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View of the John Day Dam in Washington, one of many
hydroelectric projects on the Columbia River in the Pacific
Northwest. This federal dam is operated by the U.S. Army
Corps of Engineers; its hydropower is distributed by the
Bonneville Power Administration. ORNL researchers have
been evaluating the effects of dams on fish populations in
the Columbia River. They have also been evaluating the
environmental and socioeconomic impacts of smaller
nonfederal dams in the Pacific Northwest for the Federal
Energy Regulatory Commission. This work is discussed in
the article on p. 2.
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Editor’s note: The following edited interview with Mike Sale and Chuck Coutant, both of ORNL's
Environmental Sciences Division, explores the issues involved in developing hydropower resources in the
United States. ORNL conducts assessments and other studies associated with licensing hvdropower
projects for the Federal Energy Regulatory Commission . It also performs research for the Department of
Energy and others on methods to avoid or minimize the environmental impacts of hyvdropower prcjects and
provides advice to other state and federal agencies and private industry. Sale is leader of the
Hydrosystems Group in the division’s Ecosystems Studies Section and program manager for FERC
projects for the Energy Division. Coutant is a senior ecologist in the Environmental Sciences Division.

Mike Sale: The energy of flowing water is the
most readily available, renewable, and clean
domestic source of electricity that we have right
now. It is available in most parts of the country
that have high rainfall and mountainous areas. In
terms of total production, hydropower is
America’s leading renewable energy resource; it is
more reliable and efficient and less expensive than
geothermal, biomass, wind, and solar energy.
Perhaps most important, it is a clean source of
power—it produces no carbon dioxide, sulfur
dioxide, nitrous oxides, or any other air emissions.
In addition. it produces no solid or liquid wastes.

Hydropower is also one of the least expensive
sources of electricity in the United States. For
every kilowatt-hour (kWh) of electricity produced
by a hydropower plant, only 0.6 cents is needed to
finance its operation and maintenance. By
comparison, these costs at nuclear and coal plants
are 2.2 cents’kWh and 2.1 cents/lk Wh, respectively.
Our own region, the ~'ennessee Valley, has the
benefit of low electrical rates primarily because a
high percentage of its electricity comes from
hydropower.

Currently, hydropower is a critical component
of many electrical systems. Throughout the world
it provides one-fifth of the electricity used, and it is
second to fossil energy as a source of power. In the
United States, it provides 10% of the electricity
used, down from 14% 20 years ago, but more than
petroleum and far more than the other renewable
energy technologies combined. U.S. hydropower
plants produce the energy equivalent of 500
million barrels of oil per year. On a regional basis,
hydropower is a source of 14% of the electricity

used in the Rocky Mountain states and 63% of that
used along the Pacific coast. The Pacific
Northwest is the region of the country that relies
most heavily on hydropower; two-thirds of its
electricity comes from its 58 hydroelectric dams.

I don’t mean to imply that hydropower is
problem-free, but these facts illustrate the
importance of hydropower.

Sale: About half of this country’s hydropower
projects are federal and half are nonfederal.
Nonfederal hydropower projects receive 50-year
licenses from the Federal Energy Regulatory
Commission (FERC) and must be periodically
relicensed. For example, some 156 hydropower
projects built in 1943 will have to meet new
requirements this year before their licenses are
renewed. Further modifications may be required to
protect environmental values, such as the
declining salmon population in the Pacific
Northwest.

In some cases, instead of renewing a license,
FERC may decide the best solution is to remove
the dam and restore free flow to aid salmon
migration. These decisions could result in a
reduction in hydropower production and an
increase of as much as 8% in electricity rates for
consumers in the Pacific Northwest.

Through our contracts with FERC and DOE,
ORNL is involved in making recommendations on
the requirements that should be incorporated into
the operating licenses of hydroelectric power
plants. The Laboratory supports development of
hydropower that is compatible with the
environment.

The Grand Coulee Dam in Washington was one of the first large federal hydroelectric projects in the United
States. Both federal and nonfederal dams in the Pacific Northwest have had an adverse impact on salmon
populations. ORNL has evaluated the environmental and socioeconomic impacts of nonfederal dams

throughout the United States for FERC.
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1 September 1990, industrial hygienists
making a routine surveillance of individual
laboratories at ORNL discovered a possibly
explosive situation that had been building since
the earliest days of the Laboratory’s existence.

During the walk-through, Ann Shirley first
observed the use of perchloric acid hotter than
100°C in a laboratory hood, a protective enclosure
that provides ventilation of noxious fumes, dusts,
and gases to enable the safe handling of chemical,
biological or radioactive materials. The problem
was that the hood was not approved for perchloric
acid. Shirley had become aware of such a
potential problem after discussions with Mark
Haskew and other ORNL industrial hygienists.
Her quick check confirmed that the acid, in fact,
had been used more than once in the hood, which
had a ventilation system that was unable to handle
the chemical properly.

Shirley reported the problem to Charlie Phillips,
an ORNL industrial hygiene group leader. He
observed the same problem in a hood that was to
be taken out of operation for another reason. He
reported the episode to a committee that regarded
it as a safety-and-health red flag for all of ORNL.
For Phillips and the committee, it raised the
question of how many other hoods not rated for
perchloric acid had been used for such work at the
Laboratory in the past five decades.

Perchloric acid is popular in chemical
processing because it offers all the desirable
properties of mineral acids without introducing
ions such as chloride, nitrate, and sulfate, which
often interfere with other chemical reactions. But
perchloric acid has a dangerous dowiside: When
it dries, it leaves behind a perchlorate salt that can
be flammable and highly explosive when
subjected to heat or impact or reaction with other
specific chemicals. If hot perchloric acid is used in
a vent system that does not have internal wash-
down capabilities, the salts will show up over time
in the hood, baffles, filters, fans, ducts, and
exhaust stacks.

When additional research by ORNL industrial
hygiene personnel indicated that, indeed, hot
perchloric acid had been used in other
unapproved fume hoods during ORNL’s 50-year
history, Laboratory management acted swiftly.
Murray Rosenthal, then ORNL deputy director,
placed an immediate moratorium on the use of
hot perchloric acid, halted all maintenance on
laboratory hoods, and convened a special
committee to launch a survey of ORNL’s
700-plus fume-hood systems.

The findings? Forty fume-hood vent systems
were contaminated with the salts at levels deemed
dangerous by the National Fire Protection
Association (NFPA). “It doesn’t take much of
this stuff to be dangerous,” says Phillips, who
manages ORNL'’s perchloric acid project. “A
single gram of perchlorate salt has been linked to
disastrous explosions in vent systems.”

Although no such accidents have occurred at
ORNL, the industrial hygienists were aware that
in 1962 a maintenance worker on an Atomic
Energy Commission-related project was killed
and two others were seriously injured in an
explosion touched off by routine use of a small
ball peen hammer and 6-inch chisel. The workers
were dismantling a perchloric acid fume vent
system when the explosion—violent enough to be
heard 4 miles away ccurred.

