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Abstract

This report describes progress in the major research and development program*
carried out in FY 1987 In- the Lsotope and Nuclear Chemistry Division. The
report includes articles on radiocheuiical weapons diagnostics and research and
development; other unclassified weapons research; stable and radioactive isotope
production and separation; chemical biology ami nuclear medicine; element and
isotope transport and fixation; actinide and transition metal chemistry, structural
chemistry, speetroscopy, and applications; nuclear structure and reactions;
irradiation facilities; advanced concepts and technology; and atmospheric chemistry.

DISCLAIMER
This report was prepared us an account of work sponsored by an agency of the United States
Government. Neither the United States Government nor any agency thereof, nor any of their
employees, makes any warranty, express or implied, or assumes any legal liability or responsibility for the accuracy, completeness, or usefulness of any information, apparatus, product, or
process disclosed, or represents that its use would not infringe privately owned rights. Reference herein to any specific commercial product, process, or service by trade name, trademark,
manufacturer, or otherwise does not necessarily constitute or imply its endorsement, recommendation, or favoring by the United States Government or any agency thereof The views
and opinions of authors expressed herein do not necessarily state or reflect those of the
United States Government or any agency thereof.
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Overview

The year of 1987 has contained elements of both intense satisfaction Don's Corner
ami some frustration fur IXC Division. I feel we have dealt well with the
difficulties imposed by an uncertain Laboratory budget and we have made
notable progress in .some of the many research projects we pursue.
This year marked a change of leadership in the Isotope and Structural
Chemistry Group (INC-4) as well as in the Isotope Geochemistry Croup
(lNC-7^. Basil Swanson and Ernie Bryant are returning to research activities
after serving as Group Leaders for four and seven years, respectively. The
two groups have grown and flourished under their leadership during some very
challenging times. We applaud them and welcome Boh Ryan and Bruce Crowe
as the new leadership in INC-4 and INC-7.
We are extremely proud of Greg Kubas. who was named a Laboratory
Fellow on the basis of his technical accomplishments during the fifteen years
he has been in the Isotope and Structural Chemistry Group (INC-4).
The contributions of Jeff Hay (T-12) and Judith Biustoek (X-U) during
their Internal Professional and Renewal Leave with INC-4 and INC-11,
respectively, were noteworthy and mutually beneficial.
Carol Burns began her appointment as a J. Robert Oppeuheimer fellow
in November 1987. We welcome her.
This Annual Report lists many significant technical accomplishments within the Division, and I also wish to cite a special achievement by the ICON section of Group INC-4. On schedule and within budget,
they met a unique need through dedicated effoits. The project was a prime Donald W. Barr
example of the synergism between ongoing research efforts and ultimate INC Division Leader
program needs.
After many years, our plans for badly needed space and updated facilities
at Site TA-48 are finally coining to fruition. Construction of the Advanced
Radioehemistrv Weapons Diagnostic Facility is nearing completion. This
15 000-ft- building will be occupied in December 1987. The new 4000-ft2
Weapons Diagnostic Instrument Development Building will also be ready to
occupy in that month. We are now ready to concentrate our efforts on plans for
a new research reactor to replace the aging Omega West reactor built 30 years
ago. Like Omega West, the future research reactor will serve the Laboratory
and institutions from both the US and abroad.
Funding decreases in the Nevada testing program and the Nevada Nuclear
Waste Storage Investigations necessitated a 4% cutback in our work force this
yeir. We were able to keep this reduction to a minimum by implementing
several cost-saving measures within the Division. On the positive side, we were
able to assist in the placement of one-half of the affected employees.' I sincerely
regret the necessity for this reduction-in-force. The FY 1987-88 planningfunding cycle has been an inconstant process throughout the Laboratory.
Under the Director's guidance, the Laboratory has embarked on a
comprehensive plan to ensure its pre-eminence for the next decade. Toward
this end, the Laboratory's Senior Management has formulated a guideline for
strategic planning titled LA-2000: many INC personnel will be contributing
to this important plan in the coming year. To stress technical excellence and
achievement as critical institutional values by more clearly defining the roles of
the employees, the Senior Management made several decisions. A management
title restructuring was implemented and a new job classification system for
all structured series employees is progressing well. I view these initiatives
optimistically as proactive moves to help ensure institutional stability during
a time of rapid national change.
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Isotope and Nuclear Chemistry Division

Division Leader
D. W. Barr
Deputy Division Leader
A. J. Gancarz
Technical Coordinator
B. R. Erdal

INC 4
Isotope and
Structural Chemistry
Group I eader-R. R. Ryan
Deputy Group Leader-W. H. Woodruff

INC 5
Research Reactor
Group Leader-M. E. Bunker
Deputy Group Le,ider-M. M. Minor

INC 11
Nuclear and Radiochemistry

INC-7
Isotope Geochemistry
Group Leader-B. M. Crowe
Deputy Group Leader-D. B. Curtis

INC DOT
(ROTATING ASSIGNMENTS)
E. A. Bryant
P. G . Eller
M. M Fowler

Group Leader-W. R. Daniels
Deputy Group Leader-G. F. Grisham
Deputy Group Leader-D. C. Moody

As may be seen in INC Division's organization chart, there have
been major changes in the management structure this year. Robert Ryan
succeeded Basil Swanson as Group Leader of INC-4 when Basil returned to
full time research work, and William Woodruff became. Deputy Group Leader.
Bruce Crowe lias taken over group leadership of INC-7 as Ernest Bryant also
pursues research activities: the position of Deputy Group Leader was filled
by David Curtis. The INC-DOT positions this year were awarded to Gary Eller
(INC-4). Malcolm Fowler (INC-7). and Ernest Bryant (INC-7). In 1987, the
Laboratory established a management title restructuring policy that governs
the number of management positions in groups and divisions. Consequently,
the assistant and associate group leaders listed on organization charts in
previous years no longer appear here. Those individuals, however, continue
to provide the excellent technical and scientific guidance needed in their
respective groups.
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INC Division's mission is to develop, maintain, and supply capabilities
in chemistry, nuclear chemistry, geochemistry, atul stable ami radioactive
isotopes for solution of national security, energy, health, and environmental
problems. The Division's four groups foster excellence in fundamental
research.

Alexander J. Gancarz

Deputy Division Leader

Bruce R. Erdal

Division Technical Coordinator
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INC-4 Isotope and Structural Chemistry performs and communicates

fundamental and supporting research in chemistry to bring together the
areas of synthesis, separation, and use of isotopic and physical methods for
studies of structure and dynamics.

Robert R. Ryan

INC-4 Group Leader

INC-5 Research Reactor provides reactor-based facilities and services in
support of Laboratory programs and conducts applied and basic research in
nuclear physics and nuclear chemistry.

Merle E. Bunker

INC-5 Group Leader
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IISJC-7 Isotope Geochemistry addresses important national scientific
problems in the fields of nuclear chemistry and geochemistry by employing
radiochemical and mass spectrometric techniques. There is particular
emphasis on nuclear weapons diagnostics and related nuclear research,
atmospheric and geochemical processes, and development of enhanced
analytical and modeling capabilities.

Bruce M. Crowe

INC-7 Group Leader

INC-11 Nuclear and Radiochemistry applies expertise in nuclear and

radiochemistry to support national needs and Laboratory programs,
including weapons test diagnostics, radioactive waste management, nuclear
medicine research, radioisotope production, and basic research in nuclear
phenomena. The Group expands and improves our human and facilities
resources to support Laboratory goals and to seek new applications of nuclear
and radiochemistry for scientific and technological development.

William R. Daniels

INC-11 Group Leader
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Laboratory Fellows art1 appointed in recognition of their
scientific excellence and their sustained outstanding contributions
and exceptional promise for continued professional achievement
within their area of competence. They play a key role in stimulating new
research initiatives.
Carl Orth's principal research involves the use of nuclear and
radiochemical techniques to study extinction boundaries in the fossil
record.
The objective is to determine if the biological crises were
caused by hypothesized swarms of comets periodically entering the inner
Solar System some striking the Earth or by some less exotic terrestrial
processes. In earlier work, he and his coworkers in INC Division found
the iridiuin anomaly at the Cretaceous/Tertiary boundary in nearby fluvial
sediments; this discovery provided strong support for the Alvarez asteroidimpact hypothesis, which was based on a discovery of excess iridium at a
similar boundary in marine rocks. Almost all the extinction boundaries
recorded in the last 600 Myr are currently being examined in collaboration
with about 50 paleontologists and geologists from around the globe. To
complement this work and provide a better database of terrestrial impact
events, melt and target rocks from suspected impact structures are being
examined to determine if they were caused by impacts or volcanism. Carl
also is interested in meson-nucleus interactions and photon stimulation of
nuclear isomers to release their stored energy.

Charles J. Orth

Jerry Wilhelmy's major researcli interests arc centered on fission studies
and nuclear reactions induced with heavy ions. His programs with INC
Division at tempt to study macroscopic properties of nuclei to elucidate the
limiting conditions that help define nuclear matter. Many of Jerry's efforts
employ unique nuclear accelerator facilities and are carried out at various
national and international laboratories. He also is interested in applied
programs; for example, he has bocn an active participant in the development
ot at^e'erator-based mass spectrometry at Los Alamos. Currently Jerry
is involved in feasibility studies associated with atomic and nuclear laser
possibilities.

Jerry B. Wilhelmy
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Greg Kubas's research centers 011 the activation of small energy-related
molecules such as S0-> and H^ on transition metal complexes. His longterm goal is the reduction of SO2 to sulfur on sulfur-containing species by
employiug metal hydride complexes, hydrogen, and other reducing agents
as a possible means of controlling emissions. Greg and his coworkers
developed the first homogeneous (solution) catalytic process for clean and
rapid conversion of SO., to sulfur and water through the use of hydrogen
and an organometallic molybdenum sultide catalyst. Originally a spinoff
of these studies, Greg's discovery of molecular hydrogen coordination to
metals several years ago is now recognized as one of the major advances
of the decade in inorganic chemistry: his work has stimulated much new
research worldwide. The ability of metals and metal complexes to bind Ha
intact rather than as atomic H~ has profound impact uot only in energyrelated areas such as hydrogeu storage and catalysis but also on fundamental
chemical bonding principles.
Gregory J. Kubas
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INC Division's Division Office Technical (DOT) provides INC staff
members with the opportunity for an internal sabbatical; the concept
stresses mutual benefits to the chosen individuals and to the Division.
The DOT program seeks to reward those who have exhibited exceptional
scientific merit a ad creatively sought new outlets for Division capabilities.
The Division provides financial and resource support for the appointees
during their tenure and contributes to their career development through
increased exposure to the Laboratory, Directorate, Division, and Groups.
The appointees serve as Division spokespersons and assist the Division
by contributing their expertise and ideas to new technical initiatives and
program development. These processes particularly encourage frequent
communication and interaction with Division staff. In this third year, three
DOTs will share the honor. P. Gary Eller (INC-4). Ernest A. Bryant (INC-7),
anil Malcolm M. Fowler (INC-il) were chosen for the DOT program in
1988. Ernie's 3-month appointment will run from January through March,
Gary's (3 months) from April through June, and Mac's (6 months) from
April through September. Their DOT research projects are summarized
here. Further DOT appointments will follow regularly scheduled calls for
applications.

Gary Eller is using his INC-DOT appointment for partial support of a
6-mouth sabbatical with Professor Thomas O'Donnell in the Department of
Chemistry. University of Melbourne, Australia. During this time, Gary is
investigating the chemistry of f- and d-element substrates in strongly basic
and acidic nuniiqueous high-fluoride media. These substrates are employed in
conjunction with powerful oxidizers to synthesize new materials with unusual
coordination geometries and oxidation states. In the future, it is possible
that this approach could be used to discover totally new synthesis schemes
and products with novel properties, which might be applicable to laboratory
problems involving transition metals, lanthanides, and actinides.

P. Gary Eller

11)
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During his sabbatical, Ernie Bryant will be working with scientists at the
lustitut fur Radiochemie iu Muuich. West Germany. While at the Institut,
he will concentrate on a new analytical technique for measuring very low
concentrations of specific species iu solution by photoacoustic spectroscopy.
This technique shows great promise tor a number of Los Alamos projects
related to the weapons program, basic energy science research, and nuclear
waste isolation-related geocheiuical research. In these areas, it is often
necessary to know what chemical species are present as well as their total
concentration. Ernie's other work at Munich will concern colloids, oxidationreductiou reactions, and the thermodynamics of actinides, all of which are
pertinent to INC-Division programs.

Ernest A. Bryant

Mac Fowler will devote his DOT time to two projects. The first would
have an immediate application to the heavy-ion research program and
involves the continued evolution of nucleai radiation detectors. Over the last
several years, Mac and coworkers have designed a number of detector systems
that have been applied quite successfully to research programs: however,
there has been no attempt to develop a good theoretical understanding
of processes by which the detectors operate. This is particularly true for
detectors in which the sensitive medium is gas. Mac will be acquiring a
better theoretical background and developing computer codes that would
predict the response of proposed systems.
Mac's second area of interest is more speculative and involves the
release of stored nuclear energy. Inverted populations in nuclear systems
are common in long-lived isomeric levels, and they provide an access
for examining possible stimulated decay processes without having to also
consider the pumping process. The expertise in INC Division is well suited
to the production of isomeric stages, and a large amount of UOmAg and Malcolm M. Fowler
134m
Ir have already been produced as possible candidates for stimulateddecay studies. Mac and coworkers will be collecting data about the relevant
processes and then devising an experiment to demonstrate stimulated decay.
A program for research in this new, exciting area will be a multidimensional
one that will cross directorate boundaries at the Laboratory.
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Overview of INC Division Accomplishments in FY 1987

INC Division comprises 212 employees. This total includes 88 staff
member scientists (74 with PhD degrees), 7 administrative staff members,
49 technicians, ami 13 general support staff.
In 1987, we hosted
32 postdoctoral employees (7 from foreign countries), 2 .1. R. Oppenheimer
fellows, 1 summer teacher. 13 undergraduate students, and 1 vocational
cooperative student. In addition, there were 155 affiliates, of which 33
were scientists from foreign countries. An important group of these visitors
composes our Division's Advisory Committee, which is assembled from
eminent scientists in the fields of interest. This committee serves the very
important function of reviewing our plans, progress, and priorities and
bringing to our scientific staff a perspective of the new and most significant
developments in our areas of work. Membership of our Advisory Committee
for FY 1988 is listed in the Appendix of this report. Divisional and special
seminars, also listed in the Appendix, serve as a valuable additional and
complementary window on interesting recent progress and ideas from both
within and outside the Division.
Awards and Honors

Three new Laboratory fellows were named in 1987; Gregory J. Kubas
of INC-4 was one of these outstanding researchers. Greg was cited as
the guiding light in two recent chemistry advances at Los Alamos. His
achievements include the first observation of the bonding of molecular
hydrogen to a metal and the discovery of ways to use molecular hydrogen
to chemically reduce sulphur dioxide to sulphur and water work that will
have significant impact on gas processing chemistry.
The Laboratory's 1986 Distinguished Performance Awards wore
presented in June, and Bruce M. Crowe (INC-7) was among those honored.
The award wat; given in recognition of Brnce's research in volcanic hazards.
In 1987. two INC employees received Department of Energy, Office
of Military Applications, Weapons Recognition of Excellence Awards.
Deward (Wes) Efurd (INC-11) was honored Tor Development of Improved
Methods of Transuranic Element Purification. Mary Ann Yates (INC-11)
was one of a team cited for the Nuclear Directed Energy Weapons design.
The National Science Foundation presents two Presidential Young
Investigators Awards each year. This year, Michael Hopkins (postdoctoral
candidate in INC-4) was a recipient; he was awarded a yearly stipend for
five years. These awards are intended to help universities attract and retain
outstanding young PhDs in the highly competitive fields of science and
engineering.
Fourteen Los Alamos group leaders, division leaders, and program
managers have been tapped for the Laboratory's recently created Middle
Management Council; among them was Basil Swanson (INC-4). The council,
announced hy Director Sig Hecker in 1987. will help senior management
keep in touch with issues of concern to middle managers and nonmanagers
as well as give middle managers a greater chance to participate in policy
development.

12
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Four INC staff members were granted patents in 1987. The team of
Philip M. Wanek. Frederick J. Steinkruger, and David C. Moody (all of I N C H )

received a patent resulting from their work with the biomedical 1Oi""Ag
isotope generator. Also from INC-U. Russ Gritzo received a patent for a
remote reset circuit.
Retirements

INC Division has a long history with roots that sink back to the
Manhattan Project; many of our personnel have seen four decades of changes
in the Laboratory. Under different names, designations, and leaders, INC
has grown with the Laboratory, incorporating the hest in many evolving
scientific fields. New, young staff members have joined us and brought with
them the stimulus and innovation uecessary to maintain the Division's high
standards and to meet changing goals. But we have always had an underlying
strength and expertise provided by the continuity and vast experience of our
veteran staff members. We salute our Division's retirees; they and their
contemporaries who have left over the past several years will he missed.

Retirees Joe Montoya, B. B. Mclnteer, Knobby Knobeloch, and Jim Gallagher visited
briefly to be photographed. Fellow retiree Jack Knight was away enjoying his free time.

James D. Gallagher first came to the Manhattan Project in Los Alamos
as a member of the US Army in October 1944. As an electrical engineer,
he built instrumentation for the Trinity test and for monitoring the Little
Boy assembly. After the war, Jim stayed in Los Alamos; he eventually
ran the engineering section and then became an assistant group leader in
Group P-l. After many years in both ,1-11 and E Division, he joined Group
INC-11 in 1976 and has been a valued expert in the technology of radiation
detectors and associated electronics. Jim designed and built a reliable data
acquisition system that automated the counting procedure for most of the
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several thousand radioactivity assays that an1 made each year. Alter retiring
in August, he returns "at his convenience" to lend his expertise to his
successors in the counting room.
When Jack H. Knight moved to Los Alamos in the early 1950s, he
was a member of the US Atomic Energy Commission Protective Force.
He originally joined our Division in 1955 as a technician on a part-time
basis. After retirement from the Pro Force in 1979, .lack became a parttime technician in the Croup INC-11 counting room, where he regularly
performed many essential tasks, .lack was always willing to help and he
knew how to get many things done efficiently.
In January 1945. Gordon W. Knobeloch came to Los Alamos as a member
of the US Army and was assigned to a project in Group CMH-4. Knobby
served in both military and civilian capacities until he accepted a position
with Standard Oil Company in 194(5. He returned to Los Alamos in
l!>51 and worked in Group INC-11 (and precursors) until his retirement
in May 1987. Knobby contributed greatly to numerous phases of weapons
diagnostics: radiochemical separation development, dissolution technique's,
drill-back operations, determination of absolute fission yields, clean-room
chemistry development, and many others. In addition to his many scientific
contributions to the Group, Division, and Laboratory, Knobby is fondly
remembered for his warm and cheerful personality. Knobby had a hand in
many developments of our weapons radiochemistry program.
B. B. Mclnteer joined the Laboratory in 1950 alter obtaining his
doctorate in physics at the University of Minnesota, where he specialized
in isotope separation and mass spectrometry. These interests led directly
to an assignment for developing techniques to handle and purify tritium.
Later, he worked on the nuclear rocket propulsion system known as the
DUMBO Project. He then became a part of and eventually directed the
Group INC-4 ICON Facility, which acconiplishes the large-scale separation
of carbon, nitrogen, and oxygen isotopes. In addition, B. B. has done
research in gas transport properties at high temperatures and was one of
the inventors of a rock-melting drill called Subterrene. He also developed a
highly successful automated sample-processing system for nitrogen isotope
analysis by mass spectrometry. When he retired in August 1987, one of
B. B"s legacies to the Laboratory was the successful ICON Facility, where
he frequently returns to share his expertise.
Joe Montoya joined the Laboratory in 1947 and retired in 1987 after
a varied 40-year career. Joe started at Los Alamos as a stock expeditor
and later became a warehouse supervisor for CMR Division. He joined
Group CMR-4 in 1951 as a Tritium Plant Operator, where he worked on the
separation of hydrogen, deuterium, and tritium by thermal diffusion. This
work led to work on the nuclear rocket propulsions system (DUMBO) and
then in the 1960s he became involved in the development and construction
of cryogenic distillation columns for the separation of carbon, nitrogen,
and oxygen isotopes at the Group INC-4 ICON Facility. At the time
of his retirement. Joe was a TEC-IV supervisor and had just supervised
the installation and start-up of three new, low-enrichment columns for the
cryogenic distillation of nitric oxide.

14
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Research Highlights

This report covers contributions during FY 1987 (October i. 198(1
September 30, 1987) to unclassified projects and some unclassified work
related to the nuclear weapons program. These reports are grouped
according to the Division's strategic areas of work. Other Division quarterly
and annual reports are also published for specific programs. In the Appendix,
publications and presentations for FY 1987 are listed for each group.
Highlights from our work in FY 1987, arranged by strategic area, are given
below. The approximate funding for each strategic area also appears in the
Appendix.
1. Radiochemical Weapons Diagnostics and Research and Development

• The Radiochemical Test Diagnostics Program has continued as a
major INC-Division commitment. For this program, involving a
significant fraction of the Division's funding and resources, we
determine the yield of all Los Alamos tests at Nevada as well as many
other details of the physics and chemistry of nuclear explosives. The
program is funded 75% for test diagnostics and 25% for research and
development, which ensures continued progress by providing a blend
of direct programmatic obligations backed by appropriate research in
support of the program.
2. Other Unclassified Weapons Research

• Recent advances in the area of superoxidizer/superacid chemistry
include investigations of dissolution reactions between the superacids
SbF 5 /HF or AsF 5 /HF and f-element substrates. We have also
investigated the reactivity of the resulting complex fluoride salts of the
actinides with oxidizing/fluorinating agents such as KrF2 and O 2 F 2 .
• We have been investigating the separations chemistry of molybdenum
as it occurs in solar neutrino experiments, where ~10~ atoms of
technetium are separated from tons of molybdenum sulfides. In the
course of this work, we have used C1F3 and F 2 to investigate the
dissolution and oxidation/fluorination reactions between MoO3, MoSo,
and the superacid system SbF 5 /HF.
• We have developed a technique to analyze volatile products of
nitromethane decomposition under extreme conditions by both matrix
isolation .spectroscopy and mass spectroscopy. With this technique, we
find that the nitromethane decomposition reaction occurs over a very
different pathway at high density than has been observed for lowpressure pyrulysis.
• A series of detonation and chemical experiments si.rongly indicate the
nitronate (aci) ion of nitromethane is implicated in the first stages
of nitroinethane detonation. This ion is probably involved in the
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rate-determining stops because its existence sensitizes nitroniethanc to
detonation.
• Recently, we have elucidated some important photochemistry of KrF;.,
one of only three molecular agents ( O J F 2 / C ) J F ' and PtF i; are the
others) known to form PuF(i from PuF.! at or below room temperature.
We have measured the UV-visibie spectrum of this material in the gas
phase as well as the photodissociation quantum yield. By using this
data, we substantially improved the photochemical yield of KrFo with
selective UV filters. Meanwhile, we have been examining the use of
large thermal gradients (~HK)°C/cm) as a method of preparing KrFj
and other strongly oxidizing materials. In preliminary experiments,
the production rates have already exceeded our best efforts with
photochemical preparation.
• What causes an optical window in a laser or photochemical system
to eventually lose its ability to transmit light efficiently? We have
taken the first steps towards characterizing this damage. Before and
after our treatments, we examined the surface chemical environment of
three selected window materials by electron spcctroscopy for chemical
analysis. After treating windows with a plutonium tracer, we studied
the effects of high-energy fiuorinating agents such as O 2 F 2 and KrF2
for removing the contamination.
• By using single-crystal x-ray, NMH, and theoretical techniques,
we have established a structural basis for the difference in
impact sensitivity between nitro-substituted I-picryl-l,2,i5-tria7,ole and
2-picryl-l,2.3-triazole. Elimination of Na has been postulated as the
initial decomposition step for l-picryl-l,2,3-triazole, the more sensitive
of the two compounds: this mechanism is energetically inaccessible for
2-picryl-l ,2,3-triazole.
• Unusual color changes observed in plutoniuin electrorcfming residues
have been characterized by a variety of physical techniques. The
results show conclusively that the color changes are caused by
radiation-induced and photo-bleaching processes.
3. Stable and Radioactive Isotope Production and Separation

• The ICON program not 'inly produces the stable isotopes of nitrogen,
oxygen, and neon, it also identifies and develops new processes for
separating stable isotopes and improved methods for making usable
compounds from these isotopes. During FY 1987, additional columns
increased production to 10.0 kg of ir'N and 10.5 kg of '^O both
record quantities. Another good year is forecast for FY 1988. although
the predicted production figures are slightly below those for this year
because of the need for postponed maintenance work.
• The chemistry subsection of Group INC-1 provides chemical support
for the ICON Facility at Site TA-46. We are conducting several ongoing studies, including the direct conversion of nitric oxide to nitrogen
Hi
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using a ruthenium catalyst, examination of the exchange reactions
between dilute nitric acid and isotopically depleted nitric oxide, and
FT-IR analyses of nitric oxide.
• By distilling silicon tctrafluoride. we found that ul SiF 4 is 1.002 times as
volatile as -8SiF4. We conceived and have completed the preliminary
desigu for a new process of separating 10 000 kg of 18O. We are
also studying gas-absorbate collisional effects to find new processes
for isotope separation.
• We have developed a procedure to recover rare long-lived radioisotopes
from LAMPF beamstops. The successful process separates submicrogram quantities of 44Ti and 2aAl from 8-pound copper plates.
• A procedure to produce 145Sm from E112O3 targets has been developed
and assessed for the US Army Dental Institute. The U5Sm is being
evaluated as a portable x-ray source for remote field operations.
• A significant portion of the Group INC-11 Radioisotopes Program
involves producing and shipping radioisotopes for the medical research
community. These isotopes are generally unavailable commercially or
can be made in high yields only at the Los Alamos Meson Physics
Facility. Group INC-11 provides the radioisotoBes on a cost-recovery
basis to interested researchers. During FY 1.987, a total of 24.07 Ci of
15 radioisotopes were distributed in 154 shipments.
4. Chemical Biology and Nuclear Medicine

• We are studying the three-dimensional structure of an amino acid
signal sequence responsible for transporting superoxide dismutase
across the mitochondrial membrane of yeast. The NMR studies of
this signal sequence show that the structure in aqueous environments
is different from the structure in a solvent model for a membrane
environment.
• The DOE ICON and NIH National Stable Isotopes Resource programs
have developed a new method for the synthesis of the amino acid
L-serine specifically labeled with the stable isotopes 13C and 15N. This
method involves a bacterial fermentation and produces exclusively the
biologically active stereoisomer of s?ri:ne. Labeled serine is currently
being used to study the biosynthesis of antibiotics and will serve as a
precursor for the synthesis of other labeled amino acids.
• From our studies of the reduced iron superoxide disinutase (FeSD), we
found that a ligand not bound directly to the iron center may serve an
important role in the mechanism of superoxide dismutation. Thus, the
mechanism of FeSD is unusual among enzymes as we now understand
them, and our system may serve as a model for future studies of other
enzymes.
• We have characterized f'7Cu-labelcd porphyrin-antibody conjugates
by determining the location of N-benzyl-5,10.i5.20-tetrakis(4carboxyphenyl)porphine (commonly designated as N-bzHTCPP) on
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the antibody surface, by studying the serum stability of the bond
linking N-bzHTCPP to antibody, and by examining the retention
of antibody inununoreactivity.
We observe a high degree of
iiiiinuuoreactivity in all conjugates tested.
• We have adapted the two purification steps in our preparation of
porphyrin-antibody conjugates to accommodate a small peptide (the
size of an antigenic fragment) of the acetylcholine receptor. This
adaptation should allow the production of (i7Cu-labeled porphyrinpeptide fragments, which may be useful in the treatment of myasthenia
gravis.
• A u7Cu-laheled porphyrin reached maximum uptake In inflamed nodes
of rats by 25 h after injection. The fluorescence of the nonmetalated
porphyrin analogue can be used to identify which lymph node cells
localize the porphyrin.
5. Element and Isotope Transport and Fixation

• We have discovered two iridium abundance anomalies in marine
sedimentary rock sequences* that were laid down 92 Myr ago during
a biological extinction event. Studies at five localities in the western
interior of Nortl. America suggest that the excess iridium was derived
from a terrestrial source that might have been located in southeastern
Colorado.
» Analyses of individual sulfide and chloride minerals by nuclear
microprobe suggest that there are significant variations in traceelement concentrations and associations that may be correlated with
the hydrothermal environment in which they formed. These variations
provide significant new information on hydrothermal processes.
• A laser Raman system has been developed for determining metal
speciation at high temperatures and pressures. Initial results have
been obtained for zinc chloride and zinc bromide systems.
• Aqueous silica activities considerably above quartz saturation are
common in low-temperature geologic environments. These elevated
aqueous silica activities are an important factor controlling the stable
mineral assemblage.
• Observed phase relations in samples extracted from the deep Salton
Sea Continental Scientific Drilling well (State Well 2-14) are only
partly compatible with data for contemporaneous fluids. Pyritebearing assemblages and possibly carbonates are incompatible with
present fluids; these issues give rise to questions about the stability of
economic mineralization in this reservoir.
• In a field experiment that studies the migration of radioactive elements
away from an underground nuclear test at the Nevada Test Site, ;l(iCl
has exhibited faster migration than tritium has. A process called anion
exclusion is used to describe these results.
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6. Actinide and Transition Metal Chemistry

• Stereochemical control of the bonding mode of hydrogen to metal
complexes (molecular e.s atomic) has been achieved by varying the
electron-donating abilities of phosphine co-ligands on a molybdenum
complex. Electronic rather than steric factors are crucial .11 stabilizing
molecular coordination, and the cleavage of the H H bond with
increasing electron richuess of the metal center is in accord with the
bonding model for M H2 interaction.
• We observed oxygen transfer from SO2 under mild conditions
with the formation of Cp*Ru(CO)2SO3H (where Cp* represents the pentamethylcyclopentadienyl ligand r/r>-C5Me5) and
[Cp*Ru(CO)2]2S-SO3 from the reaction of Cp*Ru(CO)2H with SO2
and the formation of Cp"2Mo2(/j-S2)(/«-S-SO2) and Cp*2Mo2(//-S2)(/<S)(/i-S-SO3) from the reaction of Cp*2Mo2(/<-S2)(/i-S)2 with SO2.
Formation of SO3 moieties from SO2 under nonforcing conditions is
surprising and may be relevant to S(IV)-S(VI) oxidation processes
such as those occurring in acid precipitation phenomena and Li-SO2
batteries.
• Actinide and lanthanide complexes of the type (C3Me5)2AnH2
(where An = thorium or uranium) and (C5Me5)2LnH (where
Ln = lanthanum, neodymium, or lutetium) react readily
and cleanly with diphenylphosphine (PPh 2 H) to provide the
corresponding diphenylphosphido complexes (C 5 Me 5 ) 2 An(PPh 2 ) 2 and
(C5Me5)2Ln(PPh2), in high yield.
We have determined x-ray
structures of (C5Me5)2La(PPh2) ami (C 5 Me 5 ) 2 Nd(PPh 2 ); they reveal
an unusual interaction between the electrophilic lathanide centers and
the ortho C H bound on one of the phenyl rings.
• Actinide organometallic complexes with formal coordination numbers
less than eight are very rare and typically d^ impose in solution well
below room temperature. We have found that treatment of the ninecoordinate, mono(cyclooctatetraenyl) complexes (C8H8)AnCl2(THF)2
(where An = thorium or uranium and THF = tetrahydrofuran)
with sodium bis(irimethylsilyl)amide provides the title complexes as
thermally stable crystalline solids in high yield.
• Structural studies of plutonium(IV) colloid by reflectance spectroscopy
reveal that the colloid is remarkably similar to high-fired plutonium
dioxide.
• The first structural studies of berkelium and californium sesquioxalates
reveal that they arc of the same crystal type as the sesquioxalates of
the lighter actinides.
• We found that new extraction systems designed to accentuate
differences in covalcnt bonding by incorporating sulfur donor atoms
give excellent group separation of the trivalent actinides and
lanthanides.
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7. Structural Chemistry, Spectroscope and Applications

• Time-resolved resonance Raman (TR3) spectroscopy allows
observation of the vibrational spectra of short-lived molecules on time
scales of a few nanoseconds or longer. Thus, the temporal evolution
of molecular structures can be observed during fast chemical reactions
and photophysical transformations. We have applied TR 3 to stvidy the
structural reorganizations that follow absorption of light by a novel
family of transition metal complexes those containing quadruple
metal-metal bouds. The results help us understand how these systems
may convert light into chemical energy.
o Optical spectroscopic studies of one-dimensional mixed-valence solids
have shown evidence for local states (polarons, bipolarons, and kinks)
and a pressure-induced reverse Peierls instability. Detailed studies of
these materials may help us develop an in-depth understanding of the
new high-Tt superconductors.
• Infrared absorption matrix isolation spectroscopy is a technique that
allows the study of a molecule's infrared absorption at high resolution.
We have developed a technique whereby these spectra may be recorded
at high pressure as well as low temperature, which makes it possible to
use density as an independent variable for this very powerful technique.
8. Nuclear Structure and Reactions

• The pairing correlation in nuclei is a sensitive measure of the
excitation. We are using this property to determine if the flow of
nuclear matter, as it proceeds from the compound fissioning system to
separated fragments, introduces excitation energy by viscous friction.
Our preliminary analysis shows clear evidence of pairing phenomena in
high kinetic energy release fission for nuclear excitations >3 MeV above
the fission barrier, and this rinding implies a weak coupling between
compound nuclear excitation and dissipation caused by nuclear flow.
• We have performed theoretical simulations of heavy-ion-reactions in
the energy regime intermediate between collective mechanisms and
nucleon collisions. We apply an intranuclear-cascade model to the
first step of the reaction, creating highly excited nuclei whose decay
to their ground state is then calculated with a model that takes into
account emission of light particles and fission.
• The simultaneous direct mass measurements of the neutron-rich light
nuclei n Li, l4 Be, 17B, 19 - 20 C, 2°-"N, 33-24O. a n d 25 ~ 27 F have been
carried out with the Time-of-Flight Isochronous Spectrometer at the
Los Alamos Meson Physics Facility. We observe a notable drop in
the two neutron separation energy systematics for the neutron-rich
isotopes of oxygen and fluorine beginning at N — 15. This trend
contradicts the expected 0d 5/2 neutron subshell closure that would
be indicated by a decrease in the two-neutron separation energy at
N = 14.
20
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• The fission process has been used to study the limiting conditions for
the production of compound nuclei in high-energy heavy ion reactions.
We observed normal binary fission in peak yield for ~2-GeV/c parallel
momentum transfer to the target. Substantial yield for the production
of lighter intermediate mass products was also observed, which
suggests the opening of nonstandard reaction channels possibly the
result of a nuclear liquid-to-vapor-phase transition.
• We have shown that cross sections of pion-nucleus double-chargeexchange reactions are highly sensitive to the off-sheh behavior of
basic pion-nucleon interaction and can be used to differentiate among
various theoretical models of pion-nucleon interaction.
• We have shown that the level of accuracy of the geochemical
measurements of double-beta decay of tellurium isotopes is insufficient,
to rule out the existence of neutrinoless double beta decay.
• The thermal-neutron fission cross section of 235Um has been measured
relative to that of the ground-state. A rapid radiochemioal separation
procedure was developed to provide sizeable (1010- to 10"-atom)
samples of 235Um that were reasonably free of the parent 239 Pu.
From a series of eight measurements, we obtained the value am/ag —•
1.42 ± 0.04.
• By activation techniques, we have determined for the first time the
cross section for the multiple-pion-production reaction 27Al(p,27r+)
28
Mg at 800-McV proton energy.
9. Irradiation Facilities

• We have installed a fission-spectrum neutron irradiation facility in the
Omega West Reactor (OWR) thermal column. The calculated value
of the neutron flux in the irradiation cavity is ~1.6 x 1010 n/cm 2 s.
• A total of 12 040 samples were irradiated in the OWR; other use of
the reactor amounted to 2159 h.
• We used neutron activation analysis to measure the fissile material
content of 3378 biological and environmental samples and the traceelement concentrations in 4508 other samples. This nondestructive
technique is capable of the quantitative determination of over
45 elements.
• The "Na(n.p) and 22Na(n,o) cross sections, of value in weapon
diagnostics, were measured at thermal energy at the OWR by a team
from Group P-3. The radioactive 22Na target isotope has a half-life of
2.6 yr.
• In collaboration with experimenters from the Los Alamos Physics
Division and Oak Ridge National Laboratory, we completed
measurements of the thermal-neutron-capture gamma-ray spectra
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emergent from separated-isotope targets of "'Mg, Jf'Mg, "tjMg, and
-()5Pb (Ti/j = 1.4 x U)7 yr). None of these spectra had been studied
previously. The (n,/,,-)) cross sections of the four isotopes were also
measured.
• Experimenters from Croups MST-5 and MP-7 have conducted a series
of irradiations of the new high-temporature superconductor material
YBajCudOj. using t;ust neutrons at our cadmium-shielded irradiation
facility located adjacent to the reactor core. One of the more
interesting results is that the critical current density of the material,
.1,., is significantly enhanced by the fast-neutron bombardment.
10. Advanced Concepts and Technology

• The method of deconvoliition of isotherms permits determination of ion-exchange selectivities corresponding to different
crystallography sites in an exchanger. The method can be applied
to systems undergoing ion exchange by different mechanisms.
• We are using molecular modeling to assist us in the selection of suitable
iigands to coordinate gadolinium(lll) and Ul; Y (111) for use in tvimor
imaging and therapy, respectively. Serni-ernpirical level calculations
are being employed to predict the chemistry and spectral properties
of our synthetic targets.
« Significant progress in the laser resonance ionization mass
spectrometry technique has been accomplished over the last year. Our
efforts have focused on increasing the ionization yield and increasing
our isotopic selectivity. Increases in ion yield, through use of a highpower ionizing laser, indicate measurement capabilities, for isotopic
ratios of lutetium, in excess of 1 part in 107. We have also developed
a "new" method for very precisely determining hypcrfne component
positions: this method in turn increases our capability for is^topic
selectivity.
• We have shown that laser resonance ionization msss spectrornetry
(RIMS), using a 2 + 1 multiphoton process, removes isobaric
interferences for lead and bismuth mixtures with ne-trly complete
ionization. We also studied the ion yield dependence upon laser
power and obtained cross-section information important for analytical
applications. These studies demonstrate that RIMS is a feasible
alternative for isotopic ratio measurements of elements that have
significant isobaric interferences when using "standard" thermal
ionization mass spectrometry.
• Charged particle detector modules that we have been using at the LBL
BeValac make up a multisegmented array that we call the; "'Pagoda."
As originally fabricated, the detector modules were mainly sensitive
to heavy reaction products. We have modified various parts of the
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detectors so that lighter products can also be detected. Significant
improvements have also been made in the timing resolution and signal
amplitude
• A He-jet target chamber has been constructed for an operational test
in the main beam line at LAMPF. We have begun testing a monocusp
ion source and the results are encouraging. This novel ion source is
expected to give a better He-jet-to-ion-source coupling efficiency than
any other design in current use.
11. Atmospheric Chemistry

• A 4427-tonne high-explosive test was conducted at White Sands.
Using an aircraft and two mobile samplers, we sampled the resulting
dust cloud to study the cloud's formation and physical characteristics.
• We are collaborating with a consortium of government and utility
industry organizations to examine the visibility impact of coal-fired
power plants in the Southwest.
• Preliminary studies of reactions of ozone with carbonaceous soot
indicate that current "nuclear winter" models should include
photochemical and photophysicai processes.
• Our recent measurements indicate that natural hydrocarbons (for
example, terpenes) can affect ozone concentrations in conifer forests.
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Radiochemical Weapons Diagnostics and Research and Development

Radiochemical Diagnostics of Weapons Tests

The Radiochemical lest Diagnostics Program requites a significant
traction of INC-Division funding and resource commitments. We must
determine the yield of all Los Alamos Nevada tests as well as provide many
details of the physics and chemistry of nuclear explosives. The program is
funded 7-V/t in test diagnostics and 25l/i in research and development, which
ensures continued progress by providing a blend of direct programmatic
obligations backed by appropriate research in support of the program.
Results are reported at two internal classified forums, both of
which meet monthly the Kxperimental Review Group (ERG) and the
Weapons Working Group (WWG). In addition, twice a year we hold
an InterLaboratory Working Group (ILWOC) meeting with Lawrence
Livennore National Laboratory to review current procedures and new
techniques in radiochetnieal test diagnostics.
The classified summaries of these activities can be made available to
properly cleared individuals who contact Charles Miller. Group INC-T.
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SUPEROXIDIZER/SUPERACID CHEMISTRY
Recent Advances in Superoxidizer/Superacid Chemistry
P. Gary Eller, Kent D. Abney. Larry R. Avens (MST-12), Scott A. Kinkead,
Thomas R. Mills, Gail R. Roberson, Richard J. Kissane,
John D. Purson, Michael Eastman,* and Larned B. Asprey**

Iu addition to providing overall technical leadership for this joint
project between Group INC-4 and several MST, MEE, and CLS groups, we
have continued our investigation of the dissolution mechanisms of various
transition metal, rare earth, and actinide substrates in superacid media.
We will use the knowledge gained from this investigation to help design
processes for recovering actinides from low-grade feedstocks. The most
complete investigation was performed on the SbF 5 /HF system. We have
also investigated the oxidation/fluorination reactions between the superacid
substrates and the superoxidizers O 2 F 2 and KrFo. We have found superacids
are excellent dissolution agents for refractory actinide materials and excellent
solvents for reactions involving powerful oxidants. These results showthat actinide recovery from "'lean" residues may be effected by superacid
dissolution of the residue followed either by liuorination and recovery of the
actinide as a volatile hexafluoride or by conventional aqueous recovery.
Superacids

To minimize the liquid radioactive waste stream, it is necessary to
design a superacid process to make superacid recycling possible. Therefore,
we needed to determine some of the fundamental characteristics of the
SbF 5 /HF superacid system, especially the liquid-vapor equilibrium, as a
function of composition and temperature. The results of this investigation
are summarized in Fig. 2.1. As expected, the system is highly nonideal;
as the mole per cent of SbF5 increases, there is a dramatic decrease in the
overall vapor pressure of the superacid. However, stable nonvolatile phases
are not, evident, so total recycle of SbF 5 /HF is feasible. Vapor pressure data
at all practical compositions and temperatures below 20°C are now available.
Throughout the year we have characterized SbF 5 /HF reactions with
substrates containing actinides (thorium, uranium, and plutonium) and rare
earths (lanthanum, cerium, neodymium, europium, gadolinium, dysprosium,
erbium, and lutetium). Literature reports by O'Donnell et al. show that
unusually low oxidation states can be stabilized in superacid media.1 We
have investigated other types of reactions using f-element substrates, mainly
in the 0, +3, +4, and +6 oxidation states. Reactions involving M° result
in eventual oxidation to the +3 state in the case of the rare earths and
plutonium and to the -M state in the case of uranium. All rarc-carth
trifluorides readily dissolve, whereas UF4 and ThF 4 are unreactive in even
the strongest superacids. Virtually all metal sesquioxides and dioxides are
completely soluble in supcracid media, and the reaction results in complexes
of the form MF m nSbF 5 , where m = 4 for uranium, thorium, and plutonium;
m = 3 for the rare earths; and 3 < n < 6 for both the actinides and rare
earths. Only in the case of UO3 is there evidence that not all U-0 bonds
* Department of Chemistry, University of Texas at El Paso, El Paso, TX 79968
** Consultant to Los Alamos National Laboratory
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Fig. 2 . 1 . This plot shows
superacid vapor pressure as a
function of mole per cent
and temperature.
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are readily replaced by SbF6 ligands; in this case UO2F2-nSbF5 is formed
(where n = 2 or 3) (Ref. 2).
We have shown that one of the main products from the SbF 5 /HF
dissolution of metal oxides is (H 3 O + )(SbF^). Thus, we expended a large
effort to characterize the physical and chemical properties of this salt. In
addition to correcting an erroneous single-crystal x-ray diffraction structure
report, we also performed a series of thermogravirnetric analyses (TGA) on
this complex (Fig. 2.2). We hoped that (H3O+)(SbF^) could be completely
volatilized and thus recycled in a process loop. As can be seen in the TGA
plot, even after temperatures reached as high as 450°C, nearly 50% of the
material remained. We have found that the residue formed during this
process is unaffected by nuorinating agents such as F 2 and O 2 F 2 . We are
now using elemental analysis, x-ray powder diffraction, IR spectroscopy, and
a residual gas analyzer to identify and characterize this high-temperature
reaction product.
By employing the TGA technique in conjunction with theoretical
vs experimental weight gains, we have determined the number of SbFs
equivalents bonded to the final superacid metal substrates. Figure 2.2
is TGA plot of the high-temperature reactions involving metal fluoride
superacid substrate as well as the (H3O+)(SbF6).
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Fig. 2.2. The TGA of (H 3 O + )(SbFe ) and Lu(SbF6)-3SbF5 is displayed in this plot.
Superoxidizers

A thermal O 2 F 2 generator system was constructed at Site TA-21 to
provide backup availability of O 2 F 2 for large-scale plutonium fluorination
studies at Site TA-55 and to perform parametric studies on reactor
performance. With this generator, we are now easily able to produce ~20 g
of O2F2 per working day. By generating such quantities, we have been able
to perform far more extensive synthesis and characterization experiments
involving O 2 F 2 . For example, we are now able to determine the rate of
decomposition of O 2 F 2 as a function of pressure and temperature. From
the wealth of data accumulated from this experiment, we were also able to
determine the IR absorption coefficients for O2F2 and O2F.
Although we have shown that the lower actinide oxidation states (+3
and +4) can be stabilized in superacid solutions, the stability of very high
oxidation states still remains in question. We have confirmed that the
superacids SbF 5 /HF and AsF 5 /HF in the presence of superoxidzers such
as KrF2 and O 2 F 2 form reactive salts containing oxygenyl or fluorokrypton
cations. Also, tlv-se solvents are effective for dissipating the heat of reaction
between a metal substrate and an oxidizing/fluorinating agent. For instance,
we have investigated the following reactions:
MO2 + xs SbF5/HF + xs KrF2 —> MF6 + (O+ )(SbF6 ) + (KrF+ )(SbF6 ) .
and
MO2 + xs M'Fj/HF + xs O2F2 —> MF0 + (O^)(M'F67) .
where M is uranium or plutoniurn and M' is antimony or arsenic.
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We have also found that by tuning the strength of the oxidant (for
example, UFS vs C1F3), it is possible either to isolate a uraniuin(V) complex
or to completely volatilize the uranium in the form of UF6.
In summary, during the past year we have made great progress in
understanding the underlying chemistry that forms the basis for important
large-scale superacid/superoxidizer actinide recovery processes. We have
shown that the powerful dissolution ability of the supcracids can be applied
to a variety of rare-earth and actinide complexes. The resulting uranium
and plutonium solutions can be further reacted with oxidizing/fluorinating
agents to form volatile UFB or PuF 6 fluorides or to be used directly for
aqueous recovery. In the next year, our studies will focus on dissolution and
oxidation studies on oxalate and anode heel derived PuO 2 , P11F4, and lean
residues such as Leco crucible, dissolver, and incinerator ash residues.
Studies on the Photochemical and Thermal Dissociation Synthesis of KrF2
Scott A. Kinkead, P. Gary Eller, Richard J. Kissane,
Jack D. Purson, and Jerry Foropoulos, Jr. (MST-12)

In previous years we have described our studies in low-temperature
fluoride volatility of actinides as a potential method for decontamination
and recovery of costly nuclear materials. A major program that involves
plutonium volatilization using O 2 F 2 and superacid treatment is well under
way within MST and INC Divisions; however, there remain many questions
regarding the large-scale synthesis and employment of superoxidizers such as
FOOF and KrF 2 . In this article, we discuss some of the important discoveries
we have made about these materials in the past year.
In photochemical synthesis, the quantum yield (0) is the figure of merit
for the ease with which the product is formed. For example, the <>
/ for
the photosynthesis of O 2 F 2 is ~1 molecule/quantum. In comparison, the
photosynthesis of KrF 2 is much less efficient: the 4> for formation of KrF2
from liquid fluorine and solid krypton is ~0.02 molecules/quantum (Ref. 3).
In gaseous fluorine and solid krypton, the value of (/> is even less—~0.005
molecules/quantum.3 The lower value may be due to one of several sources:
an unstable intermediate (in this case KrF), a different reaction pathway
involving termolecular or higher order collisions, or a photosensitive product.
To assess these possibilities, we first attempted to confirm and extend the
reported UV-visible spectrum of KrF 2 (Ref. 4), where a photodissociative
transition would most likely occur. The resulting spectrum, shown in
Fig. 2.3, shows a strong absorption with Amax at 218 nm and an absorption
coefficient (emax) of 105 f-mole~1-cm~1 (corrected for thermal decomposition
of KrFi). For comparison, note that the fully allowed dissociative transition
of F2 is a much weaker absorption ~6.02 /'•mole"'•cm"1.
The photodissociative <>
/ provides strong evidence that the absorption at
218 nm is dissociative. Using excimer laser radiation at 248 and 308 nm,
we dissociated known quantities of KrF 2 under conditions that allowed us
to measure the fraction of light absorbed. The results of the experiments
at 248 nm yielded a value of 1.2 for </MJSS, whereas at 308 inn. </>,i;HS was
only 0.5 (with large error limits that were due to the small amount of KrF2
dissociated). From these experiments we learned short-wavelength UV light
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Fig. 2.3. This plot shows the
UV-visible spectrum of KrF2.
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excites a dissociative <x—*a* electronic transition that results in the rupture
of one Kr-F bond.
The results of these analytical experiments were dramatically confirmed
by photosynthetic studies on Kr/F 2 systems in the specially designed quartz
reactor shown in Fig. 2.4. As shown in Table 2.1, the use of quartz, Vycor,
and Pyrex inserts resulted in a greater than twofold improvement in the
hourly yield of KrF>. Others have reported yields in excess of 1 g/h in similar
reactors with larger quantities of krypton and F 2 (Ref. 5). In addition to
confirming these results, we intend to determine if the yield will scale with
increased lamp power.
By far the highest yields of KrF 2 have been reported by Bezmel'nitsyn
and coworkers.6 By catalytically dissociating fluorine on a hot nickel filament
in close proximity to solid krypton that has been cooled to -196°C, these
workers claimed up to 6 g/h of KrF 2 ; the amount depended on the filament
temperature and distance from the cold surface.
After constructing a similar type of reactor, shown in Fig. 2.5, we
sought to determine if this reactor could produce larger quantities of KrF 2 .
Although at this time we have run only preliminary experiments, the results
shown in Table 2.2 are promising. Yields of up to 1 g/h have been attained
regularly, even though we have made little attempt to optimize parameters
such as filament temperature or treatment.
As a consequence of another experiment not described here, we believe
that we will also be able to use this reactor to prepare other unstable
materials such as O2F2 and N 2 F 2 . We are now assessing the effect of
systematically varying the important parameters of filament temperature,
pretreatment, and distance from the wall to determine optimum-yield
operating conditions for this type of reactor. We hope soon to be able
to report substantially improved yields in both photochemical and thermal
synthesis.
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Glass Lamp
Well

Glass/Teflon
Stopcock
9-mm
Solv-Seal Joint

Vaccuum/ Jacketed
Water-Cooled
Immersion
Well

450-W • (
Medium- Pressure
Mercury Lamp

7
u

Fig. 2.4. This quartz photochemical reactor was designed to confirm analytical
experiments on Kr/F2 systems.

