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The Medical (Udioisotopes Research Program is
investigating methods that will allow us to label
molecules, which can then be used to image,
diagnose, and treat various diseases. The two major
components of this project are to develop labeling
chemistry and to study targeting techniques. Articles
relate*! to this research can be round in Sees. 4 and
I Oof this report

Right: We use cell-culture techniques to evaluate the ability
oflymph nodes (red medium) and tumor cells (orange
medium) to concentrate various radiopharmaceuticals.

Below: The gamma-camera terminal displays the uptake of a
radiophamaceutical in tissue. In this example, color grada-
tion corresponds to the concentration of radio-
pharmaceutical (white > red > yellow > blue) in the heart.

Above: We usa computer modeling to design specific chelating
agents (metal-binding molecules); these structures are easily ex-
amined on the terminal. In this model, nitrogen atoms (blue) are the
binding sites and are held in rigid conformation by carbon atoms
(green); hydrogen atoms are shown in white.
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)tope to specific tumor sites. .„„.„
chromotograplw is used to separate the orange metalated porphyrin
that contains Lu from the green unmetalated form.

Front Cover: This photo is a gamma-camera image; the subject, an
anesthetized rat, had been injected with a compound to which a
radioisotope had been attached, or "labeled." In the initial steps of
this experiment, the front paws of the rat had been injected with a
chemical that caused an inflammation. The 67Cu-labeled porphyrin
""•; theqjnjected. The majority of the labeled porphyrin is localized

le j j fontJjws^pm^^tSjty is also evident in the liver. (Blue
cafes tirearejSjjJf TOftflit concentration of radiopharmaceutical,
ana yefaft wdicBwrrwcftsrate concentration, and green areas

have the least concentration.)
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Abstract

This report describes progress in the major research and development programs
carried out in FY 1986 by the Isotope and Nuclear Chemistry Division. The report
includes articles on radiochemical diagnostics and weapons tests; weapons radiochemical
diagnostics research and development; other unclassified weapons research; stable and
radioactive isotope production and separation; chemical biology and nuclear medicine;
element and isotope transport and fixation; actinide and transition metal chemistry;
structural chemistry, spectroscopy, and applications; nuclear structure and reactions;
irradiation facilities; advanced concepts and technology; and atmospheric chemistry.
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Overview

Don's Corner

As I review our seventh annual report, I am once again
impressed with the scientific breadth of this Division. I am
also extremely proud of all 211 members of INC Division who
continue to make important contributions to the Laboratory's
programmatic missions and its basic research and development
programs. Backing this technical excellence is a planning effort
that encompasses staffing, facilities, and working resources.
Aspects of this planning effort include reviews by our Visiting
Committee, internal assessments of our strategic scientific
areas, and Division Seminars and Information Meetings.

In this period of tight finances and with the continual
diversification of staff interests, I sensed the need for
a more focused long-range planning effort to define our
goals and allow us flexibility for new initiatives. We
conducted our first Divisional Strategic Planning Retreat in
October at the Pecos River Conference Center. During
the intensive 2-day session, the senior staff of the Division
met to discuss key issues and define goals, including how
to expand our science/technology base and future programs,
improve communication among members of the Division,
attract and maintain the best people, develop financial support,
and increase external awareness of our capabilities. The
discussions, with important contributions from all participants,
have provided a fresh perspective and suggested new ways to
chart our future.

As a result of this first meeting, we have initiated a plan
for a new research reactor, are compiling a weekly Division
newsletter, have formed a Technical Integration Group to foster
communication within the Division and plan for the years
ahead. We are examining the options to make the best use
of our valuable human resources.

Given the very long lead times to obtain new facilities,
we must continue to seek advocacy for and pursue those that
are critical to us. Our first priority is the Weapons Chemistry
Complex to house not only parts of INC Division, but also
other chemical research necessary to maintain the long-term
excellence of the weapons program. In addition, we will pursue
support for a new research reactor and work to establish a
Nuclear Magnetic Resonance Center.

I take great pride in the Division's many accomplishments,
highlighted this year by the establishment of a world-class
spectroscopy laboratory for studying chemical reactions.

I would also like to commend the staff for their ability
to attract outstanding postdoctoral fellows. Our current
roster includes 3 J. Robert Oppenheimer fellows as well as 5
Director-funded and 15 Division-funded postdoctoral fellows.
They represent a key component of the Division's resources.
Congratulations, one and all. for your contribution to our
technical and professional achievements.

Donald W. Barr
INC Division Leader
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Isotope and Nuclear Chemistry Division

Division Leader
D. W. Barr

Deputy Division Leader
A. J. Gancarz

Associate Division Leader for
Advanced Research Concepts

B. R. Erdal

INC-4
Isotope and

Structural Chemistry

Group Leader-B. I. Swanson
Deputy Group Leader-R. R. Ryan

Associate Group Leaders
Fluorine Chemistry-P. G. Eller

Stable Isotopes-T. R. Mills

!NC DOT
(ROTATING ASSIGNMENTS)

T. W. Smith
W. Earl

IIMC-7
Isotope Geochemistry

Group Leader-E. A. Bryant
Associate Group Leaders

Radiochemistry-K. Wolfsberg
R. W. Charles
D. B. Curtis

Assistant Group Leaders
B. M. Crowe
C. M. Miller

J. Poths
D. J. Rokop

INC-5
Research Reactor

Group Leader-M. E. Bunker
Deputy Group Leader-M. M. Minor

Associate Group Leader-T. W. Smith

INC-11
Nuclear and Radiochemistry

Group Leader-W. R. Daniels
Deputy Group Leader-G. F. Grisham

Deputy Group Leader for Medical
Radioisotopes Research-D. C. Moody

Associate Group Leader for
Radiochemistry-

Assistant Group Leader-K. W. Thomas

This year, as always, we have seen a few changes in our Group and
Division Office Management. Helen A. Lindberg, Assistant Division Leader
for Finance, has left INC Division to pursue her avocation as Editor of the
Laboratory's Defense Science magazine. One of our most valued mainstays,
Gordon W. Knobeloch, will be retiring in the next several months and is
vacating his position as INC-11 Associate Group Leader for Radiochemistry.
In INC-5, Terry W. Smith has been appointed Associate Group Leader.
William Earl and Terry W. Smith received the 1986 appointments to INC's
Division Office Technical (DOT) Program.
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INC Division's mission is to develop, maintain, and supply
capabilities in chemistry, nuclear chemistry, geochemistry, and stable
and 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. Erda!
Associate Division Leader,
Advanced Research Concepts
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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.

Basil!. Swanson
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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INC-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.

Ernest A. Bryant
INC-7 Group Leader

INC-11 Nuclear and Radiochemistry
Applies exp ;',ise in nuclear and radiochemistry to

.support national needs and Laboratory programs, including
weapons test diagnostics, radioactive waste management,
nuclear medicine research and radioisotope production,
and basic research in nuclear phenomena. 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 are 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.

Llewellyn H. Jones

Lew Jones's primary research involves high-resolution infrared
adsorption spectroscopy of impurities (guest molecules) trapped in low-
temperature host matrices—generally rare gas solids at temperatures down
to 4 K. The molecules he has studied include SF6, SeF6, UF6, CF4, SiF4,
and CH4 at concentrations of ~100 ppm in neon, argon, krypton, or xenon.

Such concentrations effectively isolate the guest molecules
from each other, so he is observing the spectra of
individual molecules in the host environment. The
guest-host interactions lead to interesting dynamics
(vibrational dephasing and/or hindered rotation), site
structure, orientational ordering, and photochemistry.
High-resolution infrared spectroscopy is necessary to sort
out these phenomena. The goals are to understand the
potential forces leading to the interactions, to evaluate the
effect the host environment has on the molecular forces
and asymmetry of the guest, to pbserve what effects the
guest molecules have on the host lattice, and to study
photochemical processes that are! difficult to follow in the
gas phase. He and his colleagues are dealing with a
relatively simple group of impurity-doped solids as a first
step in understanding more complex systems.

In addition to his numerous contributions to
vibrational spectroscopy and inorganic chemistry, Lew has
had tremendous impact at the Laboratory. The strong
tradition of scientific excellence in INC-4 is due in no small
measure to Lew's many contributions over the years as well
as the guidance he has provided to junior members of the
group. Three current members of INC-4 (Greg Kubas,
Bob Ryan, and Basil Swanson) first stud;°d with Lew as
postdoctoral fellows. Lew has contributed to numerous
programmatic efforts at the Laboratory and has always
exhibited a willingness to advise other Laboratory staff in
his areas of expertise.

Lew is a fine fellow to work with—always considerate
of his coworkers, be they staff members or technicians. We
are fortunate in having Lew remain a consultant in INC-4
since his "official" retirement.

B. Swanson
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Carl Orth's principal research involves the use of nuclear and radio-
chemical 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
indium anomaly at the Cretaceous/Tertiary boundary in
nearby fluvial sediments; this discovery provided strong
support for the Alvarez asteroid-impact 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 research interests are centered on fission studies
and nuclear reactions induced with heavy ions. His programs with INC
Division attempt to study macro properties of nuclei with the goal of
elucidating 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 atomic physics questions and
has participated in experiments addressing inner-shell
phenomena in very heavy element collisions. He and
coworkers are attempting to use this base to establish
a new program at Los Alamos to study inner-shell
properties; these experiments will use highly charged, low-
velocity heavy ions as probes.

Jerry B. Wilhelmy
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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 and 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. This second year's
DOTs, T. W. Smith (INC-5) and W. Earl (INC-4), have 6-month
appointments—Terry from October 1986 through April 1987 and Bill from
December 1986 through June 1987. Further DOT appointments will follow
regularly scheduled calls for applications.

Terry W. Smith

Terry Smith, is using his internal sabbatical to develop a new automatic
reactor control system and control console for INC Division's research
reactor. The Omega West Reactor is an 8-MW, tank-type thermal nuclear
reactor. It has operated for 30 years and is heavily used by many groups at
Los Alamos National Laboratory and numerous outside organizations.

The present control system was designed and
developed in 1954. Terry's project will convert the
automatic reactor control system from an analog system
to i. microprocessor-based control system that will allow
future conversion of other instrumentation to digital. The
present rector control system is driven with 115 VAC
synchronous motors and mechanical delays that do not
provide the precise control that is desired. These present
motors will be replaced with stepping motors, motor
controllers, and preset indexers that can accept signals
directly from the Data Acquisition and Control Computer
(DAC).

The new system will allow us to measure future
reactor control parameters and periodically modify them
to provide many different kinds of reactor control
solutions. To establish a new reactor control solution,
it will be necessary to change only the software of the
system.

Automatic reactor control with digital techniques is
new and has not been permanently installed or licensed on
other research reactors—except as experimental devices.
The Department of Energy, universities that own nuclear
reactors, and the Nuclear Regulatory Commission are
hoping this project will answer reactor control questions
that are software and reliability related.

10 Isotope and Nuclear Chemistry Division Annual Report 1986
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William Earl

During his 6-month period in INC Division's DOT, Bill is pursuing
two different projects: establishment of a more centralized nuclear magnetic
resonance capability at Los Alamos (including more collaborations between
scientists throughout the Laboratory) and greater understanding of the
Division's computer modeling and graphics capabilities—especially ways
they can be used to interpret NMR data.

Nuclear magnetic resonance (NMR) is a potentially
useful spectroscopic technique that has been underutilized
at Los Alamos. Bill has been meeting with representatives
of several divisions in an attempt to increase the availa-
bility of NMR and to establish stronger interdisciplinary
collaborations to solve interesting problems. He is also
beginning to define interesting problems in collaboration
with some of the geochemists in INC Division.

The use of computer graphics and modeling could be
very helpful for interpreting NMR data; for example, in
many studies of solid state, NMR can provide structural
information. Generally, NMR cannot give a complete
structure in the same way that diffraction techniques
can, but it may give a partial picture of the three-
dimensional structure of a solid. Frequently, that picture
includes hundreds of atoms and their spatial relationships
to one another. The classical approach to understanding
such data is to physically build a three-dimensional model,
but this can be very time consuming.

Bill plans to use computer models of structures
to understand spectroscopic data in studies of proton
transfer in nitromethane, which affects the fundamental
physics and chemistry involved in detonation sensitivity.
In a mixture of protonated and deuterated nitromethane,
there is no exchange of the isotopes among nitromethane
molecules under ambient conditions. Adding a base
catalyzes the exchange, as does very high pressure (10
kbar or more). At those pressures, nitromethane is solid,
and the crystal structure of the solid is already known.
NMR can provide information about the molecular
motions available in solid nitromethane; however, only
through construction of a very complicated model can we
determine which of those motions can lead to exchange of
the protons and deuterons.

Computer modeling has reached the stage where
models on a graphics screen can be viewed from any
angle, and a number of computer programs with this
capability are available in INC Division. Some of the more
elegant chemical modeling packages include the ability to
perform energy minimizations by fairly routine molecular
mechanics calculations. Bill is pursuing the application
of this molecular modeling capability to solve structure
problems with NMR in polycrystalline or noncrystalline
samples where diffraction methods do not work well.

Isotope and Nuclear Chemistry Division Annual Report 1986 11
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OVERVIEW OF INC DIVISION ACCOMPLISHMENTS IN FY 1986

INC Division comprises 212 people. This total includes 157 regular
employees, of which 89 are staff member scientists (74 with PhD degrees)
and 21 are postdoctoral appointees and long-term visiting staff members.
During FY 1986, we hosted 60 post-doctorates and summer students. In
addition, there are over 150 scientific affiliates, of which almost 30 are
visiting scientists from foreign countries. An important group of these
visitors composes our Division's Visiting 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 Visiting
Committee for FY 1987 is listed in the Appendix of this report. Our
monthly 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. A Division-
wide Information Meeting each fall provides for an opportunity for those in
different disciplines and specialities to highlight their research efforts.

Awards
INC Division was well represented among the winners of the

Laboratory's Weapons Recognition of Excellence Awards this year. INC
members from four teams were honored. An INC-4 team of Larned B.
Asprey, Gary Eller, Scott Kinkead, John G. Malm, Robert Penneman, and Basil
Swanson was cited for excellence in fmorine/actinide chemistry. The Abo
experimental and calculation team included Alex Gancarz (INC-DO). Sharon
Dunn (INC-4) was a member of the nitrate ion-exchange development team.
INC-11's Radiochemistry data acquisition and analysis team comprised John
Balagna, Romayne Betts, Gilbert Butler, David Clinton, James Gallagher, Gary
Hansen, Jon Hurd, Jack Knight, Marjorie Lark, Shari Lermuseaux, and Thomas
Myers.

Gregory Kubas (INC-4), winner of a Los Alamos National Laboratory
Distinguished Performance Award, has made two recent discoveries that are
recognized as major advances in chemistry. His principal contribution has
been to establish the reactivity patterns for the control of SO2 reactions by
metals. The second contribution is the development of a catalytic system
that reduces SO2 to sulfur and water in solution.

The Glenn Seaborg Actinide Separation Award was presented to
Larned B. Asprey at the 10th Annual Actinide Workshop in Los Alamos. The
nomination stated "much of the fundamental literature on the chemistry of
transuranic elements, and their fluoride chemistry in particular, was created
by Larry and his co-workers." Larry retired last year but he is currently a
consultant in INC-4.

Timothy Benjamin, Pamela Rogers, and Clarence Duffy are this year's
recipients of the Macres Award given by the Microbeam Analysis Society.
The award is presented each year for the best scientific paper on microbeam
instruments and software. Their paper, "Development and Application of
the Los Alamos Nuclear Microprobe: Hardware. Software, and Calibration,"
describes what has proven to be a major advancement in nondestructive
trace-element analysis.

12 Isotope and Nuclear Chemistry Division Annual Report 1986
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INC-7's Donald Rokop, Mohammed Alei, and John Cappis were among
those who received the Antarctica Service Medal last year. The medal is
awarded to those who have performed "outstanding and exceptional service
and have shared in the hardships and hazards of the expedition.1'

While working full time in INC-11, Gregory Kelley received his Bachelor
of College Studies from the College of Santa Fe with a physics major and
math minor.

Retirements
INC Division has a long history with roots that sink back to the

war years; 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 best in many evolving
scientific fields. New, young staff members have joined us and brought
with them the stimulus and innovation necessary to maintain the Division's
high standards and to meet changing goals. But we have always had
an uiiderlying 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
be missed.

When Dale Armstrong (INC-4) came to Los Alamos in 1951, he intended
to work here for only 2 years. Working first as a health monitor, then as
a chemical technician, and finally as a staff member, Dale found that those
2 years had stretched to 35. He has used his talents as an artist, mechanic,
and engineer to contribute toward a finer Division and stronger Laboratory.

James S. Gilmore (INC-11) claims to have always been at the
Laboratory—a boast very nearly true. Jim first came to Los Alamos in
May 1&46 as a member of the US Army and was assigned to a project in
CMR-4. When he became a civilian 3 months later, he just stayed there
until he transferred to J-2 (INC's predecessor for radiochemistry) in January
1947. Jim has been a vital member of the radiochemistry echelon for every
moment of the 40 years he has been with us. Not content with that record, he
is back as a consultant and is currently investigating beam intensity/energy
at LANSCE.

Merlyn E. Holmes joined the Laboratory July 1968 as secretary in J-
11 (now INC-11). Lynn was group secretary for many years and served
in other vital capacities as well. She is especially remembered for her work
with Professor Jacob Kleinberg (a consultant from the University of Kansas)
in revising and editing the Collected Radiochemical Procedures. Lynn was
also known as the "corporate memory" for the classified document repository
at TA-48.

Isotope and Nuclear Chemistry Division Annual Report 1986 1 '.i
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Llewellyn H. Jones (INC-4) is a professional among professionals. His
publication record speaks for itself. Since Lew joined the Laboratory in
August 1951, his research involving infrared absorption spectroscopy of
impurities has always been carried out with great care and attention to
detail. Like Theodore Roosevelt, who said, "Speak softly and carry a big
stick," Lew speaks softly—his big stick is his knowledge of science, especially
chemistry and spectroscopy.

Richard L. Stice (INC-11) was deeply involved in the INC-11 Mass
Separator Program; operation of Mass Separator II was one of his last
assignments within that group. After an interesting career in the petroleum
industry in California, Dick joined us in February 197?. when we were still
CNC-11. His familiarity with high-vacuum equipment was an invaluable
asset to the program during the years he spent with us.

Research Highlights
This report covers contributions during FY 1986 (October 1, iOoo—

September 30, 1986) 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 1986 are listed for each
group. Highlights from our work in FY 1986, 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 requires a significant
fraction 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 75% in test diagnostics and 25%
in research and 'ieirelopment, which ensures continued progress by
providing a healthy blend of direct programmatic obligations backed
by appropriate research in support of the program.

• We have tested a 2.45-GHz microwave ion source on the INC Division
55° isotope separator. The advantages of the traditional RF ion source
(high ionization efficiency and low gas consumption) are retained, and
there was no evidence of energy spread from the oscillatory field.

2. Other Unclassified Weapons Research

• We have initiated a new effort in the area of superacid chemistry.
Superacids are mild, nonoxidizing fluorinating agents, compatible
with superoxidizers, which exhibit tremendous solvent power for
actinide substrates. Structural and spectroscopic studies show this
behavior is caused by the powerful proton acidity of the superacid
and the strong complexation ability of the SbF^" anions.

14 Isotope and Nuclear Chemistry Division Annual Report 1986
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• Further work on the chemistry of CS2 at high pressure and high
temperature has revealed a rather complex product distribution
that varies with temperature and pressure as well as unusual s olvent
shifts.

3. Stable and Radioactive Isotope Production and Separation

• At the ICON Facility, a serious lea! ;n one isotope distillation
column was successfully repair.'<1 by using a 240-ft crane to "pull"
the column.

• We built three 300-ft isotope columns to increase our nitrogen and
oxygen separating capacity.

• Extraction studies of lanthanide elements with carbamoylmethyl-
phosphates and related ligands identified some potentially useful
extracting agents for chemical separations of trivalent lanthanides
in weapons test debris.

• A significant portion of the Group INC-11 Radioisotopes 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 1986, a total of 27.67 Ci of 16 radioisotopes were shipped
to 33 organizations around the world and to 6 groups at Los Alamos,
including our own Medical Radioisotopes Research Program.

• The ICON Facility produces 15N18O gas in a cryogenic distillation
column and converts it to marketable, isotopically enhanced
products. During FY 1986, 3943.9 g of 15N2 gas and 5133.6 g
of 18O water were produced.

4. Chemical Biology and Nuclear Medicine

• We have developed methods to prepare 67Cu-labeled antibodies
that have good retention of immunoreactivit}'.

• We have developed methods to localize a 67Cu-labeled porphyrin
in inflamed lymph nodes. These studies demonstrate how this
technology could be used to detect cancerous lymph nodes.

• We have studied the peroxo-complex formed by the reaction
of hydrogen peroxide with cytochrome cxaaz from Thermus
thermophilus. Anaerobic titrations suggest that the peroxo-complex
is two oxidizing equivalents above the oxidized enzyme. Mossbauer
spectroscopy yields parameters consistent with a heme 03 that has
a valence of Fe4+.

Isotope and Nuclear Chemistry Division Annual Report 1986 15



Overview

• We are investigating the molecular basis of the interaction between
a toxin-producing, soil-borne bacterium and plant roots. The
principal effect of the toxin is the disruption of nitrogen metabolism
in the roots, followed by the plant's death. Results suggest that the
bacterium may be useful as an herbicide delivery agent.

• An ionizable group of pKa ~8-9 is associated with the oxidized
[2Fe-2S] cluster of Thermus Rieske protein. Results from resonance
Raman data yield a structure that is consistent with the model
proposed on the basis of electron nuclear double resonance and
Mb'ssbauer studies.

• Using unlabeled 2-deoxy-D-glucose as a starting material, we have
prepared 2-deoxy-D-[6-13C]glucose. This labeled compound will be
used with in vivo 13C NMR of brain to study the metabolic fate of
2-deoxy-D-glucose-6-phosphate that has been used as a marker for
autoradiography and positron-emission tomography studies.

• High-pressure resonance Raman studies of cytochrome c have
given us a better understanding of the influence of pressure on
metalloproteins. The resonance Raman results reveal the specific
protein structural changes that occur at high pressures.

5. Element and Isotope Transport and Fixation

• The proton-induced x-ray emission (PIXE) technique provides
in situ, qualitative; analysis for a large number of elements at
the few-micrograms-per-gram level; we use spot sizes as small
as 5 (i.m. A comparison between quantitative PIXE results,
certified concentration values for NBS standards, and accepted
elemental analysis for other well-characterized materials shows that
the absolute accuracy of a PIXE analysis is ~10%. Long-count-time
(8-h) analyses further show that minimum practical detection limits
for the PIXE technique in thick targets are 0.2 to 0.6 /ig/g.

• We have written a Fortran computer code to perform standard-
free analysis of PIXE spectra. The analysis is broken into
three components: relative x-ray intensity calculation, detector
calibration, and spectrum deconvolution. Nonlinear portions of
the problem are limited to detector calibration. Actual spectrum
deconvolution is performed as a linear least squares problem
with linear inequality constraints on element concentrations and
background. Up to 9 K and 15 L lines of 85 elements are available
for spectrum fitting. The current model consists of gaussian peaks
and a polynomial background. We are now adding low-energy tails
to the peak model and absorption edges to the background.
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• The sorption of radionuclides on tuff is affected by groundwater
composition, but within commonly occurring concentration ranges,
no single ionic species appears to exert a controlling influence.

• We have used the Los Alamos nuclear microprobe to analyze trace
elements in cast copper crotals (bells) by the PIXE technique. It
was necessary to use small beam spot sizes because the copper
bells have significant mineral inclusions and intercrystalline grain
boundaries. Information on the trace-element metallurgy of copper
bell castings will be used to determine early American trade
patterns.

• Major mineral phases in down-hole solution compositions can be
used to predict reasonable reaction pathways and mineralization in
a portion of a deep exploratory drill hole that is part of the Salton
Sea Drilling Project.

• We have located three iridium abundance anomalies in Lower
Mississippian (360 Myr) rocks of southern Oklahoma. These
anomalies appear to have been caused by terrestrial processes rather
than by impacts of asteroids or comets with Earth.

• The behavior of monovalent ion-exchange isotherms has been
mathematically described by a Fredholm integral equation of the
first kind (IFK). We then applied a regularization technique to
deconvolute the IFK; this process yields the selectivity coefficient
distributions from the ion-exchange isotherms.

• Using bromine as the normalizing element, we have determined
systematic variations in the enrichment factors of trace metals in
volcanic fumes from Kilauea volcano. Ratios of selected trace metals
in volcanic fumes vary significantly between repose and eruption
periods, and this suggests that monitoring trace metals in volcanic
gases could provide a new tool for prediction of eruptions.

• Experimental investigation of hydrothermal oxidation-reduction
reactions between magnetite and hematite provides the steady-state
and kinetic information necessary to accurately identify reaction
and element mobility processes in natural systems.

6. Actinide and Transition Metal Chemistry

• We have synthesized and characterized the first mixed-ring
organothorium(IV) complexes, (C8H8)(C5Me5)ThX (X = chlorine,
hydrogen, and alkyl).
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• The synergistic combination of the bidentate S,O-donor ligand
4-benzoyl-2,4-dihydro-5-methyl-2-phenyl-3H-pyrazole-3-thione and
trioctylphosphine oxide preferentially extracts trivalent americium
over trivalent lanthanides from perchloric acid solution. Our results
suggest that sulfur-donor ligands will indeed have coordination
properties useful for analysis and separation of the actinides.

• We have prepared new berkelium compounds and performed
the spectroscopic electrochemical characterization of berkelium in
complexing aqueous media.

• After preparing and characterizing a novel 16-electron tantalum(III)
hydride complex, TaClH2(PMe3)4, we studied its reactivity and its
low-temperature neutron diffraction structure.

• We have observed citrate complexes of plutonium(IV) that have not
been reported in the literature.

7. Structural Chemistry, Spectroscopy, and Applications

• Infrared spectral studies of CH4 and CD4 trapped in rare gas solids
show evidence of hindered rotation and measurable nuclear spin
relaxation. The spin relaxat3on is 2 orders of magnitude faster for
CD4 than for CH4.

• Resonance Raman studies of quasi-one-dimensional inorganic
semiconductors have shown that there are several discrete structural
forms present and that these forms are in dynamic equilibrium as
a function of temperature.

• We have conducted electronic absorption and resonance Raman
studies of dirhenium octahalide anions, Re2Xg~ (X = fluorine,
chlorine, bromine), at pressures ranging from ambient to ~150
kbar. These complexes contain a quadruple bond between the two
rhenium atoms and have unique photophysical and photochemical
properties. Our results provide important general insights into the
nature of quadruple bonding, the electronic states involved, and the
effects of extreme pressure in inorganic systems.

• Remarkable opposite polarization is observed for infrared spectra of
the longitudinal and transverse internal vibrational modes of thin
films of molecular solids. The longitudinal-transverse splitting is a
strong function of the vibrational transition movement.

• We have used proton nuclear magnetic resonance of solid
triaminotrinitrobenzene to measure the internuclear distance of the
protons on the ammo group. In addition, we have verified that there
is very little molecular motion in this tightly hydrogen bonded solid.
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8. Nuclear Structure and Reactions

• We have made the first technetium ion-exchange concentration for
the molybdenum-technetium solar neutrino experiment from six 40-
ton quantities of molybdenite concentrate. We have also developed
most of the separative and analytical methods to measure as little
as a few million atoms of 98Tc in these samples.

• The time-of-flight isochronous spectrometer (TOFI) was built for
the purpose of making systematic direct mass measurements of
neutron-rich light nuclei with Z = 4 to 30. The first experiment
with TOFI successfully measured (for the first time) masses of the
light neutron-rich nuclei 19C, 2 7-2 8Ne, 32~34A1, 36Si, and 37P.

• Particle and fragment emission from the collision of 200-MeV/A
gold on gold and iron targets have been measured at the LBL
Bevalac accelerator by the large 4TT "Plastic Ball" detector. We
observed central collision events that emitted 10 or more composite
fragments (Z > 2). These observations suggest that collisions
at small impact parameters result in complete breakup of both
nuclei and that the spatial correlation of these ejectiles will provide
information on the residual dynamical effects associated with the
reaction mechanism.

• Studies of medium-energy heavy-ion reactions are providing new
information on a transition region in the evolution of nuclear
interactions. This transition region has contributions of collective
nuclear effects as well as those associated with nucleon-nucleon
collisions. Using large-volume gas detector systems coupled with
plastic scintillator arrays, we have obtained correlated information
on the emission of heavy fragments, light fragments, and nucleons
from the iron -t- gold reaction at 100-MeV/A bombarding energy.
We obtained approximately 10 000 events that have two large, heavy
fragments; the opening angle between them was inversely related to
the total detected fragment masses, which shows the importance of
momentum coupling to the composite system excitation energy.

• Employing beta- and gamma-ray spectroscopy, we have made a
comprehensive investigation of the decay of 7.6-h 256mEs; this study
yielded the most complete information thus far for the heaviest
isotope studied in this manner. Our primary interest was to
establish the lifetime and possible fission decay branch of a 1425-
keV level in the 256Fm daughter. Our measured lifetime of 68 ns
for this level was much shorter than hoped for, and we were able to
observe only a weak beta-decayed fission branch that had a partial
half-life of ~0.8 ms.

• We have made preliminary measurements of the thermal" fission
cross section of 235mU. The samples were prepared by a rapid
radiochemical procedure developed to separate uranium from
plutonium with a separation factor of ~1010.
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• We predict a narrow resonance structure (F ~ 10 MeV) in the
excitation function of (7r+, TT~) reactions at the pion kinetic energy
~419 MeV. This structure is a consequence of the interference
between the usual pion double-charge exchange (DCE) amplitudes
and a high-energy DCE amplitude associated with the formation of
the eta-mesic nucleus.

• The strong interaction dynamics of the r/N system can cause the
eta meson to be captured into nuclear orbitals to form an eta-
mesic nucleus. We have prepared predictions for the formation cross
section and deigned two experiments to search for eta-mesic nuclei.

9. Irradiation Facilities

• A filtered neutron beam facility that will be used for resonance-
capture (n,^) experiments has been installed in the Omega West
Reactor (OWR). This facility provides relatively pure beams of 2-
and 24-keV energy.

• A total of 13 315 samples were irradiated in the OWR; other use of
the reactor amounted to 2 638 experiment hours.

• We used neutron activation analysis (NAA) to measure the
fissile material content of 4693 biological and environmental
samples and the trace-element content of 6726 other samples.
This nondestructive technique is capable of the quantitative
determination of at least 45 elements.

• Hundreds of oil samples were screened for chlorine content and
hence for the possible presence of hazardous levels of the toxic
chemical compounds known as PCBs. These measurements were
made with an automated NAA system.

• Studies of radiation damage to metals expected to be used in
controlled thermonuclear reactors were made by a Wesinghouse-
Hanford group. Some of the metal samples were irradiated
for several weeks in the OWR core, where the neutron flux is
~1014 n/cm2s.

• We made an accurate measurement of the thermal-neutron
7Be(n,p)7Li reaction cross section.

10. Advanced Concepts and Technology

o The isolation of optimal conformation in molecular mechanics
calculations is complicated by the large number of degrees of
freedom that must be studied. The application of a novel,
generalized, simulated annealing algorithm developed at the
Laboratory allows efficient searching of the conformational space.
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This technique involves a biased random walk that samples an
objective function in the spare of independent variables. The
objective function used in this study is the total energy of
each conformation, calculated by Allinger's MM2 potential energy
functions. The independent variables are bond lengths, bond angles,
and torsion angles.

• An ion-source test stand has been built to study the efficiency of
coupling a He jet to mass separator ion sources. A mono cusp ion
source has been constructed for initial coupling tests.

• Our ion optical studies have resulted in an improved design concept
for a two-state, He-jet coupled mass separator.

• We have selected a ligand with a cavity size suitable for coordinating
gadolinium(III). The paramagnetic ligand/gadolinium complex will
be covalently bound to monoclonal antibodies specific for tumor
antigens; the gadolinium-labeled antibodies will be used as selective
magnetic resonance contrast imaging agents.

• Systematic responses of a large-volume ionization chamber used for
our medium-energy heavy-ion studies has been determined with
well-characterized beams from the LBL 88°-Inch Cyclotron. We
obtained a linear response for ions between 12C and 40Ar for
energies up to 30 MeV/A. However, there was some observed
attenuation, which we correlated with the total particle path length.
These measurements allowed us to empirically calibrate the detector
response, and they allow us to interpret the extensive data obtained
in our recent BeValac experiments.

• Accelerator-based mass spectrometric (AMS) methods have not
been generally applied to the analysis of molecular species because
of difficulties with ion sources and because tandem accelerators are
not generally applicable. We have developed a method to measure
the abundance of fully deuterated methanes, 13CD4 and 12CD4,
in normal methane by AMS. We coupled a low-energy electron
bombardment ion source to a single-ended electrostatic accelerator
to produce positively charged molecular ions.

• An algorithm we developed for integral transformation of highly
oscillatory functions is a generalization of the "standard" gaussian
quadrature method, but it has the virtue of eliminating the need
for the usual tedious tests of convergence of the numerical results.

• INC Division has pioneered the use of the new typesetting software
TgX and some of its applications at Los Alamos. Application
of the TEX program has significantly enhanced the effectiveness
and professional skills of word processors and secretarial staff in
preparing technical documents, reports, viewgraphs, and poster
materials.
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11. Atmospheric Chemistry

• We are using transport and chemical transformation studies
to examine dust-lofting from explosions, volatile trace elements
from volcanoes, and the impacts of fossil-fuel power plants.
Future research efforts will include development of novel
chemiluminescent/chromatographic analysis systems to measure
organic oxidants, the use of isotopically labeled organics to measure
atmospheric transformations during transport, and collaborative
modeling efforts with researchers in Groups ESS-5, ESS-7, and S-
4 to examine the specific chemical processes that affect complex
organic and inorganic compounds during tropospheric transport.

• We have initiated a new program to examine the remote production
of organic and precursor aldehydes. Study sites have been
established near Bandelier National Monument in New Mexico
and off the Pacific coast in Washington. This project will involve
collaboration with researchers from the University of Washington,
Seattle, and chemical modeling efforts with Group S-4.

• The importance of peroxyacetyl nitrate (PAN) in atmospheric
chemistry is just now being realized. The chemical and physical
properties of PAN have led to the speculation that it may be cyclic
in structure. Using computer molecular modeling, we are examining
this possibility, as well as its inferences about PAN's phototoxic
behavior and atmospheric chemistry.

• In collaboration with Group S-4, we used chemical modeling to
examine the potential interactions of naturally produced isoprene
with anthropogenic NOX emissions. Isoprene emissions from
deciduous forests are potentially important in the production and
loss of ozone in remote areas. In this study, we found that organic
aldehyde and oxidant production (particularly peroxides) may be
contributing to visibility reduction and may be forming soluble
oxidants and organic toxins.
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Radiochemical Weapons Diagnostics and Research and Development

Radiochemical Diagnostics of Weapons Tests

The Radiochemical Test Diagnostics Program requires a significant
fraction 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 anJ chemistry of nuclear explosives. The program is
funded 75% in test diagnostics and 25% 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 Experimental Review Group (ERG) and the
Weapons Working Group (WWG). In addition, twice a year we hold
an InterLaboratory Working Group (ILWOG) meeting with Lawrence
Livermore National Laboratory to review current procedures and new
techniques in radiochemical test diagnostics.

The classified summaries of these activities can be made available to
properly cleared individuals who contact Charles Miller, Group INC-7.

Using a Microwave Ion Source on an Isotope Separator
Edwin P. Chamberlin. Richard L. Stice. Roland A. Bibeau.

Eddie L. Rios. Gregory M. Kelley. and John Wilson

Elemental detectors placed in a nuclear device before its detonation
can be used to diagnose various parameters associated with the detonation.
The neutron flux generated at detonation changes the normal isotopic
distribution of the elemental detector; therefore, we measure samples of
the post-shot debris to determine the extent and type of isotopic change.
However, if an elemental detector is also a fission product, the number of
detector isotope atoms will be far outnumbered by fission product atoms
and, consequently, normal counting room techniques will be useless. To
overcome this problem, we isotopically separate the samples using an isotope
separator.

The ion source used on an isotope separator must have a low energy
spread to achieve acceptable system resolution. On the INC Division 55°
isotope separator, a 28.4-V energy spread widens the beam spot / 1 mm.
The simplicity of construction and low gas consumption of RF-type ion
sources make them particularly useful for separators. The energy spread
from such sources (20 to 200 eV) is a drawback; however, it is commonly
understood that this energy spread is frequency-dependent.

The advent of the microwave oven has meant that magnetrons operating
at 2.45 GHz are now relatively cheap and readily available. In 1985,
Leung reported the use of a very simple ion source operating at this higher
frequency.1 We recently measured the energy spread of ions from that
type of source (which we call a microwave source to distinguish it from
earlier, lower frequency RF ion sources). Reference 2 describes this work,
including a discussion of the causes of energy spread in an RF ion source
and measurf ments on nitrogen, krypton, xenon, and mercury.

Figure 1.1 shows a cross-section view of the microwave ion source
we installed on the INC isotope separator. The discharge chamber is a
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high-density ceramic tube closed at one end, and the ion extraction aperture
is 304 stainless steel. A 1/4 wave cavity, tunable over the 2 to 3-GHz range, is
located outside the ceramic tube; this cavity is easily adjusted by a tuning
stub and coupling slider. We use both adjustments to produce minimum
reflected power under various discharge conditions.

All data were taken using a Faraday cup located at the focal plane of the
separator. A Keithley picoammeter measures the current from the Faraday
cup and the analog output drives the vertical input of an X-Y plotter. We
manually swept the isotope separator magnet power supply over the region
of interest. A differential gaussmeter with temperature-compensated probe
provided the magnet held level signal to the horizontal input of the plotter.

Fig. 1.1. In this cross-section
view of the microwave source,
the vacuum flange is shown at
the left with the ceramic tube
re-entrant and O-ring sealed.
The large pieces shown at top
and bottom are support
members. The distance from
the ion extraction aperture to
the centerline of the micro-
wave cavity is shown as CP.

- - C P -

Extraction
Aperture

-Microwave Cavity

Ceramic Discharge
Chamber

Figure 1.2 shows one of the mercury measurements. The beam was
generated by putting a 7-mg droplet into the ceramic tube. Because the ion
source is not yet equipped with an oven to maintain the vapor pressure of
evaporative samples, we used krypton as a support gas. The 202Hg peak
width is 1.0 mm FWo.i and 4.6 mm FWo.ooi- The minimum in the xlOO
curve between 201Hg and 202Hg is down 4.1 xlO3 from the 202Hg maximum
value. The flat top on the two peaks confirmed that the beam spots are
narrower than the 1.27-mm wide slit in the Faraday cup.

One of the advantages of this ion source is the extremely low electron
energy within the plasma. We can contrast the free electron energy
distribution in different ion sources by ionizing p Myatomic molecules, which
have low bond dissociation energies. For example, the ionization potential
for xenon atoms is 12.30 eV; the dissociation energy of the Xe-Xe+ diatomic
molecular ion is only 1.03 eV (Ref. 3). Therefore, if an ion source produces
relatively significant quantities of XeJ ions, we can infer that (1) the free
electron energy is only a few electron volts, and (2) the electron density is
high enough to provide ionization through multiple impact processes.

Figure 1.3 shows the results of the XeJ measurement. The maximum
current in the mass 263 AMU peak is 49 pA. This peak consists of both
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Hg
CP=31 mm
41 nA
77 W
P=3.7x 10 7 torr

5 mm

o
oo

202

Fig. 1.2. The intensity distribution
of 201Hg and 202Hg is shown on an
expanded scale. The current in the
2 0 2Hg peak is 41 nA. and the
minimum between the two peaks
is 10 pA.

129Xe-134Xc> and 131Xe-132Xe molecules. For the other peaks, relative
intensities deviate at most 2.7% from predicted values. This is well within
the error limits of our present measurement system. The XeJ is not seen
in these quantities (if at all) in electron bombardment sources where the
electron energy is between 40 and 150 eV.

The XeJ beam is well suited for testing the optics of an isotope separator
(or mass spectrometer) in the transuranic region. There is no contamination
of the system and the current can be adjusted to very low levels.

At this time, the only adjustable features of the ion source are gas flow
and microwave power level. After the source is running satisfactorily, it is
not necessary to make any adjustments during an entire day of production.
We are adding an oven outside the ceramic tube to maintain a pressure
of 10~2 torr at 200°C. Cleaning this ion source is an easy operation. The
only parts exposed to the discharge are the ceramic tube, the stainless steel
aperture, and one O-ring. There are no electrical feedthrus.
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Superoxidizer/Superacid Chemistry
P. Gary Eller. S. A. Kinkead. L. B. Asprey. Elizabeth M. Larson, Charles F. Pace.

Kent D. Abney. Richard J. Kissane. John D. Purson. and L. R. Avens (MST-12)

In last year's annual report, we mentioned INC-4's role in a program
that seeks to demonstrate recovery of plutonium from scrap by using low-
temperOture molecular fluorinating agents such as FOOF, FOO, and Krl% .
We have continued our role as a research component of this program. In
this report we describe a significant discovery involving superacid dissolution
made during the past year in INC-4.

Early in the molecular fluorination program, we recognized that, for
economic and safety reasons, some "lean" plutonium residues would have
to be pretreated with milder fluorinating agents before treatment with
superoxidizers. Candidate systems seemed to be so-called "superacids" such
as SbF5/HF, which have proton acidities up to 10 orders of magnitude
greater than those of the strongest mineral acids. From the literature, we
knew that not only are some superacids effective (nonoxidizing) fluorinating
agents, but they also are compatible with superoxidizers—so liquid-phase
processes can be devised.

Beyond these advantages, we have discovered that some superacids
have incredible dissolution power for even the most intractable actinide
substrates. In addition to extremely high fired dioxides of uranium,
neptunium, plutonium, and americium and the corresponding metals,
we have totally and rapidly dissolved troublesome processing residues
such as incinerator ash and cascade dissolver residues. It is remarkable
that extremely concentrated actinide solutions can be generated in such
high-fluoride media, even though actinide fluorides have notoriously low
solubilities in aqueous HF solutions.

During the past year, we have concentrated our efforts on understanding
why superacids are so effective :n promoting actinide dissolution. In the
case of the reaction of SbF5/HF with oxides, we postulate that the crucial
first step is protonation of the oxide surface by the superacid—a process
that greatly activates the surface for complexation and dissolution by
SbFg anions. We have accumulated abundant spectroscopic and structural
data on superacid/actinide solutions and solid products that support this
hypothesis. For example, dissolving UO2 in excess SbFs/HF gives a
characteristic intensely green solution of uranium(IV), from which a green
crystalline material (UF4-4SbF4) can be isolated. A single-crystal structure
analysis reveals a linear chain structure in which eight-coordinate uraniums
are bridged by bidentate SbFg anions. Raman spectra on this compound
(Fig. 2.1) and on all the superacid solutions and solids suggest that SbFg"
coordination is present in every case.

Dramatic alteration of "normal" actinide valence chemistry is also
caused by the strong SbFg coordination. For example, a solution
of UO2 in SbF5/HF is unaffected by elemental fluorine but is
oxidized immediately by the normally much milder oxidizer UF6 to
give intensely blue uranium(V) solutions. The x-ray crystallography
shows that crystals from this solution have the composition UFs-2SbF5

and an SbFg"-bridged chain structure. Another dramatic example
of lower valence stabilization is shown by the failure of elemental
fluorine to oxidize plutonium (III) that is formed by dissolution of
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Fig. 2 .1 . This Raman
spectrum for a solution of
U0 2 in S0F5/HF shows the
strong antimony-fluorine
stretching band ("fi") at
665 cm- 1 .
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phitonium metal in SbF5/HF (Fig. 2.2). However, by using superoxidizers
we have been able to oxidatively fluorinate superacid products of uranium
and plutonium to their volatile hexafluorides.

Although we have made a great deal of progress toward understanding
the behavior of actinides ia superacid media, much fundamental work
remains to be done before we can completely understand the chemistry.
Group INC-4 will continue to develop and test fundamental research ideas
pertinent to this work.

High-Pressure and High-Temperature Behavior of CS2
Stephen F. Agnew. Rachael Mischke. and Basil I. Swanson

The behavior of materials under simultaneous extremes of both pressure
and temperature is a relatively new area of materials development and
characterization. Because shock waves normally induce both high pressure
and temperature in a material, shock loading is one method of obtaining
this type of information. Unfortunately, the transient nature of shock
phenomena limits experiments to very short periods and therefore the
technique is not generally useful for longer experiments. On the other
hand, static high pressure and temperature (1 to 30 GPa and ~600 K)
can sustain the extreme conditions over a subtantially longer time and
allow for a much greater range of experimental probes. This technique also
has drawbacks: although pressures comparable to those of shock processes
(1 to 30 GPa) are relatively easy to maintain, the temperatures possible
in shocks (1000 to 2000 K) cannot be duplicated. Thus, shock and
static measurements are complimentary, and information obtained by both
methods will be necessary before we can completely understand the effects
of simultaneous high pressure and temperature.
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Fig. 2.2. This UV-VIS spectrum
shows that the plutonium(lll) in
HF/SbF5 is retained even after
prolonged F2 treatment.

In last year's INC Division annual, we reported many of the
characteristics of CS2 at high pressure and some results at both high
temperature and high pressure. We have now obtained much more data
on the high-temperature chemistry of CS2 at a variety of pressures and
have found that five different products are formed; their relative amounts
are dependent on the pressure and temperature of the reaction. We can
obtain much more detailed spectroscopic information about material under
static conditions of extreme pressure and temperature than under shocked
conditions. We also can actually begin to make predictions and offer
alternative explanations for the limited observations that result from the
shock experiments.

We have also performed many more temperature measurements on our
diamond anvil cells since last year's report. The absorption edge shifts
that we obtained from these measurements are plotted in Fig. 2.3 with
the data from two different shock-loading experiments. With these five
experiments, we begin to have a great deal of confidence in our ability to
extrapolate higher temperatures from absorption edge shift than those we
predict from pressure alone. There are systematic deviations, for example,
in the temperatures that are predicted by the Sheffield equation of state for
CE^ under shock-loading conditions.4 We know that there must be some
error in the temperature predictions from the shock experiments however,
because all the absorption edge shifts that are observed for shock-loaded CS2

(two of which are shown in Fig. 2.4) follow the same pressure dependence
shown by the absorption edge shift. This is true even though the edge shifts
for steps at comparable pressures in different step-wise shock-loading (SWL)
schemes should be different as a result of their different temperatures. For
example, both SWL sequences in Fig. 2.4 show steps at ~5.1 GPa and yet
the temperatures for these two points are 450°C vs 650°C—a disparity that
corresponds to a difference of at least 180 A in edge shift.
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Fig. 2.3. This plot shows
absorption edge shifts for CS2
vs temperature for a variety
of pressures: the offset caused
by pressure alone has been
subtracted. Results are also
indicated from two SWL
sequences in which the
temperatures have been
calculated.4
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This discrepancy is more than an error in the equation of state for
CS2. Each of the step sequences must have a different pressure-temperature
profile unless something, such as chemistry, is occurring to change the
material into a different form, thereby invalidating the SWL calculation.
Duvall and coworkers had always supposed that, up to 8.6 GPa, SWL
produced only reversible effects in the CS2 (Refs. 5,6). This supposition
was based on the fact that when the sample was allowed to release before
the pressure threshold of 8.6 GPa, the edge shift largely reversed. In fact,
the edge shift never completely returned to where it started; it always
showed a residual absorption at ~400 nm. Our measurements on CS2
pressure-induced chemistry in CH2CI2 indicate that when the dimer of CS2

is produced, an absorption feature appears at ~400 nm, and therefore we
attribute to the dimer the residual absorption edge shift during release after
shock-loading. We propose that chemistry does occur in shock-loaded CS2
before the 8.6-GPa threshold and that the reaction mixture is cooled by
dimer production. The common pressure-us-lambda profile for all SWL
sequences is a largely fortuitous combination of kinetics and spectroscopic
effects. The obvious test of this hypothesis is to examine shock-loaded CS2

by a technique that is more sensitive to the dimer than the absorption edge
shift technique is. However, no such experiment has been performed.

By using static rather than shock-loading measurements, we have been
able to perform experiments over long periods of tune as well as vary pressure
and temperature independently. Thus we have been able to correlate
infrared spectral features as a function of these independent variables and
have concluded that at least five different products are formed on this basis.
In Fig. 2.5, we show the various regimes A, B, and C, where these species
predominate, and Table 2.1 gives their identities. Note that the addition
polymer

(I)

is always present among the products; therefore, we have chosen it as a
reference for all the other bands. On the other hand, the dimer

S
S=C C=S (II)

s
is only present at high pressure, whereas the other products occur only at
lower pressure. We propose that the products III, IV, and V are polymers
with carbon-carbon bonds that only form when there is both enough thermal
energy to break the carbon-sulfur bond of the CS2 and a low enough viscosity
to allow diffusion. We attribute the presence of the dimer after 7.7 GPa and
250° C to the fact that the solid has simply trapped the dimer and thus halted
farther chemistry. This kind of kinetic control is termed "topochemical"
and refers to the fact that the structure of the solid controls the particular
chemical reactions that take place.

Although our work has shown undeniably complex chemistry for CS2

that is exposed to extremes of pressure and temperature, we believe that
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Fig. 2.5. This pressure vs
temperature plot shows the
product distribution in CS2
decomposition.
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Table 2.1.

Species

Polymer 1
Dimer II

111

IV
V

Amounts
Pressures

Frequencies
(cm-1 )

1075
1150
1010
1250
1400
1300
1210

Relative
(GPa)

1.1

100
0
0
0
0

220
200

t o

1.3

100
0

21
36

107
0
0

Polymer 1 at

2.9

100
0

33
41

159
78
0

4.2

100
0

44
50

139
72
0

Various

7.7

100
19
0
6

12
15
8

8.3

100
1C0

0
0
0
0
0

such complexity is the norm for extreme condition chemistry—even for
relatively simple molecules like CS2- Despite this complexity, we are
able to use static-loading measurements to predict the type of reactions
that occur in CS2 under shock loading. In particular, we believe that
the dimer is actually being produced during the SWL shock-up and that
some spectroscopic measurement other than absorption edge shift will be
necessary to observe dimer production under these dynamic conditions. One
implication of this hypothesis is that the dimer (II) is the first product in
CS2 decomposition under both static and shock conditions and that further
reaction after dimer formation results in either additional polymer (I) or
polymers with carbon-carbon bonds (III, IV, and V).
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Separation and Production of Stable Isotopes
Thomas R. Mills. B. B. Mclnteer. Charles A. Lehman. Michael G. Garcia. Troy Nothwang. Hong Bach

Joseph G. Montoya. Ramon Romero, Frank O. Valciez. Jiri Kubicek. Lee Arellano. MarkGiger. and Mark Ortega

The objectives of our ICON program are to provide separated isotopes
of carbon, oxygen, nitrogen, and neon for research purposes and to develop
new or improved techniques for incorporating the separated isotopes into
desired chemical forms. Isotopic materials are sold at cost to Los Alamos
investigators or to the general research community through Mound Facility
in Miamisburg, Ohio. During FY 1986, the value of isotopic products
produced for sales through Mound was $326,147.40.