Several other accidents involving perchloric
acid are documented in the literature, and rumors
circulate about explosions and fires during
numerous informal salvage operations around the
country, Phillips said.

“With this in mind, we knew we had to act
right away to ensure the safety and health of
ORNL personnel,” said Marwan Bader, an
ORNL industrial hygienist and perchloric acid
project site manager. The state Environmental
Protection Agency, recognizing that quick action

Marwan Bader, an industrial hygienist at ORNL, logs information on ORNL’s perchloric acid
decontamination project, of which he serves as site manager.
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other vent system components simply by spraying
them with water, then peered through fiber-optic
scopes into confined areas, such as behind hood
baffles, to ensure that even the hard-to-reach spots
were wetted down.

Once dismantled and while still thoroughly
wetted, the hood baffles, fans, exhaust stacks, and
sections of duct were wrapped in plastic and
carefully transported to the temporary enclosure
for thorough decontamination.

The highest concentration of perchlorates found
ranged from 140,000 ppm at an elbow in a duct to
800,000 ppm on the inlet side of a filter housing.
“Those are very high concentrations,” Bader said,
“considering the small amount of perchlorates
necessary to trigger a powerful explosion under
the right circumstances.”

But that’s not the number of greatest concern
that came out of the pilot project: Workers
removed nearly three pounds of perchlorate salts
from a single hood vent system. The perchlorate
buildup gave inner walls of the duct the soft,
chilly appearance of a freezer in need of
defrosting.

“It’s likely that many other federal labs,
university labs and industrial facilities throughout
the country have these same legacy buildups of
perchlorate contamination in their systems and
just aren’t aware of it,” Phillips said, “or aren’t
fully aware of the potential safety and health risks
involved.”

In fact, since the presentation of the ORNL
problem and solution at April 1992 meeting of the
American Chemical Society, the details of the
copyrighted procedures for the ORNL-developed
decontamination methods have been in great
demand by universities and industry. ORNL
presentations at the American Glove Box Society
conference in Seattle in August have further
piqued the interest of those who suspect they may
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have similar problems. An ORNL talk given at
the October DOE Safety Conference in Chicago
generated still more interest.

“The pilot study was fantastic, very well
accomplished,” Bader said. “The techniques
developed for the three test hood systems proved
completely effective.” Furthermore, the ORNL
methods cost one-fifth the amount of outside
contract estimates to decontaminate and dismantle
a typical hood.

A welcome surprise, Phillips said, was that the
procedure deregulated low-level radioactive
contamination in several of the treated vent
systems. “This alone will save approximately
$12,000 per hood each year because those hoods
no longer require ‘contamination area’ posting
and the related expenses,” he said.

Not only were the protocols effective, efficient,
and practical, they were convincing. So much so
that the NFPA modified their testing methods for
perchlorate salts based on an ORNL proposal to
the organization.

A full-blown effort is now under way at ORNL
to remedy the remaining 37 contaminated hood
vent systems. One cleanup operation is up and
going, and funding proposals are out for more
startups.

Phillips is pleased. “We had to abate a possibly
substantial fire and safety hazard, and we did it
well. We did it within environmental safety,
Occupational Safety and Health Administration,
and radiological controls,” he said. “Most
importantly, the safety and health of ORNL
workers is being significantly protected.”

Wayne Scarbrough is a member of the Martin
Marietta Energy Systems Public Affairs staff
based at ORNL. A version of this article was
published in the Winter 1994 issue of Safety
Connection.
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the past few decades, the American
public has become increasingly wary of nuclear
power because of concern about radiation releases
from normal plant operations, plant accidents, and
nuclear waste. Except for Chernobyl and other
nuclear accidents, releases have been found to be
almost undetectable in comparison with natural
background radiation. Another concern has been
the cost of producing electricity at nuclear plants.
It has increased largely for two reasons:
compliance with stringent government regulations
that restrict releases of radioactive substances
from nuclear facilities into the environment and
construction delays as a result of public
opposition.

Partly because of these concerns about
radioactivity and the cost of containing it, the
American public and electric utilities have
preferred coal combustion as a power source.
Today 52% of the capacity for generating
electricity in the United States is fueled by coal,
compared with 14.8% for nuclear energy.
Although there are economic justifications for this
preference, it is surprising for two reasons. First,
coal combustion produces carbon dioxide and
other greenhouse.gases that are suspected to cause
climatic warming, and it is a source of sulfur
oxides and nitrogen oxides, which are harmful to
human health and may be largely responsible for
acid rain. Second, although not as well known,
releases from coal combustion contain naturally
occurring radioactive materials—mainly, uranium
and thorium.

Former ORNL researchers J. P. McBride, R. E.
Moore, J. P. Witherspoon, and R. E. Blanco made
this point in their article “Radiological Impact of
Airborne Effluents of Coal and Nuclear Plants™ in
the December 8, 1978, issue of Science magazine.
They concluded that Americans living near coal-
fired power plants are exposed to higher radiation
doses than those living near nuclear power plants
that meet government regulations. This ironic
situation remains true today and is addressed in
this article.

Alex Gabbard at the coal pile for ORNL’s steam plant.
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The fact that coal-fired power plants
throughout the world are the major sources of
radioactive materials released to the
environment has several implications. It
suggests that coal combustion is more hazardous
to health than nuclear power and that it adds to
the background radiation burden even more than
does nuclear power. It also suggests that if
radiation emissions from coal plants were
regulated, their capital and operating costs
would increase, making coal-fired power less
economically competitive.

Finally, radioactive elements released in coal
ash and exhaust produced by coal combustion
contain fissionable fuels and much larger
quantities of fertile materials that can be bred
into fuels by absorption of neutrons. including
those generated in the air by bombardment of
oxygen, nitrogen, and other nuclei with cosmic
rays; such fissionable and fertile materials can
be recovered from coal ash using known
technologies. These nuclear materials have
growing value to private concerns and
governments that may want to market them for
fueling nuclear power plants. However, they are
also available to those interested in
accumulating material for nuclear weapons. A
solution to this potential problem may be to
encourage electric utilities to process coal ash
and use new trapping technologies on coal
combustion exhaust to isolate and collect
valuable metals, such as iron and aluminum, and
available nuclear fuels.

Coal is one of the most impure of fuels. Ity
impurities range from trace quantities of many
metals, including uranium and thorium, to much
larger quantities of aluminum and iron to still
larger quantities of impurities such as sulfur.
Products of coal combustion include the oxides
of carbon, nitrogen, and sulfur; carcinogenic and

[29]
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mutagenic substances; and recoverable minerals
of commercial value, including nuclear fuels
naturally occurring in coal.

Coal ash is composed primarily of oxides of
silicon, aluminum, iron, calcium, magnesium,
titanium, sodium, potassium, arsenic, mercury,
and sulfur plus small quantities of uranium and
thorium. Fly ash is primarily composed of non-
combustible silicon compounds (glass) melted
during combustion. Tiny glass spheres form the
bulk of the fly ash.