TABLE 2.1. Synthesis of KrF 2 in Well Reactor"
Insert
Material

UV
Cutoff6
(nm)-

Quartz

Vycor7913

Pyrex7740
a

170

210

280

Yield
(mg/hj

Comments

130
161
138
193
155
171

(av = 158 ± 20)

222
139
250

(av = 204±3Q)

484
557

(av = 507 ± 50)

All experiments are at least 3 h long.
Wavelength at <2% transmission.

b
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Vacuum Line Connection
H^tti

II

N

Silver Chloride or
Sapphire Viewport

Fig. 2.5. This hot-wire reactor
was modeled on one used by
Bezmel'nitsyn et a/. 6

Liquid Nitrogen
Filled Dewar

Nickel
Filament

DC Power
Supply
Connection,
0-40 V,
0-275 A

Copper Cooling
Fins

TABLE 2.2. Yields of KrF 2 from a Hot-Wire Reactor"
Yield
Experiment

Comments

200
2
3
4-8
9-14
15

250
125
950
880
830

0.025 nickel welding rod (90% nickel); rapid
burnout, extensive corrosion of filament
Pure nickel filament
Cumulative 5-day experiment
6-day experiment
5-h experiment (4-g product)

'The filament is electrically heated to ~700 ± 100°C; it is located ~1.0 cm
from the reactor wall.
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Dissolution of MOO3 and M0S2 i n S b F 5 / H F and CIF3
Kent D. Abney, P. Gary Eller, and Scott A. Kinkead

The recovery of specific elements from spent nuclear fuels, nuclear
scrap material, test site debris, geologic samples, process residues, etc.,
incorporates the chemical reactions of many elements. We have been
investigating the separations chemistry of molybdenum as it occurs in the
Group INC-7 solar neutrino experiments. This project involves separating
~10 7 atoms of technetium from literally tons of molybdenum sulfides.
Because both molybdenum and technetium form volatile hexafluorides,
we wanted to examine the feasibility of a volatility-based separations
scheme. Molybdenum and technetium are also of interest to us because
of their position in the periodic table relative to the mid-actinides (uranium,
neptunium, and plutonium).
For recovery of molybdenum/technetium, a two-step process may be
imagined. The first step is dissolution of the substrate, and the second
step involves the volatilization and separation of the desired metals as
hexafluorides. Such a process would make it possible to isolate hexafluorides
(and other volatile materials) from nonvolatile residues. The solvent of
choice would not only dissolve the substrate, but also would be stable
under the severe conditions necessary for formation of hexafluorides. To this
end, we have been investigating the superacid solvent system SbF 5 /HF and
oxidizing/fluorinating agents such as F 2 and C1F3 for reactions with MoO3,
MoO2 and MoS2- We then compare these results with similar reactions
involving UO3 and UO2.
The reaction between a M(IV) oxide (M = metal) and SbF 5 /HF
generally proceeds with complete disruption of all M-0 bonds, during which
the oxygen is converted to the hydronium salt (H 3 O + )(SbF^). In contrast,
M( VI) oxides appear to react with retention of two M-0 bonds and formation
of one equivalent of (H3O+)(SbF|j"). The results that we and others7 have
obtained on various uranium-containing substrates are summarized here:
UO3 + xs SbFs/HF — UO 2 F 2 nSbF 5 + (H3O+)(SbF6-)
UO2F2 + xs SbFs/HF —• UO 2 F 2 nSbF 5
(n = 2, 3)

uo2
uo,

+• xs SbF5 /HF -- » U(SbF 6 )4
+• x s

SbF5 /HF -ih xs C1F3 -

_i_ o (xx c\ + WCKT?~\
j,

UF 6 + (C10+)(SbF67)
+ (ClF+)(SbF6-)

Considering the chemical similarity of uranium and molybdenum, we
would expect their M(IV) and M(VI) oxides to react similarly. The following
reactions were investigated:
MoS2 + xs SbFs/HF —• N. R. — N. R.
MoS2 + xs C1F3 — MoF8(g) + SF6(g) + ClF(g)
MoO3 + xs SbFa/HF — MoO2F2.nSbF5 + (HaO
(3 < n < 4)
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The x-ray powder diffraction data show that MoS2, like UF4 and ThF 4 ,
is unaffected by even the strongest superacids. In addition, we observed no
visual evidence that any reaction occurred even after addition of excess FoThis behavior is in drastic contrast to the total dissolution observed with
even extremely refractory oxides.
Because MoSo does not react with superacids or F 2 , we investigated the
reaction with the powerful oxidant C1F3. After addition of liquid C1F3 to
the transition metal complex, dissolution was complete at room temperature
after 24 h. Gas phase IR analysis of the products indicated the formation
of MoFB and SF 6 . After vacuum removal of all volatiles, only a very
small amount of white solid remained, which showed that virtually complete
conversion of the substrate to volatile products had occurred.
We also investigated the reaction between MoO3 and SbF 5 /HF. As UO3
does in the reaction of UO3 with SbF 5 /HF, MoO3 dissolves in SbF 5 /HF to
form MoO 2 F 2 nSbF 5 , where 3 < n < 4 based upon the weight gain observed.
Evidence for this process is seen in the Raman spectrum of the isolated solid
product. Two broad bands centered at 1025 cm"1 can be tentatively assigned
to the symmetric and asymmetric stretches of the MoOi^ moiety, which has
C2l) symmetry . Thus two M-0 bonds remain and only one equivalent of
(H3O+)(SbFg ) is formed. Further investigation by thermogravimetric and
elemental analyses should unambiguously identify the exact composition of
this reaction product.
We have shown that transition metal complexes such as MoS2 and MoO3,
as well as intractable lanthanide and actinide oxides, can be dissolved using
C1F3 and SbF 5 /HF. Furthermore, by using a strong oxidant such as CIF3,
we can actually separate the metal from the matrix through the formation
of a volatile hexafluoride and the use of vacuum distillation techniques.
Under these same conditions, it should be feasible to dissolve and separate
technetium in the form of TcFe- After appropriate conversion, it then should
be possible to use standard analytical techniques to determine technetium
concentrations.
Optical Damage Studies
John D. Purson, P. Gary Eller, and John D. Farr (CLS-1)

Last year, in collaboration with Group CLS-1, we undertook optical
component studies to characterize and understand the mechanisms involved
in the degradation of windows used in excimer lasers and selected
photochemical systems. This damage presumably is caused by aggressive
chemical agents and/or by high laser fluence, but the mechanistic details
were unknown. We used three types of windows in our study: uncoated
fused quartz, uncoated sapphire, and sapphire with a cryolite antircflective
coating. Our approach to the problem consisted of several steps. First,
we used the spectroscopic facilities at Group CLS-1 to gather baseline data
on the surface chemistry of the window material. Next, we created readily
characterizable surface layers of contamination by coating the windows with
gaseous PuF 6 . Finally, we attempted to remove the contamination by using
high-fnergy fluorinating agents such as O 2 F 2 , KrF 2 , and F 2 . The surface
layers were evaluated before and after each treatment by ESCA (electron
spectroscopy for chemical analysis).
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Our first observation was that optical windows exposed to the
atmosphere have significant amounts of carbon- and oxygen-containing
substances bonded to their surfaces. These layers are not completely
removed by various solvents, vacuum baking, mechanical agitation, and/or
ultrasonic cleaning. Treating the windows with F 2 produced ambiguous
results because the windows were transferred to Group CLS-1 after they
had already been exposed to the atmosphere. To control this variable, we
built a stainless steel and aluminum experimental cell that would permit us
to treat and analyze the windows without exposing them to any undesired
atmosphere. This apparatus, shown in Fig. 2.6, holds up to to three windows
and can be moved in and out of plutonium gloveboxes while the contents
are protected from exterior contamination.
We exposed the optical components to gaseous plutonium hexafluoride
so that the distribution of plutonium on the windows (from PuF 6
decomposition to nonvolatile residues) could be observed by alpha
autoradiography (Fig. 2.7). Results showed that the plutonium distribution
was not uniform but concentrated in a speckled pattern. Individual spots
may signify areas that are prone to damage by laser fiuence and/or chemical
attack. After subsequent treatments with refluorination agents, we could
evaluate the windows on the basis of PuF 4 removal. After the windows were
exposed to O2F2, autoradiography indicated that localized concentrations
of PuF 4 persisted. However, ESCA and alpha counting indicated that
plutonium concentrations on the sapphire substrates had been lowered by
about two-thirds. In contrast, the silica window retained high concentrations
of plutonium and appeared to be slightly etched.
The final procedure involved exposing the windows to KrF 2 . The ESCA
analysis of the two sapphire substrates indicated that the plutonium had
Fig. 2.6. The windows are
located inside the disk-shaped
section between the two valves on
the left. The device is attached
to an existing vacuum line in a
plutonium glovebox where the
windows are treated, placed under
argon, and then valved off.
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Fig. 2.7. In this alpha
autoradiograph of the
antireflective coated sapphire
after treatment with KrF2,
several white spots indicate
that plutonium is not uniformly
distributed on the window.

been removed almost completely from the surface. However, alpha counting
and autoradiography showed that only about one-half the plutonium had
been removed. This discrepancy indicated that during or subsequent to
KrF 2 treatment, the plutonium probably had besn covered by surface
impurities that inhibited detection of the plutonium by ESCA (Fig. 2,8).
Another possibility is that the plutonium and impurities are interlayered and
that refluorination simply removes plutonium layers and exposes impurities.
Plutonium concentrations remained unchanged on the silica window, and
more etching was evident following the KrF 2 treatment.
The approach outlined above, which combines alpha autoradiography,
ESCA, and powerful fluorinating agents, offers a means of characterizing
the mechanisms involved in the degradation of optical materials. We will
continue to study this problem as funding and manpower allow.
Fig. 2.8. This spectrum from
ESCA for the PuF4 region
shows the decrease in plutonium
intensity on the uncoated
sapphire window after treatments
by O 2 F 2 and KrF 2 . The KrF 2
spectrum has been enlarged by a
factor of 2.
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EXPLOSIVES
Analysis of Diamond-Anvil Cell Reaction Products:
High-Pressure Decomposition of Nitromethane
Stephen F. Agnew. Theresa Miller, Scott Eckberg, and Basil I. Swanson

The sensitivity and therefore the safety of energetic materials (that is,
propellants and high explosives) is intimately tied to the mechanisms of
their decomposition reactions under extremes of temperature and pressure.
However, although a great deal of work has been performed on these
materials at high temperature, their chemistry under conditions of high
compression is virtually unknown. As part of our effort to study chemistry
under extreme conditions, we have developed a technique in which we react a
material in this case nitromethane by compressing to 0.5 GPa and heating
to 100 to 125°C at the rate of 3°C/iuin. After allowing the cell to cool,
we release the volatile products of this reaction into 200 torr of argon,
deposit the mixture onto a cryotip, and perform matrix-isolation infrared
absorption spectroscopy to determine the volatile products. We are also
able to perform mass spectral analysis of the volatile products under the
same conditions, which allows us to obtain complementary information and
determine amounts of species not active in the infrared; that is, N2 and O 2 .
Figure 2.9 shows the diamond-anvil cell container and access wrenches
that allow the release of diamond-anvil cell contents into argon and their
deposition onto a cold finger. Figure 2.10 is the spectrum of matrixisolated nitromethane that we simply compressed to 0.5 GPa and then
released without raising the temperature of the cell to induce reaction.
The spectrum corresponds to matrix-isolated nitromethane. Under 100 and
125°C reaction conditions, however, reaction occurs in the nitromethane
as shown in Fig 2.11. Part A shows a partial reaction of nitromethane
(band at 1572 cm" 1 ); bands at 1590 and 1593 cm" 1 can be assigned to H2O
monomer and dimer. respectively. The doublet at 1610 cm"1 is due to NO 2 ,
but we cannot assign the 1624 cm"1 peak. A band at 2218 cm"1 is due
to N2O. When compressed nitromethane is heated to 125°C, the simpler
spectrum (B) in Fig. 2.11 results. The H2O peaks are at 1590, 1593, and
1602 cm" 1 for the monomer, dimer, and trirner. respectively; the broad band
at 1612 cm" 1 is attributed to NO2. The presence of N2O is shown by the
2218 and 2226 cm"1 peaks, and the two bands are attributed to site effects
of the argon matrix.
When we performed mass spectral analysis on one sample that was
reacted at 120°C. we observed the results shown in Fig. 2.12. The two
most prominent peaks correspond to H2O and N 2 O, which is in agreement
with the infrared spectrum. The .mass 30 peak must be due to NO that is
a fractionation product of NO2 in the mass spectrometer because we see no
evidence for NO or N2O2 in the infrared and we observe the NO2 parent
peak at mass 46. Mass 61 is unreartod nitromethane.
Our results for nitromethane arc quite surprising, considering the
previous work on its low-pressure pyrolysis. We find that water and
N2O are the primary volatile products at 0.5 GPa and 100 to 125°C;
there are also small amounts of NO> and one or two as yet unidentified
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Fig. 2.9. This apparatus is used
to release, mix, and deposit the
volatile products of nitromethane
decomposition.
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products. Furthermore, we do not observe detectable amounts of any of the
following products: CO2. CO. NO. N 2 O 2 . HNO. HCN. HOCN (or isomers
thereof). H2CO, or NH3. Many of these were observed as major products
iu previous gas phase pyrolysis studies when the initial step in the reaction
is radical formation (CH3NO2 —> CH3 + NO2). Thus, the mechanism for
nitroniethane decomposition under extreme conditions is very different from
that at low density. We do not as yet know to what extent wall reactions
are complicating our analysis, and we are modifying the apparatus to allow
for that determination. Another problem is that we do not know where
the carbon has gone in the reaction. There is a residue on the diamonds
following release, but we have not been able to determine its composition.
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Fig. 2.10. This spectrum
shows the infrared absorption
of nitromethane that has been
compressed (but not raised in
temperature), released from the
diamond-anvil coll, and deposited
in an argon matrix.
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We cannot determine methane very well with infrared, but there is no feature
in the mass spectrum to indicate that it is present. We can only conclude
that the carbon remains in the nonvolatile fraction in some polymer form.
Our results for nitromethane imply that a dehydration product, possibly
the anhydride of nitromethane occurs as an early step.
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In this molecule or perhaps one similar to it, decomposition could proceed
towards an azaoxazole such as
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Virtually nothing is known about the high-temperature decomposition
mechanisms of these molecules, but it is conceivable that N2O elimination
could proceed as
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in which the acetylene polymerizes or otherwise reacts and therefore is notdetectable under our conditions.
We anticipate that this technique will be quite useful for examining the
chemistry of compressed energetic materials. Much work has been performed
on the reactivity of these materials at low pressure and density, and there are
indications that concerted reaction channels those reaction channels that
do not involve any dissociative bond-breaking reactions occur even c.t low
pressure. We expect that these channels will dominate the chemistry at high
density.
Fig. 2.11. These infrared
spectra of volatile products of
nitromethane reaction resulted
when compressed nitromethane
was heated to 125°C.
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Fig. 2.12. We measured this
mass spectrum of volatile
products for nitromethane
diamond-anvil cell chemistry
following reaction at 12'0°C and
0.5 GPa.
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Our plans include; exploring a variety of energetic materials under
extremes of pressure and temperature—in particular, exploring the
generality of the dehydration mechanism as a first step in the decomposition
of energetic materials. We will also improve our apparatus to allow the
release of the diamond-anvil cell contents very shortly after heating. This
improved apparatus will also allow much less wall reaction before the coldfinger deposition.
Structural Basis for the Impact Sensitivities of l-picryl-l.,2,3-triazole,
4-nitro-l-picryI-l,2I3-triazole, 2-picryl-l,2,3-tiriazole, and 4-nitro-2-picryl-l,2,3-triazoie
Robert R. Ryan, John Hall, Carl B. Storm ( M - l ) , and James P. Ritchie (T-14)

The sensitivity of secondary explosives to violent reaction, detonation
by impact, or shock initiation is an area of considerable current interest. The
sensitivity of an energetic material to initiation by a shock or impact stimulus
is the product of several factors, one of which is how the solid (crystalline)
material interacts with the external stimulus; that is, how the energy is
transferred to and localized in the solid material. Thus, the physical state of
the solid material and its crystalline structure will determine such things as
hot-spot formation and slip or glide plane formation, which are responsible
for energy localization.
Another factor is the intrinsic molecular sensitivity of the material:
what are the strengths of the bonds in the molecule and what trigger
linkages are available to initiate reaction by the energy localized in the
solid material? The question is further complicated by details of the initial
chemical reactions at the temperature and pressure characteristic of the
initial impact or shock. If the rate-determining stcp> lies early on the reaction
coordinate, then the idea of a simple trigger linkage is relevant and an early
release of the exothermic energy of reaction will drive the propagation of the
reaction. If several endothermic steps intervene before the rate-determining
46

Isotope and Nuclear Chemistry Division Annual Report 1987

Other Unclassified Weapons Research

step, then it is probably a less sensitive material and the initial hot spot may
die without propagation.
The problem of establishing a universal or, indeed, even a uniform
measure of sensitivity for evaluating explosive sensitivity has remained a
vexing one. From the empirical and theoretical side, a number of efforts have
been made to correlate or predict explosive sensitivity. The most widely used
and successful index of sensitivity available to date is the "oxidant balance"
scheme put forth by Kamlet.s For experimental determination of sensitivity,
the impact test is by far the most common criterium. This test involves
subjecting a sample of explosive materials to the impact of a standard weight
falling from varying heights. The sensitivity is reported as the height thai
has a 50% probability of causing an explosion.
One way to understand the origin of the molecular basis of sensitivity
in explosives is to study materials that have identical molecular composition
(that is, isomers) but widely different sensitivities and then to make a careful
comparison of their structural characteristics. Such a set of picryltria;ioles
has been reported by Neuman.11 We discuss here a structural, theoretical, and
spectroscopic assessment of the various properties and the likely origin of the
sensitivity differences of l-picryl-l,2,3-triazole (I), 2-picryl-l,2,3-triazole (II),
4-nitro-l-picryl-l,2,3-triazole (III), and 4-nitro-2-picryl-l,2,3-triazole (IV).
Figure 2.13 shows the structures and impact sensitivities of these compounds.

N3 N2

l-picryl-1.2.3-triazole i
Impact sensitivity — 11cm

4-nitro-l-picry!-l,2,3-triazole III
Impact sensitivity = 9 cm

H2

HI
2-picryl-1.2,3-triazole II
Impact sensitivity = 200 cm

4-nitro-2-picryl-l,2,3-triazole IV
Impact sensitivity = 67 cm

Fig. 2.13. These structures are ORTEP projections for molecules I through IV.
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Comparison of the metrical parameters for molecules 1-IV (Table 2.3)
indicates that statistical differences exist for only the following features.
First, the angle opposite the C-N bond of the nitro group on the triazole
ring has opened up slightly compared to that of the relevant unsubstituted
ring. This fact is in accordance with the electron withdrawing nature of
the nitro group and is further reflected in smaller angles at the carbon or
nitrogen atoms.
The largest differences occur for the N-N distances in the triazole
ring between the 1-picryl and 2-picryl isomers. The N-N distances within
the triazole rings for II and IV are identical within the accuracy of the
experiments and are significantly shorter than the N1-N2 distances for
I and II. Most important, we believe, the N2-N3 distances for I and II are
equivalent and arc significantly shorter than the average N-N difference in
II and IV. The latter is the only structural difference that is consistent with
the observed differences in impact sensitivity among the four compounds.
In Table 2.3, we give the l3 C and 'H NMR chemical shifts for compounds
I through IV and the chemical shift information on three other substituted
trinitrobenzenes for comparison. The 13C chemical shifts for the picryl group
in I through IV are essentially identical, and they are in agreement with
both the bond parameters measured by x-ray diffraction and the theoretical
calculations. The twist angle between the picryl and triazole rings essentially
isolates the two aromatic systems and prevents any conjugation between the
two ring systems. The 13C chemical shifts in the picryi groups in I through
IV most closely resemble those in picryl chloride, which indicates that the
triazole ring is acting like a moderately electronegative functional group
with little ability for direct conjugation. The carbons in the triazole ring
behave as expected for an aromatic carbon substituted by a nitro group. In
comparing I with III and II with IV, we find that the carbon on which the
nitro group is substituted moves to lower field and the carbon adjacent to
the substitution moves to higher field.

TABLE 2.3. Selected Distances (A) for the Triazole Rings

N1-N2
N2-N3
N3-C4
C4-C5
C5-N1

N1-N2
N2-N3
N3-C4
C4-C5
C5-N1

48

THEORY

III

THEORY

1.359(3
1.304(3
1.343(4
1.343(4
1.336(4)

1.380
1.255
1.424
1.394
1.420

1.372
1.308
1.345
1.350 4)
1.337(4)

1.384
1.252
1.437
1.410
1.404

II

THEORY

IVa

IVb

THEORY

1.337(3)
1.334(2)
1.315(3)
1.375(4)
1.323(3)

1.368
1.368
1.343
1.476
1.343

1.340(3)
1.330(2)
1.316(3)
1.378(3)
1.323(3)

1.343(2)
1.329(2)
1.323(3)
1.380(3)
1.315(3)

1.370
1.350
1.364
1.477
1.341
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In the *H NMR, the 2,6 protons of the picryl groups again have very
similar chemical shifts. However, these protons are shifted an average
0.6 ppm to low field from picryl chloride, which is the successful model for
the 13C chemical shifts. This difference is due to the ring current effect of
the aromatic triazole on the picryl protons. The substituent chemical shift
effect of a phenyl group on a meta proton in an aromatic system is 0.5 ppm.
The small variations in the picryl proton chemical shifts may reflect different
degrees of ring twist in solution.
We performed molecular orbital calculations using the semiempiricai
method AMI.19. Geometries were completely optimized, and the resulting
structural parameters and the x-ray data are summarized in Table 2.4.
In general, the agreement between calculated and observed structures
is quite good. Bond lengths are usually within 0.03 A and bond angles are
within a few degrees. Torsion angles differ in some cases by considerably
more than a few degrees. Although the intra-annular twist angle of
4-nitro-2-picryl-l,2,3-triazole is reasonably close to the AMI value of 50.2°,
the similar comparison in 4-nitro-l-picryl-l,2,3-triazole shows significant
differences: 75.4 observed and 52.5 calculated. It is plausible to attribute
a large fraction of this difference to crystal packing forces, but no firm
statement can be made without either gas phase structural data or condensed
phase calculations.
The calculated heat of formation (Hf) values are shown in Table 2.5.
Because AMI overestimates the Hf values of compounds containing nitro
groups, it is necessary to apply a correction of 10 kcal for each G-NO2 group
in the molecule. With this correction, errors for typical explosives are about
those expected from the AMI method for other classes; that is, 5 to 10 kcal.
Triazoles have not been analyzed previously, and we do not know if larger
errors are associated with this grouping.
TABLE 2.4. The NMR Chemical Shift Assignments for the Isomeric
Picrykriazoles I IV and Several Comparison Compounds
Atom

C-4

C-5

c-r
C-2I.6IC-3',5'
C-4'
H-2',61
H-4
H-5

lab

II*

III 6

147.7 140.2 155.0
155.0 140.2 128.8
129.7 130.1 128.0
147.6 146.4 147.4
125.0 126.3 126.1
149.0 148.7 150.5
9.33 9.27 9.50
8.29 8.23
8.98 8.23 9.69

IV6

157.1
135.4
129^7
146.9
128.7
150.2
9.45

PicramidecdPicrylchloridect TNT 0 ''

144.3
134.4
122.6
134.4
9.38

127.1
149.6
122.2
145.7
8.80

134.1
151.4
145.6
8.82

9.00

a

All chemical shifts are reported in ppm relative to tetramethylsilane.
d$-acetone solvent
c
CDCIa solvent.
d
l-amino-2,4,6-trinitrobenzene.
e
l-chloro-2,4,6-trinitrobenzene.
f
l-methyl-2,4,6-trinitrobenzene.
b
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TABLE 2.5. Observed Crystal Densities and Calculated Hf Values (g),
CJ Pressures, Shock Velocities, and Temperatures for
4-nitro-l-plcry!-1.2,3-triazole and 4-nitro-2-plcryl-l,2,3-trlazole a
Compound
It
IV
a

Density

(•/«)
1.75
1:83

AMIHf

(tap

Hf
(corrected)

172,1
179.3

(tap

(Mwr)

Dej
(km/n)

Tcj
(K)

132.1
139.3

283
306

7731
7899

4092
3935

The Hf (corrected) values are 40 \kcal less than the actual
values;to account for an
empirical correction of 10 kcal/GNQa group.

A comparison of the various observed and calculated Hf values for
the 1-picryl and 2-picryl triazoles indicates little reason for the vastly
different impact sensitivities. The Hf values are very similar, so the heat
of deflagration or detonation must be similar and the decompositions are
equally exothermic. The observed crystal densities are somewhat different,
but calculations show differences of only a few per cent in detonation
performance. Thus, the different impact sensitivities cannot be related to
the detonation properties.
Next we considered various possible initial steps leading to molecular
decomposition. The AMI method was used to calculate C-NO2 bond
strengths. We found the ortho nitro group on the picryl ring was the weakest
C-NO2 bond, but the difference between the 1-picryl and 2-picryl isomers
was quite small (56.1 kcal/mole for 1-picryl and 56.8 kcal/mole for 2-picryl).
Another possible mode of decomposition, the nitro-nitrite rearrangement
(although not examined explicitly) offers few grounds for distinguishing
between the two isoniers because the substitution pattern of the isoiners is
similar. Thus, the transition state for this rearrangement would be similarly
affected in the isomers.
The x-ray structure suggests that loss of nitrogen may occur from the
1-picryl isomer but not at all from the far less sensitive 2-picryl isonier.
Consequently, AMI calculations were performed for the resulting biradical.
We calculated that the heat of reaction for the decomposition is only
20 kcal about 38 kcal below that for C-NO2 bond scission. Assuming that
the activation barrier does not significantly differ from the heat of reaction,
we expect loss of N2 to occur with facility in l-nitro-l-picryl-1.2,3-triazole.
Thus, we suggest that a facile loss of nitrogen is possible for one of
the isoiners but not for the other and that this results in their different
impact sensitivities. The resulting biradical, being a reactive intermediate,
goes on to induce further decompositions, and this ultimately results in the
rapid burning detected in the impact test. The 2-picryl isonier. having no
similarly easy mode of decomposition, needs a stronger impetus to set it,
off. This difference, we believe, provides a basis for the difference in impact
sensitivities. Therefore, the two classes of compounds should be considered
as two separate classes in terms of Kamlet\s oxidant balance correlation
method."
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Detonation Sensitivity of Nitromethane
William L. Earl, Ray Engelke (M-9), Carl B. Storm (M-l), and David Schiferl (M-6)

For several years we have been trying to understand the chemistry
of detonation sensitivity in condensed high explosives. Our efforts haw
concentrated on nitromethane (NM) for several reasons. (1) The NM is a
liquid, which means that it is usually a homogeneous material; therefore,
we can study the chemistry of the detonation and the physical effects of
inhomogeneities separately. (2) The NM is perhaps the simplest nitroalkane
high explosive. (3) There is a wealth of data on NM, including chemical
information about sensitization to detonation.
Before we started our work, we knew that additions of very small
amounts of organic amines make NM vastly more sensitive.1'1 For the most
part, we have used failure diameters as a measure of detonation sensitivity.
The failure diameter is an operationally defined parameter that is measured
by constructing long, right-circular cylinders of a lu'gh explosive. These
cylinders are boosted on one end with a very strong shock. There are losses
at the walls of the cylinder. When an explosive is below its failure diameter,
the losses are larger than the energy gained from the detonation; therefore,
the detonation quenches before it travels many diameters of the cylinder.
In a more sensitive explosive or in a larger cylinder, the detonation is selfpropagating. Thus, the failure diameter is the smallest right-circular cylinder
in which a steady detonation wave will propagate. This is measured by
placing a steel plate on the end of the cylinder opposite the booster. If
the detonation propagates, the plate is badly dented; if not, the plate is
virtually untouched. A smaller failure diameter implies a more sensitive
explosive. Unadulterated cominericni NM has a failure diameter of ~15 mm
in Pyrex glass tubes.11 The addition of only 0.03 mole% of the organic
amine diethylenetriamine (DETA) lowers the failure diameter to one-half
its original value.
We hypothesized that the sensitization was due to the existence of the
aci ion of NM:

C

The problem is to demonstrate, at the molecular level, that this ion is
involved in the first step of the detonation process in NM. It is virtually
impossible to actually detect any chemistry in the detonation front in NM.
The time available for the entire decomposition reaction is only about 5 us.
the length of the decomposition zone is only 0.025 mm, and the pressure is
about 13 GPa. We have resorted to correlating the sensitization of NM with
microscopic observations of the aci ion. In other words, if we can show that
virtually every situation that produces sensitization of NM also involves the
aci ion. we have established a good correlational support for our hypothesis.
vVe have used high-resolution nuclear magnetic resonance (NMR) as
the primary tool for observing the aci ion. One of the most difficult
tasks wa.s to observe for the first time an NMR resonance for the aci ion
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because the concentrations that produce sensitization are extremely low.
Concentrated solutions of aci ion undergo side reactions to produce dimers
(the methazonate ion) and, probably, higher polymers. Eventually, we
also were able to detect NMR resonances for all the reasonable magnetic
nuclides ( l H, l3 C, 14N, and 17 0) in the aci ion of NM. We also were able
to demonstrate the existence of the aci ion in several solutions of organic
bases (DETA and pyridine) in NM. The base concentrations were extremely
high compared to those that produce sensitization; for example, ~5 mole%
for observation of the aci ion and <0.5 mole% to produce significant
sensitization.
Russian researchers have reported that exposure of NM to high-intensity
UV light sensitizes the NM (Ref. 12), so we thought that it would be
interesting if that effect could be attributed to the aci ion. This result would
produce further evidence to support our hypothesis. In a rather protracted
experiment, we were able to detect the 13C resonance of the aci ion in NM
that was exposed to very intense UV radiation. We also duplicated the
Russian conclusion by performing a failure-diameter measurement on NM
irradiated with the same UV lamp. The failure diameter was significantly
decreased. The detailed mechanism of aci ion production by UV light is not
totally clear to us. It may be that a significant amount of photochemistry
proceeds in the NM while it i» exposed to the UV light and one of the
products is a base that subsequently produces the aci ion. Intense UV
irradiation is not a very chemically tractable system because (1) a large
number of products may be formed in a reactive chemical like NM, and
(2) the concentrations necessary for sensitization are very low. But in
any case, the phenomenological result is the same: UV light produces
sensitization and we are able to detect the presence of aci ion.
It is generally believed that the first steps in a detonation reaction
must involve negative volumes of activation or intermediate products that
have molecular volumes smaller than those of the starting materials. Our
calculations indicate that the aci ion is smaller than the parent NM.
The self-explosion experiments described in the literature indicate that
the decomposition of NM is accelerated by high pressure.13 We sought an
experimental test that would indicate that the concentration of the aci ion
is increased by high pressure. We have resorted to an indirect test of that
existence. In a mixture of protonated and deuterated NM, the aci ion will
cause the isotopes to mix in reactions like the one shown here.
CDaNO2 + CH2NO^

—.

CD2NO^ + CH2DNO2

Because both the proton and deuteron have magnetic moments, they will
cause a splitting in the 13C resonance of the methyl carbon in NM. The exact
13
C NMR line shape will depend upon the mixture of deuterons and protons
on the carbon. With this isotopic mixing, we can determine whether the
aci ion is present in a solution containing the totally protonated and totally
deuterated nitromethanes. First we mixed the NM and demonstrated that
after any days at 90° C there was no detectable scrambling. Adding a very
small amount of an organic amine (DETA or ethylenediamine) produces
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isotopic mixing within the ~15 min necessary to get an NMR spectrum.
The isotopomers of NM also give different vibrational spectra, which could
be computed in an ab initio calculation. We were able to put protonated and
deuterated NM mixtures in high-pressure diamond anvil cells and pressurized
them to 2 GPa at ~80°C. Under these conditions, the isotopes scrambled in
the ~10 min necessary to obtain a Raman spectrum in the cell. We conclude
from this experiment that high pressures produce the aci ion and that this
fact explains the observed high-pressure sensitization of NM.
We have shown that we can explain the observed increases in detonation
sensitivity with a single chemical species as the first intermediate in
the detonation reaction. The means of increasing detonation sensitivity
are (1) purely chemical (addition of organic bases), (2) physico-chemical
(exposure to UV light), and (3) purely physical (increased pressure). We
are attempting to generalize this mechanism to other related high explosives
and will pursue the next steps in the detonation reaction of NM.
PLUTONIUM PROCESS CHEMISTRY
Color Center Formation in Plutonium Electrorefining Residues
P. Gary Eller, David E. Morris, Michael P. Eastman,* David E. Hobart, and
Lynn E. McCurry (MST-13)

The important electrorefining process for producing high-purity
plutonium metal is performed in molten salt systems containing KC1
and produces a salt residue with significant concentrations of plutonium.
The crystalline residues exhibit dramatic photochemically induced color
changes: they have a beautiful deep amethyst color that transforms to
a sky blue on exposure to room light, but when the optically bleached
residue is stored in the dark, the intense purple color returns. Initially, this
color change was attributed to a simple reaction between the plutonium
species in the salt and trace amounts of either water or oxygen in the
glove-box atmosphere. When this explanation was proven incorrect, we
hypothesized that the color change could be attributable to either photoinduced redox reactions involving plutonium(III) and plutonium(IV) or
(more likely) color centers that form as a result of self-irradiation damage
by the decaying plutonium nuclei. Any of these proposed reaction processes
could conceivably contribute to the observed operational inefficiency in the
electrorefining process; thus, there was significant motivation for seeking
an explanation for the observed phenomenon. We studied this unusual
reversible color behavior by UV-visible near-infrared electronic spectroscopy
and electron paramagnetic resonance (EPR) spectroscopy and we can now
report conclusively, as detailed below, that the radiation damage mechanism
is the correct hypothesis.
The plutonium-containing electrorefining residues were obtained from
the Los Alamos National Laboratory Site TA-55 complex. These residues
which typically contain between 0.03 and 0.30 mmoles 239 Pu/g KC1.
were ground into fine powders before the spectroscopic investigations.
* Chemistry Department. University of Texas af El Paso. El Paso. TX 79968
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To explore further the mechanism of the color change, we also prepared KCI
solid solutions of several trivalent lanthanides. These solutions contained
approximately the same concentration of lanthanide as that of plutonium in
the residues. The samples, as well as an undoped KCI sample, were subjected
to intense gamma-irradiation at the Omega West Reactor, All the samples
developed an intense purple color similar to that of the plutonium residues.
All samples were stored in the dark when not undergoing spectroscopic
investigation or light-bleaching experiments. Because the color change is
thought to be a solid-state effect, the spectroscopic characterizations had to
be performed on the crystalline samples. For the EPR studies, this presented
no experimental problems. However, to obtain the electronic spectra of these
samples, it was most convenient for us to use diffuse reflectance spectroscopy.
We performed this procedure on a Cary 17D spectrophotomcter equipped
with a diffuse reflectance attachment.
The diffuse reflectance spectra obtained for the plutonium-bearing
residue in three different color states are shown in Figure 2.14. It is clear from
these spectra that the only significant change in the sample after exposure to
light is a diminution and eventual loss of the broad electronic spectral band
centered at about 530 nm. All other features in these spectra can be assigned
to transitions attributable to plutonium(III) ions in the KCI matrix. Thus,
the observed color change cannot be associated with photo-induced redox
reactions involving plutonium(III) and other plutonium oxidation states.
Fig. 2.14. Changes in the
diffuse reflectance spectrum of
-39Pu-doped KCI electrorefining
residue after exposure to lowintensity fluorescent lighting
are shown (A) for unexposed
(purple) sample, (B) following an
~30-min exposure, and
(C) following exposure for 1 day.

WAVELENGTH (nm)
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A broadband absorption at ~53Q nm is a typical characteristic of color
centers that are generated in alkali-halide matrices by intense high-energy
radiation. This absorption band could easily account for the observed purple
coloration in the "dark" form of the electroreftning residue. In addition,
there is ample evidence for the alteration of such color centers after they
are bleached with light. Thus, for the plutonium-bearing residues, which
we have shown contain predominantly plutonium(lll), we would expect that
bleaching the color centers would result in a sample with the blue color
characteristic of trivalent plutonium.
To verify that it is color centers that are responsible for the broadband
absorption in the electrorefining residues, we also examined the lanthanidedoped and undoped KCl samples by diffuse reflectance spectroscopy both
before and after gamma irradiation. In Fig. 2.15, the spectrum of the
undoped, irradiated KCl sample is compared to that of the dark form of
the plutonium residue. The prominent spectral feature in the undoped,
irradiated sample is a broadband absorption centered at ~530 n?n, In
fact, by comparing the spectra in Fig. 2.15, it is much easier to visualize
the same broad spectral feature in the residue spectrum. It appears that
this feature is virtually identical for both samples. We have observed this
same broadband absorption in every irradiated sample examined thus far;
however, this band is always absent in the diffuse reflectance spectra of the
unirradiated samples. Like the plutonium residues, the other irradiated KCl
samples (both lanthanide-doped and undoped) can also be bleached with
exposure to light. This bleaching is readily identified by the loss of the 530nm band in the electronic spectrum. However, unlike the case of plutonium
residues, bleaching of these other irradiated KCl samples is not reversible
when they are stored in the dark.
As a final verification of the presence of color centers in the plutonium
residue and other irradiated KCl samples, we obtained EPR spectra foi
several of these samples in both the dark and bleached forms. Color centers
typically possess a highly characteristic EPR spectrum that can be used
for both identification and characterization of color centers. Unirradiated
samples of KCl showed essentially no EPR signal. Gamma-irradiated KCl
cooled to 77 K yielded an intense EPR spectrum consisting of a single peak
(g = 2.002) with a first-derivative peak-to-peak Unewidth of 36 G. This EPR
resonance exhibited little temperature dependence; the linewidth increased
to only 40 G at room temperature. A similar resonance was found in the EPR
spectrum of the gamma-irradiated, Gd3+-doped KCl sample, In this case,
the sharp resonance was superimposed on a background signal attributable
to Gd 3+ . This Gd 3+ signal is unaltered by gamma irradiation.
Unbleached Pu3+-doped KCl samples at 77 K showed a broad EPR
resonance (g = 2.06) with a first-derivative peak-to-peak linewidth of 225 G
and sharp resonance (g = 2.009) with a linewidth of less than 5 G. The
intensity of both resonances was low compared with those for the irradiated
KCl samples, and it was necessary to use overmodulation (10-G modulation
amplitude) to scan the sharp resonance of the Pu 3+ -doped sample. Neither
resonance appeared to show a strong temperature dependence, although
spectra were somewhat better resolved at 77 K than at room temperature.
In addition to the broad and sharp resonances for the plutonium-containing
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Fig. 2.15. This comparison
shows the diffuse reflectance
spectrum of (A) j;j9 Pu-doped
KCl electrorefining residue and
(B) gamma-irradiated, undoped
KCl.

WAVELENGTH (nm)
sample, the unbleached samples showed a very weak six-line spectrum
(hyperfine splitting of ~80 G) centered about the sharp resonance. This
resonance is probably due to a trace amount of Mn2+ in the KCl.
Photobleaching of this Pu 3+ -doped KCl sample produced no change in the
broad resonance, but we noted a significant reduction in the intensity of the
sharp resonance (~15% of its original intensity). The signal attributed to
Mn2+ did not appear to be altered by photobleaching.
In summary, on the basis of the accumulated data described above, we
have conclusively demonstrated that it is a color center phenomenon that
is responsible for the dramatic color change in plutonium electrorefining
residues. Similar effects can be produced when ianthanide-doped and
undoped KCl samples are subjected to gamma irradiation. The most
significant difference we observed in the physical properties of the color
centers in the residues compared with those produced by gamma irradiation
is the reversibility of color center formation in the plutonium-bearing
samples.
This is clear evidence that color center formation in the
electrorefining residues is a result of self-irradiation damage to the KCl
matrix from plutonium nuclear decay (alpha particles and recoil nuclei)
because the 239Pu represents an essentially constant source of ionizing
radiation. We also note that the dopant [plutonium(III) or the trivalent
lanthanides] has no appreciable effect on the formation or characteristics
of the color centers. There do appear to be subtle differences between the
characteristics of the color centers generated by plutonimn nuclear decay
and those formed by gamma irradiation. We are continuing to investigate
these differences and will discuss these results in detail in future reports.
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STABLE ISOTOPES
Separation and Production of Stable Isotopes
Lee F. Brown, John R. FitzPatrick, Thomas R. Mills, Charles A. Lehman, Michael
G. Garcia, Troy Nothwang, Hong Bach, Glenda E. Oakley, Robert E. Baran,
Shirley R. Roybal, B. B. Mclnteer, and Joe G. Montoya

The objectives of the ICON program are the production of stable
isotopes of nitrogen, oxygen, and neon, the discovery and development of new
processes for separating stable isotopes, and the discovery and development
of improved methods for incorporatiiag the separated isotopes into desired
chemical forms. This article treats the first of these areas. Stable isotopes are
produced here both for internal Laboratory use and for the world scientific
community. Isotopic materials are sold at cost to'Los Alamos investigators
or through the Mound Facility of Monsanto Research Corporation to the
general research community. During the year. Mound paid $843,400 for
isotopes produced by the ICON Facility.
We obtain the isotopes of nitrogen and oxygen by the cryogenic
distillation of nitric oxide and produce a neon isotope by cryogenic
distillation of neon. Table 3.1 shows the quantities of isotopes produced
during FY 1987. We also convert the isotopically enriched nitric oxide to
other labeled compounds for use by researchers; this aspect of our production
effort is discussed in a following article. A column complex for distilling CO
and obtaining l3 C is also available and has a production capacity of 10 kg/yr.
We also obtain very pure 12C from this complex. This equipment was on
cold standby status during the year because world requirements for carbon
isotopes could be met by commercial sources.

TABLE 3 1 . hot&pfc Production for FY 1987
Quaotfty
Enrichment
\ ^"#

l«*ope

»N

18Q
18Q

1.96
0.71
7.33
0.11
2.52
8.02

»Ne

1.8

15
N
W

N

"0

10+
60-85

98+
40+
10+
95+
90+

The '"N production totaled 10.0 kg. 17O production was 0.1 kg. and 1MO
production was 10.5 kg. The amounts for 15N and 1HO are record quantities
and are probably slightly in excess of continuous-production capacity. We
postponed some needed maintenance so that production could continue at
high levels to satisfy urgent need for the isotopes.
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During the previous year, three additional first-stage columns had been
installed for distilling NO. Startup of these columns began in late FY 1986
and continued duriug the first quarter of FY 1987. Production increased
steadily throughout the year. It was the presence of these three columns
that enabled us to produce record quantities during FY 1987.
Nitrogen Oxide Chemistry at the ICON Facility
John FitzPatreck. Robert Baran, and Gtenda Oakley
Direct Conversion of Nitric Oxide to Nitrogen

We began direct conversion of isotopically enriched nitric oxide (ir'N18O)
to nitrogen (15N2) over a ruthenium catalyst in December 1986. Through
September 1987, a total of 16 batches of 15N2 and H218O has been produced.
Fig. 3.1 is a schematic for the process.
Previously, l 5 N l s O was reacted with hydrogen (H2) over a platinum
catalyst to make ammonia (15NHa), which was then converted to 15N2. This
entire process took ~40 to 50 h/batch. During the past 10 months, the
production time was decreased to under 3 h/batch for the direct conversion
of 15N18O to ir'N2. The use of a ruthenium catalyst provided high grade 15N2
and H218O products.
We operated the ruthenium reactor at four different temperatures: 360,
420, 460, and 520°C to determine if the quality of the 15N2 product was
affected by reactor temperature. Our results showed no change in quality or
quantity of the I5N2 or H218O products compared to those produced by the
two-step process.
Using a 10% overage of H2 to 15N18O, we varied the fiow rates of the
u.pvjisQ fjom 2.0 to 5.0 ^/min. The ruthenium reactor temperature would
increase ~30 to 40cC at the slower flow rates. At the faster flow rates, the
temperature gradually increased by 60 to 80°C. Our 15N2 product quality
and quantity remained the same within the flow rate ranges we used, but we
observed a 5 to 10% decrease in the quantity of H218O obtained at the higher
flow rates. We assume this difference is caused by an increased carryover of
water vapor.
We tried O°C and -40°C for the H218O bath temperature. The ice water
(0°C) bath appeared to collect no less H218O water than the 2-propanol/LN2
(-40°C) bath did, despite the difference in temperature.
The CuO reactor was run at 300 and 500°C. We found that at 300°C,
the waste water had a bluish color and a strong NH3 smell. Increasing the
reactor temperature to 500°C produced waste water with no color and no
siiu'll of NH3. At the time, we did not try to quantify the amount of NH3
pp'sent nor did we try to determine why the water was blue. We plan to
investigate both these factors in the future.
The isotopic analysis of the 15N2 was >98.0% 15N2. The H218O generally
was >95% 18O enriched. There is ~ 1 % degradation in 1SO enrichment when
the 15N18O is converted to H218O. This degradation, we believe, \s the result
of interaction between the labeled NO and the alumina (A12O3) carrier for
the catalyst.
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Fig. 3.1. This schematic shows
the conversion of 1 5 N 1 ^ O to

15 N 2 .
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Investigations of the Exchange Between Dilute Nitric Acid and Isotopically
Depleted Nitric Oxide ( 1 4 N l 6 O )

Nitric oxide (NO), depleted in the heav}' isotopes of nitrogen and oxygen
(<0.1% 15N), is pumped from the top of the low-enrichment distillation
columns to an exchanger system, where the NO and ~6ilf nitric acid (HNO3)
are contacted on a bed of stainless steel packing in a 3-in.-diam column. The
NO leaving the exchange system contains ~0.3% 15N and is now used as feed
for the low-enrichment columns. The HNO3 is removed from the exchanger
and stored in a 5000-gal. waste tank. It is conceivable that this HNO3 is a
source for either H216O or H14NO3: however, there must be a suitable method
for separating the desired species (H216O or H H NO 3 ). If this separation is
possible, then we need to know if the 15O is evenly distributed between
the oxygens on HNO3 and H2O or if there is preferential enrichment of one
chemical species over the other.
Samples of the waste HNO3 were analyzed for nitrogen and oxygen
isotopic content. This is done by reaction of 4 to 20 drops of acid with
a l/8~in.-diam bead of mercury. The reaction
8H+ + 2NO3- + 3Hg — 2NO + 4H2O + 3Hg2+
produces NO, which is then analyzed directly by mass spectrometric
techniques. The data to date arc somewhat confusing and inconclusive. The
data for a typical waste acid sample, deionized water, and reagent grade
HNO3 are given in Table 3.2.
There are several discrepancies between the expected natural abundance
and the measured isotopic values of the various samples as shown in
Table 3.2. We will be gathering additional information and then we will
attempt to draw conclusions from the combined data. Other experiments
are planned to determine if we can extract the 1BO water without scrambling
oxygen isotopes.
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oFVtyrttttit Samples for Nitrogen

"Hi

Sample
Expected Natural
Abundance
'

1.

Waste HN0»
Sample No. 1)
.Before DtftHQation)
Deiontzed Water;

O.lli

"O

18Q

99.76

0.04

0.20

99.66

002

0.32

99.68

0.00

0.32

97.78 - 0.05

2.17

99.81

0.00

0.19

99.60

0.02

0.38

I

I

.

99.53

Reagent KNO 3
Water. ;iFfom
Distortion
No. ]

99.82

X6Q

0.47

I

99.81

0.19

Fourier Transform-Infrared Analyses of Nitric Oxide

A Digilab FTS-40 Fourier transform-infrared (FT-IR) spectrometer was
first used by the ICON chemistry section during FY 1987 to identify
impurities in the nitric oxide (NO) from the cryogenic distillation columns
(El Potrillo, El Caballo, A, B, and C), in the NO feed gas for the
low-enrichment columns, and in the final enriched NO products. Sulfur
dioxide (SO2), nitrous oxide (N2O), and nitrogen dioxide (NO2) have been
qualitatively identified.
Because the instrument was new to the ICON Facility, we developed
a procedure for uniform sampling and analysis. Spectra between 4000 and
450 cm" 1 were obtained at 0.5 cm"1 resolution by using a mercury cadmium
telluride detector and boxcar apodization. To maintain a constant position
each time an analysis was done, the sample compartment was fitted with a
holder for the sample cells. We constructed two identical 17-cm-pathlength
sample cells with KBr windows and fittings for direct "on-line" sampling.
Known concentrations of NO gas were used to determine an optimum
pressure that would be employed for unknown samples. This pressure,
15 psia or 3.7 psig, was used to obtain all the spectra.
We experienced some malfunctions with the apparatus for producing NO
during April 1987, and the FT-IR analyses proved very helpful. Impurities
caused a plug in the feed line to El Potrillo and another plug in El Caballo
between the main boiler and the bottom boiler. Using FT-IR, we found largo
SOo and N2O impurities in the feed NO, in the NO from the distillation
columns, and in the NO product cylinders; we verified these problems bymass spectrometry. Figure 3.2(a) is an example of spectra showing impurities
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Fig. 3.2. In these typical scans;
of NO feed, (a) shows the feed
gas with impurities and (b) shows
feed gas free of impurities.
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in the feed NO: SO2 at 1361 cm" 1 and N2O at 1285 cm" 1 . After a cleanup
procedure, we used FT-IR analyses to determine that the NO was free of
impurities at our detection levels [(see Fig. 3.2(b)].
We plan further investigations to quantify the FT-IR data and to
formulate a database that can be used to help column operators keep track
of the quantity of the various impurities. The database will also be useful
in monitoring chemical changes within the columns and isotopic exchange
in the NO columns. We can use FT-IR spectrometry in plant production
design such as the design of a more effective NO purifier.
New Isotope Separation Processes
Thomas R. Mills, B. B. Mclnteer, and Lee F. Brown

Active efforts arc under way to expand the ICON program to include
isotope separation research and development of new isotope separation
processes. We obtained new data on silicon isotope separation, proposed a
new oxygen isotope separation process, and began a basic research program
to study gas-adsorbate collisional effects.
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Silicon Isotope Separation

As part of a new effort to find separation methods tor silicon, chlorine,
and bromine isotopes (among others), we built and operated an isotope
distillation test column in our existing ICON Facility. The column is
filled with wire helix packing (Helipak) and is 1.5 in long by 1.4-cm
i.d. Liquid reflux at the column top is provided by a helium-operated
cryogenic refrigerator. Compounds with boiling points over a wide range of
temperatures will be studied, so we put a temperature control heater on the
condenser as well as on the boilup heater of the column. Both the condenser
and boiler were nickel-plated to limit corrosion caused by the wide variety
of halogen-containing compounds to be studied. We collected gas samples
from both top and bottom of the column and analyzed them on the 12-in.
Nuclide mass spectrometer.
We distilled silicon tetrafluoride in initial experiments and found the
reverse isotope effects in silicon isotope separation. That is, the heavy silicon
isotopes tend to concentrate in the vapor phase and go to the top of the
column. The total column separations observed at 2 atm and 190 K for 2uSi
were 1.04 times as abundant at the top as at the bottom and for 28Si were
1.08 times as abundant at top. Depending upon the number of theoretical
plates in the column, the relative volatilities of the rare isotopes are 29Si/28Si
(1.001) and 30Si/28Si (1.002). We are continuing this work to examine the
temperature dependence of the separation and to determine the number of
plates.
These initial results are exciting because of both the reverse isotope
effect and its magnitude. We and others have found the reverse effect for
sulfur tetrafluoride14 and various compounds, but the effect has been little
studied or understood, other than for hydrogen isotope effects. We plan to
specifically focus additional experimental as well as theoretical work on the
reverse effect. The isotope effects in SiF4 are so great that we might consider
an actual separation system based upon SiF4 distillation.
New Process for * " O Production

For neuirino detection experiments proposed by George Cowan,* a large
quantity of 18O-labeled water would be needed in an underground pool.
As much as 50 000 kg of water at an 18O enrichment of 20% could be
required—3 orders of magnitude greater than the production capacity of the
world's largest facility (the Los Alamos ICON Facility). Such an increase
in production is not a simple scaleup operation. Therefore, we devised an
innovative process that is based upon our nitric oxide (NO) systems and
have made preliminary cost estimates.
Figure 3.3 shows flow diagram of the proposed process. The isotope
separation will be done in a cryogenic NO distillation column (C in the
schematic) that is 5 ft in diameter by 300 ft long. We have successfully used
a number of NO columns of this length, but this diameter is considerably
larger than those we have built. Columns of this size are not at all unusual
in industrial practice, however.
* Office of the Associate Director for Research. Los Ahunos Nnl'umul Laboratory
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Fig. 3.3. This schematic of the
proposed process shows the 18 Odepleted and lwO-enriched flows.
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To avoid using expensive and difficult to handle NO and nitric acid
(HNO3) as feed materials, we planned dual NO/HNO3 exchange systems
(A and E) and acid reconcentration columns (B and D) to handle column
flows. The NO stream, depleted in 18 O, from the top of the isotope column
is contacted with normal isotopic water in A to bring the 18O concentration
in the NO back to normal abundance. This NO stream becomes the main
feed for the NO column. The acid/water mixture from the exchanger is
separated in B, and a waste water stream depleted in 18O becomes a byproduct. Likewise, the NO stream enriched in 1 8 0 from the bottom of the
isotope column is contacted with normal isotopic water in E, and the NO
stream returns to the column. The 18O is carried with the acid/water to D,
where the product water leaves the plant.
The result is that the only supply, waste, and product flows are water
the desired end form of the 18O. The NO and HNO3 simply flow in loops
within the plant. We have used the existing NO/HNO3 feed exchange system
for the past 6 yr to provide isotopic feed for all NO columns, but we need
further experimental work to learn how to handle problems associated with
this larger capacity.
Detailed design and further experimentation are also needed before we
build this plant. It will require 10 yr to construct the plant and bring it to
production, at a total cost of $50 M: the resulting unit cost would be $l/g
of 1BO-enriched water.
Gas-Adsorbate Collision Studies

Gas-adsorbate collisions have significant effects on both gas-phase
mass transport and particular chemical reactions. These effects are very
dependent on the masses of both the adsorbate and gaseous molecules
involved in the collisions and so are potentially useful in isotope separation
processes. We have established a research program to study the nature of
these collisions so that their effects can be modified to create new processes
for isotope separation.
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One such effect occurs during the oxidation of carbon. Collisions
between molecules of the gas phase and an oxide species on the carbon
surface markedly influence the rate of this important reaction. We discovered
this effect, which depends significantly on the masses of the molecules
striking the surface, a few years ago while working with investigators at
the University of Colorado. Further collaboration is planned, and research
support will be proposed for studying these collisional effects in carbon
oxidation through transient isotope-tracer techniques.
We are also studying another type of gas-adsorbate collisional effect that
occurs when the movement of gaseous molecules through a porous medium is
influenced by collisions between the gaseous molecules and a mobile adsorbed
phase. These collisions have characteristics that are significantly differeut
from those between gaseous molecules and a solid surface or between gaseous
molecules and an immobile adsorbed phase. These characteristics again are
dependent on the masses of the molecules involved in the collisions. One facet
of this research is studying the intrinsic behavior of mobile adsorbed phases.
We are now using known statistical thermodynamics to complete a predictive
model for the behavior of mobile adsorbed phases. This model predicts
adsorbed-phase flows on uniform surfaces to within 1 order of magnitude of
those observed experimentally in all studies reported to date in the literature.
We discussed this development in a paper presented in November 1987 at
the annual American Institute of Chemical Engineers meeting in New York.
We have developed a plan for further investigation of gas-mobile
adsorbate collisional behavior and are seeking a postdoctoral candidate so
that we can further investigate this promising research.
RADIOACTIVE ISOTOPES
Recovery of 4 4 T i and ^A\ from the LAMPF Beamstop
Dennis R. Phillips, Frederick J. Steinkruger, and Richard C. Staroski

Titanium-44 (47-yr half-life) and aluminum-26 (7.2 x 105-yr half-life)
are two valuable radioisotopes that require considerable beam time to
produce in measurable quantities. The process involves spallation in the
800-MeV beam at the Los Alamos Meson Physics Facility (LAMPF) proton
accelerator. The 44Ti is employed as a calibration source and has great
potential use in nuclear medicine. We have spent considerable effort to
develop a 4''Ti/44Sc biomedical generator over the past few years. The 2(iAl
also has many valuable applications: it is an important calibration source;
it might be used in nuclear medicine to investigate the role of aluminum
in Alzheimer's disease; and neutron cross-section measurements for the
reaction 2tiAl(n,p)2fiMg could provide very important data for models of
stellar formation and the origins of the universe. In addition. 26A1 could
serve as an extremely valuable tracer in environmental studies of acid rain
leaching.
To produce 2(iAl in microcurie quantities requires that a silicon target
be exposed to the LAMPF beam for about 18 months. About 6 months of
exposure time on a MnCl2 target arc required to produce inillicurie quantities
of 44 Ti. Both isotopes are also produced in spallation reactions in the
copper beamstop used at LAMPF. Two of these beamstops now have been
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removed from the LAMPF accelerator; one was used for ~10 yr and the
other for ~4 yr. The beamstops are copper cylinders about 1 in in length
and about 20 cm in diameter. The cylinders were cut into slabs before
installation to allow water cooling while the beam is operating. The slabs
had a thin (<0.0001-cm) gold electrodeposit over a thin (<0.00025-cm) nickel
electrodeposit. The front 30 to 40 cm of each beamstop is composed of disks
that range in thickness from 0.5 to 1.5 cm. The slabs then are progressively
thicker and increase to a single cylinder about 30 cm long at the back of the
beamstop.
The front slab of the 4-yr irradiated beamstop was severely fractured
and broke into pieces upon handling. In an effort to determine the amount
of l4Ti and 2tiAl that might be in the beamstop, we dissolved a 9.23-g chunk
from the center of this slab in I2A/HNO3. The resulting solution was assayed
by gamma spectroscopy. There were large amounts of 60 Co, 54Mn, and 22Na
activities in the solution, which necessitated significant dilution before they
could be counted. As a result of this dilution, we observed no definite 41Ti
or 26A1 peaks. We divided the solution into fractions and took these through
a variety of ion-exchange procedures in an attempt to isolate the !4Ti and
-6A1. These procedures included using a 0.5A/HCl/90% acetone eluent on a
cation column, a 1M HCl/80% ethanol eluent on a cation column, and a l M
HF eluent on an anion column. We encountered a number of difficulties in
these procedures, but we ultimately recovered about 220 mC'i of 44Ti. We
saw no 26A1 in any of the processes. However, on the basis of the amount
of 44Ti recovered and the amount of 22Na seen, we estimated that about
100 nCi of 2(iAl should have been recovered. We finally combined all the
solutions that resulted from these processes.
We decided w« needed a procedure for recovering 26A1 and 44Ti that
would allow us to process the large mass (3.6 kg and greater) of copper
contained in whole plates. Therefore, we developed an approach combining
electrochemical and ion-exchange techniques (Fig. 3.4). In the first step of
this procedure, the beamstop plate is dissolved and the copper is redeposited
electrolytically. This step must be done in a hot-cell because of the large
amount of radioactivity present in the plate. We make the plate the anode
in an electrolytic cell containing an aqueous sulfuric acid electrolyte, and we
use two copper screens as cathodes in the cell. As a constant current of 30 A
is pushed through the cell, the beamstop plate dissolves and is redeposited at
the cathodes. We use a platinum rod anode to complete the deposition of the
copper after the plate is completely dissolved. We then divide the resulting
9 to 10 (, of electrolyte into l-f portions and process each liter separately to
recover the 44Ti and 26A1.
In the first step of the recovery process, we electrolytically remove the
nickel from the solution. To do this, we make the solution ammonical by
adding concentrated ammonia, insert a platinum rod as anode and a copper
screen as cathode, and electrolyze at a constant current of ~-15 A. The
nickel deposits on the copper screen. We evaporate the resulting solution
to rlryness. redissolvp the ammonium sulfate in 0.05A/ oxalic acid/0.1 M
hydrochloric acid, and load this solution onto an anion column. The oxalatocomplexes of titanium and aluminum are tightly held by the ariion resin,
and we can wash off most of the radiocontaminants by eluting with 0.05 M
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Fig. 3.4. This flow diagram illustrates the beamstop dissolving process.

oxalic acid/0.1M hydrochloric acid. Using 4A/ HCl, we strip the 44 Ti and
26
Al from the column. The small quantities of 172Hf and 172Lu we observe
in the strip solution are produced by spallation in the gold that had been
electrodeposited on the copper plate. The 172Hf is an additional source of
172
Lu.
We purify the 44Ti in a hood, as is shown in Fig. 3.5. We evaporate
the 4M HCl strip solution to dryness and fume the residue in nitric acid.
We bring the residue from the fuming process up in concentrated HCl and
load this onto an anion column. Then we elute the 2CA1 and l72 Lu from the
column in concentrated HCl washes while the 44 Ti and 17:!Hf remain on the
column. By switching to a 9 to 10MHC1 eluent, we can elute a clean fraction
of 44 T1. We continue the elution of 44Ti until 172Lu (grown in from 172Hf) is
observed in the eluent. Finally, we strip the residual 44Ti and 172Hf/172Lu
from the column by washing it with water.
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Fig. 3.5. A clean 4 4 Ti fraction is prepared from the beam-stop solution

We have dissolved the second slab of the 4-yr beamstop by this procedure
and have processed 2 £ of the dissolution solution for 26A1 and 44Ti. About
40 mCi of 44 Ti and about 60 nCi of 26A1 were recovered about 0.1 the
amount we predicted. Our calculations had assumed that these isotopes in
the entire second plate would be the same as that in the 9.23-g sample from
the center of the first plate. Our results seem to show that, the bulk of the
44
Ti and 26A1 are most concentrated near the center of the plate around the
beam spot.
The rest of the solution from the dissolution of the second plate will also
be processed to recover the 44Ti and 26A1. As this is done, we will attempt to
improve the recovery procedure. We will dissolve other plates and process the
solutions for 44 Ti anrl 2GA1 to verify the results and to determine how many
plates in each beamstop have significant quantities of these isotopes. (Each
plate eventually will be processed.) We will also investigate the solutions
saved from the 9.23-g sample in an effort to recover the 26A1. It is likely
that 32Si is present in significant quantities in the beamstop solutions, and
as time permits we will attempt to develop procedures for its recovery.