We separate isotopes by cryogenic distillation of carbon monoxide for
carbon isotopes, nitric oxide for nitrogen and oxygen isotopes, and neon
for neon isotopes. (Table 3.1 shows quantities of isotopes separated during
FY 1986.) 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. All 15N we separated was converted
to nitrogen gas, and all oxygen products were converted to water.

TABLE 3.1. Isotopic Production FY 1986

Quantity Enrichment
Isotope (kg) (%)

1 6 Q

1 8 Q

1 8 Q

22Ne

3.9
217.0

3.0
2.1
30

98+
99.98
10+
95+
80+

At the end of FY 1985, we found a large leak from the first-stage nitric
oxide column into its vacuum jacket. We warmed this column and used
a 240-ft crane to pull it out of its vacuum jacket. After we repaired the
column, we reinstalled it in the vacuum. Although this repair operation
initially seemed drastic, the results were excellent. We were able to begin
startup operations on this first-stage column in December 1985. Production
of 15N and 18O from the high-enrichment nitric oxide colunm began again
in February 1986.

The nitric oxide column leak was in the bottom boiler region, and we
replaced the original bottom boiler with a new one of modified design. The
interior of the column bottom showed signs of serious corrosion, and the
actual leak was caused by a hole adjacent to a weld. We believe that the
heat from the weld changed the metallurgy of the stainless steel, allowing
it to corrode more easily; however, we do not yet understand the nature of
this chemical corrosion. Some brown material we found in this part of the
column vaporized on exposure to air and left very little residue. We also
found evidence of chlorine during atomic analysis of some nonvolatile brown
powder from the column bottom.

Our major construction effort in FY 1986 was to build three additional
first-stage nitric oxide isotope columns to increase our nitrogen and
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oxygen isotope separation capability. We designed and built three
3-in.-diam columns, 300 ft long, to double our production. These columns
were installed in the last of our 700-ft-deep holes, which had previously
been used for experimental columns. We incorporated several innovations
into these columns, including a newly designed bottom boiler for improved
column holdup control, increased condenser area for more efficient heat
transfer, and larger diameter packed columns.

We cooled the first of the three columns in late FY 1986. Thus far, this
column is extracting the heavy nitrogen and oxygen isotopes more efficiently
than the old column does and is permitting more flow than was projected.
The other two columns were also completed, but their startup will be delayed
until early FY 1987 so that final work on gas purification and controls can be
accomplished. A special closed-cycle cryogenic refrigeration system, planned
to provide refrigeration for the three new columns, will greatly reduce our
need to purchase liquid nitrogen in the future. We foresee the possibility of
phasing out the old column as the three new, more efficient columns come
into full production; however, this possibility depends upon demand for our
products.

Our new cryogenic purified for nitric oxide (developed in FY 1985) has
been so successful that we made it our standard purifier and have installed
eight other similar purifiers in the plant. We also have used a modified
version of this purifier to achieve isotopic exchange of nitric oxide in our
high-enrichment nitric oxide distillation column.

Using a Hewlett-Packard Series 200 computer, we have begun
computerized data monitoring and control on the columns. This system
is already very useful to column operators for understanding trends and for
collecting and retrieving data. We are installing a modern call out alarm
system that will monitor toxic gases, pressures, temperatures, and flows; the
system will be complete in early FY 1987.

The 13C plant continued in standby state during FY 1986; the DOE is
still uncertain that private domestic producers can supply the demand for
this isotope. Several researchers in the nuclear medicine field feel that there
may soon be increased demand for 13C.

A side benefit of the isotope separation columns is our ability to
withdraw extremely pure (chemically) material from intermediate points
along the columns. We have supplied especially pure nitric oxide and carbon
monoxide to Los Alamos personnel for 7 separate experiments in areas such
as explosives research and laser spectroscopy.

INC-11 Radioisotope Production Activities
Allen H. Herring. Robert M. Lopez. David C. Moody. Karen E. Peterson. 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 1986, a total of 27.67 Ci of 16 radioisotopes were
shipped to 33 organizations around the v/orld and to 6 groups at Los Alamos,
including our own Medical Radioisotopes Research Program (see Table 3.2).
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TABLE

Isotope

2 6AI

7Be

" B r

8 2 Br

1 0 9Cd

5 6Co

6 4Cu

6 7Cu

68Ge

3.2. Medical Radioisotope

Customer

Oak Ridge National Laboratory

Los A!amos/P-3
Los Alarribs/P-DO
Lovelace Biomedical
University of Utah

University of Texas Cancer
Center

Los Alamos/ESS-4

E.I. Dupont/Savannah River

Los Alamos/INC-il

Los Alamos/INC-il

Albert Einstein College of
Medicine

California State University.
Fullerton

Hunter College
Los Alamos/INC-11
National Institutes of Health
Texas A & M University
University of California.

Davis
University of Medicine and

Dentistry of New Jersey
University of Minnesota

Hospital
University of Texas Health

Science
Center

USDA. Grand Forks. North
Dakota

Computer Technology Si
Imaging

Duke University Medical
Center

E.I. Dupont/NEN Products

Shipments

Number of
Shipments

1

12

1

3

1

1

1

39

16

Shipped
(mCi)

0.0035

535.80

17.40

144.00

10.00

0.13

2.02

3153.10

754.30

Received
(mCi)

0.0035

535.80

13.00

144.00

10.00

0.13

2.02

2682.20

753.50
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TABLE 3.2. Medical Radioisotope Shipments (Cont)

Isotope Customer

Number of Shipped Received
Shipments (mCi) (mCi)

Istituto Fisiologia Clinica.
Pisa. Italy

Oak Ridge Associated
Universities

Pett Electronics
Meson Facility in Vancouver.

British Columbia. Canada
University of California.

Lawrence Berkeley
Laboratory

University of Chicago
University of Liege. Belgium
University of Washington
Washington University

22Na E.I. Dupont/NEN Products'

8 3 Rb Los Alamos/INC-7

32Si Los Alamos/INC-DO

National Bureau of Standards
National Institute for Nuclear

and High Energy Physics.
The Netherlands

82Sr E.R. Squibb & Sons
University of California.

Donner Laboratory

127Xe Brookhaven National
Laboratory

8 8Y Battelle Pacific Northwest
Laboratories

E.I. Dupont/NEN Products
Isotope Products Labs
National Institutes of Health
Oak Ridge National Laboratory
University of Missouri

44Ti Oak Ridge Associated Universities

3 1389.40 1388.80

3 25.00 25.00

4 0.06 0.06

7 2666.90 2550.00

3 18820.00 1686000

154.24 154.11

0.002 0.002

TOTAL 105 27672.35 25118.62
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Chemical Conversion of the Stable Isotopes of Nitric Oxide
Glenda E. Oakley. John R. FitzPatrick. and Sharon L Dunn

One of the objectives of the iCONs program is to provide separated
isotopes of nitrogen and oxygen in desired chemical forms for research
purposes. The isotopes, separated in two enrichment columns by cryogenic
distillation techniques, are removed from the column in the form of 15N18O
gas. The 15N18O gas is then converted to the marketable products H218O,
15NH3, and 15N2. (See Tables 3.3 and 3.4 for FY 1986 production totals.)

The first conversion process (Fig. 3.1) involves the reaction of nitric
cxide and hydrogen:

i5N is0 + | H a _ _ i5 N H a + H 2 i s o

The 15N18O and H2 are passed through a 300°C reactor containing a
catalyst, platinum-coated aluminum oxide. This gas mixture then flows into
a chilled condenser where the 18O isotope is first condensed in the form of
18O-water and then collected by a 0°C ice bath. The gas mixture continues
through the chilled condenser and the 15N is collected as 15NH3 in a -80°C
bath of dry ice and isopropyl alcohol, which also removes any residual water.
Remaining ammonia in the gas is trapped by a -197°C bath of LN2. Any
ammonia not trapped is reacted with 35% H2SO4, and the 15N isotope is
saved in the form of (15NH4)2SO4.

The second conversion process (Fig. 3.2) involves the reaction of
ammonia and cupric oxide:

2 15NH3 + 3 CuO —+ 15N2 + 3 Cu + 3 H2O

TABLE 3.3.

Batch
Number

15N2-01
15N2-02
15N2-03
15N2-04
wN2-05
15N2-06
15N2-07
15N2-08
15N2-09
15N2-10
1SN2-11
15N2-12
15N2-13

TOTAL.

Nitrogen Conversion

Nitric Oxide

(I)

324.8
341.7
376 2
332.9
321.6
363.6
406.8
412.2
447.5
412.4
407.4
406.5
429.9

Products

NH3

(S)

289.4
303.0
333.0
2805
280.5
304.5
349.1
325.8
389.1
348.3
264.2
252.3
431.0

FY1986

N2

(g)

286.5
299.2
3228
270.6
267.8
297.8
339.8
312.1
345.6
344.0
255.8
249.9
352.0

3943.9

Isotope and Nuclear Chemistry Division Annual Report 1986 43



Stable and Radioactive Isotope Production and Separation

TABLE 3.4. Quantities of 180 Produced as
Water During FY 1986

Batch 186 as water
Number (g)

High-grade product (>95%)
P4-H2O-33
P4-H2O-33A
P4-H2O-34
P4-H2O-35
P4-H2O36
P4-H2O-37
P4-H2O-38

Low-grade product (~10%)
18-H2O-35
18-H2O-36
1&H2O-37
18-H2O-38
18-H2O-39
18-H2O-40
18-H2O-41
18-H2O-42
18^H2a43

150.0
150.0
342.2
383.7
200.0
865.0

10.0

311.1
19.8

366J
355.4
3711
404.9
460.0
382.9
360.8

TOTAL 5133.6

Fig. 3.1. The first conversion
process is the reaction of nitric
oxide and hydrogen.
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The 15NH3 gas is passed through a 50Q°C reactor filled with cupric oxide
and copper (~4500 g of cupic oxide over ~500 g of copper at the bottom).
The ammonia reacts with the cupric oxide to produce water, copper, and
15N2 gas. The water is collected in a trap that is cooled by a 0°C ice bath.
If 15NO is produced in the reactor, it reacts with the copper bed and forms
cupric oxide and

2 15NO + 2 Cu 2CuO + 15N2

Any unreacted nitric oxide that passed through the reactor is removed by
a -197°C LN2 trap. The 15N2 gas product is then pumped to a collecting
cylinder that is ?mmersed in a -200°C LN2 bath (sparged with helium).

The final products of H2
18O, 15NH3, and 15N2 are analyzed for isotopic

content by mass spectrometry. The 15N2 is analyzed as a gas sample
taken directly from the product cylinder. The H2

18O and 15NH3 cannot
be analyzed directly on the mass spectrometer and must be converted to
gaseous compounds that can be analyzed. About 125 torr of 12CC>2 is
added to a sample bulb containing 1.0 mi. of H2

18O water. After mixing
for ~2 h, the oxygen isotopes exchange allowing us to measure the isotopic
ratio.

The 15NH3 is bubbled through 2.0 m^ of 35% H2SO4 that contains
1 drop of methyl red indicator to form ammonium sulfate:

2 15NH3 + H2SO4 —» (15NH4)2SO4 -

<£2

l b N ,

i :

LN2 Bath
-200*C

(?)

CuO

500 *C

Cu

-~ --"

HZO

fj—

15NH3

(PL^J

I) Pump

Heat
Tape

LN2 Bath
J -197*C

Ice Bath
~0"C

Fig. 3.2. The second conversion
process is the reaction of ammonia
and cupric oxide.
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We mix 1.0 m^ of a 1:50 dilution of the (15NH4)2SO4 with 1.0 m£ of NaOBr
to produce nitrogen gas:

(15NH4)2SO4 + 3 NaOBr —> 3 NaBr + 3 H2O + 15N2 + H2SO4 .

The nitrogen isotopic ratio is then measured.
The final products are properly labeled and then packaged either for

future laboratory use or for sale to Monsanto Research Corporation-Mound.

Extraction Chemistry of Carbamoylmethylphosphonates and Related Ligands
Sharon L. Blaha. Kimberly W. Thomas, and Robert T. Paine*

During the past several decades, a great deal of research has been aimed
at designing extractants that will effectively partition the actinides and
lanthanides from fission products present in nuclear waste streams. We are
interested in the applicability of such extractants to chemical separations of
weapons test debris and other laboratory research. We have investigated the
extraction properties of several N,N-diethylcarbamoylmethylphosphonate
for trivalent lanthanides in nitric acid solutions. Two phase, liquid-
liquid, and solid-liquid solvent extraction techniques were employed in
the extraction of tracer-level concentrations of cerium(IH), europium(HI),
yttrium(III), and ytterbium(III). The distribution ratios were measured as
a function of the acid, nitrate, extractant, and metal concentrations.

We found that the extraction of cerium(III), europium, and
yttrium increased with increasing acid concentration when diphenyl-
N,N-diethylcarbamoylmethylphosphine oxide (DPhDECMPO) was the
extractant. The extraction of ytterbium passed through a minimum level
at O.IMHNO3 and then increased with increasing acid concentration in the
aqueous phase. The extracted species of cerium and europium contained two
ligand molecules at an aqueous-phase acid concentration of 0.1 M HNO3.
At 5M nitric acid concentration, the metal coordinated to three or more
extractant molecules. At O.O5MHNO3, ytterbium coordinated to only one
DPhDECMPO molecule. When we added lithium nitrate to the aqueous
phase, the metal extraction was enhanced. Europium was extracted to the
same degree whether present in trace concentrations or in saturation.

We studied several bridge-substituted CMP ligands as extractants
in the partitioning of trivalent lanthanides. Diethyl-N,N-diethyl-
carbamoylmethylphosphonate (DEDECMP) was bonded to a polystyrene
resin through the bridging carbon (CMP-Polymer). Diethyl[l-
(diethylcarbamoyl)-s-(benzyl)ethyl] phosphonate [DEDECM(B)P] was
chosen as a model compound for the CMP-Polymer. The cerium(III),
europium, and ytterbium were extracted to a greater extent at low-acid
concentrations [m<lM HN£) ) in both systems. Addition of lithium nitrate
to the aqueous phase hampered the metal extraction by CMP-Polymer.

'Department of Chemistry, University of New Mexico, Albuquerque, NM 87131
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When we added the salt to the aqueous phase of the model system, metal
extraction was depressed at nitrate concentrations <3MNOJ and enhanced
at >3MN0g~. There were-fewo to three ligands coordinated to both the light
and heavy lanthanides at low- and high-acid concentrations. When the metal
concentration approached saturation, extraction was reduced. The CMP-
Polymer efficiently extracted tracer quantities of europium(III) from 0.1M
HNO3 when packed in a chromatographic column. The column could be
reused after the metal was partially stripped from it with 3MHNO3.

We found that the ligand dihexyl-2-pyridylphosphonate-N-oxide
(DHPYRPO) extracted heavy lanthanides better than it extracted cerium.
The metal extraction decreased with increasing acid concentration. There
were three ligands coordinated to each metal. Adding LiNO-3 to the aqueous
phase decreased the degree of metal extraction. At metal concentrations
approaching saturation, extraction was lower.

In collaboration with coworkers at the University of New Mexico
Department of Chemistry, we investigated the extraction abilities
of dibutyl-N,N-diethylcarbamoylmethyl-thio-phosphonate (DBSCMP) and
the trifunctional, dihexyl[l,2-bis(diethylcarbamoyl) ethyl] phosphonate
(DHDECMPAD). We found that DBSCMP did not extract trivalent
lanthanides from nitric acid solutions. The DHDECMPAD extracted
trivalent lanthanides less efficiently than the corresponding bifunctional
DHDECMP did under the conditions studied.

We hope to continue to investigate the extraction properties of novel
ligands in collaboration with the University of New Mexico Department
of Chemistry. Future work may include further study of the practical
application of CMP-Polymer as chromatographic packing material. We are
interested in investigating the extraction of transition metals by DBSCMP
and conducting a thorough investigation into the selectivity of DHPYRPO.
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Chemical Biology and Nuclear Medicine

Preparation of 67Cu-Labeled Antibodies
Janet A. Mercer-Srnith. Steve D. Figard.* Jeanette C. Roberts.

Wayne A. Taylor. William L. Anderson.** and David K. Lavalle*

The goal of our research is to prepare radiolabeled antibodies for
tumor imaging and internal radiation therapy. Antibodies that are specific
for tumor-associated antigens can be used to carry radioisotopes directly
to tumor cells. The specificity of -the antibody for tumor antigens
would minimize radiation exposure to healthy tissue. For our antibody
radiolabeling studies we selected 67Cu, a radioisotope produced at the
Los Alamos Meson Physics Facility. Copper-67 has suitable nuclear decay
characteristics for gamma-camera imaging (184-keV gamma photon) and
for internal radiation therapy (beta decay).7 We chose N-benzyl-5,10,15,20-
tetrakis(4-carboxyphenyl) porphine (N-bzHTCPP) as a chelating agent to
be covalently attached to antibodies for several reasons.

• Porphyrins are relatively nontoxic.
• Copper porphyrins are extremely stable in human serum.8

• This porphyrin has been synthesized with carboxylate groups that can
be used to form a covalent attachment to antibodies.9

• This porphyrin can be radiometalated with copper under very mild
reaction conditions that are compatible with antibody integrity.10 We
adopted the synthetic strategy of covalently attaching the porphyrin to
the antibody and then metalating the porphyrin with 6 7Cu2 + .

We examined a variety of methods to couple the carboxylate groups
of N-bzHTCPP to antibodies. The two most successful methods
are (1) treatment with N-hydroxysuccinimide (NHS) and l-ethyl-3-(3'-
dimethylaminopropyl) carbodiimide HC1 (EDAC) and (2) reaction with
l,l'-carbonyldiimidazole (CDI). In both these methods, activation of the
porphyrin carboxylate group is the first step of the synthetic procedure.
If we use NHS and EDAC as the coupling reagents, a succinimidyl ester
forms when the porphyrin carboxylate is activated. An activated amide,
the imidizolide, forms when we use CDI as the coupling reagent. After the
activated porphyrin carboxylate has been formed, we add antibody. The
ensuing reaction forms an amide bond that links the porphyrin and the
antibody (Fig. 4.1, reaction A). Lysine groups of the antibody are primarily
used to form the amide bond; however, the activated carboxylate groups
can also react with other free amino groups on the antibody.11

We optimized each of these coupling methods as a functiun of
(1) preactivation time to form the activated carboxylate group (formation
of the activated ester or amide), (2) coupling time to attach the
activated porphyrin to the antibody, and (3) coupling pH. We used
sodium dodecylsulfate polyacrylamide gel electrophoresis (SDS-PAGE) and
gel scanning as analytical methods to determine the coupling yields.

* Current address: Abbott Laboratories, North Chicago, IL 60064
** Department of Cell Biology, University of New Mexico, Albuquerque, NM 87131

f Department of Chemistry, Hunter College, CUNY, New York, NY 10021
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Fig. 4 .1 . In this antibody radiometalation scheme. NHS: N-hydroxysuccinimide; EDAC:
l-ethyl-3-(3'-dimethylaminopropyl) carbodiimide HC!: CDI: l.l'-carbonyldiimidazole;
and Ab: antibody.

Because our goal is to develop coupling methods that can be applied to
a variety of antibodies, we used these methods to attach the porphyrin
to antibodies derived from a variety of species that are commonly used in
immunological research. (The mouse and human antibodies are of particular
interest because they are the origin of antibodies used to prepare monoclonal
antibodies for clinical research.) The yields and number of porphyrins
attached per antibody are given in Table 4.1. The two coupling procedures
gave similar yields; in addition, the coupling yields for the antibodies derived
from the various species were similar. Our studies showed that an average
of two porphyrins per antibody had been attached.

Our next goal was to learn where the porphyrin had been attached to
the antibody. Therefore, we cleaved the N-bzHTCPP-antibody conjugates
by two different methods. Pepsin breaks the antibody into F(ab')2 and pFc'
fragments, whereas treatment with mercaptoethanol separates the antibody
into the light and heavy chains by breaking disulfide linkages. After cleaving
the N-bzHTCPP-antibody conjugates, we separated the fragments by SDS-
PAGE and scanned the gels at the antibody and porphyrin absorbances. In
both the NHS/EDAC and the CDI coupling methods, the porphyrins were
attached to all the fragments. Thus our studies indicated that the porphyrin
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appears to be conjugated randomly over the surface of the antibody. Our
serum stability studies of the 67Cu-labeled porphyrin-antibody conjugates
prepared by these two coupling methods demonstrated that >85% of the
porphyrin-antibody amide bonds were intact after 6 days of incubation in
human serum under simulated physiological conditions.

In last year's annual report, we showed that the N-bzHTCPP-antibody
conjugates can be rapidly metalated with 67CuCl2 under very mild reaction
conditions.10 The N-benzyl group is lost as benzyl alcohol concomitant with
introduction of 6 7Cu2 + into the porphyrin macrocycle (Fig 4.1, Eq. B)
(Ref. 9). Thus, 67Cu-labeled antibodies are formed by mild, rapid synthetic
methods.

Chemically modifying antibodies usually causes some loss of
immunoreactivity; therefore, we measured the immunoreactivity of
the 67Cu-labeled rabbit anticonalbumin (RaCA) conjugate prepared by
the EDAC/NHS method.8 The immunoreactivity method we used—
enzyme-linked immunosorbent assay (ELISA)—is a competitive antigen
binding assay that measures the ability of the radiolabeled antibody
to bind to its antigen, conalbumin. Figure 4.2 shows the percent of
immunoreactivity retained as a function of the number of porphyrins
attached. The immunoreactivity of rabbit anticonalbumin to which
diethylenetriaminepentaacetic acid (DTPA) has been attached by the cyclic
anhydride method12 and which has been radiolabeled with " m T c (Ref. 13)
is also shown. (DTPA is a chelating agent often used in nuclear medicine to
complex a variety of metal ions.) Our immunoreactivity studies show that
the 67Gu porphyrin-antibody conjugates have retained most (70 to 85%) of
their immunoreactivity.

TABLE 4.1.

Antibody0

Rabbit IgG
Rabbit IgG

Mouse IgG
Mouse IgG

GoatIgG
Goat IgG

Human IgG
Human IgG

Rat IgG
Rat IgG

Coupling of N-bzHTCPP to

Coupling
Method

EDAC/NHS
CDI

EDAC/NHS
CDI

EDAC/NHS
CDI

EDAC/NHS
CDI

EDAC/NHS
CDI

algG = immunoglobulin G.

Coupling

Yield

(%)

20
24

21
18

20
19

21
24

18
18

Antibodies

Porphyrins/
Antibody

2.0
2.4

2.1

1.8

2.0
1.9

2.1
2.4

1.8
1.8
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Fig. 4.2. Immunoreactivity
of RaCA-67CuTCPP
conjugate and a RaCA-
99mTcDTPA conjugate
are shown as a function of
the number of chelathg
agents attached to the
antibody.
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We have shown that N-bzHTCPP can be covalently attached to
antibodies by two different synthetic methods involving activation of
the porphyrin carboxylate groups. The coupling methods appear to
use random attachment of the porphyrin to free amino groups on the
antibody surface that form stable amide bonds. Our studies of the
coupling yields for antibodies derived from a variety of species indicate
that both coupling methods are generally useful. Our examination of the
immunoreactivity of one radiolabeled antibody indicated good retention of
antibody immunoreactivity, and therefore we will soon expand our studies
to include radiolabeling and in vivo animal testing of an antibody to a rat
tumor.

Imaging Inflamed Lymph Nodes With a 67Cu-Labelecl Porphyrin

Dean A. Cole. Janet A. Mercer-Smith. Michael R. Moragne.* Sandra A. Schreyer.*

Wayne A. Taylor, and David K. Lavallee^

Frederick J. Steinkruger.

Immunological cells and fluid that make up the lymphatic system are the
body's main defense against diseases, including cancer. In most cases, the
lymphatic system is involved in combating the disease long before clinical
symptoms are detected. Because the lymphatic system is involved early in
cancer, it is an ideal organ system to monitor for the presence of malignancy.

'School of Veterinary Medicine, Tuskegee University, Tuskegee, AL 36088
**Adams State College, Alamosa, CO 81102
^Department of Chemistry, Hunter College, CUNY, New York, NY 10021
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Our goal is to develop a method to image cancerous lymph nodes by using
67Cu meso-tetra(4-carboxyphenyl) porphine (67CuTCPP; see Fig. 4.3). The
67Cu gamma photon energy (184 keV) and half-life (61.7 h) are ideal for
nuclear medicine imaging.14 Copper-67, produced in high specific activity
(15 000 Ci/g) at the Los Alamos Meson Physics Facility, is readily accessible
for our studies, and we have demonstrated the stability of G7CuTCPP in
human serum under simulated physiological conditions.15

In previous studies on the biodistribution of 67CuTCPP in rats, we
found that normal lymphatic tissue localizes small amounts of 67CuTCPP
(Ref. 16). In addition, we saw an increase in the uptake of 67CuTCPP
in regional lymph nodes of rats with a severe tail infection. We initiated
studies to determine if 67CuTCPP could be used as a lymph node imaging
agent and designed experiments using male Fischer rats to examine the
uptake of 67CuTCPP in major lymph nodes in various areas of the body.
We measured the uptake of 67CuTCPP in inflamed lymph nodes by
dissecting out individual lymph nodes, and then counting the amount of
67Cu using a sodium iodine autogamma counter. This procedure is much
more accurate than imaging with a clinical sodium iodine gamma camera
because it determines the amount of 67CuTCPP in lymph nodes. To
determine if the uptake of 67CuTCPP was increased in inflamed lymph
nodes, we developed a model for lymph node inflammation by using a
combination of two inflammation agents, Freund's Adjuvant and bacterial
endotoxin. We injected Freund's Adjuvant, which specifically inflames and
stimulates regional lymph nodes, 7 days before injecting 67CuTCPP. We also
administered bacterial endotoxin Salmonella abortus equi, which induces a
systemic inflammation, 3 days before injecting 67CuTCPP. We removed the
lymph nodes at 24, 48, 72, or 96 h after injecting 67CuTCPP and measured
the radioactivity in a sodium iodine autogamma counter.

-t
V
V V-fVc

V
CO2H

Fig. 4.3. The structure of 67Cu
meso-tetra(4-carboxyphenyl)
porphine (67CuTCPP) is shown.
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This study determined (1) the uptake of 67CuTCPP by inflamed
and control lymph nodes, (2) changes in weight between inflamed and
control lymph nodes, and (3) the relationship between 67CuTCPP uptake
and differences in lymph node weight. During initial experiments, we
compared the localization of 67CuTCPP by inflamed lymph nodes to that
by control (noninflamed) lymph nodes. Figure 4.4 illustrates the uptake of
67CuTCPP by lymph nodes from inflamed and control animals over a 24- to
96-h period. For each period, the percent uptake of injected dose by
inflamed lymph nodes was significantly greater than the percent uptake
by control lymph nodes. In addition, the uptake did not seem to change
during the 24- to 96-h period in which the lymph nodes were examined.
This suggests that the uptake of 67CuTCPP by inflamed lymph nodes had
reached the maximum level by the earliest time (24 h) when the lymph
nodes were dissected from the animals. We observed variation in the uptake
of 67CuTCPP by the individual lymph nodes that were removed from each
animal; however, in all animals tested, the popliteal lymph nodes localized
the greatest amounts of 67CuTCPP. (Popliteal lymph nodes are often used
in these experiments because of their enhanced response to inflammatory
agents.) A comparison of the weights of inflamed and control lymph nodes
demonstrated that lymph nodes from inflamed animals were slightly heavier
than were the lymph nodes from control animals. In contrast, for inflamed
lymph nodes, the weight increase was not as dramatic as the increase in
the localization of 67CuTCPP. Inflamed popliteal lymph nodes had a much
greater weight increase than control popliteal nodes did.

Finally, we compared the uptake of 67CuTCPP and the weight gains by
inflamed and control lymph nodes (Fig. 4.5). For all time periods, lymph
nodes from inflamed animals localized 2.5 to 3.5 times more 67CuTCPP
than control lymph nodes did; however, inflamed lymph nodes increased in
weight only 1.5 to 1.7 times more than control lymph nodes. The difference
between the uptake of 67CuTCPP and the increase in weight by inflamed
lymph nodes appears to be the result of a selective mechanism by which

Fig. 4.4. The percent uptake
of 67CuTCPP in lymph nodes
is shown for inflamed and con-
trol animals. Each time point
represents the percent uptake
(mean and standard error of the
mean) in lymph nodes from four
inflamed and four noninflamed
animals. (Thirteen lymph nodes
from each animal were exam-
ined).
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67CuTCPP is concentrated. If the uptake of 67CuTCPP by inflamed lymph
nodes was completely dependent upon changes in lymph node size or weight,
the uptake of 67CuTCPP would be closely related to the increase in lymph
node weight. Because localization of 67CuTCPP by inflamed lymph nodes
is greater than the increase in inflamed lymph node weights, it is apparent
that some factor other than weight or size increase contributes to the uptake
of 67CuTCPP.

The mechanism involved in the uptake of 6rCuTCPP by inflamed lymph
nodes is unknown; however, it may include the operation of a selective
physiological process. This is encouraging as we attempt to develop a lymph
node imaging agent because the basis of nuclear medicine imaging involves
the physiological uptake of a radioactive tracer. Our future work will focus
on the mechanism of 67CuTCPP uptake by inflamed lymph nodes to enhance
its usefulness as s. radiodiagnostic agent.

Fig. 4.5. This graph provides a
comparison between the percent
uptake of 67CuTCPP and weight
gains by inflamed lymph nodes and
that of noninflamed lymph nodes.
(Lymph nodes from four inflamed
and four noninflamed animals were
examined at each time point.)

Synthesis of 13C-Enriched Sugars
Thomas E. Walker. Clifford J. Unkefer. and Deborah S. Ehler

Brain activity requires a highly energetic metabolism, which under most
physiological conditions is thought to be derived from glucose catabolism.
Behavior changes can be correlated with an increase or decrease in energy
metabolism in specific regions of the brain as reflected by regional changes in
glucose use. Thus, monitoring glucose use can provide us with information
on the physiological competence of whole and regional brain tissue. Several
successful glucose monitoring techniques have been employed, including 14C
autoradiography (using 2-deoxy-D-[14C]glucose) and 18F positron emission
tomography (using 2-[18F]fluoro-2-deoxy-D-glucose). Several assumptions
underlie the choice of these radiolabeled glucose analogs for these imaging
purposes: hexokinase catalyzes a rapid and complete phosphorylation at the
6-position and subsequent metabolism is slow relative to the time required
to obtain an image.
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There is little doubt concerning the phosphorylation event, but
recently there has been some controversy over the metabolic fate of the
phosphorylated analogs in the brain. For example, studies using 3 1P NMR
have demonstrated a relatively rapid metabolism of the phosphorylated
compounds.17 The metabolic fate of these sugar phosphate analogs is very
poorly understood, and the required longevity of the "sugar phosphate trap"
is being questioned; thus there is increased controversy over employing these
molecular probes for quantitative regional brain glucose-use measurements
Phosphorylation of 2-deoxy-glucose s t C-6 results in a chemical shift change
of 3.2 ppm at C-6 in the 13C NMR spectrum. Therefore, combined use
of 2-deoxy-[6-13C]glucose and 13C NMR should make it possible to follow
the metabolic fate of this compound and its phosphorylated analog in the
tissue of interest. These experiments, being carried out by J. J. Ackerman
of Washington University in St. Louis, Missouri, use material supplied by
the National Stable Isotopes Resource at Los Alamos.*

We have developed a scheme for synthesizing 2-deoxy-D-[6-13C]glucose
that involves removing C-6 from 2-deoxy-D-glucose (I) and replacing it with
13C. This approach is very similar to that used for the synthesis of [6-
13C]glucose (Ref. 18); the major differences are the type of protecting group
and the milder reaction conditions. The synthetic route we used for synthesis
of 2-deoxy-D-[6-13C]glucose is depicted in Fig. 4.6.

The first reaction yields a mixture of 2 pyranoses and 2 furanoses, which
are separated by chromatography on Dowex I (OH-). The predominant
product (60% yield) is methyl 2-deoxy-a-D-glucofuranoside (II), which
separates as a distinct peak and can be crystallized from ethanol-ether.
The periodate reaction to form the 5-aldehyde (III), a relatively unstable
compound, is carried out in an ice bath-, excess periodate and iodate are
removed as their insoluble barium salts. The cold filtrate from the periodate
reaction is used directly for the cyanide reaction. The enriched nitriles (IV)
are reduced with hydrogen by using a 5% palladium on carbon catalyst.
These ?-deoxy-nitriles were very difficult to reduce; it was necessary to use
palladium on carbon rather than the milder catalyst palladium on barium
sulfate. The reduction product is a mixture of two 6-aldehydo sugars, each of
which exists as both a hydrated aldehyde and a double-ring glycoside, where
C-6 forms a hemiacetal with the C-3 hydroxyl. The four sugars are readily
reduced with sodium borohydride to a mixture (V) of methyl 2-deoxy-
or-D-[6-13C]glucofuranoside and methyl 2-deoxy-/?-L-[6-13C]idofuranoside;
fortunately, the desired D-gluco-isomer is the predominant species in the
reaction. We hydrolyze the labeled methyl glycosides with dilute sulfuric
acid to form the free sugars, 2-deoxy-D-[6-13C]glucose (VII) and 2-deoxy-L-
[6-13C]idose (VI). Finally, we resolve this mixture by chromatography at 60°
on Dowex 50 Ca2+, and the desired 2-deoxy-D-[6-13C]glucose is crystallized
from ethanol with an overall yield from K13CN of ~15%.

*See Sec. 3 of this report for information about stable isotope production at Los
Alamos.
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Fig. 4.6. This route was used to synthesize 2-deoxy-D-[6-13C]glucose.

Over the past 5 yr, we have developed many schemes and specialized
techniques for synthesizing carbohydrates labeled with stable isotopes
(including 2-deoxy-D-[6-13C]glucose); this work will continue to be part
of the stable isotopes program. Recently, we have developed schemes for
synthesizing disaccharides (including sucrose), and we are currently woking
on the synthesis of a multiple-labeled ribose that will be incorporated into
nucleic acids.

Plant/Bacterial Interactions on the Plant Root Surface
Pat J. Langston-Unkefer

The ISRD-funded program on bacterial toxins has focused on the action,
consequences of this action, and biosynthesis of a toxin produced by a
soil-borne Pseudomonas. One of the ultimate goals of this program is to
contribute to our understanding of the biochemical basis of the interactions
between plants and the microorganisms living in close association with them
in the soil. After an in-depth characterization of the pathogen, the toxin,
and its action,19"22 we are now equipped with the tools and knowledge to
begin our investigation of the biochemical events that define the interaction
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between this organism, Pseudomonas syringae pv. tabaci, and several
economically important host plants. The first phase of our investigation
was to clearly demonstrate a new site of colonization of this bacterium—
the root surface of oats—and a physiological action of its toxin.23 Diachun
and coworkers' work in the 1940s provided evidence of this site and put
forth a model of deleterious consequences for the infested plants.24"25 Since
that time, other workers have noted seemingly unexplained poor growth and
minimal seedling survival in areas where host plants of this organism have
been grown. Careful studies showed that the bacterium does not invade
the root, but rather lives on the root surface. This habitat is commonly
used by many bacteria in the soil; in fact, most soil microorganisms live
on the root surfaces of plants and do not live elsewhere in the soil. These
residents can exhibit either beneficial or deleterious effects upon their host
plants, although many of these effects remain poorly understood. The
scientific community has only recently directed any significant attention
to this problem, and therefore we have not yet defined many of these
interactions.

The observed extensive colonization of oat root surface by this toxin-
producing bacterium disables the plant's nitrogen uptake and nitrogen
assimilation capabilities and thus completely devestates the plant's nitrogen
economy.23 The ultimate result is death of the plants infested with this
bacterium. The same gross physiological and specific metabolic symptoms
are observed when purified bacterial toxin is applied to the oat roots. We
have identified the specific, metabolic perturbations. The primary metabolic
disruption caused by either application of purified toxin or toxin delivered by
the pathogen is to inactivate the plant's glutamine synthetase. We were able
to demonstrate directly that the toxin bound to the glutamine synthetase
in planta. This enzyme is necessary for the oat plant to assimilate ammonia
by combining it with glutamate. The oat plant must convert its ammonia to
this organic form (glutamine) before it can be transported to the foliar parts
of the plant where nitrogen is needed to conduct basic metabolism to support
maintenance and growth. Thus, loss of the assimilatory function for nitrogen
results in nitrogen starvation throughout the plant. One direct consequence
of this toxin action is accumulation of un assimilated ammonia. A secondary
effect of toxin action results when the accumulated ammonia inhibits nitrate
uptake by the roots. The extent of this inhibition is proportional to the
amount of ammonia present, and in our experiments, the inhibition was
complete. We demonstrated that the inhibition did not directly affect the
plants' enzymes responsible for reducing the nitrate (nitrate reductase and
nitrite reductase), which others had proposed was directly inhibited by high
ammonia levels in the cell. From this data we know that the effect was
mediated at the point of uptake of the nitrate.

We have not been able to demonstrate any host-plant specificity for
colonization of this bacterium on the root surface. Thus, all plants that use
this general nitrogen assimilation scheme, that is, almost all nonlegumes,
are potentially susceptible to this detrimental association.

As our investigation of this toxin-producing bacterium has progressed,
we have considered the fundamental question of why the bacterium produces
and releases this toxin. Presumably, the release of this toxin provides
some advantage to the bacterium. We have observed that this toxin is an
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antibiotic effective against a number of gram-negative bacteria, including
other Pseudomonads (as a class, the Pseudomonads are common residents
of the root surface). Antimicrobial activity could allow this bacterium
to compete more effectively for the nutrient supply available on the root
surface. (The nutrient supply results from the plants' release of many amino
acids, carbohydrates, and micronutrients.) This plausible explanation for
toxin production and release is the same hypothesis commonly employed
to explain an advantage for the penicillin-producing or cephalosporin-
producing fungi.

We can also suggest an alternative function and consequence to toxin
release. This second hypothesis accomodates our observation that significant
quantities of ammonia are released by toxin-treated or pathogen-infested
plants. A very significant quantity of reduced nitrogen is potentially
available to the bacterium; it represents a significant energy saving to the
bacterium, which, if it had to reduce nitrate to ammonia, would spend
16 to 22 molecules of stored chemical energy in the form of ATP. This
second hypothesis is further supported by our observation that including
reduced nitrogen sources in the culture medium results in no production of
the toxin. This hypothesis is also consistent with the much appreciated use
of a minimal medium for toxin production in culture, and thus the bacterium
produces the toxin when starved for nutrients. This general phenotype is
common for production and release of exocellular metabolites by microbes
in culture.

We have recently discovered a toxin-mediated enhancement of nitrogen
fixation in legumes (Fig. 4.7). The molecular basis for this enhancement is
being characterized by combining biochemical, physiological, and molecular
biological techniques.

Fig. 4.7. Toxins stimulate nitrogen fixation in alfalfa plants. We use labeled compounds
to study the metabolism of the altered plants.
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The Peroxo-Complex of Cytochrome c\ aa.3 from Thermus thermophilus
Barbara H. Zimmermann, James A. Fee. Frank Rusnak.* and Eckard Munck*

Cytochrome ci 003 is a terminal oxidase of the electron transport chain
located in the plasma membrane of the bacterium Thermus thermophilus.
It is functionally and spectrally similar to the terminal oxidase of the
mitochondrial respiratory chain, cytochrome aa^. It catalyzes two coupled
reactions: the reduction of oxygen to water [Eq. (1)] and the vectorial
movement of protons from the inside to the outside of the plasma membrane

O2 + 4 cyt cox + 4H+ —* 2H2O + 4 cyt cred (1)

^inside v "outside (2)

Little is known about the mechanisms of these reactions. Bacterial and
mammalian enzymes appear to be structurally similar: four metal centers,
two coppers (Cu^ and CUB), and two Hemes A (cytochromes a and a^)
are involved.26 Electrons enter the oxidase through cytochrome a. Oxygen
reduction occurs at a bimetallic site composed of the cytochrome 03 in
close proximity to CuB- Electron paramagnetic resonance (EPR) signals
are observed from cytochrome a and CUA- However, no EPR signals are
observed from the cytochrome a3 or CUB in native, oxidized enzyme- this
has been explained by coupling a spin 5/2 Fe3 + with spin 1/2 Cu2+ in the
oxidized enzyme.27

To reduce oxygen to water, four electrons are required. Cytochrome c,
the electron donor, is a one-electron carrier. How many electrons at
a tune are transferred to oxygen? Reduction by one-electron steps is
unlikely for two reasons. First, highly reactive intermediates, such as
•OH, would be generated, and second, placing the first electron on oxygen
is thermodynamically unfavorable.27 Reduction by concerted two-electron
steps is suggested by the presence of a bimetallic reduction site. One
approach to this question is to trap the reaction intermediates by using
rapid reaction techniques at low temperatures. A possible alternative
approach, used by this laboratory and others, is to study the reaction of
the terminal oxidase with the two-electron reduction product of oxygen,
hydrogen peroxide.28"30

Hydrogen peroxide reacts with cytochrome Ciaa3 to produce the
spectral perturbations in the Soret and 600-nm regions shown in Fig. 4.8;
ethyl and t-butyl hydroperoxides produce identical spectral changes. The
decay rate of the peroxo-complexes formed from the three different peroxides
is the same (k = 0.006 min"1). This similarity suggests that the same
intermediate is formed by all three peroxides. The addition of reducing
equivalents or carbon monoxide to an aerobic solution of peroxo-complex
regenerates oxidized enzyme.

*Gray Freshwater Institute, The University of Minnesota, Navarre, MN 55392
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We performed Mossbauer studies to help elucidate the structure of the
peroxo-complex. Our initial spectra show that ~30% of the cytochrome 03
remains in the native form, whereas ~70% of the cytochrome 03 exhibits
a Mossbauer parameter consistent with a valence Fe4+ (Fig. 4.9); the
significance of the ferryl ion will be discussed later. Anaerobic titrations of
peroxo-complex formed under the same conditions showed that two electrons
per peroxo-complex were required to regenerate oxidized enzyme. The
peroxo-complex is thus two oxidizing equivalents above oxidized enzyme.
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Fig. 4.8. Spectral character-
istics of the complex formed by
oxidized cytochrome ciaa^ with
hydrogen peroxide are shown here.

Reaction of cytochrome cx aa3 with peroxide to form a ferryl complex
two oxidizing equivalents above oxidized enzyme is reminiscent of another
class of heme enzymes: the peroxidases and catalases. Horseradish
peroxidase catalyzes the reaction below:

PFe3 ++ ROOH —• P+- Fe4+ (I)

P + - Fe4"1 (I) + AH2 —• PFe4+ (II) + AH-

PFe4+ (H) + AH2 —• PFe3+ + AH- + H2O + ROH ,

where AH2 is an electron donor and P represents the porphyrin ring of
the heme. To form intermediate (I), two electrons are abstracted from the
oxidized enzyme—one from the porphyrin, leaving a cation radical, and one
from the ferric ion, leaving a ferryl ion. The reduction of the porphyrin
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radical of (I) leads to intermediate (II). Addition of one electron to (II)
regenerates oxidized enzyme. Intermediates (I) and (II) have distinctive
absorption spectra. Relative to the spectrum of native oxidized enzyme,
(I) has a greatly attenuated Soret peak, whereas the Soret peak of (II) is
red-shifted and slightly enhanced.

The cytochrome cxaaa peroxo-complex contains a ferryl ion at the a3

site and appears to be two oxidizing equivalents above the level of oxidized
enzyme. We observed no bleaching of the Soret peak in the peroxo-complex
spectrum; instead, the peak is red-shifted and enhanced relative to the
native spectrum. We have found no evidence for porphyrin cation formation
in preliminary EPR spectra. The oxidation of heme a3 to Fe4+ would
presumably modify the spin coupling between the iron and the copper at the
oxygen reduction site. If the CUB were in the cupric state, we would expect a
g = 2 EPR signal to appear upon formation of the peroxo-complex; however,
we observed no such signal. Using these data, we propose the following
tentative structure for the cytochrome c\ aaz peroxo-complex: Fe4+ - O2~ -
Cu3 + . The presence of ferryl ion is well documented in the mechanisms of
catalase and peroxidases, and recent experiments implicate the formation
of a ferryl ion intermediate during the turnover of mammalian cytochrome
aas (Ref. 31). We know of no precedent for Cu3 + in biological systems;
however, the formation of model compounds of trivalent copper complexes
with amino acid ligands is well documented.32

Fig. 4.9. In this Mossbauer spec-
tra of native cytochrome c\ aaz
(lower spectrum) and a mixture
of peroxo-complex and native
cytochrome C\ aaz (upper spec-
trum), the central doublet in the
native spectrum is assigned to
ferric (13. The upper spectrum
shows two doublets: one as-
signed to unreacted native fer-
ric 03. and the other, indicated
by a bracket, assigned to the
ferryl a3of the peroxo-complex.
The high-energy absorption peaks
of the two doublets are super-
imposed.
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Characterization of the [2Fe-2S] Clusters of the Rieske Iron-Sulfur Protein from
Thermus tkermophilus and Phthalate Dioxygenase from Pseudomonas

Oebasish Kuila. James A. Fee. William H. Woodruff, Jon R. Schoonover. Stephen P. Edmondsom (LS-4).
Chris J. Batie.* and David P. Ballou*

An iron-sulfur protein, with a characteristic EPR signal at g ~1.90, is
present in the bcj, complex (also called complex III) of mitochondria, certain
bacteria, and the 66/ complex of chloroplasts.33 The iron-sulfur protein was
first purified from the mitochondrial bc\ complex by Rieske and coworkers
and is widely known as the Rieske iron-sulfur protein.34 These complexes,
as isolated, contain B- and C-tyne hemes in a 2:1 ratio, variable amounts
of respiratory quinone, and the Rieske protein. The removal of the Rieske
protein blocks the electron transfer from hydroquinone to cytochrome c;
however, the activity can be restored by including Rieske protein in the
assay mixture. We are studying the function of the Rieske protein in the
complex to determine the structure of these unique clusters and ascertain
their role in respiration.

In this report, we are mainly concerned with the structure of the Rieske
iron-sulfur cluster purified from the bacterium Thermus thermophilus. The
Thermus Rieske protein (TRP) contains 4Fe, 4S2~, and 4 cysteine residues.
Mossbauar data have unequivocally established that it contains [2Fe-2S]
cores.35 Because there are not enough cysteine residues to form a regular
[2Fe-2S] core as in spinach ferredoxin (SFD), Fee and coworkers proposed
that noncysteine ligands are coordinated to the iron center.35 Thus, there
are two identical [2Fe-2S] centers of molecular weight ~20 000 in TRP
in contrast to the single [2Fe-2S] cluster in eucaryotic Rieske protein.
Electron nuclear double resonance (ENDOR) and electron spin echo (ESE)
studies of TRP, mitochondrial Rieske protein,33 and NADH-dependent
phthalate dioxygenase (PDO) containing [2Fe-2S] clusters similar to that
of TRP indicate that nitrogenous ligands are directly coordinated to the
iron center.36 Careful examination of the Mossbauer data suggested that the
noncysteine ligands are bound to the reduced site, and we have proposed a
tentative model shown here (Fig. 4.10). The optical and circular dichroic
(CD) spectra of these novel iron-sulfur-nitrogen clusters are compared v/ith
those of SFD in Fig. 4.11.

One remarkable property of Rieske-type clusters is their high mid-
point potential (Em) compared to ferredoxins like SFD. The E m of TRP
is ~0.14 V, and it decreases ~0.06 V/pH above pH 8. The Em of benzene
dioxygenase, similar to that of PDO, is 0.1 V. However, in contrast to
that of TRP, the optical spectrum of PDO is independent of pH, suggesting
significant structural differences between TRP and PDO that are not evident
in their spectroscopic properties. The ferredoxins have potentials near the
hydrogen couple, E m

7 0.4 V, and these are generally independent of
pH. We have suggested that the potential differences may be related to the
formal charges of the two cluster types and that the pH dependence of TRP
is the result of deprotonation of an imidazole. The redox Bohr effect may
be involved with the proton translocation function of bci (Ref. 37).

'Department of Biological Chemistry, The University of Michigan. Ann Arbor, MI
48109
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Fig. 4.10. This diagram
shows the schemes for SFD
and TRP.
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Fig. 4.11. The optical absorption and circular dichroic spectra of the Rieske protein
from Thermus thermophilus (solid lines) and spinach ferredoxin (dashed lines) were
recorded at equimolar concentration of [2Fe-2S].
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In Fig. 4.12, the resonance Raman spectra of TRP, PDO, and SFD are
compared. 1'here are at least 11 to 12 peaks in TRP and PDO and 8 to 9
peaks in SFD. The terminal iron-sulfur stretching modes between 330 and
360 cm"1 in SFD persist in TRP and PDO. There are two ring breathing
mod*s at ~380 and 400 cm"1 instead of one at ~390 cm"1 in SFD. The
peak at 284 cm"1 of the latter is replaced by two peaks ~270 cm"1 in TRP
and PDO, and there is at least one additional peak below 200 cm"1 in the
latter two proteins (not shown). These differences can be ascribed to the
reduction of symmetry (C2V) in TRP and PDO. The results are consistent
with the model proposed on the basis of END OR and Mossbauer results.

WAVENUMBER (cnrT1)

Fig. 4.12. This illustration
compares the resonance Raman
spectra of spinach ferredoxin at
pH 7.3. Thermus Rieske protein at
pH 7.3. Thermus Rieske protein at
pH 10.1. and phthalate dioxygenase
from Pseudomonas cepacia at
pH 7.3.
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The peak positions and the relative resonance Raman intensities of TRP are
affected by change of pH (which is consistent with the ionization described
above), whereas those of PDO are not.

The CD spectrum of the oxidized TRP, in the range of 800 to 300 nm,
shows a smooth change from one form to another, and the plot of change
in molar ellipticity vs pH reveals pKa ~9 (slightly higher than the value
reported earlier37). However, the CD spectrum in the UV region (280 to
180 nm) is not affected by this ionization, which suggests that pH has no
effect on the secondary structure of the protein. These results indicate that
the ionizing group is very close to the [2Fe-2S] cluster.