Since the 1960s particulate precipitators have
been used by U.S. coal-fired power plants to
retain significant amounts of fly ash rather than
letting it escape to the atmosphere. When
functioning properly, these precipitators are
approximately 99.5% efficient. Utilities also
collect furnace ash, cinders, and slag, which are
kept in cinder piles or deposited in ash ponds on
coal-plant sites along with the captured fly ash.

Trace quantities of uranium in coal range from
less than 1 part per million (ppm) in some

samples to around 10 ppm in
others. Generally, the amount
of thorium contained in coal is
about 2.5 times greater than the
amount of uranium. For a large
number of coal samples,
according to Environmental
Protection Agency figures
released in 1984, average
values of uranium and thorium
content have been determined
to be 1.3 ppm and 3.2 ppm,
respectively. Using these
values along with reported
consumption and projected
consumption of coal by utilities
provides a means of calculating
the amounts of potentially
recoverable breedable and
fissionable elements (see
sidebar). The concentration of
fissionable uranium-235 (the
current fuel for nuclear power
plants) has been established to
be 0.71% of uranium content.

As population increases worldwide, coal
combustion continues to be the dominant fuel
source for electricity. Fossil fuels’ share has
decreased from 76.5% in 1970 to 66.3% in 1990,
while nuclear energy’s share in the worldwide
electricity pie has climbed from 1.6% in 1970 to
17.4% in 1990. Although U.S. population growth
is slower than worldwide growth, per capita
consumption of energy in this country is among
the world’s highest. To meet the growing demand
for electricity, the U.S. utility industry has
continually expanded generating capacity. Thirty
years ago, nuclear power appeared to be a viable
replacement for fossil power, but today it
represents less than 15% of U.S. generating
capacity. However, as a result of low public
support during recent decades and a reduction in
the rate of expected power demand, no increase in
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nuclear power generation is
expected in the foreseeable
future. As current nuclear
power plants age, many plants
may be retired during the first
quarter of the 21st century,
although some may have their
operation extended through
license renewal. As a result,
many nuclear plants are likely
to be replaced with coal-fired
plants unless it is considered
feasible to replace them with
fuel sources such as  tural gas
and solar energy.
As the world’s population
increases, the demands for all
resources, particularly fuel for
electricity, is expect  to
increase. To meet the demand
for electric power, the world
population is expected to rely
increasingly on comr  stion of
fossil fuels, primarily coal. The
world has about 1500 years of
known coal resources at the
current use rate. The graph on p. 26 shows the
growth in U.S. and world coal combustion for the
50 years preceding 38, along with projections
beyond the year 2040. Using the concentration of
uranium and thoriu:  ndicated on p. 26, the graph
on this page illustrates the ™ I release
quantities of these ¢  nents and the releases that
can be expected dw  ; the first half of the next
century, given the predicted growth trends. Using
these data, both U.S. and worldwide fissionable
uranium-235 and fertile nuclear material releases
from coal combustion can be calculated.
Because existing coal-fired power plants vary
in size and electrical output, to calculate the
annual coal consumption of these facilities,
assume that the typical plant has an electrical
output of 1000 mes vatts. Existing coal-fired
plants of this capacity annually burn about
4 million tons of ¢« each year. Further,
considering that in 1982 about 616 million short
tons (2000 pounds per ton) of coal was burned in
the United States (from 833 million short tons
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mined, or 74%), the number of typical coal-fired
plants necessary to consume this quantity of coal
is 154.

Using these data, the releases of radioactive
materials per typical plant can be calculated for
any year. For the year 1982, assuming coal
col ~ " s uranium and thorium concentrations of
1.3 ppm and 3.2 ppm, respectively, each typical
plant released 5.2 tons of uranium (containing
74 pounds of uranium-235) and 12.8 tons of
thorium that year. Total U.S. releases in 1982
(from 154 typical plants) amounted to 801 tons of
uranium (containing 11,371 pounds of uranium-
235) and 1971 tons of thorium. These figures
account for only 74% of releases from
combustion of coal from all sources. Releases in
1982 from worldwide combustion of 2800 million
tons of coal totaled 3640 tons of uranium
(containing 51,700 pounds of uranium-235) and
8960 tons of thorium.

Based on the predicted combustion of 2516
million tons of coal in the United States and
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12,580 million tons worldwide during the year
2040, cumulative releases for the 100 years of
coal combustion following 1937 are predicted to
be:

U.S. release (from combustion of
111,716 million tons):

Uranium: 145,230 tons (containing 1031
tons of uranium-235)

Thorium: 357,491 tons

Worldwide release (from combustion of
637,409 million tons):

Uranium: 828,632 tons (containing 5883
tons of uranium-235)

Thorium: 2,039,709 tons

The main sources of radiation released from
coal combustion include not only uranium and
thorium but also daughter products produced by
the decay of these isotopes, such as radium.
radon, polonium, bismuth, and lead. Although not
a decay product, naturally occurring radioactive
potassium-40 is also a significant contributor.

According to the National Council on Radiation
Protection and Measurements (NCRP), the
average radioactivity per short ton of coal is
17,100 millicuries/4,000,000 tons, or 0.00427
millicuries/ton. This figure can be used to
calculate the average expected radioactivity
release from coal combustion. For 1982 the total
release of radioactivity from 154 typical coal
plants in the United States was, therefore,
2,630,230 millicuries.

Thus, by combining U.S. coal combustion from
1937 (440 million tons) through 1987 (661
million tons) with an estimated total in the year
2040 (2516 million tons), the total expected U.S.
radioactivity release to the environment by 2040
can be determined. That total comes from the
expected combustion of 111,716 million tons of

coal with the release of 477,027,320 millicuries in
the United States. Global releases of radioactivity
from the predicted combustion of 637,409 million
tons of coal would be 2,721,736,430 millicuries.

For comparison, according to NCRP Reports
No. 92 and No. 95, population exposure from
operation of 1000-MWe nuclear and coal-fired
power plants amounts to 490 person-rem/year for
coal plants and 4.8 person-rem/year for nuclear
plants. Thus, the population effective dose
equivalent from coal plants is 100 times that from
nuclear plants. For the complete nuclear fuel
cycle, from mining to reactor operation to waste
disposal, the radiation dose is cited as 136 person-
rem/year; the equivalent dose for coal use, from
mining to power plant operation to waste disposal,
is not listed in this report and is probably
unknown.

During combustion, the volume of coal is
reduced by over 85%, which increases the
concentration of the metals originally in the coal.
Although significant quantities of ash are retained
by precipitators, heavy metals such as uranium
tend to concentrate on the tiny glass spheres that
make up the bulk of fly ash. This uranium is
released to the atmosphere with the escaping fly
ash, at about 1.0% of the original amount,
according to NCRP data. The retained ash is
enriched in uranium several times over the
original uranium concentration in the coal because
the uranium, and thorium, content is not decreased
as the volume of coal is reduced.