Isotope and Nuclear Chemistry Division Annual Report 1987

Stable and Radioactive Isotope Production and Separation

Production of
Wayne A. Taylor and Frederick J. Steinkruger

The US Army Dental Institute funded the Medical Radioisotopes
Research Program to produce millicurie quantities of 145Sm for their
prototype field dental x-ray source. Samarium-145 has a 61.4-keV gamma
ray that is suitable for x-ray applications. With a 340-day half-life, a !45Sm
source also will have a reasonably long period of usefulness. This usefulness
is enhanced by its decay to a 17.7-yr half-life 145Pm, which has gamma
rays of 72 and 67 keV that also are applicable for x-ray work. This article
describes the Medical Radioisotopes Research Program's production process
for 145Sm.
A 125-g target of 99.999% pure europium oxide was encapsulated in a
stainloss steel container and irradiated at the Isotope Production Facility of
the Los Alamos Meson Physics Facility proton accelerator. The targe* was
irradiated for ~4 months in the 800-MeV beam that operates at ~1 mA.
The spallation reactions produced millicurie quantities of lanthanide isotopes
from gadolinium through lanthanum.
When the target was returned to our Hot-Cell Facility, it was cut
open with a lathe. A combination of exposure to stainless steel during
the irradiation and mixing with steel chips when the target was cut open
contaminated the target material with steel and its spallation isotopes. We
used physical techniques to separate the steel chips from the europium oxide
powder, but some steel was ultimately dissolved with the target material.
Iron from the steel and some of the isotopes produced from the steel followed
the chemistry almost to the end of the procedure.
In one of our hot cells, we dissolved the target in 6M HC1 and passed
this solution through a Jones Reductor to reduce europium to the -t-2 state.
Other lanthanides remained at higher valences. The solution with reduced
europium went directly from the reductor to a vessel that was constantly
purged with argon to minimize oxidation of the europium to the +3 state.
In this vessel, the pH of the solution was adjusted to 3.5. We added 50/50
mixture of Bis-(2-ethylhexyl)phosphoric acid (HDEHP) and toluene and
stirred aggressively to extract the higher valence lanthanides. This mixture
was then pumped to a separatory funnel that also had been purged with
argon. We separated the two phases and performed a back extraction with
AM HC1. Four passes of reductions and extractions were required to isolate
the samarium activity from the europium solution.
After the samarium activity was separated from the bulk of the
europium, additional reduction and extraction steps were required to reduce
the europium contamination to milligram levels. After each pass, we washed
the samarium solution with chloroform to remove traces of HDEHP. The
solution was adjusted to 2MHG1 and passed over an anion column to remove
the residual zinc (from the reductor), which had followed the chemistry.
When plasma emission spectroscopy showed that only 0.13 g of europium and
0.4 g of iron remained as major contaminants, the reduction and extraction
portion of the separation was complete.
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At this point, the samarium activity was brought up in 0. IM HC1 and
placed on a 400 mesh cation column 33 cm long and 0.6 cm in diameter.
We separated the various lanthanide activities by using 0.1 M alpha-hydroxy
isobutyric acid (alpha-HIB) at a pH of 5.2 to 5.3. There was some band
overlap, but the samarium fractions could be removed from the hot cell
and handled in a hood. After this stage, contamination from the steel
encapsulation container was no longer a problem. The eluent was then
adjusted to 0.1A/ HC1, loaded onto a small cation column, and washed with
0.1M HC1 to remove the alpha-HIB. A second 33- by 0.6-cm -400 mesh
cation column was needed to isolate a pure 145Sm fraction. This was again
followed by the small cation column process to remove the alpha-HIB. We
saved lanthanide fractions for further purification.
We recovered a total of 152 mCi of 145Sm—a radiochemical yield of
~90%. Plasma emission spectroscopy showed low levels of sodium and
calcium but no lanthanide mass. When we counted the activity on a highefficiency GeLi detector, there was no radio-contamination.
This project took 15 mouths of intermitant work to complete. With
a longer irradiation and continuous attention to the separation, it will be
possible to produce significantly larger quantities of activity. A second
europium oxide target is being irradiated for nearly twice as long as the
one processed. An electrochemical reduction process and improvements in
the large cation column whore the lanthanides are separated should improve
and shorten the procedure.
INC-11 Radioisotope Production Activities
Karen E. Peterson, Allen H. Herring, Robert M. Lopez, David C. Moody,
C. Pat Padilla, Dennis R. Phillips, Franklin H. Seurer, Richard C. Staroski,
Frederick J. Steinkruger, and Wayne A. Taylor

A significant portion of the Group INC-11 Radioisotope Program
involves producing and shipping radioisotopes for the medical research
community. These radioisotopes are generally unavailable commercially
or can be made in high yields only at the Los Alamos Meson Physics
Facility. Group INC-11 provides these radioisotopes on a cost-recovery basis
to interested researchers. During FY 1987, a total of 24 Ci of 15 radioisotopes
were shipped to 57 organizations around the world and to 4 groups at Los
Alamos, including our own Medical Radioisotopes Research Program (sec
Table 3.3).
The availability of these radioisotopes is crucial to much of the work
reported by the Medical Radioisotope Research Program and is a direct
result of the dedication of the Group INC-11 personnel who arc charged
with radioisotope production responsibilities.
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TABLE 3.3. Medical Radiuisotope Shipments
isotope
r

Be

Customer

Number of
Shipments

Shipped
(mCi)

Received
(mCi)

10

2Q8.70

188.90

Argonne National
Laboratory
University of California,
Lawrence Berkeley Laboratory
University of Alabama at
Birmingham
Washington University

6

866.00

355.00

Fisheries and Oceans
Freshwater institute,

3

325.14

320.14

2

13.10

13.10

57

3015.41

2649.77

Amersham international
PLC/LTD
Isotope Products Labs
Los Alamos/P-3
Lovelace Biomedical

Oak Ridge National
Laboratory
77

Br

isaCd

Canada.]/\' y ^.-.'.--\ •.

Isotope Products Labs
Los Alsmos/INC-U
M

Cu

6T

Cu

Los Alamos/INC-11
Albert Einstein College of
Medicine
California State University
atFulteirtort
Catholic University of
America
Hospital for Sick Children
Hunter College
IBM Research Center
Los Alamos/INC-11
Los Alamos/LS-3
NeoRx Corporation
Purdue University via
Washington University
Texas A&M University
University of California,
Davis
University of Medicine and
Dentistry of New Jersey

—
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i f t B t i XX Mndlml Ratioisatape Shipments (Cont)
Customer
97

University of Minnesota
Hospital
University of Texas
at Dallas
USOA, Grand Forks,
North Dakota

«Ge

Atomic Energy of Canada Ltd.
Broobhaven National Laboratory
CNR Instituto Fisrotogia Clinica.
Pisa, Italy
Dute Unkenrtty Medical Center
E.I. Dupont/NEN Products
E.I, Dupont for Washington

Cu
(cont)

Number of
Shipments

Shipped
(rnCI)

Received
(mCl)

38

1697.61

1688.00

Isotope Products Labs
Medical Reaaareh Council,
Hanunefsnuth Hospital, UK
Manorial Stoan-Kettering
Cancer Center
Oak Ridge Associated
i tin*

*»?,

universities
Pett Electronics
Societe Gondrand, France
Swiss Institute for Nucjear
Research
University of Connecticut
Health Center
University Hospitals
of Cleveland
University of Rochester
Medical Center
University of Tennessee
University of Chicago
University of Michigan
University of Pennsylvania
VA Hospital, Madison,
Wisconsin
Washington University

Isotope and Nuclear Chemistry Division Annual Report 1987

73

Stable and Radioactive Isotope Production and Separation

TABLE 3.3. Medical Radkrisotspe Shipments (Cont)
Customer

Isotope
M

Na

83

Rb

Number of
Shipments

BrookhaveiLMatioha! Laboratory
California Institute of Technology
E.I. Dupont/NEN Products
Isotope Products Labs
University of Michigan
Los Alamos/INC-4
Los Alamos/P-3
University of California,
Lawrence Livermore
National Laboratory
US Environmental Protection
Agency in Alabama -

4

Si

Isotope Products Labs

2

"»Sm

Isotope Products Labs

, 1 .

E.R. Squibb & Sons
University of California,
Lawrence Berkeley laboratory

5

M

44 T j

Received
(mCi)

Shipped
(mCl)
4058.21

4057.00

22.50

22,50

0.002

0.G02

9

152.00

152.00

2288.90

2200.00;
,

i

Oak Ridge National Laboratory

1

814.00

805.00

Atomic Energy of Canada Ltd.

1

0.03

0.03

10457.00

9122.00

147.79

138.10

Brookhaven National Laboratory
Amersham tntemational/PLC ,
Battelle Pacific Northwest Labs
EJ. Dupont/NEN Products
E.I. Dupont/Savannah River
Hybritech, Inc.
Isotope Products Labs
National Institutes of Health
TOTAL
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STABLE ISOTOPES
Stereoselective Synthesis of Labeled L-a-Amino Acids
Clifford J. Unketer and John L Hanners

A long-term objective of the Department of Energy ICON and National
Institute of Health National Stable Isotopes Resource programs is to
develop general methods for the stereoselective synthesis of 13C~ and 15Nlabeled L-o-amino acids. These amino acids are used to study amino acid
metabolism and protein structure. Recent advances in the techniques used
to detect stable isotopes have increased the demand for labeled amino acids.
It is fair to say that there is justifiable need for every 13C and 15N istopomer
of each of the twenty common amino acids; however, only for glycine
and alanine are all the isotopomers available. In Group INC-4 we have
been developing a new biosynthetic process for the stereospecific production
of gram quantities of l3 C- and 15N-labeled L-serine. This process takes
advantage of the serine-type methylotrophic bacterium Pseudomonas AMI,
which derives its energy from the oxidation of methanol and assimilates
carbon by condensing formaldehyde with glycine to form L-serine.

<v/
*(H' VO-H

Methano!
Dehydrogenase

H

>

*%,- n Serine transhydroxy
I.—!.1

H

O

L- Serine

Glycine

The organism contains a high level of activity of the two enzymes required
for the net synthesis of serine: (a) methanol dehydrogenase, which oxidizes
methanol to formaldehyde, and (b) serine transhydroxy-methylase, which
catalyzes the aldol condensation of formaldehyde and glycine to form
L-serine. In a high-pH medium (pH 7.5) that contains glycine and
methanol, these organisms accumulate L-serine in the culture filtrate. The
hydroxymethyl group (C-3) of L-serine is derived from methanol so that
addition of [13C]methanol yields optically pure L-[3-13C]serine. Serine is
labeled at C-l, C-2, and the amino group by adding the appropriately labeled
glycine, which is prepared readily from bromoacetic acid.
We produce serine by first culturing the organism in medium that
contains methanol (natural abundance 13C) as the sole source of carbon. The
organism depletes the medium of methanol during the growth phase; then
glycine (150 mM) and [13C]methanol (75 mM) are added to the medium and
the pH is adjusted to 7.5. When serine reaches its maximum concentration,
we remove the bacteria from the medium by centrifugation. Glycine and
serine are desalted and then separated by chromatography on Dowex 50 in
the H+ form. We recover 30 mM of L-serine (3 g) from a 2-1 fermentation.
The specificity of labeling and overall enrichment were confirmed by 13C
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(Fig. 4.1) and *H (Fig. 4.2) NMR spectroscopy. Direct observation of
l3
C by NMR spectroscopy yields a single resonance at 64.3 ppm, which
demonstrates that the label is incorporated specifically and at C-3 of serine.
We determine the overall 13C enrichment from the 1U NMR spectrum
(Fig. 4.2). The protons on C-3 of L-serine give rise to a complex multiplet
pattern [centered at 3.85 ppm; see Fig. 4.2(a)], which is split into a one-to-one
doublet with the incorporation of 13C at C-3 [l3C-n = 145 Hz; Fig. 4.2(b)].
The resonance intensity in the 13C side bands is greater than that of the
center multiplet (from species with 12C at C-3) and demonstrates the overall
high enrichment (~92%).
Fig. 4 . 1 . This is the l3 C NMR
spectrum of N-Acetyl-L-[313
C]serine (20 mg/3.5 m£
2
H 2 O) prepared from serine
produced biosynthetically from
[13C]methanol and glycine.

Fig. 4.2. The lH NMR spectra
are shown for N-Acetyl-L
serine (a) and N-Acetyl-L-[313
C]serine (b) (20 mg/0.5 m£
[2H]methanol).
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Using this technique and the appropriately labeled glycine as a
precursor, we have made L-[l-l3C], L-[2-l3C], and L-[l,2-l3C2]serine. The
labeled glycine precursors are incorporated into serine without dilution.
Finally, by using either [2H3] or [2H3,13C]methanol as a labeling precursor,
we have prepared specifically deuterated serines. The high retention
of deuterium at C-3 is illustrated by the 13C NMR spectrum of
L-[3-2H2,13C]serine (Fig. 4.3). The quintet represents the [3-2H2,13C] species
(92%), and the isotope-shifted triplet arises from the [3-2H,l3C] species (7%).
Fig. 4.3. This is the 1 3 C
N M R spsctrum of L-[32
H 2 , l3 C]serine (80 mg/3.5 mg
2
H 2 O ) prepared from serine
produced biosynthetically from
[ 2 H 3 , 13 C]methanol and glycine.

Magnetic Resonance Studies Involving Iron Superoxide Dismutase From Escherichia coli
Eric C. Niederhoffer, James A. Fee. Vasilios Papaefthymiou,* and Eckard Munck*
Three metalloproteins possessing superoxide dismutase activity [Eq. (1)]
are prevalent in biological systems. 1 5 1 6
2H+

H 2 O 2 + O2

(1)
The iron-containing protein (FeSD) is found in bacteria and plants,
whereas the manganese enzyme (MnSD) is present in mitochondria and
bacteria. The third protein contains both copper and zinc (CuZnSD) and
is found in eukaryotic cells. These proteins disunite superoxide anion by
cycling between two redox forms of the enzyme [Eqs. (2) and (3)].
+ O.7

Er,,ti + O 2
2H+ —> E nx

:

(2)
H2O2

Gray Freshwater Institute, The University of Minnesota. Navarre, MN 55392
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Within the past several years, both the mechanism of the dismutation
reaction17 and the x-ray structure 1819 of the individual proteins have
been deduced to a reasonable level of understanding. The MnSD from
Thermus thermophilus and the FeSD from Escherichia coli have very similar
structure. 1819 In addition to the remarkable superposition of the protein
tertiary structure, virtually identical metal ion active site environments
are present. The ligands involved in metal ion coordination are histidine
(3 ligands), aspartic acid (one ligand), and H2O.
The FeSD from E. coli has been subjected to detailed mechanistic
studies, and we proposed the following scheme to account for the dismutase
activity.17

Fe3+.l

[XI

Kd If HI
II

H+ + r Fp3+-nH--|

-»rFe3+-OH-

ki[OJl
1

'rFe 3 + O7

k2[HA]

•X

K

>rFe 2+ - 0 H 2 + 0 2
XH+

k3[O2-]
k4[HA]
rFe 2 + OH 2 ,
» rFe 3 +-O OH• rFe 3 +-OH 2 + H2O2

a LXH+

k

" Lx

Li

As discussed in Ref. 17, most features of the scheme are reasonably
well established. However, the existence of ligand X, its coordination to the
iron, and its ionization in the reduced form of the protein was speculative.
Although its existence seems to be required to explain certain aspects of the
data, physical evidence for its presence is lacking. In this article, we describe
a test of the idea that X is a second H2O coordinated to the metal and that
the chemistry of the metal can be interpreted by the following equilibria.
Fe 3+ (OH-)(H 3 O) ^ Fe 3+ (OH") 2 + H+ pK a ~ 9
Fe2+(H2O)2 ^ Fe 2+ (OH-)(H 2 O) + H+ pK a ~ 9
We have tested this hypothesis by studying the Mossbauer spectra of
both the oxidized and reduced forms of FeSD. Mossbauer spectroscopy is
a powerful probe of the coordination environment and oxidation state of
elements. As expected from previous studies,20 the 57Fe Mossbauer spectrum
of the oxidized FeSD (Fig. 4.4) changes as the pH is raised from pH 7 to
10.8. The quantitative conversion of the low-pH form to the high-pH form
is consistent with the observed ionization constant of pKa ~9 obtained from
optical absorption and electron paramagnetic resonance (EPR) work.20 In
contrast, the Mossbauer spectrum of the reduced FeSD species (Fig. 4.4)
showed little dependence on solution pH. Because the electric field gradient
becomes less pronounced with increases in the distance from the iron atom,
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Fig. 4.4. The Mossbauer
spectra of oxidized FeSD (top)
demonstrate that the pH 7
species (a) is 70% converted to
the high-pH form (b) at pH 10.8.
In the reduced FeSD (bottom)
the species present at pH 7
(a) and pH 11 (b) differ slightly
but are evident in the isomer
shift (6) and quadrapole splitting
(AEq) parameters (X indicates
an experimental artifact).
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this observation indicates that gross changes in the fivst coordination sphere
of the Fe2+SD do not occur above the previously postulated pK a .
An additional test was used to further probe the reduced FeSD species.
Reduced FeSD is normally EPR silent, but when alkali-scrubbed NO is added
to the anaerobic solution, a paramagnetic species develops, indicating the
formation of a Fe2+-NO adduct. We observed the behavior of the EPR signal
of this FeSDred-NO species at pH 7 and 11 to determine whether a proton
equilibrium is present.
Fe2+(NO)(H2O) ^ Fe2+(NO)(OH-) + H+
The results shown in Fig. 4.5 clearly demonstrate the independence of
the signal intensity and shape with differing pH. Thus, the above ionization
does not appear to occur. An unexpected observation was the occurrence
of pairs of signals in each spectrum. The general spin hamiltonian for the
S = 3/2 system may be written as
H = 0 H-g-S + S D S + hSAI and is further simplified by assuming an axial zero-field interaction tensor.
He = go& S-H + D[S,» - 5/4 + E/D(SX2 - Sy»)]
+ Ipe-Are-S + IL-AL-S
There are two possible interpretations of these spectra. First, the
spectral splitting is due to a strongly coupled I = 1/2 nucleus. This
possibility seems unlikely as the splittings are relatively large and anisotropic
(30 to 140 G). The second interpretation is that there are two overlapping
rhombic signals with similar g-values. The two possibilities could easily be
distinguished by recording the spectra at a different frequency.
Fig. 4.5. The formation of the
reduced FeSD-NO adduct at
pH 7 (a) and pH 10 (b) give very
similar EPR spectra. Because of
the large free-NO signal at g = 2
in (b), the two signals between
g = 1.9 and 1.8 are obscured
(the f^ain has been reduced tenfold in this region).
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To test the idea that H2O is also a ligand in the Fe J+ -NO complex,
we dissolved the protein into Hal7O (64.8% enrichment). The introduction
of a I = 5/2 component to the spin hamiltoniau should lead to splitting
or broadening of some or all of the EPR signals; we find no significant
broadening of the EPR signals. There are several possible interpretations:
(1) a bound H2O is not exchanging with bulk water, (2) the addition of NO
to the reduced FeSD species displaces the H2O ligand, or (3) the g and A
tensors are not sufficiently aligned for maximum coupling of the electron
with the nuclear spin. (Previous work showed that the presence of H2I7O
does not cause broadening of the EPR spectrum of oxidized protein even
though a water molecule is known to be bound to the iron.)
These results have led us to reexamine the x-ray structure of the FeSD
and the MnSD. Located close to the active site (Fig. 4.6) is a cluster
of amino acid residues that are hydrogen bonded to the one coordinated
H2O molecule. Tyrosine(34), glutamine(69), and tryptophan(122) form
a neat hydrogen bonding network, which, if coupled to the redox
state of the iron and disturbed by ionization of the tyrosine, could
account for ail observations. A survey of proteins containing tyrosine
residues suggests that the ionization constant of this amino acid may
vary over a significant pH range (approximately pH 9.5 to 11.5).
Fig. 4.6. A view of the
FeSD active site indicates the
presence of several residues
[tyrosine(34), glutamine(69),
and tryptophan(122)], which
participate in an extended
hydrogen bonding network.
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The possible importance of tyrosine(34) residue is magnified when one
considers that this amino acid is highly conserved throughout the known
sequences of both FeSD and MnSD (Refs. 21-23). We plan to test this
hypothesis by incorporating enriched [13C]-tyrosine into FeSD and by using
13
C NMR spectroscopy to monitor the ionization of tyrosine(34) as a function
ofpH.
Structure and Function of Signal Peptides
James R. Brainard

Almost all proteins are synthesized ir- -he cell cytoplasm, yet many of
these proteins are found in other (noncytoplasmic) locations in the cell. For
these proteins to find their ways to the proper compartment in the cell,
there must be mechanisms for (1) transporting proteins across membranes
that normally serve as barriers to protein movement and (2) targeting
proteins to the correct compartments. Fifteen years ago, two groups of
researchers provided evidence that amino acid sequences at the N-terminus
of proteins were crucially involved in protein excretion in cells. 2425 Their
experiments led to the formulation of the signal hypothesis for protein
localization. According to this hypothesis, short amino acid sequences (15
to 30 residues), called signal sequences, interact with cellular membranes
and proteins during protein synthesis to direct excreted proteins across
membranes and eventually to the cellular exterior. A variety of biochemical
and genetic evidence has accumulated to support the signal hypothesis
as a general mechanism both for localizing proteins in many subcellular
organelles and inserting membrane and viral proteins into membranes. This
project's long-term goal is to understand the role that the three-dimensional
structure(s) of these signal sequences play in the protein localization process.
Although about 400 signal sequences have been identified and sequenced,
they show surprisingly little homology in primary structure.
Signal
sequences do share some rather general structural features. For example,
sequences for mitochondrial proteins are rich in basic amino acids (these
occur periodically along the sequence and are often separated by three
to five uncharged residues); they are rich in hydroxylated amino acids;
and they are mostly devoid of acidic residues. Model building based on
primary sequence analysis has suggested that these mitochondrial signal
sequences may form amphipathic helixes and that this structural feature is
involved in their function. Infrared (IR) and circular dichoism (CD) studies
on isolated bacterial signal sequences in solution and in the presence of
artificial lipid membranes have suggested that the conformations of isolated
signal sequences in hydrophobic environments are closely related to their
functional competence in vivo. Consequently, it is likely that the study
of conformations of isolated signal sequences will help us understand their
functions. Although IR. and CD spectroscopies are excellent tools for
studying the overall conformation of signal peptides, they cannot provide
detailed information about the conformation of individual amino acid
residues in the peptide. Nuclear magnetic resonance (NMR) spectroscopy
can give detailed information about the dynamics and structure of peptides
in solution, and this, in many cases, is sufficient to define a unique, or
at least a set of very similar, three-dimensional structures for the peptide.
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In combination with specific stable isotope labeling, NMR spectroscopy is
ideally suited to describe the structures of signal peptide sequences. Many
different mechanisms for the detailed involvement of the signal peptide
in the signal hypothesis have been proposed, but all suggest that one
important function of the signal peptide is to influence the conformation
of the peptide so that it will partition into the membrane. Elucidation
of the detailed structure of these peptides in aqueous, hydrophobic, and
interfacial environments is an important step in eventually understanding
their function.
We have focused our initial efforts on mitochondri&l signal peptides
because there are predictions that the amphipathic helix may be a general
structural feature related to their function and their expected high solubility
in both aqueous and hydrophobic environments. The sequence presently
being studied is a 26-amino-acid signal sequence from yeast mitochondrial
superoxide dismutase (SOD).
Proton NMR spectroscopy is a particularly good tool for initial
structural studies because it has d higher sensitivity than other isotopes. In
addition, because of the peripheral locations of hydrogen atoms in molecular
structures, l H NMR signals have a pronounced sensitivity to nonbonding
interactions such as those that occur during folding in peptides and proteins.
For l3 C and 15N, low natural abundance contributes to the low sensitivity
for observation of these nuclei, but this factor also provides the opportunity
for site-specific observations when iaotope labels are used. Consequently,
isotope labeling may be employed to clear up ambiguities in assigning or
interpreting the proton NMR data.
The first step in studying a peptide by NMR spectroscopy is assigning
each of the resonances in the spectrum to the proper nucleus in the peptide.
The structural information eventually obtained is crucially dependent upon
the correct assignments. Figure 4.7 is a one-dimensional proton spectrum of
the SOD signal peptide in aqueous buffer. The complexity of the spectrum
reflects the large number of protons in this molecule (179) and demonstrates
that the assignment of each of the protons in the peptide to a particular
resonance in the proton spectrum is a complex task. This task is made much
easier by NMR techniques that display information about the scalar coupling
and cross relaxation of neighboring protons in two (or more) dimensions.26
Figure 4.8 shows a type of two-dimensional NMR experiment called COSY
(correlated spectroscopy). The normal, one-dimensional proton spectrum is
along the diagonal in this contour plot and the contours off the diagonal
show those resonances that are coupled to each other. This experiment
elucidates scalar coupling (through bond) networks in the peptide and
allows assignment of proton resonances to specific amino acid types in the
peptide. For example, an alanine amino acid residue in the peptide has
a different COSY pattern than a threonine residue does. Consequently, a
COSY spectrum is usually the first step in the assignment process for a
peptide. Table 4.1 lists the amino acids in the SOD signal peptide and
their scalar coupling networks. With the exception of three amino acids
[aspartate. serine. and phenylalanine (Asp, Ser, and Phe)], each amino acid
type in the SOD signal peptide has a characteristic scalar coupling network
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Fig. 4.7. This is a ptoton
spectrum of SOD signal peptide
in aqueous buffer (10 mM KPhos,
pH 2.0).

4.0

3.5

Fig. 4.8. A proton COSY
spectrum is shown hare for SOD
signal peptide in aqueous buffer
(10 mM KPhos, pH 2.0). In this?
phase-sensitive COSY spectrum,
the positive contour is plotted
in red and the negative contour
is black. The one-dimensional
proton spectrum lies along the
diagonal (in dispersive mode) in
this presentation. Scalar coupled
resonances are indicated by
contours off the diagonal. The
A3X scalar coupling network for
alanine i; shown by the dotted
line.
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TABLE 4.1. The 5 0 0 Signal Peptide Amlno Adds
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AMX
AMX
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AMX
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A a T a MPX

X RHSSRiOfllftft
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and can be uniquely identified by a COSY experiment. For example, the
A3X spin network (COSY pattern) for alanine spin systems is shown by the
dotted line in Fig. 4.7.
Detailed examination of the COSY spectrum of the SOD signal peptide
in aqueous buffer has revealed that although 9 of the spin systems can be
identified, the resolution in aqueous buffer is not sufficient to unambiguously
identify all 26. For instance, in the A3X pattern for alanine, four of the
five alanine patterns are incompletely resolved. Because the resolution of
separate spin systems in a COSY spectrum is dependent upon the tendency
for the peptide to assume a defined structure in solution, this observation
suggests that the structure of the peptide in aqueous environments is very
dynamic. Consequently, we chose to investigate the structure of the SOD
signal peptide in a solvent known for its structure-inducing properties and
ability to mimic membrane environments: trifluorethanol (TFE). The CD
measurements of SOD signal peptide in increasing proportions of TFE in
the buffer suggest that the amount of random coil structure in the peptide
decreases quite significantly in TFE. The one-dimensional proton and COSY
spectrum of SOD signal peptide in 91% TFE are shown in Fig. 4.9 and 4.10.
The linewidths exhibited in these spectra and the dependence of the observed
linewidths upon the method used to dissolve the peptide in the solvent
system suggest that the SOD signal peptide is significantly aggregated in
this solvent system. Although we have tried a variety of methods to dissolve
the peptide in TFE solvent systems to give smaller aggregates, the spectra
obtained in TFE so far are not sufficiently well resolved to complete the
assignment of all the spin systems; however, they do indicate that the
structure of the peptide in TFE is significantly different from its structure
in aqueous buffer. Our future work with this peptide will be directed
at better methods and solvent systems; we want to obtain more resolved
spectra that will permit complete assignment of the spectrum and detailed
characterization of the three-dimensional structure of the peptidc. We are
particularly interested in a system of the peptide in mixed micelles with
perdeuterated dodecylphosphocholine.
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Fig. 4.9. This proton spectrum
of SOD signal peptide was taken
in 91% trifluoroethanol, 9%
aqueous buffer (10 mM KPhos,
pH 2.0).

4.0

Fig. 4.10. In this phase-sensitive
proton COSY spectrum of
SOD signal peptide in 91%
trifluorethanol, the spectrum is
presented as a contour plot with
positive contours plotted in red
and negative contours in black.
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RADIOACTIVE ISOTOPES
Characterization of 67Cu-Labeled Porphyrin-Antibody Conjugates
Jeanette C. Roberts, Janet A. Mercer-Smith, Sandra A. Schreyer, Dennis R. Phillips,
Richard C. Staroski, Wayne A. Taylor, William L. Anderson,* and David K. Lavallee**

As part of the Medical Radioisotopes Research Program, we are
developing methods to radiolabel antibodies for the clinical diagnosis
and treatment of cancer. Use of an antibody raised against a tumorassociated antigen may allow site-specific delivery of the isotope to the
tumor site, thereby reducing radiation exposure to normal tissue. We
have chosen 67 Cu for this research because it possesses attractive decay
properties for nuclear medicine applications.27 To maximize the stability of
the system, we use N-benzyl-5,10,15,20-tetrakis(4-carboxyphenyl) porphine
(N-bzHTCPP, 1; Fig. 4.11) as a chelating agent for the metal
ion. The poiphyrin is covalently attached to amino groups on the
antibody by using either U'-carbonyldiimidazole (CDI), or l-ethyl-3(3'-dimethylaminopropyl) carbodiimide HC1 (EDAC) in the presence of
N-hydroxysuccinimide (NHS). Rapid metalation with 67 CuCl 2 in aqueous
solution yields the 67Cu-labeled porphyrin-antibody conjugate.28
We have characterized N-bzHTCPP-antibody conjugates produced by
both coupling methods in three ways: (I) by examining the location of
porphyrin on the surface of the antibody, (2) by studying the serum stability
of the peptide bond Unking porphyrin to antibody, and (3) by testing the
retention of antibody immunoreactivity.
We determined ;he location of N-bzHTCPP on the antibody surface by
two methods. In the first, we cleaved the porphyrin-antibody conjugates into
their heavy and light chains in the presence of /3-mercaptoethanol, a reagent
capable of reducing the interchain disulfide linkages. In the second method,
we produced F(ab') 2 and pFc' fragments of the antibody by the action of a
proteolytic enzyme, pepsin (Fig. 4.12). We analyzed the antibody fragments
by sodium dodecylsulfate polyacrylamide gel electrophoresis (SDS-PAGE)
to determine the amount of porphyrin bound to each fragment (Table 4.2).
We found porphyrin attached to all fragments of the antibody, which
indicates the random nature of the coupling reactions. This result was
expected because the coupling methods we use are not specific for any
region of the antibody. Conjugates synthesized by the two different coupling
methods showed very similar porphyrin content on the heavy and light
chains. Hovjver, coupling by the EDAC/NHS method resulted in 14%
more porphyrin attached to the F(ab') 2 fragment than coupling by the CDI
method.
In a preliminary study, we examined the serum stability of the
amide bond linking N-bzHTCPP to antibody by incubating (i7C'u-labelcd
conjugates in phosphate buffered saline (PBS) and human serum for 1, 2.
3, 4, and 7 days at 37°C. We analyzed these samples by SDS-PAGE.
which allowed us to separate intact conjugate from free 5,10,15,20-tetrakis(4carboxyphenyl) porphinato [67Cu]copper(II) ( 67 CuTCPP. 2: Fig. 4.11)
* Department of Cell Biology. University of New Mexico, Albuquercpie. NM 87131
** Department of Chemistry, Hunter College/CUNY, New York. NY 10021
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CO 2 H
CO 2 H

CO 2 H

CO2H

CO2H
67

CuTCPP, 2

SO 3 H

HO2C

SO3H

SO3H
N-bzHCS 3 P.l
Fig. 4.11. The structure of three porphyrins is shown here: H-bzHTCPP (1);
CuTCPP (2), and N-bzHCS3P (3).

6T

liberated by enzymatic cleavage of the intervening amide bond. The gels
were cut into uniform 0.5-cm slices and the radioactivity was measured to
detect the presence of 67 Cu. The results, shown in Fig. 4.13, suggest that
the conjugates synthesized by the EDAC/NHS method are more stable than
those coupled by the CDI method. This trend may indicate that the two
methods modify the antibody at different sites. Our results did not show
significant differences between the conjugates incubated in serum and the
controls incubated in PBS. In previous tests, we examined the stability
of 67 CuTCPP itself to loss of copper ion under simulated physiological
conditions.2829 The metalated porphryin was very stable and lost only 1%
of the 67Cu over a 2-week incubation period.
Chemical modification of an antibody can have severe consequences
on its ability to recognize and bind to its antigen. Using a competitive
enzyme-linked immunosorbant assay (ELISA), we tested the retention
of immunoreactivity of the porphyrin-antibody conjugates.
In this
assay, porphyrin-coupled antibody competes with the same antibody
bound to an enzyme, alkaline phosphatase, for antigen binding sites.
90
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produce antibody fragments for
localization study, (a) Cleavage
of the antibody by 0mercaptoethanol produces
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(b) Treatment with pepsin cleaves
the antibody into F(ab') 2 and
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TABLE 4.2. Location of Porphyrin on the Antibody Surface
Porphyrin Attached
Coupling
Method

Heavy Chain

Light Chain

F(ab') 2

PFC

EDAC/NHS
CDI

64
66

36
34

77
63

23
37
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When a substrate for the enzyme (p-nitrophenylphosphate) is added, a
colored product (p-nitrophenol) is produced. The absorbance intensity of
the colorimetric reaction is directly proportional to the amount of enzyme
that is bound to antigen. Because tliere are only a fixed number of
antigen binding sites available, high color production means that little
porphyrin-antibody conjugate is bound. We performed the same assay using
unmodified antibody competing with the enzyme-antibody conjugate for
binding sites. The immunoreactivity of the modified antibody is expressed
as a per cent of that of the unmodified antibody. In this way, we can compare
the changes in antibody reactivity that are caused by chemical modification.
Figure 4.14(a) illustrates our results for conjugates, synthesized by
the EDAC/NHS method, that contain different amounts of porphyrin.
We show data for conjugates with nonmetalated N-bzHTCPP as well as
conjugates metalated with stable isotope copper and 67Cu. This information
is used to study the effects of (1) chemical modification of the antibody,
(2) porphyrin metalation, and (3) porphyrin radiometalation. Figure 4.14(b)
shows the results from a similar study in which conjugates synthesized by
the CDI coupling method were examined by ELISA. Our data illustrate
good retention of immunoreactivity (~85%) for conjugates containing the
amounts of porphyrin tested. We determined the sensitivity of our ELISA
procedure by performing the assay on antibody conjugates of the clinically
used chelating agent diethylenetriaminepentaacetic acid (DTPA) (Ref. 30),
which we labeled with 99m Tc. We found that our porphyrin-antibody
conjugates retained a level of immunoreactivity comparable to the DTPAantibody conjugates [Figs. 4.14.(a) and (b)].
Because N-bzHTCPP possesses four carboxylate groups, cross-linking
between antibody molecules is possible. We have observed this phenomenon;
it has accounted for up to 20% of the total porphyrin coupled to antibody. To
avoid this cross-linki.:g problem, we have begun an investigation of antibody
conjugates synthesized with N-4-nitrobenzyl-5-(4-carboxyphenyl)-10,15,20tris(4-sulfophenyl) porphine (N-bzHCS3P, 3; Fig. 4.11). The N-bzHCS3P
has only one carboxylate group, and this eliminates cross-linking caused
by activation of multiple carboxylate groups on one porphyrin. The three
sulfonate groups on the periphery also lend increased water solubility to this
porphyrin. We plan to fully characterize the N-bzHCSsP system by methods
that are similar to those described above. Our goal is to use N-bzHCS3P
routinely in our upcoming research.
We plan to use the coupling methods to synthesize porphyrin conjugates
with the monoclonal antibody anti-Thyl.2, which is specific for the Thy 1.2
antigen expressed by the Rl.l mouse lymphoma eel! line. We can use this
system both to test the ability of the radiolabeled conjugate to kill tumor
cells in vitro and to investigate the kinetics of that process. In addition,
we will implant these cells into a related strain of mice to produce a tumor
mass. This process will allow us to study the targeting capabilities of the
conjugate in the complex environment of an intact organism. The ability of
the antibody conjugate to effectively locate and bind antigen in the in vivo
model will determine the therapeutic efficacy and imaging potential of the
radiolabeled porphyrin-antibody system in humans.
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Radiolabeling an Antigenic Fragment of the Human Acetylchoiine
Receptor with *"Cu: Potential Therapy for Myasthenia Gravis
Jeanette C. Roberts, Janet A. Mercer-Smith, Sandra A Schreyer,
Richard C. Staroski, Wayne A. Taylor, Vanda A. Lennon,* and David K. Lavallee**

Myasthenia gravis (MG) is an autoimmune disease in which antibodies
are produced to the acetylchoiine (ACh) receptors found on all postsynaptic
nerve terminals.31 The interaction between antibody and receptor blocks
normal nerve transmission and causes severe muscle weakness and eventual
death.
Figure 4.15 is a schematic representation of the events leading to
the development of MG. Normally. ACh released from vesicles in the
presynaptic neuron crosses the synaptic cleft and binds to its receptor on the
postsynaptic neuron. In this way. the nerve signal is continually propagated.
* Departments of Immunology and Neurology, Mayo Clinic and Mayo Foundation, Rochester, MN 55905
** Department of Chemistry. Hunter College/CUNY, New York, NY 10021
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Fig. 4.15. This illustration shows
the events leading to clinical
signs of MG. Step A: the ACh
receptor is taken up by T cells.
Step B: the T cells process and
present antigenic fragments of
the receptor on the cell surface.
Step C: B cells are activated
and produce antibodies reactive
with many sites on the receptor
surface. Step D: these antibodies
bind to the intact receptor
and interfere with the normal
interaction between receptor
and ACh, thereby blocking nerve
signal transmission.

B Cell

B
Antigenic Fragments
of ACh Receptor

Antibodies Against
ACh Receptor

Presynaptic Neuron
Postsynaptic Neuron

In MG, however, the large protein ACh receptor is taken up by T cells, where
it is processed and presented to B cells that produce antibody against the
receptor. The reasons for this aberrant immune response are not known.
A Mayo Clinic research group headed by Vanda Lennon hat. identified
a small fragment of the ACh receptor that retains the antigenic properties
of the entire receptor.32 She has asked us to label this fragment with 67Cu
for potential application to the clinical management of MG. The basis for
the therapeutic effect of radiolabeled ACh receptor fragments relates to the
first stage of MG development. The T cells responsible for the antigen
presentation step (Fig. 4.15) may recognize the receptor fragment in addition
to the intact receptor. Delivering a large dose of beta radiation to this
subpopulation of T cells should eliminate these cells, thereby interrupting
the autoimmune response. Copper-67 was chosen as the label because it
emits beta radiation that makes it useful for internal radiation therapy.
Our primary interest is in the synthesis and purification of radiolabeled
porphyrin-peptide conjugates. We hope to adapt our methods for coupling
porphyrins to antibodies for this new synthesis. Our usual method involves
coupling the porphyrin to primary amino groups on an antibody and
purifying the conjugate from the large amount of excess porphyrin used in
the reaction mixture. We then metalate the conjugate with 67 CuCl 2 under
aqueous conditions at 40°C for 30 to 60 min. The metalated conjugate is
further purified by vacuum dialysis, which removes uncomplexed copper and
the remaining free porphyrin.33
The ACh receptor fragment is composed of 17 amino acids three
of which possess primary amino groups. We can. therefore, apply our
established coupling methods of covalent bond formation between porphyrin
and peptide. The main problem in the translation of our usual technology for
labeling antibodies with 67Cu is the small size of the receptor fragment. This
problem caused us to reconsider both of the purification steps involved in
the overall synthesis. Another problem stems from the powerful antigenicity
94
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of the receptor fragment. Excessive exposure to the peptide may elicit an
immune response. For this reason, we conducted initial studies with model
peptides and antibody conjugates as stand-ins for the antigenic peptide.
It is much more difficult to purify excess free porphyrin (molecular
weight -1000 daltons) from the porphyrin-peptide conjugate (molecular
weight ~4000 daltons) than from the porphyrin-antibody conjugate
(molecular weight ~150 000 daltons). To achieve this porphyrin-peptide
conjugate purification, we used a gel filtration column of Sephadex G15
(molecular weight retention range 700 to 1500 daltons) at very slow flow rates
(<0.5 mf/min). This technique removed 99% of unconjugated porphyrin
from a model peptide (polylysine) that has a molecular weight similar to that
of the antigenic fragment. We used sodium dodecylsulfate polyacrylamide
gel electrophoresis to analyze the effectiveness of this purification method.
The technique of vacuum dialysis is limited to compounds with a
molecular weight greater than 10 000 daltons. Because the radiolabeled
porphyrin conjugates of the antigenic receptor fragment are so small, this
method cannnot be used. Instead, we used gel filtration chromatography
to accomplish this purification. We chose Sephadex G10 (molecular weight
retention range <1000 daltons) for the column packing because it would
retain the small ti7CuCl2 molecule but allow proteins or protein fragments
to pass through the column in the void volume.
Initially, we simply mixed together 67CuCl2 and an antibody, rabbit
immunoglobuiin G (RIgG), and attempted to remove the metal ion from the
reaction mixture by gel filtration. We used a 6-cm column at a very slow
flow rate (<0.5 m£/min) and compared the per cent copper removed by this
method (90%) with the per cent removed by vacuum dialysis (97%). (This
process provides good removal of uncomplexed copper, but the results may
be improved further by applying the sample to a larger column or by using
even slower flow rates.)
Next, a sample of porphyrin-RIgG conjugate was metalated with
67
CuCl2 by our usual method. One aliquot of this solution was purified
by vacuum dialysis, and another aliquot was applied to a G10 column under
the conditions described above. Vacuum dialysis removed 84% of the added
67
Cu activity, whereas the column removed 52%. The 32% difference is
certainly significant but may be greatly improved by optimizing conditions
for copper removal. It is not clear why so much more copper was removed
from RIgG than from porphyrin-RIgG conjugates. However, the G10 gel
filtration column should be useful for the purification of porphyrin-peptide
conjugates.
After optimizing the conditions for copper removal from the conjugate,
we will synthesize porphyrin conjugates of the receptor fragment and label
them with stable copper. Using the stable isotope will allow us to investigate
the retention of antigenicity and other biological properties of the fragment
in the presence of covalently attached porphyrin. We will then prepare
conjugates radiolabeled with B7Cu for extensive in vivo and in vitro testing
of therapeutic efficacy against the development of MG. The synthesis of
porphyrin-peptide conjugates and the biological testing will be accomplished
at the Mayo Clinic.
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Copper-67-Labeled 5,10.15,20-Tetrakis(4-Carboxyphyl) Porphinato Copper(ll):
Potential Lymph Node Imaging Agent
Dean A. Cole, Janet A. Mercer-Smith, Joanne Norman,* Karen Williams,
Sandra A. Schreyer,** and David K. Lavalee***

The ability to image lymph nodes with a nontraumatic procedure has
important medical benefits, especially for evaluating diseases such as cancer.
In many cases, lymph nodes are involved in the spread of cancer long before
physical symptoms are evident. Our goal is to develop a radiopharmaceutical
that will allow us to image cancerous lymph nodes at an early stage.
The radiopharmaceutical 5,10,15,20-tetrakis(4-carboxyphenyl) porphinato
[67Cu]copper(II) ( 67 CuTCPP; Fig. 4.16) has many favorable characteristics
as a lymph node imaging agent. (1) Copper-67 is produced in high specific
activity at the Los Alamos Meson Physics Facility and thus is readily
available; (2) 67Cu has ideal gamma photon energies and half-life for nuclear
medicine imaging;34 and (3) the porphyrin carries the 67Cu to the lymph
nodes.
In our previous studies in the rat, we developed both a procedure
for systematically inflaming lymph nodes and a procedure for accurately
measuring the uptake of 67 CuTCPP in lymph nodes.35"37 We inflamed
lymph nodes using a combination of two agents, Freund's adjuvant and
bacterial endotoxin (Salmonella abortus equi). We then dissected the
lymph nodes from inflamed and control male Fischer rats and measured
the 67Cu radioactivity in a sodium iodide gamma counter to determine the
amount of 67 CuTCPP localized in each lymph node. During these studies,

CO2H

_>CO2H

Fig. 4.16. The structures of

67

CuTCPP and H2TCPP are shown.

* Pomona College, Claremont, CA 91711
** University of Wisconsin, Madison, WI 53706
*** Department of Chemistry, Hunter College/CUNY, New York, NY 10021
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we determined that the concentration of 67 CuTCPP in inflamed lymph nodes
was greater than the concentration in control lymph nodes. The amount of
67
CuTCPP in inflamed lymph nodes remained constant throughout the 24to 96-h time period of the experiment.
During the current study, we investigated the uptake of 67 CuTCPP in
lymph nodes in periods of less than 24 h to determine when the uptake of
67
CuTCPP in inflamed lymph nodes reaches a maximum level. We used the
right and left superficial cervical, axillary, brachial, popliteal, and mesentery
lymph nodes. We examined the uptake of 67 CuTCPP bj lymph nodes from
inflamed and control animals at 6 and 12 h after injection of 67 CuTCPP.
Results from these 6- and 12-h studies and data from our previous study
(24- to 96-h periods) are presented in Fig. 4.17. During the first 12 h
following the injection of 67 CuTCPP, the uptake by inflamed animals was
not significantly different from the uptake by control animals.36 However, by
24 h postinjection, the uptake of 67 CuTCPP by inflamed lymph nodes had
reached a maximum level and was significantly different from that of control
lymph nodes. At this point (24 h), inflamed lymph nodes had localized
approximately twice as much 67 CuTCPP as the lymph nodes from control
animals had. This degree of uptake remained constant over the remaining
time (48 to 96 h). These results suggest that the uptake of "CuTCPP by
inflamed lymph nodes had reached the maximum concentration by 24 h after
injection and that the level of uptake did not change during the 24- to 96-h
period. We did not examine periods longer than 96 h; therefore, we could
not determine at what time the 67 CuTCPP began to clear from the lymph
nodes.
We examined the uptake of 67 CuTCPP in lymph nodes of animals
that were not injected with any inflaming agent to determine whether the
injection process may induce an inflammatory response. In Fig. 4.18 the
uptake of 6T CuTCPP from the lymph nodes of animals that had not been
injected (noninjected controls) is compared to that of control animals (saline
injected controls), (Saline control animals were injected with sterile saline
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Fig. 4.17. The per cent uptake
of 67CuTCPP in lymph nodes
is indicated for inflamed and
control animals. Each time
point represents the per cent
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from four inflamed and four
noninflamed animals. (Eight
lymph nodes from each animal
were examined).
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Fig. 4.18. The per cent uptaKe
of 67CuTCPP in lymph nodes is
depicted for saline control and
noninjected control animals. Each
time point represents the per cent
uptake (mean and standard error
of the mean) in lymph nodes
from four saline injected and
four noninjected animals. (Eight
lymph nodes from each animal
were examined.)
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at the same time and with the same volume as the inflamed animals.) When
the uptake of 6T CuTCPP by lymph nodes from the two control groups
(saline controls and noninjected controls) was compared, the localization
of 67 CuTCPP by lymph nodes from the saline injected animals was slightly
greater than the uptake by lymph nodes from the noninjected animals.36 This
was evident at 3 times (24, 48, and 96 h); however, the difference between
these two groups was not highly significant (p < 0.05). These results suggest
that the injection procedure itself does not significantly contribute to the
uptake of 67 CuTCPP by inflamed lymph nodes and that the inflammation
agents (Freund's adjuvant and bacterial endotoxin) are the cause of the
uptake of "CuTCPP in the inflamed nodes.
Our future research will investigate the mechauism of 67 CuTCPP
localization in inflamed lymph nodes. Our preliminary work sv^asts that
cell proliferation is occurring in these nodes and that the majority of cell
proliferation is occurring in T-cell-dependent areas of the lymph nodes.
We have developed a procedure to grow lymph node cells in tissue culture
and have begun an investigation to determine how lymph cells grown in
culture localize the porphyrin. In our preliminary work, we are using
the nonmetalated porphyrin analogue 5,10.15,20-tetrakis(4-carboxyphenyl)
porphine (H2TCPP) of 67 CuTCPP. The H 2 TCPP (see Fig. 4.16) fluoresces
in the far red region of the spectrum. This work demonstrates that certain
populations of lymph node cells localize H 2 TCPP. Using a fluorescent
microscope, we can observe lymph node cells that have localized H 2 TCPP
as fluorescent spheres or cells (Fig. 4.19). Additional experiments suggest
that H 2 TCPP may be bound to the outer cell membrane of lymph node
cells and that the maximum uptake occurs at 2 h following the addition
of H 2 TCPP. This result indicates that a binding site on the cell membrane
may be involved in the initial uptake of the porphyrin by lymph node cells.
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Future work using fluorescent cell markers will determine the lymph node
cell population responsible for the uptake of the porphyrin and the location
of the porphyrin within the cell.

Fig. 4.19. This photograph shows
the localization of H 2 TCPP
by inflamed lymph node cells
(magnification 300 X). Cells labeled
with H2TCPP can be detected
by the red fluorescence of the
porphyrin; ceils with no porphyrin
attached are seen as dark shadows.
Florescent microscopy is one of the
best ways in which the uptake of
porphyrins in cells can be seen.
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Large- Body impacts and Biological Extinctions
Charles J. Orth, Moses Attrep, Jr., and Leonard R. Quintana

We are continuing to search for evidence of asteroid and comet impacts
with Earth at the mass extinction boundaries in the fossil record. This
work provides evidence to test recent hypotheses that suggest that the
more or less periodic (26 Myr) extinctions of life38 at least during the past
250 Myr were the result of impacts from cyclic swarms of comets in the
inner Solar System.39"41 This year we concentrated our measurements on
a globally recognized extinction event at the Cenomanian-Yuronian (C-T)
stage boundary. The C-T event occurred in the Late Cretaceous Period,
about 92 Myr ago. It is important to our study because it occurred one cycle
(26 Myr) before the classic Cretaceous-Tertiary (K-T) boundary, which is
marked by an abrupt extinction of ~75% of animal life on Earth and the
signatures of a massive impact.42
During most of the Cretaceous Period, a shallow sea covered much
of the west-central region of North America from what is now the Arctic
shore of Alaska to the Gulf of Mexico, and maximum eustatic flooding of
the Western Interior Basin occurred just after the C-T boundary in the
Lower Turonian. An abundant marine fauna of molluscs, ammonites, and
planktonic organisms populated the seaway and left their fossil remains in
the sediments.
To begin this study, we selected a site about 6 km west of Pueblo,
Colorado, in the Rock Creek Anticline. This is one of the most completely
preserved and paleontologically studied C-T boundary intervals in North
America. Paleontologists at the University of Colorado have identified a
series of extinctions of marine invertebrates and planktonic species that
occurred over an interval of ~200 000 years preceding the boundary
(Fig. 5.1). We collected continuous samples of 1- to 10-cm thickness
from the crucial C-T boundary zone and then of 10- to 25-cm thickness
from this zone to the bottom of the exposure, which is about 40 m
below. The total sampling interval was deposited over a span of ~2.5 Myr.
Abundances (concentrations) for about 40 trace and common elements in
the samples were determined by the Los Alamos Research Reactor Group
(INC-5) using their automated neutron activation analysis system. We also
irradiated duplicate samples with thermal neutrons and radiochemically
isolated iridium, gold, and platinum from interfering radioactive nuclides.
There is 1000 to 10 000 times more iridium in meteorites than in Earth
crustal rocks, so an iridium concentration spike (anomaly) in sedimentary
strata has been used to indicate fallout from a large-body impact. However,
care must be exercised in such interpretations because terrestrial processes
also car enrich indium.
The results of measurements on the 45-m section near Pueblo,
Colorado are shown in Fig. 5.2. The striking observation is that the
iridum, chromium, manganese, cobalt, and scandium concentrations remain
constant and relatively low until the extinctions began to occur near
the base of the Bridge Creek Limestone Member, where the elemental
concentrations abruptly peak and then gradually return to previous levels.
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Fig. 5.1. These molluscan
species ranges have their last
occurrences in the C-T boundary
interval. Data are plotted against
the Western Interior of North
America standard reference
section at Rock Canyon Anticline
near Pueblo, Colorado.
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Examining the extinction zone in detail (Fig. 5.3), we note that the iridium
concentration abruptly increases at the first in the series of extinctions and
then slowly decreases until a sharp peak occurs at the third extinction of the
series.
After completing these measurements at Pueblo, we examined a second
locality 245 km to the east in western Kansas and found a similar pattern of
enrichments. Although large-body impacts with Earth could have provided
the excess iridium, such a scenario does not account for the excess titanium
and scandium, which are depleted, relative to Earth crustal concentrations,
in meteorites. Furthermore, the ratio of platinum to iridium is a factor of
5 higher than the chondritic (solar system) ratio. More plausible sources of
the excess trace elements are from erosion of ultramafic (ultrabasic) source
rocks or from some form of deep-source volcanism. However, the erosion
process should not have affected the biota. Eruptions from deep within the
Earth (kimberlites, diatremes, or hot-spot volcanism) might have provided
the elemental anomalies; if they occurred in the sea floor and released toxic
gases into the shallow sea, they could have caused the extinctions. Ash from
continental volcanoes falling into the sea apparently had little or no effect
on the biota. No extinctions have been found associated with numerous
heavy ash falls in the section, and the two thick ashes in the extinction zone
(Fig. 5.3) are not coincident with any of the extinctions.
Recently, we obtained and analyzed C-T zone samples from localities in
central Kansas, northeastern Nebraska, and western Manitoba, Canada. The
abundance anomalies are somewhat weaker in central Kansas and Nebraska
and very weak or absent in Manitoba. Thus far, the strongest geochemical
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signals are found between Pueblo and the Colorado-Kansas border. Next
year, we intend to further localize the source of the excess elements by
studying other exposures that crop out in Montana. South Dakota, Arizona.
Colorado, and New Mexico.
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Fig. 5.3. This expanded view of
the C-T extinction zone shows
abundances, on a carbonatefree basis, of a few significant
elements. Arrows 1, 2, and 3
indicate stratigraphic positions of
the first three extinction horizons
that are plotted in Fig. 5.1.
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Trace-Element Analysis Applied to Seafloor Hydrothermal Systems
and Processes: Using the Los Alamos Nuclear Microprobe
David R. Janecky, Rachel M. Haymon,* and Timothy M. Benjamin

Minor and trace elements have long been recognized as important
indicators of geologic processes. Their variations and relationships help
to differentiate between systems with similar major-element compositional
characteristics.
In hydrothermal systems, the rock's soluble-element
composition may be significantly changed, whereas other elements
remain relatively immobile. The diversity of trace- and minor-element
characteristics can thus be a powerful indicator of the nature of a
hydrothermal process, including its acidity, oxidation level, salinity, ligand
availability, and possibly even evolution.
Continually improving analytical techniques and tools, such as plasma
spectroscopy, electron microscopy, neutron activation analysis, and mass
spectroscopy, have enhanced the accuracy and sensitivity of tests involving
all components of geologic samples (liquids or solids) and have made it
possible to investigate spatial distribution of elements on the macro to
mega scales. However, detailed analysis (on a inicroscale) of many minor* University of California, Marine Science Institute, Snntn Barbara, CA 93106
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and most irace-element concentrations in rocks or other solid materials
remains difficult or impossible. Most highly sensitive analytical techniques
require relatively large quantities of mechanically separated materials for
analysis, hut such quantities are difficult or impossible to obtain because
of the intimate mixture of minerals and compositional heterogeneity within
individual grains. Therefore, it has been difficult to investigate the real
controls on trace-element compositions that is, individual mineral or
mineral zone compositions un a microscopic scale. Development of the
unique Los Alamos National Laboratory nuclear microprobe has provided
the means for such research,43 and this technology is now being used to
study seattoor hyclrothermal systems and products.
Oceanic spreading ridges, massive sulh'de deposits, and the associated
hydrothermal alteration of basalt result from a set of geologic processes
that are dynamic and particularly well constrained with respect to geologic
environment, solution compositions, initial basalt composition, and chemical
characteristics of alteration and sulfidc products.44'15 The oceanic ridge
system dominates the Earth's volcanic flux, resulting in two-thirds of the
total heat loss from the Earth's interior. One-third of this oceanic ridge
heat flux is carried by hydrothermal circulation, and there is an associated
redistribution of elements within the crust and between seawater and
the ocean floor. However, mobility, sources, and time-averaged, global
hydrothenual fluxes are poorly determined for trace elements.
At sites where high-temperature fluids (up to at least 400cC) vent
through the seafloor and mix with seawater, mineralogically complex
deposits of lnetal-sulfide, sulfate, silicate, and oxide minerals are precipitated
within and on the seafloor.46 Analyses of hydrothermal solution compositions
and deposit samples provide an important reference point for studies
of mass and heat flux in seafloor hydrothermal systems and elemental
cycling of major and some minor elements in the oceans. However, the
compositions of the discharging fluids and mineral precipitates vary from
site to site on the seafloor and may also vary with time. With such
constraints, we have proposed models and constraints for reaction pathways
and have examined them by using theoretical computer calculations.46"48
The observed variability is still poorly understood, and questions remain
about the importance of processes within the hydrothermal system at depth
compared to processes associated with discharge of hydrothermal solutions
into seawater.
For our nuclear microprobe analyses, we selected samples from
previously studied collections from active hydrothermal fields on the East
Pacific Rise and similar fossil deposits in northern Oman (the 95-Myr-old
Bayda and Lasail deposit; of the Samail ophiolite). The sulfidc samples
selected from active vents allow us to obtain detailed identification of
the elemental patterns and reaction relations identified in sulfide chimney
walls. We chose chlorite from major high-temperature flow zones and
bulk altered basalt to provide constraints on the variability within and
among alteration products. We are integrating the trace-element data with
previously collected chemical, mineralogical, thermal, and geological data
from the selected study areas to refine models for chemical reaction pathways
in seafloor hydrothermal systems.
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Elemental patterns from the sulfidc chimney wall (Fig. 5.4) reveal
distinctive patterns that can be interpreted in terms of seawater and
hydrothennal solution sources. High strontium in the exterior sample
is the result of intermixing with abundant anhydrite precipitated from
conductively heated seawater. Nickel, zirconium, niobium, molybdenum,
silver, cadmium, tin, and lead show patterns similar to those of strontium,
indicating that seawater may also be a significant source of such metals in
chimneys. In contrast, the strong depletion of selenium and cobalt in exterior
samples implies a hydrothermal source. Most other elements detected have
generally flat trends across the chimney wall. Further analyses arc necessary
to determine if any fine structure is real and what variability exists.
The most striking result in the chlorite analyses is the presence of
arsenic in all regional alteration (nonstockwork) samples and its absence
in the high-temperature stockwork wall rocks (Fig. 5.5). Copper, zinc,
and possibly other elements may have regular variations, particularly with
increasing depth, in the stockwork chlo'rites, but we have insufficient data to
confirm such trends. Many of the other elements detected in these samples
are apparently only locally redistributed by hydrothennal alteration (for
example, zirconium). Further work is necessary to determine both regional
variations and the extent of variability within and among adjacent chlorite
grains in addition to regional variations.
Distinctive chlorite trace-element suites in major hydrothermal flow
zones, unlike other chlorites that have been analyzed, provide significant
constraints on solution characteristics involved in separate, but possibly
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Fig. 5.4. These plots show initial analyses of variations in selected trace-element
compositions (ppm element) in sulfide minerals across a "black smoker" chimney wail
from exterior (seawater) to interior (hydrothermal fluid). Mineralogy and major-element
compositional trends in this sample of a thin chimney wall are discussed in Ref. 46.
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related, hydrothermal alteration processes. Initial results also suggest that
within a flow zone, distinguishable variations may occur along the flow
path. These latter features must be confirmed and further characterized.
The crystallographic environment of trace elements in the chlorites remains
uncertain. Are they contained in regular lattice positions and thus amenable
to modeling as dilute solid solution species? Or do they form included
microscopic phases? Further analyses to define distribution of trace elements
within and between grains are necessary before we can answer such questions,
and these analyses will significantly influence modeling of the data collected
thus far. The unique results to date allow us to examine the detailed behavior
of trace elements in these hydrothermal systems for the first time and should
lead to better understanding of hydrothermal and related processes in a
variety of geologic environments.
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Raman Spectroscopic Study of Metal Speciation Under High Temperatures
and Pressures: Zinc Bromide and Zinc Chloride Systems
Nancy A. Marley, Pamela S. Z. Rogers, Timothy M. Benjamin, and David R. Janecky

It is important to know the speciation behavior of metal-ligand
complexes before attempting to model mineral solubilities, metal ion
transport, and ore deposition. The chemical processes of solvation and
complex ion formation are sensitive to changes in temperature and pressure.
However, data for the quantitative determination of metal-ligand complexes
in aqueous solution at geologically significant temperatures and pressures
are quite limited.
Raman spectroscopy provides one of the most direct methods for the
characterization of complex species in aqueous solution. Each species present
should contribute its own characteristic vibrational spectrum to the total
signal. Therefore, the information obtained can be used to both identify
and quantitate each complex species present.
The metal-ligand stretching vibrations are of low energy and appear at
frequencies very close to the laser excitation line. We have designed a Raman
spectrometer that can detect the low signal levels of the metal-ligand stretch
in the presence of the high background from the laser Rayleigh scatter. This
spectrometer is equipped with a high-pressure, high-temperature sample
cell, which is constructed of titanium with conical type-II diamond windows
positioned at 90° orientation. It can be externally pressurized to 1 kbar
and heated to 400°C. Our initial measurements have been made on zinc
bromide and zinc chloride systems. In the spectrum of zinc bromide, four
separate bands can be seen at 173, 184, 202, and 390 cm" 1 . Adjusting
the cation/anion ratios can help identify these bands (Fig. 5.6). When
the bromide-to-zinc ratio is increased above 4, the band at 173 cm"1
predominates; therefore, this band is assigned to ZnBr^". The broad band
at 390 cm"1 is present in the spectrum of zinc nerchlorate and is assigned
to Zn(H2O)g+. The remaining bands are attributed to ZnBr2 and ZnBr^".
Elucidation of the zinc chloride spectrum is not as straight-forward
because of the severity of band overlap. The principal feature in the Raman
spectrum is a somewhat asymmetrical polarized band that shifts from 282 to
279 cm" 1 as the chloride-to-zinc ratio increases. This change indicates the
presence of at least two bands in the contour and the possibility of a third
at 305 cm"1. The low-frequency band centered at 279, which predominates
at high chloride concentrations, corresponds to the more highly complexed
species ZnCl^". The one centered at 282 is assigned to ZnCl^. The band
for Zn(H2O)g+ can still be seen at 390 cm" 1 .
In the spectrum of 1M zinc bromide at ambient temperature and
pressure, the band at 184 cm" 1 , assigned to ZnBr^", predominates (Fig. 5.7).
As pressure is increased to 1 kbar, the band at 173 cm"1 increases in
intensity, indicating a shift in equilibrium towards the tetra-coordinated
species at high pressures. If pressure is held constant and temperature is
increased, the intensity of the peak at 202 cm" 1 , assigned to ZnBr2, is
dramatically increased at the expense of the other bands. Another new
shoulder, appearing at ~242 cm"1, could be assigned to ZnBr+.
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Fig. 5.6. The Raman spectra
of \M zinc perchlorate are
shown with increasing amounts
of sodium bromide and lithium
chloride.
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Fig. 5.7. The Raman spectra of 1 M zinc bromide are shown with pressures increasing
from 500 to 1500 psi and temperatures increasing from 25 to 400°C.

