solutions Determined by Neutron
Diffraction”; T. C. Awes, R. L.
Ferguson, F. E. Obenshain,

F. Plasil, and G. R. Young, for
“Fission Decay of Reaction
Products with A ~ 1507;

C. Baktash, L. Y. Lee, F. K.
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Symposium of the Tennessee Valley
Chapter of the American Vacuum
Society.

Bob Wham is treasurer of the Oak
Ridge-Knoxville Section of the
American Institute of Chemical
Engineers.

Susan Whatley is governor for the
American Association of
Engineering Societies.

H. R. Witschi has been named to
the Complex Mixtures Committee
of the Commission of Life Sciences
of the National Research Council.

Dick Wood served as co-organizer
of the Symposium on Excimer
Laser Applications to Materials
Processing, Fiber Laser 86 SPIE
Conference in Cambridge,
Massachusetts.

Curtis C. Travis has been
appointed to the Food and Drug
Administration Science Advisory
Board.

The East Tennessee Chapter of the
Association for Women in Science
(AWIS) presented its first annual
science achievement award to
Dorothy Skinner for her research
in developmental biology and
genetics and a service award to
Mary Francis for her service to
AWIS.

Jerry W. Elwood has been named
a member of the Advisory Panel for
the Ecosystem Studies Program in
the Division of Biotic Systems and
Resources of the National Science
Foundation.

Robert J. Luxmoore has been
named to the editorial review board
of Tree Physiology, a new journal
dealing with theoretical and
experimental research on woody
species.
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V. R. Tolbert and James F.
MecBrayer were recently recognized
by the American Society of Surface
Mining and Reclamation for “their
dedicated service and professional
insights in establishing the
society’s directory of members.”

Ernest G. Silver has been
appointed technical program
chairman of the joint international
meeting of the American Nuclear
Society and the European Nuclear
Society to be held in 1988 in
Washington, D.C.

Dr. Daniel E. Conrad has been
named medical director for Martin
Marietta Energy Systems, Inc.

Lance J. Mezga has been
appointed manager of a new Waste
Management Coordination Office
established by Martin Marietta
Energy Systems, Inc.

William R. Hamel has been named
chairman of the newly formed
ORNL Robotics and Automation
Council. The council will serve as a
“technology clearinghouse” for
ORNL, identifying opportunities for
collaborative research with
industry and universities and
facilitating technology transfer to
the commercial sector.

David Cole has been appointed
associate editor of the Journal of
Geochemical Exploration.

Gene M. Goodwin and Joseph D.
Hudson have received the Airco
Welding Award from the American
Welding Society for their
achievements in joining materials.

J. A. Horton and E. A. Kenik
received first prizes in the electron
microscopy class in the 1986
International Metallographic
Exhibit sponsored by the
International Metallographic

Society and the American Society
for Metals.

In ORNL’s Solid State Division
Ralph M. Moon has been named
head of the Neutron Scattering
Section and James B. Roberto has
been named head of the Particle-
Solid Interactions Section.

Johnnie Cannon has been named
head of the Integrated Analysis and
Assessment Section of ORNL’s
Energy Division, relacing Bud
Zittel, who has retired.

The Physics Division now has two
sections for experimental nuclear
physics. Section heads are Frank
Plasil (Nuclear Reactions) and
Fred Bertrand (Nuclear
Structure).

Michael S. Blair, Tuan Vo-Dinh,
and E. Jonathan Soderstrom have
received a Special Award for
Excellence in Technology Transfer
from the Federal Laboratory
Consortium for Technology
Transfer. The award was given for
noteworthy contributions toward
the commercialization of the fiber-
optics luminoscope through a
licensing agreement with
Environmental Systems
Corporation of Knoxville.

C. T. Liu, Anthony Schaffhauser,
Vinok Sikka, and E. Jonathan
Soderstrom have received a Special
Award for Excellence in Technology
Transfer from the Federal
Laboratory Consortium for
Technology Transfer. The award
was given for noteworthy
contributions toward the
commercialization of nickel
aluminide alloys through a
licensing agreement with Cummins
Engine Company.
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Lynn Boatner has been the leader of the
Research Materials Group in ORNL’s
Solid State Division since 1977. His
research and development efforts at
ORNL have been recognized in the form
of an R 100 award in 1982 (shared
with Marvin Abraham) and three more
recent awards (shared with Brian
Sales), including a DOE Materials
Sciences Research Competition Award
in 1984, a second R 100 award in
1985, and an award from Science
Digest for one of the “100 most
significant technological achievements in
1984-1985." The recipient of a Ph.D.
degree in physics from Vanderbilt
University, Boatner is a Fellow of the
American Physical Society and an
associate editor of Materials Letters.

crystalline electric field on the
electronic properties of the actinide
5f Melectronic configurations and
can provide information concerning
the coupling between the spins (i.e.,
magnetic dipole-dipole interactions)
of the electrons and nucleus of each
ion. These magnetic dipole
interactions are responsible for the
so-called “magnetic hyperfine”
structure effects that are
manifested as small splittings of
the electronic energy levels. The
purpose of diluting and isolating
the actinide (or other
paramagnetic) ions in a ceramic
host crystal is to minimize
cooperative effects such as spin-
spin and exchange interactions that
occur only when paramagnetic
species (e.g., ions with unpaired
electrons) are close together. Such
cooperative effects lead to a loss of
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His research interests have centered on
the Jahn-Teller effect, the application of
crystalline ceramics and glasses to
nuclear waste disposal, and electron
paramagnetic resonance studies of
actinide ions (described in the following
article).

Marvin M. Abraham is a senior research
staff member in ORNL's Solid State
Division. He holds three degrees in
physics, including a Ph.D. degree from
the University of California at Berkeley.
From 1958 through 1960 he was a
Fulbright Fellow at Oxford University,
where he studied at the Clarendon
Laboratory. Before coming to ORNL in
1963, he worked at the Department of
Energy’s Lawrence Berkeley Laboratory
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and at the Institute of Physics in San
Carlos de Bariloche, Argentina, on an
International Atomic Energy Agency
fellowship. At ORNL he has been co-
recipient of two IfR 100 awards, one in
1975 with Yok Chen for growing single
crystals of alkaline-earth oxides and one
in 1982 with Boatner for developing a
monagzite process for stabilizing high-
level radioactive waste. He helped
organize a 1977 international
conference on crystal defects and a
1980 DOE workshop on alternative
nuclear waste forms. Abraham has
served as a traveling lecturer for Oak
Ridge Associated Universities. He is a
Fellow of both the American Physical
Society and the American Ceramic
Society.

arriving at ORNL and, in fact, the
first experimental work to emerge
from ORNL’s Transuranic Research
Laboratory (TRL) shortly after it
opened in 1967 was an EPR study
of Cm3* diluted in the ceramic host
crystals thorium oxide and cerium
oxide.

Cabell Finch and Wayne Clark
of ORNL’s Metals and Ceramics
Division collaborated with
Abraham on these early EPR
investigations of the actinides by
growing the highly refractory
ceramic host single crystals using a
flux technique. (This and other
techniques for the growth of
refractory single crystals are
discussed in an article by Lynn
Boatner in the Fall 1983 issue of
the ORNL Review.) In the case of
Cm3* in ThO,, an extra
unidentified EPR absorption was
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Reactor, Bulk Shielding Reactor
(BSR), and Oak Ridge Research
Reactor (ORR).

The Metals and Ceramics (M&C)
Division (name changed from
Metallurgy in 1962) re entered the
field because of the emerging
technological need for reactor
materials that are resistant to
neutron irradiation. It has since
been involved in developing
structural and fuel materials with
appropriate irradiation properties
for about one and a half dozen
different reactors.

In 1953 work at ORNL was
started on the aircraft propulsion
nuclear reactor, where high-
temperature performance was
required. Very large reductions in
the stress rupture life of the high-
temperature structural alloy
Inconel 600 were found after
irradiation. It was later shown that
this lowered resistance to stress
rupture results from helium
produced by transmutation
reactions involving boron-10 in the
alloy; the gas accumulated at grain
boundaries and weakened them.
The problem was solved by alloying
with small amounts of titanium,
which tied up the boron in the
matrix and kept helium out of the
boundaries. Jim Weir was
prominent in these efforts to
improve mechanical properties by
microalloying; for his work, he
received the Department of
Energy’s E. 0. Lawrence Memorial
Award in 1972. After he became
division director in 1973, a very
large effort in radiation effects was
built up.

In the 1970s, the division
developed aggressive programs for
research in radiation effects under
Jim Stiegler and Everett Bloom.
These programs covered the three
areas of alloy development for
liquid metal cooled fast reactor
structures, alloy development for
fusion reactor applications, and
basic research on the physical
mechanisms of radiation effects.
These efforts were in response to
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center for state-of-the-art electron
microscopy. The capability was
built up initially under Stiegler’s
leadership in response to the
demands for microcharacterization
of irradiated materials. Under Jim
Bentley’s supervision, the facilities
continue to evolve and the extensive
capabilities are now being applied
to a wide range of materials science
research.

We have also developed unique
capabilities for ion irradiations.
Energetic ions from accelerators
can produce atomic displacements
that are qualitatively similar to
those produced by neutrons from
reactors. However, ion irradiations
offer many advantages for
research. Damage can be produced
at rates 10° to 10% higher than in
reactors, more flexibility exists in
controlling variables, and
accelerator experiments are much
less expensive and difficult.