The CD spectra in the 180- to 230-nm range reveal approximate
contributions of secondary conformations to protein structure.38 Using
the five basic CD spectra derived from 16 proteins with known crystal
structures,38 we have analyzed the CD spectrum of TRP and found that
it arises from a structure consisting of 9% a-helical, 37% /9-sheet (37%
antiparallel and 0% parallel), 24% /?-turns, and 29% random coil or "other
structures" that do not fit into the first four categories. The paucity of
a-helix and the large amount of "other structures" are consistent with its
high (10%) proline content.35

Resonance Raman Spectroscopy of Metalloproteins at High Pressures:
Diamond-Cell Studies of Cytochrome c
Richard B. Dyer. William H. Woodruff, and Basil I. Swanson

The redox metalloproteins play an essential role in the life processes
of most known organisms. An adequate understanding of the biological
function of these proteins depends on knowledge of the structural and
dynamic behavior of the metal binding sites. The underlying objective of
our work is to understand (1) how the redox metalloproteins accomplish
their functions of facile electron transfer and activation of small molecules
such as dioxygen, and (2) how these functions relate to the fundamental
physical and chemical properties of the metal sites and their interactions
with the protein structure. In this study we have used resonance Raman
(rR) spectroscopy to investigate the effect of pressure on the structure of
the redox metalloprotein cytochrome c. Cytochrome c was chosen as a
model heme protein for high-pressure studies for several reasons. It is a
structurally well-characterized, six-coordinate, low-spin heme protein. It is
also biologically important because some form of cytochrome c is part of the
electron transport system of nearly every known eukaryotic and prokaryotic
organism. Finally, despite being one of the most thoroughly studied of all
the metalloproteins, the mechanism by which this protein carries out its
basic function of electron transfer is not understood.

Pressure can be used to induce structural or volume changes that
influence the physiological functions of proteins. Pressure can thus provide
a valuable probe or the relationship between protein structure and function.
There has been considerable interest in the effects of pressure on proteins,
but studies have primarily been limited to relatively low pressures and have
used techniques that are insensitive to the nature of changes in protein
structure. For example, spin-state changes with pressure have been observed
in the optical spectra for a variety of oxidized heme proteins, but until our
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recent rR studies of herne proteins, nothing was known about the structural
changes that cause such spin-state changes.39"40 Similarly, many studies
based on protein emission spectra have demonstrated that proteins denature
as a function of pressure, but the structural change involved is unknown.
Only one recent rR study of lysozyme has provided information about the
denaturation process.41 These few studies demonstrate that rR spectroscopy
can provide insight concerning the structural changes in proteins that occur
with pressure.

Figure 4.13 shows the rR spectra of ferrocytochrome c in the high-
frequency region (1100 to 1650 cm'1) ; these spectra were obtained as a
function of pressure by using a diamond anvil cell and 514.5-nm excitation.
The rR spectra between ambient pressure and 60 kbar obtained in this
manner contain eight bands, which have been assigned to combinations of
in-plane C-C, C-H, and C-N vibrations. The effect of pressure on these
bands is twofold: all the bands are shifted to higher energy and broadened
with increasing pressure. The frequency shifts can primarily be attributed
to general increases in the nonbonding forces and internal force constants
with increasing pressure. Specifically, the frequency shifts can be correlated
to the compression of the porphyrin core. The frequency dependence
upon porphyrin core size of these modes has been established using model
compounds of known core size.42 Pressure-dependent cytochrome c data
correlate well with the model compound data (Fig. 4.14) and indicate that
the core diameter decreases by 0.1 A when the pressure is increased from
ambient to 58 kbar.
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Fig. 4.13. These rR spectra of
ferrocytochrome c as a function of
pressure were obtained with
514.5-nm excitation in a diamond
anvil cell.
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Fig. 4.14. This illustration displays a correlation between the frequency of rR
modes for model heme compounds and pcrphyrin core size. The pressure-dependent
frequencies of cytochrome c are plotted for the best fit to the model heme correlation.

The rR spectra of the low-frequency region (200 to 800 cm"1) were
obtained using 413.1-nm excitation into the B (Soret) absorption band of
the protein, which produces the greatest enhancement in the low-frequency
modes. This region is particularly important because it contains out-of-
plane modes that are sensitive to protein structure beyond that of the
porphyrin itself. The rR data indicate that the axial ligands remain bound
up to pressures of 8 kbar; interference from diamond fluoresence prevented
measurement above this pressure.

These rR data indicate that cytochrome c is extremely robust and resists
major structural change up to a pressure of 60 kbar. This observation alone
is remarkable because no known terrestrial organisms exist at pressures
greater than ~1 kbar, and thus there is no obvious evolutionary reason for
this pressure stability. The structural changes that do occur with pressure
can be partially understood by analysis of the rR spectra, which yield
information related to the heme itself. Compression of the heme pocket,
however, must also be accompanied by compression of the surrounding
protein. Future work will attempt to use fourier transform infra-red
spectroscopy to probe the effects of pressure on the rest of the protein.
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Phase Relations in the Salton Sea Scientific Drilling Project
Robert Charles

The Salton Sea Geothennal Area is located in the Imperial Valley.
California. It is one of a number of geothennal fields located in a structural
depression known as the Salton Trough at the head of the Gulf of California.
This feature is part of the boundary between the North American and Pacific
Tectonic plates. The region is characterized by high heat flow, yet there is no
surface manifestation of hydrothermal activity. Scientists have encountered
temperatures up to 300° C in geothermal wells located in the Imperial Valley.
Fluids vary considerably in concentration but may have up to 250 000 ppm
total dissolved solids with high chloride concentrations.

The Salton Sea Scientific Drilling Program is a joint effort by the US
Department of Energy, the US Geological Survey, the National Science
Foundation, and Bechtel National, Inc., the prime contractor; the program
investigates the roots of the Salton Sea hydrothermal system through deep
drill holes. This article focuses on hydrothermal alterations found near the
first aquifer encountered (in December 1985) at a depth of ~1866 m.

Both rock and fluid samples were collected in the region of the 1866-m
aquifer—the first aquifer encountered that had any significant fluid flow.
Because the well was cased to 1829 m, influx of fluid from subsequent as
well as preceeding aquifers would be excluded from the sampled fluids; this
isolation gave us better data on fluid-rock relations. Although we have no
core from this area, we recovered rock chips during flow stimulation. By
examining the cores drilled above and below the region, as well as cuttings
obtained during drilling, we were able to define the gross stratigraphy in
the aquifer region. The aquifer itself is in greenschist facies rock; epidote,
hematite, and pyrite are the major mineralization. This mineralized zone
grades outward in both directions to an indurated mudstone that contains
potassium feldspar, quartz, pyrite, and chlorite as well as trace epidote,
albite, apatite, and sphene. The compositions of the major phases are shown
in Table 5.1. Fluid samples obtained at the surface during flow tests and
from continuously flashed downhole sources contained about 161 000 ppm
chlorine, 63 000 ppm sodium, 30 900 ppm calcium, 19 200 ppm potassium,
and 40 ppm magnesium. Total sulphur in these flashed samples was only
about 10 ppm because the sulphur was partitioned into the vapor phase.

Using contact relations found in thin sections, we grouped phases into
two-phase assemblages. The most common assemblages (quartz present)
were potassium-feldspar-pyrite in the mudstone and epidote-pyrite

TABLE 5.1. Major Phase Compositions

Phase Composition Abbreviations

Potassium Feldspar
Chlorite
Epidote
Hematite
Pyrite

KAISi3O8

Mg3Fe2Al2Si3Oio(OH)s
Ca2FeAI2Si3bi2(OH)
Fe2O3

FeS2

K.Ksp
C. Chi
E. Epi
H. Hem
P, Pyr
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and epidote-hematite in the aquifer; less common was chlorite-pyrite in
the mudstone. These assemblages are part of a nine-component system
(potassium, aluminum, silicon, iron, magnesium, calcium, sulfur, hydrogen,
and oxygen). If two-phase assemblages represent divariant conditions, as
would be expected in a random sample, these assemblages represent a
multisystem that contains two determining inert components (aluminum
and iron) and seven mobile components.

Reaction relations among the five major phases yield a multisystem
of one negative degree of freedom. The connected net, which presents all
possible reaction relations for this system, consists of five invariant points,
nine divariant fields, and nine univariant curves caused by the compositional
coincidence of hematite and pyrite.

The connected net may be oriented in terms of chemical potentials (and
hence, activities) of any number of mobile components. I have chosen to
orient the net to display the activity of oxygen and pH under conditions of
300°C, quartz saturation, and ionic strength = 5.44. Calculations show
that sulphur concentrations in the downhole fluid must be ~1000 ppm
to stabilize pyrite sufficiently, so it is an important phase in this system.
Thermodynamic data for the solid phases were obtained from the EQ3/6
data base. Activity coefficients were calculated from the stoichiometric
activity of chlorine; for charged ions, ~n = (7st'z')'z'i where 7 s t is the
stoichiometric activity coefficient of chlorine and z is the charge. For
uncharged species, 7,- = 1.

Figure 5.1 shows the relevant net variant oriented as described above.
Solid lines show the isothermal isobaric univariant reaction relations among
the five principle phases listed in Table 5.1. Metastable extensions are
omitted for clarity. Dashed curves show additional univariant equilibria
that terminate the net at lower fo2 and higher pH. These reactions, taken
counter clockwise, are (A-B) pyrite-pyrrhotite, (B-C) pyrrhotite-magnetite,
(B-D) pyrite-magnetite, and (D-E) hematite-magnetite. Dotted lines show
the boundaries between the dominant aqueous sulphur species. The NaSOj
is not included in this figure but will occupy about the same field as SO J .

Observed natural assemblages are labeled and underlined. The most
common assemblage in mudstone, potassium feldspar-pyrite, grows at
relatively low pH and moderate oxygen fugacity. Higher pH with excess
pyrite yields epidote + pyrite according to (H2S):

2Ksp + Pyr + 3.5H2O + 2Ca2+ = 2H2S + 0.25O2 + 2H+

+ 2K++3Si02-l-Epi .

At still higher pH, rare chlorite-pyrite will appear according to (H2S):

Epi + pyr + 3Mg2+ + 6.5H2O = 2H+ + 0.75O2 + 2H2S

+ 2Ca2+ + Chl .

At relatively higher fo2, pyrite reacts to hematite (SO2"):

2Pyr + 7.5O2 + 4H2O = Hem + 4SO^" + 8H+ .

Interpretations of this figure are useful for understanding gold
mineralization. Conditions in the aquifer are relatively higher in pH and
fo2 than they are in the surrounding rock. The maximum in gold solubility
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as a bisulfide occurs at about pH = 6 and log fo2 = -32. If a suitable
source term existed in the surrounding rock, fluids would tend to extract
gold from this rock and deposit it in the aquifer (hematite-epidote field).
The simplistic model presented here is already useful and will evolve as we
improve our calculations of downhole fluid compositions from the measured
concentrations of fluids and gases sampled at the surface and downhole.
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Fig. 5.1. This relevant net
variant is oriented in log fo
space.

Deconvolution of Ion-Exchange isotherms
In6s R. Triay and Robert S. Rundberg

It is important to have a fundamental understanding of the ion-exchange
properties of synthetic as well as naturally occurring minerals such as
zeolites. Methods to predict these properties can be used to apply the
exchange behavior of different materials to problems such as the separation,
strategic recovery, or sorption of radionuclides in geologic media. The most
common experimental technique used to study how substances act as ion
exchangers is the measurement of ion-exchange isotherms. These isotherms
yield information on the exchangeable-ion sites, the distribution of these
sites, ion selectivities, and the thermodynamics of ion-exchange reactions.

The selectivity coefficient for the hypothetical monovalcnt ion-exchange
process in reaction (la) is given by Eq. (lb), where a t and a2 are the
activities in solution of the cation to be exchanged and the ingoing cation,
respectively; qi and q2 are the equivalent fractions of these cations in the
solid phase.
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Mj-X + Mj ^M++M2-X (la)

Equation (lb) can be rewritten, using mass balance considerations,
as Eq. (2), where Co is the total concentration of cations in the liquid
phase, C2 is the concentration of the ingoing cation, and 71 and 72 are the
activity coefficients of the cation to be exchanged and the ingoing cation,
respectively.

The measured selectivity coefficient K will vary with q2 in reversible
monovalent ion-exchange because the surface of the adsorbent is
heterogeneous. Consequently, the isotherm may be written as in Eq. (3),
where f(K) is the distribution function for K.

Q2(C2,T) = /q 2 (C 2 ,T,K)f(K)dK (3)

Equation (3) is a Fredholm integral equation of the first kind (IFK), for
which a solution, f(K), may be found by using a deconvoluting technique
such as regularization. We chose Butler et a/-'s regularization method to
effact deconvolution in this study.44 This method requires the solution f(K)
to minimize the functional given in Eq. (4). The tirst term of the functional is
the sum of squared residuals, which is based on the experimentally obtained
data and the respective predictions from Eq. (3); The second term is the
L2-nonn of f(K) times a parameter a, which provides smoothing by making
the variations in f(K) small.

* = I I Q r P - Q 5 a I e l l a + a| |f{K)||2 . (4)

The regularization deconvoluting technique is most sensitive to (1) the
magnitude of the errors in the data values and (2) the position of the data
along the isotherm. As Hanson noted, the best choice for the N values of C2

at which the measurements of Q2 are effected (within the limits C 2 N + 1 and
C20) consists of the solutions to the equations of the form given by Eq. (5)
(Ref. 45). This choice of C2i ensures that the values for C2 are selected most
densely where Q2 is changing most rapidly.

Q2(C2 l)= Q 2 o +iAQ 2 ,

A Q 2 = ( Q 2 N + 1 - Q 2 O ) / ( N + 1) (5)

i = 1,...,N

To test the performance of regularization in determining selectivity
coefficient distributions, we generated ion-exchange isotherms by computer.
This process allowed us to immediately compare the distributions used to
generate the isotherms and the distributions recovered by the proposed
deconvoluting technique. To determine how experimental errors in the data
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would affect the results, we incorporated indeterminate errors into the data
used to recover the distributions. This method of regularization successfully
effected deconvolution of isotherms with up to 10% relative indeterminate
errors, which were generated using unimodal and bimodal normal and log-
normal distributions.

We applied the method to an experimentally obtained isotherm by using
Sherry's isotherm data to describe the exchange of rubidium cations into the
Linde sodium-Y type of synthetic faujasite.46 We used a 5% indeterminate
error to apply regularization, as illustrated by the magnitude of the error
bars in Fig. 5.2. The fit shown in Fig. 5.2 reproduces the shape of the
original isotherm quite well; this fit was obtained by numerical integration
of Eq. (3) using the recovered distribution shown in Fig. 5.3.

Because the distribution of ions over different zeolites sites is influenced
by the affinity of the sites for the ions as well as by the hydration properties
of the ions, it is impossible to assign the selectivity coefficients in the
recovered distribution to any one process without employing other tools
such as crystallography and molecular modeling. For instance, a graphic
display of the unit cell of Linde sodium-Y, including the locatable sodium
ions in this structure (Fig. 5.4), provides insight into the shapes and sizes
of the cavities involved in ion-exchange. Consequently, future work will
include correlations of zeolite crystallographic data with the selectivity
coefficient distributions that were obtained by deconvolution and models
of the solvation and exchange processes.

|
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CONCENTRATION OF Rb IN LIQUID PHASE, N

Fig. 5.2. Using Sherry's
isotherm data for rubidium-
sodium exchange in Linde Y(n).
we obtained a fit from recovered
distribution (solid line).
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Fig. 5.3. This plot shows the
recovered distribution from
rudibium-sodium isotherm in
Linde Y.
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Fig. 5.4. In this photo of the Linde sodium-Y synthetic faujasite. the silicon and
aluminum are green, oxygen is red. and the locatable sodium ions are blue.
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Large-Body Impacts and Biological Extinctions
Charles J. Orth. James S. Gilmore, Xue-Ying Mao.* Leonard R. Quintana.

Petrita Q. Oliver, and Moses Attrep, Jr.

A large volume of chemical and physical evidence has accumulated
since the Alvarez et al. report of an iridium abundance anomaly at
the Cretaceous/Tertiary (K/T) boundary;47 this evidence confirms their
discovery and supports their hypothesis that an asteroid or comet collided
with Earth 65 Myr ago. Whether or not the impact was responsible for the
terminal Cretaceous mass extinction is currently being tested and debated
by paleontologists. Evidence in support of an impact at the K/T boundary
includes:

• a globally distributed clay layer, suggesting an impact-produced dust
cloud that was enriched in platinum-group elements (PGE), which are
a thousand times more abundant in meteorites than in the Earth's crust;

• microspherules (droplets of melted rock) and shocked mineral grains in
the dust (now clay) layer;

• soot from wild fires;
• the disappearance of numerous Cretaceous plants and animals at the

boundary clay layer; and
• the infrequency of such massive impacts.

These data suggest it would be a remarkable coincidence if the impact
were not the trigger mechanism or at least a strong contributor to the K/T
extinction.

The possibility that several other asteroids or large comets might have
struck Earth in the last 600 Myr led us to begin in 1981 a comprehensive
search for geochemical evidence of large-body impacts at the other extinction
boundaries. To date we have examined, in at least one locality, 14
of the 18 to 20 currently recognized biological crisis zones in the fossil
record. Whenever possible we examine a boundary at numerous sites
around the globe because older boundary layers are highly susceptible to
erosion and mixing processes and therefore may not be well preserved in
the geologic record. In sedimentary rock samples collected across the crisis
zones by us or our collaborators, we determine elemental abundances, use
optical and electron microscopes to search for microspherules and shocked
mineral grains, and occasionally measure carbon and oxygen isotopic ratios.
Abundances of about 40 elements are provided by the Research Reactor
Group (INC-5) with their automated neutron activation analysis system.
We irradiate duplicate samples in high-intensity thermal neutron fluxes at
the reactor and radiochemically isolate iridium (and sometimes osmium,
platinum, and gold) from interfering radioactive nuclides before gamma-ray
counting. To achieve our goals we are currently collaborating with about
60 paleontologists and geologists from universities, museums, and geological
surveys in this country and abroad.

* Collaborator from the Institute of High-Energy Physics, Beijing, Ppoples Republic
of China
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This year we concentrated our efforts on the 320- and 360-Myr old
Mississippian/Pennsylvanian (M/P) and Devonian/Mississippian (D/M)
boundaries. Although they are not recognized as major extinction events,
nevertheless they can be precisely located by the disappearance of fossils of
certain marine animals.

We located an iridium abundance anomaly at the M/P boundary at
localities in Oklahoma and Texas. Osmium, platinum, chalcophiles (sulfide-
loving elements), rare earths, and uranium are also enriched at the boundary.
The anomalies are more intense at the central Texas site than they are in
Oklahoma, and in both occurrences we observed an increase in the phosphate
content of the rocks. There is no tangible evidence of an asteroid or comet
impact source for the excess PGEs and faunal crisis. Rather, it appears
that these phenomena were caused by a change in the ocean chemistry of
the Paleozoic seaway that covered the region then—perhaps from upwelling
of deep phosphate- and sulfide-rich water onto the outer shelves.

The D/M boundary was examined in a river-cut exposure near Ada,
Oklahoma. We observed no elemental anomalies at the boundary, but in
the overlying lowest Mississippian sediments we found three different PGE
anomaly zones. The first abundance anomaly occurs stratigraphically 50 cm
above the D/M boundary and just below the top of the Woodford Black
Shale. Uranium and chalcophiles are also enriched here at what appears
to have been an oxidation-reduction zone. These elements were probably
precipitated from sea water that percolated through the top layers of the
sulfide-rich black shale for a very long time. The second anomaly occurs
about 1.5 m above the first one in a deep-water limestone unit. Cobalt,
nickel, and platinum are also highly enriched in a thin layer. The anomaly
seems to have been caused by some biological enrichment process, because
there is a sudden profusion of micro fossils. Although we have no supporting
evidence, we suspect that bacteria might also have been involved. The third
anomaly occurs another 70 cm higher in the section in a clay-rich zone that
was also sea bed during deposition. Here, the abundances of iridium and
platinum reach 0.5 and 150 ppb—very high concentrations for sedimentary
rocks. We have not yet been able to assign an enrichment mechanism to
this horizon, but there is no tangible evidence of an impact related cause.
We have scheduled scanning electron microscopy and it should provide some
clues.

The fact that we have observed several iridium anomalies caused by
terrestrial processes should in no way detract support for the K/T impact-
related extinction, which is backed by solid evidence. These present results
do, however, demonstrate that considerable care must be exercised when
interpreting iridium anomalies in the geologic record. Thus far, we have
found no evidence at extinction boundaries older than the K/T to support
hypotheses that link impacts from periodic swarms of comets in the inner
Solar System with extinctions of terrestrial lif". The combination of the
asteroid or comet impact and mass extinction at the end of the Cretaceous
appears to be unique in the last 570 Myr, although there are several very
large terrestrial impact craters dated ~36 and 210 Myr ago. Therefore, we
suspect the K/T bolide was larger and/or faster than previously estimated.
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Trace-Element Geochemistry of Volcanic Gases and Particles
From Basaltic Volcanic Eruptions

Bruce M. Crowe. David L. Finnegan. Teresa Miller.* and William H. Zoller*

We are continuing to evaluate the trace-element geochemistry of volcanic
gases and particles from active eruptions of Hawaiian volcanoes. In the
summer of 1985, we completed detailed monitoring of an entire eruption
cycle of the Kilauea volcano. We had sampled systematically the trace-
metal contents of the volcanic gases and particles during an eruption and
during the repose periods between eruptions. We established a base camp
on the flanks of the Pu'u O'o vent 4 days after the phase 34 eruption (July 9)
and collected samples on an almFst daily basis until August 6, 8 days after
the phase 35 eruption. Filter samples from this sampling mission have been
analyzed by neutron activation analysis and the data are presently being
evaluated.

We have been using a portable filter-pack sampling system that collects
particles and vapors on particulate and base-treated filters. The primary
advantages of our collection system are that it is portable and the samples
can be exposed to the atmosphere. These features allow us to collect volcanic
fume during all phases of a volcanic eruption (fountaining, maximum
lava effusion, weak spatter activity, and posteruption cooling). The
disadvantage of the collection system is that gases and particles are not
sampled quantitatively—the gases are diluted to varying degrees with air.
Because of this dilution, data must be evaluated by using element ratios
or calculating enrichment factors. We have deployed the portable gas and
particle sampling system at selected eruptions of Kilauea Volcano, which
has erupted episodically at the Pu'u O'o vent on the east rift zone since
January 1983. We collected volcanic gases and particles at Kilauea Volcano
in late 1983 and 1984. Our goals were to (1) sample volcanic fume as close
as possible to its magmatic source and thus characterize the trace-element
composition of pristine magmatic gases, and (2) sample volcanic gases and
particles during differing stages of an eruption cycle.

Volcanic gases and particles are collected in the volcanic fume in
different physical forms. Ash particles (>0.01 //m) are collected on the
particulate filter. The majority of trace metals condense on the ash and are
therefore collected with the ash on the filter. In some cases, metals may
persist as volatiles at the relatively low temperature of sample collection
(<100°C). These metals, if present as acidic volatiles, are collected on
the base-treated filters. In addition, elements released from the magma
as volatiles can be collected on both the particulate and treated niters.
Those collected on the particulate filter occur principally as H2SG4 and HC'i
droplets. The majority of sulfur and the halogens are collected on the base-
treated filters. Some nonacidic volatiles are not collected on the filters (for
example, compounds of arsenic, selenium, iridium. rhenium, and osmium).

'Department of Chemistry, University of Washington, Seattle. WA 98195
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We ha^e developed a new approach for calculating enrichment factors
for ash-laden plumes of volcanic eruptions. In previous studies, aluminum,
magnesium, or scandium has been used as the reference element for
normalization to calculate enrichment factors. These elements are important
constituents of both ash and crustal material and have low chemical
reactivity. However, these elements are not useful for normalizing samples
collected in a volcanic fume that has a high or variable content of ash.
Small variations in the amount of ash collected on a filter can cause
major changes in calculated enrichment factors. To eliminate dilution of
enrichment factors by ash, we have used a volatile as a reference element for
the data normalizations and evaluated a variety of volatile elements. The
most consistent data were obtained ibr the halugen-group elements, which
are not depleted through an eruption cycle

Figure 5.5 is a plot of calculated enrichment factors for the Kilauea
samples; the plotted values are bromine normalized and multiplied by 105.
The multiplication represents the approximate degree of bromine enrichment
in the gas phase and adjusts the enrichment factors for nonenriched ash
elements to unity. Data points; are plotted as the geometric mean of multiple
samples and are separated into active vent, cooling vent, and aircraft sample
populations. We collected these samples directly over the scoria cone vent
during weak spatter activity (eruption phase 13), at the vent ~1 week after
the close of eruption phase 11, and by aircraft hi the gas plume during
vigorous lava fountaining of eruption phase 16, respectively. In Fig. 5.5, the

Fig. 5.5. This plot shows the
calculated enrichment factors for
the three sample types collected
at the 1983-1984 eruptions of
Kilauea volcano.
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elemental data are subdivided into three groups: ash const" uents, volatile
metals, and volatiles. We used the active vent dating to order the elements
for each group by increaseng enrichment factors. The validity of bromine-
normalized enrichment factors is indicated by the flat enrichment patterns
for ash constituents and the coincidence of cl-'jrln^-enrichment factors for
all three sample types. The high enrichments of ash constituents in the
aircraft samples are caused by the higher ash content of these samples. The
enrichment factor data show that the highest enrichments in metals are in
the aircraft samples—samples that were collected during the most gas-rich
(fountaining) phase of a basaltic eruption cycle.

The enriched volatile metals and volatiles separate into two groups:

(1) elements that show little or no variation by sample type (chlorine,
bromine, and rhenium) and

(2) elements that show significant variations by sample type (zinc, tungsten,
antimony, indium, iridium, gold, and cadmium).

Bivariate plots of Group 2 elements vs Group 1 elements show significant
separation by sample type (Fig. 5.6). One possible explanation for this
separation is that increased metal enrichments are associated with the more
volatile-charged magma portion that is extruded in an eruption. This
possibility is suggested by the general sequence seen for most elements:
higher enrichment factors in the aircraft samples (fountaining), intermediate
values in the active vent samples (late stage of an eruption cycle), and the
lowest values in cooling vent samples. This interpretation, if correct, argues
the possibility that monitoring trace-metal ratios in the fumes of an inactive
vent could be a new tool for predicting volcanic eruptions.

a COOLING VENT
- + SEEPING VENT

• ACTIVE VENT
• AIRCRAFT

'Es

S3

2

1

0

•. +
0.05 0.1 0.15 0.2
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Fig. 5.6. This plot of cadmium
vs rhenium for the four sample
types is representative of the
second group of correlated
metals (cadmium, zinc, indium,
gold, and iridium) that show
strong variations through
eruption cycles.
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Redox Reaction and Kinetics in Hydrothermnal Systems
David R. Janecky

Oxidation-reduction reactions are important in many hydrothermal
systems. These reactions predominantly involve the elements oxygen,
hydrogen, carbon, sulfur, and iron but also significantly affect a wide
variety of minor and trace components. Iron-bearing silicate, oxide, and
sulfide minerals are commonly used in hydrothermal experiments and
petrographic studies to define the redox state of a system. Using flexible cell
hydrothermal equipment, we investigated the reactions between magnetite
and hematite. These experiments allowed us to determine reversible steady-
state solution compositions and the rates of equilibration of various redox
couples (including H2-H2O, H2S-SO4, and CO2-CH4). Related reactions
of more complex assemblages of iron oxides and sulfides have also been
investigated to determine equilibrium states, and the results have been
applied to studies of hydrothermal fluid compositions of sea floor "black
smoker" vents.48"50

Magnetite-hematite-solution equilibria is characteristic of mineral
assemblages used to control the system redox state (or other intensive
variables) in a hydrothermal experiment; the equilibria should simplify the
necessary analyses and constrain the experiment to geologically reasonable
conditions. We have performed experiments to evaluate equilibration of
solution redox couples at 300°C, 500 bars for a mineral assemblage of
magnetite and hematite, with a 3.5 wt% NaCl solution (pH = ~5.4 and
total dissolved CO2 = ~6 mM). To confirm reversible redox equilibrium, twc
experiments were run simultaneously; one started with excess O2 dissolved
in solution, and the other began with excess H2 and CH4. Concentrations
of H2 in solution for both experiments reached a consistent steady-state
concentration after ~2000 h of reaction (Fig. 5.7a). The O2 initially present
in the oxidized experiment was rapidly consumed by the reactions until it
was below analytical detection limits. In contrast, concentrations of CH4

ilid not reach a consistent steady state between experiments (Fig. 5.7b).
The SO4 concentrations in solution decreased slightly, and sulfide was
produced in both experiments (Fig. 5.7c). Dissolved iron increased rapidly
to a maximum in the reduced experiment and then decreased to achieve a
steady-state concentration consistent with that in the oxidized experiment
(Fig. 5.7d).

The steady-state H2 concentration observed in the experiments is
consistent with equilibrium concentrations of H2 calculated for magnetite-
hematite equilibria.48 Kishima and Sakai's data for dissolved H2 in
magnetite-hematite-solution experiments at 300°C is also consistent with
this experimental data set but, in contrast, to their interpretations,
does not represent steady-state or equilibrium concentrations.51 Using
the computer code SOLVEQ and associated data sets, we evaluated
the SO4-H2S reactions by distribution of species in aqueous solution.48

These reactions also indicate a close approach to equilibrium with the
magnetite-hematite assemblage (Fig. 5.8). The CH4 concentrations in
both experiments, however, greatly exceed the concentration of what vviiild
normally be in equilibrium with the CO2 present, and at the measured
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Fig. 5.7. These plots show concentrations of analyzed species in solution vs log
hours of reaction for hematite-magnetite solution experiments (o = initial excess of
O2: • = initial excess of H2 and CH4). Uncertainties for the analyses are indicated by
vertical lines if they are larger than symbol diameter. Circles with attached arrows
represent maximum or detection limit concentrations, (a) Dissolved H2 data for
calculated equiiibrium with hematite-magnetite and equivalent log fo 2 (a = data of
Kishima and Sakai).51 (b) Dissolved CH4 data, (c) Dissolved sulfate and sulfide data,
(d) Dissolved iron data.

SO* • 2 H' • 4 H - H2S * 4 H2O

Fig. 5.8. These calculated
concentrations of aqueous H2 in
equilibrium with measured
sulfate and sulfide are plotted as
a function of time for reaction
(see Fig. 5.7c). Symbols and
solid lines are used as in
Fig. 5.7.
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concentrations of H2. The CH4 in the oxidized experiment was apparently
generated by breakdown of a small amount of organic carbon dissolved in
deionized water. Our results are consistent with studies of natural systems
in which iron-bearing minerals and the redox couples H2-H2O and SO4-H2S
equilibrate, but CH4-CO2 does not.49'52

The experimental data on solution compositions ;md minerals for simple
buffer assemblages provide a very important check on redox equilibria
systematics for the iron-oxygen-hydrogen system at elevated temperatures
and pressures. The experiments also indicate that kinetics of iron-oxide
redox reactions are important, at least on an experimental time scale
(Fig. 5.7), which confirms other experimental results.53

Results of buffer assemblage and water-rock reaction experiments may
be applied to studies of redox reactions in natural systems. For example,
theoretical investigations of the relationships within magnetite-hematite-
orthoclase-epidote and pyrite-magnetite-orthoclase-epidote mineral assem-
blages are presently being augmented by experimental investigations to
provide important information on the relationships between alteration
mineralogy and the composition of hydrothermal brines in the Salton Sea
Geothermal Field, a scientifically and economically important geothermal
system.54

Tracing Copper Bell Trade Patterns in the Greater Southwest
Using the Los Alamos Nuclear Microprobe
Pamela S. Z. Rogers. Jay W. Palmer.* Mark G. Hollander (MEE-11).
Clarence J. Duffy, and Timothy M. Benjamin

After about A.D. 1000-1100, cast copper crotals—commonly called
bells—appeared in the greater Southwest.55 Bells like those shown in Fig. 5.9
have been found at many locations throughout this region, but mainly in
the Hohokam cultural area of southcentral Arizona. These bells and other
cast copper objects appeared earlier, around A.D. 97 to 1000, in central
Mesoamerica and as early as A.D. 900 on the west coast of Mexico and in
the southern Mayan region.55 Mesoamerica or Mexico is thought by many to
be the origin of trade, but it is possible that the bells were cast more locally,
perhaps at Casas Grandes, Chihuahua, Mexico, and that possible sources of
the copper ores are located to the north and west of Casas Grandes.56 To
determine trade routes and possible manufacturing centers for cast copper
bells in the Greater Southwest, we must have trace- and minor-element
analyses of well-provenanced copper bells and mineral ores from the Greater
Southwest, northern Mesoamerica, and northwest Mexico. We now have
preliminary results from trace-element analyses of bells and ore nuggets
from one location—Casas Grandes.

A large number of copper bells, tinklers, beads, pendants, needles,
awls, worked sheets, and a piece of copper sprue have been found daring
excavation at the Casas Grandes site. In addition, pieces of the miner-
als azurite [Cu3(OH)2(CO3)2], malachite [Cu2(OH)2(CO3], galena (PbS),
molybdenite (M0S2), and stibnite (Sb2S3) were found at several locations

•Department of Anthropology, Northwestern University, 2006 Sheridan Road,
Evanston, II 60201
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Fig. 5.9. These cast copper
crotals (called bells) were found
at the Casas Grandes site in
Chihuahua. Mexico.

within Casas Grandes; a large number of cuprite (Cu2O) nuggets were found
stored in one room. The presence of cuprite suggests that it might have
been the raw ore used in casting the bells. Unlike native copper, cuprite is
brittle and can be ground to a fine powder to mix with charcoal and mineral
additives. When fired, the copper ore is reduced to molten metallic copper.57

It is difficult to remove all the oxygen from molten copper with charcoal,
especially if the original copper ore was cuprite; therefore, deoxidizers are
needed to reduce oxygen to an acceptable level and to prevent gaseous
water vapor from forming in the casting.58 Although many deoxidizers are
available, sulfide minerals such as chalcocite (CU2S) or the stibnite and
galena found at Casas Grandes might have been used.

We need information about trace elements in the copper bell metal
matrix, sulfide mineral inclusions, and intercrystalline grain boundaries
before we can understand the metallurgy of the castings. Because fine-
scale in situ trace-element distribution is required, nuclear microprobe
examinations are fundamental to these studies. Using the Los Alamos
proton microprobe, we have obtained several measurements to define
detection limits for the trace elements that occur in the copper bells and to
determine whether or not these trace-element distributions could help trace
copper bell metallurgy and trade patterns in the greater southwest.

Most of the samples we examined in this study were obtained from the
Amerind Foundation, Dragoon, Arizona. These samples represented copper
bells, sprue, and ore and stibnite excavated from Casas Grandes, Mexico,
by the Amerind Foundation in the early 1960s (Ref. 56). In addition, we
purchased from a private collector one copper bell (UT-AZ) that was found
in an Anasazi site on the Utah-Arizona border.

At the Los Alamos Ion Beam Facility, the 3.0-MeV proton beam nuclear
microprobe was used to analyze spot sizes of ~20 /xm. Employing a lithium-
drifted silicon detector, we obtained proton induced x-ray emission (PIXE)
spectra of the copper bells and ore. Quantitative analysis of PIXE spectra
from the copper is difficult because the copper Ka and Kp peaks are so
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intense that copper sum and escape peaks may overlap with those of trace
elements in the spectra. To reduce the intensity of the copper peaks, we used
a thick (28.63-mil) aluminum metal filter in front of the Si(Li) detector. This
filter eliminated the copper sum spectrum as well as the spectra of elements
lower in atomic number than copper.

To obtain peak areas, we employed a spectrum-fitting procedure that
uses theoretical information on ionization cross-sections, fluorescence yields,
transition probabilities, elemental stopping powers, and x-ray absorption
to calculate the relative intensities of the multiple peaks detected from
each trace element.59 Because peak widths and positions had already been
calibrated, we could reduce spectrum-fitting variables by this procedure
to only one variable (concentration) per element and thus provide an
unambiguous linear regression. Correction was also made for Si(Li)
detection efficiency of each trace element. We converted peak areas to
quantitative concentrations by normalizing the calculated peak intensities
to that of the major element in the matrix, whose concentration was known
from stoichiometry. Systematic errors in converting spectrum peak areas
to element concentrations were negligible compared to the spectrum-fitting
errors for minor and trace elements.60

Elemental concentrations and detection limits obtained for the UT-AZ
copper bell and mineral samples from Casas Grandes are given in Table 5.2.
Data for the Casas Grandes bells are very similar. Concentration values
are expressed as micrograms per gram and the ±lcr uncertainties, from the
counting statistics and peakfitting procedure only, are also given.

The PIXE analysis of native copper from the Casas Grandes region
and the cuprite nuggets shows that they are both relatively pure; no
discrimination between them can be made by using trace-element patterns
alone. However, the amount of lead contained in these samples is sufficiently
high that we can use lead isotopic analysis as a basis for comparison.

Significant concentrations of antimony, silver, lead, arsenic, and
selenium found in the copper bells indicate that other minerals were added
during their castings. However, it appears that neither the malachite nor
stibnite found at Casas Grandes provide the correct trace-element pattern
because there are anomalous ratios of molybdenum to silver and tin to
silver or antimony, respectively. The association between the sprue pieces

TABLE

Element

Cu
As
Se
Rb
Sr
Mo
Ag
Sn
Sb
Pb

X3

5.7 Concentration and

Cu Bell
UT-AZ

10°
273
94

(7.8)°
(5.2)
(3.5)

12818
(126)
386.6
64 6
1.6

"3tr detection limit.

1(7

2300
21
11

73

6.7
8.5

Cu
Sprue 1

106

49
(30)
(7 2)
44
(3.2)
24.3
3006
76
508
4.5

Detection Limits of Trace Elements

Iff

2100
1<!

15

17
15
41
10

Cu
Sprue 2

106

45
(33)
(81)
20.7
(37)
16 2
1700
44.4
380
26

1(7

2500
21

20

1.8
12
4.1
11

Native
Cu

106

(56)
(29)
(7.5)
70
(35)
50

(7.4)
(9.1)
249
158

Iff

2300

17

15

78

Cuprite

888x10s

(65)
(34)

(9)
(6)
(5)
V)
(11)
(13)
(29)
458

l a Maiachite

2500 5 75x10°
(80)
107
(13)
628
4820
385

(17)
(23)
(39)
133

1(7

3500

16

40
73
42

Stibnite

15900
764
(103)
235
955
(180)
2740
5120

111000
(380)
16

\o

1800
140

52
55

200
470
4000
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and the bells also is not apparent because of the widely differing relative
concentrations of silver, tin, antimony, and lead. Further analyses of
artifacts and ores from other provinces are necessary to provide significant
information on trade routes and possible Mesoamerican connections.

Detection limits for the trace elements are as low as 5 /zg/g (3<r);
this level of capability shows that PIXE is a suitable method for broad-
spectrum, trace-element analysis in copper matrix samples for elements with
x-ray energies greater than those of zinc. Our results indicate that PIXE
microprobe analysis is very useful for obtaining information about the early
metallurgy of copper bell castings, and the technology may therefore help
trace the trade patterns of the bells.

Los Alamos PIXE Data Reduction Software
Clarence J. Duffy, Pamela S. Z. Rogers, and Timothy M. Benjamin

One of the major efforts in developing the Los Alamos Nuclear
Microprobe has been the creation of computer software to analyze thick-
target proton induced x-ray emission (PIXE) spectra obtained with a Si(Li)
detector. We have introduced a method that does not require standards.
This feature is particularly important because it is very difficult to obtain
well-characterized, homogeneous, trace-element standards in a wide variety
of sample matrices. Because the technique is based on the fundamental
physical processes involved in generating PIXE spectra, it is adaptable to
a wide range of sample geometries, such as thick and thin films, thin films
on a substrate, and adsorbed surface layers. Recent tests using this method
(see the next article) show that it is very accurate. This new data reduction
code can be broken into two broad areas: calculation of relative x-ray peak
areas and combined detector calibration and spectrum deconvomtion.

We calculated the relative intensities of the x-ray lines of 85 elements
using the method outlined by Reuter et al. and described in more detail hy
Rogers et a/.61'62 The relative intensity calculation produces a set of peak
areas for up to 9 K and i5 L lines per element; this set is specific for the
experimental configuration and composition of the sample. The areas are
proportional to those that would be observed in the sample if all elements
were present at unit concentration by weight.

The potential number of x-ray lines was recently increased from 3 K and
7 L lines. Fig. 5.10 illustrates the reason for this increase. The spectrum is
of a naturally occurring sample of electrum obtained from the Sunny South
Mine, Cochiti District, New Mexico. When originally fit using only 7 L
lines, the analysis yielded measurable amounts of bromine, an element not
likely to be found in electrum. Bromine is not present in the sample, but
the original fit had not included the Lg5 line of gold at 11.914 KeV. To
fill this space, the deconvolution routine inserted the Ka lines of bromine.
The spectrum shown in Fig. 5.10, which uses the extended set of x-ray lines
may still not be completely sufficient. Additional gold lines can be seen at
14.3 KeV. Other small, but obvious mismatches can also be seen in the gold
L line intensities. These discrepancies probably arise from errors in the data
that were used in the relative intensity calculation, but they may also arise
from inadequacies in the model.
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Fig. 5.10. In this PIXE spectrum of naturally occurring electrum. the fifteen most
intense L lines of gold are considered. The unfit peak at 14.3 KeV contains two
additional L lines of gold.

It was necessary to calibrate the Si(Li) detector is to determine x-ray
energy as a function of detector channel number and detector peak half-
width as a function of energy. Energy is fit to a linear function of channel
number, and half-width is fit to the square root of a linear function of energy.
Until recently, this simple process was the most time-consuming portion of
the data reduction process. Instabilities in the detector electronics make it
necessary to rr'ibrate each spectrum individually; this tedious task is often
made more difficult by the lack of clearly resolved peaks in the complex
spectra of many geologic samples.

After the calibration functions and the relative peak areas are known,
the spectrum deconvolution can be reduced to a linear problem in which
the unknowns are the relative elemental concentrations and the polynomial
coefficients of the background model. The spectrum is modeled as a
polynomial background and the sum of gaussian peaks, the positions and
half-widths of which are known from the energies of the x-ray peaks and
the calibration functions. Escape and pile-up peaks are also modeled as
gaussians and are added by the analyst when necessary, although the relative
intensities of these peaks to the primary peaks are not constrained. The
exact positions of pile-up peaks must be determined for each spectrum
because they are down-shifted from their nominal positions by a variable
amount depending upon how well the pile-up rejection was working when
the spec, mm was collected.
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Although the polynomial background and gaussian peak shape have
provided a good model (reduced Chi squares of less than 2 are common
for 10-KeV energy segments of a spectrum), the counting statistics allow
resolution of low-energy tails on major peaks, edges in the background,
and occasional pile-up peaks. Therefore, unconstrained fits to the
data sometimes produced nonphysical results such as negative element
concentrations or negative background. We eliminated this problem by
choosing a linear least squares routine with inequality constraints and by
forcing the relative concentrations and background to be posit've. This
method made it possible to include in the spectrum deconvolution all
elements that have any x-rays lines in the energy interval of concern- thus,
we avoided errors caused by incorrectly assigning elements to peaks or by
failing to include important elements. We Jso eliminated the need to specify
the elements present in the spectrum, which saves the analyst considerable
time when setting up the problem. After the relative concentrations have
been determined, absolute concentrations are obtained by normalization to
an element of known concentration in the sample.

We have used this technique to analyze numerous spectra, but
frequently had to accept an approximate calibration, perform the spectrum
deconvolution, and then refine the calibration by trial and error, repeating
the deconvolution at each trial. This process is very time consuming in
both CPU and operator time. A straightforward solution to this problem
would be to combine the calibration and spectrum deconvolution in a
single operation. This, however would make the problem nonlinear, and
a generalized nonlinear least squares code that incorporates inequality
constraints does not exist. The problem is also sufficiently large (typically,
50 unknowns and 1000 data points) that CPU time would be very great and
convergence would not likely be reliable.

To retain the advantages of the constrained, linear approach while
including the nonlinear portions of the problem, we have imbedded the linear
least squares routine within a nonlinear routine. We use an initial estimate
of the values of the four calibration parameters to perform the spectrum
deconvolution. We then feed the array of residuals from that fit and the
numerically obtained derivatives of the residuals into a standard, nonlinear
least squares routine that refines the values of the calibration parameters.
The linear, constrained deconvolution is redone with the new calibration
parameters, and the entire process is repeated until a sufficiently good fit
is obtained. Although this technique considerably reduces analyst time and
is more accurate, it does have a high cost in CPU time. A single iteration
requires ~20 min on the VAX 11/780 and from 4 to 10 iterations are required
for each spectrum fit.

The code's ability to deconvolute complex spectra is illustrated in
Fig. 5.11, a spectrum from the meteorite Ivuna. Most elements in this
spectrum do not have isolated peaks and therefore could not be quantified
without accurate constraints on peak position, half-width, and the relative
intensities of the lines of each element. Yttrium, with a concentration
of ~i.3/zg/g, was of particular interest in this sample. Without accurate
knowledge of the rubidium-yttrium overlap, which is in turn dependent
on the rubidium-bromine overlap, we could not accurately determine the
yttrium.
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Fig. 5.11. This deconvolution of a PIXE spectrum from the meteorite Ivuna illustrates
the resolution of overlapping peaks.

Geologic materials often contain considerable iron. In deconvoluting
spectra with large iron peaks, we often find misfits of the type seen in
Fig. 5.12. Here, the spectrum fit has attempted, with only partial success,
to fill in the low-energy tails of the iron peaks with peaks of manganese,
cobalt, samarium, and gadolinium. None of concentrations of these elements
exceed their analytical uncertainties, but this is a pure iron standard that is
unlikely to contain even 0.1% of the concentrations given by the spectrum
fit. The fit can be greatly improved if low-energy tails and a step in the
background at the iron absorption edge are included in the model. Fig. 5.13
shows the results of a fit to the same data using exponential low-energy tails
that are proportional to the peak areas and a step in the background at. the
iron absorption edge. Both the absorption edge and the exponential tails
have been spread with the same gaussian used to describe the major peaks
to account for energy spreading in the detector. We are now developing
expressions for tail shape as a function of x-ray energy so that we can include
this peak model in the spectrum deconvolution code.
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Fig. 5.12. In this deconvolution of the PIXE spectrum of a pure iron standard, the
code adds additional elements at low concentration to fill in the low-energy tails.
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Fig. 5.13. This illustration shows an improved peak shape model that includes
exponential tails and a step in the background at the absorption edge of iron.
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Accuracy of Nuclear Microprobe Trace-Element Analyses
Pamela 5. Z. Rogers. Clarence J. DufFy. and Timothy M. Benjamin

At the Los Alamos nuclear microprobe facility, we obtain spacially
resolved, proton induced x-ray emission (PIXE) spectra for millimeter-
thick samples of natural and synthetic materials that can contain a large
number of elements. Quantitative analyses are obtained through spectrum
fitting by using an internal normalization procedure.63'6' Unlike electron
microprobe analyses, in which standards and beam current normalization
are used, this method is "standardless'" in that elemental concentrations
are obtained by reference to a single element in the same spectrum, which
can be analyzed independently. The concentration of the normalization
element usually is obtained from electron microprobe analysis or through
mineral stoichiometry. The advantage of this approach is that trace-element
standards, which are not readily available and are often not homogeneous
on the micron scale, are not required.

The internal normalization procedure requires that we calculate relative
intensities of the x-ray lines for each element in the sample matrix. The
disadvantage in calculating relative intensities from theory and compilations
of experimental data is that the errors in the final values are difficult
to assess. Further propagation of this error with spectrum-fitting errors
and uncertainties in both filter absorption and amplifier calibration make
it extremely difficult to calculate the final uncertainty. To assess the
absolute accuracy of the quantitative analyses performed at Los Alamos,
we completed a detailed analysis of two very different types of standards—
National Bureau of Standards (NBS) reference glass #610 and the Cl
carbonaceous chondrite Orqueil.

The NBS standard reference material #610 is a fused glass containing
61 elements, at nominal concentrations of 500 /zg/g: in a calcium-sodium-
aluminum silicate matrix.65 The PIXE spectrum of this material is complex
and contains at least 150 major, overlapping peaks. Although our normal
spot size is 5 /zm. we obtained one spectrum of #610 in 46 min with 4 nA
of 3-MeV protons focused only to a 20- by 20-/̂ m spot by using 20.335-
mg/cm beryllium and 13.117-mg/cm aluminium filters in front of the Si(Li)
detector. An integrated current of 7.27 nC was obtained at 18% dead time.
Another spectrum of exactly the same spot was taken using an 80.675-
mg/crn aluminum filter, in addition to the beryllium filter, with a 8-nA
beam current. In a count time of 43 min, 16.71 /xC was obtained at 17%
dead time. We calibrated the gain and offset of the amplifier and the energy
dependence of the peak width of the detector from the spectrum of a diopside
glass sample, doped with zinc, germanium, bromine, and silver, to provide
well-resolved peaks over a wide energy range. This sample was run just
before the NBS standard.

Results of quantitative analysis of the two PIXE spectra are listed in
Table 5.3. The la concentration uncertainties are propagated from counting
statistics error, fitting error, and uncertainty in the peak area of the element
used as a concentration reference. Concentrations are normalized to the
element strontium: the value for strontium is certified by NBS and should
be homogeneous enough to provide an appropriate concentration reference.
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The greater sensitivity for elements with high-energy x-ray lines obtained by
using the heavy filter is apparent from Table 5.4, as is the complete loss of
information for elements lighter than manganese and the increased error for
elements manganese-copper and lanthanum hafnium when the heavy filter
is used.

Any differences between the two analyses should be the result of
inaccuracies in the spectrum-fitting procedure. Another source of differences
in the two analyses could be an error in the determination of the filter
thickness; however, we have minimized this systematic error by using
previously characterized filters and by checking the calcium Ka/Kg peak
ratio (which should be extremely sensitive to the filter thickness) in the
13.U7-mg/cm2 aluminum filter spectrum. Table 5.4 gives the weighted
mean of the ratio of the two analyses, calculated as x = ( E ^ )/(E^j). where
x is the measured ratio: the uncertainty in the sample mean. as = (S^- )" 1 ' 2 .

and the uncertainty in the sample distribution, OA = {[E(x~*) ]/(E^-)}1/ /2.
are also shown. The average ratio is 1.00 ± .01. which indicates excellent
agreement between the two analyses. The ratios of the PIXE analyses to the
certified and estimated NBS concentrations are all within 2<rs of 1.00. except
those in row C. The values for the uncertainty in thf sample distribution.
CTd. provide a better estimate of the expected error in a single measurement
and are ±7%.

