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Preface

In the late seventies, a survey conducted by the Division of Nuclear
Chemistry and Technology (DNC&T) of the American Chemical Society (ACS)
indicated a significant growth in the demand for chemists trained in nuclear science.
The survey further predicted that over the next decade, the supply of nuclear
chemists and radiochemists would not meet the increasing demand because of the
decline in both faculty and student populations and insufficient research funding in
the field.

Since that time, a number of positive steps have been taken to curb this
decline and reverse the observed trend. One such step was the establishment of the
"Summer School in Nuclear Chemistry" by the DNC&T in 1984. This program,
funded by the Department of Energy's Division of University and Industry
Programs, offers fellowships for 12 students to attend an intensive six-week lecture
and laboratory course in nuclear and radiochemistry at the San Jose State
University. The success of the program lead to its expansion in 1989 to a second site
at the Brookhaven National Laboratory. The summer schools are held concurrently
and now provide training for 24 students each year.

The concern with the current status and trends of nuclear chemistry and
radiochemistry education in academic institutions was addressed in a recent
workshop under the auspices of the National Academy of Sciences/National
Research Council Board on Chemical Sciences and Technology. The 1988 workshop,
supported by the Department of Energy, the National Institutes of Health, and the
Electric Power Research Institute, considered the important contributions that
scientist with nuclear and radiochemistry backgrounds have made and are
continu'ng to make to other sciences and to various applied fields. Among the
areas discussed were environmental studies, life sciences, materials science,
separation technology, hot atom chemistry, cosmochemistry, and the rapidly
growing field of nuclear medicine. For a summary of the findings, conclusions, and
recommendations of the workshop, see pages (iii-v).

This symposium was organized as a direct result of one of the
recommendations given in the report:

"Nuclear and radiochemical concepts and techniques should receive sufficient
coverage in undergraduate courses to provide chemists with basic understanding of
this field, especially in its applications to science and technology."

It is the intent of the organizer and participants of this symposium entitled
"Topics in Nuclear and Radiochemistry for College Curricula and High School
Science Program" to provide lecture material on topics related to nuclear and
radiochemistry to educators. It is our hope that teachers, who may or may not be
familiar with the field, will find this collections of articles useful and incorporate
some of them into their lectures. In this way students would be provided with a



basic understanding of nuclear and radiochemical concepts and techniques which
they may not otherwise receive.

For a description of career opportunities in the field of nuclear chemistry and
radiochemistry see the article on page (vii) by Rebecca A. Brune, ACS Staff Associate
for Career Publications.

On page (ix), a description of the "Summer Schools in Nuclear Chemistry"
along with instructions for applying can be found.

The articles included in this collection are protected by copyright and may be
reproduced with appropriate credit for non-commercial use. For permission to use
any specific paper, please contact the individual authors.
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Training Requirements for Chemists in Nuclear Medicine,
Nuclear Industry, and Related Areas:

Summary and Key Recommendations

This is a brief summary of the report, Training Requirements for Chemists in Nuclear
Medicine, Nuclear Industry, and Related Areas: Report of a Workshop (National
Academy Press, Washington, DC, 1988). Copies of the complete report are available
from the Board on Chemical Sciences and Technology, National Research Council, 2101
Constitution Avenue, NW, Washington, DC, 20418.

Role of Nuclear and Radiochemistry: National Needs

Over the past four decades, nuclear science has been a significant and necessary factor in an
extraordinary number of facets of American national life. During this period there have been
exceptional advances in fundamental nuclear science, as well as in applied nuclear science including the
use of radioactive isotopes in nuclear medicine, the radiopharmaceutical industry, and the ethical drug
industry. The value to the health of the American population of the diagnostic and therapeutic uses of
radioisotope-labeled compounds would be difficult to overestimate. Essentially every hospital in the
country uses nuclear medicine to some degree. One of three hospital patients receives one or more
nuclear medicine procedures, and the use of such procedures will continue to grow as new and even better
methods of treatment and diagnosis are developed.

Radioisotopes are used in diverse areas of research and technology. Some of the most sensitive
analytical methods are based on radioactivation. Radionuclides are used widely by industry in
inexpensive and reliable thickness gauges, flow meters, and smoke detectors, and in the development
and verification of separation processes, studies of environmental pollution, and agricultural, chemical,
biological, and geological research.

Since World War II the national security of the United States has been dependent on nuclear
weapons. Even with new treaties limiting nuclear weapons, they will remain the primary shield to
protect the United States from foreign aggression.

Application of nuclear technology to harness the energy produced by the splitting of the atom has
also played a strong role in the production of useful energy in the form of electricity. Although the
nuclear power industry is not growing at present, a significant fraction of the electrical power in the
United States is now, and will for decades to come, produced by nuclear reactors. Furthermore, the
mounting concern about the atmospheric effects of using fossil fuels is leading to a rcevaluation of the
need for nuclear energy. Recently-voiced public and congressional concerns about safety, health, and
environmental aspects of operations at the several facilities of the nation's nuclear weapons complex
strongly suggest the need for a multi-decade remediation program estimated to cost several tens of
billions of dollars. Regardless of the eventual fate of both the weapons program and the nuclear power
industry, we must dispose of the nuclear waste that has accumulated thus far from these sources.
Development of the optimal mode 'or containment and isolation of nuclear waste for hundreds of
thousands of years is vital to the long-term well being of this country and the world.

The future vigor and prosperity of American medicine, science, technology, and national defense,
thus, clearly depend on continued use and development of nuclear techniques and use of radioactive
nuclides. Graduate students trained in basic nuclear science receive an excellent preparation for solving
the breadth of problems encompassed in nuclear applications and technology. Loss of know-how in this
field or failure to develop new uses for the technology could seriously and adversely affect this
country's economic competitiveness in many technological and industrial areas.

In nearly all the areas mentioned, there is a clear need for scientists who are well-versed in both
chemistry and nuclear science. There have been strong indications that the supply of such people has
been increasingly inadequate to meet national needs in the several sectors of medicine, science, and
technology. This workshop was held to examine whether there is indeed such a mismatch between
supply and demand and, if so, to recommend corrective measures.
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The Workshop
In 1978, at the request of the National Research Council's Subcommittee on Nuclear and

Radiochemistry (later renamed the Committee on Nuclear and Radiochemistry [CNR]), the American
Chemical Society's Division of Nuclear Chemistry and Technology (DNCT) conducted a survey of the
need? of the nuclear community for chemically trained personnel. The results of the survey, which did
not include the health care industry, indicated a serious shortage of appropriately trained personnel to
meet the projected demand. The survey cited three problem areas that have contributed significantly
to a decrease in the supply of personnel trained in nuclear and radiochemistry:

1. Student reluctance to enter the field because of negative public perception.

2. A decline in faculty at academic institutions qualified to train students.

3. A decrease in research funding.

Since 1984, the DNCT has addressed the first problem area by sponsoring a Summei School in
Nuclear Chemistry. This undergraduate fellowship program has proven to be a successful start toward
increasing student interest in and aivareness of applications of nuclear and radiochemistry and of career
opportunities in the field.

To focus on the specific needs of the user community, i.e., practitioners of nuclear medicine, the
radiopharmaceutical industry, Department of Energy (DOE) national laboratories, and the nuclear
power industry, for personnel trained in nuclear and radiochemistry, the Board on Chemical Sciences
and Technology, in cooperation with its Committee on Nuclear and Radiochemistry, organized a
workshop aimed at identifying the requirements for training such personnel. The participants were
chosen from academic institutions, national laboratories, the nuclear power industry, the nuclear
medicine community, the pharmaceutical industry, and government administration.

Summary of the Workshop
The most relevant points brought out by the panels are summarized here in order to give a

rationale for the recommendations that follow.
The Panel on Nuclear and Radiochemistry was concerned with the current state and trends of

nuclear chemistry and radiochemistry education in academic institutions and with possible
mechanisms for meeting the present and foreseeable needs for people trained in nuclear and
radiochemistry. Among the important observations of this panel, based on surveys conducted in 1978
and 1987, are a decrease by over 60% in radiochemical faculty over this period and a 57% drop in
nuclear and radiochemistry courses offered in Ph.D.-granting departments; yet all the other panels
concluded that there is a clear and growing need for scientists thoroughly trained in radiochemistry.

The Panel on Nuclear and Radiochemistry in Other Fields addressed the important contributions
that scientists with nuclear and radiochemistry backgrounds have made and are continuing to make to
other sciences and to various applied fields. Among the areas discussed are environmental studies, life
sciences, materials science, separations technology, hot atom chemistry, and cosmochemistry.
Numerous examples of vital contributions and major breakthroughs in these fields, resulting from the
use of nuclear techniques, are cited in the panel report.

The Panel on National Laboratories dealt with the training needs in the national laboratories,
where nuclear and radiochemists have always played a vital role. Their particular training and
experience will continue to be required in many areas including, for example, weapons effect diagnostics,
waste management, environmental science, fission studies, isotope production, and nuclear fuel cycle
research. The panel estimated that the DOE national laboratories currently employ between 575 and
850 nuclear and radiochemists (with one-third of these at the PhD level) and concluded that there
will be a continuing need for approximately these numbers for the foreseeable future. In addition, they
estimated that for about 1,200 MS/PhD chemists working in related areas, some radiochemical
training is highly desirable. Assuming a turnover of 5% per year, these estimates translate into an
annual need for ten to twenty Ph.D.'s who are experts in nuclear and radiochemistry, as well as 20 to 40
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BS chemists and about 60 advanced-degree chemists who have had at least a lecture and laboratory
course in radiochemistry.

The Panel on Nuclear Medicine Applications considered nuclear and radiochemical training
required in areas related to nuclear medicine. Two types of needs were identified. In most instances
what is needed in basic and clinical research, as well as in the radiopharmaceutical industry and in
nuclear pharmacies, are people whose primary specialization may be in organic synthesis, analytical
chemistry, or biochemistry, but who also have a sound background in radiochemical techniques and
instrumentation. In addition, there is a need for a smaller number of bona fide nuclear and
radiochemists to work in such areas as design of new radionuclide generators, optimization or
radionuclide production at accelerators, and development of new applications. The panel listed 120
positions that are currently open for chemists and pharmacists with advanced degrees and that require
knowledge of radiochemistry. It is estimated that by 1993 there will be 225 such openings.

The Panel on Nuclear Power Industry addressed the needs of the nuclear power and process
industry. Annual needs for chemists with radiochemical training were estimated to be two at the PhD
level and 25 to 30 at the BS level for the utilities (power plants) themselves, and 10 to 20 with Ph.D.'s
and 40 to 50 with BS degrees for support activities (e.g., environmental effects, severe accident
analysis, and waste management). Because of the lack of trained radiochemists, the industries have in
recent years relied largely on in-house training of people with other educational backgrounds.

It was gratifying to find that all the panels, despite their different perspectives, came to similar
conclusions regarding the remedial measures required to alleviate the current serious shortage and to
ensure a future adequate supply of scientists with nuclear and radiochemical backgrounds and
knowledge. To meet this need, the following specific recommendations are made:

Recommenda tions
1. In order to maintain and strengthen a number of academic centers of excellence in nuclear and

radiochemistry, a program of Young Investigator Awards in fundamental nuclear science for tenure-
track faculty at universities should be established, with at least five such awards to be given, each for
a 5-year period.

2. A program of training grants and postdoctoral fellowships should be established.

3. Adequate funding for research should be assured from the DOE, National Institutes of Health
(NIH), National Science Foundation (NSF), Department of Defense (DOD), and other federal agencies
to maintain the continued vigor of the field of nuclear and radiochemistry at universities and national
laboratories. In particular, it is suggested that the NSF identify a specific program to receive
proposals in the field of nuclear and radiochemistry and that the NSF adequately publicize this step
in the appropriate divisional announcements.

4. A second summer school for undergraduates, similar to the one that has been successfully
conducted at San Jose University, should be established at an eastern U.S. site. (This was initiated at
the Brookhaven National Laboratory in the summer of 1989.)

5. Nuclear and radiochemical concepts and techniques should receive sufficient coverage in
undergraduate courses to provide chemists with basic understanding of this field, especially in its
applications to science and technology.

6. A small number of training centers should be established at universities and/or national
laboratories for short courses in nuclear and radiochemistry and for retraining scientists and
technologists with backgrounds in other areas. The training centers should be supported in part by the
industries and enterprises dependent on the trained personnel.



Radiochemistry: An Exciting Career Option
Rebecca A. Brune

Staff Associate, Career Publications, American Chemical Society

In The Graduate, a professional-looking man
took Dustin Hoffman aside and whispered to him
the one word that he felt held the key to a
successful future: "plastics." If we were to move
that scene to the present time, the man might
whisper "radiochemistry." It's one of the loudest
secrets in chemistry today: there is both a critical
need for people trained in radiochemistry and a
severe shortage of them that will only get worse.
Employers go begging and salaries are up. A
chemist with radiochemistry credentials, even a
course or two, has a big step up on the competition.

The shortage is well-documented. In 1978, the
American Chemical Society conducted a survey of
nuclear and radiochemists. The survey found that
there was a serious shortage of chemists trained in
this area, and that the shortage would get worse
in the next decade. Another survey done six years
later showed that the predictions made in 1978
were correct. A third follow-up survey in 1987
again confirmed the dire predictions of 1978. In
spite of the obvious need, many colleges and
universities do not offer even a single course in
radiochemistry. Not only has the number of
qualified professors decreased, but the number of
departments offering instruction in nuclear and
radiochemistry has dropped by about one-third in
the last decade, even though there are not even
enough radiochemists to fill existing jobs and
much growth is predicted for this field in the
future. Although radiochemistry is a small field
in terms of the number of practitioners, its
influence is widespread, and some knowledge of
its methods is needed in an amazingly broad range
of areas. It embraces everything from medical
diagnostic techniques to nuclear weapons testing.
We need it to help us achieve advances in health
care and pharmaceutical medicine; we also need it
to supply our energy needs.

Nuclear medicine is one area in which the
need is most desperate. The late George Pimentel
of the University of California-Berkeley said in
his report Opportunities in Chemistry that the
application of nuclear and radiochemical
techniques to medicine and biomedical research is
one of the intellectual frontiers of chemistry.
Advances are coming quickly in this area. One of
the hot topics is the development and use of

labeled monoclonal antibodies in the fight
against cancer.

Another fast-growing application of
radiochemistry is positron emission tomography
(PET) for use in radiopharmacology. Since 1976,
the number of PET centers in the U.S. has grown
from 4 to 24. In Europe, the technology is
approaching routine use in some areas; however,
most of the U.S. centers are still used primarily
for research. Clinical application in the U.S. is
just beginning. There soon will be a need for organic
and inorganic chemists who also have some
training in radiochemistry to staff these PET
centers; their work will focus mainly on
developing and providing required radionuclides
and labeled compounds.

Radiolabeled drugs are already used
extensively in the study of drug metabolism,
kinetics, and interactions. The radio-
pharmaceutical industry will need more and more
people who can address the manufacturing, waste
disposal, and radiation protection needs that are
created by this industry. Most of these future
workers will be trained in a chemistry-related
field and will have additional training in
radiochemical methods and instrumentation.
Right now, 120 such chemists are needed to fill
existing jobs. That need will nearly double in the
next four years.

Another area that needs more people trained
in radiochemistry is the nuclear power industry.
Currently, most companies use in-house training to
meet their needs but would prefer to hire people
who already have some training in
radiochemistry. Besides the actual generating
plants, a significant number of chemists work in
the waste treatment industry supplying processes
and equipment for industrial customers. Duke
Power, a nuclear utility in North Carolina,
reported its needs to a 1988 National Research
Council workshop on training requirements for
chemists in this area. It asked that chemistry
undergraduates get a general introduction to
radioactivity and the biological effects of
radiation as well as some knowledge of the basic
principles of health physics. Most of the skills
they enumerated could be obtained in one or two
radiochemistry courses.
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Environmental chemistry is another area in
which knowledge of radiochemistry is important.
Radiochemical techniques such as carbon-14
dating have long been used to establish the ages of
various objects in the lithosphere. Today, the
methods are much more sophisticated, and
techniques such as neutron activation analysis
help to determine trace element concentrations in
rocks and minerals. These techniques tell us much
about the history of our planet and even of its
moon.

Because nuclear energy is used to generate
power, there is a continuous release of small
amounts of radionuclides into the environment.
These species have to be identified and
monitored. We must also determine whether any
of these species are harmful to human health and,
if so, under what conditions and in what amounts.
There is a need for environmental scientists who
are versed in radiochemical methods to improve
our understanding of the behavior of radionuclides
in the biosphere and to track their dissemination.
As the accident at Chernobyl showed us, any
accident on the surface of the globe affects us all.
We need a cadre of scientists who can respond
quickly to such an accident and act to minimize
the damage to public health and the environment.

The federal government has placed a high
priority on developing a global model of all the
changes occurring in our environment—from the
buildup of carbon dioxide from fossil fuels to the
release of chlorofluorocarbons from air
conditioners and other sources. We need to know
the long-term effect these changes will have on
the world's climate. One way to determine these
effects is to study the movement of natural and
artificial radionuclides through the environment.
Knowledge of this movement will also lead to a
better understanding of the flow of groundwaters,
the best use of soil, and the possible effects of
nuclear winter.

There are many other fields in which
radiochemisrry plays a role. Materials scientists
are increasingly finding uses for radiochemical
techniques and nuclear instrumentation in their
work. Mossbauer spectroscopy, a technique that
originated in nuclear science, has had a great
impact on materials science. Many fields depend
on separation technologies, which in turn often
depend on nuclear and radiochemical methods.

The demand is great and the opportunities are
many. The potential of a career in radiochemisrry
could be unlimited. For many positions, all that is
needed is one or two courses in radiochemisrry.

Unfortunately, as previously mentioned, not all
colleges offer radiochemistry courses. To rectify
this, non-traditional programs have been started
in some areas of the country. The American
Chemical Society offers an undergraduate
fellowship program through the Division of
Nuclear Chemistry and Technology. Funded by
the Department of Energy, this program is a six-
week Summer School in Nuclear and
Radiochemistry held at San Jose State University
and at Brookhaven National Laboratories.
Courses are offered sporadically by national
laboratories, the ACS, and various universities
and university consortia (e.g., Oak Ridge
Associated Universities). As more people become
aware of the need, more programs will be offered.
A recent panel sponsored by the National
Academy of Sciences recommended that more
regional training centers be developed at selected
sites to meet this critical need. Contacting any of
these groups may enable you to find a place where
you could take a summer school course in
radiochemistry.

*Reprinted from the Fall 1989 issue of the
ACS Student Affiliates Newsletter, The pHilter,
Vol. 22, No. 1, with permission from the author
and the ACS Division of Education
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SUMMER SCHOOLS IN NUCLEAR CHEMISTRY

The Division of Nuclear Chemistry and Technology of the American Chemical
Society (ACS) is sponsoring two intensive six-week Summer Schools in Nuclear
Chemistry. They will be held concurrently from June 24 to August 2, 1991, at San
Jose State University, San Jose, California, and at Brookhaven National Laboratory,
Upton, Long Island, New York.

Award - Successful applicants will receive fellowships that include
transportation to and from the Summer School site, room and board, books, and
student fees.

Qualifications - Candidates must be undergraduate chemistry majors who will
be entering their junior or senior year in the fall of 1990. They must have
completed at least two years of chemistry, one year of physics, and one year of
calculus prior to the Summer Schools.

Selection - The Summer Schools will be limited to 24 students, 12 at each site.
Candidates will be selected by a joint committee composed of members of the
Committee on Nuclear and Radiochemistry of the National Academy of
Sciences /National Research Council and the ACS Division of Nuclear Chemistry
and Technology. Students will be assigned to each site based on criteria developed
by the selection committee.

Course Description - The course will consist of both lecture and laboratory work.
Six units of college credit will be offered through the ACS accredited chemistry
programs at San Jose State University (western site) or the State University of New
York at Stone Brook (eastern site). In addition to the formal instruction, the course
will include a Guest Lecture Series and tours of nearby national laboratories,
universities, and nuclear industries with facilities for nuclear chemistry and
radiochemistry basic and applied research. Through the Guest Lecture Series, the
participants will meet and speak with prominent scientists in the nuclear research
community. A workshop on nuclear medicine will also be included in the course.

Employment Opportunities - Graduates of the Summer Schools will be assisted
in finding employment the following summer in national laboratories,
universities, or industry.

Funding - Primary funding for the Summer Schools is being provided by the
Department of Energy - Office of Energy Research (Division of University and
Industry Program and Division of Chemical Sciences), with additional support from
the Lawrence Livermore National Laboratory.

To Apply - For an application packet, write to:

Undergraduate Summer Schools
Attn: Dr. Patricia A. Baisden
Lawrence Livermore National Laboratory
P.O. Box 808, L-234
Livermore, CA 94551

Completed applications must be received no later than January 31, 1991.
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Biologic Effects of Low-Level Ionizing Radiation
Rosalyn S. Yalow

Senior Medical Investigator
Veterans Administration Medical Center

We live in a world in which the perception of reality
is too often confused with reality and there are few
fields in which more confusion exists than in the popular
perception of the hazards of exposure to low level
radiation and low level radioactive wastes. Much of the
fear of radiation has been generated by the association
of radiation and radioactivity with nuclear explosions
and nuclear war. So phobic is the fear that the new
medical imaging modality "nuclear magnetic resonance"
or NMR has been renamed Magnetic Resonance or MR
to avoid the bad word "nuclear." What I would like to
discuss today is not philosophy, but science—what do
we know about health effects, and in particular, the
carcinogenic effects associated with low doses of lightly
ionizing radiation. Since there are tens of thousands of
papers in this field, I have obviously had to be selective
in choosing studies to discuss.

Before discussing radiation effects, let me define
some units. A rad is a unit of absorbed dose or energy
absorbed per unit mass from ionizing radiation and
corresponds to 100 ergs/gram. Densely ionizing
radiation such as that associated with aparticles, protons
or fast neutrons is more effective in producing
deleterious biologic effects than is the lightly ionizing
radiation associated with (J,y- or X-radiation. A rem is
a unit that takes into account the relative biologic
effectiveness (RBE) of lightly (low linear energy transfer,
LET) and densely (high LET) ionizing radiation. A rem
is an absorbed dose that produces the same biologic
effect as 1 rad of low LET radiation. Rad and rem can
be used interchangeably for low LET radiation. The
RBE is not a constant for any ionizing particle but
depends to some extent both on its energy and the
biologic effect under observation.

The question to be addressed is "How low is low,"
or are there levels of radiation below which one cannot
discern deleterious effects. Much of what is known
about the biologic effects of ionizing radiation has been
obtained from epidemiologic studies of humans exposed
to high doses and /or at high dose rates. Over about the
past three decades, national and international standard-
setting bodies concerned with establishing radiation
protection guidelines have accepted the hypothesis of
a linear dose-effect extrapolation with no threshold, on
the assumption that this provided a generous safety
factor for predicting possible radiation-induced
deleterious effects. According to this hypothesis, there
would be the same number of radiation-related cancers
of other biologic effects, among 100 thousand people
each receiving 100 rem as among 100 million people
each receiving 100 mrem. Can this hypothesis be
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tested? To put this concept into the proper perspective,
let us consider that there were about 80,000 survivors of
the Hiroshima-Nagasaki bombings. The survivors
received doses less than 400 rems. To deal in round
numbers, one can treat this group as 100 thousand
people receiving about 100 rem. In almost three decades
the excess radiation-related deaths in this group were
less than 200. Natural background radiation in most of
the United States is 100 mrem/ year due to cosmic rays,
natural radioactivity of the soil and building materials
and the self-contained radioactivity in all living things,
each contributing about one-third. If the linear
extrapolation hypothesis were valid, based on the
Japaneseexperience,one would expect about200deaths
due to background radiation. Since among 100 million
Americans there are about 200 thousand cancer deaths
per year, natural variations in this death rate would not
permit ascertainment of the few hundred deaths that
might be attributable to background radiation. This
rough calculation points out the absurdity of Public
Law 97-414 that requires "the Secretary of Health and
Human Services to devise and publish
radioepidemiologic tables... These tables shall show a
probability of developing each radiation cancer
associated with receipt of doses ranging from 1 mrad to
1,000 mrads..." It must be appreciated that 1 mrad is
about 1% of natural yearly background and that a
round trip flight from Washington to Los Angeles
increases radiation exposure by 5 mrad. Most of us
would accept that the probability of causation of cancer
at dosages in the mrad range is obviously zero to many
significant figures. As a member of the committee
attempting to construct these tables, I can assure you
that the uncertainties even at doses of many rads are
subject to such controversy that one should not "require"
attention to exposure in the mrad range. However,
such legislation creates a mind-set in the public that
radiation at the mrad level is a cause of concern.

There have been a number of studies attempting to
detect deleterious health effects in regions of the world
where natural background radiation is increased. One
such study was performed in China by examining
150,000 Han peasants with essentially the same genetic
background and same life style. Half of them lived in
a region where they received an almost three-fold
higher radiation exposure because of radioactive soil
(1). More than 90% of the progenitors of the more
highly exposed group had lived in the same region for
more than six generations. The investigation included
determination of radiation level by direct dosimetry
and evaluation of anumber of possible radiation-related



health effects including chromosomal aberrations of
peripheral lymphocytes, frequencies of hereditary
diseases and deformities, frequency of malignancies,
growth and development of children and status of
spontaneous abortions. This study failed to find any
discernible difference between the inhabitants of the
two areas. The authors of this study concluded that
either there may be a practical threshold for radiation
effects or that any effect is so small that the cumulative
radiation exposure to three times the usual natural
background resulted in no measurable harmafter six or
more successive generations.

There are regions in the United States where natural
background radiation is also increased. In the Rocky
Mounta in states the average radiation exposure isabout
twice that on the East and West coasts because of
increased cosmic rays at their higher elevations and
natural radioactivity of the soil. However, death rates
due to cancer in these states are among the lowest in the
country. It is possible that an appropriate statistical
analysis would reveal that the racial, ethnic, age
distribution or other factors might account for the
lower cancer death rates in these states. However,
when Mason and Miller (2) compared the age-adjusted
risk ratio for mortality from malignancies forCaucasians
in Den verand Salt Lake City with those in San Francisco
and Seattle-King County, Washington, they observed
that the leukemia incidence was slightly but not
significantly lower and the incidence of other cancers
was signi fican tly lower in the higher radiation exposure
cities. An inverse relationshipbetween elevation (hence,
higher radiation exposure) and mortality from
leukcmias and lymphomas has also been reported (3).
Others have concluded (4) that in the United States
there is no relation between increased background
radiationand leukemia. There are regions of the world
in India and in Brazil where natural background
radiation is up to 10-fold higher than usual (~1 rem/
year) and deleterious health effects have been looked
for and not found (5-9). This is not surprising since
even were the 1 inear ex trapola tion hypothesis valid, the
populations involved are too small to detect increased
malignanciesabove the natural variation in the incidence
of the diseases. However, these studies emphasize the
difficulties in assessing probability of causation at low
doses and dose rates.

Senator Hatch was undoubtedly stimulated to
sponsor Public Law 97-414 mandating the radio-
epidemiological tables in response to several widely
publicized reports asserting that the cancer risks from
low radiation exposures are much higher than those
estimated according to the linear extrapolation
hypothesis. One report that was of particular concern
to his constituents was that of Lyon et al. (10) who
reported that leukemia mortality in children was
increased in those counties in Utah receiving high
levels of fallout from the atmospheric nuclear testing

conducted in 1951-1958 compared to the mortality in
low-fallout counties and in the rest of the United States.
Let us examine the original data. In Figure 1 are shown
the mortality rates for leukemia and for all cancers,
including leukemia, for children in high and low-fallout
counties in Utah.

The 1944-1950 period represents the pre-fallout
control low-exposure cohort. The 1951-1958group was
r onsidered to be the high-exposure cohort, that is, those
born during the period of maximum above-ground
nuclear bomb testing in Nevada. The second low-
exposure cohort was the group born after most, but not
all, of the above-ground testing had ended. From a
perusal of Lyon's data, it could be reasonably concluded
that on the average, during the entire 30-year period,
the high fallout counties might have had a lower
incidence of leukemia than the low-fallout counties but
that the uncertainties in the determinations are so large
that one cannot reliably conclude whether or not there
is a trend. If one considers the sum of childhood
malignancies (leukemia plusother cancer deaths), there
appears to be a generally downward trend, with the
drop in the high-fallout counties being somewhat
greater than in the low-fallout counties; although if the
standard deviations had been included, the differences
would not have been significant. The news headlines
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Figure 1. Data reproduced in graphical form from (10). Total
childhood malignancies including leukemia (top) and
childhood leukemia in high-fallout and low-fallout regions
of Utah according to study of Lyon et al.



following interviews with Dr. Lyon would have been
less sensational if he had stated that his data had shown
no relation between the totality of childhood
malignancies and the atomic tests of the 1950's, rather
than selectively reporting what would appear to me, as
an experimental scientist whose results do not depend
on marginal p-values, to bean inconclusive study of the
relation between leukemia and fallout. Lyon'spapei in
the New England Journal of Medicine was criticized in the
same and later issues of the Journal by several
biostatisticians(ll-13). Ingeneral, theircriticismswere
related to the apparent under-reporting or misdiagnosis
in the earlier cohort and to errors in small sample
analysis. For instance, Bader (12) presented a year-by-
year listing of leukemia cases in Seattle-King County,
which has a larger population than the southern Utah
counties, and noted that there were only two cases in
1959 and 20 in 1963 amongthe217cases reported from
1950 to 1972. Thus, a ten-fold difference in annual
incidence rates when the number of cases is small
simply represents statistical variation. Although the
yearly distribution of leukemia cases had not been
reported in any of Lyon's papers or in the associated
publicity, it was, however, tabulated in the Government
Acco u n ti ng Of f ice Report on the Problems in A ssessing
the Cancer Risks of Low-Level Ionizing Radiation
Exposure (14). Table 1 is taken from that report. It is to
be noted that the so-called excess leukemia cases

Table 1.
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reported by Lyon et al. (10) was due to a clustering of 13
cases in 1959 and 196C. In fact 22 of the 32 leukemia
cases occurred in 1951-1960, i.e., during the first ten
years of testing. Since there is a several year latency
period between radiation exposure and induction of
leukemia, were the excess leukemia deaths a
consequence of nuclear testing in the 1950's they would
have been more likely to occur after 1960 rather than
before.

Furthermore, a new estimate of external radiation
exposure of the Utah population based on residual
levels of "7Cs in the soils has shown that the mean
individual exposure in what Lyon deemed to be the
"high-falloutcounties" was0.86±0.14 rad,compared to
1.3 ±0.3 rad in the "low-fallout counties" (15). Even in
Washington County, the region in which the fallout
arrived the earliest (less than five hours after the test)
the estimated exposure to its 10,000 population averaged
only 3.5 ±0.7 rads — quite comparable to natural
background radiation in that region over a 20-30 year
period. Thus, on the basis of the Japanese experience,
the exposure from fallout was too low to expect an
increase in leukemia and a careful perusal of the raw
data would suggest that none was found.

Another report that has received publicity ' i r
beyond its scientific merit is the Mancuso study of
workersatthe Hanford Laboratories, the site of severa'
of the then-AEC's reactors. The history of this study
dates back to 1964 when Dr. Mancuso was awarded a
contract to investigate for the AEC the health of these
workers. Dr. Barkev Sanders, a statistician, and Dr.
Allen Brodsky, a health physicist, were co-investigators
in this project. Annual project reports for many years
suggested only that there were negative findings
regardinga link between cancer and radiation and Drs.
Sanders and Brodsky left the project. There were no
papers published during the period in which they were
involved in the analysis of the data. In about 1976,
Mancuso was joined by the pediatrician Stewart and
the statistician Kneale, who had acquired a reputation
for their studies on relationships between diagnostic
X-rays and childhood cancers. Together they wrote a
controversial paperpurporting to show that workersat
Hanford had a statistically significant increase in the
incidence of two types of cancer, i.e., multiple myeloma
and cancer of the pancreas (16). According to Table 10
of their paper, the mean cumulative radiation dose for
Hanford workers who subsequently died from
cardiovascular disease was 1.05 rads; for solid tumors,
1.3 rads; for leukemias and lymphomas, 2.2 rads. This
excess radiation exposure is quite comparable to the
excess received by living in Colorado for 10 to 20 years
- and Colorado has a low cancer death rate. The

evidence in the Mancuso report that has not been
widely publicized was that Hanford workers receiving
the highest radiation doses (greater than 15 rem) had a
lower death rate from all causes and fromall malignant



neoplasms than expected in a control population.
However, because of the small numbers of workers
who received this exposure and the small number of
cancer deaths in this group (a total of 14 cancer deaths
compared to 24 expected), the distribution among the
different malignancies appeared to have a pattern not
identical with that found in much larger groups.
Subsequently, both Dr. Brodsky and Dr. Sanders, who
initially collaborated with Dr. Mancuso, have been
highly critical of the Mancuso paper. An independent
analysis by Gilbert and Marks is most revealing (17).
The positive correlation purported to be demonstrated
in the Mancuso report appears to be due to three deaths
from pancreatic cancer in workers receiving more than
15 rem cumulative exposure. However, according to
Gilbert and Marks (17), this diagnosis had been
confirmed in only one case. Furthermore, it should also
be noted that the Atomic Bomb Casualty Committee
report described a much larger cohort with much higher
radiation exposures (up to 400 rads) and found no
positive link between pancreatic neoplasms and
radiation (18). The second category of excess cancer
deaths was reported to be multiple myeloma, which
included three cases compared to an expected number
of 0.6 (16). Whether this excess of two deaths in this
category represents a statistical variation or the effect of
another carcinogen cannot bedetermined. Nonetheless,
since among those receiving a cumulative exposure of
15 rems the observed number of subjects with
malignancies was only 14 compared to an expected 24
in a control population, one could be tempted to
conclude thatradiationatthis level is protective against
malignancies.

To demonstrate how legislation is sponsored in
response to special interest groups rather man rational
analysis, let me pose the following problem. Let us
assume that there are two groups who received exposure
to radiation. Group A consists of 6,500 people who
were not badged but who received radiation exposures
probably in the range of 10-15 rems, or perhaps more.
Group B consisted of 39 who received more than 25
rem, 1,400 who received between 5 and 25 rem, and
another 5,000 who received between 3 and 5 rem.
Which of the two groups should have been favored
with respect to compensatory legislation concerning
possible radiation-related health effects? The logical
answer would be the Group A, who received the larger
radiation exposure. Now let me identify for you Groups
A and B, the legislative act, and the known health
effects. Group A was a group who were trained during
World War II as radiology technicians and who
subsequently served in that role for a median period of
24 months. Description of their training (19) included
the stated that "During the remaining two hours of this
period, the students occupy themselves by taking
radiographs of each other in the positions taught them
that day." It was noted (19) that the students did not

receive a skin erythema dose nor did they show a drop
in white count — monitoring procedures that are
insensitive to acute doses less than 100 rem. The
cumulative exposures of these radiology technicians
were not monitored. However, the radiation exposure
of technologists at a more modern installation,Cleveland
Clinic, was monitored in 1953 and found to be in a range
of 5-15 rad/year (20). Army technologists a decade
earlier probably received greater exposures. Hence,
my estimate of 10-50 rem during their period of service.
Yet, a follow up of these 6,500 radiology technicians (21,
22) for a period of 29 years revealed no increase in
malignancies when compared with a control group of
similar size consisting of Army medical, laboratory or
pharmacy technicians.

Who was Group B? This group consists of those
who entered Hiroshima and Nagasaki after the bombing
and who received less than 0.1 rem during their
occupation and the 220,000 Department of Defense
(DOD) personnel involved in the atmospheric nuclear
testing in the Pacific Ocean and Nevada. Among this
large group, only 1,400 received more than 5 rem (23).
Among these 1,400 were 39 who received over 25 rem
as a result of a wind shift during the 1954 Bikini testing.
A follow up of these 39 men almost 30 years later
revealed that four weredeadfromcauses not associated
with radiation (trauma, heart attacks). Of the 35 who
were notified, only 18 desired medical examinations,
seven refused and ten failed to reply. No adverse
health effects associated with radiation were found in
those examined.

Further, to putin proper perspective thecumulative
radiation exposure among Armed Services personnel
associated with nuclear testing, it should be appreciated
that in the early years of the draft those accepted into
the Armed Forces and many of those rejected on medical
grounds, a group numbering over 12 million persons,
received chest photoroentgenograms. Unlike ordinary
X-ray examinations of the chest, these deliver 1-5 rad
skin dose (24). In addition, someof the Armed Services
received considerable X-ray exposure secondary to
service-related injuries and, of course, there were the
highly exposed radiology technicians. None of these
are included in Public Law 97-72 (25) which provides
that "a veteran who the (Veterans Administration)
Administrator finds was exposed while serving on
active duty to ionizing radiation from the detonation of
a nuclear device in connection with such veteran's
participation in the test of such a device or with the
American occupation of Hiroshima and Nagasaki,
Japan, during the period beginning on September 11,
1945, and ending on July 1, 1946, may be furnished
hospital care or nursing home care for any disability
notwithstanding that there is insufficient medical
evidence to conclude that such disability may be
associated with such exposure."

There is no logic in giving special privileges to



some veterans who received radiation exposure and
not to all receiving equivalent exposure. Perhaps this
legislation was in response to another highly publicized
report concerning nine cases of leukemia among 3,200
men who participated in a nuclear test explosion in
1957 (26). The radiation exposures of eight of the nine
men were monitored: 3 received between 1 and 3 rem,
3 received less than 0.1 rem. Since the 20,000 people
exposed in Hiroshima-Nagasaki to doses between 1
and 9 rads showed no increase in malignancies,
including leukemia, the study by Caldwell et al. (26)
concerning only 3,200 people exposed in this dose
range is obviously flawed. The most probably reason is
once again the error inherent in small number statistics.
By the time of diagnosis all the leukemia cases had
received more radiation from natural background than
from Operation Smoky.

Can epidemiologic studies permit testing of the
validity of the linear extrapolation hypothesis in
estimating effects at low doses and dose rates? The
answer is unequivocally, no. As Land has pointed out
(27) to test this hypothesis, for instance in radiation-
induced breast cancer, a sample size of 100 million
women would be required to be certain of an increased
radiologic incidence following an acute exposure of 1
rem to both breasts at age 35. Such a sample is hardly
practical; therefore, a case-control approach, in which
the sample consists of a fixed number of cancer cases
and a fixed number of matched non-cases or controls, is
used. Land has calculated (27) that using this cohort
approach, only one million women would be required
to be certain of a radiation effect from 1 rem. Of course,
in the case-control approach to evaluation of radiation
and other carcinogens, a sufficient number of subjects
are never included and there is not random selection of
cases and controls. Hence, the data presented simply
do not have statistical significance and subtle sourcesof
bias could well account for purported observed effects.
For instance, MacMahon has reported (28) that children
born after their mothers had received one to six pelvic
radiographs (average dose per radiograph was 1 rem)
were 42% more likely to die of cancer in the first ten
years of life than were children not irradiated in utero.
Using the same case-control method of analysis,
MacMahon etal. (29) also reported that drinking one to
two cups of coffee a day introduced a relative risk of 2.6
in developing cancer of the pancreas, and further
suggested that coffee drinking at this level can account
for more than 50% of the cases of pancreatic cancer.
However, since coffeedrinkingisfamiliarand radiation
is not, most people would discount that his case-control
analysis proves that such modest coffee drinking is a
risk factor for pancreatic cancer, particularly since the
effect did not appear to be dose-related in men — the
risk factor was the same, 2.6, whether consumption was
one to two cups, or greater than five cups a day. There
are other reasons for reluctance in accepting his analysis.

For instance, the risk factor was twice as great for ex-
smokers compared to current smokers drinking one to
two cups of coffee per day; a rather unlikely finding,
since it is commonly accepted that smoking is a
carcinogen or promoter of other carcinogens. The
MacMahon et al., (29) report on the associationbetween
coffee drinking and cancer of the pancreas is, however,
in a sense less flawed than his earlier report (28) on the
association between prenatal radiation and early cancer
death. In the latter study, there was clearly a bias in that
no account was taken of the fact that the exposed
mothers had medical conditions that prompted the
diagnostic X-rays.

Webster has provided a simple demonstration of
the problem of small number observations by
determining thecounting rate fromaweaklyradioactive
source (30). Such a counting rate, like cancer events,
follows Poisson statistics. In 20 successive periods, the
counting rate varied from 0 to 8 counts per unit time,
with an average of 4. As shown in Table 2 the actual
occurrenceofa particular countingrate to the probability
of its occurrence ranges from 0.6 to 2.8 — these ratios
are equivalent to the "relative risk" ratio using the case-
control approach in epidemiologic studies — except
that there was no bias introduced in the "control" or
Poisson probability distribution.

For almost 30 years committees concerned with
radiologic protection accepted the linear extrapolation
hypothesis without correction for dose rate on the basis
that it overestimated potential radiation-related risks.
This has left the impression that it is an established fact
that any level of radiation, no matter how small, carries
some risk even if that risk is not measurable. In the
latest report of the National Academy of Sciences
Committee on the Biologic Effects of Ionizing Radia tion

Table 2. Poisson Statistics:The Problem of Small
Number Observations*
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(BEIR III Report) (31), it was concluded that a linear-
quadraticextrapolation was to be preferred, although it
was also stated that the scientific basis for making
estimates of the carcinogenic risk of low-dose, low-
LET, whole body radiation is inadequate. The data are
simply not available that would permit determination
as to whether there is any risk associated with radiation
at doses below 10 rads.

There is one large group of subjects with total body
exposures in this dose range, i.e., patients treated with
radioactive iodine, ml for hyperthyroidism. As of 1968,
it was estimated that 200,000 people were so treated
and the number has probably since doubled. A study
of 36,000 hyper-thyroid patients from 26 med ical centers
of whom 22,000 were treated with a single dose of n'I
and mostof therestwithsurgery revealed nodifference
in the incidence of leukemia between the two groups
(32). The average bone-marrow dose was about 8-10
rads, about half of which was delivered within one
week. The follow-up for the ni-treated group averaged
seven years, quite long enough to have reached the
peak incidence, as determined from the Hiroshima-
Nagasaki experience. A subsequent follow-up three
years la ter again revealed no d if ferenccs in the leukemia
rate between the two groups(33). Thisstudy emphasizes
the importanceof having an appropriate control group.
Earlier studies had suggested that the occurrence of
leukemia in hyperthyroid patients following D'I therapy
was 50% greater than that of the natural population
(34, 35). However, it appears from this study that
there is an increased incidence of leukemia in hyper-
thyroidism, irrespective of the type of treatment (32).

The question may be addressed as to whether a
large epidemiologic study could or should be
undertaken to follow-up the several hundred thousand
who have been treated with B1I for hyperthyroidism. 1
believe the feasibility of such a study should be
examined. It has the potential for answering thequestion
as to whether general body exposure in the 10 rad range
delivered at a relatively low dose rate is carcinogenic.
However, since it appears that hyperthyroidism per se
may be associated with leukemia, the appropriate
control group should be, as in the study of Saenger et al.
(32), patients treated with surgery. I doubt if it is
currently possible to obtain an age-matched surgically
treated group since ""I has certainly become the treatment
of choice for definitive therapy. In evaluating whether
hyperthyroid patients treated with anti-thyroid drugs
until remission would be suitable as a control group,
the potential of thesedrugs for inducing leukemia must
also be considered.