All studies of potential health hazards
associated with the release of radioactive elements
from coal combustion conclude that the
perturbation of natural background dose levels is
almost negligible. However, because the half-lives
of radioactive potassium-40, uranium, and
thorium are practically infinite in terms of human
lifetimes, the accumulation of these species in the
biosphere is directly proportional to the length of
time that a quantity of coal is burned.

Although trace quantities of radioactive heavy
metals are not nearly as likely to produce adverse
health effects as the vast array of chemical by-
products from coal combustion, the accumulated
quantities of these isotopes over 150 or 250 years
could pose a significant future ecological burden
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kWh, or about half the anticipated energy of all
the utility coal burned in this country through the
year 2040. If the thorium-232 is bred to uranium-
233 and fissioned, the thermal energy capacity of
this isotope is approximately 7.2 x 10'* kWh, or
105% of the thermal energy released from U.S.
coal combustion for a century. The total of the
thermal energy capacities from each of these
three fissionable isotopes is about 10.1 x 10"
kWh, 1.5 times more than the total from coal.
World combustion of coal has the same ratio,
similarly indicating that coal combustion wastes
more energy than it produces.

Consequently, the energy content of nuclear
fuel released in coal combustion is more than that
of the coal consumed! Clearly, coal-fired power
plants are not only generating electricity but are
also releasing nuclear fuels whose commercial
value for electricity production by nuclear power
plants is over $7 trillion, more than the U.S.
national debt. This figure is based on current
nuclear utility fuel costs of 7 mils per kWh, which
is about half the cost for coal. Consequently,
significant quantities of nuclear materials are
being treated as coal waste, which might become
the cleanup nightmare of the future, and their
value is hardly recognized at all.

How does the amount of nuclear material
released by coal combustion compare to the
amount consumed as fuel by the U.S. nuclear
power industry? According to 1982 figures,

111 American nuclear plants consumed about
540 tons of nuclear fuel, generating almost

1.1 x 102 kWh of electricity. During the same
year, about 801 tons of uranium alone were
released from American coal-fired plants. Add
1971 tons of thorium, and the release of nuclear
components from coal combustion far exceeds the
entire U.S. consumption of nuclear fuels. The
same conclusion applies for worldwide nuclear
fuel and coal combustion.

Another unrecognized problem is the gradual
production of plutonium-239 through the
exposure of uranium-238 in coal waste to
neutrons from the air. These neutrons are
produced primarily by bombardment of oxygen
and nitrogen nuclei in the atmosphere by cosmic
rays and from spontaneous fission of natural

isotopes in soil. Because plutonium-239 is
reportedly toxic in minute quantities, this process,
however slow, is potentially worrisome.

The radiotoxicity of plutonium-239 is 3.4 x 10"
times that of uranium-238. Consequently, for 801
tons of uranium released in 1982, only 2.2
milligrams of plutonium-239 bred by natural
processes, if those processes exist, is necessary to
double the radiotoxicity estimated to be released
into the biosphere that year. Only 0.075 times that
amount in plutonium-240 doubles the radiotoxicity.
Natural processes to produce both plutonium-239
and plutonium-240 appear to exist.

For the 100 years following 1937, U.S. and world
use of coal as a heat source for electric power
generation will result in the distribution of a variety
of radioactive elements into the environment. This
prospect raises several questions about the risks and
benefits of coal combustion, the leading source of
electricity production.

First, the potential health effects of released
naturally occurring radioactive elements are a long-
term issue that has not been fully addressed. Even
with improved efficiency in retaining stack
emissions, the removal of coal from its shielding
overburden in the earth and subsequent combustion
releases large quantities of radioactive materials to
the surface of the earth. The emissions by coal-fired
power plants of greenhouse gases, a vast array of
chemical by-products, and naturally occurring
radioactive elements make coal much less desirable
as an energy source than is generally accepted.

Second, coal ash is rich in minerals, including
large quantities of aluminum and iron. These and
other products of commercial value have not been
exploited.

Third, large quantities of uranium and thorium
and other radioactive species in coal ash are not
being treated as radioactive waste. These products
emit low-level radiation, but because of regulatory
differences, coal-fired power plants are allowed to
release quantities of radioactive material that would
provoke enormous public outcry if such amounts
were released from nuclear facilities. Nuclear waste
products from coal combustion are allowed to be
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dispersed throughout the biosphere in an
unregulated manner. { {lected nuclear wastes that
accumulate on electric utility sites are not
protected from weathering, thus exposing people
to increasing quantities of radioactive isotopes
through air and water movement and the food
chain.

Fourth, by collecting the uranium residue from
coal combustion, significant quantities of
fissionable material ¢ be accumulated.

In a few year’s time, the recovery of the
uranium-235 releasec 7 coal combustion from a
typical utility anywhere in the world could
provide the equivalent of several World War II-
type uranium-fueled weapons. Consequently,
fissionable nuclear fuel is available to any country
that either buys coal from outside sources or has
its own reserves. The material is potentially
employable as weap«  fuel by any organization
so inclined. Although technically complex,
purification and enrichment technologies can
provide high-purity, weapons-grade uranium-235.
Fortunately, even thc  h the technology is well
known, the enrichment of uranium is an
expensive and time-¢  suming process.

Because electric utilities are not high-profile
facilities, collection and processing of coal ash for
recovery of minerals, including uranium for
weapons or reactor fuel, can proceed without
attracting outside attention, concern, or
intervention. Any country with coal-fired plants
could collect combustion bt roducts and amass
sufficient nuclear wi  ns material to build up a
very powerful arsenal, if it has or develops the
technology to do so.

Of far greater potential are the much larger
quantities of thorium-232 and uranium-238 from
coal combustion that can be used to breed
fissionable isotopes. Chemical separation and
purification of uranium-233 from thorium and
plutonium-239 from uranium require far less
effort than enrichment of isotopes. Only small
fractions of these fer 2 elements in coal
combustion residue  : needed for clandestine
breeding of fissional  fuels and weapons
material by those nations that have nuclear reactor
technology and the inclination to carry out this
difficult task.
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Fifth, the fact that large quantities of uranium
and thorium are released from coal-fired plants
without restriction raises a paradoxical question.
Considering that the U.S. nuclear power industry
has been required to invest in expensive measures
to greatly reduce releases of radioactivity from
nuclear fuel and fission products to the
environment, should coal-fired power plants be
allowed to do so without constraints?

This question has significant economic
repercussions. Today nuclear power plants are not
as economical to construct as coal-fired plants,
largely because of the high cost of complying
with regulations to restrict emissions of
radioactivity. If coal-fired power plants were
regulated in a similar manner, the added cost of
handling nuclear waste from coal combustion
would be significant and would, perhaps, make it
difficult for coal-burning plants to compete
economically with nuclear power.

Because of increasing public concern about
nuclear power and radioactivity in the
environment, reduction of releases of nuclear
materials from all sources has become a national
priority known as “as low as reasonably
achievable” (ALARA). If increased regulation of
nuclear power plants is demanded, can we expect
a significant redirection of national policy so that
radioactive emissions from coal combustion are
also regulated?

