














HOT WIRE: ORNL’S PROMISING ROUTE TO SUPERCONDUCTIVITY

niobium and tin (Nb,Sn) conduct
electricity with zero resistance when
chilled to 4.2 K by liquid helium,
making them low-temperature
superconductors. High-temperature
superconducting materials like YBCO
are preferred because they are far more
economical: liquid nitrogen is 50 times
less expensive than helium (10 cents a
liter instead of $5 a liter).

The problem with YBCO has been
the difficulty of aligning its grains and
incorporating it into a long flexible
wire. It is possible to make small-area
(<1 in.), high-quality YBCO films on
single crystals, but they are too short
for use as wire and easily break when
bent like wire. It is also possible to
make thick YBCO conductors, but
these “bulk conductors™ superconduct
as well as films only if chilled to 20 K
by liquid helium. So the big challenge
has been to fabricate wires and tapes
coated with properly aligned YBCO.
After such coated conductors were
made finally at ORNL, the next big
hurdle on the road to a practical
superconducting wire was to improve
the YBCO coating’s ability to carry
large amounts of current (critical
current density).

“Normally, YBCO’s crystalline
grains are randomly oriented, so we
tried various ways to align them to get
good current flow,” Hawsey says. “In
1989 our researchers, working with
Georgia Tech scientists, tried coating
flat silver tapes and round silver wires
with YBCO using a metal organic
chemical vapor deposition process. We
were not successful in making a good
superconductor this way. At that time,
a bismuth-based material called
BSCCO looked more promising than
YBCO for making superconducting
cables.”

BSCCO (pronounced “bisco”) is
shorthand for bismuth-strontium-

calcium-copper oxide. Several
domestic and foreign companies are
now fabricating BSCCO tapes and
wires in lengths of kilometers. They
pack BSCCO in silver tubes and draw
the tubes into wires or flatten them into
tapes. “BSCCO performs well in
underground transmission cables and
transformers at temperatures of 65 to
77 K and in higher magnetic fields at
20 to 30 K,” says Hawsey. “BSCCO’s
grains are platelike, so when the
material is rolled, they tend to line up
in one direction more easily than
YBCO grains. But unlike YBCO at
77 K, BSCCO'’s performance drops
like a rock in the presence of a
magnetic field.”

In 1990, ORNL researchers took a
completely different approach to
aligning grains in YBCO films. They
first examined YBCO films deposited
onto metal tapes by pulsed laser
ablation. In initial work using silver
sheets as substrates, they noticed that
even metal sheets obtained from the
stockroom possessed a certain useful
degree of grain alignment.
Metallurgists have known for many
years that grain alignment, called
“texture,” is often introduced into
metals when they are rolled to form
thin sheets or foils. The ORNL
researchers realized that, if they could
intentionally roll highly textured metal
foils and then transfer this alignment to
a deposited YBCO film, they should be
able to make high-current wires that
could operate in high magnetic fields
at 77 K.

The many steps needed to roll metal
tapes and to deposit high-quality buffer
layers and YBCO turned out to be
much more challenging than
researchers first envisioned. However,
five years after they first began
working on this alternative approach,
YBCO was no longer on the back

burner. Some 15 ORNL researchers
from three different divisions, along
with five students and postdoctoral
researchers, had teamed to solve a
series of problems. They found a way
to roll nickel to make a flexible
textured tape coated with YBCO and
three buffer layers—palladium, cerium
oxide, and yttrium-stabilized zirconia.
The pattern on the nickel template
forced the alignment of the crystalline
grains of the buffer layers and the
YBCO on top.

“In the summer of 1995.” Hawsey
says, ““we had low critical current
densities. So we figured out how to
improve the architecture of the buffer
layers after Christmas to raise the
critical current density to 300,000
amperes per square centimeter from
January through March 1996. By late
April, we had simplified the
architecture by eliminating the
palladium and raised the current
density to 710,000 amperes per square
centimeter in zero applied field. On
April 10 we announced our
development of a process to make a
practical superconducting wire at a
Materials Research Society meeting
and in a news release. We caught the
Japanese by surprise with our
announcement of RABITS. That was
pretty darn exciting.”

Hawsey said that the development of
a YBCO superconducting wire earlier
at LANL was encouraging to the
ORNL group. “They used a similar
architecture and similar materials like
cerium oxide, yttrium-stabilized
zirconia, and nickel, except they use
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also shown in February 1991 that a
well-aligned YBCO film could be
grown on an epitaxial buffer layer of
platinum, the first proof that textured
growth of YBCO films is possible on
metals other than silver.

As a result of these observations.
Budai proposed in late 1990 that
rolling may cause enough alignment in
silver or other metals to result in
textured growth of the film and
enhance its superconducting
properties. Such alignment in rolled
metal, which is often considered
undesirable, is called biaxial texture.
Thus began the development of a new
solution to an alignment problem that
had thwarted commercial applications
of YBCO for several years.

In 1988, Duane Dimos of IBM
determined that two crystalline grains
of YBCO must be aligned at an angle
of less than 10 degrees to achieve high
critical current density in overlying
superconducting ceramics. The 1990
ORNL critical current measurements
and results from subsequent X-ray
diffraction and electron microscope
studies would confirm that if two
crystalline grains are at a high angle at
their boundary, electrons won't be able
to hop efficiently from one grain to the
other, and current will be disrupted. A
high population of small-angle grain
boundaries was essential for high
current densities in YBCO.

Consider crystalline grains to be tiny
cross-shaped tubes, tube walls to be
grain boundaries, and electrical current
to be BBs. If one tube is precisely
lined up in front of the other tube. BBs
can be shot through both tubes to the
next tube. If the second tube is turned
slightly at an angle, BBs could still get
through, although they might bounce
around inside the tube. But if the
second tube is turned at a high angle
(greater than 10°, lower than 90°), the
BBs will crash into the tube wall (or
miss the tube completely) rather than
travel from tube to tube. Thus, just as
more-or-less lined-up tubes are
required for BBs to go a long way,
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small-angle boundaries are essential to
efficient electron flow.

Amit Goyal of ORNL's Metals and
Ceramics (M&C) Division then began
an effort to roll-texture silver. Goyal, a
native of northern India, earned his
Ph.D. degree in materials science and
engineering from the University of
Rochester before coming to ORNL in
1990 as a postdoctoral researcher.
Goyal, coworker Fred List, and their
group leader Don Kroeger liked the
idea of using silver as a substrate
because it is chemically compatible
with YBCO and it is lower in cost than
some of the alternatives. However, their
experience in melt processing YBCO
was marred by the fact that it has a
higher melting point than silver. Melt
processing, which involves heating a
material above its melting point and
cooling it under controlled conditions,
was perceived at the time to be a
promising technique for making
conductors. So they thought that alloys
of silver-palladium, which have higher
melting points than silver, could be
used for melt processing. Goyal, who
had extensive experience with melt
processing YBCO-silver composites,
experimented with various substrates
and determined that silver-palladium
alloys containing 10% palladium could
be successfully used for melt
processing YBCO. On completion of
melt processing, the film contained
many large crystals of YBCO several
millimeters in size; however, they were
all unaligned. The researchers were
interested in Budai’s observations of
epitaxial YBCO on silver because they
suggested a possible route to aligning
YBCO films if the silver-palladium
substrate could be textured.
Unfortunately, no evidence of epitaxial
growth of YBCO on silver-palladium
substrates was ever observed.

Despite the promise held by Budai’s
initial idea, enthusiasm for this
approach remained low at ORNL, as
well as at most companies working on
superconducting wires. Many
researchers did not think it possible to
build a high-performance wire from a
thin film of YBCO. In fact, ORNL was
only able to obtain modest current
densities of YBCO on the silver foils.
Thin-film—deposited conductors were
not believed practical because the best
films could be grown on only
inflexible, short substrates made from
ceramics such as magnesium oxide and
strontium titanate. M&C Division
researchers, however, were enthusiastic
about the progress made in the
fabrication of polycrystalline bismuth-
based, powder-in-tube tapes and
bismuth- and thallium-based thick
films respectively. These
superconducting tapes are formed by
flattening silver tubes packed with
powders made of bismuth (or
thallium), strontium, calcium, and
copper oxides (BSCCO). It was
commonly observed by researchers
worldwide that long lengths of BSCCO
tapes could be made and that each tape
carries reasonably high currents,
although much smaller than those
epitaxial thin films carry. These tapes
had commercially useful properties,
especially in high-background
magnetic fields, but only when chilled
by gaseous helium, which is much
more expensive than liquid nitrogen
used for devices formed from high-
temperature YBCO films. The thallium
and bismuth-based wires had no
biaxial texture, so they were expected
to contain numerous high-angle grain
boundaries. The question was, were the
grain boundaries in these materials
different from those in YBCO?