The Cl carbonaceous chondrites are the primary source of the solar
system elemental abundances and therefore have been extensively analyzed
by a variety of techniques.66 They provide an excellent reference material
for testing the accuracy of PIXE results because of the wide range of
elemental concentrations and the presence of many elements at or below
the l-/ig/g level. We obtained spectra for three homogenized and pressed
samples of the Cl carbonaceous chondrite Orgueil* by using 200-nA beams
of 3-MeV protons in ~4-mm2 spots. Spectra were filtered through a
thick. 106.909-mg/cm2 aluminum filter and 20.335-mg/cm beryllium. To
determine minimum practical detection limits, we used 8-h counts that
provided between 3000- and 5300-/zC integrated charges at 5% dead time.

Figure 5.14 shows the ratios of the weighted averages of elemental
concentrations for the three separate analyses to the reference values of
Anders and Ebihara.66) The height of the vertical bars represents ±'ias

for the concentration ratio, and the numbers above the bars are the average
concentrations in micrograms per gram. Only the concentrations of elements
with K lines in the energy range of the spectra (8 to 25 keV) and lead are
included, because most of the L lines in this region are subject to interference
by major peaks. Elements for which the ratio <7d/<rs was ten or greater
(copper, zinc, germanium, selenium, molybdenum, and strontium) suggest
sample heterogeneity; these elements are not included in the calculation
of the average concentration ratio. The mean value of the concentration
ratio is 1.02 ± .01. showing good agreement. The uncertainty in the sample
distribution of the mean ratio is 12%. which is slightly larger than those
obtained for the NBS standard. Detection limits are 0.2 to 0.6 /ig/g. which
shows the excellent potential sensitivity of the PIXE method.

* Sample provided by David S. Burnett. California Institute of Technology.
Pasadena. CA 91125.
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TABLE

Element

19 K
20 Ca
21 Sc
22 Ti
23 V
24 Cr
25 Mn
26 Fe
27 Co
28 Ni
29 Cu
30 Zn
31 Ga
32 Ge
33 As
34 Se
35 Br
37 Rb
38 Sr6

39 Y
40 Zr
41 Nb
42 Mo
44 Ru
45 Rh
46 Pd
47 Ag
48 Cd
49 In
50 Sn
51 Sb
52 Te
53 1
55 Cs
56 Ba
57 La

5.3. Analysis

N B S a

(461)
(85760)

X
(437)

X
X

485
458.

(3SW)
458.7
(444)
(433)

X
X
X
X

"425J
515.5

X
V/ \

X
X

(254)
X
X
X
X
X

X
X
X

of NBS

(13.117

Cone.

0
87722

306
455
489
489
43?
499
417
446
462
489
473
438
340
114

0
446

515.5
472
443
469
423

0
6
0

280
275
490
471
345

0
0

555
973
814

Standard Reference Material

Concentrations
(ppm)

PIXE
mg/cm2 Ai}

ltr

1229
2037
100
32
21
15
17
15
15
14
13
14
.14
12
11
6
5

15
11.5

17
20
20
19
7

11
8

27
33
50
61
92

564
173
114
99
64

(80.67!

Cone.

347
656
356
354
413
484
445
444
341
117

0
452

515.5
462
448
452
421

0
11
9

234
265
446,
419,
344

28098

PIXE
i mg/cm2 Al)

1<7

1461
205
126
54
27
16
14
11
10
7
5

10
7.7
11
13
12
12
4
6
5

13
16
25
31
48

67684
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TABLE 5.3.

Element

58 Ce
59 Pr
60 Nd
62 Sm
63 Eu
64 Gd
65 Tb
66 Dy
67 Ho
68 Er
69 Tm
70 Yb
71 Lu
72 Hf
73 Ta
74 W
75 Re
76 0s
77 Ir
78 Pt
79 Au
80 Hg
81 Tl
82 Pb
83 Bi
90 Th
92 U

Reduced X2

NBS

f\IBSa

X
X
X
X
X
X
X
X
X
X
X
X
X
X
X
X
X

(25)
X

(61.8)
426
X

457.2
461.5

Standard Reference Material (Cont)

Concentrations
(ppm)

PIXE
(13.117 mg/cm2 Al)

Cone.

631
510
594
613
751
545
601
419
526
542
532
592
491
490
446
464

0
0
5

16
13
0

70
417
382
502
434

Iff

59
48
35
29
50
25
28
27
24
38
22
33
21
25
27
22
24
15
20
16
11
20
10
18
20
25
21

3.04

PIXE
(80.675 mg/cm2 Al)

Cone.

6641
2137

0
0

838
138
401
253
303
614
488
699
469
468
509
423

22
13
60
24
24
0

69
413
335
552
463

lcr

26199
10790
6170
1148
972
521
423
210
190
126
134
106
70
57
53
42
29
21
21
21
10
18
8

14
17
18

1.78

a Values are certified unless in parentheses: Xs signify that NBS claims
the element is nominally present at 500 ppm.

b Strontium was chosen for an internal standard. All concentration values
were obtained by normalization; the strontium uncertainty w;s included in
all standard deviations. Note that results would be essentially unchanged
had calcium, readily measured by electron microprobe. been chosen as
the internal standard.
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TABLE 5.4. Assessment of the Data

Ratio
Number Weighted

of Elements Average <7S

A
B a

D a

Ea

Fa

Ga

Cone 13.117/conc 80.675
Cone 13.117/NBS certified
Cone 13.117/NBS estimated
Cone 13.117/NBS cert, and est.
Ccnc 80.675/NBS certified
Cone 80.675/NBS estimated
Cone 80.675/NBS cert, and est.

43"
7
8

15
7
6

13

1.003
.999

1.057
1.028
1.046
1.029
1.042

0 012
0.014
0.014
0.010
0.015
0.026
0.013

0.077
0.076
0.047
0.068
0.088
0.11
0.089

a Assumes 0 uncertainty in NBS values: this underestimates a. resulting in some-
what uncertain values of the listed averages and o~d while underestimating crs.

bExcludes lanthanum.

Fig. 5.14. This graph displays
the weighted overlaps of the
elements concentrations for the
three separate analyses

Cu ZnGaGeAs Se Br RbSr Y Zr Nb MoRu RhPd Cd Pb

The primary advantage of the PIXE technique is its ability to provide
rapid, simultaneous, spatially resolved analysis for a large number of
elements at the few rnicrograms per gram level. As shown by the analysis of
NBS standard, the Los Alamos spectrum-fitting procedure can deconvolute
even extremely complex spectra with individual peak-fitting errors of 3 to 8%
and with an absolute accuracy of ~10% for an individual analysis. Because
the uncertaintv in the ratio of the thin and thick filter PIXE analyses is the
same as the uncertainties in the ratios of the PIXE analyses to the certified
NBS concentrations, fitting errors predominate over errors in the relative
intensity calculation for minor and trace elements in this case. Long-count-
time analyses of the C'l carbonaceous chondrite Orgueil give the same results
and further show that minimum practical detection limits for the PIXE
technique with complex thick targets are —0.2 to 0.6 ug/g.
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Sorption of Radionuclides With Different Groundwater Compositions
Sylvia D. Knight and Kimberly W Thomas

As part of the Nevada Nuclear Waste Storage Investigations Program,
we have investigated the sorptive properties of radionuclides on tuff by
using a variety of groundwater compositions. The groundwater composition
controls the oxidation state and speciation of the waste elements as well
as their solubility all of uhieh can affect the sorption of radionuehdes
on tuff. Because Yucca Mountain is the possible site of a nuclear
waste repository, we studied the sorption of radionuclides with several
groundwaters pumped from wells at Yucca Mountain.57 We found that
many of the sorption coefficients changed when measured with the different
groundwater compositions selected from Yucca Mountain.08

In our present experiments, we tried to identify which components
of the groundwaters had a greater effect on the sorption coefficients of
radioniK'lides. We prepared three synthetic groundwaters that were based
on ,1-13 water (pumped from a Yucca Mountain well*) but spiked with
other substances. We then measured sorption ratios for cesium, strontium,
barium, europium, and tin in these three groundwaters.

We prepared the synthetic groundwaters by adding Na-2SO4. NaHC'03.
and CaCl2. separately, to J-13 water. The compositions of the groundwaters
were determined with a 20-channel direct-current plasma-source emission
spectrometer and an ion chromatograph. Table 5.5 gives the concentration
of major cations and anions in the three synthetic waters as well as in
unspiked J-13 water. The pH values listed are those measured in the
Laboratory.

We added Na2^O4 to J-13 water to observe the effect of increasing the
sulfate concentration. By adding Ca('l2 to .1-13 water, we could investigate
how increased amounts of Ca2+ and (T~ io'~ in J-13 water affected sorption
coefficients of radionuclides. The J-13 water is mainly a sodium bicarbonate
water and the addition of solid NaHCO3 increased the ionic strength. The
ionic strengths of the three synthetic groundwaters are very similar and are
about three or four times higher than that of .1-13 water.

TABLE 5.5.

Groundwater

Groundwater

Mg

J-13 2.0
Na2SO4 + J-13 1.9
NaHCO3 + J-13 1.9
CaCI2 + J-13 2.2

Ca

13
13
13

120

Compositions

Na

45
159
258
45

K

4.5
4.6
4.4
4.4

HCO^

143
143
697
143

Concentration

s o -

18.7
252
17.5
18.7

cr

7.1
7.1
7.0
221

F

2
2
2
2

-

.1

.0

.2

.0

pH

8.21
8.18
8.45
7.82

-iog
Ionic Strength

2.5
2.0
1.9
1.9

* We have used .J-13 vvatf-r as the representative groundwtiter HI YUCCH Mountain
and have obtained most of our sorj>ti(in data with it.
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The selection of tuff samples to be studied was based on their
predominant mineralogy1: we used the same samples that had been
studied previously in sorption measurements for three Yucca Mountain
groundwaters. The samples were (U'3-1301. a vitric tuff from the Topopah
Spring Member; (Il-'iUOl. a devitrified tuff from the Tram Member: and (14-
1502. a zeolitized tuff from the tuffaceous beds of Calico Hills. A description
of the mineralogy of the tuffs is given in Table 5.6. All tuff fraction sizes
wore 75 to 500 mil.

The radionuclides selected for these experiments were 85Sr. 137Cs.
133Ba. ''"'-En. and "3Sn. Contact time for all measurements was 6 weeks
at atmospheric conditions. Standard batch techniques were used in this
study.69

The sorption coefficient. R^. is defined as

R _ activity on solid phase per unit mass of solid
'' ~~ activity'in solution per unit volume of solution '

and it was determined by gamma counting the liquid and solid phases with
a CJe(Li) detector.

We measured sorption ratios for each of the radionuclides on each of the
three tuff samples in each of the three synthetic groundwaters. Table 5.7
lists those ratios and the measured ratios with unspiked J-13 water. The
values represent the average of duplicate measurements, and numbers in
parentheses are the standard deviation of the mean. The pH values were
measured at the completion of all sorption and desorption experiments.
They ranged in value between 8.0 and 8.2 for the CaCl2 + J-13 water to
9.1 and 9.3 for the NaHCC>3 + J-13 water. The pH values for samples in
Na2SO4 + J-13 and J-13 waters were between 8.3 and 8.5. We did not find
any relationship between the observed sorption ratios and the pH values we
measured in these experiments. The sorptive behavior of each element on
tuff varied with the synthetic groundwaters studied.

TABLE 5.6. X-Ray Diffraction Analysis of Tuff Samples"

Abundance

Sample

GU-3-1301
G-l-2901
G-4-1502

tite Mica

2±1 4±2
5-10
3±2

a From information provided by
1983.

ptilolite

57±10

David Bish

denite

9±4

(Group

Quartz

6±2
20-40
7±2

E5S-1). Los

balite

15±6
5-10
5±2

Alamos

Feldspar Calcite

35±20
40-60 2-5
23±10

National Laboratory,

Glass

40±20
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TABLE 5.7. Sorption Ratios for Cesium, Strontium, Barium, Europium, and
Tin in Synthetic Groundwaters

Sorption Ratios

Sample

G4-1502
Gl-2901
GU3-1301
G4-1502
Gl-2901
GU3-1301
G4-1502
Gl-2901
GU3-1301
G4-1502
Gl-2901
GU3-1301
G4-1502
Gl-2901
GU3-1301

Element

Cs
Cs
Cs
Sr
Sr
Sr
Ba
Ba
Ba
Eu
Eu
Eu
Sn
Sn
Sn

J-13
Water

10000 (5000)
1900 (380)
160 (35)

29800 (14700)
68 (14)
32(8)

65200 (41000)
19C0 (380)

570 (60)
700 (170)

1360 (410)
75 (12)

215 (56)
22000 (5000)

168 (8)

Na2SO4 + J-13
Water

11500 (400)
1420 (8)
100 (10)

27800 (1200)
59(1)
18(2)

148000 (2300)
1390 (2)
143 (14)
620 (145)

3700 (1800)
343 (32)
270 (75)

>10000
760 (50)

NaHCO3 + J-13
Water

6850 (1700)
1240 (310)

72(3)
13700 (500)

130 (6)
16(2)

68000 (35000)
1540 (210)
112 (55)
300 (65)

22700 (1100)
37(3)

700 (110)
4000 (600)
870 (110)

CaCI2 + J-13
Water

9800 (200)
1480 (200)
116 (3)

17400 (3500)
13(2)

3.3 (0.1)
146000 (29000)

530 (62)
100 (4)
640 (360)

>402
390 (40)
500 (100)

62300 (3000)
24400 (3300)

Cesium. The cesium sorption ratios did not change much when
measured with the three synthetic groundwaters or J-13 water
compositions. The mineralogic composition of the tuff sample
appears to be the main factor controlling the sorption of cesium:
the zeolitic tuff has the highest surption coefficients, as we expected.
For all three samples, cesium sorption ratios in the NaHCC>3 + J-13
water were somewhat lower than in the other groundwaters. This
synthetic groundwater had the highest sodium concentration and
probably provided a greater competition for exchange of monovalent
ions. Sorption ratios for cesium were very close in J-13 and the other
two synthetic groundwaters.

Strontium. Sorption ratios in strontium for the three synthetic
groundwaters and .1-13 water were dependent on the presence of
zeolites in tuff. Sorption ratios for strontium were at least 2 orders
of magnitude higher for the zeolitized tuff than for the devitrified
and vitric tuff samples in all the groundwater compositions studied.
Sorption ratios were lower in the CaCl2 4- J-13 water than in
the other groundwaters for the devitrified and vitric tuff samples.
Apparently, the higher calcium concentration of this groundwatcr
creates a greater competition for exchange of divalent cations.
Sorption ratios did not change much for strontium in the other
synthetic groundwaters or J-13 water.
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Barium. Sorption ratios lor barium in I lie different groiindwaters
varied in a manner similar to those for strontium. Sorption
ratios for barium on (M-1502. the zeoliti/.ed sample, were about
1 orders of magnitude higher than those on the devitritied or vitric
lull samples. Again, sorption ratios for barium in the Ca('l2 +
.1-13 water were lower than those in the other groundwaters for the
devitritied and vitric turfs. Again, the higher calcium concentration
of this water creates a greater competition for exchange sites for
divalent cations like barium. This effect is not observed on the
zeoHtic tuff, probably because of the very large number of exchange
sites present on zeolites.

Europium. Sorption ratios for europium measured in the different
synthetic groundwaters did not change much. The highest sorption
ratios were obtained for the (i 1-2901 sample, a devitrih'ed tuff with
small amounts of calcite. This effect has been observed many times
for this tuff sample, and we do not know whether the presence of
calcite has any relationship to the observed high sorption ratios
for europium. Sorption ratios determined in the Na2SO4 + J-13
water did not change much from those measured in J-13 water. We
believe the increased concentration of sulfate ions is not enough to
precipitate much of the europium. The lowest sorption ratio for
europium was obtained in the NaHCO3 + J-13 water for the vitric
sample. We do not know why this value was lower than expected.

Tin. Sorption ratios for tin were generally higher in the synthetic
groundwaters than in J-13 water. Because tin forms a variety of
insoluble species in different groundwater compositions, it is likely
that the tin precipitated or coprecipitated under those conditions.
The synthetic waters had higher ionic strengths than J-13 water
did: it is likely that vadose water at Yucca Mountain may be also
of higher ionic strength than J-13 water. Therefore, tin may have
higher sorption ratios for the vadose water compositions that are
likely to be present in unsaturated tuff.

The purpose of the experiments with synthetic groundwaters was to
identify the water components that have a major effect in changing the
sorption coefficients of the radionuclides studied. Although there were
small differences in sorption behavior of tuff in the different synthetic
groundwaters investigated, it is difficult to identify a single ion for which
concentration plays the most important role in affecting sorption. In
previous experiments with water pumped from Well UE-25p#l at Yucca
Mountain, we observed that some sorption coefficients were very different
when measured with this water than with .1-13 water.67 The composition of
water from Well T'E-25p#l differs significantly from that of J-13 water.
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Large variation?- in I lie concent ra t ion of many ions in the groundwaters

wou ld probablv 1»(' requ i red to produce a ma jo r change in t l ie sorpt ion

coefficients of the rad ionud ides s tud ied, \ a r i a l i o n s in the concent rat ion ol

on ly sevoral ions :n so lu t ion produce smal l changes in the ^orp t ive behavior

for those elements we have s tud ied. H i t I her exper iments w i l l involve the

use of actinides for sorpt ion de te rm ina t ions w i t h different g m u n d w a t e r

composi t ions.

In our present exper iments , we observed a re lat ionship between the

ca lc ium concent r a t i on of the gnmndwa te r and ihe sorpt ion coerricients

for s t ron t i um and b a r i u m for nonzeol i t ized lu t is . Sorpt ion of divalent

cat ions in zeol i t ized tu f f appears to be independent of the calc ium

concent ra t ion at least for the concent ra t ion range we invest igated. In all

cases, the sorpt ion rat ios determined for al l radionuc lides s tud ied w i t h the

different g rnundwater composi t ions wou ld help '-etard m ig ra t i on of waste

rf-ulionuclides f rom a ] )otent ia l reposi tory si te at l'licea M o u n t a i n .
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Actinide and Transition Metal Chemistry

Synthesis of the First Mixed-Ring Organoactinide Complexes
Thomas M. Gilbert. Robert R. Ryan, and Alfred P. Sattelberger

The planar cyclooctatetraenyl (C8R8~. R = H. alkyl) and
cyclopentadienyl (C5R5 l . R = H. alkyl) ligands have played a major role
in the development of actinide organometallic chemistry [for example.
(C5Me5)2ThCl2 and (C8H8)2Uj. but surprisingly, these two important
ligands have never been used in combination on a single actinide center.70

One of the goals of our organoactinide research program is to prepare new
actinide(IV) complexes of the type (C8R8)(C5R5)AnX, where X is a halide.
alkyl, or hydride ligand. Because actinide-bound carbocyclic rings are
kinetically quite stable, such complexes will provide an excellent opportunity
to .study chemical reactions at a single site on the metal; that is, the X
ligand. Ultimately, we hope to obtain kinetic and mechanistic information
on selected transformations: for example, olefin insertion into actinide-
(alkyl)carbon bonds as a function of the actinide (thorium, protactinium,
uranium, neptunium, and plutonium). We report here our preliminary
results on the synthesis and chemistry of the first mixed-ring organothoriurn
complexes (C8H8)(C5Me5)ThR (R = Cl. alkyl, H) and a single-crystal x-ray
diffraction study of a novel Grignard adduct (C3H8)(C5Me5)Th(/i-Cl)2Mg-
(CH2CMe3)(THF).

Treatment of the -'half-sandwich" complex (C8H8)ThCl2(THF)2, 1, (see
Ref. 70) with C5Me5MgCl-THF in toluene at 100°C [Eq. (1)J provides
the white organothorium(IV) complex (C8H8)(C5Me5)ThCl(THF)x. 2'
(0<x< 1).

PhCK3

(C8H8)ThCl2(THF)2 + (('5Me5)MgCl-THF >
1 100°O

(C8H8)(C5Me5)ThCl(THF)T + MgCl2 (1)
2'

We cannot introduce a third CjIVIes ring onto the metal center in
this way. nor can we isolate (C8H8)Th(C5Me5)2 from the reaction of
(C5Me5)2ThCl2 with K2C8HS. The solubility of 2' in hydrocarbon solvents
depends on the value of x decreasing as x decreases. In addition, the
resonances in the XH iNMR spectrum vary with x. We do not observe
separate resonances for the presumed species (C8H8)(C5Me5)ThCl(THF)
and (C8H8)(C5Me5)ThCl (see below), which suggests thkt THF dissociates
and recoordinates rapidly on the NMR. time scale.

Attempted derivatization of the THF adduct 2' with alkyllithium
reagents (RLi) leads to intractable materials. However, treatment of 2'
with the Grignard reagent neopenty! magnesium chloride (Me3CCH2Mg01)
in THF/Et2O yields a white crystalline solid that exhibits :H and ^ C ^ H }
NMR resonances appropriate for an r/8-cyclooctatctraenyl ring, an rj5-
pentarnethylcyclopentadienyl ring, a neopentyl group, and a THF ligand.
To filly characterize this complex, we determined its single-crystal x-ray
diffraction structure (as a toluene solvate). Rather unexpectedly, this
study identified our new compound as the Grignard addition product

Isotope and Nuclear Chemistry Division Annual Report 1986 U)l



Actinide and Transition Metal Chemistry

Fig 6.1. In this ORTEP drawing
of (C8H8)(C5Me5)Th(//-CI)2Mg-
(CH2CMe3)(THF). the hydrogen
atoms on the ligands have been
omitted for clarity.

(C8H8)((VMP5)Th(//-('l)2Mg((W'Me3)(THF). Figure 6.1 is an ORTEP
drawing of the molecule. Pertinent bond distances and angles are as follows:
Th-CgHg (centroid). 2.02 A: Th-C5Kie5 (centroid). 2.54 A: Th-Cl. 2.89 A:
and CgHg-Th-( '5X^5. 138.0°. In a formal (and possibly mechanistic) sense,
the adduct is formed by coordination of the Grignard reagent chloride to the
thorium and is concomitant with coordination of the thorium-bound chloride
to magnesium. Reaction of 2' with Me3SiCH2MgCl gives an analogous
product by NMR spectroscopy.

The THF adduct 2' does not sublime at 100°C under high vacuum, but
after 36 h all of the THF is lost; this process yields the base-free complex
((^8Hg)(C5Me5)ThCl, 2. This material has surprisingly low solubility in
hydrocarbon solvents but is quite soluble in methylene chloride. Complex 2
shows only *H NMR resonances appropriate for the C8H8 and C5Me5 rings;
no resonances for THF can be detected.

Metathesis of the chloride ligand of 2 in toluene with alkyllithium
reagents [Eq. (2)] cleanly provides the series (CgHgXCsMesJThR, where
R - CH2Ph. CH2SiMe3. or CH(SiMe3)2. These pale-yellow alkyl complexes
are soluble in aromatic solvents and in

PhCH3

(C8H8)(C5Me5)ThCl + RLi > (C8H8)(C5Me5)ThR + LiCl (2)

warm heptane. Proton and 13C{1H} NMR data are consistent with the
(O8Hg)(O5Me5)ThR formulation. Elemental analyses demonstrate the lack
of lithium and chlorine and rule out alternatives such as (CgHg)(C5Me5)Th-
(/i-Cl)(/i-R)Li. We therefore propose that the compounds are monomeric
and contain cr-bound alkyl groups. Unfortunately, crystals of these
materials powder rapidly upon separation from their mother liquors, and
we have not yet confirmed this hypothesis by single-crystal x-ray diffraction.
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All of the aforementioned alkyl derivatives react slowly with H^ to yield the
same product : (C 8 H 8 ) ( ( ' - ,Me- , )ThH. The thor ium-bound hydride resonance
for ihis complex is located at ^ f H).3 in the Ml NMH spect rum.

We are now s tudying the insertion ol small insaturated molecules (lor
example . CO and CoH 4 ) into the thor ium-(alk\ l)earbou bonds, as well as
the use of the 1. ii. 5. 7- te t ramethyk 'yelooeta te t raenyl liquid to improve the
solubility and crystalizabiiiiy of these compounds .

Actinide Coordination Chemistry and Ligand Design
Gordon D. Jarvinen. Robert R Ryan. Geoffrey G Miller, and Barbara F. Smith (CLS-1)

The actinide coordination chemistry of ligands containing sulfur donor-
atoms is largely unexplored. One historical reason for this limited interest
is that, under the aerobic, highly acidic conditions commonly used for
processing the actiuides. sulfur donor ligands can be readily oxidized or
hydrolyzed and often bind more weakly to the "hard" metal ions than to
the oxygen donor ligands that are present. In recent years, however, it has
become increasingly apparent that these softer donor si'es. especially when
combined with oxygen donors in multidentate ligands or synergistic systems.
show considerable promise for increasing and controlling the selectivity of
complexation when compared to the extensively explored oxygen donor
systems. The work of Musikas and coworkers has been especially important
in demonstrating the potential of several sulfur and nitrogen donor ligands
for effecting separations of the trivalent actinicles and lanthanides in various
liquid-liquid extraction systems.71-72

A more detailed investigation of the coordination chemistry and
extraction behavior of sulfur donor ligands is necessary to obtain a more
general understanding of their capabilities for analysis and separation
of the actinides. One particularly interesting class of ligands is the
monothio derivatives of the 1.3-dicarbonyls. These compounds have
been investigated as analytical reagents foi the transition metals/3 but
relatively little work has been done with the aetinide.s and lanthanides.
The compound most studied is thiothenoyltriHuoroacetone, including
some work with 'iranium(VI) (Ref. 73). However, the monothio
analogues (Hbmppt and Htmpp: see Fig. 6.2) of 4-benzoyl-2,4-dihydro-
5-methyl-2-phenyl-3H-pyrazol-3-one (Hbmpp) offer some advantages over
thiothenoyltrifluoroacetone: they appear more stable to oxidation in solution
and can extract transition metal ions from more acidic solution.74'75

R1

\

X

II

J=C
\

R2

X = 0 Y = 0 R1=R3=Ph R2=Me:Hbmpp

X-S Y - 0 R1=R3 = Ph R2=Me: Hbmppt

X = 0 Y-S R1-R3=Ph R2-Me: Htmpp

Fig. 6.2. These are the
structural diagrams for Hbmpp.
Hbmppt. and Htmpp.
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The results of our extraction studies show some major differences in
selectivity between Hbnipp and its sulfur-substituted analogues. It is
particularly hit .Testing that Hbnippt in benzene with trioctylphosphine
oxide (TOPO) â  a syiiergist will preferentially extract, trivalent ainericiurn
over trivalont lanthanuies from perchloric acid solution. Figure 6.3 shows
the dependence os the amcriennn and europium extraction coefficients on
the Hbinppt concentration. A separation factor of nearly 70 is evident at
the higher Hbinppt concentrations. By contrast, the system Hbmpp/TOPO
extracts both metal ions with much higher extraction coefficients than the
Hbmppt/TOPO system but shows a slight preference for europium over
americium. We have established qualitative ordering of the extraction
coefficients VC?2' >"•"•> '~ -*A>-i'Jl ; - L J ..<r rhe h~ m i;pr/'i'ulJ0 system,
which is substancially altered from that of the Hbmpp/TOPO system:
Th4+ >UC>2+ >Eu3+. Am3+. It is apparent from these data that the
Hbinppt/TOPO system could potentially provide a means to perform a
group separation of the actinides from the lanthanides.

The isolation and characterization of complexes and an investigation of
their solution behavior are necessary for a fundamental understanding of
the extraction systems. For example, detailed structural information can
help) elucidate factors influencing the stability of complexes. We have found
that the system Htmpp/TOPO shows higher extraction coefficients for both
Am3+ and Eu3+ than Hbmppt/TOPO does under the same conditions,
but it shows a much lower selectivity for americium over europium. (At
0.1M ligand and 0.01 M TOPO at pH 3, we observed a separation factor
of 2.4 for Htmpp vs 67 for Hbmppt.) We can rationalize this behavior by
assuming that the strength of the metal-sulfur interaction is i sponsible for
the observed selectivity. The crystal structure of UO2(bmpp)2(dmso) shows
that the charge on the pyrazolone oxygen donor atoms in the bmpp anion

Fig. 6.3. The log of the
extraction coefficient (K^) is
plotted vs the log of the
concentration or Hbmppt for
tracer levels of 241Arn(ll!) and
152Eu(lll).
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is greater than that on the acyl oxygens:76 the uranium-oxygen distances
for the pyrazolone oxygen-* (average 2.338 A) are 0.06 A shorter than the
uranium-0x3/gen distance [or the acyl oxygens (average 2.396 A). The
selectivity for Am3+ over trivalent lanthanides induced by the substitution
of oxygen with sulfur is thus enhanced in tiie Hbmppt system because the
charge is greater on the ••llfur donor site in the bmppt anion than in the
tmpp anion.

Our iesults to date suggest that sulfur donor ligands indeed have
coordination properties that are potentially useful for analysis and
separation of the actinides. The extraction Indies with Hbmppt and
Htmpp are being extended to include other synergists. solvents, metal ions,
and acids. Other ligands with sulfur donor atoms also will be examined.
The preferential extraction of triva'ent americium over trivalent lanthanides
and of uraniuin(VI) over thorium(IV) may be the result of increased
covalent bcnd.iv; between the trivalent actinide or uranyl ions and the
sulfur donor atoms of the ligands relative to the trivalent lanthanide or
tetiavalent actinide ions. Current structural studies of Hbmppt complexes
of uranium (III) and trivalent lanthanides could provide data that are
important for determining the magnitude of this bonding component.

Berkelium Chemistry in Complexing Aqueous Solutions and the Su.id State
David E. Hobart. David E. Morris. Phillip D. Palmer. Richard G. Haire." and Joseph R. Peterson*

The most common isotope of berkelium, 249Bk, is only available in
microgram to milligram quantities. Berkeliurn-249 decays to californrum-
249 with a relatively short, half-life (tj/o = 320 days) through a weak
(0.125-MeV) beta decay. Consequently, bulk chemical experiments involving
•*49Bk must be performed fairly quickly on the milligram scale in a glove-box
enclosure.

A collaborative research effort between Los Alamos and Oak Ridge
National Laboratory (ONRL) made available ~7 ing of purified 249Bk
from the DOE's Transplutonium Element Production Facility at ORNL.
Experiments at the ORNL Transuranium Research Laboratory used ^4 mg
and at Los Alamos used ~3 mg.

Although the chemistry of berkelium in mineral acid solutions is
reasonably well known, we have no extensive knowledge of this element's
behavior in neai1-neutral and/or complexing aqueous media. Furthermore,
the list of '.r.cwn compounds of berkelium(III) and berkelium(IV) is
relatively short when compared to those of neighboring actinides. We report
here the results of our spectroscopic and electrochemical studies of berkelium
in bicarbonate/carbonate solutions and citric acid solutions as well as the
preparation and characterization of new inorganic berkelium compounds.

Berkelium(III) is reasonably unstable in basic solutions; it rapidly
oxidizes to berkelium(IV) by reaction with atmospheric oxygen and aqueous
radiolysis products. As a result, we obtain the absorption spectrum of
berkelium(IIT) in aqueous bicarbonate/carbonate solutions with some degree

'Department of Chemistry. The University of Tennessee. Knoxville. TN 37996
and Chemistry Division. Transuranium Researcli Laboratory. Oak Ridge National
Laboratory, Oak Ridge. T.\ :i78.'ll
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of difficulty. We have recorded the first spectrum of berkelium(III) in
bicarbonate/carbonate solution: this spectrum is displayed in F'ig. 6.4 in
sections with the spectrum of berkelium(III) in noncomplexing HCIO4
solution. The berkeliuin(ITT) spectrum in carbonate solution resembles that
in perchloric acid solution, but the peaks are modified, the wavelength is
shifted, and the spectrum exhibits a reduced molar absorptivity. These
spectral differences are a result ot complexation by carbonate ligands.
Table 6.1 shows the line listing (some data were provided by Ref. 77).

The broadband charge-transfer spectrum of berkelium(IV) in carbonate
solution generally resembles that reported by Baybarz et al.78 We have
observed significant differences between the spectrum in 5Mand that in 2M
K2CO3.

We also recorded the spectrum of berkelium(III) for the first time in
citrate solutions. The spectrum, shown in Fig. 6.4. is again in sections
overlaying the spectrum in noncomplexing perchloric acid. The line list is
included in Table 6.1. Some spectral shifts are evident because the berkelium
was complexed by citrate ligands.
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Fig. 6.4. Berkelium(lll) absorption spectra are shown for various media
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TABLE 6 1 . Berkelium Absorption Spectra Line List

Wavelength Molar Absorptivity
Medium (nm) (M~1cm~1)

0.2M HCIO4 (Ref. 77) 635 2.76
473 7.76
418 5 00

O.lMH3Cit 640 2.4
470 5 7 *
418 3.2 *

5.OMK2CO3 630 1.7
475 5.4 *
422 4.7 *

* Values determined from subtraction of underlying berkelium(IV)

absorption shoulder.

Most previous electrochemical investigations of the berkelium(IV/III)
redox couple have focused solely on determining the formal potential, E0',
of the couple in aqueous mineral acid solutions at very low pH values by using
direct potentiometric techniques.79"81 These E0' values are +1.1 to +1.5 V
vs NHE, which indicates that Bk4+ is not particularly stable in mineral acid
solutions. We preformed our electrochemical investigations in complexing
aqueous media (carbonate and citrate) at near-neutral pH values. Under
these conditions. Bk4+ is stabilized and the E0' for the berkel!um(IV/III)
couple shifts into a more experimentally accessible potential region.79

Furthermore, we are the first investigators to employ cyclic voltammetry to
characterize the berkelium(IV/III) couple. This electrochemical technique
is superior to direct potentiometric methods because it can provide valuable
electrochemical and chemical kinetic information as well as reliable E0'
values.

Typical cyclic vol'cammcgrams for the berkeHum(IV/ni) couple in ?M
K2CO3 at pH 10 are shown in Fig. 6.5. The primary electrochemical process
is

"k(complexed) + le — "k fromple,,ed) , (1)

as illustrated in Fig. 6.5A. Wave I arises from the one-electron reduction
of the complexed Bk4 + species and Wave II from the corresponding
oxidation process. Variations in the rate of the potential scan indicate
that reaction (1) is a quasi-reversible electron transfer step in this
medium and has a heterogeneous rate constant kn = 1.5 x 1(J~3 cm/s
(compared to 3.0 x l f r 4 cm/s in IM H2SO4 [Ref. 81]) The formal
potential for Eq. (1) is E0/ - +0.210 V ?;.s NHE. which is in reasonable
accord vith the value (+0.26 V) determined previously in 2 A/ K2(X)3

s
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by direct potentiometry.79 Cyclic voltammetry also reveals an additional
electrochemical process (see Fig. 6.5B. Wave III), which is only present
when the reaction given by Eq. (1) h;:s occurred (compare Fig. 6.5A). This
behavior is usually indicative of a chemical transformation following electron
transfer to generate a new species that is itself electroactive.

The existence of other electroactivc species (either in the equilibrated
solutions or resulting from chemical reactions subsequent to electron
transfer) is not surprising. Reaction (1) represents a vast oversimplification
of the actual berkelium species present in an aqueous media that contains
competitive complexing agents (H2O. OH~. CO?", and HCO^). The
simplest voltanmietric behavior is observed in 2M K2CO3 at pH 10. as in
the case of the americium(IV/HI) couple.82 At other CO3~ concentrations
and pH values, the voltammetry becomes much more complicated.83 There
are indications of two or more electroactive species in the equilibrated
solutions, additional chemical transformations following electron transfer,
and adsorptive interactions of several species with the platinum electrode.
Only in citrate media (0.1 M citric acid) does there appear to be a single
electroactive Bkj^ ,pxpd| species present. Here, the electron transfer
approaches electrochemical irreversibility so that we can only estimate the
formal potential. The estimated value. E'o = 0.69 V VJ NHE. does indicate
clearly that citrate ion is not as effective as carbonate ion in stabilizing
Bk4+"

Fig. 6.5. These are the first
cyciic vcltammograms of the
berkelium(IV)/(lll) redox couple
in carbonate solutions

POTENTIAL (V vs SCE)
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As a result of our solution chemistry work, wr have prepared a new
compound of berkeliuni(IV) that contains carbonate liquids. In addition, we
have synthesized berkeliuni(III) oxalate and recorded the Raman spectrum
and x-ray diffraction pattern. Our work is the first structural information
on this compound. Although berkelium(III) oxalate is prepared in a number
of routine synthesis procedures, no characterization of this compound has
been reported previously. We will present our results in a later report.

Synthesis, Characterization, and Reactivity of
Chlorodihydridotetrakis(Trimethy!phosphine)Tantalum(HI)

Alfred P. Sattelberger. Michael D. Hopkins. Melvin L. Luetkens, J r . *

Arthur J. Schultz,** and Jack M. Wil l iams**

For the past few years, I have been exploring the synthetic,
structural, and reaction chemistry of early transition metal complexes.
I am particularly interested in the development of low-valcnt niobium
and 1 ant alum chemistry, and my group has discovered routes to
a number of interesting mononudear and binuclear systems. For
example, we recently reported the iirst isolable paramagnetic hydride
complexes of niobium(IV) and tantalum(IV). which were prepared by
reacting <rarcs-TaCl2(PMe3)4 and £ran.s-MCl2(dmpe)2 (M = Ta, Nb;
dmpe = Me2PCH2CH2PMe2) with molecular hydrogen. The resultant
17-electron MOI2H2L4 complexes have been completely characterized by
IR and electron spin resonance spectroscopies and x-ray crystallography.84

We subsequently discovered that one of these complexes, dodecahedral
TaCl2H2(PMe3)4. decomposes in 80°C cyclohexane to a quadruply
hydrogen-bridged tantalum(IV) dimer [TaCl2(PMe3)2]2(/i-H)4 and that
it can be reduced by Eq. (1) to an exceptionally reactive 16-electron
tantalum(III) monomer. TaClH2(PMe3)4 (1) (Ref. 85). We have now
obtained a low-temperature neutron diffraction structure of 1 and have
begun to examine what promises to be rich and diverse chemistry associated
with this complex.

OEt2/THF
TaCl2H2(PMe3)4 + Na/Hg > TaClH2(PMe3)4 + NaCl (1)

PMe3 1

The IR spectrum of 1 (Nujol mull) shows a strong metal hydride
stretch at 1662 cm""', which shifts to 1191 cm"1 in the IR spectrum of
TaClD2(PMe3j4 (vTa_H/VTU-D = 1.40). At -80°C in toluene-d8, the
proton NMR shows a Ta-H binomial quintet ( J P H = 37.5 Hz) at (5-0.03 and
two PMe3 signals at b 1.41 (18H) and 6 1.36 (18H). The quintet hydride
pattern is maintained d"wn to -120°C (methylcyclohexane-d^/toluenc-
dg). which suggests that there is a fluxional process that time-averages the
hydride ligand environments. The -80°C 31P{1H} NMR spectrum shows
two triplets of equal area (an A2X2 spin system) with Jpp- = 29.6 Hz.

"Amoco Researcli ('enter. Napervillc. IL 60566.
**Argonnc National Laboratory. Argonne. IL 60439.
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Fig. 6.6. In this ORTEP drawing
of TaCIH2(PMe3)4. the hydrogen
atoms on the PMe3 ligands have
been omitted for clarity

Because the spectroscopic data did not unambiguously define the
stereochemistry of 1. we determined its neutron diffraction structure. In the
solid state (at 50K). TaClH2(PMe3)4 is composed of discrete mononuclear
units, and there are no unusual intermolecular contacts. Figure 6.6
shows an ORTEP view of the molecule: the molecule has virtual —but
not crystallographically imposed- (?2V symmetry and is best described as a
distorted pentagonal bipyramid. A least squares analysis of the pentagonal
plane composed of Ta. Cl(2). P(4). P(5). H(37). and H(38) indicates
deviations of less than ±0.02 A. Coplanarity is also indicated by the fact
that the angles in this plane around tantalum add to 360.0°. The plane
composed of Ta. P(3). and P(6) is perpendicular to the pentagonal plane.
However, in this plane, the phosphines are displaced from the normal by
-20°.

The Ta-H(37) and Ta-H(38) bond lengths in 1 are 1.79(1) A and
1.80(1) A. respectively, and the H-Ta-H angle is 66.2(6)°. The tantalum-
phosphorus bonds fall into two sets: axial and equatorial. The average Ta-P
bond distance for the axial bonds [P(3) and P(6). 2.46 A] is 0.06 A longer
than the average Ta-P bond length in the equatorial plane and is ascribed
to the trans influence of the hydride ligands.

The presence of two sets of chemically equivalent phosphines is
in agreement with the low-temperature lH and 31P{1H} NMR data.
The hydride ligands of 1 are chemically equivalent but magnetically
nonequivalent. The hydride resonance should therefore appear as a second-
order pattern (an AA'XX'Z2 spin system). The apparent binomial quintet
Ta-H proton NMR resonance indicates that there must be some process
by which the hydride-phosphorus coupling constants arc averaged on the
NMR time scale. Wo postulate rapid rotation of the H-H edge about
the approximate C2 axis (that is. the Ta-('l vector). This process, an
interconvpfsion of a pentagonal bipyramid and a rapped trigonal prism.
is expected to have a very low activation energy: that is. --b Kcal/mol.
according to Hoffmann and coworkens.86
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As nr'ixi above. 1 is an exceptionally reactive molecule. Perhaps
the must interesting reaction we have uncovered thus far is the one
between 1 and N2- When 1 is dissolved in ether and the solution is
exposed to dinitrogen (40 psi, 25°(\ 12 h). the dinitrogen-bridged complex
[TaClH2(PMe3)3]2(u-N2). 2. precipitates as an air-sensitive, mustard-yellow
powder in -90% yield [see Eq. (2)]. One mole of PMe3 per mole of tantalum
is liberated in the reaction. The deuterium analogue is prepared in a similar
way using TaClD2(PMe3)4 and N2- The infrared spectrum of 2 (Nujol mull)
shows a strong terminal metal-hydride stretch at 1585 cm"1, which shifts
to 1140 cm"1 in the IR spectrum of the deuteride (i'Ta-H/>'T<L-D = 1.39).

OEt-,
2 Ta(MH2(PMe3).i

1
N.> 2 PMe3 (2)

We have also prepared a l5N-labeled complex from 1 and l uN2 (96 at.%
15N). The mid-IR spectra (Nujol mulls) of the two ^-JN2 derivatives differ
in only one respect: a medium-strength band located at 853 crtr1 in the
IR spectrum of the 14N2 complex shifts to 829 cm"1 in the spectrum of
the 15N2 complex. Similar bands are observed at 825 and 793 cm"1 in
the IR spectra of [TaCl(C2H4)(PMe3)3]2(^-14N2) and its 15N2 analogue,
respectively, and have been assigned as a mode characteristic of the entire
Ta=N-N=Ta linkage.87

The room-temperature proton NMR spectrum of 2 consists of three
resonances: a complex hydride miltiplet at 6 8.34 (4H), a PMe3 doublet at
6 1.67 (18H). and a "nllcd-in" PMtc doublet at 6 1.44 (36H). The ^ P ^ H }
NMR spectrum (25°C) shows two signals: a triplet at 6 -3.0 (Jpp< = 5.4 Hz)
and a doublet at d -23.1 (Jpp< = 5.4 Hz) an AX2 spin system.

Based on the preceding speetroscopic data, we believe the structure of
2 is that shown below, namely two pentagonal pyramids joined by a ^-N2

liganri. The observation of only two types of PMe3 ligands indicates that
the ends of the molecule are free to rotate. We have not yet been able to
grow crystals of this material that are suitable for x-ray diffraction.

Attempts to derivative 2 (for example, by replacing the chloride
with an alkyl group) and obtain suitable crystals of a derivative are in
progress. Further details of the chemistry of 1 are available in three of
our publications.88"9"
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Carbonate Complexation of Plutonium(IV): The Competition by Citrate Ligands
David E. Hobart. Phillip D. Palmer, and Thomas W Newton*

High-level radioactive waste consists primarily of fission products
and actinide elements: the acUnide elements neptunium, plutonium.
and amerii'iuni constitute a long-term hazard because of their relatively
long half-lives and high radioactivity. Actinide carbonate complexes are
important in the Nevada Nuclear Waste Storage Investigations program
because in Nevada Test Site (NTS) groundwater, the carbonate ion
concentration is us high as '.', x 1()~3 M (Ref. 91). Actinides that
normally exhibit quite low solubilities in near-neutral solutions can be
complexed by carbonate ligands and can form solutions of higher actinide
ion concentrations. If spent nuclear fuel waste packages stored at
the candidate Nevada Nuclear Waste Storage Site were breached by
groundwater. carbonate ligands could complex these nuclides and might
permit soluble species to travel to the far field in a relatively short time.
We must be able to identify the complexes and determine the values of
the eomplexation quotients before the basic chemistry can be understood
and computer models of such a breach can be created. Knowledge of the
chemistry of carbonate complexes is also important in the areas of nuclear
fuel reprocessing and purification, actinide separations, and environmental
studies

This article summarizes our continuing experiments to determine the
identity and coniplcxation quotients of plutonium(IV) carbonate complexes.
We are using a spectrophotometric method to study a competition reaction
involving the complexation of plutonium(IV) by carbonate and citrate
ligands. If the citrate constants are known and the equilibrium quotient
of the competition reaction is determined, then the carbonate complcxation
quotient is readily deduced. Our investigation involves three stages:

(a) studying the pure carbonate system,
(b) studying the mixed carbonate/citrate system, and
(c) confirming and extending the literature on the pure citrate system.

We have tentatively completed the first stage but have deferred work on the
second stage until other work is completed.

We are now working on the third stage examining the pure
plutonium(IV)-citrate system. We are measuring spectral parameters and
will then analyze them by least squares methods to determine the best model
to fit the data. Figure 6.7 shows the spectrum of a plutonium(IV)-citrate
complex as well as the spectrum of the free aauo ion. There are significant
differences in these two spctra. which indicates significant complexation
of plutonium(IV) by citrate ligands. We will determine equilibria in the
generalized reaction

P u 4 * + i H 3 n t = Pu(Hxf'it )i+ (•'}-x)iH+. (1)

(The charges are omitted here for clarity.)

'Los AIHIUOS Xntionnl LnhorHtorv "lies! scientist.
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Using least squares methods, we determine quotients for the equilibria
in Eq. |1) from the absorbanre-concentration data. In general, data from
the different wavelengths will give slightly different equilibrium quotients,
so data for several wavelengths are combined.

Nebel has reported measurements of equilibrium in reaction (1) that
require confirmation and extension to higher pH values.9293 Initially, we
assumed that two reactions of the form of Eq. (1) are important in ~-:alyzing
the data. Trial models for the system, which consisted of the two reactions,
were specified by choosing values for ii. x j . 12- and X2. Then the best values
for the two equilibrium quotients Qi and Q 2 and the required extinction
coefficients were found by a nonlinear least squares procedure. The best
models are those identified by best fit to the data.

We have obtained only preliminary data thus far and our conclusions are
provisional. Our results indicate that there are more than the two complexes
reported by Nebel. The models that now provide us with the best fits to the
data involve formation of three possible species: PuC.'itJ". Pu(HOit) 2 + . and
Pu(H2C'it)3" in the pH range from 3.0 to 0.4. The difficulty we have had in
reproducing the required spectra we attribute to reduction of plutoniurn(IV)
to plutonium(III) in some solutions in the low-pH ranges. In addition, our
current data do not permit us to select a single, unique besi model for the
system. Thus, we are unable to distinguish between two possible models
for the citrate romplexation scheme. More data at different pH ranges are
required before we can complete thi-- work: we must also study the complex-
competition to determine the carbonate complexation quotients.

Fig. 6.7. In this absorption
spectra of plutonium(IV) as the
aquo ion and as the citrate
complex, the citrate
concentration is 0.01 A/.
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High-Resolution Infrared Spectroscopic Studies of Site Structure
and Hindred Rotation of Methane Trapped in Rare Gas Solids

Llewellyn H. Jones. Basil I Swanson. and Scott A Ekberg

For a number of molecules trapped as dilute impurities in rare ga.s
solids, we have observed interesting site structure, pronounced orientational
ordering, and startling dynamics caused by vibrational dephasing. Though
the molecules undergo libration or translation in the form of local site
phonon modes, most of them do not show evidence of rotation. A few
small molecules, such as HC1 and OH4. appear to undergo hindered rotation
when trapped in rare gas solids. Because reports in the literature are for
low-resolution studies that are not very definitive, we have pursued high-
resolution studies of CH4 and OD4 trapped in rare gas solids. We want
to gain a better understanding of the site structure, hindered rotation, and
interesting slow nuclear spin relaxation observed for CH4 in argon.

The spectrum of the v.\ deformation mode of 0.02('T CH4 trapped in an
argon lattice at 4K is shown in Fig. 7.1. There are more peaks than expected
for a rotating 0H4 molecule trapped on one site. By coating the matrix with
krypton, we were able to anneal at a high enough temperature to reduce the
relative intensity of peaks A through H compared to the intensity of peaks
P(l). Q(l). R(0). and the doublet R(l). This observation proves that we are
dealing with two dominant sites, both of which show rotational structure.
We will call these sites A and R after the labeling of the two dominant peaks.
We conclude that site R represents CH4 molecules trapped in the stable
cubic-tiose-packed (C'CT) sites, and site A represents molecules trapped in
hexagonal-close-packed (HOP) sites that arise from stacking faults induced
by the preparation technique and/or by th» impurity molecules.

Fig. 7.1. This illustration fhows
the matrix of Ar/CH4 =10000 at a
temperature of 4K after annealing
at 30K. The instrumental resolution
is 0.012 c m " 1 (full width at half
maximum).
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Because of its size, the CH4 molecule is expected to occupy a one-
atom suhstitutional site in rare gas lattices, \ishiyama and Yamainoto94

calculated the rotational levels for the tetrahedral CH4 molecule in the
octahedral rare gas lattices using the potential Held calculations of Yasuda.95

The rotational spacings we observe for site R agree rather well with
these calculations, considering the approximations involved: however, the
R(l) splitting is much smaller than predicted, which suggests that some
refinements in the calculation should be considered. The present calculations
indicate a barrier of about 120 cm"1 for rotation about a C3 axis of CH4 in
a krypton matrix.9'1 It is not clear at present how much adjustment of the
potential field parameters is required to fit our observed frequencies.

It would be desirable to follow the relative peak intensities as a function
of temperature to determine whether they behave as exported for a hindered
rotor (by showing an increased population of the .1 = 1 and higher levels as
temperature is increased). Unfortunately, it is not possible to do so because
the peaks broaden dramatically with increasing temperature and merge into
one broad central peak by 15K. which indicates strong dephasing.