There have been several other negative studies in
which induction of leukemia as a consequence of
radiation was sought for and not found. The BEIR III
Report did not consider early papers (36, 37) that
observed no increase in leukemia in women treated for
cervical cancer with ei ther interca vi tary radi urn,external

radiation or both. Perhaps the reasons for neglecting
consideration of these papers was the incomplete patient
follow-up ir. these earlier studies. However, a recent
report (38) of an international collaborative study of
31,219 women with cervical cancer, of whom 28,490
received radiation therapy and 2,729 did not, revealed
that in the irradiated group 15.5 cases of leukemia were
expected and 13 were observed (relative risk = 0.8) (95%
confidence levels 0.4-1.4) and in the non-irradiated
group two cases of leukemia were observed as compared
with the 1.0 expected. The follow-up was long enough
to have included the four to eight year period of leukemia
peaking observed with the Japanese atom bomb
survivors. The consistency of these siudies (36-38)
would suggest that there is no detectable leukemogenic
effect in patients with cervical cancer following radio-
therapy. The cohort size of this study isquite comparable
to the Court-Brown and Doll study showing increased
incidence of leukemia in patients irradiated for
ankylosingspondylitis(39,40). It does remain a mystery
as to why radiotherapy would appear to be
leukemogenic in one disease and not in another when
the therapeutic doses are in the same range although
not delivered to the same body region.

Itiscommonh/accepted thatearly radiation workers
had an increased incidence of malignancies. For the
most part, their radiation exposures cannot be estimated.
The classical picture of the Curies working in their shed
for four years while separating and purifying radium
and polonium is one which will never be repeated. It is
not surprising that Marie Curie died from aplastic
anemia, probably secondary to the radiation exposure
she received in her laboratory and during her
experiences in World War I when she personally
provided X-ray services just behind the front lines,
trained X-ray technicians and installed 200 radiologic
rooms. What is surprising is that she did not die until
1934 at the age of 66 in spite of cumulative exposures
that must have been thousands of rems. What about
more recent radiation workers with lesser exposures?
A recent report of the mortality from cancer and other
causes among 1,338 British radiologists who joined
radiologic societies between 1897 and 1954 revealed
that in those who entered the profession before 1921,
the cancer death rate was 75% higher than that of other
physicians but that those entering the profession after
1921 had cancer death rates comparable to other
professionals (41). Although the exposure of the
radiologists was not monitored, it is estimated that
those who entered between 1920 and 1945 could have
received an accumulated whole-body dose on theorder
of 100-500 rad.

It seems obvious from these sampling of reports
that human srudiesinthelow dose, low-dose rate range
are complicated by the biases introduced by the case-
control methodology, the limitations of small number
statisticsandthenatural variation indiseasepatternsin



a heterogeneous human population. Because of these
inherent limitations, it seems unlikely that human
studies will ever answer definitively the question as to
whether there is a threshold for radiation-induced
carcinogencsis.

Animal studies have certain ad vantages: theanimals
are inbred and are not subject to the genetic and
environmental variability of a human population; at
present it is possible to expose animals but not humans
to graded radiation doses at different dose rates. The
inherent limitation of such studies is that it would be
enormously expensive to maintain the large groups of
animals that would be required to evaluate effects at
truly low dosesand dose rates. The conclusion of many
studies of different rumors in different animals is that
for a give:i total dose there was generally decreased
tumorigenesis when the radiation was delivered at a
lower dose rate, but that the reduction factor was
dependent on the tumor and the species of animals (42).
Noneof these studies have been performed at truly low
dose rates. The studies by Ulrich and Storer(43) on
tumongencsis in RFM mice revealed that the lr'Cs
gamma-ray irradiation is delivered at 8.3 rad/day, i.e.,
25,(XX) times natural background, there is a threshold of
about 50 rads before an increased incidence of ovarian
tumors or thymic lymphomas is observed. The
threshold appeared tobe no more than a few rads when
the irradiation dose rate was 45 rad/min. Studies at
even lower dose rates, for instance at about 100 times
natural background, would require an enormous
number of animals and are really not practical.

Without developing a detailed theoretical mode!
for radiation carcinogenesis, it can be expected that,
si nee human beings are more than 75% water, low-LET
ionizing radiation is probably largely absorbed in the
water with production of free radicals. Thus, many of
the biochemical changes initiated in the cell, and in
particular, damage to cellular DNA, are probably a
consequence of the indirect action of the products of
water radiolysis. If molecules which scavenge radicals
and which are normally present in tissue exceed the
concentration of free radicals generated at low dose
rates, there may well be no initiating event, i.e., damage
to DNA. The threshold could be the dose rate at which
the free radicals overwhelm the scavengers — and this
may be dependent on species of animals and specific
tissue. This is a tenable hypothesis but one that is not
readily verifiable.

In addition to concerns with carcinogenesis, there
is considerable fear of the risks of genetic effects from
radiation. This was considered extensively in the BE1R
III report (31 )and it was concluded that since radiation-
induced transmitted genetic effects have not been
demonstrated in man, estimates of genetic risks must
be based on laboratory data obtained at high dose rates.
Schull etal. (44) have concluded on the basis of studies
of the children born to survivors of the Hiroshima-

Nagasaki bombing, that the estimated doubling dose
for genetic changes would be about 150 rem, a value
some four-fold higher than the results from experimental
studies on mice. Furthermore, this represents simply
an estimate since they reported that in no instance was
therea statistically significant effect of pa rental exposure.
It should be noted also that many investigators have
found that chronic irradiation in mice is about three-
fold less effective than acute irradiation. This would
effectively raise the doubling dose for prolonged
exposure in man to about 500 rem. Furthermore, since
none of the studies in mice were performed at truly low
dose rates, one cannot really determine what the
doubling rate would be for background radiation.

In my introduction to this presentation 1 raised the
question, "How low is low?" or are there levels of
radiation below which one cannot discern deleterious
effects of radiation. The answer to that question is YES.
The GAO report concludes (14) that "there is as yet no
way to determine precisely the cancer risks of low-level
ionizing radiation exposure, and it is unlikely that this
question will be resolved soon." Stating that there are
levels below which one cannot discern harmful effects
of radiation is not the same as reaching conclusions
concerning the existence of a threshold below which
radiation effects in man does not occur. In science we
can only accept as valid those laws that are subject to
experimental proof. Wecan hypothesize, but weshould
not confuse hypothesis with reality. There is a problem
in determining what kinds of studies should be funded
in radiologic research. It is evident that epidemiologic
studies cannot produce meaningful data about the
existence of a threshold for radiation effects. Molecular
and cellular studies may or may not give some insight
about molecular or cellular effects but cannot answer
important questions about repair mechanisms in the
intact animal or man when radiation is delivered at low
dose-rates. At present there are no really good ideas
that would permit a breakthrough in the field of low-
level radiation effects. Therefore, good scientists with
imagination and insight arc unlikely to work in a field
in which the studies at best are pedantic and, at worst,
are inevitably flawed. Thus, this field of research,
which is now primarily generated not by scientific
interest but by Federal concern and Congressional
mandate, is not likely to attract investigators seeking to
open new frontiers in science. It is essential to
communicate to the public and through them to our
government that each of us loses when scientific talent
and funding is diverted from scientifically important
and socially desirable investigations to predictably
negative experimentation because of irrational fears
generated by well-intentioned or ill-intentioned but
often uninformed Cassandras.

Let me turn now, for a moment, from science to
philosophy. Science, unlike religion, is not influenced
by belief or divine revelation. In science we observe,



hypothesize and re-observe in an attempt to determine
whether the hypothesis is consistent with the
observations. Scientists are not Aristotelians — if we
want to determine the number of teeth in a horse's
mouth we open its mouth and count the teeth.
Sometimes the critical experiments cannot be performed
with available tools. Thus, Newton's La ws, which were
the dogma for over two centuries, could not predict
behavior at high velocities or atomic or subatomic
dimensions. But this is simple compared to predicting
the laws governing the much more complex
interrelations in biologic systems including man. With
respect to effects of low-level radiation, there is a
consensus that there are no reproducible studies
demonstrating unequivocally that such effects are
demonstrable. The disagreement concerns how to
extrapolate from higher dose rates and total doses to
the non-measurable range. The BEIR III Report (31)
concluded that linear-quadratic extrapolation is the
one most consistent with available data; Radford
dissented and contended that the linear extrapolation
hypothesis was appropriately conservative; Rossi
claimed that a quadratic extrapolation should be
employed. There are those who hold that there is no
evidence which would exclude the possibility that there
is a threshold below which there are no radiation effects.
After all, with what we have learned in recent years
through studies in molecular biology, there is every
reason to believe we have repair mechanisms hitherto
undreamed of. The disagreement in the low-level
radiation field is about hypothesis — not observable
facts. One could not determine the val idity of Newton's
Laws at subatomic dimensions until the tools became
available. However, in that case there was no need to
make policy decisions based on extrapolation. In the
case of low-leve! radiation effects, public policy decisions
need to be made in the absence of scientific evidence. 11
should be appreciated that these are arbitrary decisions
based on philosophy not fact and may well change
because of political or other considerations.

In conclusion let me quote from the National Council
(NCRP) Report No. 43 on Radiation Protection
Philosophy. "The indications of a significant dose rate
influence on radiation effects would make completely
inappropria te the current practice of summing of doses
at all levels of dose and dose rate in the form of total
person-rem for purposes of calculating risks to the
population on the basisof extrapolation of risk estimates
derived from data at high doses and dose rates. The
NCRP wishes to caution governmental policy-making
agencies of the unreasonableness of interpreting or
assuming "upper limit" estimates of carcinogenic risks
at low radiation levels, derived by linear extrapolation
from data obtained at high doses and dose rates, as
actual risks, and of basing unduly restrictive policieson
such an interpretation or assumption. Undue concern,
as well ascarelessness with regard to radiation hazards,

is considered detrimental to the public interest." Would
that all legislators and regulators would pay heed to
these words!
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Introduction and Background

Nuclear Medicine versus X-Ray (Radiographic)
Imaging.

In the medical care arena, nuclear medicine studies
are performed relatively infrequently compared toother
diagnostic imaging procedures such as X-ray
(radiography) or ultrasound. Hence, although many
individuals have undergone an X-ray study, relatively
few have likely experienced a nuclear medicine
examination.

In radiographic studies, radiation (X-rays) from an
external source is focussed at a specific region of the
parient'sbody. As the X-rays pass through the region of
interest, they are attenuated or decreased in intensity
due to their interaction with the various tissues
contained within this region. The degree to which the
X-raysare attenuated is related directly to the density of
the tissue with which they interact. Hence, the energies
of the X-rays emerging from the region of interest are
reflective of the density of the various tissues in their
path. The subsequent interaction of these emergent X-
rays with photographic film or an alternate energy
sensing device produces an anatomic image
(radiograph) based on differential tissue density.
Radiographic X-ray studies are thus limited to
evaluations of altered anatomy (i.e., the presence of
abnormal massesoraltered tissuedensities),andrequire
that the patient be motionless during the imaging
procedure.

In a nuclear medicine study, a radioactive drug
(radiopharmaceutical) is administered directly to the
patient usually by the intravenous route. The
administered radiopharmaceutical possesses physical
and/or chemical properties that cause it to localize and
concentrate in the specific organ or disease process
under investigation. The mechanism responsible for
this localization is typically related to a unique
physiologic property of the target tissue, and hence
related to and dependent on organ or lesion function.
Gamma or electromagnetic radiations emi tted from the
radiopharmaceutical are capableofpenetratingoutside
the patient's body where they interact with an external
imaging device called a "gamma camera."This "gamma
camera," itself, is not radioactive, but is capable of
imaging thedistribution of radioactivity in the patient's
body. Hence, once localization of the
radiopharmaceutical in the target organ or disease
process has occurred, an image of this region can be
obtained. Although nuclear medicine images are
anatomic in appearance, they reflect organ physiology

or function. Nuclear medicine imaging reveals less
detail (i.e., less "spatial resolution") than radiography,
but is less sensitive to patient motion.

Radiopharmaceuricals versus Traditional
Pharmaceuticals.

The therapeutic use of traditional pharmaceuticals
is based upon their ability to alter organ system, tissue,
or lesion physiology or function, or to inhibit foreign
processes. The major factor limiting the amount of a
traditional pharmaceutical that can be administered
safely to a patient is the toxicity of the chemical entity;
manifested as excessive physiologic activity, adverse
reactions or side effects. Just because a traditional
pharmaceutical exertsapharmacologiceffectonagiven
organ system or disease process does not necessary
mean that the drug localizes at the site of action.

In contradistinction, the diagnostic use of a
radiopharmaceutical is based upon the ability of the
agent to localize and concentrate in the organ or disease
process under investigation. The expression of
physiologic effects is undesirable with a diagnostic
drug,suchasa radiopharmaceutical. Hence, the physical
amount (i.e., milligrams, grams) of chemical substance
administered in the form of a radiopharmaceutical is
typically very small, and chemical toxicity does not
usually presenta problem. Instead, the dosage-limiting
factor associated with the administration of
radiopharmaceuticals is the radiation dose imparted to
various critical organs within the patient's body. The
radiation dosimetry of radiopharmaceuticals is
dependent on the amount of the agent concentrated
within the various organs, the respective duration of
this localization, and the radionuclidic properties (i.e.,
nature, energy,andabundanceofradioactiveemissions)
of the radioactive label. Radiation dosimetry estimates
for a given agent are obtained by performing tissue
distribution studies in an animal model. With current
use of short-lived radionuclides (e.g., technetium-99m,
iodine-123, indium-111 (physical half-life=6 hrs., 13
hrs. 2.7 days, respectively]) for diagnostic nuclear
medicine studies, radiation doses are very low and
generally safe.

Examples of Nuclear Medicine Studies.
Liver/Spleen Imaging: The radio-pharmaceutical

commonly used to image the liver and spleen is
technetium-99m labeled sulfur colloid ("mTc-sulfur
colloid). Localization of this agent in normal liver and
spleen tissue occurs as a result of its phagocytosis (i.e.,
entrapment) by cells that comprise the
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rcticuloendothelial system (R.E.S.) R.E.S. cells serve as
a defense system to remove foreign debris (e.g., bacteria,
cancer cells, dead or damaged normal cells) from the
circulation. Approximately 85% of the R.E.S. cells are
found in the liver (i.e., Kupffer cells), 10% in the spleen,
and 5% in the bone marrow and lungs. Following
radiopharmaceutieal administration, the R.E.S. cells
recognize the ""Tc-sulfur colloid particles as being
foreign debris and actively remove them from the
circulation. Hence, via this mechanism, approximately
857c of the administered dosage of 99mTc-sulfur colloid
localizes to theliverand 10% to the spleen. Appropriate
positioning of the "gamma camera" will subsequently
permit images of these organs to be obtained (Figure 1).

A.VIT-.RIOR WITH
I.l-.AD MARKERS

RIGHT
LATERAL

LEFT LATERAL

Figure 1: Normal liver-spleen images obtained following the
intravenous injection of ""To, sulfur colloid.

Use of this nuclear medicine procedure for the
diagnosis of hepatic disease is based on the fact that
tumors or abscesses of the liver do not possess R.E.S.
cells. Hence, these lesions will not concentrate the
administered 99mTc-sulfur colloid and will appear as
non-radioactive areas (i.e., 'cold1 defects) on the liver
images (Figure 2).

%
LEFT LATERAL

RIGHT LATERAL

Figure 2: """ITc-sulfur colloid liver-spleen images
demonstrating (arrows) multiple "cold" defects associated with
metastatic tumor involvement.

Bone Imaging: The radiopharmaceuticals used to
evaluate abnormalities (e.g., metastatic involvement,
osteogenictumors,ostcomyelitis, fractures, contusions)
involving the bone are 99mTc-labeled phosphate
derivatives (e.g., 99mTc-diphosphonate, 99mTc-pyro-
phospha te). The skeletal matrix is comprised of mul tiple
chemical entities including calcium, fluoride, and
phosphates. Normal bone is in a constant state of
resorption and resynthesis. ""Tc-phosphatederivatives,
administered systemically, are rapidly incorporated
into the newly formed (i.e., amorphous) bone matrix
thus permitting scintigraphic (i.e., nuclear medicine)
display of the normal skeletal structure (Figure 3).

M

Figure 3: Normal anterior (A) and posterior (P) skeletal
images obtained following the intravenous injection of a T c
diphosphonate derivative. Note normal excretion of agent via the
kidneys.

Abnormalities localized to the bone result in a more
rapid rate of bone mineral turnover associated with the
skeleton's compensatory efforts to repair itself. As a
result, the localization of 99mTc-phosphates is more
intense at these sites of bone abnormality than in
surrounding normal bone. Hence, abnormalities
involving the bone are typically demonstrated as "hot
spots" on nuclear medicine imaging (Figure 4). Bone
scintigraphy is considerably more sensitive than X-ray
studies in revealing such abnormalities sincealterations
in bone metabolism far proceed changesin bone density.

Thyroid Imagingand Therapy: Diagnostic imaging
of the thyroid can be accomplished using low dosages
of radioactive iodine (e.g., iodine-123, iodine-131) in
thechemical form of sodium iodide. A normal function
of the thyroid gland is to concentrate stable iodide from
the circulation. This iodide is stored within the thyroid
and eventually used to synthesize the various thyroid
hormones that exert multiple metabolic effects
throughout the body. It is impossible for the thyroid
gland to differentiate between stable and radioactive
iodides. Hence, radioactiveiodide,administeredoral]y,
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FIGURE 4: Abnormal "°Tc diphosphonate bone image
demonstrating (arrows) multiple "hot spots" associated with
metastatic tumor involvement.

will actively localize in normal thyroid tissue (Figure5)
with increased or decreased uptake in hyperactive or
hypoactive disease processes, respectively (Figure 6).

FIGURE 5: Normal thyroid image obtained following the
oral administration of roI-sodium iodide.

FIGURE 6: Abnormal thyroid image demonstrating multiple
areas of hypoacrivity ("cold defects").

Depending on the degree of specific localization
andtheradionuclidicpropertiesofavailableradioactive
labels, radiopharmaceuticals can also be used
therapeutically for certain conditions. For example,
with the administration of radioactive iodine, a high
target-to-background radioactivity ratio (i.e., intense
thyroid versus non-thyroid localization) is obtained.
Administration of very high (i.e., therapeutic) dosages
of 131!-sodium iodide can impart radiation doses
sufficient to cause destruction of hyperplastic or
carcinomatous thyroid tissue.

Radiopharmaceutical Research and Development
An inherent initial step in the process of

radiopharmaceutical research involves collaborations
with referring clinicians so as to identify clinically
significant diagnostic problems that will form the basis
for meaningful developmental efforts. For a certain
diagnostic problem, subsequent endeavors are typically
focussed at attempting to find, via the scientific
knowledge base, a particular biochemical, physiologic,
or functional process that may permit the specific
localization of a substance within the organ or lesion of
interest. Such background research is frequently
directed at the disciplines of anatomy and physiology,
biochemistry, immunology, pharmacology, and
toxicology. Oncean initial approach hasbeen identified,
consideration must be given to whether the localizing
substance, or a derivative, can be radiolabeled using an
available radionuclide with suitable characteristics for
diagnostic imaging.

Assuming that a potential approach to the
diagnostic problem has been identified, a first step is to
evaluate whether the substance in question truly
demonstrates specific localization in the organ or lesion
of interest. This requires chemical synthesis of the
substance, or its derivative, with inclusion of a
radioactive label. Radioactive labeling of the substance
may involve replacementof a stablecarbon with carbon-
14, or, preferably, incorporation of the radionuclide
intended for imaging. The radiolabeled substance is
injected into an animal model (which may require
development for certain disease processes), and its
localization within various target and background
lesions and organs is determined at multiple time
intervals following administration. A preliminary
demonstration of specific localization typically results
in extensive synthetic (i.e., "structure-distribution")
studies aimed at further increasing the target-to-
background radioactivity ratios. Additional analytical
studies may be directed at evaluating the in-vitro
stability and in-vivo metabolism of the radioactive
substance. Biochemical investigations into the precise
mechanism of localization may be performed and
limited toxicologic studies are conducted. Suitable
formulations of the radioactive substance for human
use may also require development.
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Based on positive tissue distribution and imaging
studies in animal models, an Investigational New Drug
(I.N.D.) exemption for the new radiopharmaceu tica! is
drafted for submission to the Food and Drug
Administration. The I.N.D. includes a summary of
preclinical da ta,includingradiationdosimetry estimates
and toxicity information, and an outline of proposed
human studies. Upon F.D.A. acceptance of the I.N.D.
and approval of local institutional review committees
(e.g., Human Use Committee, Radiation Safety
Committee), initial human evaluations of the safety
and efficacy of the new radiopharmaceutical may
commence. The first human studies (e.g., safety,
appropriate dosage levels, normal biodistribution) are
typically conducted in normal volunteers with eventual
progression to patients with the disease for which the
radiopharmaceutical was intended. If the new
radiopharmaceutical proves to be safe and effective for
diagnosis or evaluation of the indicated disease,
approval (i.e., via a New Drug Application) will
eventually be granted for it's general use.

Based on this brief summary, it should be obvious
that radiopharmaceutical research and development
requires a multidisciplinary team effort. As with
traditional drugs, research on radiopharmaceuticals is
conducted at both an institutional (i.e., university or
hospital) and industrial level. In fact, as a result of the
relatively limited market of these agents, their
developmentoften occursat the institutional level with
transfer of the technology to the industrial setting once
promising results have been demonstrated. Institutional
development of radiopharmaceuticals is facilitated by
rapid demonstrations of efficacy, and by a defined goal
ofanabsenceofphysiologicand,hence,pharmacologic
effects. Hence, radiopharmaceutical research and
development offers opportunities for scientists
interested in either an academic or industrial career.
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Radiochemistry and Positron Emission Tomography (PET)
Michael J. Welch

Washington University, Radiation Sciences Division
St. Louis, Missouri

Positron emission tomography (PET) is a medical imaging technique which assesses biochemical
processes in the living subject producing images of function rather than form. Using PET, one is able to
obtain not the anatomical information provided by other medical imaging techniques (for example x-
rays, ultrasound, computer tomography, magnetic resonance imaging) but images of physiological
activity. In PET studies, short-lived radionuclides that decay by emitting a positron (positive
electron) are produced in a cyclotron and these nuclides are then incorporated by the chemist into
molecules of physiologic or pharmacologic interests. These compounds (or radiopharmaceuticals) after
inhalation or infusion, travel through the subject's blood stream serving as tracers of normal or
abnormal physiological activity. The labeling of molecules with short-lived radionuclides provides a
challenge to the chemist and these challenges will be described. PET is a rapidly expanding field and
presently there are many job opportunities for individuals trained in radiochemistry. The types of
opportunities available will be described.

See accompanying color brochure, PET - Positron Emission Tomography; The Imaging of Function
Rather than Form, prepared by Michael J. Welch, Ph.D. and Michaele R. Gold for the U.S.
Department of Energy under Grant Number DE-FG02-89 ER 60763.



The Use of Radioisotopes to Determine Growth Rates of Marine Organisms
J. Kirk Cochran, Marine Sciences Research Center,

State University of New York, Stony Brook, NY
Neil H. Landman

American Museum of Natural History, New York, NY

The rate of growth of marineorganisms, particularly
those living in the deep ocean, is often difficult to
determine. Animals living at great depthsare reclusive
and difficult to observe directly. The large pressure and
temperature differences between the surface and deep
ocean make it difficult to capture deep-sea organisms
and maintain them in the laboratory. Yet knowledge of
growth rate is important in understanding the biology
of such organisms and, in some cases, in managing
fishery stocks. Organisms such as mollusks, which
secrete a calcium carbonate shell, preserve a record of
their growth in the shell. Mollusks which live in shallow
water often grow in response to solar and lunar cycles,
and variations in growth are evident in growth
increments which are preserved in the shell. Although
it is relatively easy to match the growth record in
shallow water mollusks with external factors such as
tides or seasons, there is no clear a priori link between
these factors and growth in deep-sea organisms.

The problem of growth rate determination would
be simplified if organisms incorporated time indicators
as they grew. Analyses of such indicators in shell
growth increments would permit growth rate

estimation. Fortunately, among thedissolved chemicals
present in minute quantities in sea water, there are
some which are uniquely suited as oceanic clocks.
Theseare thechemicals (termed "radionuclides") which
possess the property of radioactivity. The nuclei of
such chemicals are inherently unstable and
spontaneously change or decay into a more stable
nucleus of another element. The radioactivity in the
oceans is for the most part naturally occurring, produced
from the decay of uranium and thorium, which have
been present in the earth since its formation (Fig. 1).
However, some radioactive chemicals have been added
to the oceans from fallout from atomic weapons testing
and releases from nuclear power plants and nuclear
fuel reprocessing facilities.

How have chemical oceanographers used
radioactivity as a tool for determining growth rates of
marine organisms? One of the first such attempts,
carried out by Professor Karl Turekian of Yale
University, was to determine the age at maturity of a
small bivalve, Tindaria callistiformis, which lives in the
mud accumulating on the abyssal ocean floor. The very
low temperatures(2°C) and high pressures (500 atm) in
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Figure 1. The radionuclides of the naturally occurring U and Th deoy series. Much of the natural
radioactivity in the ocean is produced by these radionuclides.
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the abyssal ocean led marine biologists to predict that
small bivalves like Tindaria grew very slowly. The
strategy developed by Professor Turekian and his
colleagues was straight-forward: sample growth
increments of Tindaria and analyze them for the
radioactive elements which, like a clock, would tell
how old the growth increments were. Two problems
immediately presented themselves: the choice of an
appropriate radionuclide and a method of sampling
the shell. The choice of radionuclides was a relatively
simple one: because Tindaria lives in deep-sea muds, it
made sense to choose a radionuclide which is released
from bottom sediments to the overlying water column.
Radium-228,withahalfiifeof 5.7years, is such a tracer.
Sampling the shell proved more difficult. Tindaria
grows to a maximum size of about 1 cm and because of
the sample size required for ^'Ra analysis, it was not
possible to sample successive growth increments within
a single shell. The problem was solved by carefully
sorting a population of several hundred Tindaria into
size groups. Each size group was analyzed as a single
sample, and the results suggested that Tindarir. indeed
grew slowly, reaching a size of about 1 cm in 100 years.

The subsequent discovery of hydrothermal vents
along the mid-ocean ridge system provided a new twist
to the picture of slow growth of deep sea bivalves. The
vents arc sites at which sea water heaied by the volcanic
processes associated with the ridge, emerges into the
ambient deep sea. Hydrothermal water emerges at
temperaturesof a few degrees to 350°C and thedissolved
chemicals support a rich faunal assemblage. Among
the vent fauna is a clam, Calyptogena magnifica, which
grows to a length of 30 cm. How does the growth of
Calyptogena compare with that of Tindaria? The vent
clam is large enough so that individual specimens
could be sectioned and analyzed for the trace amounts

of radionuclides incorporated into the shell. The n'Ra
chronometer used for Tindaria showed drastically
different results for Calyptogena: the large vent clam
was rapidly growing and reached a size of 30 cm in
about 10 years. Such a rapid growth rate is well suited
to the unpredictable vent environment, for subsequent
studies showed that vents (and the clams' food supply)
could become inactive on a time scale of decades.

In the context of these deep-sea studies, we tried to
develop a strategy for determining growth rates of the
chambered Nautilus. TheNautilus is a reclusive animal
which has been studied since Aristotle made the first
recorded observations of it. Its importance to biologists
and paleontologists lies in the fact that is is a 'living
fossil" — a link with past forms of chambered rnollusks
called ammonites. Bothammonitesand closer ancestors
of Nautilus, the nautiloids, flourished in the Mesozoic
seas. Yet at the close of the Cretaceous era, 65 million
years ago, ammonites, like dinosaurs, became extinct.
Some nautiloids survived the mass extinction and their
extantrelativesarethechambered Nautilus. Five species
of Nautilus have been identified and all live in restricted
regions of the South Pacific (Fig. 2). Unlike Tindaria or
Calyptogena, Nautilus is a free-swimming animal
confined to the upper 600 m of the water column. It is
found principally in deep water off the outer sides of
the reefs of Southeast Pacific islands. Because ^'Ra, the
chronometer used (or Tindaria and Calyptogena, isadded
to the oceans from bottom sediments, it is present in
low concentrations in the remote surface waters of the
southeast Pacific and could not be used. Our search for
an alternate radionuclide to useas a chronometer led us
to 210Pb . Lead-210 is a naturally occurring radioactive
form of lead which decays with a 22 year half life. It is
produced in sea water by decay of a radionuclide, mRn,
which precedes it in the decay series (Fig. 1). Radon-222

Figure 2. The distribution of Nautilus in the South Pacific. Landman, N.H. and J.K. Cochran. 1987. Nautilus - The Biology
and Paleobiology of a Living Fossil (W.B. Saundcrs and N.H. Landman, cds.) Plenum Press, N.Y. 401-432.
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is a noble gas which also enters the atmosphere from
continental soils, and as a result 2)0Pb is produced in the
atmosphere and added to the surface ocean by ram.
Thus 210Pb is a tracer which is present in surface sea
water and is naturally incorporated into the Nautilus
shell during growth. Once in the shell and isolated
from its sea water source, the 210Pb atoms undergo
radioactive decay, and the number of atoms remaining
is a function of time since deposition of the shell
increment.

A problem with this approach quickly became
apparent — Nautilus is a swimminganimal and during
its life can migrate both vertically and laterally in the
oceans. The lead-210 concentration of sea water also
varies spatially - how were we to separate changes in
210Pb due to changes in the Nautilus' environment from
those due to radioactive decay? Fortunately, 210Pbdecays
toanothernuclide whichisalso radioactive, polonium-
210, and polonium is not incorporated into theNautilus
shell during growth. Thus when the Nautilus deposits
shell, the ratio of the2'°Po radioactivity to that of 210Pbis
zero.' As 210Pb decays, the radioactivity of 310Po increases
until itsrateofdccayjustmatchesthatof2I0Pb. Thereafter
the two radionuclides are in a state of radioactive
equilibrium. This state of equilibrium takes about two
years to achieve. Because the ratio of 2I°Pb and 21°Po
radioactivity is dependent solely on the time elapsed
since the 210Po was incorporated in the shell, the 2I0Pb -
J10Po pair forms an "internal" chronometer which is
independent of changes in the 210Pb radioactivity in
freshly deposited shell (Fig. 3).

or septa, which separate the chambers. Studies of the
way Nautilus forms its shell show that the animal lives
in an outer chamber (the body chamber) and secretes a
septum behind it. When the animal needs to form a
new septum, it moves forward in the body chamber
and begins secretion of the septum. The new chamber
is emptied of water by means of a connecting tube (the
siphuncle). Chambers are formed as the animal grows
and serve to maintain its buoyancy. The septa thus are
shell increments which preserve a record of theNautilus'
growth throughout its life. Our first results showed the
predicted variation of the ratio of 21°Po to ™Pb and we
calculated that these juveniles took 20-60 days to form
a chamber (Fig. 4).

Figurc3. Theoretical variation of the activity of 210Po to
2'0Pb vs time. Note that after about 2 years, the
ratio reaches its equilibrium value of 1.0.
Landman,N.H.andJ.K.Cochran. 1987. Nautilus
- The Biology and Paleobiology of a Living Fossil
(W.B.Saunders and N.H.Landman,eds.) Plenum
Press, N.Y. 401-432.

Having chosen a chronometer, we sampled two
small freshly collected Nautilus (N. pompilius) from the
Philippines. Unlike bivalves, the chambered Nautilus
haseasily sampled growth increments—the partitions,
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Figure 4. 210Po/2IOPb activity ratios in septa of two juvenile
Nautilus pompilius from the Philippines.
Landman,N.H.and J.K.Cochran. 1987. Nautilus
- The Biology and Paleobiology of a Living Fossil
(W.B. Saundersand N.H. Landman, eds.) Plenum
Press, N.Y. 401-432.

This result was in general agreement with the few
studies of Nautilus in aquaria, but was it representative
of Nautilus growth throughout its life span? Toanswer
the question, we were provided withagroupof Nautilus
specimens freshly collected by Dr. Bruce Saunders
(Bryn Mawr College) in Palau. The specimens were of
a different species (N. belauensis) but were larger than
the juveniles we studied initially and were closer to
maturity. The pattern of 2'°Po/210Pb in the mature N.
belauensis showed that only the last septum has ratios
lessthanl (Fig5). Thispattcmwasquitedifferentfrom
that in the juvenile N. pompilius (Fig. 4). Indeed, the
2iop0//2iopb r e s u i ts indicate that only the most recent
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septum of the mature N. belauiensis was formed within
the prior two years of growth. This suggests that
NauMwslikeothermollusksslowsitsgrowthasrnaturiry

is reached.
One final test of the21°Po/210Pb method remained -

that of verifying the results on specimens whosegrowth
rate (or septal deposition rate) was independently
known. An opportunity to perform such a test arose
with Nautilus specimens maintained in aquaria. Dr.
John Chamberlain (Brooklyn College) was studying
the hydrodynamics of juvenile Nautilus using live
specimens kept in the New York Aquarium. Several of
the aquariumNflw^ws lived only about six monthsafter
being placed in the aquarium, and we analyzed these
specimens. Morphologic features in the shell marked
the shell material deposited beforeand after theNauttlus
entered the aquarium and these indicated that the
animals had deposited 3-5 septa in the aquarium. The
2'°Po/210Pb results gave growth rates consistent with the
morphologic changesand showed thatsepta deposition
required 30-70 days. Interestingly, the 2'°Po/210Pb
chronometer applied to the aquarium specimens gave
results similar to the initial measurements on juvenile
Nautilus from the Philippines.

Our studies with 210Po and 2I0Pb provided evidence
tha t Nautilus grew more rapidly as a juvenile than when
itapproached maturity,and we were able to determine
growth rates (for the last two years of growth) at these
different growth stages. Yet we had no chronometer
which spanned the entire growth history of a single
specimen and which would allow us to determine the
life span of a Nautilus.

A good candidate for such a chronometer is bomb
radiocarbon. Radiocarbon, or "C, is produced naturally
as cosmic rays bombard the earth's atmosphere. It also
has been produced as a consequence of atomic weapons
testing. The atmospheric testing of atomic weapons
carried out in the 1950-sand early 1960's released large
quantities of bomb radiocarbon into the atmosphere,
overwhelming the natural signal. The atmospheric "C
quickly becomes carbon dioxide (COJ and is taken up
by organisms on land. It also enters the surface ocean
as dissolved CO2 and is incorporated into marine
organisms. The record of bomb radiocarbon in the
atmosphere and surface ocean is apparent from I4C
measurements made in tree rings and in annual growth
bands of corals (Fig. 6).

As a Nautilus secretes its calcium carbonate shell, it
addscarbon-14 with the stable or non-radioactive carbon
present as carbonate ion in sea water. By measuring the
carbon-14 content of Nautilus septa, the pattern of
radiocarbon in the shell can be compared with that in
sea water (as recorded by corals). Because the maximum
change in 14C in surface sea water occurred in the mid to
late 1960's, a few years after the maximum in the
atmosphere, we sought a specimen of Nautilus which
had been caught around 1970. Septa from throughout
the growth of the animal were sampled and analyzed
withcolleaguesE.DruffeHWoodsHoleOceanographic
Institution) and D. J. Donahue and T. Jull (University of
Arizona). The results show that the bomb radiocarbon
signal is indeed seen in the nautilus shell (Fig. 7). From
the pattern of 14C vs time recorded in a coral collected in
the South Pacific, we were able to determine that the
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Nautilus lived forabout ten years. This is a much longer
lifespan than that of the octopus and squid, which live
only about three years.

Because Nautilus is a reclusive animal which lives
poorly in captivity, such results are difficult to obtain
by direct observations. Indeed the results on Nautilus,
as well as for Tindaria and Calyptogena, demonstrate
thatradionuclidesincorporated into the shellsof marine
organisms provide powerful tools with which to
measure growth rates.
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Figure 6. Radiocarbon in the annual growth bands of a reef
coral from Australia, plotted as a function of the
year in which the band was deposited. Bomb
radiocarbon is apparent in CaCO, deposited by
the coral after 1959. Landman,etal.,1988. Bomb-
produced radiocarbon in the shell of the
chambered Nautilus : rate of growth and age at
maturity. Earth Planet Sci. Utt., 89, 29-34.
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Figure 7. Radiocarbon in three septa and the aperture of a
Nautilus from the South Pacific. The large solid
circles are the data. The curve is an estimate of the
temporal change in average radiocarbon in the
upper 360 m of the water column, based on the
coral data of Figure 6. Landman, et al., 1988.
Bomb-produced radiocarbon in the shell of the
chambered Nautilus : rate of growth and age at
maturity. Earth Planet Sci. Lett., 89, 29-34.



Radioisotopes and Drug Design
Robert Hitzemann

Dept. of Psychiatry and Behavioral Sciences, SUNY at Stony Brook, NY
and Research Service, Veterans Administration, Northport, NY

I have been asked to comment on the role(s) of
radioisotopes in modern pharmacology.
"Pharmacology embraces the knowledge of the history,
source, physical and chemical properties, mechanisms
of action, absorption, distribution, biotransformation
and excretion and therapeutic and other uses of drugs"
(Benet and Sheiner, 1985). Since a drug may be any
substance that affects biological activity, modern
pharmacologyisindeeda broad subject. Radioisotopes
have played an essential role in shaping this broad
discipline. For example, the use of low energy Ji-emitters,
such as 3H and "C, to monitor the distribution and
excretion of drugs has proved invaluable in determining
optimal dosage schedules that maintain the body burden
of drug at a level which is "just enough" but not too
much. Such distribution studies have also easily
demonstrated which drugs rapidly cross the placental
barrier and thus are drugs which should probably be
avoided during pregnancy. The metabolism of new
drugs cannot be easily predicted; some metabolites
which may be active or may persist in the body for
weeks or even months, can only be detected with the
exquisite sensitivity of "radioisotope techniques".
Finally, at a time when we all are concerned about the
use of animalsin re search, the sensitivity of radioisotope
techniques has greatly reduced the number of animals
required for pharmacological testing.

I would like to focus the remainder of thisdiscussion
on some uses of radioisotopes in
neuropsychopharmacology (the study of how drugs
which work on nerve cells affect behavior). I am most
familiar with this area and it is an area of remarkable
advances during the last 20 years. It is also an area of
great general interest since it encompasses such
seemingly diverse areas as the treatment of
schizophrenia and the abuse of cocaine. (Later it will
become clear that these areas are more similar than
different).

At the outset it should be noted that many of the
drugs used to treat abnormal behavior e.g. psychosis,
depression, mania, etc., were discovered
serendipitously. Neither the mechanism of drug action
nor the cause of the disease were known at the time the
drugs were shown to be effective. Chlorpromazine, the
drug which revolutionized the treatment of
schizophrenia is a good example of such serendipity.
Phenothiazine compounds (chlorpromazine is a
phenothiazine) were first synthesized in the latter part
of the 19th century as part of the development of the
aniline dyes e.g. methylene blue. In the 1930's,
Charpentier found that one phenothiazine derivative,

promethazine had a strong sedative effect as well as
having antihistaminic properties. Promethazine was,
however, not particularly effective in the treatment of
psychotic, agitated patients. Promethazine was,
however, introduced into clinical anesthesia asa means
of potentiating the actions of general anesthetics. The
search for more phenothiazine compounds with
stronger depressant effects, led to synthesis of
chlorpromazine. The French anesthesiologists who first
used chlorpromazine noted that the drug not only
potentiated the actions of anesthetics but also produced
a state of "artificial hibernation". (I frequently tell
students that these drugs suspend the patient in time
and space.) Chlorpromazine did not of itself produce a
loss of consciousness, but did produce a tendency to
sleep and a marked apathy regarding the environment.
These actions were described as "ataractic" or
"neuroleptic."

Neuroleptic is the term still used today to refer to
the entire family of drugs, which like chlorpromazine,
have antipsychotic activity. The use of chlorpromazine
to treat mental disease was reported by several French
groups, apparently independently, over the period of
Iatel951 toearlyl952. Byl954,thedrugwasintroduced
into clinical practice; the effects on the treatment of
chronic psychotic illnesses such as schizophrenia were
miraculous. Previously, there had been no effective
treatment for such patients. Restraint and isolation
were commonly employed; less frequently patients
were given "shock" therapy or lobotomies. Sixty to 70%
of the patients treated with chlorpromazine showed a
decrease in psychotic symptoms - psychotic symptoms
includehallucinations,thoughtdisorderand delusions.
Soon after chlorpromazine was introduced, a variety of
similar phenothiazine compounds were synthesized
that had similar antipsychotic activity. Janssen in
Belgium synthesized a compound of different structure,
haloperidol, which also showed antipsychotic activity.
By 1960, there were at least a dozen compounds with
demonstrated antipsychotic activity; however, there
was very little known about how the drugs worked.

A strong hint regarding the mechanism of action
for these drugs came from the Parkinson-like side
effects that thedrugs produced. It was demonstrated in
the early 1960's that Parkinsonism was associated with
the depletion of a neurotransmitter, dopamine. Carlsson
in Sweden, using these data and the results of animal
experiments, suggested in 1963, that the a; tipsychotic
drugs work by blocking dopamine receptors. (Nerves
release neurotransmitters such as dopamine into the
synapse where they can bind to receptors on post-
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Figure 1. Schematic Illustration of a Dopamine (DA) Neuron. DA is synthesized in the nerve terminal. The first

step is the synthesis of dihydroxyphenylalanine (DOPA) from the amino acid, tyrosine. The DOPA is then
~ decarboxylated to form DA. The DA is stored in synaptic vesicles to protect it from metabolism. From the

vesicle, DA is released into the synapse. Post-synaptic neurons have two kinds of DA receptors, known as D-1
and D-2. When D-1 receptors are activated by DA, adenyl cyclase activity in the cell is increased; adenyl
cyclase produces an intracellular messenger molecule, cyclic AMP. When D-2 receptors are activated, adenyl
cyclase in inhibited. Surprisingly, it appears that some cells have both kinds of receptors. When the DA
disassociates from the receptor, it is taken back up into the nerve terminal. Cocaine blocks this reuptake and,
thus, the DA molecules continue to act on the receptors. Neuroleptic (antisychotic) drugs block D-2 dopamine
receptors.

synaptic cells. This binding causes the biological effect.
See Figure 1.) In our example, dopamine is the agonist
which binds to the receptor; this binding has the
behavioral consequence of blocking the development
of Parkinson symptoms such as tremor and the inability
to move. Drugs such as chlorpromazine (theantagonist)
bind to the receptor, prevent dopamine from binding,
and have no intrinsic activity (efficacy). The receptors
are not activated and the Parkinson-like symptoms
result. This scenario explains how the neurolepticdrugs
produce some of their side-effects but it doesn't explain
why they are antipsychotic. Dopamine neurons are not
located homogeneously in the brain; some are located
in motor areas (hence the Parkinson effects) and others
are located in areas responsible for emotions and the

ability to reason (these areas are in the frontal cortex
and the limbic system). It was predicted that the
neuroleptic drugs produced their antipsychotic effects
by blocking receptors in these regions. However, the
proof that the neuroleptic drugs actually blocked
receptors in these regions did not come for over ten
years. The proof awaited the ability of the
radiopharmaceutical industry to synthesize to a high
specific activity compounds like 3H-dopamine, 3H-
haloperidol and 3H-spiroperidol (a congener of
haloperidol). By high specific activity, we mean that the
ratio of radioactivity to mass is high; high specific
activity is generally defined as more than 1 Curie (2.2 x
1012 disintegrations per minute [dpms])/10"3 mole.
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Why is it necessary to have compounds of such a
high specific activity to measure receptor binding? The
principal reason is that the receptors are present in the
brain in very low density. Even in parts of the brain
whicharerich in dopamine nerves, the concentration of
dopamine receptors is on the order of W to 10"" M. For
technical reasons, it is difficult to do a binding assay on
more than 10 mg of tissue. Such a 10 mg "chunk" of
tissue would contain approximately 10"" to 10"" moles
of dopamine receptors. To determine the properties of
the receptor, it is necessary to vary the concentration of
the labelled compound such that at the lowest
concentration used, only a small percentage of the
receptors are labelled. Practically, if the specific activity
is 1 Ci/mmol, at this low range one would be measuring
< 20 dpms, which is at the lower limit of sensitivity for
most laboratory machines. Clearly, at specific activities
below 1 Ci/mmole,theexperimentbecomes impossible
and there is no alternative methodology. So, high
specific activity radioisotopes made it possible to
measure dopamine receptors in the brain and to test the
hypotheses regarding the mechanism(s) of neuroleptic
drug action. The initial results came in 1975 from
Seeman's group at the U. of Toronto and were followed
in 1976 by similar results from Creese and Synder of
Johns Hopkins University. Both groups showed that
the neuroleptic drugs did indeed bind to dopamine
receptorsand more specifically to only a certain subtype,
known as the D2 dopamine receptor. These D2 receptors
were found in high concentration in all the expected
areas of the brain, except the frontal cortex. Here the
density of the receptors was very low (< than 1/20 of
the density found in the receptor rich regions). Of
course a low d ensi ty does not mean that these receptors
are not important in regulating behavior and these
receptors are still considered to be important in the way
in which neuroleptic drugs affect cognitive
abnormalities such as thought disorder (disorganized
and bizarre thinking). What is important for our
discussion is that these cortical receptors could not
have been detected or studied without the use of
radioisotopes.