ORNL is one of the pioneering
laboratories in applying ion beams
in radiation effects research. We
have developed a dual-beam facility
consisting of 5-MV and 400-kV Van
de Graaff accelerators. The higher-
energy machine is used for heavy
ions such as nickel or iron to
produce radiation damage, and the
smaller machine simultaneously
injects helium or hydrogen (or
both) to introduce artificially the
important transmutation products
that would be produced during
neutron irradiations. Monty Lewis,
assisted by Roy Buhl and Sy Cook,
is largely responsible for the
extensive application of ion-beam
research in our experimental
program (see sidebar on page 103).

In the 1970s, we began work on
the kinetic theory of radiation
effects. This work guides the
experimental program and builds
on its results. Much of my research
effort has been concentrated in this
area. The theory is based on the
mechanisms and kinetics of defect
reactions. An extensive
mathematical framework has been
developed in the form of a theory of
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given energy is averaged over the
pka spectrum and over the incident
projectile energy spectrum, the
number of displaced atoms per unit
incident particle flux is obtained.

A prediction of this model is
that the damage produced by
various kinds of radiation should
scale with damage energy. An
important technological question is
whether the damage that would be
produced in a fusion reactor, whose
neutron spectrum will be rich in
14-MeV neutrons, can be related to
the damage in fission reactors,
where the mean neutron energy is
about 1 MeV or less. Because fusion
is in the research and development
stage and no operating fusion
reactors exist, no data are available
on long-term damage effects; on the
other hand, many measurements
have been made of fission-reactor
neutron damage. If it could be
shown that the scaling with
damage energy holds up, the
number of displacements to be
expected in a fusion reactor
spectrum would be clear. The fusion
irradiation could then be compared
(at least with respect to overall
displacements) with irradiations in
a fission reactor.

Experiments were undertaken to
demonstrate this comparison by a
group including Jim Roberto,
Charlie Klabunde, Jim Williams,
Ralph Coltman, and Mike
Saltmarsh. The experiments
compared the retained point-defect
concentration produced by high-
energy neutrons centered about 15
MeV with that produced by
fission-spectrum neutrons (centered
about 1 MeV). The high-energy
neutrons were obtained using the
Oak Ridge Isochronous Cyclotron,
which bombarded a beryllium
target with 40-MeV deuterons,
producing a broad neutron
spectrum centered about 15 MeV.
Based on damage-energy
calculations, Robinson had
predicted that the point-defect
production in copper, niobium, and
platinum would be about three
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emission. For a critical number of
gas atoms n*, the critical radius
reaches a minimum r*. If any more
gas is added, the critical radius
abruptly disappears and a cavity of
any size containing more than this
number of gas atoms will grow

inexorably by excess vacancy absorption.

The theoretical result is
extremely important because of
several consequences. At high
temperatures, where the critical
radius and critical number of gas
atoms are large, it is predicted that
the critical number of gas atoms
must be accumulated prior to the
onset of swelling. Thus, because
helium is related to the irradiation
dose, the dose to swelling onset
should be predictable. This concept
is the basis of powerful tools for
alloy design for swelling resistance.
Another consequence expected is
that the size distribution of cavities
will be bimodal. Cavities having
less than n°, should tend to be
stable at sizes below r*, whereas
cavities having exceeded these
critical quantities should grow.
Thus, two distinct groups of
cavities should be observed,
separated by a gap that increases
with increasing dose. Measuring the
critical size directly in this way
enables us to uncover some
intrinsic material properties that
are crucial to understanding and
predicting radiation effects.

As an example of work in the
first area, Eal Lee and I working
under the basic material sciences
program, together with Phil
Maziasz and Art Rowcliffe of the
fusion materials alloy development
program, have been able to tailor
alloys that are highly resistant to
swelling. The idea is to delay the
accrual of a critical number of gas
atoms in a cavity and, thus, delay
the onset of swelling. We developed
a swelling-resistant material by
adding phosphorus to an iron-
chromium-nickel (Fe-Cr-Ni) alloy,
thus producing needle-shaped
particles of iron phosphides that
were very finely dispersed
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radiation-affected phase changes in
Fe-Ni-Cr base alloys. More basic
work to understand the physical
mechanisms has sprung from this
effort. Recently, we began work in
an area of extreme phase
instability, where rather the crystal
structure itself is eradicated—that
is, the crystal is transformed to an
amorphous state. Dora Pedraza is
developing a theoretical model of
radiation-induced amorphization.
Ongoing experiments will shed light
on the mechanisms involved in this
fascinating and technologically
important phenomenon.

Our work in embrittlement
applies a threefold experimental
approach using reactor irradiations,
accelerator irradiations, and the
“tritium trick.” For the accelerator
work, we are developing a special
chamber to apply a stress during
proton irradiation. Accelerator
irradiation conditions can be more
carefully controlled than
corresponding reactor irradiations,
and the accelerator approach is
faster, less expensive, and more
convenient. The tritium trick is
another device to help with basic
questions. Through it, helium can
be introduced in the absence of
atomic displacement by energetic
particles. Here, tritium is allowed
to diffuse into the specimen at the
rapid rates characteristic of
hydrogen. It then undergoes a 8~
decay deep in the material to yield
an atom of helium-3. Helium is,
thus, readily “implanted” even into
materials where its diffusion is
essentially nil at temperatures of
interest in many structural
materials. Dave Braski and Ken
Farrell are using this technique
with good success to separate
helium embrittlement from the
other factors leading to
embrittlement. Figure 7 shows result
from Braski’s work on vanadium
alloys; initially, the material
was ductile but after application of
the tritium trick and the resultant
implantation of helium, it fractured
entirely intergranularly.
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Work is also beginning in the
relatively new area of ceramiecs
irradiation. Comparatively little is
known about the characteristics of
irradiation response and even less
about mechanisms. The materials
are complex and offer high
challenges for basic scientific
understanding. They are also of
technological interest in fusion
reactor technology. The initial work
of Linda Horton and Steve Zinkle
in this area has examined the
effects of helium on microstructural
development because, in fusion
applications, transmutation
reactions are expected to produce
high helium contents.

Part of our group’s efforts will
now be directed toward ion-beam
modifications of surfaces. For
example, we are conducting ion
bombardments to produce very fine
dispersions of phosphide and
carbide precipitates because these
microstructures have proven to be
highly resistant to swelling.
However, the fine dispersion also
suggests a highly deformation-
resistant microstructure by
providing obstacles to dislocations.
Thus, we are ion-beam treating
surfaces to improve their
mechanical properties through
these precipitate reactions. We are
also conducting experiments to
amorphize or cause other phase
changes in the surface regions of
several alloys. By means of these
treatments, we hope to radically
improve the surface-sensitive
mechanical properties by, for
example, inhibiting surface crack
initiation.

Another part of this ion-beam
research, which is unrelated to
surface modification, is directed
toward deriving information on
unique nonequilibrium materials or
materials that are difficult to
fabricate by conventional methods
but can be obtained through ion-
beam techniques. We expect to find
unique microstructures and phase
relationships and possibly superior
mechanical and physical properties.

New facilities are being
developed. The LTNF (see sidebar
on page 102) is expected to become a
world center for low-temperature
radiation effects research. The
HFIR is being modified to provide
greater capability for high-
temperature neutron irradiation.
The CNR, now in the planning
stages, promises greatly expanded
capabilities for neutron
irradiations. We are planning an
important upgrade of our current
dual ion-bombardment system
consisting of 5-MV and 400-kV Van
de Graaff accelerators. A new
2.5-MV accelerator will be added to
permit simultaneous triple-beam
ion bombardments.

We believe that the new
accelerator is essential for the bes
research in ceramics. By
bombarding with the present two
accelerators, only one type of high-
energy ion can be directed to the
target. Thus, buildup of excess
cations or anions cannot be avoided
when using self-ions. However, it is
well known that defect structure
and behavior is sensitive to
deviations from stoichiometry in
ceramics. Thus, one application for
the new system will be to inject
cations and anions simultaneously
in the correct stoichiometric ratio,
so that displacement damage can be
separated. With this capability,
more general investigations will
also be carried out by varying the
ratio of beam currents to establish
definitively the range of
compositional effects on ceramics of
interest. The small existing
accelerator will be used to inject
helium or hydrogen for
investigations of interest to fusion-
reactor applications (actually, four
simultaneous beams are possible
with these three accelerators). More
generally, the triple-accelerator
system will give us unique
capabilities for research in the
materials science of ion-beam
modification.

In this article I have tried to
show how the displacement of
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The current experimental focus
of the CESAR program is the
mobile system HERMIES-II.
William R. Hamel and Stephen M.
Killough of ORNL’s
Instrumentation and Controls (I&C)
Division are the principal architects
of the HERMIES evolution into a
major research facility.
HERMIES-II is a low-cost system
developed for initial CESAR
experimental activities with
autonomous sensor-based robotic
systems for use in unstructured
work environments. Although
limited in its basic performance
capabilities, HERMIES-II
incorporates mobility and
manipulation as well as recently
imnroved senanrv feedback functions

HERMIES is a
selt-powered mobile robot system
comprising a wheel-driven chassis,
dual-manipulator arms, on-board
distributed processors, and a
directionally controlled sensor
platform. HERMIES-II is propelled
by a dual set of independent wheels
having a common axle alignment
and driven by separate direct-
current (dc) motors (see opening
photograph). The on-board
computer and electronic equipment
are located in an enclosure mounted
above the drive chassis, and the
dual-arm manipulator torso is
located above the computers and
electronics. The manipulators are
5-degree-of-freedom (DOF) units
manufactured by Zenith/Heathkit
and used on the HERO home robot.
The torso assembly for the arms
also includes a shoulder pitch
motion for each arm and a base for
single-shoulder rotation. The two-
arm shoulder assembly has a total
of 13 DOF, and all axes are driven
by stepping motors controlled
directly by the Z8 microprocessor
dedicated to manipulator control.