Goyal, Specht, and Kroeger studied
BSCCO and thallium-based
superconductors to determine how they
worked. Using a technique called
electron backscatter diffraction and a
theory called percolation, they
observed two things: a wide
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felt frustrated. They knew that Hitachi
researchers would be announcing their
process for roll-texturing silver for use
in a thallium-based superconductor.
The ORNL researchers felt the “Oak
Ridge” process, which also produced
biaxially textured silver on which
YBCO grows epitaxially, was very
promising and should be mentioned at
the meeting. But they wanted to give it
a distinctive name with a memorable
acronym. Because it was the Easter
season, Goyal thought of bunnies and
came up with the RABiTS acronym for
rolling-assisted, biaxially-textured,
substrates. The RABITS process for
making textured silver was announced
as an important aside during Goyal’s
invited paper on thallium-based
superconductors. A week later, Goyal
mentioned the process during a
presentation of another paper on grain
boundary effects in superconductors at
the Materials Research Society (MRS)
meeting in San Francisco. The April
29, 1995, issue of Science News
reported on ORNL’s development of a
process of “depositing the
superconductor onto a carefully chosen
substrate so that the crystal grains fall
into alignment.” (A patent on RABITS
has been applied for in the United
States and certain foreign countries.)

Persistent difficulties in growing
oxide buffer layers and YBCO films on
silver-coated textured nickel
encouraged ORNL researchers to
eliminate this noble metal from the
structure. Unfortunately, Norton and
UT researcher Bernd Saffian
discovered a new problem when
depositing a film of YBCO on a buffer
layer of cerium oxide on a palladium-
nickel substrate. The YBCO, although
seemingly well aligned, had cracks.
The source of these flaws turned out to
be cracks in the underlying cerium
oxide. The cracking could make
cerium oxide less effective in
preventing the substrate’s nickel atoms
from trading places with copper atoms
in the YBCO film, as well as
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introducing electrical discontinuity in
the superconductor.

Norton proposed depositing YSZ on
the cerium oxide because YSZ had
been used successfully with other
substrates, such as sapphire and
silicon, for the semiconductor industry.
He found that YSZ is a crack healer. It
either grows across cracks arising in
cerium oxide or it is structurally
stronger and doesn’t crack even if
cerium oxide does.

Shortly after Christmas 1995, ORNL
researchers had solved the seemingly
intractable problems of thermal
contraction, volatility, and oxidation in
coated superconductors. A workable
buffer layer architecture seemed at
hand.

From January through March 1996,
the ORNL team made superconducting
tapes of YBCO on YSZ on cerium
oxide on palladium-nickel. Critical
current measurements showed that the
team’s best samples achieved 300,000
amperes per square centimeter.

Because it uses conventional rolling,
the RABITS process was thought to be
of great interest to industry. Since
ORNL’s critical current was considered
respectably high, it was decided to
announce the details of the RABITS
process at the April 10, 1996, annual
meeting of the MRS—and in a news
release.

In the meantime, Norton, Saffian,
and coworkers were looking for a way
to simplify the buffer layer
architecture. They wanted to minimize
layers to reduce manufacturing costs.
They knew that palladium could be
eliminated if a way could be found to
prevent nickel oxide from forming on
the rolled nickel substrate. The key was
to sweep out the oxygen in air that
leaks into the chamber and reacts with
the nickel substrate before it is coated
with cerium oxide. Several ORNL

researchers independently suggested
introducing hydrogen gas into the
chamber to reduce nickel oxide. The
1dea worked well the first time.

After the April 10 announcement,
the ORNL team began making
palladium-free superconducting tapes.
Measurements of short nickel tapes on
which the buffer layers and YBCO
have been deposited showed that the
critical current density of these tapes
had doubled—from 300,000 amperes
per square centimeter to 710,000
amperes per square centimeter. So in
late April, the current-doubling feat
was revealed in follow-up news
bulletins. In June 1996, ORNL applied
for a patent on the simpler buffer layer
architecture for RABITS substrates.
Recently, the researchers raised the
critical current density of RABITS
tapes to 900,000 amperes per square
centimeter.

Work on deposition of oxide buffer
layers continues at ORNL. Research is
focused on reducing the number of
buffer layers between YBCO and the
substrate to just one. Using sputtering,
Fred List prepared samples of YSZ on
cerium oxide (that was grown by
Paranthaman using e-beam
evaporation) in which the cerium oxide
has two different thicknesses in
angstroms. X-ray diffraction and
scanning electron microscopy analyses
showed that cerium oxide cracks if it is
500A thick but not if it’s 50A thick,
suggesting that YSZ might not be
needed to prevent cracking if the
cerium oxide layer is very thin.

PLD is the best available technique
for growth of oxide layers for research,
but industry is more likely to use e-
beam evaporation to make coated
superconductors because it has
experience with this technique and it
may be more easily scalable than PLD.

ORNL researchers have optimized
e-beam processes for depositing silver
on palladium-nickel, cerium oxide on
nickel (using cerium metal, not cerium
oxide as a target, as in PLD), YSZ on
cerium oxide on nickel, magnesium
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as effective as rhenium-186 and at a
cost of only $40 a dose, based on daily
use of a generator for several months.

The energetic electrons emitted as
rhenium decays don’t just burn through
tumors; they also reduce inflammation
caused by the tiny metastases on the
bones. Unlike narcotics, which merely
deaden the nerves that feel the pain,
rhenium relieves the inflammation that
causes the pain.

Knapp and his team have devised a
small thenium generator—about the
size of a thick paperback novel—that
can produce hundreds of doses of
rhenium-188 over several months, right
in a hospital. It’s a simple thing: a
cylinder with rubber tubing at each
end, shielded in a small lead box. At
the top of the tube, tungsten-188—
produced in the HFIR—binds tightly to
aluminum oxide powder that has been
saturated with acidic saline. As it
decays, the tungsten turns to rhenium-
188, which lets go of the powder. Wash
more saline through the top, and out
the bottom comes a solution of
rhenium-188. It can then be chemically
incorporated into a wide variety of
therapeutic agents in forms such as a
phosphorus compound (phosphonate)
or a dimercaptosuccinic acid
compound.

“And all the while, the tungsten’s
still decaying. You could use this for
six months in a hospital—we’ve used
one here for more than a year,” Knapp
says. “This is in itself a production
system, so the costs are much, much
less. That’s one of our selling points.”

“And someday,” he continues, “we
hope to take the technology a step
further—to find ways to administer
higher rhenium-188 doses that kill
tumors without destroying the immune
system’s bone marrow.”

This same isotope could also relieve
inflammation and pain in joints
swollen by rheumatoid arthritis.
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“People who can’t even walk because
of the pain could start walking again.”
Knapp predicts. “In the United States
alone, there are a hundred thousand
people each year who could benefit
from this treatment. Their insurance
companies should be able to afford it.”

Fortunately, rhenium-188 has proved
ideal for this sort of application,
because it decays quickly and
energetically, emitting beta particles
that can reduce inflammation.
Rhenium-188 was a choice isotope
also because it costs much less than
other therapeutic radioisotopes. “The
price of rhenium-188 for this
treatment,” Knapp says, “is expected to
be just a few percent the price of
radioisotope treatments using rhenium-
186 or strontium-89, greatly reducing
health-care costs.”

Others find hope in this isotope. “In
1995 T was invited by Professor
L. Troncone, the head of nuclear
medicine at Catholic University
Hospital in Rome, to give a lecture in
Rome as part of our collaboration,”
Knapp says. “When he had heard about
this generator, he came to me and said,
‘We have a great financial crisis in our
country. I can’t afford to pay $1800 a
dose to relieve someone’s pain. This
isotope looks great. Can you help us?”
The same need has been expressed in
other countries, including Germany,
Greece, and Uruguay.

Another of the Nuclear Medicine
Group’s promising new projects and
examples of collaboration is a “magic
bullet” designed to lock on to a tumor
and burn it away. First came an idea
from RhoMed, Inc., in Albuquerque,
New Mexico: to use radioisotopes to
make a nonradioactive, partially
effective cancer treatment more potent.
In the original treatment, a patient is
injected with a chemical agent called
octreotide—a small peptide, or amino
acid cluster, synthesized from eight

amino acids. In theory, the octreotide
binds quickly to a tumor cell and turns
off the growth hormones the renegade
cell needs to thrive. “Unfortunately, it’s
only partially useful.” Knapp says, “and
only in certain situations.”

Knapp had found a boundary and
wanted to step beyond it by
collaborating with RhoMed researchers.
“We knew if the right radioisotope
could be attached to that binding
substance, we’d have a way to deliver
radioactivity to that tumor.” In fact, that
approach had already been used to
create a commercially available
diagnostic tool that lets a doctor see
where the tumor is, how many
metastases there are, and how effective
radiation or chemotherapy is proving.
But researchers wanted to use
radioactivity to treat, not just diagnose.
And the isotope whose radioactivity
they wanted to tap was rhenium-188.

In 1995, a cooperative research and
development agreement was signed
between ORNL and RhoMed.
Researchers with varied backgrounds
from both organizations were able to
tackle an assortment of basic questions:
What is the chemistry of the octreotide?
Where can we hang an isotope? Which
isotope should we use? Saed Mirzadeh,
a radiochemist in the Nuclear Medicine
Group, helped probe these particular
questions; other team members
explored similar questions in their own
specialties in collaboration with
RhoMed researchers, in particular with
B. Rhodes, president of RhoMed, and P.
O. Zamora, a cell biologist working at
RhoMed on this project. Mirzadeh and
Arnold Beets, also of the Nuclear
Medicine Group, have worked closely
with Knapp on problems related to the
HFIR production and processing of the
tungsten-188 parent radioisotope.

“The RhoMed researchers have been
able to attach rhenium-188 to this
octreotide, and they found evidence that
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changes just in parts of the brain
affected by the disease.