The same trend can be seen in the spectrum of zinc chloride (Fig. 5.8).
Although the band envelope is unresolved, with increasing pressure a shift
of the peak frequency can be seen from 282 to 279 cm"1; this also indicates
a shift to the more highly complexed species. A more dramatic effect can be
seen as temperature is increased from ambient to 400° C. The band maximum
is shifted from 282 to 303 cm"1 with the appearance of a small shoulder at
345 cm- 1 .
Therefore, in the case of both zinc bromide and zinc chloride, an increase
in pressure favors the formation of the more highly complexed ZnX^",
whereas an increase in temperature shifts the equilibrium in favor of the
less complexed ZnX2 accompanied by the first appearance of ZnX + .
This initial siudy of the zinc bromide and zinc chloride systems has
demonstrated how well Raman spectroscopy can be used for directly
monitoring the speciation behavior of metal-ligand complexes with changes
in temperature and pressure. Our future work will focus on the use of
factor analysis and numerical band-fitting techniques to extract quantitative
information contained in the band envelope.
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Fig. 5,8. The Raman spectra
of 1M zinc chloride are shown
with pressures increasiitg'from
500 to 1500 psi and temperatures
increasing from 25 to 400°C.
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Control of Low-Temperature Mineral Alteration by Aqueous Silica Activity
Clarence J. Duffy

Mineral assemblages are known to be characteristic of particular
temperature and pressure conditions. Considerable information is available
that allows us to predict the dependence of the equilibrium mineral
assemblage on temperature and pressure when temperatures are above 300
to 500°C. The success of this approach has lead to the general consensus
that high-temperature mineral assemblages can be modeled by equilibrium
calculations. Because of the very slow rates of reaction at low temperature,
particularly below 150°C, there is little experimental work that is comparable
to low-temperature mineral assemblages in the field. Nevertheless, the
temperature dependence of low-temperature mineral assemblages has often
been inferred from the field observations with the implicit assumption that
equilibrium conditions exist in the field.
Two mineral reactions that have been interpreted as temperature
dependent are the reaction of smectite to illite and the breakdown of
clinoptilolite to analcime and clays. It was assumed that the transformation
of clinoptilolite takes place at near 90°C in dilute waters, but observations
from drillholes in Yellowstone National Park show persistence of clinoptilolite
to temperatures >150°C. Interlayered zones of clinoptilolite and zones of its
transformation products are also observed at Yellowstone, which suggests
that temperature, which increases with depth, is not the determining variable
in the breakdown of clinoptilolite. Smectite and illite exist as separate
mineral phases and as a finely interlayered material (interlayering is on
the scale of a few unit cell dimensions) that may or may not be a single
thermodynamic phase. The proportions of interlayered smectite and illite
appear to vary with temperature; the proportion of illite evidently increases
at higher temperature. However, the correlation between the proportion of
illite and temperature is not constant from drillhole to drillhole.
The transformation of clinoptilolite is given by
Clinoptilolite —> Analcime - r Illite + SiO2(aq)

(1)

and the transformation of smectite to illite by
Smectite + Potassium Feldspar —* Illlte + SiO2(aq)

(2)

The equilibrium constants for the reactions are
k~ —
~

nAnalcime

q

Hlite "SiOad,,,,
rtClinoptilolite

,„,
V«*J

and
K =•-

a i

"ite

asiO

*f..)

"-Smectite ^Potassium Feldspar

respectively, where a is the chemical activity. Both transformations produce
aqueous silica. SiO2(aq), so higher asio2(ni|, will tend to stabilize the reactants.
In the field, clinoptilolite coexists with opal-CT, whereas analcime coexists
with quartz. Because quartz is the stable polymorph of silica at low
temperature and opal-CT is more soluble, field observations suggest that
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clinoptilolite is stable only when asio3(an) is somewhere between opal-C'F
and quartz saturation or higher. Similarly, water compositions where
smectite has little interlayered illite have an asioJ(ull) consistent with opal-CT
saturation, whereas illites are generally found in older, higher temperature
environments where equilibration with quartz would be < xpected.
Amorphous silica or disordered opal-CT, derived from such sources as
diatom skeletons or glass devitrification, is common in low-temperature
rocks. The transformation of this metastable silica to stable quartz appears
to be a stepwise process that proceeds from amorphous silica to disordered
opal-CT by dissolution of amorphous silica into the aqueous phase and
crystallization of disordered opal-CT. This process is followed by the ordering
of opal-CT in the solid state. Ordering is marked by a decrease of the
101 interplanar spacing in the crystal lattice and a decrease in solubility,
which approaches that of cristobalite when ordering is nearly complete. At
this stage, transformation to quartz begins by dissolution and precipitation.
The rate of this transformation appears to be controlled by diffusion of
defects out of a disordered surface layer formed on the quartz. Because of
this surface layer, the aSiO:,(B(!) coexisting with an ordered opal-CT/quartz
mixture remains at ordered opal-CT saturation until all opal-CT has been
reacted.
We calculated the sequence and timing for the ordering of opal-CT and
conversion to quartz by using the rate equations of Ernst and Calvert for
opal-CT to quartz 49 and Kano for the ordering of opal-CT.50 The calculations
for a hypothetical temperature history are shown in Fig. 5.9. If smectite
and illite are separate phases, all the minerals would be distinct phases with
a = 1. Equation (4) then becomes
K

=

«SiO3(B<11

•

(5)

In this case, smectite would transform to illite at a particular time—for the
conditions shown in Fig. 5.9, probably at 11 to 12 Myr. A smeared transition
is observed in sediments, and the transition stops with ~20% remaining
smectite. This observation can be explained if interlayered smectite/illite
behaves thermodynamically as a solid solution of illite and smectite so that
the activities of illite and smectite in Eq. (4) are proportional to the amount
of the phases present. However, if opal-CT were present and controlling the
silica activity, a sharp change in the smectite-to-illite ratio should occur when
the last of the opal-CT disappears and the aSiO,(nii) drops abruptly. This does
not happen in most sediments because only quartz is present and asio2(n<u is
controlled by the clay. The rate of the reaction, however, is controlled by the
rate of crystallization of quartz because as the smectite reacts to illite, the
"sio.,,,,,,1 rises and stops the reaction, which can proceed only when aqueous
silica is precipitated as quartz.
If clinoptilolitc is added to the mineral assemblage depicted in Fig. 5.9.
I would not expect the transformation of clinoptilolite to analcime and clay
to begin until all opal-CT has disappeared and the aSio2(,iql has fallen below
cristobalite saturation. This would be the case even though temperatures
above those sometimes observed for clinoptilolite transformation in the
field have been reached. Transformation of clinoptilolite could occur at
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Fig. 5.9. The ordering of opal-CT and the transition of ordered opal-CT to quartz
are shown as a function of time and temperature for a hypothetical temperature-time
history. The value for D101 is a measure of the ordering of opal-CT: D101 = 4.13 is
highly disordered; D101 = 4.04 is highly ordered. The transition of opal-CT to quartz
is assumed to start when D101 = 4.05.

these temperatures, but only if more time is available. This conclusion
is consistent with the excellent correlation seen in the field between the
disappearance of opal-CT and clinoptilolite. The clay formed from the
transformation of clinoptilolite is highly illitic, although the clay coexisting
with the clinoptilolite is highly smectitic. This finding is also consistent with
the assumption that asio2(aql drops abruptly when opal-CT disappears, and
it suggests that the reaction of clinoptilolite is slower than the crystallization
of day analcime and quartz.
State of Geochemical Equilibrium in California State Well 2-14:
The Salton Sea Scientific Drilling Project
Robert W. Charles

The Salton Trough, Imperial Valley. California, is an extensional basin
4 to 5 Myr; its general structure is defined as sediment consisting of
up to 3 km of Plio-Pleistocene basin fill from the ancestral Colorado
river in isostatic equilibrium with underlying gabbroic material. The
trough is the onland extension of the East Pacific Rise and exhibits active
rifting and seismicity. High-temperature, metal-bearing, hypersaline brines
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of the Salton Sea geothermal system have attracted significant attention as
both an active analog of ore deposit systems and an exploitable geothennal
resource.51 Many wells have been drilled in the Salton Trough for commercial
geothermal exploitation, and studies of drill cuttings and bulk fluid samples
have provided a broad base of information. However, many aspects of the
system have remained obscure—in part because of the lack of access for
core recovery, fluid sampling from carefully defined flow zones, and other
scientific experiments. The Salton Sea Scientific Drilling Program, as part of
the Thermal Regimes portion of the National Continental Scientific Drilling
Program, has provided the initial opportunity for such experiments. This
article is a further development of the more rudimentary model reported in
an earlier annual report.
We determined the stratigraphy of the first major lost-circulation zone
(1866 m) from cores taken above and below the zone and rock fragments
ejected from the well during the flow test in December 1985. The
petrographic relations are, with increasing depth, a gray to black mudstone,
epidote rock, and flow zone rock, and then the reverse. All exhibit groenschist
facies metamorphism. The major mineralogy of the mudstone consists of
pyrite, epidote, potassium-feldspar, and chlorite. Closer to the flow zone,
increasingly greater amounts of epidote are seen; samples from the flow
zone consist of epidote, pyrite, and hematite. Phase compositions are
essentially pure potassium-feldspar, hematite, and pyrite and solid solutions
of epidote [CaaFeAlaSiaO^OH)] and chlorite [MgaFejAlaSigOioCOH^]. We
grouped the minerals into the following two phase assemblages, which are
based upon the petrographic relations: flow-zone—epidote + pyrite and
epidote + hematite; epidote rock epidote + quartz and epidote + pyrite;
and mudstone—potassium-feldspar + pyrite, epidote + pyrite, chlorite +
pyrite, and chlorite + epidote.
The composition of fluid samples, recalculated for reservoir conditions
(300°C), are presented in Table 5.1. This table is based upon data from flow
samples collected at the surface in late December 1985 and a single downhole
sample collected in March 1986 (Ref. 52).
The estimated fluid composition of the 1866-m flow zone may be
compared with the observed phase assemblages as a test of compatibility.53
The aquifer temperature is ~300°C and measured total dissolved sulfur
(SS) = 0.0003 m. The minimum hydrostatic pressure for one-phase aqueous
fluid is ~86 bars (aH2o = 1)- Calculated molalities reflect the concentrated
nature of the Salton Sea brine. We calculated activity coefficients of the
various species by assuming that the nonideality of the fluid is solely due to
stoichiometric ion strength effects.
Using the chemical analyses given in Table 5.1, we oriented the reaction
relations shown in Fig. 5.10 in log /o 2 -pH space. Abbreviations are as follows:
Epi = epidote. Hem = hematite, Py = pyrite, Ksp = potassium-feldspar,
Mt = magnetite, and Chi = chlorite. The most important observation is
that pyrite-bearing assemblages are not stable anywhere on the diagram.
In a dynamic hydrothermal system such as that found in the Salton Sea
reservoir, one may expect important chemical and physical parameters to
change as the system evolves. Discrepancies between the observed phase
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TABLE 5.1. Fluid Composition
Amount Detected

Brine"
SiO 2
Ba
Ca
Mg
Sr
Na
K
Li
NH 4
Fe
Mn
HCO3HCO3
Cl
""
Br

SOf
B

7.4
296

Cs
F
I
Pb
Rb
Zn
Ag
As
Cd

16
33
10
134
105
580
4.5
8.5
3.0

Gas
CO 2
H2S
NH 3
H2
Na
CH 4
a

118

774
200
29 900
38
450
57 250
18 920
250
268
1 560
1 400
117
2 325
157 600
114

1 594
3.71
0.090
15.7
17.3
32.5

Amount detected was < 1 for elements aluminum,
gold, cobalt, chromium, mercury, molybdenum,
nickel, antimony, selenium, t i n , tantalum, tellurium,
thorium, titanium, uranium, and tungsten.

Isotope and Nuclear Chemistry Division Annual Report 1987

Element and Isotope Transport and Fixation

assemblages and fluid composition may be due to changes in pressure, fiuid
chemistry (particularly SS), and thermodynamic values. These parameters
can be examined with diagrams similar to that in Fig. 5.10.
If sulfides, particularly pyrite, grew at 300°C, what other conditions
must prevail? Measured sulfur content from similar Salton Sea wells ranges
from Q.0QQ5 to 0.0013 ra. The minimum calculated sulfur content for any
epidote + pyrite field that appears in Fig. 5.10 is 0.0034 m. Pressures
above vapor saturation are also possible. Using a gradient of 0.0968 atm/m
(Ref. 54), we obtained a value of 181 bar at 1866 in. A recalculation of
Fig. 5.10 for these conditions lowers the required minimum sulfur content to
~0.0030 m -still well above observed values. Adjustment of thennodynamic
values could also stabilize epidote + pyrite at lower sulfur contents, but
this would require major (orders of magnitude) change. Such changes are
incompatible with internal consistency of the data with respect to many
other systems.
If the thermodynamic values are sufficiently accurate, we have
established that increased total sulfur and pressure above vapor saturation
are required to stabilize pyrite at 300°C. In Fig. 5.11, using values of
SS = 0.01 m at a pressure of 250 bars, we have also added carbonate and
chalcopyrite fields (CC = calcite, Cp = chalcopyrite, and Bn = bornite).
These solid phases may be added to the observed assemblages. A narrow set
of conditions exists that shows calcite-free phase relations, as is observed
in the current study. The observed phases are stable in the region of
log /o 2 = -29 and pH = 5.5, near neutral at 300°C.
Thermodynamic analysis of the solid phases and aqueous fluid taken
from the 1866-m flow zone in State Well 2-14 are generally consistent with
growth of the major phase assemblages at 300°C and pressures above vapor
saturation. We have examined the effects of sulfur concentration, pressure,
and varying thermodynamic values on phase stability relations. Increased
sulfur and pressure are necessary to stabilize pyrite-bearing assemblages
without causing major changes in thermodynamic values. The downhole
sample of aqueous fluid from State Well 2-14 is out of equilibrium with pyritebearing assemblages if we consider the observed sulfur (0.0003 m); the sample
is also possibly out of equilibrium with carbonate-bearing assemblages if
we consider EC = 0.52 m. This sample may be a mixture of fluids from
different, hotter, horizons. The fluid shown in Table 5.1 is in equilibrium
with hematite-bearing assemblages at 300°C. which may indicate that sulfur
is transported from the flow zone. A series of convection cells that may be
present in these horizons5154 could be facilitating this transport. If the brines
are too dense to convect, errors in total dissolved sulfur (which might be the
result of sampling and reaction of fluids to drilling additives and the drill
casing) may be more important.55
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Fig. 5.10. In this log / o , pH predominance diagram of
relevant phase relations at 300° C,
86 bars, and SS = 0.0003 m,
only observed phase assemblages
are labeled. (See the text for
abbreviations.)
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Fig. 5.11. This diagram shows log /o_,-pH predominance with phase relations at 300°C,
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added to the relations shown in Fig. 5.10, and only relevant phase assemblages are
labeled. (See the text for abbreviations.)
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Why 3"CI Migrates Faster Than Tritium in Alluvium
Allen E. Ogard. Joseph L. Thompson, Robert S. Rundberg, Kurt Wolfsberg,
Peter W. Kubik,* David Elmore,** and Harold W. Bentley*

In 1974, we initiated the Radionuclide Migration (RNM) project at
the Nevada Test Site (NTS) to determine the potential for movement of
radioactivity away from underground nuclear explosion sites.
The first field experiment in this project is a long-term, single-well
pumping test in which the cavity of a nuclear explosion is treated as the sluginjection point and the explosion products are the tracers. The site of the
0.75-kt nuclear explosion called Cambric was chosen for the field experiment.
This experiment should be close to ideal for modeling because (1) the small
yield of the explosion should not have influenced the natural hydrology of the
area to any great extent, (2) sufficient tritium and other radionuclides are
present to serve as tracers for both the water flow and the sorbing nuclides,
and (3) alluvium is perhaps the simplest and most uniform medium at the
NTS for such an experiment and therefore the modeling process should be
simpler.
Two wells were drilled 91 m apart for this test. The well from which
water is continuously pumped, RNM-2S, was drilled first so that it would
not be contaminated by the drilling of Well RNM-1, which was drilled
through the explosion cavity. The casing in Well RNM-2S was perforated at
depths of 316 to 340 m, and a pump was installed above these perforations.
Well RNM-2S was pumped from October 1975 to October 1977 at the rate
of 1 m3/min; since that time, it has been pumped at a rate of 2.3 m 3 /min.
Yearly samples are pumped from Well RNM-1 for an analysis of the sourceterm concentrations.
Tritium, as tritiated water, is by far the most abundant of the radioactive
materials in the water being pumped from Well RNM-2S. It is inexpensive to
analyze by liquid scintillation counting and is generally considered an ideal
groundwater tracer because it travels as the water molecules do. The tritium
results are included in Fig. 5.12, which shows the tritium elution curve for
a period of more than 11 yr. Discontinuities in the curve occur during short
periods when the pump was not operating. By September 1986, 75% of the
original tritium present at Cambric after the detonation had been pumped
out through Well RNM-2S.
The 36C1 concentrations are also included in Fig. 5.12 so that they can be
compared with the tritium data. These concentrations were determined at
the University of Rochester by measuring the 36Cl-to-natural-chlorine ratios
by accelerator mass spectrometry. The ordinates for both tritium and 36C1
were drawn so that each set of data was best fit by (,he same numerical
solution, as is shown in Fig. 5.13.
* Nuclear Structure Research Laboratory, University of Rochester, Rochester,
NY 14627
** Argonne National Laboratory, Argonne, IL 60439
f
Hydro Geo Chem, Inc., Tucson, AZ 85705
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Fig. 5.12. Chlorine-36 and
tritium elution curves are shown
for a period of more than 11 yr.
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Our comparison of the elution data for 36C1 with that of tritium in
Fig. 5.12 indicates that the breakthrough of the 36C1 appears first and
the maximum in the :''6C1 data also occurs before that of tritium. The
phenomenon of anions such as chloride being eluted before cations or neutral
species such as tritiated water has been observed in soil chemistry studies by
Thomas and Swoboda56 and has been given the descriptive name of anion
exclusion. Anions, having the same charge as any clays or zeolites in the soil,
are repelled by clays—and perhaps zeolites—and are effectively prevented
from entering into the intragranular porosity of the soil particles.
To calculate the value of anion exclusion in our ongoing experiment, we
fit separately the elution data for 36C1 and tritium to a numerical equation
such as Sauty's two-dimensional solutions for instantaneous tracer injection
in a radial converging flow field.57 We then use the difference in the two
generated curves to calculate an exclusion volume.
Figure 5.13 contains the tritium and 36C1 data as well as the Sauty
numerical solution with Peclet number of 6. The dimensionless time (Tr)
given in the upper abscissa is used to define the Sauty curve shown as a solid
line on this figure. The ordinates and abscissas for the tritium and 36C1 data
have each been adjusted HO that the data best fit this Sauty curve. We gave
preference to fitting the tail of the curve rather than the leading edge. Note
that on the lower abscissa the volume pumped is different for tritium and
36
C1: tritium full scale is ~16. and 36C1 full scale is -22.
The T r equals 1 for the time required to pump the volume of water
contained in a imaginary cylinder whose radius is equal to the distance from
the source term to the well. The volume of water from which the chloride
ion is excluded is the difference in volumes for T r = 1 on the :ieCl curve
122
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Fig. 5.13. Chlorine-36 and
tritium data are compared to a
Sauty curve.
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(6.5 x 106 m3) and on the tritium curve (8.8 x 106 m3). From these values, we
calculate that the chloride exclusion volume is 2.1 x 106 m;'. We can estimate
the mass of the alluvium contained in the same imaginary cylinder by using
some of the known or estimated properties of alluvium. The bulk density of
the alluvium (1.46 g/cm3) is calculated from the grain density (2.51 g/cm 3 ),
which was determined on a side-wall sample taken from 260-m depth in Well
RNM-1. This number, combined with an estimated porosity (~0.42 total) for
inter- and intragranular porosity,58 yields a mass of alluvium of 2.99 x 1010 kg
in this cylinder. Anion exclusion, by convention, is listed as milliliters of
liquid excluded by 100 g of soil. Thus, the calculated anion exclusion of the
alluvium at the NTS is 7.0 mf/100 g. Thomas and Swoboda56 found that
anion exclusion for various soils varies from 3.7 m£/100 g for sandy loam soil
to 20 m^/100 g for clay that was 40% moptmorillonite. An alluvium had an
anion exclusion of 3.9 m£/100 g—a value somewhat lower but comparable
to the ones we calculate.
We had reported earlier that as pumping continues, a Sauty curve with
a lower Peclet number best fits the latest portion of the elution data.58 The
calculated dispersivity, correspondingly, increases with time of pumping- an
effect that has sometimes been called a "scaling effect" of dispersivities in
field experiments. A Peclet number of 6 corresponds to a dispersivity of
15.1 ni for the geometry of this experiment, whereas a Peclet number of 10
corresponds to a dispersivity of 9.1 m. Matheron and de Marsily propose
thai the scaling effect observed in field experiments is an artifact of the
model and that the convection-diffusion equation will not fit the transport
of solutes except for large distances or long times because diffusion behavior
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is not homogeneous in three dimensions.59 They suggest that all media are
layered to some extent and that the different dispersivities of each of the
horizontal layers as well as the vertical velocities must be considered.
The present field experiment presents an opportunity to model the
transport of solutes in a relatively homogeneous—but layered—media.
We are developing methods to calculate dispersivities as a function of
concentration of the solute on the Sauty curve at different times. Such
calculations will show if an asymptotic macrodispersion of Matheron and
de Marsily59 is ever reached as the experiment continues. We will gain
an additional important benefit from continuing this experiment until it is
successfully modeled: it can then be used to validate codes that will be
incorporated in calculations of possible radionuclide transport from a highlevel nuclear waste repository.
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Molecular Hydrogen Binding To Transition Metals:
Stereochemical Control And Bonding Model
Gregory J. Kubas, Robert R. Ryan, Clifford J. Unkefer, P. Jeffrey Hay,
Edward M. Kober, and G. Rattan K. Khalsa

Hydrogen (H2) is an important energy-related molecule in catalytic
processes that are employed by the petrochemical industry; hydrogen is also
being considered for fuel use. Until recently, it has been thought that initial
cleavage of the strong H-H bond in H2 by metals or metal complexes was
essential to promote reaction of hydrogen with other molecules. However,
our unexpected discovery of stable binding of an intact H2 molecule to metal
complexes6061 indicates that past ideas concerning the activation of H-H
(and conceivably other a bonds, for example, C-H and C-C) and catalytic
mechanisms must be reevaluated. There is a possibility that complete
scission of H2 to hydride ligands on a metal center is not a prerequisite in
nydrogenation. The H-H ligand—heretofore thought only a transient species
in H-H bond cleavage conceivably can transfer hydrogen atoms directly
to a substrate, and deprotonation of H2 ligands has been demonstrated.62
In hydrogen storage, significantly higher loadings theoretically could be
attained by binding H2 molecules rather than hydrogen atoms to metals.
Thus, we are delineating the steric and electronic factors that favor molecular
coordination and their relationship to the bonding model proposed for M-H2.
Since our rinding of W(CO) 3 (PR 3 ) 2 (H 2 ), over 40 new transition metal
H2 complexes have been reported by researchers worldwide. Significantly,
several complexes previously thought to be polyhydrides actually contain
molecular hydrogen, and chemically bound Ho has been observed on
metal surfaces. We have established that a tautomeric relationship can
exist between dihydrogen and dihydride forms of the same complex and
that solution and solid state structures can even vary.61 Under certain
circumstances, there is little energy difference between the two forms.
Theoretical calculations indicate that side-on bonding of H2 involves
primarily donation of a electrons from H2 to the metal; however, some
backbonding from metal to the antibonding a* orbital of H2 is also present
(Fig. 6.1) (Ref. 63). Hydrogen bound to a metal represents the first
example of intermolecular coordination of a a bond to a metal. A very
important consideration is the electronic and steric influences of ancillary
ligands in stabilizing H2 coordination along the reaction coordinate to
dihydride formation. Assuming the above model is correct, an increase in
the basicity of the metal center in H2 complexes would be expected to lead
to H-H bond cleavage because of higher M—> a* donation. In the series
Mo(CO)xPs-xH2 (where P= phosphine donor ligand), H2 ligands are present
until the strong 7r-acceptor carbonyls are completely substituted by electrondonating phosphines [MoH2(PMe3)5 is a known seven-coordinate dihydride].
Steric factors may also be important in preventing H-H cleavage, especially
because many H2 complexes contain relatively bulky phosphine co-ligands.
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Fig. 6 . 1 . This bonding model is
proposed for H 2 coordination to a
metal complex.

To define the steric and electronic requirements for H2 binding vs hydride
binding, we synthesized a series of complexes, M Q ( C O ) ( R 2 P C 2 H 4 P R 2 ) 2 H 2 ,
wherein we found that the coordination mode depends upon the nature of
R in the chelating phosphine (Fig. 6.2). For R = Ph (phenyl), the overall
coordination geometry was octahedral with a labile H2 ligand trans to the
CO (Ref. 64). However, for more electron-donating ligands [for instance,
R = Et (ethyl)], *H NMR measurements showed a quintet signal (coupling
to 3 1 P), which was consistent with two hydride ligands rather than an
H2. The x-ray studies of MoE2(CO)(Et2PC2H4PEt2)2 confirmed a sevencoordinate pentagonal bipyramidal structure similar to that for the dihydride
MoH2(PMe3)5, where the CO is in an axial position perpendicular to the
plane containing distal hydrides (Fig. 6.3). Interestingly, the proton NMR
relaxation time, Ti, for this dihydride (370 ms) is not as high as that for a
typical hydride (~1 s), and very short Tx values (<200 ms) are diagnostic
of H2 ligands.62 Also, in solution the hydride ligands slowly eliminate as
H2 under vacuum, vhich is characteristic of molecular binding. Thus, a
small equilibrium amount of H2 tautomer may be present in solution [for
W(CO)3(PR3)2(H2), the dihydride tautomer was the minor species]. To
determine if H2 binding is stabilized by sterically crowded metal centers,
we prepared a complex with bulkier alkyl groups, R = isobutyl, on the
phosphines (the size of P-i-Bu3 is similar to that of PPh 3 ). The complex's
X
H NMR signal was identical to that of the Et complex (although the Ti
was now 200 ms, in the "gray area" betv/een H2 and hydride ligands), and
H2 dissociated rapidly in a vacuum, which is possibly indicative of greater
solution amounts of H2 complex. However, IR evidence ("MOH) showed that
the solid state structure is basically sirrilar to that for the Et complex.
These data suggest that, in agreement wRh theory, increasing the basicity
of the ancillary ligands is the prime factor in promoting oxidative addition
of the dihydrogen and that steric influences are of much less consequence.
We have not yet adequately tested whether sterically demanding ligands are
important in imparting thermal stability to H2 complexes.
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As a measure of the electron richness of binding sites of metal complexes,
Morris studied I/NN of a variety of N2 complexes and proposed that thermally
stable molecular hydrogen complexes should be obtained (on replacement of
the N 2 by H2) when J/NN is in the range of 2060 to 2160 cm"1 vs hydrides
when t/NN is <2060 cm" 1 (a relatively electron-rich metal center).65 The
I/NN for the N2 analog of Mo(H2)(CO)(Ph2PC2H4PPh2)2, 2090 cm" 1 , is
well within the frequency range for stable H2 complexes, whereas that for
R = Bu1 (2060 cm" 1 ) is on the dihydrogen/dihydride borderline, and that
for R = Et (2050 cm" 1 ) is just inside the hydride range. These data fit
remarkably well with the observed structures of MoH2(CO)(R'jPC2H4PR2)2.
We have also made SO2 analogs to determine if a correlation with M-SO2
geometry (/^-planar vs T)2) exists. However, the SO2 was ^-planar bound
for all of the d6 Group 6 complexes. We found a correlation of dihydrogen
vs dihydride binding with L>SO: VSO were 1209 and 1052 cm" 1 for the
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SO2 analog of Mo(rr-H 2 )(CO)(Ph 2 PC 2 H 4 PPh 2 ) 2 , but the frequencies were
significantly lower (1164 and 1038 cm"1) when SO2 replaced the hydrides in
MoH 2 (CO)(Et 2 PC 2 H 4 PEt 2 ),.
We have previously noted that W(CO)3(PR;i)2(H2) reacts with D2
within days to give statistical amounts of HD, even in solid-gas reactions.
This is inexplicable in terms of normal isotopic exchange mechanisms
(for example, simultaneous coordination of H2 and D2 followed by bond
rearrangement) because of the apparent unavailability of a coordination
site for D2.
Further experiments have shown that the complexes
scramble 1:1H2/D2 mixtures catalytically. Solid MoH2(CO)(R2PC2H4PR.2)2
complexes also give H/D exchange, as expected, and we observed a faster rate
for the dihydrogen species (R = Ph) than for the hydride (R = Et). Using
Cr(CO)4 fragments as models, we have also carried out theoretical studies
of this exchange. Polyhydrogen species such as H3 were even considered as
potential intermediates. However, we have not yet identified a satisfactory
mechanism for our systems.
In conclusion, we now know that H2 (rather than dihydride) binding can
be controlled by suitable manipulation of the electronic properties of the coliganc's and that this effect is quite subtle. We have in progress further
ligand variation experiments to determine if systems can be designed right
at the crossover point to study the complete range of dihydrogen:dihydride
equilibria. We will perform a thorough study of the H/D exchange
phenomenon to determine if bound H2 can react with D2 without initial
coordination of D2.
Transition Metal Complex Reactions with SO2: Oxygen Transfer Under Mild Conditions
Kimberly A. Kubat-Martin, Gregory J. Kubas, Robert R. Ryan, and Elizabeth Larson

Recently, we have been examining the reactions of SO2 with transition
metal hydride complexes with the goal of reducing this atmospheric pollutant
and ultimately converting it to sulfur and water. Partial SO2 reduction has
been achieved with the formation of the thiosulfatc complex Cp2M(S2O3)
[M = molybdenum or tungsten; Cp = (r/5-C5H5)] and water from Cp2MH2
and SO2 (Ref. 66). We have also isolated CpMo(CO)3(S02H), the first
definitively characterized product of SO2 insertion into a M-H bond.07
As part of our continuing investigation of SO? reaction chemistry and
S-0 bond activation, we have added SO2 to solutions of Cp*Ru(CO)2H,
where Cp* = (rj5-C5Me5). Nuclear magnetic resonance (NMR) experiments
revealed that two products are formed in this reaction and that their relative
yields do not change, even with the addition of varying concentrations of
SO2. These same two products are formed in a variety of polar and nonpolar
solvents, but we have observed that the reaction is "aster in polar solvents.
The reaction is also ba.se catalyzed.
A single-crystal x-ray diffraction study of the fiist complex we isolated
showed it to be the insertion/oxygen transfer complex Cp*Ru(CO)2SO3H
[Fig. 6.4(a)]. rather than the anticipated simple insertion system.
Cp*Ru(CO)2SO2H. A 'H NMR spectrum of this insertion/oxygen transfer
species displayed a Cp* peak at /> 1.93 ppm (15 H) f.nd an -OH resonance
at fi 6.67 ppm (1 H). This minor resonance shifted (indicating exchange of
the -OH) to approximately (S 4.47 ppm as water was added to the sample or
130
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Fig. 6.4. Molecular
configurations and selected
distances and angles are displayed
for (a) Cp*Ru(CO)2SOjH and
(b) [Cp*Ru(CO)2]2SSO3. Each
is shown with 50% probability
atomic ellipsoids.

when the solution was made more concentrated by the addition of more solid
sample to the NMR tube. These results are in agreement with the findings
of Wojcicki and co-workers in their examination of CpFe(CO)2SO3H, which
they formed by the reversible hydrolysis of CpFe(CO)2SO3R (Ref. 68).
Additional proton NMR studies also revealed that SO3 docs not react
with Cp*Ru(C0)2H to form Cp'Ru(CO) 2 SO 3 H and that Cp*Ru(CO)2SO3H
does not further react with S0 2 .
As the extra oxygen for the formation of the SO3H ligand in
Cp'Ru(CO)2SO3H could come from several sources (adventitious water, 0 2 ,
or a second S0 2 ), we carried out the reaction of the starting hydride with
SlsO-j. In this labeling study, infrared spectral evidence demonstrated that
the source of oxygen for the formation of S0 :! from S0 2 is SO2 itself.
In view of the self-oxidation of SO2 to S0 3 in Cp*Ru(CO)2SO3H.
the identification of the second product was of considerable interest. We
separated this complex from Cp*Ru(CO)2SO3H by column chromatography.
A single-crystal x-ray diffraction study showed that this second product is
[Cp*Ru(CO)2]2SSO3, a bimetallic complex containing a bridging thiosulfate
ligand [Fig. 6.4(b)].
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As with Cp*Ru(CO)2SO3H, a labeling/infrared spectroscopic study
demonstrated that the source of oxygen in the formation of the SSO3 ligand
is SO 2 . In addition, NMR experiments indicated that [Cp*Ru(CO)2]2SSO3
does not further react with SO2.
With the identification of both products, we can v/rite a balanced
equation for the overall reaction:
3Cp"Ru(CO)2H + 3SO2 — Cp*Ru(CO)2SO3H
+ [Cp*Ru(CO)2]2SSO3 + H2 .
We have observed dihydrogen as a product of the reaction of
Cp*Ru(CO)2H and SO2, but we have not yet quantified the amount of
hydrogen produced.
The ability of SO2 to function as an oxygen transfer agent in
organometallic systems has been previously established with the oxidation of
CS2 in Pt(r?2-CS2)(PPh3)2 by SO2 to form Pt(7?2-CS2O) (PPh 3 ) 2 + S + S0 3
(Ref. 69). More recently, we have investigated a molybdenum sulfide system
that also effects net SO2 disproportionation. The complex Cp*2Mo2(/i-S2)(/iS)2, which we had previously studied as a catalyst for SO2 reduction by
hydrogen,70 reversibly coordinates SO2 to a bridging sulfide ligand as shown
by x-ray crystallography [Fig. 6.5(a)]. This Lewis acid-base adduct is very
labile and stable only in the presence of excess SO2. Proton NMR showed
that a new, very stable species formed quantitatively when a solution of
Cp*2Mo2(/i-S2)(/x-S)(/i-S-SO2) was allowed to stand for several hours. Our
x-ray diffraction studies identified this new complex as CP* 2 MO 2 (M-S2)(MS)(/z-SSO3) [Fig. 6.5(a)], which possesses a structure similar to that of the
SO2 adduct [Fig. 6.5(a)], except that it contains a bridging thiosulfate ligand
(SSO3 or S2O3) instead of the bridging SSO 2 group. Elemental sulfur was
a co-product, which indicates that S0 2 was the source of oxygen in the S0 3
unit; S18O2 labeling/infrared spectral studies confirmed this finding. The
net reaction therefore is
M0-SSO2 + 0.5SO2 —> Mo-SS03 + 0.5S
The rate of this reaction is highly dependent on solvent polarity and
the presence of Lewis bases. In liquid SO2 containing Et3N, the reaction is
complete within minutes, but in benzene (with or without base) no reaction
occurs. We still do not know what this means in terms of mechanistic
considerations, but perhaps the SO2 is activated by the base and polar
solvents, which also may aid in stabilizing an intermediate. When we used
an analogous complex containing a bridging -S-CH2-S- unit instead of the
M-S2 ligand, an SO2 adduct formed but oxygen transfer to thiosulfate did not
occur. Thus electronic and/or steric considerations at the metal center are
also important. We have found that the S2O3 complex can also be prepared
in low yield directly from SO3 addition to Cp'2Mo2(/z-S2)(/i-S)2, and other
researchers have shown that it can be formed by air oxidation.71 We have
also demonstrated that the thiosulfate species can be readily reduced back to
Cp*2Mo2(/i-S2)(/i-S)2 by hydrogen. This fact is highly significant in regard
to possible mechanisms for the catalytic SO 2 /H 2 reaction.70
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Fig. 6,5. Molecular
configurations are displayed for
(a) Cp* 2 Mo 2 (^S 2 )( M -S)(/iSSO 2 ) and (b) Cp* 2 Mo 2 (/iSUKM-SKJJ-SSOS). Each is

shown with 50% probability
atomic ellipsoids.

The formation of SO3 moieties from SO2 under nonforcing conditions
is surprising and may be relevant to S(IV)-S(VI) oxidation processes such
as those occurring in acid precipitation phenomena and Li-SO2 batteries.
The fact that the thiosulfate ligand often forms in SO2 reactions with
organometallic complexes indicates that it may act as a thermodynamic sink.
Our future work will focus on the reactivity patterns of Cp*Ru(CO)2SO3H,
[Cp'Ru(CO)2]2SSO3, Cp'2Mo2(/i-S2)(^-S)(/z-S.SO2), and Cp'2Mo2(/i-S2)(//S)(/i-SSO3) as well as additional investigations of reactions of SO2 with other
transition metal hydrides.
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Actinide and Lanthanide Phosphido Complexes
Alfred P. Sattelberger, John C. Huffman,* Robert R. Ryan,
Kenneth V. Salazar, and William G. Van Der Sluys

In a recent paper, we reported the syntheses of Cp*2Th(PR2)2(Cp* =
7/5-C5Me5; R = Ph, Et), the first well-characterized actinide phosphido
complexes.72 These mouonuclear alkyl and aryl phosphides are useful in the
synthesis of actinide-transition metal heterobimetallic complexes of the type
Cp*2Th(/(-PR2)>MLn (Ref. 73) and are easily prepared from readily available
starting materials in toluene [Eq. (1)].
PhCHa

Cp*2ThCla + 2 LiPR2

>Cp* 2 Th(PR 2 ) 2 + 2 LiCl

(1)

We extended this synthetic approach to uranium chemistry with
only partial success. The uranium halidc Cp*2UCl2 does react with
LiPEt2 in toluene to provide the black, air-sensitive uranium(IV)
diethylphosphido complex Cp*2U(PEt2)a in 50% yield. Attempts to prepare
the diphenylphosphido analogue by the same procedure were unsuccessful
because this phosphide reagent reduces uranium(IV) to urariium(III).
Treatment of Cp*2UCl2 with one equivalent of LiPPh2 in toluene, followed by
solvent removal and extraction of the residue with diethyl ether, provides the
green, air-sensitive uranium(lll) adduct Cp*2U(/i-Cl)2Li(OEt2)2 in ~50%
yield [(Eq. (2)].
PhCHa

Cp*2UCl2 + LiPPh2

>Cp*2UCl + LiCl + [-PPh2]
I OEt2
Cp'2U(fi-Cl)2Li(OEt2)2

(2)

Figure 6.6 is an ORTEP drawing of this molecule. Alkali halide aciducts of
this type arc well known in lanthanide chemistry, but this is the first example
in uranium chemistry.
At approximately the same time we discovered that Cp*2U(PPha)2 could
not be made by metathesis of the dichloride, we were investigating some
reactions of the thorium phosphido complexes mentioned above. Pertinent
here are our observations that hexane solutions of Cp*2Th(PEt2)2 react
rapidly with dihydrogen to form Cp*2ThH2 and free phosphinc [Eq. (3)],
whereas Cp*2Th(PPh2)2 is stable indefinitely under H2 [Eq. (4)].
Cp* 2 Th(PEt 2 ) 2

>Cp*2ThH2 + 2HPEt 2

(3)

CnH,,

Cp* 2 Th(PPh 2 ) 2 + H2

> no reaction

(4)

These observations immediately lead to the prediction that HPPh 2 (pKa =
21.7). a much stronger acid than HP.2t2 (pKa = 33.7). should be readily
* Department of Chemistry, Indinnn University. Bloouiington. Indiana 47405
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Fig. 6.6. This ORTEP drawing
shows the molecular structure
of the uranium(lll) complex,
(C 5 Me 5 ) 2 U(/i-CI) 2 Li(OEt 2 ) 2 .

deprotonated by the basic hydride ligands of Cp*2ThH2. This is the case;
Cp* 2 Th(PPh 2 ) 2 is formed, in quantitative yield, within a few minutes after
Cp*2ThH2 is mixed with two equivalents of HPPh2 in toluene. This acid-base
approach works equally well in uranium chemistry and provides a high-yield
route to black crystalline Cp* 2 U(PPh 2 ) 2 [Eq. (5)].
PhCH 3

Cp* 2 UH 2

2 HPPh2

•CV 2 U(PPh 2 ) 2 + 2 H2

(5)
Both of the new uranium phosphido complexes have been characterized
by elemental analysis, 'H NMR, and infrared spectroscopy (virtually
superimposable with the IR. spectra of their thorium analogues). An
interesting feature of the isotropically shifted proton NMR spectra of these
paramagnetic monomers is the absence of any observable scalar coupling
to phosphorus. For example, the J H NMR spectrum of Cp*2U(PEt2)2
in benzene-d6 shows a pentamethylcyclopentadienyl singlet at 6 7.42, a
methylene quartet (JHH- = 7.2 Hz) at 6 0.21, and a methyl triplet (J H H- =
7.2 Hz) at 6 -15.79.
Following our success with the acid-base approach to terminal
diphenylphosphido complexes in 5f-element chemistry, we prepared
the first monomeric lanthanide phosphido complexes of the type
Cp*2Ln(PPh2). Treating the lanthanide hydride complexes Cp*2LnH,
where Ln = lanthanum, neodymium, or lutetium,74 with one equivalent
of diphenylphosphine in hexane leads to rapid evolution of hydrogen and
quantitative formation of the desired Cp*2Ln(PPh2) complexes [Eq. (6)],
which are isolated by evaporation of the solvent.
CfiH,,

Cp*2LnH + HPPh2

>Cp* 2 Ln(PPh 2 ) + H2

(6)

The diamagnetic lanthanum and lutetium complexes are orange, and the
paramagnetic (4P) neodymium complex is red. All three of these exceedingly
air-sensitive complexes have been characterized by elemental analyses,
infrared spectroscopy. and 'H NMR, and in the cases where Ln = lanthanum
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or neodymium, by x-ray crystallography. Figure 6.7 shows an ORTEP
drawing of the lanthanum complex as well as key bond distances and angles
for both complexes; the structure of the neodymium complex is almost
identical and the same numbering scheme was used for both complexes. The
structure contains two r?5-C5Me5 rings and a pyramidal PPh 2 ligand. The
La-P and Nd-P distances are 3.009(1) and 2.921(3) A, respectively. The
difference in these values (0.09 A) is essentially equal to the difference in
Ln 3+ ionic radii. The orientations of the two phosphido phenyl rings are
particularly noteworthy. From the metrical parameters given in Fig. 6.7, it
is clear that the ring containing C21 and C26 interacts strongly with the
metal center, whereas the other ring, containing C27, does not. The specific
nature of the interaction is donation of electron density from the ortho or
C21-H bond of the phenyl ring to the metal. We argue that this "agostic"
C-H interaction is a response to what otherwise would be a coordinatively
unsaturated (seven-coordinate) 4f-metal center. Interactions of this type are
necessarily weak, and we have not been able to "freeze out" the solid state
structure in solution in the temperature range from 25 to ~90°C.
The use of actinide and lanthanide hydrides as strong bases capable of
deprotonating weakly acidic substrates holds great promise in synthetic felement chemistry. We should, for example, be able to activate any main
group- or transition metal-hydrogen bond whose pKa is less than 25. Some of
the many possibilities include H2PPh, HAsPh2) C5H6, and Cp*Ru(CO)2H,
(C5H5)Mo(Ai-S)2(M-SH)2Mo(C5H5), and Ni(CO) 2 (PPh 2 H) 2 . Further studies
of these acid-base reactions, as well as investigations of the reactions of Anand Ln-PPh2 linkages, are in progress.
Fig. 6.7. This ORTEP
drawing shows the structure of
(C 5 Me 5 ) 2 La(PPh 2 ).

Ln=La
La-P 3.009(l)A
La-C21 2.96(1)
La-C26 3.03(1)
La-P-C26 73.1(3)°
La-P-C27 119.2(4)
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Ln=Nd
Nd-P 2.921(3)
Nd-C21 2.97(1)
Nd-C26 3.04(1)
Nd-P-C26 75.9(4)
Nd-P-C27 121.8(4)
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Mono(Cyclooctatetraenyl) Thorium(IV) and Uranium(SV) Chemistry: Synthesis
and Characterization of the Seven-Coordinate Diamides ( C g H g J A n ^ S i f V ^ ^ k
Alfred P. Sattelberger, Robert R. Ryan, and Thomas M. Gilbert

Much of the current activity in actinide organometallic chemistry,
that is, the chemistry of actinide compounds containing actinide-to-carbon
bonds, is predicated on the belief that the larger size of actinide ions
and the availability of 5f-valence orbitals will engender chemistry that is
quite different from d-element (transition metal) chemistry. The large
size of actinide ions permits coordination numbers and geometries that
are either unprecedented or rare for d-element ions. The availability of
5f-orbitals means that there are more metal-ligand bonding possibilities and
an ionic character in the bonding that leads to electrophilic metal centers
and nucleophilic ligand centers. In this article we discuss an interesting
manifestation of these predictions.
For the past two years, we have been exploring the synthetic, structural,
and reaction chemistry of actinide organometallic complexes that contain a
single 7r-bonded cyclooctatetraenyl ring (C8H8~). Our starting materials
for these studies are the (C8H8)AnCl2(THF)2 complexes (where An =
thorium or uranium; THF = tetrahydrofuran) originally prepared by
Streitwieser and coworkers.75'76 In two recent publications, we showed how
the thorium compound could be converted into new complexes of the type
(C8H8)(C5Me5)ThX (where X = halide, alkyl, or amide) upon treatment
with C5Me5MgCl-THF and subsequent metathesis with LiR or NaNR2
reagents.7778 We have also prepared similar complexes of uranium(IV).
These (C8H8)(C5Me5)AnX molecules are important because they contain
a single reactive site on the metal (that is, the X ligand), and a study of
their reaction chemistry will provide important information about actinidemediated transformations as a function of the actinide. This chemistry is
being developed and will be described in a future annual report. Here,
we discuss our preliminary results on a second project associated with the
(CgH8)AnCl2(THF)2 complexes—a project to synthesize and characterize
coordinatively unsaturated, and presumably very reactive, (C8H8)AnL2
systems where L is a monodentate, anionic ligand.
We initially focused our efforts on the preparation of alkyl complexes,
(C8H8)ThR2, where R is a bulky alkyl group. Both (C 8 H 8 )ThCl 2 (THF) 2
and (C8H8)UC12(THF)2 react readily with alkyl lithium reagents at low
temperature in diethyl ether [Eq. (1)], but the products of these reactions
decompose when the solutions are warmed to room temperature.
OEt 2

(C8H*)AnCl2(THF)2 + 2 LIR

-78nC

->(C8H8)AnR2
+ 2 LiCl + 2 THF

(1)

The stability of the alkylation product was related to the steric bulk of
the alkyl ligand. For example, the products obtained upon treatment
of (C8Hs)AnCl2(THF)2 with two equivalents of LiCH2SiMe3 decomposed
qualitatively more rapidly than the products obtained upon treatment with
LiCH(SiMe3)2 did.
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The decomposition of the (C8H8)AnR2 complexes is probably a
combination of thermodynamic and kinetic factors. We can improve
the former by changing L to NR2 because actinide-amide-nitrogen
bond disruption enthalpies are ~15 kcal higher than those of actinide
alkylfi.79 Accordingly, we found that metathesis of the chloride ligands
of (C8H8)AnCl2(THF)2 in toluene with two equivalents of NaN(SiMe3)2
[(Eq. (2)] gave the heptane-soluble diamide complexes (C8H8)An[N(SiMe3)]2
(where An = thorium, 1; M = uranium, 2) in >70% yield.
PI1CH3

(C8H8)AnCl2(THF)2 + 2NaN(SiMe3)2

>(C8Hs)An[N(SiMe3)2]2
o°c

+ 2 NaCl + 2 THF

(2)

In contrast to the aforementioned alkyl derivatives, these new amide
complexes are readily isolated after filtration and evaporation of the solvent
as analytically pure white (An = thorium) and deep red (An = uranium)
crystalline solids. These compounds are stable indefinitely in the absence
of oxygen and water and can even be sublimed under high vacuum at
60 to 70°C. Proton and 13C NMR data are consistent with a monomeric
seven-coordinate formulation (the planar cyclooctatetraenyl ligand,
a i0-7r-electron system, is considered a pentadentate ligand), and the IR
spectra of 1 and 2 are virtually superimposable. A strong band near
720 cm"1, which is characteristic of the 7r-bonded cyclooctatetraenyl ring,
appears in both spectra.
Because seven-coordinate complexes are very rare in actinide chemistry,
we were especially interested in obtaining the solid state structure of
one of the complexes. Suitable crystals of the thorium derivative were
obtained by cooling saturated heptane solutions of the complex to -40° C
and the structure was solved from >--ray diffraction data collected at room
temperature. Figures 6.8 and 6.9 show ORTEP drawings of the complex.
The carbon atoms of the cyclooctatetraenyl ring are planar to within
0.05 A, and the thorium atom lies 2.04 A from the centroid of the ring;
the average metal-to-ring carbon distance is 2.75(2) A. The thorium atom
is also bound to two amide ligand nitrogen atoms at an average distance of
2.34(1) A. Examination of Fig. 6.9 clearly shows that the amide ligands are
skewed and that the 12 silyl carbon atoms are not chemically equivalent.
Inspection of the coordination geometry around the metal center also shows
that one carbon atom of each silyl amide ligand (C3 and C'8) is directed
toward the thorium in such a way as to mini'c a "'four-legged piano stool"
with trans nitrogen atoms and trans carbon atoms. The distances from the
thorium atom to carbons C3 and C8 are 3.15(2) and 3.04(1) A, respectively,
and the distances to the other amide carbon atoms arc greater than 4.07 A.
Several amide-ligand angles reflect these interactions with C3 and C8: the
Nl-Sil-C'3 and N2-Si3-C8 angles are 107.2(6) and 108.1(6)° respectively,
whereas the remaining N-Si-C angles average 112.9(6)°: the Th-Nl-Sil and
Th-N2-Si3 angies average 108.7(5)°, and the Th-Nl-Si2 and Th-N2-Si4
angles average to 132.6(5)°. We found evidence for some of the hydrogen
atoms of the amide ligands in difference Fourier maps but did not include
them in the refinement because of the somewhat large thermal motion of
both ring and amide ligand carbon atoms and the general difficulty of refining
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Fig. 6.8. The ORTEP drawing
shows the molecular structure of
the nonhydrogen atoms in 1.