Sonar scan data are
preprocessed on board HERMIES
and then transmitted via a

132

2400-baud RS-232 radio link to
either the NCUBE or LMI Lambda
computers for navigation planning.
A ring of five sensors using sonar,
each of which consists of a phased
array of four Polaroid transceivers,
allows for a narrow effective beam
width and rapid scan. The original
stepping motor drives for the
sensor pan/tilt control have been
replaced with high-speed dc
servodrives to permit the sonar
ring to be stepped quickly.
Consequently, the time required to
scan a 180° region in front of
HERMIES has been reduced from
80 to 7 s.

The dc servodrive of the tilt
platform has been designed to
accommodate not only the sonar
array, but also an infrared range
detector and dual Sony miniature
charge-coupled-device (CCD) black-
and-white cameras. The CCD
cameras are part of a new image-
processing system obtained to
incorporate computer vision into
HERMIES’ sensor suite. The
overall system is an International
Robomation/Intelligence P-256 unit,
which provides a pixel array of
256 X 256 spatial resolution with
8 bits characterizing possible
brightness levels and an integral
systolic array processor for
reasonably high-speed execution of
standard image nneratinns.

TllU ALLSAWIVALAINITAL LULIVI VL D‘Yﬂbclll
consists of a main microcomputer
and a satellite microprocessor. The
main microcomputer is a single-
board computer based on the
Intel-8088 microprocessor and the
IBM PC backplane. It controls an
on-board 320-Kbyte floppy-disk
drive and passes commands to a
Zilog 78603 single-chip micro
controller, which performs the
robot’s manipulator control
functions. Parameters are passed
from the 8088 to the Z8 via a
9600-baud serial link. The dual
wheels of the robot are driven
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of manipulators to be
experimentally verified. The
manipulator weighs approximately
68 kg (150 1bs) and can lift
approximately 13.6 kg (30 lbs), a
weight to capacity ratio of about 5,
a factor-of-4 improvement over
typical industrial manipulators
(which are necessarily heavy and
rigid so they can precisely perform
repetitive operations).

e A computer design based on a
hypercube architecture is currently
being investigated by CESAR. Up
to 1024 32-bit processors developed
by NCUBE Corporation, each
processor designed to have the
power of about one and a half
VAX 11/780’s, can be connected to
their nearest neighbors; however,
because VLSI technology is used,
the total physical volume of the
NCUBE machine is less than 1 m®.
The initial CESAR configuration is
a six-dimensional cube that became
fully operational in January 1986.
Current research focuses on
generalizing the simulated
annealing global optimization
methodology to systems having a
varying number of degrees of
freedom and on exploring its
applicability to the static and
dynamic load balancing of large-
scale, message-passing hypercube
multiprocessors. A significant
effort is under way toward
development of operating system
concepts such as “virtual time.” In
addition, the development of
parallel algorithms for machine
vision is receiving increasing
attention. In particular, work was
initiated to study the applicability
of human neural mechanisms to
robotic vision. Mathematical models
were developed that describe the
first three layers of the retina;
these models were evaluated using
psychophysical experiments to
parameterize the retinal equations
and independently test their
validity.

* Our GRESS calculus precompiler
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is now being used for automated
derivative generation that supports
model-simplification studies
parameter identification. Each
FORTRAN line corresponding to
storage operations is analytically
differentiated, and total first
derivatives are propagated using
the chain rule. The GRESS system
has now been successfully tested on
several major codes. The major
advantage of the GRESS language
is its ability to process the model
source program as data; no special
effort is needed to specify the
model.

* A new uncertainty theory
(O-Theory) has been developed in
an attempt to combine and
synthesize the strengths of
Dempster-Shafer (DST), Fuzzy-Set
(FST), and Bayesian Inference
Theory (BIT) to retain the
probabilistic basis of BIT, the
beliefs and possibilities of DST, and
the mathematical diversity and
rigor of FST. The theory is now
examined with respect to the
PICON expert system for use in
planning and decision making.

In making the transition from
the teleoperated systems of today
to the autonomous systems of
tomorrow, CESAR is completing
preliminary plans for HERMIES-
[II. This robot will have two
dexterous arms (dual CESARMs
instead of the one CESARM of
HERMIES-II) and will outperform
HERMIES-II in sensing the
environment, thanks to high-
resolution vision and a laser
scanner. HERMIES-III will also be
smarter than its predecessor. Its
brain will be a mobile hypercube
parallel computer, which has
mormous processing power for
‘apid reasoning, learning, and
lecision making.

CESAR'’s long-range goals
include allocating tasks and
facilitating cooperative problem
solving among humans and

machines. We will be a step closer
to these goals when we complete
the Intelligent Machine Operating
System, which more fully exploits
the hypercube processor for
scheduling tasks, load balancing,
and synchronization. We will
ontinue research on modeling the
numan visual process at higher
levels (e.g., colinearity, periodicity,
ate.) and for time-varying imagery.
This research will be merged with
ronventional vision methodology fc
righ-level scene analysis and with
nformation from other types of
sensors (sensing force, pressure,
stc.) CESAR will also study contro
:heory for dual-armed, closed-loop
nanipulation.

We hope that the long-term
1ature and continuity of the
yrogram will enable us to build
:ommon-sense knowledge
‘epresentations, to deal wisely in
18ing limited fast memory (what
shall we aliow the robot to forget?’
ind to develop algorithms to allow
‘he robot to learn from experience.
Tinally, we expect to augment
ixpert systems for robot control to
nclude a measure of ungertainty
18ed in decision making.


































































nonpolar exterior. If the metal ion
has been accompanied by aqueous
ions of opposite charge, these are
involved in the extraction complex
as well. The complex may contain
one metal ion surrounded by
coordinating polar groups and an
outer nonpolar covering, or it may
be a large polymer involving many
metal ions bound intricately by ions
and molecules.

Clearly, the great versatility of
solvent extraction comes at the
price of complexity. The solvent
extraction systems that have found
application as practical separations
processes have employed an
extractant, often a modifier, and
sometimes a synergist in the
organic phase. The chemistry of
such mixtures can be quite
complicated. In the past, full
resolution of these complications
has often been beyond the
capabilities of the tools of
chemistry and, as a consequence,
progress in the application of
solvent extraction has been largely
empirical, often as much an art as
a science.

The solvent extraction reagents
in current use at ORNL illustrate
many of the features of a successful
solvent extraction system. Perhaps
the most venerable reagent is
tributylphosphate (TBP). It consists
of a phosphate (PO,) group to
which three hydrocarbon chains of
f ' carbon atoms each are
attached (Fig. 2). The phosphate
ends of two TBP molecules can bind
strongly to an aqueous uranyl ion
(UO%"). Two aqueous nitrate ions
are also bound to make a neutral
extraction complex having a
hydrocarbon exterior that can enter
either pure TBP or a solution of
TBP in a hydrocarbon diluent such
as kerosene. TBP is used in the
Plutonium Uranium Extraction
(PUREX) process, which was
invented at ORNL to recover
uranium and plutonium from
nuclear reactor fuels.
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Another type of extractant was
developed to recover uranium from
ores in the western United States.
These are the so-called alkylamines
(Fig. 2). Here, the polar part of the
extractant molecule is a nitrogen
atom to which one or more
hydrocarbon chains are attached.
The nitrogen atom can bind a
hydrogen ion (H*) when exposed to
aqueous acid solutions to form an
amine cation. With the coextraction
of aqueous anions (usually sulfate),
an amine salt is formed in the
organic phase, often in the form of
aggregates containing many amine
anions and cations. This amine salt
can, in turn, extract UO,2* ions and
additional anions. Surprisingly, the
degree of aggregation of the
organic complex often seems to
depend on how vigorously the
mixture is agitated during the
extraction.

As a final example, a synergistic
combination of two extractants is
used in the DEPA-TOPO process
developed at ORNL by Fred Hurst
and co-workers in the Chemistry
Division to recover the small
amount of uranium (typically 100
parts per million) from the
phosphoric acid produced in huge
quantities during the processing of
phosphate rock into fertilizer. Both
are organophosphate compounds
like TBP, but each differs from it in
an important way (Fig. 2). One
(DEPA) is formed by attaching two
hydrocarbon chains and a hydrogen
ion to the phosphate group,
producing an acid that can extract
uranyl ions by ion exchange. The
other reagent (TOPO) is formed by
attaching three hydrocarbon chains
directly to the phosphorous atom.
The one oxygen atom attached to
the phosphorous can bind strongly
to certain metal ions. The
extraction complex formed with
UO3* has not been identified fully,
but probably contains two DEPA
anions and one or two TOPO
molecules. It has the extreme

stability necessary to extract
uranium from concentrated aqueous
phosphoric acid into kerosenc

The main goal of current solvent
extraction research at ORNL is to
develop improved extractants and
accurately predict their behavior.
Of special interest are the so-called
macrocyclic reagents. These
molecules are in the form of rings
that provide a cavity or cage into
which the extracted metal ion can
fit snugly and be surrounded by
polar groups. The most important
class of such reagents at the
moment are the so-called crown
ethers (Fig. 3), in which oxygen
atoms linked by hydrocarbon chains
form the ring. Because such
molecules are neutral, formation of
an extraction complex requires
anions either from the aqueous
phase or from a synergistic organic
additive. Jack McDowell and co-
workers in ORNL’s Chemical
Technology Division have found
that when organic acids having
long hydrocarbon chains are used
as synergists, the crown ethers
become very effective and selective
extractants for the ions of groups I
and II of the periodic table (i.e.,
sodium, potassium, beryllium,
calcium, strontium, barium, and
radium).