“It’s a real challenge. chemically.”
McPherson says. Then he smiles. “But
we think we have a molecule that will
work.”

The molecule, dubbed IQNP, was
tagged with radioactive iodine-123 (the
same isotope used in Cardiodine®). In
its first tests, it successfully imaged a
normal rat brain: it set the receptor-rich
areas aglow, tracing a heart-shaped
halo around the cerebrum.

However. it’s a long, long road from
rats to people. making collaboration
crucial. Dr. Joachim Kropp. an
associate professor at the Technical
University in Dresden and board-
certified nuclear medicine physician,
was once a visiting researcher with
Knapp at ORNL. Kropp hopes to do
the first human studies in Dresden
once the preliminary work and in vitro
studies are done.

But what preliminaries! First, therc
must be autoradiography studies, tests
with normal and Alzheimer’s-damaged
brain tissue taken from autopsies (the
samples have been frozen, so the
neuroreceptors will still work). *“Our
collaborators in Stockholm. Sweden.
put IQNP in solution, dip the pieces of
tissue in there for awhile, then take
them into the darkroom and put them
on a piece of X-ray film.” Knapp
explains. "If the IQNP specifically
binds in these regions, the radiation
from the iodine exposes the film.
producing dark images on a clear
background, in the same way that
visible light exposes photographic film
to make a picture.” Barry Zeeberg, at
George Washington University
Medical School, and R. E. Reba, at the
University of Chicago, are
collaborating on these studies.

These studies must be coordinated
with more animal studies—in this case,
on monkeys. Christer Halldin, a
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radiochemist at the Karolinska Institute
in Stockholm. will pick up the task at
this stage.

Finally, before it can be tried in
humans. IQNP must pass toxicity tests.
Two different species of rats and mice
must be injected with the agent, blood
and urine tests run, autopsies done, and
everything formulated and written in a
report acceptable to the FDA. Toxicity
tests are “verv expensive,” Knapp frets.
Fortunately, he has a friend—a very
good friend—Jukka Hiltunen. who is
managing director of a
radiopharmaceutical company in
Finland. If the autoradiography looks
good and if the primate studies pan
out, Hiltunen 1s expected to conduct
the toxicity studies free of charge.

More recently. Huimin Luo, a
Hollaender postdoctoral fellow
working with Knapp and McPherson
has successfully synthesized a new
fluorine-18-labeled analog, called
FQNP, which may be useful for the
same application using positron
emission tomography. The result could
be tools that may not only give a
diagnosis but also show how severe the
disease has become and how it’s
progressing. If the diagnosis is not the
inexorable Alzheimer's, treatment may
be possible because memory loss can
have a number of causes.

Knapp is characteristically hopeful
about the technique’s future. I hate to
say that this technique could diagnose
Alzheimer’s disease.” he cautions. “But
were really excited about its potential.
We think it could possibly be used to
monitor the progression of the disease
and the effects of therapy.”

Meanwhile. because the same
receptors affected by Alzheimer’s are
found in the heart’s natural pacemaker,
the researchers are also adapting this
same tool to unlock more cardiac
secrets. It may not happen in matters of
romance, but when it comes to

neurotransmitters, at least, the head
and the heart may prove to have a lot in
COmmon.

The ancient Greeks used the myth of
Pandora to explain the presence of pain
and suffering in the world. In the story.
the gods gave Pandora a box but
forbade her to open it. Naturally, she
could not overcome her curiosity.
When she opened it—just for a peek—
she unwittingly released all the
miseries of the human condition
contained inside. Bereft, alone. she
stared at the empty box.

But then she noticed that it was not
entirely empty. At the bottom remained
a tiny but persistent spirit: Hope.

We are no different from the
ancients. We, too, suffer the torments
of sickness and death: we, too. take
heart when we find hope.

Hope is a spirit that infuses Russ
Knapp’s research. Not just the general
hope of every scientist—that all this
work will advance human knowledge
in some way—but a deeper, more
specific longing: that all this work will
relieve human suffering.

For people with Alzheimer’s disease,
terminal cancer, and rheumatoid
arthritis, hope can seem elusive. But
tor some, the work of Knapp and his
group will bring it within reach once
more.

In Japan. tens of thousands of
cardiac patients have already grasped
it. Already taken it to heart.

Kit Carlson is a freelance writer who
lives in Silver Spring, Marvland.
















ORNL’S WAR ON CRIME, TECHNICALLY SPEAKING

difference in the chemical composition
of the prints,” Buchanan recalls. “We
decided to use gas chromatography—
mass spectrometry—GCMS—to
analyze the chemical composition of
children’s fingerprints.”

In that instant, the investigation into
the girl’s murder changed dimensions.
It moved out of the typical police crime
lab, with limited scientific equipment,
and into the national laboratory, where
researchers work on the cutting edge of
science.

Though beyond the reach of a typical
police lab, this experiment, too, began
simply enough. “We took small vials
and put a couple of milliliters of
rubbing alcohol from a drug store in
each one,” Buchanan explains. “We had
a group of adults and the children shake
the vials between their fingers. The
alcohol extracted a small amount of the
chemicals off the surface of their skin.”

Buchanan and her colleague Keiji
Asano now had the samples they
needed for GCMS analysis. Working
with the ORNL chemists was a group
of undergraduate students, who
participated in the project as part of the
Science and Engineering Research
Semester program.

Over the past few decades, gas
chromatography—mass spectrometry
has become the workhorse of the
analytical chemist’s laboratory,
examining unknown compounds to
extract precise information about their
makeup. The students injected samples
of the dissolved chemical compounds
into the GCMS. After the chemicals
vaporized there, they were separated on
a heated capillary column by clinging
to the viscous coating on the narrow
column. Lighter, more volatile elements
came through first; heavier elements
held on longer.

By combining gas chromatography
with mass spectrometry, the chemists
learned which compounds were
present. By hammering the molecules
of each substance in the sample with
electrons, a positive charge was given
to each molecule. During this
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ionization process, most of the ions fell
apart to form a number of fragment
ions. The ions were then sorted in the
mass analyzer, producing a spectrum
that identified each compound, much
like a fingerprint identifies an
individual.

When the researchers looked at the
printouts, they were amazed. The data
from the experiment could be laid
down in two neat piles: children in
one, adults in the other. The children’s
prints had far more of the compounds
known as fatty acids. The adult prints
also contained fatty acids but at much
lower levels. The adult prints, however,
were observed to contain larger
quantities of fatty acid esters, which
are less volatile than the fatty acids that
are predominant in children’s
fingerprints. The difference in the
fingerprints was like the difference
between footprints of gasoline and
those left by motor oil being tracked
across the floor at a service station:
although chemically similar, one
evaporates in moments, the other
hardly at all.

Now ORNL researchers could
explain Bohanan’s observation. In a
hot car, the lighter fatty acids in
children’s fingerprints were
volatilizing—just going away. When
police dusted for prints with powder,
there was nothing left for it to stick to.
From the perspective of pure science,
they had answered the question. But
from the perspective of applied
science—the kind of science that saves
lives—they had raised more questions
than they’d answered.

“We think the kids’ fingerprints are
still there, but the current technologies

used by police just don’t detect them,”
says Buchanan. Based on the results
from these preliminary studies, organic
chemists at ORNL are now trying to
develop new chemical “markers” that
police can use to make invisible prints
fluoresce under special hand-held
lights.

The search for an identifying
compound has opened a second door.
The researchers have detected a wide
variety of substances in prints,
including cholesterol and nicotine.
They are currently investigating the
potential of identifying trace
components in fingerprints that can
distinguish among individuals. Says
Buchanan, “This raises the possibility
that components in fingerprints could
yield a profile of the suspect like
‘female, smoker, diabetic, cocaine
user.” ” Soon, these tools may help
police and the FBI unlock vast
amounts of evidence now hidden at the
scene of a crime—and help Bohanan
and his colleagues bring killers to
justice.

Moving at 2600 feet per second—
more than twice the speed of sound, a
bullet hits its target with as much
energy per unit area as a 50-ton truck
traveling faster than 200 miles an hour.
This is because the bullet’s much lower
energy is focused into an even smaller
area. If the target is a human being, the
consequences can be deadly.

Police officers run the risk of being
such targets at any time. To lower their
risk of death, many officers wear
protective vests made of very strong,
specialty materials such as Kevlar or
Spectrashield synthetic fibers, which
are stronger than steel. But the same
vest that keeps out bullets keeps in
heat: During warm weather, police find
them almost unbearably hot. And a
“bulletproof vest” stops nothing if it’s
locked in the trunk of the patrol car.

To make this soft body armor
bearable—and wearable, Moshe
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development of evolutionary and
ecological theory that every student
there hopes to make some new
discovery, such as a new species of
beetle or fungus. I went to Costa Rica
full of questions about species
diversity. During the wettest July ever
recorded at the La Selva field station in
the lowland rain forest, I wandered
through treefall gaps, traced the roots
of lianas across the forest floor, and
watched the river flood the forest.

I couldn’t avoid noticing how different
the tropical soils were from the soils of
Iowa, in the red color, high clay
content, lack of any organic layer, and
apparent infertility. Yet there were
some impressively large trees, and an
overwhelming diversity of plants of all
sizes. I didn’t know anything about soil
science, but I felt that the differences
between the vegetation of Iowa and
Costa Rica had something to do with
the soils.

