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Foreword

The Seed Money research program
at the Oak Ridge National Labora-
tory is now entering its twelfth
year of accomplishment. Although
modest in budget, its focus on
new and innovative research ap-
pears to have had significant
leverage on the changing course
of the Laboratory’s larger body of
work. A review of its history and
some of its more tangible results
is instructive to all of us con-
cerned with promoting increased
public benefit from scientific
research.

This report, stemming from an
assessment of the Seed Money
program performed by my Office
of Program Analysis, is a brief and
readable account of 12 successful
scientific endeavors. While the
subject areas of these stories are
defined broadly, encompassing in
some cases entire fields of re-
search, all share a common link.
The Seed Money program provided
resources at a crucial juncture in
the progress of research. Each
accomplishment made a signifi-
cant or even seminal contribution
to the Laboratory’s ongoing efforts
in each field.

Although numerous program spon-
sors provided support for much of
the underlying foundation of
human resources, equipment and
facilities, and also provided sub-
sequent resources required to
carry these projects to fruition,
the Seed Money program provided
an important element of creative
flexibility. This flexibility both en-
couraged and enabled researchers
to seize opportunities in a timely
fashion and pursue them at will
across disciplinary, programmatic,
and organizational boundaries. The
significance of the resulting ac-
complishments, when set in the
proper context as these stories
are, may be clearly appreciated by
all.

In a larger sense, these stories
also offer a unique perspective on
the process of basic research and
scientific innovation. They show
that major advances can be as
serendipitous as they are method-
ological. Successes are frequently
born of initial disappointment.
Certain investments in research,

seemingly well founded and in-
sightful in retrospect, are highly
tentative and risky in prospect.
With the reading of these stories,
one’s awareness of uncertainty in
research is heightened. So too,
however, is one’s confidence in the
overall process confirmed.

Today, each of the Department’s
National Laboratories successfully
operates a program of exploratory
studies, modeled on many of the
same principles of R&D manage-
ment that formed the basis of the
Oak Ridge Seed Money program in
1974. | am encouraged by the re-
sults of the Oak Ridge program
and have every confidence that
these principles, now more broad-
ly applied, afford a continuing op-
portunity for creative and highly
productive research.

(2 _friie bpese

Alvin W. Trivelpiece
Director, Office of Energy Research
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Infroduction

In 1974, a modest program for
funding new and innovative
research was initiated at the Oak
Ridge National Laboratory. It was
called the ‘“Seed Money” program
because of its emphasis on new
ideas having potential for growth.
Originally, it was unique among
the United States Department of
Energy’s National Laboratories.
Today, it is still in operation, but
has since become part of a larger
program, called Exploratory R&D,
which is being carried out at all
the Department’s National
Laboratories.

The creation of the Seed Money
program was prompted by two ob-
servations in research. First, it was
noted that many of the more ex-
citing and productive scientific
discoveries often arose unexpect-
edly in the midst of research fo-
cused on other objectives. While
it was tempting to divert existing
resources to pursue new ideas as
they arose, frequently this was
not possible. Previous commit-
ments had to be met and discre-
tionary funds were usually not
available.

Second, it was observed that in
large, mission-oriented research
programs, such as those stem-
ming from Congressional appro-
priations, new ideas and tangen-
tial pursuits, while meritorious,
often had difficulty finding timely
support among traditional program
sponsors. Resources in the near-
term were often already fully com-
mitted, or the idea itself was so
new or tangential that it often fell
outside of a program manager’s
primary area of responsibility.

Acknowledging that new ideas
may have been overlooked as a
result, the Department’s Oak
Ridge Operations Office, in col-
laboration with the Laboratory,
established the Seed Money pro-
gram to address this need. Under
this program, the Department
authorized the Laboratory to use a
small portion of general operating
funds for the purpose of “early
exploration of creative scientific
and technological concepts aris-
ing in the course of the Labora-
tory’s work.”

The Seed Money program’s pri-
mary objective is to encourage
the research staff, through the
availability of special funds, to
pursue new ideas and approaches.
Of particular interest are promis-
ing ideas that either fall outside
the scope of existing programs or
demonstrate a unique proof-of-
principle. Both serve as a means
for attracting new interest and
outside support for promising
avenues of research.

In recent years, the Seed Money
program has been funded at ap-
proximately $1 million per year. By
the end of 1985, over 200 projects
had been supported at an average
cost of about $43,000 per project.
The average duration of a project
is about 1 year.

The program is managed exclu-
sively by the Laboratory, including
the evaluation and selection of
proposals. Rotating appointments
among the Laboratory’s profes-
sional staff provide both the
managers of the program and the
scientists and engineers for peer
review and selection of proposals.
Selection criteria include the pro-
posal’s novelty, technical quality,
and potential for continued fund-
ing. Each year, the approval rate
has normally run about 60 per-
cent, a rate that continues to en-
courage researcher interest and
the generation of new ideas.

The Seed Money program, of
course, operates within the larger
and supporting environment of the
Laboratory as a whole. This
enables Seed Money researchers
to make use of an extensive com-
plement of unique facilities and
resources available through the
support of other programs. In this
context, the accomplishments of
the Seed Money program may be
attributable, in part, to research
support from others both prior
and subsequent to each Seed
Money effort. In a sense, this in-
frastructure provided both the
Seeds and the nurturing environ-
ment in which the Seeds could
grow.

Having set this context, the
results of the program are im-
pressive. Follow-on research,
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stimulated by successful Seed
Money projects, has been prolific.
Over 500 presentations have been
made at technical conferences
describing the results of Seed
Money projects and their follow-
on work. Over 400 manuscripts
have been submitted for publica-
tion. Patents stemming from Seed
Money research now number 11.

Research stimulated by the Seed
Money results has produced 12 of
the Laboratory’s 46 IR-100 Awards.
These awards are conferred an-
nually by Research & Develop-
ment magazine (formerly Industrial
Research) upon the year’s top 100
developments selected by experts
from industry and academia. The
IR-100 Awards recognize innova-
tions in basic science that are
likely to lead to inventions of
great practical and economic
value.

This report highlights 12 accom-
plishments of the Seed Money
program. Each is a story of suc-
cess. Their presentation here
serves a number of purposes. One
is to foster an appreciation for the
work itself, for the difficulties en-
countered, and for the ingenious
means by which problems were
overcome. A second is to convey
an understanding of the process
of basic and applied research and
of the environment in which it
thrives, for therein lies the root of
our technological advances and a
source of future economic growth.
A third is to increase awareness
of the benefits of research, espe-
cially as the seemingly arcane
discoveries of science become
transformed into practical applica-
tions clearly appreciated by the
public at large.

Finally, this collection serves as
an illustration of how a relatively
small amount of discretionary
funding, combined with open
competition among top-quality
researchers, can be leveraged to
great advantage. The Seed Money
program has filled an important
niche in the process of innova-
tion, as the following stories
show.




New
Materials

Nickel Aluminide

Nickel and aluminum, when com-
bined in a ratio of about 3 parts to
1, with trace amounts of boron
added, can be formed into a
unique metallurgical alloy with
some extraordinary and useful
properties. The development of
this remarkable material, whose
full potential has yet to be real-
ized, was aided substantially by a
research break-through in 1982
funded by the Seed Money
program.

Nickel aluminide is much stronger
than steel. In contrast to most
other materials, it actually in-
creases in strength in high tem-
perature environments up to about
1300°F, and maintains its strength
well above 1600°F. It is
lightweight and highly resistant to
corrosion by oxidation. It is mal-
leable, making it easy to form into
different shapes. Yet, with the ad-
dition of certain other elements, it
can be made to resist strongly
permament deformation and rup-
ture at elevated temperatures, two
common modes of metal failure.

While more expensive than ordi-
nary steel, nickel aluminide prom-
ises to be highly cost competitive
with other specialty materials,
such as heat resistant alloys
made of nickel, titanium, and
vanadium.

The mechanical properties of
nickel aluminide provide signifi-
cant advantages over many cur-
rently available heat resistant
materials in a number of econom-
ically important applications.
These range from machine tools
and boilers to parts for the auto-
motive and aerospace industries.
For example, at 1500°F, a temper-
ature well within the operating
temperature ranges experienced
by most metal parts in today’s
gas turbines, jet engines, and
diesels, nickel aluminide is four
times stronger than high
temperature steel.

Because of its high strength at
these temperatures, the alloy is
now being examined under exclu-
sive license by Cummins, Inc., a
major United States manufacturer

of heavy diesel engines. An initial
application under investigation is
its use in strengthening exhaust
valves. This part of the engine,
which is subjected to high tem-
peratures, corrosive environments,
and repeated pounding, is often
the first part to fail. Extending
valve life with an improved mate-
rial would increase the engine’s
reliability, stretch out mainte-
nance schedules, reduce costs of
repairs under warranty, and make
the entire engine more com-
petitive in international trade.

Because the alloy is made partly
of aluminum, it is 10 percent
lighter than steel. Also, because
of its strength, a part made from
the alloy can be designed smaller,
further reducing its weight.
Hence, the alloy has also
generated considerable interest in
the aerospace industry as a
substitute for heavier materials
now required for strength, such as
fasteners, rivets, and certain
structural components.

Another valuable property of the
alloy is that once it has formed an
initial, protective layer of alumi-
num oxide, it is nearly impene-
trable to further corrosion and
oxidation. Its corrosion resistance
has been measured at 1000 times
better than competing steels. As a
result, it is now being investigated
for use in heat processing equip-
ment subjected to fouled environ-
ments, such as steam boiler tubes
and hot exhaust gas heat recovery
equipment in industry.

As a material, nickel aluminide is
part of a larger family of materials
known as ‘“ordered” intermetallic
alloys, so-named because of the
precise ordering and interweaving
of the atomic structures or lat-
tices of the two metals. This par-
ticular situation, called a low “free
energy” condition, makes it diffi-
cult to remove an atom from its
position in the lattice, which gives
the material its strength, or to
have it react chemically with out-
side agents, which gives it its
property of corrosion resistance.
While these materials were well
known in the 1950’s and 1960Q’s,
the problem with them in the past
had always been that they were
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too brittle for most practical
applications.

Research funded by Seed Money
in 1981 and 1982 set out to solve
the problem of brittleness by ap-
plying newly acquired knowledge
about the behavior of certain im-
purities positioned at the grain
boundaries, or interfaces where
different crystals in a material
come together. It is at these inter-
faces where the crystals can slip
against each other, causing the
material to break.