Once the assay for the D2 dopamine receptor was
well developed, it was possible to ask the following
question. Do schizophrenic patients have more D2

dopamine receptors than normal people? In particular
do these patients have more receptors in limbic and
cortical areas of the brain? More receptors in these areas
could be causing the psychotic behavior. To answer
these questions, it was necessary to do the binding
experimentson post-mortem tissue. The results of such
studies show that some (20 to 30%) of schizophrenic
patients have increased levels of D2 receptqr-s as
compared to a normal population. For the large group
of schizophrenic patients with a normal density of
receptors, a different pathology may be involved.

Obviously, it would be ideal to measure receptors
and the effects of drugs on such receptors in the living
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brain. The technique of positron emission tomography
(PET) now makes this possible. Using short-lived
positron emitting isotopes such as "C or "F, it is possible,
with little risk to the patient, to measure the levels of D2

receptors. The data obtained suggest again that some
schizophrenic patients have increased levels of D2

receptors. The PET data also show that patients who do
respond and those who don't respond to drugs have the
same level of receptor blockade. Clinically, this is a very
important observation, since it tells us there is probably
no reason to increase the dose of neuroleptic drug in
non-responsive patients to very high levels in the hope
of finding a response. Such a strategy is likely only to
result in more side-effects and no increased therapeutic
benefit.

There is a continuing search for a neuroleptic drug
with high antipsychotic efficacy and few side-effects.
Radioisotopes are playing an important role in the
development of such drugs. Since most of the side-
effects associated with the neuroleptic drugs relate to
motor function abnormalities, one could screen
candidate neuroleptic drugs for those that bind to the
D2 dopamine receptors in the limbic and cognitive
areas of the brain but not in those areas associated with
motor functions. This has proven to be a difficult task;
however, the radioisotope receptor assays make it
possible to screen hundreds of compounds using brain
tissue obtained from very few animals (generally cow
brains taken from slaughter-house animals). The
alternative screening procedures are complicated and
time consuming behavioral studies.

I would now like to turn our attention to the
pharmacology of cocaine and the role(s) radioisotopes
have played in our understanding of cocaine
pharmacology. As most of you are aware, cocaine is an
alkaloid found in high concentration in the leaves of
Erythroxylon coca, a shrub growing in the Andes
mountains. The leaves have been used for centuries, if
not millennia, by the native Indians, especially, those
living in Peru. The Indians chew or suck the leaves for
a sense of well-being. Cocaine was first isolated in the
1870's by Niemann, who reported on theloca 1 anesthetic
properties of the compound. Cocaine was introduced
into clinical practice as a local anesthetic 15 years later;
the search for synthetic substitutes began soon thereafter
and led to the eventual synthesis of compounds such as
procaineand lidocaine. ItwasSigmund Freud who first
wrote in detail of the central (brain) actions of cocaine;
for example, he used cocaine to wean a friend from
morphine dependence at the cost of producing the first-
known cocaine addict of modern times. Cocaine quickly
became a staple ingredient in a number of patent
medicines and of course was once an ingredient in
Coca-cola. Beginning with the early 1900's, there have
been regular cocaine epidemics in this country,
approximately every 20 years. The current epidemic is,
of course, the most serious.



The pharmacology of cocaine is most interesting.
At concentrations 1000 times lower than those necessary
to produce local anesthesia, cocaine potentiates the
effects of the circulating catecholamines, substances
which you may know as adrenalin and noradrenalin
(also known as epinephrine and norepinephrine). The
injection of norepinephrine increases blood pressure
and increases both the rate and force of contraction of
the heart. It i- these cardiovascular effects of cocaine
which are frequently involved in cocaine toxiciry. How
does cocaine produce these effects? Again, it was
radioisotopes which clearly delineated the mechanism
of action. Let us focus our attention on the heart. In the
heart, norepinephrine is a neurotransmitter. When
norepinephrine is released from the nerve, the
norepinephrine molecule binds to a receptor on the
heart muscle; this receptor binding leads, after several
steps, to the increasein heart rate. After norepinephrine
binds to the receptor and starts this cascade of
biochemical events, the receptor changes shape and the
norepinephri^e molecule is released. Potentially this
molecule could then bind to other receptors. However,
studies of 3H-norepinephrine revealed that the nerve
which released the norepinephrine also has mechanism
for taking the molecule back into the nerve. This
rcuptake, or transport, effectively removes the molecule
from the area of the receptors and, thus, terminates the
action of the neurotransmitter. Cocaine blocks this
reu ptake process and in this way potentiates the actions
of norepinephrine. As with the binding studies
described previously, this reu ptake process could only
be measured with radioisotopesdue to the small amount
of material that is actually taken up into the nerve.

A similar reuptake process is also the major
mechanism for terminating the action of dopamine in
the brain; cocaine blocks this reuptake process as well.
(See Figure 1.) Is this blockade of reuptake somehow
related to the addictive (or reinforcing) properties of
cocaine? First, what is the role of dopamine in the
addictive properties of cocaine? If an animal, such as
the laboratory rat is presented with unlimited access to
cocaine, the animal will self-administer the cocaine to
the exclusion of all other activities and eventually will
die (usually within 3 to 4 days). However, if a small
lesion is made in the rat's brain which destroys those
dopamine neurons which go to the limbic (emotion
controlling) areas of the brain, the self-administration
of cocaine is greatly diminished. These data strongly
suggest tha t these dopamine neurons are very important
to the reinforcing aspects of cocaine pharmacology.
What about the reuptake process? Recently, it has been
found that the ability of cocaine and related compounds
to block the dopamine uptake site, was directly
proportional to the drugs' potency or liability for self-
administration (Ritz et al., 1987). In other words, those
compounds which were the most potent to block
dopamine uptake, were the most readily self-

administered. Thus, it was concluded that blockade of
dopamine reuptake is a necessary condition for self-
administration. For reasons that are too technical to
discuss here, blockade of reuptake cannot be a sufficient
condition for self-administration abuse. Overall, our
current detailed understanding of the mechanism(s) of
cocaine action would not be possible without
radioisotopes. Similarly, radioisotopes will play a
fundamental role in ourattempts to find new treatment
strategies for cocaine abuse.

Some of you may have noted that from a functional
perspective, cocaine and the neuroleptic drugs appear
to have opposite mechanism(s) of action, the former
potentiating and the latter inhibiting the activity of
brain dopamine. (See Figure 1.) While an over-
simplification, there is some truth to this observation.
Of course, the chronic abuse of cocaine can produce a
psychotic, schizophrenic-like state which is blocked by
the neuroleptics. Presumably, the dopamine systems
involved in such psychotic states are different, at least
anatomically from those involved in regulating drug
self-administration.

In conclusion, I have shown how radioisotopes
have played a critical role in understanding the
pharmacology of the neuroleptics and the cocaine-like
drugs. The isotopes allowed us to probe processes on a
scale that were previously "invisible." As we begin to
understand more of the working of the brain and how
drugs affect the brain, it has become increasingly clear
that the diversity of structure and function in the brain
exists on a much smaller scale than was realized even a
decade ago. Radioisotopes will be our primary tool for
the investigation of these microdomains.
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Principles of Nuclear Fission
Gerhart Friedlander

Brookhaven National Laboratory, NY

Nuclear fission is the splitting of the nucleus of a
hea vy element such as uraniu m into two smaller nuclei.
This important nuclear reaction which has had such
profound impact on the world was discovered only a
Iittleover50yearsago,in 1938,by two German chemists,
Otto Hahn and Fritz Strassmann.

The discovery was totally unexpected and can be
considered as a triumph of chemistry. All nuclear
reactions known up to that time led to products within
one or two atomic numbers of the target element. Thus,
when Enrico Fermi and his collaborators in Rome
irradiated uranium with neutrons, beginning in 1934,
and found several series of beta-emitting radioactive
species, it was natural for them to assume that these
were isotopes of elements just beyond uranium.
Subsequent work by the Rome group as well as by
groups in Berlin and Paris confirmed and extended
these results. Chemical tests showed that these products
of uranium irradiation by neutrons did not behave like
any of the known elements in the vicinity of uranium
(uranium, protactinium, thorium, actinium, radium,
etc.); i.e. in contrast to all these elements, they could be
precipitated as sulfides in acid solution. This behavior,
in fact, was what was expected for the "transuranium
elements" of atomic numbers 93, 94, etc., which were
then thought to be homologous with Re, Os, etc.

Thus, a sizeable literature grew up between 1934
and 1938 about several beta decay chains of
"transuraniumelements"designatedasEka-Re,Eka-Os,
Eka-Ir....as well asnew isotopes of actiniumand radium
resulting from the uranium irradiations. Many of the
results were very puzzlingand also strained the concepts
of nuclear physics — note that the different
transuranium decay chains all were thought to have
mass number 239, since they presumably all resulted
fromneutroncaptureinU-238! But the built-in prejudice
against considering radically new concepts was so
strong, especially among the physicists of the time, that
nobody paid heed when the concept of fission was
suggested by the German chemist Ida Noddack, the
discoverer of the clement rhenium. She had remarked
already in a 1934 pa per that Fermi should have compared
the chemical properties of his new radioelements with
those of all known elements, not only those in the
vicinity of uranium, because, she wrote, "It is conceivable
that in the bombardment of heavy nuclei with neutrons
these nuclei disintegrate into several larger fragments
which are indeed isotopes of known elements but not
neighbors of the irradiated elements." So, here was the
idea of fission; but Noddack, a chemist, was ignored by
the physicists.

It took four years before the correct interpretation
was established by painstaking chemical experiments
of the kind that Noddack had suggested. The
intervening history is fascinating but too long and
complex to relate here. The decisive experiments of
Hahn and Strassmann were intended to establish
unambiguously the identity of several supposed radium
isotopes by addition of barium carrier and fractional
precipitation of barium bromide. It was well known
that in this procedure radium is enriched in the initial
precipitates. But much to the investigators' surprise,
the supposed radium activities from the uranium
irradiations remained uniformly distributed in all the
barium fractions. To be absolutely sure of their result,
they repeated the experiment with the addition of a
known radium isotope, Ra-228, and found that it indeed
behaved like radium, but the products of uranium
bombardment behaved like barium. Despite their
convincing chemical evidence, Hahn and Strassmann
were very cautious in announcing their conclusion
because "it contradicts all the experiences of nuclear
physics to date," but their discovery was quickly
confirmed by groups around the world.

As soon as the concept of fission was established, it
became clear that all the so-called transuranium,
actinium, and barium isotopes that had been produced
by neutron irradiation of uranium were in fact isotopes
of elements in the middle of the periodic table. (True
transuranium elements were, of course, discovered
subsequently, but that is a separate story.) Over 400
fission products have been identified, ranging from
zinc (Z=30) to europium (Z=63). Their isolation and
characterization in terms of mass numbers, half-lives,
fission yields, radiations, and other properties has
involved a vast amount of effort by radiochemists.

Why is fission of such great importanceand interest?
There are two key factors: 1) The energy release is huge
— about 200 million electron volts (MeV) per fission or
nearly 5 x 1015 kcal/mole!; 2) The fact that about two
neutrons are emitted per fission makesa chain reaction
possible.

Both of these factors have to do with nuclear
structure. The energy release comes about because
nuclei near the middle of the periodic table are more
tightly bound than those at either end (Fig. 1). Thus,
when a uranium nucleus breaks up into two medium
weigh t nuclei, the sum of the massesof the two products
is less than the mass of the uranium nucleus, and the
excess is released as energy (according to Einstein's
E=mc2), most of it as kinetic energy of the fragments.
The emission of neutrons in the fission process occurs
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Fig.l Average binding energy per nucleon asa function of mass number for stable nuclei.
The line connects the odd-A points.

because stable nuclei of high Z have larger neutron/
proton ratios than those of lower Z; a fact that is easily
understood: the more protons that are packed into a
nucleus, the more neutrons are needed to keep the
protons apart; otherwise the Coulomb repulsion
between the protons would make the nucleus unstable.

The large neutron/proton ratiosof fissioning nuclei
have another important consequence: even after the
prompt emission of two or three neutrons in the fission
process, the primary fission fragmentshavemany more
neutrons than the stable elements in their region of the
periodic table. To illustrate: suppose a U-235 nucleus
(which has 235-92=143 neutrons) captures a neutron,
then fissions into Ba (Z=56) and Kr (Z=36) with the
emission of two neutrons; there are then 142 neutrons
to be distributed between the two fragments, yet the
heaviest stable Ba isotope, Ba-138, has 82 neutrons, the
heaviest stable Krypton, Kr-86 has 50. Thus, there are
ten "extra" neu trons and the primary fission fragments
are, therefore, far on the neutron-rich side of stability
and highly unstable with respect to beta emission, e.g.
Ba-144 (half-life 11.9 sec) and Kr-90 (half-life 32.3 sec).

The fact that the primary products are so far on the
neutron-rich side of stability leads to chains of beta
decays—the very chains someof which had erroneously
been ascribed to chains of transuranium elements. Just
to continue our example, Kr-90 decays to Rb-90 (15.3
sec) to Sr-90 (28.8 y) to Y-90 (64.1 h) to Zr-90 (stable). It
is the relatively long-lived radioactive fission products
(such as Sr-90) that give rise to the problems of waste
management for the spent fuel elements from nuclear
reactors.

One of the characteristic features of fission that
emerged already from the early studies of fission

products, largely by chemists, is the way the fission
yields vary with product mass. This is shown in
Figure 2 for thermal neutron fission of U-235. We see
that the most probable split is into one heavy (A=140)
and one light (A=95) fragment, whereas a symmetrical
split is about 600 times less likely. The prevalence of

OOOOI

M«> Mmter A

Fig. 2 Fission yield as a function of product mass number for
fission of U-235 by thermal and 14-MeV neutrons.
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asymmetric splits is characteristic of most fissioning
systems, bu t wi th increasing energy of the bombarding
particle symmetric fission becomes more and more
probable. For example, in fission of U-235 with 14 MeV
neutrons (prevalent in thermonuclear bombs) the ratio
of asymmetric peaks to symmetric valley in the yield
distribution is only about five (see Fig. 2). In some
higher-Zsystems,suchasFm(Z=100),symmetric fission
actually prevails even at thermal neutron energies.

In addition to the distribution of mass among the
products, the distriburionsof nuclear charge and kinetic
energy are also important parameters of the fission
process. We have already seen that (and why) the most
probable products occur far on the neutron-rich side of
stability. It turns out that the most probable split does
not quite preserve the proton/neutron ratio of the
fissioning nucleus; rather, the light fragment receives
proportionately somewhat more of the total charge
than its heavy partner. For a given A the dispersion of
yields around that of the most probable product is a
rather narrow Gaussian in 2 (Fig. 3), with a width
parameter a of approximately 0.62 Z units (which
means that one Z unit from the peak of the curve the
yield is about 1/6 the maximum).

Fig. 3 Charge dispersion for fission products of mass number 93.
Thesolidpointrepresentsthecumulative yield (in eluding precursors)
of 1.3 sec*>Kr. The open circles are independent yields of wRb (5.8 sec),
"Sr(7.4 min),andwY(10.2h).

As we already indicated, most of the energy released
in fission goes into the kinetic energies of the fragments.
For thermal neutron fission of U-235, the sum of the
two kinetic energies is about 170 MeV on the average.

However, the actual kinetic energy release varies with
the mass split, being largest for a slightly asymmetric
split (Mh/M,=l .25) and about 10-20% smaller for both
symmetricand highlyasymmetric mass divisions. Since
the two fission fragments travel at 180°, with equal but
opposite momenta, the kinetic energies for a given pair
of fragments are inversely proportional to the masses.
Thus, the mass distributions can be deduced from the
kinetic energies of coincident pairs.

Since sustaining a chain reaction depends on the
emission of more than one neutron per fission, much
research has been centered on measurementsof neutron
emission. The average number of prompt neutrons per
fission is 2.41 and 2.88, respectively, for the thermal
neutron fission of U-235 and Pu-239. Most of the
neutrons have been shown to originate from the fission
fragmentsin flight, with theaverage number of neutrons
per fragment being a rather strong function of the
fragment mass (Fig. 4).

ISO

Rg. 4 Average number of prompt neutrons associated with fragments
of different mass number formed in thermal neutron fission of U-235.

In addition to the prompt neutrons which are
emitted in 10"" sec, much smaller numbers are emitted
with time delays of up to nearly a minute. These
delayed neutrons have been shown to originate from
certain fission products formed by beta decay in such
highly excited states as to be unstable with respect to
neutron emission. The preceding beta decay thus
determines the half-life forneutronemission. Chemistry
has been an important ingredient in identifying the
specific be ta-decay precursors of these neutron emitters.
Over 60 of them are known and they play a crucial role
in the control of nuclear reactors.

Although fission by thermal neutrons is surely the
most important fission reaction — it is the basis of
almost all working nuclear reactors — fission can also
be induced by other projectiles including fast neutrons,
charged particles such as protons and alpha particles,
and photons. Fission can, in fact, even occur
spontaneously. In the naturally occurring elements
(U and Th), this process is so improbable that it is
very hard to detect;bu t i t becomes rapidly more proba blc
with increasing Z, so that in the heaviest artificially
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produced transuranium elements (Z>100) it is one of
the dominant modes of radioactive decay.

The only naturally occurring uranium isotope that
is fissionable by thermal neutrons is the rare isotope
U-235 (natural abundanceO.72%). The other important
species fissionable by thermal neutrons is Pu-239,
produced by neutron capture in U-238 (to form U-239,
half-life 23 min.), followed by two successive beta
decays.

From a practical point of view (nuclear reactors,
nuclear weapons) fission of only the heaviest elements
(Z>90) is of interest; but it should be noted that, with
increasing energy of bombarding particles, it is possible
to produce fission also in lighter nuclei, albeit with
lesser probability. The probability of fission (as of all
nuclear reactions) is expressed in terms of "cross-
section". This, in naive terms, may be thought of as that
cross-sectional area of the target nucleus which, if hit
by the bombarding particle, leads to the specified
reaction. Since nuclei have radii of 10"12 to TO"13 cm,
nuclear cross-sections are typically less than 10"24 cm2,
and this has become the accepted unit of nuclear cross-
section, named the barn (presumably because a cross-
section as large as lOr2* cm2 is "as big as a barn"). It is
noteworthy that the thermal neutron cross-sections of
U-235 and Pu-239 are 580 and 740 barns, respectively,
whereas fast-neutron fission cross-sectionsneverexceed
the total geometric cross-sections of large nuclei, about
two bams, and charged particle cross-sections are even
smaller because of the Coulomb repulsion between
nucleus and bombarding particle. The large values of
some thermal neutron cross-sections have to do with
the wave properties of thermal neutrons and can only
be understood in terms of quantum mechanics.

The main purpose of this paper has been to give a
brief introduction to the phenomenology of fission.
The theoretical framework that has been developed to
account for the phenomenon is beyond the scope of this
discussion. However, a few words may be in order
about the basic concept of a potential barrier against
fission, which must be overcome by addition of energy,
or penetrated by quantum-mechanical tunneling (as in
spontaneous fission). In rough approximation, the
height of the fission barrier is the difference between
the Coulomb energy between the two fragments when
they are just touching and the energy released in the
fission process. The fact that in the region of uranium
these two quantities happen to be nearly equal, each
about 200 MeV, is responsible for the relatively low
fission barriers in that region —between 5 and 6 MeV.
It is this very delicate balance that causes U-235 to be
fissionable with thermal neutrons whereas U-238 is
not. The excited states of U-236 and U-239 formed by
thermal neutron capture in U-235 and U-238,
respectively, differ in excitation energy by only 1.7
MeV, but that is enough to account for one to be above,
the other below, the top of the barrier.

For Further Reading
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(i)

Plutonium - A Unique Element
G. R. Choppin

Florida State University

History

Discovery: December, 1940 by G. T. Seaborg, A. C. Wahl, and J. W. Kennedy.

238T
92 *

(ii) Isolation 1st pure compound: August, 1942. (First visual observation of a
synthetic element.)

Table 1. Some Physical Constants of Plutonium

Atomic Number
Isotopic Mass,

plutonium-239
(chemical scale)

Atomic Weight
Melting Point
Boiling Point

Vapor Pressure

(112U-152U L.)

Average heat of
vaporization
(1120-1520°C)

94

239.06
239.111"
640°C
3327°C

17,420
Logjo mm t + 273.18 +

79.7kcal/g-atom)

(iii) Actinide Hypothesis: Seaborg (1944) proposed that Pu was member of 5f family,
related to rare earths (4f-elements). Provided understanding of chemical
properties and led to discovery of elements through Z=103.

II. Pu Metal

(i) Highly reactive with O2, CO, CO2, N2, H2, etc.
(ii) Assembly (usually) of small crystals, quite brittle, hard as cast iron.
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Figure 1. The product from the
thermal reduction process is a
solid chunk or "button" of
plutonium metal. The button
shown in the photograph
weighed about 3/4 pound and
was roughly 3 inches in diameter.

(iii) Alloyed with 1% Al makes Pu soft as annealed copper.

(iv) Exists in 6 allotropic forms (unique). Four allotropic phases expand on
heating (normal behavior) while two contract!

Allotrope

a

7

5

K

Table
Crystal
Structure

Simple
monoclinic

Body-centered
monoclinic

Face-centered
monoclinic

Face-centered
cubic

Body-centered
tetrogonal

Body-centered
cubic

2. Plutonium All otropes
Transformation

Temperature
(°C)

115

185

310

452

480

640

Density
(g/W)

19.9

17.7

17.1

15.9

16.0

16.5

Thermal
Expansion
(xlO"6/^)

+ 54

+ 42

+ 35

-8.6

-66

+ 37
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(v) Densities are high; the a phase is denser than gold; all phases denser than lead,

(vi) M.P. of metal is 640°C, very low for a metal (1535°C for iron).

B.P. of metal is 3327°C, quite high (3000°C for iron).

By contrast, for U (m)/ M.P. = 1132°C; B.P. = 3818°C.

(vii) Thermal conductivity low; ca. 10% that of Ag and only 10 times that of fire clay
(an insulator).

(viii) High electrical resistivity; of metals, only Mg poorer electrical conductor,

(ix) IN SUMMARY, Pu IS A POOR METAL.

0 150 300 450 600 750 900 1050

TEMPERATURE. ("K)

Figure 2. Expansion Behavior of Plutonium

Idealized version of the expansion behavior of plutonium, showing
approximate temperature ranges in which the allotropes or phases of plutonium
normally exist. The effect of temperature on the dimensions of a plutonium
specimen is also shown.
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When plutonium is heated from a temperature near absolute zero (0°K or -
273°C), it is in the alpha phase and shrinks slightly until 50°K (-223°C) is reached,
then expands with further heating to 388°K (115°C). At this temperature the
specimen transforms to the beta phase undergoing marked expansion at constant
temperature.

With heating to 583°K (310°C), the specimen expands in the beta phase, during
beta-to-gamma transition, in the gamma phase, and during gamma-to-delta
transition. In the delta phase, however, the specimen shrinks while being heated.
It also shrinks as it transforms to the delta-prime phase at 725°K (^25°C), as it is
heated in the delta-prime phase, and as it transforms to the epsilon phase at 753°K
(480°C).

Above that temperature the specimen is in the epsilon phase, and expands
during heating until the melting point is reached at 913°K (640°C). The specimen
shrinks as it changes from solid to liquid, then expands as it is heated in the liquid
state.

The dashed line represents the simpler, more normal expansion of aluminum.

HI. Pu Solution Chemistry

(i) Exists in 5 different oxidation states in aqueous solution:

Pu(III), Pu(IV), Pu(V), Pu(VI), Pu(VH).

(ii) Redox potentials ca. 1 v. for III-VI in 1 M acid.

1.0 v 1.2 v 0.9 v
Pu(ni) — Pu(IV) — Pu(V) — Pu(VI)

1.0 v

So can have 2, 3, and even all 4 simultaneously in solution in equilibrium. (Table 3)

TABLE 3. OXIDATION STATES STABILITIES

HI. U Oxidizes spontaneously in aqueous solution
Np Stable to water, oxidized by air

|Pu] Stable to water and air but easily oxidized (by own a radiation)

IV. U, Np Stable to water, oxidized by air

[Pu| Stable in concentrated acid, disproportionates to III and VI at lower

acidities.

V. Np Stable

U, [Pu| Disproportionates

VI. U Stable
Np, Ful Stable, reduces fairly easily (under own a radiation)
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(iii) Colors due to f —> f electronic transitions
a) Pu(m): purple Pu(V): pink

Pu(IV): brown Pu(VI): yellow
in HCIO4 solution.

b) Pu(IV): reddish brown in HC1 solution
Pu(IV): green in HNO3 solution
Pu(IV): greenish yellow in colloidal system

(iv) Pu(V) and Pu(VI) present in aqueous solution as linear dioxo cations:

[O = Pu(V) = O]1+ [O = Pu(VI)=O]2+

(v) Bonding is strongly ionic (hard acid cations) so interact best with "hard"
(non-polarizable) anions such as oxygen, fluoride.

(vi) Complexing strength in order:

Pu(IV) > PuO^ > Pu(m) >

For the reaction of X" with PuO2

O
II

X'-» Pun+

II
O

X" senses a charge of n = +2.2 on the Pu in PuO2

2+

and of n = +3.3 on Pu in PuO2 .

(vii) Pu(III) — stable in water but easily oxidized, hydrolyzes ca. pH 6.

Pu(IV) — stable in concentrated acid, hydrolyzes even at pH 1 and forms very
insoluble Pu(OH)4 at pH > 4.

PuO2 — stable form in neutral solutions (e.g., ocean) at trace concentrations,

disproportionates above ca. 10~8 M.

2+
PuO2 — reduces readily in aqueous solution.
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viii) Disproportionation:

4H+ -> Pu(IV) 2H2O

(ix) Redox

Pu(IV) + PuO* Pu(IH) + PuO2
+

So frequently, have more than one oxidation state present,

(x) Cation-cation complexes:

0

Pu - - - O = Pu = O

II
O

2+

Also,

PuO2
+ + PuO2

Rh3+

Nd3 + + PuO2

but

2+
PuO2 only with PuO2.

(xi) Coordination numbers:

Pu(III) and Pu(IV), CN = 6 to 12 known; in solution Pu(H2O)^+ and Pu(H2O)^

PuO2 and PuO2
+, CN = 4 to 6 most common; e.g., PuO2(H2O)^+.

IV. Environmental Behavior

(i) Oxidation state is dependent on redox potential (Eh) and on pH.
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0.5 -

sz

0 . 0 -

Figure 3.

In oceans (Eh -0.6-0.7 v and pH ~8) have Pu(V). In deep reducing underground
waters (Eh ~-.3-.4 v and pH 6-8).

(ii) Pu(IV) has KSp ~ 10'56 for Pu(OH)4 formation. It irreversibly ages to form oxo
bridges:

H H
I I
0 o o o

\ / \ / \ / - H + \ / \ / \ /
Pu Pu Pu • Pu Pu Pu' VV x ' W N

1 I
H H

Figure 4.

Very difficult to dissolve old Pu(OH)4.

(iii) With K s p = 10'56, in ocean (pH ~8) have [Pu4+] - 10"32 M or much less than 1
cation per liter! However, in sea water, soluble Pu is PuO and concentration in
surface sea water is ~10"15 M.
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iv) In environment have:

a. complexation (by OH", CO*", humic acids, etc.)
b. precipitation (of hydroxides, carbonates, phosphates, etc.)
c. Colloid formation
d. sorption (to rocks, colloids, organisms, etc.)

See figure for possible reactions

| P u O 2 - x H 2 O |

Lower pH

SUMMARY:

Figure 5.

PERHAPS NO OTHER ELEMENT DISPLAYS THE RANGE OF INTERESTING

PROPERTIES THAT PU DOES. IT CAN BE USED TO TEACH REDOX EQUILIBRIUM,

COMPLEXATION AS A FUNCTION OF CATION CHARGE DENSITY, UNUSUAL

METALLIC PROPERTIES, AND THE BROAD RANGE OF ENVIRONMENTAL

PROPERTIES (TO NAME ONLY A FEW AREAS). AND, TO ADD TO THE

FASCINATION OF THIS COMPLEX BEHAVIOR IS THE PERTURBATION OF THESE

PROPERTIES BY THE RADIOACTIVITY WHEN SOLUTIONS ARE CONCENTRATED

(10"6 M) OR SOLID COMPOUNDS ARE STUDIED.
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Present and Future Nuclear Reactor Designs
Warren F. Miller, Jr., Pardee Professor

Department of Nuclear Engineering
University of California, Berkeley, California

I. An Introduction to Nuclear Reactor Engineering

A. The chain reaction
1. The nuclear chain reaction has as its basis, the

nuclear fission process, which takes place in the nuclear
fuel. The fission process involves the interaction of
neutrons with the nuclei of readily fissionable atoms, to
produce energy, more neutrons, and fission products.
The nuclear fuel is comprised of Uranium, which is
enriched in the readily fissionable isotope, ̂ U . In some
circumstances readily fissionable isotopes of Plutonium
also act as nuclear fuel.

2. The fission neutrons scatter on nuclei of material
in the surroundings (including Oxygen nuclei, since
the chemical form of the fuel is most often UO2), lose
energy, and are eventually either parasitically captured
by nuclei, leak from the system, or interact with a
nucleus of a fissionable atom, causing another fission
event and releasing more neutrons. If, on the average,
one neutron is available to continue the process, there
is a controlled, steady state, chain reaction, producing
a continuous source of energy for power production.

B. The fission reactor core
1. The vast majority of reactor cores contain a

common set of major components: nuclear fuel,
moderator, control rods, coolant and reflector or blanket-
all contained in a reactor vessel (see, for example,
Figure 1).

2. The moderator is a material of low atomic
weight and low propensity to capture neutrons (a
material like graphite is ideal, although water is used
more frequently since it can simultaneously serve as
the coolant). The low atomic weight is so that the
efficiency of slowing down (moderating) the neutrons
is high. The neutrons are produced at relatively high
energies (a few million electron volts). It is desirable to
moderate neutrons because the probability of fission in
the nuclear fuel is higher for slow neutrons. Also,
efficient moderation is important because at
intermediate energies through which the neutronsmust
pass in slowing down, the probability of ineffective
captures in the nuclear fuel, that do not result in fission,
is quite high.

3. The control rods are comprised of materials
whose nuclei effectively capture neutrons, without
much scattering or fission (e.g. boron). Control rods are
moved in and out of the reactor core, adjusting capture
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Figure 1. Schematic diagram of a gas-cooled reactor core.

rates of neutrons, in order to always assure that the
chain reaction is strictly controlled. There movement
also starts the chain reaction when the reactor is "started
up" and terminates the chain reaction when the reactor
is "shut down."

4. The coolant is a fluid used to transfer the heat
generated by the fission process in the fuel to the
remainder of the nuclear reactor system (discussed
later) for production of electricity. Normal (light) water
is by far the most commonly used coolant, although in
some existing reactor designs, liquid sodium is used,
and in some operating reactors in other countries,
gaseous helium and heavy water are used. In light
water reactors, the water serves the purposes of
moderation and cooling.

5. The reflector (not explicitly shown in Figure 1),
is on the outer edges of the reactor core and is typically
comprised of a moderator-type material that iseffective
in scatteringa high fraction of the neutrons, (that would
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Figure 2. Schematic diagram of gas-cooled nuclear power station.

otherwise be lost to the chain reaction), back into the
reactor core. In some reactor designs, the reflector takes
the form of a blanket, made of Uranium, often depleted
in^U. Such a blanket both reflects some neutrons and
absorbs others in nuclear reactions that produce
Plutonium, for subsequent use asa reactor fuel. Whether
in the form of a reflector or blanket, the device is
designed to maximize the utilization of neutrons and
minimize their loss to energy production.

C. The fission reactor system
1. The fission reactor system is comprised of the

reactor core, with its internals, as discussed above, the
primary subsystem, usually a secondary subsystem, a
electrical power subsystem, and reactor safety
subsystems (see Figure 2).

2. In the primary subsystem, most often with
water as the working fluid (in Figure 2, a gas is used as
the working fluid), heat is taken from the reactor and
delivered to a heat exchanger, where the heat is
transferred to water flowing in the secondary subsystem.
The primary subsystem hardware also includes pipes,
pu mps (or blowers in the case of gas cooling), and other
equipment needed to maintain the proper water
pressure, temperature, and flow conditions.

3. The secondary subsystem shares the heat
exchanger with the primary subsystem and uses water
and steam as the working fluids. Heat is transferred to
the secondary subsystem and delivered to the electrical
power subsystem. Other key equipment includes
pumps for moving the working fluid, a condenser for
converting steam to water after it gives up most of its

energy to the electrical power subsystem, and a heat
sink (a cooling tower in Figure 2) for dissipating waste
heat.

4. The electrical power subsystem contains the
necessary equipment to convert the thermal energy,
contained in the secondary subsystem working fluid,
to electrical energy for transmission to the electrical
grid through which factories and homes are powered.
The electrical power subsystem is made up of turbines,
electric generators,and power conditioningequipment.

5. The reactor core, after operating for signi ficant
periods of time, contains a large inventory of fission
products. Many of these productsarehighlyradioactive,
emitting various typesofionizingradiationinquantities
that can be harmful, and even fatal, if human beings
come in close contact with them. In fact, an accident
that allowed the unemployed release of a significant
fraction of this material would create a major health
concern (Rcf. 2). A major release did occur in 1986 at the
Chernobyl nuclear power station in the Soviet Union,
resulting from a reactor accident. The reactor safety
subsystems aredesigned to prevent such a uncontrolled
release of fission products, to assure the protection of
workers as well as the public. Typical reactor safety
subsystems are extremely comprehensive and include
the fuel cladding, designed to contain fission products
in the fuel; the safety rods, made up of materials that
capture neutrons, for insertion in the core in case of
unplanned-forneutron population increases; the reactor
vessel, designed to contain fission products in the
unlikely case of a core meltdown; the containment
building, designed to contain these products in the
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extremely unlikely event of a breach of the pressure
vessel; emergency core cooling systems, designed to
cool the reactor in case of uncontrolled power excursions,
and many, many others. The Chernobyl reactordid not
have such a comprehensive set of subsystems. For
example, the reactor vessel was not enclosed in a
containment building. The Three Mile Island accident
of 1979, did not result in a significant radioactive release
because of the existence of such a building at that plant.
The fact that the reactor safety subsystems failed to
prevent the Chernobyl accident, however, typifies one
of the inherent disadvantages of nuclear power that
will be further discussed below. Namely, although the
possibility of a major nuclear reactor accident can be
reduced to tolerable levels, it cannot be reduced to zero.

D. The inherent advantages and disadvantages of
nuclear power

1. Electricity production using nuclear fission
reactors has many inherent advantages that have led to
its substantial use in the U.S. and throughout the world.
Nuclear power presently provides almost 20% of the
electricity supply in the U.S., for example (Ref. 3). The
most important advantages of nuclear power are:
1) minimal air and water pollution, 2) efficient use
of fuel resources, and 3) relatively low cost of the
electricity produced, for many regions in the world.

2. Electricity production using nuclear fission also
has inherent disadvantages. These include: 1) the
production of radioactive solid wastes that require
special disposal approaches, 2) the extremely unlikely
but nonzero possibility of an accident having very
serious health effects, and, 3) the requirement for an
international system to protect against unlawful use of
nuclear materials for purposes other than peaceful
ones.

3. The almost complete lack of gaseous emission
from nuclear power plants during normal operations,
provides an important incentive for its use, as compared
to the major alternative of burning coal to produce
electricity. The by-products of burning coal include
various acids and other caustic materials that emerge
from the smoke stacks and can return to earth over wide
distances in the form of acid rain. Such rain can do
significant damage to plant species, to aquatic life in
lakes and rivers as well as to man-made structures and
machines. Additionally, the carbon dioxide and other,
so-called green house gases, emitted from the stacks,
contribute to a potential problem of rising temperatures
of the earth's surface over long periods of time, with
unknown effects on the earth's long term climate and
environment. Other major fossil fuels such as oil and
natural gas might be less harmful to the environment
when burned for electricity production, but these fuels
cannot be economically used for large, central power
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stations (that generally produce the cheapest electricity
because of economies of scale). Coal is the fossil fuel of
choice for such stations. Oil and natural gas are
frequently used for so-called peaking electricity
generation units, when small amounts of electricity
must be produced for short periods, such as when
people return home from work in the winter and turn
on their lights. Since nuclear power production docs
not involve the burning of material, it does not have
comparable harmful air pollutants emerging from
power plant smoke stacks.

4. The second major advantage of nuclear power
production is related to the inherent characteristics of
the fuel itself. Uranium ore has little use to mankind
other than the production of electricity, while fossil
fuels can potentially be used for a wide variety of
applications, from the production of pharmaceu Heals,
through various important synthetic materials
production, through, of course, transportation. Further,
since the fissioning of one kilogramof uranium provides
approximately thesame energy output as burning 50,000
tons of coal (Ref. 4), much smaller quantities of fuel are
needed for reactors, greatly simplifying mining and
transportation problems.

5. Thethird majorinherentadvantageislowcost,
depending upon the location of the power plant. The
reactor fuel, because of its high energy content, is
inherently much cheaper than coal, per unit of energy
output. If the capital cost of constructing the power
plant, and the costs associated with operating the plant
are approximately the same for the two plant types,
nuclear power should be much cheaper than power
from burning coal. In many countries, this logic holds.
In the U.S., however, the situation is much more
complicated in that there isa natural abundance of coal,
lowering its price. More importantly, various
requirements placed on nuclear power plants by the
U.S. Nuclear Regulatory Commission (NRC), in assuring
regulatory oversight, are so stringent (some believe
unnecessarily so), that nuclear power plants have much
larger operating and construction costs than is the case
inmany other countries. Thus, theeconomic advantage
of nuclear power will depend upon the local conditions.
This is true for plants located in the U.S. as well as in
other countries.

6. The first major inherent disadvantage of nuclear
power, listed above, is the production of solid
radioactive wastes by nuclear power plants. Although
coal plants produce solid wastes in much larger
quantities, at least to date, the toxicity of these wastes,
per unit of electricity produced, is perceived as smaller
and not worthy of as much concern. The ultimate
disposal of high level radioactive waste from reactors
requires permanent burial in a geologic repository.



Although the U.S. federal government selected the
Yucca Mountain site in Nevada for this purpose two
years ago, political forces in the state have been
successful in slowing down the project. No state seems
to want to serve as the burial ground for radioactive
waste generated locally, much less in another state.
Al though most scientists apparently be! ieve that burial
in a geologic repository is a safe and practical solution
to high level waste disposal, the issue has not been laid
to rest in this country and, consequently, the waste
issue looms as a very important one in evaluating
nuclear power.

7. Another inherent disadvantage of a present-
day nuclear power plant is that the neutron chain
reaction must be kept under control and the reactor
core cooled by a somewhat complicated array of
engineered devices. The consequence of not doing so
could be large-scale negative health effects. As
mentioned above, there are many redundant safety
subsystems to assure against release of radioactive
material. There is a reasonable consensus among
informed members of the public, as well as members of
the scientific and engineering community, that the
public safety provided by these safety subsystems
reduce the risk of a large scale release of radioactive
ma terials to an acceptablelevel. However, the possibility
of a large radioactive release, though quite small, is not
zero. Thus, nuclear power must have associated with
ita substantial regulatoryapparatus,as well asa number
of detractors who do not accept the consensus view
about the safety of present-day reactors. It is important
to note in passing that, in the aggregate, nuclear power
has an excellent safety record, arguably better than that
of coal power, which causes significant numbers of
deaths and injuries associated with mining,
transportation, and use (because of harmful effluents.)

8. The third disadvantage is that the engineering
steps in the nuclear fuel cycle can be theoretically
misused, in order to produce material that is usable in
the manufacture of nuclear weapons. Such a clandestine
production and diversion of nuclear material, requires
a substantial degree of engineering sophistication and
significant resources. Nevertheless, a sufficiently
advanced nation can theoretically hide a material
production effort, intended for nuclear weapons
development, in a civilian nuclear reactor fuel cycle.
There are international programs designed to guard
against such illega' activities, including the
Nonproliferation Treaty and inspectors of the
International Atomic Energy Agency. The record is
excellent, with very few countries having sought and
gained the capability of developing nuclear weapons.
Yet, although the risk is low, the possibility is inherent
in a nuclear reactor power economy.

II. Present Nuclear Reactors

A. Nuclear power in the United States
1. There are presently 112 nuclear power plants

operating in the United States, with four of those units
receiving full power operating licenses in 1989 (Ref. 3).
As of December, 1989,11 more were under construction.
The nuclear units operating in the month of December,
1989 generated 51 billion kilowatt-hours of electrical
energy, 15 percent more than in December, 1988, and
19.6 percent of the total electricity generated that month
from all fuels. The percentage was 18.9 percent in
December, 1988. Thus, the power from nuclear reactors
contributes substantially to the U.S. economy and,
although the rate of increase in the usage has dropped
significantly in the past few years, there continues to be
a net growth of nuclear power usage in this country.
This will remain true at least until the 11 reactors
mentioned above are placed in production.

2. Theefficiencyofnuclearpower plant operations
has begun to improve. Nuclear units generated at an
average capacity factor of 69.7 percent in December,
1989, seven percentage points above the level in
December, 1988 (Ref. 3). The capacity factor is a measu re
of the amount of time that a plant is actually producing
electricity and not shut down for repairs, for example.

B. Nuclear power overseas
Outside the U.S., over 300 nuclear power reactors

are in operation producing approximately 215,000
megawatts of electricity (Ref. 5). These numbers are
projected to increase by 25% in the next five years.
Including the United States, a total of 26 nations, located
all over the world are operating central station nuclear
power plants. For example, France provides 70% of its
electricity via nuclear power; South Korea 47%; West
Germany 34%; and Japan 28% (Ref. 6). Nuclear energy
accounts for 34 percent of electricity production (540
billion kilowatt-hoursin 1988) in the European Economic
Community (Ref. 7). Thus, nuclear power is used at
substantial levels worldwide and the trend toward
increased usage is likely to continue, especially since
many countries do not have the necessary natural
resources to make the large scale burning of coal a
viable option.

III. The Future of Nuclear Power in the U.S.

A. The need for electricity
An increasing fraction of our primary energy usage

is in the form of electricity, now accounting for 36% of
energy use in the U.S., up from 27% 15 years ago
(Ref. 7). The attractiveness of electricity lies in its end-
use safety, flexibility, and ease of transportation. There
isevcry reason tobelievethatelectriciryuse will continue
to rise, as increasing consideration is given to
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transportation powered by electricity and other radically
new applications. Although increased conservation
and efficiency in electricity use can and should reduce
this growth rate, most projections agree that electricity
usage will continue to increase in the next decade. This
rise in demand will result in a need for additional
electricity capacity in the form of new power plants.
New plants will also be needed to replace aging units,
both nuclear and coal powered. Some of this needed
new capacity will be provided by hydroelectric power,
solar, wind, geothermal, foreign electricity imports
(exclusively from Canada), and other sources. However,
it is clear that there will be an increasing need to also
build new coal and nuclear power'plants, in at least
some parts of the country where other alternatives are
not viable. Due to the problems with large scale burning
of coal as well as economic factors in parts of the
country, some of these plants are very likely to be
nuclear.