“Unable to fit what I was seeing
with what I had learned, I was struck
with an idea that, at the time,
contradicted the foundations of
ecological theory. Rather than an
equilibrium balance of finely
coevolved competitors reaching
maximum diversity at the highest
levels of productivity, I hypothesized
that the high diversity I saw around me
resulted from the opposite situation.
Equilibrium had been disrupted by
various types of disturbances, such as
windstorms that blew over large trees.
Low fertility of the soils seemed to
ensure such a slow return to
competitive equilibrium that many
species were able to coexist in a state
of nonequilibrium. I saw high diversity
but low productivity.”

In other words, plants in the
tropics—numerous species of trees,
vines, orchids, cacti, ferns, begonias,
and epiphytes—compete for light,
water, and soil nutrients, just like
plants everywhere. However, because
the soils are poor and high
temperatures increase energy losses
through respiration, the plants don’t
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grow very fast from day to day,
although they often grow year-round.
As a result of this slow growth,
superior competitors are not able to
dominate very quickly, periodic dry
years may alter competitive
hierarchies, and many species can
coexist in a nonequilibrium state. So
the number of different species is
highest in the tropical forests in spite
of, or in Huston’s view, because of the
infertile soils.

In contrast, during the much shorter
growing season in the temperate zone,
plant growth on a day-by-day basis is
actually much higher than in most of
the tropics because of higher soil
fertility and more favorable
temperature conditions. However, the
short growing season results in a lower
annual total plant production than in
the tropics, contributing to the
conventional wisdom of ecologists that
plant productivity is highest in the
tropics. It is this “common wisdom”
that Huston has tried to refute, but not
without a lot of resistance.

The second time Huston ran into a
brick wall was in 1978 when he sought
to describe patterns of diversity in
coral reefs using data he had gathered
while scuba diving.

“I have been repeatedly surprised by
the resistance to ideas and data that
contradict the common wisdom,” he
says. “I had some difficulty publishing
data on coral species diversity that
[ collected as part of a field course in
Jamaica during my second year in
graduate school. Based on my
hypothesis about species diversity,

[ predicted that the diversity of corals
growing together on the reef surface
should be higher in deeper water,
where there was less light, than near
the surface where coral should grow
rapidly. During six weeks of daily
diving on the reefs at Discovery Bay,

I collected enough data to demonstrate
that coral diversity did indeed increase
from the surface to 20 meters in depth,
after which it began to decrease.

“Reviewers of the paper I submitted
on coral diversity patterns rejected the
paper with the criticism that the data
were obviously in error because it was
well known that coral diversity
decreased continuously with depth. A
few years later, another paper came out
demonstrating that the same pattern
I had found also occurred in the Indian
Ocean. So in 1985, seven years after
I had completed my field work, I
compiled and published a review paper
on coral diversity documenting that
diversity increased with depth on coral
reefs around the world.”

For his doctoral thesis, Huston
sought to identify specific biological
mechanisms that produced the patterns
of diversity he had observed. At the La
Selva field station in Costa Rica, he set
up experimental tree plantations in
which he monitored the growth and
mortality of more than 1000 individual
plants of four forest species—some in
plots for mixed species and others in
plots of just one species. The
experimental treatments consisted of
two levels of light (full sunlight and
30% of full sunlight, created under a
giant tent of shade cloth) and two
levels of soil fertility (fertilized and
unfertilized).

“My goal was to understand forest
succession in terms of the interaction
of individual tree physiology with the
environmental conditions under which
each individual grew,” Huston says.
“The trees grew rapidly, and I based
my thesis on the first two years of data,
although I continued to monitor the
plots periodically for over 10 years.

I saw clearly that both the rate of
succession and species diversity are
strongly affected by soil fertility.” Both
rain forest trees and reef corals show
the same pattern of diversity in relation
to growth rates. The slower the growth
is, the higher the diversity.
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Computer models of forest
succession can predict changes in
upcoming generations of forests that
result from competitive exclusion and
disturbances. Since the 1960s, ORNL
scientists had been studying forests
using systems ecology models. This
approach ignored individual trees and
treated the forest as a mass of plant
tissue. Then, in the mid-1970s,
ORNL’s Hank Shugart and his students
began working with computer models
that simulated forest succession using
the interactions of individual trees with
each other and their environment.
Huston was interested in working with
Shugart on these models when he came
to ORNL.

“In physics, the fundamental units
are subatomic particles,” Huston says.
“In ecology. the fundamental units are
individual organisms. The survival or
extinction of individuals in each
species is increasingly seen as
important to ecological as well as
evolutionary processes.”

In 1986, after Shugart had departed
the Laboratory. Huston worked with
ESD’s Mac Post and Don DeAngelis
on individual-based models that
incorporate ideas of nonequilibrium.
DeAngelis was studying size
bimodality in fish—why some fish
populations have only large and small
individuals and no individuals of an in-
between size. Because Huston was
interested in size bimodality in plant
populations, he began interacting with
DeAngelis.

Huston and Post used individual-
based models to predict forest
succession. They looked at oaks and
maples as individual trees that respond
in specific ways to the availability or
lack of sunlight, water, and soil
nutrients. They didn’t tie a yellow
ribbon around a young oak tree and
watch it grow in a forest; instead they
represented individuals of each species
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as equations in a mathematical model.
They were seeing the whole forest
through the individual trees; they were
simulating the interactions of
individual trees with each other and the
environment to better understand how
the forest would look. They were
identifying ecological processes that
affected the evolution of forests.

“Competition in forests even
influences biochemical processes,”
Huston says. “Suppose you have a
forest of mostly oaks and pines. The
pine trees decline in growth and
number because of age, drought, and
perhaps an attack of pine beetles. The
oak trees continue to thrive. As a
result, the forest litter will consist of
more decomposing oak leaves and
fewer pine needles. The chemical
composition of the soil will change,
causing a shift in nutrients and the
types of species that will be found in
the future forest.”

In 1988 Huston, Post, and
DeAngelis wrote an article published
in BioScience that linked individual
and population processes with
ecological and evolutionary patterns.
The paper described ORNL’s models
of forest succession and fish
population structure, which simulated
the growth and mortality of individual
organisms and ultimately added them
together to predict the composition of a
forest community or a fish population.
The paper made a big splash in the
field of ecology and received the 1990
award of distinction (first place) in the
category of Scholarly/Professional

Articles in the International ’
Publications Competition of
Society for Technical Comm
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theoretical and practical app:
Tropical rain forest managen
accumulation of environmen
contaminants in fish and dap
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describes the interactions of
physiological adaptations of
plant species with variations
and water availability. This a
produced a unified theory of
community dynamics that pr
shade tolerant different speci

Oak Ridge National Laborato







LIFE ON EARTH: WHY BIODIVERSITY VARIES

plants are taller and total plant mass is
higher. This pattern of highest plant
diversity on poor soils and low plant
diversity on the best soils is found
throughout the world under a wide
variety of conditions.”

So, what are the implications of this
phenomenon for land use and
economic development? Is it possible
to feed the world and preserve natural
resources without causing major
conflicts in land use?

“The only defensible reason to
destroy natural habitat,” Huston says,
“is to improve the human condition.
Land is justifiably needed for
agriculture, forestry, housing, new
factories, and expanding cities. But, in
some cases, converting natural habitat
to agriculture can destroy biological
diversity without producing any real
agricultural gains.

“Taking the rational view, we should
not farm all over,” he continues. “We
should confine our farming to soils that
are fertile and highly productive and
use the most efficient farming
techniques. Land that has a high
diversity of plant species tends to have
poor soil and often is not suitable for
agricultural production. Some of our
federally protected lands-—national
parks, national forests, and wildlife
refuges—have been set aside because
they are not useful for farming; but
they have high diversity, so we are
inadvertently protecting high diversity.
Some parts of the Great Smoky
Mountains National Park, for example,
have a high diversity of plant species
but little value for agriculture.”

Huston encountered more resistance
when his ideas on biodiversity and
economics were first published in
Science magazine. “I was surprised by
the strong negative reaction from some
parts of the conservation community,”
he says. “There are some who feel that
human needs must be sacrificed to
preserve nature. Aside from the moral
or philosophical issues of human rights
versus the rights of other organisms,

I see little prospect that any individual
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will sacrifice his own or his family’s
well-being to save an endangered
species or even an entire ecosystem.
I believe biodiversity and natural
resources can be preserved and the
basic needs of current and future
human populations can be fulfilled at
the same time. I am optimistic that a
better understanding of the functioning
of ecosystems in relation to the
maintenance of biodiversity and
harvestable productivity will provide
the key to a sustainable future for all
life on the earth.”

Global mapping shows that the
number of plant and animal species
increases from either pole toward the
equator, peaking in wet lowland
tropical rain forests. Along this same
latitudinal gradient, per capita gross
national product (GNP, a standard
indicator of economic condition)
shows the opposite pattern, being
lowest near the equator and increasing
toward the higher latitudes. Huston
believes it may be more than just
coincidence that both patterns are
consistent with his ideas about soils
and species diversity.

“The same inverse relationship
between species diversity and plant
productivity that is seen at the local
scale of a hillside also appears at the
global scale,” Huston points out. “The
wealth of nations seems to follow the
opposite pattern from plant diversity,
being highest in many of the countries
with the best soils, such as Japan, the
Netherlands, the United States, and
western Europe.