The Seed Money experiments
focused on increasing the adhe-
siveness at these slip surfaces.
This involved varying the propor-
tions of nickel and aluminum,
mixing in small amounts of four
different alloying metals to be
used as the impurities, which
would hopefully migrate to and
lodge in the grain boundaries, and
finally, testing a number of differ-
ent metallurgical processes.

Through an extensive process of
trial and error, guided by new
theoretical models and data (see
Positron Probe), the optimum
combination came to be known.
Nickel aluminide was made suffi-
ciently ductile to fabricate suc-
cessfully without degrading its
other desirable properties.

This success, published in
Science, was pivotal in the devel-
opment of a whole new field of
research on ordered intermetallic
alloys. It precipitated much follow-
on and continuing research by
both Government and industry on
nickel aluminide. As one measure
of industry’s interest, over a half a
million dollars in research money
was provided by the private sector
to the Laboratory in 1985 to in-
vestigate related production and
processing methods.

The research earned an IR-100
Award from Research & Develop-
ment magazine and is now subject
to extensive patent and licensing
activity by private industry.

lon Implantation

Since the dawn of the Bronze Age
more than 5,000 years ago, when
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man discovered that copper mixed
with certain amounts of tin could
overcome the shortcomings of
stone tools, there has been a
relentless search to combine the
elements of the earth in new and
improved ways to better serve his
needs.

This search took a dramatic turn
with the advent several decades
ago of a technology called ion
implantation. This technology,
named after the method by which
it is accomplished, literally en-
abled the modern metallurgist to
construct the operative surfaces
of desired materials atom by
atom.

Seed Money research funded in
1975 and 1976 played an impor-
tant role in the further develop-
ment and expanded commercial
application of this technology.
Although the technology had been
demonstrated as early as World
War Il, and was already in opera-
tion in a number of limited cases,
Seed Money research provided
valuable insights and new
understanding, which invigorated
research by others and broadened
considerably the scope of poten-
tial applications.

The power of this technology lies
in its ability to construct precisely
materials by design. It has long
been known in materials science,
for example, that small quantities
of selected elements, or so-called
impurities, when introduced into
solids, can alter or even dominate
the electrical, chemical, optical,
and mechanical properties of the
original material.

These properties, such as
strength, hardness, resistance to
corrosion, electrical conductivity,
and others, often impose the
crucial and limiting constraint
upon further advances in tech-
nology. A material pushed beyond
its limit may cause a larger device
to fail. Hence, the search for im-
proved materials, largely focused
on the introduction of impurities
and new combinations of ele-
ments, lies at the forefront of in-
tense global competition among
both users and suppliers of high-
performance technology.

In this search for new mate?ials,
ion implantation is a powerful
tool. It uses a variety of standard
techniques for ionizing atoms,
that is, removing electrons from
the atoms of the elements to be
implanted, and once the atoms
are electrically charged as ions,
uses an electric field to focus and
accelerate them onto, and implant
them into, the surface of the
material to be modified. Once
embedded in the material, the
ionized atoms return to their
neutral state.

This process can implant selected
elements precisely at varying
depths in varying concentrations.
It is versatile. Virtually, any
species in the Periodic Table of
the Elements can be selected with
almost absolute purity. It is highly
reproducible, a crucially important
factor in commercial applications.

Perhaps most importantly and
uniquely, it is not constrained by
solubility and equilibrium con-
siderations of traditional metal-
lurgy. Under these constraints, for
example, tin must be soluble in
molten copper in order to form
bronze, or carbon in iron to form
steel. But not all potentially
desirable combinations meet
these constraints.

Direct construction of materials
by ion implantation, by contrast,
allows the formation of new com-
binations of elements heretofore
beyond our grasp, such as mate-
rials in supersaturated and
metastable states. It can forcibly
insert any number of atoms of
one material into the underlying
base structure of another, causing
the atoms of both to interact in
new and often unique ways.

With hundreds of researchers now
working in the field, commercial
applications are proliferating.
Their initial successes have had a
profound impact on new product
development in high-tech indus-
tries, spanning health, aerospace,
defense, computers, and others.
Although the Seed Money re-
search on ion implantation cannot
be directly credited with these
successes, it can be credited with
producing new insights and



fundamental knowledge upon
which others built.

The primary focus of the Seed
Money project was on the devel-
opment of so-called metastable
materials, wherein the concentra-
tion of implanted atoms of a
foreign kind in a base material
greatly exceed that allowed under
normal solubility constraints.
Such materials, it was hypoth-
esized, might be used to create
so-called superconducting
materials, wherein the resistance
to electrical current drops to zero
under certain conditions, or very
efficient solar (photovoltaic) cells,
wherein sunlight is converted
directly into electricity.

As is often the case in the path of
research, the Seed Money suc-
cess in this area was initially born
of failure. The story of this suc-
cess is also one of R&D leader-
ship sensing an opportunity,
pulling together the capabilities of
equipment and human resources
from different arenas, and moving
quickly into new and uncharted
territory.

In the summer of 1975, in an-
ticipation of the arrival of a new
piece of equipment, the leader-
ship of the solid state research
division at the Laboratory saw
developing a unique confluence of
technical capabilities. The new
device was to be a low-energy,
high-current ion accelerator,
capable of manipulating a broad
range of atomic species, or
elements. This device would be
used as the ion implanter. It was
to be integrated with a complex
array of other equipment, the
most important of which included
a high-energy positive ion ac-
celerator with an ultra-high
vacuum scattering chamber,
which would be needed for
diagnostics.

The combined capabilities of this
facility would allow in situ crea-
tion and modification of precisely
specified and varied materials
through ion implantation. Simul-
taneously, they would provide a
battery of sophisticated
diagnostic tools, traditionally used
in the fields of atomic and nuclear

physics, such as Rutherford scat-
tering, ion channeling, and elec-
tron transmission microscopy.
Hence, the Seed Money re-
searchers could probe the atomic
structure of the created materials
and analyze the results.

The Seed Money project provided
an opportunity to study in fine
detail the effects of ion implanta-
tion on the atomic structure of
the underlying material under
varying conditions. Importantly, it
also allowed the temporary hiring
of a visiting scientist from
Australia, experienced in the use
of ion accelerators, to contribute
to the work and help build the
technology base for further
applications.

As mentioned earlier, the first part
of this effort resulted in failure.
While the ion implantation ob-
jectives were met, namely, the
specified materials had been ex-
quisitely constructed with higher
purity, greater concentrations, and
more homogeneity than previously
attainable, neither material per-
formed as expected.

The ensuing investigation of the
detailed atomic structure of the
material revealed the reason why.
Extensive damage had been done
to the crystal structure of the
underlying base material as the
ions had been implanted. This
necessitated a heat treatment
process to repair, or anneal, the
damage. But the process of heat-
ing the material in the oven (bulk-
mode heat treatment) allowed the
excess atoms to escape (precipi-
tate), thus destroying the sought
after metastable or supersaturated
condition.

This finding pointed out the
limitations of bulk-mode heat
treatment. It also set the stage for
the successful search for an im-
proved annealing process, (see
Laser Annealing), one which might
be carried out in a flash or pulsed-
mode so quickly that the atoms
did not have time to escape.

This is in fact what happened. Us-
ing laser annealing, the research-
ers were able to create a new solar
cell, which at the time set unprec-
edented records of efficiency.

The study of the damage and the
use of the laser created enormous
excitement in the field. The
laser’s fast pulse and precise
control over depth of penetration
provided a means for both study-
ing structural damage in detail
and overcoming (repairing) a key
problem (structural damage) which
had limited ion implantation’s
more broadened application.
Based, in part, on the knowledge
stemming from the use of such
methods, ion implantation, in con-
junction with laser annealing,
became an exploding field of
research and a growing commer-
cial venture.

The underlying research perform-
ed by this Seed Money project un-
veiled to the scientific community
a deeper physical understanding
of ion implantation as a means for
creating and modifying materials.
It also highlighted the unique
combination of diagnostics avail-
able at the Laboratory and the
valuable insights that could be
gained by th<cir use. These in-
sights helped other researchers

in commercial firms pursue their
own developments. Today, ion im-
plantation, apart from laser an-
nealing, is a thriving and
expanding industry.

Research at the Laboratory, for
example, performed as an exten-
sion of the initial Seed Money
project, found that the implanta-
tion of nitrogen in the surface of
surgical bone implants made of a
titanium, aluminum, and vanadium
alloy, reduced wear rates by a fac-
tor of 400. This proportionately in-
creased the implant’s practical
life. Prior to this, implants were
not generally used for patients
with more than 10 years left to
live, because they would wear out,
breakdown, and cause internal
poisoning.

Spire Corporation, a Bedford, Mas-
sachusetts firm, has manufac-
tured hundreds of nitrogen
implanted hip prostheses for a
major health product manufac-
turer currently performing clinical
trials. Potential applications for
hip joint replacements and other
purposes are estimated at 150,000
per year.
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The United States Navy con-
tracted with Spire to develop
hardened metal bearings for high
performance jet aircraft engines.
Implantation of common steel
with chromium, molybdenom, and
boron or alternatively, titanium
and carbon has been found to
double or triple bearing life, as
well as make their manufacture
more uniform.

Similar applications are now being
pursued to improve the perform-
ance of metal working dies,
punches and cutting tools, such
as those used to stamp out the
precision cuttings in the top of a
soft drink can to make the pull
tab work. New dental drills and
burrs are being designed, with the
hope of making trips to the den-
tist a painless experience. Spin-
neretts, which are nozzles used to
extrude glass or organic polymer
fibers and are made of cobalt
superalloys or chromium carbide,
have been treated with silicon,
titanium, boron and other ions to
reduce deformation under
pressure and oxidation of their
surfaces, two common modes of
failure.

Even organic polymers are being
modified with ion implantation
processes to give them certain
electrical properties, heralding the
potential advent of plastic elec-
trical wires. Ceramic materials,
which are known to have extra-
ordinary resistance to high
temperatures but are usually too
fragile for reliable use, are being
treated with ions of chromium
(another Seed Money project) to
make them superhard and less
prone to fracture and wear.

Proposed applications of ion im-
plantation are simply too many to
enumerate. The current state-of-
the-art must be credited to literal-
ly hundreds of researchers around
the world who have made impor-
tant contributions.