F i g . 6.9. In this ORTEP drawing
of 1 , the C 8 H 8 ring has been
removed and the view is down
the ( C 8 H 8 ) T h axis.

x-ray-derived hydrogen positional parameters in the presence of an actinide.
However, considering the metrical parameters associated with C3 and C8,
there is no doubt that the thorium atom is interacting with the C3-H and
C8-H bonds to minimize the coordinative unsaturation inherent in the sevencoordinate structure. The symmetrical nature of the ligand distortion about
thorium probably results from steric considerations.
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We attempted to "freeze out" the solid state structure in solution by
observing the 1H and ^f 1 !!} NMR spectra from room temperature down to
-120°C. At the latter temperature, the resonances for 1 that correspond to
the silyl methyl groups in both spectra were clearly broadened, but the peak
positions and the carbon-hydrogen coupling constant were unexceptional.
We also obtained the XH and 13C{'H} NMR spectra of paramagnetic 2
because we anticipated that a greater chemical shift difference between
"coordinated" and uncoordinated silyl methyl groups would raise the
coalescence temperature above -120°C. In fact, the coalescence region for 2
is near -120°C, and very broad features were observed in the appropriate
regions. Assuming three distinct methyl sites and a large chemical shift
difference (>500 Hz), we found that a rough calculation leads to AG{53 « 7
to 8 kcal for exchange of coordinated and uncoordinated silyl methyl groups.
In the study noted above,79 the thorium-nitrogen and thorium-hydrogen
bonds were of nearly equal strength; the thorium-nitrogen bond was perhaps
slightly stronger. In keeping with this result, we find that the amide complex
1 does not react with H2, even at elevated temperatures.
We have shown that the chloride ligands of actinide "half-sandwich"
complexes can be metathesized to provide base-free "half-sandwich" diamide
compounds. The diffraction study indicates a remarkable feature of this
class: rather than exist as simple seven-coordinate compounds, the metal
center pulls in electron density from C-H bonds (far removed from the
actinide center!) to complete its coordination sphere. From our solution
NMR studies, we know this interaction is a weak one and expect that 1
and 2 (and analogous diamide derivatives) will be reactive species. Further
studies are in progress.
Further Evidence for the Similarity Between Plutonium(IV) Colloid and Plutonium Dioxide
David E. Hobart, David E. Morris, Phillip D. Palmer, and Thomas W. Newton*

It has long been known that aqueous plutonium(IV) forms colloids under
appropriate chemical conditions.80 This material is often called "polymeric"
plutonium(IV), but "colloid" or "colloidal" is the preferable label so that
we do not necessarily imply that the material has a chain-like structure.
The colloid can form solution-like sols that are optically clear, display a
characteristic absorption spectrum, and do not settle out when they stand
for long periods. The plutonium(IV) colloid is of particular interest in
nuclear waste management because it is one of the dominant forms of
plutonium under chemical conditions that are similar to those found in the
environment. This material is also interesting because of its formation in
process streams and when used in the production of nuclear fuel elements
by sol-gel processes.81 We are currently investigating the formation and
stability of plutonium(IV) colloid and characterizing the chemical and
physical properties of the colloid. In this article, we discuss some recent
results pertaining to the chemical characterization of plutonium(IV) colloid.
One of the most important, yet relatively unexplored, aspects in the
chemical characterization of plutonium(IV) colloid is the determination of
the colloid structure. Several direct structural probes have been used;
* Guest Scientist of the Isotope and Nuclear Chemistry Division
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however, in the published structural studies 8182 it has been necessary (for
experimental reasons) to examine the colloid in a dried form. Recently, we
have attempted to deduce structural information for plutonium(IV) colloid
suspended in solution; we used electronic spectroscopy as a probe and
compared spectral data for the colloid with that obtained for other complexes
of plutonium(IV).
We prepared and purified colloidal sols of plutonium(IV) and the
solid complexes Pu(C2O4)2-6H2O and Pu(SO4)2-4H2O according to standard
procedures described in Ref. 83. Samples of high-fired PuO 2 were obtained
from the Materials and Science Technology Division of Los Alamos National
Laboratory. J. D. Farr of Los Alamos generously provided us with a PUF4
sample. The electronic spectroscopic studies were carried out using a Varian
Cary Model 17D UV-Vis-NIR spectrophotometer. For the colloidal sols,
the instrument was operated in the standard absorption mode; however,
because of the insolubility of PuO 2 and Pu(C2O4)2 and the opacity of
these materials as finely divided solids, it was necessary to obtain the
electronic spectra by diffuse reflectance methods. The electronic spectra of
PuF 4 and Pu(SO 4 ) 2 were also obtained by diffuse reflectance. We obtained
the custom-designed diffuse reflectance attachment for the Varian Cary
spectrophotometer on loan from Jack Young of the Analytical Chemistry
Division of Oak Ridge National Laboratory. With the reflectance apparatus
in place, the instrument was also operated in the dual-beam absorption
mode. We placed neutral-density screen filters in the reference beam of the
spectrophotometer and adjusted the absorbance electronically as necessary
to keep the signal output within the absorbance range of the instrument.
When the electronic absorption spectrum of plutonium(IV) colloid is
compared with that obtained for the aquated Pu 4+ ion, it is clear that
there are numerous differences between these spectra. This suggests that
there are significant variations in the environments of these two tetravalent
plutonium species. In particular, the most prominent visible absorption
bands for pmtonium(IV) colloid occur at ~580, ~615, and ~740 nm, whereas
the major visible absorption bands for aq. ited Pu 4+ are at ~470, ~550,
~660, and ~800 nm. In contrast to these marked differences between the
spectra for the colloid and those for aquated Pu 4+ , the band maxima for
plutonium(IV) colloid are strongly correlated with the band maxima in the
diffuse reflectance spectrum of high-fired PuO 2 in both the visible and nearinfrared spectral regions (Fig. 6.10).
It should be emphasized here that diffuse reflectance spectroscopy
provides the same information as absorption spectroscopy with respect
to the energies of the transitions between energy levels in the analyte.
Thus, we would expect the locations of the bands in the UV-visible-nearinfrared spectral region that arise from electronic transitions would be the
same for any given sample, whether they were determined by absorption
spectroscopy or diffuse reflectance spectroscopy. However, the mechanisms
that determine the intensities in these spectral bands are quite different
for diffuse reflectance than for absorption. For this reason, no useful
comparisons can be made of the intensities in the bands in a reflectance
spectrum and those in an absorption spectrum.
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Fig. 6.10. These spectra
show the absorption of
plutonium(IV) colloidal sol and
diffuse reflectance of high-fired
plutonium dioxide.
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The number of bands in the electronic spectrum of an actinide complex
and the positions of the band maxima depend to a large extent on the
environment of the actinide ion. For this reason, electronic spectroscopy
can be used as a sensitive structural probe. Tetravalent plutonium has a
ground-state electronic configuration (Radon core) 5/ 4 and the electronic
spectrum of uhis ion is dominated by /-/ transitions. In the free-ion case
[that is, where there is no complexation of plutonium(IV)], these transitions
are strictly parity-forbidden. Similarly, for complexed plutonium(IV) in
a sufficiently high-symmetry environment, the electronic transitions from
the ground vibrational level of the ground electronic state to the ground
vibrational level of the excited electronic slate (the so-called electronic origin
transitions) will also be forbidden. In this case, the observed spectral
bands (neglecting any crystal field splittings) are the result of transitions
to other excited vibrational levels in the excited electronic state or other
excited vibrates al levels of the ground electronic state. Such transitions are
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referred to as vibronic transitions. For plutonium(IV) in a low-symmetry
environment, the electronic spectrum can contain both the electronic origin
transition and vibronic transitions.
A thorough interpretation of the electronic spectra of plutoniiun(IV)
complexes would require a complete group theoretical treatment and
additional experimental data. Such a treatment is beyond the scope
of our present work. However, the implication of the above discussion
is that significant differences in the electronic spectra of plutonium(IV)
complexes are expected if the complexes have different site symmetry for
the plutonium(IV) ion and/or if they have different vibrational energy level
spacings, as would result from different complexing ligands or different bond
strengths for bonds to 'he same ligand.
We have obtained the diffuse reflectance spectra of the other
plutonium(lV) complexes, which possess various symmetries and different
vibrational energies, to explore further this correlation between the electronic
spectra and the structure in phitonium(IV) complexes. The crystallographic
symmetry of the oxide complex is face-centered cubic, that of the oxalate
complex is triclinic. and that of the sulfate complex is orthorhombic. The
symmetry o*' the fluoride complex depends on the hydration number and is
unknown for the sample employed in this study. However, it is most likely
that the anhydrous salt is monoclinic. It should be emphasized that the site
symmetry of the plutonium(IV) ion in these complexes is not necessarily the
same as the crystallographic symmetry, but the crystallographic symmetry
is a useful initial point for comparison. The spectra of these complexes are
shown in Figs. 6.11 and 6.12, in which the spectrum of PuO2 serves as a
reference for comparison. These spectral data clearly reveal the variations
in the electronic spectra that result from differences in the symmetry
environment and vibrational energies.
The excellent correlation between the spectrum of plutonium(IV) colloid
and that of high-fired PuO 2 (Fig. 6.10) can be compared to the variations
between the spectra shown in Figs. 6.11 and 6.12. This large degree of
coincidence between the colloid spectrum and the oxide spectrum is strong
evidence that the structure of the colloid is very similar to that of high-fired
PuO 2 . This conclusion has been suggested previously by other researchers on
the basis of x-ray82 and electron81 diiiraction studies.* Furthermore, because
high-fired PuO 2 is a high-symmetry complex, the observed electronic bands
are predominantly due to vibronic transitions. This implies that conclusions
about the structural similarity of the colloid and PuO 2 can be extended to
include similarities in the vibrational energies as well as similarities in the
site symmetry of the plutonium(IV) ion. This conclusion is also supported
by previous infrared spectral studies, wherein it was shown that the two
prominent vibrational modes of PuO2 are also seen at the same energy in the
colloid.84 Thus, these electronic spectral results indicate that plutonium(IV)
colloid, when suspended in solutions, is structurally quite similar to solid
high-fired PuO2.
* Information also provided by A.H. Zelttnann, Los Alamos National Laboratory
(1983).
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Fig. 6.11. Diffuse reflectance
spectra of high-fired plutonium
dioxide, p!utonium(IV) fluoride
and plutonium(lV) sulfate are
plotted here.
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We plan additional structural investigations of plutonium(IV) colloid,
both suspended and isolated from solution, to support the electronic spectral
data presented here. The x-ray diffraction and absorption methods and
Raman spectroscopy will be exploited for these studies: x-ray diffraction
and Raman spectroscopic probes will be used to provide specific structural
information. We will use the Raman technique to probe the lattice
vibrational modes of the colloid for information on crystallinity and longrange order in the colloid and to obtain molecular structural information
for the colloid (for example, the strength of oxygen bonding to plutonium)
through examination of the internal vibrational modes. To fully understand
both x-ray diffraction and Raman spectral results, we will also examine
certain other plutonium(IV) model compounds.
Structural Characterization of Berkelium and Californium Oxalates
David E. Morris, David E. Hobart, George M Begun,* Jack P. Young,* and Richard G. Haire**

The trivalent actinides are readily precipitated from aqueous solution
upon addition of oxalate ion, thus forming the sesquioxalate complexes of
general formula An2ox3-nH20 (ox = CaO^"). The quite low solubility of
these compounds has been exploited for gravimetric determination, group
separation, oxide preparation, and reprocessing of nuclear fuels. These
complexes also serve as prototypes in the fundamental study of hard-oxygendonor bonding to actinide metals. In this respect, the oxalate complexes are
useful models for studying structure and bonding in potentially important
environmental species such as actinide complexes that contain carbonate ion
or humic acid ligands.
Several oxalate complexes of the lighter actinides (thorium through
plutonium) in both the trivalent and the tetravalent oxidation states8*1'86
as well as all the trivalent lanthanides oxalate complexes87 have been
isolated and characterized to varying degrees. The only oxalate complexes
of the heavier actinides that have been studied to any ext nt are these
of americium(III) and curium(III) (Refs. 88 and 89). For the trivalent
sesquioxalate complexes M2ox3nH2O, the hydration number, n, can vary
from 2 to 18. To some extent, the variation in this value is a manifestation
of changes in the crystal and/or molecular structure that are predominantly
attributable to changes in the metal-ion radius. Numerous studies of these
important compounds have been made, in part, to establish a correlation
between the hydration number and the structure.85"89 These studies have
employed thermogravimetry and x-ray diffraction methods; however, other
potentially useful methods of structural characterization, such as Rama,n
spectroscopy. have not been applied.
We are currently studying the entire series of lanthanide and actinide
oxalate complexes. We are employing Raman and solid-state absorption
spectroscopies. in addition to the more conventional probes such as x-ray

* Analytical Chemistry Division. Transuranium Research Laboratory. Oak Ridge
National Laboratory, Oak Ridge. TN 37831
** Chemistry Division. Transuranium Research Laboratory, Oak Ridge National
Laboratory. Oak Ridge. TN 37831
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diffraction, to characterize more fully these complexes and to address the
question of hydration number us crystal and molecular structure. In
addition, we are exploring the more fundamental relationship between
/-element ionic radium and crystal and molecular structure. The existence
of extended series of stoichiometrically related compounds, such as the
lanthanide and actinide oxalates, presents a unique opportunity to study
such relationships.
In this article, we are describing our most recent results for
berkelium(III) and californium(III) sesquioxalates. Although the oxalate
complexes of these two heavy actinides have been known and exploited
for some time, there are no known structural investigations of these two
complexes. The results of our Raman spectral studies of the lanthanide
sesquioxalates have been completed recently.90
Purified berkelium and californium chlorides were obtained from the
High Flux Isotope Reactor/Transplutonium Processing Plant at Oak Ridge
National Laboratory under the Department of Energy's Program for Heavy
Element Production. These chlorides were dissolved to make stock solutions,
and aliquots of oxalic acid solution were added to precipitate multimicrogram
quantities of the sesquioxalatcs. The precipitates were washed with distilled
water and allowed to dry in air at room temperature. We sealed the
oxalate complexes in quartz capillary tubes for the spectroscopic and x-ray
diffraction investigations. Raman spectra were obtained on a conventional
Raman spectroscopy station by using visible wavelength continuous-wave
laser excitation. To ensure that no samples dehydrated from laser heating,
we kept the laser power at a very low level (typically ~20 mW). We obtained
x-ray powder patterns by using a DeBye-Scherer camera and either copper
or molybdenum KQ radiation. A densitometer was employed to obtain the 20
values from the x-ray photographic films. Solid-state absorption spectra were
recorded by microscope spectrophotometry at the Transuranium Research
Laboratory at Oak Ridge National Laboratory.
From a preliminary analysis of the x-ray powder diffraction data for
the oxalates of both berkelium(III) and californium(III), it is clear that
these complexes are isomorphous with the sesquioxalates of the lighter
actinides plutonium(lll) and americium(III) and the light lanthanides
lanthanum(III) through erbium(III). All of these latter complexes have
been identified as decahydrates.85-89 The structure type for these complexes
is monoclinic with space group P2j/c. This structure type for trivalent
metal sesquioxalates is very specific to the decahydrates and allows us to
conclude that the oxalates of berkelium(III) and californium (I II) are also
sesquioxalate decahydrates. The unit-cell dimensions for the berkelium(III)
arid californium(III) complexes, as obtained from the preliminary analysis
of the powder patterns, are listed in Table 6.1 and are compared to the
literature data for the plutonium(III) and americium(III) oxalates. We
are now using standard computer programs to refine further the unit-cell
parameters.
The Raman spectra we obtained for the bcrkelium(III) and
californium(III) oxalate complexes are presented in Fig. G.13. For both
complexes there are three prominent Raman features: two very intense,
overlapping bands at ~148() c m ' , two moderately intense, overlapping
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bands at ~910 cm ', and two moderately intense, overlapping bands
at ~500 cm"1. In our study of the lanthanide sesquioxalates, we have
shown that this Raman spectral pattern (that is, the number, energy, and
intensity of the Raman bands) is very specific to sesquioxalate decahydrate
complexes.90 Thus, the Raman spectral results for the berkelium(III) and
californium(III) oxalates support the conclusion, which is based on the x-ray
diffraction results, that these complexes are the sesquioxalate decahydrates.
Most of these Raman bands arise from vibrational modes that are
predominantly localized on the oxalate ligands. However, the vibrational
energies of many of these modes are influenced by the size of the trivalent
metal ion. In this way, it is possible to deduce information about the
structural effects of variations in metal ion radius. For the sesquioxalate
decahydrates of the light lanthanides (lanthanum through erbium), we found
a linear increase in the energy of the most prominent Raman modes with
decreasing ionic radius.90 This trend does not appear to persist for the
complexes of berkelium(III) ion and the smaller californium(III) ion. We
have also obtained Raman data for PU2OX3IOH2O that indicate further that
the vibrational energy us ionic radius behavior observed for the lanthanides
is not retained for the trivalent actinides.
We have obtained the solid-state absorption spectra for microgram
samples of transparent crystalline berkelium(III) and californium(IIl)
oxalates (shown in Fig. 6.14). The positions and relative intensities of the
/-/electronic transitions in these spectra confirm that in both complexes the
actinides are in the trivalent oxidation state. A conclusive determination of
oxidation state is particularly important for the berkelium oxalate complex
because we have determined that the berkelium(III) oxalate is converted
to what is presumed to be a nonstoichiometric berkelium(IV) oxalate
complex in relatively short time (~24 h)— presumably by a self-irradiation
mechanism.
We are now completing an investigation of the oxalate complexes
of the lighter actinide ions (thorium through curium) in the accessible
trivalent and tetravalent oxidation states. As discussed here, we have
been able to establish conclusively, using both x-ray powder diffraction
and Raman vibrational data, that the oxalate complexes of berkelium(III)
and californium(III) arc the sesquioxalatc decahydrates. Thus, these two
complexes are isomorphous with the sesquioxalate decahydrates of the
light lanthanides. Obtaining these data for these two heavy actinides
represents an important advance because these two actinides present the
greatest experimental challenge. The seemingly anomalous result discussed
above pertaining to the lack of a correlation between Raman vibrational
energy and metal ion radius for the actinide oxalate complexes is intriguing.
Determining the reason for this behavior will be a major focus of our future
work.
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Ligand Design for Actinide Separations
Gordon D. Jarvinen, Robert R. Rvan, Barbara F. Smith (CLS-1),
Robert T. Paine,* Sakthivel Kart • ;eyan,* and Dale D. Ensor**

The objectives of our research effort are to enhance our fundamental
understanding of the structure-function principles that control actinide
coordination chemistry and to exploit this knowledge in the design of
improved methods for analytical detection and separation of the actinides.
We use a combined synthesis, structural characterization, and testing
approach to synthesize new organic ligands witli desired structural features
and determine the struct\ires of their metal complexes in the solid phase
and in solution under relevant operating conditions. We then evaluate the
effectiveness of the ligand system for separation or analysis and optimize and
develop promising systems for application to Laboratory needs.
We are examining the extraction chemistry of ligands containing sulfurdonor atoms to accentuate the differences in their covalent bonding with
metal ions compared with analogous oxygen-donor atom compounds. This
approach continues to yield promising results. The combination of HBMPPT
(see Fig. 6.15) and TOPO (trioctylphosphine oxide) has given impressive
separation factors in the range of 30 to 120 for ameridum(III) over
europium(III) in extractions from dilute HC1O4, HC1, and HNO3 (pH 2 to 4).
We tried 4,7-diphenyl-l,10-phenanthrolme (DPPHEN) as a synergist in place
of TOPO because such nitrogen-donor atom ligands induce a preference for
the trivalent actinides over the trivalent lanthanides in extraction systems.91
We obtained higher separation factors with the HBMPPT/DPPHEN system
in the range of 140 to 220 for americium/europium from HC1O4. Extraction
constants for thulium(III) and promethium(III) are somewhat lower than
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Fig. 6.15.
These are the structural diagrams for HBMPPT and some related
compounds we are studying.
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those for europium(IIl), and thus this ligand system will provide a good
group separation of the trivalent actinides and lanthanides.
We also examined the extraction of americium(III) and europium(III) by HBMPPT with [PhaP(O)]3CH2, Ph(n-octyl)P(O)CH2C(O)N(ibutyl)2, and (n-hexylO)2P(O)(2-pyridine-N-oxide) as synergists. These
bidentate oxygen-donor atom Ugands are more powerful primary extractants
for actinides and lanthanides than TOPO is under high-acid conditions, and
we thought that they might give higher extraction constants than TOPO
does while maintaining the high selectivity. However, none of these systems
shows a selectivity for americium over europium that is as large as the
selectivity of HBMPPT/TOPO or DPPHEN combinations under similar
conditions. Preliminary data suggest that hydrogen bonding between the
HBMPPT and these basic ligands is stronger than with TOPO or DPPHEN,
and ion-pairs may even be present in the pyridine-N-oxide case. These
interactions are being investigated in more detail with the aid of NMR
spectroscopy.
Neutral bifunctional compounds containing phosphoryl and carbonyl
groups in 1,3-positions [for example, CMP, (RO)2P(O)CH2C(O)NR2,
and CMPO, R2P(O)CH2C(O)NR'2] are excellent extractants for trivalent
actinides and lanthanides from strong-acid media.92 We have synthesized
several new 1,3-bifunctional ligands and explored their coordination
chemistry and extraction properties. We synthesized these compounds to
extend the combinations of functional groups in this ligand class, to better
understand the extraction chemistry, and perhaps to improve upon the
highly successful CMP-type compounds. The new compounds combine a
phosphoryl group with asulfoxide, sulfone, or pyridine-N-oxide functionality.
We have obtained basic structural information on their mode of binding
to lanthanides and actinides from five crystal structures and spectroscopic
studies of the complexes. Extraction studies with americium(III) and
europium(III) showed that the sulfoxide (i-propylO)2P(O)CH2S(O)(ptolyl) and the sulfone (i-propylO)2P(0)CH2S(0)(p-tolyl) are poor
extractants compared with the benchmark compound DHDECMP,
(n-hexylO)2P(O)CH2C(O)NEt2, at 1 to 6 N HNO3 concentrations. The
pyridine-N-oxide phosphonate we examined, (n-hexylO)2P(O)(2-pyridine-Noxide), showed extraction behavior similar to that of DHDECMP, and more
extensive studies are in progress. Discovery of a new class of extractants with
properties similar to those of the CMPs could provide important insight into
the fundamental structural features of the extractant complexes as well as
useful new systems for actinide separations.
During the next year, we will explore the coordination chemistry of
several new ligand systems we designed from our experience with HBMPPT
and bifunctional ligand systems. For example, we are preparing larger
chelating ligands that incorporate two or three HBMPPT-type units and
a neutral synergist. With properly designed linkages, these ligands should
have increased extraction constants while maintaining the selectivity of the
component molecules. In addition, we can begin to discern the preferred
coordination geometries of the acidic ligand/synergist combination. We
expect that molecular mechanics calculations on ligands and their metal
complexes will become increasingly useful to the design effort.
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Time-Resolved Resonance Raman Study of Electronic Excitation in

Inorganic Photosystems Containing Quadruple Metal-Metal Bonds
William H. Woodruff, Jon R. Schoonover, Patrick M. Killough,
Michael D. Hopkins, Alfred P. Sattelberger, and Richard F. Dailinger*

Time-resolved resonance Raman (TR 3 ) spectroscopy allows observation,
in condensed phase at ambient temperature, of the vibrational spectra of
transient molecular species with lifetimes of a few nanoseconds or longer.93
Accordingly, the method permits direct observation, under chemically
relevant conditions, of the molecular vibrations in short-lived electronically
excited states. Such observations in turn allow inference of the excitedstate molecular structure. Knowledge of these structures is essential for an
adequate understanding of the processes that convert light into chemical
energy, wherein the excited state is the crucial, unique reactant. However,
such information is often difficult to obtain and unreliable especially in fluid
solution (the relevant medium for most photoconversion processes). The
more commonly applied technique for determining excited-state structure,
Franck-Condon analysis of the resolved electronic spectra, is an indirect
probe that requires either chemically irrelevant experimental conditions (for
example, cryogenics and single crystals), restrictive theoretical assumptions,
or both. We have previously applied TR 3 spectroscopy to excited-state study
of weakly metal-metal bonded complexes, specifically d8-d8 systems such as
[Rh(I)]2 and [Pt(II)]2 complexes.94-95 In this article, we report a TR3 study
of the extremely strongly metal-metal bonded dimers of d4 transition metals
[Re(III) and Mo(II)].
The quadruple bond was first characterized in Re2Clg~.
This
complex continues to be the archetypal example of quadruple metal-metal
bonding.96"99 The ground state structure consists of cofacial, approximately
square planar ReCl4 units in which there is a very short metal-metal
distance and the halide ions are eclipsed in the dimer, producing precise
D4h symmetry.
The excited state of interest in the Re2X?~ complexes is the
l
66* ('A2^) excited state, which involves the promotion of an electron
from a bonding 6 orbital to an antibonding 6* orbital.
This 6=>6*
transition is the lowest observed electronic transition in the absorption
spectra and is centered at ~700 nm in Re2Clg~ and R.e2Brg~. The
vibronic structure assigned to the rhenium-rhenium stretching motion in
the excited state is observed in the single-crystal absorption spectra of
(TBA)2Re2Cl8 and (TBA)2Rc2Brs, which show progression spacings of
248 and 255 cm" 1 , respectively.100"101 The corresponding ground-state
frequencies for this vibration are 272 and 275 cm"1. Unlike the vibronic
frequencies quoted above, recent TR 3 results have suggested an excited-state
rhenium-rhenium stretching frequency of 204 cm"1 for (TBA)2Re2Cl8 in
CH2C12 (Ref. 102). A decrease in energy of the rhenium-rhenium stretching
vibration is expected upon 6 b* excitation because the bond order decrease;
from four to three in the excited state. However, a shift of ~70 cm"1
Department of Chemistry, Wabnsh College, Crawford™Me, IN 4V933
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is perhaps unexpectedly large. In any case, the 204-cm ' excited state
rhenium-rhenium frequency from the TR:I study contrasts sharply with the
249 cm" 1 frequency determined vibronically, and this discrepancy must be
resolved.
Another structural issue associated with 66* excitation concerns possible
torsion about the metal-metal axis. In the ground state, rotation about the
metal-metal bond is prevented, in manner similar to that in olefins, by the
nodal properties of the 6 bond. Accordingly, the halide ions are eclipsed in
the ground state. With the elimination of the 6 bond upon 6=>b* excitation,
the molecule may rotate about the rhenium-rhenium axis. The excited-state
structure may then be a staggered D4,i or D4 geometry. We began the present,
study to address these questions concerning the Raman frequencies and the
structures associated with 66* excitation in Re2Xy~ (where X = chlorine or
bromine). We also investigated Mo2Cl4(PMe3)4, a related complex that is
sterically prevented from undergoing torsional distortion in the exciter1, state.
Figure 7.1 shows the electronic absorption spectrum of the ground
state of (TBAJoRe^Cls in CH3CN and the transient difference spectrum
we obtained after creating the 66* excited state (lifetime ~130 ns). The
lowest energy electric-dipole-allowcd transition in the ground state is the
6^f6* absorption; the next higher energy band is assigned to the 7r(Cl)=s><5*
charge-transfer transition. The 66* band is centered at 685 nm and the
charge-transfer band at 330 nm. The spectrum of the Re2Clj;~ transient has
a red-shifted charge-transfer absorption maximum at 387 nm. The Re2Brg~
and Mo2Cl4(PMe3)4 absorption spec'ia show similar features, shifted in
wavelength, in both the ground and excited states.
The TR 3 experimental setvip (Fig. 7.2) consisted of a standard scanning
Raman spectrometer equipped with appropriate electronics for the detection
of nanosecond-timescale transient signals. The system was triggered by the
10-Hz repetition rate of the pulsed excitation laser. We based this laser
source for the TR 3 experiments on a pulsed Nd:YAG oscillator/amplifier.
The fundamental at 1064 nm was frequency-doubled to obtain the second
(532-nm) harmonic. This wavelength was used to pump the pulsed dye
laser to obtain 608-nm tunable pulses. Before the dye laser, we split off
a fraction of the second harmonic to pump a Raman shift cell to produce
excitation pulses by means of hydrogen gas stimulated Raman shifts, at
683 nm. The dye laser output was frequency summed with the Nd:YAG
fundamental in a mixing crystal to produce probe pulses at 387 nm. We
employed an optical delay of 10 to 12 ns between pump and probe pulses;
the two pulses were combined at a dichroic mirror and directed to the sample.
Thus, in Re2Cl§~, the 66* excited state was created by the 683-nm "pump"
pulse, and the resonance Raman spectrum was probed ~10 ns later by the
387-nm pulse. We employed similar pump/probe systems to study other
complexes by changing the laser wavelengths appropriately to correspond
with the absorption spectra. The laser per-pulse energy at, the sample was
1 to 3 mJ for both the probe and pump pulses; the repetition rate was 10 Hz
and the pulse width was 7 ns.
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spectra of the ground state of
(TBA) 2 Re a CI 8 in CH3CN are
shown as a solid line, and the
transient difference spectrum
observed upon 66* excitation
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Fig. 7.2. The TR 3 experimental setup consists of a standard scanning Raman
spectrometer with appropriate modifications.
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The results of the TR 3 experiments for the Re2Xg complexes and
for Mo2Cl4(PMe3)4 are summarized in Table 7.1. A representative TR 3
spectrum (that of Re2Clg"", Fig. 7.3) shows the four peaks that are typically
observed in the TR3 spectra of both Re2Clg~ and Re2Brg~. In the diloride,
these peaks appear at 146, 201, 262, and 365 cm""1. In Fig. 7.3, an
additional peak appearing at 275 cm""1 is due to the rhenium-rhenium
stretching vibration of Re2Clg~ remaining in the ground electronic state
because the pump bluer pulse does not totally saturate the ~100-ns-lived 6f>*
excited state. The rhenium-rhenium stretching motion in the excited state
is assigned to the 262-cm""1 peaks in both Re2Clg~ and Re2Brg~, and the
symmetric Re-X stretch is identified at 365 and 217 cm"1, respectively. The
other symmetric vibration is the Re-Re-X bending motion, which is probably
the strong peak at 146 cm" 1 in Re2Clg~ (although the depolarization ratio
of this peak could not be measured) and is certainly the polarized peak at
104 cm" 1 in Re2Brg~. We attribute the depolarized peaks, 201 and 126 cm" 1
in the chloro- and brorao-complexes, respectively, to an asymmetric metalhalide bend. The corresponding ground-state frequencies are also given in
Table 7.1 (Refs. 103, 104).
Because the same three symmetric vibrations are Raman active in
both staggered (D4d or D4) and eclipsed (D4h) geometries, the excited-state
structure cannot be elucidated definitively from the number and polarization
of the Raman-active modes in the TR 3 spectra. However, there is indirect
evidence for a difference between the ground- and excited-state structures
involving both torsion about the rhenium-rhenium bond and changes in the
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Fig. 7.3. This TR 3 spectrum of (TBA) 2 Re 2 CI 8 in C H 2 C I 2 was obtained by using
683-nm excitation pulses and 387-nm probe pulses. The peak at 275 c m " 1 is the
rhenium-rhenium stretch of residual ground state Re2Clg~ .

rhenium-rhenium distance. First, it is clear that the previous assignment102
of the excited state rhenium-rhenium stretch in Re2Clg~ to the peak near
200 cm" 1 cannot be correct because depolarization ratio measurements
(Table 7.1) reveal that this is not a symmetric motion. Instead, the rheniumrhenium stretch seen at 262 cm" 1 in both Re2Clg~ and Re2Brg~ is close to
(but differs significantly from) the vibronic frequencies of 248 and 255 cm" 1 .
In interpreting this difference between the TR 3 and vibronic rheniumrhenium stretching frequencies in the 66" excited state, it is necessary
to realize that the vibronic experiment takes place in a singlecrystal environment at cryogenic temperatures and that it samples the
"instantaneous" nuclear positions of the excited state, that is, the FranckCondon geometry (ground-state nuclear coordinates). The TR3 experiment,
on the other hand, allows nanoseconds to pass between creation of the
6b' state and Raman scattering by the excited state.
Accordingly,
the vibrational spectrum recorded by TR 3 belongs to the fully relaxed
(equilibrium) nuclear coordinates of the excited state. Thus, the vibronic
experiment probes the eclipsed-halide geometry of the excited state, whereas
in th" TR 3 experiment, the complex has had a chance to distort toward
staggered if it does so In the Mo2Cl4(PMe3)4 complex, which is sterically
precluded from undergoing torsional distortion, both the TR3 and vibronic
experiments probe the same (eclipsed) structure.
We interpret the TR 3 and vibronic results as evidence that the torsional
distortion does in fact occur in the relaxed 66* state of the rhenium
dimers. In thi vibronic experiment, the rhenium-rhenium frequencies

Isotope and Nuclear Chemistry Division Annual Report 1987

159

Structural Chemistry, Spectroscopy, and Applications

(248 and 255 cm"1) are lower than in the TR 3 experiment (262 cm" 1 )
because the eclipsed halides in the former sterically preveut the metal atoms
from assuming metal-metal distances as short as those in the staggered
conformation of the latter. The metal-metal frequencies reflect these
differing bond distances, which can be inferred by established relationships
between force constant and bond distance. Both experiments reflect a
considerably longer rhenium-rhenium bond in the excited state than is
seen in the ground state (^Re-Re 275 to 276 cm" 1 ), as expected for
diminution of the rhenium-rhenium bond order from 4 to 3 upon 66*
excitation. A similar effect of diminished bond order is noted in the
molybdenum dimer (Table 7.1). In this complex, however, the excited
state molybdenum-molybdenum frequencies are the same whether measured
by TR 3 or vibronically. This is consistent with the above description in
that, because the molybdenum dimer is sterically prevented from distorting,
the TR 3 and vibronic experiments probe essentially the same structure and
therefore give the same excited state molybdenum-molybdenum stretching
frequency.
These and related studies establish TR 3 as the best and most generally
applicable experimental probe for studying the structures of electronically
excited molecules under chemically relevant conditions. The results of these
studies are indispem-ible in our attempt to understand the mechanisms
of converting light into chemical energy and in the rational design of
new, practical systems for the conversion and storage of energy. In
addition, the techniques developed for these studies are applicable to many
processes in which the elucidation of transient structures is important—from
biodynamics to detonation phenomena and shock-induced chemistry.
Optical Spectroscopic Studies of Local States and
Peierls Instabilities in Mixed-Valence Solids
Basil I. Swanson, Steven D. Conradson, and Mary Ann Stroud

Quasi-one-dimensional mixed-valence solids with alternating metal
complexes (ML4+") and halide ions (X~) have been of interest in the
chemistry community for a number of years. 105 " 111 These materials are
highly anisotropic semiconductors with a low-energy electronic transition
that corresponds to electron transfer between neighboring metal sites: the
intervalence-charge-transfer (IVCT) band. Resonance Raman studies in
which the excitation wavelength is tuned to the IVCT band provide a direct
probe of the structural changes that accompany the electron transfer event.
We recently reported fine structure in the resonance-enhanced Raman modes
of [Pten2][Pten2I3r2](C104)4, which we attributed, in part, to local states
resulting from chemical defects.108 Over the past year, we have performed
extensive studies of a prototypical linear chain, mixed-valence solid that
contains bimetallic complex ions: K.1[Pt2(P2O5H2)4X]nH2O, where X ~
chlorine or bromine. Our results show evidence for a local polaronic state
that results from oxidation of the metal chain112 and pressure-induced
Peierls instability."3 where the trapped valence ground state structure is
transformed to a valence-delocalized structure.
Figure
7.4 shows
the
resonance
Raman
spectrum
of
K4[Pt2(P2O5H2),|Cl]-riH2O we obtained on a single crystal (20 K) at three
160
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different excitation wavelengths. The modes observed (568.2-nm excitation)
at 117, 158, and 305 cm"1 correspond to the Pt(II)-Pt(II) stretch, the
Pt(III)-Pt(III) stretch and the Pt(III)-Br stretch, respectively {vu v2, and
^ 3 ). As the excitation wavelength is tuned to the red of the IVCT band
(AmiK = 647.1 nm). a new spectrum grows in, for which v\ and «/3 appear
at 124 and 296 cm" 1 , respectively. The intensities of the bands that grow
in show a strong sample dependence; single crystals from other preparations
show weaker features at 124 and 296 cm" 1 : these bands do not dominate
until the excitation wavelength is tuned to the far red (752.5 nm).
The spectral dependence with excitation wavelength indicates that there
is an electronic transition far to the red of the IVCT band. To clarify the
position and line shape of the electronic transition that is responsible for
the new Raman modes, we have obtained excitation profiles for the 296 and
305 cm"1 modes. The excitation profile for the 305 cm" 1 mode (Fig. 7.5)
peaks around 580 nm. which is slightly to the red of the IVCT absorption
maximum. The excitation profile for the 296 cm"1 mode peaks around
700 nm, which is well to the red of the IVCT band maximum.
We attribute the new vibrational features that grow in with red
excitation to a polaronic defect; that results from both a deficiency of K+ ions
and the subsequent oxidation of the chain. This polaron represents a local
state that has its own distinct structure, electronic states, and vibrational
motion. This assignment is supported by the observation of a strong,
sample-dependent EPR signal and the analysis of x-ray data that shows
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Fig. 7.5. The measured
excitation profiles are shown for
Raman modes in PtoCI.
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evidence for a small but significant deficiency of K+ ions. The vibrational
frequencies and excitation profile for the polaronic state are also consistent
with theoretical predictions by Bishop and Baeriswyl, who have developed
a Hartree-Fock model for charge transfer instabilities in one-dimensional
mixed-valence solids.
We have also performed extensive diamond-anvil cell studies of the
behavior of the K4[Pt2(P2O5H2)4X]nH2O complexes at high static pressure.
We have tracked the pressure dependence of both the electronic transitions
(by absorption spectroscopy) and the resonance-enhanced Raman modes.
On the basis of the pressure dependence of the Raman modes and the
IVCT band, we have concluded that the chloride complex Pt 2 Cl remains
a strongly trapped valent to extremely high pressure.115 In contrast, the
bromide complex appears to transform from a trapped valcnt form to a
valence-delocalized structure at elpyated pressure.
Figure 7.6 shows the pressure dependencies of the Raman modes of
Pt 2 Br. The modes at 117 and 121 cm~' (0.0 GPa) correspond to the two
Pt-Pt stretches, u\ and v-i, and the mode at 210 cm" 1 is the Pt-Br stretch u3.
As pressure is increased, v2 and i/3 decrease in relative intensity and can no
longer be observed above ~4.0 GPa. The frequency position and linewidth
of ni increase as pressure is raised. The decrease in intensity of v2 and v-A is
consistent with a structural change in which the Br" ion moves towards the
central position between neighboring Pt 2 fragments. For a structure with a
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Fig. 7.6. These spectra show
the pressure dependence of the
relative energy change of the
Pi 2 Br IVCT band.

100

140

180

220

260

300

1

(cm- )

symmetric bromide ion sublattice. in which the Br~ is equidistant from the
Pt 2 units, the unit cell is cut in half and one expects only one Pt-Pt stretch;
in effect, the v2 and v-A are folded onto the zone boundary of the new cell.
The symmetric structure suggested by the Raman data at high pressure
corresponds to a totally valence-delocalized form; the oxidation states of
all of the platinum atoms are identical. If this is the case, we expect the
IVCT band to shift to lower energy as pressure is increased the result
of a decrease in the tr-a* separation and increased band-like character of
these electronic states. We do observe a pronounced red-shift of the IVCT
band with increasing pressure: we also find that the IVCT band increases in
oscillator strength as pressure is increased to 4.0 GPa and that the energy
of this transition saturates at this pressure. These observations are also
consistent with a Pcicrls instability in which the eloti onic structure changes
to a valence-delocalized state.
This work represents the first observation of a reverse Peierls transition
for a one-dimensional mixed-valence solid under increasing pressure. At
present, the detailed structure of the high-pressure form of Pt 2 Br is unknown.
On the basis of theoretical calculations. Bishop and Baeriswyl postulate a
bond-order-wave (BOW) ground-state structure in which the Br~ ions form
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a symmetric sublattice and the Pt 2 units dimerize.116 Another pussibility
is that both the Br" and Ptj units form symmetric sublattices that have
a ground-state structure best described as a spin-density wave (SDW). In
either event, we expect the electrical conductance of the high-pressure form
to be extremely high relative to that of the charge-density wave (CDW)
ground state of the trapped valent form.
Several important conclusions can be drawn from our work. We
have shown that it is possible to directly probe local states (polarons,
bipolarons, kinks, and excitons) in these crystalline one-dimensional solids.
Information of this type is essential if we are to develop a sound theoretical
framework to describe valence fluctuations in condensed matter systems.
Within the limit of a CDW ground state, these local states dominate the
transport properties of mixed-valence solids. We have also shown that it
is possible to tune the ground state structure of these materials from the
trapped valent CDW description to a valence-delocalized state (BOW or
SDW) with pressure. Therefore, experimental studies of the high-pressure
behavior of these materials provide a basis for examining this important
region of instability. Finally, we note that these one-dimensional mixedvalence solids116 share many of the important characteristics of the new
ceramic superconductors: low-dimensionality, valence fluctuations, and the
importance of local states. Integrated experimental and theoretical studies
of these crystalline one-dimensional mixed-valence solids may provide the
basis for an in-depth understanding of ceramic superconductors.
Matrix Isolation Spectroscopy at High Pressure and Low Temperature
Stephen F. Agnew, Douglas G. Eckhart, and Basil I. Swanson

Matrix isolation infrared absorption spectroscopy is a very powerful
technique for studying molecules in the condensed phase. In this technique,
inert gas solids are doped with impurity molecules and their high-resolution
infrared spectra are then recorded. Intrinsic linewidths less than 0.1 cm" 1 are
common, and as a result, such things as the line structure and dynamics of
impurity sites as well as molecular conformation and isomerization reactions
can be studied in great detail. A drawback of this technique, however, is
that the matrix is prepared by co-deposition of impurity and inert gas on
a cold window, which limits the experiment to a temperature range of low
solid volatility.
We have developed a technique in which we condense inert gas solutions
in a diamond-anvil cell and then compress and freeze them at elevated
temperatures. This procedure forms a solid solution of impurity and inert
gas at a concentration that would normally be unstable at the solution's
low-pressure freezing point. With this technique, we are able to obtain highresolution spectra of the SF 6 in xenon at 1:1000 mole ratio and observe the
shift of its absorption as a function of pressure.
The apparatus we have developed is an attachment to a Digilab FTS20CV FTS infrared spectrometer that is coupled with the microsanipling
accessory infrared microscope. The apparatus, shown in Fig. 7.7, includes
a stand, supporting hardware, and Air Products helium transfer cryotip.
We have modified the cryotip to allow the cooling and low-temperature
pressure adjustment of high-pressure diamond-anvil cells. Figure 7.8(a)
164
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Anvil Cells With
Microscope
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Fig. 7.7. This design is an
attachment to a Digilab FT5-20
instrument, which is equipped
with a microsampling accessory.
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Welded 6-in.
Channel Iron

shows the absorption of the SF6 in xenon at 300 and 20 K and 1.2 GPa;
Fig. 7.8(b) shows the corresponding spectra at 3.5 GPa. We have found
that compressively freezing the solution at room temperature results in the
formation of a stable solid solution of well-isolated SF6 molecules. If the
same solution is frozen with temperature at very low pressure, however,
microcrystalline growth of the xenon drives the SF6 from the solid into the
regions between single-crystal growth. The SF6 absorption for this SF6-rich
phase shifts to lower frequency and broadens, as is shown in Fig. 7.9. We
are not yet certain exactly why the solid solution formation is restricted
to certain pressure-temperature regimes, but we hope to capitalize on this
property and use it to create solid solutions of many different types of
molecules in inert gas solids.
These preliminary results show a rather large displacement of the band
maximum of SF6 as a function of pressure (937 cm"1 at 1.2 GPa, and
962 cm"1 at 3.5 GPa or 10.9 crn'VGPa). The SF6 mode, then, will be very
sensitive to residual strain in the xenon lattice. For instance, a linewidth
of 2.7 cm"1 (not shown) is the narrowest that we have observed thus far
and would correspond to a residual strain of 0.25 GPa. The linewidth of
the SF6 in low-temperature xenon matrices is reportedly ~0.1 cm" 1 , which
is a residual strain of 0.01 GPa or roughly 100 bar. With an appropriately
narrow linewidth, we should be capable of measuring very small pressure
differences and therefore very small strains in the xenon single crystal.
We need to understand the origin of the linewidths that we have observed
thus far. It is possible that, with appropriate annealing, we may more
closely approach the G.l-cm L homogeneous linewidth that has been achieved
in low-temperature matrices under similar conditions. The narrower the
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Fig. 7.8. These infrared absorption spectra of i/ 3 mode of SF6 in xenon host at 1:1000
mole ratio are shown at (a) 300 and 18.5 K at 1.2 GPa, and (b) 300 and 20 K at
3.5 GPa.

line, the more accurately we will be able to determine residual strain in
the xenon lattice. In another application, we anticipate using our lowtemperaturc/high-pressure technique to explore the reactivity of neat solids
at low temperature. In particular, we have previously found that nitric
oxide reacts at 2.0 GPa and 170 K, but we have been unable to determine
the exact nature of this reaction. We hope to learn more about this reaction
and other reactions of energetic materials by means of this technique. Methyl
nitrite, the nitrite isomer of nitromethane, is another system that undergoes
chemistry at low temperature and high pressure. We have found that it
reacts at "•'240 K and 2.0 GPa to form as yet undetermined products.
With our low-temperature/high-pressure technique, we hope to explore both
methyl nitrite"s neat phase and isolated molecule reactions at high density.

166

Isotope and Nuclear Chemistry Division Annual Report 1987

Structural Chemistry, Spectroscopy, and Applications

Fig. 7.9. These spectra were
observed for SFb in xenon 1:1000
mole ratio at 1.2 GPa frozen
at 300 K (upper) and at 160 K
(lower).

Isotope and Nuclear Chemistry Division Annual Report 1987

167

NUCLEAR STRUCTURE
AND REACTIONS

Role of Pairing in230Th Fission

171

simulation of Nuclear Reactions

172

Direct Mass Measurements of the Neutron-Rich Isotopes
of Lithium Through Fluorine

175

Fission in 100-MeV/A Iron + Gold Reactions

179

Mmte

Carlo

Off-Shell Pion-Nucleon Interaction and the Pion-Nucleus
Double-Charge Exchange Reaction
182
Implication of ™-™Te(n+, x)m-uoXe(ground state) Cross
Sections: Interpretation of Double-Beta-Decay Half-Lives
of Tellurium Isotopes
184
Thermal-Neutron Fission Cross Section of
26.1-min 235Um
Study of the (p, 2n+) Reaction 4n Aluminum

186
189

Nuclear Structure and Reactions

Role of Pairing in ^ 3 0 j n Fission
Jean-Paul Bocquet,* Malcolm M. Fowler, Christian Ristori,* and Jerry B. Wilhelmy

We have continued onr experimental program to study the effects of
nuclear pairing in the f'..ssion process. Fission is unique in that large-scale
nuclear rearrangement occurs in a system that can have very little excitation
energy; therefore, it is an ideal case in which to study the effects of nuclear
dissipation iu the flow of nuclear matter. Nuclear pairing is a delicate
interaction that can be destroyed with intrinsic excitations of ~1 MeV.
If an even-even fissioning system strictly followed the adiabatic potential
energy path, it would emerge at the scission point in a paired configuration.
However, if excitations at about the level of the pairing correlation energy are
introduced, then substantial pair breaking could be expected and the system
would no longer have a strong preference for the emission of even-even fission
products. The total energy release in fission is large (~200 MeV) compared
with the pairing energy, and thus a measurement of the final state system is
a very sensitive probe of the coupling of energy into internal excitations.
Nifenecker et ul. investigated the experimental and theoretical pairing
correlation effects for products from the thermal neutron induced fission
of several common actinide isotopes.117 The standard technique is to use
a high-resolution dE/dx counter system to measure the energy deposition
for incident prompt fission products. These measurements permit an
identification of the atomic number and thus can be used to obtain the
quantitative yields of the even and odd Z fragments. Of all the cases studied,
the largest enhancement of even-product yields has been for the (nt|,,f)
reaction on - 29 Th (Ref. 118). When these results are compared with those
obtained for heavier actinides, it is not clear if this high, even Z enhancement
(~40%) is caused by the relatively low excitation energy available at the
saddle point or if it is due to the much shorter flow path from the saddle to
scission in 230Th fission. To separate these effects, we have been studying
the fission of 230 Th using the 229Th(d,pf) reaction. By measuring the fission
fragments in coincidence with the outgoing direct reaction proton, we can
establish the fission product yields as a function of nuclear excitation energy.
Using the premise that the path from saddle to scission is independent of the
modest excitation energy introduced in the direct nuclear reaction, we hope
to separate the effects of saddle point excitation and nuclear flow dissipation.
We have recently completed an extensive experiment to measure the
fragment charge yield as a function of 230Th nuclear excitation energy.
A target of ~50-/ig/cm2 229Th was electrodeposited onto an ~150-/ig/cm2
titanium foil. A beam of 15-MeV deuterons from the Los Alamos Tandem
Van de Graaff was directed through a 8-mm-diam hole in a 600-mm2, 1-imn
deep annular surface barrier detector onto the target. The detector was
covered with a 68-mg/cm2 aluminum "hat." This "hat" was sufficiently thick
to prevent the copious yield of target-emitted alpha particles from reaching
* Institut Laue-Laiigevin, 156X Centre <k> Tri, 38042 Grenoble Cedex. Fiance,
and CEN Grvnuble-DRF/CPN-85 X. F-38041 Grenoble Cvdex. France.
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the detector. At 90° to the target, a parallel plate avalanche counter (PPAC)
was installed to permit fast coincidence timing measurements between
incident fission products and the protons detected in the surface barrier
detector. Directly opposite the PPAC, a segmented ionization chamber was
positioned for the high-resolution detection of the complementary fission
fragments. This chamber had an ~40-jug/cm2 polypropylene entrance
window that led to an 8-cm-long delta E section, which was followed by
a 20-cm residual energy region. We operated the chamber with isobutane at
a pressure of 36 torr. With this choice of parameters, we deposited about
two-thirds of the fission fragment energy of the light product into the delta
E region. To ensure proper correlation with th^ detected protons, it was
necessary to use r\ triple coincidence between the solid state detector, the
PPAC, and the ionization chamber.
During the 1-week experiment, ~225 000 coincidence events were
recorded between the outgoing direct reaction proton and the light-mass
group fission product. For preliminary analysis, we sorted the event-byevent data to give delta E spectra as a function of the parent's nuclear
excitation energy and the residual energy detected in the ionization chamber.
Five proton energy bins (ranging from below the fission harrier to ~3 MeV
above the barrier) and five residual energy (ER) bins (in ~4.5-MeV-wide
steps covering the light fission fragment ER peak) were chosen. Figure 8.1
presents a composite of the delta E spectra for two different ER bins and
all five proton bins. Though quantitative analysis has not been completed,
strong selection of even Z fragments is evident at all proton energies for
the higher kinetic energy ER2 bin. However, for the lower kinetic energy
ER4 bin, the structure is suppressed in all spectra. This implies that the
excitation energy introduced at the saddle point in the fissile system has
less influence (at least for the bins chosen in this example) in removing
the pairing correlation than does the dynamically driven energy, which is
manifesting itself as a variation in the fragment residual kinetic energy. For
final conclusions, however, we must wait on the detailed analysis now in
progress.
Monte Carlo Simulation of Nuclear Reactions
Thomas Blaich, Malcolm M. Fowler, and Jerry B. Wilhelmy

In the field of nuclear reactions, there arc two energy regimes in which
quite different reaction mechanisms are observed. In low-energy heavy ion
reactions (below ~20 MeV/A), collective mechanisms prevail, whereas in
relativistic reactions (above ~200 MeV/A), the nuclei behave very much
like clouds of free nucleons. The interplay of these mechanisms in the
intermediate energy regime is by no means understood and is a subject of
great current interest. One clue to the reaction mechanisms in this regime is
the production of intermediate-mass fragments (20 < A < 50), which are too
heavy to be produced in nucleon-nucleon-collisions and too light to emerge
from as col.jctive a mechanism as fission.
In addition to our experimental investigation of the reaction r>BFe +
197
Au at 100 MeV/A at the BevaLac at Berkeley,"9 we arc performing
parallel theoretical simulations of this reaction. They consist of two parts:
(a) application of a model for the nuclear reaction to calculate cross
172
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Fig. 8 . 1 . In this delta E spectra
of light fission products, those on
the left are for the residual kinetic
energy bin ER2 (~4.5 MeV
above the average kinetic energy
release). In the vertical direction
are spectra for five nuclear
excitation energy bins (P1-P5)
covering an ~4-MeV interval
beginning just below the fission
barrier. On the right are the
same five excitation energy
intervals for the lower residual
kinetic energy bin ER4 (~4.5
MeV below the average kinetic
energy release).
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sections for various products and (b) simulation of the detector response
to these products. We obtain "theoretical experimental data," which are
calculated in an entirely consistent way and may be directly compared to
the experimental findings.
To this end, we have adopted an intra-nuclear-cascade (INC) model.120
Ic describes a nuclear reaction as a sequence of collisions among individual
nucleons moving in the potential wells of target and projectile. It ha? been
widely used in the past and has proven to be quite successful; however, it
does not produce final products in their ground states, as can be seen from
Fig. 8.2. The excitation energy distribution of the target residues extends
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Fig. 8.2. This excitation energy
distribution of the target residues
of 10Q-MeV/A interactions
between 5eFe and 197 Au was
calculated within an INC model.
This distribution is based on the
simulation of 1000 events.
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well beyond 2000 MeV, and for the deexcitation of these nuclei, a second
model must be invoked. In the past, this second step of the reaction has been
calculated by taking into account only evaporation of light particles. This is
a good approximation for proton-induced reactions of weakly fissile systems.
However, for collisions with projectiles as heavy as 56Fe, this application no
longer holds true because these projectiles can deposit a considerable amount
of angular momentum in the target and thereby cause the residue to undergo
fission. Therefore, we are attempting to link the INC calculations to the
program PACE, which takes into account fission as a decay channel.121 In
addition, it keeps track of angular momentum and thus can provide realistic
angular distributions of evaporated particles and fission products.
For these reasons, PACE should give much better results than a
conventional evaporation calculation could. However, its results must be
considered with care; the program has been tested on experimental data
up to excitation energies of about 200 MeV, but the extrapolation to ten
times that value rests only on theoretical arguments. We believe it is
important to evaluate the combination of the INC and PACE calculations
because together they provide a thorough test of the "conventional" reaction
mechanisms (nucleon-nucleori-collisions, evaporation, and fission). By
comparing the properties of the products of these mechanisms to those of
the observed intermediate-mass fragments, we hope to gain insight into the
production of the fragments and thus learn about new realms of reaction
processes.
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Direct Mass Measurements of the Neutron-Rich Isotopes of Lithium Through Fluorine
Jan M. Wouters, Robert H. Kraus, Jr.,* David J. Vieira,
Gilbert W. Butler, and K. E. Gunter Lobner**

Thv ground state mass is often one of the first pieces of quantitative
information to be learned about a "new" or previously unobserved nucleus.
Because the mass of a nucleus reflects the interplay of uuclear and Coulomb
forces, valuable insight into the nuclear structure of such nuclei can be
obtained from this measurement. In the present case, we seek to test
and refine our understanding of neutron-rich nuclei that lie far from the
valley of beta-stability. Do these exotic nuclei have the same type of
shell structure as nuclei that lie close to stability? Can the new regions
of deformation being observed in exotic nuclei be understood in terms
of conventional models? And does the nucleon-nucleon pairing energy
decrease with increasing isospin, as recently suggested? First steps toward
answering these and other interesting questions can be made by undertaking
a systematic investigation of the masses of exotic nuclei.
In the time since the atomic mass compilation of Wapstra and Audi,122
several new mass measurements have been performed. In the light-element
(Z < 20) region, the masses of 27 isotopes have recently been determined for
the first time; of these, 21 were measured using recently developed fast-recoil
spectrometers. This new approach velies on the direct mass measurement
of fast-reaction products and not or.iy has the advantage of being both fast
(transit time ~1 /zs) and precise (<rm/m = 10 to 100 ppm; am = 100 to
1000 keV. depending on production rates), but also enables the simultaneous
determination of many nuclei throughout an entire A and Z region. In this
article, we describe how several mass measurements were performed by this
fast recoil spectrometer technique, including those for nuclei with some of
the largest neutron-to-proton ratios likely to be accessible experimentally
[for example. N/Z( u Li) « 2.7 to N/Z( 2 %) = 2.0]. The measurement of
these latter nuclei may be one of our most sensitive probes of the nuclear
force and nuclear binding in nuclei near or at the neutron drip-line.
Large yields of exotic nuclei are produced when the 1-mA. 800-MeV
proton beam from the Los Alamos Meson Physics Facility (LAMPF) strikes
a 1-mg/cnr nat Th target. Some of the reaction products recoiling out of the
target are captured by a secondary beam transport line that contains a small
mass-to-charge filter to greatly reduce the high rate of uninteresting ions. In
the second half of the transport line, the velocities of the recoils are measured
over a path length of ~10 m by microchannel-plate (MCP) fast-timing
detectors. The Time of Flight Isochronous (TOFI) spectrometer has been
designed so that the flight time of ions passing through the system provides
a precise measure of the mass-to-charge ratio. In addition, the spectrometer
uses one-to-one imaging and is generally nondispersive: therefore, we can
employ small detectors and still maintain a reasonably large solid-angle and
momentum-to-charge acceptance (fi = 2.5 msr and M P / Q ) / ( P / Q ) = 4%).
The fourfold unit-cell symmetry of the system results in high mass-to-charge
* Clark University. VVbrcesfer. MA 01610
** Scktion Physik. Universitat Miinchen. Federal Republic of Germany
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resolution for a wide range of M/Q species. In this experiment, we set t*>'
spectrometer for M/Q = 210 MeV/c/Q and obtained a timing resolution oi
~18U ps (FWHM). For a typical Right time of -500 us, we obtain a time
resolution, and consequently a M/Q resolution, of AT/T = 6(M/Q)/(M/Q) =
3.6 x 10 4 (FWHM).
We extracted masses from the measured M/Q (time-of-flight) spectra
that have been gated according to atomic number and charge state (see
Fig. 8.3). We determined the atomic number from measurements of the ion's
velocity and stopping power and obtained the charge state by combining the
measured velocity, total energy, and M/Q ratio appropriately. In the present
experiment, the stopping power and total energy were measured in a AE (20/an) - E (720-/nn) silicon detector telescope that is positioned immediately
downstream from the MCP detector at the exit of TOFI. We employed the
direct mass measurement approach to relate the centroid of each M/Q line
(determined by moments analysis) to the mass of that particular species.
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Fig. 8.3. (a) This ungated Z spectrum was collected in a 24-h period; (b) and (c) are
the corresponding M/Q and Q spectra obtained for Z = 9 selected events; and (d) is
the resulting Z = 9 and Q = 8 gated M/Q spectrum. The measured Z, Q, and M/Q
resolutions are 3.5%, 1%, and 3.6 x 1 0 ' ' (FWHM), respectively.
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We used the centroids of lines with known masses to calibrate the system
so that the masses of "unknown" lines could be determined. By making
small corrections to eaa > entroid, we accounted for the time-to-amplitude
walk and uonlinearities of the electronics. A typical calibration contained
-80 known M/Q lines. The final masses given in Table 8.1 were determined
from a weighted average measurement of several runs (and different charge
states when possible) that were taken over a 4-week data collection period.
The quoted uncertainties result from a sum of statistical, calibration, and
systematic uncertainties; the latter were equal to ~2% of the line width
(~17 keV/Q). As is seen in Table 8.1, these latest results agree well with
previous measurements but have much smaller errors fo> the most neutronrich nuclei.
In Fig. 8.4, the relevant masses are plotted in terms of the two-neutron
separation energy S 2n us neutron number. This plot provides a convenient
way of removing odd-even neutron-pairing energy effects so that underlying
changes in nuclear structure, such as energy gaps in the single-particle levels
or changes in nuclear deformation, stand out more clearly. Of particular
interest here is the question of a subshell closure at N = 14. If a large energy
gap between the neutron 0d5/2 and l s ^ energy levels did exist, a significant
decrease in S2n values would be expected just after N = 14. However, for
the neutron-rich isotopes of oxygen, fluorine, and neon, the change in the
S2n trend is not found at N = 14. but rather at N = 15!
TABLE 8.1. Experimental Mass Excesses of Several Neutron-Rich 1Light Nuclei"
A

Z

u

Li
Be

14

17

B

19C

»c
20
N

21N
22N

23Q
24Q
25F

26 p
27F

()ur Previous Work6

This Work
(/iamu)c
(MeV)
43780
42660
46830
35180
40360
23380
26930
34340
15700
20000
12210
19820
27500

(130)
(150)
(180)
(130)
(240)
(130)
(210)
(250)
(150)
(500)
(150)
(210)
(700)

40.78
39.74
43.62
32.77
37.60
21.78
25.09
31.99
14.62
18.6
11.37
18.46
25.6

Other Previous Work
(MeV)
(MeV)

(MeV)

(0.12)
(0.14)
(0.17)
(0.12)
(0.22)
(0.12)
(0.20)
(0.23)
(0.14)
(0.5)
(0.14)
(0.20)
(0.7)

32.30

(0.24)

21.64
24.76

(0.26)
(0.19)

14.6

(0.3)

11.18
18.4

(0.20)
(0.9)

40.90
40.10
42.82
32.95
37.20
22.20
25.58
30.73
14.61
18.7
10.51
17.6

(0.11) d
(0.13) d
(3.80) e
(0.42) e
1.13)e
G.34)e
0.50) e
0.74) e
(0.63) e
(1-0)'
(053) e
(0.70) e

21.62
25,21

(0.14) e
(0.18) e

14.77

(0.3Q)e

11.19
19.51

(0.27) e
(0.60) e

a

Errors are given in parentheses.
FromRef. 123.
c
Although nuclei with long-lived (T > 150 ns) isomeric states are rare in this
region, the population of an, as yet unknown, isomeric state in one of these
isotopes cannot be excluded on the basis of these data.
d
From Refs. 122 and 124.
e
FromRefs. 125 and 126.
b
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Fig. 8.4. This plot shows
the two-neutron separation
energy us neutron number for
isotopes of lithium to neon. Solid
circles indicate nuclei that have
b^en measured by fast recoil
spectrometers, and the open
circles show data taken from
Refs. 122 and 124. Error bars are
indicated where they are larger
than the symbol.
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The shell model calculations of Wildenthal e.t, «/. l27K!8 reproduce the
S2,, values throughout the sd shell region very well, with the exception
of the deformed region around N = 20. We can advance a simple shell
model interpretation of the S2,, trend observed in these neutron-rich nuclei
because Wildenthal's calculations of the ground states have relatively pure
shell model configurations. First, we observe no large decrease in S2n values
in going from N = 14 to N = 15. which indicates that there is no large
energy gap between the 0d 5/2 and ls 1/2 neutron levels. (An ~l-MeV energy
gap between these levels, given in Refs. 127 and 128, is a typical size for most
level spacings in this light-mass region.) Second, the more rapid decrease in
S2n values between N = 15 and N = 16 can be explained by the difference
in the 0d5/2-0d5/2 and the O d ^ - l s ^ neutron-neutron interaction energies
(Wildenthal calculated that the former is attractive, whereas the latter is
repulsive) because it is only at N = 1G that a drj/2-dr,/.2 interaction is not
involved in the removal of two neutrons from the system. This interpretation
explains the change in the S2,, trend observed at N ~ 15.
The development of fast-recoil spectrometers has significantly advanced
our capability for performing high-precision mass measurements of exotic
light nuclei. We have determined the masses of some 12 isotopes in the
Z = i5 through 9 neutron-rich region alone for the first time. This progress
has ied to an improved understanding of the light-mass surface. We have
seen no evidence for a subshell closure at N = 14 in these measurements:
however, the indication of a repulsive Odn/j-ls,/., neutron-neutron interaction
rather than an attractive ()dr^.,-()dr)/.2 two-body interaction is evident in the
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Sm tread ami is supported by shell model calculations. (Further details on
our recent work are available in Refs. 129 and 130.) In the future, there will
be further measurements as we apply the fast-recoil direct mass measurement
technique to the measurement of heavier nuclei.
Fission in 100-MeV/A Iron + Gold Reactions
Thomas Blaich, Jan Boissevain (P-2), H. Chip Britt,* Daniel Cebra,** Bronnick Dichter.f
Robert Ferguson,tt Malcolm Fowler, Zeev Fraenkelji Avigdor Gavron (P-2), Ole Hansen,^
Barbara Jacak, Sheldon Kaufman,t Michael Levine,!i§ Patrick Lysaght, Guy Mamane,^
Craig Thorn,^ Wolfgang Trautman.^i Flemming Videbaek.t Gary Westfall,** and Jerry Wilhelmy

We have studied the fission process in the reaction of 100-MeV/A
iron on a gold target. Fission represents a collective nuclear de-excitation
and thus serves as a convenient measure for the applicability of statistical
processes in complex interactions that are induced with high-energy heavy
ions. Our goal is to determine if there are limits for energy and momentum
deposition in the formation of compound nuclei. We want to probe
where '•normal" nuclear processes cease and new phenomena such as multifragmentation enter into nuclear reaction systematic*. We expect this
transition will be in the region where the incident energy per uucleon
becomes comparable to the Fermi energy of bound nucleons. A consequence
of passing this threshold may be the liquid-to-vapor phase transition in
nuclear matter. Although the theoretical sigiatures of this phase transition
are not completely predicted, a local vaporization should be followed by
the formation of droplets of condensing nuclear matter. Therefore, the
systematic study of the formation of multifragments in these medium-energy
reactions should provide information on the possible phase transition.
The experiment was performed at the low-energy beam line of the
Lawrence Berkeley Laboratory's BeValac accelerator. A logarithmic detector
array known as the "Pagoda"' (Ref. 131) vas used to detect a variety of
products ranging from slow-moving fission fragments to 200-MeV protons.
(A schematic of the array is shown in Fig. 8.5.) There were eight gas detector
modules; the forward six modules each had two position-sensitive multiwire
detectors separated by ~18 cm and followed by a 20-cm-deep ionization
chamber. The back two modules had only t he ion chambers. Behind the
gas modules were CaF2-plastic phoswich detectors in 3 by 3 arrays. These
detectors obtained information on the position, velocity, rate of energy loss,
and total energy of traversing particles. From these measurements, it was
then possible to deduce, within detector resolution limits, the Z. A, and
total energy of the particle. For the current measurements, we optimized the
system to detect relatively heavy, fission-like fragments that have A > 60:
* Lawrence Livennore National Laboratory. Liven.ion: CA 94550
** Michigan State University. Ann Arbor, MI 48100
f Argonne National Laboratory. Argonne. IL 60439
ft Oak Ridge National Laboratory. O-ik Ridge. TN 37830
• WWzmaiiu Institute of Science, Rehovat, Isreal
fi
Brookhaven National Laboratory. Upton. NY 11973
{ii
Genellschaft fiir Schwerioneuforschung. Main/.. Federal Republic of Germany
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Fig. 8.5. This schematic shows
the detector arrangement for the
"Pagoda" system, including the
forward hodoscope, the eight
inner-circle pas detector modules,
and the array of phoswich
detectors and phototubes behind.
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we had relatively poor triggering thresholds for lighter, intermediate-mass
fragments. Therefore, our current analysis emphasizes the fission process,
and only limited, nonquantitative information is available on the formation
of lighter fragments.
For binary decay events we have observed several correlations. First,
as shown in Fig. 8.6. as the sum mass of the two fragments decreases,
the folding angle (the angle between the two fragments) also decreases.
The folding angle determines the parallel momentum introduced into the
composite fissioning system. The decreasing mass at the smaller folding
angle results from evaporation of nucleons from the initial system and shows
the direct correlation between energy and momentum transfer for systems
that lead to fission. Second, the peak in the cross section for fission-like
decay occurs for a parallel momentum transfer of ~2 GeV/c, which is
very similar to limiting momenta transfer we have observed in lower energy
reactions. Third, the perpendicular momentum transfer is relatively small
('-0.4 GeV/c) and is insensitive to the folding angle. These observations
support the hypothesis that most of the reactions leading to fission arc from
target residuals following binary encounters.
Figure 8.7 presents intriguing results from the current measurements
of the correlations between masses detected in various detector modules.
For the four cases shown, the mass obtained in module 6 is presented on
the ordinate. The arrows indicate the relative position of the modules
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197

Fig. 8.6. Laboratory angular
distributions are shown for the
detection of binary products for
the three indicated sum mass
intervals.