B. Institutional issues
1. There are very important institutional issues

that •'uclear power must overcome in order to be a
viable option forelectricity in the future. Many of these
issuesarerelated. They include: Dpublicacceptability,
2) regulatory uncertainty, 3) design standardization,
and 4) nuclear waste disposal.

2. There have been many attempts at polling the
public on the acceptability of nuclear power. The
results of one recent poll about the role of nuclear
power are depicted in Figure 3 (taken from Ref. 8). A
majority of the public seems to believe that nuclear
power will be important to the Nation's energy future
but simultaneously, a majority of those surveyed said
they would reserve judgment on the choice of a nuclear
power plant if it were deemed to be needed in their

area. Some of the negative public perception has at its
roots, the stated inherent disadvantages discussed
earlier in this paper. In particular, engineered safety
subsystems can vastly reduce the probability of an
accident that releases radioactive materials but does
not eliminate the possibility. In the final analysis, it is
the American people that will assess the risk and benef i t
of nuclear power and determine whether the future
includes: nuclear plants;only coal-fired plants,accepting
the environmental disadvantages; only alternative
sources or electricity, regardless of the costs; or a major
standard of living reduction, owing to reduced usage of
electricity. One thing is clear. At a minimum, any
future expansion of nuclear power is tightly linked to
the continued safe operation of existing plants in the
U.S.and abroad. An impeccable safety record is required
to allow the public perception to improve.

3. The NRC has responsibility for licensing new
nuclear power plantsand regulating those in operation.
After the accident at the Three Mile Island plant, the
NRC ordered major additions to the safety subsystems
at existing nuclear power plants as well as changes in
operationsand maintenanceprocedures. Thesechanges
were intended to further reduce the probability and
consequences of a nuclear reactor accident. One can
argue that these retrofit modifications were successful
in making improvements to the overall safety of many
plants. However, they also substantially increased the
cost of electricity from operating plants as well as the
construction costs of those that required design
modifications whileunder construction. Thesechanges
were so substantial and came so quickly that for most
plants under construction, start-up was delayed by
many years, greatly increasing total construction costs.
ChangesinNRCregulationsalsoresulted insubstantial
uncertainties as to whether a plant that had been

SOMEWHAT
IMPORTANT

31.0%

•HOW IMPORT AN T A ROLE SHOULD NUCl EAR ENERGY PLA Y
IN THE NATIONAL ENERGY STRATEGY FOR THE FUTURE?-

•IF A NEW POWER PLANT IS NEE0E0 IN YOUH
AREA. WOULD YOU FAVOR , OPPOSE. OR RESERVE
JUDGEMENT FOR A NUCl FAR POWER PLANT?'

Figure 3. Public opinion about the role of nuclear power.
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approved by the NRC for construction, would be
operating any time near the planned start-up date. No
electric utility could then, or will now take the financial
risk of building a nuclear power plant in such an
atmosphere of regulatory uncertainty. If the country is
to revive the nuclear option, one-stop-licensing, where
a utility receives a combined construction and operating
license, (with substantial oversight of construction to
assure that the plant is built as it was licensed), needs to
be approved. In addition, to make financial risk
acceptable, sta teutility public service commissions must
allow a timely and reasonable electricity rate structure
that allows utilities to recover the costs of plant
construction.

4. Up to this point, when reactors are ordered,
each design at each site is more or less unique. Of
course the basic engineered components are quite
similar as described earlier in this paper, but the plant
layout is significantly different for every U.S. plant.
From the points of view of ease of manufacture and
licensing consistency, standardization of plant design
and equipment manufacturing can result in significant
cost savings. The reactor manufacturers and the NRC
are moving in the direction of standardization.

5. The issue of nuclear waste was raised earlier in
this paper as an inherent disadvantage of nuclear power.
Presently, owners of nuclear power plants must store
spent fuel on site in coolingponds because no permanent
repository exists for spent nuclear fuel. Although
temporary storage of fuel has virtually no public health
risks associated with it, the cost of storage is increasing
and space is becoming more of a premium. The U.S.
government, which according to law is required to
eventually take title to this spent fuel, must overcome
present barriers, in order to evaluate and, if acceptable,
open the Yucca Mountain nuclear waste repository for
operation. According to U.S. law, the NRC must also
analyze the site and approve it.

C. Potential technical improvements
The U.S. manufacturers of nuclear power plants

are moving forward on evolutionary water cooled
reactor designs that could be deployed within the next
ten years. These are "evolutionary" in the sense that
they evolve from existing reactor designs and are not
basically "start over." The evolutionary designs
incorporate features that help assure standardization
in manufacturing; more effectively incorporate the
technology emerging from the lessons learned in reactor
safety since Three Mile Island; are greatly simplified in
engineered components; have higher levels of safety
system reliability; and incorporate design features that
strengthen the prevention and mitigation of the major
hypothetical severe-accident sequences and
phenomena. The NRC is working with the

manufacturers so that if such a reactor is ordered by a
utility, a single step license can beissuedasexpeditiously
as assurance of the public safety will allow. (See Ref. 9).
Thus, the probability of a severe reactor accident will be
evenlessfortheseevolutionarydesigns,thusimproving
the public perception of nuclear power in the future.

D. Advanced fission reactor designs
1. There are a large number of reactor designs

that are being considered for deployment in the U.S.
well after the first of the 21st century. These fall in the
categories of advanced light water reactor designs and
advanced designs that use a core coolant different than
water. These reactors have in common that the safety
features are designed to be even more improved, the
plant has a more standardized design, and the plant is
of a smaller size and, therefore, of a simpler design.

2. Advanced light water reactors incorporate a
so-called passive decay heat removal capability,
implying that physical forces, such as gravity and
natural convection, provide core cooling during
emergency situations, substantially reducing the need
for engineered systems and human intervention to
provide this safety. Smaller size and design simplicity
will, hopefully, also contribute to safety. It is hoped
that the smaller size of the reactor will not create an
unacceptable economic penalty. A demonstrated
improvement in safety by full scale experiments with
these advanced designs would, hopefully, improve the
public acceptability of nuclear power, at least from the
point of view of perceived safety.

3. Advanced reactors having other than water as
the coolant, also have increased safety and
standardization as their goals. The Modular High
Temperature Gas Cooled Reactor uses helium as the
coolant and graphite as the moderator. The design is
such that the reactor core takes a long time to increase
in temperature in a hypothetical accident situation,
thus giving the reactor operators plenty of time to take
corrective action. The Liquid Metal Reactor uses liquid
sodium as the coolant. This type of reactor, in addition
to the features of advanced light water reactors, is also
hoped to minimize the reduction of nuclear waste and
the utilization of nuclear fuel. It is still too early to tell
whether these two types of advanced reactors will
fulfill their promises but if successful, they should go a
long way toward further mitigating the inherent
disadvantages of nuclear power, as well as the perceived
problems and institutional issuesassociated with power
reactors.

E. Fusion power
Nuclear energy can be released by a process

fundamentally different from fission. Hyd rogen comes
in three types or isotopes. Hydrogen, with one proton
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in its nucleus; Deuterium, with a proton and a neutron;
and Tritium, with a proton and two neutrons. If a
Deuterium nucleus of high energy impacts a high energy
Tritium nucleus, a reaction, called fusion, takes place,
releasing large amounts of energy, as well as neutrons
and alpha particles. If a mechanism is provided to keep
a system fueled with Deuterium and Tritium, keep the
energy of the particles high enough to assure large
numbers of interactions, remove the impurities, and
collect the energy released, a fusion reactor results.
Unfortunately, the realization of such a reactor has
proven to be a formidable physics and engineering
task. Although substantial progress has been made,
present projections place an operating fusion power
plant near the middle of the 21st century. Such a
reactor, however, would, indeed, be advantageous.
The required basic fuel is heavy water, in virtually
unlimited supply in the world seas, and lithium (used
to produce tritium), which is extremely abundant in the
earth's crust. Further, the waste products are much
more benign in quan ri ty and relative toxici ty than those
from either fossil fuels or fission nuclear power.
Research and development continues in the U.S., Japan,
Western Europe, and the Soviet Union on nuclear fusion
power.

IV. Conclusion
In conclusion, nuclear power continues to provide

large quantities of electricity in the U. S. and around the
world. Despite the accidents at Three Mile Island and
Chernobyl, the safety record of nuclear power is quite
good. Yet, this form of power production has inherent
and perceived disadvantages that have resulted in a
reduction in the rate of deploying new nuclear power
plants. Yet, nuclear power has strong inherent
advantages that provide incentives to improve upon
the weak points. Existing plants are further improving
their performance records, new evolutionary designs
are on the drawing boards to be deployed possibly in
the next decade, and advanced designs are being
researched. These new approaches should be able to
improve upon real and perceived weakness in older
designs. In the far future, nuclear fusion is being
developed as an option. With these possibilities for the
future, the U.S. is likely to once again turn to nuclear
power to help meet some of its growing electricity
needs.
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The Oklo Phenomenon
Mark P. Jensen

Department of Chemistry, Florida State University
Tallahassee, FL 32306

I. Discovery

A. Postulated as early as 1939, the existence of
naturally occurring nuclear reactors was mere
speculation until 1972.

B. In May 1972, H. Bouzigues, a staff member at the
uranium fuel enrichment plant in Pierrelatte,
France, was measuring very carefully the ratio of
fissile 23SU to non-fissile 2MU in the UF6 gas
processed at the plant. Instead of the usual 7.20
atoms 23SU per 1000 atoms total uranium he found
7.17. Since all the uranium in our solar system
wasbelieved to have come from the same source,

KVE
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it all should have the same isotopic ratio, namely
0.720% ^U. To account for this anomaly they
checked:

1. Contamination at the processing plant by
uranium tailings depleted in OSU,

2. Contamination with 2UV, or 23SU depletion
somewhere between the uranium mine at
Oklo and the plant,

3. Actual BSU depletion in the ore itself.

Bouzigues did not make a mistake. The ore itself
was depleted in 23SU. A careful check of records
showed that from 1970-1972, the 700 tons of
uranium mined from the Oklo mine in the
Republic of Gabon, Africa was short about 450
pounds of ^U.

Figures 1 and 2: Show a map of Gabon (left) and a
photograph of the mine (right).
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D. Checks of the geologic survey cores previously
drilled at the mine site showed 23SU concentrations
as low as 0.440%. Later samples from Oklo gave
^'U isotopic abundances as low as 0.296%.

E. If all the uranium in the solar system initially had
the same 73SU/a*\J ratio, why was the ratio at the
Oklo mine different? The only explanation was
that nuclear reactions had changed the uranium
into different elements. Fission, like that in man-
made nuclear reactors, was the most likely
reaction. Uranium-235 nuclei may be split, or
fissioned, by low energy (slow or thermal)
neutrons. Uranium-238, however, is fissioned
best by high energy (fast) neutrons. If most of the
neutrons present in the reactor were thermal
neutrons, a much larger percentage of the I35U
would be transmuted into other elements,
compared to the transmutation of ^U, and the
ore would be depleted in ^U. If the neutrons
were primarily high energy, the ore would have
an anomalously high ^ U concentration since at
higher energies the fission probability is more
nearly equal and there is 140 times more ^ U in
the ore. Thus, more MU would be fissioned.

When the necessary measurements were made
at Oklo in the summer of 1972, the ore was found
to contain numerous other distinctive isotopic
and elemental fingerprints of nuclear fission.

Moreover, from 10s to 10* times too many fission
products were present in the ore to be accounted
for by spontaneous nuclear fission of uranium
nuclei.

The conclusion was that nuclear reactors had
been created by natural forces in the uranium ore
deposits at Oklo.

II. Geologic Formation of the Uranium Deposits

A. The Oklo stratum, including the uranium ores,
was deposited from Pre-Cambrian rocks about
two billion years ago. (The Cambrian period
began 600 million years ago).

B. Concentration of uranium by rivers:

1. The present Oklo mine site was, two billion
years ago, part of a coastal river delta in

Figure 3 Figure 4

Figure 5 Figure 6

Figures 3-6: Relatively scarce in nature (0.028 g Nd /kg earth's crust), Nd has 7 stable isotopes which are present in the relative
concentrations shown in Fig. 3. Not only is Nd more plentiful at Oklo, but as seen in Fig. 4, the Nd at Oklo has a entirely different
isotopic distribution. In fact, when corrected for the isotopic composition of natural Nd and for neutron capture, the Oklo Nd
(Fig. 6) has the same isotopic distribution as Nd produced in ^HJ fission reactions (Fig. 5).
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West Africa. As silt was deposited in the
delta, the shore grew outward, and today III.
the mine site is about 400 km inland.

A.
2. The uranium is believed to have been

deposited by the following mechanism:

a. Geologic material originally spread over
large areas in primarily igneous rock
formations was weathered.

b. The uranium then was concentrated as
placer deposits in stream and river beds
like gold in California.

c. About two billion years ago, algae
capable of photosynthesis evolved and
began to produce oxygen. The uranium
placer deposits were oxidized by the O2

to m ire water soluble U( VI) compounds.

d. The oxidized uranium compounds were B.
dissolved and carried downstream to
the river delta where they encountered
strongly reducing conditions in the
oxygen depleted organic slime
previously deposited in the delta.

e. Thereduceduraniumprecipitatedinthe
delta.

C. Ore deposition and uplift:

1. Reduced uranium minerals were deposited
uniformly in a sandstone sandwich on a
granite plate.

2. The rivers continued to deposit more silt
which compacted the uranium under
increasing amounts of sediment.

3. Uplift began in the granite bed below the
sediment to the west of the current mine.

4. Cracks developed as the uplift continued
until the ore vein was tilted at 45°, as it is
now.

5. Waterfilled the cracks and concentrated the
uranium in small pockets within the ore
bed. Nuclear chain reactions began in local
uranium pockets when the uranium became
sufficiently concentrated.

6. Over the last two billion years, the surface
above the uranium deposit eroded until the
ore became easily accessible from the surface.

Sustainable Nuclear Chain Reactions:

The neutron is the key to nuclear chain reactions.
A fission chain reaction can only be sustained
when, on average, every fission causes at least
one other nucleus to fission. When a uranium
nucleus splits, two fragments usually of unequal
size, two or three neutrons, and energy are
released. If an average of one neutron from every
fission causes another nucleus to fission, a chain
reaction occurs. If the likelihood of a fission
causing another fission, which can be called k,H,
is less than one, then the reaction dies out; the
lower k^ is, the faster the chain reaction stops. A
k^ of unity is the ideal for sustaining nuclear
reactions. However, when ke(( >1, there is an
exponential increase in the number of fissions
and a nuclear explosion can follow if keff

remains >1.

Any natural reactor should meet the following
requirements in order to have krff >1.

1. A moderator (H2O) must be present to slow
down the energetic neutrons generated in
fission. The fast neutrons are slowed down,
or thermalized, in collisions with the
moderator. The hydrogen atoms in H2O are
good moderators because they have about
the same mass as neutrons.

Thermal neutrons are 500 times more likely
to fission an atom of 235U than fast neutrons
are. Also, taking the isotopic ratio of uranium
two billion years ago into account, thermal
neutrons fissioned 1000 ̂ U atoms for every
^ U atom fissioned.

2.

3.

At 3% z^U, the conditions that existed two
billion years ago (see Fig. 7), at least 6% Hfi
by weight was required to moderate the
Oklo reactors.

The total uranium concentration must
exceed 10% to have enough uranium to
sustain the chain reaction.

In water moderated reactors, ^ U must be
present in at least 1 % isotopic abundance to
have enough fission by the moderated
neutrons. Because deuterium is much less
likely to absorb neutrons, D2O moderated
reactors can operate with isotopic
concentrations below 1%.
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4. The uranium vein mustbeatleast 1 /2 meter
thick to ensure that few neutrons escape
before being used in fission reactions.

5. Reactor poisons, or elements that very
readily absorb neutrons, must be present,
but in rather low concentrations. The neutron
flux would never have been high enough if
there were too many poisons. However, if
there were too few poisons present, then krf

would be greater than one.

Usually, poisonsare rendered harmlessonce
they absorb a neutron. Thus, poisons may
be "burnt-up" in a reactor. At Oklo it appears
as though poisons, especially boron, kept
the neutron flux in check by absorbing
neutrons until enough uranium had been
used upin fission so that neutron production
was lowered. Poisons are also formed in the
fission process.

IV. The Oklo Reactors

A. Nine reactor zones have been identified. (Only
six were initially discovered in 1972.)

B. Physical data:

1. Uranium minerals, mostly uranite UO2, are
present in veins approximately 1 m thick
and 10-20 m across in reactor zones.

2. Uranium concentrations in reactor zones
typically vary from 25-40%, but can be
concentrated in lenses of 50-60% uranium
with the concentration rapidly falling off to
<10% at the edge of lenses. (A lens is simply
a lens shaped deposit.) These concentrations
are at least 50 times higher than in the
uranium containing minerals surrounding
the zones.

C. Isotopic depletion is a function of uranium
concentration; the greater the uranium
concentration, the greater the percentage ^ U
depletion. In other words, these natural reactors
ran more efficiently the greater the uranium
concentration.

D. Two billion years ago, 23SU was present in
approximately 3% isotopic abundance (see Fig.
7) which allowed chain reactions with H2O
moderation.

E. Water of crystallization in the minerals and
water in the fractures created by uplift

Figure 7: The ^ U / ^ U ratio over the last 4 billion years.
Because the much more easily fissioned isotope,
^U, has been present in less than 1% abundance
for the last 400 million years, natural nuclear
reactors must be more than 400 million years old.

moderated theenergeticneutronsproduced
in 235U fission and made nuclear chain
reactions possible. When the temperature
became too high, the water boiled away,
and shut down the reactor. This helped to
control ke(f, since the reactor temperature is
proportional to ke<f

F. The neutron flux was fairly low:

1. Only 50-65% of the fission reactions at Oklo
came from 235U originally present in the ore
bed.

About 6-10% of the fissions came from ""U
and ^Tu created by neutron capture in ^'U.
(Individually,eachofthenuclidesaccounted
for 2-8% of the fissions).

The remaining fissions (25-45%) came from
235U produced in the cores by neutron
capture in 238U and subsequent radioactive
decay according to the scheme:

2.

3.

J3'Np a.

Some ̂ U became ^Th by neutron capture
and alpha decay as follows:

With a 26 million year half-life, all the "'U
has decayed to^Th. (Ten half-lives is taken
as the time required for the complete decay
ofanuclide. At this time0.1% of the original
nuclide remains.) Since ̂ Th has a 14 billion
year half-life, nearly all the a2Th produced
at Oklo is still present.
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1.

2.

3.

4.

5.

6.

Table 1. A Comparison of Oklo

Oklo Natural Reactors

Operated 2x109 years ago when ^ U was
present in 3% abundance.

Moderated by Hfi

Possible core temperature as high as 300°C,
but probably lower

Neutron flux (Zone 9): 5.2xlO7 n/cm2/s

Power output (Zones 1-6): between 10 and 100
kW

ksK initially controlled by poisons present in
the ore

and TRIGA Research Reactor

Man-made Reactors (TRIGA)

Use uranium enriched to 3% ^ U

Moderated by HjO

Operate under atmospheric pressure at
temperatures less than 100°C

Flux in a lOkW reactor: 4x10" n/cm2/s

Power output ranges up to 100 kW

In controlled amounts, poisons, like Sm in TRIGA,
steady the neutron flux

5. If the neutron fluxes were high, much more
^'Pu would have been fissioned. Instead, it
had time to P decay with a 24,110 year half
life.

G. Statistics for the six reactor zones initially
discovered:

1. Nuclear reactions started 1.7-1.9 billion
years ago and ran off and on for 100-800
million years. (This figure is uncertain
because of the uncertainty in the amount of
water that was present in the ore).

2. It used six tons of ̂ U (which left behind six
tons of fission products), and produced 2.5
tonsof^u .

3. The power ou tput was between 10 and 100
kW, and 15,000 MW-year.

4. The temperature during operation could
have been as high as 200-300°C The pressure
exerted on the ore bed by the sediment
above it would have kept the H2O from
vaporizing at 100°C.

5. The neutron flux in reactor zone9 was 5.2X107

n/cmVs.

V. Oklo Provides Insight into the Disposal of
Nuclear Waste

A. Many nations, including the U.S.,are considering
the disposal of wastes from nuclear reactors in

stable and dry geologic formations such as salt
beds, clays, and granite.

B. Remember that Oklo is a sandstone deposit with
water present.

C. Table 2: Nuclides of Major Concern in Reactor
Wastes

Nuclide

*5r
137Cs
*Te

241 A m
243 A m
!(4Cm
z»pu

2«ipu
237Np
ZKTh
™Ra

10 Half-lives
(yrs)

290
302

2,130,000
4320

73,700
181

241,000
65,600

20,140,000
73,000
16,000

Time of Concern
(yrs)

0-300
0-300

0-1,500,000
0-5000

0-90,000
0 - 200

0-400,000
0-80,000

0->20,000,000
1000->10,000,000

5000-2,000,000

D. Two and a half tons ^'Pu and six tons of fission
products were created in the six reactor zones
originally discovered at Oklo.

E. In two billion years the^Pu, now detected as 21SU,
did not leave the Oklo reactor cores. (The Pu
never migrated more than 10 cm from its
formation site).
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F. In fact, no actinide (Th, U, Np, Pu, Am, Cm, etc.)
and none of the chemically similar lanthanides
migrated out of the cores. (Actinides pose the
long term radiation hazard in reactor wastes).

G. Strontium-90, one of the major short term
radiation hazards, was also retained for at least
300 years, by which time most of the "Sr had
f}- decayed to*Zr. Numerous other radionuclides
were simply redistributed in the cores with no
appreciable migration out of the reactor cores.

H. There was slight migration and significant
redistribution within the cores themselves of Tc,
Pb, and Zr.

I. Unfortunately, the alkali elements (which
includes 137Cs), Ba, I, Kr and Xe did leave the
cores. (The good news is that most of these are
short-lived nuclides and the canisters the waste
is buried in should contain the waste without
leakage for at least 3000 years).

VI. Recent Developments

A. In 1987, Hishita and Masuda (Naturwissenschaften,
74,241-242 [1987]) suggested, based on the 1000
fold variations in the 23SU/238U ratio over very
small distances (0.01 mm), that 23Tu did move
about quite readily, but only over small distances
within the reactor cores, not outside, and, on
decaying, formed microscopic areas of 235U
enrichment.

B. The same data, however, was interpreted by
Harms {Naturwissenschaften, 75,47-49 [1988]) as
an indication that the Oklo reactors were highly
dynamic, and perhaps even chaotic systems
with widely varying neutron fluxes. Wildly
varying spatial and temporal neutron fluxes
would account for Hishita and Masuda's
observations without plutonium migration.

VII. For Further Reading
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P. K. Kuroda, Naturwissenschaften, 70,536-539
(1983).

K. G. McLaren, Search, 9(8-9), 301-306 (1978).

R. Naudet, Into disciplinary Science Reviews,
1(1), 72-84 (1976).

R. West, /ournal of Chemical Education, 53(6),
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Options for Nuclear Waste Disposal
Patricia A. Baisden

Nuclear Chemistry Division
Lawrence Livermore National Laboratory

At present the growth of commercial nuclear power
has slowed in the U.S. for a variety of reasons, not the
least of which is the opposition of the anti-nuclear
movement. A principle worry of that movement and of
many other concerned citizens is the possible hazard to
future generations from the radioactive wastes resulting
from the operation of nuclear power plants. Studies for
isolating high-level waste have been in progress in the
U.S. since 1957 when the National Academy of Sciences
first recommended deep geological disposal. The
possibility of long-term storage and isolation of nuclear
wastes in underground repositories for perhaps
hundred s of thousands of years, (or until the amount of
radioactivity has decayed to a safe level) has been
considered for a number of different geologic media.
For example, repositories mined in such formations as
tuff (a volcanicash rock widespread in thesouthwestern
U.S.), granite, basalt, or salt have been considered.
Chemists and geochemistscurrentlyarpplayinga major
role in the research on such systems.

The Nuclear Waste Policy Act (NWPA) passed by
Congress in 1983 was a major milestone which
established a national policy for safely storing,
transporting and disposing of spent nuclear fuel and
high-level radioactive waste. This legislation established
the Office of Civilian Radioactive Waste Management
(OCRWM) within the Department of Energy (DOE) to
implement the policy and to develop, manage, and
operate a safe waste management system to protect
public health and the environment. It also called for the
President to recommend the first site to Congress by
March 31,1987, and for the first repository to be in
operation by 1998. Reviews of potential sites by the
DOE, the National Academy of Sciences, and the U.S.
Geological Survey lead to the identification of nine
potentially acceptable sites. As required by the NWPA,
guidelines for evaluating the suitability of potential
sites for nuclear waste repositories were issued. The
guidelines were developed to be compatible the
requirements of the Nuclear Regulatory Agency (NRC)
and the environmental standards established by the
Environmental Protection Agency (EPA). In addition,
the guidelines were subjected to extensive Federal,
State, and public review. By 1986, the number of
potential sites was reduced to five and the Secretary of
Energy recommended that only three sites be
characterized. Then in 1987, Congress enacted the
Nuclear Wastes Policy Amendments Act directing the
DOE to characterize the suitability of only one site for
a national repository. Yucca Mountain, located at the
Nevada Test Site, was selected since this area was
already used for nuclear operations and the land had
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been previously committed to long-term institutional
control. Characterization of all other sites was
terminated at that time.

Whether or not a repository is constructed in the
next 10 to 20 years at Yucca Mountain, there will be an
increasing need for more chemists with specializations
in nuclear and radiochemistry and geochemistry to
help design and access the effectiveness of long-term
storage as well as to develop even better methods for
isolating nuclear wastes.

Origins of the Nuclear Wastes
Nuclear waste is the by-product that results from

using radioactive material. Easily, the largest amounts
of nuclear waste (radioactive materials) are produced
by nuclear power plants. In a reactor, as the fuel is
consumed, other radioactive materials are produced.
By far, the largest quantities of nuclear waste are
produced when the uranium fuel captures a neutron
and then breaks apart or fissions into two fragments.
These fragments are radioactive and commonly referred
to as fission products. However sometimes when a
neutron is captured by the nuclear fuel, fission does not
occur and products, elements heavier than the fuel, are
formed. These radioactive elements are collectively
called the transuranium elements (e.g. isotopes of the
elements neptunium, plutonium, americium, and
curium.) In addition,some of the neutrons produced in
the fission process are captu red by other components of
the reactor besides the fuel. For example, some of the
neutrons are captured by the structural materials in the
reactor such as the reactor walls or the cladding
surrounding the fuel elements. The radioactive species
produced in this way are called activation products.

Spent fuel is the fuel that has been used in a nuclear
reactor to the point that it no longer contributes
efficiently to the nuclear chain reaction and thus, to the
production of electrical power. When the spent fuel is
removed from the reactor, it is highly radioactive since
it contains fission products, transuranium elements,
and activation products, all of which are radioactive.
During radioactive decay, theatomsthatare radioactive
emit radiation in the form of energetic waves (gamma
radiation) or fast moving particles (alpha or beta
particles). The decay process results in large amounts
of heat being generated in the spent fuel. For this
reason, at the reactor site, spent fuel is initially stored
under water to thermally cool. During this cooling
period, the spent fuel also becomes less radioactive due
to the natural process of radioactive decay. After three
months of storage, the amount of radioactivity in the
spent fuel decreases to approximately 50 percent of its
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Figure 1. Toxicity Index (a measure of the health hazard) of
high-level nuclear waste containing all the fission products as well as
Np, Am, and Cm and 0.1 % U and 0.5% Pu (or their original levels) as
a function of time after reprocessing. A storage time of 10 years
precedes reprocessing. (From ref. 1.)

original value; in one year, to about 80 percent; and
inten years, to about 90 percent. Of the radioactive
species contained in the spent fuel, only a few live long
enough to require isolation from the accessible
environment for hundred of thousands of years.
Figure 1 shows the trend in the "Toxicity Index" (a
relative measure of the health hazard) of the major
radionuclides as a function of time. 90Sr and 137Cs
compose the major danger in the first 300 years and
after that, the transuranium nuclides and their decay
products, sr rh as ̂ Th and ^'Ra, become the hazardous
species. After about a million years, the toxicity index
falls below that of the natural uranium in the earth. The
problem then is how to devise a way of isolating the
nuclear waste in a manner which pose an acceptable
level of social risk for the environment today and in the
future. The development and assessment of safe systems
for radioactive waste isolation will require detailed
chemical and geochemical research.

Different National Disposal Plans
Many nations have research and development

programs (2-6) for the d isposal of nuclear wastes. These
vary widely in scope but do have many common
features. The primary focus is on disposal of the
unreprocessed spent fuel elements or processed high-
level radioactive waste immobilized in some insoluble
matrix. These waste forms are to be encased incorrosion-

resistant containers and placed in underground
repositories. Disposal sites in different types of geologic
media are being studied in the various national
programs; in a few, the feasibility of disposal at the
bottom of the sea is also being evaluated. Disposal of
high-level waste in ice or in outer space is not being
investigated currently.

Sweden and Switzerland are planning on disposal
deep in granite rocks. France is studying salt and clay
beds as well as granite. Canada has a 20-year research
and development program to study the use of plutonic
igneous rock. The nations of the European community
have joint research coordinated with their individual
national programs. For example, salt is being studied
by the Federal Republic of Germany and the
Netherlands, argillaceous formations mainly by
Belgium and Italy, and crystalline rocks (granite) by
France and the United Kingdom.

Some of the regions in the U.S. that have been
previously considered by the DOE aspossible repository
sites are shown in Figure 2. Initially the emphasis was
on salt deposits, and possible sites in the Paradox and
Permian Basins and the Gulf Coast were examined.
Before its termination in 1987, the Basalt Waste Isolation
Project (BWIP) at DOE's Hanford Site near Richland
Washington was concerned with studies of basalt in the
Pasco Basinand Columbia Plateau. The Yucca Mountain
Project, formerly called the Nevada Nuclear Waste
Storage Investigation (NNWSI), is now exploring
tuffaceous media* at the NTS for a geologic repository.
*(Tuff is a volcanic material that exhibits a wide range
of physical and chemical properties. Tuff may be
deposited either directly by explosive volcanic eruptions
or may be reworked and redeposited by surface
processes.)

Yucca Mountain is the preferred site in the U.S. for
a number of reasons:

1) In southern Nevada, ground water does not
discharge into rivers that flowto major bodiesof surface
water.

Figure 2. Regions studied or no w being considered for terminal
storage of radioactive waste. (From ref. 5.)
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2) Many of the rocks at the NTS have geologic
properties that tend to retard the migration of
radionuclides and thus favor long-term storage and
containment of nuclear wastes.

3) The paths of ground water flow between the
potential location for a repository and the points of
ground water discharge are long.

4) Because the region is arid, the rate at which
ground water is recharged is very low and therefore the
amount of moving ground water is also very low,
especially for the unsaturated rocks.

In 1988 a site characterization plan (SCP) for Yucca
Mountain was written to detail the studies needed to
access the local conditions pertinent to a geologic
repository. (7) The plan includes drilling many
exploratory holes in and around the Yucca Mountain
area to learn more about the hydrology and to remove
drill core for detailed studiesof the stratigraphy and the
geochemical and mechanical properties of the tuff. The
site characterization also includes plans for the
construction of two exploratory shafts to depths of
more that 1000 feet to provide access for in situ testing
and analysis of the potential repository area. Studies of
the surface geology as well as studies of both the
unsaturated and saturated zones in the region will be
carried out. Since characterization of the site also
depends on the design of the engineered elements of
the repository system — repository and waste package
—the design of the repository and the form of the waste
package are concurrently being considered to ensure
that the proper data are collected during the site
characterization of Yucca Mountain.

Multiple-Barrier Concept
The concept of isolation in deep geologic

repositories has been expanded to encompass a
multiple-barrier system in which engineered barriers
may, if necessary, provide further protection beyond
that provided by the geology, hydrology, and
geochemistry of the repository site itself. These multiple
barriers will be designed to ensure containment of the
radionuclides in the repository site and further reduce
the risk of migration into the biosphere. A systems
analysis approach can then be utilized in which the
following barriers are all considered:

1) A waste form of high stability;
2) Encapsulation or containment of the waste

form in a canister and packing materials of high
corrosion resistance and durability;

3) An engineered or artificial overpack or backfill
around the canister that has high sorptive properties
for the radionuclides that might be released by
dissolution of the canister and waste form;

4) The geologic medium itself including its
geochemical and hydrologic properties;

5) The distance to population centers and water
supplies may also be considered as a final barrier.

Thus the suitability of various sites can beevaluated
and several may be found to be equally acceptable.
Although the relative merits of a given barrier might be
different for each site, deficiencies in a particular natural
barrier might be remedied by a specifically designed
artificial barrier. In addition, a disposal scheme that
might overly stress a given medium can often be
adjusted. For example, spent fuel elements can be
allowed to cool in temporary storage for longer periods
or they may be less densely placed in the repository so
that temperatures will be of the order of 100°C. Figure
3 shows schematically the components of the barriers
and some of the different materials being considered
for each.

The waste form may consist of the unreprocessed
used or "spent" fuel element itself. Or in the case of
defense-related wastes, the high-level radioactivity from
reprocessing will probably be reduced to oxide
compounds that will then be fixed in a solid waste form
such as borosilicate glass, a ceramic, or a synthetic

HOST ROCK

A-A

Figure3. Schematic of multiple-barrier concept for nuclear waste
isolation. The waste form, the canister and overpack, and the
emplacement scheme are the first engineered barriers to radionuclidc
migration from the repository. (From ref. 5.)

"rock". (Currently, commercial nuclear waste is not
being reprocessed in the U.S.) This material must have
a low solubility, be relatively chemically inert to the
environment of the storage site, be stable to heat and
radiation, and have good heat conduction and
mechanical and structural stability. The waste form
might then be placed in a metal jacket or canister
designed to last a few hundred to a few thousand years,
and it is hoped much longer, after which groundwater
might contact the waste form and possibly start a siow
leaching and dissolution process.

Studiesin which water flowed past glass cylinders
con tainingradioactivenuclides have indicated that the
rate of leaching of the radioactivity into the water is
quilc slow and that it would take thousands and possi-
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bly hundreds of thousands of years for the glass block
to dissolve completely. Therefore, the 90Sr and u7Cs,
with half-lives of about 30 years, would decay before
the glass block dissolved. The additional geochemical
and geohydrologic barriers beyond the solid waste
form must be relied upon to retain the longer-lived
actinide elements and their decay products but need
not be designed to hold the Sr and Cs.

As an additional artificial barrier, it is proposed
that the canister be surrounded with an overpack of
clay or some other material with good ion-exchange or
sorptive properties. This material would retain the
various radioactive cations as they are leached from the
glass by the groundwater in the same way that ion-
exchanger water softeners remove Mg1* and Ca2* from
hard water. The backfill or overpack could act not only
as a chemical barrier to the migration of radionuclides
into the groundwater but also could serve to conduct
heat from the canister, and to hinder the flow of water
around the canister, thereby slowing its rate of
dissolution. It could also function as an elastic support
for the canister to prevent cracking of the waste form in
case of rock movements in rigid formations such as
granite. It has been further suggested that certain
chemicals be added to this material to cause enhanced
chemical retention. For example, the presence of
Fe3(PO4)2" 8H2O would provide Fe(II) to destroy any
oxidizing agents in the water and produce reducing
conditions to retard the corrosion of the metal canister.
Backfilling the canisters with inert gas to providea non-
oxidizing environment is also being considered as a
method to retard corrosion.

If the waste package and overpack materials are
eventually breached, then the geologic medium sur-
rounding the repository becomes the final barrier be-
tween the stored radioactivity and the environment
accessible to people. Thus its hydrologic and geo-
chemical properties are of utmost importance in selec-
tion of a repository site.

The current plans for a U.S. repository require that
the wastes be retrievable for 50 years after the start of
emplacement. Since the emplacement is scheduled to
last for about 26 years, there would be a 24 year period
during which the performance of the repository could
be evaluated. If the performance meets expectations,
the repository would be prepared for permanent clo-
sure. This includes backfilling the underground areas
and decontaminating and decommissioning surface fa-
cilities. When the area was returned to its natural state
to the extend practicable, permanent site markers would
be erected to warn future generations of the presence of
the repository.

Chemical and Geochemical Questions
It is not possible in this article to consider fully all

the studies required before a detailed model can be
developed for the probable chemical history of a nuclear

waste disposal site over hundreds of thousands of
years. However, even a brief consideration can serve to
illustrate the importance of the role of chemists and
geochemists in studies on nuclear waste disposal.

At the depths (300-1000 m) planned (8) for most
proposed repositories, the estimated temperatures may
vary (depending on the precooling time of the nuclear
waste, etc.) from 60 to 300°C while the water pressure
would range from 100 kPa (1 atm) to 10 MPa. Rock
pressures would b° 2 to 3 times greater than the water
pressure. Such pressures and temperatures represent
conditions in which chemical behavior is largely
unstudied. Geochemically, under such conditions,
mineral-water reactions are slow, and most systems are
metastable as kinetics dominate equilibrium factors.
Common processes include precipitation of amorphous
solids, recrystallization of metastable minerals and of
carbonaceous materials into graphite, dehydration of
some clays and zeolites, changes in ground water
conditions, etc. Not only are laboratory studies needed
under these temperature-pressure conditions, but they
must be conducted in a manner that, if possible, allows
confidence in extrapolation of the data from a few years
of laboratory observations to the 10* to 106 years required
for the repository to function safely.

Consider a glass cylinder containing radioactive
wastes and enclosed in a metal jacket. This canister is
surrounded by an overpack layer, perhaps of an ion-
exchanging clay, enclosed in a liner, and placed in an
underground cavity (Fig. 3). The package might be
cemented to the surrounding rock or covered with a
backfill of crushed rock. Assume that tuff or granite is
the host rock and that underground water has breached
the liner and flows slowly through the clay and around
the canister. What are some of the chemical and
geochemical reactions that can influence the retention
or passage of radionuclides from the glass to the surface
of the ground around the burial site? Obviously, these
reactions will be due to attack of the groundwater first

GROUND WATCR COMPOSITION

MINERAL GRAIN

MINERAL GRAIN

HYDROLYSIS /
I^COMPLEXIWS

COLLOID
- FORMATION
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— REACTION
KINETICS

SOLID DIFFUSION
FIXATION

Figure 4. Schematic representation of some species and processes which
may be important as groundwater flows through the repository rock and
reacts with stored radionuclides.
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on the metal canister, then, when this is corroded
sufficiently to expose the glass, on the glass itself. As
the glass dissolves, the water must flow through the
clay barrier, then through the pores and cracks of the
rock until it reaches the surface (see Figure 4). So we
must have some knowledge of the ability of the
ground water to dissolve the metal and the glass and to
retain the radionuclides in solution.

Table 1. Composition of Groundwater from Deep in
Crystalline Rock (9)t

Species

Ca2+
Mg2+
Na+
K+
Fe2+
Fetoial
Mn2+
HCO3-
CO2
Cl-
SO42-
PO43-
F-
SiO2
HS-
02

+ PH = 7.2io8.5

Table 2. Composition

Probable Range (mg/L)

25-50
5-20
10-100
1-5
0.5-15
1-20
0.1-0.5
60-400
0-25
5-50
1-15
0.01-0.1
0.5-2
5-30
<0.1-l
<0.01-0.07

of Groundwater from Tuff in
the Vicinity of Yucca Mountain, NTS (lO)*

Species Probable Range (mg/L)

Ca
Mg
Na
K
Li
Fe
Mn
Al
Si
HC03-
Cl-
SO42-
NO3-
F-
02

1-20
0.05-2
45-95
1-5
0.05-0.4
0.01-0.05
0.01-0.03
0.004-0.03
20-30
120-170
5.5-7.7
18-28
0.6-JO
1.0-4.5
1.8-6.4

= 6.9 lo 7.7

The groundwater could contain HCO3, NO3, F,
SO4, Cl, PO,3, IC, Na', Ca2*, Fe2*, Mg2*, colloidal SiO2,
and possible polymeric organic compounds such as
humates and fulvates. The exact species and their
concentrations will vary with the host rock typeand the
depth because the interaction between the water and
the minerals in the rock determines the solution
composition. Representative compositions of
groundwater from tuff and deep crystalline rock are
given inTables 1 and 2. The water is neutral to somewhat
basicand,inthecaseofgraniie,isreducingasindicated
by the presence of Fe2*. (This is in contrast to the tuff
water, which may be oxidizing, and to surface water,
which is oxidizing due to dissolved oxygen.) The
reducing property of the groundwater could decrease
the corrosion rate of the metal jacket and an asset for a
burial site might be the presence of Fe2* in the
groundwater. Lead, iron, copper, titanium, and A13O3

jackets have been proposed, but iron would probably
corrode too fast (hundreds of years) even in reducing
groundwater. Further research is needed on corrosion
rates in order to choose the best material for the canister
jacket.

Once the jacket is breached, the groundwater can
begin to attack the waste form. This would probably be
a borosilicate glass containing about 9% by weight of
fission products plus actinides. The amorphous
character of glass is an advantage in that it prevents
glass from "storing" energy. The lattice forces in a
crystal are so strong that a rather large amount of
energy can be added as increased vibrational energy
withoutcausingdisruptionof the lattice. Such "stored"
energy, however, can be released rapidly with a
catastrophic disintegration of the crystal. Since
radioactive decay could be a source of energy, even
insoluble crystalline materials containing radioactive
wastes could disintegrate after a period of storage due
to thiseffect, whereas noncrystalline glass cannot retain
such energy and has no such problem. On the other
hand, glass is thermodynamically unstable to
crystallization. However, since such crystallization
occurs in an aqueous medium only above 300-400°C, it
is of no real concern because in the geologic sites under
consideration for waste disposal the temperature
surrounding the glass canister would not exceed 60-
300°C. The rate and mechanisms of dissolution of the
glass as a function of water flow, silica concentration,
temperature, etc. is an area that is being, and must
continue to be, studied intensively to evaluate the
release rate of the radioactivity from the glass, the
chemical form of the dissolution products, and what
the best waste form may be. Studies (11) of ancient
glasses have shown that even after 3,000 years the
original surfaces arc often still intact. This may bode
well for the disposal of nuclear waste especially
considering that the much more limited surface area of
waste glass cylinders should drastically reduce
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vulnerability to such surface weathering. Ceramics and
"synrock" are also being investigated for use as waste
forms. "Synrock" is the name given to synthetic minerals
similar to those found in nature which have survived
for eons and should be particularly resistant to reaction
and dissolution in the natural environment.

As the groundwater leaves the canister and flows
through the clay, canonic species of "Sr, ^'Pu, ^ U ,
^'Np, etc., can be retained by ion exchange with Na* in
the clay. However, the extent of this ion exchange
depends on temperature, the concentration and
speciation of dissolution products, and the degree of
hydrolysis, complexation, sorption on colloids, etc., of
the released radioactivities. Similarly, the rate of
migration of the radioactivity through the geologic
medium will be dependent on these same factors. A
whole area of solution chemistry in neutral and basic
waters must be studied to measure the hydrolytic
behavior as well as the degree of complexation by
anionic species such as CO3", HCO3', F , Cl", and SO^
present in the groundwaters. Even more difficult are
the investigations of binding of these species by organic
polyelectrolytes such as humic acid and adsorption by
colloids such as hydrous silica and by the solid surfaces
of the minerals of the rock formation and possible
consequences of biological activity, either natural or
introduced by man. Research on these problems not
only will be useful for modeling waste disposal but also
could add significantly to our understanding of
geochemical and marinebehavior and of the properties
of neutral and basic solutions.