There is a definite time dependence of the relative intensities for the
various peaks shown in Fig. 7.1 while the temperature is held at 5K. The
R(l). Q(l). and P(l) intensities diminish with time, whereas R(0) increases.
Careful studies of intensities as a function cf time at 5K show an exponential
decay of the J = 1 level and a corresponding growth in the J = 0 level:
half-lives are about 150. 90. and 120 min in argon, krypton, and xenon,
respectively. This is identified as a nuclear spin relaxation, and it is slow
because the .1 = 1 level is associated with a nuclear spin triplet state only
whereas the .1 = 0 level is a nuclear spin quintet only . The lack of spin
mixing requires a perturbation (such as interactions with the host atoms
or phonons) to induce the J = 1 to J = 0 relaxation. The difference in
relaxation times for the three host matrices is interesting and we hope it
will lead to a better understanding of the theory of such processes.

The peaks arising from the HCP site also show temporal intensity
changes at 5K over a »aster time scale. Peaks A and B increase with time-
corresponding to an R(0) doublet- whereas peaks C through H decrease.
Analysis of these changes points to a half-life of 26 min for the nuclear spin
relaxation in a krypton matrix compared to 90 min for the CCP site. These
facts indicate greater perturbations for the CH4 molecules on HCP sites.
We have recently published our results for this work on CH4 in rare gas
solids.96

We have carried out similar studies of CD,, in rare gas lattices, and
again we see absorption peaks from two sites. With careful annealing of
an argon matrix of CD4. it was possible to remove completely the HCP
sites and increase the number of CD4 molecules on CCV sites. The nuclear
spin relaxation is much faster for CD4: in fact, it was barely observable
with our spectrometer because it required collecting several spectra within
a minute. The half-life of the spin relaxation for site R is .'30 to 40 s in argon
and krypton matrices. It is difficult to understand why the nuclear spin
relaxation is 2 orders of magnitude greater for CD.j than for CH4 because
it also has no spin mixing of the .1 = 1 level (spin triplet) with the .J = 0
level (spin quintet).
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We believe that further studies of CD.4 in matrices at lower
temperatures, and other small molecules containing H nn<l/or D. will he
useful in both elucidating the mechanism of and developing theory for spin
relaxation.

Resonance Raman Studies of Quasi-One-Dimensional Mixed-Valence Semiconductors
Basil I. Swanson. Steven D. Conradson. Richard F. Dallinger * and Robin J. H. Clark**

A notable property of quasi-one-dimensional. halide-bridged. mixed-
valence metal comolexes (HMMC) is the apparent dependence of the
frequency of the symmetric chain-stretching mode. i^. on the excitation
wavelength.97 The magnitude of thiu dispersion lias been related to the
valence delocalization along the ch .in in the complex and only becomes
important above the band-gap.9 '98 Analogous behavior has been observed
for other materials, including the one-dimensional semiconductor trans-
polyacetylene.99'1"0 Dispersion of this type is of considerable interest for
low-dimensionality nonlinear systems because of the possible relation to
self-trapped states that result from strong electron-phonon coupling. For
most systems, however, an understanding of this dispersion in terms of
nonlinear phenomena is obscured by structural inhomogeneities. The
HMMC platinum complexes offer excellent systems for studying this unusual
dispersion because their structures are believed to be homogeneous. In
our resonance Raman study of [Pt(en)2][Pt(en)2Br2](C104)4, we have
demonstrated that in single crystals this dispersion results from the presence
of four (or more) discrete bands that have distinctly different resonance
Raman excitation profiles.

The Raman spectra of [Pt(en)2][Pt(en)2Br2](C104)4 in the region of the
v\ band at six different excitation wavelengths are shown in Fig. 7.2. The
band ascribed to the <*>(X-P(-X) at -210 cm"1 does not change in frequency
with excitation wavelength. The v\ band consists of four principal bands at
168. 172. 175. and 181 cm"1 (labeled A. B. C. a;id D. respectively), which
show strong intensity changes with changes in the- excitation wavelength
so that D is strongly enhanced in the blue and A dominates in the red.
Also, the resonance enhancement of the 163-cm"1 feature is much greater
than that of the other v\ components. The temperature dependence of
V\ (Fig. 7.3) shows that the linewidths of the components increase with
increasing temperature- -eventually resulting in a single symmetric band at
high temperatures. Surprisingly, the relative intensities of the component?
of Vi also appear to change with temperature, so that B and 0 grow in as
temperature increases.

Spectra obtained in the 2u\ region show evidence for overtones of each
component but show no evidence for combinations among the different
components. We also observed this behavior for higher overtones and
believe that it is indicative of small or nonexistent coupling between the
U\ components. Comparisons of spectra obtained for samples prepared
in London and those prepared at Los Alamos show interesting differences.

'Chemistry Department. WH1>HSII College. P. (). Box :',52. Crnwfoxlsvilh. /.V 47944
''Chemistry Department. Cni'versify ('oJ/r«'c. London. IK
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Fig. 7.2. Raman spectra of
[Pt(en)2][Pt(en)2Br2](CIO4)4
at 24K and several different ex-
citation wavelengths
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Although the frequency positions of the components do not differ between
samples, the relative intensities at any given excitation wavelength do differ.
The single-crystal samples also exhibit inhomogeneities in terms of the
relative intensities of the various components.

Our results demonstrate that the dispersion of z/j for single crystals
of [Pt(eri)2j[Pt(en)2Br2](C104)4 is the consequence of differing excitation
profiles for the three principal components of V\, which only become
apparent when the sample is probed at low temperatures. At higher
temperatures, where these components are not resolved., the frequency
position of the composite band shifts up with blue excitation (in which
case the 181 cm"1 band dominates) and moves down with red excitation
(in which case the 168 cm"1 feature dominates). On the basis of similar
dispersion for other HMMC complexes and Tanaka el nl.'s recent results for
the chloride bridged complex.101 we believe it is likely that multicomponent
structure for v\ is the rule rather than the exception for this class of
compounds.

These observations also suggest an explanation for the strik.ng
differences observed between the excitation profiles and the intervalence
charge transfer excitation band profile for these complexes. The excitation
profile for the v\ band of these complexes (1) is quite sharp relative to the
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•vidth of the polycrystalline absorption band. (2) is always centered to the
red side of the electronic band near the band edge, and (3) often contains
a second local maximum to the blue of the primary maximum. We have
shown that the excitation profiles obtained earlier are composites of four
excitation profiles that peai<- at different wavelengths. The apparent peaking
of the composite excitation profile to the red side of the absorption band
results from greater enhancement of the 168 cm"1 component, which is in
resonance with the absorption band on the red side of the composite charge
transfer band

The question of the origin of the four different vx components remains.
The most likely explanation, at present, is that the vx components
correspond to two or more structurally distinct species that vary in number
density from one sample preparation to another. The apparent occurrence of
these species in several different compounds suggests that they are intrinsic
to this class of mixed-valence complexes. By analog;/ to polyacetylene. in
which the structural perturbations affecting the Raman spectra are related
to defects in the long-rang' order along the chain axis, it is possible that
the species present in HMMCs represent different correlation lengths along

Fig. 7.3. Temperature dependence
of the Raman spectrum of
[Pt(en)2)[Pt(en)2Br2](CIO4)4
obtained using 568.2 nm excitation
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the metal-metal axis and are generated by subtle chemical defects. Indeed.
Tanaka c.t ul. attribule the line structure observed for the chloride complex
to chains of differing, length.1"1

There are other possible explanations that, on the basis of the present
data, cannot be distinguished. A common feature of HMMC complexes is
the presence of disorder related to the inter-chain correlation. The different
species present in HMMCs could represent distinct structures that differ in
inter-chain correlation but possess short-range correlation perpendicular to
the chain axis. It is also possible that one or more of the species present
in HMMCs represents a low number density species with a relatively high
resonance Hainan cross section. Defect states such as Pt"1 . which on the
basis of EPR data we know is present in HMMCs. could also contribute
the fine-structure observed for U\ high Raman cross sections by virtue of
extensive valence delocalization.

An understanding of the nature of the species present, in HMMCs
is important. The species that gives rise to the 168 cm" 1

component in [I't(en)2][Pt(en)2Br2](Cl()4)4 is. on the basis of spectroscopic
considerations, much more valence delocalized than its counterparts. It.
is likely, therefore, that thir; species dominates the electrical conductance
and an understanding of its structure is inherently important. The unusual
temperature dependence of the V\ structure in particular, the changes in
relative intensities of the component, bands is also important. Work is
under way to help clarify these questions.

High-Pressure Spectroscopic Studies of Transition Metal Complexes
Containing Quadruple Bonds: Induced Torsional Deformation in Re2Xg~ (X = F, CI, Br)
William H. Woodruff. Alfred P. Sattelberger. and David E Morris

The existence of quadruple bonding was first established experimentally
~2() y ago by Cotton and Harris in the dimeric rhenium(III) complex anion
Rfl2Cl8~ (Rcf. 102). Evidence for quadruple bonding was structural: the Re-
Re distance was extremely short, even for a "normal" metal-metal multiple
bond: in addition, the halide ions in the two square-planar ReCU halves of
the dimcr were eclipsed despite their close proximity, which indicates that
free rotation around the Re-Re axis to minimize electrostatic repulsion was
not possible. These facts were explained by the suggestion that, in addition
to a triple bond (which would allow free rotation), a fourth Re-Re bond was
formed by b overlap of the in-plane dxy orbitals of the ReCl4 units. Since
that time, the existence of f> bonding has become well established in many
systems.103

The spectroscopy. photophysics. and photochemistry of the quadruply
bonded complexes have been particularly active areas of investigation.104

This is because of the (1) fundamental interest in characterizing the
electronic states involved in the metal-metal quadruple bond, and
12} potential excited-state reactivity of these complexes that makes them
promising systens for convr rting light into chemical energy. In such studies,
the ability to vary the rot.it <onal conformation of the two ML4 units is vital
for an understanding of the role of £ orbital interactions in determining
the structure, spectroscopic properties, and photochemical reactivity.
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Variations in conformation have been obtained by incorporating bridging
ligands that force the complexes to adopt partially staggered geometries.
This synthetic approach has yielded a series of complexes that nearly span
the entire range of X-M-Vl-X torsional angles (()' < \ < H)°). However, no
means of inducing varying degree* of tor.sion in a xpecijir complex have been
reported.

The lowest energy electronic absorption peak in the Re2X|~ complexes
is a bb* transition: that is. i. represents promotion of a b bonding electron
to a b antibonding orbital. Recently. Carroll it til. reported the pressure
dependence of the 66* spectrum of Re2Xg" (X = Br~. 1") as polycrystalline
solids dispersed in a (poly)metliylmethacrylatc medium (Ref. 105). With
increasing pressure, a new. red-shifted absorption band appears that is
attributed to the fully staggered confonner (\ = 45°). The relative intensity
of the new band increases as pressure is increased, but the transition energies
of the two bands remain essentially unchanged. This result is interpreted as
a pressure-dependent shift in a two-state equilibrium between the potential
surfaces of the two confonners. However, this result is suspect because oi
the observed substantial 6b* transition moment ii. the putatively staggered
conformer. Theoretical considerations106 as well as experimental results on
synthetically modified complexes107 suggest that the 66* intensity should
approach zero for fully staggered conformers.

We have studied the pressure dependence of the electronic absorption
and Raman spectra of Re2Olg~ in CH2C12 solution. The behavior we
observe is in marked contrast to that reported for the Br~ and I~
complexes.105 We believe our results arise from the gradual change in the
torsional coordinate that occurs with increasing pressure because the shape
of the ground-state potential surface is pressure dependent.

We carried out the present studies on ~5 mM solutions of
[(C'4H9)4N]2Re2X8 in CH2C12 and used diamond anvil cells to attain the
static high pressures. Figure 7.4 illustrates the absorption spectra in
the region of the bb* transition of Re2Clg~. The pressure dependence
of the transition energy, integrated absorption intensity, and metal-metal

Fig. 7.4. This is a xb6* ^l62

electronic absorption spectra with
increasing pressure for Re2Clg in
CH2CI2. Dashed line: ambient
pressure spectrum. Solid line: with
increasing shift of the absorption
maximum to lower energy the
corresponding pressures are: 1 04.
2.33. 3.86. 5.84. 7.90. 8.96. 10.3.
11.1. and 14.2 GPa. respectively.
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stretching frequency are given in Fig. 7.5. I'nlike the abrupt two-state result
reported for Re-jX (X - Br \ I~) (Ref. 105). the bb* transition undergoes
a gradual shift to lower energy with increasing pressure.1"5 The integrated
absorption intensity increases slightly at low pressures (<2 (!Pa) and then
decreases nionotoniealiy with further increases in pressure.

The observation of an initial increase in the intensity of the 6u*
transition suggests that at low pressures the b overlap increases. This likely
arises from shortening of the metal-metal distance before any significant
iorsional deformation. Resonance Raman measurements show that the
ambient pressure Re-Re stretching frequency for the C\~ complex is
272 cm"1. This vibration increases in frequency over the entire pressure
range (Fig. 7.5). A continuous decrease in the metal-metal bond distance is
probably the dominant factor in accounting for the frequency increase.

At pressures above >2 (iPa. the repulsive interactions of the halides
begin to dominate the torsiond potential resulting in an increase in
torsional angle and a concomitant decrease in the amount of b overlap.
Decreasing b overlap should be manifested in two ways. First, the largely
covalent V" ground state will be destabilized relative to the more ionic
i66* excited state.")G1I)7 Second, it has been predicted theoretically104 and
shown experimentally1"7 that the oscillator strength for the 55* transition
decreases with decreasing b overlap.

Given the above theoretical considerations and spectroscopic results,
our observations on Re2('l8~ are consistent with an initial shortening of
the Re-Re bond followed by a gradual change in the torsional angle and
further shortening of the Re-Re bond with increasing pressure. The pressure
dependencies of the 65* absorption spectra of Re2Fg~ and Re2Brg~ are
qualitatively the same as the dependencies of Re-jClg". which suggests that
both the behavior we observed and the interpretations are general.

Fig. 7.5. This plot shows the
pressure dependence of the
166* ^162 transition energy
maximum (o). integrated ab-
sorption intensity (o). and the
Re-Re vibrational mode frequency
(*) for Re2Cl|~ in Ch2CI2 In-
tegrated intensities were ob-
tained from (maximum absorbance
x FWHM) and are corrected
for sample volume and concen-
tration changes.
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A final observation concerns the behavior of the next higher energy
transition in Re2Cl|~ p7r(Ol)-to-<>i*(Re) charge-transfer transition of
Re2Clg". This transition remains at constant energy (313 inn) over the
entire pressure range examined. The only effect of increasing pressure
is to broaden the absorption envelope. Again, the fluoride and bromide
complexes behave similarly. <f interactions between the medium and the
molecular orbitals of the complex were primarily responsible for the observed
behavior of the 66* transition, the energies of all electronic transitions would
be altered by pressure. Instead, it appears that over the pressure range
studied, the main effect of applied pressure is to induce structural changes,
which in turn alter the intramolecular properties: that is. those determined
by the extent of the 6 overlap between the two metal atoms.

The evidence we have developed strongly suggests that, for the Re2Xg~
complexes, elevated pressure results in an increase in the magnitude of the
repulsive stcrie. potential of the halides relative to the 6 bonding potential
so the minimum in the net torsional potential energy shifts smoothly along
the torsional coordinate from the eclipsed to the staggered geometry. This
picture is very different from that suggested by Carroll rt <d..li)rj which
requires a pressure-dependent equilibrium between two distinct conformers
for Re2Brg~ and Re2lg~ in poly(methylmethacrylate). The disparity
between our results and those of Carroll et al. may be the result of specific
complexes examined, the media employed, or other effects. Further study
of these systems is indicated and is proceeding in this Laboratory.

Infrared Studies of LO-TO Splitting
Llewellyn H. Jones and Basil I Swanson

In our infrared studies of thin films of molecular solids that are formed
by deposition from the vapor, we have observed new phases, such as the
metastable phase of oxygen, formed at deposit temperatures of 8 to UK
(Ref. 108). We have also seen unusual isorners such as the two nitrite forms
of N2O4 that are stable in a narrow temperature range.109 As we studied
these thin films, we noticed that some infrared absorptions are polarized
100% perpendicular to the plane of the film. In an effort to understand this
high degree of polarization, we looked into the theories of LO-TO sp_ ..ting.

In a crystal lattice, molecular vibrations that are infrared allowed
(that change the dipole moment) are split into transverse and longitudinal
modes. The splitting is proportional to the square of the transition
moment, and is also a function of the high-frequency dielectric constant
in a form that is dependent on the crystal structure. The longitudinal
mode is higher than the free-molecule frequency because it is resisted
by the electric field set up along the propagation direction of the mode
through the crystal. The transverse mode is generally lower than the
free-molecule frequency because it is assisted by a local electric field
set up by oscillations of neighboring molecules perpendicular to the
propagation direction. Theory and experiment have shown that infrared
spectra of thin films* of molecular solids show absorption by both
transverse and longitudinal modes when the spectral source beam is at
oblique incidence to the plane of the film.110 In principle, from such

*Thrs<> films arc tliin com/wred to the wHvrlcn^tli of the incident light absorbed.
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observations we can obtain information about dielectric constants, transition
moments (absorption coefficients), and crystal symmetry, although the
relations are often complex.

For a cubic crystal, the relations are fairly tractable. For example, the
Lyddane. Sachs. Teller relation111 gives us

U'L/-'T)2 = foo U)

Haas and Hornig's112 analysis of the local electric field for one species of
oscillators that have at least tetrahedral symmetry in an isotropic crystal
gives

-4 = . (2)

in which

A = the1 number of molecules per cubic centimeter.
f>[i/dQ = the transition moment (change in dipole moment

accompanying normal coordinate Q).
c = the dielectric constant at high frequency, end

ĈL and -JT = the longitudinal and transverse mode frequencies.

Though we do not know trie high-frequency dielectric constant for many
materials, nonetheless, we do know the quantity (e + 2)2/9 c is very close
to 1 for an e of 5 or less (e cannot be less than 1). For nonpolar molecular
solids, the high-frequency dielectric constant is generally <5. Thus from
the observed LO-TO splitting we can calculate a good estimate of th?
transition moment for isotropic crystals. For anisotropic crystal lattices,
the expressions involve a parameter related to the crystal axial ratio but
appear to be tractable in many cases.113

We have observed the frequencies of the LO and TO modes for a number
of thin films of pure solids, such as SiF4, SF6, SeF6, CF4. CC14, CH4, CD4,
and Fe(CO)s and other molecular species. Even for noncunic structures, we
find a strong correspondence between LO-TO splitting and the transition
moment as indicated by peak intensity as well as by intensities measured
for the gas phase. An example is shown in Fig. 7.6 for the u3 mode of
a thin film (~0.1 /im) of solid SiF4. The longitudinal mode is at higher
frequency than the transverse mode and is absorbed only by the electric
vector perpendicular to the plane of the film. The transverse mode is
absorbed more strongly by the electric vector that is parallel to the film
plane. It is of interest to note that the LO and TO absorption frequencies
we observe for a thin film arc the same as those ouserved for a large single
crystal in Raman spectroscopy by Meredith and Bernstein.114 They assigned
the splitting to factor-group coupling: however, it is obvious from our work
that the splitting arises from LO-TO splitting. The doubling of the TO mode
indicates that the reported crystal structure of one molecule per primitive
cubic cell is incorrect.11'''

It is apparent from the above discussion that observation of the LO and
TO frequencies for cubic crystals will help us achieve a good estimate for
the transition moment of the observed vibrational mode and ascribe a value
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for the ratio of the dielectric constant of the solid at low electromagnetic
frequencies to that at high frequencies. At present, w are not prepared
to state how definitive these observations are for molecules with less
symmetrical crystal structures.

We have also studied the effect of impurities on the LO and TO modes:
for example, we have studied mixtures of 34SFg and 32SFG- Surprisingly, in
a mixture of 50% of each isotopic species, we see two longitudinal modes
one for each isotope. The implications of our observations are not clear for
such long-range interactions. At this time there appears to be no applicable
theory for the effect of impurities on LO and TO modes.

Aside from the fundamental information we can obtain from the
observation of LO and TO vibrational modes of solids, we see that we
must be cautious in interpreting observed infrared absorptions and observed
Raman peaks in terms of intramolecular and interniolecular forces. We must
be aware of the probability of frequency shifts caused by macroscopic crystal
effects for dipolar transitions. It is also apparent that interpretations of
crystal symmetry and factor-group splitting based on infrared and Raman
spectra may he compromised if LO and TO perturbations are not taken into
account.

Isotope and Nuclear Chemistry Division Annual Report 1986 VS.',



Structural Chemistry. Spectroscopy. and Applications

A Proton Nuclear Magnetic Study of Solid Triaminotrintrobenzene Structure
William L. Earl

Much of the utility of Nuclear Magnetic Resonance as a spectroscopic
technique depends upon the sensitivity of spectral line positions to the
local environment of the nucleus being probed. A very special situation,
but one which is frequently interesting, occurs when there is an isolated
pair of magnetically active nuclei. In this case, one nucleus creates a very
specific 'local magnetic field" that strongly shifts the resonance of the other
nucleus and vice versa. In a single crystal, this results in a pair of NMR
lines whose separation is a function of both the internuclear distance and the
orientation of the internuclear vector relative to the applied magnetic field.
For a polycrystalline or glassy sample, we assume an isotropic distribution
of angles. To solve this problem we can sum the equation for the pair of lines
over all angles: this results in a characteristic lineshape known as a "Pake
doublet" (see Ref. 116): this lineshape is shown in an idealized form in
Fig. 7.7. The separation of the discontinuities in this "powder pattern" is a
function of a series of constants and r~3. where r is the distance between the
two nuclei under discussion. Thus, if we have an isolated homonuclear pair,
the internuclear distance can be determined in a rather straightforward way
by measuring the separation of the spectral discontinuities. Unfortunately,
truly isolated pairs of spins seldom exist. The lack of total isolation and
other more subtle interactions contrive to produce line broadening of the
type seen in the real spectrum in Fig. 7.8.

Fig. 7.7. An idealized
"Pake doublet" shows the
discontinuities corres-
ponding to the dipole
coupling constant and twice
the dipole coupling
constant.

Triaminotrinitrobenzene (TATB) is an important, insensitive high
explosive: it is extremely insensitive to shock and other stimuli. The detailed
molecular structure of solid high explosives is important in studying their
performance and sensitivity. To that end. Cady and Larson determined
the crystal structure of TATB at Los Alamos in 1964 (Ref. 117). They
determined that there are strong inter- and intramolecular hydrogen bonds
between the amine protons and the oxygens of the nitro groups. These
features produce a relatively strongly bonded sheetlike structure with only
very weak Vander Waals force s between flu1 sheets. In Fig. 7.9. the structure
is shown schematically and -.he "hydrogen bonds" are marked by dashed
lines.

If the distance between sheets is relatively large, the protons on
any given amine group constitute an isolated, honionuclear spin pair,
and we should be able to measure the internuelear distance bv NMR.
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Fig. 7.8. In this experimental
"Pake doublet from the proton
spectrum of triaminotrinitro-
benzene. the small irregularities
near the center of the spectrum are
the result of adsorbed water in the
TATB and in the NMR probe.

We have obtained proton NMR spectra of a several different samples
of TATB under varying magnetic resonance conditions and have reached
several general conclusions. First, as has been noted by other
researchers.118 exposing the sample to visible or ultraviolet radiation
produces paramagnetic centers. These centers perturb the NMR spectrum
slightly. Second, the spin-lattice relaxation time. Ti . is extremely long for an
organic solid, which indicates an exceptional lack of molecular mobility in
the solid. Perhaps such a conclusion could have been anticipated, given
the hydrogen bonding network described by Cady and Larson, but the
NMR measurement is a molecular-level confirmation of that fact. Finally,
the spectrum is a relatively well-defined Pake doublet, which confirms
the structural rigidity and indicates that the inter-layer proton proton
distances must be large to eliminate magnetic interactions. Figure 7.8 is
a proton spectrum of TATB that shows our subjective estimate of the major
discontinuities. The separation oetween the discontinuities is 5.79 gauss,
which yields an average distance of 1.94 A between the protons. This number
can be compared to a value of 1.85 A that Oirroway and Resing determined

Fig. 7.9. This is the structure of
1.3.5-triamino 2.4.6-trinitrobenzene
(TATB). The dashed lines illustrate
the intramolecular and
intermolecular hydrogen bonds to
adjacent TATB molecules, parts of
which are sketched. The resultant
structure is a strongly hydrogen
bonded sheet.
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by a slightly different proton WI R technique"9 and an average of l.fil'2 A
t liat we have calculated from the positional parameter^ reported in Ref. 117.
1'he problem that remains is to rationalize the differences in these measured
distances.

Garroway and Rosing performed their experiments at a much lower
applied magnetic field strength and made correct ions for the nuclear moment
of the 14N in the -NH? group. The difference in magnetic field should
have no effect except to increase the signal-to-noise ratio in our experiment.
Garroway and Rcsing's corrections may account for the difference observed.
It is also extremely difficult to locate protons in an x-ray single-crystal
diffraction measurement. C'ady and Larson noted decomposition of their
crystals in the x-ray beam: thus, the error in the diffraction measurement
may easily be as large as the difference of O..'5.'i A that we measured.

What is the future of this project and similar measurements of
interproton distances'.' We are now writing computer simulation programs
to compare the experimental fake doublets with calculated spectra. The
computed spectra will include corrections for other nuclear moments (for
example. ' 'N in TATB) and experimental line broadening, and these should
allow us to more accurately measure interproton distances. It is likely that
we will pursue the measurement of the interproton distance in TATB as
a function of temperature to see if there are significant changes. We are
looking for a correlation between the structure of TATB and known changes
in its detonation properties as a function of temperature.
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NUCLEAR SPECTROSCOPY AND REACTIONS

Status of the Molybdenum-Technetium Solar-Neutrino Experiment
Kurt Wolfsberg. Norman C. Schroeder Donald J Rokop. John H Cappis, David B Curtis.

Ernie A Bryant. George A Cowan, and Wick C Haxton*

This is the third in a scries of progress reports describing our
molybdenuin-technetiurn solar-neutrino experiment.120121 We are well on
our way toward measuring subprogram levels of technetium isotopes
in thousand-ton masses of molybdenum ore. By October 1986. we had
developed (1) most of the necessary separations chemistry for isolating and
purifying trace quantities of technetium from 10 000 tons of molybdenum
ore. (2) the mass spectrornetric methods to determine technetium with
a sensitivity of several times 106 atoms of technetium. and (3) the
necessary interface between chemistry and mass spectrometry. We have also
performed the initial separation of technetium from six ~4()-fon quantities
of molybdenite concentrate and brought those samples to Los Alamos for
purification and measurement.

The goal of our experiment is to deduce the flux at the earth of high-
energy neutrinos that arise from 8B decay in the fusion cycle in the sun. Our
measurement of 4.2-Myr 98Tc produced by the (v.v~) reaction should allow
for the deduction of the average flux over the past several million years.122

Our value will be compared with the flux at the present time, as measurer!
in the chlorine solar neutrino experiment.123 (The value from the chlorine
experiment is anomalously low relative to that predicted by the standard
solar model.) The comparison also will allow us to test a nonstandard solar
model that predicts mixing of the solar core at long time intervals to account
for the present-day low fiux.124 Recently, there has been much theoretical
interest in neutrino oscillations that are enhanced by resonant processes
in the sun's interior: these oscillations are offered as another explanation
for the low neutrino flux measured in the chlorine experiment.120"127 In
this treatment, the magnitude of the neutrino-fiux reduction at the earth is
dependent on neutrino energy. Our experiment m?.y influence interpretation
of this theory because the molybdenum detector is less sensitive to low-
energy neutrinos than the chlorine detector is and therefore can test the
spectral dependence of the effect.

Before we developed the chemical separation apparatus for removing
technetium from the acid-scrub waste steam at the AMAX roasting plant
in Ft. Madison, Iowa, we constructed a prototype system at Los Alamos.
This system, based on the plan already presented.121 employs commercial
anion-exchange resin columns. The system was tested at Los Alamos in
June 198:). with a 9-iiirdiarn C'ulligan column charged with Duolite A-1G2
resin. A 500-gal. simulated waste-stream solution that was oxidized with
XaOC'l passed through the column at an average rate of Fj gal. per minute.
imitating the maximum linear flow rates to be used with 12-in. columns in
actual runs. We used rhenium, the chemical homolog of technetium. to check
the column performance. The rhenium losses from the column were very

"Di'pnrtir,ont of I'hysirs. I'nivrrsity of Wfishin^ton. Seattle. WA '.)H\'.)~>
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•quail, as was expected from our earlier experiments with smaller columns,
and the rhenium distribution was strongly peaked near the column inlet.
\\V adju.-tcd the bed length for future columns to accommodate the resin
swelling we observed.

After the successful test of the prototype system, a by-pass loop for
intercepting the acid-scrub waste stream will: resin columns was constructed
at the AM AX plant in Ft. Madison. Our procedure was tested there
in October 11)85. and during a 1-h run with a single 12-in. column, no
significant problems were encountered. We observed very low concentrations
of rheniiun in the column effluent, as expected. We measured good mass
balance for the rhenium concentration in the molybdenite feed to the roaster
and in the acid-scrub stream and the molybdic-oxide roaster product.
Because this molybdenite was from mines that are shallower than the
Henderson in Colorado. Hie material from the experiment wil' not be useful
for inferring the neutrino llux: however, the material is being u :ed to test
the rest of the separation and analytical procedure.

We returned to Ft. Madison in February 1U8G. We made six runs on 6
successive days, during which we oxidized the i at ire acid-scrub waste stream
with NaOCl and passed it through four 12-in. columns that were operated
in parallel for 12-h periods. Each of these runs represented the roasting
of about 79 (MM) lbs. of molybdenite concentrate (~55c'i' molybdenum). In
the first run. we processed the waste stream from the roasting of the non-
Henderson molybdenite just before that from Henderson material, whieh
was processed for the next 5 days. Because we expect the concentrations
of uranium, rhenium, and teehnetium isotopes to be significantly different
in the non-Henderson material, we intend to measure how fast the plant
loses ••memory" of previous roasting. During the entire processing period.
at regular intervals, we sampled the column influents and effluents as well as
the molybdenite feed, molybdic-oxide product, and recycled dust. Rhenium
analyses >f these samples will be used to infer technethnn recoveries, which
will be >90'7. We plan to process a smaller molybdenite sample directly in
the laboratory and measure "TV from spontaneous fission oi uranium for
overall yield determination. Uranium analyses of the molybdenite will be
related to the "TV to be measured. Plant records of molybdenite feed
rates, molybdenite analyses, roaster temperatures, etc.. were graciously
made available to us. At regular intervals, we also recorded both the level in
the storage tank in which the stream was oxidized and the flow rates through
our columns. All material from the experiment was sent to Los Alamos
for further processing or analysis. Rhenium measurements on selected
solution samples indicate that our columns performed as expected. We
have stored the columns until we are sure that (1) the subsequent chemistry
(described below) delivers a sample that can be successfully used for mass
spectrometric measurements and (2) reagents and the environment of the
chemical separations do not produce backgrounds that would compromise
the measurement.

The next steps in the measurement of technetium from our sample (now
reduced from thousands of tons of ore to .''()() f of anion-exchange resin)
involve chemical purification and size reduction to an essentially massless
specimen. The principal contaminant on the resin is ~-'.i kg of molybdenum,
which was absorbed with the teclinetiuin and rhenium. Molvbdenuni
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is readily eluted from the column with ~-l bed volumes of 2 A/ NaOli O.fj.V/
NaCl. Because the volumes of solution involved are still large, we use the
equipment fabricated for the prototype test. The large volume reduction is
achieved by ashing the resin at 44()°C for 100 to 120 h. Most of t he rhenium
(>95%) is volatilized during the ashing, but the technetiuni is retained in
the ash. The difference in oxidation potentials is likely responsible for this
favorable circumstance: the conditions of ashing are probably sufficiently
reducing to retain technetiuni in a relatively nonvolatile reduced state while
ReoOy is lost. To ensure that we maintain this condition, we add N'aaSO.-j
during the last stages of ashing. A weight reduction factor of --10 000 is
also achieved by ashing. We next treat the ash with HF and then with
N'aOH to recover technetiinn in solution. Technetimn is then extracted into
4-pieoline (4-inethylpyridine). which is subsequently removed by azeotropic
distillation with water. We make a final separation from rhenium by carrying
technetiuni on FejOHlo precipitated from a Xa-jSC);, solution. Another 1-
picoline extraction and distillation are then performed. At this stage, we
are carrying out c'."mistiy on the micro scale.

Technetium is extracted into a solution of tetraphenylarsoniuin chloride
in chloroform for the last t.eehnetium-speeiric purification step. Final
cleanup, in a clean zoom, involves absorbing the technetium onto anion-
exehange resin that is then rinsed with several reagents before elution of the
t.eehnetiuni with 8A/ HNO3. The eluent is carefully dried, and technetium
is sublimed from aqua rcgia-H'^Oo onto a small, cold, plastic surface. The
technetiuni is taken up in water, dried, and redissolved to give a sample of
a few microliters for mass-spectrometer source preparation.

The inherent difficulties in mass spectrometry of techrietiurn at very
low levels derive from its high ionization potential (".'•'> V) and from the
high volatility of its oxides. Because of these two factors, we had to
find ways to hold the tcchnetium on a filament until a sufficiently high
temperature is reached to produce ions efficiently. We have now developed
two procedures for measuring technetium isotope ratios at the <108-atom
level: both methods employ ion-enhancers for producing either T c + or
TcO ĵ" ions. The methods are detailed and must be followed precisely.
We outline both methods here, but we are currently u.Miig the negative-ion
approach for this application because it has better sensitivity, selectivity,
and compatibility with the present separation chemistry. The positive-
ion method will be useful in other applications that require the highest
sensitivity for "TV because the natural abundance of I 8O will give beams
of TeO~ for the 97Tc spike at the same position as 0 9 T; \

An additional difficulty we encounter during the mass spectroinetry
process stems from isobaric interferences of molybdenum isotopes that
may be present in the analyses not only from our samples but also
as ubiquitous impurities in any material user] particularly the mass
spectrometer filaments. We employ small, zone-refined rhenium filaments
that have been baked at --2'2.r)()o(': this procedure involves passing current
through them for 2 h while they are subjected to an extraction potential
"f --75 V. This treatment extracts ions such as \ lo~ and enhances grain
boundaries, which improves ionizat ion.

T h e posi t ive- ion m e t h o d requires a carefu l ly -chedulcd loading regime

and is accomplished by <ucces~ivc addit ion.- of 0 .2- / / / po r t i on - of i f . , IU ) : .
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solution, silica gel. sample, and finally H3BO3; the sample is dried after
each application of each reagent. The mass spectrum is measured at
1400 to 1580°(\ The detection limit is 3 x 107 to 108 atoms for pure
technetium samples. We observed a decrease in utilization efficiency with
geologic samples apparently the result of impurities not removed during
the purification process. Consequently, we have not yet adapted this method
for routine use.

In our negative-ion mass spectrometric method, we electroplate
technetium onto a rhenium filament from 100 \i.i and add La2O3 and H2O2
in succession to the filament before it is air dried. Then 2 \il of 2M NH4OH
are added to the filament, which is placed into the spectrometer still moist.
The sample is run at 1050°C The species measured is TcO^~; molybdenite
does not produce MoO^. Our sensitivity by this method is ~5 x 106 atoms.

To determine "Tc\ we add 97Tc to a relatively small portion of each
sample. The latter nuclide was prepared by irradiating enriched 96Ru with
neutrons in the HFIR reactor and separating technetium after 9 'Ru decay.
With the abundance of "Tc thus established, we can use that isotope as the
reference to determine the abundance of 98Tc in the analysis of the large
portions of the samples.

Because the sensitivity is better than anticipated, our requirements for
sample size may not be as large as initially planned. Consequently, we may
need to process only a portion of each 300-£ batch of anion-exchange resin
for analysis. Baring any major obstacles, we anticipate making the first
measurements on large samples from the Henderson mine early in 1987.

The goal of separating and measuring a microscopic amount of
technetium in thousands of tons of molybdenum ore involves large-scale
engineering processes, detailed analytical and separative procedures, and
ultrasensitive mass spectrometry. It is achieved with reasonable costs,
equipment, and manpower by taking advantage of the normal industrial
mining, milling, and roasting operations of the AMAX Molybdenum
Division, AMAX. Inc. We intercept a commercial waste stream to achieve a
large weight and volume reduction for the technetium function. The major
steps in this endeavor are shown in the sidebar opposite.

Direct Mass Measurements of Neutron-Rich Light Nuclei Near N = 20
David J. Vieira, Jan M. Wouters. Kamran Vaziri.* Robert H. Kraus. Jr..**
Hermann Wollnik.t Gilbert W. Butler. Fred K. Wohn.* and A. H. Wapstra§

Measurements of ground-state masses are of fundamental importance
for understanding nuclei because these masses manifest all interactions that
contribute to nuclear binding. Features si>'h as the finite range of the nuclear
force, nuclear pairing, nuclear shell structure, and the macroscopic, shape-
dependent properties of nuclei were first identified from systematic studies of

^Utah State University, Logan. UT 84322
"('lurk University. Worcester, MA 0161(1

Justus Liebig-Univershy, D-6.J00 Ciessen. Federal Republic of (icrnmny
*/owa Nfafr University and Ames Laboratory. Ames. 1A 50011
•'•National Institute for Nuclear and High Energy Physics. 1009 A.I Amsterdaiv.
The Netherlands
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Major Steps in the
Molybdenum-Techiietiiun Solar-Neutrino Experiment

Routine operations by AMAX. Inc.. in Colorado
Mining ore in Henderson Mine (~54()0 tons)
Milling ore
Floatation to produce molybdenite concentrate (—40 tons)

Routine operations by AMAX. Inc.. at Ft. Madison. Iowa
Roasting concentrate to produce molybdic oxide and sulfuric
acid as a by-product. Teehnetium is volatilized and is present
in the acid-scrub waste stream.

Los Alamos operations at Ft. Madison. Iowa
Recovering technetium from the acid-scrub waste stream by
using with anion-exchange resin (300 (.)

Operations at Los Alamos
Stripping out molybdenum (~3 kg)
Ashing resin (~30 g)
Final chemical purification (massless sample)
Mass spcctrometric measurement

the nuclear mass surface. Nuclear masses also serve as important constraints
for nuclear mass theories whose predictive capabilities are essential when
calculating the natural abundance of elements within the universe. This
importance has prompted an experimental program of mass measurements,
especially for nuclei far from the valley of beta stability, where increasing
deviations from theory have been observed. In this article, we present
the first experimental results from the time-of-flight isochronous (TOFI)
spectrometer, an instrument built expressly for direct, systematic mass
measurements of light-Z neutron-rich nuclei.128

Our first work focuses on measuring ground-state masses near
the region of deformation observed in the neutron-rich sodium
isotopes. Previously, an increase in the two-neutron separation energy
[S2n = -M(A.Z) + M{A-2.Z) + 2n] for 31~32Na was observed where
a decrease had been expected because of the assumed closure of the neutron
ad shell at N = 20 (Ref. 129). This rise in S2n was interpreted as evidence for
a shape transition from spherical to prolate deformation that was analogous
to a similar trend observed in the rare-earth region. This interpretation has
been supported by Hartree-Fock calculations, by the measured low energy
assigned to the first excited 2+ state of 32Mg, and by the mass measurements
of 31~32Mg. However, no evidence of deformation was seen in the masses of
33-3OC;J o r m t n p mean-square charge radii measurements of 21~31Na.

An important feature of the TOFI spectrometer (U = 2.5 msr.
^p/p = 4%,) is that we can determine masses of many nuclei
simultaneously with one high-precision velocity measurement. This
feature allows us to make continuous internal calibrations of the
spectrometer. Within the TOFI spectrometer, the Might time of an ion
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depends only on the mass-to-charge ratio and not on the velocity, and it is
measured by I'ast-tiiuing detectors located at the entrance and exit of the
sped nuiieter. In this experiment. we obtained a t hiring uncertainty of 230 ]>s
(1'WHM) for a typical Might time of (jOO us. which resulted in a mass-to-
charge resolution of 3.8 x HI" ' .

Neut ron-rieli nuclei are produced by means of fragmentation reactions
induced by the interaction between the 1-niA. HOO-MeY ])roton beam of
the Los Alamos Meson Physics Facility and a l.O-mg/cnr thorium target.
A transport line consisting of four quadrupole triplets and a mass-to-
charge filter capture the recoiling nuclei and introduce them into the TOFI
spectrometer. In this experiment, the beam line was tuned to transmit
recoils with a momentum-to-clnrge ratio of 200-MeY/c/Q (~0.G T-m).
which is near the maximum of the production cross section for the neutron-
rich nuclei of interest (2 to 3 MeY/anm and Q/Z ~ &U%). A small mass-to-
charge titter consisting of separated electrostatic and magnetic di]>ole holds
was tuned to accept recoils with A/Q --3.2 to eliminate1 the majority of high-
yield, uninteresting particles with A/Q < 2.0 (such as neutrals, protons,
deuterons. and alpha particles).

Masses were extracted from the measured mass-to-charge spectrum (see
Fig. 8.1) by separating out the individual lines according to atomic number
(Z) and charge state (Q) and then determining the centroid of each line by
moments analysis. The Q and Z values were obtained with a resolution of
1 and 4r<'. respectively, from measurements of the ion's velocity, stopping
power, and total energy. (The latter two are measured with a solid-state
detector telescope downstream of the spectrometer.) A mass-to-charge
calibration was obtained by fitting a quadratic function to the measured
ceniroids of the known mass values for nuclei with uncertainties of 150 keV
or better.* [Xeutron-rich isotopes of carbon through phosphorus that have
known meta-stable states with half-lives longer than 150 us (that is. 16N
and -4Na) were not used as calibrants.] A typical 8-h run contained ~120
known niass-to-rhargr values and gave a reduced chi square for the quadratic
fit of —1.1. The final mass for each nuclide was determined by taking a
weighted average of masses from the ~30 runs, including all charge states for
a given nuclide (typically. 2 to 3 charge states were predominant). The final
mass uncertainties and the rejection of statistically insignificant data were
determined by the method outlined in Ref. 130. An error equal to ~ 2 % of
the width of each mass line (—20 keV/Q) was added in quadrature to account
for systematic deviations. The resulting mass excesses are given in Table 8.1
(some information was provided by Refs. 131-132). These data cannot
exclude' thr possible existence of an unknown, long-lived, isomeric state
that could be populated in these- reactions and lead to a mass representing
a mixture of ground and isoaieric state masses. Without further knowledge,
we have assumed that these measurements represent the mass of the ground
state.

The most notable feature in our data is the smoothly decreasing trend
seen in the two-i.eutron separation energies with increasing neutron number
for 3 ( ) - 3 2Mg and 32~3''A1 (see Fig. 8.2). This behavior is consistent with

* F r o m i n f o r m a l , ' o n p r o v i d e d l>v A . H. U ' ; i p s t r ; i ;nu] (!. A u d i .
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Fig. 8.1. Mass-to-charge spectra
were obtained for proton-induced
thorium fragmentation products in
8 h; (a) Z = 6 -- 15; (b) Z = 11
gated; (c) Z = 11. Q = 9 gated;
and (d) an enlarged view of the
-'(! i'Na mass line.

the trend seen for 3 3 3(>Si. hut it contrast sharply with the S 2 n systematic*
observed for 3 1~' l 3Nri. Moreover, no increase is observed at 3 1 M g (as
reported in Ref. 13.'i) because our l U M» measurement results in a mass
that is less bound by 1.4 MeV. There is a 1.1-MeV discrepancy between
our recent '"Na results and the previous measurement (Ref. 12!)). but
the size of our error bars and the lack of a new '"Ni l mass measurement
preclude our confirming or refuting the observed S27, systematics for the
neutron-rich sodium isotopes. Recent shell model calculations of Wildenlhnl
et «/.'•'•' compare well with the S.2n da ta shown in Fi;.;. S.2 (rms deviation
of ~0 .2 MeV) throughout the entire y.d shell. I)iscre|)ancies are observed
for the N = JO isotones \ a and VIg (whose calculated masses are less
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TABLE 8.1. 1

1 9t
20N
21N
2 3 Q

23 p

24p
25p

26p
27Ne
28Ne
28Na
29Na
30Na
30Mg
31Mg
32Mg
3 2 Al
33 AI

34AI
36Si
37 p

(fiat

34680
23230
26580
15700

3530
8070

12010
19800
60P0

11500
-1220
2820
7600

-9700
-3830

-800
-12160

-9490
-3800

-13900
-20740

\Aass Excesses tr

This\
nu)

(260)
(280)
(200)
(300)
(210)
(170)
(220)

(1000)
(600)
(400)
(190)
(230)
(500)
(230)
(220)
(260)
(220)
(250)
(400)
(600)
(400)

Work

i fiamu

(MeV)

32.30
21.64
24.76
14.6

3.29
7.52

11.16
18.4
5.6

10.7
-1.14
2.63
7.1

-9.04
-3.56
-0.75

-11.33
-8.84
-3.5

-12.9
-19.31

a Errors are given in parentheses.
bFrom
cFrom

Ref. 131.
Ref. 132

(0.24)
(0.26)
(0.19)

(0.3)
(0.20)
(0.16)
(0.20)
(0.9)
(0.6)
(0.4)
(0.18)
(0.21)
(0.5)
(0.2iJ
(0.20)
(0.24)
(0.20)
(0.23)
(0.4)
(0.6)
(0.4)

and MeVa

Previous Work

(

22.20
25.58
14.61

3.35
7.86

10.51
17.55

-1.14
2.65
8.21

-9.10
-4.94
-1.75

MeV)

—
(0.34)b

(0.50)6

(0.63)6

(0.17)
(G.41)b

(0.53)6

(1.27)6

—
—
(0.14)
(0.15)
(0.25)
(0.21)c

(0.70)
(1.58)
—
—
—
—
—

hound by 2.2 and 1.5 MeV. respectively) but not fcv 3SA1. Calculations by
Watt c.t al..l3:j in which a truncated sd + f7,2 basis was used, indicate a
substantial increase in binding for 31Na and 32Mg when neutron excitations
from the d3/2 shell to the f7/2 shell are allowed. Further measurements and
additional calculations are needed before we can understand the nuclear
structure of this region.

For lighter nuclei, we find that 23O is 1 to 4 MeV more bound than
predicted by most mass formulae. However, the mass of 23O is consistent
with the S2r, trend seen in the neutron-rich isoiopes of fluorine and neon.
Evidence for a subsheil closure at N = 14 is not apparent in the S2n energies,
but a significant decrease in the S2ri trend is observed at N = 15. With
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the exception of 2 7Ne (which has a 1.0-McV discrepancy), the *<t shell
model calculations1''"4 accurately predict the two-neutron separation energies
observed hi this region. Measurements of -•'--•'() would be of particular
interest as we continue to test the shell model calculations.

We have determined 21 masses. 8 of which ( I 9C. 2 7 - 2 8 . \ e . 3 2" r ; 1Al.
36Si. and 3 7P) were measured for the first time. Comparing the 13 m-isses
that we have remeasured with their previous measurements, we found good
agreement in all eases except '"Na and 3 I M». In general, the masses
reported here are reproduced by »d shell model calculations with the
exception of 31Na and 32Mg which indicates that neutron excitations
into the / 7 / 2 shell occur. The development of TOFI and similar recoil
spectrometers will provide the means for conducting a new series of
systematic mass measurements up to Z --30: this series will yield new insight
into the binding and nuclear structure of exotic neutron-rich nuclei.

Fig. 8.2. In this plot of two-neuLron
separation energy TO neutr *n number
for isotopes of carbon to sulphur, o = nu-
clei that have been remeasured. A = nu-
clei whose mass has been measured for
the first time, and • = data provided
by A H. Wapstra and G. Audi. The S2n
values were calculated from the weighted
average of the values given in Table 8.1.
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Fragmentation in Central Collisions of Heavy Systems
Goran Claesson " K G R D o s s . " Robert Ferguson Avigdor Gavron Hans Ake Gustafsson
Hans H Gutbrod ' Juhn W Harris. '" Barbara V Jacak, Karl Heinz Kampert.* Francois Lefebvres."
Arthur M Poskanzer."" Hans Georg Ritter " Hans Rudi Schmidt " Larry Tei te lba i im." Mark L T inckne l l . "
Steven W e i s s " Howard Wieman " and Jerry B Wilhelmy

)n i ' i l l ! hr »oals i l l heavy-ion react ion - t u d i e - i- to unders tand

t in f ragment at ion of hot nuclei. We have used the Lawrence Berkeley

l .a l iora i o r v / ( ie^elL-cliali I1 ur Scl iwei ioi ienlorschunm I'la.-lic Hall de tec tor

-ys-e in to achieve a very h i ^ l i .-oil 1 an^le for d c t c c t i n " l i^ht and m e d i u n i -

hea"v f ragment - e m i t l e d in J IH I -MiA ' /A ^o ld — "o ld and "o l d -f i ron

react ions. 1 " ' ' The -;;nult aneo i i - ii iea.-ureineni ol almost all ol the nucleons

and nuclei result injj I rom each col l i - ion a l low- u- to est imate I he to ta l

charmed-part ic le mul l i p l i c i t y and hence t)ie impact parameter. By f h o o - i n »

-nt i -e ! - of ' he data that cop-e-pond to per iphera l or cent n i l col l is ions, we can

te-t the a- -u i i ip i ions inherent in var io i i - mode l - of niiclefir f r agmen ta t i on .

F igure S..'J -how- inuh ip l ic i i y di-1 r ihut i on - of l r a^men t - w i t h Z > 2

f rom mold — U.old reac t ion- oh-erved in the (o rward hemisphere in t l ie center

of !iia.-> irai iK'. The l ive curves correspond l o five cuts in the charmed-

par t i c le mult iplicif v tha i ran^e f rom M i ' L l n h e most per i j theral col l is ions)

Fig. 8.3. This plot shows
the multiplicity distribution
of forward-hemisphere
detected fragments with
Z > 2 from gold -•- gold
reactions The curves give
the observed multiplicities
from the most peripheral
(MUL I I to the most
centra1 (MUL 5) collisions
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to \U'Lf> (the most central collisions). Most peripheral collisions result in
few fragments: these are emit ted at small angles with energies dose to thai
of the projectile. For central collisions, however, we observe ,''i to 1 fragments
in the average event. and these fragments extend to lower energies and larger
angles than those in peripheral collisions. By examining tlit* fraction of the
charge of the projectile nucleus observed in particles with Z between 1 and
D. we learn that the central collisions are very violent the whole system
breaks up into ra ther small pieces. ( 'onverselv. in peripheral collisions a
large projectile remnant is observed.