The Seed Money research in 1975
and 1976, however, may be cred-
ited with establishing the basic
research program at the Labora-
tory that gave rise to renewed and
broadened interest in ion implan-
tation, and also to the unique
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combination of ion implantation
and laser annealing. It also pro-
vided the technology base for
many subsequent advances at the
Laboratory and elsewhere. These
early breakthroughs, published in
Science, heightened worldwide in-
terest in related technologies,
which led to an avalanche of ap-
plied research and commercial
product development.

Laser Annealing

Today, the unique capabilities of
laser technology are being applied
to selected manufacturing pro-
cesses in ways that have sig-
nificantly reduced costs and
improved product quality in some
of America’s most important and
fastest growing industries. The
laser’s capability to deliver an in-
tense concentration of energy in
the form of light with surgical
precision, for example, is now be-
ing used to heat treat or “anneal”
the microscopic metal surfaces of
semiconductors, the basic com-
ponents of microprocessors and
computers.

This process, called laser anneal-
ing, and a related process, called
rapid thermal annealing, involve
the rapid heating and cooling of a
microscopically thin layer near the
surface of the material. The pro-
cess eliminates thousands of both
naturally occurring and manufac-
turing induced defects and, in the
case of semiconductors, improves
dramatically electrical perform-
ance. It also eliminates the need
for cumbersome and potentially
damaging furnace-type heat
treating of the entire part, speeds
the manufacturing processes, im-
proves product uniformity, and
lowers production costs.

The origin of laser annealing can
be traced to a seemingly unre-
lated Seed Money project funded
in March of 1975. The focus of
this research was on increasing
solar cell performance by improv-
ing the distribution of phosphorus
in crystals of silicon, a combina-
tion of elements which gives rise,
in part, to the unique and valuable
properties of semiconductors.

1

Conventional methods of
manufacture typically result in
unevenness in the distribution of
phosphorus, called inhomogenei-
ties, which adversely affect elec-
trical performance. The technique
proposed to solve this problem
took advantage of certain funda-
mental nuclear relationships be-
tween the elements of silicon and
phosphorus.

As it appears in nature, there is a
natura! abundance of about 3 per-
cent of one particular variety of
silicon, called Si¥®, an isotope
which is slightly heavier than sili-
con’s other naturally occurring
isotopes (Si?® and Si®). With the
addition of one neutron from a
nuclear reactor, however, Si%
becomes Si®!, which shortly
thereafter decays to a stable (i.e.,
nonradioactive) isotope of
phosphorus, P3'. Hence, neutron
activation of silicon presented a
means of evenly distributing
phosphorus, in situ, after the
silicon crystal had been formed.

With funding provided by the
Seed Money program, this line of
research, called neutron transmu-
tation doping (NTD) of silicon,
was pursued successfully. NTD
silicon has a number of critically
important applications in the
transmission of high voltage
power in rectifiers and thyristors,
in certain defense applications,
such as in infrared detectors and
other devices, and in the field of
nuclear science as sensitive radia-
tion detectors.

Fortuitously, as later events
proved, the funding also allowed
the temporary hiring of a young
scientist, Rosa T. Young, to help
out on certain aspects of the
work, namely, the fabrication of
the solar cells into a working
device. She concentrated on one
important step in the process of
modifying materials by particle
bombardment—the repair of the
damage done to the crystal lattice
structure of the original material
by the impinging particles.

Standard practice was to heat, or
anneal, the modified material in
hot ovens for hours at a time. In
the case of NTD silicon, this



process worked adequately in
repairing some types of damage,
but not all types of damage.

Frustration with conventional an-
nealing processes led Rosa Young
to request a comprehensive,
worldwide literature search of
alternative methods. This search
uncovered a single citation on
laser annealing in a Russian
physics journal.

Motivated by this suggestion,
Rosa tried a number of different
types of lasers available at the
Laboratory, all of which failed, un-
til she struck upon a ruby laser
borrowed from the Laboratory’s
fusion energy research division.
With a singie puise iasting oniy 50
billionths of a second, she was
able to repair virtually 100 percent
of the structural damage in her
sample materials, enabling them
to become semiconducting at un-
precedented levels.

Follow-on research revealed a
number of important advantages
of this new process over thermal
annealing in a furnace. A principal
advantage is that the laser light is
heavily absorbed only in the thin
surface layer of the solid. This
produces very high temperatures
(even melting) in the surface
region, which are necessary for
annealing the lattice damage. Yet,
the absorbed energy is insuffi-
cient to raise the temperature of
the undamaged substrate signif-
icantly. This avoids the deleter-
ious effects of high temperatures
in the rest of the part, such as
warping and localized deforma-
tion, associated with bulk-mode
heat treatment methods.

Another advantage for some ap-
plications is that laser annealing
can be carried out in ordinary air,
rather than vacuum, because the
surface region subjected to high
temperatures cools so rapidly that
introduction of significant
amounts of impurities from the
atmosphere is minimized. This
feature is particularly attractive
for highly automated device
fabrication.

Research stemming from these in-
itial studies eventually led to six
patents for the improvement of

the properties of semiconductor
materials, to an 1R-100 Award, and
to solar cells with efficiencies
comparable to those made by the
most compliex conventional manu-
facturing procedures.

Although the focus of the Seed
Money research was on solar
(photovoltaic) cells, the scientific
knowledge gained in developing
laser annealing, proved to be of

auan nraatar ualn -
\~A AR} slcﬂtcl Vﬂlue to manufac

turers of advanced electronic
microcircuits and computer chips.
Pulsed laser annealing consists of
exposing prepared materials to ex-
tremely short pulses of laser light.
Lasers were chosen because they
allow precise control of the ex-
tremely high intensity light re-
quired for the most complete
annealing. However, from the
theoretical and experimental
framework developed to describe
the laser process, it became ap-
parent that certain conventional
sources of light and heat could be
substituted for lasers to obtain
annealing results suitable for a
number of applications.

Industry built upon these insights
gained at the Laboratory and
other laboratories, finding that arc
lamps and high-intensity halogen
lamps provide annealing nearly
comparable to that obtained with
conventional furnaces and at
greatly increased rates. The com-
mercial process has become
known as rapid thermal annealing.

Sales of rapid thermal annealing
equipment have grown in volume
from $100,000 in 1979 to
$10,400,000 in 1984 and are pro-
jected by industry sources to con-
tinue to grow rapidly over the next
5 years. The laser industry is
following the developments in the
field of laser processing with keen
interest and several lasers specif-
ically designed for laser process-
ing of semiconductors are now on
the market and selling well.

The technological applications of
the new processing techniques
are of great importance, but it
may be that the opportunities
they have provided for the study
of fundamental problems in
materials science are of even

greater long-term significance. For
example, the pulsed laser melting
of doped semiconductors is
followed by resolidification at
rates much greater than those
that can be obtained by any other
methods. This has not only allow-
ed detailed studies of how the
atomic structure of a liquid is
transformed into the structure of
a solid, it has also provided a
practical means (see lon Implanta-
tion) for making totally new mate-
rials whose properties are now
being intensively studied.
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Better Health
and
Environment

Burn Meter

Hospitals in the United States
typically report 250,000 cases of
burn injuries each year, 20,000 of
which are serious enough to re-
quire hospitalization. Yet, even in
this day of modern medicine with
its advanced technology, the ex-
amining physician is woefully
equipped to diagnose the extent
of the more serious burns and pre-
scribe the proper treatment. This
situation may soon be reversed.

Today, based on research funded
by the Seed Money program, a
prototype machine, called an ultra-
sonic burn diagnostic unit, or burn
meter, is under development for
use in clinical trials. The signifi-
cance of this development and its
implications for medical treatment
may be appreciated by under-
standing first, second, and third
degree burns.

A first degree burn involves only
the outer layer of skin, the epi-
dermis, and causes blistering.
Although burned and blistered,
the skin remains capable of pre-
venting infection and healing
normally.

A second degree burn damages
the second layer of the skin, the
dermis, which contains nerves and
blood vessels, and causes swell-
ing below the epidermis. The prog-
nosis for a second degree burn
depends on the depth of the in-
jury and whether infection occurs.
Shallow second degree burns
eventually heal by themselves.
Deep second degree burns are
more easily infected, and treat-
ment may require removal of the
burned tissue and replacement
with skin grafts.

A third degree burn destroys tis-
sues in the layer below the dermis
causing blood clots, swelling, ac-
cumulation of body fluids, and a
high susceptability to infection
and blood poisoning. These burns
almost always require removal of
the dead tissue before it causes
blood poisoning, and replacement
with skin grafted from other parts
of the body.

In serious burn cases, it is crucial,

however, not to remove too much
skin. If the burn area is extensive,
donor skin sites may be limited
and should be used sparingly. The
use of skin grafting in the case of
second degree burns capable of
self repair should be avoided.
Moreover, too much skin removal
may produce unacceptable shock
to the patient.

Hence, in the case of deep se-
cond degree burns, the examining
physician is faced with a dilemma.
Relying primarily on superficial
observation, a method known to
be highly imprecise and often
misleading, a crucial assessment
must be made of the extent of the
burn and its prognosis, and
whether or not radical treatment
is required.

No widely used technique has
been found that consistently
diagnoses these cases. Several
weeks may elapse before a clear
demarcation emerges between
second degree burns that will heal
and those that will not. Delay
enhances the probability of ir-
revocable blood poisoning and
death. Early knowledge of the
depth of injury would aid diag-
nosis and might preclude un-
necessary and risky surgery.

In 1975 researchers funded by the
Seed Money program laid the
scientific foundation that now of-
fers hope for a solution to this
problem. Based on this research,
a prototype machine, now under
development for use in clinical
trials, makes use of harmless
sound waves, in a fashion similar
to sonar, to probe the condition of
the skin and its underlying
tissues. Within minutes, it makes
highly accurate quantitative
measurements of burn depth. It
also produces a clear, cross-
sectional picture of the various
layers of the skin, enlarged about
a hundredfold, and provides the
physician the essential informa-
tion needed for a correct
diagnosis.

Although ultrasound techniques
are not new, the problems faced
by the Seed Money researchers
were most difficult in several
areas. First, they had to work
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within extremely shallow depths.
The average thickness of the
human skin is only about one
milimeter, or about 1/32 of an inch.
Second, they had to devise a
means of distinguishing the sub-
tle acoustic differences between
normal tissue and recently burned
tissue, wherein the more telling
characteristics of dead tissue are
not yet set. Also, they had to find
a way to overcome a nearly blind-
ing reflection of the original
sound wave, the so-called main
bang echo, as it bounced off
tissues in the body other than
those of interest.