Should the waste products escape the backfill
barrier, the rate of migration in the groundwater through
the natural geologic environment becomes of concern.
Again, questions of complexation, hydrolysis, redox
behavior, colloid formation, and precipitation in the
neutral or basic water, as well as of ion exchange and
adsorption by interaction with the rock surfaces, must
be considered. Tuffs from the Nevada Test Site contain
natural zeolites and clays such as mordenite, smectite,
clinoptilolite, and heulandite which are known for
their high sorptive capability. Their sorptive properties
are particularly high for strontium, cesium, and barium,
which are thought to sorb mainly by ion-exchange
reactions. These natural minerals have sorptive
properties comparable to those of materials being
considered for use as "artificial" or engineered barriers
to be emplaced around radioactivity stored in less
sorptive media. Methods and models for predicting
sorptive properties for geologic media containing a
variety of sorbing minerals are now being developed.
A knowledge of the rate of water movement and
proximity or possible connections to water supplies are
also important.

Extrapolations in Time and Size: Correlation of Labo-
ratory with Field Studies

Questions are often raised about the validity of the
extrapolation of laboratory measurements to actual
repository conditions, i.e., scaling in both size and
time—micro to macro sizes, and times of weeks or even
years in the laboratory to hundreds or thousands of
years or more for an actual repository. Attempts are
being made to develop and validate models that can
utilize data from the laboratory and intermediate-size
experiments and apply them to other repository sites so
that extensive field experiments will not have to be
conducted for every potential site.

Figure 5 illustrates the idea of progressing from
very small-scale laboratory studies to intermediate-
size studies to field studies. One of the smallest-scale
techniques is microauto-radiography (MAR), which
shows (12) the actual components in a rock sample that
grab and hold a radioactive nuclide such as plutonium.
In this technique a solution of the radioactivity is al-
lowed to contact a thin section of the rock. The solution
is removed, and a photographic emulsion is placed on
the rock. The film is developed and the alpha radiation
from the plutonium shows up as black tracks (Fig. 6).
Examination with a microscope allows the petrogra-
pher to correlate the position of these tracks with the
particular mineral component that is doing the sorbing
and to identify the component.

FIELO

Figure 5. Batch-to-field concept for experimental studies.
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A step up in size is a batch technique in which
crushed rock is simply shaken with a solution of the
radionuclide in question to see what fraction attaches to
the solid. Other similar studies include columns of
crushed rock through which the solution is passed. In
order to avoid altering the rock, solid rock cores can
also be used and water is pumped through sections of
the core at different pressures. The flow patterns can be
examined later by slicing the rock and taking
autoradiographs to determine where the radionuclides
went. Intermediate-scale field experiments are planned
in which stable or short-lived isotopes are injected into
fractures in the strata to be studied. Detailed post-flow
analyses of the nuclide distributions will be performed
in order to answer the question, "Based on physical and
chemical properties of a rock and solution measured in
the laboratory, can accurate predictive models of
radionuclide migration through that rock in the field be
formulated?"

Figure 6. Microautoradiograph showing sorption of plutonium-
239 on a thin section of tuff. The alpha radiation emitted by the
plutonium shows up as the black tracks. (From ref. 11.)

Finally, we come to scaling in time as well as size,
which is an even more difficult problem. For example,
the weathering of fissure surfaces is a time-dependeni
process that must be understood in order to extrapolate
the results of laboratory experiments to long periods of
time. However, we can derive much valuable
information from a fascinating natural phenomenon
that was discovered in 1972 by scientists of the French
Atomic Energy Commission. They discovered natural

fission reactors at the Oklo Mine in the Gabon Republic
on the west equatorial coast of Africa. Subsequent
studies have shown that these natural reactorsoperated
(13) nearly two billion years ago, although the first
man-made fission reactor was not operated until 1942!
Thediscovery of the Oklo reactors came about because
very careful analyses revealed that samples of the ore,
which was being shipped to France for use in their
gaseous diffusion separation plant for enrichment of
^U, were actually slightly depleted in ̂ U! In fact some
samples contained only about half as much as they
should have.

The hypothesis that the 235U might have been
depleted because it was the fuel in a natural fission
reactor was confirmed by measurements of stable
isotopic ratios for several elements that matched their
kni wn yields from nuclear fission of uranium and that
were different from the abundances in normal natural
materials. From detailed analyses of these samples it
was further deduced thata*Pu had also been formed in
nature (long before man learned to produce it) by
neutron capture in 23SU, just as we make it in reactors
today; some of the ^'Pu fissioned, and the remainder
decayed back to 23SU. Nearly half of the originalU fuel
burned by fission was replaced in this manner! It is
particularly noteworthy as we debatepresent-day issues
of nuclear waste management (14) that this natural
reactor operated at a low power of 10 to 100 kw over
several hundred thousand years, generated about 15,000
megawatt-years of energy, two and a half tons of
plutonium, and six tons of fission products. None of the
regions of the reactor were enriched in 235U, the decay
product of a*Pu, thus indicating that the plutonium had
not migrated away from its original production site
during the lifetime of the plutonium! In addition,
analyses have shown (Fig. 7) that many other nuclides
such as thorium, zirconium, niobium, technetium, and
rare earths also remained in place even though water
was present from time to time. This is obviously relevant
to the problem of the long-term storage of nuclear
waste.

The immobility of the uraninite ore itself is also
noteworthy, and it has been suggested that it might be
a good waste storage form in geologic media where
conditions are similar to those at Oklo. Fractional loss
rates were less than one billionth per year for the least
volatile elements and one millionth per year for the
more-volatile elements. Lead, one of the nonradioactive
daughters of uranium decay, has migrated away from
the reactor sites, and it can be used to trace the paths of
the water flow and to see which, if any, other nuclides
might also have been transported from the reactor sites.
Studies of migration of decay products from other
natural uranium ore bodies can also be helpful in
determining leach and migration rates in the natural
environment over long periods of time. We can take
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advantage of information obtained by studying these
natural analog systems and apply it to the problem of
achieving safe, long-term storage of rad ioacti ve or other
toxic wastes.

CESIUM

M NEOOVMIUM

Mo WOUBOENUW

Ru RUTHENIUM
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UNANIUM

Figure 7. Oklo is a uranium mine in Gabon, Africa thai contains the only
known remnants of natural nuclear reactors which operated nearly two
billion years ago. Studying the Oklo site is somewhat like trying to put a
puzzle together with some of the pieces missing. However, by
chemically analyzing the surrounding rock, researchers can identify the
missing pieces - namely, the fission products that have been transported
from their original location. (From ref. 11.)

The majority of the text of this paper was taken
verbatim from the American Chemical Society's Journal
of Chemical Education article, Vol. 63, page 1059-1064,
entitled "Chemistry Related to Isolation of High-Level
Nuclear Waste" by Darleane C. Hoffman, University of
California, Berkeley,CA94720,and Gregory R.Choppin,
Florida State University, Tallahassee, FL 32306. The
author gratefully acknowledges permission of the
original authorsand the Journal of Chemical Education
for the use of this article for this symposium in the 11 th
Biennial Conference on Chemical Education.
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Abstract:
Concentrations of about 35 elements, many of them

trace species, can be measured without chemical
separa tions by instrumental neutronactivation analysis.
SampJesare irradiated with neutrons to transform some
of the stable isotopes of the elements to radioactive
isotopes. Elements are identified and their concen-
trations are determined by observing energies and half
lives of the yrays emitted by the irradiated samples, as
the combination of energies and half life are unique to
certain isotopes. Sources of particles in the air can be
identified by their detailed composition patterns
("chemical fingerprints"). Studies in Philadelphia
revealed concentrations of rare earth elements about
forty times greater than expected. The story of the
discovery of the sources of these elements illustrates
the fact that much scientific progress is made more by
accident and chance encounters than is indicated by
the classic "scientific method." The trail leads eventually
to the possible discovery of a tracer for emissions from
motor vehicles, which is needed now that leaded
gasoline is nearly phased out.

Introduction
Most of you are familiar with the "scientific method:"

make an observation, construct a hypothesis, design
and perform an experiment to test the hypothesis and,
if the results confirm the hypothesis, elevate it to a
theory. There are elements of the classic method in all
research breakthroughs, but I have rarely seen science
progress in such an orderly fashion. Not only is this
true of the minor advances that we ordinary scientists
make, but some of the greatest discoveries contain
strong elements of chance. An excellent example is
Niels Bohr's construction of his theory of atomic
structure, as described beautifully in Rhode's The Making
of the Atomic Bomb (2). My good friend and colleague,
the late Charles Coryell, co-discoverer of Promethium,
often said that "thescientificmethodconsistsof plotting
data in various ways until you get a straight line and
then figuring out why it works."

Although I would not compare my discoveries
with those of Bohrand Coryell, I want to convey to you
the way in which science usually progresses and the
excitement and satisfaction that one feels when that
light buib comes on above one'shead, and one
understands something that no one has ever understood
before! As the work I will describe involves the use of
neutron activation analysis (NAA), with which not
many people are familiar, 1 must first explain how it
works. The use of NAA is critical for my work, as it
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allows one to observe extremely small quantities of
various trace elements. This is possible because of our
ability toobserveradioactivedecay of individual nuclei
because they typically release energy a million times
greater than energies involved in chemical reactions.

Neutron Activation Analysis
The only stable isotope of Na is BNa, whose nucleus

consists of 11 protons and 12 neutrons, for a total of 23
"nucleons." To remind us of its composition, we can
depict "Na as 23

nNa12, where the subscript, 11, is the
atomic number, Z, the number of posi ti ve charges on all
nuclei of the element Na. The other subscript, 12, is the
neutron number, N, and the superscript, 23, is the mass
number, A = Z + N. The concept of a mass number is
useful because the proton and neutron have about
equal masses, both being about 1800 times that of the
electron, so the mass of an atom is largely determined
by the numbers of neutrons and protons in its nucleus.

If weirradiatea sample containing Na with neutrons
in a nuclear reactor, some stable MNa nuclei "capture"
neutrons, converting the nuclei to 24Na:

(1)

The24Na atom is unstable because its mass is greater
than that of 2*Mg, so a neutron in the 24Na nucleus
converts to a proton and an electron. The electron is
ejected from the nucleus with high energy and called a
"beta particle" (fi) and the process is called "(5 decay:"

(2)

Conversion of a neutron to a proton in the nucleus
yields a nucleus containing 12 protons, so the element
is now Mg, with atomic number Z = 12. The 2<Na atoms
ha vea "half life" of about 15hrs,meaningthat half of the
remaining atoms decay to 2*Mg atoms every 15 hrs. If
we started with 1000 atoms of 24Na, 15 hrs later we
would have 500 left, after another 15 hrs, 250 atoms and,
after a total of 45 hrs, 125 atoms, and so forth.

As in thiscase,p decay often leaves the final nucleus
in an excited nuclear state. The nucleus usually gets rid
of the extra energy by emitting gamma rays (y), a form
of electromagnetic radiation like visible light, but with
about a million times as much energy (measured in
millions of electron volts, MeV, instead of the electron
volts, eV, typical of atomic and molecular processes).
Just as the visible light emitted by atoms hasa spectrum
of energies characteristic of an element, the y rays



1.5 hr

emitted by a nucleus have energies
quite specific to that nuclide,
corresponding to differences in
energies between states in the
nucleus. Sodium-24 emits 7 rays of
energies 1.389 and 2.754 MeV.

Analytical chemists often use
the characteristic visible spectra of
atoms to determine which elements
are present in a sample and measure
their concentrations. This principle
is used, for example, in techniques
such as atomic absorption
spectrophotometry (AAS) and
emission spectrometry. Gamma-ray
spectra are, likewise, used in NAA.
For example, to determine the
concentration of Na in a sample, we
could irradiate the sample with
neutrons in a nuclear reactor to
convert some of the stable ̂ Na atoms
to 24Na atoms, whose decay we could
observe via its characteristic yrays.
Before about 1965, it was usually
necessary to chemically separate the
elements of interest from a complex
sample before observing the
radiations because the detectors
available were unable to sort out
radiations of the many radioactive
species produced from the many
elements present. Today, however,
we can use semiconductor Ge
detectors to observe the y rays
because they yield energy spectra in
which the 7-ray lines are so narrow
(typically about 0.003 MeV wide)
tha tone can identify y-raysof twenty
or so species in a complex mixture.
Thus, we can measure
concentrations of about 35 elements
in many types of samples (e.g., soil,
rocks, coal, airborne particles) by
irradiating the samples and taking
7-ray spectra at various times after
irradiation. Soon after irradiations, spectra are
dominated by yrays from species with very short half
life, e.g., 2.3-min MA1 and 3.8-min "V. After two or three
week.s, the short-lived species will have all decaved, so
cine can see much longer-lived species such as 5-yr "Xlo
and 13-yr'"Eu. Examples of typical spectra are shown
in Fig. 1.

This completely instrumental method, called
"instrumental neutron activation analysis" (1NAA),
allows us to observe many more elements per unit time
and effort than the more laborious, time-consuming
radiochemical neutron activation analysis (RNAA).
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Figure 1 Gamma-ray spectra taken at three times after neutron
irradiation of airborne particles collected in Cambridge, MA on
a Millipore filter (MPF). Peaks art' labelled with the radioactive
species and energy in keV (1 keV = 0.001 MeV), approximately
proportional to the Channel Number of the x axis. "Bk"
indicates peaks in the background (i.e., with no sample
present). S.E and D E. are peaks produced when yrays of
energy >1.02 MeV produce a positron-electron pair in the
detector and one or two of the 511-kcV yrays produced \vhen
the positron annihilates is lost from the detector, respectively.
For example, loss of one and two 511-keV photons from the
"Na events at 2754 keV yields S.E. and D.E. peaks at about 2243
and 1732 keV, respectively (approx. channels 1200 and 1560).
Spectra taken from publication of the first use of Ge detectors
for INAA of airborne particles (2).

62



Unfortunately, not all problems can be solved with
1NAA, so RNAA is still sometimes required. For
example, marine and biological samples contain large
amounts of elements such as Na, K, Cl and Br that
produce huge activities of species such as 15-hr 24Na,
12.4-hr 42K, and 37-min 3aCl, making it is difficult or
impossible to observe other species with half lives less
than about a week without removal of these interfering
elements. In principle, we could calculate the mass of
an element in an irradiated sample from the intensity of
its y-ray peak (counts/sec), the flux of neutrons to
which it was subjected, the probability of neutron
capture by the target nuclide (i.e., the "cross section," a),
and the fraction of decays that yi ... ;r>e y ray observed;
however, as there are often large uncertainties in some
of these numbers, the mass is usually determined by
direct comparison of the y-ray intensity with that of the
same y-ray peak in the spectrum of a "monitor," i.e., a
standard containing known masses of elements of
interest and irradiated simultaneously by the same
flux.

In Fig. 2 are shown the elements whose
concentrations are usually measurable in soil, rocks,
coal and airborne particles. Some are major elements
such as AI and Fe, but many are trace elements such as
Se, As, Sb and several rare earth elements (REEs),
whereas we don't observe some major elements such as
C, N and Si. Many of the major elements have very low
cross sections or neutron capture leads to a nuclide that
is stable or very short or extremely long lived, or to a
species that emits no y rays. On the other hand, some
trace elements can be observed with great sensitivity
because of large cross sections, especially among the
REEs.

Airborne Particles
Neutron activation analysis has been used in a

wide variety of analyses. Other papers in this session
describe applications to volcanic emissions,
archaeological samples or samples collected at crime
scenes. The reason for using the method is usually the
same: to determine concentrations of elements present
in trace amounts in order to identify the origin of the
sample. The knowledge of major element concentrations
is often not very helpful because they usually do not
change dramatically from one sample to another of a
given type, e.g, Al and Si in various soils. However,
trace element concentrations often vary by orders of
magnitude, giving the particular sample a chemical
"fingerprint" characteristic of its origin.

My research involves the use of IN AA to determine
trace element concentrations on airborne particles,
especially to use the trace element concentrations to
determine sources of the particles. We have found, for
example, that in most eastern U.S. cities, most of the V
and Ni on particles arises from oil-fired power plants,
most of the As and Se from coal-fired plants, Zn, Sb, Cd
and Sn come from refuse incinerators and, until leaded
gasoline was phased out, most of the Pb and Br arose
from motor-vehicle emissions (3). [Note that Ni and Pb
are not normally observable by IN AA, so they must be
obtained from other analyser such as AAS or x-ray
fluorescence, XRF.]

Weare constantly searching for additional elements
that can serve as "markers" for certain types of sources.
The phase-out of leaded gasoline was quite good from
the point of view of public health, but has caused us
problems in identifying contributions from motor

Elements Observed in instrumental Neutron Activation Analysis
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Figure 2. Elements observable in instrumental neutron activation analysis of crystal samples such as soil, rocks, coal
and airborne particles.
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vehicles. They mainly emit carbonaceous material, but
there are many other sources of carbon. (In a later paper
in the session, Ann Sheffield will describe the useof the
ratio of 14C to 12C to distinguish emissions from diesel
engines from those of fire places and wood stoves.)

As noted above, we usually observe the REEs on
samples of airborne particles, but until recently, they
didn't appear to tell us very much. Airborne particles
are commonly collected by pumping air through a
filter, which is then subjected to INAA orother analyses.
Filters collect particles with diameters up to about 40
)j.m (where 1 Jim = 10* m). Particles with diameters
larger than about 2 \un arise mainly from mechanical
processes, e.g., wind erosion of soil and rocks, grinding,
abrasion of highways by traffic. In most air-filter
samples, the REEs were mostly accounted for by large
particles of soil and other crustal material of the earth.
This was shown by the fact that ratiosof concentrations
of prominent rare earths La and Ce to that of the major
crustal element, Al, were usual'y quite similar to the
ratios for average crustal material of the Earth, about
0.00037 and 0.000074, respectively (4). People studying
other aspects of airborne particles often asked me at
conferences, "Why do you keep showing up with this
laundry list of obscure elements like rare earths?" I
pointed out that "we got their concentrations from the
same y-ray spectra as for the other elements, so it didn't
require much extra effort to get them, so we might as
well report them in case they became valuable some
day."

The Philadelphia Story
In the summer of 1982, our group participated in a

study of the Philadelphia atmosphere along with several
other groups in a study organized by Robert Stevens,
Thomas Dzubay and others at the EPA laboratory in
Research Triangle Park, NC (5). Some groups collected
particles at three sites and others analyzed them for
elements by XRF (which mainly observes the major
elements). If properly done, XRF is gentle enough that
it is non-destructive, so we were able to analyze the
samples by INAA following XRF. The particles were
collected with a device (a "virtual impactor") that sorts
them into two size fractions: coarse particles with diam.
>2.5 um and fine particles with diam. <2.5 um (see Fig.
2). As IN A A is expensive and, as the coarse particles are
mainly crustal material, which doesn't tell us much, we
analyzed only the fine particles. Thelatterarerich with
information, as they contain a lot of the trace elements
from high temperature sources such as power plants,
incinerators, motor vehicles, etc. They are also of most
concern in the atmosphere because they contain most of
the acid, sulfate, toxic elements and carcinogenic
material,and they cause most of thelight scattering that
we see as "haze." They are also small enough to be
breathed deeply into thelungsanc' ihey typically remain
airborne fora week or more, so they can travel thousands

of kilometers before coming to ground (6). For these
reasons, fine particles are of much more interest and
concern than large particles.

When we obtained resul ts, we were qui tc su rprised
by the REE concentrations: the La/Al and Ce/ Al ratios
in the fine particles were often about forty times the
crustal ratios! Furthermore, the REE pattern itself was
distorted. The REEs are chemically so similar, that the
ratios of one REE to another in most samples from the
environment are the same as for the average crustal
material of the Earth. But in the Philadelphia atmo-
sphere, the light rare earths were enriched, the La/Sm
ratio, for example, ranging as high as 70, whereas the
ratio is about 6 for crustal material. Thus, there we had
to find a source in Philadelphia that was emitting fine
particle REEs whose pattern was distorted, favoring
light REEs.

Fortunately, the EPA group had also arranged for
samples to be taken from the stacks of seven major air
pollution sources in Philadelphia and we also analyzed
some of these after another group performed XRF (7).
One of the sources studied was a fluidized catalytic
convertor of a refinery. I was not very excited about
that, as I thought that refineries would mainly emit
hydrocarbons and other carbonaceous materials.
Perhaps they might emit some materials used as
catalysts, but those would probably be elements such
as Pt and Ni, which we wouldn't see via INAA. But,
surprise: they were loaded with fine-particle REEs and
the light REEs were enriched relative to the heavier
ones,the La/Smratio typicallybeingabout 30. But why
would REEs be coming in large amounts from an oil
refinery? We knew from other studies that crude oils
contain very small amounts of REEs.

Zeolite Catalysts
In March, 1984, I went to Rensselaer Polytechnic

Institute to give a seminar and see my good friend, Ivor
Preiss. He had recently been using a special form of
XRF to observe variouselemen ts, including REEs (which
are not observed well by the usual XRF method) in
many typesof samples. During our conversation, I told
him about the Philadelphia results. Immediately he
pointed out that the REEs were undoubtedly coming
from zeolite catalysts. Zeolites are natural minerals
having a pore and cavity structure that makes them
useful for separating various chemical species because
of their size selecti vities. Since the 1960's,oil companies
have been using artificially prepared zeolite-like
ma terials, which were found to be very effective catalysts
for "cracking" large hydrocarbon molecules in crude
oils. By making the catalystsartificially, manufacturers
cancontroltheirproperties(e.g., pore sizes) by adjusting
their compositions and the process for making them.
Most zeolite catalysts contain rare earth oxides in
amounts up to several percent, embedded in an
aluminosilicate structure havinganoverall composition
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Particle Size Spectrum
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Figure 3. Schematic graph of particle size spectrum based on Fig. 1-6 of Ref. 6. The y-axis shows the mass per uniform
interval of the logarithm of diameter. (1 u.m = 10"6 m).

of about 30% A12O3 and 45% SiO2 (8). We obtained
samples of zeolite catalysts, which we confirmed were
loaded with REEs, with the light rare earths being
enriched.

This findingdid not fully explain the story. First, in
chemistry textbooks it says that catalysts "participate in
the reaction, but are not consumed." So why were they
getting out of the plant? Second, why were they on fine
particles? I thought they would be grinding against
each other in the oil or against the container walls and,
thus, release coarse particles. Third, why were the light
REEs enriched relative to the heavy ones?

My research associate, Ilhan Olmez, now at the
M.I.T. reactor, and I looked into these questions and
found that the surfaces of the catalyst particles build up
carbon deposits, so they have to be periodically
"regenera ted" in a catalyst-regenerating tower, in which
the carbon is burned out, which probably takes some of
the catalyst along. As that isa high tempera ture process,
it presumably produces fine particles. Although the

plants do regenerate the catalyst many times, in the real
world, small amounts of catalysts are lost up the stack.
Also, some appears to get into the petroleum products,
as we found smaller, but significant amounts of REEs
being emitted by oil-fired power plants in the
Philadelphia area. Regarding the distorted pattern,
there are two major REE ores: monazite and bastnasite.
The former has a normal REE pattern, but the latter is
enriched in light REEs. The major domestic source of
REEs is the Molycorp, Inc., which mines REEs from a
bastnasite deposit at Mt. Pass, CA. The La enrichment
isenhanced because some companies use a combination
of rare earth oxides and a "La concentrate" produced by
Molycorp (9). It should be noted that the petroleum
industry is a major consumer of rare earth oxides, as it
has accounted for about 40% of the total consumption
of the oxides over the past two decades (10,11). Olmez
and 1 submitted this information to Science in May,
1985, and it was published in Sept., 1985 (72).
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The Global Story
In mathematics and theoretical physics, most

breakthroughs are madeby bright young people, whose
minds are least cluttered and most creative. But in
fields such as geochemistry and environmental
chemi stry, success often comes to those who've been in
the field long enough to remember many seemingly
disconnected observations. In this case, I remembered
that Josef Parrington, a student of William Zoller at
Maryland, had observed unusual REE concentrations
for a several-week period at Mauna Loa Observatory
(MLO), on the island of Hawaii in April, 1980 (23). His
study was designed as an investigation of particles in
global circulation. A major feature of atmospheric
particles there is the influx of high concentrations of
crustal dust every year from February to June resulting
fromduststormsin the deserts and loess plainsof Asia,
more than 6000 km away. At most times these particles
have a uniform composition, but for an 8-week period
during the spring of 1980, concentrations of La and Sm
(the only REEs that could be observed consistently)
were abnormally high, as was the La/Sm ratio. I
thought that these observations might be a result of
emissions from oil refineries in Japan, over which air
masses often pass on the way to Hawaii.

In March, 1985,1 visited Japan for a series of lectures,
during which I mentioned our REE observations,
including speculation about REEs' at Hawaii possibly
arising from refineries in Japan. The Japanese didn't
know about it, but gave me a lot of data from the
Japanese air-monitoring network. As far as I know,
Japan is the only country in the woild that routinely
analyzes samples from a network by INAA and, thus,
is able to observe REEs on a regular basis. Their data
revealed that the La/Sm ratio was rising steadily over
the years, as I had expected. However, we still haven't
confirmed that refineries in Japan or elsewhere are the
source of the Spring, 1980 REEs at MLO. When I
carefully examined the Japanese data along with the
M LOdata, I could not find enrichments of other elements
(e.g., Zn and V) that should have occurred if the air
masses were contaminated with emissions from typical
industrial areas of Japan.

Another Source of Rare Earths?
After my visit to Japan, Akiro Mizohata, at the

Osaka Prefecture Radiation Center, analyzed particles
collected from catalyst-regeneration towers of two oil
refineries and confirmed our results from the
Philadelphia refinery (24). This result was very
comforting, as a new observation doesn't mean much
until another group observes it independently, espe-
cially in this case, where our results were based on a
single refinery study. Mizohata went further and
analyzed fine particles from variousareasof Japan. The
Japanese network data I had examined are obtained
from filters that are placed behind an inlet that excludes

particles of diam. >10 urn. Both Japan and, for the past
two years, the U.S. surveillance networks collect particles
of that size range, which are considered to be "inhalable"
particles, as those of diam. >10 um are considered not
to be a threat to human health. Particles of <10 urn,
called PM10 in the U.S., are not as dominated by large
crustal particles as those collected with a bare filter, so
I was able to see some change of the La/Sm ratio in the
Japanese network data. But Mizohata could observe
these effects more strongly by looking only at fine
particles of d iam. < 1.5 (im. He did indeed see some very
high La/Sm ratios, up to 42. However, he saw these
ratios not only where expected, in areas near refineries,
but also in areas that seemed to be dominated by motor
vehicle traffic! He confirmed the association by
collecting particles upwind and downwind of a high
traffic area.

How could REEs be coming from motor vehicles?
Surely there wouldn't be enough zeolite catalyst in the
gasoline, the most highly refined of the petroleum
products,toaccountfortheobservation. Hedidfurther
studies on tailpipes of individual automobiles and
confirmed that large amountsof REE were being emitted
from vehicles produced since 1982. One brand of
Japanese cars emitted large amountsof both La and Ce,
whereas most were dominated by Ce. The answer, as
he indicated, was that, in order to meet both the older
emissions standards for carbon monoxide and
hydrocarbons, as well as the newer standards for
nitrogen oxides, the manufacturers had introduced
"three-way" catalysts that contain rare earth oxides!
Cerium oxide is favored by most manufacturers, as Ce
has two prominent oxidation states (unlike most other
REEs), so the oxide is a mixture of Ce2O3 and CeO2, and
it can take up or release oxygen as needed, depending
on the composition of the exhaust gases.

To Be Continued
It is often said that good research opens more

questions than it answers, and that may be the case
here. The atmospheric REE story is not complete yet.
We thought we had the answer when we discovered
REEs coming in largequantities from oil refineries. Mi-
zoha ta's finding that they also come from motor vehicles
complicates the issue, but also offers opportunities. I
noted above that we lost our elemental markers for
motor-vehicle emissions with the phase-out of leaded
gasoline, so we need something else, which may be the
REEs. I have looked for evidence for a motor-vehicle
source of REEs in the U.S., but there are very few
appropriate data, as one must have fine particles
analyzed by INAA in an area affected by traffic since
1982. I looked carefully at data from Philadelphia at a
site near the New Jersey turnpike, but couldn't see
anythingunusual when windscame from the Turnpike.
Perhaps in 1982 there were too few vehicles equipped
with the new catalysts. (As far as we tell, the Japanese
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imports to the U.S. have catalysts similar to those sold
in Japan. Also, U.S. car companies tell us that they
mainly use Ce oxides in their three-way catalysts.) The
only other relevant data are from studies in which we
participated at Deep Creek Lake in western Maryland
in August, 1983 (25), and simultaneous studies
conducted at Allegheny Mt. and Laurel Hill, both in
southwestern PA, by a group from the Ford Motor
Company (16). These data sets also show no clear
evidence for REEs from motor vehicles, perhaps a
result of the combination of the sites being too rural and
too few motor vehicles being equipped with three-way
catalysts by 1983.

Ilhan Olmez and I recently received funding from
the Extramural Grants Program oi EPA to conduct a
two-year study of REEs from motor vehicles. We will
collect samples in a highway tunnel, near urban streets
with high traffic density and from individual vehicles
in an attempt to provide definitive answers. Simply
observing that REEs are emitted in large quantities
from motor vehicles would not suffice to make them
good markerelements for motor vehicle emissions. We
would need to have some confidence that the marker
has some stability, i.e., that the ratio of Ce and/or La
emission to miles driven remains reasonably constant
for some years. In the study of trace elements on
airborne particles, one must be alert to rapid changes.
We've seen that the Pb and Br from motor vehicles has
essentially gone away. There have been many other
changes, e.g., the concentrations of V and Ni in the air
of eastern U.S. cities from oil combustion ha vedropped
by more than an order of magnitude since 1970 as an
effect of regulation of sulfur emissions.

Also, we still don't have a definite explanation for
the enrichment of REEs observed at MLO in the Spring
of 1980. Several groups are conducting studies of
airborne particles at remote sites in China, Japan and
other areas of the Pacific. Perhaps one day that question
will be answered, but how many new questions will
open up?

The Nature of Research
I hope that I have been successful in demonstrating

that research often proceeds by pathways that are
much more random than suggested by the classic
"scientific method." In this case, our linking of REEs to
refineries would have either not happened or occurred
years later if one of the seven sources studied in
Philadelphia had not been a refinery. There were more
than 50 sources on the initial list considered during
design of the study, many of them fallingby the wayside
because of non-cooperation by the source operators.
How long would it have taken us to find out about
zeolite catalysts had I not spoken to Ivor Preiss? Probably
not long, as a lot of literature exists in that field and our
Department had a seminar by a scientist from W. R.
Grace Co., a leading manufacturer of the catalysts, at

about that time. Actually, after our Science paper was
published, John Woodward of Exxon sent me a copy of
a short letter that had appeared in Anal Chem. in 1984,
in which individual particles from two refineries and
ambient particles from air near them were subjected to
laser microprobe mass analysis (LAMMA) (77). One
refinery apparently included a fluidized catalytic
convenor, as the authors saw lines for four REEs and
their oxides in the mass spectra along with Al and Si
oxides. However, it's hard to imagine how we could
have known to look at this paper until we had an idea
that refineries were the important source. This illustrates
a problem of modern science, namely that there is such
a huge volume of research in progress that it is difficult
to leam about other work related to your own. In
contrast, oneof the most striking things to me in Rhodes'
book was that, in the early 1900's, most prominent
chemists and physicists knew each other and
communicated informally a great deal. In those days,
physicists could deal with all of physics, as they hadn't
become specialized into nuclear, high energy, optical
and solid state physicists!

Would the Japanese have gotten interested in the
problem if I had not visited there in the Spring of 1985?
Probably they would haveknownabout it a few months
later when our paper appeared in Science. Another
unique circumstance was the existence of the Japanese
sampling network in which samples are analyzed by
IN AA. Of course, no one would have known about the
REEs in Philadelphia had we not analyzed the samples
by IN AA, as no other method is sensitive enough to see
them even as enriched as they are (although XRF did
pick up La in samples taken from the refinery stack).

The other fact about research is that the story never
SCCTMS to end. As noted above, there are still many
dangling questions. When they are answered, new
questions will probably arise. That's what makes
scientific research both exciting and frustrating.
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Neutron Activation Analysis and Volcanoes
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Abstract
To gain a better understanding of what

mankind has done to the world, we must know the
natural system very well. One important aspect of
the natural atmospheric system is the source of
aerosols or particles in the air that are involved
with cloud formation and visibility (light
scattering). Volcanoes are natural phenomena
that have affected local and regional systems.
Volcanoes produce aerosols and sulfur species that
eventually form aerosols in vast quantities.
Nuclear techniques (neutron activation analysis)
have been used to study volcanoes for years, and
these analyses tell us much about volcanic
emissions and potential impacts upon the earth.
The problems of how to sample and analyze
volcanic emissions will be the focus of this
presentation as well as the results of such studies
at different volcanoes around the world.

Volcanoes have held mankind's attention
since the very earliest days. In ancient times,
people were mystified by volcanoes. Eventually
we learned more about them and now have a much
better understanding of how they work and their
impact upon the world. Chemically, very little
was known about volcanoes other than the fact
that they release sulfur and lava or ash and are
dangerous. Over the last few decades, samples
have been carefully collected at erupting
volcanoes that, upon chemical analysis, have
shown that volcanoes are very active sources of
volatile compounds and are definitely having an
impact upon the world and, in particular, the
atmosphere.

The two best-known effects are from ash
and /or aerosols produced in volcanic eruptions.
Some of the earliest writings of volcanic
phenomena deal with their impact upon daylight
by clouds of ash blocking the sunlight and
darkening the sky. The second large effect of
volcanoes upon the atmosphere is that of the
sulfur gases forming sulfate aerosol and either
blocking incoming sunlight or forming cloud-
condensation nuclei (CCN) and affecting the
clouds by causing more nuclei to be present. This
latter effect would obviously be much more
pronounced for local effects upon weather, cloud
cover, and/or precipitation. Recently Charison et
al. (1987) showed that this latter impact of
volcanoes was rather small because most of the

sulfur of natural origin in the atmosphere is
produced by phytoplankton in the oceans, and
volcanoes would have only a local impact for a
short period of time. Therefore, volcanic impacts
due to normal eruptions and the sulfur gases are
probably not involved with climatic control, but
only short-term and localized effects due to sulfur
are likely to occur. Very large, cataclysmic
eruptions are still believed to be important in the
forcing of climatic changes, but these are due to
aerosols and, again, may only be temporary and
localized unless the eruption is truly massive.

In this talk, we will look at how samples are
collected from volcanoes and how they can be
analyzed for their trace element composition by
neutron activation analysis. The releases of
volatile species by volcanoes yields patterns that
can be used to identify various types of volcanoes
and their products in the environment. These
"chemical fingerprints" have been used in the
past to measure the impacts of volcanoes upon the
atmospheric aerosol in remote areas of the world.
In addition to these points, studies of volcanoes
are interesting to many people due to the place
volcanoes have in our imaginations with respect
to their explosive and destructive histories. They
are, therefore, a good place to train new students
in the environmental sciences (atmospheric) and
hold their attention during the work because of
the high interest level in volcanoes. Therefore,
let us look at the things that one can learn in these
studies and what one learns about how to and how
not to do the sampling safely. In addition, we will
see how we can use radioactivity as a very
powerful analytical technique in studying
volcanic phenomena. In general today,
radioactivity has very bad connotations for many
people and in most cases is poorly understood
except by ? few people who work with it on a
routine basis.

How do you sample a volcano? We will
consider two ways, both of which we have used at
numerous volcanoes with very favorable results.
The first is by aircraft and the second is on the
ground in or very near the volcano. To discuss these
two methods, let us use a few examples of
volcanoes that should be familiar to most people.
Let us look at Mount St. Helens in Washington
State, which erupted violently in 1980, and El
Chichon in Mexico, which had it's cataclysmic
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eruption in 1982. Because of the interesting
chemistry associated with "hot spot volcanism,"
we will also look at the chemistry of the
Hawaiian volcanoes, Mauna Loa and Kikuea,
both of which have been sampled numerous times
in the last seven years. At these volcanoes we used
both sampling techniques with very favorable
results.

Mount St. Helens erupted violently on May
18,1980, in an eruption not soon to be forgotten by
most people in this country and, in particular, the
residents of Washington and Oregon. Following
the eruption, we asked NASA to fly a U2
stratospheric sampling aircraft to collect samples
of the plume that had been injected into the
stratosphere. This was not tremendously
interesting to us, as we did not get to fly on the
aircraft, but only received the samples in the
mail. These were collected on cellulose filters and
analyzed in our laboratory at the University of
Maryland (where I taught in 1980) by neutron
activation analysis. The results of these chemical
analyses showed the presence of ash, sulfur and
numerous chemicals. But in general, the results
were very boring when one is looking for
interesting chemistry. Table 1 gives the
concentrations of the elements determined along
with their chemical enrichment factors. The
enrichment factor is defined as the ratio of the
element of interest to a marker element that is not
expected to undergo chemical fractionation. We
have used aluminum (or occasionally scandium) as
the marker element since it is very easy to
measure using neutron activation analysis and is
normally not enriched by natural processes
occurring in nature. This ratio is normalized to the
same ratio for either crustal rock or magma, or the
rock type characteristic of the volcano. The
enrichment factor is given by the following
equation:

EF.
(X/Al)sample

In this equation X refers to the concentration of
the element of interest, and the standard can be an
average crustal abundance or the lava from the
volcano. If the enrichment factor (EF) is unity,
this would indicate that no significant chemical
fractionation has occurred. If the EF is greater
than unity, then some chemical fractionation has
occurred for the element of interest. The results
from the stratospheric U2 samples were not

extremely interesting as the EF values were all
near unity (Vossler et al., 1981).

Since everyone wanted to see the remains of
the volcano and get out there to see the
destruction, we arranged (a few weeks later) to fly
out in a NASA Lockheed Electra to sample the
plume. This was a very interesting mission, as we
were able to see the crater and much of the
destroyed region around the mountain. These
samples showed impressive enrichments as
compared with the first U2 samples. The results
(Phelan et al., 1982) are also given in Table 1
along with those of the U2 flight.

Table 1. St Helens Air Samples

Element

Na
Al
S
Cl
Ca
Sc
V
Mn
Fe
Zn
As
Se
Cd
Sb
Ba
Th

Stratospheric Samples
May

Conc(ug/m3)

79
220
5.6
3.5

56.00
0.019
0.082
0.90

72.00
0.22

0.026
0.00072
0.00015
0.00105

1.10
0.0039

19,1980a

EFash a
0.93

—
2.70
1.37
0.76
0.97
0.72
0.74
0.96
1.82
5.6

1.08
6.4
3.5

1.18
0.75

Quiescent Plume
September 1980b

mcCng/m3)

270
660

3100
370
170

0.023
1.6

6.00
410
260
65
1.1
1.2
2.4
30

0.06

EFash

1.20
—

740
50

0.56
0.35
3.7
".0
1.6

600
8,000
2,400
1,700
4,600

15
2.8

a T. Vosslev, D. L. Anderson, N. K. Aras, J. M. Phelan, and
W. H. Zoller, Trace Element Composition of the Mount St.
Helens Plume: Stratospheric Samples from the 18 May
Eruption, Science, 211, 827 (1981).

b J. M. Phelan, D. L. Anderson, D. S. Ballintine, and W. H.
Zoller, Airborne Aerosol Measurements in the Quiescent
Plume of Mount St. Helens: September 1980, Geophysical
Res. Lett, 9,1093 (1982).

Now that we had seen the crater, the next
step was to fly out and obtain a permit to land in
the crater and sample the gases and particles
being emitted. This was done a month later, and
we were able to sample some of the gases being
emitted from the hot fumeroles near the throat of
the volcano (now a lava dome!). Measurements
over the next two years showed similar results,
and we were able now to watch the crater change
as a large lava dome grew over the active throat
of the volcano. In all samples, we were able to
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observe higher enrichments for many elements
than seen previously as the volcano was
definitely releasing volatile elements from the
cooling magma in the dome and system below
ground. What we have observed is that the
volcano enriches or releases the volatile elements
(or their compounds, which are volatile) in
quantities higher than would be expected based
upon the abundance of the elements in the rocks
themselves. This enrichment process depends upon
the temperatures involved, the halogen content,
and the volatility of metal halide compounds.

The same was true for the volcano El Chichon
in Mexico. We sampled it first with a manned
research aircraft (Lockheed Electra, operated by
NASA) and then went down to Mexico and landed
in the crater to sample the current emissions from
the volcano. The main difference with this
volcano was its emissions of H2S, a toxic gas that
was released from the acid lake that occupied
about half of the crater floor. The pH of the lake
was 0.5, which meant that it had a sulfuric acid
content equal to a solution about 0.01 M acid!
Under these conditions, the H2S will not ionize,
but instead will be emitted from the lake as a gas.
So much was released from the lake within the
crater that birds flying overhead were killed and
fell into the crater. The floor of the crater
contained many rotten or decaying birds that had
been killed by the H2S gas!

A third example of a volcano with interesting
chemistry is in Hawaii, a pleasant place to visit
and an interesting place to study volcanic
chemistry. We discovered Kilauea's chemistry by
accident in 1983 when it began a long series of
eruptions at the Pu'u O'o Vent (still ongoing
today), and some of the aerosols and gases
released reached our "clean background sampling
station" at NOAA's Mauna Loa Observatory. We
saw an element we have never seen before on our
air filters from any source, natural or man-made
(Zoller et al., 1983). Since we have never seen the
element iridium in samples collected anywhere in
the atmosphere, we were intrigued as to what was
occurring at this volcano. Obviously this curiosity
would require a trip to study the volcano in person.

We then went out to Hawaii and—with the
help of the USGS—sampled the fume and gases
from the new vent (Pu'u O'o). The results of this
initial volcanic study not only confirmed the
finding of iridium, but we also saw rheniurr.,
another element that we had never observed at
volcanoes previously (Olmez et al., 1986). The
element iridium is normally very rare on earth

and difficult to measure analytically, so we again
needed neutron activation analysis to do the job.

Following this work, we decided it was such a
rare thing that we had observed, that we would
sample Kilauea several more times in the
intervening years. Some of the data from Kilauea
volcano are given in Table 2. The data from this
table gives examples of the elemental
concentrations and very large enrichment factors
observed regularly at Kilauea (Olmez et al., 1986,
and Crowe etal., 1987).

Table 2. Trace Elements from Kilauea Volcano

Elem

Sc
Al

Mn
Fe
Th
V

Na
K

Zn
Ag
Sb
In
As
Au
Cd
Sn
F
Ir
Cl
S

Hg
Se

May
Cone (jig/rrr)

0.0082
20.7
0.%
65.6

0.0021
1.4
148
61

451
0.0036
0.0254
0.404

7.97
0.0654

3.63
762

19,600
0.0064
30,700
93,600

19
165

Aircraft Samples

I983 a

EFBHVO-1

12
1.0
2.7
2.8
6.9
16
33
48
160
230
540

15,000
19,000
40,000

110,000
130,000
190,000
420,000

1,200,000
3,400,000
17,000,000
60,000,000

March 1984b

Conc(ng/irr)
0.0083

5.5
0.35

43

0.47
110
48
9.3

0.30
0.37
0.33

14
0.042

8.1
81

0.0036
0.0036
12,000

490,000
—
32

EFBHVO-1
10

0.26
0.98 •
1.8

5.3
24.0

38
330

19,200
7,870

12,000
33,000
25,000

245,000
138,000

41,700
240,000
470,000

17,800,000
—

11,600,000

a I. Olmez, D. L. Finnegan and W. H. Zoiler, Indium Emissions
from Kilauea Volcano, /. Geophys. Rsch., 91, 653 (1986).

b B. M. Crowe, D. L. Hnnegan, W. H. Zoller, and W. V.
Boynton, /. Geopht/s. Rsch., 92,13, 708, (1987).