Although adverse health effects from increased
natural background radioactivity may seem
unlikely for the near term, long: 1
accumulation of radioactive materials from
continued worldwide combustion of coal could
pose serious health hazards. Because coal
combustion is projected to increase throughout the
world during the next century, the increasing
accumulation of coal combustion by-products,
including radioactive components, should be
discussed in the formulation of energy policy and
plans for future energy use.

One potential solution is improved technology
for trapping the exhaust (gaseous emissions up the
stack) from coal combustion. If and when such
technology is developed, electric utilities may
then be able both to recover useful elements, such
as nuclear fuels, iron, and aluminum, and to trap
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Editor’s Note—The following is an edited version of the speech delivered in Russia by ORNL Director
Alvin W. Trivelpiece during the celebration of the 50th anniversary of the Kurchatov Institute, a nuclear

research laboratory in Moscow.

”’s a great pleasure to be back in Russia
and a great privilege to join in the observation of
the 50th anniversary of the Kurchatov Institute
with so many distinguished colleagues from
around the world. Certainly, the world was a very
different place 50 years ago—perhaps no place
more so than Russia. Our predecessors in the mid-
1940s could scarcely have imagined the events
that would precipitate today’s gathering of
Russians and Germans, Americans and Japanese,
Hungarians and Indians, British and Polish,
French and Chinese. Even five years ago this
agenda in this forum might well have seemed
another half-century out of reach.

Anniversaries offer convenient vantage points
for reflecting on the past and taking measure of
the future, regardless of whether their timing is
particularly significant. But it so happens that this
anniversary, which many of us in this room share,
really does represent a watershed—a time of
transition from one great era to another.

The Kurchatov Institute, the Oak Ridge
National Laboratory, and so many sister
enterprises sprang from one single objective:
creation of an atomic bomb. And the success of
this endeavor changed forever the way science is
conducted. No longer would the great majority of
scientists be working in semi-isolation in this
university laboratory or that industrial setting.The
urgent and complex demands of the atomic
weapons race required a new model, a new
approach to science. In the United States and
Europe, the solution was large government
research centers where scientists, engineers,
mathematicians, and others could collaborate on
their nations’ highest defense priority. And in a
phenomenon somewhat like assembling enough
uranium to reach a “critical mass,” the synergy of
these people working toward a single goal
produced results faster and better than could have
been possible under the old system.

Over the past five decades, these research
centers have expanded on their success by going

beyond their original mandates to address the
great scientific challenges of our times. Virtually
all of the diverse, peacetime activity in
laboratories such as this one and ORNL can be
traced to that original, wartime mission.

I thought at this turning point it might be
instructive to take a look at those fields of science
and technology that have blossomed out of our
World War II-era research. I’ve selected seven
examples. Although they reflect the ORNL
experience, they are, to a remarkable degree,
universal.

The first, and most obvious, example is nuclear
power—one of the first postwar applications of
the Manhattan Project in the United States. It is a
little-known fact, but the world’s first electricity
from nuclear fission was produced at ORNL. The
first officially recorded generation of nuclear
power took place in 1951 at a large government
reactor in Arco, Idaho. But three years earlier, in
1948, engineers and operators in Oak Ridge had
hitched ORNL’s Graphite Reactor to a toy steam
generator and lit a flashlight bulb with 1/3 watt of
electricity. For the two decades following the war,
there was tremendous activity and excitement in
the field of nuclear power as many different
reactor designs were developed and piloted at
ORNL and other laboratories.

The result is that 23% of the world’s electricity
needs today are met with nuclear power. In the
United States, nuclear power is in a holding
pattern, pending solutions to technical challenges
and economic and social impediments. But other
nations continue to build nuclear plants, and at
some point it is likely that a new generation of
nuclear plants will emerge in the United States as
well. To prepare for that likelihood, the U.S.
nuclear industry is developing new standard plant
designs—designs that emphasize modularity and

ORNL Director Alvin Trivelpiece addresses an audience <. .. Kurchatov Institute in Moscow, Russia,
ring a celebration of its 50th anniversary. Looking on is Boris Saltykor, minister of science and technology

the Kurchatov Institute.
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passive safety. The first of these designs should
be available for commercial order by the mid-
1990s.

A number of energy analysts have tried to
project a fuel mix that will serve the world’s
needs in the middle of the next century, given the
prospect of population growth and global
warming. Our own analysts at ORNL conclude
that reducing carbon dioxide emissions over the
next 30 to 50 years can be accomplished only if
three conditions are met: higher energy efficiency,
a substantial growth in the use of renewable
energy, and an expanded role for nuclear power.

The challenge for nuclear power is to develop
solutions to the twin problems of accident
potential and waste disposal—solutions that are
both technologically and socially acceptable.

Another obvious outgrowth of the Manhattan
Project was the production of radioisotopes,
which quickly became big business for the United
States and is now even bigger business for Russia.
The world’s first grams of plutonium-239 were
produced in ORNL’s Graphite Reactor in 1943.
Three years later, we made our first shipment of
radioisotopes for private use: a sample of carbon-
14, which went to a cancer hospital. For two
decades, ORNL’s Graphite Reactor was the
western world’s foremost supplier of isotopes,
which have been used for medicine, industry,
agriculture, and research. In the United States
radioisotopes are used in 36,000 medical
procedures conducted each day and 50,000
treatment programs and almost 100 million
laboratory tests conducted each year. These
figures underscore the truth in an often-repeated
quote from Alvin Weinberg, former ORNL
director: “If at some time a heavenly angel should
ask what the laboratory in the hills of East
Tennessee did to enlarge man’s life and make it
better, I daresay the production of radioisotopes
for scientific research and medical treatment will
surely rate as a candidate for the very first place.”

A third example, and a particularly strong one
for ORNL, is materials science. Even in the
1940s, we were exploring the causes and effects
of radiation damage in reactor materials—and
designing higher-performance alloys that could
withstand neutron bombardment and resist

embrittlement. Work on various reactor designs
over the years also led to heat-resistant ceramic
fuels. These, in turn, have now led to toughened
structural ceramics for such things as advanced
diesel engines and gas turbines. Advanced
materials designed at ORNL have been selected
for use in jet engines and in turbocharger rotors
for truck diesels that are built to go 1 million
miles. Nuclear science—based research also
spawned such revolutionary materials
developments as ion-beam processing for
complex semiconductors and ion implantation
for hard, corrosion-resistant surfaces. And close
on the horizon are a vast array of new products
and processes made possible through advanced
materials, among them new semiconductor
technologies, optical ceramics for
communication networks and optical computers,
fusion materials, and polymers with tremendous
surface hardness and new electromagnetic
properties.

In the field of biology, our wartime work
focused on the effects of radiation on people
and animals. This work led to standards for
radiation exposure that are still observed
worldwide. From these beginnings evolved a
biology program that has produced diverse and
far-reaching results: discovery of the role of the
Y chromosome in determining gender in
mammals, discovery of the function of
messenger RNA, the first successful bone
marrow transplant, and development of
techniques for freezing animal and human
embryos for later implantation.