Au + 100 MeV/A Fe

300

Mf = 150-160

200
1
•

[rel)

100
300

d

200 -

Mf = 170-180

u

100 300

t

200

•

100

-

.

A

•a

Mf = 190-200
I1

•

., , V

0
1 00 120 140

160

180 200

(the beam is incident from the right). The M2-M6 correlation includes the
180° laboratory angle and, as would be expected, is dominated by a large
yield for near symmetric division into two ~mass-100 fragments. However,
even in this correlation we observe a large yield for division into two much
smaller fragments. This is qualitatively obvious even though the detectors
were not optimized for triggering on such light fragments and therefore have
a suppressed yield for these intermediate-mass products. For the M3-M6
correlation, we again see a substantial yield of the expected fission process,
which results in coincidences between two heavy fragments. But again, there
are significant contributions for division into lighter components. When we
look at the other two graphs (the Mi-M6 and the M4-M6 correlations), we
see that normal fission is kinematically excluded; however, there are very
observable yields for division into two lighter components. This is very
suggestive of a multifragmentation decay in which the composite system
has broken into several light-mass components. Unfortunately, the current
experiment was not designed to quantitatively extract this information.
Because of these results, we have redesigned our experimental detectors to
be sensitive to the intermediate-mass fragments and have scheduled a new
experiment to study in detail this important region.
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Fig. 8.7. The binary mass yield
correlations are shown between
four different pairs of detectors.
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Off-Shell Pion-Nucleon Interaction and the Pion-Nucleus
Double-Charge Exchange Reaction
Lon-Chang Liu and Quamrul Haider*

Pion-uucleus double-charge exchanges (DCE), the {n±,n:f) reactions, arc
unique nuclear phenomena because any leading process of these reactions
must involve two different nucleons. One expects, therefore, that pion
DCE would yield information on nucleon-nucleon correlations in a nucleus
information that is of great importance to nuclear structure studies.
Recently, Bleszynski and Glauber pointed out the important effect of the
Pauli Correlation on DCE reactions.1'12 Ginocchio,** and Auerbach e.i, a/.133
have further discovered the functional relationship between the Pauli
Correlation and nuclear shell structure: their work assumes the validity of
the seniority scheme.
In this article, we show thai pion DCE is also very sensitive to the
nonlocality of the basic pion-iiucleon (nN) interaction. Consequently, we
s"-.'gest that by performing measurements of pion DCE on nuclei with welldetermined nuclear structure, one can investigate the range of the basic 7rN

* Drpnrtmcnt
** liifttnnntum

of Pliysics. Fimlhnm University. Bronx. NY 1045H
tveeived froiri ./. G'movrhio (Group T-5J. Aligns! 17 21. 19H7.
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interaction a quantity that is of fundamental importance to hadron and
nuclear physics but cannot be unambiguously extracted from studying the
scattering of pions from a free uucleon.
A schematic of the piou-uucleus DCE reaction is shown in Fig. 8.8,
where the piou undergoes successive single-charge exchanges on two different
nucleons. Because the intermediate w" and nucleons are not free particles,
the associated irN interactions can be both on-shell and off-shell. When the
interaction is off-shell, the energy and momentum of each interacting particle
are no longer connected by the usual relation that governs a free particle.
Consequently, the use of a theoretical model for off-shell nN interactions
becomes necessary for calculations of piou DCE cross sections. Conversely,
by comparing the data with theoretical predictions given by the different
models, one can eventually determine the correct off-shell behavior of the
7rN interaction.
It is known that the off-shell behavior of the irN interaction is governed
primarily by its range. However, in the literature, there are two groups of irN
off-shell models that fit the measured ITN phase shifts but have very different
ranges. One group of models gives a momentum-space interaction range A
at values between 300 and 500 MeV/c, which corresponds to a coordinatespace range R V . ..een 0.65 and 0.40 fm, respectively.vw~l3B The other group
of models gives A between 1200 and 1500 MeV/c, which corresponds to R
between 0.16 and 0.13 fm (Refs. 137 and 138). Therefore, it is interesting
to investigate the effects of these two different classes of A on the calculated
DCE cross sections.
We have examined this aspect of pion nuclear dynamics through an
analysis of the DCE reaction 14C(7r+,7r~)1'4O leading to the ground state
of l4 O, which is also a double isobaric analog state of the target 14C. Our
theoretical results are compared with Gilman's data139 in Fig. 8.9. Curve A is
based on the off-shell model of Ref. 134, which has a A ~ 300 MeV/c; curve B
is based on the off-shell model of Ref. 137, which has a A ~ 1200 MeV/c and
corresponds to a very localized irN interaction (R < 0.2 fm). An inspection
of Fig. 8.9 reveals that both the magnitude and the energy dependence of
the calculated DCE cross sections are very sensitive to the range used in the
calculations. The greater the value of the A (that is, the more localized the
interaction in the coordinate space), the smaller the cross section.
We have illustrated that DCE cross sections depend strongly on the
range of the KN interaction. We have further found that this strong
dependence results from the fact that the nonlocality of the TTN interaction
has significantly altered the manifestation in DCE reactions of the shellmodel correlation between two nucleons in a relative distance r < R. For
TTN interaction at pion kinetic energies below 300 McV, the effect of the
nonlocality of the nN interaction is similar to that caused by a repulsive
nucleon/nucleon interaction in a nucleus. The fact that none of the off-shell
models used gives a perfect agreement with the data is not surprising because
reaction mechanisms other than the one shown in Fig. 8.8 (such as pion DCE
by means of pion absorption.11") have not been included in the calculations.
However, the inclusion of these other mechanisms will not change our main
observation that DCE cross sections are very sensitive to the TTN interaction
range.
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Fig. 8.8. This is the schematic
reaction diagram for pion DCE.
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In summary, the experimental'"' observed cross sections reflect the
combined effect of shell-model correi icion and 7rN interaction range. One
must know one of these two quantities to determine the other. By measuring
the DCE on nuclei whose structure is known in detail, one can determine
the 7rN interaction range—a quantity that can be used to help unravel the
quark structure for the basic building blocks of nuclear force and nuclei: the
pion and the nucleon.
Implication of 1 2 8 ' 1 3 0 Te(7r + ,7r) 1 2 8 ' 1 3 0 Xe(ground state) Cross Sections:
Interpretation of Double-Beta-Decay Half-Lives of Tellurium Isotopes
Ali Fazely* and Lon-Chang Liu

Neutrinoless (0i/) nuclear double-beta decay has been regarded in recent
years as one of the stringent tests of lepton number conservation. This rare
decay can occur if there is a massive Majorana neutrino in the intermediate
state and/or a right-handed electroweak current is present. The presence
of either or both of these factors can break the 75 invariance. In this latter
case, the neutrino produced in the beta decay of the first neutron can be
absorbed in the beta decay of the second neutron, which leads to a \)v final
Louisiana State University, Baton Raugv, LA 70803
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state. An observation of ();> double-beta decay will also lend support to
certain models of grand unified theories,141 which invoke the existence of
massive Majorana neutrino and right-handed weak current. In interpreting
double-beta-decay data, one needs a good estimate of the magnitude of the
nuclear transition matrix element. Unfortunately, theoretical calculations of
this matrix element depend strongly on the nuclear structure model used.
A particularly interesting case is the ratio between the double-beta-decay
half-lives of 138Te and 130Tc. Considering the very close mass numbers of
these two isotopes, Pontecorvo suggested that their nuclear structure must
be very similar and that the ratio of their double-beta-decay matrix elements
should be very close to one.142 By adopting this conjecture, Kirstcn et id.
have concluded from their geochemical measurements of the double-betadecay rates of l28Te and 130Te that there is no evidence for Ov double-beta
decay.14'1 Clearly, a direct experimental test of Pontecorvo's conjecture is
important.
Recently, Fazely and Liu have noted that, for a given nucleus, the nuclear
matrix element of 0+(g.s.) —» O+(g.s.) transition in Of double-beta decay is
the same as that of the 0+(g.s.) -+ 0+(g.s.) transition in the small-angle
pion double-charge exchange (DCE) reaction.144'145 This is true because
for this particular transition the Fermi transition is unimportant146 and,
hence, the nuclear part of the transition operators for the double-beta decay
and DCE processes become identical.144145 Therefore, after correcting the
slightly different pion distortion effects, one can determine the ratio of the
double-beta-decay nuclear transition matrix elements in 128Te and 130Te from
the measured ratio of small-angle DCE cross sections on these nuclei.
Recent measurements at the Los Alamos Meson Physics Facility indicate
that the 5°-differential cross sections for the reactions 128Te(7r+,ir~)128Xe
(g.s.) and 13OTe(7r+,7r")laoXe (g.s.) at incident pion kinetic energy 164 MeV
are, respectively. 24.0 ± 7.0 nb/sr and 70.0 ± 26.0 nb/sr (Ref. 147). The
cross-section reduction factors caused by pion distortion in 128Te and 130Te
are 0.0052 and 0.0048, respectively.144145 After correcting these distortion
effects, we obtain an undistorted cross-section ratio of 3.16 ± 1.40, which
can be identified with the ratio of the squared 0+(g.s.) —» 0+(g.s.) matrix
elements. In other words, we have found that the nuclear matrix element
for 130Te is greater than that for 128Te by a factor of 1.78 ± 0.42 in marked
contrast to Pontecorvo's assumption.
If we denote by R the ratio of the double-beta-decay half-life of 128Tc
to that of K!0Te. then the geochemical measurements of Hennecke et al.
(Missouri Group) give R > 1580 (Ref. 148). On the other hand, the
geochemical measurement of Kirstcn et al. (Heidelberg Group) gives
R > 3040 (+2<T). > 4425 (+lrr), and > 9710 (mean), respectively.143 Using
our measured value of 1.78 for the matrix-element ratio, we have found that
the ratio R of the double-beta-decay rates satisfies the equation
R ~ 0.623 + 0.316 <m1/>NhlJ + 0.079 7/ ,
where the units are <m(/>Mai in 10 r' in,,. // in 10 5, and R in 10 4. This
equation defines a family of curves in the <ni,/>M;ij-/; plan. Figure 8.10 shows
the results of Missouri and Heidelberg Groups; dot-dashed, solid, dotted, and
dashed curves were obtained from the equation with the values of R > 1580.
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Fig. 8.10. The <rtv> M " J tj of the double-beta decay
is calculated with the matrixelement ratio given by our DCE
measurements.
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3040, 4425, and 9710, respectively. We should note that our equation differs
considerably from one given in Ref. 143, which is based on equal matrix
elements in l28Te and 13f)Te. From the intercepts of the solid curve with the
ordinate and abscissa in Fig. 8.10, we obtain <m^> Maj — 14.8 + 3.3 eV and
r; = (5.8 ± 1.3) x 10~5. From the intercepts of the dotted curve with the
coordinates, we obtain <m (/ > Milj = 11.6 ± 2.5 eV and 77 = (4.5 ± 1.0) x 10~5.
Finally, if the dashed curve is considered, we obtain <inl/>MaJ = 5.8 ± 1.2 eV
and r/ = (2.3 ± 0.5) x 10" 5 . The uncertainties included in these limits are
due to our DCE measurements.
The above nonvanishing limits on <m^> Maj and ?/ indicate, therefore,
that the accuracy level of the results for the geochemical measurements143
is insufficient to exclude the existence of Of double-beta decay.
Thermal-Neutron Fission Cross Section of 26.1-min 235ym
Willard L. Talbert, Jr., John W. Starner, Robert J. Estep, Silvio J. Balestrini,*
Moses Attrep, Jr., Deward W. Efurd, and Fred R. Roensch

The 26.1-min isomeric state of 2:ir'U has been studied extensively since
its discovery and isolation in 1957 (Refs. 149, 150). Despite efforts to obtain
samples large enough to permit measurement of its fission cross section, no
such measurements were reported until 1984 (Rcf. 151). while the present
work was in initial stages. Before 1984. most of the experimental work on
the properties of a35U"' was devoted to determining tlr- effects of chemical
Lou AIHUIOS National Laboratory consultant

18(1

Isotope and Nuclear Chemistry Division Annual Report 1987

Nuclear Structure and Reactions

environment on its decay constant15-"154 and energy.155 This 1/2+ isomeric
state decays to the 7/2" ground state by an E3 transition that proceeds
almost entirely through emission of very low energy conversion electrons.
The transition energy is 7G.8 ± 0.5 eV. To allow a determination of the
average fission width and the level densities of the excited target nucleus,
the fission measurements must extend to neutron energies of at least 10 keV;
however, we chose to make a first attempt with thermal-energy neutrons,
which are accessible iu high intensity at the Los Alamos Omega West Reactor
and for which the fission cross section could be expected to be very high.
We could then use this experience to develop techniques required for the
challenges presented at higher neutron energies.
In past studies uf - a5 U m , the collection of samples has relied on the
fact that in the alpha decay of -;19Pu, more Jjiaji 99.8% of the decays
directly or indirectly populate the ";i5U isomeric level. Hence, collecting the
90-keV alpha-decay recoils has been the usual method of obtaining a sample
of - as U m . Samples of adequate size for studies of half-life and isomericlevel energy can be obtained from reasonable areas of plutonium surface.15'1
However, to obtain samples adequate for fission cross-section measurements,
rather large surface areas are required; for example, the area used in the
experiments discussed in Ref. 151 was I m 2 .
There were two developmental efforts required as we pursued the fission
cross-section measurement for 2:i5U"'. One was to develop a low-background
fission chamber that could tolerate the severe conditions in the reactor
thermal column (larg-* gamma-ray and thermal-neutron fluxes), and the
other was to develop a procedure possibly radiochemical for separating
adequate samples of -;j5Ul" (10lu to 10 u atoms) from a plutonium source.
We have been successful in developing a rapid radiochemical procedure
for separating -!r'U1" from milligram quantities of 2a9 Pu. The separation
procedure provides an essentially plutonium-free -a5U'" sample in a period
of 25 to 35 min. This radiochemical separation uses a simple selective anionexchange step; uranium is absorbed onto AG-MP1 resin from a 47% HBr
solution but plutonium is not absorbed.157 The uranium is easily eluted from
the column with a very dilute HF solution.158
We conducted measurements on several separation blanks to ensure
that neither reagents, equipment, nor the procedure environment introduced
fissionable materials into the final sample. We first generated these blanks
in clean-room conditions and then repeated the procedure at the location
where the actual uranium-plutonium separations were to take place. None
of the blanks contained appreciable fissionable material; the 235U level per
blank was lower than 1()7 atoms.
We were able to attain a separation factor of ~10 1J . The number of
atoms delivered for the cross-section measurements ranged between 6 x 10'"
and ,'{ x 10" atoms of- :ir U' n .
The •itr'U'" sample provided from the rapid radiochemical separation was
loaded into a titanium fission chamber in which the internal insulators are
made of polyethylene. The chamber was then inserted into the thermal
column of the Omega West Reactor as quickly as possible (usually within
2 inin). The fission chamber signals and the 2:i5U-Hux-iuonitor signal were
multiscaled. The flux monitor was positioned near the fission chamber
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at the same elevation in the thermal column, but far enough away so
that the neutrons produced in the flux monitor would not perturb the
thermal spectrum at the fission chamber location. The neutron spectrum is
approximated by a Maxwellian distribution of temperature 350 K (75.5 meV
is the most probable energy in the wavelength representation of the
Maxwellian flux).*
A typical multiscale spectrum is shown in Fig. 8.11 and illustrates the
fit to the data; this fit results in a value for the isomeric-to-ground-state
cross-section ratio R — <rm/as of 1.40 (±0.02). This is an individual value
and the uncertainty is statistical. For comparison, the expected fit for the
reported value151 of 2.2 (±0.4) is shown as a dashed line. It is clear from
this illustration that we do not measure a time-dependent fission rate that is
consistent with the result obtained in Ref. 151. Although the value reported
by Mostovoi and Ustroiev is based on 15 independent measurements (not
reported individually), the rather large uncertainty must reflect considerable
scatter in the individual measurements.
The data for the eight samples we used for the cross-section ratio have
a weightea average value of R = 1.42 (± 0.04), where the uncertainty is
I std dev.
The isomeric state of 235U has a nuclear structure character similar
to that of the 239Pu ground state. Measuring the fission cross section
induced by thermal-e"ergy neutrons does not provide enough information
for us to deduce any basic fission process parameters. However, the
fact that the ratio of the isomeric and ground-state cross sections
at thermal energies is roughly the same as the ratio of the 239 Pu
Fig. 8 . 1 1 . In this multiscale
spectrum of fissions in a 2 3 5 U m
sample, the data have been
condensed to 3-min intervals
for convenience in plotting. The
expected fit for the R =
am/ag
value reported in Ref. 151 is
shown as the dashed line.
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ground-state to 235U ground-state cross sections allows one to postulate that
thermal fission of -:15Um likely proceeds by a level with spin zero in the
compound nucleus (by analogy with 230Pu) (Ref. 151).
It is important to extend this measurement to higher neutron energies.
The Los Alamos Neutron Scattering Center (LANSCE) provides an
intense "white" neutron source for time-of-flight correlated measurements of
neutron-induced processes at neutron energies up to many MeV. Preliminary
estimates of sample sizes needed for an experiment at LANSCE suggest a
plutonium "cow" size of 200 to 400 g to permit measurements of the fission
cross section at neutron energies up to 100 keV.
Study of the (p,27r') Reaction in Aluminum
Xizhang Feng,* Robert J. £step, Lon-Chang Liu, and Bruce J. Dropesky

Little is known about the mechanism of multiple pion production in
high-energy proton-nucleus interactions. According to Erich Vogt,** two
alternative processes could account for multiple pion production in these
interactions: "(1) direct multipion process—the incident proton knocks out
pions already existing in the nucleus, whether as part of pion-exchange
currents or fluctuations in the pion field associated with pion condensates;
and (2) incoherent pion production the incoming nucleon has successive
collisions with target nucleons and succeeds in creating pions in independent
collisions."
On the other hand, in the language of delta dynamics, the most likely
mechanism for two-pion production at a proton energy of 800 MeV would
be an incident proton collision with a target proton that resulted in the
formation of two As sharing the total energy. With the decay of these As,
two TT^S could be emitted from the nucleus.
To shed some light on the mechanism of two-pion production processes,
we planned to study the excitation function of the (p, 2n+) reaction in
aluminum; this reaction leads to the particle-bound states of 28Mg. whose
ground state decays with a 21-h half-life. Although the selected reaction
(p, 2TT+ ) may be difficult to treat theoretically, the unique reaction product
makes it amenable to measurement by activation techniques. Also, the
measured cross section can give us an idea of the magnitude of the cross
section for the general class of two-pion production reactions; this cross
section may be ten times larger than (p. 2TT+) to 28Mg and thus would
indicate the feasibility of using particle detector techniques to investigate
the general reaction.
Because we were unable to obtain proton heam time at energies lower
than the Los Alamos Meson Physics Facility (LAMPF) maximum, this
article discusses only our determination of the cross section for the 27A1
(p. 27r+)28Mg reaction at 800 MeV. In anticipation of a possible contribution
* Application Department. Institute of High Energy Physics. Academm Sinicn.
P. O. Box 2732. Beijing. The Peoples Republic of China
** Information provided by Erich Vogt. University of British Columbia, Vancouver.
BC. Canada (1981).
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to the production of 21-h JHMg by secondary processes, we measured the
apparent production cross section for each of three thicknesses of high-purity
aluminum in a separate proton bombardment.
The target irradiations were carried out in air ~30 cm downstream from
the 0.127-mni-thick aluminum vacuum window in the Nuclear Chemistry
Cave at the end of proton Line B at LAMPF. Each target packet consisted
of the primary high-purity (99.999%) aluminum foil sandwiched between
very thin aluminum monitor foils and then wrapped in an envelope of the
thinner aluminum material. The three primary target foils were 0.0254-,
0.127-. and 0.254-mm thick and were irradiated with 800-MeV protons for
10, 5, and 1 jiAu, respectively.
Following each irradiation, the front and back aluminum monitor foils
were mounted to counting plates and counted with calibrated Ge(Li) or
intrinsic germanium gamma-ray spectrometers. To determine the integrated
proton Hux to which each target was exposed, we used the intensity of the
1369-keV gamma ray of 15-h 21Na. which was produced in the well-known
-7Al(p, 3pn)"'1Na monitor reaction that has a cross section of 10.G nib at
800 MeV (Ref. 159).
We dissolved each primary aluminum target foil witli HC1 and processed
it radiochemically to recover and purify the magnesium fraction. We relied
on the highly specific property of hydrated antimony pentoxide to remove the
very high yield of M Na from the target solution. This process, followed by
multiple hydroxide precipitation steps, and final precipitation of ammonium
magnesium phosphate resulted in radiochemically pure magnesium. This
precipitate of the added magnesium carrier was weighed (chemical recovery
ranged from 79 to 87%). mounted, and counted on the calibrated germanium
gamma-ray spectrometers.
We observed only radiations from 21-h 2s Mg and its daughter 2.2r>-uiin
s
- Al in the gamma-ray spectrum. We determined the yield of 2*Mg from the
intensity of the 1779-keV gamma ray that accompanies every decay of the
2M
A1 in equilibrium with the 2sMg.
Figure 8.12 shows the apparent cross section for production of 2MMg for
each of the three target thicknesses. These measured values are obviously
linearly proportional to the thickness of the target undoubtedly because of
substantial contributions to 28Mg production by secondary processes. Given
the very low concentrations of trace impurities in the aluminum target foils,
we estimated that contributions to the 28Mg yield by spallation reactions on
these impurities would be negligible.
However, secondary triton and alpha-particle production by the primary
protons followed by (t.2p) and (<>,3p) reactions in the aluminum target
material would not be negligible. From the work of Wu rt «/.."'" who
measured the spectra of light charged particles from 90-MeV proton
interactions in 2'A1 and other elements, we learn that the nonequilibrium
yields of tritons and alpha particles are 8.4 and 70.9 nib. respectively. These
yields are probably higher at. 800 MeV. but their ratio may not be very
different. On the other hand, from the report by Nozaki <t ul..Ui'' we sec
that the cross section for the 27Al(t.2p)2*Mg reaction, with a threshold of
only 2.01 MeV. rises to a value of -~:}..r) ml) at 20 MeV: the cross section
for the -'7A1 (o.3p) 2\Mg reaction, with a threshold of 24.82 MeV. rises to
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Fig. 8.12. These cross sections
for the production of 2b Mg us
aluminum target, thickness were
determined at 800-MeV proton
energy.
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a value of only 0.1 mb at ~45 MeV. Thus, we conclude that the secondary
(t,2p) reaction is the predominant contributor to the slope seen in the plot
of apparent cross section us target thickness (Fig. 8.12).
Secondary tritous produced in the aluminum vacuum window upstream
of our target could provide a constant contribution to 28Mg production:
therefore, we analyzed for this activity in a 0.254-mm-thick target located
a few centimeters above the primary target of the same thickness. Within
the limits of our detectability, no 2bMg was observed, and we can rule out a
contribution from this source.
Finally, we see from Fig. 8.12 that the zero-target-thickness intercept,
where we expect the contributions from secondary reactions to vanish, yields
a value of 95 (±6 nb) for the cross section for the 27Al(p.27r+)28Mg reaction
at 800 MeV. This is a substantial cross section for an energy that is only
240 MeV above the kinematic threshold (560 MeV) for this reaction. A
determination of its cross section at 700 and 600 MeV is clearly feasible,
and the steepness of the excitation function should provide some indication,
according to Erich Vogt, as to the mechanism of this complex multipion
production reaction.

Isotope and Nuclear Chemistry Division Annual Report 1987

191

IRRADIATION FA CIUWzS

Omega West Reactor

195

Neutron Activation Analysis Activities

198

Irradiation Facilities
Omega West Reactor
Terry W. Smith, Gerald F. Ramsey, Michael M. Minor, and Merle E. Bunker

The Omega West Reactor (OWR) provides Los Alamos experimenters
and scientists from other laboratories with an intense steady-state dux
of thermal and epithermal neutrons. At the normal operating power
level of 8 MW, the maximum available thermal flux is 9 x H)l:i n/ctn2s.
Nine beam tubes, fourteen rabbit systems, and a number of removable
graphite "stringers" provide access to the neutron flux and enable
several experimental activities to proceed simultaneously. The reactor
facilities are used for radioisotope production, neutron-diffraction and
-absorption experiments, in-core irradiation of instrumented capsules,
neutron radiography of assemblies, neutron-capture proinpt-;*amma-ray
studies, neutron cross-section measurements, and neutron-activation traceelement assay measurements.
In FY 1987, personnel from 29 Los Alamos groups and 14 outside
organizations used the reactor. Over 12 000 samples were irradiated
(primarily with thermal neutrons), and use by other types of experiments
totaled 2159 It. Table 9.1 lists the organizations that obtained sample
irradiations, and a summary of the other experimental activities is given
in Table 9.2.
Some highlights of the activities at the reactor during FY 1987 follow.
• We have initiated a project to convert the reactor automatic control
system from an analog system to a microprocessor-based digital
control system. The present 115-VAC synchronous rod-drive motors
and mechanical relays will be replaced with stepping motors, motor
controllers, and preset indexers, which will accept signals directly from
a data acquisition/control computer that is based on the VMEbus
standard. The new system will allow us to convert other reactor
instrumentation to digital in the future. Digital automatic control of
a reactor is quite new: such a control system has not yet been installed
or licensed at any research reactor except a,s an experimental device. A
prototype/training version of the digital system has been assembled and
will be ready for testing in early FY 1988.
• We have installed a fission-spectrum neutron irradiation facility in the
OWR thermal column. A thin shell of 235U serves as the converter.
Theoretical calculations indicate that the neutron flux in the irradiation
cavity should be -1.6 x 10in n/cm 2 s. with a rather sharp energy cutoff
at 0.9 keV that is induced by an internal B.tC absorber. The first use of
this facility is scheduled for early FY 1988.
• The -1-'Na (n.p) and 22Na (n.<>) cross sections, of value in weapon
diagnostics, were measured at thermal energy by a team from the
.Subatomic and Research Applications Group (P-3). The value deduced
for the (n.p) cross section to the first excited state of 22Ne is ~.'J0 000 b.
The (n.a) cross section, which had not been measured previously, was
found to be -100 b. The -'Na target isotope has a half-life of 2.6 yr.
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TABLE 9 . 1 . Irradiations at the OWR in FY 1967
Organization
Los Alamos National Laboratory
CLS-1
CLS-3
ESS-1
ESS-3
ESS-8
HSE-9
INC-4
INC-5
INC-7
INC-11
LS-3
MEE-11
MP-7
MST-5
MST-7
MST-10
MST-11
MST-12
N-l
P-3
P-15
Q-l
WX-5
Brigham Young University
California Institute of Technology
Fenix & Scisson
Louisiana State University
McClellan AFB
Sandia National Laboratories
Savannah River Plant
University of Alaska
University of California, Davis
University of California, Riverside
University of New Mexico
University of Washington
TOTAL

Number of
Samples
43
13
336
56
5
4774
53
1697
1769
1608
5
89
25
59
201
20
8
8
19
21
2
10
65
721
1
14
117
42
•••2:-v<-:~

36
16
48
23
28
106
12 040

The thermal-neutron fission cross section of 26.1-inin 235U"' (the
metastable Krst excited state of 23rjU) was measured by a team from the
Nuclear and iv idiocliemistry Group (INC-11) and the Research Reactor
Group (INC'-rj). The ratio of this cross section to the thermal fission
cross section of the 2:)5U ground state was determined to be 1.12 ± 0.04.
Further details are given in an article in Sec. 8.
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TABLE 9,2. Experiments Performed at the OWR in FY 1987
Organization

Experiment
Hours

Experiment

Los Alamos National Laboratory
P-3
Neutron radiography
WX-3
Neutron radiography
WX-5
Neutron radiography
WX-5
Retention of 3He in tritides
HSE-9
Neutron-capture gamma-ray measurements
INC-5/P-DO Neutron-capture gamm^-ray measurements
1NC-7
Neutron-capture gamma-ray measurements
N-2
Neutron-capture gamma-ray measurements
Q-2
Neutron-capture gamma-ray measurements
7
P-3
Be(n,p) cross-section measurements
P-8
Neutron detector tests
P-15
Filtered beam (n,7) studies
Q-l
Spent fuel-element measurements
LLNL/HEDL
Radiation damage to CTR-type metals

TOTAL

8
12
1
404
74
583
21
39
10
427
130
160
102
198

2159

• Making use of a new high-resolution reverse-electrode germanium
detector, we recorded and analyzed the prompt (n (h ,7) spectrum
emergent from a 7.5-mg target of 205 Pb (T 1/2 = 1.4 x 107 yr). This
spectrum had never been studied before our measurements. Judging
from the observed gamma rays, many of which had never been seen in
other nuclear reactions leading to 2(JI'Pb, we have construe ed a decay
scheme that includes 24 energy levels. From this scheme and our
accurate gamma-ray energies, we can infer that the neutron binding
energy of 20(iPb is 8086.65 ± 0.15 keV. Our measured value for the
thermal-neutron capture cross section of m P b is 2.20 ± 0.30 b.
• In collaboration with experimenters from the Los Alamos Physics
Divisiou and Oak Ridge National Laboratory, we completed
measurements of the thermal neutron-capture gamma-ray spectra
emergent from separated-isotope targets of 24Mg, 25Mg, and 26Mg. None
of these spectra had been studied previously. The measured values of the
(n,,,,-,) cross sections of the three isotopes are 0.046, 0.142, and 0.032 b,
respectively: the uncertainty in each case is ~8%. We will be able to
extract the neutron binding energies for each isotope from the acquired
gamma-ray data.
• Employing our cadmium-shielded irradiation facility located adjacent
to the reactor core, experimenters from the Physical Metallurgy Group
(MST-5) and the LAMPF Experimental Areas Group (MP-7) have
conducted a series of irradiations of the new superconductor material
YBa 2 Cu 3 0 x with fast neutrons. One of the more interesting results is
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that the critical current density, J(., of the material is markedly enhanced
by the fast-neutron bombardment.
• An in-core irradiation facility was used by experimenters from
Westinghouse-Hanford to conduct a series of measurements of radiation
damage to metals proposed for use in controlled fusion reactors, The
longest irradiation was 3 weeks; the total length of all irradiations was
198 h.
• The Technical Specifications, which outline the basic limiting parameters
and regulations under which the OWR must be operated, were
thoroughly updated at the request of the Albuquerque DOE Safety
Programs Division office. This document was last updated in May 1984.
• A formal line-item construction proposal for a new research reactor to
replace the OWR has been submitted to Laboratory management. The
OWR is still in sound condition, but it is 31 yr old, and by the time a
replacement is built, it will be about 40 yr old. Beyond such an age,
irreparable failures become much more likely.
Neutron Activation Analysis Activities
Keith H. Abel, Sammy R. Garcia, and Michael M. Minor

We have installed a network-based data acquisition and analysis system
that uses VMEbus microcomputer components and SUN workstations.
The gamma-ray analysis codes RAYGUN and SKEWGAUSS employed
in our neutron activation analysis (NAA) work, along with many other
data handling programs formerly used on the in-house PDP-11/60, have
been transferred and modified to run in the SUN UNIX environment.
We have assembled and tested a loss-free gamma-ray counting module
that uses an intelligent input/output (IIO) VME module. These modules
will provide basic multichannel analyzer functions in our system without
employing the complicated CAMAC ii * erfaces that are currently in use.
Data acquisition codes that we have written for the IIO (and similar VMEbus
microprocessors) use a small real-time operating system, Xinu, for which a
remote file server has been implemented under UNIX in the SUN workstation
host. This file server technique allows multichannel analyzers to directly
write histogram dumps to a file on the host. We expect final conversion to
the new system will be completed early in the next fiscal year.
We have acquired four new intrinsic-germanium gamma-ray detectors
that will be used to count intermediate and long half-life radioactivities,
which will greatly increase the amount of time that the automated detector
system can be used for counting short-lived activities. These new detectors,
which have efficiencies ranging from 34 to 38%, are being installed in lead
shields and initially will be used for manual sample counting operations. We
will design and construct automatic sample changers for these detector* in
the next fiscal year.
We tested an external neutron beam that will be used for prompt
gamma-ray NAA measurements. The l/2-in.-diari beam tube is located in
the lower through-port of the OWR. which passes tangent to the reactor core.
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We have now demonstrated the feasibility of the system, acquired a neutrondamage-resistant detector, and modified an existing shield to be used as both
sample holder and detector shield. Permanent installation of this system
awaits DOE approval of the newly revised OWR Technical Specifications,
which permit the use of the lower throng1', port for this application.
Demand for our analytical services at the OWR continues at a high level.
During FY 1987, 7886 material samples submitted by 14 Laboratory groups
and 6 outside organizations were analyzed by gamma-ray NAA and delayedneutron counting. The following paragraphs briefly summarize some of the
main projects for which we have conducted analyses.
• Using the delayed-neutron counting technique, we assayed 3378 urine
and environmental samples for fissile material for the Health and
Environmental Chemistry Group (HSE-9).
• We completed our part of a project involving the measurement of
trace-element concentrations in high-purity B4C samples, using a newly
installed boron-shielded epithermal rabbit facility for the neutron
irradiations. The boron shielding is very important in this case because
it essentially avoids the serious neutron self-absorption and thermalheating problems that the samples would present if a thermal-neutron
bombardment were used. One object of this study was to determine the
sensitivities attainable for various elements in the difficult B4C matrix.
For at least 17 of the elements of concern, we have attained sensitivities
ranging from a few parts per billion to a part per million.
• We screened 726 oil samples collected throughout the Laboratory
for the possible presence of unacceptable levels of polychlorinated
biphenyls (PCBs), as indicated by the NAA-measured chlorine content.
This rapid screening technique has been extremely useful to the gas
chromatography section in HSE Division because our results reduce by
roughly a factor of 2 the number of lengthy chromatographic analyses
that must be performed to establish the precise PCB concentration.
• We analyzed 1032 rock and soil samples by NAA for a research project
concerned with geochemical anomalies at "biological crisis zones," such
as the Cretaceous-Tertiary geologic time boundary. (See Sec. 5 for
further discussion of this project.)
• In collaboration with members of the Isotope and Geochemistry Group
(INC-7), we subjected 281 air-filter samples to nondestructive NAA to
determine the elemental makeup of aerosol participates trapped on the
filters. This study is a component of the Western Air Quality Project,
v-hich is funded by the Electric Power Research Institute.
• Approximately 300 samples were analyzed for the team conducting the
Molybdenum-Technecium Solar-Neutrino Experiment. Most of these
analyses involved determining the uranium content of molybdenum
compounds; the remainder were assays for rhenium adsorbed on ionexchange resins. Our detection sensitivity (by NAA) for rhenium is
-50 ng.
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Modeling of Multivalent Ion-Exchange Isotherms
Ines R. Triay and Robert S. Rundberg

Ion exchange in synthetic as well as naturally occurring exchangers
can affect important physical and chemical properties such as stability.
adsorption behavior, selectivity, ami catalytic activity. The most common
experimental technique used to study ion exchange is the measurement
of an ion-exchange isotherm; this isotherm is the equilibrium solid-phase
concentration of a given ion as a fuuction of its aqueous-phase concentration
when the temperature and the ionic strength of the solution are held
constant. Isotherms resulting from simultaneous equilibria of ions in solution
with ions in different exchange sites of the solid phase can be deconvolved
to yield information on the available exchangeable-ion sites, the number and
distribution of those sites, and the ion selectivities for each of the existing
types of sites.
The thennodynamic formalism for ion exchange has beeu reviewed
recently;16" consequently, only the essentials necessary for this modeling
effort will be given here. We can assume that the ion-exchange process
is a set of simultaneous equilibria, as in Eq. (1), where s',...,s-' represent
different sites in the exchanger.

The selectivity coefficient for the exchange in site i, K\ is given in Eq. (2),
where ai and a2 are the activities in the aqueous phase of the cation to
be exchanged and the ingoing cation, respectively, and q'x and q2 are the
equivalent fractions of these cations in site i of exchanger.
Ki

_

Selectivity coefficients differ from equilibrium constants in that they do
not include the activity coefficients of the cations in the solid phase. Values
for selectivity coefficients generally range from 10 s to If)3 and they arc
unitless.
The equivalent fraction, of Mi''2 in site i at a given concentration of
M.t*- in the aqueous phase follows immediately from Eq. (2) as a result of
mass balance considerations. For instance, the equivalent fraction in site i of
the solid phase for an ingoing divalent cation exchanging with a monovalent
cation (zi = 1. z2 = 2) is given in Eq. (3), where Co is the total concentration
of cations in the aqueous phase, C2 is the aqueous phase concentration of
the ingoing cation, and 71 and -v2 are the activity coefficients in the aqueous
phase of the cation to be exchanged and the ingoing cation, respectively.
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Similarly, the equivalent fraction in site i of the solid phase for an ingoing
trivalent cation exchanging with a monovalent cation (zi = 1, . =3) is given
in Eq. (4).
Divalent case:
q>2 = q2(C2,K') = l/2[2 + d - (4d + d2)1/l2]
, _ (Cg/Ca - 2C0 + Co)7
K'72

(3)

2

Trivalent case:
q2(C2,K') = X + Y + 1

(4)

X = [-y/2 + (y2/4 hx 3 /27) l / 2 ]' / 3
Y = [-y/2-(y 2 /4+x 3 /27) 1 / 2 ] 1 / 3
x = l/3(3w-p4 2 )
y = l/27(2p 3 -9pw+27r)
w

= 3 +

(C^/C2-3C2^3C2Co-q)^

p =-3
r = -1
In the general case, the total equivalent fraction of MJZ2 in the solid
phase is given by Eq. (5), where Q' and Q are the equivalents in site i
and the total equivalents, respectively, of exchangeable sites per gram of
exchanger.

This model can be further generalized to include even more subtle
differences in sites by replacing the sum in Eq. (5) with the integral in
Eq. (6), where f(K) is a distribution function for the selectivity coefficient of
the exchange.
q2(C2) = /q 2 (C 2 ,K) f(K)dK

(6)

Equation (6) is a Fredholm Integral Equation of the First Kind (IFK)
for which a solution, f(K), may be found by using a. deconvolving technique
such as regularization. (Reference 163 describes the details of deconvolving
monovalent ion-exchange isotherms.)
To test the performance of regularization in determining selectivity
coefficient distributions, divalent and trivalent ion-exchange isotherms were
computer generated by numerical integration of Eq. (6). This allowed us to
make immediate comparison between the distributions used to generate the
isotherms and the distributions recovered using the proposed deconvolving
technique. To test how experimental errors in isotherm data would affect the
results, we incorporated indeterminate er ors into the computer-generated
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data used to recover the distributions. The method of regularization
successfully effected the deconvolution of isotherms that were generated from
unimodal and biinodal normal and log-normal distributions. Figures 10.1
through 10.3 show comparisons of the actual as well as the recovered
normalized distributions for various test cases. The deconvolution of
trivaleut isotherms yields poorer results than deconvolution of divalent ones
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becau&i of the increased complexity of the q2(C2,K) function in the trivalent
case. Consequently, the relative accuracy of the results is the effect of the
numerical calculations of the deconvolution approach.
By using Sherry's isotherm data,104 which describe the exchange of K
cations into the Linde Na-Y type of synt hetic faujasite, we can apply the
deconvolution method to a real isotherm. The values for the selectivity
coefficient distribution recovered from deconvolution of Sherry's isotherm
have been compiled in Table 10.1. The relative areas under the peaks
in the recovered distribution were compared with the crystallographically
determined cation populations in the sites of K-Y (Ref. 165). Data from
Table 10.1 seem to indicate that the deconvolution method yields selectivity
coefficients that correspond to crystallographic sites in an exchanger.
Tho method of deconvolution has not been tested by using divalent
and trivalent isotherms from the literature. Exchangers, such as zeolites,
normally exhibit structural properties that prevent a multivalent cation from
replacing multiple inonovaleiit cations in the solid phase. Consequently, the
Table 10.1. Selectivity Coefficient Distribution from the K-Na-Y
'.;:.'•. ' '••"••'

'-.

• I S w i h # f l H

" ' . - . ' ' •

Median
Mean
Most Probable K
Relative Area
Relative Cation Site Population3
"From Ref. 165:
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multivaleut cations may combine with unions such as hydroxyls that exist
either in solution or in the solid phase to accomplish a one-to-one exchange
with monovalent cations. The extent to which secondary processes such as
the one in Eq. (7) take place cau only be determined by keeping a careful
accounting of the ions in solution as well as the exchanging ions in the solid
phase; this has uut beeu done for isotherms discussed in the literature.
" M . I + M - r V , ) + (** - A)OH ^ Mf (iul) + [M3(OH),8B - „ ]

M
(s)

(7)

We can still model complicated multivalent ion exchange by \isiug an
IFK for the primary exchange mechanism and Langumir isotherms for the
secondary processes. Numerically, there is no difference between modeling
uncomplicated and complicated inultivaleut isotherms. The indeterminate
errors in the complicated ease, however, are likely to be larger because
multiple measurements are often necessary to assess the state of a particular
exchanged ion. Consequently, deconvolution will yield poorer results, which
may only be improved by increasing the precision of the isotherm data
obtained.
Because this study has demonstrated that application of the
regularization technique to the decouvolutiou of computer-uenerated
Isotherms yields reasonable results, the next step of our project will
be devoted to the experimental validation of the deconvolution method.
To this end, isotherms will be measured in exchangers, such as synthetic
zeolites, and will be correlated with nuclear magnetic resonance and
crystallographic data. This set of experiments will determine the physical
significance of the selectivity coefficient distribution functions recovered
from deconvolutiou and should provide relevant information concerning the
mechanism of ion exchange.
Predicting Ligand Geometries and Properties Through Molecular Modeling
Timothy P. Burns and Janet A. Mercer-Smith

The objective of our research is to prepare gadoliniuin(III) chclates
for covalent attachment to monoclonal antibodies that are specific for
tumor antigens. The paramagnetic gadolinium-labeled agents will be used
as paramagnetic resonance contrast imaging agents for nuclear magneticresonance imaging. Because gadolinium(III) and yttriuni(III) have similar
ionic radii [1.107 and 1.075, respectively, if one assumes a coordination
number of 9 (Ref. 166)], chelatiug agents for gadolinium(III) should also have
good stability for ao Y(III), which is an internal radiation therapy agent.
In our article last year, we discussed the considerations that led us to
choose sapphyrins as a class of compounds to investigate for gadolinium
binding.1"7 For that article, we attempted to model every conceivable class
of compound that could fulfill the requirements: (1) in vivo stability, (2) low
toxicity. (."{) the ability to complex gadolinium(III) irreversibly in vivo, and
(4) the ability of H_>0 to approach the metal center unhindered.
After we selected the sapphyrins, we proceeded with the synthesis of
these compounds. However, we have also scanned the literature for other
classes of compounds or variations tint might have been reported since our
initial survey. In April. Sessler et «/.ltls reported a new class of "expanded
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porphynns" or tripynauc-containing macroevelcs [shown in Fig. lU.-l(e)].
Although the cavity size would In- suitable, these compounds could not be
used iis gadolinium ehelating agents because two ol the niacrocyclic carbons
arc sp' hybridi/ed and therefore would impart an undesirable flexibility
to the ligand. Flexibility would allow the liganil to wrap around the
metal in such a way that it would prevent water from approaching the
inner coordination sphere and thus it would diminish the paramagnetic
relaxation etf'eet. The flexibility would also reduce the eutropic gain in
stability that results from a cavity preorgani/.ed in the optimum geometry
to bind a metal. We ran some calculations, at the MM'2 level using the
routines built into C'hem-X,* on the aromatic analog shown in Fig. ll).-l(d).

R = H

=J

(lc)

oxidation

l

(lf)

(Id)

Fig. 10.4. The synthetic route to sapphyrin I f is analogous to that of the expanded
ring porphyrin" lc. Both involve the tripyrrane precursor l a , which is reacted with
1,2-diaminobenzene l b or 5,5'-diformyl-2,2'-bipyrrole l e to give l c or If, respectively.
However, for l c to be useful, the sp1 carbons (dotted line circles) must be oxidized to
yield the aromatic macrocycle I d .

Co;>yri£/if 1987. ClwinirnI D(\SI»JIS. Ltd., Oxford. UK (E. K. Dnvics).
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(These calculations treat a molecule as an array of atoms governed by
classical-mechanical potential functions, which arc empirically derived. For
example, an interatoin l)ond length i* described by a minimum-energy
equilibrium length. Any deviation from this equilibrium length causrs an
increase in energy. Similar (unctions arc described for bond angles and
torsional angles.) This compound shoulil have an excellent geometry lor
hauling gadolinium(lU), although it is not as good a geometry as that of
the sapphyrins [Fig. ll).4(f)|. The radius of a circle inscribed through the
live nitrogens is 2.32 A; that of the sapphyrius is 2.73 A. The predicted
range of cavity sizes for optimal binding to gadolinium(IIl) is 2.-11 to
2.71 A. (In Ref. l(>7, we cited a cavity range of 2.3 to 2.(i A; this was
based on a less likely coordination number of (i for gadolinium.) Although
aromatic, expanded ring porphyrins appear to be nearly ideal chelating
agents for gadolinium(lll), they are not immediately applicable to this
purpose. Sessler has indicated that he has not been able to oxidize the
sp 3 carbons [Fig. lO.4(c)] to spJ carbons [Fig. 10.4(d)], although his efforts
have not been exhaustive."'8
As is obvious from their structures (Fig. 10.4), the synthetic route to
sapphyrins is analogous to that of the "expanded porphyrin." Therefore, we
are continuing the synthesis. We have synthesized 20 g of 2,2'-( 1-pyrrolinyl)pynole, which is the precursor to le. We will not convert the precursor until
we are ready to use it in the final step because it polymerizes readily. We have
also synthesized the precursor to la, 3,4,5-triinethyl-2-ethoxycarbonylpyrrole
in an 18-g quantity ami have commissioned the custom synthesis of 1 kg of
this precursor. The possibility of obtaining two excellent ligands from the
same synthetic effort makes the process even more appealing. However,
before the expanded porphyrins can be useful, we must rind a method to
aromatize them.
We are using MNDO in our calculations on sapphyrins and other systems
at a semi-empirical level. The execution of these calculations is not easy,
although we are using existing software (MOPAC) and parameters. In
principle, the optimization is quite simple. An initial geometry, based on a
molecular drawing program, is entered in the form of a z-matrix. A z-iuatrix
is merely a way in which the spatial relationship of one atom is specified in
terms of a previously defined atom. For example, in a molecule containing
at least four atoms, atom four could be specified in terms of a bond length
from atom three (4:3). a bond angle between atoms 2 and 4 in which atom 3
is at the apex (4:3:2), and a torsional angle visualized by projecting the
bond 4:3 onto 2:1 (4:3:2:1). However, in the case of a niacrocyclic molecule,
a sequentially denned z-matrix does not work because of a lever effect. The
calculations are based on a process of iteratively making small changes in
bond lengths and angles, then checking the effect on the overall energy of
the molecular energy. Consider Fig. 10.5; if a small change is made in the
angle between atoms 1 and 3. when that change is propagated around the
ring periphery, it causes a large change in the bond distance between atoms
1 and 8. This abnormally short bond length requires more energy than is
sensible, and the calculation ceases. We have been able lo optimize the
geometry of sapphyrin without taking its symmetry into account. However,
we are striving to optimize the structure by using symmetry constraints.
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Fig. 10.5. An example of the
lever effect Making a small
change in the 123 causes a
large change in energy for the
macrocyde As th$ angle change
propagates around the ring,
a change in the bond length
between 1 and 8 results in a large
repulsive energy

This process will enable us to predict sites of electropltilie and nucleopliilie
attack liy comparing the electron contour maps of sapphyriu to known
porphyrins: this in turn will allow us to protect areas susceptible to /// vim)
attack and decomposition. Electron contour maps will also assist us in
designing derivatizatiou methods tor the ligands. The calculations will aid
in characterization by predicting spectroscopic properties of the compounds
we synthesize.
Progress Toward the Analytical Viability of Resonance lonization Mass Spectrometry
Bryan L. Fearey, Denise C. Parent (CLS-2),* Richard A. Keller (CLS-2), and Charles M. Miller

Over the last year, we have devoted an extensive amount of work to
bring the technique of resonance ionization mass spectroinetry (RIMS) to
analytical viability. This article is a brief overview of our progress and our
plans to develop this technique; Heferenccs Hi!) through 172 contain more
detailed accounts.
Interest in the HI MS technique for analytical measurements is due
to: (1) the selective manner in which it discriminates against many
interferences. 1 ' 1 ''"' and (2) the large dynamic range available for measuring
isotopic ratios.'™ ' r ' The selectivity arises from the fact that each element
has a unique set of atomic transitions to which a monochromatic laser can
be tuned. Thus, only the desired atom absorbs ihe "single-color" photon.
Once tiiis atom is in Ihe excited state, another photon of sullicieiit energy
can ionize th" atom, which is then detected mass-selectively with a mass
spectrometer. With sullicien! optical resolution, it is also possible to ionize
specific isotopes with the laser and thus lip-tlier increase detection limits for
high dynamic range measurements.
* Pre.s-cnf Address:
DC

Snvnl

liivfurch
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Our work has centered upon two aspects of RIMS: increasing the ion
signal (that is. increasing the laser ionization etlieicucy) and increasing our
capability to isotopicallv select species of interest. From earlier work, we
lu-lieve that the KIMS technique presently can allow us to measure isotope
ratios in excess (it I part in 10'.
To attain viability tor RIMS, we must significantly increase Unionization efficiency of the RIMS process. We have taken a significant step
toward the solution of this problem by using a second, nonresonant laser in
the iouizalion step." 1 ' 117 " A tunable dye laser of low irradiance provides the
selectivity in I lie resonant step, ant! a second, high-irradiance argon ion laser
efficiently ionizes. Figure 10.ti shows some of our recent results and illustrates
the degree of enhancement attainable under a variety of conditions. At low
dye power, we observed an enhancement of ~-70U times the signal with the
addition of the secondary laser. More important, at high dye laser powers,
similar to those used in previous analytical work.17'1 we saw an enhancement
of —1 order ot magnitude. This result has obvious important analytical
implications: it suggests that this new method can increase our ion signal
and. hence, our dynamic range by I order of magnitude.
Another aspect of this particular effort is the effect shown in Fig. 10.7.
For isotopic selectivity in RIMS, it is important that the frequency liuewidths
of atomic species are minimized, without loss of signal, to minimize the
overlap between isotopes and. thus, maximize selectivity.
Figure 10.7
shows that lowering the resonant laser irradiance while using secondary
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Fig. 10.7. In these spectra of the 175Lu transition at 22 125 cm" 1 , the irradiances are
given for the ring dye and argon ion laser.

ionization causes no line-broadening [compare Fig. 10.7(a) and 10.7(b)]; in
some instances, this process induces line-narrowing [compare 10.7(c) and
10.7(d)]. In addition, these spectra demonstrate graphically the signal
enhancement effects possible.
Finally, in combination with the effort for isotopic selectivity, we
have discovered a new method for the precise determination of hyperfine
components of specific isotopes.171-172 This RIMS technique allows the
Doppler-free determination of line-centers and hyperrine splitting con.stants
with an increase in precision of ~5 times that of other techniques. In
addition, this method allows us to perform these measurements on very

212

Isotope and Nuclear Chemistry Division Annual Report 1987

Advanced Concepts and Technology

rare isotopes that are inaccessible by other techniques. Figure 11).S shows
the spectra that allow this sort of determination for l7r'Lu and l7liLu. In
particular, the observed "dips" correspond to exact frequency positions of
the hyperfine components, and the peaks or "crossovers" correspond to the
average transition frequency for pairs of coupled states.
We have made important progress towards the development of RIMS
for analytical measurements. The first and most significant aspect is the
technique of secondary enhancement of ionization yields. The second is
the new method by which information critical to laser resonant isotopic
selectivity can be determined. Future efforts will be centered on (1) the
development of "new" techniques that significantly increase laser irradiance
and sample retention (and therefore ionization efficiency) and (2) the actual
demonstration of analytical sensitivity and dynamic range.