John Burns and co-workers in
ORNL’s Chemistry Division have
been determining the structure of
extraction complexes by the
scattering of X rays and neutrons
from crystals (Fig. 1) and from
solutions. Only by learning how
extraction complexes are put
together and what structural
characteristics are most important
in determining their stability can
we hope to understand solvent
extraction behavior and to improve
it as a separation tool.

Most of the compounds
currently being used as extractants
were synthesized originally for
other purposes. Researchers in the
Chemistry Division are now
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which, in turn, may be coated with
an active liquid. Finally, in gel
chromatography, the stationary
phase consists of gel particles that
can react with a liquid sample.

Electromagnetic separation is a
technique used to separate and
identify molecules, molecular
fragments, and atoms. Instruments
known as mass spectrometers are
routinely used in analytical
laboratories to determine the
molecular weight, structure, and
identity of compounds. These
instruments vaporize the sample to
be analyzed, convert the individual
atoms or molecules in the vapor to
ions in an electron beam, and then
accelerate them through a magnetic
field. Molecules that pass through
the electron beam not only acquire
varying charges but also break into
pieces that are characteristic of the
individual compound. Because the
magnetic field deflects the ions
differently depending on their mass
and electrical charge, they take
different paths through the
magnetic field and can thus be
separated. Very small samples,
sometimes only a few micrograms,
can be analyzed in this way.

Larger versions of these same
instruments are used to prepare
isotopically pure samples of many
elements that are used in medicine,
chemistry, physics, materials
science, biology, geoscience, and
engineering. These large-scale mass
spectrometers, known as calutrons,
were first developed by E. O.
Lawrence at the University of
California (hence the name). ORNL
operates a large calutron facility at
the Oak Ridge Y-12 Plant to
produce the isotopically enriched
elements that have become critical
to many applications such as scans
of heart patients.

The electromagnetic isotope
separation process is as old as the
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Oak Ridge complex itself. The
production of kilogram amounts of
figsionable uranium-235, which
makes up only about 0.7% of
natural uranium, was crucial to the
success of the Manhattan Project.
Producing #®U was a formidable
challenge, however, because the
physical and chemical properties of
257 are almost identical to the
properties of 28U, which makes up
the other 99.3% of natural
uranium. It was known that small
amounts of these isotopes could be
separated electromagnetically in a
mass spectrometer, but it was not
at all certain that the process could
be scaled up to produce kilograms
of highly enriched #°U. In 1943 the
top-secret Y-12 plant, which housed
1152 calutrons, began producing
257 for the first time. The success
of the effort was dramatically
demonstrated on August 6, 1945,
when the first atomic bomb to be
used in warfare, powered by
uranium that had been enriched in
the Y-12 calutrons, exploded over
Hiroshima, Japan. This
electromagnetic separation process
(like the solvent extraction process
discussed earlier that was employed
to obtain the plutonium used in the
first atomic bomb test at
Alamogordo, New Mexico, and in
the bomb dropped on Nagasaki,
Japan) is an example of a
separation method that
fundamentally changed the nature
of warfare and the history of
mankind.

The calutrons are no longer used
to produce enriched uranium. A
second technique, called gaseous
diffusion, was developed at the
same time as the calutron as a
backup method for obtaining
enriched uranium for the war effort
because of the uncertainty about
the success of electromagnetic
separations. Although it took
longer to come on line, the gaseous
diffusion method proved to be more
efficient and, in 1945, a decision
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many applications in science and
technology, is proving useful in
separation science as well. Just as
gaseous diffusion replaced
electromagnetic separation for the
enrichment of uranium, it now
appears that a new laser process
may replace both technologies in all
types of isotope enrichment. In this
process, a laser beam is passed
through a vapor of atoms or
molecules that contain a mixture of
isotopes. Despite the great
similarity between the properties of
the isotopes of a single element, the
laser can be so carefully tuned that
it ionizes only one isotope, which
can then be collected on an
electrically charged surface while
the un-ionized species pass by. The
Atomic Vapor Laser Isotope
Separation (AVLIS) method and
the Molecular Laser Isotope
Separation (MLIS) method have
been undergoing development at
the Lawrence Livermore National
Laboratory, the Los Alamos
National Laboratory, and the Oak
Ridge Gaseous Diffusion Plant.
ORNL researchers have made
intportant contributions to this
technology, which promises to make
isotope enrichment faster and
cheaper than ever before. Joe Tracy
and his co-workers in the
Operations Division of ORNL are
studying the feasibility of using
this technology to supplement or
replace the calutrons for the
production of stable isotopes.

The application of lasers to
increase or control the rate of
separations is an area that is just
beginning to be explored. Mac Toth,
Jimmy Bell, and Horace Friedman
of the Chemical Technology
Division have used a mercury are
lamp (which can produce light that
is very intense and nearly
monochromatic, though less so than
laser light) to alter the chemical
behavior of neptunium and
uranium in solution and so control
their separation using the PUREX
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science and technology has been a
major goal of ORNL since the days
of World War II. The Laboratory
continues to play a leadership role
in the field, but where the emphasis
was once on the separation of
plutonium and uranium in support
of the war effort, the focus has
shifted to separations problems in
the nuclear and fossil fuel cycles
and more recently to separations
problems in environmental and
waste management and in
biotechnology. Researchers at
ORNL will continue to explore the
underlying mechanisms that make
separations possible, to develop new
separation techniques, to improve
old ones, and to extend their use
into new areas of application. The
results of this research may not
always be as dramatic as the
mushroom cloud over Alamogordo
that ushered in the Atomic Age,
but its beneficial effects on the
economics and efficiency of energy
production, on environmental
management, and on human health
and safety, may well, in the lone
run, prove more important.
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inhibitors, a belief reinforced by
the discovery of the existence of
concentrated and corrosive,
immiscible phases at 290 to 300°C.
The ORNL studies showed that
potassium phosphates also produced
second liquid phases but only at
temperatures too high for
formation to occur in existing
steam generators. Therefore,
Marshall suggested that potassium
phosphates be used for possible
corrosion control instead of the
sodium phosphates used previously
at lower temperatures.

Our program dealing with redox,
hydrolysis, and complexing relates
to the identity of species present
under selected conditions.
Knowledge of all these processes at
high temperatures is limited, but
we are making good progress. The
first, the redox state, is established
by the activity of hydrogen (or
oxygen) with which the solution is
in equilibrium; for example, iodine
may exist as I~ (1—), I5(0), or
105~ (6+).

The first study in this program
of a redox equilibrium in solution
was conducted by Don Palmer and
Dick Ramette (Carleton College) on
the stability or disproportionation
of I, in water as this relates to the
assessment of 3T release in light-
water reactor accidents such as
that at Three Mile Island. An
electrochemical method was used
that splits the reaction to produce
103~ and I into its two redox
partners, the oxidizing half with I,
and 103~ and the reducing half
with I and I”. This cell, whose
potential indicates the equilibrium
distribution of all the species, has
produced very precise results at
temperatures up to 210°C, and the
information is being used in models
to assess the behavior of iodine in
accident scenarios. Information on
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other redox systems is badly needed
to describe the complex chemistry
of the elements in the middle of the
periodic table.

An important aspect of the
chemistry of metal ions in solution
is the possibility of hydroxy
complexes formed by reaction with
water itself (hydrolysis). Such
reactions at 25°C were surveyed
comprehensively in a book by
Charles Baes and Mesmer called
Hydrolysis of Cations. In a few
cases, experimental studies have
been made at ORNL up to high
temperatures using concentration
cells (e.g., studies of hydroxy
species of ions of magnesium,
aluminum, uranyl, thorium, and the
acids and bases mentioned under
“Ionization Reactions”). A special
need exists for more information,
especially in dilute solutions
because of the very low solubility of
hydroxides and oxides. In one
notable study, Sweeton derived
information on the hydrolysis of
Fe?* from solubility studies on
magnetite (Fes0,) at temperatures
ranging up to 300°C. The results
are widely used for analysis of
corrosion of ferrous metals in
power-plant systems. It is apparent
now that monomeric species become
more predominant at high
temperatures and that the greater
importance of the hydrolysis
reactions that produce these species
results from the large positive heat
for the first hydrolysis step. In
addition, our lack of knowledge of
complexing behavior (forming
species between metal ions and
neutral or anionic species) is
another barrier to a full description
of the chemistry of metals at high
temperature. At ORNL, Palmer and
Ed Drummond have succeeded in
developing approaches to studying
complexing of Fe?* with acetate
using the solubility of magnetite on
the one hand and an
electrochemical approach on the
other. The increasing strength of
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the experimental results were in
agreement with the Frankfurt
predictions. Two other predictions
of the Frankfurt group, however,
seem to have missed the mark.
According to theory, the measured
energy of the spontaneously
produced positron should vary by a
factor proportional to Z%, where Z
is the combined charge of the
colliding ions. By using different
ions (e.g., uranium and thorium or
californium) to vary the total
charge, experimenters expected to
see a strong Z-dependence. The
theory also predicts no positron
production when Z < 173. To make
a long story short, experimental
results contradict both predictions.
The energies of the positrons are
constant, no matter what the total
charge of the colliding systems, and
positrons seem to be produced by
systems in which Z < 173. Herein
lies the positron puzzle.