Huston notes that throughout human
history, the highest levels of economic
and cultural development have tended
to occur in areas with rich soils, such
as the “Fertile Crescent” of the Tigris
and Euphrates Rivers; the Nile River
Valley; Greece and Italy (before
deforestation and erosion destroyed the
soils); the Ganges, Yellow, and Yangtze
river valleys; central Mexico and the

Andes of South America; and, in
America, the Mississippi Valley, :
Pacific Northwest.
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industrial production, tourism, or
activities.
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acteria. Our invisible friends, our invisible enemies. Some aid our
digestion, others destroy our poisons. Still other “bugs” make us sick.
Living inside and outside our bodies, natural bacteria are a fact of life.
We have learned to live with them and they with us.  Soldiers and sailors in
action worry that even more dangerous bacteria are lurking in the environment.
These are “killer” bacteria—the kind used as weapons. Such biological warfare
agents are viewed by many to be as threatening to human life as nuclear weapons.
In 1993, R. J. Wooley, director of the U.S. Central Intelligence Agency,
proclaimed, “Proliferation (of nuclear, biological, and chemical weapons) poses
one of the most complex challenges the intelligence community will face for the
remainder of the century.” General Colin Powell has stated that biological
weapons worry him more than anything else. He has good reason to worry. A
recent U.S. Arms Control and Disarmament Agency report on worldwide arms
control compliance states that both Syria and Egypt have offensive biological
warfare programs.  The key to protecting a military unit or community from
dangerous bacteria is to detect them before they reach their intended victims.
People can then be warned to leave an area or at least wear protective gear.
Bacteria can be detected using “biosensors.” A biosensor is a device that detects,
records, and transmits information regarding a physiological change or the
presence of various chemical or biological materials in the environment. More
technically, a biosensor is a probe that integrates a biological component, such as a
whole bacterium or a biological product (e.g., an enzyme or antibody) with an
electronic component to yield a measurable signal. Biosensors, which come in a
large variety of sizes and shapes, are used to monitor
changes in environmental conditions. They can detect
and measure concentrations of specific bacteria or
hazardous chemicals; they can measure acidity levels
(pH). In short, biosensors can use bacteria and detect

them, too.
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Genetically engineered bacteria can
also be useful because of their ability
to “tattle” on the environment. Such
commonly used bacteria have been
designed in Oak Ridge and Knoxville
to give off a detectable signal, such as
light, in the presence of a specific
pollutant they like to eat. They may
glow in the presence of toluene, a
hazardous compound found in gasoline
and other petroleum products. They
can indicate whether an underground
fuel tank is leaking or whether the site
of an oil spill has been cleaned up
effectively. These informer bacteria are
called bioreporters. In 1990, when a
bioreporter of naphthalene was
developed and tested at the University
of Tennessee at Knoxville (UTK), the
ability of these bacteria to glow was
demonstrated for President George
Bush during his visit to UTK.

Oak Ridge National Laboratory has
been developing biosensors and
bioreporters for almost a decade. Carl
Gehrs, director of ORNL’s Center for
Biotechnology, says that ORNL’s
program in biosensors is “a leader
among DOE national labs, which is a
best-kept secret.” He added that ORNL
is proposing to develop biosensors that
can detect the presence of biological
and chemical warfare agents for
military use and for determining the
effectiveness of cleaning up waste
sites.

It is clear that Oak Ridge can make
some impressive, even revolutionary,
contributions to military applications
of biosensors. One of the rewards of
developing biosensors for military use
is that the resulting devices may
eventually have applications in
everyday life. As President Clinton
recently told a group of military
officials, “What you have done here is
what I wish to do nationally: take some
of the most talented people in the
world who produce some of the most
sophisticated military technology and
put that to work in the civilian
economy.”
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The first biosensor developed at
ORNL was intended for environmental
monitoring. It used an antibody—a
protein substance produced in the
blood or tissues in response to a
specific antigen, such as a bacterium or
toxin normally foreign to the body.
Antibodies destroy or weaken invading
bacteria and neutralize organic
poisons, forming the basis of
immunity. Thus, ORNL’s first
biosensor was called an immunosensor.

In the mid-1980s, Tuan Vo-Dinh,
Guy Griffin, and others in ORNL’s
Life Sciences Division were looking
for a way to use light to detect cancer-
causing agents in groundwater. So they
attached to the end of an optical fiber
an antibody that reacts specifically
with the carcinogen benzo(a)pyrene
(BaP). The anti-BaP antibody on the
end of the fiber was immersed in a
sample of groundwater. The antibody
was allowed to bind the BaP in the
groundwater sample. The antibody-
BaP reaction product gives off light if
illuminated by light of the right
wavelength. So the right light was
aimed through the fiber into the
groundwater sample. After 5 to 10
minutes, the reaction product
fluoresced, and the fluorescence was
transmitted back up the fiber and
measured. These successful results,
reported in 1987 by Vo-Dinh and
colleagues, brought the group a 1987
R&D 100 Award from R&D magazine
and initiated the group’s development
of a series of fiber-optic-based
biosensors.

Antibodies can be produced against
bacteria, against complex
carbohydrates, and even against
smaller organic molecules that may
cause cancer. To Vo-Dinh’s group, the
possibilities for applications of
immunosensors seemed almost
limitless. Indeed the possible uses for
biosensors are limited only by our

imagination. After all, there are many
different ways to combine chemistry,
physics. and biology with an electronic
detector.

One type of biosensor has only five
components: a biological sensing
element, a transducer, a signal
conditioner, a data processor, and a
signal generator. The essential
component must produce a signal that
is related to the concentration of a
specific chemical or biological
substance in complex systems. This
component takes advantage of the
ability of a biomolecule, such as an
antibody or enzyme, to specifically
recognize the target substance.

In another approach to the use of
immunosensors, microspheres of
different sizes are labeled with
antibodies that bind to different
bacteria; thus, microspheres of one size
have one particular antibody and
microspheres of another size have a
different antibody. The sizes of the
microspheres are identified by their
“morphological resonances” (shape-
based light emissions when excited by
a laser), and the bacteria that become
bound are detected by the color of
fluorescent dye with which they are
stained. In a 1995 paper, Bill Whitten
of ORNL’s Chemical and Analytical
Sciences Division suggests that up to
100 different types of bacteria can be
identified simultaneously because the
stained bacteria all would fluoresce at
one wavelength of light and the
diameters of the spheres could be
illuminated at another wavelength.
Although all the spheres fluoresce
when excited by one wavelength, the
morphological resonances, which look
like saw teeth superimposed on a
fluorescence emission spectrum, can
distinguish among diameters of many
different-sized spheres. This approach
satisfies one of today’s challenges in
biotechnology: multiplex biosensors to
obtain more information from one
sample analysis. (See color photo on
the inside back cover.)
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immobile DNAs contained only eight
bases and thus could determine the
sequence of only eight bases in the free
DNA. Longer immobile DNAs would
give longer reads in the free DNA. This
technique is often called sequencing by
hybridization (SBH).

Interestingly, Doktycz and his
colleagues have shown that the rules
“A binds to T” and “G binds to C” are
not completely reliable; mismatches
can and do occur in hybridization
experiments. If the mismatch is at or
near the end of the DNA strand, the
rules are more likely to be broken than
if the mismatch is at an interior
position. The ORNL researchers
developed a number of rules that
predict when a mismatch is likely to
occur. If these rules are ignored in an
interpretation of binding patterns, the
reader could be misled as to the true
sequence of the DNAs of interest.
ORNL is collaborating with three other
organizations that are developing this
method of sequencing by hybridization.
Because hybridization methods are so
much faster than gel electrophoresis for
sequence determination, it is likely that
hybridization may become the method
of choice for many applications for
DNA fingerprinting. Ken Beattie, who
recently joined the Life Sciences
Division, brings his international
experience with SBH to ORNL. He has
proposed use of a flow-through SBH
chip for multiple applications—
genome sequencing, assessing the
effectiveness of bioremediation, and
evaluating the quality of agricultural
microorganisms, plants, and animals,
for examples.

The work of Foote and Doktycz used
phosphorus-32 to label the DNA
fragments. Other ways of labeling DNA
are also employed. Currently, the most
used are fluorescent labels, but Bruce
Jacobson and Heinrich Arlinghaus of
Atom Sciences, Inc. have been
exploring the use of enriched stable
isotopes of tin and rare earth elements
to label DNA fragments for sequencing
by hybridization.
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When a tin-labeled DNA segment
hybridizes to its complementary DNA
sequence in an array of short DNAs on
a glass or nylon surface, the segment’s
location is determined by a laser-
induced resonance ionization
microprobe, which uses a laser beam
to dissociate all atoms within several
hundred monolayers of the sample
surface. Those atoms that appear as
ions are discarded; however, the
neutral atoms of a selected element (in
this case, tin) are converted to ions by
illuminating them with a resonance
laser that is tuned to the quantum
energy of that element’s electrons,
causing only that element’s atoms to
be ionized. The ions produced in this
way are introduced into a mass
spectrometer, which separates them
into isotopes according to differences
in mass and measures the
concentration of each tin isotope.