In 1984 the main Hawaiian volcano, Mauna
Loa, erupted, and again we were fortunate enough
to get over to sample it by aircraft and on the
ground. In this work we had ad^ .u an additional
sampling tool to those we had available. This
was a treated filter pack using 7LiOH to trap
acidic gases such as SO2, HC1, HF, etc. The system
was much more useful than we had anticipated as
on the sampler we also were able to measure (by
neutron activation analysis) the element osmium
and, additionally, obtained data on gaseous
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indium, which has been helpful information to References
determine the volcanic chemistry of the platinum
group elements. 1.

We were able to measure the element osmium
by neutron activation and analysis since we
collected the "acidic gases" on ^LiOH, and the
lithium-7 isotope has a very low cross section for 2.
neutrons, so we could use these samples for
analysis by the technique. like indium, osmium is
very sensitive to measurement by the nuclear
techniques and could be done entirely by
instrumental methods without prior or post- 3.
chemical separations. This gave us a very good
chemical fingerprint of the phenomenon of "hot
spot vnlcanism" that has led to many very
interesting implications in the chemical and
environmental sciences. 4.

There are obvious connections between these
platinum group elements and large scale
geological occurrences such as the dinosaur
disappearance that occurred 65 M years ago. 5.
These points have led numerous investigators into
theories of mass extinctions related to volcanic
systems. 6.

Out of this work that we will be discussing,
the following points should be remembered. First,
not all occurrences in science are planned by
scientists. Secondly, that nuclear techniques offer
remarkably sensitive analytical methods for some
elements, allowing one to measure levels as low as
femtogram quantities of the more sensitive
elements routinely. Thirdly, that science,
chemistry, and studies of the environment can be
fun, exciting, and can lead one to learn things that
can be applied to other things that are going on
around us. They help us obtain a better
understanding of the world around us and how we
can work with it, learn from it, and move on to
help others do the same.
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Neutron Activation Analysis in Scientific Crime Investigation
Vincent P. Guinn

University of California, Irvine, California

rJeutron activation analysis (NAA) is a
nuclear method of qualitative and quantitative
elemental analysis, applicable to the analysis of
essentially all kinds of liquid or solid samples.
Small samples are made radioactive by
bombarding them with neutrons for a suitable
length of time (tj) and then counting them for a
suitable period of time (tc) following a suitable
radioactive-decay period of time (tj) with a
germanium semiconductor gamma-ray detector
coupled to a multi-channel pulse-height analyzer
(i.e., a gamma-ray spectrometer). In order to
achieve high detection efficiencies for the
various detectable elements in a sample, the very
high fluxes of thermal (i.e., slow) neutrons
available in a research type nuclear reactor are
employed for the neutron-irradiation of samples
and standards. The NAA method then has the
desirable features of excellent detection
sensitivities for a large number of elements; each
of which can be firmly identified via the energies
of the gamma-ray photons of its neutron-induced
radioisotope (and the radioisotope half life), a
high degree of accuracy, and excellent
measurement precision. In the purely-
instrumental form of the NAA method (INAA),
the method is nondestructive. With a typical
reactor neutron flux (1O53 n cm"2s"]) and moderate
irradiation and counting times, the NAA method
can achieve lower limits of detection (LOD) in the
range of 10"7 microgram (|ig) to lOug of an element
for some 70 elements of the periodic system — how
low depending on which element. A median LOD
is around 10"3 ug (one nanogram), i.e., one part per
million (ppm) in even a one-milligram sample.

Forensic NAA
Because of its great detection sensitivity, the

NAA method has found important applications in
many fields, e.g., medicine, biology,
geochemistry, industry, art, and archaeology,
environmental sciences — and forensic chemistry.
Most of the currently-used applications of NAA in
forensic chemistry originated during the period of
1962-1970 by the author and his colleagues in his
former laboratory (General Atomic in San Diego,
California) in an extensive study supported by the
U.S. Atomic Energy Commission and the U.S.
Department of Justice. Since 1970, the author and
his students at the University of California at

Irvine have extended the earlier studies further
and added new ones.

The Detection of Gunshot Residue
The first of the earlier studies to be very

successful was the development of a method for
the detection of gunshot residue (GSR), e.g., on the
back of the firing hand of a suspect in a shooting
case. At the time, no satisfactory method for the
detection of GSR was available — the old
"paraffin test" having been long discarded
because of its unreliability. The NAA test for the
presence of GSR involves analyzing moistened
swabs of the backs of the hands of a suspect for the
elements barium (Ba) and antimony (Sb),
typically present in the swab of the shooting
hand in amounts of the order of 1 mg. They come
from the presence of Ba(NO3>2 and SI52S3 in the
primers of almost all kinds of revolver, automatic
pistol, and rifle cartridges, and shotgun shells, as
major ingredients of the primers (except for 0.22-
caliber cartridges, most brands of which do not
contain both of these ingredients). In this
application, the various hand swabs involved in a
shooting case are activated in a nuclear reactor
and the resulting radioisotopes, 84.6-minute Ba-
139 and 2.70-day Sb-122, then radiochemically
separated with non-radioactive Ba and Sb
carriers before counting on a Ge gamma-ray
spectrometer. Barium-139 emits a 166 keV Y-ray
photon in its decays, and antimony-122 emits a 564
keV Y-ray photon in its decays. (keV is the
abbreviation for one thousand electron volts of
energy.)

The GSR application has been employed in
many hundreds of gunshot homicide cases since
about 1970 by the Federal Bureau of Investigation
(FBI) Laboratory in Washington, D.C. A lesser,
but substantial, number of such cases have been
investigated by the author, plus some in other
laboratories. The FBI Laboratory does such
analyses for city, county, and state law
enforcement agencies (but not for the defense) from
all over the country who request such assistance.
The results of such GSR analyses have been
presented in court in hundreds of cases. Even
though there are now three competitive, non-
nuclear methods for the detection of GSR
(flameless atomic absorption spectrophotometry,
inductively-coupled plasma atomic emission
spectroscopy, and scanning electu n microscopy
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with x-ray emission spectroscopy), the NAA
method is still used considerably. These three
competitive methods are usually abbreviated,
respectively, as FAAS, ICP-AES, and SEM-XRE.
All four methods have their own relative
advantages and disadvantages.

Arsenic-in-Hair Measurements in Arsenic
Poisoning Cases

For centuries, arsenic has often been used to
poison individuals. With a massive ingestion of
arsenic, if not vomited and if medical help is not
quickly obtained, death can occur within hours or
days. Such instances are known as acute arsenic
poisoning. Since the symptoms are pronounced and
death occurs rapidly, such deaths under suspicious
circumstances are often diagnosed as acute arsenic
poisoning; tests are run on urine, stomach contents,
etc., and suicide or murder is ascribed as the cause
of death. A less obvious form of arsenic poisoning,
much more difficult to detect, is often used by a
poisoner — chronic arsenic poisoning. In this form
of murder by poison, the poisoner typically adds
smaller amounts of arsenic (often in the form of
arsenious oxide, AS2O3) repeatedly to the food or
drink of the victim. This produces sickness and
weakens the body's resistance, but may not be
fatal for perhaps weeks or months — and the
symptoms are sufficiently non-specific that
arsenic poisoning may not even be suspected. If
death results under these conditions, it may be
medically ascribed to other causes, no tests for
arsenic are made, murder is not suspected, and the
body is buried or cremated. In cases of chronic
arsenic poisoning if death of the victim does not
occur after one attempt (often involving a series of
ingestions during a moderate period of time), the
poisoner may try again — this time using a larger
dose of arsenic and possibly causing death.

One of the most famous studies of arsenic
poisoning conducted by the NAA of hair samples
is that carried out on samples of Napoleon's hair,
by Hamilton Smith. Taking samples of
Napoleon's hair that had been cut at various
times during the former emperor's exile on St.
Helena (1815 to his death in 1821), Smith
sectioned each sample into 3 mm lengths,
activated them, and counted them for the presence
of radioactive arsenic (26.3-hour arsenic-76). He
found levels as high as 30 ppm As — compared
with a normal level of only about 1 ppm As. The
final conclusion of the studies (though erroneously
reported by some journalists and writers as
evidence thai Napoleon was murdered by arsenic
poisoning) was that Napoleon, a very sick man in

exile, was being treated with arsenic-containing
medicines in efforts to cure him, not kill him. At
that time, such medicines were often used.

The author has analyzed hair samples in
several cases of suspected chronic arsenic
poisoning, including one rather publicized case
that will go to trial soon. The procedure is to first
obtain a bundle of 30-50 strands of head hair from
the victim (surviving, just dead, or from an
exhumed body, keeping the strands aligned, with
the root ends together at one end. Second, the
bundle of aligned hair strands is washed
repeatedly with alternate washes of pure water
and pure acetone — to remove any external
contamination. Third, after allowing the washed
bundle to air-dry overnight, the bundle is cut into
consecutive 5 mm sections, with each section put
into a separate small, labeled polyethylene vial,
and each sample is accurately weighed, ready for
analysis. Finally, the analytical samples are
activated in the reactor for two hours, allowed to
decay overnight, and then sequentially counted on
a Ge gamma-ray spectrometer for 20 minutes each.
From the spectrometer digital printouts, the size
of the 559 keV y-ray peak of As-76 of each sample
is measured and compared with that of an arsenic
standard, to calculate the amount of arsenic in
each sample. Typically, each sample only
weighs about 3 mg, so a 1 ppm As sample only
contains about 3 nanograms of As, or a 100 ppm As
sample contains about 300 ng of As (0.3 ug)- In one
case studied, the hair of one victim showed two
broad concentration peaks along its length: over
120 ppm As near the root end, then down to around
1 ppm As, then another broad peak of about 40
ppm As, and then down to around 1 ppm As near
the tip end. This showed, then, an earlier episode
of arsenic ingestion (giving the 40 ppm As peak),
later (i.e., more recently) followed by a larger
ingestion (giving the 120 ppm As peak). The
victim almost died, but his life was saved in the
hospital. In the same case, the hair of another
possible victim, whose body was exhumed,
showed no evidence of arsenic poisoning — each
hair section only showing the normal As level of
around 1 ppm. Since human head hair grows at
the rate of about 0.4 mm per day, a 5 mm length
corresponds to a growth period of about 12 days.
The body excretes some of its body burden of
arsenic from the blood stream into the roots of the
hair strands; as the hair grows, the hair strand is
steadily extruded out of the hair follicle as the
hair strand grows outward from the scalp.
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Multi-Element Forensic Applications of NAA
In the field of forensic chemistry, there is a

well-established "principle of trace-element
comparison of evidence specimens as to
probability of common, or non-common, origin." In
the earlier forensic NAA studies at General
Atomic, applications of this principle were
explored with samples of known common origin
and samples of known different origins of such
evidence-type materials as bullet lead, paint,
glass, and paper. In this short presentation only
the bullet-lead applications (the most widely
used) will be discussed. Applied to bullet-lead
specimens, this principle states that two or more
evidence specimens of bullet lead, carefully
analyzed, will be indistinguishable from one
another in their respective concentrations of all
major, minor, and trace elements detected and
measured in them — if all were produced from the
same melt of lead. If they were not produced from
the same melt of lead, they will exhibit
significantly different concentrations of one or
more of these elements. Some 80-90% of
commercially-produced bullets are composed of
antimony-hardened lead. In their manufacture,
Sb is alloyed with the molten lead; upon
solidification, the resulting lead is appreciably
harder than straight lead. Various manufacturers
employ various Sb concentrations in the various
kinds of bullets that they produce, common Sb
concentrations being 0.50,0.75,1.0,1.25,1.5,2.0, on
up to 4.0% by weight. The higher the Sb
concentration, the harder the bullet. The other
10-20% of commercially - produced bullets are soft
lead bullets, not alloyed with Sb. Since both soft
and hardened lead bullets employ a good deal of
recycled scrap lead (as well as virgin lead), some
Sb is present in soft lead bullets also but only at
quite low concentrations; e.g., in the range of about
1 to 1,000 ppm Sb (1 ppm = 0.0001%). Both soft
lead and hardened lead bullets also contain low
concentrations of Ag, As, and Cu — present as trace
impurities in the lead. Silver is usually present
only at levels in the range of about 1 to 100 ppm,
whereas As and Cu usually each exhibit
concentrations in the range of about 1-1000 ppm. In
hardened bullets, the Sb concentration is
regulated (to meet specifications) at close to the
nominal value, but the other three trace impurity
elements (and Sb also, in soft lead bullets) are not
added deliberately and not regulated. Even when
a manufacturer makes a series of production runs of
the same kind of bullet — nominally all the same
in composition — the levels of the trace elements
vary from one melt of lead to the next. Thus, each

melt of lead has its own elemental concentration
pattern (sometimes referred to as its "signature" or
"fingerprint").

Small samples (e.g., 10-20 milligrams) cut
from evidence specimens of bullet lead can be
analyzed by IN A A for their silver contents via a
rapid procedure in which the silver is measured
via the 658 keV y-ray peak of 24.6-second Ag-110.
Using a longer reactor irradiation, Sb is measured
via the 564 keV y-ray peak of 2.70-day Sb-122; As
via the 657 keV peak of 26.3-hour As-76; and Cu
via the 511 keV peak of 12.7-hour Cu-64.

The INAA method has been used by the
author for the analysis of bullet-lead evidence
specimens in about 100 gunshot homicide cases and
by the FBI Laboratory in perhaps a thousand or
more such cases. Typically, samples of fragments
of a fatal bullet or of a mashed bullet — recovered
at autopsy from the body of a victim are compared
with samples of unfired bullets associated with
one or more suspects in a shooting case (e.g., from
unfired cartridges in his gun or from other unfired
cartridges in his possession). Such an INAA
comparison for four elements can ascertain
whether or not the fatal bullet and any of the
unfired bullets were produced from the same melt
(batch) of lead. If there is a perfect "match"
between two or more specimens, however, it cannot
prove that the bullets came from the same
original manufacturer's box of cartridges, since one
melt of lead will produce a very large number of
indistinguishable bullets, enough to fill a large
number of boxes of cartridges. For example,
neglecting any losses along the way, one ton (2,000
pounds) of lead can produce 93,400 identical 150-
grain lead bullets (1 gram = 15.432 grains). This is
enough to fill some 1,870 boxes of 50 cartridges
each.

The President Kennedy Assassination.
Among the many gunshot homicide cases in

which the author has analyzed bullet-lead
evidence specimens by INAA, some of the better
known cases are the SLA shootout (Symbionese
Liberation Army, the kidnappers of Patty Hearst)
in Los Angeles, the murder of Argentine
heavyweight fighter Oscar Bonavena in Nevada,
and the assassination of President John F.
Kennedy in Dallas. In this short presentation,
only the President Kennedy assassination will be
discussed.

As most people know, President Kennedy was
shot and killed in Dallas on November 22, 1963.
The subsequent Warren Commission investigation
of the assassination, as summarized in their 1964
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report, stated the conclusion that the assassin was
Lee Harvey Oswald (himself killed by Jack Ruby
some 48 hours later) and that he probably acted
alone. Many people were skeptical of the Warren
Commission findings and many books were written
on the subject. The FBI conducted the
investigation for the Warren Commission. The
findings were quite conclusive on various points:
(1) the two copper-jacketed bullets (one broken
into two large pieces) recovered from Governor
Connally's hospital stretcher intact and the two
large pieces found in the limousine were fired from
Oswald's recovered 6.5 mm Mannlicher-Carcano
rifle, (2) he fired three shots, one of which missed
the limousine, (3) the President was first hit in
the back, the bullet exiting at his throat — a
painful, but not lethal wound, (4) the President
was then hit in the back of the head causing
massive brain damage, the fatal wound, and (5)
Governor Connally (sitting in a jump seat in front
of the President) was struck in the back, the bullet
then exiting his chest, breaking bones in nis right
wrist, and finally (allegedly) imbedding itself
slightly in his left thigh, then falling out onto his
stretcher.

The FBI Laboratory analyzed samples of the
various bullet-lead evidence specimens first by
emission spectroscopy (a qualitative method that
produced no useful results) and then by neutron
activation analysis. Unfortunately, this was
their first experience with NAA, and their results
were also inconclusive — the objective being to
ascertain whether more than two bullets were
represented among the various specimens.

In an effort to settle the controversy over the
Warren Commission findings, the U.S. House of
Representatives in 1977 established a Select
Committee on Assassinations to conduct an
independent examination of all the evidence in
the case. The Select Committee asked the author
to reanalyze all of the bullet-lead evidence
specimens by INAA and he did so. The specimens
were flown out to California from the National
Archives by a man from the Archives. During a
period of three days the author examined and
sampled the specimens and then analyzed them
for Sb, Ag, Cu, and As (though no arsenic was
detectable in any of them). This time the results
were quite conclusive: all of the specimens were of
one or the other of two, and only two,
compositions. The largest difference between the
two groups of specimens was in their Sb
concentration: one group (the Connally stretcher
bullet and fragments from Connally's wrist)
averaged 815 ± 25 ppm Sb, whereas the other

group (fragments from President Kennedy's brain
and one large fragment and various small
fragments found in the limousine averaged only
622 ± 20 ppm Sb. The two groups of specimens also
differed significantly in their Ag and Cu
concentrations. In 1978, the author presented his
findings before the Select Committee, in
Washington, D.C.

In 1986, London Weekend Television produced
an excellent 5-hour documentary film entitled, On
Trial, Lee Harvey Oswald, in which the author
testified at the mock trial.
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The Role of Radiocarbon in Air Pollution Research
Ann E. Sheffield

Department of Chemistry
Allegheny College, Meadville, Pennsylvania

Radiocarbon in the environment.
In the upper atmosphere, radioactive "C is produced

at a roughly constant rate by the interaction of cosmic
rays with atmospheric nitrogen (MN). The radiocarbon
is incorporated into carbon dioxide and becomes
distributed throughout the global atmosphere. As a
result, the atmosphere contains an approximately
constant, steady-state level of I4C. Because plants take
up CO2 during photosynthesis, plant tissues reflect the
atmospheric radiocarbon level. Animals, in turn,
incorporate 14C from the plants they eat, and this process
continues throughout the food web. Thus, all living
matter contains a known concentration of radiocarbon.
When a plant or animal dies, the 14C is no longer
replenished, and the radiocarbon present at the time of
death is slowly lost by radioactive decay (14C half-life =
5730y). In the well-known radiocarbon dating method
of archaeology, the amount of radiocarbon remaining
in artifacts such as wood and cloth is used to calculate
the age of the objects.

Fossil fuels such as coal and oil are formed by
geologic processes from the remains of plants that died
over a million years ago. In these materials, the
radioactive decay of 14C is complete, and virtually no 14C
remains. Therefore, products of fossil-fuel combustion
contain no "''C. Many of these combustion products are
air pollutants (CO, organic carcinogens) or greenhouse
gases (CO,, CH4). In contrast, living or recently living
materials (wood, paper) contain a known concentration
of 14C and constitute the "modern" carbon sources.
"Biogenic" emissions (i.e., those from living creatures)
are rarely of concern, but it is important to know how
much of an increase in the atmospheric concentration of,
say, CO2 has been caused by human activity. Other
modern sources, such as smoke from wood-burning
stoves, are themselves significant sources of air
pollution. By measuring the amount of radiocarbon
present in an air sample, the relative contributions of
fossil and modern carbon sources to that sample may
be calculated.

The above description is, admittedly, somewhat
oversimplified. Since the Industrial Revolution,human
activity has changed the natural level of UC in the
atmosphere and, consequently, the level of 14C i', living
tissue. Emissions from fossil-fuel combustion dilute
atmospheric radiocarbon with "dead" carbon (the
"Suess effect"), while atmospheric nuclear weapons
tests and nuclear power plant emissii >ns add excess 14C
to the atmosphere (the "bomb effect"). Fortunately,
these- phenomena arc well-characterized and can be
taken into account when calculating source
contributions.

Radiocarbon in air pollution research.
In 1955, Clayton and coworkers (1) were the first to

appJy radiocarbon analysis to the source apportionment
of atmospheric particles. They measured 14C in aerosol
collected in Detroit, MI, and Los Angeles, CA, and were
able to distinguish "anthropogenic" (i.e., fossil) from
biogenic sources. They found that a large fraction
(>50%) of the particulatecarbon in both cities was fossil
in origin. Similar results wereobtained for atmospheric
particles from St. Louis, MO, and from Los Angeles by
Lodge et al. in 1960(2/ These researchers used
conventional methods for counting radioactive decays.
Such methods require grams of sample, but even
polluted atmospheres contain only hundreds of
micrograms of carbon per cubic meter of air. The
extensive sampling required to obtain enough material
for analysis discouraged further use of the radiocarbon
tracer method in the 1960's and 70's.

The development of miniature, well-shielded
counters (3,4) in the late 1970's made possible
radiocarbon measurements of samples containing as
little as 5 mg of carbon (5), and the use of radiocarbon
as an atmospheric tracer became a more attractive
possibility. More recently, Accelerator Mass
Spectrometry (AMS) has reduced the required sample
size to a few tens of micrograms of carbon. This exciting
new technique is discussed in detail below.

The importa nee of recent developments to the study
of atmospheric particles is illustrated by the data in
Table 1. Results of a number of studies of Los Angeles
aerosol are shown. When particles of all sizes are
analyzed together, the fossil contribution is much higher
in the fall than in the spring. Presumably, pollen,
spores, and similar organic debris contribute
significantly to the total suspended particulate matter
(TSP) in spring. However, such debris is of minimal
environmental concern and has little effect on human
health (allergy sufferers excepted). With the more
sensitive low-level counting (lie) and AMS techniques,
it is possible to measure 14C in different size fractions of
the aerosol. In every case studied, the fine (<1.7-um
diameter) particles, which have the greatest effect on
climateandhealth,havea higher anthropogenic (fossil)
contribution than do larger particles.

The new techniques have also led to the widespread
application of 14C as a tracer for wood-burning.
Radiocarbon was first applied as a tracer for biomass
burning in Portland, Oregon (10). In the Portland
study,residentialwoodcombustion(RWC),combustion
of logging waste (slash burning), and combustion of
agricultural field stubble (field burning) were the
modern sources expected to contribute to the samples.
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Radiocarbon was measured by lie in fine particles (<2-
um diameter) and TSP to determine the contribution of
biomass burning to selected samples. For three of the
four TSP samples, the UC results indicated a fossil/
modern source mixture considerably different from
that expected. These discrepancies were attributed to
contamination of the TSP samples with large, local
debris. For nearly all of the fine-particle samples,
however, the 14C results were consistent with the
expected source impacts. As in Los Angeles, the
ad vantage of sensitive methodscapable of determining
14C in the different size fractions is clear.

Table 1. Measurements of 14C in atmospheric
particles from Los Angeles, California

size
fraction

ref. carbon mass
analyzed, mg

Total suspended particles (TSP)
TSP
TSP,
fall

TSP,
spring

2
1
6
7

45
6

18,000
6,000-8,000
1,200-2,900

not reported
7.8

500-950

Size-fractionated aerosol:
>3.5 pirn
1.7-3.5um
<1.7um
>3.5 Jim
1.7-3.5um
<1.7 um
>3.5 urn
<1.7 urn

7

8

9

300
300
800
-10
-10
-10
0.5

<0.4

method
used

:

CT(f

crc
llcc

lie
lie
lie

lie
lie
lie
lie
lie
lie

AMSe

AMS

% fossil

60
75.6±1.8b

59.5 ± 4.7"
76

77 ±15b

24 ± 28b

42
48
77

15±3d

43±4d

48±5d

20±2d

63 ± 13d

"crc = conventional radioactivity counting. *Standard deviation. 'Uc =

low-level radioactivity counting. dStandard error based on Poisson
counting statistics. 'AMS = accelerator mass spectrometry.

The usefulness of radiocarbon as a tracer for RWC
was confirmed by a study in Elverum, Norway (11).
El verum isa small town (pop. 10,000) with little industry,
and the use of wood for home heat is common. In the
Elverum study, not only 14C, but also concentrations of
mass, total C, polycyclic aromatic hydrocarbons (PAHs),
and traceek ments were measured. High RWC impacts,
as determined by radiocarbon analysis, coincided with
high levels of mass, total C, total PAHs, mutagenicity,
iind retene (a PAH emitted in softwood combustion).
The correlation of 14C with K, a presumed wood tracer,
was weaker than expected, and Currie and coworkers
(11) inferred that a second source of K, unrelated to
RWC, was present in Elverum. This demonstrates the
advantage of 14C, a direct, unambiguous tracer, over
surrogate tracers (such as K) in determining the

contribution of RWC to atmospheric particles.
Radiocarbon is now accepted as the "tracer of choice"
(11) for RWC, and the Integrated Air Cancer Project,
currently underway at the U.S. Environmental
Protection Agency, relies on 14C to distinguish RWC
from fossil sources.

Accelerator Mass Spectrometry.
In recent years, the advent of Accelerator Mass

Spectrometry (AMS) has revolutionized radiocarbon
analysis. Because AMS detectsafo/ns, rather than decay
events, it is far more sensitive than conventional
counting methods for long-lived radionuclides like 14C.
Archaeologists are now able to obtain useful 14C dates
for much older objects than was previously possible,
and environmental scientists can determine the 14C
content of samples containing only a few tens of
micrograms of carbon (9,12-14).

One gram of 100% "modern" carbon contains 5.9 x
1010 atoms of 14C that, collectively, undergo 13.56
radioactive disintegrations per minute (dpm).
("Modern" carbon is defined, by international
convention, as having a MC/12C ratio equal to 95% of the
14C/12C ratio of SRM 4990B Oxalic Acid.) If a sample
contains 200-ug of carbon (a reasonable figure for
environmental samples) and a Poisson precision of
±5% is desired, then 400 events must be detected. In
decay counting, theevents to be detected are radioactive
disintegrations. Even if perfect counting efficiency is
assumed, the time required to detect i00 decays in the
200-ng sample is:

400
13.56 dpm/gC x (200x10* gC) x 1440 day/min

= 100 days. (1)

In contrast, AMS requires only a few minutes to
detect 400 atoms of 14C in the same sample. If realistic
estimates (13) are made for the sample consumption
rate (-0.38 jig/min) and the efficiency of the AMS
system (-0.19%), the time required to detect 400 atoms
of radiocarbon is:

400
0.38 ug/min x (5.9x104 atoms/ug) x 0.0019

lOmin. (2)

Thus, an analysis that would require months, under
perfect conditions, of radioactive counting can be
accomplished in a few minutes by AMS.

As its name implies, AMS is a form of isotopic mass
spectrometry. Proposed independently in 1977 by
Purser (15) and Muller (16), AMS differs from
conventional mass spectrometry in its introduction of a
particleacceleratorbetween the mass-selective elements.
Figure 1 shows the AMS system in useatthe University
of Arizona(27,). The sample, in the form of graphite or
an iron-carbide bead, is mounted in a negative Cs
sputter ion source ("A" in Figure 1). Because nitrogen
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"D" M l

14C DETECTOR
urn

does not form stable negative ions, use of the negative
ion source eliminates much of the MN that would
otherwise be the primary interference in the analysis of
14C. The mass-14 ion beam is selected at "B" and
introduced into a tandem accelerator ("C") with a
terminal potential of 1.8 MV. At the center of the
accelerator, the beam passes through an Argas stripper.
Contaminant ions such as "CHand 12CH2are stripped
preferentially to the +3 state. Molecular ions with
charges of +3 or greater are highly unstable and
dissociate completely to their component atoms. It is
this step, which eliminates molecular interferences,
that makes AMS so much more sensitive then
conventional isotopic mass spectrometry. The beam is
then accelerated back to ground potential, and further
mass-selective deflectors ("D" and "E") isolate the I4C*3

signal. Finally, a residual energydetectorat'T" resolves
the '*C signal from any remaining interferences. The
nC*3 and 12C*3 beams can also be selected and are
measured in Faraday cups ("G"). In practice, the 13C
and 14C beams are measured alternately and the amount
of 14C in the sample is reported as a ratio to 13C.

An important consequence of the new technology
is that the measurement of various chemical fractions
isolated from atmospheric particles is now possible. To
date, AMS has been used to determine the fossil
contribution to "organic" (i.e., volatile or oxidizable)
and "elemental" (nonvolatileornon-oxidizable)carbon
in atmospheric particles (18,13); to atmospheric CH4

and CO (20,27 ); and to the low-polarity organic fraction
isolated from atmospheric particles (22).

Low-polarity compounds in Albuquerque, NM
Radiocarbon suffers from two major drawbacks as

a tracer of modern carbon. First, AMS analysis is
expensive, costing a few hundred dollars per sample.
Because environmental systems are so complex, it is
often necessary to collect and analyze large numbers of
samples. Statistical techniques can then be used to
identify important variables, including significant
sources of pollution. Determining the 14C co'.Hcnt of
every sample in a large data set is not practicable for

[S3 "A"
SOURCE

Figure 1.

most research laboratories and is impossible for local
agencies charged with protecting the environment.

Second, 14C can only distinguish "fossil" from
"modern" carbon. Motor vehicles, coal-fired power
plants, and oil-fired power plants all emit fossil carbon,
so other tracers must be found to help discriminate
among these sources. A number of trace elements have
proved useful for this purpose. For example, particles
in motor-vehicle exhaust are enriched in Pb and Br,
which are present in leaded gasoline, and emissions
from oil-fired power plants are enriched in V and Ni.
However, elemental data are not always adequate to
distinguish all sources; e.g., as leaded gasoline is phased
out, Pb and Br are disappearing from motor-vehicle
emissions, and a new way to trace this ubiquitous
pollution source must be found.

Organic compounds are of particular interest. They
are emitted from a wide variety of sources, and many
are of direct concern because of their toxic, carcinogenic,
or climatic effects. The difficulty in using organic
compounds as tracers is that, unlikeelements, they may
be formed or degraded in the atmosphere by chemical
reaction, and, consequently, their origin may be
obscured. Because organic species contain carbon,
however, 14C analysis identifies their source directly
and provides a built-in test of whether a particular
compound is a good potential tracer.

Albuquerque, NM, is an ideal site for such a test. In
winter, Albuquerque has only two major sources of
atmospheric carbon (23,24), RWC for home heat (a
modern source) and motor-vehicle emissions (a fossil
source). The !4C tracer method clearly distinguishes
these two sources. We analyzed samples from
Albuquerque in hopes of identifying organic tracers
that might be useful in other cities where the UC method
might not be applicable. Specifically, we investigated
low-polarity organic compounds(LPCs)extracted from
atmospheric particles. This LPC fraction includes the
PAHs. Many PAHs are carcinogenic (25), and they are
among the most widely studied of organic pollutants.
In recent years, PAHs have received much attention as
possible tracers of air pollution (26). To test the
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performance of any potential tracers we found, we
used AMS to determine l*C in the LPC fraction from 16
samples.

In December, 1985, we collected 58 samples of fine
particles (<2.5-um diameter) from the Albuquerque
atmosphere. "Day" (6:00-18:00) and "night" (18:00-
6:00) samples were collected at two sites, a residential
site and a busy intersection. The !>amples were Soxhlet-
extracted with dichloromethane to isolate the organic
compounds. The extracts were concentrated and then
further separated by passing them through disposable
silica cartridges with 10 mL of 10% CH2C12 in pentane
as the eluent; this step removed the highly polar
compounds from the samples. The eiuate was
concentrated to a small volume and then subjected to
determine the amount of each con>pound present.
Compound identifications were confirmed by gas
chromatography-mass spectrometry.

Sixteen LPC samples were selected for radiocarbon
measurement and analyzed by AMS. The samples
contained from 37.5 to 472 fig of carbon. For each, the
CH2C12 solvent was evaporated, and the sample residue
was oxidized to CO2 with CuO in an evacuated system.
After purification, the CO2 was converted to an AMS
target by the procedure of Verkouteren et al (14). In
this procedure, Zn catalyzes the reduction of CO2 to C
on a small piece of iron wool in a hydrogen atmosphere.
When reduction is complete, the system is evacuated

and back-filled with He, and the Fe is melted, in situ, to
form an Fe-C bead about 1 mm in diameter. The bead
remains in the inert He atmosphere until it is prepared
for mounting as a target for AMS.

Several LPCs were identified as possible source
tracers. (See Figure 2 for structures of compounds
discussed in the text.) A number of compounds formed
in the decomposition of coniferresin (28) wereobserved
in the Albuquerque samples. Conifers constitute over
86% of the wood burned in Albuquerque (22). Two
resin-derived compounds, the methyl ester of
dehydroabietic acid (MDHA) and retene (RET) have
been proposed as tracers of RWC by Ramdahl (29) and
Simoneit, (30) respectively. A PAH, benzo(ghi)perylene
(BGP), has been identified as a potential motor-vehicle
tracer (26).

To investigate the behavior of these and other
LPCs, we used data for the 16 samples analyzed by
AMS in a linear regression of species concentration vs.
"WLPC", the mass of carbon in each LPC fraction
attributed to RWC by radiocarbon. The regression
results are shown in Table 2, and Figure 3 shows the
regressions of MDHA, benzo(ghi)fluoranthene (BGF),
and BGP vs. WLPC. Samples T050 and T052 are
identified on the plots and are conspicuous outliers.
These two samples are peculiar in other respects. For
both, the total carbon measured in the LPC-fraction is
less than that predicted from the known composition.

Table 2. CORRELATION

LPC

1,7-dimethylphenanthreneb

fluoranthene
acephenanthrylene
pyrene
C3-phenanthrenecd

abietic acid, methyl ester1*
RET*
MDHAb

BGF
benzo(a)anthracene
chrysene'
benzofluoranthenesh

benzo(a)fluoranthene
benzo(e)pyrene
perylene
indeno( 1,2,3-cd )fluoranthene
indeno( 1,2,3-cd )pyrene
BGP
anthanthrened

COEFRCIENTS

all samples
(n = 16)

0.883
0.585
0.816
0.786
0.906
0.946
0.630
0.932
0.832
0.666
0.3708
0.3678
0.674
0.340«
0.719
0.2218
0.262«
0.101'
N/A

(R) FOR LPCS VS. WLPC
correlation coefficient*
T050
omitted

0.887
0.594
0.835
0.801
0.910
0.947
0.657
0.933
0.838
0.794
0.658
0.5128
0.897
0.4918

0.895
0.2578
0.4098
0.200»
N/A

T052
omitted

0.905
0.789
0.849
0.812
0.936
0.949
0.755
0.962
0.956
0.758
0.4678
0.575
0.675
0.522
0.709
0.656
0.449«
0.252«
0.614

T050 and T052
omitted

0.911
0.811
0.872
0.831
0.942
0.949
0.796
0.964
0.969
0.927
0.935
0.918
0.907
0.853
0.892
0.828
0.819
0.4876
0.848

"Except as noted, P<0.05. 'Derived from conifei resin. "Three-carbon-substituted phenanthrene isomer. dNot detected in one
sample. "Co-elutes with a methylpyrene or-fluoranthene. 'Co-elules with triphenylene. «0.05<P<0.5. *Isomers (b,j, and k) not
resolved. 'P>0.5.
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A statistical analysis of the complete LPC data set (58
samples), also indicates that the behavior of these two
samples is anomalous (22).

Exclusion of samples T050 and T052 from the
regression dramatically improves the fit for all variables
(Table 2). Without these two samples, the correlation of
WLPC with the resin-derived compound, MDHA, and
also with BGF, is excellent (R = 0.964 and 0.969,
respectively). All LPCs except BGP are significantly
(P<0.05) correlated with WLPC. Evidently, RWC is an
important source of air pollutants, including many
PAHs,in Albuquerque. The correlations pro vide strong
evidence that MDHA is associated with wood
combustion and circumstantial evidence that BGP,
which is not associated with RWC, may be associated
with the other major LPC source, motor vehicles. The
correlation of BGF with WLPC was somewhat
surprising, since it is emitted by motor vehicles (31),
but the RWC source may overwhelm the vehicular
source in the Albuquerque airshed. The behavior of
BGF warrants further investigation. However, we
believe that MDHA is the more promising RWC tracer
because it is known to arise directly from coniferous
wood and, unlike BGF, has not been reported in motor
vehicle emissions. Other evidence from the whole
Albuquerque data set (32;supports the identification of
MDHA and BGP as tracers of coniferous wood
combustion and motor-vehicle emissions, respectively.

By using the highly sensitive AMS technique to
analyze carefully-selected samples from the
Albuquerque study, we applied the radiocarbon tracer
method to help identify other tracers that may be
cheaper or more widely applicable then 14C itself. Further
advances in 14C measurement will make it possible to
analyze even smaller samples; it is reasonable to expect
that analysis of samples containing <10 (ig of carbon
will become feasible in the next few years. The unique
power of UC to resolve modern from fossil carbon
sourcesensures that it will continue to play an important
role in air pollution research.
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ABSTRACT
One of the major problems faced by archaeologists

attempting to deal with questions involving the
emergence and evolution of ancient societies, is how to
monitor abstract processes from the material remains
recovered in excavations. These processes include 1)
the impact of long range trade and cultural contacts on
the developmental trajectories taken by these societies;
2) the organization and administration of production
and distribution of the products of craft and early
industrial activities; and 3) the management and
coordination of information flow and the decision
making process in early complex societies. The use of
instrumental neutron activation analysis to chemical
characterize archaeological materials such as obsidian,
ceramics, and clay sealings and tablets, provides
information, critical to the understanding of these
processes. This paper will discussthe theory underlying
chemical characterization studies and present examples
from recent research projects in the ancient Near East.

INTRODUCTION
The uses of chemical compositional data to approach

archaeological and art historical questions has its roots
in the late 1700's (1). These early studies, however,
dealt primarily with identification of material or
colorants and required only a few analyses. By the late
1800s, both archaeologists and chemists had come to
recognize the potential for using the chemical
composition of a group of artifacts to demonstrate long
distance exchange of goods (2). During the following
one hundred years, the increasing complexity of the
archaeological questions posed and the requirements
of the statistical analysis of the data have culminated in
individual research projects that frequently involve the
multi-element analysis of hundreds of samples.

The archaeological questions currently at the fore
involve the impact of long range trade and cultural
contacts on the developmental trajectories taken by
societies; the organization and administration of
production and distribution of the products of craft and
early industrial activities; and the management and
coordination of information flow in thedecision making
process in early complex societies. At the base of the
methodology used to examine these seemingly disparate
questions is the so called "provenience? postulate" (3).
Simply stated, it says that one should expect greater
differences among materials derived from different
sources than among materials derived from the same
source. The measures of these differences may vary
f rum impressionistic assessments of the style and form
of decoration through semi-quantitative mineralogical

analysis to quantitative chemical data. Whatever
measure is used, the ultimate goal is the same and that
is to classify the artifact sample in some meaningful
way to allow the testing of hypotheses concerned with
the operation of ancient societies.

In this paper we are concerned primarily with the
use of quantitative chemical data and its statistical
evaluation. It should be born in mind, however, that it
is the interaction of a number of different data sets
includingarchaeologicalcontext,stylisticclassification,
and chronological information that produce truly
meaningful results. The use of chemical data to
characterize (or "fingerprint") groups of archaeological
artifacts begins with the formulation of the
archaeological problem and the selection of the samples
with which to attempt a solution. For example, questions
of long range exchange and cultural contact frequently
involve either rare or exotic materials found far from
their known sources; or ceramic types whose style or
form are foreign to the area wnere they were found. In
theory, all possible sources of these "foreign" artifacts
are analyzed in sufficient numbers, for as many elements
as possible, to provide statistically verifiable source
groups and then the artifacts in question are compared
to the source groups and their origin identified. This
might be called the "analyze the world approach". In
practice, however, it is usually a practical impossibility
to analyze all potential sources and inferences must be
drawn with less than ideal data sets.

The number of samples required toanswera specific
question varies according to the complexity of the
problem. For example, you have five archaeological
si tes in a sma 11 val ley and there are two types of ceramics,
Type A and Type B. Site 1 has only Type A and Site 5
has only Type B. The other three sites have both Type
A and Type B. Your hypothesis is that Type A ceramics
are produced at Site 1 and traded to Sites 2,3, and 4 and
Type B ceramics are produced at Site 5 and likewise
traded to the other sites. How many samples do you
need to test this hypothesis? First, you must determine
if there are statistically verifiable differences between
Type A ceramics from Site 1 and Type B ceramics from
Site 5. Most of the multi-variate statistical programs
currently used require a ratio of 2 or 3 samples for each
variable (element) used in the calculation. The most
reliable results have been found to require 10 to 15
variables (elements). Therefore, just to establish i f Type
A ceramicsand Type B ceramics can be distinguished at
a reasonable probability level, between 20 and 45
samples of each type should be analyzed. Now adding
10 to 20 samples of each type from each of the other
three sites and one can quickly see that even for a
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relatively simple problem the sampling requirements
are 100 to 200 individual multi-analyses.

Additional complications can arise from the nature
of the archaeological material being analyzed. From a
materials view point the artifacts recovered in
archaeological excavations generally fall into one of
two basic categories. Material which may have been
physically modified by man, but remain chemically
unaltered and material that has been modified both
chemically and physically from its original state.
Examples of the first category might include chipped
stone tools made of obsidian, chert, or flint, and carved

stone objects of alabaster, marble, chlorite, or jade.
Examples of the second category might include man-
madeglassesand metals. Of course the most ubiquitous
artifacts, ceramics and unfired clay objects (such as
figurines, tablets, and sealings) can be gradational
between these two categories. This can occur when
clays are intentional size sorted (levigated) to produce
finer starting materials for clay based artifacts or in the
intentionai addition of aplastic material (temper) to
ceramics. Here the physical addition of a new material
or the deletion of a certain size fraction can alter the
chemical composition from that of the starting material

Table 1.

Element

Na
K
Ca
Sc
Cr
Fe

Co

Zn
As
Br
Rb
Sr
Zr
Sb
Cs
Ba
La
Ce
Nd
Sm
Eu
Tb
Yb
Lu
Hf
Ta
Th
U
W

Experimental Parameters used in the Smithsonian Institutions Neutron

Nuclide

Na-24
K-42

Ca-47
Sc-46
Cr-51
Fe-58

Co-60

Zn-65
As-76
Br-82
Rb-86
Sr-85
Zr-95

Sb-122
Cs-134
Ba-131
La-140
Ce-141
Nd-147
Sm-153
Eu-152
Tb-160
Yb-175
Lu-177
Hf-181
Ta-182
Pa-233

Np-239
W-187

n.d. = not determined
1 Ondov et
2 count 1:1
3 Blackman

Activation Analysis Facility.

Gamma Ray
Energy
(Kev)

1369
1525
1297
889
320

1099 &
1292

1173 &
1333
1115
559
554

1077
514
757
564
796
496

1596
145
91

103
1408
879
396
208
482

1221
312
106
686

al. (1975) and Cert;hcate of Analysis
hour after a 5/day decay; count 2: 2
(1986).

Cone, in
Standard
SRM 16331

0.32%
1.61%
4.70%

27.0 ppm
131. ppm

6.20%

41.5 ppm

213. ppm
61.0 ppm
8.6 ppm

125. ppm
1700. ppm
301. ppm

6.9 ppm
8.6 ppm

2700. ppm
82.0 ppm
146. ppm
64.0 ppm
12.9 ppm
2.5 ppm
1.9 ppm
6.4 ppm
1.0 ppm
7.9 ppm
1.8 ppm

24.8 ppm
11.6 ppm
5.5 ppm

Count2

1
1
1
2
2
2

2

2
1
1
2
2
2
1
2
1
1
2
1
1
2
2
1
1
2
2
2
1
1

SRMs 1632 and 1633, National
hours after a 30/day decay.

Analytical
Precision
SRM 6793

2.3%
8.2%
n.d.

1.4%
3.1%
2.9%

1.5%

3.5%
6.0%
n.d.

9.1%
n.d.
n.d.

9.9%
2.7%

13.2%
1.4%
1.8%
n.d.

1.6%
2.2%

12.9%
4.8%
6.7%
3.5%
7.0%
2.2%

15.9%
n.d.

Bureau of Standards.
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makingdirect comparison with geological claysdifficult.