Today, our biology research has two strong
focuses: First, understanding the mechanisms of
genetic damage, using research tools such as
transgenic mice to induce changes that can help
us pinpoint key developmental genes in
humans. Second, exploring and reengineering
the fundamental workings of the cellular
proteins that regulate the intricate biochemistry
of life.

Promising applications for the future include
biotechnology for energy production and waste
treatment, protein engineering for boosting crop
yields, development of monoclonal antibodies
for cancer treatment, and the mapping of human
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genes so we can understand—and begin to cure—
genetic diseases and disorders.

One inescapable result of our wartime work is,
frankly, an environmental mess of our own
making, at our own facilities. But even as
contaminated wastes were first being produced,
our predecessors began working on technologies
to monitor and store them. Over the years we’ve
developed a number of innovative ways of
addressing these problems. These include
radwaste isolation techniques, waste-shipment
standards, and the use of genetically engineered
organisms that consume waste or emit light to
show researchers when, where, and at what rate
waste is being consumed.

Over the past 50 years, we’ve expanded our
focus to include broader environmental issues,
such as nutrient cycling through various
ecosystems, the acid-rain cycle, and the effects of
different types of power plants. In the future, we
expect to focus on two major challenges:
improving ways to dispose of nuclear and
hazardous wastes and increasing our
understanding of such complex environmental
phenomena as ozone depletion and global climate
change.

High-performance computing is another clear
case of a technology that grew out of weapons
research. It was developed and employed
specifically for modeling bombs. Since then, it has
been applied to a wide range of mathematically
complex challenges, including designing
aerodynamic spacecraft, modeling the
microstructure of superconductors, and—
apparently hardest of all, judging by current
practice—forecasting the weather . . . accurately.
In the United States, the science community has
identified several specific “Grand Challenges” for
itself, all of which require tremendous computing
power. Among these high-priority areas of
research are mapping the human genome,
modeling global climate change, and engineering
advanced materials.

And finally, my last example—and one I am
closely associated with—is high-energy physics.
Although accelerators don’t trace their origins to
World War II, the state of the art was advanced
considerably by scientists working to separate
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uranium-235 for use in atomic weapons.
Specifically, they improved methods of building
electronic and detection equipment and of
fabricating accelerator components. After the war,
these new techniques were put to work building
larger and more reliable accelerators for both
nuclear and high-energy physics. At ORNL, two
major contributions were made to this field: First,
we built the world’s first heavy-ion cyclotron; and
second, we advanced the technology for sector-
focusing cyclotrons. Both of these were important
milestones in the quest for machines of increasing
energies for particle physics.

Today, many of us are pinning our hopes for
the next great leap in high-energy physics on the
Superconducting Super Collider (SSC). Many of
us expect the SSC to have a profound effect on
the fundamental understanding of matter, which,
in turn, should spur new insights in many other
fields of science. Many scientists also think the
construction and operation of the SSC will push
the state of the art in such technological fields as
computing, intelligent information processing,
robotics, fast electronics, magnets, and materials.

In a nutshell, that’s where we’ve come from,
where we are now, and a hint at where we’re
going. Our missions have evolved remarkably
over the past 50 years, and they will evolve
remarkably over the next 50. In one respect in
particular, I expect to see considerable change:
Our research institutions were created to meet
state-defined defense needs. And although our
scope later broadened to address a host of other
challenges, our laboratory research continues to
be directed by the government. In the years ahead,
I think we’ll see far more collaboration across
public and private lines to meet the needs of our
citizens.

This is already beginning to happen in the
United States, where the character of government
research labs has changed dramatically. As
recently as the late 1970s, for example, we hosted
only a few hundred visiting researchers a year in
Oak Ridge. Last year, by contrast, we hosted 4300
guest researchers (one-third of whom were from
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industry) and 24,000 precollege students at
ORNL. Throughout the U.S. national-lab
complex, similar changes are happening.

This change is embodied in the concept of
“technology transfer,” which has become a top
priority of the U.S. government as it tries to
restore America’s competitive edge in an
increasingly competitive world economy. The
importance of technology transfer is reflected by
the steady stream of legislation passed since 1980
to facilitate sharing of government equipment
and expertise with private industry.

Through this legislation, we now have
mechanisms that enable national labs to enter
into cooperative research and development
agreements with industry that promote licensing
of government-developed technologies and that
reward scientists if an invention is
commercialized successfully.

The U.S. Congress will be considering two
bills that promote greater public/private
collaboration. The House of Representatives’
version goes so far as to require that 10 to 20% of
the budgets of federal laboratories be devoted to
collaborative activities with private industry and
state or local governments. It is unclear at the
moment whether ORNL and its sister labs will be
required to meet such specific spending targets.
But clearly, the federal government expects us to
play an increasingly active role in revitalizing the
U.S. economy.

Of course, technology transfer is a two-way
street, requiring both government push and
market pull. The private sector understands this,
so it has conducted studies of its own on how to
facilitate the process.

One primary recommendation to come out of
the private sector is that industry leaders be
allowed to participate in setting the broad
research agenda at government labs. On its face,
this may seem threatening to government
researchers. But there is plenty of evidence to
suggest that there is already considerable overlap
between industry’s needs and the laboratories’
capabilities. For example, when the Council on
Competitiveness, a consortium of business
leaders, surveyed industry to determine its most
critical needs, the top four categories turned out

to be areas of strength at the national laboratories:
advanced materials and processing, advanced
computing, environmental technologies, and
manufacturing technologies.

Although Russia does not yet have such
separate and distinct public and private sectors,
there is much to be gained here by improving
methods of moving research results and
technology developments from the laboratory into
the marketplace. As reforms continue, it could
show great foresight to think about forging these
kinds of technology transfer links with emerging
industry. By starting now to emphasize such
transfer of technology, the Russian scientific
community can avoid the delays and barriers that
kept the U.S. laboratories isolated from the needs
of industry for years. Instead, you can lay the
foundations for exciting growth and partnership as
private industry here begins to take hold.

Over the past several years, we’ve seen
astonishing demonstrations, especially here and in
Germany, of how dramatically political
boundaries and barriers can blur and sometimes
vanish. So, too, can scientific ones. In fact, as it
becomes increasingly clear that we are all part of
one world, scientific boundaries and barriers must
start to be erased. We already have a head start in
that direction, for even during the Cold War, U.S.
and Russian scientists collaborated on challenges
of mutual interest, most notably fusion. But now
we must proceed much farther and much faster in
collaborations on nuclear safety, environmental
protection, and other urgent challenges.

The trend in science is to use bigger and bigger
instruments to study smaller and smaller things.
But “big science” is too expensive for each
laboratory, or even each country, to pursue
individually. The Superconducting Super Collider,
for example, carried a price tag as high as
$11 billion, And ORNL’s Advanced Neutron
Source, which will be the world’s finest research
reactor when it is completed early in the next
century, will cost about $2 billion. Even “small-
science” tools such as electron microscopes and
mass spectrometers cost $1 to 2 million apiece.
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Now more than ever, the challenges of
humankind require interlaboratory, international
co boration: new energy sources for the future;
an understanding of genetic diseases and
disorders; better ways of handling the toxic,
hazardous, and radioactive downside of our
progress. These are challenges of humanity, not of
nation states. And our laboratories must be the
centers of intellect to solve these problems.