Where do the fixed-energy
positrons in heavy-ion reactions
come from? This question has been
debated vigorously over the last
year or so. Two possible
explanations have been proposed by
ORNL nuclear theorists. Baha
Balantekin, Chris Bottcher, and
Mike Strayer have considered the
possibility that the positron is
evidence for the decay of a new
elementary particle, which they
often refer to as a short-lived
axion. (For the paper they
published on this subject, they
received a 1986 Publications Award
from Martin Marietta Energy
Systems, Ine., which also honored
Balantekin as Author of the Year.)

According to the ORNL theory,
the new particle carries no net
electric charge. When the particle
decays by producing an electron-
positron pair, limits on the mass of
the new particle and the lifetime
for this et-e~ decay branch can be

202

extracted from the measured
energies of the positrons and from
the geometries of the detector.
From this analysis, the particle
model implies that the mass of the
particle is 1.6 MeV (about three
times the electron mass).

If such a particle exists, it could
have a profound effect on other
physical phenomena. First, it would
influence the strength of the
interaction of the electron with a
magnetic field—that is, the
anomalous magnetic moment of the
electron. This interaction is known
accurately. By combining
information on this interaction
strength and on the measured cross
sections for producing the positrons
in heavy-ion reactions, it follows
that the lifetime of the new particle
would be ~10718s. Second, the
existence of such a particle would
have a cosmological consequence: it
would measurably affect the rate at
which energy is lost from red-giant
stars. The measured energy losses
of red giants are quite compatible
with the existence of this new
particle. In fact, no known data in
nature have been found to be
inconsistent with the existence of
the particle. Several tests have been
proposed to support or disprove the
existence of this particle, to prove
the theory right or wrong. First,
because the theory holds that the
particle decays into an electron-
positron pair, one approach is to
turn the reaction around and try to
form the new particle by scattering
positrons from electrons at an
appropriate energy. Several groups
are conducting such experiments,
including one first led by Karl Erb
(formerly a member of the Physies
Division who is now with the
National Science Foundation).
Secondly, if the particle hypothesis
is correct, experimenters should be
able to observe the coincident
production of electrons and
positrons at the same energy in
heavy-ion reactions. The
coincidence experiments are very

difficult because the probability
that the pairs can be observed is
very small. However, evidence that
such coincidences had been
observed was recently obtained by a
group from Yale University. The
data analysis is still being refined.

Cheuk-Yin Wong of ORNL
explains the origin of positrons in
terms of a composite particle
rather than the short-lived axion.
In the summer of 1985, he was
reading a collection of the papers of
his thesis advisor, John A. Wheeler,
who is one of the “fathers” of
nuclear fission theory. He noticed
that in 1946 Wheeler had calculated
the properties of the three-body
system, which consists of two
electrons and a positron (e*, e™,
e”) = P~ and its charge-
conjugate partner (e*, e*,
e”) = P,7. Wheeler predicted that
the two systems could be self-
bound. The most probable mode of
disintegration of the systems was
by the emission of two photons,
Pt et + v+«
P,” —e +y+7
However, a one-photon decay mode
is allowed:
Pt — et + v
P,m —e” + «v
The negatively charged P,™ system
was observed experimentally three
years ago, lending credence to
Wheeler’s calculations. If Py~
exists, then Py* certainly exists as
a slightly bound three-body system.
Wong studied the properties of the
one-photon decay mode of P,*. The
energy of the e™ in this decay mode
is calculated to be 340.66 keV, in
excellent agreement with the
measured energy, 336 + 10 keV, of
some of the positrons observed in
the heavy-ion reactions. This
coincidence is striking.

Wong’s hypothesis can be tested.
It should be possible to observe
electrons at the same energy as the
positrons. In the one-photon decay
mode, the photon has a discrete
energy of 681.3 keV, so that gamma
rays having this energy should be
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detectable. In Wong’s picture, no
coincident production of electrons
and positrons should occur. If no
alternative explanation of the
coincidences reported by the Yale
group is found, Wong’s picture is in
trouble.

Another problem with Wong’s
concept is that the predicted decay
probability is too small. To initiate
the two-photon decay.mode, one
electron and one positron must be
very close to the same point in
space. The probability for this
spatial coincidence is inversely
proportional to the volume of the
three-body cluster (i.e., « 1/R3),
where R is the cluster radius. For
one-photon decay to occur, all three
particles must be spatially
coincident. This probability is
inversely proportional to the
volume squared (i.e., « 1/R5).
Because Wheeler’s bound clusters
are very large, ~10° fermis (10° X
10~'3 ¢m), the relative decay branch
to the one-photon system is
probably too small to allow
observation of this branch.
However, the analysis does suggest
an explanation.

-In a nucleus having a large
positive charge, the radius of the
closest electron orbit is relatively
small compared with atoms having
a low atomic number because the
electrons are bound more tightly as
the attractive force increases. For
the nuclear molecular system U +
U (Z = 184), the orbital radius of
the innermost electron is on the
order of 10? fermis—that is, it is
three orders of magnitude smaller
than is the case for the loosely
bound P,* system. This reduced
orbital radius increases the relative
probability for decay of three bound
leptons (electrons and positrons) by
the one-photon branch. Unbound
systems of Py* may be formed
around the Z = 184 nuclear
molecular system during heavy-ion
collisions and then decay by
P,* — e* + «. The strong field
binds the three leptons in a
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basic research continues to be
rooted in the quantum-mechanical
many-body character of the
nucleus. It is now possible to cbtain
exact descriptions of systems that
have two or three particles but only
two-body forces [i.e., a given
particle is subjected to the same
force exerted by a second particle
despite the presence of a third (or
more) spectator particle(s).] For
more than three particles, various
approximations must be made.
Physicists continue to develop more
nearly accurate solutions of the
many-body problem.

The nucleus is the best
laboratory in nature for testing the
various quantum-mechanical
many-body models. The number of
neutrons and protons in known
nuclei is no more than 200 to 300,
small enough that all the nucleons
could conceivably be treated
explicitly. (By contrast, in solid
state and chemical physics, the
number of particles is on the order
of 10 or more; thus, a truly
microscopic many-body theory is
impractical for these fields.)
Because the nuclear force between
neutrons and protons is so strong
compared with the electromagnetic
force in atomic physics, a rich
diversity of reactions occurs
between nuclei, providing a wide
variety of tests of the many-body
theories.

The starting point of any
quantum-mechanical microscopic or
many-body model of the nucleus is
the famous Schridinger equation
(see Egs. 1 and 2 shown in box on
page 204), where T(r;) is the kinetic
energy of particle 7 and V(r,rp) is
the potential energy of the
interaction between two particles at
positions r;and 7, © and j stand for
any one of the N particles
(neutrons or protons) that make up
the nuclear system, and (. . r»)
is the wave function that describes
the nuclear system (it contains all
the information we can know on
how the nucleus behaves). To












find the eigenfunctions y of the
Hamiltonian H of the system, with
energy eigenvalues E, where H is
given in Eq. 8 (see box) and N is
the number of particles in the
system. This equation, however, is
not soluble exactly if N > 3. The
Hartree-Fock approximation
replaces the complete Hamiltonian
H by an approximate Hamiltonian
k as in Eq. 9 (see box). That is, it
replaces the two-body potential
W(ryr;) by the approximate one-
body potential u(r;), where u(r;)
represents the average interaction
that the particle labeled ¢
undergoes in response to forces
exerted by all the other particles in
the system; for obvious reasons,
u(r;) is called the mean field. The
approximation replaces a system of
mutually coupled particles by a
system in which each particle
moves as an independent particle in
a common central potential; thus,
u(r;) is not a phenomenological
one-body potential. It is calculated
from the wave functions for the
individual particles and the
nucleon-nucleon potential. Thus,
u(r;) depends on ¥(r). But y(r) are
the solutions of the one-body

Eq. 9—that is, ¢,(r) depends on u(r;)
The Hartree-Fock theory treats this
circular reasoning self-consistently
by an iterative procedure. Start
with a guess for u(r;) and calculate
the corresponding ¥(r). Then
calculate a new u(r) by averaging
the nucleon-nucleon potential
W(r,r;) over the y(r). Keep going
until there is no change from one
step to the next.

The Hartree-Fock approxi-
mation was developed for atomic
physics, where it made intuitive
sense. The electrons in an atom are
always affected by the strong
central charge field of the nucleus,
which acts to stabilize the
electronic motion. To this nuclear
charge field, the average effects of
all the other electrons on a given
electron are added. The Coulomb
force between charged particles is
long-ranged and smooth, so the
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averaging procedure sums up
smooth behavior. The nucleus,
however, has no strong nuclear
field analogous to the electric
charge at the center of an atom;
furthermore, the nuclear force is
short-ranged and much more
complex than the Coulomb. The
relevance of mean field theories to
nuclear physics was first suggested
by the success of one mean-field
theory, the nuclear shell model, in
describing observed nuclear
structure. It is now known that the
nuclear force is essentially
smoothed out by the Pauli
principle, which states that two
identical particles cannot be at the
same place at the same time. If a
nuclear system has numerous
particles, this Pauli blocking
suppresses many fluctuations
induced by mutual scatterings; as a
result, the nucleon-nucleon
scattering is not very violent.