In Fig. 8.1. the mean perpendicular m o m e n t u m per nucleon (in MeY/c)
is plot ted as a function of the rapidity, y. of emitted hydrogen, helium,
li thium, and carbon nuclei. As one might expect , central collisions produce
fragments with larger perpendicular m o m e n t a than peripheral collisions
do. Midrapidity fragments, from the region where the projectile and
target overlap, show large perpendicular moment;'., in contrast to l ragments
observed at the projectile rapidity, which result fron1 the gentler mechanism
of projectile breakup.

With a large solid-angle detector like the IMaMie Ball, the reaction
plane can be determined from the collective t ransverse momentum transfer.
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Danielewiez and Odyniec have proposed a method to analyze ;his eH'eet and
project tli*v data into the reaction plane on an event-by-event basis.137 The
vector difference between the transverse momentum components of particles
going forward and those going backwards is used in conjunction with the
beam axis to define the reaction plane.

Figure 8.5 presents directivity plots that show the azimuthal correlation
of emitted fragments with respect to the reaction plane. The left-
hand column contains relatively peripheral collisions, and the right shows
relatively central ones. Collisions at extremely large or small impact
parameters result in poorly defined reaction planes and are not shown here.
The three curves in each box correspond to three cuts on the rapidity of the
emitted fragments: circles are 0.32 < y < 0.42. squares are 0.42 < y < 0.52.
and crosses are 0.52 < y < 0.62: the projectile rapidity is 0.64. Although
the rapidity dependence of the correlation is more pronounced for central
collisions, midrapidity fragments are always less correlated with the reaction
plane than the projectile-like fragments are. Within the limit of complete
thermalization of the subset of nudeons from projectile-target overlap, one
would expect azimuthally symmetric emission of midrapidity particles. The
fact that there is a correlation with the reaction plane suggests that this
picture is too simple. The observed correlations can. however, be caused by

Fig. 8.5. These plots show
azimuthal correlation of
emitted fragments with
respect to the reaction
plane The left plots are
for the three labeled
elemental emissions for
more peripheral collisions,
and the right plots present
results for more central
collisions.
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collective How of nuclear matter.1'"* This effect should be more important
for central collisions, and the right side of 'he figure indeed shows a stronger
effect than the left does.

If the correlation is a result of collective motion, the random thermal
motion generated in such an energetic collision should lessen the effect. For
a system at a given temperature, the heavier ejectiles have lower thermal
velocities. Figure 8.5 shows that the correlation becomes stronger for heavier
ejectiles possibly reflecting the competition between thermal and collective
motion.

The observations thus far suggest that collisions at small impact
parameters result in complete breakup of both nuclei, but that large
dynamical effects remain. The fragmenting system is highly excited but
retains some memory of the early part of the collision when the potential
field from many nucleons is important.

Thermal-Neutron Fission Cross-Section of 2 5 6 mU
We have been successful in making preliminary measurements of the

thermal fission cross section of 2 3 5 mU. A rapid radioehemical separation
procedure was developed to provide sizeable (1()'"- to K^'-atom) 2JlJU
samples that were reasonably free of the parent 2 3 9Pu (1()8 to 10° atoms).
Three series of measurements were made using samples provided from
radiochemical separation. Two teams of researchers were involved those
who developed the radiochemical separation and those who performed the
preliminary measurements.

Development of a Rapid Radiochemical Separation of 235mU from 239Pu
Deward W Efurd. Fred R Roensch. Joy Drake. Geoffrey G. Miller, and Moses Attrep. Jr

We have developed a way of using the selective anion-cxehange resin.
AG-MPL to provide high-purity samples of 2 3 5 m U ( T I / 2 = 26.1 min) for
fission cross-section measurements. Heretofore, samples of 2 3 5 mIJ have
typically been collected on metallic surfaces as recoil atoms from the alpha
decay of 2 3 9Pu. Our attempts to use the latter procedure have not yet been
successful.

The 235li!TT samples needed for cross-section measurements had to
contain a minimum amount of plutonium and 235f!U. Minimization of
plutonium requires a chemical procedure that yields a large separation
factor. Our initial radiochemical studies indicated that HBr systems were
superior to others, in particular HC1-HI. for separating plutonium and
uranium with anion-exchange columns. Minimization of 2 3 5 g l ! requires that
the procedure take the minimum time possible. To meet all those needs, we
developed the following method.

Plutonium-239 (-70 nig) was dissolved in 48'7 HBr and passed
sequentially through three separate anion-exchange columns to remove all
the uranium that had grown into the plutonium solution since the previous
experiment. The tune of the final step of this opnration was marked as
the beginning of the ingrowth period for 2 3 r j m r (a period of ~15 min).
The newly grown-in J•'•""[' Was then absorbed onto a new anion-exchange
column and was washed three times with HBr solution to remove traces
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of p lu tnn iu i i i . 'Flic u r a n i u m was e luted with a very d i lu te HI ' so lu t i on .
Kuoiigh W - IIBr was a d d e d to the collected u r a n i u n i solut ion to m a k e
the s o l u t i o n --21) to '.'AY'i H B r . a concent rat ion sufficient to prcvi'iit t h e
a d s o r p t i o n of p lu tun iu in a n d e n h a n c e the a d s o r p t i o n of u r a n i u m on t h e next
c o l u m n cycle. We r e p e a t e d t h e adso rp t ion , wash , a n d removal of u r a n i u m
in a s e c o n d a i i ion-exchange c o l u m n . T h e eluant was t h e n e v a p o r a t e d t o a
smal l v o l u m e and cooled, a n d the an ion -exchange cycle was r e p e a t e d in a
th i rd c o l u m n . T h e final e luan t was again e v a p o r a t e d to a small v o l u m e ,
d e p o s i t e d on to a p l a t i n u m disk , and flamed t h e s a m p l e was then r e a d y
for c ross - sec t ion m e a s u r e m e n t . T h e t ime r equ i r ed 'o r th is s e p a r a t i o n was
usua l ly .'id to 10 mill.

We were able to at ta in a sepa ra t ion factor of u r a n i u m from p l u t o n i u m of
-- K)"1 . T o est ima te the u r a n i u m c o n t a m i n a t i o n level t hat could ar ise in t he
chemica l process , we d e t e r m i n e d mass spec! rome t r i ca l l y that all r e a g e n t s
used in t h e process had u r a n i u m level.-; lower t h a n 5 x I 0 7 a t o m s in t h e
volume-: typical ly u-cd for a -.cparal ion. T h e n u m b e r of a t o m s we we ie
able to del iver for the t h e r m a l - n e u t r o n cross-sec t ion m e a s u r e m e n t r a n g e d
be tween 1 x K)1" and '1 x II)1 1 a t o m s 2--'':"n\'. T h i s p r o c e d u r e requ i res t h e
use of u l t r a p u r e reagents , inc lud ing type-1 wa t e r , a n d new g lassware for
each s e p a r a t i o n .

Preliminary Measurements of the Thermal-Neutron Fission Cross Section of J ! j " ' U

Willard L Talbert Jr Merle E Bunker. John W. Starrier. Matthew A Ross."

Robert J Estep. and Silvio J Ba lest r in i "

To da te , we have been unsuccessful in obtaining samples of ~-i:""\' for
fission cross-section measurements when using a technique of ent ra in ing
-' >'J[>u_-i•••>••'(' alpha-decay recoils in an aerosol loaded helium s t ream for
t ranspor t and deposition on a plat inum disk. Our a t t empts 1<> use this
approach produced samples of 2':"n\' that were only ~1'V of the expor ted

size and contained unexpectedly large amounts of j J P u . 'aspection of the
plutonium coatings on the plates used as reroil sources revealed tha t the
p lu ton ium was badly corroded and had not adhered well to the pla tes .
We are building another chamber to use in the helium-jet approach: this
time there will be no elas tomer gaskets, and we will coat the plates with
plutoniuin in a different manner . The advantage of a helium-jet collection
system is that it is easily scaled up to provide the larger samples of
J ? J J I " [ ' required for energy-dependent cross-section measurements at the Los
Alamos .Neutron Scattering Center .

T h e above described development of a rapid radioctiemicat procedure
for high-quality separation of uranium from plutoniuin gave us an
oppor tun i ty to obtain samples large enough III)1" to HI1 ' at on is | to at tempt
measurements of the "M''"' \' thermal f is-ion cros~ section at the Omega Wc-t
Reactor lOWR j .

'^iinniirr (innliuiir I't-currii .\.--i>umi

''l.n- .\btmn~ . \ ; i f / ' I / I ; I / l.!tl><>r:itnrv ( 'nii~
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Three series of measurements were performed. In I lie lirst series,
composed of six samples, the sample sizes ranged from !) x 10° to
2 x 1011 atoms, and the chemical separation times weir -- 10 min. Kach
sample was mounted in a fission pulse counter, which was then placed in
the OWR thermal column (0ti, ~-5 x 1()L1 n /enr-s ) . and 1-inin nmltiscale
counts were recorded over a run time of 180 mill. A flux monitor was
simultaneously multiscaled to provide a reactor power (and hence, neutron
fiuenee) normalization. The nniltiscale data were analyzed by fitting them
to the expression (a + be~At ). in which the time-dependent part is related to
the ratio of the isonieric-to-^round-state fission cross sections. rrm/nv. After
each run. we monitored the sample for alpha activity: only one sample had
any residual plutonium (~U x Id8 atoms). This series of runs yielded a
value of 0.83 ± 0.02 for rrm/n^.

The value 0.83 ± 0.02 for ov,.,/^ was quite unexpected because 2.2 ± 0.4
had been reported from the I'SSR (Ref. I.'i'J). Because of the size of this
discrepancy, we conducted a second series of measurements. Three samples
of size ti x 101" to 4 x K) n atoms were measured, and the result this time
was (Tm/(TS = 1.47 ± 0.04! We determined that conditions had changed in the
OWR thermal column between the two series of measurements a cubic void
30 cm on a side had formed, centered --40 cm from the fission pulse counter
location. We reason that this void could perturb the epithennal neutron
spectrum at the counter location, and if a low-energy rescnance were present
in the cro>s section of - 3 i m r (as is the case for 2 3 9 Pu. a Nilsson-confignration
homologue of 23jl"'f*)i a change in the observed cross section might result.
To explore this possibility further, we intend to characterize the neutron
spectrum at the sample location by measuring cadmium ratios for gold,
indium, and lutethun samples with and without the thermal-column void.

An examination of possible systematic experimental errors further
revealed that the flux monitor, positioned 80 cm from the counter location.
was subject to consistent time-dependent deviation from values obtained
with another flux monitor placed at the counter location. We therefore
decided to repeat our measurements while using a flux monitor adjacent to
the fission pulse counter.

Tlu> third set of measurements was made with the thermal column void
rilled. Two samples of —6 x l ( ) u atoms each were used. The result obtained
for rrln/n,f, was 1.05 ± 0.02. compared to 0.83 ± 0.02 measured originally
under the same conditions except the change in flux monitor location. In
F \ 11)87. we will repeat the experiment with the thermal-column void in
place and will make additional cadmium-ratio spectral measurements.
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Charged-Particle and Fragment Emission in Medium-Energy Heavy-Ion Reactions
Jan Boissevain (P-2), H Chip Britt |'P-2). Daniel Cebra.* Bronnick Dichter.** Robert L Ferguson.t
Malcolm M Fowler. Zeev Fraenkel.^ Avigdor Gavron (P-2). Ole Hansen.^ Barbara V Jacak.
Sheldon Kaufman.** Patricks Lysaght. Guy Mamane.* Craig Thorn. 3 Wolfgang Trautman.^'^
Flemming Videbaek.** Gary D. Westfall.* and Jerry B. Wilhelmy

Medium-energy heavy-ion reactions provide an opportunity to study
a transition region in the evolution of nuclear interactions. The much-
investigated lower energy heavy-ion interactions are dominated by collective
dissipative mechanisms. The relativistic reactions are highly dependent on
individual nucleon-imcleon interactions. At intermediate energies, v/here
nuclei are near the Fermi velocity of bound nucleons. a competition between
these modes should exist. We use fission as a measure of the collective,
cooperative behavior of the excited system, whereas energetic nucleon
emission provides information on the initial-stage nucleon-nucleon collision
process. In addition to these1 decay channels, there is mounting evidence that
appreciable yields of composite fragments of intermediate mass are emitted
in th? reaction. An understanding of the observed yields, distributions, and
correlations of all emitted particles should provide significant insight into
medium-energy nuclear reaction dynamics.140

The experimental challenge is to measure an extremely wide range
of interaction products with sufficient geometrical coverage to obtain the
important correlations between decay products. Relatively slow moving,
highly ionizing fission products must be recorded simultaneously with low-
ionizing, high-energy protons and intermediate mass fragments. For this
purpose a "logarithmic'1 detector array consisting of gas and scintillator
components was designed and fabricated: the ring formation used eight
detector assemblies and covered ~10% of 4TT. The six forward-mounted
detector assemblies consisted of segmented gas regi as1 4 1 followed by a
CaF2-plastic scintillator combination. The first gas region had an 8-
by 16-cin entrance window of ~50 fig/cm2 polypropylene and operated
as a multiwire position-sensitive avalanche counter.142 The x and y
coordinates of an incident particle were obtained through delay line
readouts connected to the individual wires, and a fast trigger signal
was derived from the ionizing avalanche. The incident particle then
travelled an 18-cm-long drift region and impinged on the second multiwire
chamber, which had a 16- by 16-cm active region. This detector also
provided position and timing information. A 400-/fg/cm2 aluminized
mylar window isolated the next region a 20-cm-long ionization chamber
operated with isobutane at a pressure of ~300 Torr. This ionization
chamber provided the energy of the incident particles. The composite gas
detectors gave position, velocity, and energy information for the traversing
particles and. thus, their angle, energy, and mass. Sufficiently energetic

'Michigan State University. Ann Arbor. MI 4H100

"Argonne Satkinal Laboratory. Argonne. IL 60430

*Oak Ridge Sathnnl Laboratory. Oak Ridge. TN 37415

*\\'c!zmaim Institute. Rehovnt. Isreal

•'BmnkliHven Xatioiiril La})orntory. Ipton. .\'Y ll'.)7'.'>

I' i/r Scliwerioncnforsrhung. Main/.. Federal Republic it[ (iennanv
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particles could exit the gas detector array through 1-inil aluminized mylar
foils and enter the scintillator region. An array of nine phoswich detectors
consisting of 1-mm CaFo ami HO-cm scintillating plastic backed each gas
counter array. This configuration gave angular granularity as well as
the identification and energy of the incident particles. The two detector
assemblies ar the backward angles had only an ionization chamber region
followed by a four-member array of scintillator modules.

The detector array (named the. Pagoda) was installed at the Low-Energy
Beam Line (LEBL) of the Lawrence Berkeley Laboratory (LBL) BeValac
accelerator. The assembled system is shown in Fig. 8.6. Because of some
vendor problems, the total scintillator array was not available: only four
of the gas systems were backed with the full nine-element phoswich array.
The othi'r detectors had a somewhat different assembly of scintillators one
was a phoswich with 2-niin CaFo and the other was a fast/slow phoswich
with thh' fast plastic component serving as a AE detector. Following an
extended development and testing p>eriod. we ran a production experiment
in December 1985 at LBL. A beam of 100-MeV/nucleon iron ions was used
to bombard a 1-mil-thick gold target. The first 2 days of running time were
used to debug the experiment and some configuration difficulties during this
period limited the usefulness of the production data. During the second
running phase, all components were working satisfactorily until a vacuum
accident destroyed several gas detector windows. Partial recovery of the
system was possible but full geometrical coverage was no longer available.
Our initial data reduction, therefore, is concentrated on the highest quality
data obtained during the second period. We expect to recover a substantial
portion of the remaining data in the final analysis.

W-;> have been analyzing the ~30 data tapes obtained, and our initial
efforts have been concentrated on calibrating all detector elements. We
directly calibrated selected plastic systems by using deuteron and alpha-
particle beams (at several degraded energies) at the BeValac. The modules

Fig. 8.6. I his photograph shows
the experimental configuration
installed at the LEBL of the
BeValac Accelerator.
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that were not selected were subsequent ly ca l ibrated ( i l l - l ine by a ga.n-

ina lch ing procedure that used the exper imenta l data and normal ized il to

t he p r imary ca l i b ra ted modules. We ca l ib ra ted t he gas systems wit h a J ' ' J ( T

lissiou fragment source and a variety o N i g h I ions | irovide(l by t he HX-in. LB.1.,

cyc lo t ron . ' ' " The re has been a major el lort associated w i t h norma l i z ing al!

detectors to the same ca l ib ra t ion scale and generat ing a " look up " ma t r i x

that uses ihe raw t ime of flight and energy iur<ini ia l ion and provides a to ta l

energy and mass assignment for the incident Fragment. We have completed

this process and t rans fo rmed all da ta on to in termediate analys is tapes that

reta in raw input i n fo rma t ion as well as the physical ly der ived quant i t ies

(mass, energy, and angle).

Our ma in goal is to study the par t ic le emission cor re la t ions and .

a l though this s tudy is not complete, we have made subs tan t ia l progress.

There are some Hi 0(111 events For which we have ident i f ied two

heavy-mass f ragments . In i t ia l ind ica t ions show a subs tan t ia l y ie ld of

mul l il 'raginent at i on . We have seen re la t ive ly low-energy l ission decay events

that have to ta l heavy-element masses in the v ic in i ty o<" 200 and opening

angles near ISO in the lab. As we move the labora tory cor re la t ion angle

Forward. I he l ission- l ike ma>s decreases and has a mean value a round A = !(>()

For a 114° open ing angle. A l t h o u g h we have concentrated on events that

have two detected heavy Fragments, we have measured ~ l ( ) t imes as many

events w i t h only one heavy f ragment . These single-fragment events should

also provide signi f icant i n fo rmat ion on the read ion mechan ism. F igure 8.7

presents an example1 of the raw energy and mass d i s t r i b u t i o n we observed in

a single Forward-det , 'ctor array- M u c h da ta reduct ion wo rk is s t i l l needed.

but all ind ica t ions are that the exper iment has succeeded in ob ta in ing the

most complete da ta For nuclear react ions in this impor tan t energy regime.

Einsteinium-256 Decay Properties
Merle E Bunker. Malcolm M. Fowler. Kenneth E Gregorich.* Howard L. Ha!!,*
Roger A Henderson.* Darleane C. HofFman." Diana Lee.* J. William Starner. and Jer.y B. Wilhelmy

The isotopes of i he heaviest elements offer unique opportunities to study
nuclear properties near the limit oF stability- In the nuclei of these isotopes
there is a very delicate balance between the attractive nuclear Force and ihe
cumulative repulsive ('ouloinbic potential. The stability against fission is
largely determined by nuclear shell effects, which serve to incr'ase the fission
potential energy barrier. It is. therefore, important to obtain systematic
information on both nuclear structure and the fission decay properties of
these isotopes.

With this in mind, we have produced 7.(i-h "rj('Ks to determine the low-
lying nuclear structure of 2 r j0Fni and to search for a possible beta-delayed
fission decay channel. We discovered the 7.(i-h isoiuer a few years ago and
at thai time derived a rudimentary decay scheme.1'1'1 We postulated that
the principal decay branch led to a M2f)-keV level in 2 r ' f )Fin. It appeared,
on the basis of gamma-gamma coincidence data, that this level decayed
predominantly to Ihe ()x and 8+ members of Ihe ground-stale rotational
band. This supposition would then give a high probability that the

'/..mre/icf licrkclcy Lnhoniltiiy. llerkfley. < '.\ !U7'Jt)
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Fig. 8.7. These single spectra were
observed for heavy (Z > ~10)
elements in a forward (18- to 54°
laboratory acceptance angle)
detector array. The top is the
energy spectra; the bottom is the
derived mass distribution.

1425-koY level had a high spin (7 or 8). and thus gamma, transit ions to the
ground-state hand would be strongly K-hindeml. I'sing those arguments,
we estimated that the level lifetime should he in the range 10~2 to 10~5 s
making the 1425-keV level an excellent candidate for having a measurable
spontaneous fission decay branch. The fission decay properties of the
heaviest element are of great interest because of the "anomalous" behavior
of their isotopic mass distributions and kinetic energy releases.145"147 If
fission decay could be studied from an isomeric level in this region, wo could
obtain significant information about the effects of nuclear structure on the
fission observables.

A sample containing —0.1 //g of 2 ; j4Es was chemically purified and
electrodeposimj^nnto a paladium-coated 0.0125-mn beryllium foil. We
irradiated this foil with •"> lo 10 //A of Hi-McV Irilons supplied by the
Tandem Van de (iraaff at the Los Alamos Ion Ream Facility. Reaction-
produet recoils were collected on gold catcher foils. Following suitable
irradiation intervals (a few hours), we removed and chemically processed
these foils using an alpha-hydroxyisobutyrate (o-IIIB) chemistry procedure
(see Fig. X.X). We used these samples for beta-gamma and gamma-gamma
coincidence measurements: for samples that were lo be fission counted, we
employed a Further chemical procedure using IIDIOIIP (Fig. H.'.)).
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Fig. 8.8. This flowchart
shows the alpha-HIB
chemistry. (;<)1<I c a t c h e r foil

i
Dissolve in IK'l and UNO,-,

I
A(i 1-X8 union column

Elute with concentra ted IK'l

1
AC MP-50 cation column

Load with 0.1 M HCI
Wash with \M NaCl
Wash with 0.1 M HCI

Elute with saturated HCI
1

Hamilton X-1'2 cation column (7 to 10 /i
Elute with alpha-hydroxyisobutyrate

at ])H .'3.71
i

Collect einsteinium fraction
on platinum foil

I
Correlation and coincidence counting

Fig. 8.9. The HDEHP
chemistry is shown in this
flowchart Alpha-HIB chemistry

I
Load on HDEHP column

(HDEHP on hydrophobic celite)
with 0AM HCI

1
Elute with 0.8M HCI

I
Collect einsteinium fraction

I
Fission counting

The beta-gamma coincidence measurements established a half-life of
only 68 ns for the 1425-keV level. This lifetime is shorter by a factor of
at least 100 than we had anticipated from the previous decay scheme.144

The reason for the short half-life is not yet certain, even though analysis
of our gamma-gamma and beta-gamma-time coincidence data has revealed
many new features of the 2r 'f imEs decay. We have found evidence,
based on the placement of over 50 gamma rays, for the population of 5
rotational bands in 2'rjfiFm that have K71 values and band-head energies

158 Isotope and Nuclear Chemistry Division Annual Report 1986



Nuclear Structure and Reactions

(in keV) of 0+(0). 2+(682). 2~(881). :r(10<J'J). and 5"(1194). One of the
possible explanations for the 68-ns half-life is illustrated in Fiji,. 8.10. which
emphasizes the decay of the 14'25-keY lei el. In the previous scheme.1'14

a very strong 862-231-keV cascade led to the b'~ level of the ground-state
band. However, one interpretation of the present coincidence data is that
this cascade is much weaker than a parallel 231-862-keV cascade for which
the intermediate state is the 1194-keV level shown in Fig. 8.10. If this
interpretation is correct, the partial half-life of the 231-keV gamma ray that
depopulates the 1425-keV level is ~0.25 ^s. corresponding to a hindrance
factor of ~7 relative to the Weisskopf single-particle estimate, which is
consistent with E2. AK = 2 systematics.148 The 1425- to 332-kcV El
transition has a Weisskopf hindrance of ~6 x 109. which is relatively low
(but not unreasonable148) for an El, AK = 7 transition. The unusually
fast speed of this transition may be the result, of a very small admixture of
the nearby K.F = 5.7~ state at 1402 keV. A likely major component of the
1425-keV. 7~ state is the Nilsson two-quasiproton configuration [7/2+(633).
7/2-(514)].

Fig. 8.10. In this partial decay
scheme of 2 5 6 l l lEs, the energies are
in keV.
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Tin1 IUMIIII decay lifetime for t he i-onier'n level is e s t i m a l e d to he A //s
sl\t 'l. 11!)). a s s u m i n g mi nuc lear s ln ic ln i ' c hindrance.-- assoc ia ted wi th t h e
-in.ule-parl icle conl igura t ion of t he level. S y s t e m a t i c s tud ies of pa r t i c l e
rouplau: .- <j.i\e l i i i idrance- in I he 10" to 10 ' taiige tor ti.-siou decav. Because
we have e s t ab l i shed that the l-TJ'i-kiA' level has a much shor t e r l i fet ime
than we org iua l ly an t i c ipa t ed , we would not expect it to have a s u b s t a n t i a l
fission decay b ranch . In Fig. 8.11 we present the co inc idence t ime de lay
observed be! ween be ta pa r t i c les a n d les ion events as well a.' be tween b e t a
par t ic les a n d 'J.'il-keY g a m m a rays . T!:e 2.'i 1-kcV g a m m a - r a y plot shows a
prompt co r re l a t ion peak at I = 0 tha i is caused by coincident c a s c a d i n g
"iiiimiii rays and associa ted convers ion e lec t rons . It a lso has a well-defined
.-emilogari thni ic tail tha t yie lds a (>8-ns lifetim;- lor tin- 1125-keY level in
• ' ' ' ' I 'm. The beta-l ission co inc idence da t a also exhibi t a p rompt peak at
t — 0 tha t is caused by fissions in coincident ; ' w i t h convers ion e l ec t rons
p r o m p t l y emit led from the p r i m a r y fission f r agment s . At negat ive t i m e s .
I he s h o u l d e r mi I he d i s t r ibu t ion is caused by emiss ion of isomeric convers ion
electron.- I rom tin pr imary lis.-ion p r o d u c t s . At pos i t ive t imes (where b e t a -
del ayed ti.--.-ion event.- would be o b - e r v e d ) . I here are only two events at t i m e s
>•")(! us. We believe these two ever t - ; are p robab ly real because our ana lys i s
shows t he r e is a < I1'*' chance of o b t a i n i n g two events c aused by r a n d o m b e t a -
fission co inc idences in this t ime in te rva l . Also, we can rule out the poss ibi l i ty
tha t these even t s are caused by t he tail of t he obse rved p r o m p t p e a k
because such a con t r ibu t ion w o u l d be several o rde rs of m a g n i t u d e below t h e

Fig. 8 .11. This figure
displays the coincidence
time correlation between
beta particles and fission
events as well as between
beta particles and 231 keV
gamma rays

CD
>

LLJ

I Fission
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Physics of the Eta-Mesic Nucleus
Quamrul Haider and Lon-C'iang Liu

^ e a r c h i n j ; fu r n e w f o r m s <>l m a t t e r c u n - t it i l l e- une n! I l ie i nu -1 r e w a r d i n g
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I J I I ; I I it uin l e a p - in o u r u n d e r - t a u d i n u ut n a t u r e . O u r l a n n l i a r e x a m p l e m

n u c l e a r p h y - i c s i - t h e i m p r e s s i v e a d v a n c e ;u u u r k n o w l e d g e u! t h e A X

a n d M N i n t e r a c t i o n . - t h a t f o l l o w e d t h e d i . - cove i \ o | h\ | i e n i u c l e i . A l t h o u g h

m e M i u - e x c h a n ^ e c . r e n t - h a v e lomj, l i een an i n t e g r a l par 1 n l t h e I hei ne t u n l
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Fig. 8.12. This spectrum il
lustrates the calculated proton
energy as we expected to see
it in a single arm experiment
The peaks correspond to the
formation of an eta-mesic nu-
cleus after a Ip or Is neutron
is removed The background
(solid curve) is the result of re
action processes that do not
involve eta production The dot
dash curve represents the oack
ground given by the (-
process

T h e s m ^ l e - a n n m e a s u r e m e n t e m p l o y e d at B r o o k h a v e n c a n n o t b e

i m p l e m e n t e d w i t h conf idence at L A M P F b e c a u s e of t h e lower p inn e n e r g i e s :

ai t h e s e low ene rg ie s t h e S / B r a t i o is only - -0 .2 iRef. \~>'I). We p r o p o s e d 1 0 4

t o -.tinly HI L A M P F t h e f o r m a t i o n a n d s u b s e q u e n t d e c a y of an e t a - m e s i e

n u c l e u s by u s i n g t he fol lowing r e a c t i o n p roces s :

- - ~ Z A - p , +1 (A - 1) - p i + 7 T " + ( p 2 X ) .

H e r e , p j a n d \>2 d e n o t e , r e s p e c t i v e l y , t h e p r o m p t p r o t o n a n d t h e p r o t o n

r e s u l t i n g f i o m t h e decay of t h e e t a - m e s i c n u c l e u s ( t h e " d e c a y " p r o t o n ) . T h e

t i m e d e l a y b e t w e e n p , a n d n~ ( o r ]>•>) is ~*\()~n s.

T h e s i g n a t u r e s for t h e e x i s t e n c e of t h e e t a - m e s i c n u c l e u s a r e twofo ld .

I l l T h e e n e r g y s p e c t r u m of p i s h o u l d peak at a wel l -def ined e n e r g y t h a t

is s i t u a t e d o u t s i d e t h e p h a s e - s p a c e limit a s s o c i a t e d w i t h t h e p r o d u c t i o n

of a n u n b o u n d e t a m e s o n ( a n a l o g o u s to F ig . 8 .12 ) .

(2) T h e s i m u l t a n e o u s p r e s e n c e of a high k ine t i c e n e r g y ( > 2 0 0 - M e Y | ~ "" is

n e c e s s a r y .

We p r o p o s e d , t he r e fo re , t o m e a s u r e in c o i n c i d e n c e t h e p r o m p t p r o t o n

pi a n d t h e - -o a.- to e l i m i n a t e most of t h e b a c k g r o u n d e v e n t - t h a t a r e

presen t in t h e B r o o k h a v e n e x p e r i m e n t a n d . t h e r e b y , ach ieve a - i gn i t i c an t

i m p r o v e m e n t of t he S / B r a t i o . T h e d e t e c t i o n of t h e - can be u s e d

a- an effect ive "filter" b e c a u s e on lv two r e a c t i o n s , o t h e r t h a n t h e d e c a v
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of the eta-mesie nucleus. c;ui give rise to a n . One is rh«* double-charge
exchange reaction (7rf.7r ). and I lie oilier is the pion product ion process
(for example. r + n — - " JV p) . Although these reactions can yield high-
energy (>2()()-Me\') negative pious, the prol >al >ility of detect in" them in
coincidence with energetic (MH)-MeV) protons will he small relative to the
eta-mesie nucleus signal. We estimated this probability by means of an
intranuclear cascade calculat ion. Figure 8.K> shows the cross sections lor
tin1 s ignature atui background calculated under the coincidence constra int .
The use of coincidence leads to a S/B ratio > 1. which is a marked contrast
to the single-arm si tuat ion seen in Fig. 8.12.

T h e existence of the eta-mesie nucleus will open new avenues for
s tudying particle and nuclear physics. For example, because the binding
energies of the eta depend strongly on the coupling between the //N and the
\ * ( 1535) resonance, s tudies of eta-mesic nuclei will yield new information
o n t h e / / N N " coupling cons tan t . As the N*( 1535) is not a ground s ta te of the
quarks , the r/NN* coupling constant depends not only on the quark content
of the e ta meson, which is still not fully unders tood , but also on the quark
excitat ion mechanism in N*. New experimental information on this coupling
constant will help improve1 our unders tanding of the (mark composit ion of
the e ta and N*.

T h e existence of the eta-mesic nucleus will also inaugurate new fields
in nuclear physics. We see from Fig. 8.14 tha t the eta-mesic nuclear levels
correspond to an excitat ion energy of ~540 MeV. Nuclear s tates with such
high excitat ion energies are impossible to obta in in usual nuclear sys tems.
To da te , the highest obta inable nuclear excitat ion energy is ~200 MeV and
is reached by producing the A and T. hypernuclei . The existence of eta-
mesic nuclear bound s ta tes will certainly trigger new fundamental s tudies
in nuclear s t ructure theory involving high exci tat ions.

> 20
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IT' • ^ O - ' P - 77" - (px i

P T ' 640 MeV c

50 100

Tpab(MeV)
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Fig. 8.13. In this proton energy
spectrum, the background was
reduced by means of proton/?r~
coincidence measurements The
curves are represented as in
Fig. 8.13.
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Fig. 8.14. The level
schemes of l f l 0 and '^'
are displayed in this
diagram
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Mesonic Compound Nucleus EfFects in Pion Double-Charge-Exchange Reactions
Quamrul Haider and Lon-Chang Liu

In recent years, there have been extensive efforts to model hadron-
nncleon interactions using quarks and gluons for the basic underlying
dynamic's. Impressive progress has been achieved in cases that involve
the N and the A. In par t icular , an early quark model predic t ion 1 5 5 of
the ratios between the TTNN. 7 T N A . and irAA coupling constants is in
agreement with the results of more recent phenomenological analyses of
NX and - . \ phase shif ts . 1 5 6- 1 5 7 Microscopic calculations of the form factors
of these interactions have also been reported in the l i t e ra ture . 1 5 8 The s tudy
of coupling constants and form factors that involve mesons and excited
baryons. such as N*. represents a logical next s tep: comparisons between
theories and experiments will allow us to differentiate between various
models for quark excitations. In this article, we show that the pion-nucleus
double-charge exchange (DOE) reactions in the threshold region of the (?r.r/)
reaction can be used as an effective tool to s tudy interactions involving
t l i eN* .

For pion kinetic energy T ^ > 400 MeV. e ta meson production by
pious becomes possible in most nuclei. Oonsequeiitly. in this energy region,
the pion DOE reaction can proceed through the n — ?/° — w~
processes, as well as through the 7r+ — ?/° — w ~ processes.
Previous work has shown that the lew-energy r/N interaction is
a t t r ac t ive 1 ' ' 8 and that this a t t rac t ion can bind the eta into nuclear
orbitals in nuclei that have a mass number A > 10 (Hefs. 150. 160).
Accordingly, in DOE reactions, although the in termediate 7r" is in the
cont inuum, the eta can ei ther be in the cont inuum or in a strongly
bound nuclear s ta te the eta-mesic nucleus. T h e IM'K ampl i tudes
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associated with the cont inuum mesons have a smooth energy dependence .
On the other hand, the DCE ampli tudes associated with the eta-nucleus
bound s ta tes , which manifest themselves as "niesonie compound nucleus"
s ta tes in the pion-nucleus reaction channel, have resonance-like energy
dependence. Because the low-energy pionic e ta production and z/N
scat ter ing proceed through the N* channels , 1 ' " it is possible to obta in
information about the 7rNN* and ?/NN* coupling constants and interact ion
ranges by analyzing the nuclear resonance s t ruc tu re in the (7r+,7r )
excitat ion function.

As a first case of study, we have examined the ' '< ' ( n+ ,TT~ " ) ' ' ' ( ) reaction
that leads to the double isobaric analog s ta te (I)IAS). In this reaction,
only one bound state of the mesic nucleus 1 4 . \ needs to be considered
because for nuclei with A < 40. the eta meson can only be cap tured
into the Is mesic (nuclear) orb i ta l . 1 5 9 Figure 8.12 shows the calculated
excitation function at momen tum transfer q = 0 and 210 MeV/c . T h e
dashed curve is caused by the uonresonant background processes alone.
The solid curve represents the lull calculation, which includes both the
background and the mesonic compound nucleus te rms . The energy range
over which the cross sections varv rapidly is ~1() MeV. which rellects the
mesic nucleus width used in the calculat ion. 1 0 9 T h e ampli tude of the cross-
section variations (or the deviat ion from the background) depends also on
the 7rNN* and r/N.\* coupling constants used for the 7rN —> z/N interact ion.
Conversely, from the measured (7r+.7r~) excitat ion function, it is possible
to de termine the width and the binding energy of the mesic nucleus and .
from them, to extract the 7 r \ . \* and r/NN* coupling constants. We have
noted that this resonance feature of the energy dependence occurs at o ther
values of q as well. However, because the background becomes s t ronger at
smaller q. this resonance feature decreases with q. For example, the ra t io
(ffmw — rrTntn)/rr:iv,,r;il,,,

 | s °nly ~19 ' i ' at the forward angle (q = 0) and
is ~7 ' J ' r at q = 210 MeV/Y (Fig. 8.15). S tudying the (TT+.TT~) excitat ion
function at large q. therefore, is preferred as long as the absolute magn i tude
of the D( 'E cross sections is experimentally measurable . We have found tha t
q = 210 MeV/c represents an optimal choice.

Recently, it has been suggested that the six-quark bag can play an
impor tant role in DCE. A large cross section for the 14C(7T+.7r~ ) 1 4 O(DIAS)
is predicted at Tpl ~ 410 MeV. which is an energy very close to the
rnesonic compound nucleus resonance energy (419 MeV) suggested by this
work. 1 6 1 In spite of the very large uncertainty of the six-quark bag model
'•alculation notably the omission of the nonresonant background this
calculation predicts a width of —140 MeV in the energy dependence of
the DCE cross sections: this is a marked contrast to the narrow (10-MeV)
s t ruc ture implied by the eta-nucleus bound s t a te . Experimental s tudy of
the ' 'CfTr \ T T - ) 1 4O(DIAS) at T,, between :S50 and 450 MeV will dist inguish
these two very different dynamics .

The 1 4 C(-^ .7r ) N O ( D I A K ) reaction in par t icular , and the (TT + .TT")
reactions leading to the DIAS in general, represent a useful tool with which
to s tudy the strength and width of the eta-mesic nucleus and from which
to de te rmine the TT.VV and z / . \ \ * coupling cons tan ts . Knowledge about
these coupling cons) ants can be used to check models for quark exci tat ions
in the nucleon. These coupling constants cannot be "asilv extracted from
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Fig. 8.15. This plot shows
the calculated DCE
excitation functions at
q = 0 and 220 MeV/c.
The dashed and the solid
curves represent,
respectively, the
nonresonant background
and full calculations
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the TTN elastic scattering because many 7rN resonances contribute and the
branching ratio for interactions through N* is small. With respect to the
7rN —* 77N reaction on a free nucleon. the study of the eta-mesic nucleus
can directly provide information on low-energy rjN scattering. Although this
latter information may be extracted by analyzing the (77.77) reactions, it is
necessary to rely on calculations that are based upon final-state interaction
theories, for which the analysis is generally much less certain than the
analysis of bound states.
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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 flux
of thermal and epithermal neutrons. At the normal operating power
level of 8 MW. the maximum available thermal flux is 9 x 1()1:J n/enrs.
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 prompt-gamma-ray
studies, neutron cross-section measurements, and neutron-activation trace-
element assay measurements.

In FY 1986. personnel from 29 Los Alamos groups and 13 outside
organizations used the reactor. Over 13 000 samples were irradiated
(primarily with thermal neutrons), and use by other experiments totaled
2638 h. which is double the number of experiment-hours logged in FY 1985.
Table 9.1 lists the organizations that obtained sample irradiations, and a
summary of the other experimental activities is given in Table 9.2.

Additional highlights of the operation and use of the reactor during FY
1986 follow.

• The 7Be(n,p) cross section, important in weapon diagnostics, was
measured at thermal energy by a team whose members are from
the Subatomic and Research Applications Group (P-3), the Neutron
Measurements Group (P-15). the Research Reactor Group (INC-5), and
the Nuclear and Radioehemistry Group (INC'-ll). The deduced cross-
section value is ~20'*. less than the value reported previously.162 The
radioactive (Ti/2 = 53 d) 7Be target used had a mass of only 35 ng.

• Experimenters from Westinghouse-Hanford. using an in-core irradiation
facility, conducted a series of measurements of radiation damage to
metals proposed for use in controlled fusion reactors. The longest,
irradiation was 5 weeks; the total length of all irradiations was 545 h.

• Using a new high-resolution (5.2-keV FWHM at 11 MeV) intrinsic
germanium detector, we have studied the thermal neutron-capture
gamma-ray spectra emitted from the following target isotopes: 24Mg.
25Mg. 26Mg. "Ca (1.3 x 107 yr). 93Zr (1.5 x 106 yr). 107Pd
(6.5 x 106 yr}. 129I (1.6 x 107 yr). and 205Pb (1.4 x 107 yr). None
of these spectra had been studied previously. Data on the 41Ca (n.7)
42Ca reaction are complete: all other spectra have been recorded only
up to 2.5 MeV.

• A filtered neutron beam facility that will be used by the Neutron
Measurements Group (P-15) for resonance-capture (n.7) studies has
been installed in the west beam port of the OWR. A relatively pure
24-keV beam of intensity 4 x If)7 n/s has been achieved with an Al-
o6Fe-S filter. A 2-keV beam can also be extracted through a 45Se-
Ti filter. Although the 2-keV beam is moderately contaminated with
higher energy neutrons, it should still be useful in the resonance-capture
studies.
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TABLE 9.1. Irradiations at the OWR in

Organization

Los Alamos National Laboratory

CHM-1

El l
FSS-1

ESS-2

HSE-1

HSE-9

INC-4

INC-5

INC-7

INC-11

LSI
M-l
MP-2

MP-7

MST-5

MST-7

MST-10

P-2
P-3
P-10

Q-l
Q-13

WX-1

WX-5

Patrick AFB

Sandia National Laboratories

University of New Mexico

University of California. Davis

University of Alaska

California Institute of Technology

Colorado State University

Colorado School of Mines

Lawrence Livermore National Laboratory

Fenix &. Scisson

Nuclear Theory & Technology Co.

TOTAL

FY 1986

Number of

Samples

15
31

1474

2
2

6410

1
920

2248

1585

15
4
3

13
12
13
2
1
7
2

20
8
4

37
17
44
47
64

244
3
3
3
7
9

45

13 315
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TABLE 9.2. Experiments Performed at the OWR in FY 1986

Experiment
Organization Experiment Hours

Los Alamos National Laboratory
WX-3 Neutron radiography 14
WX-5 Retention of 3He in tritides 198
HSE-9 Neutron-capture gamma-ray measurements 407
INC-5/P-DO Neutron-capture gamma-ray measurements 548
INC-5 235my f j s s j o n cross-section measurements 274
INC-7 Neutron-capture gamma-ray measurements 91
P-3 7Be(n,p) cross-section measurements 165
P-8 Neutron detector tests 88
P-15 Filtered-beam (n.7) studies 238
Q-l Spent fuel-element measurements 27
Q-2 Neutron-capture gamma-ray measurements 10

LLNL/HEDL
Radiation damage to CTR-type metals 545

Eberline Instruments Radiation detector calibrations 29
Corporation

TOTAL 2638

A new water-cooled, boron-shielded epithermal rabbit facility has been
installed in the upper through-port that passes tangent to the reactor
core. This facility will be used mainly in trace-element determinations
by neutron-activation-analysis where, for certain types of samples,
epithermai-neutron irradiation has a distinct advantage over thermal-
nentivn irradiation.
The reactor was shut down the last 3 weeks of August to permit,
replacement of a large concrete shield wail (2 ft thick, 8 ft high, 22 ft
long) in the utility building (Bldg. 44). This wall protects personnel
from the gamma radiation originating in the deionizers that purify the
reactor cooling water. The old wall had started to disintegrate.
A new 125-kW diesel generator was installed to supply the reactor site
with auxiliary power. The previous generator was powered by natural
gas and was over 25 yr old. The DOE had recommended that it be
replaced.
A new power-monitoring instrument was installed in the OWR control
room. This analog/digital instrument continuously displays the
primary coolant flow rate, the primary coolant temperature difference
between inlet and outlet, and the reactor thermal power in megawatts.
Previously, the power level was calculated periodically with a hand
calculator.
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Neutron Activation Analysis Activities
Keith H Abel. Sammy R. Garcia, and Michael M. Minor

A modular VMEbus microcomputer system that will eventually replace
the local PDP-11 computer at the reactor site has operated in a test mode for
nearly 1 yr. The new system uses the UNIX operating system and multiple
Motorola 68 000 processor boards to execute application codes. A small
real-time operating system. Xinu. has been modified and incorporated in
the VME multiprocessor environment in conjunction with the master UNIX
operating system. Data acquisition codes have been developed in the UNIX
environment and loaded down-line into the "slave" processor VME modules
for testing. This highly successful data acquisition system combines all the
power of UNIX with the simplicity of small, modular, and easily developed
applications, which can run independently and have maximum real-time
response. Because of the rapid development of VME technology and new
products, it now appears that we will not have to design and fabricate our
own loss-free gamma-ray counting modules, as we had previously believed.

A rapid and accurate NAA screening procedure for potentially PCB-
contaminated oils has been developed. The timing scheme is optimized for
the detection of the halogens (fluorine, chlorine, bromine, and iodine). The
possible presence of PCBs in the oils is indicated by chlorine concentration.
The timing scheme consists of an irradiation of 120 s followed by two
counting intervals: (1) an initial 30-s count after only a 3-s decay for the
detection of 11-s 20F, and (2) a 450-s count after a total decay of 60 s for the
detection of 38C1, 80Br, and 128I. Using this timing scheme, it is possible to
screen 100 samples in an 8-h workday. Liquid standards and NBS Standard
Reference Materials are used for system calibration and quality control.
Roughly 50% of the 638 oils analyzed thus far have exhibited chlorine
concentrations >20 ppm, a threshold value that is possibly indicative of
a hazardous level of PCBs. The samples for which this threshold value is
exceeded are sent to the Laboratory's Health and Environmental Chemistry
Group (HSE-9) for further analysis by gas chromatography.

Demand for our analytical services continues at a high level. During
FY 1986, 11 419 samples from 10 Laboratory groups and 6 outside
organizations were analyzed by gamma-ray NAA and delayed-neutron
counting. Th following paragraphs briefly summarize some of the projects
for which sizeable groups of samples were studied.

• Using the delayed-neutron counting technique, we assayed 4693 urine
and environmental samples for fissile material for the Health and
Environmental Chemistry Group (HSE-9).

• A total of 1550 field samples from Costa Rica were analyzed for
45 elements with the OWR automated NAA system. This endeavor
is pai t of the Central American Energy Reconnaissance Project, which
is supporter! by the US Agency for International Development. The
sample data will be studied by geologists in the Geology/Geochemistry
Group (ESS-1). who will extract the desired mineralogical and
geodiemical information.
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We analyzed 947 rock and soil samples by NAA for an ISRD research
project concerned with geochemical anomalies at "biological crisis
zones," such as the Cretaceous-Tertiary geologic time boundary. Some
of these samples were from China. (See Sec. 5 for a further discussion
of this project.)
In collaboration with personnel from the Isotope Geochemistry
Group (INC-7) and the University of Washington, we subjected
approximately 3000 air-filter samples and freeze-dried rainwater samples
to nondestructive multielement assay by NAA. Various timing sequences
were used to detect elements of particular interest (for example, fluorine
by means of 11-s 20F). The majority of these analyses were related to
three major projects: the Minor Scale high-explosive test, a study of
volcanic emissions, and research into the impact of smelter operations
on air quality.
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Conformation Optimization Using Generalized Simulated Annealing
John H. Hall. Robert R. Ryan. Ihor 0 Bohachevsky (S-l). In6s R Triay. Myron L. Stein (S-5)

Our research has focused on modeling of molecules by molecular
mechanics. Some of the properties we hope to model include equilibrium
geometry, vibrational spectra, heats of formation, packing to form a unit cell,
and the density of the molecules in the solid phase. This article describes
our recent progress in conformation optimization.

Optimization of the geometry for large molecules is hampered by the
complexity of the potential energy space that must be searched to find a
global minimum By using normal gradient methods, one tends to rapidly
locate the nearest local minimum. Therefore, to ensure that the global
minimum has indeed been located, it is necessary to use a large number of
starting conformations. The quality of the resulting search is then directly
linked to our ability to determine all the significant starting conformations.

A generalized method to locate global minima recently proposed by
Bohachevsky et al. allows efficient searching of the conformational space.162

This technique uses a biased random walk that samples an objective function
in the space of the independent variables. Our objective function is the
total energy of each conformation and is calculated using Allinger's MM2
potential energy functions. The independent variables are bond lengths,
bond angles, and torsion angles.

Figure 10.1 shows a two-dimensional potential energy surface. The
majority of geometry optimization routines currently use the following
algorithm. Starting at point A on the conformational space, we introduced
a random perturbation of the geometry and recalculated the total energy of
the molecule in the new geometry. If the change in energy is favorable (as in
Case 1). the new conformation is accepted and we repeat the entire process
from that point on the potential energy surface. If", however, the change is
unfavorable (as in Case 2). we reject the new conformation and begin again
from the original conformation.

Fig. 10.1. This plot shows a
"typical" two-dimensional potential

energy surface
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The new algorithm used in "simulated annealing" would behave
identically in the case of favorable energy changes. However, when the
conformational change results in an overall increase in energy (Case 2),
instead of automatically rejecting the new conformation we calculate a
number "p" by using the Boltzmarm relation shown in Eq. (1).

- / JAE, \ (1)J
where

(3 = /

AEi = Ei - Eo,

AEg = E0- Eg.

Eg = energy1 at the global minimum,

Eo = energy of the previous iteration, and

E\ = energy of the current iteration.

If a randomly generated number is smaller than "p," we accept the new
geometry despite its unfavorable energy change. This small change in
the algorithm has an extremely important consequence: by allowing the
occasional acceptance of unfavorable energy changes, we are able to escape
from the local minima situated at point B.

As we approach the global minimum, C, the expression for "p"
approaches zero—making it increasingly difficult to accept an unfavorable
conformational change. Thus, we can lerminate the optimization when a
sufficiently large number of iterations result in no additional decrease in
energy.

Figure 10.2 shows bicyclo-HMX before geometry and after a geometric
optimization that used simulated annealing. The results agree with those
obtained from an extensive search of the conformational space by a gradient
method. Figure 10.3 shows the change in total energy as a function of
iteration number. From this graph it is quite evident that large barriers can
be overcome in the search for a global minima.

LAMPF He-Jet Coupled Mass Separator Project
Merle E. Bunker. Willard L. Talbert, Jr., Hermann Wollnik.* Roderick Keller.**
John W. Starner. Robert J. Estep. and Matthew A. Ross

We have continued our investigation of the feasibility of using a He-
jet activity transport system at the Los Alamos Meson Physics Facility
(LAMPF). This system, when coupled to a mass separator, would be used
in studies of nuclei far from stability. Our most recent effort has been
to complete construction of an ion-source test stand that will be used
to evaluate the efficiency of coupling a He-jet system to mass separator
ion sources. The vacuum system of this test stand is now ready for use.

'University of Giessen, Federal Republic of Germany
"GSI-Dnnnstfuh. Darmstadt, Federal Republic of Germany
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Fig. 10.2. These structures are bicyclo-HMX before and after geometry optimization.

Fig. 10.3. Total energy is plotted
energy vs iteration number.

We have received and installod a large-capacity (4000-m3/h) Roots pumping
system (on loan from the University of Giessen). and we have measured
both the flow rates of helium through the He-jet capillary and the skimming
efficiencies (in terms of helium transmission) at various capillary-skimmor
distances.