What’s required of us to do this? Two things: to
connect research with human needs and to
collaborate across traditional divides. We know
how, technically, to solve many of the problems
facing the world today. But bringing the right
solution to bear on the right problem often proves
elusive. To be truly successful in our missions, we
must work more effectively not just with each
other—and not just with industry—but also with
our own government officials and with leaders
and organizations throughout the world.

The stakes are very high—perhaps far higher
than they were 50 years ago. The world’s
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population is likely to double by the middle of the
next century. We must find ways to help
developing nations improve their lot while
preserving the natural environment. Otherwise,
we’ll all pay a high price: widespread
deforestation, rising levels of greenhouse gases,
irreversible climate change, worsening famines,
and growing world tensions between the haves
and the have-nots.

Three and a half centuries ago, the English poet
John Donne wrote words that seem fitting as we
look back 50 years and as we look ahead: “No
man is an island, entire of itself; every man is a
piece of the continent, a part of the main; if a clod
[of earth] be washed away by the sea, Europe is
the less, as well as if a promontory were, as well
as if a manor of thy friends or of thine own were;
any man’s death diminishes me, because I am
involved in Mankind.”

All of us here today are likewise “involved in
mankind.” All of us share in the opportunities and
responsibilities facing us. During the past half-
century, we accomplished much. During the next,
there is much, much more for us to do
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storing low-level radioactive
materials.

The Carbon Dioxide
Information Analysis Center
has received an exceptional
Public Service Award from
DOE Secretary Hazel
O’Leary.

Peter J. Blau has been
elected a fellow of ASM
International.

Lynn Boatner, Stan
David, Roxanne Steele, and
John Vitek won the Second
Place Award in the American
Association for Crystal
Growth’s Crystal Photograph
Competition.

Martin Marietta Energy
Systems has received an
Award of Excellence in
Technology Transfer from the
Technology Utilization
Foundation, NASA Tech
Briefs, and the Federal
Laboratory Consortium.

William E. Doll has been
selected to chair the
Hazardous Waste Committee
of the Near Surface
Geophysics Section of the
Society of Exploration
Geophysicists.

Jonathan E. Nyquist has
been appointed to chair the
Groundwater Geophysics
Committee of the Near
Surface Geophysics Section of
the Society of Exploration
Geophysicists.

Carl Edward Oliver has
been appointed associate
director of ORNL’s newest
directorate, Computing,
Networking, Informatics, and
Education (CNIE). CNIE
encompasses the Engineering
Physics and
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Mathematics Division, the
Computing Applications
Division, the Center for
Computational Sciences, the
Office of Laboratory
Computing, and the Office of
Science Education Programs
and External Relations.

Robert C. Ward has been
named deputy associate
director of CNIE.

S. Marshall Adams served
as scientific book editor for
the Ecological Society of
America on a book entitled,
Biodiversity of the
Southeastern United States:
Agquatic Communities.

R. H. Gardner has been
named as a charter member of
the Electric Power Research
Institute’s Scientific Advisory
Committee for the
Environmental Risk Advisory
Program.

R. D. Hatcher has been
appointed to the National
Academy of Science’s
Commission on Geosciences,
Environment, and Resources
to serve on the Board of
Radioactive Waste
Management’s New York
State Review Committee.

Ellen D. Smith has been
elected chairperson of the City
of Oak Ridge’s Environmental
Quality Advisory Board.

Thomas J. Wilbanks has
earned the 1993 Distinguished
Geography Educator Award
from the National Geographic
Society.

Daniel W. McDonald has
been appointed director of the
Instrumentation and Controls
Division. He succeeds Bill
Eads, who is on assignment to

the Office of Science and
Technology of the Tennessee
Department of Economic and
Community Development.

Stephen G. Hildebrand
has been appointed director of
the Environmental Sciences
Division.

C.T. Liu has been named a
fellow by the Minerals, Metals
and Materials Society.

Glenn W. Suter has been
named to the editorial board
of the new journal Human and
Ecological Risk Assessment.

Charles D. Scott has been
selected as the 1994 recipient
of the David Perlman Lecturer
Award by the Biochemical
Technology Division of the
American Chemical Society.

Charles E. Mulkey has
been elected a fellow of the
American Society of
Engineers.

Terry Lashley has been
elected to the Tennessee
Science Teachers
Association’s executive board.

Donald R. Miller has been
elected national director of the
National Management
Association (NMA) and has
been named to the
organization’s national board
of directors. He has also been
designated a certified manager
by the Institute of Certified
Professional Managers. At the
local level, Richard K.
Genung has been named
president of the NMA’s
Energy Systems chapter;
Alston E. Hodge has been
named the organization’s
Program Committee
chairman; and John E. Jones
and Raymond W. Tucker

have been named members of
the chapter’s board of
directors

Robert H. Gardner has
been appointed chairman of
the scientific review
committee for the
Environmental Sciences
Division’s Sustainable
Biosphere Initiative. He also
has been named a charter
member of the Electric Power
Research Institute’s scientific
advisory committee for the
Environmental Risk Analysis
Program.

Robert D. Hatcher, Jr.,
has been appointed to the
Nuclear Regulatory
Commission’s Nuclear
Research Review Committee,
the National Academy of
Sciences Commission on
Geosciences’ National
Committee on Geology.

Robert W. Roussin has
been elected a fellow of the
American Nuclear Society.

Robert T. Santoro has
been assigned to the Joint
Central Team for the
multinational effort to design
the International
Thermonuclear Experimental
Reactor (ITER).

Carl C. Trettin has
received an award of
appreciation from the
Southern Appalachian Man
and the Biosphere Program
for his role as chairman of the
organization’s 1993 Wetland
Conference
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visualizing the interior of a hollow organ. Laser
light is directed through the cable’s optical fibers
onto the tissue. The tissue absorbs the laser light
and, depending on the light’s wavelength, reemits
it as a fluorescent “glow,” which is spectrally
analyzed. Using a special data analysis method,
the researchers discovered that the spectral
“fingerprint” of a malignant tumor can be
distinguished from that of a noncancerous tumor
This method can be used to diagnose some
cancers rapidly without surgery, thus improving
the effectiveness and decreasing the cost of cancer
diagnosis and therapy.—Wayne Scarbrough

In Wisconsin, an elderly woman watches
workers blow high-density cellulose insulation
into the wall cavities of her home and install a
high-efficiency gas furnace. In Ohio, a widowed
mother of four young children observes a series of
“blower-door tests” that tells the weatherization
crew when to stop sealing cracks and crevices in
her leaky house. In Georgia, a disabled veteran
looks forward to seeing his front yard through
new storm windows and wonders how much
lower his fuel bills will be.