For many years ORNL’s Theory
Group has been a world leader in
investigating nuclear properties in
terms of the Hartree-Fock
approximation. The Hartree-Fock
equations are solved numerically.
Because the procedures are
computer intensive, the availability
of excellent computing facilities at
ORNL has given the group a
distinct advantage.

The early history of nuclear
Hartree-Fock calculations involved
the examination of static nuclear
properties—masses, shapes, and
density distribution of nuclei. These
shapes and densities could be used
to analyze various types of nuclear
reactions, particularly electron
scattering. At ORNL, Dick Becker
and Tom Davies were extremely
active in this field in the late 1960s
and early 1970s. Their
investigations showed that once a
“realistic” force between two
nucleons was determined from
nucleon-nucleon scattering
experiments, these static properties
of nuclei could be calculated quite
accurately using the Hartree-Fock
approximation. With the onset of

studies of heavy-ion reactions, it
was suggested that the best
microscopic theory for such
reactions would be a time-
dependent version of the Hartree-
Fock theory. Here two nuclei start
at some separation distance r at an
initial relative velocity v. The nuclei
are each assumed to be described
initially by a static Hartree-Fock
solution. As the two nucleons
approach each other, they “feel” an
average interaction caused by
nucleons in both the target and
projectile nuclei (analogous to the
mean-field interaction discussed
above for a single nucleus). The
mean-field changes as a function of
time during the collision. Because
two nuclei are involved and because
the mean field is calculated as a
function of time during the
collision, these calculations are
much more complex and time
consuming than are the static
Hartree-Fock calculations.

A major effort in the nuclear
theory program in recent years has
been to develop efficient algorithms
to carry out the time-dependent
calculations on a computer. These
efforts have been led by Tom
Davies, Mike Strayer, and Chris
Bottcher. The time-dependent
Hartree-Fock (TDHF) equations
are solved by various numerical
methods such as finite difference or
finite element techniques. These
involve finding solutions to the
equations at a number of discrete,
closely spaced, points instead of
over continuous space. A number of
factors determine the size of the
calculations. The most obvious
factors are the number of spatial
dimensions and the number of
points at which the solutions are
obtained. Much effort has been
made to define the smallest useful
space for a given physical
calculation.

Another factor that influences
the size of the TDHF calculation is
the type of interaction potential
that is used. The function that
describes the nucleon in a given
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Fig. 1. Examples of saddle-point shapes
of nuclei calculated with the rotating-
liguid-drop model. The saddle point is a
point of unstable equilibrium from which
a nucleus may proceed by either
fissioning or returning to its ground
state. The shapes on the left side
correspond to nonrotating nuclei. The
rotating nuclei on the right side are
shown for rotational energies that are
close to the upper limit for each
particular nucleus. For even greater
rotational energies, no saddle-point
shapes exist.

such as silver. Second, we wanted to
see if the rotating-liquid-drop
theory was valid in a quantitative
sense.

To accomplish our first goal,
Bob Ferguson, Frances (Tony)
Pleasonton, and I bombarded a
silver target with the newly
available neon projectiles from the
Oak Ridge Isochronous Cyclotron
(ORIC). It was expected that after a
neon nucleus collides with a silver
nucleus, the two nuclei coalesce to
form a rotating, excited, compound
nucleus of lanthanum. If this
compound nucleus is endowed with
sufficient rotational energy, it may
be unstable enough to fission. Our
first measurements were confusing,
to say the least. We did not know
about all the different reaction
products that had energies similar
to those of the fission fragments
and that overshadowed the small
fission yield for which we were
looking. The effect that came to the
rescue was that fission fragments
are always produced in pairs and
that, in the moving frame of the
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system, these fragments always
have equal—and
opposite—momenta. Thus, by
measuring coincident pairs, we
found the needle in the
haystack—neon-induced fission of
silver.

Following our measurements,
interest in heavy-ion-induced
fission of relatively light systems
(mass range from A = 100 to =
150) had picked up, and by the time
we were ready to test the
quantitative aspects of the liquid-
drop theory, several other groups
were involved in similar studies.
One of the strongest efforts was
that of Marshall Blann and his co-
workers at the University of
Rochester. Marshall and I shared
the common interest of putting our
studies on a more quantitative
basis. But, before we could proceed,
we had to take an additional
theoretical step—incorporate the
rotating-liquid-drop fission barriers
into the appropriate nuclear
reaction theory.

As previously mentioned, the
fission barrier is a sensitive
function of the rotational energy.
However, the amount of rotational
energy imparted to the compound
nucleus depends on the impact
parameter, which is a measure of
the off-center aspect of the
collision. Obviously, no rotational
energy (angular momentum) is
involved in a head-on collision. The
figsion barrier, and hence the
stability against fission, thus
depends on the impact parameter.
In any given bombardment, many
impact parameters are involved,
and as a result, some of the
compound nuclei formed are
expected to fission, whereas others
will lose their excitation energy by
“evaporating” nucleons, resulting in
so-called evaporation residues, or
fusion products.

This competition between
fission, on the one hand, and
deexcitation by particle emission,
on the other, had to be calculated
as a function of the rotational

energies (impact parameters)
involved in the nuclear reactions of
interest. To make these
calculations, Blann and I developed
a computer code called ALICE,
which, until its replacement by
more accurate approaches, was
widely used by the heavy-ion
physics community.

At this point, the stage was set
for a quantitative test of the
rotating-liquid-drop model. The
investigations were pursued
independently by Blann and his
group and by us. Blann published
his results first. He concluded that
his data could best be described in
terms of fission barriers that were
much lower (in one case 50% lower)
than those given by the liquid-drop
model! To us, something appeared
to be seriously wrong with the
theory. In due course, we confirmed
Blann’s findings that the fission
barriers are lower than those
predicted by the rotating-liquid-
drop model, although the
discrepancy between our data and
the theory appeared to be much
smaller than that of Blann. There
followed a period during which we
tried to nail down the exact
magnitude of this discrepancy. This
seemed important at the time, and
often led to strained exchanges
between us and our old friend and
colleague Blann.

The final resolution of the
dilemma came about almost
accidentally, as a result of one of
those scientific exchanges that
often turn out to be much more
valuable than could be foreseen. In
1982 Arnie Sierk of Los Alamos
National Laboratory came to ORNL
to spend a year on such an informal
exchange. He is an associate of
J. R. Nix, who, like me, is a former
student of Swiatecki. The rotating-
liquid-drop model, including its
limitations and approximations,
was very familiar to Sierk. We
discussed the status of our
experiments with him and pointed
out that heavy-ion-induced fission
measurements indicate that fission
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of nucleons transferred back and
forth between target and projectile
increase. These reactions are called
deeply inelastic or strongly damped
collisions. Finally, for the smallest
impact parameters, fusion may take
place, leading to the compound
nuclei previously discussed in
conjunction with heavy-ion-induced
fission. In the region of impact
parameters appropriate to both
fusion and to deeply inelastic
collisions, conditions sometimes
occur to make “nuclear orbiting”
possible.

The idea of nuclear orbiting was
first postulated by Janusz
Wilczynski of the Institute of
Nuclear Research in Warsaw,
Poland, thirteen years ago. He used
it to explain the observation that,
in deeply inelastic collisions, at
certain angles, two groups of
reaction products result. One group
involves a much higher degree of
energy damping than the other.
Because the degree of energy
damping depends on the reaction
time, Wilczynski conjectured that
the events having a small energy
loss involve higher impact
parameters and a direct deflection
to the observed angle, whereas
events having the larger energy loss
occur at somewhat smaller impact
parameters. He surmised that these
latter events are the result of
projectile nuclei that start out on
one side of a target nucleus, clutch
or stick to it long enough to swing
to the other side of it, and then
reseparate, having lost considerably
more kinetic energy in the process.
It is obvious that, for the clutching
conditions to occur for a significant
length of time, the three relevant
forces (the nuclear cohesive force
and the Coulomb and centrifugal
repulsive forces) have to be, once
again, nearly balanced.

Dan Shapira and his colleagues
in the Physics Division did not set
out to investigate Wilezynski’s
postulate when they started their
studies in 1979. Over the years,
however, the group has made
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extensive contributions to the study
of nuclear orbiting, especially in
light nuclei, and has placed orbiting
into its proper context in the
hierarchy of nuclear reactions.
Shapira’s original motivation was
to understand puzzling features of
elastic scattering—reactions
between nuclei that resemble the
deflections of colliding billiard balls
and involve essentially no energy
loss. As in the case of my fission
studies, when Shapira came to
ORNL from Yale University, he
already had this problem in mind.

When relatively light nuclei
such as oxygen and silicon interact
with each other, the elastic yield is
enhanced beyond expected values at
backward angles, and this
enhancement is accompanied by
fluctuations. In 1979, when the
ORNL studies were initiated by
Shapira, many competing
explanations were offered for these
phenomena: Regge poles,
resonances, parity-dependent
potentials, diffraction, particle
exchange, etc. Orbiting, thought to
apply only to the deeply inelastic
scattering of much heavier nuclei,
was a long-shot contender. The
ORNL team set out to investigate
these questions: Is this backward
enhancement a general
phenomenon? Does it apply to
inelastic (harder) collisions?