By working in a clean room,
researchers using this highly selective
and extremely sensitive technique have
located DNAs that were hybridized to
the complementary sequence with
little background from either
environmental tin or tin from
noncomplementary tin-labeled DNAs,
detectable on noncomplementary
sequences. Because 10 stable isotopes
of tin exist, it is possible to use all 10
labels at one time to “multiplex” the
process. Ways of labeling specific
DNA strands or fragments 8 to 20
bases long with tin enriched in a
specific isotope have been devised by
Rick Sachleben, Gil Brown, and Fred
Sloop, all of ORNL’s Chemical and
Analytical Sciences Division. They
have also developed a way to label
specific DNAs with individual
enriched stable isotopes of several rare
earths, enabling the use of 20 or more
labels at one time. Use of mass
spectrometric detection of the stable
isotopes increases the multiplexing
possibilities greatly, allowing much
more information to be obtained than
is possible using only four fluorescent
labels at a time. It is also an

improvement because it overcomes the
problem of the general fluorescent
background when using nylon.
Because phosphorus-32 decays with a
half-life of about 14 days, the tin
labeling approach also looks attractive.
Stable isotope labels may someday
play a significant role in future DNA
analyses. Imagine the SBH chip being
interrogated by 10 or 20 stable isotope-
labeled DNAs at one time. The laser
atomization and mass spectrometry
would identify each label in one pass,
making the process much more
efficient in time and materials. In
addition, the laser atomization method
would be accomplished in a few
minutes, again much faster than
present gel electrophoresis.

Another hybridization method being
developed at Oak Ridge uses a process
called surface-enhanced Raman
spectroscopy (SERS). Hybridized
DNA is transferred from the nylon
membrane to a glass strip coated with
tiny silver spheres. The dye labels
attached to the DNA bases have unique
Raman infrared spectra, but the
normally weak Raman lines are greatly
enhanced by the presence of the silver
spheres. This enhancement allows
DNA bases to be detected at sufficient
sensitivity to be useful for DNA
sequencing studies. Earlier, Vo-Dinh,
Mayo Uziel, and Alan Morrison, using
SERS, detected a fluorescent
carcinogen on DNA. Then, Dan
Jacobson and Tom Ferrell
demonstrated the power of SERS for
DNA sequence analysis. Recently, Vo-
Dinh, Kelly Houck, and David Stokes
have developed it into a highly
sensitive method that received an R&D
100 Award in 1996.

Yet another approach to DNA
analysis taken by Vo-Dinh, in
collaboration with members of the 1&C
Division, is to design an array of
charge-coupled device (CCD) detectors
and attach to their surface specific
sequences of DNA. Free DNA strands
are labeled with fluorescent molecules
and hybridized to the bound DNA.
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When illuminated with laser light of
the correct wavelength, the fluorescent
tags of the hybridized DNA emit light
signals that are detected by the
individual CCD detectors behind each
DNA site.

Because each of the CCD pixels has
a different but known short DNA
sequence bound to it, the sequence of
the piece of the longer DNA strand that
hybridizes with the short strand can be
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identified. By assembling all the
information from the pixels, a larger
portion of the DNA sequence is
obtained. Because bacteria have unique
DNA sequences, these hybridization
methods hold great promise as the
basis for new techniques to rapidly
analyze DNA, characterize its source,
and identify bactenia.
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described previously. For example, the
enzyme EcoRI cuts DNA when 5'-
GAATTC is on one strand of the DNA
and its complement 5'-CTTAAG is on
the other; the cut separates the G from
the A in both strands. This sequence
occurs rather frequently in DNA, so
the enzyme produces a large number of
fragments. The enzyme Not I requires
eight nucleotides in the sequence 5°-
GCGGCCGC and its complement
5'"GCGGCCGC: such a sequence
occurs infrequently, so fewer DNA
fragments are produced, and they are
generally much longer than those
fragments cut by EcoRI. Because of
the availability of more than 400
restriction enzymes that have unique
and well-known sequence
requirements, the DNA fragment
patterns produced by the various
enzymes can be used to characterize an
individual’s DNA. This is the basis for
DNA fingerprints obtained through
separation by size of DNA fragments
by gel electrophoresis. Such
fingerprints are used widely for
evidence in research and in judicial
courts.

To determine which DNA fragments
make up a fingerprint, they must be
separated and identified. The “lab on a
chip” developed by Mike Ramsey and
colleagues has been adapted to perform
such separations within a few
minutes—much faster than standard
gel procedures. Like microcircuits and
computers operating in parallel, these
chemical separations chips can be used
in parallel for DNA analysis. In one
application, liquids containing DNA
and a restriction enzyme are injected
into different chambers etched into the
chip. Electric fields pump the liquids
through a microscopic channel into a
reaction chamber, where the enzyme
cuts the DNA into pieces of different
lengths. The DNA snippets are then
electrically pumped to the separation
channel, where they are tagged with
fluorescent dyes for detection.

The DNA fragments of various sizes
are sorted in a liquid containing fibrous
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........................................................................................................................................................... Ken Beattie
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.......................................................................................................................................................... Kelly Houck,
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.................................................................................................................................................... Bruce Warmack
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Y 0] e T 3= 1 P Judson Jones

68 Oak Ridge National Laboratory REVIEW



















HYBRID LIGHTING: ILLUMINATING OUR FUTURE

so we do have a lot of light to work
with. We are instinctively aware of the
abundance of light when we step
outside and squint briefly as our eyes
make the transition to the difference
from the adequate but much less
intense light in our home or office.
Keep in mind that 1000 watts of light
per square meter is the value in the
visible wavelengths. As compared with
incandescent or fluorescent light bulbs,
it is pure light. A 100-watt light bulb,
for example, uses 100 watts of
electricity but produces only about 17
or 18 watts of light. The rest is heat.
One square meter of bright sunlight,
then, is equivalent to turning on about
55 100-watt light bulbs. Most offices
or small rooms can be very well lit by
two or three light bulbs; consequently,
a square meter of sunlight could
theorectically light about 20 rooms or
offices. If the roof area of a building is
taken to be approximately the floor
area of any one of its floors, enough
light strikes the roof on a sunny day to
light every room in the building even if
it’s more than a hundred stories high!
The problem is collecting the light,
then getting it where you want it to go.
Yes, the sun is a wonderful giant
light source, but we on the earth are
constantly moving with respect to it.
Depending on the time of year and
time of day, the sun’s light arrives from
different angles. The most efficient
way to gather the light is to constantly
track the sun’s position and focus the
maximum amount of available light all
the time. This sort of thing is done in
some experimental solar energy plants
and solar furnaces. For lighting,
however, this technique is probably too
cumbersome and expensive. Track
are electromechanical devices that
have moving parts. Moving parts 1
out much more often than static
systems. They require energy and some
sort of microprocessor to keep them
going. They can fail or get out of
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alignment. They can be blown over or
away in a storm; be damaged by hail;
or get their mechanisms clogged with
leaves, dirt, twigs, pine needles, or
whatever. Fortunately, as we have seen,
for a large part of a sunny day,
considerably more sunlight hits the
roof of a building than is needed inside
to light it; consequently, it makes sense
to develop and place on roofs fixed,
passive collectors and concentrators
that look good and require little or no
maintenance. A number of designs
have been worked on, often, however,
with the goal of optimizing collection
efficiency. The goal should be rather to
optimize cost, maintainability,
attractiveness, and efficiency, probably
in that order.

A representative illustration of this
kind of optimization is the use of
skylights. In many cases they add a
useful amount of light that is both
attractive and essentially free of
maintenance. Though skylights can and
will play an important role in hybrid
systems, in themselves they are not
efficient enough, nor do they distribute
light to remote locations. Collectors,
which are required for distributing
light, though necessarily more complex
than a passive skylight, can be
designed with optimization in mind.
For example, a collector could have
three fixed parts, one looking straight
up to catch the sun in the middle of the
day, and two angled parts, to catch the
sun in the morning and afternoon. Such
a collector might be very inefficient
compared with an active tracker and
relatively inefficient compared with a
multicomponent passive system;
however, it could easily be much

heaper and require less maintenance,
ven if its collection area had to be
>aled up by comparison.

Concentrators can be lenses or
mirrors. Modern plastic materials can
probably be used, cast, molded, or
extruded rather than finished with any

kind of precision. It is not necessary to
have image-quality optics. Plastic
materials may also be able to filter out
naturally occurring ultraviolet light or
to allow the transport of infrared
wavelengths into different optical
circuits for nonlighting purposes.

nt

ice
a spectrum of 1llumination that serves a
particular purpose. If exactly
duplicating sunlight were our purpose,
artificial lights would have to look like
a 5750 K blackbody shining through
several miles of atmosphere, made up
mostly of nitrogen, oxygen, and water
vapor. Clearly, the challenge is
formidable. Few incandescent lamps
can operate either efficiently or for any
length of time at extremely high
temperature, so a compromise has been
worked out. Standard 100-watt bulbs,
for example, operate at about 2850 K.
Of course, this kind of light makes
things look a little yellowish compared
with the vivid clarity and whiteness of
sunlight. Fluorescent fixtures, which
were designed partly to deal with that
spectral problem, have the added
benefit of being more electrically
efficient. Fluorescent lamps operate by
producing a high-voltage discharge
through a gas volume that, in turn,
emits light well up into the ultraviolet
portion of the spectrum. The ultraviolet
light stimulates fluorescence from a
powder layer deposited on the inside
walls of the glass envelope or tube. The
particular phosphor on the tube walls
determines the visible spectrum it
emits. The most common fluorescent
lamps, in use in virtually all
commercial buildings, emit a white
spectrum that is reasonably close to
that of natural light. Other phosphors
are used to make yellower light or to
approximate the optimum distribution
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members focused on devising methods
to study the millions of measurements.