ANALYTICAL CONSIDERATIONS
The large number of multi-element analyses

required in most chemical characterization studies
clearly canonly be achieved using theautoma ted multi-
element instrumental analytical techniques developed
and perfected over the last fewdecades. Of thecurrently
available instrumental analytical techniques,
instrumental neutron activation analysis (INAA) is
extremely well suited for archaeological artifact analysis.

Other papers in this symposium have outlined the
basic principles of neutron activation analysis and they
need not be repeated here. However, the features of
INAA that make it attractive to those doing
archaeological chemistry are important to note. First,
the sample requirements relatively are small, commonly
50 to 100 mg, allowing sampling of whole artifacts with
minimal damage to the object. Second, INAA allows
the use of solid samples, thus minimizing the time
spent on sample preparation and avoiding potential
problems in dissolving the sample. Third, INAA is a
multi-element technique that provides high precision
concentration data fora suite ofmajor, minor, and trace
elements. Fourth, the gamma-ray spectroscopy is easily
automated with computer interfaced sample changers.

With the use of automated sample changers, the
INAA Facility of the Smithsonian Institutions'
Conservation Analytical Laboratory can process over
3500 samples per year. In each sample, 35 elements are
sought and 29 are routinely quantified. Table 1 lists
these 29 elements with the radio-nuclides used and
their gamma-ray energies; the elemental concentrations
in the multi-element standard NBS SRM 1633 (4) used
at the Smithsonian INAA facility; and an estimate of the
precision for each elemen t as reflected by the analysis of
multiple replicates of a check standard, NBS SRM 679
(5). Examination of column 5 in Table 1 shows that the
precision of the technique as applied on a routine basis
is better than 5% for 14 elements and from 5% to 10% for
an additional 6 elements. Only three elements, of those
for which there is data, have precisions greater than
10%.

Each different material presents its own unique set
of analytical and statistical evaluation problems. To
illustrate this, I will discuss two examples of studies
currently underway in my laboratory. One involves
the study of long distance exchange of obsidian (volcanic
glass) throughout the Middle East, and the second, the
study of the intra-regional movement of unfired clay
writing tablets and sealing clays in northeastern Syria.
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Figure 1. Map of the obsidian source areas in the Southern Soviet Union.
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MIDDLE EASTERN OBSIDIAN
The chemical characterization of Middle Eastern

obsidian to examine long distance exchange began in
the early 1960's using emission spectroscopic analysis
(6,7). This analytical technique, while providing data
that permitted a general overview of the exchange
patterns, was not sufficiently precise to separate many
of the known sources into distinct chemical groups.
Neutron activation analysis, begun in late1960's (8) has
allowed the unique identification of all sampled Middle
Eastern sources and identified a number of artifact
groups for which a geological source is as yet
undiscovered (9,10,11).

The story I want to tell here began about 12 years
ago with a project to study obsidian artifacts from the
site of Tal-e Malyan (ca 3400 - 1600 B.C.), ancient
Anshan co-capital of the Elamite empire, located in SvV
Iran. Analysis of the artifacts yielded seven distinct
chemical groups, of which only two could be assigned
to a known geological source, the Nemrut Dag volcano
in southwestern Turkey [11]. Further, there was a
major change in the number and proportion of sources,
which provided the obsidian used at Tal-e Malyan,
through time. This change at Tal-e Malyan clearly
reflected major changes in the source areas - where ever
they might be.

Only two regions in the Middle East are known to
have volcanos that produced obsidian. The first region
covers a relatively small area in central Turkey, while
the second extends over a very large area including all
of western Turkey, northeastern Iran and the Trans-
Caucasian Republics of the southern Soviet Union. The
central Turkish obsidian sources have been extensively
sampled and the chemical compositions, at the time of
the Tal-e Malyan study, were reasonably well known.
This was not true, however, for the sources in western
Turkey and particularly the southern USSR sources
where only a few of the known sources had been
analyzed and it was a sure bet that many more
unreported sources remained to be discovered.

In 1987, the Soviet policy of Glasnost changed this
situation dramatically. I was, at that time, able to
establish a collaborative research project with
archaeologists in the Soviet Republics of Armenia,
Azerbaijan,and Georgia thathasresulted intheanalysis
to date, of over 350obsidian artifacts form archaeological
si tes in all three Republics. More importantly, however,
obsidian from eight previous unanalyzed geological
source areas became accessible (cf Figure 1).

The analysis of these eight new obsidian sources
from the Soviet Union, confirmed what was known
from previous analysis of the Turkish obsidian sources,
i.e., that each obsidian source has its own unique
chemical signature. Further, the homogeneity of the
individual sources frequently rivals or exceeds that
recorded (or the specially prepared standard reference
materials (SRM) as shown for selected elements in

Table 2. The homogeneity and unique chemistry of the
obsidian sources, coupled with the high precision of
neutron activation analysis, frequently allows complete
obsidian group distinction based on simple binary
elemental concentration plots. Figure 2 shows just such
a binary plot of two rare earths, cerium and europium,
for the eight Soviet obsidian sources. All eight sources
are readily distinguishable at the 95% confidence level
and all, but the Chikiani and Hatis sources, have no
compositional overlap at the 99% confidence level.
This same high level of disrinctiveness holds when a
number of other elemental pairs are plotted.

Table 2. Comparison of th<: coefficient
of variation of the Mt Gutansar obsidian
source (n=33) to SRM 679 (n=68)

Element

Na%
K %
Scppm
Fe%
Znppm
Rbppm
Csppm
Ba ppm
La ppm
Ceppm
Smppm
Eu ppm
Tbppm
Ybppm
Lu ppm
Hf ppm
Ta ppm
Thppm

Coefficients of

Gutansar

1.3
4.5
1.2
2.3
2.6
2.3
2.1
4.8
1.9
1.7
3.1
2.8
4.7
8.3

20.5
2.2
3.6
1.3

Variation (%)

SRM 679

2.3
8.2
1.4
?..9
3.5
9.1
2.7

13.2
1.4
1.8
1.6
2.2

12.9
4.8
6.7
3.5
7.0
2.2

Getting back to theoriginal story of the Tal-e Malyan
obsidian artifacts, when the concentrations of cerium
and europium for the arti facts are superimposed on the
Soviet obsidian source plot, as shown in Figure 3, two
of the unknown source groups from Tal-e Malyan fall
well within the 95% confidence ellipses for the Mt.
Gutansar (Armenian S.S.R.) and Mt. Kel'bedzhar
(Azerbaijan S.S.R). When the full suite of major, minor
and trace elements from the Tal-e Malyanartifact groups
and these two source groups are compared, the
identification of the artifacts with the source groups is
confirmed at the 99% confidence level.

What is the archaeological significance of Soviet
Trans-Caucasian obsidian found in a southwestern
Iranian archaeological site? Table 3 shows the
distribution of the Tal-e Malyan obsidian artifacts by



0.800 -

0.700 -

^-^ 0.600 -

Q_
Q_ 0.500 -

3 0.400 -

CL
O
Cd
ID
Lul

0.200 "

0.300 -

0.100 -

Ellipses = 95% Confidence Intervals

CHIKIANI

METS ARTENI

GUTANSAR

ANKAVAN

POKR ARTENI

MT KEL'BEDZHAR

20 30 70 8040 50 60

CERIUM (PPM)

Figure 2. Plot of Cerium vs. Europium in obsidian source samples from the Soviet Trans-Caucasus Region.
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Table 3. Artifact to Source Assignments of
Tal-e Malyan Obsidian(ll).

Source
Group

Nemrut Dag
(Turkey)

Mt. Kel'bedzhar
(Azerbaijan S.S.R

Mt. Gutansar
(Armenian S.S.R)

Zarnaki Tepe
(Turkey)

Group D
(SW Turkey ?)

Group C

Group G

Banesh Period
3400-2800 B.C

15 (88%)

0 (0%)

0 (0%)

1 (6%)

1 (6%)

0 (0%)

0 (0%)

Kafteri Period
2100-1800 B.C.

7 (29%)

5(21%)

2 (8%)

2 (8%)

2 (8%)

4 (17%)

2 (8%)

time period. During the earliest time period about3400
to 2800 B.C. almost all obsidian - 88% - comes from a
single source, the Nemrut Dag volcano, on Lake Van in
southwestern Turkey. The remaining 12% are from
sources of unknown location, but which have been
inferred on distributional evidence to also be located in
western Turkey. This reliance on Nemrut Dag obsidian
with smaller components of the other two obsidian
sources of unknown location is the same as the obsidian
source pattern found at other sites and appears to have
persisted for several thousand years (7,8). Before or
shortly after the beginning of the later time period at
Tal-e Malyan, about 2100-1800 B.C., the obsidian
exchange system was dramatically altered. For the first
time obsidian from the Soviet Trans-Caucasian Region
is exchanged not only beyond its immediate source
area, but 1400 km to the south (Figure 4). Something
fundamental has changed in the Trans-Caucasus Region
to open it to contact with the cultures to the south. The
cause of this change is still open to speculation. Was it
the increasing demand for metals by the rising city
states in the resource poor south, or the demand for a
newly introduced domesticated animal from the
Russian steppes, the horse, or something else? New
lines of inquiry have been opened by what began as an
archaeological investigation of obsidian exchange in
SW Iran, aided by Glasnost 1987 style, and ended by
documenting a 4500 year earlier version of Glasnost for
the Trans-Caucasus region.

• Sites with Gutonsor Obsiaian
• Sites *ith Mt. Kel'bedzhar Obsidian

Figure 4. Map showing the locations of Tal-e Malyan and the
Soviet Trans-Caucasian obsidian sources.

CLAY SEALINGS AND CLAY TABLETS
While the chemical characterization of obsidians is

rather straight forward and can frequently be
accomplished at high confidence levels with binary
elemental plots, this is the exception rather than the
rule. Clay based artifacts (fired or unfixed) more often
than not have quite similar chemical compositions that
require more sophisticated and robust statistical
evaluation to produce meaningful results. This is
especially true when the archaeological questions
involve intra-regional distinctions. An example of this
type of statistical evaluation problem is a project
concerning interpretation of the flow of goods and
information at a series of archaeological sites in
northeastern Syria. In this on going project a group of
unfired clay writing tablets and seal impressed clays as
well as geological clay samples were analyzed.

The problem involves the attempt to distinguish
among the clays from several perennial streams and
their tri t>u taries, all draining geologically similar terrain.
If these distinctions are possible, then the clay artifacts
found at sites along these streams can be related to their
site of origin. In so doing, a picture of the flow of goods
(sealing clays) and information (tablets) among the
several archaeological sites can be constructed. The
initial research (12) has concentrated on two of the
major streams and a single large site, Tell Leilan.
Geological clay samples from five localities and 50
sealingand tablet clays have been chemically analyzed
by INAA.
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The sample data was initially processed with a
clustering algorithm using 18 elements. The results
presented as a dendrogram in Figure 5 show five well
defined clusters with five outliers. The cluster
designa ted as "Group 1" contains artifacts and geological
source clays from streams immediately to the west of
Tell Leilan and the cluster designated as "Group 2"
contains artifacts and source clays from streams
immediately to the east. The cluster designated as
"Jagh Jagh" is comprised of source clays from a major
stream about 25 km to the west and shows no associated
artifacts. Clusters designated as "Group 3" and "Group
4" contain only artifacts and sources for these clays have
not as yet been located.

Joqh

Group

Group

Group

Group

L7S 1O2
US7 475

Figure 5. Cluster dendrogram of the Tell Leilan clay
artifacts and the geological source clays.

Principle components analysis shows a clear
distinction between clay Groups 1 and 2 asdemonstrated
by the plot of two of the principle components presented
in Figure 6. The outlier samples identified in the cluster
analysis, as well as the Group4 samples are represented
by solid triangles in Figure 6 and can be seen to be
outside the ellipses representing the 95% confidence
intervals for clay Groups 1 and 2. The artifacts in clay
Groups 1 and 2 are believed to be local to the site of Tell
Leilan based on the artifact - source clay association.
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Figure 6. Plot of principle components 2 and 4 in clay
Groups 1, and 4 and the outlier samples.

The artifacts that make up Group 4 and the outlier
artifacts are believed to be imports to Tell Leilan from
several different locations.

The interpretation of the chemical data from the
artifacts that make up the cluster designated as Group
3 in Figure 5 serves to point out the complexities
encountered in research of this type. While cluster
analysis indicates that Groups 2 and 3 are distinct,
principle components analysis (as illustrated in
Figure 7) does not readily separate clay Group 3
compositions from those of clay Group 2. A second
multi-variate statistical procedure utilizing
Mahalanobis Distance measurements and Hotelling's
T2 statistic yields low probabilities (6% or less) of clay
Group 3 samples belonging to clay Group 2. These two
chemical groups, therefore, appear to be separate
compositional groups, but with very similar chemical
compositions. On the basis of the chemical similarity
and the type of artifacts in clay Group 3, it is believed to
represent a third clay used at Tell Leilan to produce
sealing and tablet clay.
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o Clay Croup 1
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* Cloy Group 3

PC 02
Figure 7. Plot of principle components 2 and 4 in clay

Groups 1, 2, and 3.
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The preliminary results of this project are
encouraging. It has been demonstrated that clays from
two of the major streams in the area are chemically
distinctively different and thatclay artifacts from oneof
the major sites in the region can be directly linked
chemically to geological clays local to that site. These
findings open the possibility that, with a broader
col lection of geological clay samples, clay based artifacts
can be assigned chemically to the place where they
were made within a geographically circumscribed area
in northeastern Syria.

CONCLUSION
In this rather short presentation, I hope I have been

able tc give a small taste of the variety and complexity
of the archaeological problems, whose solutions lie
within the realm of nuclear analytical chemistry. I also
hope I have been able to convey some of the excitement
one feels when, during the course of a research project
involving hundreds of analyses, a little light flashes in
the back of your mind, and you realize that you have
worked out one more small piece in the giant puzzle of
mankind's history.
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Chemistry and the Development of Nuclear Science
V. E. Viola

Department of Chemistry, Indiana University

Chemists have historically played an important role in the development of nuclear science. Ample
evidence for this is found in Table I, which lists Nobel Prizes in chemistry awarded for studies of
nuclear phenomena and chemists who have won the Bonner Prize in nuclear physics. Among the many
research areas pioneered by nuclear chemists have been the discovery of new elements and exotic
unstable nuclei, the macroscopic behavior of nuclear matter (e.g. nuclear fission), and the nuclear
reactions that power the sun. All of these efforts have stimulated the development of increasingly
powerful and sophisticated particle accelerators. The previous sessions in this symposium have
focussed on the applications of nuclear phenomena to a broad range of problems. The present symposium
will try to give a flavor of central issues of concern in nuclear science today.

l a b k l

Nobel Prizes in Chemistry Awarded for Nuclear Studies

1908

1911

1921

1922

1934

1935

Lord Rutherford

Marie Curie

Frederick Soddy

Frances Aston

Harold Urey

Frederic and Irene Joliot-Curie

1943 George de Hevesy

Investigations of the transmutation
of elements and the chemistry of
radioactive substances.

Discovery of Ra and Po; isolation
of Ra.

Occurrence and nature of isotopes;
chemistry of radioactive
substances.

Spectrographic measurements of
atomic masses.

Discovery of deuterium.

Synthesis of new radioactive
elements.

Use of isotopes as tracers in
chemical research.

1944

1951

1960

1980

1988

Otto Hahn

Glenn Seaborg

Ed McMillan

Willard Libby

Discovery of nuclear fission.

Discovery of and research on
transuranium elements.

14C dating.

Nuclear Phvsics Bonner Prize Winners
(Chemistry Recipients)

R. M. Diamond and
F. S. Stephens

Raymond Davis, Jr.

Collective motions of nuclear
matter.

Measurements of nuclear reac
in the sun; solar neutrinos.



The Synthetic Elements
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Chemistry Department, University of California
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Prior to 1940, the heaviest element known was
uranium, discovered in 1789. Since that time the
elements 93 through 109 have been synthesized and
identified and the elements 43, 61, 85, and 87 which
were missing from the periodic tables of the 1930's have
been discovered. The techniques and problems
involved in these discoveries and the placement of the
transuranium elements in the periodic table will be
discussed. The production and positive identification
of elements heavier than Md (Z=101), which have very
short half-lives and can only be produced an atom-at-
a-time, are very difficult and there have been
controversies concerning their discovery. Some of the
new methods which have been developed and used in
these studies will be described. The prospects for
prod uction of still heavier elements will be considered.

Supported in part by the Director, Office of Energy
Research, Division of Nuclear Physics of the Office of
High Energy Physics under Contract No. DE-AC03-
76SF00098.

The Synthetic Elements

I. Introduction
Our modern concept of a chemical element which

relatesit to proton number (orZ)isof necessity of rather

recent origin because it is related directly to atomic
theory which was only developed in this century.
However, even the ancient Greeks were interested in
the elements of which matter was composed and
Aristotle had even defined four elements from which
everything else could be derived! The development in
1869 of the periodic tables of Mendeleev and Meyer in
which the elements were arranged according to their
atomic weights was invaluable in indicating errors in
existing assignments and in predicting the existence
and properties of undiscovered elements, but there
were certain problems because, for example, argon
with Z=18 has a practical weight heavier than that of
potassium with Z=19. However, Moseley's brilliant
work (1910-14) showed the linear relationship between
the square root of the frequency of a given characteristic
X-ray line of an element and its atomic number. This
allowed placement of elements according to proton
number or Z and showed clearly any missing elements.
In addition, measurement of their characteristic X-ray
spectra provided an unequivocal method of
identification for new elements.

A periodic table from about 1935 is shown in Fig. 1.
The heaviest element known at that time was uranium
which had been discovered in 1789, some 145 years
earlier. You will further note that elements 43,61,85,
and 87 are missing. By comparison with the current
periodic table shown in Fig. 2, you can see that since
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Figure 2. Modern periodic table of the elements. (Atomic numbers of undiscovered elements are shown in parentheses.)

then, those four missing elements plus eleven actinide
elements and six transactinide elements have been
discovered. Except for element 87, francium, whici
was first discovered in 1939 by Marguerite Perey at the
Curie Laboratory in Paris by chemical isolation from
natural uranium ores, all of these are classified as
"synthetic" elements because they were first identified
via transmutationreactionscarriedoutinthelaboratory.
However, minute quantities of all of these elements up
through plutonium (Z=94) have subsequently been
discovered in nature where they are present because of
various nuclear processes which continuously occur.
In addition, the long-lived isotope plutonium-244 has
been found in nature [Hoffman et al., Nature 234.132
(1971)] and may either be a remnant of the last
nucleosynthesis prior to formation of our solar system
or from accretion via a cosmic ray source.

II. Discovery of Elements 43,87,85, and 61

A. Technetium (Z=43)
Element 43, technetium, was the first previously

unknown element to be created by "artificial" means
and unequivocally identified. In fact, the name is
derived from the Greek word meaning artificial. In
1937, Perrier and Segre [C. Perrier and E. Segre, J.
Chem. Phys. 5, 1937], produced, radiochemically
separated, and furnished positive evidence for several
radioactive isotopes of element 43 in the products of
deuteron (hydrogen-2) bombardment of molybdenum

in the cyclotron. Technetium is also a high yield product
of the fission of uranium and, therefore, can now be
obtained in rather large quantities (kilograms) as a by-
product of nuclear fission. It has no known stable
isotopes but its longest known isotope, technetium-99,
has a half-life of more than 200,000 years.

Earlier, it had been extensively sought in nature
and in 1925 Ida Noddack-Tacke, her husband, Walter
Noddack, and O. Berg claimed to have detected its X-
ray spectrum in the same series of experiments
[Naturwiss. 13,567 (1925)] in which they discovered its
homolog, rhenium. They called it masurium, but their
findings were not confirmed by other researchers. In
fact, we now know that extremely minute quantities of
element 43 do actually exist in high-grade natural
uranium ores as a result of the spontaneous fission and
neutron-induced fission of uranium. Consequently,
there has been some recent revival of support for the
Noddack's claim to discovery [P. H. M. Van Assche,
Nud. Phys. A480.205 (1988)], but their sensitivity for
measurement of the claimed X-ray spectrum was
certainly not sufficient nor was the claim sufficiently
well-documented to constitute discovery of element
43. This has been thoroughly discussed by Herrmann
[G. Herrmann, Nucl Phys. A505.352 (1990)].

B. Francium (87)
The next of the missing elements to be discovered

was francium (87) in 1939. It also has no known stable
isotopes and the longest of the known isotopes and the
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one which M. Perey discovered [M. Perey, J. physique
et radium 10,435 (1939)] isFr-223 with a half-lifeof only
22 minutes. As mentioned earlier it is present in nature
because it is a decay product ("daughter") of uranium-
235 which ispresent in natural uranium in an abundance
of about 0.7%. Perey discovered francium, the heaviest
alkali metal, after first isolating its longer-lived parent,
actinium-227 (22 years), from uranium ores. Actimum-
227 decays only about 1% of the time to francium
which, therefore, exists in only rather small quantities
in nature. Other shorter-lived isotopes have been
produced "artificially". The new element was named
francium in honor of France.

C. Astatine (85)
Astatine, the heaviest of the halogens, was first

identified in 1940 by Corson, Mackenzie and Segre
[Phys. Rev. 58,662 (1940)1 atthe University of California
who produced the isotope with mass 211 and a half-life
of 7.5 hours by bombardment of bismuth (83) with
helium (2) ions. Its name is taken from the Greek word
"astatos" which means unstable. Although astatine-218
and 219 are also present in natural uranium ores as
decay products of rare branches, their hal f-li ves of only
2 seconds and 0.9 minutes, respectively, make their
isolation very difficult and they were not initially
discovered in this way. Again, we see that thedistinction
between "synthetic" and "natural" elements is in itself
somewhat artificial!

D. Promethium (61)
Thelast of the missinglighter elements, promcthium

(61), is the only rare earth element that has no stable
isotopes. It does not occur naturally except for the small
amounts resulting from fission of uranium. The first
conclusive chemical proof of its existence was given by
Marinsky et al. {]. A. Marinsky, L. E. Glendenin, and C.
D. Coryell,). Am. Chem. Soc. 69,2781 (1947)]. In 1945,
during research on the wartime Plutonium Project at
Oak Ridge, Tennessee, they chemically isolated isotopes
of mass 147 (2.7 years) and mass 149 (47 hours) from the
fission productsof uranium. Their proposal that element
61 be named promethium after Prometheus who in
Greek mythology is said to have stolen fire from the
gods for the benefit of mankind wasaccepted by IUPAC.
In 1943 other researchers had reported production of
element 61 in proton bombardment of neodymium
(Z=60) and proposed the name "cyclonium", but did
not furnish sufficient proof of atomic number. Still
earlier researchers claimed to have found it in naturally
occurring rare earth ores and proposed the names
illinium and florentium, but these claims were not
subsequently confirmed.

III. Discovery of the Transuranium Elements
This year marks the 50th anniversary of the

discovery in 1940 of neptunium and in 1940 and 1941 of
plutonium, the first transuranium elements. These
were also among the first so-called "synthetic" elements
to be produced and identified. Since 1940, the nine

Table 1A.
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Isotopt

238

239

238

241

242

243

245

253

255

256

• Half Life

4.5xlO»y

2,3d

87.7y

432y

162.8d

4.5h

44m

20.5d

201.h

76m

Decav

a

P"
a

a

a

e.c.

E.C.

a

a

e.c.

Method

Chem.

Chem.

Chem.

Chem.

Chem.

Chem.

Chem.

Chem.

Chem.

Recoil,
Chem.
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Fm-255 (20 hours) were chemically separated from the
debris collected from that explosion and identified by
scientists working at the Los Alamos Scientific
Laboratory, the Radiation Laboratory and Department
of Chemistry of the University of California, Berkeley,
and the Argonne National Laboratory neat Chicago.
Plutonium-244, the longest-lived isotope of plutonium,
was also discovered in that debris. The identification of
fermium-255 indicated that 17 successive neutron
captures had taken place in uranium-238 to make
uranium-255 which then decayed by successive
emission of beta-particles to fermium!

Mendelevium (101) was produced at Berkeley by
irradiation of the highly radioactive target einsteinium-
253 with alpha particles in the cyclotron to produce the
76-minute isotope of mass 256. It was the first element
to be produced and identified on an atom-at-a-time
basis. However, it was still chemically identified using
the reliable technique of elution from a cation exchange
resin column with the complexing agent, ammonium

alpha-hydroxyisobutyrate, which separates individual
actinides and lanthanides on the basis of their ionic
radii. In later experiments larger targets were used and
thousands of atoms of mendelevium were produced
which confirmed the original conclusions made on the
basis of only 17 atoms.

B. Nobelium (102) through Element 109
Studies of elements heavier than 101 againrequired

identification of new elements based on production
and measurement of one-atom-at-a-time,but with even
smaller production rates and shorter hal f-li ves. Heavier
ions, such as isotopes of boron, carbon, nitrogen, and
oxygen were required as projectiles. Thus the
development of thecyclotronand heavy ion accelerators
and the availability of exoticactinide targets such as Es-
253,Cf-249, Cm-246, and Cm-248 in the U. S. accelera ted
the pace of these discoveries. A summary of the
discovery of these elements is given in Table IB.

Table IB. Discovery of Transuranium Isotopes: B. Nobelium through

Z Symbol

102 No

103 Lr

104 Rf

Ku?

—

105 Ha

Ns?

106 Unh
(Unnilhexium)

107 Uns

(Unnilseptium)

108 Uno
(Unniloctium)

109 Une
(Unnilennium)

Date

1958

1971

1961

1969

1973

1964

1976

1970

1975

1968

1974

1974

1976

1981

1983

1982

Source

»Cm("C,4n)
[HILAC, LBL]

»<:f(»C,a2n)

«<:f('°-»B,n)
[HILAC, LBL]

»<:f(«C,4n)
[ORNL]

MPu(aNe,4n)

wCm("O,4n)
[Cyclotron, Dubna]

»Cf(*N,4n) [LBL]

Same [ORNL]
MJAm(BNe,4n)
[Cyclotron, Dubna]

™Pb(*Cr,3n)
[Cyclotron, Dubna]

»«Cf("O,4n)
[LBL-LLL]
OTBi«:r,2n) [Dubna]

*»BiK:r,n) (GSI)

»Pb(»Fe,n) (GSI)

»Bi(»Fe,n) [GSI]

Isotope

254

255

258,259

257,259

257

260?

260?

260

260

260,261?

259

263

261

262

265

266

Half Life

lm

3m

4.2s, 5.4s

4.5s, 3s

4.5s

300ms

80ms

1.6s

1.5s

0.01-3S

=7ms

0.9s

=2ms

4.7ms

ms

3 ms

Element 109

Decay Method

a

a

a

a

a

SF

SF

a

a

a

SF

a

SF,a

a

a

a

a-ID

a-X Coinc.

EK, cross bomb.

a-ID

a-X coinc.

Ex, cross bomb.

a-ID

a-X coinc.

9.4-9.7MeV

Ex, cross bomb.

a-ID

E^ cross bomb.

SHIP, a-ID

SHIP, a-ID

SHIP, a-ID
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remaining actinides (the last being element 103,
lawrencium) and six transactinide elements,
rutherfordium (104) through element 109 (as yet
unnamed) have been synthesized and identified. None
of these elements has a stable isotope although
neplunium-237 (2.1 x 107 years), plutonium-244 (8.2 x
107 years), and curium-248 (1.6 x W years) are very
long-lived.

A. Neptunium (93) through Mendelevium (101)
Between 1940 and 1955, during what might be

called the "golden age of discovery", 9 new elements,
neptunium through mendelevium, were produced and
identified. These were all produced either by neutron
or alpha bombardment and were identified with very
littlecontroversy, perhaps because their half-lives were
long enough to permit chemical separation and
identification. Table IA gives the year of discovery,
production reaction, isotope produced, half-life, decay
mode, and method of identification for these elements.

Element 93 was discovered by McMillan and
Abelson at the University of California, Berkeley in the
Spring of 1940. Element 94 was produced soon after
and chemical proof that a new element had been made
was obtained in February, 1941. This work, dated
March 7,1941, was published much later due to self-
imposed secrecy because of the potential military
appliea tions, by Seaborg, McMillan, Wahl, and Kennedy
[Phys. Rev., 69,367 (1946)]. The names neptunium and

plutonium were selected for elements 93 and 94 after
the planets Neptune and Pluto which are beyond the
planet Uranus for which uranium was named.

Americium (95) and curium (96) were discovered
by Ghiorso, James, Morgan, and Seaborg at the
Metallurgical Laboratory in Chicago during World
War Hand announced by Prof. Seaborg on the November
11,1945 radio program, "The Quiz Kids"! An article by
Prof. Seaborg [J. Chem. Ed. 62, 463 (1985)] gives a
fascinating historical account of these discoveries and
the actinide series, proposed by him in 1945, as a new
heavy rare earth series with actinium as the prototype.
The names americium after America and curium after
Pierre and Marie Curie were proposed for elements 95
and 96 by analogy to their rare earth homologs, which
had been named europium after Europe, and
gadolinium after J. Gadolin, the Finnish rare earth
chemist.

Berkelium (97) and californium (98) were
discovered shortly after World War II by Professor
Seaborg's group which had returned to the University
of California, Berkeley from the Chicago Metallurgical
Laboratory. A chart of tb? known isotopes of the
transamericium isotopes is shown in Fig. 3.

The next two elements, einsteinium (99) and
fermium (100) were unexpectedly produced in the test
of the first thermonuclear device, Mike, which took
place in the Eniwetok Atoll in the South Pacific on
November 1,1952. The isotopes Es-253 (20 days) and
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The necessity for identifying these elements based
on a very few atoms, often with very short half-lives,
and without chemical identification has caused a re-
examination of what the criteria for discovery of a new
element should be. You are probably aware of the
controversies associated with the discovery of many of
these elements. One of the most difficult problems
arises when the first discovered isotope of a new element
decays only by spontaneous fission. Then the Z and A
of the fissioning nucleus are effectively destroyed and
there is no simple way of relating products to parent as
in the case of beta or alpha decay to a known daughter
or granddaughter. For example, in the latter case, one
simply adds back in the Z and A of the alpha particle,
i.e., Z=2, A=4 to the Z and A of the detected known
daughter isotope.

Criteria for discovery of a new element were
proposed in an article in Science in 1976 written by an
international group of scientists. They also suggested
that names for new elements not be proposed until the
d iscovery has been confirmed by an independent group.
A summary of the criteria from this paper is given in
Fig. 4. Even some of the classical chemical methods
have run in to difficulty when they have been applied.
For example, in the case of element 102, although
chemistry was performed by an international group
working at the Nobel Institute in Stockholm, the
chemistry was not definitive enough to exclude non-
actinide elements and the observed 10-minute activity
may actually have been due to Pb-213, which eiuted
prior to the actinides. The first actual identification of
102 was of the isotope 254 (1 minute) produced by
bombardment of curium-246 with carbon-12 ions and
identified by the alpha daughter correlation technique
in which a known daughter, Fm-250 (1 minute) was
identified. This was the first element to be initially
identified in a heavy ion bombardment. The name
nobelium wasallowed to stand even though the original
claim to discovery was erroneous.

A basic difference in approach between American
and Russian scientists has been the primary cause of
many of the controversies that have arisen concerning
priori ry of discovery, particularly in the case of elements
104 and 105. The American group at Berkeley has
typically used the alpha-genetic relationship method
utilizing rather complex instrumentation. The Russian
group at Dubna has chosen to rely on detection of
spontaneous fission, half-life measurements, cross
bombardments, and systematics. Positive identification
of a new element based only on detection of fissions
and half-life and systematics is extremely uncertain.

The discovery of element 106 was reported by an
LBL-LLL group in 1974 from the bombardment of
caJifornium-249 with oxygen-18 ions. The 0.8-sec 106-
263 was identified by its alpha decay to the known
daughter 3-sec 104-259 and granddaughter nobelium-
255. About the same time the Dubna group reported

CRITERIA

By definition a new element = a new Z (or proton
number)

1. Proof must be shown that the Z of the new
element is different from that of any
previously known element. In general, this
means that Z must be identified by some
technique — the more closely the
identification technique is linked to Z, the
more definitive it is. (Mass number is not
necessarily required, unless related directly
to the method used.)

2. The discovery must be communicated to the
scientific community and published with
sufficient detail and supporting data to
permit critical evaluation and verification by
other scientists.

3. Mere first observation of an activity (or
element) without proof of its atomic number
has not historically been considered sufficient
to constitute discovery.

4. Confirmation.

Figure 4. Criteria for discovery of new elements from
Harvey et al., Science 122,1271, (1976).

the discovery of a 4 to 10 ms fission activity in
bombardmentsoflead-207,208 with chromium-54 ions.

A1.2-ms spontaneous fission activity attributed to
107-261 was reported by Oganessian et al. in 1976.
Again, the same difficulties with identification occur.
However, the development of new "on-line" techniques
at the Heavy Ion Accelerator in Darmstadt, West
Germany has permitted Munzenberg et al. to identify
isotopes of elements 107,108, and 109 having half-lives
of only a few-thousandths of a second by the alpha
genetic relationship technique. They could not find the
spontaneous fission activity reported by Oganessian.
Munzenberg et al. used similar techniques to identify
elements 108 and 109. The original claim to the discovery
of element 109 was based on the observation of the
decay chain from only a single atom of element 109!
However, a second experiment was conducted in 1988
in which two more time-correlated decays similar to the
first event were detected, lending additional support to
their claim for discovery of element 109. In accordance
with the suggestion made in the criteria paper names
have not yet been proposed for elements 106 and heavier.

Oganessian and co-workers in 1986 and 1987
reported evidence for discovery of element 110 based
on detection of two spontaneously fissioning species
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Figure 5. Schematic drawing of the limits of nuclear stability.

with half-lives of the order of a thousandth to a
hundredth of a second. These were observed inreactions
of calcium-44 ions with thorium-232 and argon-40 ions
with uranium 235 and 236, but the evidence does not
meet the criteria for the discovery of a new chemical
element.

In summary then, there is now good evidence for
the discovery of elements through 109. However,
elements 106 through 109 still await confirmation by
other groups.

IV. Future
Although theoretical calculations have predicted

the existence of an island of relatively stable superhea vy
elements in the region of 114 protons and 184 neutrons
(see Fig. 5), numerous searches in nature and in
accelerator bombardments of curium-248 with a wide
variety of heavy ions have so far proved fruitless.
Recent calculations indicate that the half-lives of these
elements are probably too short for them to exist in
nature, but attempts to produce them at accelerators
arestillbeingproposed. Extra stabilityisalsopredicted
around l lOto l l l protons for neutron numbers of 162-
164 and this region might be reached in bombardments
of stable lead or bismuth targets with nickel or cobalt
ions, or radioactive targets such as einsteinium or
californium with sodium or magnesium ions.
Einsteinium-254 plus calcium-48 might also permit
reaching the region of the superheavy elements. As

new techniques are developed for providing ever more
exotic beams and targets it seems likely that six to ten
new elements may ultimately be produced.
Notes:

Review paper by G. T. Seaborg, "Nuclear Synthesis
and Identification of New Elements," /. Chem. Ed. 62,
392 (1985). It gives definitions and explanations of
many of the terms, decay processes, and experimental
methods used in this field of research and in nuclear
chemistry and nuclear reactions in general.

Review definitions of;
Isotope
Isobar
Atomic number
Neutron
Proton
Actinide
Lanthanide
Transactinide
Transuranium element
Half-life
Alpha particle & decay
Beta particle & decay
Natural decay chain
"daughter"
spontaneous fission
neutron-induced fission



NUCLEAR CHEMISTRY AND COSMOLOGY
Richard L. Hahn

Brookhaven National Laboratory
Upton, NY 11955

I. INTRODUCTION

What is Cosmology?
Cosmology is the study of the development of the

universe, from its very "beginnings" to the present and
into the future.

We try to gain an understanding of what has
happened far from us, in space and in time, in terms of
what we have learned in our development of science on
Earth. Thus, we assume that the ideas of (mainly)
physics and chemistry that we know to be valid "in the
vicinity of the Earth, over the past few hundred years"
—as expressed in the equa tions that we have developed
to describe nature and the values we have obtained for
the "fundamental constants"— are also valid at all
times and all places throughout the universe.

Cosmology draws on resul ts from a wide variety of
scientific fields, such as astrophysics, astronomy, nuclear
physics and chemistry, elementary particle physics,
etc. This information has been used to develop scenarios,
called "models," thathavebeensuccessfulindescribing
and explaining what is happening and what has
happened in the universe, over a time scale of 15 billion
(15x10') years!

Nuclear Processes: the Key to the Universe.
Our knowledge of the characteristics of stars, such

as their size, mass, age and luminosity (energy release),
makes it clear that chemical reactions and other
"ordinary" forms of energy cannot provide adequate
power to the stars over their long lifetimes. Only the
huge energy ou tpu t from nuclear processes is sufficient
for this purpose. This realization is one of the keystones
of cosmology, and provides the reason that nuclear
chemists are prominently involved in this field.

My main theme in this talk will be our observation
of neutrinos as a probe of the nuclear reactions that
occur in the sun. To put the discussion in perspective,
I will spend some time discussing the beginnings of the
universe and how we think stars are powered.

Energy: Nuclear vs. Chemical.
What are the energies that characterize nuclear, in

contrast to chemical, reactions? Nuclear reactions
generally occur at million-electron-volt energies, mega-
eV or MeV. A nuclear reaction that releases 1 MeV per
nucleus releases 20billionor2xlQ"' calories per gram-
atom (or mole, which contains 6 x 1023 nuclei), whereas
a more familiar source of energy, the chemical reaction
in which carbon burns in oxygen, C + O2 —> CO2,
releases "only" 94 thousand (kilo) calories per mole or

4.1 eV per atom of carbon. Typical energy outputs of
nuclear processes are 105 to 106 times larger than those
in chemical reactions.

II. SOME BASIC CONSIDERATIONS.
Energies and Temperatures.

We will be discussing energy production in the
universe. To do so, we will want to relate temperature
(T, in degrees K) to energy (E) via the equation, E = kT,
where k, called Boltzmann's constant, has the value
8.63 x 10'5 electron volts (eV) per degree. Thus,
1 eV = 12,000 K (to two significant figures).

What is the significance of this result for
cosmology? We must realize that different processes
occur in different energy and temperature regimes. For
example:

At energies of a few MeV, where! MeV corresponds
to a temperature of 12 billion degrees (12 x 109 K), nuclei
can readily combine in "fusion" reactions because their
energies aregreaterthan theelectrical repulsion between
the positively charged nuclei (called the "Coulomb
barrier"). On the other hand, oneof the first products of
nuclear fusion, the deuteron (d) is unstable at energies
above 2.2 MeV. Above this "binding energy," d, which
is the isotope of hydrogen with mass 2 (also written as
2H)/ breaks apart into a proton and a neutron,

d —> p + n.

At lower temperatures, around 12xlO6K, or 1 kilo-
eV (keV), nuclear reactions can still occur in light
elements, but relatively slowly. And, because the
binding energies of the orbital electrons in light atoms
are low, e.g., 14 and 25 eV respectively in hydrogen and
helium, these elements are fully ionized at these
temperatures. Note that the temperature at the center
of the sun is just in this range, 14 million K, and
decreases to about 6,000 K at the surface. The central
temperature is still high enough for nuclear reactions to
occur.

At much lower temperatures, the energies are just
too low for nuclear reactions. "Chemistry" can begin at
temperatures around 12,000 K. or 1 eV, with nuclei of
light elements forming atoms by the addition of orbital
electrons.

III. THE BIG BANG SCENARIO.
"In The Beginning..."

The so-called standard model considers that the
universe had a "beginning" in which all of the available
energy was confined to a small region of space, at
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extremely high density and temperature. This energy
was released in an "explosion," the Big Bang, which
caused the universe to expand rapidly.

If we think of the early universe as being
analogous to an expanding gas, we can understand
what happened. Expansion of the gas caused it to cool,
with a resultant decrease in temperature. However,
at certain temperatures, "changes of state" occurred;
just as a cooling gas reaches a characteristic
temperature where the gas condenses to a liquid, so
the temperature of the cooling universe reached a
value where a particular elementary particle could be
formed (remember the conversion of energy to mass
via E = me2).

In the model, after about 1 second had elapsed
since "time zero" of the Big Bang, the following particles
had already "frozen out": photons; "leptons," namely
electronsandpositrons(theanriparticleoftheelectron),
and neutrinos and antineutrinos; and "nueleons" with
atomic mass of one, namely protons ('H, with atomic
number Z = 1 and atomic mass A = 1) and neutrons. The
temperature by this time had cooled to some 1010 K, or
MeV, which was still too hot for the effective formation
of the deuteron, 2H, from 1H + n.

Then, as the universe continued to expand rapidly,
a temperature was reached, in the 10* K range or
hundreds of keV, where finally, 2H could be formed and
survi ve. A sequence of exoergic nuclear fusion reactions
could then occur, such as 2H + n -> 3H and ^ + 'H -> 4He
(Z = 2); or 2H + 'H -> 3He and 3He + n -> 4He; followed by
3He + 4He -> 7Be (Z=4) and 7Be + e -> 'Li (Z=3) + neutrino
(an electron-capture process). Stable nuclei heavier
than Li (i.e., with Z > 3 or A > 7) are not formed, because
the intermediate nuclei needed in the reaction sequence,
with mass numbers of 5 and 8, are extremely unstable
and don't last long enough to react any further.

The probabilities for these different reactions to
occur can be measured by scientists in nuclear physics
experiments. Incorporated into the Big Bang model,
they are used to predict the relative importance of the
different reaction paths, and the abundances of their
end products in the universe.

We see that nuclei, with atomic numbers up to 4,
were formed in these fusion reactions that began with
1H + n. However, in the model, as the uni verse continued
to expand and cool, lower temperatures were attained
where the nuclear processes could no longer o rur .
Element production ceased about three minutes after
the Big Bang. Any free neutrons that remained then
decayed withahalf-lifeof 10.4 minutes, via the reaction
n —> p + e" +V, the antineutrino (pronounced "nu-bar").
These residual neutrons were all converted to 'H.

So the universe, at the end of this period of
"primordial nucleosynthesis," was composed of mainly
the elements hydrogen and helium, in particular 'H and
4He. Formation of heavier elements would have to wait
for other processes to occur.

Before we discuss some of these further
developments, let's pause to see what evidence exists in
support of the Big Bang model. After all, science is
based on experimental data. If theory does not fit the
facts, then theory has to be changed.

Data In Support of the Big Bang.
Several key observations [and their interpretations]

led to the development of the Big Bang scenario.
• Wavelengths of emission spectra from galaxies are
shifted "to the red." [These observed shifts, which are
similar to the well-known Doppler shift that alters the
frequency of emitted sound waves from a moving
object, indicate that the galaxies are receding from us,
and that the farther the galaxy, the faster it is moving.
The universe is expanding from a common source: the
rapid expansion tells us that the universe was once
much hotter than it is today; also, the distances to the
farthest galaxies allow us to estimate the age of the
universe as 15 x 109 years.]
• Thereisa uniformbackground of thermal radiation
(energy) in space, equivalent to an ambient temperature
of 2.8 K. [This temperature is taken to be the remnant
of energy that remains today from the initial Big Bang.]
• Hydrogen and helium account for about 98% of all
of the chemical elements in the universe, with a ratio of
*He to 'H of 7.7%. [These elements were the earliest
ones that were formed. Their abundances can be
predicted by the model.]
• The concentration of 4He is uniform throughout the
universe. [This uniformity implies that the helium was
produced in a short period of time, in a relatively small
region of space. Otherwise, we would expect the
concentration of helium to vary considerably in stars of
different ages.]

IV. WHAT NEXT?
Nuclear Processes in Stars.

We have already learned two key points about our
universe:

1) Nuclear reactions provide the mechanisms to
produce the chemical elements, starting with the
"building blocks" provided by the Big Bang. 2) These
same nuclear reactions release energy, at least in the
lightest elements. How economical! Nuclear processes
"kill two birds with one stone."