Using samples of tissue burned in
varying degrees, and comparing
the results of microscopic anal-
ysis to ultrasound data, they in-
vestigated a number of different
approaches to overcoming these
difficulties. Ultimately, they deter-
mined that certain ultra-high
sound frequencies could yield the
resolution required within the
shallow depth. They devised a
means for subtracting out the
main bang echo. And they em-
ployed a clever mathematical
technique, called Fourier trans-
forms, to process the returned
signals and distinguish between
the healthy and burned tissue.

These early successes demon-
strated the feasibility of burn
depth measurement by means of
ultrasound, and paved the way for
subsequent technology develop-
ment. The results were published
in numerous technical journals, in-
cluding Medical Physics, Journal
of Trauma, and the Journal of the
Acoustics Society of America.

Their research and the resulting
device won an IR-100 Award from
Research & Development maga-
zine and was granted a U.S. pa-
tent. NASA sponsored subsequent
development and testing of the
prototype unit. It is being built
under a licensing agreement with
Advanced Technology Laboratories
of Seattle, Washington. Its clinical
trials are scheduled to take place
on burn patients at the hospital
and medical school of Virginia
Commonwealth University.

If successful, this machine could
16

revolutionize burn diagnostics in
the hospital emergency room.
When needed, early removal of
burned tissue, often recommended
reluctantly in borderline cases,
can reduce mortality, promote
earlier wound closure, and reduce
deformaties. Armed with knowl-
edge of where the precise inter-
face occurs between burned and
healthy tissue, the physician can
make well informed judgements
about patient prognosis and
prescribe the correct treatment.
Aided by such a machine, the
burn patient of the future could
look forward to less physical
trauma, a shorter hospital stay,
and a more rapid return to normal
life.

Legionnaires’ Disease

In August of 1976, a mysterious
and frightening disease was
visited upon the American Legion
convention at the Bellevue-
Stratford Hotel in Philadelphia.
One by one, conventioneers
became fatally ill with flu- and
pneumonia-like symptoms for
which there was no known cure.
The hotel was closed; but before
it was over, 29 people had died.

Months later, the cause of what
came to be known as Legion-
naires’ disease was isolated from
autopsied tissues by microbiolo-
gists at the Center for Disease
Control in Atlanta. It was found to
be a form of bacteria, classified
and named Legionella pneumo-
phila. Legionella have since been
found to be present in minute
amounts in almost all fresh
waters.

Normally, this form of bacteria is
relatively harmless. Under certain
conditions, however, it can
become deadly. Tragically, the
disease struck twice more in the
warm weather months of 1977 at
hospitals in Burlington, Vermont,
and Los Angeles; and more people
died.

Today, there is a cure for Legion-
naires’ disease. If properly diag-
nosed, it may be treated with a
readily available antibiotic called
erythromycin. Yet, for years

following these incidents, crucial
aspects of the disease remained a
mystery.

Why did the disease seem to
strike so selectively in hotels and
hospitals, and seemingly most
often in the warm weather
months? How could relatively
harmless bacteria, found in almost
all fresh waters, become so infec-
tious and dangerous? Since
Legionella normally exist in low
concentrations, what caused them
to proliferate? Most importantly,
how could the tragic events of the
past be prevented in the future?

Results from Seed Money re-
search, funded in three separate
projects in 1976, 1983, and 1984,
as well as from follow-on research
funded by others, played a key
role in answering some of these
questions. Owing, in part, to this
work and to that of other scien-
tists working on the problem, a
fairly clear picture of the disease
and its underlying causal factors
has since emerged.

Under normal circumstances, the
bacteria are not dangerous to
man, even if swallowed. This is

‘particularly true if they remain in

their usual state of low concentra-
tion. They do become dangerous,
however, if they begin to prolif-
erate wildly and if they happen to
gain entry into the lungs.

A common route of entry into the
lungs was found to be from in-
halation of airborne mist. Such
mists can arise from shower
heads, building air conditioning
systems in large hotels and
hospitals, and cooling towers
associated with certain types of
large industrial plants and electric
power generating stations.

Concerning proliferation, Seed
Money researchers, working on a
problem unrelated to Legionella at
the time, discovered a means by
which the bacteria might multiply
themselves more than a million-
fold. Their study in 1976 focused
on the effects of heated waters on
the growth of two varieties of one-
celled organisms, called amoebae,
namely Naegleria and Acanth-
amoebae. These organisms attack
bacteria and consume them as



food.’In consuming Legionella,
however, the amoebae can
become infected with the disease
and act like factories producing
prolific amounts of the bacteria. In
this way, high concentrations of
Legionella were linked, in part, to
the presence of amoebae.

Further, Seed Money researchers
found that these two varieties of
one-celled organisms shared an
ability, as do Legionella, to
tolerate and, in some cases, thrive
in heated waters. In natural set-
tings, amoebae populations peak
in the summer months. In cold
waters, by contrast, their
concentrations are much less.

Thus, Seed Money research pro-
vided a plausible explanation of
why Legionnaires’ disease is
associated with the dispersion of
waste heat by means of building
air conditioning systems and in-
dustrial cooling towers. Con-
centrations of disease producing
organisms, including both amoe-
bae and Legionella, may be
amplified by heated waters. In ad-
dition, Legionella may be further
and dramatically amplified by the
presence of amoebae. Finally, the
physical operation of cooling
systems provides two aggravating
conditions, namely the heated
waters and the pathway into the
lungs via airborne mist.

In another Seed Money project in
1983, researchers focused on the
implications of this earlier work
and found evidence of certain oc-
cupational risks associated with
Legionnaires’ disease. They ex-
amined blood samples taken from
workers who cleaned cooling
towers at electric power plants.
Testing for the presence of an-
tibodies associated with the
disease, they found evidence that
as high as 40 percent of the
workers at some locations had
been exposed.

The utilities in question took im-
mediate and corrective action.
Although the problem was cor-
rected, the discovery of its ex-
istence underscored the need for
more broadly based monitoring of
similar situations. Further, the
1983 research showed that the

amoebae and the bacteria could
both be controlled with special
chlorination techniques, pointing
the way toward effective preven-
tion programs.

Following up on the need for mon-
itoring, Seed Money researchers in
1984 developed a fast and eco-
nomic method of testing for
Legionnaires’ disease. While their
method makes use of commercial-
ly available equipment and stand-
ard procedures in a technique
called flow cytometry, this was the
first application of this technique
to Legionnaires’ disease. Their
method works on both clinical
(blood) and environmental (water)
samples and can positively iden-
tify the presence of Legionella,
thus serving as an effective warn-
ing and screening technique.

In sum, as a result of these three
Seed Money projects and their
follow-on work, high risk areas
can now be clearly identified. The
availability of reliable methods for
clinical and environmental testing
is helping to minimize both oc-
cupational and public health risks
of exposure. Importantly, the im-
proved understanding of Legion-
ella and the environmental factors
affecting their growth has set the
stage for the development and im-
plementation of improved preven-
tive and control measures.

Whole Body Radiation
Counter

Since the earliest days of atomic
energy, understanding the health
effects of human exposure to
radioactivity and minimizing the
risks of associated occupational
hazards have been of paramount
importance to all involved. Routine
monitoring, extensive precautions
and decades of health effects
research are hallmarks of the
industry.

Yet in the case of uranium and
other classes of the heavier man-
made elements, one of the most
difficult clinical problems is the
accurate assessment of a person’s
cumulative exposure to these
elements. While exposure may be

inferred roughly from circum-
stances, external monitors, and
medical records, an assessment
using such methods is uncertain.
Until recently, there existed no
means of direct measurement.

In 1975 and 1976, however, Seed
Money researchers laid the foun-
dation for the development of a
sophisticated diagnostic instru-
ment, which later became the
standard of the industry. Today,
three private firms manufacture
the instruments, called whole
body radiation counters, and more
than 20 of them are placed in key
locations throughout the country.

These instruments are now used
routinely in the precautionary
screening of thousands of workers
and researchers. They monitor the
exposure history of each individ-
ual and can spot any new develop-
ments. The reliability of the
machines, combined with the
accumulating reports of a clean
bill of health, lend confidence to
both the workforce and the profes-
sional experts concerned with the
safety of the work environment.

In the event of an accident, these
instruments can provide rapid, ac-
curate, and detailed information
on the nature of the exposure.
Such information is essential in
determining the seriousness of
the problem and prescribing the
proper treatment. The instruments
can then monitor treatment prog-
ress and the subsequent removal
of the radioactivity from the body,
ensuring that it does not become
entrenched or concentrated in
sensitive areas.

Aside from the development of
this technology, the underlying
research associated with this work
resulted in many other valuable
contributions to the broader field
of health physics. The methods
and data, original to this effort,
improved the means by which
assessments are made of the im-
pacts on the environment of all
aspects of the nuclear fuel cycle,
from uranium mining to the
disposal of waste. The results are
also important to the development
of nuclear safeguards, handling of
special materials, and research
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into a host of biomedical applica-
tions used in the treatment of
common diseases.

The nature of this achievement
may be appreciated by under-
standing a few of the technical
details. In many cases of ex-
posure, the most common route of
entry into the body of the heavier
radioactive elements, more for-
mally called transuranic nuclides,
is via the respiratory system.
Typically, they take the form of
dust, attach themselves to fine
airborne particles, or to minute
droplets of water, such as found
in condensing steam. As such,
they are inhaled and deposited,
mainly in the lungs.

An accurate medical assessment
of this situation requires precise
knowledge of the type and quanti-
ty of each nuclide deposited, of
which there may be more than a
dozen. Once deposited, however,
they are very difficult to detect.
This is because most of the tell-
tale signs that would otherwise
arise from the radioactive ele-
ments are either fully hidden by
the surrounding tissues or of such
weak or varying strengths that
they cannot be uniquely identified
using conventional radiation
detectors.

In the natural course of the radio-
active decay of a heavy element,
however, there is a faintly detect-
able secondary reaction, which
gives rise to the emission of a
number of low energy x-rays. The
emissions from this secondary
reaction provided the key to the
information the Seed Money re-
searchers were seeking.

Technically speaking, as the
nucleus of a large and unstable
atom transforms itself into a
slightly smaller one, in a process
called decay, it gives off among
other things an energetic, elec-
trically charged (alpha) particle.
This type of emission forms the
bulk of the radioactivity.