In coupling a Hc-jct. line to an ion source, even the use of a double
skimmer is inadequate to remove all the helium, and a large gas load must
be tolerated in the ion source. We arc therefore interested in ion sources that
do not intercept the skimmer throughput (which consists of activity-loaded
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aerosols and a small amount of helium), but rather allow the throughput
to enter directly into the ion-source plasma region. This technique should
maximize the activity detachment and ionization efficiencies. The hollow-
cathode ion source meets these criteria and is in use at several laboratories.
However, experiences with this approach indicate that although for some
elements excellent coupling efficiencies fl to 10%) are obtained, for others
the efficiency is too low for practical use. Other ion-source types have
recently been proposed (for example, a scaled-down electron cyclotron
resonance ion source), but they have not yet been constructed and tested.

We have been attracted to a novel ion-source design known as the
monocusp ion source.16' This ion source, developed at Sandia Laboratories,
employs a ring magnetic cusp and has several remarkable features.

(1) The ionization efficiencies for light elements are over 70%.
(2) The electron energy distribution at the inlet end is high (which, in our

case, is useful for detaching activities from the aerosols and ionizing
them).

(3) The electron energy distribution at the outlet end of the ion source is
low (which results in very good quality in the extracted ion beam).

A schematic view of the monocusp source and extractor electrodes is shown
in Fig. 10.4.

We have assembled a monocusp source and will begin testing it as soon
as we acquire suitable power supplies, perhaps in oarly 1987. Our version
of the monocusp source is about a 1:4 scaled-down version of the Sandia
design.

Further ion-optical study of the conceptual mass separator design has
produced a significant change in the approach illustrated in last year's
report.163 We now propose to employ a short magnetic sector as close
as possible to the ion source to separate the expected, copius He+ ion

Fig. 10.4. In this schematic
view of a monocusp ion
source, the expanded portion
shows details of the discharge
chamber.
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beam from the less intense beams at heavier mass. The ion-source
performance can be monitored by the He+ beam, and electrostatic transport
elements (quadrupoles, multipoles) can now be used without an astigmatic
intermediate focus to minimize space-charge induced aberrations. The
introduction of this "preseparator" stage simplifies and shortens the ion
optical design of the downstream two-stage, high-resolution main separator
to achieve the same performance goals.

We are planning to mount a He-jet activity transport line at LAMPF
to make available specific activities for fast radiochemical (SISAK) studies.
The European SISAK collaboration (Mainz, Goteborg. and Oslo) is
interested in providing the SISAK equipment for initial experiments and
in coming to Los Alamos during late 1987 to participate in the first
nuclear measurements. This international collaboration plans to study
nuclei uniquely provided at LAMPF. 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.

Molecular Modeling as a Tool for Selecting a Gadolinium(lll) Ligand
Timothy P. Burns. John H. Hall. Bruce R. Erdal. and Janet A. Mercer-Smith

The objective of our research is to prepare gadolinium(III) chelates for
covalent attachment to monoclonal antibodies that are specific for tumor
antigens. The paramagnetic gadolinium-labeled antibodies will be used as
magnetic resonance contrast imaging agents.

The immediate goal of our project is to use molecular modeling
techniques to select suitable gadolinium chelating agents for synthesis.
With this procedure, we have dramatically limited the scope of possible
synthetic targets by predicting the geometries of the ligands before actually
synthesizing them. This process has allowed us to select a synthetic target
that may possess the desired properties, including:

(1) in vivo stability,
(2) low toxicity,
(3) the ability to complex gadolinium(III) irreversibly in vivo, and
(4) the ability of H2O to approach the metal center unhindered.

Requirements (3) and (4) are best met by a planar macrocyclic ligand that
processes a large enough cavity size to accommodate the van der Waals
radius of gadolinium(III).

Porphyrins would be an obvious choice for ligands, because they are
ubiquitous in nature (and thus have low toxicity), are very stable, and
possess good coordination properties as a result of their rigid, planar
structures. However, the cavity radius of porphyrins (~2.01 A) (R.ef. 165)
is not large enough to accommodate gadolinium(III). which would require
a cavity size of 2.3 to 2.6 A for optimal binding. (This conclusion is based
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Fig. 10.5. In this model of
sapphyrin. a 22-TT electron
macrocycle that incorporates
five pyrroles, carbon is
indicated by green, nitrogen
by blue, and hydrogen by
white (cavity radius: 2.73 A).

on extrapolations from metalated porphyrin systems that have the greatest
stability.) We looked for chelating agents that incorporate many of the
features of porphyrins but possess larger cavities. Sapphyrins (Fig. 10.5)
are related to porphyrins. but they are 22-7T electron, aromatic macrocycles
that contain five pyrrollic units rather than the usual four of porphyrins. The
cavity size in sapphyrins is 2.7 A; this cavity is defined by a circle containing
the pentagon formed by the five nitrogens of the macrocycle. We examined
various methods to shrink this radius somewhat: by substituting pyridines
for pyrroles (Fig. 10.6a, b. and e), by removing methine bridges (Fig. 10.6c,
d, and e). and by substituting oxygen for nitrogen (Fig. 10.6c). From our
studies we determined that sapphyrin has close to optimal cavity size and
geometry for forming a stable chelate with gadolinium(III). Other structures
were eliminated because of nonplanarity (Fig. 10.7) or anti-aromaticity. We
will now embark on the synthesis of the sapphyrin chelating agent.

We developed the structures shown here on an Evans and Sutherland
PS300 terminal by using Chem-X software, which allows us to incorporate
molecular fragments from a library or to directly enter structures through
an x-y bitpad. We optimized the structures at the molecular mechanics
level by using routines built into Chem-X. Inter-atomic distances and angles
were directly read from the raster. Our most promising structure was
further optimized at the semi-empirical level with MNDO, running on the
INC Division VAX 11/780 (INCDP1). The data file from Chem-X was
imported to MNDO format using locally written software. The data files
were transferred from Chem-X to MOGLI for display in the CPK (space-
filling) mode. A 35-mm camera recorded the images from the raster.
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Fig. 10.6. In these five molecular struc-
tures, carbon is represented by green,
nitrogen by blue, oxygen by red. and hy-
drogen by white, (upper left) a sapphyrin
analog containing two pyridines; (upper
right) a sapphyrin analog incorporating
one pyridine: (center) a dioxanorsapphyrin:
(lower left) a sapphyrin analog contain-
ing one pyridine and with two methine
bridges removed; and (lower right) a
norsapphyrin.

Fig. 10.7. This six-membered
macrocycle. which contains
alternating pyrrole and furan moities.
was eliminated as a possible ligand
because of the predicted dish shape
that results from steric strain. Here
again, carbon is shown by green,
nitrogen by blue, oxygen by red. and
hydrogen by white.
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The Response of a Large Axial-Field lonization Detector to Heavy Ions
Jan Boissevain (P-2). H. Chip Britt (P-2). Malcolm M. Fowler. Avigdor Gavron (P-2),
Barbara V Jacak. Patrick S. Lysaght. Guy Mamane.* and Jerry B. Wilhelmy

As our studies of fission and charged-partiele omission induced by heavy
ions have moved into higher energy regimes, the requisite detector systems
have become more complicated because of the wider ranges in energy and
the types of particles to be measured. In our recent experimental runs
at the BeValac, we have fielded a large array of detector modules—each
made up of several segments. The whole array, known as the Pagoda, has
been described in previous reports;166 some experimental results are also
presented in Sec. 8 of this report.** The overall calibration of the detector
modules in the Pagoda has proved to be quite involved. A few considerations
related to the calibration of the ionization counter segment of each of the
modules are presented here.

Our calibration goal was to measure the response of (1) one ionization
counter to h'ssiou fragments emitted from 252Cf and (2) the detector to a
variety of ions produced at th<> 88-in. cyclotron at LBL in an operating mode
similar to that used during data collection runs at the BeValac. Because
we had used a 252Cf source during setup of the complete array of detector
modules at the BeValac, we had recorded each detector's response to the
fission fragments and alpha particles from that source. We proposed to link
the calibration information from the cyclotron run to that for each of the
other detectors by normalizing to the 252Cf data.

For our tests at the 88-in. cyclotron, we used a "cocktail" mixture of
ions from the electron cyclotron resource source. This source provided a
variety of ions (all with the same charge-to-mass ratio) that were acceptable
to the cyclotron and could be accelerated to the same final energy per
nucleon. This method had the advantage that we could rapidly change
ions after the beam line had been initially tuned. We found that with little
effort we could produce ions from deuterons through 40Ar. During our
calibrations, we restricted ourselves to ions with m/q = 2 and an energy of
30 MeV per nucleon. We used beams of 12C, 14N, 16O, 28Si, and 32S, which
resulted in ion energies from 360 to 960 MeV. Lower energies were obtained
by degrading the beam with aluminum foils. We calculated the energy of
the beams emerging from the various degrader foils by using range-energy
codes, and we checked them using a calibrated plastic scintillator.

The response of the detector was estimated by calculating the amount of
energy that the beam deposited in the counter. These calculations, shown
in Fig. 10.8, indicate that the total energy of the ion is deposited in the
counter until the on has enough energy to pass through the detector. The
deposited energy then begins to decrease as the ion energy is increased. In
nearly all cases, the ions we used sit the cyclotron had sufficient energy to
completely pass through the detector. This is an important point because all
ions that pass through the detector produce ionizatior. that is geometrically
distributed in the detector in a similar manner; therefore, the overall

"Wehmann Institute, Rehovet, Israel
"'For example, the article on charged-partiele and fragment emissions in

medium-energy heavy-ion reactions.
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Fig. 10.8. This plot shows the
calculated response of the ionization
detector to ions of various energies.
The common diagonal line represents
the region of total energy collection
for ions stopped in the active
detector volume.

efficiency for collecting charge in the detector should then be independent of
the ion passing through the counter. By using data collected in this way, we
were able to show that there is no change in detection efficiency resulting
from changes in ionization density as the Z of the ion is changed. The
measured data for various ions is presented in Fig. 10.9; here, the measured
pulse amplitude is plotted us the calculated energy loss in the detector and
shows that the response of the detector is quite linear with deposited energy,
independent of the ions depositing the energy. This figure also shows data
obtained with a precision puiser. The pulser data were fit with a linear
least squares regression to define the channel number corresponding to zero-
energy. The other experimental data were then fit so that they have the
same zero-energy intercept. However, we did find that when the detector is
operated with CF4, there is a considerable change in the charge collection
efficiency as the ion path length varies in the detector. Electrons formed
near the entrance window were not as completely collected by the anode
as those formed at the rear nearer the anode. This effect causes ambiguity
in ion identification because two ions that deposit the same energy in the
counter (but have different path lengths) produce different charge signals.
We have investigated this effect by measuring the collected charge produced
by 252Cf fission fragments as a function of pressure in the counter. At high
pressures, the fission fragments are stopped near the entrance window, and
as the pressure is lowered the range of the fragments increases until, at
~70 torr, they reach the anode. Figure 10.10 shows these data fcr light
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Fig. 1Q.9. The plot indicates
the measured response of the
ionization detector to a
number of ions passing
through the detector

200 300 400 500

Channel Number

and heavy fission fragments when CF4 is used as the counting gas. One can
see that, when compared to the data of 50 torr. only ~50% of the charge
is collected at 300 torr. By replacing the counting gas with high-yurity
methane, we verified that this loss is the result of counting gas rather than
the design of the counter. In this case, the collected charge is independent of
pressure, which indicates that the charge collection efficiency is independent
of track length in the detector.

Fig. 10.10. The measured
response of the ionization
detector to tission fragments
is plotted as a function of gas
pressure in the detector.
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Because the experimental data were collected using OF4 as a counting
gas, we have developed a method to identify the charged particles and their
energies using the pulse height information and j>artkle velocity that is
measured in another part of the detector. The velocity defines the energy per
nucleon and the pulse amplitude is related to the nuclear charge: therefore,
we can construct a lookup table that gives the mass and energy from Un-
measured pulse height and velocity. This table consists of several million
entries, and all the data for each of the detector modules has been normalized
to make use of the same table.

In future experiments, we hope to purify the CF4 counting gas so that
it behaves in a more ideal manner; if this is not possible, we may have to
select an alternate gas.

New and Accurate Numerical Method for Integral Transformations
Qamrul Haider and Lon-Chang Liu

In nuclear and atomic physics calculations, one frequently encounters
integral transforms (for example, Fourier or Bessel transforms) where the
integrand is a highly oscillatory function. A familiar example is the
calculation of me nuclear form factor in reaction or scattering processes.
Such calculations involve Fourier (or Bessel) transformation of the nuclear
transition density function from coordinate space to momentum space. In
most of the cases, these transformations cannot be done analytically, and
one must rely entirely on numerical methods. However, for large momentum
transfer or higher order Bessel functions, the integrand becomes highly
oscillatory and thereby presents serious difficulties in obtaining numerical
convergence of the integration.

Out of a variety of applicable numerical integration methods, the
one most commonly used for performing integral transformation is the
"standard" gaussian quadrature method. When using the gaussian method,
one must be extremely careful to choose the correct number of gaussian
pointy and corresponding weights. However, it is very difficult to determine
how many points should be used to achieve the convergence to the exact
result.

We have developed an algorithm that is free from the tedious tests of
convergence168 and we termed it the "partitioned" gaussian method (PGM).
The method is particularly useful if the function to be integrated has a
large number of nodes. The essence of the PGM is to determine at first the
locations of the nodes and then carry out the integration separately for each
oscillation segment of the integrand. (Mathematical details of the method
can be found in Ref. 168. The implementation of our algorithm becomes
very simple if the integrand oscillates periodically. The novel feature of
the PGM is that it puts equal emphasis on the integrand between any two
successive nodes. This feature cannot be easily realized with the standard
gaussian technique where use of too few points may result in a disregard for
the finer structure of the integrand

In Table 10.1, we show the results of integrating the function
jn(qr)r i n+2e-c i2 r2 (a = 0.556) for q = 5 and different orders (n = m) of the
Bessel function j n by both the PGM and the standard gaussian method. The
exact results are also presented. We note that in all cases, the calculations
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based on the PCM converge to the exact results with only one trial and eight
gaussian points (Ng). With the standard gaussian method, we obtained
convergence in most of the cases after four trials and 32 to 64 gaussian
points.

Compared to the standard method, the PGM requires a moderate
increase of computing time. However, when using the standard method,
one must either rely to a large extent on intuition or carry out extensive
tests to determine if the results are meaningful. This latter determination
could become very uncertain in practice if the analytic form of the highly
oscillatory integrand is not known. We can entirely avoid these by using the
PGM described here.

TABLE

na

10.1. Comparison of

Partitioned
Goussi&fi

Numerical Results

Standard
Gaussian

for q = 5.0

Exact

25

60

8
16
32
64
80

8
16
32
64
80

8
16
32
64
80

1.60018X10"4

1.60018X10-4

1.60018X10"4

1.60018xl<r4

1.60018X10-4

2.04034x10" <
2.04034x10"
2.04034X1014

2.040S4X1014 -
2.04034xl014

8.74222X1036

&74222X1038

8.74222X-1036

8.74222X1036

8.74222X1036

-7.73216x10°
1.32595 xlO1

>84936xl0-4

1.600l8xl0-4

=i.6«>18xlO-4

-1.43341X1015

8.26505 XlO14

2.03626xi0i4

2.04034 xlO14

2.04034x10"

9.90527X1036

9.27291X1036

8.74222X1036

8.74222X1038

8.74222X1036

1.60018xl0~4

2.0403xl0~4

8.74222X1036

an = order of the Basel function.
bNg = number of gaussian points.

Accelerator-Based Mass Spectrometry of Methane
Malcolm M. Fov*'ler. Patrick S. Lysaght. and Jerry B. Wilhelmy

Accelerator-based mass spectrometric (AMS) methods have not been
generally applied to the analysis of molecular species because of difficulties
with ion sources and the fact that tandem accelerators are not generally
applicable. We have developed a method to use AMS to measure the
abundacce of the fully deuterated methanes, 13CD4 and 12CD4, in normal
methane. We have coupled a low-energy electron bombardment ion source
to a single-ended electrostatic accelerator to produce positively charged
molecular ions.
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In this analytical approach, we accelerate positively charged methane
ions to energies of 6 to 8 MeV, which allows us to detect and identify
them by nuclear counting techniques. The use of both (1) ion energies that
are much higher than in conventional mass spectrometry and (2) nuclear-
particle identification techniques reduces background interferences and
improves the detection sensitivity. In addition, the detection technique
provides information about the constituents of the accelerated molecular
ions so we can separate ions of similar mass but different structure.
The dynamic range is also improved because accelerators can generally
operate with much more intense ion beams than are usual in mass
spectrometers. This method requires the acceleration and detection of intact
molecular ions and therefore precludes the use of a tandem accelerator.
We have implemented our experiments on the zero-degree beam line
from the vertical electrostatic accelerator of the ion-beam facility at Los
Alamos. The detection chamber for the AMS work is located at the
focus of a 2-m radius of curvature energy analysis magnet and consists
of stabilization detectors, scattering/dissociation foils, an electrostatic
analyzer and particle detectors. A simplified schematic of the experimental
configuration is shown in Fig. 10.11.
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Fig. 10.11. This schematic shows
the configuration of the apparatus
used for AMS o f methane at Los
Alamos.

The molecular ions must survive intact until they reach the dissociation
foil if they are to be detected. The ions have molecule-size collision cross
sections of ~10~16 cm2, and it is probable that a single collision with
another gas molecule will break up the molecular ion. This dictates a
reasonably good vacuum in the accelerator and L>eam lines. We currently
use two 500-^/s turbomolecular pumping systems to maintain the vacuum
of ~1 x 10~6 torr from the exit of the analysis magnet to the detection
chamber. We still observe some dissociation of the ion beam and are trying
to modify the vacuum to improve that condition.

In the accelerator used for AMS, the terminal is enclosed in four
interpotential shells that form an effective electrostatic shield. This shielding
prevents us from using a generating voltmetor to sense and control the
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terminal voltage; therefore, in normal operation, we control the voltage
by monitoring slits t uvt are placed downstream from the energy analysis
magnet. For the AMS work however, the accelerated beam intensities are
far too small to be measured on the stabilizing sii*s, and we have developed
an alternate method for stabilizing the ion acceleration potential. In this
method, the normal current-measuring stabilization slit assembly has been
replaced by a pair of particle detectors. During our experiments, we use
one ion beam to stabilize the energy while we measure another beam of
slightly different mass. Because the two beams have different masses, they
will follow different paths through the energy analysis magnet. The relative
masses of the two beams determine the position of the measurement beam
when the stabilizing beam is centered on the detector assembly. We use
21Ne for stabilization when we measure mass-21 methane, and 20Ne is used
when we analyze mass-20 methane. In both cases, the beams differ in mass
by ~0.0G an in, which results in ~2-cm displacement in the two beams at
the position of the stabilization detectors. In practice, a small amount of
natural neon is added to the samples of methane to provide the stabilization
beams. The known neon-to-methane ratio in the samples can be helpful in
absolute calibration.

Initially, we used a pair of small plastic scintillators that were about the
same size as the slits that were being replaced. For increased sensitivity,
there was no central gap between the two scintillators and they intercepted
all of the stabilizing beam. We found that we could easily stabilize the
accelerator with a beam of only a few thousand particles per second striking
the scintillators. The use of low-intensity stabilization beams is very
important for minimizing the interference caused by scattered ions from the
stabilization beam. We found that the scintillators were quickly damaged
by exposure to various beams during accelerator tuning and decided to try a
different type of detector. We are now using a small multiwire proportional
counter similar to that developed by Breskin for programs in heavy ion
research.169 The counter shown in Fig. 10.12 employs an anode divided into
two parts so that there are really two detectors in one common housing.
The counter has a cathode-anode distance of 3 mm. The anode plane is
20 mm square and is made of 20-//m wires spaced 0.75 mm apart; one
wire is omitted to divide the anode plane into two unequal parts. The
detector operates at 600 V with 5 torr of isobutane. Because the sensitive
medium is Mowing isobutane, there are no radiation damage problems. Our
initial tests were made with polypropylene windows (50 /ig/cm2), but the
windows were damaged during accelerator tuning and we have changed to
450-/ig/cm2 nickel windows. The energy loss rate for neon ions changes
rather slowly at the energies used, so the detector with the thicker nickel
windows gives signals similar to those obtained when the thinner windows
were used. The signals first pass through fast preamplifiers, then constant
fraction discriminators, and finally ratemeter circuits. The analog output
from the rateni'-ters is then fed into the accelerator stabilizing system.

Our first planned application will be to determine if the mass-20 peak
observed by conventional mass spectrometry of methane ^eparr.ted from
normal atmospheric air is 12('D4 or some impurity. This work is very
interesting because if the anomaly is 12CD4. there must, be a source of
which we are not aware.
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Fig. 10.12. This schematic provides
an expanded view of the stabilization
detector

in INC Division
Kay Coen. Carla Gallegos. Lia Mitchell, and Elaine Roybal

(from a Greek word meaning art and technology; pronounced
"tecks") is a newly developed typesetting program created by Donald E.
Kriuth. a Stanford University math processor. The program was created
out of his frustration when dealing with publishers who could not correctly
typeset mathematical formulas and equations. In 1984, INC Division
acquired TgX from Stanford and installed it on our VAX 11/780. INC was
the first division at the Laboratory to implement and use TgX capabilities
in document preparation. In 1985. T^X officially became the Laboratory's
standard for typeset documents. In that year. INC Division's annual was
produced in T^X the hrst major document to be produced using IS-
Division's Autologic Mark-IV phototypesetter.

Although TgX originally ran only on the Division's VAX 11/780 or an
IBM PC, a recently introduced MAC T^X version has made this program
available to all our INC groups. TgX was not the easiest program to learn:
however, once past the initial learning stages, users have found that its
capabilities are seemingly endless. One of the chief obstacles to learning TgX
was the lack of a help center for problem solving. INC-7 personnel (followed
by IMC-11 personnel) have been actively promoting the use of TgX and
working with others throughout the Division to make the learning process
less difficult. Informal tutoring, a basic TgX instruction document (soon
to be a Laboratory report), and a class for INC Division wordprocessors
and secretaries have been effective. As INC Division's expertise has grown,
word processors from INC-7 have been able to help others across the
Laboratory through the TEX Users Group (TUG) and a class sponsored
through C Division. "First Steps in T^X."
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Tf]X has many more capabilities than those available on a word
processor: it is its own programming language. Both staff and word
processors have found that it is a very powerful and versatile language
with many advantages. T].]X has become widely accepted across the US
and in Huropc. and its updates are geared toward the growing needs of
sophisticated as well as novice users. "Macros" are used to standardize
the format for nienios. letters, and reports. Another particularly useful
application has been the use of larger fonts (type sizes) for viewgraphs,
poster sessions, and signs. The ease of changing fonts and typestyles
has simplified the task of creating effective documents and presentation
materials. Producing tables is more easily accomplished; different font sizes
and styles, rules, and columns arc possible. With the advantages of merging
computer graphics and TjrjX. producing excellent "galleys" on the laser
printer, and integrating with the IS-Division equipment to phototypeset
these hies, we save time and expense for layout and pasteup.

There is another version of Tĵ X. called' LaTjrjX. which is based on the
original TftX but has a predefined program of macros. In many ways, LaTjrjX
is easier to learn and to use; however, these predefined macros do not always
fit the application needed for specific documents. INC Division will probably
continue to use the "plain" T[̂ X because it gives us more flexibility and the
option of designing our own documents. The professional growth and skills
gained in this process have been very beneficial to our Division and the
Laboratory as a whole.

Graphics and Molecular Modeling
Bruce R. Erdal

The development of theoretical and simulation techniques to calculate
the properties of molecular systems has gone through two evolutionary
growth phases. The first phase occurred in the early 1960s when the
computer was first applied to confonnational energy calculations of peptides.
During this period, comparative energy' calculations, energy mapping,
and rigid body minimizations were developed. These advances were
followed by a plateau in development during the mid 1960s to mid 1970s.
during which the early techniques were applied to an ever growing number
of molecular systems. We are now in a second stage the theoretical
techniques continue to increase and graphic simulation methods are rapidly
proliferating. By combining theoretical techniques, computer power, and
graphic simulation techniques, we have gained a great deal of insight into
molecular properties, structure, dynamic' and energetic properties, and other
molecular characteristics.

These theoretical techniques energy minimizations. molecular
dynamic simulations. Monte Carlo simulations, vibrational normal mode
analysis offer us the opportunity to understand the complex behavior
of molecular systems in terms of fundamental inter- and intramolecular
physical forces. The theoretical techniques complement experiments by
proinot ing our knowledge of t he molecular behavior of inacroinolecules. and
they provide a perspective that is inaccessible to experiment a! techniques
alone. The full power and significance implicit in the ability to simulate the
structure and energetics of molecular systems are only now beginning to bo
appreciated.
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Over the past several years, we have continued to develop a theoretical
and simulation capability in INC Division. Other articles in Sec. 4, 10, and
11 of this report provide examples of recent developments. The heart of this
capability is a sophisticated, interactive, high-resolution graphics system
that was built around an Evans and Sutherland PS300 high-performance
graphics system. We have recently made several enhancements to our
system. A PS340 raster graphics terminal was added; this terminal displays
shaded images or space-filling models that represent the three-dimensional
nature of molecules (for example, see see Figs. 10.13 and 10.14). A
MicroVAX II computer system was installed and the principal molecular
graphics package (MOGLI) was implemented. The microVAX provides a
more rapid response during molecular graphics simulations than the VAX-
11/780 can. The latter computer is still available, however, and is the
repository for the larger molecular-modeling packages and databases. The
VAX-11/780 also provides an easy connection to the Laboratory's Integrated
Computer Network and the archival system, as well as several of the Cray
computers. Finally, several codes from the Quantum Chemistry Program
Exchange are now available, either on INCDP1 or on the Crays. These
codes either can be used individually or in conjunction with the molecular
graphics codes.

Fig. 10.13. In this display of a
simple 10-residue poly-tryptophane
structure on the P5330 vector
graphics system, the screen shows
some of the available colors as well
as some of the modeling options in
one of the codes (FRODO for the
PS300: J. W. Pflugarth. J. S. Sack,
and M. A. Saper. Department of
Biochemistry. Rice University.
Houston. TX 77251).
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Fig. 10.14. This display of
the same structure seen in
Fig. 10.13 uses the P5340
vector graphics system:
carbon is grey, oxygen is red.
and nitrogen is blue.
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Atmospheric Chemistry in INC: Past, Present, and Future
Jeffrey S. GafFney. Eugene J. Mroz. Allen S. Mason, and David L. Finnegan

Over the past few years. INC Division has been involved in a number
of investigations aimed at obtaining a better fundamental understanding of
the transport and transformation of atmospheric pollutants. These studies
have involved the wide variety of research areas listed here.

• Determination and interpretation of stratospheric sulfate aerosols,
halogen, and nitric acid concentrations as well as radioactive debris
[Project Airstream for the US Department of Energy (DOE)]171-174

• Development and application of heavy methane tracers for atmospheric
studies in complex terrain (ASCOT)175 and for tracking antarctic
winds176

• Characterization of dust lofted from conventional and nuclear explosions
for the Defense Nuclear Agency1'7

• Determination of volatile trace elements from volcanic eruptions178

• Exploring the possibility of measuring trace-gas concentrations in
buttons and other artifacts to extend the historic record for these gas
species1'11

Our present efforts in atmospheric transport and chemical character-
izations are addressing three areas of research. We make use of INC's unique
capabilities in trace-element detection to improve future measurements of
dust lofting from test explosions. We are applying our heavy methane tracer
capabilities to examine the impact of fossil fuel use on visibility in remote
areas; we are also using these methanes to continue our antarctic tracer
studies. We hav^ initiated an examination of the atmospheric chemistry of
organic oxidants and their precursors, particularly in remote continental
air masses. This latter research, which recently received support from
the DOE's Office of Health and Environmental Research, is highlighted in
following articles.

There are several areas of future atmospheric research in which we
believe INC will make significant contributions.

• We will develop novel chemilurninescent detection systems coupled
to chromatographic systems: these methods will allow us to measure
directly the organic hydroperoxides. organic peracids, and other organic
oxidants.

• INC Division will extend its heavy methane capability; we will then be
able to produce and measure at low levels the stable, isotopically labeled
olefins that will allowr us to determine integrated hydroxyl radical
concentrations during the daytime and nitrate radical at night when
we release then* with conservative atmospheric tracers. This research
should lead to the development of isotopically labeled hydrocarbons that
Cr>n be used to study transport and transformation in the atmosphere,
biosphere, and geosphere.

• We are beginning collaborative modeling efforts with researchers
in ESS-5, ESS-7, and S-4 to address specific transformation
pathways for complex organic and inorganic compounds in the
troposphere and their concurrent transport over complex terrain.
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• The characterization of volcanic ash clouds will be .studied as an
extension of cur research on dust clouds formed by conventional and
nuclear explosions.

• We will use the existing tint abases for atmospheric concentrations and
deposition of radionuclides from previous fallout studies to verify global
circulation models that are being developed to examine nuclear winter.

Looking Beyond Ozonv Organic Oxidants and Their Precursors
Jeffrey S. Gaffney, John H Hall. Eric Prestbo. John Zieman. and William H. Zoller*

The troposphere is an oxidizing medium. When natural and
anthropogenic emissions of inorganic and organic materials are released
into the lower atmosphere, they begin to undergo oxidative chemical
transformations. Thus, primary pollutants lead to the photochemical
production of a variety of secondary oxidants and acidic species. Oxidants
formed by "photochemical smog" reactions are driven by NOx/hydrocarbon
emissions from a variety of energy-related activities. Organic oxidants
produced during transport and transformation of inorganic pollutants
interacting with organic pollutants concern atmospheric scientists because
these oxidants are likely to be highly toxic, as well as potentially
reactive, in gas- . aerosol- . and aqueous-phase chemistries. Although
a number of oxidants are produced (both inorganic and organic), only
ozone is reasonably well characterized—that is. we understand its formation,
seasonal variability, and toxicity.

Because of the potential importance of such pollutants, we have initiated
studies of the atmospheric chemistry of organic oxidants and their precursor
aldehydes. These studies are sponsored by the US Department of Energy's
Office of Health and Environmental Research. Organic oxidants of particular
interest include organoperoxy nitrates, organic peroxides, and organic
peracids. The expected major analogs of these classes of compounds are
peroxyacyl nitrate, methyl hydroperoxide. and peracetic acid, respectively.
These compounds are produced by the reactions of organic peroxy radicals in
the air. The dominant aldehydes, which serve as precursors to these organic
oxidants through these peroxy radical intermediates, are formaldehyde and
acetaldehyde. All of these species are potentially highly potent phytctoxins.

Our present knowledge of these systems indicates that the levels of
organic oxidants will be higher in remote areas where there is no local source
of nitric oxide. To assess the potential impacts of organic oxidants. we
will need a better fundamental understanding of their atmospheric levels,
lifetimes, reactivity, and toxic effects. Using these data, we can develop
control strategies or alternate energy sources to minimize the potential
impacts from the pollutants.

To improve our understanding of these species in remote areas, we
have begun an interactive study that will involve chemical kinetic computer
simulations, field measurement, and where necessary, analytical technique
development. Because the formation of organic oxidants is favored when
nitric oxide concentrations are low. we have chosen two sites that, .vill
allow us to assess the levels of organic oxidant production in remote areas.

* University of Washington. Srattlr. WA 08195
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The chemistry of these species is coupled, so our initial measurements
will be focused on peroxyacetyl nitrate (PAN) and precursor aldehydes. As
PAN exists in equilibrium with the peroxyacetyl radical, we can estimate the
formation of peroxyacetic acid from these data by using computer modeling
to predict the rate of production through the reaction of the peroxyacetyl
radical with the hydroperoxyl radical.

Two sampling sites have been chosen for initial field studies. The first
is a high-altitude site (~6400 ft in elevation) in northern New Mexico near
Bandelier National Monument; thi^ site is operated by INC Division (see
Fig. 11.1). The second site is near sea level and is located off the coast of the
state of Washington (see Fig. 11.2). This site is presently being operated by
staff from the University of Washington, Seattle. These two locations were

LOS ALAMOS

NEW MEXICO

\

Fig. 11.1. Sampling site at
Technical Area 33. near Bandelier
National Monument.

Fig. 11.2. Sampling site of1 the
coast of Washington State at Cheeka
Peak.
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chosen so that we could evaluate the diurnal and seasonal variabilities of
PAN and aldehyde precursors under drastically different relative humidity,
light intensity, temperature, and meteorological conditions, as well as
continental us marine air masses. Our conventional measurements will be
supplemented by the collection of high-volume aldehyde and PAN samples
that will be used for 14C characterization. In this manner, we can evaluate
the atmospheric production contributions from biomass (MC-rich) and fossil
fuels (no 14C) at different sites.

A number of researchers have expressed interest in collaborative
experiments examining other noncriteria pollutants at these sites. Our

Elaboration will determine the tropospheric levels, seasonal variability, and
sources of organic oxidants, aldehydes, and other trace species to improve
our fundamental understanding of tropospheric chemistry.

Peroxyacetyl Nitrate: is Pan Cyclic?
Jeffrey S. Gaffney and John H. Hall

The peroxyacyl nitrates (PANs) are known to be potent phytotoxins and
lachrymators produced in photochemical "smog."180 Initially referred to as
"compound X," PAN h the simplest known analog; it is formed during the
photooxidation of many alkanes, aikenes, aromatics, and naturally occurring
hemi- and monoterpenes. Initially, it was thought that PAN was produced
only in Los Angeles smog chemistry, but we have found that PAN is quite
ubiquitous in the troposphere.181"182 Recent work indicates that PAN is
among the atmospherically stable NOx species that are capable of long-
range transport. This characteristic is a result of their thermal stability,183

low aqueous solubilities,184 slow reactions with hydroxyl radical,185 and lack
of any photochenncally active chromophores in the actinic region.186

The available data indicate that PANs are also an important species
because of their tropospheric chemical and toxic properties. The lifetimes
of PANs are strongly temperature dependent and have two known major
pathways for thermal decomposition.183 The first is the equilibrium between
PAN and the peroxyacetyl radical and nitrogen dioxide. Subsequent
loss of the peroxyacetyl radical through reaction with nitric oxide or the
hydroperoxyl radical (HO2) also leads to loss of PAN. The latter reaction
with HO2 leads to the production of peracetic acid. The other major channel
is the ummolecular decomposition to form the organic nitrate analogs
and carbon dioxide.186 This reaction, when coupled with low aqueous
solubility, the reaction of PAN with ammonia to produce acetamides, nitrous
acid, and molecular oxygen, and PAN's appreciable solubility in nonpolar
hydrocarbon solvents, suggests that PAN exists in a cyclic intermediate
structure at least some of the time.180 '181 '183 '187 Such a cyclic structure
would explain the observed solubilities in lipids and aqueous systems as
well as PAN's phytotoxic and lachrymator properties (that is, its ability to
interact with and through biological membranes).

To further examine the possible importance of cyclic structures on the
stability of PAN, we have begun structural molecular modeling calculations.
The MOPAC and CHEM-X software packages have been used to examine
the stablest PAN structure, and the calculated structures are shown in
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Fig. 11.3 and 11.4. The MOPAC simulation has predicted a linear structure,
whereas CHEM-X has predicted that a cyclic structure would be most
stable. It is interesting to note that the cyclic structure has indicated the
peroxy-bond length ~1.4 A, ard the linear structure has a peroxide bond
length of 1.28 A. It has been understood for some time that PAN yields
molecular oxygen in the single-d..'* a excited state when it is base hydrolyzed.

Fig. 11 . " . MOPAC predicted that
this structure was the most probable
for PAN.

Fig. 11.4. This illustration shows
the CHEM-X-calculated cyclic PAN
structure.
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This behavior is more consistent with a stretched peroxy-bond. The
MOPAC calculations yield an infrared spectra that is in substantial
disagreement with the experimentally observed spectrum for PAN. This
disagreement is principally caused by inadequate parameterization of the
peroxy- and nitro groups in the MOPAC package. We are evaluating the
CHEM-X package's ability to predict structures for other stable derivatized
PANs (for example, chloro-PANs) and their subsequent potential for
atmospheric and environmental impacts.

Modeling Natural Hydrocarbon/Anthropogenic Pollutant Interactions in the Troposphere
Jeffrey S. Gaffney and Gerald E. Streit (S-4)

Natural hydrocarbon emissions have long been known as potentially
key species affecting the chemistry of the troposphere. However, the specific
importance of these emitted species is still unclear. To examine the possible
impact of these natural organics when they interact with anthropogenic-
polluted air masses, we have used a simple photochemical box model to
identify key species and qualitative concentration changes expected from
these interactions.

We have given specific attention to forest emissions, and forest types
are divided into deciduous (hardwoods) and conifers (pines and spruces).
Hydrocarbon emissions from these two distinct forest types are dominated
by two compounds, which we used to simplify the modeling. These
compounds are the major emitted hydrocarbons isoprene (deciduous)
and alpha-pinene (conifers). For the modeling studies reported here,
we have chosen to examine isoprene's potential interactions with man-
derived nitrogen oxides and organic emissions. Isoprene is a dominant
natural hydrocarbon and its oxidation chemistry has been reasonably well
documented. Isoprene also does not give rise to organic aerosol production
at low parts per billion volume (ppbv), and therefore homogeneous reaction
chemical modeling is likely to provide reasonable qualitative results.

Biogenic reactive hydrocarbon emission rates are strongly temperature
dependent; isoprene emission is also dependent on the solar light intensity
striking the forest canopy. However, in these initial modeling studies we
have not included the variable emission rates. Instead, we have chosen to
model a control case where isoprene emission rates have been set at 0 for the
moderate pollution case one would expect in remote regions, and we have
compared this case for situations where isoprene is emitted into the box at
increasing emission rates. The results of such an exercise are presented in
Fig. 11.5. The length of computer-simulated photolysis is given in hours on
the x-axis. The initial concentrations of nitrogen oxides and hydrocarbon
pollutants used for the model are given in Table 11.1 for the baseline case.
Isoprene concentrations were 0 at the beginning of gacE computer simulation,
and emission rates of 0 (control), 0.5, 1, and 2 ppbv/h are modeled.

Concentration profiles are presented for formaldehyde, ozone, hydrogen
peroxide, isoprene, peracetic acid, and peroxyacetyl nitrate. In all cases,
the addition of isoprene as a potential natural reactant leads to increases in
the concentration levels of all these species. This behavior is particularly
noticeable for formaldehyde, hydrogen peroxide, and peracetic acid, all
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TIME (h) TIME th>

Fig, 11.5. These plots show the
results of a simple box computer
model for isoprene oxidation in the
presence of anthropogenic pollutants.
Concentration profiles are given for
12 h of simulated photooxidation for
a formaldehyde, (b) ozone,
c hydrogen peroxide, (d) isoprene.
e peracetic acid, and
f peroxyacetyl nitrate.

Table 11.1. Initial Concentrations and Emission
Rates of Nitrogen Oxides
and Hydrocarbons

Species

NO
NO2

NO3

HONO
Propane
Ethene
Propene
Benzene
Toluene

Initial
Concentration

(ppbv)

2
4
2
1
0.5
0.2
0.2
0.2
0.05

Emission
Rate

(ppbv/h)

0.1
0
0
0
0.2
0.01
0.03
0.01
0.005

of which are appreciably soluble in water. Although in our modeling
calculations we have only considered the gas phase, it is clear from this
exercise that the concentrations of these toxins and oxidants will increase in
wet aerosols, fogs, clouds, and the precipitation in remote areas.

The increased levels of hydrogen peroxide we expect over deciduous
forests as a result of isoprene oxidation will lead to increased sulfuric acid
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aerosol when dissolved sulfur dioxide reacts with this oxidant in the aqueous
phase. Analysis of the aerosol over these areas indicates that the haze
over the Blue Ridge Mountains and the (Jreat Smokys (boih predominantly
deciduous forests) is dominated by sulfate aerosol1 8 8 1 8 0 and not the organic
aerosol initially .suggested by Wcnt.1!J! The fact that isoprene and not
nionoterpene emissions are dominating the natural reactive emissions from
these deciduous forests leads to soluble oxidant formation and. hence,
aqueous sulfur dioxide leads to sulfate conversion.

Field work at Oak Ridge National Laboratory has indicated that
formaldehyde levels can be appreciable in deciduous forests; gas-
phase formaldehyde concentrations approaching 50 ppbv have been
measured.1 8 8 1 9 1 These rlata are consistent with the expected anthropogenic
nitrogen oxide emissions that interact with reactive natural hydrocarbons
and lead to increased production of hydrogen peroxide, formaldehyde,
and organic oxidants such as peroxyaeetyl nitrate and peracetic acid.
This modeling exercise [joints out that natural/anthropogenic emission
interactions must not be forgotten in future studies of polluted atmospheres
and precipitation.
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Appendix: Personnel

List of Division Personnel by Group
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Associate Group Leader
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Associate Group Leader

t*
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Dale E. Armstrong
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Hong Bach
James R. Brainard
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William L. Earl
Douglas G. Eckhart
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Marielle Fenstermacher
John R. Fitzpatrick
Michael G. Garcia
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Llewellyn H. Jones

(Laboratory Fellow)

Jean King
Scott Kinkead
Richard J. Kissane
Gregory J. Kubas
Jiri Kubicek
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Merle E. Bunker
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Michael M. Minor
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Terry W. Smith
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Keith N. Abel
Glen E. Barber
Sammy R. Garcia
Michael D. Kaufman
Janet S. Newlin
Gerald F. Ramsey
Thomas C. Robinson
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John W. Starner
Herbert T. Williams

* Staff Member
t No longer working in INC Division
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INC-7 (667-4498)
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* Ernest A. Bryant
Group Leader

* Robert W. Charles
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* David B. Curtis
Associate Group Leader

* Kurt Wolfsberg
Associate Group Leader
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Assistant Group Leader
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Ruben D. Aguilar
* Mohammed Alei
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* Genevieve F. Grisham
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* David C. Moody, III
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* Gordon M. Knobeloch
Associate Group Leader
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t* Gary S. Benson

M. Romayne Betts
Roland A. Bibeau
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Zita V. Svitra
Willard L. Talbert, Jr.
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N. S. Nogar, S. W. Downey, and C. M. Miller, "Isotopic and Elemental
Analysis via Resonance Ionization Mass Spectrometry," Spectroscopy 1 (0),
56-58 (1985).

N. S. Nogar and C. M. Miller, "Pulsed Laser Desorption for Resonance
Ionization Mass Spectrometry," Anal. Chem. 57 (13), 2441-2444 (1985).

B. M. Crowe, K. H. Wohletz, D. T. Vaniman, E. Gladney, and N. Bower,
"Status of Volcanic Hazard Studies for the Nevada Nuclear Waste Storage
Investigations," Los Alamos National Laboratory report LA-9325-MS,
Vol. II (January 1986).

I. Olmez, D. L. Finnegan, and W. H. Zoller, "Iridium Emissions from
Kilauea Volcano," J. Geophys. Res. 91 (Bl), 653-663 (1986).

G. I. Senum, R. Fajer, and J. S. Gaffney, "Fourier Transform Infrared
Spectroscopic Study of the Thermal Stability of Peroxyacetyl Nitrate,"
J. Phys. Chem. 90, 152-156 (1986).

D. S. Burnett, D. S. Woolum, T. M. Benjamin, P. S. Z. Rogers, C. J. Duffy,
and C. J. Maggiore, "A Test of Solar System Abundance Smoothness,"
in Lunar and Planetary Science XVII (Lunar and Planetary Institute-
Universities Space Research Institute, Houston, 1986), pp. 989-990.

R. W. Charles, R. J. Vidale, and F. E. Goff, "An Interpretation of the
Alteration Assemblage at Sulphur Springs, Valles Caldera, New Mexico,"
J. Geophys. Res. 91 (B2), 1887-1898 (1986).

J. S. Gafihey, R. Fajer, G. I. Senum, and J. H. Lee, "Measurement of the
Reactivity of OH with Methyl Nitrate: Implications for Prediction of Alkyl
Nitrate-OH Reaction Rates," Int. J. Chem. Kinetics 18, 399-407 (1986).

F. Goff, .1. Rowley, J. N. Gardner, W. Hawkins, S. Goff, R. W. Charles,
D. Wachs, L. Maassen, and G. Heiken, "Initial Results from VC-1, First
Continental Scientific Drilling Program Core Hole in Valles Caldera, New
Mexico," J. Geophys. Res. 91 (B2), 1742-1752 (1986).

J. H. Jones, T. M. Benjamin, C. M. Maggiore, C. J. Duffy, and S. R. Hart,
"Experimental Partitioning of Ag, Mo, Pb, and Pd Between Iron Metal
and Troilite." in Lunar and Planetary Science XVII (Lunar and Planetary
Institute-Universities Space Research Institute, Houston, 1986), pp. 400-
401.

D. J. Malvin, M. J. Drake, T. M. Benjamin, C. J. Duffy, M. Hollander, and
P. S. Z. Rogers, "Experimental Partitioning Studies of Siderophile Elements
Amongst Lithophile Phases: Preliminary Results Using PLXE Microprobe
Analysis," in Lunar and Planetary Science XVII (Lunar and Planetary
Institute-Universities Space Research Institute, Houston, 1986), pp. 514-
olo.

E. J. Mroz, J. H. Cappis, P. R. Guthals, A. S. Mason, T. L. Norris, J. Poths,
M. Alei, and 13 j . Rokop, "Detection of Atmospheric Tracers in Antarctica,"
1984 GMCC Summary Report No. 13 (February 1986), pp. 94-96.

W. C. Haxton, G. A. Cowan, K. Wolfsberg, N. C. Schroeder, D. J.
Rokop, J. H. Cappis, and D. B. Curtis, "The Molybdenum Solar Neutrino
Experiment," \n Proceedings of the Vlth Moriond Workshop on Massive
Neutrinos in Particle Physics and Astrophysics, Tianes, France, January
1986 (April 1986).

Isotope and Nuclear Chemistry Division Annual Report 1986 215



Appendix: Publications

B. M. Crowe, "Volcanic Hazard Assessmeni for Disposal of High-
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S. F. Agnew, "Spectroscopic Studies of Chemical and Physical Changes
Induced by Extreme Pressure," seminar, Department of Physical Sciences,
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J. A. Fee, "Mechanisms of Bacterial Superoxide Dismutases," Occasional
Seminars in Biochemistry Series, Group INC-4, November 15, 1985.
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R. R. Ryan, "Structure-Function Relationships for Actinide and Transition
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Research Conference. McMaster University. June 8-12, 1986, Hamilton,
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B. I. Swanson, "Spectroscopic Studies of Small Molecules at High Pressure,"
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B. I. Swanson, "Chemistry at High Pressure," seminar at University of
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B. I. Swanson, "Optical and Inelastic Neutron Scattering Studies of
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seminars at Washington State University, Pullman, Washington, March 18,
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International Symposium on Microbial Growth on Cl Compounds. Heran,
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Raman Spectroscopy.'' Los Alamos Workshop on Applications of Coherent
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M. M. Minor. E. B. Shera. and .1. W. Lillbr-rg. "Loss-Free Gamma-
Ray Counting on the VMEbus." International Conference on VMEbus in
Physics. CERN. Geneva. Switzerland. October 7 8. 1985.
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W. L. Talbert, Jr., and M. E. Bunker, "Future Directions and Emerging
Capabilities of ISOL Techniques." International Conference on Nuclear
Structure, Reactions, and Symmetries, Dubrovnik, Yugoslavia. June 5 14.
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W. H. Zoiler, D. L. Finnegan, S. R. Garcia, and M. M. Minor, "The Use
of 7LiOH Treated Filters and Automated Neutron Activation Analysis to
Study Volcanic Emissions," 7th International Conference on Modern Trends
in Activation Analysis. Copenhagen, Denmark, June 23 27, 1<)86.

W. L. Talbert, Jr., and M. E. Bunker, "Optimization of a He-Jet Activity
Transport System to Use at LAMPF," Eleventh International Conference
on Electromagnetic Isotope Separators and Techniques Related to Their
Applications, Los Alamos, New Mexico, August 18 22. 198'j.
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D. R. Janecky, R. W. Charles, T. M. Benjamin, and G. K.
Bayhurst, "Experimental Hydrothermal Investigation of the Na-K-Ca
Geothermometer at 250 - 350°C, 270 Bars." 1985 Geological Society of
America Annual Meeting. Orlando. Florida. October 28 31, 1985.

A. E. Norris, "The Use of 36C1 Chlorine in Exploratory Shaft Tests," NN WSI
Seminar Series, Los Alamos National Laboratory, Los Alamos. New Mexico,
October 22, 1985.

T. M. Benjamin, "Quantitative Trace-Element Microanalysis of Geologic
Materials Using the Los Alamos Nuclear Microprobe," Friends of Ore
Deposits (F.O.O.D.) Presentation. US Geological Survey, Denver. Colorado.
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A. J. Gancarz, "Americium-243: A New Radiochemical Detector,"
Fifth Biennial Nuclear Explosives Design Physics Conference, Lawrence
Livermore National Laboratory. Livermore. California. October 28-
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A. Meijer, J. Kerrisk, and G. Cederberg, "Summary of Technical
Presentations Given at the Conference on Characterization and Monitoring
of the Vadose (Unsaturated Zone), Denver. Colorado, November 19-21,
1985," NNWSI Seminar Series, Los Alamos National Laboratory, Los
Alamos, New Mexico, November 26, 1985.

R. L. Tanner, J S. Gaffney, M. F. Phillips, J. Forrest, and R. M.
Stoenner, "Characterization of the Carbonaceous Aerosol in Rio de
Janeiro by Thermal Evolution and Carbon Isotopic Techniques," American
Association of Aerosol Research 1985 Conference, Albuquerque, New
Mexico, November 1985.

W. C. Haxton, G. A. Cowan, K. Wolfsberg, N. C. Schroeder, D. J.
Rokop, J. H. Cappis, and D. B. Curtis, "The Molybdenum Solar Neutrino
Experiment," Sixth Moriond Workshop on Massive Neutrinos in Particle
Physics and Astrophysics, Tignes, France, January 1986.

D. R. Janecky, "Formation of Massive Sulfide Deposits on Mid-Ocean
Ridges: Application of Experimental and Theoretical Results" invited talk
at University of Michigan, Ann Arbor. Michigan. January 21. 1986.

D. R. Janecky, "Serpentinization of Peridot ite Within the Oceanic Crust:
Experiment and Theoretical" invited talk at University of Michigan. Ann
Arbor, Michigan, January 22. 1986.