Complicating this task is the fact
that EEG data contain not only signals
associated with brain activity but also
aberrations that accompany actions
such as eye blinks, muscle twitches,
and chewing. These aberrations
obscure the brain wave signal, so
researchers had to develop a method
that could correct for them. The
researchers’ diverse backgrounds
(mathematics, statistics, chemistry,
physics, and nuclear engineering)
helped them develop analysis tools to
interpret the EEG data.

In explaining the team’s success,
Hively said, “We used real-world tools
that can handle real-world data. Most
other analytical techniques can handle
only model data.”

Normal brain activity includes
seemingly random, or chaotic, features,
with local brain regions behaving
relatively independently. These
features show up on an EEG as weak
correlations between measurements at
different locations of the brain. In a
person experiencing an epileptic
seizure, however, brain waves at
different locations have a “large
periodic component and a strong
correlation between locations,” Hively
says. Furthermore, the analysis of
chaotic features clearly shows a
transition between the nonseizure and
seizure states, lasting 8 to 15 minutes
and ending with a seizure.

The research was sponsored by the
Laboratory Directed Research and
Development program at ORNL.
ORNL has filed invention disclosures
for seizure detection, seizure
prediction, and removal of low-
frequency artifacts from brain wave
data. Low-frequency artifacts—
“background noise” resulting from eye
blinks, chewing, and muscle
twitches—are inherently present in an
EEG and can obscure brain wave
information. Researchers believe the
artifact removal technique could be
used as a nonintrusive monitor of
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worker alertness during extreme stress.
possible drug abuse, or fatigue.—Ron
Walli

On-line sensors at three U.S. textile
plants are providing information that
will help keep textile industry jobs in
the United States and improve the
quality of domestically produced
fabric. The sensors are used to inspect
textiles as they are manufactured to
locate flaws and stop the process so
corrections can be made to ensure
production of defect-free fabric.

The sensors are part of the American
Textile Partnership’s (AMTEX)
Computer-Aided Fabric Evaluation
(CAFE) project, developed by ORNL,
the Oak Ridge Y-12 Plant, and other
DOE laboratories. CAFE is one
component of the $20-million AMTEX
partnership between DOE labs and the
textile industry. Other CAFE members
have included Argonne National
Laboratory, Lawrence Berkeley
National Laboratory, Lawrence
Livermore National Laboratory, and
Sandia National Laboratories. Funding
for the project is provided by DOE’s
Defense Program.

Tests of the sensor system
performed last year at the Y-12 Plant
provided encouraging results, but
controlled tests don’t always predict
what will happen under harsh, real-
world conditions. Since July 1996,
however, the inspection systems have
been providing some valuable
information at three textile plants in
the Southeast. Although some
modifications are needed, plant
managers are encouraged by the
results.

“We’ve been compiling data for the
past few months and the systems are
working as expected,” says Glenn
Allgood, manager of the CAFE project
and a member of ORNL’s

Instrumentation and Controls Division.
“Dust, lint. heat, and other real-world
conditions aren’t interfering with the
sensors at all.”

Industry representatives agree that
the technology holds promise.

“The CAFE project is nearing the
final stages of development for a series
of on-line sensors that represent a
tremendous opportunity for textile
manufacturers to gain more control of
their fabric forming processes,” says
Mark Kametches, industry project
manager. “Upon commercialization,
these sensors could have a major
economic impact on the weaving,
knitting, and printing segments.”

Management at Glen Raven, which
employs 2500 at its plant outside of
Burlington, North Carolina., is also
certain the project will help the textile
industry.

“We’re confident that the technology
is worthy of the time and money we’ve
spent,” says Bill Martin, product
engineer at Glen Raven. “We’ve found
that the sensors do many times more
than what we thought they would do.
The system is going to help us improve
quality and hold costs flat, which is
what we need to be competitive in the
world marketplace. This is going to
change the way we do business.”

On-line tests began in July and will
run through early 1997, says Allgood,
who notes that the system enables
laboratory researchers to monitor the
systems—and compile data—from
remote locations. The inspection
system also provides operators with the
location of the defect. which saves
time and money because they can stop
the loom, make corrections, and tag the
defective material for rejection.

Using visual inspection only, it is
possible for defective material to work
its way through the entire textile
system, eventually reaching the
marketplace, before retailers and
consumers notice the flaws. Thanks to
the new inspection system, textile mills
and apparel manufacturers will

87















TECHNICAL HIGHLIGHTS

postdoctoral researcher. The work was
funded by ORNL's Laboratory
Directed Research and Development
Program.

The idea for the technique emerged
one day when Fisher and Wachter saw
Dees in the hall and asked him if a
special laser technique could have
therapeutic applications. Dees thought
of the breast cancer application and
went to Brown, in a room nearby,
because of his ability to synthesize
drugs that could be activated by laser
light.

*“The beauty of a national
laboratory.” says Dees. “is that it gives
you the opportunity to bring together
the right combination of specialists
needed to solve complex problems.
Our interdisciplinary team effort has
proved to be very productive.”

Dees says that many drug companies
are trying to alter drugs in their search
for a minimally invasive therapy for
breast cancer that has no side effects.
“What we have done,” he adds, “is to
change the fundamental activation
method so that it more precisely
stimulates a drug to destroy a tumor
without affecting surrounding, healthy
tissue.”

A drug that could be safely used
with this laser method is 8-MOP, a
derivative of psoralen. which is
approved by the Food and Drug
Administration. Psoralen, a
photoactive agent, is normally used
with ultraviolet light to treat a variety
of skin diseases and near-surface
lesions, such as psoriasis and skin
cancer. The Oak Ridge scientists
believe that many other photoactive
agents will work equally well with the
new method, opening avenues to the
treatment of many other diseases.

“The key to the success of our
technique is effecting simultaneous
absorption of two photons of low-
energy. long-wavelength light within a
small volume of tissue,” Wachter says.
“We can focus the light beam on the
targeted area using a lens or mirror that
can be adjusted under computer
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control. The laser light can penetrate
the skin with the potential of striking a
target at any depth.”

In their experiments, the scientists
use two lasers. The first is an argon-ion
laser that produces visible light in the
blue-green range. This light “pumps”
the second laser, a mode-locked
titanium:sapphire laser, so that it
delivers a high-frequency pulsed beam
of near-infrared light. This red beam is
safe—it will illuminate but not harm
the skin of your hand. But when
focused at a targeted area under the
skin, the light pulses have a peak
power that can devastate cancerous
cells.

“The mode-locked laser produces a
beam that has a low average power, but
with an exceedingly high peak power
that is easily focused into a narrow
zone.” Wachter says. “As a result, we
can target and destroy a cluster of
cancer cells and leave normal cells
intact. Two-photon laser excitation
allows us to achieve pinpoint activation
of therapeutic agents in a tightly
controlled area. In contrast, commonly
used one-photon laser excitation can
cause undesirable activation at low
intensities and can produce damage
over far wider areas than is desired.”

In experimental trials. an agarose gel
tissue model has been used. A dye was
dispersed throughout this thick,
gelatinous material to simulate
imaging agent in tissue. When the red
beam from the mode-locked laser is
focused in the center of the gel, an
isolated point of blue light is visible at
the focus. The blue dot marks the spot
where the dye is fluorescing. It also
indicates the point where cancer-cell-
destroying chemistry would take place
if a phototherapeutic agent were
present in actual cancerous tissue. The
same ability to focus deep in tissue has
been demonstrated in a tumor that was
removed from a mouse with breast
cancer.—Carolvn Krause

Years ago, electric transformers did
more than transfer electric energy from
one circuit to another and change a
circuit’s electrical characteristics. They
also transformed the characteristics of
soils and the beds of rivers and creeks.

Before polychlorinated biphenyls
(PCBs) were banned in 1977, they
were used as insulating fluids for
transformers and other electrical
equipment. When the discarded
devices deteriorated. PCBs leaked into
nearby soil and water. Millions of
pounds of PCBs from leaking electrical
equipment and industrial discharges
still remain in soil, sediments, and
groundwater.

Because of their stability and lack of
reactive properties, PCBs were good
insulators. However, these same
properties cause PCBs to persist in the
environment and to resist removal.
From water and soil, they enter the
food chain and build up in the tissues
of plants and animals. Eventually,
people eating these tissues accumulate
PCBs, which have been linked to birth
defects, cancer, and other illnesses.

Recently, ORNL researchers have
harnessed two types of bacteria to
break PCBs’ hold on the environment.
Here’s the story.

In the early 1990s, Terry Donaldson
and Mark Reeves sought to remove
PCBs from soil using naturally
occurring bacteria. Then Reeves
became the ORNL principal
investigator for a cooperative research
and development agreement (CRADA)
involving General Electric Company.
The goal of the CRADA was to find
the most effective way to use bacteria
from river sediments to remove toxic
PCBs from the contaminated
sediments of the Hudson River in New
York.

When Reeves became head of the
Laboratory Directed Research and
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being funded by the Electric Power
Research Institute.

“Although we separated out
anaerobic bacteria from the river
sediment,” Klasson says, “we could not
isolate the strain to identify or name
it.”