In many instances, however, the
newly formed nucleus is left in a
highly perturbed or excited state.
In a nuclear process called “inter-
nal conversion,’ this extra energy
may be transferred to one of the
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nucleus’ orbiting electrons. This
causes the electron to become ex-
cited, knocking it out of its normal
or so-called ground state. The re-
sulting “hole” is then filled by a
neighboring electron, which falls
into the hole, creating a new one,
and gives off an x-ray in the
process.

As this process is repeated, the
cascade of falling electrons gives
off a wide range, or spectrum, of
low energy x-rays. The character-
istics of the spectrum are unique
to each nuclide and are akin to an
identifying signature or finger-
print. Some of these x-rays pass
out of the body unobstructed and,
in theory, could be detected.

The Seed Money researchers
reasoned that if they could de-
velop a detector of sufficient sen-
sitivity to count the x-rays, and of
sufficient power of resolution to
finely measure their identifying
energies, then they could work
back through the reference data
on x-ray spectra and determine all
the contributing sources.

Although seemingly straightfor-
ward, there were several problems
to overcome. The x-rays were soO
weak that a highly sensitive, wide-
area detector had to be built and
calibrated. Second, reference data
for many of the manmade ele-
ments were either uncertain or did
not exist. The researchers had to
confirm them or develop them
from scratch. Third, the detected
signal from one element appeared

among the data with all the others.

Like a complex puzzle, each piece
had to be carefully examined,
matched with others, and then
each matched set sorted out one-
by-one. Overcoming all these prob-
lems, they were able to identify
the sources.

Determining their quantities, how-
ever, was another matter. This is
because the strength of the signal
varies with the depth of the source
and the extent to which the x-rays
might have been obstructed by ab-
sorption in the body’s tissues.
Since these facts were not known,
the quantity of each nuclide could
not be inferred from the strength
of the signal aione.

The solution to this problem in-
volved a combination of physics
and mathematical modeling of the
body’s tissues. The physics made
use of the fact that the likelihood
of an x-ray being absorbed by the
body is roughly proportional to its
energy. Typically, the lower the
energy, the higher the rate of ab-
sorption. Hence, a comparison of
two or more different x-rays from
the same nuclide, each having a
discrete energy, should show a
proportionally greater fall-off in
signal strength among those at
the lower end of the energy spec-
trum. The extent of this fall-off
reveals crucial information about
the depth of the underlying tissue
and its absorption characteristics.

The mathematical modeling pro-
vided a three-dimensional picture
of the body’s bone, lung, and mus-
cle tissues, each of which absorbs
x-rays in varying degrees. By fit-
ting the detected signal to the
mathematical picture, and by com-
paring the expected values of ab-
sorption to the apparent values,
the model could estimate the
average depth of each source at
each location, and calculate the
amount of each nuclide present.

The Seed Money researchers
developed the theory, data, and
methods necessary to overcome
each problem. The success of
their experimental work proved the
viability of the concept. This
ultimately led to the development
and commercialization by others
of a highly sensitive, workable and
reliable instrument.

Today, thanks to the existence of
the whole body radiation counter,
any individual who suspects that
he or she may have been exposed
to radioactivity from uranium and
related manmade elements can be
assured of an accurate medical
assessment of the situation. With
reliable information, a prognosis
may be made with confidence.
Importantly, the psychologically
debilitating effects of uncertainty,
which often accompany such
cases, may be eliminated alto-
gether. Treatment, if required, can
proceed in a carefully deliberated
fashion with increased likelihood
of success.



The Anflow System

In 1974 and 1975, Seed Money
researchers developed a new,
highly efficient flow-through
system for processes that use
microorganisms, or bacteria, to
convert organic matter into more
beneficial products. Two common
examples of such processes are
the fermentation of grain into beer
and the processing of municipal
waste into clean water.

The new system, called ANFLOW,
performs such functions more
quickly and less expensively than
conventional methods. Two impor-
tant factors contributing to these
advantages are the use of a
special class of bacteria, called
anaerobic bacteria because they
live and thrive in the absence of
oxygen, and the use of a steady-
state, continuous flow method of
processing. ANFLOW derives its
name from the two words anae-
robic and flow.

In bioconversion processes, con-
tinuous flow systems have long
been known to have a number of
advantages over so-called batch
methods. Unlike continuous flow
systems, batch methods require
containment of the organic matter
and the bacteria in large fermenta-
tion vessels or vats for long
periods of time. Such methods
tend to be slow and occupy large
amounts of space. They require
expensive machinery and moni-
toring instruments. They also con-
sume large amounts of energy in
maintaining precisely controlled
temperatures and environments as
the biological reactions take place
over time in increasing concen-
trations.

The ANFLOW system, by contrast,

processes organic matter in a con-

tinuous, steady-state mode of
operation. It is inherently simpler
and occupies less space. It ex-
hibits higher yields, produces less
by-product waste, and reduces
processing time from days to a
matter of hours.

Although the ANFLOW system,
since patented, is a generalized
one with many applications, one
of its first uses was to convert

municipal wastes into a harmless
effluent suitable for discharge into
rivers and streams. Laboratory
testing showed that the ANFLOW
system treated sewage at higher
loading rates than the prevailing
activated sludge process.

Technically speaking, the ANFLOW
system is an upflow, packed-bed
bioreactor. Prior to its develop-
ment, there had always been a
number of serious difficulties in
using anaerobic bacteria in flow
systems.

Seed Money researchers overcame
these difficulties in two ways.
First, they made use of an upflow,
packed column of organic liquids
to keep the biosystem free of air,
using a concept first developed at
Stanford University. Second and
importantly, they developed a spe-
cial packing material and coating.

The combination of the special
packing material and coating im-
mobilized the microorganisms so
that they did not flow out of the
system as the organic matter
passed by. Also, it enabled the
researchers to control the rate of
bacterial growth, which optimized
efficiency and kept the system
from clogging. Finally, the packing
material greatly expanded the
available surface area inside the
bioreactor. This increased the pro-
duction yield and reduced the
concentrations per unit surface
area of certain chemicals in the
waste stream that otherwise might
kill the functioning bacteria.

Pursuing this line of research, the
Seed Money researchers investi-
gated several methods by which
the live cells could be fixed or im-
mobilized in the packed bed. They
coated small ceramic shapes,
such as saddles, rings, or glass
spheres, each about the size of a
grain of sand, with an adhesive
material called a polyelectrolyte,
and loaded them into the column.
The polyelectrolyte was then
chemically activated and cross-
linked to form an interconnected
structure that trapped microorgan-
isms on its surface and accumu-
lated them in the packing spaces.

Laboratory tests showed that, as a
result, the bacteria remained

healthy and intact (immobilized) as
the process stream passed over
the surfaces and through the
packed bed. Biological activity in-
creased. After 2 years of success-
ful operation, no clogging had
occurred.

This success paved the way for
the advancement from batch type
bioconversion processing to con-
tinuous flow type systems in a
wide range of other applications.
In one experiment, the ANFLOW
system increased the conversion
efficiency of glucose to ethanol
(grain alcohol) by 50 percent over
conventional methods.

ANFLOW has also been tested
and showed promise in a number
of other areas. These include:
converting organic wastes to fuel
gas, converting cottage cheese
whey to lactic acid, processing
coal liquefaction wastes to remove
dissolved carbon, breaking down
cellulosic products into glucose,
and converting methane into
methanol (wood alcohol).

Moreover, the utility of the
ANFLOW system itself may be
further and dramatically in-
creased by the availability of im-
proved anaerobic bacterial strains.
This is a line of research that has
been encouraged by the above
developments.

Two ANFLOW units have been in-
stalled and operated. The first was
a 5,000 gallon per day (GPD) waste
treatment pilot facility in Oak
Ridge, Tennessee. This project
benefited from the participation

of the Norton Chemical Company,
a private firm interested in the
commercial development of the
ANFLOW system. This installation
helped Norton meet waste water
discharge standards with a highly
efficient and economic process.

A 50,000 GPD plant was built in
Knoxville, Tennessee, and oper-
ated in 1980 and 1981 by the city
of Knoxville and the Department
of Energy. Glitsch Manufacturing
Company provided the ceramic
rings for packing the bed. The
unit successfully demonstrated
process scale-up, treating both
municipal and industrial

wastes.
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Attracted by these successes,
follow-on funding from a number
of other sources enabled the con-
tinued technology development. A
new firm, ANFLOW, inc., has since
been formed at Oak Ridge to
market the system for waste treat-
ment and other uses. A major
ANFLOW project for the treatment
of muncipal wastes is under con-
struction at Haleyville, Alabama.

These practical applications, as
well as the technological potential
for transforming other bioconver-
sion processes from batch to
flow-through systems, owe their
existence to the scientific work
funded initially by the Seed Money
program. The underlying research
earned an IR-100 Award from
Research & Development maga-
zine and resulted in two patents.
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New Scientific
Understanding

Genetics and
Molecular Biology

Ever since the Nobel Prize winning
discovery in 1953 of the essence
of life, embodied in the structure
of a complex molecule known as
DNA (deoxyribonucleic acid), there
has been an explosion of scien-
tific knowledge that is utterly
transforming the study of life
sciences and the practice of the
healing arts.

Every form of life, including all
plants and animals from human
beings to the simplest bacteria,
springs forth from DNA. A full
strand of DNA, resident in each
cell of its living host, contains the
complete genetic code, or blue-
print of life, that fully describes
every biological aspect of an
organism’s existence. The precise
sequence of the code determines
its size and shape, strengths and
weaknesses, functions and behav-
ior. The living organism is, in
essence, the ultimate physical
manifestation of its underlying
code.

Today, hundreds of scientists from
plant biologists to cancer re-
searchers are working both to
determine the sequence of the
code and to understand its mean-
ing. Their hope is to identify the
functions associated with its
myriad arrangements and develop
the tools needed to transform this
knowledge into practical use.

Already, initial successes have
brought enormous benefits. Rare
forms of some human hormones,
for example, can now be manufac-
tured cheaply in the laboratory. In-
sulin used in the treatment of
diabetes is perhaps one of the
more dramatic cases. In other
cases, with sufficient knowledge
and capability, it may be possible
for mankind to emerge triumphant
in the future over some of its old-
est and most dreaded scourges.

Although the promise for success
is bright, the magnitude of the re-
maining task is staggering. The
full strand of human DNA, called
the human genome, consists of
3.5 billion elements of precisely
sequenced genetic code. While

the tools for analyzing such a
complex molecule have improved
dramatically in recent years, any
hope of accomplishing the am-
bitious goal of complete under-
standing lies well beyond our
current means. Smaller steps
along the way must be taken first.