In 1979, Shapira, Jim Ford,
Jorge Gomez del Campo, Bob
Stokstad, and Los Alamos colleague
Ralph DeVries set out to bombard a
carbon target with neon projectiles.
Their findings set the stage for the
next seven years of research. They
found that (1) the collisions give a
large yield of targetlike products in
the backward direction, (2) these
reactions involve full energy
damping (maximum loss of
incoming kinetic energy), (3) this
damping does not depend on the
angle of observation, and (4) the
yield is isotropic in the center-of-
mass reference frame, again
indicating that the angle of
observation is not an important

variable. Only two explanations can
account for all of the observed
results. The first is the familiar
formation of a compound nucleus
followed by its statistical decay.
The second is orbiting, whereby two
nuclei clutch and form a dinuclear
complex, the complex rotates (one
or more revolutions) while the
identities of the original nuclei are
maintained, and, finally, the two
nuclei reseparate. Although both
alternatives were discussed by
Shapira and his colleagues in their
1979 article in the prestigious
journal Physical Review Letters, the
authors favored the orbiting
hypothesis based, to a large extent,
on quantitative theoretical
arguments. Statistical fission was
ruled out because the observed
cross section was much too large to
be consistent with the expectations
based on the type of calculations
described in my earlier discussion
of the fission work.

In the years that followed,
several other systems were studied
by Shapira and his co-workers, as
well as by other groups. A
consistent picture of orbiting in
light systems began to emerge. The
occurrence of orbiting, under
appropriate circumstances,
indicates that special mechanisms
are at work to maintain the
dinuclear complex at a point of
unstable equilibrium—one in which
the cohesive nuclear force is very
nearly balanced by the repulsive
Coulomb and centrifugal forces.
The required conditions change
with the circumstances. For
example, nuclear quasi molecules
are formed when light nuclei
interact with each other near the
Coulemb barrier. In such reactions,
plots of cross section vs scattering
angle show the peaks characteristic
of resonant behavior attributed to
their vibrational and rotational
properties. At the higher energies
encountered in deeply inelastic
collisions, the required conditions
are reached by means of the
conversion of a very large fraction
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primarily by means of an exchange
of nucleons between the two
constituent nuclei, while the shape
undergoes little change, and (2) the
only two possible final outcomes
are fusion or reseparation. In
addition, the numerical solution of
the relevant equations governing
the evolution processes was
performed at the limit at which
equilibrium has already been
reached.

Using this theory, Shapira and
his associates have been able to
predict the probability that light
nuclei colliding at specific energies
will fuse or orbit and reseparate.
The success of their approach thus
far, in terms of a quantitative
description of observed fusion and
orbiting cross sections, has been
both gratifying and promising.
More work, however, is needed. For
example, the question of the
dynamic nature of the process,
which starts with two clutching
nuclei rotating together and ends
with a single nucleus, needs to
be resolved. Does the contact point
between the nuclei grow into a
“neck” that continues to “thicken”
until only one nucleus is observed?
Alternatively, is a “window” opened
up between the two sticking nuclei
through which nucleons pass back
and forth, but preferentially in one
direction, until one nucleus “sucks
up” the contents of the other? The
evidence favors the former
conjecture, but time, and more
work, will tell.

Future studies of nuclear
reactions by ORNL physicists
include an exciting project that
departs from “business as usual” in
several ways: the energy regime of
the projectiles that we use is
changing from tens of millions of
electron volts (MeV) per nucleon to
hundreds of billions of electron
volts (GeV); the size of our research
teams is increasing from about 10
individuals to as many as 50; our
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detectors of several grams will be
replaced by detectors weighing
several tons; and the preparation
time required for an experiment is
changing from a week or two to
several years. Our field of research,
which is currently central to
traditional nuclear physics, will
span the boundary between particle
and nuclear physics. We are
entering the new field of
ultrarelativistic heavy-ion reactions
by becoming partners in the WA-80
collaboration at the European
Laboratory for Particle Physics,
CERN, in Geneva, Switzerland.

Our motivation goes back to the
time of early Greek philosophers,
who realized that, if matter is
divided into ever smaller
constituents, one must, at some
point, reach an indivisible,
fundamental “building block” of
nature. Indeed, the word atom has
its roots in this philosophical
concept. In our current era of
modern science, the quest for the
fundamental constituent of matter
has been pursued relentlessly.
Molecules were found to consist of
atoms, atoms of nuclei and
electrons, and nuclei of nucleons
(protons and neutrons). Now,
nucleons (recognized to be members
of the baryon class, which is itself a
subclassification of the hadron
category—see sidebar) are believed
to be made up of quarks and of
gluons. (Quarks are the basic
constituents of nuclear particles,
and gluons are the massless
particles that act as the “glue” that
binds the quarks together.) Until
the current stage was reached, it
had always been possible to isolate
the entity which was believed to be
the fundamental building block. It
turned out to be relatively easy to
isolate single molecules, atoms,
nuclei, and nucleons. Quarks,
however, have never been observed
in their free, unconfined form. They
seem to exist only in groups of
either three, as in the case of
nucleons, or in pairs, as in the case
of mesons.

The evidence for th¢
quarks is so overwhelm
incontestable. It is ever
the three quarks that r
every nucleon move abx
within the nucleon’s co
However, the energy re
quark to break loose fr
confinement appears tc
and the deconfinement
has never been achieve

The branch of theor
physics that deals with
properties of quarks ar
known as quantum
chromodynamics (QCD
analogous to (but muct
complicated than) the |
familiar quantum elect
(QED), which describe:
systems. The prefix “cl
meaning color, refers t
labeling of the attribut
individual quarks by e«
flavors, for lack of bet!
adjectives. (See sidebai
The complicated natur:
made theoretical progr
Thus, physicists have ¢
started to understand -
are confined.

With these new ins
come a new revelation:
energy density of a lar
quarks and gluons can
large enough (at suffic
temperatures and pres
phase transition may |
resulting in the forma:
state of matter. In this
the confinement of the
pairs and triplets may
and the quarks (and g!
free to move througho
of high energy density
ensemble of deconfines
quarks and gluons is r
the quark-gluon plasm
believed that the entir
existed in this state in
instants following the
The formation of this
state, which we think
achieved in collisions 1
ultrarelativistic heavy
observation of “signat






the opportunities that it offers. At
about the same time, the important
Nuclear Science Advisory
Committee (NSAC), which advises
both the Department of Energy and
the National Science Foundation on
all matters (policy, priorities, new
facilities, etec.) relating to research
in nuclear physics, completed the
development of a long-range plan.
Key elements of this plan were

(1) the recognition of the
importance of research using
ultrarelativistic heavy ions and

(2) the high priority that was given
to the production and study of the
quark-gluon plasma. In fact, NSAC
concluded that the next major
facility to be funded by DOE should
be a “collider” for ultrarelativistic
heavy ions in which heavy nuclei,
having energies of hundreds of
billions of electron volts, would
collide with each other and produce
sufficiently high energy densities to
form the quark-gluon plasma.

At this point it was clear that
the time was ripe for us to enter
the field. The way this actually
came about illustrates, once again,
the importance of personal
connections and of past
collaborations. In 1981, two
research centers with significant
experience with relativistic heavy
ions, LBL and GSI (the Gesellschaft
fur Schwerionenforschung; literal
translation: Company for Heavy-
Ton Research), in Darmstadt,
Federal Republic of Germany,
joined forces to see if an existing
high-energy particle accelerator
could be made available for the
acceleration of heavy ions. After
some initial frustration, they
concluded an important agreement
with CERN. LBL and GSI agreed to
build an oxygen-ion source and an
injecting accelerator, and CERN
agreed to accelerate the oxygen
nuclei through their accelerator
complex. Under the plan, the
oxygen ions will first be accelerated
in a linear accelerator, then
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njected into the Proton
Synchrotron (PS) for further
acceleration, and, finally, into the
Super Proton Synchrotron (SPS),
where they can achieve energies of
1p to 225 GeV per nucleon. CERN
has also agreed to allocate two
ten-day periods of precious SPS
time jointly to GSI and to LBL.
This time is earmarked for studies
to be performed with the newly
developed ultrarelativistic oxygen
beams.

The first of the two heavy-ion
runs was scheduled for November
1986. The second will take place in
the second half of 1987, by which
time sulfur or calcium ions may be
available in addition to oxygen for
bombarding various targets ranging
from aluminum to gold. The
number of collaborations has grown
to five, involving more than 300
scientists from over 60 institutions
located in 18 nations. How did
ORNL get involved in such a huge
effort?

Hans Gutbrod (GSI) and Art
Poskanzer (LBL) are two of the
experimenters who were eager to
make use of CERN’s
ultrarelativistic oxygen beams.
Since the mid-1970s, they have been
jointly providing the leadership for
a group engaged in research with
relativistic heavy ions at the LBL
Bevalac. When it appeared that
ultrarelativistic heavy ions at
CERN were to become a reality,
they obtained permission to move
their primary experimental device,
the Plastic Ball, from LBL to
CERN. Such a move is difficult and
complicated because the Plastic
Ball consists of 655 two-element
scintillators. At that time, their
CERN plans were known as “the
Plastic Ball collaboration.”