In the ORNL study, flasks about the
size of 10-0z. drinking glasses were
filled with PCB-containing soil,
bacteria, water, mineral salts, and an
organic carbon source such as acetone.
To promote mixing, many flasks were
shaken in an orbital shaker. Every 3 or
4 weeks each flask was sampled to
assess its PCB content. The anaerobic
process takes 15 weeks to a year to
reach completion.

The anaerobic process was
developed for the CRADA with GE.
ORNL researchers developed the
aerobic process outside the CRADA.
In 1997, after the Environmental
Protection Agency issues a permit for
field application of genetically
engineered organisms, a demonstration
of the anaerobic-aerobic process will
be held in Chattanooga, Tennessee, by
ORNL, TVA, and the University of
Tennessee. The goal is to show that
this approach to PCB bioremediation
can be scaled up.

GE has already run two
demonstrations using anaerobic
bacteria at a New York site on the
Hudson River and at Woods Pond,
Massachusetts. “GE found that large-
scale processes mimic lab
experiments,” Klasson says, adding
that scaled-up processes will consist of
large tanks in which the solution of soil
and bacteria is mechanically agitated
or of artificial ponds in which
automnated rakes do the mixing.

The work was funded by DOE’s
Mixed Waste Integrated Program and
Buried Waste Integrated Program, both
of which are part of its Office of
Technology Development.

Today, Klasson says, small
environmental companies are using
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aerobic bacterial processes to
demonstrate partial PCB degradation at
electrical utility sites. The ORNL
process currently being developed,
however. shows potential for complete
PCB degradation. Someday, some
version of the ORNL process may be
used widely to undo electrical
transformers’ environmental damage
by transforming PCB-contaminated
soils into clean ones.—Carolyn Krause

Hydrogen is the fuel of dreams. If
the world’s most abundant element
could be produced cheaply, Americans
could use it instead of gasoline,
reducing the U.S. appetite for imported
oil and saving the country billions of
dollars. This dream fuel is a clean fuel.
Burn it in air and you get harmless
water vapor and a few oxides of
nitrogen. Unlike fossil fuels, the largest
source of our energy, combustion of
hydrogen does not produce carbon
dioxide, a significant greenhouse gas.

To keep the dream alive, DOE’s
Hydrogen Program sponsored a
hydrogen-powered bus during the 1996
Summer Olympic Games in Atlanta,
Georgia. At one time, it was believed
that hydrogen could be produced
inexpensively from water by
electrolysis using nuclear power, once
envisioned to be a source of cheap
electricity. Now, DOE is looking at
other ways to produce hydrogen,
including use of microorganisms.

In a dream world, where rags
become riches, trash would be turned
into fuel. Energy would be extracted
from old newspapers, grass clippings.
and cheese whey—waste products of
renewable resources—to heat and light
buildings and propel cars and planes.
How? Use the fungal enzyme cellulase
to convert cellulose, starch, and

lactose—complex sugar molecules that
make up these wastes—into the simple
sugar glucose. Then use bacterial
enzymes to convert glucose (C.H ,O))
into hydrogen.

In ORNL’s Chemical Technology
Division, Jonathan Woodward and
colleagues from the University of
Georgia and the University of Bath in
England have demonstrated a new
biological method for converting
glucose into hydrogen. The process
also produces gluconic acid, a metal-
binding chemical widely used in the
manufacture of foods and drugs and
the treatment of metal.

The new process has also generated
considerable excitement. Following
publication of a paper by Woodward
and colleagues on the method in the
journal Nature Biotechnology,
Woodward received considerable
media attention from organizations
such as Reuters, BBC, Voice of
America, the Washington Post.
Washington Times, New Scientist, and
Chemical and Engineering News.

Not surprisingly. the media seemed
particularly fascinated by what the
Woodward paper said about
newspapers. It stated that the 16 billion
pounds of cellulose in a year's worth of
U.S. newspapers could generate
enough hydrogen to replace all the
natural gas consumed by 37 cities the
size of Oak Ridge (pop. 27,000).

The development of the process was
supported by DOE’s Office of Energy
Efficiency and Renewable Resources,
Hydrogen Program, Office of Utility
Concepts. *Our biological process
produces hydrogen at the same rates as
other biological methods,” Woodward
says. “Right now we produce one atom
of hydrogen for every molecule of
gluconic acid. Under ideal conditions,
we should produce 12 times as much
hydrogen. We must find the best
conditions to make current enzymes
more efficient and experiment with
other enzymes to extract more
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found that the addition of various
amounts of these impurities made the
crystalline material semiconducting.
Therefore, the substrates could be
made in either an insulating or
conducting form.

By adding niobium, it is also
possible to turn the crystal into a
ferroelectric material. Such a material
exhibits a polar separation of positive
and negative electrical charges and
properties that can be switched when
an electric field is applied.

These new substrates are useful
because of the important applications
of devices made using the thin films
that are grown on them. High-
temperature superconducting films are
currently being developed for a variety
of electronic devices such as magnetic
sensors for medical, geological, and
industrial applications; microwave
components for radar and
communication technologies; and
ultrafast switches, interconnects, and
current leads. Additionally, potassium
tantalate can be used as a substrate for
dielectric and ferroelectric materials,
such as barium titanate and lead
titanate, or for electro-optic materials
such as pure potassium niobate.
Applications for these materials
include miniature “super” capacitors,
digital circuitry devices for
information storage, and integrated and
hybrid optical components.

Potassium tantalate substrates can
be produced as large wafers—with a
diameter of 5 centimeter (2 inch) or
more—because of the crucible-based
fabrication method employed. In
contrast, other candidate substrate
materials, such as strontium titanate,
require a flame-fusion fabrication
process, which generally limits the
crystal size to 2 centimeter or less (less
than 1 inch in diameter). The larger
wafer size of potassium tantalate
substrates is advantageous because it
reduces the fabrication cost of thin-
film devices that are grown on the
substrate material. Commercial
Crystal Laboratories has developed
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improved ways to prepare epitaxial-
quality surface finishes on these
substrates and is currently marketing
the material for commercial and
research applications.—Carolyn
Krause

Patients afflicted with heart, lung,
liver, or brain disorders and the U.S.
health care industry may soon be
benefiting from new ORNL technology
if a Knoxville company has its way.

On December 23, 1996, two
licensing agreements were signed by
Lockheed Martin Energy Research
Corporation, which manages ORNL
for DOE, and DeRoyal Industries, Inc.,
a Knoxville-based health care products
manufacturer. DeRoyal Industries was
granted rights to two new ORNL
technologies for concentrating
solutions of the technetium-99m
radioisotope, the most widely used
diagnostic radioisotope in nuclear
medicine.

More than 36,000 diagnostic tests
using technetium-99m agents are
conducted daily in the United States
(10 to 12 million tests annually). These
agents are used for imaging the heart,
liver, lungs. brains, and most other
major organs in the body. The use of
technetium-99m allows the diagnosis
of many conditions, such as blockages
of arteries of the heart or poorly
functioning organs. Unlike techniques
such as magnetic resonance imaging
and X-ray scans, radioactive diagnostic
agents such as technetium-99m can be
used to evaluate tissue function rather
than only the anatomical changes of
diseased tissues. Because of the
technetium isotope’s short half-life, the
patient’s exposure to radiation is very
low.

DeRoyal Industries, whic
founded by Pete DeBusk in
employs about 2000 people
facilities in 38 countries. D¢
international sales, which a1
of $250 million, primarily i
goods such as operating roo
procedure trays, surgical ac
and critical care and wound
products. The company alsc
computer software for hosp

The new ORNL technolo
simple, efficient concentrati
that are required when dilut
technetium-99m solutions a
from radionuclide generator
generator is a device that cc
parent radioisotope and the
product it yields. Technetiu
solutions are prepared from
of the molybdenum-99 pare
radioisotope, which is most
conventionally produced in
reactor as a byproduct of th
uranium-235.

Currently, the U.S. suppl
molybdenum-99 comes fro
Canadian reactor. To ensure
future supply, DOE plans tc
the isotope using facilities :
Alamos and Sandia nationa
laboratories. There. stainles
interiors will be coated witl
enriched uranium and irrad
reactor. The tubes will be o
enriched uranium coating d
and the molybdenum-99 ex
from numerous fission proc
problem with this process i
amount of radioactive wast
generated.

In the envisioned Oak Ri
approach, an enriched moly
product would be produced
calutrons at the Oak Ridge
which separate stable isoto
electromagnetically. The m
98 would be placed in OR?
Flux Isotope Reactor (HFII
would capture a neutron, fc
molybdenum-99. This proc
then be introduced into larg
radionuclide generators fro
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An experimental method for
determining the sequence of DNA
building blocks is to label different DNA
fragments with any of the 10 stable isotopes of L/

tin. Each fragment will attach (hybridize) to its complementary DNA sequence in an array of short DNAs on a
nylon surface. Along with other atoms removed by laser from the surface, the fin atoms are obtained and then
ionized selectively by laser and separated in a mass spectrometer. By measuring the concentration of each tin
isotope, the relative order of DNA bases can be determined. The graphic above shows the relative
concentrations of hybridized DNA sequences labeled with tin-118. At other sites on the nylon surface, the fin-
118 concentration is negligible. For details, see p. 64 of the article “Biosensors and Other Medical and
Environmental Probes.”
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