Hence, the focus of much of to-
day’s research is on smaller, more
specialized and prioritized aspects
of the larger problem. The object
is to reveal in theory important
lessons bearing on the whole,
while addressing in practice a
tractable set of research tasks.

Exemplifying this approach, Seed
Money researchers in four sepa-
rate projects funded in 1975, 1979,
1982, and 1985, played a funda-
mental role in developing basic
knowledge in one particularly
important, yet elusive area of
investigation.

While it is well known that DNA
provides both the code and the in-
structions for the manufacture of
proteins, which are essential
chemicals that stimulate and carry
out an organism’s vital functions,
it is not known what causes the
protein manufacturing process to
start or stop. The focus of these
four Seed Money projects, each
being quite different from another,
was on understanding the regula-
tory mechanisms that control the
timing and duration of this manu-
facturing process.

To improve their chances for suc-
cess, the Seed Money researchers
chose for study a biological func-
tion associated with periodic and
rapid growth of tissue, and se-
lected an animal in which such
behavior could be readily manipu-
lated in the laboratory. The animal
was a species of crab that normal-
ly lives out of water on land, and
is fairly easy to maintain in cap-
tivity. Importantly, much of the
DNA of this crab was known to
break up under certain laboratory
conditions into segments of in-
terest that were of a manageable
size (each of several thousand
coded elements).

The biological function chosen
was a process familiar to almost
all fishermeh, called molting.
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Molting occurs when the crab
begins to shed its old shell, either
because it’s damaged or too small,
grows an underlying new and soft
shell, enlarges it after the old
shell has been discarded, and
then gradually hardens it to com-
plete the process. Conveniently for
the purposes of research, molting
can be initiated artificially in the
laboratory.

Hence, molting is an important
phase of growth. In fact, in the
case of crabs, molting is the only
time in which growth occurs. This
enables investigators to compare
genetic activities in growing and
nongrowing periods, and draw
important lessons from the
differences.

Molting is an important focus of
research for other reasons. It is
biologically similar to the skin
shedding processes of insects as
they grow from larvae into adults
in a process known as metamor-
phosis. Thus, it is a major focus of
agricultural and environmental
research aimed at controlling
pests and understanding the ef-
fects of pollutants on life cycles
and reproduction.

Also, the switching on and off of
rapid tissue growth is of great im-
portance to cancer researchers.
One hypothesis for the cause of
cancer is that a gene, vital to the
beginning of life during the rapid
growth phase of the embryo but
normally dormant thereafter, is
switched on again by cancer caus-
ing agents. A better understanding
of the mechanisms that regulate
rapid tissue growth might lead to a
means for turning off such growth
when it is not desired. This would
be a direct and powerful cure for
cancer, much more so then the
less specific means of chemo-
therapy and radiation in use today.

In 1985 Seed Money researchers
accomplished an important step
along the way toward a better
understanding of animal growth
and growth-regulating functions.
They culminated a decade of
painstaking research by success-
fully identifying several proteins
specifically associated with the
crab’s molting process.
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This step is important because
once the protein has been iden-
tified and isolated, researchers
can use a number of standard
laboratory techniques, working
backward, to create an exact
duplicate of the original DNA
which gave rise to the protein in
the first place. Once this DNA is
in hand, it can be analyzed to
reveal the sequence of the coded
elements of the gene. Attached to
this gene, researchers hope to find
the switch that turns on the rapid
tissue growth associated with
shell replacement. This latter ef-
fort is now the subject of further
research funded by others.

When decoded, the DNA se-
quences can be entered into a
massive computerized library and
compared to all other known DNA
sequences. In this way, the keys to
the regulatory functions in other
species of animals may be re-
vealed by association.

While the identification of the
proteins is a major success, none
of this line of research would have
been possible had it not been for
earlier work. In 1982, for example,
Seed Money researchers used
more classical biological tech-
niques to isolate certain
chemicals in the crab, called
growth-regulating hormones, the
fluctuating quantities of which
were found to be closely cor-
related with the crab’s molting
stages. This success provided an
important clue as to when and
where to start looking for the pro-
teins and set the stage for 3 years
of non-Seed Money research. This
subsequent research ultimately
pointed the way toward the new
and successful avenue of investi-
gation pursued by the Seed Money
researchers in their 1985 work.

The 1982 research, in turn, was
made possible by earlier suc-
cesses. Working on simpler
segments of crab DNA, Seed
Money researchers in 1975 were
among the first anywhere to
decipher correctly a segment of
genetic code from higher order
animals. In 1979 they established
successfully at the Laboratory the
methods and procedures for DNA
cloning, or amplifying, a segment

of a DNA molecule into more
abundant and chemically useful
quantities. It was these Seed
Money projects that first brought
together at the Laboratory the
skills, equipment, and resources
necessary to carry out sophis-
ticated research in molecular
biology and established the foun-
dation on which the present work
is based.

While the ultimate goal of this
line of research has yet to be fully
realized, and while the successes
described here are not particularly
unique in the burgeoning list of
accomplishments in the field,
these four projects collectively are
representative of both the larger
body of work and the process by
which fundamental knowledge in
this field is advanced.

Ten years of painstaking and
meticulous research were required
to establish the capabilities, per-
form the underlying research, and
bring the resulting products to
fruition. Each additional effort
built on the successes of its
predecessors.

These projects also serve as an
example of how the benefits of
basic research often come into
clearer focus retrospectively than
was possible at the outset. In 1975
it was not entirely clear to what
practical end the Seed Money
investment in DNA sequencing
would lead.

Funds from the Seed Money pro-
gram were used judiciously as a
means of pursuing a new line of
work and incorporating the latest
scientific developments and
techniques into an established
organization more familiar with
classical approaches. A few
periodic and relatively minor
Seed Money investments pro-
vided essential and nurturing
support at crucial times to help
establish a new avenue of
research. With newly established
credentials, each success led to
subsequent grants from outside
funding organizations. As a result,
biological research at the Labora-
tory is now well positioned within
the midst of a broad scientific
revolution.



High-Voltage Equipment

The safe and efficient handling of
high-voltage electric current is
becoming an increasingly impor-
tant issue in the development of
advanced energy and defense
technologies. As scientists and
engineers begin to press the
limits of today’s high-voltage
equipment, there is a crucial and
growing need to better understand
the fundamental interactions of
strong electric fields, currents,
and voitages with the materials
and substances used to control
them.

In the electric power industry, for
example, there are compelling
economic motivations to reduce
the amount of energy lost in the
transmission and distribution of
electricity from the power plant to
consumer. The amount of electrici-
ty lost is estimated to be on the
order of 10 percent of total sales,
valued in terms of today’s prices
at about $15 billion per year.

The principal strategy for solving
this problem is to reduce the elec-
trical current and its associated
losses by increasing the voltage. A
doubling of the voltage halves the
current, which in turn reduces the
losses due to electrical resistance
by a factor of four. Hence, with the
advent of appropriate enabling
technology, high-voltage power
lines now operating at 765 kilo-
volts (kV) might be able to operate
safely and economically in the
higher ranges of 1100 to 1500 kV,
cutting losses by 50 to 75 percent,
respectively.

In 1974 Seed Money researchers
laid the scientific foundation for
the development of several key ad-
vancements in such technology.
Their work focused in particular
on improvements in insulating
materials, known technically as
dielectrics, which would be re-
quired to handle the higher
voltages.

High-voltage devices such as
switches, connections, and
transmission lines are protected
from electrical short-circuiting by
wide gaps between the so-called
“hot” side of the circuit and the

ground. Under ideal conditions,
this gap would be filled with a
perfect insulator, keeping the two
sides safely separated, while
simultaneously minimizing space
and cost.

More typically, however, a safe
device is large, cumbersome, and
costly. The gap is usually filled
with certain liquid dielectrics,
such as oil, or as is often the case
in high-voltage devices, the gap is
made wider and filled with or-
dinary air or other gases known to
have special insulating properties.

Unfortunately, under the stress of
strong electric fields, which
become stronger with higher
voltages, the insulating properties
of gas dielectrics break down. For
a brief moment, the gas becomes
a conductor of electricity, rather
than an insulator, allowing the
high-voitage current to jump
across the gap with disastrous
results.

Seed Money researchers were
aware that certain gases were
more resistant to “breakdown”
than others and set out to in-
vestigate the underlying causes.
The research examined the effects
of strong electric fields on the
behavior of gases at the atomic
and molecular levels.

In particular, the work focused on
the delicate balance between the
rates of production and absorption
(elimination) of a special class of
electrically charged particles,
called “free electrons” These par-
ticles exist naturally in minute
amounts in every gas and, if con-
centrated in sufficient number,
can carry a large electric current.

The researchers hypothesized that
breakdown occurred when this
balance tipped too far in favor of
production. This would resuit in a
nearly instantaneous population
explosion of free electrons, which
would be followed immediately by
a large, violent electrical discharge.

Accordingly, they searched for a
means by which certain electron
manipulating properties could be
introduced into gas dielectrics so
that the balance would be tipped
the other way. They looked for two

properties in particular, one that
promotes absorption, which
eliminates free electrons best
when they move relatively siowly,
and another complementary prop-
erty that promotes scattering,
which works best on the faster
free electrons and slows them
down.

In this line of research, they were
highly successful. Gases were
identified that possessed the
desired properties, and optimal
mixtures were formulated that
both improved insulation perform-
ance and lowered costs.

Further, in the course of the in-
vestigation, the Seed Money
researchers discovered that toxic
chemicals could be produced by
sparks in the most commonly
used gas dielectric, sulfur hexa-
flouride. This finding alone
revamped industry work and safety
procedures and greatly reduced
previously unknown, but never-
theless prevalent, occupational
risks.

Importantly for the future, this
research contributed significantly
to our understanding of how
gases, when subjected to high
electric fields, either resist or con-
duct high-voltage current. Under-
standing this behavior is of great
importance to other advanced
technologies, such as those which
require extremely fast and durable
high-voltage switching devices.
These include high power lasers
and particie beam accelerators,
both of which are currently the
subject of active research interest.
They also include certain schemes
for obtaining a virtually inexhausti-
ble supply of power from a
nuclear process that mimics the
sun, called fusion energy.

Ailtogether, this Seed Money
accomplishment generated con-
siderable interest in the high-
voltage equipment industry. It was
the subject of several well at-
tended international conferences
and the focus of much follow-on
work funded by private sector
manufacturers and research
institutes.