C. M. Miller, R. Engleman, Jr.. and R. A. Keller. "High Resolution.
Mass Resolved Spectra of Rare Isotopes." International Laser Science
Proceedings, Seattle. Washington. January 19. 1986.
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E. J. Mroz, M. Alei, J. H. Cappis, P. R. Guthals, A. S. Mason, and D. J.
Rokop, "Use of Heavy Methane as Atmospheric Tracers," University of
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J. S. Gaffney, "Need for a Multi-Disciplinary Approach to Environmental
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J. H. Jones, T. M. Benjamin, C. J. Maggiore, C. J. Duffy, and S. R. Hart,
"Experimental Partitioning of Ag, Mo, Pb, and Pd Between Iron Metal
and Troilite," Seventeenth Lunar and Planetary Science Conference, Lunar
Science Institute, Houston, Texas, March 17-21, 1986.

D. J. Malvin, M. J. Drake, T. M. Benjamin, C. J. Duffy, M. Hollander, and
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Analysis," Seventeenth Lunar and Planetary Science Conference, Lunar
Science Institute, Houston, Texas, March 17-21, 1986.

E. J. Mroz, M. Alei, J. H. Cappis, P. R. Guthals, A. S. Mason, and D. J.
Rokop, "Detection of Heavy Methane Tracers in Antarctica: Observation
vs. Model," National Oceanic and Atmospheric Administration/Global
Modeling of Climatic Change Annual Meeting, Boulder, Colorado,
March 1986.

J. S. Gaffney, "Atmospheric Chemistry—Chemicals, Mechanisms, and
Monitoring," Eighteenth Annual Air Pollution Workshop, Chicago, Illinois,
April 14-17, 1986.

B. E. Scheetz, D. M. Roy, and C. J. Duffy, "Elevated Temperature Stability
of Cementitious Sealants for a Deep Geological Repository in Tuff," Third
International Symposium on Ceramics in Nuclear Waste Management,
Chicago, Illinois, April 27-May 1, 1986.

J. S. Gaffney, "Regional Scale Air Quality: Organics, Oxidants, and
Aerosols," SCENES Working Group Meeting, Los Alamos National
Laboratory, Los Alamos, New Mexico, May 28-29, 1986.

F. A. Gifford, S. Barr, and E. J. Mroz, "Tropospheric Relative Diffusion
in the Range of 1 Day to 3 Weeks," World Meteorological Organization
Conference on Air Pollution Modeling and It's Applications, Leningrad,
USSR, May 1986.

D. R. Janecky, "Peridotite-Solution Interaction Within the Oceanic Crust:
Theoretical Investigations," 1986 American Geophysical Union Spring
Meeting, Baltimore, Maryland, May 19-23, 1986.

A. E. Norris, "Natural Isotope Chemistry Task," NNWSI Program Manager-
Technical Project Officer Meeting, Las Vegas, Nevada, May 21-22, 1986.

J. C. Banar, R. E. Perrin, and R. A. Ostrenga, "Achieving Spectral
Purity from the Source Region," Thirty-Fourth Annual Conference on Mass
Spectrometry and Allied Topics, Cincinnati, Ohio, June 8-13, 1986.

J. H. Cappis, D. J. Rokop, and D. B. Curtis, "Determination of Tc
Abundance at the Femtogram Level," Thirty-Fourth Annual Conference on
Mass Spectrometry and Allied Topics. Cincinnati. Ohio, June 8 13. 1986.
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R. E. Perrin, J. H. Cappis, G. W. Knobeloch, D. W. Efurd, and F. R.
Roensch, "Mass Spectrometric Measurement of Ultra Small Quantities of
Actinides," Thirty-Fourth Annual Conference on Mass Spectrometry and
Allied Topics, Cincinnati, Ohio, June 8-13, 1986-

C. M. Miller, R. A. Keller, and R. Engleman, Jr., "Resonance Ionization
Mass Spectrometry for High Resolution Spectroscopy of Rare Isotopes,"
American Nuclear Society Isotopes and Radiation Division, 1986 Annual
Meeting of the American Nuclear Society, Reno, Nevada, June 15-19, 1986.

E. J. Mroz and D. L. Finnegan, "Sources of Aerosols on Pajarito Plateau,
New Mexico," American Chemical Society's 8th Rocky Mountain Regional
Meeting, Symposium on Chemistry of the Atmosphere, Denver, Colorado,
June 8-12, 1986.

G. E. Streit and J. S. Gaffney, "Modeling Natural Hydrocarbon Atmospheric-
Interactions with Anthropogenic Pollutan/s," American Chemical Society's
8th Rocky Mountain Regional Meeting, Symposium on Chemistry of the
Atmosphere, Denver, Colorado, June 8-12, 1986.

A. E. Norris, "Measurements of Chlorine-36 in Environmental Samples,"
invited talk at Oak Ridge National Laboratory Radioanalytical Chemistry
Symposium, Oak Ridge, Tennessee, June 4, 1986.

K. Wolfsberg, N. C. Schroeder, D. J. Rokop, J. H. Cappis, G. A. Cowan,
and W. C. Haxton, "Update Report for the Molybdenum-Technetium Solar
Neutrino Experiment," Nuclear and Chemistry Colloquium, University of
Mninz, Mainz, Federal Republic of Germany, June 30, 1986.

W. H. Zoller, D. L. Finnegan, S. R. Garcia, and M. M. Minor, "The Use
of 7LiOH Treated Filters and Automated Neutron Activation Analysis to
Study Volcanic Emissions," Seventh International Conference on Modern
Trends in Activation Analysis, Copenhagen, Denmark, June 23-27, 1986.

A. Meijer, "Uranium/Lead Fractionation in the Earth," Sixth International
Conference on Geochrbnology, Cosmochronology, and Isotope Geology,
Cambridge, Great Britain, June 30-July 4, 1986.

I. P. Wright, M. M. Grady, R. H. Carr, J. Poths, and C. T. Pillinger,
"Investigation of Carbon in E-Chondrites," Sixth International Conference
on Geochronology, Cosmochronology, and Isotope Geology, Cambridge,
Great Britain, June 30-July 4, 1986.

D. R. Janecky, "Massive Sulfide Deposits and Hydrothermal Solutions:
Incremental Reaction Modeling of Mineral Precipitation and Sulfur Isotopic
Evolution," Seventh Quadrennial IAGOD Symposium and Nordkalott
Project Meeting, Lulea, Sweden, August 17-22, 1986.

D. R. Janecky, W. E. Seyfried, Jr., and M. E. Berndt, "Fe-O-S Redox
Reactions and Kinetics in Hydrothermal Systems" Fifth International
Meeting on Water-Rock Interaction, Reykjavik, Iceland, August 8-12, 1986.

C. M. Miller, R. Engleman, N. S. Nogar, and R. A. Keller, "Selective
Photoionization of 64Cu in the Presence of 63-65Cu," Eleventh International
Conference on Electromagnetic Isotope Separators and Techniques Related
to Their Applications (EMIS-11), Los Alamos, New Mexico, August 18-22,
1986.

P. S. Z. Rogers, C. J. Duffy, and T. M. Benjamin, "Advancements in
Nuclear Microprobe Trace Element Analysis," Microbeam Analysis Meeting,
Albuquerque, New Mexico, ugust 1986.
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E. C. Apel, N. S. Nogar, C. M. Miller, and R. C. Estler, "RIMS Diagnostics
for Laser Desorption/Laser Ablation," Third International Symposium on
Resonance Ionization Spectroscopy and Its Applications, University College
of Swansea, Swansea, Wales, United Kingdom, September 7-12, 1986.

C. M. Miller, N. S. Nogar, R. A. Keller, and S. W. Downey, "Resonance
Ionization Mass Spectrometry at Los Alamos National Laboratory," Third
International Symposium on Resonance Ionization Spectroscopy and Tio
Applications, University of College of Swansea, Swansea, Wales, United
Kingdom, September 7-12, 1986.

INCH

H. W. Baer, M. J. Leitch, R,. L. Burman, M. D. Copper, A. Cui,
B. J. Dropesky, G. C. Giesler, F. Irom, C. L. Morris, J. N. Knudson,
J. R. Comfort, D. H. Wright, and R. Gilman, "Measurement of the
48Ca(7r+. -" : Ti Reaction at 35 and 50 MeV (pi plus pi minus), American
Ph-.-.Ccd Society Meeting, Washington, DC, April 28-May 1, 1986.

S. L. Blaha, R. T. Paine, and K. W. Thomas, "Extraction Chemistry of
Substituted Carbamolymethylphosphonates," Poster.

S. M. Bowen, G. W. Knobeloch, and T. J. Beugelsdijk, "A Robotic
Dispensing System for Nevada Test Site Debris Solution," 10th Annual
Actinide Workshop, Los Alamos, New Mexico, May 12-15, 1986.

S. M. Bowen, 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.

L. J. Caudle, K. W. Thomas, G. S. Conary, S. L. Blaha, and R. T. Paine,
"Chemical Studies of Novel Phosponate Extractants," American Chemical
Society National Meeting, Anaheim, California, September 7-12, 1986

E. P. Chamberlin, J. P. Balagna, J. Camplan, G. M. Kelley, R. A. Bibeau,
E. L. Rios, and R. L. Stice, "Status Report on 126° Isotope Separator
Construction," Eleventh International Conference on Electromagnetic
Isotope Separators and Techniques Related to Their Applications-Nuclear
Instruments and Methods, Los Alamos, New Mexico, August 18-22, 1986.

E. P. Chamberlin, Ka-Ngo Leung, S. Walthers, R. A. Bibeau, R. L. Stice,
G. M. Kelley, and J. P. Balagna, "Measurement of the Beam Energy
Spread from a Microwave Ion Source," Eleventh International Conference
on Electromagnetic Isotope Separators and Techniques Related to Their
Applications—Nuclear Instruments and Methods, Los Alamos National
Laboratory, Los Alamos, New Mexico, August 18-22, 1986.

E. P. Chamberlin, K. N. Leung, S. Walthers, R. A. Bibeau, R. L. Stice, G. M.
Kelley, and J. S. Wilson, "Measurement of the Beam Energy Spread from
a Microwave Ion Source," Los Alamos National Laboratory, August 23-27,
1986.

D. A. Cole, J. A. Mercer-Smith, and D. K. Lavallee, "Lymphatic Uptake
of Copper-67 Meso-Tetra(4-Carboxyphenyl) Porphine, an Imaging Agent
for Inflamed Lymph Nodes," American Chemical Society National Meeting,
Anaheim, California, September 7-12, 1986.

D. A. Cole, S. D. Figard, J. A. Mercer-Smith, F. J. Steinkruger, Z. V. Svitra,
W. A. Taylor, and P. M. Wanek, "The Biodistribution of Copper-67 Meso-
Tetra(4-Carboxyphenyl) Porphine in Rats," Society of Nuclear Medicine
33rd Annual Meeting, Washington. DC. Convention Center. June 22-25,
1986.
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A. Cui, H. A. O'Brien, Jr.. F. J. Steinkruger, and W. A. Taylor. "A
New Inorganic-Based Titanium-44/Scandium-44 Radioisotope Generator."
American Chemical Society Spring National Meeting New York. New York,
April 13-18, 1986.

D. R. Davidson, R. C. Reedy, L. R. Greenwood, W. F. Sommer. and
M. S. Wechsler, "Additional Measurements of the Radiation Environment
at the Los Alamos Spallation Radiation Effects Facility at LAMPF," 13th
International Symposium on the Effects of Radiation on Materials. Seattle.
Washington, June 23-25, 1986.

D. R. Davidson, R. C. Reedy, L. R. Greenwood. W. F. Sommer, and
M. S. Wechsler, "Additional Measurements of the Radiation Environment
at the Los Alamos Spallation Radiation Effects Facility at LAMPF," 13th
International Symposium on Effects of Radiation on Materials, Seattle.
Washington, July 1986.

S. D. Figard, J. A. Mercer-Smith, W. A. Taylor, and D. K. Lavallee.
"Coupling of Porphyrin Chelators to Antibodies for Radiolabeling
with Copper-67." International Conference on Monoclonal Antibody
Immunoconjugates for Cancer, San Diego, California, March 5 8, 1986.

S. D. Figard, J. A. Mercer-Smith, W. A. Taylor, and D. K. Lavallee,
"Labeling Antibodies with Copper-67," Society of Nuclear Medicine 33rd
Annual Meeting Washington, DC, Convention Center, June 22-25, 1986.

S. D. Figard and P. J. Gilmer, "Membrane Reconstituted, Purified H-2Kb
Specifically Inhibits T Cell-Target Cell Conjugate Formation," Southeastern
Immunology Conference, Atlanta, Georgia, October 10-11, 1985.

Q. Haider, 'Possible Existence of 77-Mesic Nuclei," MP-4 Seminar, Los
Alamos National Laboratory, November 25, 1985.

D. E. Hobart, T. W. Newton, and P. D. Palmer, "Actinides in the Environ-
ment: Studies of Plutonium and Americium in Near-Neutral Aqueous
Solutions," 31st Meeting of the Research Materials/Transplutonium
Program Committee, Knoxville, Tennessee, October 24-26, 1985.

j . Holbrook, M. Fields, J. Cecil Smith, Jr., S. Reiser, and Los Alamos
Medical Research Group, G. W. Knobeloch, D. W. Efurd, and F. R.
Roensch, "Mass Spectrometric Measurement of Ultra Small Quantities of
Actinides," 34th Annual Conference on Mass Spectrometry and Allied
Topics, Cincinnati, Ohio, June 8-13, 1986.

P. E. Koehler, C. D. Bowman, F. J. Steinkruger, D. C. Moody, S. A.
Wender, R. C. Haight, P. W. Lisowski, and W. L. Talbert, "Measurement
of the 7Beryllium (Neutron, Proton)7Lithium Cross Section from 0.03 eV
to Approximately 300 eV," American Physical Society, Washington. DC.
April 28-May 1, 1986.

H.-H. Hsu, G. D. Doolen. W. L. Talbert, and J. M. Mack, "Is it Possible
to Induce a Fast De-Excitation of the 16+ Isomeric State in 178Hf?."
1985 IUCF Workshop on Nuclear Structure at High Spin Excitation and
Momentum Transfer. Bloomington, Indiana, October 21 23. 1985.

G. Keller, S. D'Hondt, T. Onstott, C. J. Orth. J. S. Gilmore, E, M.
Shoemaker, and L. D. Kegwin. "Multiple Late Eocene Impact Events:
Stratigraphy, Isotopic and Geochemical Data." 98th Annual Meeting of the
Geological Society of America. Orlando, Florida. October 28 31. 1985.

M. J. Leitch, H. W. Baer. R. L. Burman. M. D. Copper. F. Ironi. A. Cui.
B. J. Dropesky. G. C. Giesler. C. L. Morris. J. N. Knudson. J. R. Comfort.
D. H. Wright, and R. Oilman. "Energy Dependence for Low Energy Pion
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Double Charge Exchange on 14C," American Physical Society Meeting,
Washington, DC, April 28-May 1, 1986.

L.-C. Liu and Q. Haider, "Possible Existence of Eta-Mesic Nucleus,"
American Physical Society, Washington, DC, April 28-May 1, 1986.

L.-C. Liu, "Eta-Mesic Nucleus," Colloquium given at the College of William
and Mary, Virginia, April 4, 1986.

L.-C. Liu, "The Eta-Mesic Nucleus: A New Nuclear Species?" 2nd
Conference on the Intersections Between Particle and Nuclear Physics, Lake
Louise, Canada, May 29, 1986.

L.-C. Liu, "Experimental Search for Eta-Mesic Nucleus," MP Division
Seminar on June 2, 1986.

A. E. Metzger, J. R. Arnold, R. C. Reedy, J. I. Trombka, and E. L. Haines,
"The Application of Gamma-Ray Spectroscopy to the Climatology of Mars,"
17th Lunar and Planetary Science Conference, Houston, Texas1, March 17-
21, 1986.

A. E. Metzger, J. R. Arnold, R. C. Reedy, J. I. Trombka, and E. L. Haines,
"The Application of Gamma-Ray Spectroscopy to the Climatology of Mars,"
17th Lunar and Planetary Science Conference, Houston, Texas, March 17-
21, 1986.

C. J. Orth, J. S. Gilmore, P. Q. Oliver, and L. R. Quintana, "Iridium
Abundance Patterns Across Extinction Boundaries," 98th Annual Meeting
Geological Society of America, Orlando, Florida, October 28-31, 1985.

D. R. Phillips, "Electrochemical Production of Selenium-72 and the
Potential for an Electrochemical Selenium-72/Arsenic-72 Generator,"
Chemistry Department and Physics Department, University of Alaska,
Anchorage.

R. C. Reedy, "Nuclide Production by Primary Cosmic-Ray Protons," 17th
Lunar and Planetary Science Conference, Houston, Texas, March 17-21,
1986.

R. C. Reedy, "Nuclide Production by Primary Galactic-Cosmic-Ray
Protons," 17th Lunar and Planetary Science Conference, Houston, Texas,
March 17-21, 1986.

R. C. Reedy, "Planetary Gamma-Ray Spectroscopy," ESS-8 Seminar, Los
Alamos, New Mexico, May 28, 1986.

F. J. Steinkruger, H. A. O'Brien, Jr., D. C. Moody, J. W. Barnes,
K. E. Thomas, G. E. Bentley, and W. A. Taylor, "Medical Radioisotope
Production at L A M P F , " American Nuclear Society 1985 Winter Meeting,
San Francisco, California, November 1985.

F. J. Steinkruger, H. A. O'Brien, Jr., D. C. Moody, J. W. Barnes,
K. E. Thomas, G. E. Bentley, and W. A. Taylor, "Medical Radioisotope
Production at LAMPF," American Nuclear Society, 1985 Winter Meeting,
San Francisco, California, November 10-14, 1985.

W. L. Talbert, M. E. Bunker, and J. W Starner, "Optimization of a He-
Jet Activity Transport System to Use at LAMPF," Eleventh International
Conference on Electromagnetic Isotope Separators and Techniques Related
to Their Applications, Los Alamos, New Mexico, August 18-22, 1986.

W. L. Talbert, Jr., H. Wollnik, and C. Geisse, "Ion Optical Design for an
On-Line Mass Separator at LAMPF," Eleventh International Conference
on Electromagnetic Isotope Separators and Techniques Related to Their
Applications;, Los Alamos, New Mexico, August 18-22, 1986.
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W. L. Talbert, Jr., "He-Jet Research," Los Alamos Nuclear and Particle
Physics Program Review, December 11, 1985.

J. L. Thompson, "Cambric and Cheshire Water Analysis Results,"
Radionuclide Migration Meeting, Las Vegas, Nevada, November 5-6, 1985.

K. Vaziri, F. K. Wohn, D. J. Vieira, H. Wollnik, and J. M. Wouters,
"Performance of the Reaction-Product Transport Line Associated with the
TOFI Spectrometer," 11th International Conference on Electromagnetic
Isotope Separators and Techniques Related to their Applications, Los
Alamos National Laboratory, August 18-22, 1986.

D. J. Vieira, J. M. Wouters, G. W. Butler, K. Vaziri, and R. H. Kraus,
"Tuneup of the Thne-of-Flight Isochronous (TOFI) Spectrometer for the
"Direct Mass Measurements of Exotic Light Nuclei," General Meeting of the
American Physical Society, Washington, DC, April 28-May 1, 1986.

H. Wollnik, D. J. Vieira, J. M. Wouters, and TOFI Collaboration, "TOFI - A
High Resolving Time-of-Flight Recoil Spectrometer," Second International
Conference on Charged Particle Optics, Hilton Hotel, Albuquerque, New
Mexico, May 19-23, 1986.

J. M. Wouters, D. J. Vieira, G. W. Butler, R. H. Kraus, K. Vaziri,
H. Wollnik, and TOFI C- ,'laboration, "Performance of the Time-of-
Flight Isochronous (TOFI) Spectrometer for Direct Mass Measurements of
Exotic Light Nuclei," Eleventh International Conference on Electromagnetic
Isotope Separators and Techniques Related to Their Applications, Los
Alamos, NM, August 18-22, 1986.

J. M. Wouters, D. J. Vieira, G. W. Butler, H. Wollnik, F. K. Wohn, and
K. Vaziri, "The Time-of-Flight Isochronous (TOFI) Spectrometer for Direct
Mass Measurements of Exotic Nuclei," American Physical Society, Nuclear
Physics Division, Fall Meeting, Asilomar, California, October 28-30, 1985.

J. M. Wouters, D. J. Vieira, H. Wollnik, G. W. Butler, R. H. Kraus, Jr., and
K. Vaziri, "The Time-of-Flight Isochronous (TOFI) Spectrometer for Direct
Mass Measurements of Exotic Light Nuclei," 1 lth International Conference
on Electromagnetic Isotope Separators and Techniques Related to Their
Applications, Los Alamos, New Mexico, August 18-22, 1986.

M. A. Yates, S. C. Evans, and J. D. Gallagher, "Nuclear Activation Proton
Calorimeter," American Physical Society Meeting, Division of Plasma
Physics, San Diego, California, November 4-8, 1985.

INC-DO

Donald W. Barr, "The Problem of Thermonuclear Fuel Burn and the
Caprock Test," Nuclear Explosives Design Physics Conference, Los Alamos,
New Mexico, October 28-November 1, 1985.

Donald W. Barr, "Review of INC Division," Senior Management Group
meeting, Los Alamos, New Mexico, December 2, 1985.

Donald W. Barr, "INC-Division Activities in Nuclear Physics," Program
Review of Nuclear and Particle Physics, December 11, 1985.

Donald W. Barr, "Radiochemical Diagnostics and Instability Experiments,"
Turbulence Working Group, Los Alamos, New Mexico, January 28, 1986.

Donald W. Barr, "7Be as a Test Diagnostic," 7Be Working Group at Los
Alamos National Laboratory, January 29, 1986.
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Donald W. Barr, "The Role of Radiochemistry in Test Diagnostics," 1986
Weapons Lecture Series at Los Alamos National Laboratory, February 13,
1986.

Donald W. Barr, "Prompt and Radiochemical Diagnostics for Fission and
Fusion Distribution," joint radiochemistry meeting, Los Alamos National
Laboratory, March 11, 1986.

Donald W. Barr, ''Overview of INC Division Activities," briefing for
W. F. Miller, April 10, 1986.

Donald W. Barr, "Overview of INC Division Activities," briefing for
J. C. Browne, May 28, 1986.

Donald W. Barr, "Overview of INC Division Activities," briefing for
Associate Director for Research, July 11, 1986.

191st National American Chemical Society Meeting, April 13-18, 1986, New
York, New York.

G. D. Jarvinen, R. R. Ryan, and B. F. Smith, "Uranyl Complexes of
l-Phenyl-3-methyl-4-benzoyl-2-pyrazolin-5-one and Its 5-Thione Analogue:
Synthesis, Crystal Structures and Relation to Solvent Extraction
Chemistry" (poster).

S. A. Kinkead, L. B. Asprey, P. G. Eller, and L. R. Avens, "Dissolution
of Refractory and Intractable Actinide Oxides and Related Substrates with
Superacids."

G. J. Kubas and R. R. Ryan, "Molecular Hydrogen Coordination. New
Complexes and Evidence for Equilibrium Dissociation of the H-H Bond:

7?2-H2) «- MH2(CO)3(PR3)2."

R. R. Ryan and A. P. Sattelberger, "Synthesis, Characterization and
Reactivity of (C5Me5)2U(PEt2)2: the First Uranium Phosphido Complex."

A. P. Sattelberger, "Polyhydride Complexes of Niobium and Tantalum."

L. E. Ussery, D. J. Vieira, J. J. Harry Berlijn, B. J. Dropesky, G. W.
Butler, G. C. Giesler, M. J. Leitch, R. S. Rundberg, and N. Imanishi,
"Excitation Function for the Pion Single Charge Exchange Reaction
13C(7T+y)13N(g.s)."

American Society of Biological Chemists/ACS Division of Biological Chemistry,
June 8-12, 1986, Washington, DC

P. J. Unkefer and T. J. Knight, "Adenine Nucleotides as Allosteric Effectors
of Pea Seed Glutamine Synthetase."

T. E. Walker, P. J. Unkefer, C. J. Unkefer, and D. S. Ehler,"The Synthesis
of Carbon-13 Enriched Disaccharides: Lactose and Sucrose."
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W. H. Woodruff, B. I. Swanson, M. R. Ondrias, and R. G. Alden,
"Resonance Raman Studies of Blue Copper and Heme Proteins Under
Extreme Pressures."

T. Yoshida, J. R. Brainard, J. Y. Hutson, and J. A. Fee, "Control Analysis
of Red Cell Glycolysis: Combined NMR and Computer Modeling Studies."

American Society of Plant Physiologists, June 14-18, 1986, Baton Rouge,
Louisiana.

D. R. Bush, R. D. Durbin, and P. J. Unkefer, "Uptake of Tabtoxinine-/?-
Lactam by Cultured Corn Cells."

T. J. Knight and P. J. Unkefer, "Effects of Inactivation of Glutamine
Synthetase in Alfalfa Roots and Nodules."

N. J. Robinson, P. J. Langston-Unkefer, and P. J. Jackson, "Biosynthesis of
Poly(g-Glutamylcysteinyl)glycines."

18th Radiochemistry Interlaboratory Working Group (ILWOG), October 21-24,
1985, Los Alamos, New Mexico

Donald W. Barr, "Los Alamos Test Schedule Review,"

D. B. Curtis and J. H. Cappis, "Tc Separations Chemistry and Mass
Spectrometry"

A. S. Mason, "'The Minor Scale Experiment"

C. M. Miller, "Radiochemical Comparison of the Coalora and Dolcetto
Events"

W. A. bedlacek, "Update on Pie Diagrams"

19th Radiochemistry Interlaboratory Working Group (ILWOG), May 6-8, 1986,
Livermore, California

Donald W. Barr, "Los Alamos Test Schedule Review,"

I. Binder, "Vanadium Isotope Ratios"

C. M. Miller, "Glencoe"

C. M. Miller, "Abo"

R. C. Reedy, "Eu-150 Recounted"

K. Wolfsberg, "Molybdenum Solar Neutrino Experiment Update"
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American Geophysical Union Meeting, December 9-13, 1985, San Francisco,
California

C. J. Duffy, "A Thermodynamic Model for Analcime"

A. Meijer, "Pb Isotope Evolution in the Earth: A Proposal"

D. R. Janecky, R. W. Charles, T. M. Benjamin, and G. K.
Bayhurst, "Experimental Hydrothermal Investigation of the Na-K-Ca
Geothermometer at 250-350° C, 270 Bars"

American Geophysical Union Meeting, December 9—13, 1985, San Francisco,
California

C. J. Duffy, "A Thermodynamic Model for Anakime"

A. Meijer, "Pb Isotope Evolution in the Earth: A Proposal"

D. R. Janecky, R. W. Charles, T. M. Benjamin, and G. K.
Bayhurst, "Experimental Hydrothermal Investigation of the Na-K-Ca
Geothermometer at 250-350°C, 270 Bars"

4th International Conference on Particle Induced X-Ray Emission and It's
Analytical Applications, June 9-13, 1986, Tallahassee, Florida

J. L. Campbell, L. J. Cabri, P. S. Z. Rogers, K. Traxel, and T. M. Benjamin,
"Calibration of Micro-PIXE Analysis of Sulfide Minerals"

C. J. Duffy, P. S. Z. Rogers, and T. M. Benjamin, "The Los Alamos PLXE
^-ata Reduction Software"

J. W. Palmer, M. G. Hollander, P. S. Z. Rogers, C. J. Duffy, and T. M.
Benjamin, "Tracing Copper Bell Trade Patterns in the Greater Southwest
Using the Los Alamos Nuclear Microprobe"

P. S. Z. Rogers, C. J. Duffy, and T. M. Benjamin, "Accuracy of Standardless
Nuclear Microprobe Trace Element Analyses,"

192nd National American Chemical Society Meeting, September 7-12, 1986,
Anaheim, California

P. L. Baca, "Expanding Software for a Quadrupole"

G. K. Bayhurst. D. R. Janecky, and W. H. Zoller, "Metal Composition
Patterns in Volcanic Gas Sublimates: Mauna Loa Eruption of April 1984"

S. F. Agnew, B. I. Swanson. and D. G. Eckhart. "Pressure-Induced
Condensed Phase Chemsitry of Nitric Oxide. Carbon Disulfide. and Carbon
Monoxide."

S. F. Agnew and B. I. Swanson. "Pressure Tuning of Impurity Modes in
16O18O Doped 18O2."
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D. A. Cole, J. A. Mercer-Smith, W. A. Taylor, and D. K. Lavalle,
"Lymphatic Uptake of Copper-67 Meso-Tetra(4-Carboxyphenyl) Porphine,
an imaging agent for Inflamed Lymph Nodes."

D. L. Finnegan, B. M. Crowe, W. H. Zoller, "Volatile Trace Element
Variations in Gases and Particles from Kilauea Volcano"

J. S. Gaffney, J. H. Hall, R. S. Rundberg, and B. R. Erdal, "Peroxyacyl
Nitrates: Their Physical and Chemical Properties"

T. M. Gilbert, R. R. Ryan, P. J. Hay, and A. P. Sattelberger, "Actinide
Organometallic Chemistry."

T. M. Gilbert, R. R. Ryan, and A. P. Sattelberger, "Mono(cyclo-
octatetraenyl) Complexee of Thorium."

E. M. Kober and W. H. Woodruff, "Application of the Energy Gap Law to
the Excited State Decay of Os-2,2/-Bipyridine Complexes."

J. A. Mercer-Smith, D. A. Cole, S. D. Figard, A. H. Herring, R. M. Lopez,
D. C. Moody, P. Q. Oliver, F. H. Sewer, R. C. Staroski, F. J. Steinkruger,
W. A. Taylor, and D. Lavallee, "Applications of Medical Radioisotopes"

A. E. Norris, "In Situ Geochemical Measurements in the Exploratory Shaft
at Yucca Mountain"

N. C. Schroeder, K. Wolfsberg, D. B. Curtis, D. J. Rokop, J. H. Cappis, E. A.
Bryant, A. E. Ogard, G. A. Cowan, and W. C. Haxton, "The Molybdenum
Solar Neutrino Experiment"
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INC Division Seminars, Meetings, and Conferences

Visiting Committee for Isotope and Nuclear Chemistry Division, July 23-25.
1986

S. Blaha/K. Thomas. "CMP Extractants: Lanthanides and Actinides"

M. Bunker, "Experimental Activities at the OWR"

R. Charles, '•Hydrothermal Geochemistry"

D. Curtis, "36C1 Transport in the Atmosphere and Hydrosphere"

D. Curtis, "Rare Natural Nuclides and the Earth Sciences"

B. Erdal, "Environmental Research: A Perspective"

J. Fee, "Bioinorganic Chemistry and Metalloproteins"

J. Gaffney, "Separating Sources and Looking Beyond Acid Rain"

D. Janecky, "Experimental and Theoretical Synergisms"

A. Sattelberger, "Actinide Chemistry"

B. Woodruff, "Condensed Matter Spectroscopy"

M. Minor, "Neutron Activation Analysis"

N. Schroeder/D. Rokop, "Solar Neutrino Update"

G. Mroz, "Antarctic Tracer Experiment"

I. Triay/S. Knight, "Determination of Multi-site Adsorption Free Energies
from Cation Exchange Isotherms"

W. Talbert/W. Efurd, "235mU Fission Cross Section Measurement-Update
and Preliminary Results and Fast Pu-U Chemical Separation"

J. Mercer-Smith, "Labeled Antibodies for Tumor Imaging and Therapy"

D. Hobart, "Actinides in the Environment-Review and Update"

J. Wouters, "TOFF

T. Benjamin, "Nuclear Microprobe"

B. Rundberg, "Is Plutonium Polymer a Fat Fractal?"

S. Bowen, "Robotic Dispensing System"

Division Seminars

"Aerosol Physics and Instrumentation for Atmospheric Studies," William H.
Marlow, Texas A & M University and Brookhaven National Laboratory,
November 18, 1985.

"Spectroscopic Studies of Fe and Mn in Hot, Aqueous Chloride Solutions,"
Lynn Vogel, Princeton University, November 25, 1985.

"Nuclide Production at the Brookhaven National Laboratory Medium-
Energy Spallation Neutron Facility," Saed Mirzadeh, Brookhaven National
Laboratory, November 25, 1985.

232 Isotope and Nuclear Chemistry Division Annual Report 1986



Appendix: Division Seminars

"Modern Medicine and Greenland's 500-Year Old Mummies," J. P. Hart
Hansen, Copenhagen, Denmark, November 26, 1985.

"Kinetics and Equilibrium Reactions of Metalloporphryns,"
Kenneth Ashley, East Texas State University, December 5, 1985.

"Resonance Ionization Spectroscopy of Barium," Bret Cannon, Richland,
Washington, January 21, 1986.

"Climate Reconstruction: What the Snails Can Tell Us," David A. Baerreis,
University of Wisconsin, February 25, 1986.

"Identification of New Neutron-Deficient and Neutron-Rich Isotopes at
Ganil," Alex Mueller, r-fwn, France, March 3, 1986.

"New Developments in Miniaturized Mass Spectrometers," Alfred O. Nier,
University of Minnesota, April 14, 1986.

"Quantitative Analysis by Raman Spectroscopy," Nancy A. Marley, July 16,
1986.

"Ultrasensitive Gamma Ray Spectroscopy," Ned A. Wogman, Battelle
Northwest Laboratory, July 22, 1986.

"Implications of Atmospheric Test Fallout Data for Modeling Nuclear
Winter," George H. Baker, Air Force Institute of Technology, Dayton, Ohio,
November 20, 1986.

Eighth Annual Information Meeting, September 18-19. 1986,
Los Alamos, New Mexico.

M. Bunker, "Omega West Reactor Operations"

K. Abel, "Neutron Activation Analysis Capabilities"

T. Norris, "Artificial Intelligence"

R. Rundberg. "Is Plutonium Polymer a Fat Fractal?"

I. Triay, "Deconvolution of Ion Exchange Isotherms"

B. Meier, "Two-Dimensional and Multiple Quantum NMR"

S. Conradson, "Extended X-Ray Absorption Fine Structure (EXAFS)
Spectroscopy"

J. Heiken, "INC-DO Editing, Illustration and Graphics Services"

G. Butler, "Computing, Data Acquisition and Processing"

J. Gallagher, "Advanced Detector Systems"

D. Clinton, "MicroVAX II-Counting Room Applications"

M. Yates, "SDI Efforts;"

J. Thompson, "Underground Radionuclide Transport at U3kz"

J. Hurd, "Updating LANL Yttrium Cross Section Sets"

W. Sedlacek, "Calibration Bombardments on Pajarito Assemblies"

J. Mercer-Smith, "Racliolabeling Efforts"

D. Cole, "Development of Lymph Node Imaging Agents"

J. Mercer-Smith, "Preparation of Copper-67 Labeled Antibodies"
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D. Vieira, "Nuclear Chemistry Research at LAMPF"

K. Vaziri, "First Mass Measurements Using the TOFI Spectrometer"

R. Kraus, "Development of Fast-Timing MicroChannel Plate Detectors for
TOFF

D. Rokop, "Mass Spectrometry Developments"

R. Perrin, "Instrument Development Plan and Achievements"

J. Cappis, "Recent Advances in Surface Ionization Techniques"

J. Banar, "A New Sample Changer"

N. Nogar (CHM-2), "Advances in RIMS"

T. Norris/J. Poths, "Progress Toward a Noble Gas Capability"

D. Curtis, "Future Plans for Mass Spectrometry Applications"

J. Fee, "Overview"

W. Woodruff, "'Blue' Copper Proteins"

B. Dyer, "High Pressure Studies of Cyctochrome C"

D. Kuila, "Novel Iron-Sulfur Clusters"

J. Fee, "Applications of Molecular Biology"

P. Eller, "Overview"

S. Kinkead. "Superoxidizers"

E. Larson, "FOOF Spectrometry"

C. Pace, "Superacid Spectroscopy"

EMIS-11 Conference

The Eleventh International Conference on Electromagnetic Isotope
Separators and Techniques Related to Their Applications (EMIS-11) was
held in the J. Robert Oppenheimer Study Center at the Los Alamos National
Laboratory August 18-22, 1986. This topical conference continued a series
that started in 1955 with a meeting at Harwell. The EMIS-11 Conference
was sponsored by the Isotope and Nuclear Chemistry and Medium Energy
Physics Divisions and the Associate Director for Research. Willard L.
Taibert, Jr., organized the conference with assistance from Merle E. Bunker,
E. Phi! Chamberlin, David J. Vieira, and Jan M. Wouters, all of INC
Division.

More than 127 attendees, representing 62 institutions, arrived from 16
countries. Seven invited speakers presented reviews on subjects ranging
from the availabilities of separated isotopes to on-line nuclear orientation
techniques for studying decays of nuclei far from stability. In addition, 64
contributed papers were given in seven oral sessions and one poster session.
Topics covered for the first time at an EMIS conference included ion gride
technology and on-line nuclear orientation. In addition, new developments
in ion optics design were incorporated in papers describing future mass
separator systems.

A proceedings of the conference is being prepared for publication as a
dedicated volume of the journal Nuclear Instruments and Methods B: Beam
Interactions with Materials and Atoms, W. L. Taibert, Jr., Guest Editor;
the isuue is expected in early 1988.
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Isotope and Nuclear Chemistry Division

FY 1986 Funding Profile

Operating
Capital

Total

S26.8M
$ 2.6M

S29.4M

A $3.6M contract was awarded
for a radiochemical diagnostics
building. This includes $550K
capital.

Defense Programs

Laboratory R&O

Energy Research

OHER 7%

OBES 4%

OHENP 3%

Work for

DOE
DOD

NIH
IND

OTH

Others

6%
5%

5%

1 %

1 %

Nuclear Energy

NWF 14%

In this graph, the outside circle represents general programs; the inner circle
shows the percent of funding provided by specific organizations.
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Major Program Funding for FY 1986

Strategic
Area

1-2.

3.

4.

o.

6.

Program
Funds
(SK)

Strategic
Area Total

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

(DOE/OMA)
Test Analysis (DOD)

Stable and Radioactive Isotope Production
and Separation

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

Chemical Biology and Nuclear Medicine

Medical Radioisotopes (DOE/OHER)*
13C NMR and Metabolism (DOE/OHER)
Mechanisms in Superoxide Dismutasis (NIH)
Mechanisms in Respiration (NIH)
Cryo and Time-Resolved Vibrational Study
of Metalloproteins (NIH)
Applications on Monoclonal Antibodies (ISR)
Nuclear Medicine (ISR)

Element and Isotope Transport and Fixation

Nevada Nuclear Waste Storage Investigations (DOE/NV)
Geochemistry (DOE/OBES and NRC)
Defense Radionuclide Migration (DOE/NV)
Plutonium Geochemistry (NRC/AUS)
Elemental Abundances (NASA)
Continental Scientific Drilling Project (ISR)
Iridium Anomaly (ISR)
Institute of Geophysics and Planetary Physics (ISR)

Actinide and Transition Metal Chemistry

Actinide and SO2 Chemistry (DOE/OBES)
Laser Isotope Separation of Plutonium (DOE/ONMP)
Actinide Chemistry (ISR)
Organoactinide Chemistry (ISR)

10531
626

823
773

1215
433
209
235

217
291**
284

3680
661
332
112
31

107
52
56

492

273
362

11157

1596

2884

5031

2189

1062

"Funding is in Sec. 4. but research is in Sees, ','j and 4
"$64K at UNM
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Major Program Funding for FY 1986

Program Strategic

Strategic Funds Area Total
Area (SK) (SK)

7. Structural Chemistry, Spectroscopy, and
Applications 968

Crystal Density of Explosives (NSWC) 83
Carbon Disulfide/Molecule Studies (ONR) 90
Structural Chemistry and Spectroscopy (ISR) 513
Fundamental Research on Explosives (ISR) 65
Spectroscopic Studies of High Explosives (ISR) 117
Structure and Dynamics in Quasi-One
-Dimensional Semiconductors (ISR) 100

8. Nuclear Structure and Reactions 1161

Nuclear Chemistry Research at LAMPF (DOE/OHENP) 613
Fission and Reaction Study (DOE/OHENP) 45
Solar Neutrino Flux (DOE/OHENP) 239
Lunar Geochemical Map (NASA) 41
Boron Cosmochemistry (NASA) 34
Nuclear Chemistry (ISR) 189

9. irradiation Facilities 1327

Weapons Support (DOE/OMR) 799
Health and Environmental Support (Los Alamos) 340
Irradiation Services (other institutions) 188

10. Advanced Concepts and Technology 207

Isotope Separator Construction (DOE/LLL) 150

Ultrasensitive Analysis Using Ion Accelerators (ISR) 57

11. Atmospheric Chemistry and Transport 679

Organic Oxidants/Precursor Aldehydes (DOE/OHER) 75
Southern Hemisphere (OMA) 145
Data Base Review (DNA) 409
Nuclear Winter (ISR) 50
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INC Division Advisory Committee

Committee Chairman

George E. Walker
Department of Physics
Swain West 233
Indiana University
Bloomington, IN 47405
(1984-1986)

Committee Members

William T. Carnall
CHM/200
Argonne National Laboratory
9700 E. Cass Avenue
Argonne, IL 60439
(1986-1988)

Joseph Cerny III
Graduate Division
110 California Hall
University of California
Berkeley, CA 94720
(1984-1987)

Harry B. Gray
Gates and Crellin Laboratories of Chemistry
California Institute of Technology
Pasadena, CA 91125
(1985-1988) (Chairman in 1988)

Heinrich D. Holland
Department of Geological Sciences
Hoffman Laboratory
Harvard University
Cambridge, MA 02138
(1986-1988)

Henry N. Wagner
Division of Radiation Health Science

and Nuclear Medicine
Johns Hopkins University
615 N. Wolfe Street
Baltimore, MD 21205
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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

Spectroscopic studies of gas samples

Digilab FTS-40 FTIR

Perkin-Elmer UV-VIS spectrometer

Isotope ratio determinations

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
transition-metal complexes; spectral range from
10 to 5000 cm"x, temperature control down to
4 K; includes:

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 mid- and far-IR benches

Raman spectrometers for determining vibration
spectra of solids, including explosives, phase
transitions, pressure-induced 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:

Thomas R. Mills

John R. Fitzpatrick

B. B. Mclnteer

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

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 Tracor-
Northern IDARSS array detector

Lasers for photochemistry and Raman
spectroscopy; includes:

Two Spectra Physics Model 171s (argon
ion)

Two Spectra Physics Model 171s (krypton

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

Two cw ion lasers (argon and krypton)

Lumonics Model TE431T-2 (Excimer)

Lumonics Model EP033V (dye head)

Coherent dye laser

Tachisto Model 215G (CO2, Dulsed)

Apollo Model 570 (CO2, cw)

Quanta-Ray DCR 2A-10 and DCR 2A-30
pulsed Nd:YAG oscillator/amplifiers

Quanta-Ray PDL-1 YAG-pulsed dye laser

Three Perkin-Elraer 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; metalloprotein 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
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Group Capability Contact

Bruker AM-200 Fourier transform
multinuclear NMR spectrometer for
solutions

Bruker WM-300 wide-bore spectrometer for
high-resolution, multinuclear NMR of
liquids

Bruker CXP-200 spectrometer for solid
samples

Varian EM-390 for 1 9F, 3 1P. and XH in
solution (cw)

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

Two Data General Nova-3 computer systems
with magnetic tape, 10-Mbyte disks, and
diskette drives

Electron spin resonance spectrometer for actinide James A. Fee
and transition metal complexes; metalloproteins;
structure and dynamics of free radical species;
includes:

IBM/Bruker, x-band with cryogenics

X-ray diffraction instrumentation for structural Robert R. Ryan
determination of a large class of materials,
including actinide and transition-metal
complexes, organic explosives, and small
molecules at high pressures; single-crystal x-
ray diffraction from -200 to 1000°C and in
diamond anvil cells, precession and Weissenberg
photography, and powder diffraction; includes:
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Group Capability Contact

Picker FACXI single-crystal diffractometer

Enraf-Nonius single-crystal diffractometer

Precession and Weissenberg single-crystal
cameras

Powder cameras

"Hot" laboratory capabilities for actinide and
fluorine chemistry; includes:

Actinide 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

X-ray precession and Weissenberg cameras

Low-temperature fluorine-compatible
preparative gas chromatograph system

Equipment for biochemical synthesis; includes:

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 UV-visible
detector

Beckman 7300 amino acid analyzer

P. Gary Eller

James A. Fee
Thomas E. Walker
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Group Capability

Packard liquid scintillation counter

Fennentors and shakers for bacterial
cultures

Extranuclear SpectrEL quadrupole mass
spectrometer with solid, gas, and GC
imputs (used with HP 5710A instrument
with FID detector); data system includes
a Data General Nova 3 computer, Camac
interface, and 10-Mbyte disk

Beckman amino acid analyzer

Perkin-Elmer liquid chromatograph,
including Series 3B LC, LC-75 spectro-
photometric detector, and Sigma 15 data
station

Perkin Elmer Model 297 IR spectro-
photometer

IBM UV-VIS spectrophotometer

Cary 14 UV/VIS spectrometer with OLIS
modification

New Brunswick fermentors (5 and 28 I)

Braun fennentor (30 £)

Contact

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/cm2 s)

Triple-axis neutron diffractometer for
neutron scattering studies

Double-axis powder diffractometer for
neutron transmission studies

Merle E. Bunker
Michael M. Minor
Terry W. Smith
Gerald F. Ramsey
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Group Capability Contact

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 16N (6 MeV) and
prompt gamma rays up to ~11 MeV

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 particular filters) and liquids (up to
40 m^); 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

High-precision mass spectrometry measurements
for many elements; eight mass spectrometers;
includes

Two single-magnetic-stage instruments v/ith
pulse counting and/or Faraday cage ion
detection; for 10~9 to 10~12-g-samples
of plutonium, americium, and neptunium:
10~8 to 10~12-g-samples of uranium

Donald J. Rokop
David B. Curtis
Mohammed Alei

•Joseph C. Banar
John Cappis
Charles M. Miller
Thomas L. Norris
Richard E. Perrin
Jane Poths
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Group Capability Contact

INC-7 Isotope Geochemistry

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; 10~6 to 1 0 ~ u 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 Allen E. Ogard
and high-precision field and laboratory analysis;
trailer equipped for anion analysis by ion
chromatography, cation analysis by atomic
absorption spectre-; ietry, alkalinity, dissolved
oxygen, sulfide, Eh, and detergents; full
laboratory analytical facilities

Atmospheric measurement capability for David L. Finnegan
atmospheric tracer experiments from an airborne Jeffrey S. Gaffney
platform (WB-57F, operated by National Allen S. Mason
Aeronautics and Space Administration); includes Eugene J. Mroz

Large-volume aerosol samples

High-purity gas samples

Adsorption vapor samplers

Cascade impartors
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Group Capability Contact

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 microprobe for nondestructive, in situ
materials analysis with micron-scale spatial
resolution using particle-induced x-ray emission,
nuclear reaction analysis (particle-induced
gamma-ray and charged-particle emission), and
Rutherford backscattering techniques. Range
of positive and negative particles available in
the 1- to 40-MeV energy range. State-of-the-art
software for data reduction using a Microvax II.
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/fim2 (in
collaboration with Groups P-9 and E-ll) .

Artificial intelligence studies

Texas Instruments Explorer LISP computer

Intellicorp Knowledge Engineering
Environment 3 software

Hydrothermal studies equipment; includes:

Cold seal rod vessels capable of duplicating
conditions in the upper two-thirds of
EartYs crust (750°C at 7 kbar)

Flexible g >ld-titanium reaction cell equipment
for rock-solution studies to 1 kbar and 400° C
with corrosive solutions

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

Thomas L. Norris

Robert W. Charles
David R. Janecky
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Group Capability Contact

Large-volume circulation systems (700 mi) 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

Gas-sampling trailer for collecting trace gases;
includes:

Quadrupole mass spectrometer

Intrinsic germanium detector

37Ax x-ray counting system

Noble gas chromatographic separation
system

Other instruments for handling and analyzing
samples; includes:

Perkin-Elmer 404 atomic absorption
spectrometer

Two Dionex anion chromatographs

Extensive facilities for quantitative measurement
of radioactivity; includes:

Three alpha counters (ion chamber with 2n
geometry)

Ten alpha spectrometers (three Frisch grid
and seven solid state)

Eight proportional beta counters

Internal proportional beta counter

Mohammed Alei
Thomas L. Norris
Jane Poths

Eugene J. Mroz

Allen E. Ogard

Gilbert W. Butler
James D. Gallagher
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Group Capability

INC-11 Nuclear and Rad'ochemistry

Contact

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 PDP 11/60 and
PDP 11/34 computers

Two new MicroVAX-II computers will soon
be added for the data acquisition and
processing system.

The Los Alamos Meson Facility, a radioisotope
production facility, where large quantities of
most radionuclides can be produced; biochemical
laboratory; animal facility

David C. Moody

At Site TA-48

Hot cells for high-level gamma- and beta-
active materials

Purification and handling facilities

Analytical support capability for research,
development, and quality control for radioactive
isotopes in medicine; includes:
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Group Capability Contact

Dionex ion chromatograph

Spectrametrics dc-coupled argon-plasma
emission spectrometer

Varian NMR spectrometer Model EM 360A

Perkin-Elmer IR spectrometer Model 283

Hewlett-Packard gas chromatograph mass
spectrometer Model 5992

Packard radiochromatography scanner
Model 7201

Three high-performance liquid
chromatographs (Waters)

Animal counting system

Computerized Picker gamma camera
Model 4-11

Data analysis system David D. Clinton

VAX 780 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 780 system supporting
programming for scientific applications and
data processing, support of office automa-
tion, 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, high-resolution color graphics
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Group Capability Contact

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

Thomas A. Myers

Document control work station; includes
an IBM PC-AT with a 30-megabyte 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.

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

Intermec 5-30 bar code label maker

Detector development laboratory

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:

Malcolm M. Fowler

Gordon W. Knobeloch

Robotically controlled system for dispensing
and weighing liquid aliquots

Remotely controlled liquid-liquid extraction
equipment

Ion exchange columns with automatic
fraction collectors
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Appendix: Facilities

Group Capability Contact

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

"Clean" chemical laboratories including
quartz stills for preparation of "clean"
acids

Facilities for handling alpha-emitting
materials

Two magnetic deflection isotope separators

90° medium current (500
55° double-focusing low current (20

Target irradiation facilities with 500- to 800-
MeV protons, 0- to 500-MeV pions, stopped and
fast muons, and energetic neutrons

E. Phil Chamberlin

David J. Vieira

Facilities for handling and measuring radio-
activity; includes chemistry laboratories and
alpha, beta, and gamma counting facilities

Gilbert W. Butler

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

David J. Vieira

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

DEC Micro VAX II

Computer-aided system for preparation of
visual presentation materials, including color
transparencies, paper copies, and 35-mm slides

Bruce R. Erdal

General Parainetrics Video Show 160 system
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