175

Fig. 10.B. In these spectra for
(a) 175Lu and (b) 17ULu, the
ring dye laser and argon ion laser
irradiances were 35 to 45 W/cm'and ~8.5 kW/cnr, respectively.
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Elementally Selective Detection of Lead and Bismuth Mixtures
by Pulsed Laser Resonance lonization Mass Spectrometry
Bryan L. Fearey, Marvin W. Rowe,* Johnnie E. Anderson (CLS-2), Charles M. Miller,
and Nicholas S. Nogar (CLS-2)

Pulsed laser, single-color, 2+1 multiphoton ionization is used to achieve
elemental selectivity while eliminating isobaric interferences for lead and
bismuth mixtures detected hy resonance ionization mass spectrometry
(RIMS). This article discusses the relative efficiencies of the ionization
processes for these elements and provides a comparison between pulsed and
continuous laser excitation. A more detailed description of this work is also
available.17"
The driving force for these studies is the need to measure large isotope
ratios in bismuth, including the neutron deficient isotopes their production
is a measure of high-energy neutron flueuces. In standard thermal mass
spectrometric analysis of bismuth, lead isotopes are particularly ubiquitous
and are the primary isobaric interference; that is, natural '-'M-sospb obscure
-11B"-)(WBi. The elementally selective technique of RIMS is a logical solution
to this problem.
There is also a need to measure the small but finite quantity of
the radioactive isotope 210 Pb in lead.** Lead solder is used extensively in
interconnections of computer chips, where the decay of minute amounts
of 210 Pb and its daughters (210Bi and 210Po) can damage the integrated
circuit. This problem may become acutely important for future generations
of supercomputers, in which smaller chips will lead to more intimate contact
between the solder and the integrated circuit. Here, the sensitivity of RIMS
may be used to advantage.
Our recent work has focused on demonstrating that RIMS indeed will
successfully ionize lead and bismuth with both selectivity and sensitivity.
The basic experiment consisted of a pulsed dye laser tuned to resonance with
an atomic transition and focused into a quadrupole mass spectrometer. The
particular species being examined was evaporated from a heated filament and
ionized through a multiphoton process, and the mass spectrometer isolated
and detected the mass of interest.
Figure 10.9 shows the energy level diagrams for the applicable transitions
for both atomic species. These particular transitions were chosen so that
both elements of interest could be ionized with the output from a single
high-efficiency laser dye.
Figure 10.10 shows typical mass spectra obtained for naturally occurring
lead and bismuth; in each case the laser is tuned to the particular atom's
transition. For lead, the laser was tuned to the two-photon wavelength that
corresponds to the 6p7p 3 P 0 <— 6p2 3 P 0 transition at 44 401 cm"1 (Ref. 177).
For bismuth, we used the 6p 2 ( 3 P 0 )7p J=3/2 n <— 6p3 4 S° /2 transition at
42 941 cm" 1 (Ref. 177). In the case of lead, all isotopic abundances are in
agreement with published values for common material within the statistics of

* Chemistry Department, Texas A&M University, College Station, TX 77843
** Information provided by R. A. Keller, Lus Alamos National Laboratory (1986).
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our measurements (1 to 2% deviation). The 204 Pb peak shows a signal-tonoise ratio of greater than five, which suggests that our present very simple
apparatus has the capability for isotopic ratio measurements in excess of
100:1. For bismuth, we also attained excellent signal-to-noise for the sole
naturally occurring isotope, 209Bi.
In each case, we detected no interference from the other element (or other
impurities) either mass spectrometrically or optically (that is, by limited
laser scanning), even in mixed samples. These results point out both the
selectivity and the fidelity of the RIMS technique—that is, the selectivity
for particular elements and the lack of interferences in measuring isotopic
ratios.
Figure 10.11 shows the ion signal dependence on the laser energy for
both lead and bismuth. The solid lines and relative ion yields derive from
calculated fits to the data that are based on a rate equation model. Note
that for lead, the power curve shows near saturation (that is, nearly total
ionization of the atoms in the laser focal volume) with moderate laser power,
whereas for bismuth, only partial saturation is achieved.
Fitting a calculated ion yield curve to experimental data is particularly
valuable because it allows us to determine certain critical spectroscopic
parameters, including both oscillator strengths and ionization cross sections.
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Fig. 10.10. Mass spectra
are shown for (a) lead and
(b) bismuth.

These, in turn, are important in the final analysis of the applicability of the
RIMS technique to various elements of interest. To calculate the ionization
intensity dependence on laser power, a rate equations model was used.178
Fitting procedures have been employed to maximize the overlap between
data and theory for both lead and bismuth; these procedures yielded, among
other things, two new oscillator strengths.
As is seen in the power dependence studies (Fig. 10.11), saturation,
is nearly reached for lead with only modest laser pulse energies. These
results suggest that for lead a high efficiency of ionization is easily achieved;
this efficiency leads not only to excellent analytical sensitivity, but also to
insensitivity of ion signal to laser power fluctuations. The same is not true
for bismuth. Because bismuth shows a lower level of saturation, it will show
an increased sensitivity to laser noise; however, with ~50% ionization (the
number of ions generated per number of atoms in the interaction volume
per pulse), good sensitivity is still obtainable. When the laser is operating
with the present experimental linewidth and geometry, a pulse energy of
~5 mJ (attainable with commercial lasers) will give ~90% saturation and
thus remove the laser noise problem. It is important to point out that
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Fig. 10.11. In these power
dependence data for (a) lead and
(b) bismuth, the Q , • , and A
represent independent data sets;
the solid tine indicates calculated
fits to the data. The vertical
axis corresponds to absolute
ionization efficiency in the laser
focal volume. For the present
laser system, the measured
pulse energies correspond to
the indicated spectral energy
densities.
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because the two-photon cross section is predicted to increase with the inverse
of the laser linewidth. we can easily achieve nearly 100% saturation for both
species with only very modest powers if we can realize a tenfold reduction
in laser linewidth. (This is attainable when commercial etalons are used.)
In fact, parallel experiments with the narrower bandwidth laser (0.3 cm ')
exhibited near saturation with comparable pulse energies.
Unfortunately, in this experiment as it is in most pulsed RIMS
experiments, the duty cycle (fraction of the atoms exposed to the laser)
is only ~10~'. This suggests that it is desirable to perform the experiments
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with high-repetition-rate pulsed lasers or cw lasers to increase the duty
cycle and, in turn, the analytical sensitivity. High repetition rates are
available with copper-vapor laser pumping, but the desired wavelengths are
difficult to achieve. Thus, good sensitivity with pulsed systems requires
further development of laser hardware and/or pulse evaporation sources.
Resonance ionization by means of cw lasers also poses some difficulties; our
recent experiments in tantalum 2 + 1 cw RIMS have not been successful
because of the small two-photon cross section. A potential alternative is a
1 + 1 scheme hi which the resonant laser operates in the ultraviolet. This
experiment requires frequency-doubling of the cw dye laser, which for ring
lasers produces ~1 niW at the desired wavelengths. Although this power
is sufficient to saturate the resonant one-photon transition, the ionization
cross section is ~1 x 1O1U times smaller than the one-photon transition cross
section, and thus, only negligible ionization can be expected. Fortunately,
this problem is not a limiting factor because secondary laser ionization
can easily be achieved (that is, by using another laser at high power for
ionization); this method has been shown effective.179 We are now considering
the exact conditions required for such a method.
Charged-Particle Detector Development
Malcolm M. Fowler, Thomas Blaich, Patrick S. Lysaght, and Jerry B. Wiihelrny

Our interest in the study of heavy ion reactions has shifted away from
heavy products associated with low-energy fission and our attention is now
directed toward lighter products. 180181 Our current interest in the lighter
particles emitted during the course of nuclear reactions arises from the insight
they provide into reaction mechanisms that involve high-energy deposition
in the target nucleus and that are of interest in studies of the conditions
limiting the existence of nuclear matter.
Detector modules that we have fabricated over the past several years182
were primarily designed to identify heavy products from nuclear reactions.
*."" are now investigating methods to alter the responses of the various parts
of the detectors so that we can also detect lighter particles. We have already
reported work on the optimization of the ionization counter sections of our
detector modules,183 and we discuss in this article the progress we have made
with the other sections.
The detector modules that we have been using at the Lawrence Berkeley
Laboratory (LBL) BeValac make up a inultisegmented detector array we call
the "Pagoda" (Ref. 184). In each detector module there is a low-pressure
gas region that provides the flight path between two multiwire proportional
counters (MWPCs) for ion velocity measurements. We had initially hoped
that the drift region could also be used as the sensitive volume of a lowpressure ionization counter. The information from this region of the counter
would then relate to the rate of energy loss of the ions passing through
the gas between the two MWPCs and would help identify the ions. We
found, however, that charged-particle induced avalanches in the MWPCs
caused large, unwanted transient signals from the ion counter. Because of the
transients, we were not able to use this region as an ion counter during our
experiments at LBL in late 1985 (Ref. 184). For our experiments in late 1987,
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we have taken a different approach; we have installed a charge collection
wire in the low-pressure region of the modules. Operation of the wive differs
from that of an. ion counter in that we operate at sufficiently high potential
so that there is gas multiplication near the wire and the whole gas region
operates as a proportional counter. We hoped that the signals would have
sufficient amplitude so that they would not be degraded by the interaction
of the MWPCs. We were encouraged by initial tests with alpha particles
and found that quite useable signals could be produced. This method
was quite an improvement over the earlier ion chamber approach and, in
addition, the measured energy resolution of the proportional region was
about what we expected. We then moved to the ion beam facility to test the
counter under more realistic conditions and were disappointed to find that
the energy resolution was much poorer when high-energy heavier ions were
used. We did show that the loss in resolution was again due to the MWPCs.
The much larger avalanches created by the heavy ions produced sufficiently
large transients to degrade the energy resolution of the proportional region.
During these tests, we were able to select operating conditions that allow the
MWPCs to reliably detect 30-MeV lithium ions. This represents a significant
improvement because in previous BeValac experiments we were only able to
detect ions that had a mass greater than ~40.
Next, we installed isolation foils at each end of the drift region to
electrically separate it from the MWPCs. We have had test runs at the
LBL 88-in. cyclotron and at the Ion Beam Facility at Los Alamos to
characterize this new configuration and were pleased with the performance of
the proportional wire collector. This element now gives good, interferencefree signals for energy losses as small as 100 KeV in the low-pressure gas
region. Figure 10.12 shows the energy spectrum of signals produced by
6-MeV alpha particle? und fission fragments passing through the low-pressure
proportional region; the particles lose ~140 keV as they pass. The signals
from this section of the module give good ion identification data and, from
the ions that pass completely through the ionization counter, we get a
redundant identification by rate of energy loss. In addition, because of the
geometry of the counter, we can also derive information about the position
of ions that pass through the detector. The addition of foils to the detector
does have a disadvantage because the foils add more inert absorber material
to the ion Sight path. The foils also may not be uniform and can contribute
to poorer energy and time-of-flight measurements.
During these tests using ions from helium through krypton, we were
also able to show that the ionization counter region of the modules has
excellent linearity and resolution for energy measurement up to 600 MeV.
In addition, we found that if the ionization counter is operated at lower
pressure (50 vs 300 torr), most of the pulse height dependence ou path
length we had observed earlier will disappear, making the energy calibration
of the ionization counter much easier.
We designed a new configuration for our MWPC detectors in which
the anode and cathode are interchanged. Also, the cathode wire plane is
replaced by a thin foil of aluminized MYLAR. The purpose of this change
was to provide a uniform electrical field in the counter at the point where the
avalanche starts which would provide better timing resolution. A prototype
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detector in this configuration was compared with two of our "standard"
modules in a recent test at the LBL BeValac, and we found that the overall
time-of-flight resolution was ~1 ns when alpha particles -re being measured.
This represents a factor of 2 to 3 improvement over our standard modules.
Tests of the prototype at the 88-in. cyclotron at LBL verified that it indeed
performed better than our current detectors, and we demonstrated that the
detector had a timing resolution of ~0.8 ns when used with heavy ions. We
then made the decision to implement this design on all 16 of the MWPCs in
the "Pagoda" detector system. At the same time, we adopted a new method
to fabricate the smaller forward MWPCs. Earlier versions of these detectors
were sealed with a hard epoxy resin that made it impossible to service the
detector after it was assembled. We now use a softer silicone resin from
General Electric and are able to disassemble the detectors for servicing.
We found that the new detectors perform even better than the prototype
did. The timing resolution we measured between two of these detectors
using alpha particles is ~0.65 ns. A typical time-of-flight spectrum for
alpha particles and fission fragments from 252Cf is shown in Fig. 10.13. The
resolution is ~4.5 times better than that of the previous MWPCs. The mass
resolution derived from time-of-flight measurements depends on the square
of the time resolution, so we have improved our mass resolution by a factor of
20. We have also improved the signal amplitude from the detectors. Alpha
particles now produce a signal of 10 to 20 mV when the detector is operated
at a pressure of 2.5 torr of isobutane. The improved signal has allowed us to
eliminate one of the preamplifier stages that had been prone to oscillation.
We would also like to point out that through efforts of our collaborators
at Lawrence Livermorc National Laboratory, we now have the capability to
220
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Fig. 10.13. The time-of-flight
spectrum is shown for alphas and
fission fragments from - 52 Cf. The
flight path is ~17 cm and the
time scale is 100 ps/channel.
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produce the wire planes that go into our detector systems and that we can
now routinely wind planes with wire (10 /im) that is one-half the diameter
of that used in earlier designs. The smaller wire allows ns to operate the
MWPCs at a lower voltage and still maintain signal quality. The smaller
wire also increases the transmission of the detectors and each of the new
detectors transmits 94% of the ions instead of the 90% transmitted by earlier
detectors.
We have also developed an improved method of controlling the gas
pressure in our counters; we now believe that in the earlier experiments
we did not have optimum operating conditions.
We have designed and fabricated a new housing for the scintillator
modules that are placed behind the large ionization chamber. This housing
will eliminate both the large, thick rear window of the ion chamber and the
air gap between the ion chamber and the scintillator modules. This change
should improve energy measurements by removing significant, but not welldefined, absorbers from the overall flight path of light charged particles
through the detector modules.
We are in the final phases of detector assembly for our fall 1987
experimental run at the LBL BeValac. In these experiments, we will try
to measure the excitation functions for the production of light fragments
as well as examine the production of very heavy, slow-moving target-like
remnants. We will identify reaction products by time-of-flight and totalenergy measurements. We will measure correlation between fragments and
light-particle multiplicity to give us sonic idea about the overall reaction
mechanisms and the energy deposited by the incoming heavy ion projectile.
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LAMPF He-Jet Coupled Mass Separator Project
Willard L. Talbert, Jr., Merle E. Bunker, John W. Starrier, Robert J. Estep, and Roderick Keller*

'

We have continued our investigation of the feasibility of using a Hejet activity transport system at the Los Alamos Meson Physics Facility
(LAMPF). The He-jet technique provides a means of rapidly transporting
radioisotopes that recoil from a thin target into a helium-filled chamber
and attach to suspended aerosols. The helium (and aerosols) is transported
from the target chamber through a capillary to a remote (shielded) on-line
apparatus designed to study the resultant radioactivities. The He-jet activity
transport approach, used in conjunction with a target chamber placed in
the LAMPF main beam, has two main attractions: (1) it provides access
to isotopes of a number of elements that cannot be efficiently extracted for
study at any other type of on-line facility, and (2) it is relatively inexpensive.
This system, when coupled to a fast radiochemical apparatus or to a mass
separator, would be used in studies of nuclei far from stability.
We have constructed an ion source test stand for He-jet/ionsource coupling experiments, as mentioned in last year's annual
report,185 and have made initial operational tests of a monocusp ion
source that is scaled down from an ion-source design developed at Sandia
Laboratories.186 The ion source is intended to operate with high reliability
and reproducibility and to provide a relatively high output current (up to
1 mA through a 1.5-mm-dlam extraction hole). The ion source demonstrated
characteristics of reliable and reproducible operation at low current output,
but the lifetime of operation for the current output required for adequate ionoptical beam formation was limited by inadequate cooling of some internal
components. These tests have resulted in substantial changes in our original
design to provide better cooling to components in the ion source and to
improve ion-optical performance. We need to complete the modifications
to the ion source and associated ion-optical elements before attempting any
He-jet coupling tests.
We have received approval (LAMPF Experiment 1049) to make an
operational test of the He-jet target chamber in the main 1-mA proton beam
line at LAMPF. During the operational test, we plan to monitor activity
transported through the He-jet system as a function of beam current and as
a function of time during exposure to the full 1-mA beam. These tests will
determine if the target chamber design shown in Fig. 10.14 is adequate to
withstand the intense LAMPF main beam. (A He-jet target chamber has not
yet been subjected to such a severe environment.) A target chamber with
238
U coatings on the inner windows has been constructed (see Fig. 10.14)
and mounted on an Area A-6 irradiation insert that will be located just in
front of the radioisotopc production stringers. The target chamber will be
inserted in early October 1987, and 10 shifts of irradiation time have been
scheduled for October.
Pending the successful outcome of Experiment 1049, we plan to submit
a proposal to LAMPF for fast radiochemical (SISAK) studies using the

GSI-Darmstadt, Darmstadt. Federal Republic of Germany
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Fig. 10.14. This figure shows a side view and front view of the LAMPF He-jet target
chamber.

He-jet target and activity transport line. Members of the European SISAK
collaboration (from Mainz, Goteborg, and Oslo) have expressed an interest
in bringing some newly developed, small-volume centrifuges to LAMPF
fir experiments in 1988 and 1989. Their initial objective is to study the
decay of ll7 Pd. an activity unavailable at any other laboratory. The new
centrifuges, with ~l-cm a volume, allow radiochemical separations (based on
organic/inorganic phase separation) to proceed in short times (~1 s) and
with low flow rates and low waste reagent production (<4 f/h). We regard
this effort as a first stage to eventually coupling the He-jet activity transport
system to a mass separator for experiments that require mass-separated
sources.
We continue to be impressed with the potential scientific capabilities
available at the proposed He-jet coupled mass separator. Although the
project has not yet received financial support for installation and operation
of the mass separator, we are still exploring potential avenues to achieve this
funding.
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Atmospheric Chemistry
Misty Picture Atmospheric Test
Allen S. Mason, David L. Finnegan, Roland C. Hagan (ESS-1),
Robert Raymond, Jr. (ESS-1), Gregory K. Bayhurst, Eugene J. Mroz,
Cheryl L. Peach, and Kenneth H. Wohletz (ESS-1)

We are continuing our support of the US Defense Nuclear Agency by
characterizing the dust clouds lofted by large chemical explosions. The Misty
Picture test was conducted on May 14, 1987, on the White Sands Missile
Range near the Trinity site. It was similar to the Minor Scale test of 1985
in that ammonium nitrate-fuel oil blasting agent was used to simulate a
nuclear surface burst.187 Our efforts have been expanded through extensive
collaboration with the Earth and Space Sciences Division.
The major emphasis of the dust cloud study was to characterize both
the source regions and the size, shape, and mineralogy of the dust particles
in various portions of the cloud. The project involved placing 11 elemental
tracers within the charge and in the surrounding terrain and collecting cloud
and fallout samples after the explosion. Five organic dyes were sprayed on
scraped areas distant from ground zero as an experiment in quantifying the
base surge. Cloud samples were collected by WB-57F aircraft and mobile
samplers, and fallout samples were collected from concrete pads for size
distribution analysis. We conducted extensive pre- and post-test geological
studies of the test site to provide the basis for interpreting cloud and fallout
samples.
The WB-57F aircrew located the cloud top by flying through its
apparent location at decreasing altitudes until they encountered visible dust
at 8150 m above ground. They then sampled at nine levels between the
top and the visible cloud bottom at 2820 m. A final sample, taken 800 m
above ground, was intended to collect organic dyes lofted by the base surge.
There was considerable uncertainty about the cloud's location because the
dust was embedded in the natural clouds. The lowest pass through the cloud
stem, at 2820 m, had to be repeated when it appeared that the aircraft had
passed near the cloud's edge. A comparison of analytical results of samples
from the two passes will be useful in determining to what degree the tracer
emplacement geometry is mapped into the stem. The sample locations are
shown on Fig. 11.1 as vectors labeled A-n, where A designates an airborne
sample and n is the filter number. Filters 1 and 12 were taken outside the
cloud as background samples and are not shown. The A-PODS vector is the
low-altitude sample mentioned above.
Two trucks carrying high-volume filter samplers, rotary impactors, and
fallout plates were located at a safe holding area before the explosion; each
truck took background samples at that location. As soon as they received
safety clearance, both trucks moved to locations closer to ground zero in
the path of the cloud. One truck took one sample set and the other truck
gathered two sets in those locations. Each truck then moved to locations
along the cloud path at greater distance and took another sample set. The
truck sampling locations are shown on Fig. 11.1 as S-n. where n indicates
the sequence of sample collection; S-1,2 shows the location of the background
samples, and subsequent numbers show the cloud sample locations described
above.
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Fig. 1 1 . 1 . Aircraft (A-) sample locations are shown as vectors and truck-mounted (S-)
sample locations appear as dots.

After the explosion, ejecta samples were collected from concrete pads at
various distances from ground zero. The areas sampled were large enough to
provide sufficient quantities of ejecta for statistical analysis of particle sizes.
The first aircraft results to become available are estimates of dust-mixing
ratios and total dust aloft at sampling time. Figure 11.2 shows the dust
density vs altitude and indicates the layer boundaries we used in estimating
the total mass aloft at the time of sampling. We calculated the estimated
dust inventory at sampling time by assuming that the cloud is composed
of cylindrically symmetrical layers, that the aircraft flew the diameters of
the cylinders, and that each sample was representative of the height range
between the half-distances to the adjacent samples. The highest dust density
encountered was 14 mg/m 3 , which is less than half of the maximum measured
in the Minor Scale cloud. The estimate of total dust aloft at sampling
time is 1.01 x 109 g—one-third of the comparable Minor Scale result. This
estimate is subject to correction if other measurements of cloud volumes
become available.
We removed particles from the filters by destroying the cellulose filter
material in a low-temperature ashcr. The particles were then embedded
in epoxy and the preparation was polished for examination by scanning
electron microscopy (SEM) and energy dispersive spectrometry (EDS).
The SEM-EDS analysis is automated so that particle sizes, shapes, and
semiquantitative compositions are determined in a single scan of a section.
Figure 11.3 shows a typical particle as seen by the SEM.
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Fig. 11.2. Dust density vs
altitude is shown for aircraft
samples.

DUST DENSITY (mg/m3 air)

Fig. 11.3. This SEM photograph
shows a typical dust cloud
particle.
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We are interpreting the initial results from the truck-mounted highvolume samplers, rotary impactors, and deposition plates.
We are
particularly interested in a comparison between the high dust density and
flux seen at sample location S-3 and the low dust density and high flux seen
at location S-6. We infer from these dai,a that the dust at location 3 was
composed of both small and large particles, but that the dust at location 6
was mainly fallout of large particles from the cloud overhead.
Ejecta samples were sieved to determine particle size distribution, and
those data were interpreted by a sequential transport/fragmentation model.
A significant early result is that the distribution can be deconvoluted into five
subpopulations whose relative abundances vary with distance from ground
zero but whose means remain essentially constant. This result indicates that
the subpopulations are transported by different mechanisms.
The major differences found between the dust clouds from Minor Scale
and Misty Picture are that the latter cloud rose nearly twice as high but
contained less mass at sampling time. This presumably occurred because
the atmosphere was less stable at the time of Misty Picture, and rainfall
scavenged dust from that cloud at a much greater rate than dry fallout
did during the Minor Scale test. Detailed interpretations of the tracers,
ejecta, and dust geology are in progress and are expected to yield significant
information about the physical processes of cloud and ejecta formation.
Winter Haze Intensive Tracer Experiment
Eugene J. Mroz, Mohammed Alei, Allen S. Mason, and Charleston Cone

The Clean Air Act Amendments of 1977 provided for the protection of
scenic vistas in national parks and wilderness areas. This has stimulated
much interest in visibility research. In the southwest, there are several
coal-fired electrical generating stations near Grand Canyon, Bryce Canyon,
Capitol Reef, Zion, Arches, and Canyonlands National Parks. Assessing the
impacts of these and other pollution sources on regional visibility is very
difficult. The meteorology of this region is strongly influenced by the rugged
terrain. Existing transport and diffusion models inadequately describe
atmospheric motions in these regions. Furthermore, small changes in the
already low aerosol concentration can significantly alter visibility. The role
of chemical and physical processes that transform natural and anthropogenic
emissions into light-absorbing and -scattering submlcron aerosols is a crucial
element to the problem—and one that is not well understood.
Concern about these issues has resulted in a cooperative effort among
electric utilities and federal agencies to study visibility in the southwestern
United States. The participants ir this effort are the Electric Power
Research Institute, the Department of Defense, the National Park Service,
Environmental Protection Agency, Salt River Project, and Southern
California Edison. These participants make up the Subregional Cooperative
Electric Utility, Department of Defense, National Park Service, and EPA
Study (SCENES) group.
SCENES is currently studying the origins of uniform and layered hazes
that frequently occur in winter in the Lake Powell area of southeastern
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Utah. The objectives of the Winter Haze Intensive Tracer Experiment
(WHITEX) are (1) to evaluate an empirical approach for assessing the
relative contribution of the Navajo Generating Station (NGS) to aerosols at
specific locations and (2) to determine the relative contributions of individual
aerosol constituents to light extinction at these locations.
Los Alamos' role in WHITEX is to provide expertise in complex
terrain meteorology (ESS Division) and atmospheric tracer techniques
(INC Division) that are required for the experiment.
Because the composition of emissions from NGS is similar to that of
other coal-fired power plants in the region, heavy methane tracer was added
to the emissions from NGS to uniquely label its emissions. The behavior
of this inert tracer emulates transport and dispersion of plant emissions.
However, the tracer does not undergo the chemical reactions and deposition
processes that affect SO2 and NOX emissions. Nevertheless, the tracer can
provide an indication of the maximum possible concentration of sulfate by
assuming that all of the SO2 is converted to sulfate and that it is completely
conserved during transport. If the tracer results indicate that the maximum
possible contribution of sulfate from the plant is a small fraction of the
observed sulfate concentration, then other sources are contributing to the
observed sulfate. If this is not the case, then it may be possible to derive a
statistical relationship between observed sulfate and tracer concentrations.
The heavy methane tracer was released continuously from the plant for a
6-week period in January and February 1987. The tracer was introduced into
the base of the stack at a rate proportional to the plant's electrical output.
The release rate was calculated to provide detectable concentrations at the
farthest sampling sites. Stack tests showed that the tracer was completely
mixed with the stack gases at the exit and that the heavy methane tracer
was conserved in the stack. The total amount of heavy methane released
during the experimental period was ~5 kg.
Sampling for the tracer was conducted at eigv locations (Fig. 11.4).
Samplers at Grand Canyon National Park, Glen Canyon Dam, Bullfrog
Marina, and Canyonlands National Park collected air integrated over 6 h.
Samplers located at Mexican Hat, Monticello, Hite, and Green River
collected air integrated over 48 h. Additional samples were collected
by aircraft flying through the plume of the plant and through elevated
haze layers. Nearly 1000 samples were collected during the course of the
experiment. We are selecting samples for analysis on the basis of periods
and locations of observed haze episodes.
The results of the tracer analyses will be interpreted with simultaneous
measurements of visibility, gaseous HNO3 and SO2, and particle
concentration, size, and composition. This experiment will not provide
definitive answers about the causes of haze in the southwest; rather, it is
an attempt to develop the experimental and conceptual tools necessary for
addressing the issue. We hope that it will lead us to develop new tracers
that mimic the chemical and physical processes that transform pollutants
from one chemical species to another and from the gas to condensed phase.
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Fig. 11.4. Samples were taken
at eight locations in southeastern
Utah and northern Arizona.
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Looking Past Nuclear Winter
Jeffrey S. Gaffney, Nancy A. Marley, and Inez R. Triay

A number of researchers have considered the atmospheric consequences
following a major nuclear exchange between the superpowers. Birks and
Crutzen. in their initial paper on the subject, considered the effects on the
chemistry of the troposphere resulting from elevated NOx levels from hightemperature nuclear explosions as well as from ensuing fire storms.18" They
concluded that appreciable increases in tropospheric ozone would occur.
Carbonaceous soot and other aerosols would likely cause other effects as
well.
A number of researchers have recentiy focused on modeling the effects of
smoke, which would be predominately in the form of l.lack carbon aerosol.
This work has emphasized the optical properties of the strongly adsorbing
black carbon and its effects on the radiative balance of the atmosphere. The
most recent work predicts that this black carbonaceous smoke1 will be lofted
from the troposphere into the stratosphere because of the adsorption of solar
radiation at the top of the smoke cloud and the subsequent heating of the
air.11"1 These models presume that once in the stratosphere, the soot is inert
and is rapidly distributed throughout the upper atmosphere. Once in the
lower stratosphere, the soot absorbs and scatters incoming radiation and
limits the energy input to jhe Earth's surface, thus leading to cooling and
"nuclear winter" in these scenarios.
2.T2
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We are now initiating preliminary studies that will examine the
"chemical inertness" of soot under tropo.spheric and stratospheric conditions.
Because these processes will affect the washout and chemical lifetimes of
carbonaceous soot in the atmosphere, our studies evaluate the chemical and
physical surface changes that oxidation will cause.
We are using optical attenuation of a helium/neon laser to monitor black
elemental carbon concentrations of laboratory-generated soot samples. Soot
is made up of volatile organic carbon and black elemental carbon;1"1 the
organic carbon/total carbon ratio can range from 20 to 95%.
When soot collected on quartz fiber niters is exposed to 250 ppbv ozone,
the volatile organic coating can be oxidized away at room temperature in
the dark in a matter of hours. The remaining black carbon is more resistant
to oxidation. As pointed out by Stephens, Birks, and Calvert, the same
absorptive heating that causes the soot to be lofted into the stratosphere
will heat the surface of the soot.192 Once soot is in the stratosphere, this
same heating will possibly increase temperatures by 100 K.
Further studies will examine the other reactive oxidants (OH. ozone, and
nitrate radical) and the photophysics and photochemistry involved under
both tropospheric and stratospheric conditions. The absorption by black
carbon and subsequent surface heating would have important consequences
in the acceleration of oxidative loss of ozone on ihe soot surface. The
potential formation of stratospheric "super ozone holes" associated with
the atmospheric chemistry changes following a nuclear exchange is another
important topic to consider.
Our very preliminary studies and those of other researchers indicate
that further modeling of the impacts of nuclear war on the atmosphere
must incorporate photochemical processes and reactivity as well as
photophysical processes. The models must deal with homogeneous and
heterogeneous chemistry (and their consequences) in both the troposphere
and stratosphere.
Monoterpene Moderation of Surface Ozone Concentrations in the Troposphere
Jeffrey S. Gaffney, Eric W. Prestbo,* Jonathan Zieman,*
William H. Zoller,* E. Franzblau,** and C. J. Popp**

The potential importance of monoterpene reactions with ozone in the
lower troposphere has been hypothesized since the early 1960s (Refs. 193
and 194). Alpha-pinene. beta-pinene. terpinolene. limonene. and the other
monoterpene (CIO) naturally occurring hydrocarbons are all known to react
quite rapidly with ozone. So rapidly, in fact, that many terpenes are expected
to have lifetimes ranging from a few minutes to an hour at steady-state ozone
concentrations of 50 ppbv.
As part of our research on organic oxidants and their precursor aldehyde
chemistry in remote atmospheres, we have obtained ozone data (continuously
tor a number of months) for three remote sampling stations. These
stations are located at a coastal marine sit' in the state of Washington.
* University of Washington, health'. WA 98W,r>
** New Mexico Tech. Socorro. NM 87:1)1
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a continental site at Frijoles Mesa, New Mexico, near Bandelier National
Monument (~6000-ft altitude), and a mountaiutop site near Socorro, New
Mexico (~11 000 ft).
Figure 11.5 shows a comparison of the data for the ozone concentrations
observed at the three sites during the summer. The marine and mountaintop
sites are quite stable; only small diurnal variations of a few parts per
billion (volume) were observed. In contrast, the site of Frijolcs Mesa
shows strong diurnal variations of ~15 to 20 ppbv. We arc attributing
this variability to the titration of ozone with monoterpene hydrocarbons
during the nocturnal periods when the photochemical production of ozone
has stopped. The Frijoles Mesa site is surrounded by sage and is
fed by nighttime downslope flow from conifer forests above the mesa.
We are initiating both measurements to confirm these observations and
complex meteorological/chemical modeling to estimate the levels of terpenes
necessary to provide the observed variations. These data strongly imply
that the apparent variability in dry deposition rates for ozone may actually
be natural hydrocarbon/ozone reactions that lead to the observed diurnal
moderations.
We previously have noted that isoprene emissions can produce
regional formaldehyde, oxidants, and sulfuric acid (haze).191 Thus, natural
monoterpene sources could play a major role in boundary-layer tropospheric
ozone levels. Ozone/monoterpene reactions are likely to produce fine,
volatile organic aerosols as the major products. It is interesting to note
that visibility studies in the western US (SCENES) have found that up to
one-half of the aerosol mass can be attributed to volatile organic aerosol
and that this aerosol is all <0.1 /im in size. Thus, monoterpene aerosols
are contributing to the aerosol mass but not to the light-scattering visibility
reduction.
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Appendix: Personnel

List of Division Personnel by Group

John R. FitzPatrick
Michael G. Garcia
John L. Hanners
Judith C. Hutson
Gordon D. Jarvenin
Scott Kinkead
Richard J. Kissane
Gregory J. Kubas
(Laboratory Fellow)
Jiri Kubicek
Charles A. Lehman, Jr.
Raymond C. Medina
Thomas R. Mills
Joe G. Montoya
Cleo M. Naranjo
Troy A. Nothwang
Glenda E. Oakley
John D. Purson
Ramon Romero
Shirley R. Roybal
Kenneth V. Salazar
Alfred P. Sattelberger
Clifford J. Unkefer
Pat J. Unkefer
William E. Wageman
Thomas E. Walker
William H. Woodruff

INC-DO (667-4457)
Buildings RC-29 and 34, TA-48

* Donald W. Barr
Division Leader
* Alexander J. Gancarz, Jr.
Deputy Division Leader
* Bruce R. Erdal
Technical Coordinator
Barbara .1. Anderson
Joann W. Brown
* Bruce J. Dropesky
Audrey L. Giger
Janey Headstream
Jody H. Heiken
Kathleen S. Kelly
INC-4 (667-6045)
Buildings 3 and 150, TA-21;
Building 88. TA-46

* Basil I. Swanson
Group Leader
* Robert R. Ryan
Deputy Group Leader
* Stephen F. Agnew
Robert E. Baran
* James R. Brainard
* Lee F. Brown
Section Leader
Kay L. Coen
t* William L. Earl
Douglas G. Eckhart
Deborah S. Ehler
Scott A. Ekberg
Judith A. Elder
* Phillip G. Eller
Section Leader
* James A. Fee
Section Leader
Marielle Fenstennacher
* Staff Member
t No longer working in INC Division

INC-5 (667-4151)
Omega Site, TA-2

Merle E. Bunker
Group Leader
Michael M. Minor
Deputy Group Leader

:

:

;

Keith N. Abel
Glen E. Barber
Sammy R. Garcia
Michael D. Kaufman
Janet S. Newlin
Gerald F. R,amsey
Thomas C. Robinson
Cathy Schuch
Terry W. Smith
Section Leader
John W. Starrier
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INC-7 (667-4498)
Radiochemistry Building. TA-48

Ernest A. Bryant
Group Leader
Ruben D. Aguilar
Mohammed Alei
Phyllis L. Baca
Joseph C. Banar
Gregory K. Bay hurst
Timothy M. Benjamin
John H. Cappis
Robert W. Charles
Section Leader
Bruce M. Crowe
Project Leader
David B. Curtis
Section Leader
Clarence J. Duffy
Suzann Dye
David L. Finnegan
Ruth A. Fuyat
Jeffrey S. Gaffney
David R. Janecky
Allen S. Mason
Arend Meijer
Charles M. Miller
Project Leader
Lia M. Mitchell
Eugene J. Mroz
Michael T. Murrell
A. Edward Norris
Allen E. Ogard
Richard E. Perrin
Jane Poths
Pamela Z. Rogers
Donald J. Rokop
Technical Coordinator
C. Elaine Roybal
Norman C. Schroeder
Kurt Wolfsberg
Section Leader
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I N C H (667-4546)
Radiochemistry Building, TA-48;
LAMPF Building, 1A 53

* William R. Daniels
Group Leader
* Gcnevieve F. Grisham
Deputy Group Leader
* David C. Moody, III
Deputy Group Leader
* Moses Attrep
M. Romayne Betts
Roland A. Bibeau
* Scott M. Bowen
* Gilbert W. Butler
Section Leader
* Edwin P. Chaniberlin
Section Leader
Michael R. Cisneros
* David D. Clinton
Joy Drake
* Deward W. Efurd
Section Leader
Maureen A. Famulare
* Malcolm M. Fowler
* Russell E. Gritzo
* Sara B. Helmick
Allen N. Herring II
* David E. Hobart
Gregory M. Kelley
* Sylvia D. Knight
Marcclla L. Kramer
Marjorie E. Lark
* Francine 0 . Lawrence
Shari Lermuseaux
* Lou-Chang Liu
Calvin C. Longmire
Robert M. Lopez
Carla E. Lowe
Patrick S. Lysaght
* Michael R. Machines
Sixto Maestas
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Janet Mercer-Smith
Geoffrey G. Miller
Alan J. Mitchell
David E. Morris
Thomas A. Myers
Petrita Q. Oliver
Charles J. Orth
(Laboratory Fellow)
Martin A. Ott
Phillip D. Palmer
Karen E. Peterson
Dennis R. Phillips
Section Leader
Eddie L. Rios
Frederick R. Roensch
Robert S. Rundborg
Raymond G. SchoHeld
Franklin H. Sourer
Richard C. Staroski
Frederick j . Steinkruger
Zita V. Svitra
Willard L. Talbert. Jr.
Wayne A. Taylor
Kimberly W. Thomas
Section Leader
Joseph L. Thompson
Larry S. Ulibarri
Frank O. Valdez
David J. Vieira
Section Leader
Jerry B. Wilhelmy
(Laboratory Fellow)
:
Jan M. Wouters
;
Mary Anne Yates
Laboratory Associates

Ruth Capron. INC-4
Frank Newcom, INC-5
Raymond Vandervoort, INC-4
Herbert Williams. INC-5
David Yarnell. INC-11

Personnel

Postdoctoral Appointees

Kent D. Abney, INC-4
Thomas Blaich, INC-11
Timothy P. Burns, INC-11
t Dean A. Cole, INC-11
§ Steven D. Conradson, INC-4
R, Brian Dyer, INC-4
Olof Einarsdottir, INC-4
Robert Estep, INC-11
Bryan L. Fearey, INC-7
Eduardo Garcia, INC-4
t Thomas M. Gilbert, INC-4
Steven J. Goldstein, INC-7
t Quamrul Haider, INC-11
t Michael D. Hopkins, INC-4
Patrick M. Killough, INC-4
Edward M. Kober. INC-4
t Debasish Kuila, INC-4
Nancy A. Marley, INC-7
Kimberly A. Martin, INC-4
Michael W. Mather, INC-4
t Beat H. Meier, INC-4
Eric Neiderhoffer, INC-4
t Vicki G. Nieseit, INC-4
Elizabeth Overmyer-Larson, INC-4
t Charles F. Pace. INC-4
t Francisco A. Tomei, INC-7
Ines R. Triay. INC-11
William VanderSluys, INC-4
S Tatsuro Yoshida, INC-4
JRO Fellows

f Barbara V. Jacak, INC-11
Jeanette C. Roberts. INC-11
Summer Teacher

Leonard R. Quiiitana. INC-11

t Currently staff mrmtwr in INC-11
§ Currently staff mrmlwr in INC-4
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Graduate Research Assistants

t
f

t

t
t
t

Rhett G. Aldeu, INC-4
Hong T. Bach, INC-4
David W. Ball INC-4
Kristie A. Bull, INC-7
Karen Bullington, INC-11
June Fabryka-Martin, INC-7
Mark L. Giger, INC-4
Roger A. Henderson, INC-11
Jennifer L. Holmes, INC-7
Theresa A. Miller, INC-7
Cheryl L. Peach, INC-7
Frank V. Perry, INC-7
Richard Peterson, INC-7
Eric W. Prestbo, INC-7
Douglas G. Rodenberger, INC-11
M. Alan Ross, INC-11
Jamal Sandarusi, INC-7
Sandra A. Schreyer, INC-11
Jon R. Schoonover, INC-4
Mary A. Stroud, INC-4
John Wilson, INC-11
Lori VanderSluys, INC-4
Jonathan J. Zicman, INC-7
Barbara Zimmerman, INC-4
Undergraduate Assistants

t Sonja D. Boyd, INC-4
Lynda S. Halloran, INC-DO
Michael Y. Han, INC-4
Monica Hilliard, INC-4
Lillian Hinsley, INC-DO
Lily Hsu, INC-4
t Cindy L. Martinez, INC-11
Joanna K. Norman, INC-11
Mark A. Ortega, INC-4
Bettie G. Roberson, INC-4
Sandra A. Schreyer, INC-11
t Carrie R. Valentine, INC-DO
John S. Wilson, INC-11
Undergraduate Interns

t John A. Stikar, INC-DO
t Susan K. Switzer, INC-7/INC-11
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INC Division Advisory Committee
Committee Chairman

(1985-1988)

Harry B. Gray
Gates and Crellin Laboratories of Chemistry
California Institute of Technology
Pasadena, CA 91125
(818) 356-6500/Lah 356-6538

Committee Members

(1988-1990)

Gordon E. Brown, Jr.
Department of Geology
Stanford University
Stanford, CA 94305
(514) 723-9168

(1986-1988)

William T. Car nail
CHM/200
Argonne National Laboratory
9700 E. Cass Avenue
Argonne, IL 60439
(312) 972-3660

(1986 1988)

Heinrich D. Holland
Department of Geological Sciences
Hoffman Laboratory
Harvard University
Cambridge, MA 02138
(617) 495-5892

(1987-1989)

Anthony Turkevich
Enrico Fermi Institute
The University of Chicago
5630 Ellis Avenue
Chicago, IL 60637
(312) 702-7110

(1988-1990)

Henry N. Wagner
Division of Radiation Health Science
and Nuclear Medicine
Johns Hopkins University
615 N. Wolfe Street
Baltimore, MD 21205
(301) 955-3350

(1984-1986)

George E. Walker
Department of Physics
Swain West 233
Indiana University
Blociiington, IN 47405
(812) 335-0303/335-2995
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FY 1987 Funding Profile

Operating
Capital

$26.4M
$ 1.5M

Total

S27.9M

Defense Programs

Laboratory R&D
Work for Others
DOE
5%
NIH
5%
DOD
3%
OTHER
2%
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Energy Research
OBES
6%
OHER
5%
OHF.NP
4%
Nuclear Energy
NWF
9%
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Major Program Funding for FY 1987
Program
Funds
(SK)

Strategic
Area

1-2.

Radiochemical Weapons Diagnostics
and Research & Development; Other
Unclassified Weapons Research

(DOE/OMA)
Test Analysis (DOD)
Other
3.

Strategic
Area Total
(SK)

11398

10934
333
131

Stable and Radioactive Isotope Production
and Separation

Stable Isotopes Inventory (DOE/OHER)
National Stable Isotopes Resource (NIH)
Medical Radioisotopes (DOE/OHER)*

1684

841
843

Chemical Biology and Nuclear Medicine

Medical Radioisotopes Research (DOE/OHER)*
13
C NMR and Metabolism (DOE/OHER)
Mechanisms in Superoxide Dismutasis (NIH)
Mechanisms in Respiration (NIH)
Cryo and Time-Resolved Vibrational Study (NIH)
Bacterial Toxins (ISR)
Modeling of Metabolic Pathways (ISR)
Monoclonal Antibodies/Biomedical Problems (ISR)
Noninvasive Tumor Diagnosis (ISR)
Energy Metabolism in Methalotrophic Bacteria (DOE/OBES)

2493

900
402
180
256
111
190
85
49
210
110

Element and Isotope Transport and Fixation

Nevada Nuclear Waste Storage Investigations (DOE/NV)
Geochemistry (DOE/OBES/NRC)
Defense Radionuclide Migration (DOE/NV)
Cation Exchange Isotherms (ISR)
Iridium Anomaly (ISR/NASA)
Continental Scientific Drilling (ISR)
Institute of Geophysics and Planetary Physics (Los Alamos)
6.

3977
2331
893
389
102
75
126
62

Actinide and Transition Metal Chemistry

Laser Isotope Separation of Plutonium (DOE/ONMP)
Organometallic Chemistry (DOE/OBES)
Actinides in Near Neutral Solutions (DOE/OBES)
Labile SO2 Complexes/Scavenging Basis (DOE/OBES)
Stcreoselcctivc Ligands (ISR)
Organoactinidc Chemistry (ISR)

2339
1160
191
140
296
315
237

Funding is in Sec. 4, hut research is in Sees. 3 and 4
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Major Program Funding for FY 1987
Program
Funds
($K)

Strategic
Area
7.

Structural Chemistry, Spectroscopy, and
Applications

Research on Explosives (NSWC/ONR)
Chemistry Under Extreme Conditions (ISR)
Structure-Function Relationships (ISR)
Materials Chemistry (ISR)
Low-Temperature Solutions (ISR)
Photodynamics and Energy Conversion by
Inorganic Photosystems (ISR)
High-Temperature Superconductors (ISR)
8.

9.

1180

245
139
609
102
85
1377

831
350
196
238

113
80
45

Atmospheric Chemistry and Transport

Organic Oxidants/Precursor Aldehydes (DOE/OHER)
Data Base Review (DNA)
Atmospheric Transport and Analysis (Other)
Atmospheric Chemistry (ISR)
Nuclear Winter (ISR)

246

100
25

Advanced Concepts and Technology

Isotope Separator Construction (DOE/LLNL)
Automatic Radioactivity Detector Construction (DOE)
Ultrasensitive Analysis Using Ion Accelerators (ISR)
11.

97
155
183
170
265

Irradiation Facilities

Weapons Support (DOE/OMA)
Health and Environmental Support (Los Alamos)
Irradiation Services (Los Alamos/Other)
10.

995

Nuclear Structure and Reactions

Solar Neutrino Flux (DOE/OHENP)
Fission and Reaction Study (DOE/OHENP)
Nuclear Chemistry Research at LAMPF (DOE/OHENP)
Double Beta Decay (ISR)
Short-Lived Nuclei Utilizing He-Jet Techniques (ISR)
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Strategic
Area Total
(SK)

753

147
304
217
40
45

Appendix: Facilities

INC Division Facilities and Equipment
Group Capability

Contact

INC-4 Isotope and Structural Chemistry
Cryogenic separation facility for preparing
large amounts of stable isotopes that can be
used in other studies

Thomas R. Mills

Spectroscopic studies of gas samples

John R. Fitzpatrick

Digilab FTS-40 FTIR
Perkin-Elmer UV-VIS spectrometer
Isotope ratio determinations

B. B. Mclnteer

Two magnetic sector mass
spectrometers
*•
Cycloidal mass spectrometer
IR spectrometers for spectroscopic studies
of small molecules in gas, liquid, and solid
phases, including inert gas matrices and
under extreme conditions of temperature
and pressure (diamond anvil cells) and
fingerprinting of actinide and transitionmetal complexes; spectral range from 10
to 5000 cm"1, temperature control down to
4 K; includes:

Llewellyn H. Jones
Basil I. Swanson
Stephen F. Agnew
William H. Woodruff

BOMEM DA3.002 spectrometer
Perkin-Elmer Model 180
Perkin-Elmer Model 683
Nicolet FTIR Model 7199
Digilab FTIR Model FTS-20CV
Two Digilab FTS-40 FTIR
spectrometers, including midand far-IR benches
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Group Capability

Contact

Raman spectrometers for determining
vibration spectra of solids, including
explosives, phase transitions, pressureinduced chemistry of small molecules, copper
blue proteins, actinide and transition-metal
complexes, solitons, spectral ranges from 2
to 10 000 cm" 1 , temperature control to 4 K,
pressure control to 200 kbar (diamond anvil
cells); includes:
Two Spex 1403 monochromators
ISA-JY V1000 R scanning spectrometer
with PC-AT data station
ISA-JY triple/single spectrograph with
Apple/Lisa data station and TracorNorthern IDARSS array detector
Lasers for photochemistry and Raman
spectroscopy; includes:
Two Spectra Physics Model 171s (argon
ion)
Two Spectra Physics Model 171s
(krypton ion)
Two cw ion lasers (argon and
krypton)
Lumonics Model TE431T-2 (Excimer)
Lumonics Model EP033V (dye head)
Coherent dye laser
Tachisto Model 215G (CO 2 , pulsed)
Apollo Model 570 (CO2, cw)
Quanta-Ray DCR 2A-10 and
DCR 2A-30 pulsed Nd:YAG
oscillator/ amplifiers
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Appendix: Facilities

Contact

Group Capability

Quanta-Ray PDL-1 YAG-pulsed dye
laser
Three Perkin-Elmer 330 UV-VIS-NIR
spectrometers with 3600 data station
Spex Fluorolog exitation/emission
spectrofluorometer
LeCroy TR8828 200-MHz transient
digitizer with 3500C data station
NMR spectrometers for actinide and
transition-metal complexes; metalloprotcin
studies related organ perfusion, metabolic
pathways, and bio-organic synthesis;
structure and dynamics in organic
explosives, polymers, and zeolites; includes:

Clifford J. Unkefer
James R. Brainard
William Earl
James A. Fee

Bruker AM-200 Fourier transform
multinuclear NMR spectrometer for
solutions
Bruker WM-300 wide-bore spectrometer
for high-resolution, multinuciear
NMR of liquids
Bruker CXP-200 spectrometer for solid
samples
Varian EM-390 for
solution (cw)

19

F, 31 P. and JH in

Variable-frequency wide-line NMR
apparatus (with 2.2 and 4.7 T magnets)
for solid state studies
Related equipment includes:
Amplifier Research broadband amplifier
(2 to 200 MHz. 200 W cw)
Hewlett-Packard Model 4193 vector
impedance meter
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Group Capability

Contact

Two Data General Nova-3 computer
systems with magnetic tape, 10-Mbyte
disks, and diskette drives
Electron spin resonance spectrometer for
actinide and transition metal complexes;
metalloproteins; structure and dynamics of
free radical species; includes:

James A. Fee

IBM/Bruker, x-band with cryogenics
X-ray diffraction instrumentation for
structural determination of a large class of
materials, including actinide and transitionmetal complexes, organic explosives,
and small molecules at high pressures;
single-crystal x-ray diffraction from -200
to 1000cC and in diamond anvil cells,
precession and Weissenberg photography,
and powder diffraction; includes:

Robert R. Ryan

Picker FACXI single-crystal
diffractometer
Enraf-Nonius single-crystal
diffractometer
Precession and Weissenberg singlecrystal cameras
Powder cameras
"Hot" laboratory capabilities for actinide
and fluevine chemistry; includes:
Actin*de glovebox lines for preparative
work and interpretation; includes:
Fluorine vacuum systems
Nicolet SX-20 FT-IR with Csl
optics
Preparative microwave systems
X-ray powder diffraction system
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Contact

Group Capability

X-ray precession and Weisstnberg
cameras
Low-temperature fluorine-compatible
preparative gas chromatograph system
Equipment for biochemical synthesis; includes:

James A. Fee
Thomas E. Walker

Hewlett-Packard 5710A gas
chromatograph with TC detector
and HP 3390A integrator
Hewlett-Packard 5710A gas
chromatograph with FID detector
and HP 3390A integrator
Hewlett-Packard 5890 gas
chromatograph with two FID detectors
for packed and capillary columns
and HP 3392A integrator
LC system with radioisotope detector
for sugars
Perkin-Elmer LC system with UVvisible detector
Beckman 7300 amino acid analyzer
Packard liquid scintillation counter
Fermentors and shakers for bacterial
cultures
Extranuclear SpectrEL quadrupole mass
spectrometer with solid, gas. and GC
iniputs (w-H. with HP 5710A instrument
with FID detector): data system includes
a Data General Nova 3 computer,
Camac interface, and 10-Mbyte disk
Beckmau amino acid analyzer
Perkin-Elrner liquid chromatograph.
including Series 3B LC. LC-75
spectrophototnetric detector, and
Sigma 15 data station
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Group Capability

Contact

Perkin-Elmer Model 297 IR
spectrophotometer
IBM UV-VIS spectrophotometer
Cary 14 UV/VIS spectrometer with
OLIS modification
New Brunswick fermentors (5 and 28 ()
Braun fcrmentor (30 f)
INC-5 Research Reactor
OWR (8 MW); includes;
Fourteen thermal and epithermal rabbit
facilities (maximum thermal flux
9.8 x 1012 n/cm2 s)
In-core irradiation facilities (thermal
flux 9 x 1013 n/cm 2 s)
Triple-axis neutron diffractometer for
neutron scattering studies
Double-axis powder diffractometer for
neutron transmission studies
24-keV and 2-keV neutron beam
facilities
Fission spectrum irradiation facility
Neutron radiography facilities
Two neutron-capture gamma-ray
facilities
Capability for producing high-energy
gamma-ray calibration sources, including
Ui
N (6 MeV) and prompt gamma rays
up to ~11 MeV
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Contact

Group Capability

Capability for producing multi-Curie
quantities of radioisotopes by capture of
thermal neutrons
Automated instrumental neutron-activation
analysis for 46 elements; analysis of solids
(soils, rocks, and particulate filters) and
liquids (up to 40 mt)\ includes:

Michael M. Minor
Sammy R. Garcia

One automated and one semiautomated
neutron-activation system with on-line
data reduction; capable of handling
up to 200 samples per day
Delayed-neutron counting systems for
determining fissile element
concentrations as low as several
parts per billion
Clean-room facilities for sample
preparation
Research facilities for nuclear spectroscopy,
including several Ge(Li) gamma-ray
spectrometers tied to a local area network,
with a SUN workstation and VME-based
microcomputers for data reduction

John W. Starner

INC-7 Isotope Geochemistry
High-precision mass spectrometry
measurements for many elements; eight mass
spectrometers; includes
Two single-magnetic-stage instruments
with pulse counting and/or Faraday
cage ion detection; for 10"9 to
10~ l2-g-aamplcs of plutoniuin.
americium. and neptunium; 10~K
to 10~12-g-samples of uranium

Donald J. Rokop
David B. Curtis
Mohammed Alei
Joseph C. Banar
John Cappis
Charles M. Miller
Richard E. Perrin
Jane Poths
Bryan L. Fearey
Michael Murrell
Steve Goldstein
Ruben Aguilar
Phyllis Baca
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Group Capability

Contact

Single-magnetic-stage instrument with
pulse counting and/or Faraday cage
ion detector used to test new
electronics designs and to train
uncleared personnel in instrument
operation
High sensitivity quadrapolc mass
spectrometer for trace analysis.
Two instruments with two magnetic
stages and pulse counting and/or
Faraday cage ion detector; for 0.2 to
1.0 standard cm3 samples of
methane; lO"8 to lO"11 g of
terbium, bismuth, and technecium
Resonance (laser) ionization instrument
with a single magnetic stage; includes
argon ion and dye lasers
Single-magnetic-stage instrument for
resonance ionization and instrument
development studies
Single-magnetic-stage instrument with
Faraday cage ion detection; used for
geochemistry studies on lead, uranium,
neodymium, and strontium; for 10~6 to
10~8-g-samples
Single-stage, low-volume gas mass
spectrometer; used for noble gas analysis
Anaerobic sampling of pumped
groundwaters and high-precision field and
laboratory analysis; trailer equipped for
anion analysis by ion chromatography.
cation analysis by atomic absorption
spectrometry. alkalinity, dissolved oxygen,
sulfide. Eh, and detergents; full laboratory
analytical facilities; includes
Two Dionex anion chrornatographs

2-r>4
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Group Capability

Contact

Atmospheric measurement capability for
atmospheric tracer experiments from an
airborne platform (WB-57F, operated
by National Aeronautics and Space
Administration); includes

David L. Finnegan
Jeffrey S. Gaffney
Allen S. Mason
Eugene J. Mroz

Large-volume aerosol samples
High-purity gas samples
Adsorption vapor samplers
Cascade impactors

Inorganic trace-constituent analysis (in situ
and laboratory) in upper troposphere and
lower stratosphere; includes:
Quadrupole mass spectrometer with gas
chromatograph (masses to 1000)
Particle-size and mass distribution analysis
in atmosphere
Analysis of acids/air quality, SO2 column
density, volcanic gases
Nuclear mieroprobe for nondestructive.
in situ materials analysis with micronscale spatial resolution using particleinduced x-ray emission, nuclear reaction
analysis (particle-induced gamma-ray and
charged-particle emission), and Rutherford
backscattcring techniques. Positive particles
available from 3-MV tandem accelerator.
State-of-the-art software for data reduction
using a Microvax II. Routine thick-target
elemental detection limits in the 5-ppm
range and thin-surface-coating detection to
0.1 monolayer. Superconducting solenoid
yields proton sample currents up to
200 pA//un2 (in collaboration with the
Center for Material Science and Groups P-10
and MEE-11).