Perhaps more significantly, basic
research into the fundamental
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behavior of materials under condi-
tions of an imposed electric field
led to increased understanding of
how this behavior could be
adapted to practical application.
This knowledge not only led to the
development of new and improved
techniques for the safe and effi-
cient handling of high-voitage cur-
rent, but also opened new vistas
of potentially important develop-
ments in advanced energy produc-
tion and defense technologies.
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New Tools
for Science

Microcalorimeter

Some of nature’s most intriguing
scientific mysteries often lie just
beyond our grasp because we can-
not measure properly. Recently,
however, Seed Money researchers
developed a new, highly sensitive
heat measuring instrument, called
a microcalorimeter, which has
begun to shed light on these mys-
teries and provide the means by
which their underlying processes
may be revealed.

Take for example the origin of
man’s most valuable mineral
deposits, including those of iron,
manganese, copper, zinc, silver,
and gold. It is now believed that
these deposits, mined on land
near the surface, were once
formed at great depths on the
ocean floor near volcano-like hot
springs, or so-cailed ocean ther-
mal vents. A better understanding
of how these mineral deposits
were formed may lead to signifi-
cant advances in our ability to
locate and mine new deposits.

Unraveling this and other
mysteries requires, in part, a basic
understanding of the behavior of
dissolved minerals in sea water at
extreme temperatures and pres-
sures. Yet, the underlying ther-
modynamic properties of mineral
laden solutions in such regimes,
cannot simply be extended from
current data or more common ex-
periences. Even normally stable
properties are known to vary wide-
ly under such conditions and, until
recently, could not be measured
for lack of a reliable instrument.

In 1978 researchers funded by the
Seed Money program embarked
upon an uncertain path toward the
development of such an instru-
ment. The goal was nothing less
than a device capable of the com-
plete characterization of the most
important thermodynamic proper-
ties, at temperatures up to 900°F
and pressures up to 700 atmos-
pheres, for a full range of solu-
tions, including highly corrosive
ones, such as strong acids and
bases.

Their work made use of the fact
that under special circumstances,

if one could measure very pre-
cisely the faint amount of heat
(energy) either given off or ab-
sorbed by a mixing reaction involv-
ing two highly dilute solutions or
liquids, then everything else would
fall into place. The special circum-
stances required, as a minimum:
exact knowledge of the tempera-
ture, pressure, chemical composi-
tion, and amounts of the two
liquids to be mixed; a carefully
controlled mixing process to en-
sure completeness of the reaction,
total absence of any gas or vapor
phase in order to simplify the
equations and eliminate extra
variables; and a means of correct-
ing for any outside influences that
might adversely affect the data
during the experiments.

If these conditions could be
achieved under exacting stand-
ards, then the so-called “heats of
dilution” could be measured pre-
cisely. This information, combined
with other existing data, the well
known laws of thermodynamics,
and the equations of physical
chemistry, could then enable the
researchers to derive the remain-
ing thermodynamic properties of
the solutions in question.

The technical challenge was es-
sentially one of building a device
that could both withstand the ex-
treme corrosiveness, temperatures,
and pressures of the solutions en-
visioned, while simultaneously
achieving levels of precision in
measurement never before at-
tempted. At the time, it was con-
sidered a high risk venture.

Within a year, the Seed Money
researchers had built their device
and demonstrated its powerful
capabilities. They were enormously
successful. Their device had cir-
cumvented a number of longstand-
ing technical difficulties and
produced results with high accura-
cies in previously unexplored
regimes.

Moreover, the device was efficient
and economical. Because of its
simplicity, many tests could be
run per day, heralding the collapse
into months of what otherwise
would have taken years of difficult
and expensive research using
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different approaches toward the
same end. The device gained im-
mediate acceptance within the
established community of basic
chemistry research and became a
mainstay of a continuing and
highly productive line of work in
high temperature and corrosive
environments.

Today, the thermodynamic proper-
ties of solutions at high tempera-
tures and pressures have many
uses. Not only are they being used
by geoscientists in unravelling the
mysteries of mineral formations,
but they have many other practical
applications. They are necessary
in understanding fluids used to
extract energy from the earth in
geothermal technologies. They are
important in designing a properly
protected means for permanently
disposing of high-level radioactive
waste. They are helping power
engineers design better steam
generators that are more resistant
to corrosion and cracking. They
are fundamental to research work
in electrochemistry aimed at the
development of new electrolites
used in advanced batteries and
fuel cells.

The successful development of
the microcalorimeter was a signifi-
cant advance. It has since as-
sumed a principal role in major
investigations of thermodynamic
properties and has proven to be
an indispensible tool for basic
research. Developed modestly with
no stated application, it now
serves in many diverse and impor-
tant ways never envisioned.

Positron Probe

A unique and potentially powerful
tool for studying atoms, their or-
biting electrons, and the important
physical details of the surfaces of
materials, recently took a signifi-
cant step forward with the aid of
Seed Money research.

This tool, which makes use of a
rare subatomic particle known as
positron, can be used to probe the
atomic building blocks of nature
in ways that no other tool can. Its
application promises new insights
into economically important areas
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of scientific endeavor as diverse
as physical chemistry, behavior of
materials, and microelectronics.

The power of this new tool stems
from the unique properties of the
positron. This particle is relatively
lightweight and carries a positive
electrical charge, enabling it to be
easily manipulated by an electric
field. It can be accelerated and
precisely controlled at varying in-
tensities, focused with accuracy,
stored briefly, and garnered with
others in sufficient numbers to be
pulsed onto surfaces like a bright
light beam.

Similar in many respects to its
sister particle, the electron, a
beam of these particles may be
used to make the positron version
of the more familiar electron
microscope. Because the positron
carries a charge opposite to that
of the electron, and is thus at-
tracted to electrons orbiting at the
surfaces of atoms instead of being
repelled, such a microscope would
give scientists valuable new per-
spectives and potentially sharper
resolution of certain structural
details.

More significantly, however, is the
fact that the positron tends to an-
nihilate itself in the presence of
an electron. In the process, it also
destroys the electron and broad-
casts a final, information-laden
message about the precise loca-
tion and circumstances of its
destruction. This message also
contains many scientifically impor-
tant physical details about the
positron’s hapless electron partner.

It is this ability to search out
specific parts of an atom’s struc-
ture, namely the outermost or-
biting electrons, or alternatively
concentrations of electrons in the
surface structures of materials
caused by defects or the presence
of impurities, and to send back
physical data about these con-
ditions that offers so much poten-
tial for scientific investigation.

Why are these particular electrons
so important? Virtually all natural
phenomena observable in everyday
life are governed by the ways in
which the specific arrangements
of electrons in the outermost

shells or orbits of atoms interact.
The physical characteristics of
these arrangements, such as the
size of the shells, the number of
electrons, and how tightly they are
bound, establish the laws of
chemistry; prescribe how individ-
ual atoms form into solids, liquids,
and gases; and dictate how dif-
ferent elements combine into
substances ranging from solid
mixtures and metal alloys to liquid
solutions and complex molecules.

Importantly for many high-tech in-
dustries, these electrons also im-
part to substances many of their
unique properties, such as
strength and ductility, electrical
conductivity, resistance to corro-
sion, and in certain instances, how
their molecular surfaces bond with
others. Hence, a fundamental
understanding of the physics of an
atom’s outermost electrons and
the composition of materials at
the atomic level lies at the heart
of many crucially important tech-
nological advances.

In the highly competitive aero-
space industry, for example, there
is a continuing and pressing need
for stronger and lighter structural
materials. In recent years, this
need has been met in some in-
stances with a new class of
materials, called epoxy-based,
carbon-fiber composites. Positron
research is now being used to in-
vestigate the molecular bonding
characteristics of various types of
composite fabrications. The study
of damaged sections from military
jet aircraft, using positron probes,
has given rise to new theories as
to why certain fabrications seem
to be much stronger than others.

Similarly, the search for why some
very strong metals are made im-
practical because of their brittle-
ness has led to the study of
atomic structures on the surfaces
of the microscopic crystals which
form the metals. It is at these sur-
faces, called grain boundaries,
where slippage occurs, causing a
material to be brittle and break
under stress. A study of the migra-
tion and position of certain im-
purities at these surfaces, aided in
part by positron diagnostics, has
led to a process which increases



adhesion at the grain boundaries
and resulted in the “ductilization”
of previously useless, super strong
but brittle alloys (see Nickel
Aluminide). Other such applica-
tions of positron research abound,
and progress in the field is gain-
ing momentum.

Earlier, however, there had always
been two major problems con-
fronting positron researchers, both
of which research funded by the
Seed Money program helped to
solve. First, in most practical ap-
plications (other than those requir-
ing ultra-high vacuums) one could
never get reliably enough posi-
tions for a useful diagnostic.

Positrons are very rare; they live
on the average of only one
billionth of a second. Second,
when one did get them, they were
either too fast or of such widely
varying energies that the resulting
signals were nearly impossible to
interpret meaningfully. What was
needed was a reliable means of
producing an abundant source of
slow and relatively monoenergetic
positrons in environments other
than ultra-high vacuums.

In 1978 and 1979, researchers
funded by Seed Money set out to
solve these problems with a two-
pronged attack. First, they investi-
gated a number of different
sources, particularly those known
to be prolific and energetic posi-
tron emitters. This necessitated a
containment system for safety and
required the positrons to pass
through a protective window, a
process that would ordinarily
diminish the resulting beam’s
strength. Ultimately, they found a
window that was relatively trans-
parent to fast positrons and de-
vised a safe means of producing
an intense beam.

Simultaneously, they explored a
variety of materials that might be
used to slow down, or moderate,
fast positrons without consuming
too many of them in the process.
Ultimately, an efficient moderator
was found to be tungsten. In addi-
tion, the researchers developed a
heat treatment method for the
tungsten that removed oxides and
greatly reduced the concentration
of surface defects, such as holes

between molecules or atoms,
which limited the number of siow
positrons reemitted. As a result,
the researchers were able to de-
vise a reliable means of producing
a beam of slow, monoenergetic
positrons about the diameter of a
pencil flowing at the rate of
100,000 positrons per second.