I have known both Gutbrod and
Poskanzer very well for some time
and have, over the years, kept up
with their professional activities.
Poskanzer and I overlapped at BNL
in the mid-1960s when he was a

junior staff member there and I
vas a postdoctoral fellow. I met
Jutbrod somewhat later when he
vas a postdoctoral fellow with
Marshall Blann at the University of
Rochester. In the early 1970s,
Blann, Gutbrod, and I initiated a
sollaborative program of heavy-ion
fusion measurements at the LBL
SuperHILAC. With these
background interactions acting as a
catalyst, an agreement was reached
for ORNL to join the Plastic Ball
collaboration late in 1983. Since
that time, the collaboration has
grown as the universities of Lund
(Sweden) and Mtinster (Germany)
have become members. The
collaboration has the official CERN
designation of WA-80 (the 80th
experiment in the SPS West Area).
Gutbrod has become the official
spokesman. It is interesting to note
that, with the exception of ORNL
(where other ties exist), each of the
participating WA-80 institutions
includes on its staff at least one
alumnus of the old LBL Bevalac
group.

After the major collaborating
institutions were signed up,
detailed planning began in earnest.
I remember the excitement and
exhilaration that we felt at our
first collaboration meeting held at
GSI in January 1984. I also
remember how incredibly naive we
were (one device that we estimated
to cost $50,000 ended up costing
$200,000) and what a steep portion
of “the learning curve” we found
ourselves on. The first realization
the group came to was that the
Plastic Ball was suitable for
detecting only one category of
reaction products—those that are
emitted in the backward direction.
All other products will have
energies that are much too large to
be contained within the ball. Whole
new detection systems would have
to be built.

Responsibilities were quickly
assigned to the various institutions.
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decay and have the important
advantage that they excite all of
the GT strength.

Historically, very little GT
strength has been observed in
studies of beta decay of radioactive
nuclei. In 1963 it was theoretically
predicted that most of the GT
strength would be contained in a
collective state (giant GT
resonance) and reside at an
excitation energy considerably
above the ground state and, for this
reason, would not have been
observed through beta-decay
studies.

The giant GT resonance was
observed in 1975 in a study of the
(p,n) reaction at E, = 45 MeV
using a “magnetic beam swinger” at
Michigan State University. (The
beam swinger is a system of
magnets that allows changes to be
made in the angle of incidence of
the proton beam on the target.) The
GT peak was seen as a broad bump
rising above a large continuum
background. C. D. Goodman (now at
Indiana University) and co-workers
began to design a beam swinger for
installation at ORIC. At the higher
energies available (E, = 60 MeV),
they thought that the GT peak
should be enhanced. Meanwhile,
Goodman and Dave Hensley of
ORNL used ORIC to find out
whether low-energy, heavy-ion
reactions could provide useful
information pertaining to GT
transitions. The net conclusion was
that although some GT transitions
were observed, the incident heavy-
ion energies were too low to deduce
the strength of the transitions with
confidence (i.e, the reaction
mechanism was too complicated).

When the decision was made to
use ORIC primarily for heavy-ion
research, it was suggested that the
beam swinger be used to develop a
neutron time-of-flight facility at
the intermediate-energy proton
accelerator under construction at
Indiana University. This facility
was designed to accelerate protons
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Fig. 9. Fraction of the observed Gamow-
Teller sum rule plotted as a function of
mass number.

to 200 MeV, an excellent energy
with which to study spin-flip
transitions (see Fig. 7).

When the beam swinger facility
at IUCF began operating, the
investigation of charge-exchange
spin excitations proceeded with
vigor. ORNL’s Horen began
conducting experiments there in
collaboration with researchers from
a number of institutions, including
Indiana University, Ohio
University, University of Colorado,
and Florida A&M University.

Early experiments by the group
showed clearly the enhancement of
the GT resonance with increasing
proton energy. A significant finding
was that the giant GT resonance
completely dominated the 0°
neutron time-of-flight spectrum for
the 28Pb(p,n)*®Bi reaction at
energies of 120 MeV and higher (see
Fig. 8). The resonance occurs at an
excitation energy of 15.6 MeV.
Surprisingly, the resonance was
found to have a relatively narrow
width (~4 MeV).

During the past several years, a
large body of (p,n) data has been
recorded using the IUCF beam
swinger, and we have been able to
map out the energetics and the
cross section of the GT resonances.

The sum rule for GT transitions
can be expressed as

Spn — Sup=8(N — 2).

sum of all
be excited

i similarly
ansitions
tion.
situation

it has been
e of the
the (p,n)
the

*all

g the
erved sum
ion of the
eus (see
»f the

but the

cal studies
o explain

1. One
nuclear GT
with

ns

18 appealing
| afford a
physics and
other line
missing

I' strength
higher
ough it is

| that the
nts for
ngth, the
transitions
ms of the

i stimulated
imental

ar-structure
intrigued by
1at contain
\r

area of

ion began
efront of
1970,

I+

1




































resonances for 2¥U. The striking
phenomenon shown in Fig. 4 is
understood in terms of the double-
humped fission barrier in which the
spacing of the fine-structure ! = 0
resonances (~—20 eV) is determined
from the states in the first well; on
the other hand, the spacing of the
figsion clusters (~1000 eV) is
determined by the states in the
second well.

From high-resolution ORELA
data for many nuclides, a great deal
has been learned about the
properties of the first and second
wells, such as barrier heights for
the two wells, differences between
well depths, and coupling between
the states of the two wells. For
example, using ORELA data
obtained by ORNL’s Gerard de
Saussure, Dave Olsen, Rex Ingle,
Rafael Perez and Dick Macklin, and
George Auchampaugh (an ORELA
collaborator from Los Alamos
National Laboratory) found that
the capture width of the strong
fission resonance at 721 eV in 28U
is only about 20% of the average
capture width (28 X 1073 eV) of
the fine-structure resonances in the
first well (see Fig. 4). The fission
width of the 721-eV resonance is 1.6
X 1073 eV. This low value of
capture establishes this resonance
as one in the second well.

Measurements at ORELA of the
angular distribution of fission
fragments for Z!'Pa have been
interpreted in terms of a third well
of the asymmetrically deformed
potential energy surface for fission.
Also, low-energy subthreshold
fission and total cross-section
measurements on !Pa showed thai
the fission strength for low-energy
neutrons was randomly distributed
over the fine-structure resonances
and not in clusters, as for
subthreshold fission for 28U,

How heavy elements are formec
in stars by the capture by lighter
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zlements (A > 56) of neutrons at
high temperatures (stellar
nucleosynthesis) is of great interest
to physicists and astronomers.
Helping to answer this question is
a highly productive program at
ORELA (headed by Macklin) that
measures neutron-capture cross
sections in the 1-keV to 1-MeV
energy region. These data are
needed for interpretation of the
stepwise buildup of elements by
neutron capture at temperatures
(~8 X 108K or ~30 keV neutron
energy) and densities typical of the
interiors of stars.

When this capture process
occurs with explosive rapidity
(called the r-process), it proceeds by
producing increasingly neutron-rich
nuclides up to those that
spontaneously fission or have very
short beta-decay lifetimes. When
the process is very slow (called the
s-process), as in deep layers of old
red giant stars, the rate is
determined by neutron-capture
cross sections of the stable nuclei
for energies near 30 keV because
most of the radioactive nuclei have
time to decay by beta emission
before another neutron capture
occurs. This process terminates by
alpha decay just beyond the
synthesis of bismuth.

Neutron-capture cross sections
have been obtained by Macklin and
collaborators on more than 150
pure or highly enriched isotopes in
the mass range from 56 to 209. The
abundances of nuclides predicted by
using these cross sections are in
good agreement with the values
found on the earth, on the moon,
and in meteorites. Where the
r-process can also contribute to
an observed abundance, ORELA
measurements allow this
contribution to be singled out. This
information is particularly
important in a few cases in which
an exceptionally long-lived decay
step allows the age of our galaxy to
be inferred from the abundance of
the decay product. The beta-decay
of rhenium-187 (}¥’Re), which has a

alf-life of 4.2 X 10! years, to
smium-187 (*¥’0s) has long been
‘ecognized as a potential
hronometer for stellar
1ucleosynthesis. Because ¥70s
:annot be produced by the r-
yrocess, the present-day observed
1bundance is presumed to be the
-esult of the decay of 1¥'Re, the
sroduction from s-process capture
n ¥Qg, and the depletion from
s-process capture in 370s. The
:alculated abundance of ¥'0s from
nucleosynthesis depends on the
abundance of 1%0s and the ratio of
the average capture cross sections
for 1%0s and '¥'0s appropriate for
the stellar temperature at the site
of the s-process, 30 keV. This ratio
has been determined from ORELA
capture data and a correction based
on an optical model ealculation for
capture by a low-lying excited state
in '¥70s. From the excess abundance
of '¥"0s caused by ¥'Re decay, a
value of (11 + 2.5) X 10°years is
obtained for the age of our galaxy.
This value is in good agreement
with the value of (13 + 4) X 10°
years based on U/Th chronometers.

Macklin and Winters have
derived a mean time between
successive neutron captures from
the s-process—~23 years—from a
branch in the production chain at
mass number (A) = 204 and from
ORELA capture data. New data on
the rubidium isotopes (3*%"Rb)
obtained at ORELA are said to
offer the only usable indication for
neutron density in calculations of
intermediate mass (A  56-100)
nucleosynthesis in stars that
pulsate. More generally, the
traditional interest in slowly
simmering nucleosynthesis in the
core of a star is giving way to more
realistic models that involve
changing conditions at boundaries
of shells in stars. There remains a
need for capture cross-section data
on the more neutron-rich isotopes
such as ¥Ca. Without a doubt,
neutron-capture data from ORELA
have been invaluable te the field of
stellar nucleosynthesis.
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