However, the model requires that nuclear reactions
stopped shortly after the Big Bang, because the
expanding uni verse had become too cold. Sc, how were
elements heavier than helium ever produced?

The conventional wisdom is that the "spark" that
reignited these reactions was provided by the force of
gravity, which led to the buildup of large local
concentrations of ma tter at various points i n space. The
"seeds" for these concentrations, which were to develop
into stars and galaxies, were probably just the result of
random fluctuations in the density of the matter in the
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expanding universe. Putting more matter into a given
volume of space is equivalent to a compression. Just as
an expanding gas cools, so a compressed gas heats up.
Compression due to gravity thus provides a mechanism
for reheating these regions of localized matter.

Eventually, temperatures around 107 K, or keV
energies, are reached in the cores of stars, where nuclear
reactions can again begin with hydrogen. However,
the sequence of reactions, in which hydrogen fuses to
form helium and release energy in the keV range, is
very different from the sequence described earlier,
which took place under much hotter conditions, around
1 MeV. As we will see, these differences are extremely
important for the subsequent development of the
universe.

At these keV energies, 2H is stable, but no free
neutrons are available to react with protons to form 2H.
Instead, a very different route must be followed: two
protons must fuse in a reaction that converts a proton
into a neutron,

lH + *H -> 2H + positron + v (neutrino).

This "pp reaction" is a form of beta decay, which is
controlled by the "weak" nuclear force. The rate of this
reaction is extremely slow. It has been estimated that,
in the center of the sun, the characteristic time for the
fusion of two protons to form a deuteron is about 101"
years! The low energies at which these fusion reactions
occur and their very low rates ensure that stars live for
billions of years. At higher temperatures, stars consume
their nuclear fuel much faster.

The sequence of reactions that begins with this
fusion of two protons is called "hydrogen burning." It
provides the major pathway for energy production in
main sequence stars, such as our sun. The reaction
chain continues with 2H + 'H -> 3He, and then 2(3He) ->
4He + 2(1H). Note the absence of any reactions involving
free neutrons. The overall reaction is

4('H) -> 4He + 2 positron + 2 v,

in which 26.7 MeV are released. Thisenergy is produced
at the star's core and radiated away at the surface. A
balance is struck in the star between the expansion d ue
to nuclear energy production and the compression due
to gravity. The star's structure is stabilized by these
competing forces, so long as its supply of hydrogen fuel
lasts.

We have finally arrived at the point where we can
talk about the detection of neutrinos from the sun!

What about Elements Heavier than Helium?
But first, let's say a few words about the formation

of the rest of the chemical elements. I won't have time
to go into much detail, and instead I refer you to the
article by Professor Vic Viola that will soon appear in

the Journal of Chemical Education. The main point is
that all of the chemical elements are formed in nuclear
processes, most of which occur under conditions of
high temperature and high density in stars.

To produce elements heavier than helium in any
significant amounts requires higher temperatures and
densities than occur in main sequence stars. For
example, helium can "burn" in large stars called red
giants, producing elements such as 12C and "O. These
nuclei can then combine to form even heavier products.

An interesting point here is that a variety of nuclear
reactions that release energy can continue to occur,
until the isotope *Fe is reached. Becau •" (as we will see
shortly) this nuclide is the most stableisotope in nature,
it is not possible to add any particles to aFe without
providing er.ergy as well (endoergic reactions). A
major change occurs at this isotope; new types of nuclear
processes must be "turned on" to produce the elements
above iron. Some of these processes have to occur at
extremely high temperatures and densities, such as
those that occur in catastrophic supernovae explosions.
The Viola article discusses these items in detail.

Understanding Elemental Abundances.
Without delving any deeper into the ways that

these nuclear reactions occur, we can get some general
understanding of what happens by looking at the end
products of these nuclear processes, the chemical
elements that exist in our solar system. Data on the
abundances of the elements are shown in Figures 1 and
2, which were kindly provided by Professor Viola. A
few trends are readily apparent.

Figure 1 shows the abundances of the elements
plotted vs. atomic number up to Z = 30. After the very
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Figure 1. Relative abundances of the lighter
chemical elements in the solar system,
plotted vs. atomic number (figure was
provided by V. Viola).
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Figure 2. Abundances of the chemical elements in the solar system, plotted vs. atomic mass. Vertical scale is defined
with silicon set at 106 atoms (figure was provided by V. Viola).

low results for Li, Be and B (Z from 3 to 5), the abundances
from C to Ca (Z = 6 to 20) show a regular decrease, on
which is superimposed a pronounced saw-tooth
pattern, with the even-Z elements being higher than
their odd-Z neighbors. The fact that the abundances
then rise to a peak at *Fe (Z = 26) attests to the enhanced
stability of this isotope.

Figure 2 shows the abundance data for the elements
up to Bi (Z = 83), plotted vs. mass number to A = 210.
Again, we see the regular decrease from A = 12, carbon,
to the vicinity of A = 40, Ca and Sc, followed by the rise
to mass 56, Fe. Then there is another smooth fall-off,
out to the heaviest elements, with some localized peak
structures apparent.

We can understand these trends, and even
reproduce them in detail wi th our modelsof the reactions
that occur in stars. These trends simply reflect the rules
that science has uncovered about nuclei, about their
reactions (nuclear dynamics) and theirrelative stabilities
(nuclear structure).

The major characteristic of the data in Figure 2 is the
general decrease in elemental abundance wj|h
increasing mass. This trend is a consequence of thV
nuclear reactions involved in elemental synthesisA
Unusual stellar conditions, such as higher temperatures,
are required to produce elements much heavier than
helium, and different types of nuclear reactions come

into play as the energies go higher. In general, the
reaction probabilities (called cross-sections) decrease,
along with the numbers of available nuclei that can
participate in a particular reaction, so it becomes
increasingly difficulttoproduceever heavier elements.

Properties that depend on the rules of nuclear
stability are also evident in Figures 1 and 2. I will
enumerate these rules below, but you can verify them
yourself, simply by noting the known abundances of
the stable isotopes of the elements, such as those listed
in the chart of the nuclides, a small portion of which is
shown in Figure 3.

Elements with even Z (atomic number) have many
more stable isotopes than elements with odd Z. "Even-
even" isotopes, which have even Z and even numbers
of neutrons, N, and thus have even mass numbers. A,
are more abundant than "even-odd" isotopes of the
same Z (which have odd A). Stable isotopes of odd-Z
elements usually have even N ("odd-even" nuclides); in
fact, many odd-Zelements ha veonlyonestable isotope.
Stable "odd-odd" isotopesare rare. Thesecharacteristics
account for the saw-tooth patterns, from even to odd Z
and A, respectively shown in Figures 1 and 2.

In addition to these regularities, we know that
certain regions of nuclei have enhanced stability; there
are "closed shells" in nuclei just as there are in the
electron orbitals in atoms. So-called "magic numbers"
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identify these shell closures in nuclei, at Z and also N
values of 2,8,20,28,50 and 82, and at N = 126. These
stable regions are apparent in Figure 2, for example, in
the peaks around A=56,130 and 208, which correspond,
respectively, to isotopes around Fe and Ni (region of Z
= 28 and N = 28); around Sn (Z = 50 and A = 82); and
around Pb and Bi (Z = 82 and N = 126).

V. NEUTRINOS AS PROBES OF THE STARS.
Neutrino Production.

As we have said, an important property of hydrogen
burning, which accounts for energy production in our
sun and other main sequence stars, is the emission of
neutrinos. However, as we see in Table 1, where all of
the pertinent reactions are listed, the pp reaction that
we discussed does not account for all of the neutrinos
produced in the sun. Other reactions are involved,
which lead in part to 'Be and «B. Figure 4 shows the
calculated energy spectra of the different neutrino
groups that are produced in the sun; intensities are
given on the left-hand vertical scale. Note that more

than 10" pp neutrinos arrive at the Earth's surface per
cm3 per second per MeV.

Why Are We So Interested in Neutrinos?
Neutrinos are very unusual particles. They have

essentially zero mass, and travel at the speed of light.
They interact only via the weak nuclear force, so their
probabilities of interacting with other forms of matter
are extremely small. Whereas the cross-sections ,S, for
strong nuclear processes are about 10"25 cm2 (think of
this number as an effective "size" or area of the nucleus),
the cross-sections for neutrino interactions are much
smaller, 10~" cm2 or less. Because they are so extremely
difficult to observe, neutrinos have been called "elusive,"
or "evanescent." Typical cross-section curves for
neutrinos are also shown in Figure 4, for interactions
with two different target atoms, ^Cl and ''Ga (right-
hand vertical scale). More about these targets later.

These properties offer us a distinct advantage in
studying the sun. Remember that hydrogen burning,
the reactions listed in Table 1, takes place at the sun's
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Figure 4. Neutrino energy spectra for solar hydrogen
burning calculated with the standard solar
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Table 1.
Neutrino Production in the Sun (Standard Solar Model)

p-p Cycle.

Reaction.
p_ + g—> d + e* + v.
p_ + e" + p_—»d + v.
d + p -»3He + gamma ray

3He + 3He ~»4He + p + p
3He + *He -» 7Be + gamma

7Be + e' - • 7Li +Y.
T-i + p —> 4He + 4He

7Be + p -> *B + gamma
8B -> 'Be + e* +y.

3He + p -> 4He + e* + y

Branch.
99.75% (p)
0.25% (p)
100% (d)

85% (3He)
15% (3He)

99.98% (7Be)

0.02% (7Be)

2 x 10"s% (3He)

V Tvpe/Energy (MeV)
"pp": maximum = 0.42
"pep": 1.44

" W : 0.38 and 0.86

""B": maximum = 18.8

"hep": maximum = 18.8

core. Because of the high density of matter in the sun's
i n terior, all of the products of these reactions, except the
neutrinos.areeffectively confined to thatregionbecause
they undergo further interactions. The neutrinos can
easily escape. Those that arrive at the Earth carry
information about the nuclear processes that occur at
the solar center. Thus, they can tell us how accurate are
our theories of energy production in the sun and other
stars.

How to Observe Neutrinos?
If neutrinos can escape the sun so easily, how can

we expect to "see" them when they arrive in our
laboratories? Well, their interaction cross-sections are
very small but are not zero, so we can compensate for
the small interaction probability by usinga hugeamount
of detector material. To understand this statement, let's
consider what happens when a neutrino interacts with
a "detector." For the time being, we'll consider the
interaction to be some vague form of "collision": the
neutrino arrives, "hits" an atom in the detector, and
causes some effect that we can observe. How can we
describe this process in a general way?

We can think of a collision between a projectile and
a target atom as depending on three key quantities: the
number of projectiles that arrive per unit time (I), the
number of target atoms present in the detector (N), and
the cross-section for the collision to occur (S). If we
choose our units such that I = neutrinos per second per
cm2, N = total number of target atoms, and S = cm2, we
find that the rate of collisions per second, R, is simply

R = I x N x S .

So what can we expect if we try to observe neutrinos?
Let's take an example from Figure4. At about 0.3 Mev,
l = 10nvpercm2persec,andS=104Scm2for7lGa. If we
want R to be about 1 interaction per second, then N
must = 10* atoms of "Ga. Since 6 x 1023 atoms of this
isotope have a mass of 71 grams, N = 1.2 x 10" grams,
or (since 1 ton = 1 thousand kilograms) 1.2 million
metric tons! This quantity is enormous, especially since
the world'sannual production of gallium in thechemical
industry is about 30 metric tons. What if we cut our
expectations back to a more modest level, say R = 1 per
day? Then N becomes 1.2 x 10* tons/86,400 seconds in
a day, or 14 tons, still a huge amount, but manageable.

We have learned two important facts from these
considerations: The amount of target required is huge,
no matter what we do, and the expected event rate is
very low, 1 per day.

Radiochemistry to the Rescue.
Now let's talk about how we can know that a

neutrino has actually interacted with an atom in the
detector. Table 1 shows us that each type of reaction in
which a neutrino is produced in the sun isa form of beta
decay: either a positron, e*, is emitted, or an electron,
e", is captured by the nucleus. Because of this
relationship, the neutrinos emitted in these reactions
are called "electron neutrinos" (there are two other
types of neutrinos: one that is associated with the
muon, and the second, with the tau particle). The
electron neutrinoshavean interestingproperty. Because
they are emitted by nuclei in beta decay, they can also
be captured by nuclei, initiatingan "inverse beta decay."

For example, a radioactive nucleus with mass A,
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atomic number 2 and neutron number N, can change
one of its protons to a neutron in a decay process.
by emitting a positron,

A(Z/N) -»A(Z - 1 , N + 1) + e* + v,
or by capturing an electron,

A(Z,N) + e" -> A(Z - 1 , N + 1) + v.
In some instances, the product nucleus, A(Z - 1,N + 1)
is stable (not radioactive). In inverse beta decay , the
neutrino is captured, A(Z-1,N +1) +v -» A(Z,N) +e\ The
target can be stable, and the product is radioactive.

So we have a handle on detecting the interaction of
a neutrino. "All we have to do" is detect the presence of
the radioactive product, A(Z,N), in the stable target.
No easy task when you remember that 1 radioactive
atom per day is being produced in 1.2 x IP*9 target
atoms! The solution to this problem depends on
chemistry. Because the product and the target have
difterent atomic numbers, they have different chemical
properties. As nuclear/radiochemists, we can devise
specific, sensitive separations to isolate the small
number of radioactive product atoms from the target,
and can then detect them by observing their decay
properties.

VI. "THE SOLAR NEUTRINO PUZZLE."
The VC\ Neutrino Detector.

Over twenty yearsago, Dr. Ray Davisand colleagues
at the Brookhaven National Laboratory built a
radiochemical detector for solar neutrinos. They used
^Cl as the detector. When ^Gcaptures a neutrino, it is
transformed into radioactive ^Ar. The target used was
100,000 gallons (600 tons) of CjCI4, perchloroethyiene,
the organic liquid that used in dry-cleaning
establishments; the natural abundance of the isotope,
^Cl, in chlorine is 24%. To minimize backgrounds, the
tank containing the Cl target was placed deep
underground, in the Homestake gold mine in Lead,
South Dakota. The 5,000 feet of rock above the detector
served as a shield, to block out cosmic rays, reduce the
levels of naturally occurring radioactivity such as U
and Th, etc., but did not cut out any of the neutrinos.

Because Ar is a noble gas, the radioactive product
can be easily removed from the liquid target in a stream
of gas, and the decay of the yAr can then be detected in
a low-level, gas-filled proportional counter. Davis'
experiment hasbeen running for more than two decades.
Hisexperimental result, averaged over that time period,
for the neutrino-induced production of 37Ar is2.1 SNU,
where one Solar Neutrino Unit equals 10"36 neutrino
captures per target atom per second. The "problem"
with this result is that the standard solar model predicts
a value of 7.9 SNU. The discrepancy between the
experiment and the theory is a factor of 4, well beyond
the statistical errors in either number. These missing
neutrinos have come to be known as "The Solar
Neutrino Puzzle."

How to Explain the Discrepancy?
The result from the ''Cl is a measurement of the

quantity R = I x N x S. What might be the cause of the
discrepancy?

First of all, is the measured value, R, correct? The
consensus has developed in the scientific community
that Davis' experimental result is trustworthy. No
serious experimental errors exist that would explain
away the discrepancy.

N is known accurately since it depends only on the
weight and composition of the target material. What
about S? It is thought that thecross-sections for neutrino
capture in ̂ Cl, which come from experimental data on
the radioactive decay of " Ar and from nuclear reaction
studies, are known accurately enough.

The only questionable quantity remaining is I, the
flux of neutrinos arriving from the sun. A few intriguing
possibilities remain.

One is that perhaps we don't know the sun and its
nuclear processes as well as we think we do. For
example, if you look at the cross-section vs. energy
curve for ^Cl in figure 4, you'll see that it goes to zero at
814 keV; this is the "threshold" of the ^Cl detector for
neutrinos. So, ̂ Cl is primarily sensitive (76%) to the "8B"
neutrinos from the sun. Notice that the neutrinos from
this branch have the lowest intensities and very high
energies. As a result, their production rate in the sun is
very sensitive to the value of the sun's central
temperature, as well as to other properties of the solar
core. However, theoretical models that have taken
variations of these parameters into account have as yet
been unable to explain the discrepancy.

Another very exciting possibility is that the sun is
behaving "properly," but that the neutrino is "doing
wild and wonderful things." Perhaps the "correct"
number of neutrinos is being manufactured in the sun,
but some of them are being "waylaid" on their trip to the
Earth. I'll have more to say about this possibility at the
end.

''Ga. A New Kind of Neutrino Detector.
If you wanted to verify Davis' result, you might

think of repeating his experiment, and possibly
increasing the sensitivity by greatly increasing the
amountofClused. However,amoreattractiveapproach
is to create a new kind of neutrino detector, with
properties tha t are different from the Cl detector, so you
can approach the neutrino problem "from a new angle."

Several schemes for new radiochemical neutrino
detectors have been devised, but most have never left
the drawing board. One that has is the ^Ga detector.
Figure 4 shows the advantage of this detector: note that
the cross-section curve for 7IGa goes all the way down
to a threshold of 233 keV, much below that of 37C1. So
''Ga is sensitive to all of the different solar neutrino
branches, includinga large contribution (55%) from the
primary "pp" branch. Thus, the result from a 71Ga
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detector should be fairly insensitive to conditionsat the
solar core, a great advantage in the experiment.

Because of its low threshold, the predicted capture
rate in ''Ga is 133 SNU, much larger than for ^Cl. So an
event rate of 1 per day can be obtained with only 30 tons
of gallium (a good thing since 30 tons of Ga cost 15
million dollars!).

When ̂ Ga captures a neutrino, it forms radioactive
"Ge. It so happens that Ge forms a volatile chloride,
GeCl4, so that the "Ge can be swept out of the Ga target
in a stream of gas, analogously to what is done in
removing rAr from CI. Ge also forms a gaseous hydride,
GeH4, that is quite suitable for gas-proportional
counting. In many ways, the Ga experiment is similar
to the Cl one. The important difference is that a very
different range of neutrino energies can be probed wi th
Ga, all the way down to the all-important pp branch,
which starts the hydrogen burning chain in the sun.

At present, not one but two "Ga detectors are
beginning operation. The two experiments are similar
in many ways, but they d iffer in some significant aspects
of their radiochemistry. One detector, which employs
an aqueous solution of GaCl3 + HO, is nearing
completion in a runnel under the Appennine Mountains
in Italy, at the Gran Sasso National Laboratory. My
group at Brookhaven National Lab is a participant in
this experiment; it is called G ALLEX, a consortium of 11
laboratories, mainly in Europe. The other experiment,
which uses Ga metal, a liquid at 30°C, has started to
operate in a tunnel under the Caucasus Mountains in
the Soviet Union. The experiment is called SAGE, a
collaboration between laboratories in the U.S.S.R. and
the U.S.A. As you might expect, the chemistry of
removing volatile GeCl4 from molten Ga metal is more
involved than removing it from aqueous Ga solution.

What can we expect from these Ga detectors? First
of all, the two Ga experiments had better get the same
answer! More i mportantly, they can tell us if the flux of
low-energy neutrinos arriving here from the sun,
especially from the pp branch, is considerably less
than that predicted by the standard solar model, in
accord with the measured low result from the 37C1
experiment for the 8B branch.

VII. NEW NEUTRINO PROPERTIES??
Does the Neutrino Have Mass?

An idea has been developed in elementary particle
physics in recent years that is relevant to the solar
neutrino puzzle. Simply stated, the idea is that the three
different typesor "flavors" of neutrinosUhoseassocia ted
with the three leptons, the electron, the muon, and the
tauon) are all members of one "family." As such, they
can "change places" in the family; e.g., an electron
neutrino could fairly easily be transformed into a muon
neutrino. The importance of this transformation for
our discussion is that only electron neutrinos can
initiate the inverse beta-decay process. If an electron

neutrino produced in the sun is changed into a muon
neutrino (or even an electron antineutrino) during its
journey to the Earth, the neutrino will be "sterile" when
it arrives at the radiochemical neutrino detector; it will
be incapable of converting ^Cl to ̂ Ar, or 7lGa to 7lGe.

The significance of this notion lies in the fact that
the only way that the three neutrinos can form such a
family is if they have different masses. These masses
would be small, of the order of me2 = a few eV or even
less, whereas the mass of the electron is 511 eV.
Nevertheless, a neutrino that has mass would represent
a major change in our thinking about this particle.

If this eventuality turns out to be the answer to the
solar neutrino puzzle, we will be able to say that our
study of the largest body in our solar system, the sun,
told us something profound about the smallest body in
the system of elementary particles, the neutrino.
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How Can We Understand Hot Atomic Nuclei?
John M. Alexander

Department of Chemistry, State University of New York
Stony Brook, New York

If two atoms (or ions) collide with enough energy to cause their nuclei to touch one another, then a
nuclear reaction will occur. The reaction may involve a grazing collision in which only a relatively
small amount of matter or energy is exchanged, or it may involve a central collision in which the two
atomic nuclei clutch tightly to one another and intermix to form a "compound nucleus." The neutrons and
protons inside this compound nucleus are held together by their strong mutual attractions, but they are
also in an unstable state of great thermal agitation due to the energy of their formative collision. We
can think of this system as a sort of balloon filled with gas molecules where the nucleons are the
molecules and their collective mutual attraction (or mean field) leads to a surface tension that acts like
an elastic surface barrier or membrane. This outer membrane is actually permeable, and particles do
escape from it. It is by measuring the angles and energies of these escapees that we get the information
needed to build a mental image or model of the balloon and its contents. Several kinds of experimental
measurements will be discussed along with their interpretations. The role of total excitation energy
and angular momentum will also be illustrated, along with some ideas of the time scales for energy
mixing, collective rotations, particle evaporation, and fission-like breakup.

See accompanying handout.
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Accelerators for Research and Applications*
Jose R. Alonso

Lawrence Berkeley Laboratory
Berkeley, CA 94720

Abstract
The newest particle accelerators are almost always

built for extending the frontiers of research, at the
cutting edge of science and technology. Once these
machines are operating and these technologies mature,
new applications are always found, many of which
touch our lives in profound ways. The evolution of
accelerator technologies will be discussed, with
descriptions of accelerator types and characteristics.
The wide range of applications of accelerators will be
discussed, in fields such as nuclear science, medicine,
astrophysics and space-sciences, power generation,
airport security, materials processing, and microcircuit
fabrication.

What is an accelerator, and how does it work?
What we call an accelerator, or better said, a particle

accelerator can be defined quite succinctly. It is a device
which takes charged particles, electrons, protons or
ions (atoms with one or more electrons removed [or
added]), forms them into a beam and accelerates them
to a high energy. Although this definition can cover a
tremendous range of territory, from something you can
hold in your hand to giant devices many miles in
circumference buried several hundred yards
underground, all accelerators have the same types of
systems.

First of all, a source of charged particles is needed.
There are many types of sources, all are based on
adding heat or energy to a material or gas to make the
charged particles desired. The electric charge of the
particle is crucial to the whole acceleration process, it
provides the handle we can grab onto to steer, focus and
accelerate the particle. A neutral particle will just travel
through the electric and magnetic fields we appiy,
essentially unaffected. These particles are made in the
source by being boiled off of a surface, or ionized in a
gas discharge. Electron sources are called "guns", and
usually consistof a hot filament that emits electrons, the
most common example of an electron gun is seen in a
TV tube, the filament can be seen glowing at the base of
the tube. (Yes, your television set is a perfect example
of an accelerator!) Sources of all other charged particles
are called "ion sources" and come in many types, with
such names as PIG (Penning Ion Gauge),
Duoplasmatron, ECR (Electron Cyclotron Resonance),
MEVVA (MEtal Vapor Vacuum Arc), etc. These all
work on the principle of an electrical discharge, the
same condition one finds ina fluorescent tube,although
with a lot more energy dumped into the discharge. The
charged particles produced hang around the source

until they are drawn out of the source-area by a strong
electric field which "extracts" the particles from the
source.

They are brought to the area where they are
accelerated by a transport system, which can be very
short, as is the case with a TV tube, or very long in the
case of the largest accelerators. Transport always occurs
in a vacuum, as these particles would be slowed down
and scattered if they had to pass through air. To guide
the particles and form them into a beam they must be
focused and steered. The principles of focusing and
steering particle beams is exactly the same as light
beams, the lenses one uses for focusing are made from
special magnets called quadrupole magnets but have
the same properties as glass lenses for light. Mirrors,
used for bending light beams have their equivalent in
dipole magnets. Specially shaped electric fields can
also be used for bending and focusing beams, although
such fields are better only at the lowest energies. "Beam
transport ma gnets",as they arecalled, can be very small
for low energy beams straight ou t of the source, weighing
only a few pounds, to many tons for those needed to
transport the very stiff high-energy beams after they
have been accelerated. They are typically
electromagnets, because one can "tune" these magnets
by varying the electric current in them and so adjust the
focusing and steering of the beams.

Accelerating of the particles is always done with
electric fields. The simplest accelerator, the DC (or high-
voltage) accelerator uses a constant electric field made by
puttinga high-voltage supply across two points like the
two plates shown in Figure la, and letting the beam
come through a hole in the first plate and be accelerated
in the field between the plates then steering it through
the hole in the second plate. This simple system works
very well for TV-type energies, and is OK up to energies
of a few million volts, but above this the electrostatic
generators needed become very largeand cumbersome,
and great care must be taken to prevent the terminals
from breaking down. The highest electric potential
used today in an accelerator is at Oak Ridge National
Lab, their Van de Graaff-type machine has a terminal
potential of about 25 million volts. The accelerator is
about 50 feet long, and the area surrounding the vacuum
accelerating tube is filled with a high pressure gas,
sulfur hexafluoride, to prevent breakdown.

To get higher energies, or to make more compact
lower energy machines, one must use time-varying
electric fields. Such RF(radio frequency) accelerators have
specially designed metal structures, called "cavities"
which shape and control the RF fed into them so as to
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provide the fields needed for acceleration. The
accelerating fields can beeither "travelling wave", where
particles ride on the crest of the electric field wave as it
travels down the tube, much like a surfer riding a wave
(Figure 1c), or "standing wave" were the field points
one way or the other in the whole structure, changing
directions at a rate determined by the frequency of the
RF. A standing wave accelerator can be likened to
water in a bathtub, which can be made to slosh back and
forth by moving your hand back and forth at the right
rate to excite a resonant standing wave in the tub. You
can think of the particle to be accelerated as a cork
floating on the surface of the water. When the water is
mostly at one end of the tub the cork will move downhill,
but then will move back when the water is at the other
end. With electric fields, however, you can fool the
particle into not seeing the wave when it would
decelerate the particle. This is done by passing the
particle into a "drift tube", a hollow metal cylinder
which shields the particle from the unfavorable electric
field. The length of the drift tube is made so that the
particle comes out the other end just as the field has
returned to its proper alignment to give the particle
another kick. Making an accelerator with many drift
tubes in a line allows a beam to get many kicks as it
travels down the accelerating structure, thus 'ising the
accelerating voltage many times (see Figure lb).

Described so far have been linear accelerators, or
UN ACS. Circular accelerators offer some very definite
advantages. By bending the particles around in a circle

(a) Static
High Voltage

by means of magnetic field.?, they can be made to pass
through the same RF accelerating cavity more than
once, getting an accelerating kick each time they come
around. This allows the re-u^e of thesame accelerating
structure, generally the most expensive part of the
machine. It also can make the whole machine smaller
and more compact. Two types of circular machines are
most common, they are shown in Figure 2.

Magnetic Field
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Increasing
Orbit Size

(a) Cyclotron

Beam

Magnetic Field
(Increasing strength)

Constant
Orbit Size

(b) Synchrotron

(b) Standing Wave
Radio Frequency

(RF)

Particles accelerating

Electric Field

Panicles drifting

(c) Travelling Wave
RF

Figure 1. Linear accelerators

Figure 2. Circular accelerator types

The Cyclotron, the first circular machine built, uses
a large magnet with a fixed, steady magnetic field. In
such a steady field the particles will bend in a circle with
a radius which depends on the particle's energy. Thus
as the particles pass through the accelerating "Dees"
(they are shaped like the letter D) and receive another
kick they will travel in a slightly larger circle. So, the
particles spiral out from the center, their highest energy
being determined by the diameter of the magnet.
Smallest cyclotrons used today have magnet poles
about 10 inches in diameter, the largest are over 15 feet.
To get higher energies you need either stronger magnets
or larger circles for the particles to travel in.
Superconducting magnets can give fields about five
times higher, and can help a bit, but aren't the answer
for much higher energies. For this you need a
Synchrotron.
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to very common. Many of these applications touch our
li ves in a very tangible fashion. We'll spend the last part
of this paper exploring some of these applications.

Uses of accelerators
There are so many different areas where accelerators

are used that it is hard to categorize them for an orderly
discussion. What we'll do is to take each accelerator
type in turn and list some of the areas where this type
of machine is used. We'll start from the lowest energy
and work our way up.

High-voltage electrostatic accelerators producing
electron beams are generally very compact, as stated
above a prime example is found in your TV picture
tube. At higher voltages they are used for producing x-
rays by slamming the electron beam into a metal target.
One of the prime areas where x-rays are used is in
medical imaging, by straight transmission photography
or by computerized tomographic projections (CAT-
scanning). One also sees x-ray machines at all airports
now for screening luggage.

Electrostatic ion accelerators are used extensively in
industry. The fabrication of microcircuits requires very
precise control of the composition of the semiconductor
material used, the specific electrical properties of each
part of the chip are controlled by adding carefully
controlled amounts of impurities. These dopants are
implanted into the silicon crystal by means of an
electrostatic ion implanter. These implanters are also
being used now for modifying the surface propertiesof
special machined pieces, by adding layers of the right
kind of atoms into (just beneath) a metal surface you
can greatly affect the hardness, abrasion resistance or
friction characteristicsof the piece. This type of treatment
is being used in prosthetics such as artificial hip joints,
in rocket engines and other critical components that
must work under extreme environmental conditions.

Electron linacs are now probably the most widely
used accelerator. Although typically only about a foot
long, they produce beams of a few MeV (million electron
volts), and are compact enough to be used in hospital
radiation therapy treatments of cancer patients. They
are also widely used in industry for food processing,
sterilization of packaged food thatcannot be refrigerated
and thus vastly increasing its shelf-life. Sewage
treatment plants also use electron linacs now for
detoxification of waste material. These treatments are
safe, economical and highly effective.

Proton linacs are not as small as their electron
counterparts, although a newly-developed machine,
called an RFQ (radio-frequency quadrupole) brings
commercially interesting machines down to a length of
about three feet. In this size, there is a lot of interest now
in using them for neutron production for screening
airport luggage for explosives. Explosives cannot be
picked out with the x-ray screening devices, but all
con tain large amounts of nitrogen which can be flagged

relatively easily with neutrons. Some prototype
machines for explosi vesdetection are being tested now,
and it looks as if this will be a large growth area in the
future. Much larger proton linacs are being designed
for other applications. These machines, now many
hundred feet long, produce extremely high currents
and can be used for large-scale transmutation projects.
Specific areas of interest include reactor fuel breeding,
namely the enrichment of low-grade material for use as
reactor fuel, or, under different conditions the same
beams can be used for exactly the opposite, namely the
burning of high-level waste. Serious projects (quite
expensive ones to be sure) are being proposed in at least
two countries (US and Japan) to build radioactive waste
treatment facilities, to convert the long-lived waste
products in spent fuel into shorter-lived isotopes that
will render the waste manageable after a few tens of
years.

Ion linacs are being now viewed as one of the
leading contenders for harnessing fusion power. Two
approaches to building fusion reactors now are
magnetically confined fusion (MFE - Magnetic Fusion
Energy) in which a plasma is contained inside a strong
magnetic bottle (called a Tokamak) and is heated (also,
incidentally with beams of accelerated particles) to a
temperature similar to that found in stellar interiors at
which fusion reactions can take place, and inertially
confined fusion (ICF). In this latter, incredibly strong
beams of energy are directed at small pellets which are
caused to compress the fuel inside them when struck by
these beams, this compression being enough to again
cause heating to where fusion reactions can take place.
Lasers have been used so far for driving this fusion
research, however it is being recognized that laser
technology cannot be used in power plants because of
the poor energy efficiency (ratio of total power out of
the wall to drive the laser, to the power delivered to the
pellet) and the low repetition rate, lasers cannot be used
for more than abou t one or two pulses per day compared
to the several per second that will be needed fora power
plant. Ion linacs, producing beams of heavy ions such
as lead at several GeV total energy (billion electron
volts) are being designed which can serve as drivers.
They will be very big, several miles long, but calculations
of the economics of power production indicate that a
power plant built around such a machine can produce
electricity at competitive prices.

Moving to circular machines, cyclotrons are used
extensively in nuclear physics today, for studies of the
structureof nuclei, as well as for studiesof new elements
and isotopes through what can truly be called alchemy.
Although it is somewhat easier to convert gold into lead
than the other way around, the ability to convert one
element into another is proving to ha ve great commercial
applications.

Isotopes produced in small (=1 to 3 foot diameter)
cyclotrons by proton or ion bombardment are used
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The principle of a Synchrotron is that instead of
allowing the particle to spiral in ever bigger and bigger
circles as it gains energy, you make sure the particle
stays in its same orbit, but increase the strength of the
magnetic field the particle sees so that as it gains energy
the field strength exactly corresponds to that needed to
make the particle travel in the desired orbit. So, you
synchronize the particle's energy gain with the value of
the magnetic field to keep the particles in the same
orbit. In this way you can make machines of incredibly
large diameter, the largest now is about 6 miles across,
but don't have to fill the whole space with magnetic
field. You need only a ring of magnets around the
circle, each magnet can be quite small compared to the
size of the whole machine, because the beam particles
can be confined to travel in a one-inch tube around the
full 20 mile circumference of the machine.

Even though they may not have much energy at
first, these charged particles are moving very fast. For
example, an electron accelerated through 500 volt
potential is already travelling at about 4% of the speed
of light. So, your TV tube, withanacceleratingpotential
of about 25 kilovolts is producing an electron beam
moving at 30% of c. Special relativity tells us that
nothing with rest-rnass can travel faster than light, so
beams in the highest-energy machines are going
99.99...% of c, the higher energy not really adding to the
particle's velocity, only to its effective mass. Even
travelling at almost the velocity of light in the largest
machine today (LEP [Large Electron-Positron collider]
at CERN outside of Geneva, Switzerland), the particles
still take about a tenth of a millisecond to go all the way
around.

Evolution of accelerator technology
Accelerators have been around for about 70 years

now. The fi rst ones were electrostatic, but the first linac
was built in the early thirties. The first cyclotron was
built in the mid-thirties, and the first synchrotron in the
early fifties. The most recent advance has been the
storage ring, where very high energies are reached by
making two counter-rotating beams collide. The
development of each new type of accelerator technology
was accompanied by a big increase in the top energy
attainable. This increase in energy has been quite
remarkable over the years, not only for the huge
increases that have been obtained, but also for the
amazing regularity of this gain. Livingston first plotted
this energy gain with time, this "Li vingston plot" (Figure
3) shows that an almost straight line can be drawn on a
semi-log plot of top energy versus time. The slope of
this line tells us that the highest energy increases about
a factor of a thousand every twenty years. This curve
has been amazingly consistent over the last 70 years,
and projects that are presently under construction or in
the planning stages for the next ten to twenty years fall
right on the curve, too.
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Figure 3. "Livingston plot" of accelerator energy versus
time; each curve representa a specific accelerator
technology; the straight line denotes the exponential trend
to increasing energy.

If you study this Livingston plot, you notice that
the maximum-energy line is made up of a bunch of
curves, each representing a different technology. Each
curve has points on it that represent accelerators that
were built, with the year in which they were
commissioned. Each technology shows first an increase
in energy with subsequent machines built, then a
leveling off as that technology matured and new
machines were built that didn't require the highest
energies since these highest energies already belonged
to the next generation of machine.

The highest energy machines today, the
superconducting storage rings, are reaching for the
stratosphere. However, you will notice that the curves
on the Livingston plot for the earliest technologies have
not stopped. In fact, as new technologies have been
invented the older machine types have been perfected.
These improvements have almost always made such
machines more compact, smaller, more reliable and
less costly. With these improvements, a whole array of
applications have emerged, ranging from truly exotic
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extensively in medical diagnostics applications such as
PET (Positron-Electron Tomography) imaging.
Recently, cyclotrons have been used for very high
precision mass separation, and in fact can serve in
carbon-14 dating. As an example, a cyclotron was used
a few years ago in the Shroud of Turin project. Higher
energy cyclotrons (about4 feet in diameter), producing
beams of protons or deuterons of 50 to 100 MeV are
being used now for generating neutron beams for
radiation therapy. Some good results have been
obtained with this type of treatment for selected tumors,
and i n fact even more new therapy ideas wi th accelcra ted
beams are being pursued now, as will be seen below.

Proton and ion synchrotrons are much bigger
machines. From about 30 to many hundred feet in
diameter, they are no w beginning to see very interesting
applications. One of the smaller of these machines is
beingbrought on line right now ina hospital in Southern
California (Loma Linda Hospital) and is dedicated to
radiation therapy with proton beams. Treatment with
chargL-d-particle beams is potentially far superior to
treatment with x-rays, the radiation dose can be
controlled much more tightly to kill only tumor ma terial
while doing very little damage to surrounding healthy
tissue. Although still very experimental, many
thousands of patients have been treated at research
cen ters around the world to date and as the appropriate
accelerator technology has developed sufficiently,
machinesare now being built for installation in hospital-
based facilities. This development is very exciting, and
promises to be oneof the breakthroughs in the treatment
of cancer.

Another use for ion synchrotrons is in the simulation
of the space environment. Perhaps the greatest hazard
in space to man and machine is the radiation dose
received from high-energy cosmic rays. These cosmic
rays are typically ions ranging from protons to iron at
energies of many hundreds of MeV, and can arise from
the surface of stars or even be direct residues of long-
past stellar explosions. It has been calculated that on a
three-year mission to Mars, now being seriously
contemplated by NASA,about 30% of all the DNAin an
astronaut's body will be damaged by a heavy cosmic
ray. It goes without saying that it is vitally important to
study the effects of this type of exposure. There are
accelerators around today, such as the Bevalac in
Berkeley, which can very nicely simulate these cosmic
rays, thiir beams can be made to look very much like
the galac tic cosmic ray spectrum, both in energy and in
elemental composition. In fact, such studies are being
conducted now, both on the biological effects as well as
the physical effects of this environment. Not only
biological systems are affected by the space
environment. The degree of miniaturization in today's
microcircuits makes VLSI chips particularly susceptible
to damage from penetration of a cosmic ray particle.
Such damage can be mitigated, however, by proper
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chip design, and proper safeguard measures built into
the software and hardware architecture of the system.
Testing of the radiation hard ness of such systems again
is done in ion accelerators. Systems tested are not only
space-capsule electronics, but also communications
satellite hardware and any other devices that might
have to operate in orbit.

Electron synchrotrons and storage rings are finding
extremely wide uses now. A storage ring, by the way,
is nothing more than a synchrotron, very specially
designed so that the beam, once accelerated to its top
energy, can be parked in the ring for many hours
without being lost. In the early days of synchrotrons,
one of the phenomena that was discovered was that
particles accelerated to energies many times their rest
energy will emit electromagnetic radiation when bent
in a magnet. This phenomenon, known as synchrotron
radiation, was viewed as a nuisance as a significant
fraction of the beam energy was lost to this process,
making the design of big high-energy electron
synchrotrons particularly difficult. It was later realized,
though, that this radia tion could be used very profitably,
and in fact that rings could be designed to optimize the
properties of the radiation emitted. So was born the
synchrotron light source. These machines can be quite
large, from several tens to several hundred feet in
diameter, although a concerted effort is being pursued
to build special-purpose machines that are much more
compact, with diameters more like ten feet.

Today's synchrotron light sources produce beams of
radiation mainly in the ultraviolet and x-ray region,
wi th brightness and coherence properties that are quite
similar to high-powered lasers. As lasers cannot reach
this wavelength region, synchrotron light sources
provide a wonderful extension of laser-based research
fields into much higher energies than would otherwise
be possible. One particularly profitable area of
application is in fabrication of microchips with a tighter
packing density of components than is possible by any
other technique. This "x-ray lithography" technique is
being developed by many of the world's largest chip-
makers, and should provide the basis for the next
generation of computer chips. Synchrotron light isalso
being used in medical work, an area of great interest is
in angiography. This x-ray procedure, of critical
importance in diagnosing heart problems, is now a
very risky procedure because of the contrast agent that
must be injected into the arteries because of the
inadequate x-ray sources available now. Synchrotron
radiationoffersthepotential formuch higher brightness
beams, and hence a much less invasive procedure to
achieve suitable diagnostic images. Other exciting
applications are, x-ray holography, in which one can
produce 3-D images of structures approaching
molecular sizes, surface and subsurface crystalline
structure studies with highly coherent x-ray beams,
and chemical reaction kineticsbyexcitingspecificbonds
in molecules.



Today's highest energy machines occupy vast
spaces and are highly complex systemsof interconnected
rings. The acceleration process is generally a multi-
stage affair, the particles being passed from one ring to
another bigger one sometimes three or four times until
they reach the final largest ring where they are used for
experimental purposes. The two largest centers in the
world today are at CERN, just outside Geneva,
Switzerland, and Fermilab, southwest of Chicago.
Centerpiece of bo thof these laboratories are largestorage
rings, with two counter-rota ting beams that are brought
into collision inside huge detectors that can collect and
a nalyze the debris from the extremely violent collisions
that result. The purpose of these experiments is to
probe ever deeper into nature's secrets, unravelling the
mysteries of the structure of matter and the physical
laws that all matter obeys. With these highest energies
we are beginning to see a unification of high energy
physics with astrophysics and cosmology, the
environment created in these high energy collisions
being very similar to that which existed in the universe
at the time of the Big Bang. So, in our modern-day
accelerators we can recreate a bit of the universe about
the way it looked at the beginning of time.

What does the future hold?
One thing can be said with a good degree of

certainty, that new and bigger machines will be built in
the future. Already on the drawing boards are
accelerators which will reach even higher energies than
those now achieved, in fact these fall quite nicely on the
Livingston plot. The SSC (Superconducting Super
Collider) is one such machine, a 60-mile circumference
(20 TeV [tera (1012) electron volt] energy) ring just being
now begun south of Dallas. Being contemplated for the
farther future are machines called linear colliders which
are based on developing technologies that produce
extremely high accelerating gradients. The two-mile
long linac called SLAC at Stanford has shown that
linear accelerators can compete with circular machines
for the highest energies, and with these new high-
accelerating-gradient structures most people believe
that a straight-line machine will be even better than a
circular machine. Beyond this, who knows. People
who study cosmic rays see, every once in a while, some
super-energetic particles, with energies many times
higher than anything we could remotely contemplate
producing here on earth. There are some very interesting
accelerators out there, whose mechanisms we don't
kno w or understand right now, but these may very well
provide the next frontier in accelerator energies.

Moving back to the more mundane, I should point
out that all the activities at the major accelerator
laboratories are not directed solely to building bigger
and better machines. These laboratories are extremely
dynamic areas, where new technologies are being
developed, spinoffs driven by the needs for the newest

accelerators and their experimental programs.
Examples one can list are: cryogenics,
superconductivity, much of the advances in computer
systems including data handling, networking, control
of complex systems.

Great progress has been made, but there is still a
long way to go. Many of the applications talked about
earlier in this paper are still barely in their infancy. New
technologies are still needed to bring many of these
ideas into full practical realization. Compact medical
therapy machines, better airport security, nuclear waste
treatment are all hot research areas now requiring
creative minds and clever engineering. Even solving
the world's energy problem may very well reside in the
hands of accelerator physicists of this and the next
several generations. It goes without saying that there
areextremelyexcitingcareer opportunities in accelerator
physics and engineering today!
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