Timothy M. Benjamin
Clarence J. Duffy
Pamela S. Z. Rogers
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Group Capability

Contact

Hydrothenual studies equipment; includes:

Robert W. Charles
David R. Janecky
Gregory K. Bayhiorst

Cold seal rod vessels capable of
duplicating conditions in the
upper two-thirds of Earth's
mist (750°C at 7 kbar)
Flexible gold-titanium reaction cell
equipment for rock-solution studies to
2 kbar and 700°C with corrosive
solutions
Large-volume circulation systems
(700 n\f) for studying natural aqueous
systems under flowing conditions
Solution calorimeter for measuring
thermodynamic properties of aqueous
solutions to 350° C and 500 bar
Laser RAMAN for investigating solution
speciation to 4 kbar and 600° C
High-temperature furnace (1550°C)
with controlled-atmosphere capabilities
Vaxstation 2000 networked to VAX
11/785 and XNET with broad selection of
geochemical codes
Gas-sampling trailer for collecting trace
gases; includes:

Mohammed Alei
Jane Poths

Quadrupole mass spectrometer
Intrinsic germanium detector
37

Af x-ray counting system

Noble gas chromatographic separation
system
Other instruments for handling and
analyzing samples; includes:
Perkin-Elmer 404 atomic absorption
spectrometer
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INC-11 Nuclear and Radiochemistry
Extensive facilities for quantitative
measurement of radioactivity; includes:

Gilbert W. Butler
Russell Gritzo

Three alpha counters (ion chamber with
2-K geometry)
Ten alpha spectrometers (three Frisch
grid and seven solid state)
Eight proportional beta counters
Internal proportional beta counter
Two trochoidal analyzers (positron
counters)
Eleven gamma-ray Nal(Tl) spectrometers
Nine Ge(Li) or high-purity germanium
gamma-ray spectrometers with
computer-controlled sample changers
Three Ge(Li) or high-purity germanium
gamma-ray spectrometers for unusual
counting geometries
Three Ge(Li) or high-purity germanium
well-counter gamma-ray spectrometers
with anti-coincidence shields
Two proportional x-ray counters
High-purity germanium (planar) x-ray
spectrometer
Si(Li) x-ray spectrometer
Two data acquisition systems with
50 pulse height analyzers and two
MicroVAX-II computers

Isotope and Nuclear Chemistry Division Annual Report 1987

257

Appendix: Facilities

Group Capability

Contact

Data analysis system

David D. Clinton

VAX 785 system supporting unclassified
counting room applications and
classified scientific applications, office
automation, and internal publications;
includes: line printers, laser printers,
terminals, magnetic tape units, card
reader, disk drives, and removable
disk packs
Division-wide computing system
Interactive VAX 785 system supporting
programming for scientific applications
and data processing, support of office
automation, journal submissions, and
internal publications; includes: line
printers, laser printers, terminals,
magnetic tape unit, card reader, disk
drives with removable disk packs,
terminal server, Ethernet, highresolution color graphics
Integrated computer network access
Access to both Laboratory open ICN
through a jackfield with dedicated data
lines and the secure partition through
an encryption system, multiplexer, and
jackfield with a Los Alamos coaxial
cable data link
Document control
Document control work station; includes
an IBM PC-AT with a 30-megabytc
hard disk, a high-density disk drive,
a medium-density disk drive, and a
Hayes smart modem. A laser wand bar
code reader is attached to the PC.
A portable Scan Star 500 unit can
also be attached.
Intermec 5-30 bar code label maker
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Group Capability

Telxon "TDS" Computer used to load
programs into five division bar code
readers; the TDS can also be used to
burn proms.

At TA-53, the Los Alamos Meson Physics
Facility, a radioisotope production facility
where large quantities of most radionuclides
can be produced; a biochemical laboratory;
animal facility.

David C. Moody

At TA-48, isotope separation facility
Hot cells for high-level gamma- and
beta-active materials
Isotope purification and handling
facilities
At TA-48, analytical support capability
for research, development, and quality
control for radioactive isotopes in medicine;
includes:
Dionex ion chromatograph
Spectrametrics dc-coupled argon-plasma
emission spectrometer
Varian NMR spectrometer Model
EM 360A
Perkin-Elmer IR spectrometer
Model 283
Perkin-Elmer LS-5 spectrofluorometer
Hewlett-Packard gas chromatograph
mass spectrometer Model 5992
Packard radiochromatography scanner
Model 7201
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Group Capability

Contact

Three high-performance liquid
chromatographs (Waters)
Animal counting system
Detector development laboratory

Malcolm M. Fowler

A jointly implemented facility (INC and
P Divisions) to develop special
detectors; includes: vacuum chamber
to simulate accelerator environment,
multiwire proportional counters using
thin polypropylene windows and fine
wire grids, and a multisegmented
system to detect and identify nuclear
particles over a wide range of masses
and energies
Extensive facilities for handling and
chemically separating radioactive species;
includes:

D. Wes Efurd

Robotically controlled system for
dispensing and weighing liquid aliquots
Remotely controlled liquid-liquid
extraction equipment
Ion exchange columns with automatic
fraction collectors
Princeton Applied Research
Potentiostadt/Galvanostadt Model 273
Microwave dissolution systems
"Clean" chemical laboratories including
quartz stills for preparation of "clean"
acids
Facilities for handling alpha-emitting
materials

High-performance liquid chromatographic
columns, presently used for rare-earth
separations
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Group Capability

Contact

Two Hewlett-Packard auto-gamma
scintillation counters

Joseph L. Thompson

Two Hewlett-Packard liquid scintillation
counters
Searle liquid scintillation counter
Spex double-beam spectrofluormeter system
Sorval ultracentrifuge
Two magnetic deflection isotope separators

E. Phil Chamberlin

90° medium current (500 /(A)
55° double-focusing low current (20 /tA)
Target irradiation facilities with 500- to 800MeV protons, 0- to 500-MeV pions, stopped
and fast muons, and energetic neutrons

David J. Vieira

Transport line and time-of-flight isochronous
spectrometer for mass measurements and
study of fast-recoiling exotic nuclei produced
in the Thin Target Experiment Area at the
LAMPF
Facilities for handling and measuring radioactivity; includes chemistry laboratories and
alpha, beta, and gamma counting facilities

Gilbert W . Butler

He-jet activity transport system

Willard L. Talbert

INC-Division Office
High-performance interactive computer
graphics display station for creation,
manipulation, modification, and viewing of
complex 2-D and 3-D data structures

Bruce R. Erdal

Evans and Sutherland PS330/PS340
computer graphics system
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Group Capability

Contact

DEC Micro VAX II/GPX

Bruce R. Erdal

System supporting programming and
calculational efforts for molecular
modeling and graphics, data processing
and new methodologies, and advanced
mathematical methods
Computer-aided system for preparation of
visual presentation materials, including color
transparencies, paper copies, and 35-iam
slides
General Parametrics Videoshow 160
system
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Publications
Group INC-4

S. F. Agnew, B. I. Swanson, and L. H. Jones, "Extended Interactions in the
Phase of Oxygen," J. Chem. Phys. 86 (10), 5239-5245 (1987).
M. Alei, J. H. Cappis, M. M Fowler, D. J. Frank, M. Goldblatt,
P. R. Guthals, A. S. Mason, T. R. Mills, E. J. Mroz, T. L. Norris,
R. E. Perrin, J. Poths, D. J. Rokop, and W. R. Shields, "Determination of
Deuterated Methanes for Use as Atmospheric Tracers," Los Alamos National
Laboratory report LA-10909-MS (February 1987).
S. Blumenroeder, E. Zirngiebl, J. D. Thompson, P. Killough,
J. L. Smith, and Z. Fisk, "Phonon Raman Scattering in Superconducting
La1.85Sro.i5Cu04-tf," Phys. Rev. B 35 (16), 8840-8842 (1987).
J. R. Brainard, D. E. Hoekenga, and J. Y. Hutson, "Metabolic Consequences
of Anoxia in the Isolated, Perfused Guinea Pig Heart: Anaerobic Metabolism
of Endogenous Amino Acids," Magn. Reson. Med. 3, 673-684 (1986).
D. R. Bush and P. J. Langston-Unkefer, "Tabtoxinine-/?-Lactam Transport
into Plant Cells: Evidence of a Proton-Ammo Acid Symporc in Isolated
Membrane Vesicles," in Plant Membranes: Structures, Function, Biogenesis,
New Series, Vol. 63, C. Leaver and H. Sze, Eds. (Alan R. Liss, Inc., New
York, New York, 1987), pp. 257-274.
D. R. Bush, R. D. Durbin, and P. J. Langston-Unkefer, "In Vivo Inactivation
of Glutamine Synthetase by Tabtoxinine-/3-Lactam in Zea mays Suspension
Culture Cells," Physiol. Mol. Plant Pathol. 31, 227-235 (1987).
J. R. Cann, R. E. London, C. J. Unkefer, R. J. Vavrek, and J. M. Stewart,
"A CD-NMR Study of the Solution Conformation of Bradykinin Analogs
Containing a-Amino-Isobutyric Acid," Int. J. Peptide Protein Res. 29,
486-496 (1987).
S. D. Conradson, R. F. Dallinger, B. I. Swanson, R.J.H. Clark, and
V. B. Croud. "Resonance Raman Study of the vx Band Structure of
[Pt(en)2][Pt(en)2Br2](C104)4." Chem. Phys. Lett. 135 (4,5) 463 467 (1987).
S. D. Cope. D. K. Russell, H. A. Fry. L. H. Jones, and J. E. Barefield,
"Analysis of the Fundamental Asymmmetric Stretching Mode of T 2 O."
J. Mol. Spectrosc. 120, 311-316 (1986).
T. L. Cremers, P. G. Eller, E. M. Larson, and A. Rosenzweig, "Single-Crystal
Structure of Lead Uranate(VI)." Ada Cryst. C 42, 1684-1685 (1986).

Isotope and Nuclear Chemistry Division Annual Report 1987

263

Appendix: Publications

D. T. Cromer, M. D, Coburn, R. R. Ryan, and H. J. Wasserman, "Structure
of l-Methyl-2,3,4,5-tetranitropyrrole, a Possible High-Density Explosive,"
Ada Crust. C 42, 1428-1430 (1986).
D. T. Cromer, R. R. Ryan, and C. B. Storm, "Structure of 2,2'-B.imidazole,"
Ada Crust. C 43 (7), 1435-1437 (1987).
W. L. Earl, "Effects of Molecular Mobility on High Resolution Solid State
NMR Spectra—Model Systems," in NMR of Humic Substances and Coal:
Techniques, Problems and Solutions, R. L. Wershaw and M, A. Mikita, Eds.
(Lewis Publishers, Chelsea, Michigan, 1987), Chap. 9, pp. 167 187.
W. L. Earl, P. O. Fritz, A.A.V. Gibson, and J. H. Lunsford, "A Solid-State
NMR Study of Acid Sties in Zeolite Y Using Ammonia and Trimethylamine
as Probe Molecules," J. Phys. Chem. 91 (8), 2091-2095 (1987).
W. L. Earl, W. E. Wageman, B. H. Meier, "Multiquantum NMR of Solids
on a CXP," Texas A&M University NMR Newsletter 336, 42-43 (November
1986).
P. G. Eller and R. A. Penneman, "Curium," in The Chemistry of the
Adinide Elements, 2nd Ed., J. J. Katz, G. T. Seaborg, and L. R. Morss,
Eds. (Chapman and Hall, Ltd., London, New York, 1986), Vol. 2, Chap. 9,
pp. 962-988.
P. G. Eller and R. A. Penneman, "Stabilization of Actinides and Lanthanides
in High Oxidation States" (invited paper), J, Less-Common Met. 127, 19-33
(1987).
R. Engelke, W. L. Earl, and C M . Rohlfing, "Importance of Enolate Anions
in the High-Pressure Kinetics of Nitroalkanes and Nitroaromatics," Int'l. J.
Chem. Kinetics 18, 1205-1214 (1986).
J. A. Fee and C. Bull, "Steady-State Kinetic Studies of Superoxide
Dismutases: Saturative Behavior of the Copper- and Zinc-Containing
Protein," J. Biological Chem. 261, 13000 13005 (1986).
J. A. Fee, D. Kuila, M. W. Mather, and T. Yoshida, "Respiratory Proteins
from Extremely Thermophilic, Aerobic Bacteria" (review), Biochim.
Biophys. A eta 853, 153-185 (1987).
W. J. Goux and C. J. Unkefer, "The Assignment of Carbonyl Resonances
in 13C-N.M.R. Spectra of Peracetylated Mono- and Oligo-Saccharides
Containing d-Glucose and d-Mannose: An Alternative Method for Structural
Determination of Complex Carbohydrates," Carbohydrate Res. 159, 191-210
(1987).
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M. D- Hopkins, W. P. Schaefer, M. J. Bronikowski, W. H. Woodruff,
V. M. Miskowski, R. F. Dallinger, and H. G. Gray, "Ligand Perturbation
of the Molecular and Electronic Structures of Quadruply Bonded Dimers.
The Crystal Structures of Mo2Br4(PMe3)4 and Mo2I4(PMe3)4, and the
Vibrational and Electronic Spectra of a Series of M2X4L4 Complexes,"
J. Am. Chem. Sac. 109 (2), 4Q8-416 (1987).
G. D. Jarvinen, R. R. Ryan, B. F. Smith, and J. M. Ritchey, "Preparation
and Crystal and Molecular Structures of Uranyl Complexes of 4-Benzoyl2,4-dihydro-5-methyl-2-phenyl-3H-pyrazol-3-thione and the Pyrazol-3-one
Analogue," Inorg. Chim. Ada 129 (1). 139 148 (1987).
B. S. Jorgensen, R. Liepins. and S. F. Agnew, "Canal Polymerization. Part 1.
1.3-Butadiyne in Perhyirotriphenylene," Pnlym. Bull 16,263-268(1986).
T. J. Knight. R. D. Durbin, and P. J. Langston-Unkefer, "Effects of
Tabtoxinine-tf-Lactam on Nitrogen Metabolism in Avena sativa L. Roots,"
Plant Physiol. 82, 1045 1050 (1986).
T. J. Knight, R. D. Durbin, and P. J. Langston-Unkefer, "Self-Protection of
Pseudomonas syringae pv. "tabaci" from Its Toxin, Tabtoxinine-0-Lactam,"
J. Bacterial 169 (5), 1954-1959 (1987).
G. J. Kubas, C. J. Unkefer. B. I. Swanson, and E. Fukushima, "Molecular
Hydrogen Complexes of the Transition Metals. 4. Preparation and
Characterization of M(CO)3(PR3)2(r,2-H2) (M = Mo, W) and Evidence
for Equilibrium Dissociation of the H-H Bond to Give MH2(CO)3(PRn)2."
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Neutron-Rich Nuclei Using Fast Recoil Spectrometers," in Proceedings of the
5th International Conference on Nuclei Far From Stability, Ro.ise.au Lake,
Ontario, Canada, September 14-19, 1987 (1987).
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W. L. Talbert, Jr., J. W. Starner, R. J. Estep, S. J. Balestrini, M. Attrep,
D. W. Efurd, and F. R. Roensch, "The Thermal-Neutron Fission Cross
Section of 26.1-min J35m U," Phys. Rev. C(1987).
L.-C. Liu, ''Nuclear Dynamics ot Bound Eta Jiesous: Eta-Mesic Nuclei
and Mesic Compound-Nucleus Resonances," in Proceedings of Inter-national
Symposium on Medium Energy Physics, Beijing, China, June 23-37, 1987
(1987).
H. T. Nagasawa, J, A. Elberling, and J. C. Roberts, "/^-Substituted Cysteiues
as Sequestering Agents for Ethanol-Derived Acetaldehyde In Vivo," ./. Med.
Chem. 30, 1373-1378 (1987).
J. C. Roberts, H. T. Nagasawa, D. J. W. Goon, R. T. Zera, and
R. F. Fricke, "Prodrugs of L-Cysteine as Protective Agents Against
Acetaminophen-Induced Hepatotoxicity.
2-Polyhydroxyalkyl- and 2Polyacetoxyalkylthiazolidine-(4R)-Carboxylic Acids," J. Med. Chem. 30,
1891-1896 (1987).
W. L. Talbert, Jr., M. E. Bunker, and J. W. Starner, "Optimization of
a He-Jet Activity Transport System to use at LAMPF," Nucl. lustrum.
Meth. B 26, 345 (1987).
W. L. Talbert, Jr., H. Wollnik, and C. Geisse, "Ion-Optical Design for an
On-Line Mass Separator at LAMPF," Nucl. Instrum. Meth. B 26, 351
(1987).
INC-DO

J. Herrmann, N. T. Porile, B. J. Dropesky, and G. C. Giesler, "Recoil Study
of the Spallation of Gold by Intermediate Energy Pions," Phys. Rev. C 35,
1823 (1987).
H. W. Baer, M. J. Leitch, R. L. Burman, M. D. Cooper, A. Z. Cui,
B. J. Dropesky, G. C. Giesler, F. Irom, C. J. Morris, J. J. Knudson,
J. R. Comfort, D. N. Wright, and R. Gilman, "Double-Analog Transition
48
Ca(7r+,7r-)48Ti at 35 and 50 MeV," Phys. Rev. C 35, 1425 (1987).
G. Fiege, D. Molzahn, R. Brandt, D. C. Hoffman, S. J. Knight,
A. J. Gancarz, G. W. Knobcloch, and F. O. Lawrence, "Search for
Transuranium Actinides in Atlantis II Hot Brines," Radiochim. Ada 41,
55 56 (1987).
Jody H. Heiken, "Producing the Annual Report," in Proceedings of the 34th
International Technical Communication Conference (Society of Technical
Communication, Washington, DC. 1987).
Helen A. Lindberg, Jody H. Heiken, and Mary Timmers. "Structured Series
Saga" (video script), Los Alamos National Laboratory (1987).
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Presentations
Group INC-4

K. D. Abuey, P. G. Eller, and S. A. Kinkead, "Dissolution of MoO3 and
MoS2 in SbF 5 /HF and C1F3," Group INC-7 Chemistry Seminar, Los Alamos
National Laboratory, Los Alamos, New Mexico, September 21, 1987.
S. F. Agnew, "High-Pressure Chemistry of Nitric Oxide," Group INC-4
ICON Group, Los Alamos, October 28, 1986.
S. F. Agnew, "Infrared Microscopy at High Pressure and High and Low
Temperature," Digilab User's Group Meeting, Cambridge, Massachusetts,
June 23-25, 1987.
S. F. Agnew, "Resonance Raman Spectroscopy of Potentially Conducting
Co-Polymers," Polymer Working Group Meeting of Los Alamos National
Laboratory and Sandia National Laboratories, Albuquerque, New Mexico,
October 7, 1986.
S. F. Agnew, "Resonance Raman Spectroscopy of Potentially Conducting
Copolymers," CNLS-CMS Polymer Seminars, Los Alamos National
Laboratory, October 29, 1986.
S. F. Agnew, "Spectroscopy at High Pressure: Model for Predicting
Density Dependence of Electronic Absorption Bands," Physics Department,
Washington State University, Pullman, Washington, October 13, 1987
(invited colloquium).
S. F. Agnew and B. I. Swanson, "Model for the Density Dependence of
Electronic Absorption Bands: Application to Carbon Disulfide and Other
Molecules," 1987 American Physical Society Conference on Shock Waves in
Condensed Matter, Monterey, California, July 20-23, 1987.
S. F. Agnew and B. I. Swanson, "Difference in the Absorption Spectrum of
CS2 in Hexane Undergoing Shock versus Static Loading," Working Group
Meeting on Sensitivity of Explosives, Socorro, New Mexico, March 15-18,
1987.
S. F. Agnew and B. I. Swanson, "Static High-Pressure Studies of
Carbon Disulfide: Comparison Between Shock and Static Measurements,"
Department of Physics Colloquium, Washington State University, Pullman,
Washington, October 21, 1986 (invited).
M. Aldissi J. W. WM,e, and S. F. Agnew, "Polyacetylene Copolymers:
Raman and Neutron Scattering Studies," Biennial Meeting on Physical
Aspects of Polymer Science, University of Reading, Reading, United
Kingdom, September 9-11, 1987.
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M. Aldissi, J. W. White, S. F. Agnew, and B. S. Jorgensen, "Conducting
Hybrid Polymeric Systems," European Symposium on Polymeric Materials,
Lyon, France, September 14-28, 1987.
S. D. Conradson, R. F. Dallinger, B. I. Swanson, R. J. H. Clark,
and V. B. Croud, "Fine Structure in the Resonance Raman Spectra of
the Quasi One-Dimensional Semi-Conductor [Pt(en)2][Pt(en)2Br2](C104)4,"
1987 Western Spectroscopy Association Meeting, Asilomar, California,
February 29-30, 1987.
D. Curtis and J. D. Purson, "A Potpourri of Nuclear Geochemistry," Group
INC-7 Seminar Series, Los Alamos National Laboratory, April 20, 1987.
R. B. Dyer, "Resonance Raman Spectroscopy of Redox Metalloproteins at
High Pressures," Department of Chemistry, Utah State University, Logan,
Utah, April 28, 1987.
W. L. Earl, "Double Quantum NMR of Magic Angle Spinning Solids,"
The Eleventh (NMR)2, Los Alamos National Laboratory, Los Alamos, New
Mexico, May 2, 1987.
P. G. Eller, "Reaction Chemistry of Oxygen Fluorides" (invited seminars),
Departments of Chemistry at University of Alabama, Tuscaloosa,
Alabama, February 2, 1987, and Auburn University, Auburn, Alabama,
February 3, 1987.
P. G. Eller, "Superoxidizer/Superacid Chemistry," Chemistry Department,
University of Wisconsin, Madison, Wisconsin, October 12, 1987.
P. G. Eller, L. R. Avens, and D. S. Catlett, "Low-Temperature
Fluorination Processes for Actinide Scrap Recovery," Future Topics
Workshop: Pyrochemical Workshop, Los Alamos National Laboratory, Los
Alamos, New Mexico, October 8, 1986.
P. G. Eller, L. R. Avens, and D. S. Catlett, "Low-Temperature Fluorination
Processes for Actinide Scrap Recovery," Eighth Winter Fluorine Conference,
St. Petersburg, Florida, January 25-30, 1987.
J. A. Fee, "Progress in the Characterization of Respiratory Proteins from
Extremely Thermophilic Aerobic Bacteria" (invited seminar), Department
of Biochemistry, Rice University, Houston. Texas, March 11, 1987.
J. A. Fee. "Respiratory Proteins from Extremely Thermophilic Bacteria:
Cytochromc Oxidase and the Ricske Protein" (invited seminar), Department
of Chemistry, University of California, Davis, California. April 16, 1987.
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J. A. Fee, E. C. Niederhoffer, and C. Naranjo, "First Description of a
Variant of E. coli Lacking Superoxide Disinutase Activity Yet Able to
Grow Efficiently on Minimal, Oxygenated Medium," Sixth International
Symposium on Trace Elements in Man and Animals, Asilomar, California,
June 2 5, 1987.
T. M. Gilbert, R. R. Ryan, and A. P. Sattelberger, "Synthesis of Mixed-Ring
Organoactinide Complexes: [(CsHaHCsMesJThCrja and its Derivatives,"
Gordon Conference on Inorganic Chemistry, Wolfeboro, New Hampshire,
August 3 7, 1987.
,1. Y. Hutsou, ,1. R. Brainard, D. E. Hoekenga, and R. J. Lenhoff,
"Carbohydrate Utilization by the Ischemic Perfused Heart: An NMR
Analysis," Sixth Annual Meeting, Society of Magnetic Resonance in
Medicine. New York, New York, August 17-21. 1987.
G. D. Jarvinen, R. R. Ryan, B. F. Smith. M. M. Jones, E. J, Peterson,
R. T. Paine, S. Karthikeyan. D. J. McCabe, A. A. Russell, and
S. Blaha, "Coordination Chemistry and Extraction Properties of Some New
Bifunctional Ligands," 11th Actinide Separations Conference, Pleasanton,
California. June 1 4, 1987.
T. J. Knight, H. Gambliel. C. Sengupta-Gopalan, and P. J. LangstonUnkefer, "Molecular Basis of a Microbe-Mediated Enhancement of
Symbiotic Nitrogen Fixation," Second Annual Symposium for the Southwest
Consortium on Plant Genetics and Water Resources, Tucson, Arizona,
May 18 19, 1987.
T. J. Knight and P. J. Langston-Unkefer, "Differential Inactivation of
Alfalfa Nodule Glutamine Synthetases by Taboxinine-0-Lactam," Annual
Meeting of American Society of Plant Physiologists, St. Louis, Missouri,
July 27, 1987.
E. M. Kober, "Application of the Energy Gap Law to the Excited State
Decay of Os(II)-2.2'-bipyridine Complexes" (invited seminars), University of
Washington. Seattle, Washington, February 3, 1987, and Harvard University,
Cambridge, Massachusetts. February 12, 1987.
P. J. Langston-Unkefer. "Beneficial Effects of Infestation of Alfalfa with
Toxin-Releasing Pathogen." Center for the Study of Nitrogen Fixation,
Biochemistry Department. University of Wisconsin. Madison. Wisconsin,
September 28. 1987.
P. J. Langston-Unkefer. "Molecular Basis for a Microbe-Mediated
Enhancement of Symbiotic Nitrogen Fixation" (invited seminar),
Department of Molecular Biology and Biochemistry. University of
California. Irvine. California. April 17. 1987.
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P. J. Langston-Unkefer, "Molecular Basis of the Beneficial Interaction
between Alfalfa and Pseudomonas syringae pv. tabaci" (invited seminar).
Departments of Botany and Plant Pathology, University of California,
Riverside, California. April 18. 1987.
P. J. Langston-Unkefer and T. J. Knight, "Self-Protection Mechanisms Used
by Pseudomonas syringae pv. tubaci Against its Toxin, Tabtoxinine-JLactam," American Society of Microbiologists Annual Meeting, Atlanta,
Georgia, March 1-6, 1987.
P. J. Langston-Unkefer and T. J. Knight, "Molecular Basis of a MicrobeMediated Enhancement of Symbiotic N2-Fixatiou," Annual Meeting of
American Society of Plant Physiologists, St. Louis, Missouri, July 30, 1987.
E. M. Larson, "Synthesis and Structural Characterization of Gadolinium
Doped Perovskites Using EXAFS and X-Ray Diffraction," CMS Journal
Club, Los Alamos, March 31. 1987.
E. M. Larson, P. G. Eller, B. Freiha, M. L. Horng, and M. P. Eastman.
"The Structure of the Low-Temperature Crystalline Phase of
Cu[O2(CphOC8H1T)2CH]2, a Compound Which Exhibits Discotic Mesomorphism at Slightly Elevated Temperatures," XlVth Congress and
General Assembly. International Union of Crystallography, Perth, Australia,
August 12-20. 1987.
W. K. Liddle, R. B. Dyer, N. W. Downer, W. H. Woodruff, and
J. Trewhella, "Polarized FTIR Investigation of Secondary Structure in
Oriented Bacteriorhodopsin," Biophysical Society Annual Meeting, New
Orleans, Louisiana, February 22-26. 1987.
J. D. Purson. "Physicochemical Studies of Uraninite from an Oklo Natural
Reactor," American Chemical Society Technicians Affiliate Group Meeting,
Los Alamos, New Mexico. March 19, 1987.
R. R. Ryan, "Potential Energy Minimization Approach to the Prediction
of Solid State Densities of Organic Compounds," Crystalline Energetic
Materials Synthesis Workshop. Chestertown, Maryland. November
3-5. 1986.
A. P. Sattelberger. R. R. Ryan, and P. J. Hay. "Lanthanide and
Actinide Phosphido Complexes and Their Utilization in the Preparation
of Heterobimetallic Complexes." Second International Conference on the
Basic and Applied Chemistry of f-Transition (Lanthanide and Actinide) and
Related Elements. Lisbon. Portugal. April 6-10. 1987.
A. P. Sattelberger and R. R. Ryan. "Heterobinietallic Chemistry with
f Elements." American Chemical Society Central Regional Meeting.
Columbus. Ohio. June 24 26. 1987.
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B. F. Smith, G. D. Jarvinen, It. R. Ryan, H. L. Nekimken, J. !V'
Ritchey, and G. G. Miller, "Actinide and Lanthanide Complexes of
4-Benzoyl-2,4-Dihydro-5-Methyl-2-Phenyl-3H-Pyrazo-3-one
and
Its
3-Thione Analogue: Synthesis, Crystal Structures and Solvent Extraction
Chemistry," Second International Conference on the Basic and Applied
Chemistry of f-Transition (Lanthanide and Actinidc) and Related Elements,
Lisbon, Portugal, April 6 10, 1987.
B. I. Swanson, "Resonance Raman Study of Quasi-One-Dimensional
Pt Complex Semiconductors," Chemistry Department, California Institute
of Technology, Pasadena, California, November 17, 1986.
B. I. Swanson, "'The Use of Matrix Isolation Methods to Study Molecular
Behavior at High Pressure," Gordon Conference on Spectroscopy of
Matrix Isolated Species, Plymouth State College (South), Plymouth, New
Hampshire, August 10 14, 1987.
T. E. Walker, C. .1. Unkefer, D. S. Ehler, "The Synthesis of 2-Deoxy[6-UIC]Glucose," American Society of Biological Chemists, n hiladelphia.
Pennsylvania, June 7 11, 1987.
W. H. Woodruff, "Excited State Structures and Energy Conversion in
Inorganic Complexes." American Chemical Society Northern New Mexico
Section, Los Alamos, New Mexico, November 16, 1986.
W. H. Woodruff, "Inorganic Photochemistry" (two lectures), Department
of Chemistry, California Institute of Technology, Pasadena, California,
April 20-26, 1987.
W. H. Woodruff, "Spectroscopy and Structure of Metal-Metal Bonded
Complexes," Department of Chemistry, California Institute of Technology,
Pasadena, California, April 20-26, 1987.
W. H. Woodruff, "Spectroscopy and Structure of Metal-Metal Bonded
Complexes," Department of Chemistry, University of Oregon, Eugene,
Oregon, and University of Washington, Seattle, Washington, January
20-21,1987.
W. H. Woodruff, "Spectroscopy and Structure of Multiple MetalMetal Bonded Complexes" (invited seminar), Colorado State University,
Ft. Collins. Colorado, September 17. 1987.
W. H. Woodruff, "Resonance Raman Studies of Cytochroine Oxidase"
(invited seminar). Biochemistry Department Conference at Filigree Park,
Colorado. September 18, 1987.
W. H. Woodruff. "Resonance Raman Studies of Metalloproteins Under
Extreme Conditions," Department of Chemistry. California Institute of
Technology, Pasadena, California. October 10-11, 1986.
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T. Yoshida, "A Dynamic Model of the Human Erythrocyte. Simulation of
the Coupling Between Energy Metabolism and Ion Transport," Group INC-4
Occasional Seminars in '< iiochemlstry Series, January 22, 1987.
Group INC-5

M. E. Bunker, "Review of OWR Operations," Annual Reactor Safety
Appraisal by ALO/ESHD, Los Alamos, New Mexico, October 20, 1986.
E. B. Shera and M. M. Minor, "Real-Time Data Acquisition on a
Scientific Workstation" (invited talk), Scientific Computing and Automation
Conference and Exposition, Atlantic City, New Jersey, November 5-7, 1986.
M. M. Minor, "Neutron Activation Analysis at the Omega West Reactor"
(invited talk) Analytical Chemistry Seminar, University of Washington,
Seattle, Washington, December 1, 1986.
M. E. Bunker, "Past, Present, and Future of OWR," briefing for W. Miller,
Associate Director for Research (acting), Los Alamos National Laboratory,
Los Alamos, New Mexico, December 30, 1986.
W. L. Talbert and M. E. Bunker, "The He-jet/SISAK/ISOL Research
Project" briefing for F. A. Morse, Associate Director for Research, Los
Alamos National Laboratory, Los Alamos, New Mexico, May 8, 1987.
M. E. Bunker, "Review of OWR Operations," briefing for Los Alamos
National Laboratory Reactor Safety Committee, Los Alamos, New Mexico,
June 29, 1987.
M. E. Bunker, "Future of LANL's Research Reactr1-" briefing for Los
Alamos National Laboratory Senior Management Group, Los Alamos
National Laboratory, Los Alamos. New Mexico, July 6, 1987.
Group INC-7
J. S. Gaffney, "Beyond Ozone, Acid Rain, and CO2: Organics in
Tropospheric Chemistry"(invited paper), American Chemical Society
Central Regional Meeting, Columbus, Ohio, June 24 26, 1987.
D. B. Curtis, J. H. Cappis, R. E. Perrin, and D. J. Rokop, "The
Geochemistry of Fission Products Natural Technetium and Plutonium,"
Conference on Isotope Geochemistry of Groundwater and Fracture Material
in Plutonic Rock, Mont Ste. Marie, Quebec, Canada, October 1-3, 1986.
C. J. Duffy and D. L. Bish, "Thermogravimetric Analysis of Analcime," Clay
Minerals Society 1986 Meeting, Jackson, Mississippi, October 12-15, 1986.
D. J. Rokop, D. B. Curtis, N. C. Schroeder, and K. Wolfsberg, "A Technique
for the Determination of Small Numbers of Technetium Atoms," TwentyNinth Oak Ridge National Laboratory Conference on Analytical Chemistry
in Energy Technology, Knoxville, Tennessee, September 30 October 2. 1986.
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M. G. Hollander, J. W. Palmer, P. S. Z. Rogers, and S. R. Garcia. "Copper
Bell Elemental Analysis Using the Los Alamos Nuclear Microprobe," Tenth
International Conference on the Application of Accelerators in Research and
Industry, Denton, Texas, November 10 12, 1986.
D. B. Curtis, J. H. Cappis, R. E. Perrin, and D. .1. Rokop, "The
Geochemistry of Natural Technetium and Plutonium," Materials Research
Society 1986 Fall Meeting, Boston, Massachusetts, December 1 5, 1986.
K. Wolfsberg, N. C. Scluocder, D. J. Rokop, .1. H. Cappis, D. B. Curtis,
E. A. Bryant, G. A. Cowan, and W. C. Haxton, "Current Status of the
Molybdeuuin-Technetium Solar-Neutrino Experiment," Thirteenth Texas
Symposium on Relativistic Astrophysics, Chicago, Illinois, December 14 19,
1986.
3. M. Crowe, D. L. Finnegan, W. H. Zoller. and W. V. Boynton, "Trace
Element Geochemistry of Volcanic Gases and Particulates from Eruptive
Episodes 11, 13, and 16 (1983 1984) of the Pu'u O'o Vent, Kilauea Volcano,"
Conference on How Volcanoes Work, Hilo, Hawaii, .January 20 26, 1987.
N. S. Nogar, E. C. Apel, C. M. Miller, and It. C. Estler, "Applications
of Resonance Ionization Mass Spectrornetry in Analytical Spectroscopy,"
Optical Society of America Topical Meeting on Laser Applications, Lake
Tahoe, Nevada, January 26, 1987.
P. S. Z. Rogers, C. J. Duffy, and T. M. Benjamin, "Quantitative Analysis
of Thick Targets by PIXE," Lawrence Livermore National Laboratory,
Livormore, California, January 15, 1987.
D. R. Janecky, "Theoretical Examination of Chemical Reaction Processes
in the Vicinity of Seafloor Hydrothermal Vents," Conference on Recent
Hydrothermal Mineralization at Seafloor Spreading Centers: Tectonic,
Petrologic. and Geochemical Constraints, McGill University, Montreal,
Canada, February 5-6, 1987.
J. S. Gaffney, "Organics in Tropospheric Chemistry" (invited lecture),
National Center for Atmospheric Research (NCAR). Boulder, Colorado,
April 8, 1987.
A. E. Norris. K. Wolfsberg. S. K. Gifford, H. W. Bentley, and D. Elmore,
"Infiltration at Yucca Mountain, Nevada, Traced by ;tuCl," Fourth
International Symposium on Accelerator Mass Spcctroinetry. Niagara-onthe-Lake, Ontario, Canada, April 26 May 1. 1987.
K. Wolfsberg. G. A. Cowan. D. J. Rokop. N. C. Schrocder. E. A. Bryant,
D. B. Curtis, and W. C. Haxton. "The Molybdenum-Technethini Solar
Neutrino Experiment," Conference on Physics with Solar Neutrinos,
University of California. Santa Barbara, California. April 29 May .3. 1987.
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A. S. Mason. D. L. Finnegan, R. C. Hagan, R. Raymond, Jr., G. G. Cocks,
W. H- Zoller, and C. L. Peach, "'Lofting of Dust by the Minor Scale Test,"
Battlefield Dust Symposium III, The Johns Hopkins University, Laurel,
Maryland, June 23 25, 1987.
T. M. Benjamin, C. J. Duffy, and P. S. Z. Rogers, "Gcochcmical
Utilization of Nuclear Microprobes," First International Conference on
Nuclear Microprobe Technology and Applications, Oxford, United Kingdom,
September 1-4, 1987.
N. Kaffrell, J. Rogowski, H. Tetzlaff, N. Trautmann, D. De Frenne, K. Heyde,
E. Jacobs, G. Skarnemark, J. Alstad, M. N. Harakeh, J. M. Schippers,
S. Y. van der VVerf, W. R. Daniels, and K. Wolfsberg, "Evidence for
Shape Coexistence in Neutron-Rich Rh and Ag Isotopes," Fifth International
Conference on Nuclei Far from Stability, Rosseau Lake, Ontario, Canada,
September 14 19, 1987.
A. E. Ogard, j . L. Thompson, R. S. Rundberg, K. Wolfsberg, P. W. Kubik,
D. Elmorc, and H. W. Bentley, "Migration in Alluvium of Chlorine-36 and
Tritium from an Underground Nuclear Test," International Conference on
the Chemistry and Migration Behaviour of Actinides and Fission Products
in the Geosphere, Munich, Germany, September 14-18, 1987.
D. J. Rokop, "Mass Spectrometry at 7000 Feet," Smithsonian Institution,
Washington, DC. September 29, 1987.
J. L. Thompson, R. S. Rundberg, and A. E. Ogard. "Post-Shot Radionuclide
Movement at the Nevada Test Site," Fourth Symposium on the Containment
of Underground Nuclear Explosions, US Air Force Academy, Colorado
Springs. Colorado. September 21, 1987.
D. B. Curtis, T. M. Benjamin, A. J. Gancarz, J. R. DeLaeter, R. D. Loss,
K. J. R. Rosman, W. J. Maeck, and J. E. Delmore, "Geochemical Controls
on the Retention of Fission Products at the Oklo Natural Fission Reactors,"
Natural Analogues in Radioactive Waste Communities Symposium, Brussels,
Belgium, April 28 30. 1987.
D. B. Curtis. J. H. Cappis. R. E. Perrin, and D. J. Rokop, "The
Geochemistry of Natural Teehnetium and Plutonium," Natural Analogues
in Radioactive Waste Disposal Symposium. Brussels, Belgium. April 28 30.
1987.
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Group INCH
S. M. Bovvcn, T. J. Buegelsdijk, and G. W. Knobeloch, "Nevada Test
Site Solution Dispensing Robotic System," International Symposium on
Laboratory Robotics 1986. Boston. Massachusetts, October 19 22, 1986.
M. M. Fowler, "The Accelerator Based Mass Spectroscopy of Methane,11
Ninth Conference on the Application of Accelerators in Research and
Industry, Denton, Texas. November 10 12, 1986.
Q. Haider and L.-C. Liu, "Eta-Mesic Nucleus and Pion Double Charge
Exchange Reaction," American Physical Society. Crystal City, Virginia,
April 20-23. 1987.
D. E. Hobart, D. E. Morris, P. D. Palmer, R. G. Haire. and .1. R. Peterson,
"Synthesis and Raman Spectral Characterization of the Lanthanide and
Actinide Oxalates," Second International Conference on the Basic and
Applied Chemistry of f-Transition and Related Elements, Lisbon, Portugal,
April 6 10, 1987.
L.-C. Liu and Q. Haider, "Mesonic Compound Nucleus Effects in MediumEnergy Nuclear Reactions,"' XI International Conference on Particles and
Nuclei (PANIC "87), Kyoto. Japan, April 20-24, 1987.
H. Wollnik J. M. Wouters, and D. J. Vieira, "TOFI. An Isochronous Timeof-Flight Mass Spectrometer," Second International Conference on Charged
Particle Optics, Albuquerque, New Mexico, May 19-23, 1987.
J. L. Thompson. R. S. Rundberg, and A. E. Ogard. "Post-Shot Radionuclide
Movement at the Nevada Test Site," 4th Symposium on the Containment of
Underground Nuclear Explosion, US Air Force Academy, Colorado Springs.
Colorado, September 21, 1987.
A. E. Ogard, J. L. Thompson, R, S. Rundberg, K. Wolfsberg, P. W. Kubik,
D. Elmore, and H. W. Bentley, "Migration in Alluvium of Chlcrine-36 and
Tritium from an Underground Nuclear Test," International Conference on
the Chemistry and Migration Behavior of Actinides and Fission Products in
the Geosphere, Munich, Germany, September 14-18, 1987.
D. E. Hobart. D. E. Morris, P. D. Palmer, and T. W. Newton. "Actinides
in Near-Neutral Solutions: Recent Results in the Study of Plutonium(IV)Colloid." 33rd Research Materials/Transplutonium Committee Meeting,
New Orleans. Louisiana. September 4. 1987.
M. Attrep. .7r.. D. W. Efurd. and F. R. Roensch. "Development of a
Rapid Radiochemical Separation of Uranium-235m From Plutonium-239."
American Chemical Society Southwest Regional Meeting. Little Rock,
Arkansas. December 2 4. 1987.
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F. R. Roensch, R. E. Perrin, J. H. Cappis, M. Attrep, Jr.. and D. W.
Efurd, "Quantification of Actinides by Isotope Dilution Mass Spectrometry."
American Chemical Society Southwest Regional Meeting. Little Rock
Arkansas, December 2 4, 1987.
I, R. Triay and R. S. Rundborg, "Application of the Numerical Deconvoluting
Technique of Regularization to the Analysis of Ion-Exchange Isotherms."
36th Annual Clay Minerals Conference, Socorro, New Mexico, October 18
25, 1987.
D. K. Laviillee, J. A. Mercer-Smith, S. D. Figard, and J, C. Roberts, "The
Use of N-Benzyl Porphyrins for the Synthesis of Radiolabeled AntibodyPorphryin Conjugates for Medical Applications," International Conference
on Bioinorganic Chemistry, Leiden, Holland, July 6-11. 1987.
H. T. Nagasawa, J. A. Elberling, and J. C. Roberts, "Cystcine Analogs as
In Vivo Sequestering Agents for Ethanol-Derived Acetaldehyde," American
Society for Pharmacology and Experimental Therapeutics National Meeting,
Honolulu, Hawaii, August 22-26, 1987.
J. C. Roberts. S. D. Figard, J. A. Mercer-Smith, D. R, Phillips.
R. Staroski. W. A. Taylor, W. L. Anderson, and D. K. Lavallee,
"Characterization of Copper-67 Porphyrin-Antibody Conjugates," Second
International Conference on Monoclonal Antibody Immunoconjugates for
Cancer. San Diego, California, March 12-14. 1987.
W. L. Talbert. Jr.. "Thermal-Neutron Fission Cross Section of 26.1-min
235
U"\" University of Munich: CERN: Institut Laue-Langevin. Grenoble.
France; Institut fur Kernchcmie. Mainz. Germany. July 1987.
INC-DO

Donald W. Barr, "LANL and INC-Division: Our Roots." INC-Division
Strategic Planning Retreat. Los Alamos National Laboratory, Los Alamos,
New Mexico. October 16 17. 1986.
Donald W. Barr. "I. Tutorial on Radiochemistry." Troika Panel meeting.
Los Alamos National Laboratorym, Los Alamos, New Mexico. August 13.
1987.
Jody H. Heiken. "Producing the Annual Report," 31th International
Technical Communication Conference. Denver. Colorado. May 14, 1987.
Jody H. Heiken. "The Writer/Editor's Role as Publication Manager"
(invited lecture). University of New Mexico. Albuquerque. New Mexico.
July 10. 1987.
Jody H. Heiken. "TeX and Desktop Publishing at INC Division." Los Alamos
Communicators. Los Alamos National Laboratory. Los Alamos. New Mexico.
August 20. 1987.
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American Chemical Society 193rd National Meeting,
April 5-10, 1987

Denver,

Colorado,

J. Boissevain, H. C. Britt, M. M. Fowler, A. Gavron, B. Jacak, P. Lysaght,
G. Mamaue, aud J. B. Wilhelmy, "Composite Charged Particle Detectors
with Logarithmic Energy Response for Large Dynamic Range Energy
Measurements"
G. J. Kubas and R. R. Ryan, "Stereocheniical Control of Dihydrogen versus
Dihydride Coordination hy Ligand Variation"
J. K. A. Kubat-Martin, G. J. Kubas, and R. R. Ryan, "Reaction of Sulfur
Dioxide with (jj5-C5Me5)Ru(CO)2H: Insertion of SO2 into the Ru-H Bond
and Oxygen Transfer to Form ('/5-C5Me5)Ru(CO)2SO3H"
E. M. Larson, "Raman and Infrared Spectroscopic Studies of F lu O 1(i OF,
F 16 O ia OF and F 18 O l8 OF"
J. D. Purson, D. B. Curtis, P. G. Eller, E. M. Larson, and D. R. Karraker,
"Physiochemical Studies of Uraninite from an Oklo Natural Reactor"
J. D. Purson, P. G. Eller, and J. D. Farr, "Characterization of the Interaction
of Fluorinating Agents with Optical Materials"
R. R. Ryan, J. H. Hall, I. O. Bohachevsky, I. R. Triay, and M. L. Stein,
"Conformation Optimization Using Generalized Simulated Annealing"
B. I. Swanson, S. D. Conradson, and Mary Ann Stroud, "Resonance Raman
Study of Quasi-One-Dimensional Pt Complex Semiconductors" (invited
talk)
I. R. Triay and R. S. Rundberg, "Deconvolution of Ion-Exchange Isotherms"
W. H. Woodruff, E. M. Larson, B. I. Swanson, S. A. Kinkead, L. H. Jones,
and P. G. Eller, "Raman and Infrared Spectroscopic Studies of F 16 O 16 OF,
F 18 O 18 OF, and F18O16OF"
American Chemical Society 194th National Meeting, New Orleans, Louisiana,
August 30-September 4, 1987

G. K. Bayhurst and D. R. Janccky, "Down Hole Sampling of Geothermal
Fluids"
.1. S. Gaffney, E. ,1. Mroz, D. L. Finncgan, E. C. Prestbo, .1. Zieman, and
J. H. Hall. "Oxidant Measurements at Remote Continental and Marine
Coastal Sites in the Western United States"
J. A. Fee, "Probing Active Site Structure of Redox Metalloproteins"
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T. M. Gilbert, R. R. Ryan, and A. P. Sattelberger, "Synthesis, Structures,
and Reactions of Mono(Cyclooctatetraenyl)Thoriurn(IV) Complexes"
D. E. Hobart, D. E. Morris, P. D. Palmer, R. G. Haire, and J. R. Peterson,
"Berkelium Chemistry in Complexing Aqueous Solutions and in the Solid
State"
S. A. Kinkead, P. G. Eller, R. J. Kissane, J. D. Purson, ,1. Foroupolos, and
R. C. Kennedy, "Studies on the Photochemical and Thermal Dissociation
Synthesis of Krypton Difluoride"
S. D. Knight and K. W. Thomas, "Sorption of Radiouuclides in Tuff Using
Groundwaters of Various Compositions"
G. J. Kubas, R. R. Ryan, and K. A. Kubat-Martin, "Disproportionation of
SOo to SO3 and Sulfur on a Molybdenum-Sulfide Complex. Structures of
Cpa*Moa(/i-S2)(/i-S-SO2) and Cp2*Mo,(/i-S2)(/1-S)(//-SSO3)"
D. E. Morris, A. P. Sattelberger, and W. H. Woodruff, "Spectroscopy and
Structure of Re 2 X^ (X = F, Cl, Br) Under Extreme Pressure"
D. E. Morris, D. E. Hobart, P. D. Palmer, R. G. Haire, and J. R. Peterson.
•'Voltammetric Investigations of the Berkelium(IV/III) and Cerium(IV/IlI)
Redox Couples in Concentrated Aqueous Carbonate Solutions"
C. J. Orth, M. Attrep, Jr, X. Mao, E. G. Kauffman, and R. Diner, "Iridhnn
Aundance Peaks at Upper Cenomanian Stepwise Extinction Horizons"
P. D. Palmer, "Preparation and Characterization of Pure Oxidation States
of the Actinide Elements"
R. S. Rundberg, K. Wolfsberg, D. J. Rokop, R. E. Perrin, M. T. Murrell.
D. B. Curtis, G. A. Cowan, E. A. Bryant, and M. Attrep, "Mass
Spectrometric Measurement of 100Mo— looRu+2/3~+2p"
N. N. Sauer, R. R. Ryan, A. P. Sattelberger, "Synthesis and Structural
Chemistry of Actinide Tbiolate and Phosphido Complexes"
J. R. Schoonover, R. F. Dallinger, P. M. Killough, A. P. Sattelberger. and
W. H. Woodruff. "Time-Resolved Resonance Raman Study of Electronically
Excited Re 2 Cl^ and Re2Br^ Spectroscopy and Structure of the Relaxed
dd* State"
W. H. Smith and A. P. Sattelberger. "Electrochemical Studies of
Organo-Uranium(IV) Complexes: The Search for High-Valent Uranium
Organometallics"
G. E. Streit and .1. S. Gaffncy. "Oxidant Production in Remote Atmospheres:
Modeling Clean and Perturbed Situations"
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M. A. Stroud, B. 1. Swanson. ami S. D. Conradson, "Resonance Raman
Studies of the Pressure Dependence of the Linear-Chain Mixed Valence
Semiconductors K1[PtJ(P.,Or1Hj).,X]nHJO); X = Cl. Br"
M. A. Stroud, B. I. Swanson, M. H. Zietlow, H. B. Gray, and
H. G. Drickamer, "The Effects of Pressure on the Electronic
Excitations of the Linear-Chain Mixed Valence Semiconductors,
K,[Pto(P,O 5 H 2 ),X]nH,O; X - Cl, Br"
K. Wolfslierg, N. C. Schroeder, D. .1. Rokop, D. B. Curtis, E. A. Bryant,
G. A. Cowan, and W. C. Haxton, "The Molybdenum-Tc.chnc.tium Solar
Neutrino Experiment"
Office of Naval Research Workshop on Energetic Material Initiation
Fundamentals, Los Alamos National Laboratory, Los Alamos, New Mexico,
October 14-17. 1986

S. F. Agnew and B. I. Swanson, "Static High-Pressure Studies of Carbon
Disulh'de: Comparison Between Shock ami Static Measurements"
D. T. Cronier, R. R. Ryan, and .1. P. Ritchie, "Prediction of the Density.
Energy, Structure, and Reactivity of Organic Explosive Compounds"
R. Engelke and W. L. Earl, "Importance of Enolate Aniuns in the Detonation
of Nitroalkanes"
American Geophysical Union Meeting, Baltimore, Maryland, May 18-22, 1987

G. K. Bayhurst and D. R. Janecky. "Investigation of Alteration Mineralogy
and Geochemistry in CSDP Hole VC-2a. Valles Caldera, New Mexico"
K. H. BirdselL P. G. Stringer. L. F. Brown, G. A. Cederberg, B. J. Travis,
and A. E. Norris. "Modeling Tracer Diffusion in Unsaturated Porous Media,
Both Fractured and Unfractured"
R. W. Charles, D. R. Janecky. and F. E. Goff, "Thermodynamic Analysis of
Chlorite-Bearing Assemblage Stability from the 1860m Aquifer Salton Sea
Scientific Drilling Project (SSSDP)"
C. O. Grigsby, F. Goff. L. Shevcnell, .1. Archuleta, J. Cruz. P. E. Trujillo,
D. Cornice, G. K. Bayhurst. C. .1. .lauik, A. F. White, and C. Carson,
"Downhole Fluid Sampling and Analytical Data for the SSSDP Well, Salton
Sea. California"
D. R. .Janecky. R. W. Charles, and F. E. Golf. "Geochemistry of
Molybdenum-Bearing Assemblages in CSDP Well VC-2a. Valles Caldera.
New Mexico"
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Geological Society of
November 10-13, 1986

America

Annual

Meeting,

San Antonio,

Texas,

G. K. Bayhurst and D. R. Janecky, "Metal Compositions of Mauna Loa
Sublimate"
C. J. Duffy, "Thermodynamic Effects of Displacive and Diffusive Disorder
iu Albite"
D. R. Janecky, R. W. Charles, and F. Goff, "Hydrothermal Reactions
and Hydrologic Interpretations from CSDP Well RDO-2B, Long Valley,
California"
C. J. Orth, J. S. Gilmore, X. Y. Mao, and J. E. Barrick, "Pt-Group Element
Anomalies in the Lower Mississippian of Oklahoma-Terrestrial Processes"
35th American Society of Material Science Conference on Mass Spectrometry
and Allied Topics. Denver, Colorado, May 24-29, 1987

B. L. Fearey, J. E. Anderson, C. M. Miller, N. S. Nogar, and M. W. Rowe,
'Removal of Isobaric Interferences via Pulsed Laser Resonance Ionization
Mass Spectrometry (RIMS) for Lead and Bismuth Mixtures"
D. C. Parent, R. A. Keller, B. L. Fearey, and C. M. Miller, ''The Use of CW
Lasers in Resonance Ionizatiou Mass Spectrometry"
D. C. Parent, B. L. Fearey, R. A. Keller, and C. M. Miller, "Enhancement
of Ion Yield in Resonance lonization Mass Spectrometry with CW Lasers"
American Nuclear Society Meeting, Kona, Hawaii, April 5-10, 1987

D. L. Finnegan, M. M. Minor, T. Miller, and W. H. Zoller, "Short Lived
Activation Analysis of Volcanic Plume Samples"
W. H. Zoller, T. L. Miller, and D. L. Finnegan, "Radioanalytical Chemistry
of Volcanic Gases: The Measurement of Volatile Metals"
S. R. Garcia, E. S. Gladney, K. H. Abel, and M. M. Minor, "An Automated
Neutron Activation Procedure for Screening PCB Content of Oil"
W. K. Henslcy, E. A. Lcpel, M. E. Yuly, and K. H. Abel, "Adaptation
and Implementation of the RAYGUN Gamma-Ray Analysis Code on the
IBM PC"
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INC Division Meetings and Seminars
Advisory Committee for Isotope and Nuclear Chemistry Division July 21-24 1987

Donald W. Barr. "Response to 1986 Committee Report, and Summary of
Division Activities"
Robert Ryan, "Inorganic Chemistry"
Lee Brown, "New Processes for Stable Isotope Production"'
James Brainard, "Research with Stable Isotopes: Overview" and "Structure
and Function of Signal Peptides"
Barbara Zimmerman. "•Preliminary Characterization of a New Heine A and
Heine B Containing Oxidase from Thcrmus thrrmophiliis"
Lee Brown and Thomas Mills. "Stable Isotope Production at Los Alamos"
(tour of ICON Facility and poster session)
Nancy Saner. Robert Ryan, Eduardo Garcia, Kimberly Martin. Lew .Jones,
and Basil Swanson. "Synthesis and Characterization of High T r
Superconductors" (poster session)
Steve Conradson, Mary Stroud. and Basil Swanson. "Chemical Defects
and Loc.il States in Quasi-One-Dimensional Mixed-Valence Solids" (poster
session)
Gregory Kubas. Robert Ryan, Kiniberly Martin, and Jeffrey Hay. "Studies
of Ha-Dihydride Equilibria for M-H2 Complexes and Mechanistic Studies of
Homogeneous SO2 Reduction" (poster session)
Timothy Walker, Cliff Unkefer. Deborah Elder. John Hairnets, and
James Fee, "Synthesis of 1:'C- and ir'N-Labeled L-rv-Amino Acids and
Carbohydrates" (poster session)
Barbara Ziminermann. Carmen Nitsche. James Fee. Brian Dyer, and
William Woodruff. "Preliminary Characterization of a New Heine A and
Heine B Containing Ovklase from Thermits the.rmo'philus" (poster session)
Pamela Rogers. "Thermodynamics of Hydrothennal Solutions"
An-nd Meijer. "Modeling Yellowstone Cleot.herinal Systems"
Bruce Crowe. "Possibility Modeling for Volcanic Risk Assessment:
Applications to Volcanic Hazard Studies for NNWSI"
David Vieira. "Overview of LAMPF Research"
David Moody. "The Los Alamos Medical Radioisotopes Research Program:
A National Resource"
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Lou-Chang Lin, "The Eta-Mesic Nucleus:
Experimental Search" (poster session)

Theoretical Prediction and

Moses Attrep, Jr.. Petrita Oliver. Charles Orth. and Leonard Quintana.
"Extinctions of Terrestrial Life: A Search for Causes" (poster session)
Allen Ogard. Joseph Thompson, Robert Rundberg, ami Kurt Wolfsberg,
"Migration in Alluvium of Chloride-36 and Tritium from an Underground
Nuclear Test" (poster session)
Nancy Marley, Pamela Rogers, and Timothy Benjamin, "Speciation at High
Temperatures and Pressures by Raman Speetroseopy" (poster session)
Bryan Fearey and Charles Miller. "Removal of Isobaric Interferences I'm
Pulsed Laser Resonance Ionization Mass Spectrometry (RIMS) for Lead and
Bismuth Mixtures" and "Enhancement of Ion Yield in Resonance Ionization
Mass Spectrometry with cw Lasers" (poster session)
Jerry Wilhclniy. "Weak Interactions

Interest and Possibilities"

Merle Buuker, "Omega West Reactor" (and TA-2 tour)
Terry Smith, "Omega West Reactor Control System"
Alexander Gancarz. "INC Weapons Diagnostics"
Charles Miller. "Research and Development on the Radiochemical Detector
Element Bismuth"
Division Seminars

"Implications of Atmospheric Test Fallout Data for Modeling Nuclear
Winter." George H. Baker. Air Force Institute of Technology. Dayton. Ohio.
November 27. 1987.
"Mossbauer Spectroscopy and the Actinide Elements: from the Chemist's
Point of View." Thierry L. Thevenin. Institut Curie. Paris, France, and
University of Tennessee, Oak Ridge National Laboratory. August 13. 1987.
"Hydration of Trivalent Activities." Francois David. Institut de Physique
Nucleaire. Orsay. France. August 27. 1987.
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