Although copper moderators devel-
oped elsewhere were known to be
of higher efficiency, they had to be
used under ultra-high vacuum con-
ditions to prevent loss of effi-
ciency due to rapid contamination
and oxidation. The Seed Money
tungsten moderator, by contrast,
did not significantly oxidize when

exposed to air. This attribute,
aside from improving ease of use,
also permitted its broader applica-
tion to such areas as electron
scattering in gases. A description
of how electrons behave in gases
is important in areas such as
plasma physics, laser technology,
and the chemistry of the upper
atmosphere.

These breakthroughs proved to be
significant steps in the further
development of practical diag-
nostic tools, particularly in the
area of analytical chemistry. It
elevated positron research to a
new and highly productive plane.

Shortly thereafter, using the Seed
Money tungsten moderator, re-
searchers at Brandeis University
successfully performed the first
laboratory demonstration of low
energy positron diffraction,
another useful surface analysis
technique. This technique comple-
ments and may even surpass in
overall utility and ease of use
other more well-established
methods.

Today, positron researchers around
the world are investigating prob-
lems in many diverse areas, in-
cluding annealing, wear, and
fatigue in metals and alloys.
Positrons are also being used to
investigate the chemical proper-
ties of gases, solutions, and even
such biological molecules as
membrane proteins and enzymes.
Many of these researchers are us-
ing tungsten moderators, or im-
provements thereon, which were

originally researched by the Seed
Money program.

The success of this research
made a measurable contribution to
a larger body of work and heiped
make positron spectroscopy more
of a practical reality, with broad-
ened applications.

Atom Science

Once in a while in the field of
scientific instrumentation, there
comes a device of such increased
power and versatility that an entire
spectrum of research based on

traditional methods of measure-
ment is revolutionized. Such is the
story of a new and extraordinarily
precise measuring technique,
calied resonance ionization spec-
troscopy (RIS). The origin of its
development may be traced to
three Seed Money projects funded

in 1975, 1978, and 1982.

The power of this technique lies in
its remarkable capability to search
out, detect, count, and, if desired,
extract for further use, a single
atom of a specified type among
literally billions of billions of
atoms of any and all other types.
In an analogy to an old saying, it’s
like finding a needle in a haystack;
except with the RIS technique one
has the added benefit (important
to scientific research) of knowing
that all the needles have been
found and accounted for. Com-
pared to previous techniques, RIS
can improve the sensitivity of
atom counting by an astonishing
six orders of magnitude, or a
million-fold.

Counting individual atoms, par-
ticularly those in rare amounts or
unusual forms, is crucially impor-
tant to many fields of fundamental
research. It is also vital to com-
mercial research and development
in many burgeoning and competi-
tive high-technology industries.

In the miniaturization of com-
puters, for example, wherein a
million transistors may be placed
on a single silicon chip the size of
a dime, the wires carrying the
electrical signals have become so
narrow (10 to 100 atoms wide) that
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the presence of a single atom of
an unwanted material, such as
iron, can disrupt reliable perform-
ance. Hence, as a means of
improving their products and
manufacturing processes, makers
of such devices are keenly in-
terested in scientific instruments
that can detect and characterize
impurities on this most fundamen-
tal of scales.

Counting atoms is also important
to the study of geology, minerals
science, hydrology and natural
history. Predictive models of siow-
ly migrating water in underground
aquifers, for example, may be vali-
dated by age dating techniques
that rely on measuring minute
amounts of a noble gas (krypton).
The same is true for understand-
ing the earth’s long term climate
cycles, as evidenced by the same
noble gas trapped in deep cores
of permanently frozen antarctic
ice. In both cases, not only must
the gases be identified and iso-
lated, but individual subdivisions
(isotopes) within their own atomic
species must be sorted out and
counted precisely.

In the climate cycles research,
standard techniques require as
much as one thousand tons of an-
tarctic ice to determine a single
data point in time. With the RIS
technique, a pound or two may
now suffice. Similarly, the Shroud
of Turin, believed to be the burial
cloth of Christ, has never been
scientifically dated because pre-
viously existing dating techniques
would have damaged or destroyed
an unacceptable amount of mate-
rial. Hence, with the advent of RIS,
size dependent constraints such
as these may vanish altogether.

In another class of applications,
RIS affords new opportunities to
search for rare events of great in-
terest. Such events, if they could
be detected reliably, might confirm
certain theories about the pro-
cesses of the sun, which involve
the measurement of solar neu-
trinos. Or, they may lend support
to the grand unification theory of
the basic forces of nature, a clue
to which may be gleaned from
observing the so-called process of
a “double beta” decay.
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In both cases, experiments involve
the detection and monitoring of
extremely rare events. In a pro-
posed solar neutrino experiment,
for example, only 100 atoms of
krypton-81 are expected to be pro-
duced in a tank containing 100,000
gallons of ethylene bromine over a
period of 6 months, each one of
which needs to be detected.

The RIS technique of detecting,
sorting, and counting such small
amounts of highly specified atoms
is an extraordinary technological
feat. In reality, the machines that
perform the work constitute a
unique configuration of some of
the very latest advances in labora-
tory equipment and scientific
instrumentation.

Today, an experiment making full
use of RIS capabilities is likely to
employ a large complement of
hardware. This could include ultra-
clean containment vessels, power-
ful vacuum pumps (which for
cleanliness purposes use no oil
whatsoever), highly sensitive
counters; and signal amplifiers. It
might also include electromag-
netic devices that filter out un-
wanted particles; cryogenic probes
that “bunch” atoms together via
condensation at temperatures of
only a few degrees above absolute
zero; other devices that manipu-
late atoms to strike a receiving
plate, implanting them for tem-
porary storage (see lon implanta-
tion); and still others that release
them upon demand for further
analysis (see Laser Annealing).

The ingenious exploitation of all
these capabilities and their as-
sembly into a compact and
efficient instrument was the suc-
cessful outcome of the 1978 and
1982 Seed Money projects. The
1978 project applied the RIS tech-
nique and much of the above hard-
ware to the study of surfaces of
solids. The 1982 project focused
on the measurement of rare atoms
in the medium of gas. Both broke
new ground.

It was the 1975 Seed Money proj-
ect, however, in which the heart of
the RIS technique was developed.
This involved the use of lasers in
combination with a developing

field of science called photophys-
ics. Lasers are electrically pow-
ered devices that emit intense
beams of highly coherent and fine-
ly controlied light. Photophysics is
the study of how light interacts
with matter and, in particular, with
the atoms of matter and their or-
biting subatomic particles, called
electrons.

An example of how light and mat-
ter interact may be recalled by
what happens to ordinary table
salt when it is tossed into a flame.
A rainbow of colors is immediately
given off. The colored light arises
tfrom the heat of the flame, which
causes certain electrons in the
atoms of the salt to become
momentarily excited. This in-
creases their energy and lifts
them temporarily into higher but
unstable orbits, callied excited
energy states.

After a brief moment, they col-
lapse back to their lower and more
normal orbits, called ground
states. During the downward trans-
ition, however, the extra energy of
the excited state is released to the
environment, and seen by the
human eye as a perfectly pure
emission of colored light.

As it happens, the color of the
light is like a fingerprint or signa-
ture. Each color may be uniquely
associated with each type of elec-
tron transition for each type of
atom.

In 1975 Seed Money researchers
hypothesized that, with the advent
of tunable lasers, they might be
able to reverse this process and
use it to their advantage. That is,
they would try to tune laser light
to the exact color recognized only
by the selected electron transition
associated with the atom of
interest.

Using the laser, they proposed to
pump in just enough light energy
to hit the right electron and lift it
up to a preselected excited state,
wherein it is more loosely bound
to the atom’s nucleus than when it
is in the ground state. Then, while
the electron was vulnerable, they
would hit it again to remove the
electron altogether. If they could
remove the electron, which is



negatively charged, the remaining
part of the atom would become a
positively charged “ion,” which
could then be drawn to a nega-
tively charged plate, detected and
counted.

Thus, they sought to design a two-

step process. The first step was
highly selective, intended to
search out only the one type of
atom of interest and begin the
process toward electron removal.
The second step was to remove
the electron in a process called
ionization.

The total process is called “reson-
ance ionization” because it works
only when the laser light is per-
fectly tuned in harmonic reson-
ance with the amount of energy
required by the selected electron
transition. Further, because the
light passes invisibly by all other
species of atoms and their elec-
trons, this technique provides an
extraordinary degree of selectivity.

While the concept of resonance
ionization was well established
before the Seed Money research
and, in fact, had been demon-
strated earlier on atoms of helium,
the technique was not practical
because it required the use of ex-
tremely powerful lasers. Further, it
was highly skewed. In the case of
helium, for example, only one-
tenth of one percent of the total
energy required for the two step
process went into the all impor-
tant first step. The remainder went
into the ionization step.

The thrust of the 1975 Seed
Money project was to explore
ways to make RIS more practical.
They hoped to use a commercially
available, low power laser to ac-
complish selectively the first step,
followed by some other technique
to complete the second.

For purposes of study, they de-
cided to pick one of the easiest
elements in the Periodic Table to
ionize, cesium (helium is the most
difficult), on which their proposed
techniques were most likely to
succeed. They tried several ioniza-
tion schemes, including the use of
electromagnetic fields and colli-
sions with other gas molecules
under pressure. Both worked. They

established for the first time the
feasibility of one-atom counting.

As is often the case in basic
research, however, the real
breakthrough was more subtle and
unexpected. In the process of
working out their theories and set-
ting the procedures for their ex-
periments, they learned a great
deal about photophysics. Using
this new knowledge, they came up
with a number of schemes where-
by low power lasers could be used
to achieve all the steps necessary,
without resorting to other and
more cumbersome techniques.

Since then, RIS schemes using
low power lasers have been
developed for all elements in the
Periodic Table except two, helium
and neon. These elements still re-
quire lasers of a type not yet com-
monly available. Importantly, with
subsequent refinements to RIS,
accomplished by the 1978 and
1982 Seed Money projects, nearly
every atomic species of scientific
or commercial interest, from gas-
eous to solid form, can now be
investigated with an unprece-
dented degree of selectivity and
precision.

In response to intense interest on
the part of potential users, a com-
mercial firm was established to
develop and manufacture RIS in-
struments and provide related ad-
visory services. RIS won two
IR-100 Awards from Research &
Development magazine and is the
subject of a number of United
States patents.

The RIS technique has so pro-
foundly altered the field of atom
science that literally hundreds and
perhaps thousands of researchers
across a multitude of disciplines
are now conducting or contem-
plating experiments not possible a
decade ago. The new knowledge
produced as a result will undoubt-
ably be equally impressive.
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