All live in low-income households. Most
importantly, they are participants in the
Department of Energy’s Weatherization
Assistance Program, the nation’s largest energy
conservation program and one of its oldest. ORNL
has played an important role in evaluating this
program.

The Weatherization Assistance Program has
been operated by DOE since 1976 to increase the
energy efficiency of dwellings occupied by low-
income households. Its goals are to reduce their
energy consumption, lower their fuel bills,
increase the comfort of their homes, and safeguard
their health. It targets vulnerable groups, including
the elderly, people with disabilities, and families
with children.

According to the U.S. Department of Health
and Human Services (HHS), the average low-
income family spends 12% of its income on
residential energy, compared with 3% for the
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average U.S. family. The program helps pay for
the conservation measures that low-income
families need but cannot afford. It also provides
an infrastructure of rules and guidelines and a
network of more than 1100 agencies located
across the nation that can deliver weatherization
services with funding from a variety of sources
in addition to DOE. This “leveraging” is an
important strength of the program.

Between 1978 and 1989, DOE provided 45%
of the $4.4 billion used to weatherize the homes
of low-income households in the United States.
Other sources of federal funding for
weatherization are the Low-Income Home
Energy Assistance Program administered by
HHS and Petroleum Violation Escrow, or “oil
overcharge,” monies. Utilities also fund low-
income household weatherization.

In 1990 DOE initiated a nationwide evaluation
of its Weatherization Assistance Program, with
assistance from ORNL. One finding is that more
homes were weatherized, more money was
spent, and more energy was saved in the North
than in the South, in part because DOE allocates
its weatherization funds more to areas that have
greater heating than cooling needs. Overall,
preliminary results indicate that the program
saves energy, improves homes, and provides
jobs.

Marilyn Brown and Linda Berry, both of
ORNL’s Energy Division, led a team that
collected and analyzed data from agencies,
utilities, households, and the National Oceanic
and Atmospheric Administration to determine
the costs of conservation measures, the amount
of energy saved, other benefits of the program,
and the cost effectiveness of the program in three
regions of the United States—cold climate,
moderate climate, and hot climate. They
examined almost 15,000 single-family and small
multifamily dwellings weatherized under DOE
guidelines during 1989 and compared them with
more than 3600 control homes.

The ORNL researchers found that the
measures installed and procedures used in 1989
varied widely among local agencies
administering the DOE program and that the
differences across climate regions were quite
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was a bit of a surprise, considering that the near
impossibility of getting cesium-137 out of soil
was one of the reasons ISV was developed in the
first place.

A common by-product of nuclear fission
research, cesium-137 can be found in the soil and
in stream, lake, and river sediments around several
DOE facilities, waste disposal sites, and nuclear
power plants. When it is released into the
environment, cesium-137 latches onto particles of
clay, eventually forming an almost permanent
bond.

“A lot of people have developed techniques to
take radionuclides out of the soil,” says Spalding.
“B cesium-137 is probably the toughest to get
out of just about any soil. It has always been
thought to be nearly impossible. Powerful acids
had to be used to destroy half the soil to get the
cesium out—that’s just not practical for
decontaminating large volumes of soil—the
volume of contaminated waste produced was
greater than the original amount.”

While investigating the source of the extra
cesium, Spalding and Jacobs began to suspect that
as the soil was heated, polyvinylchloride (PVC)
piping used to slide radioactive sludge into the
ISV test trenches melted, allowing the chloride in
the pipes to react with the cesium in the soil.
“There’s naturally a little bit of chloride in the soil
in the form of salt (sodium chloride),” says
Spalding, “but not enough to volatilize very much
cesium. It turns out that PVC pipes are an
excellent source of chloride.” Future ISV tests
will employ other types of plastic pipe.

Laboratory tests confirmed that what began as
an ISV problem was also a potential solution to
the difficult task of loosening cesium’s tenacious
grip on the soil. In fact, when cesium-137-
contaminated soil was mixed with chloride and
heated to between 800 and 1000°C for at least two
hours, 99% or more of the radioisotope was
removed.

Of course, this shake-and-bake decontamination
process takes a toll on the soil. “It’s kind of like
crushed brick when we’re finished,” Spalding
admits, “But it’s clean, and its alkalinity and high
mineral content would probably make it a good
fertilizer for other uncontaminated soil.”
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Despite the technology’s remarkable success in
decontaminating soil in the laboratory, Spalding
and Jacobs have taken the technology about as far
as they can and are planning to refocus their
efforts on ISV. “We did this research to explain
the cesium releases during the ISV process, and
we’ve shown that, as a decontamination process,
it has all the desirable features. We hope there’s
someone out there who wants to develop it and
demonstrate that it is a realistic technology in
field tests.”—Jim Pearce

A much less expensive test for detecting toxic
polychlorinated biphenyls (PCBs) in
environmental samples has been developed at
ORNL. This simplified “spot test” can be
performed at one-tenth the cost of the
conventional laboratory method because it
provides almost immediate results at the site of
the PCB contamination. As a result, sample
transport to the laboratory, costly laboratory
procedures, and extra work time are eliminated.

The newly developed and patented test uses
strips of chemically treated paper that glow if
exposed to PCBs and then excited by a certain
light. The tests, based on room-temperature
phosphorescence (RTP) and enhanced
photoluminescence (EPL), were developed by
Tuan Vo-Dinh, leader of the Advanced
Monitoring Development Group in ORNL’s
Health Sciences Research Division. Vo-Dinh has
developed several applications using RTP,
including spot tests for other pollutants. Other
researchers involved in the projects included
Anjahi Pal, Lorna Ramirez, Wendi Watts, Lisa
Ford, and Jean Pierre Alarie.

PCBs were manufactured in the United States
from 1929 to 1977 for various uses, including
electrical equipment, hydraulic fluids, and
lubricants for industrial equipment. Through such
products, PCBs entered the environment.

The disposal of PCBs was not regulated until
the late 1970s, when studies started to show that
these toxic compounds do not degrade readily in







Garrett explains that normal emissions occur in
characteristic, sharply defined “colors,” or
spectra, that distinctly identify the chemical
species that are present. “Until now, scientists
could do little to change these emitted colors,
although color shifts have been observed in the
stars. But the newly discovered effect can, with
proper laser setup, produce big changes in the
emissions,” he says.

When the laser beam strikes and excites a gas
sample in a particular type of excitation mode, a
shift in wavelength (change in color) is observed
in the reemitted light for the specific chemical
being analyzed. The amount of this color change,
which is easily measured, provides researchers
with an accurate analysis of the sample because it
is directly and linearly proportional to the
concentration of the gas species being measured
and independent of the intensity of the exciting
laser.

The phenomenon is free of the normal masking
effects of other gases present, revealing the
presence and concentration of a given chemical,
independent of other components in the sample.
“That advantage over existing technology,”
Garrett says, “could greatly improve accuracy
during remote measurement of chemical
concentrations in a vapor plume from an exhaust
vent, smokestack, or leaky container.”
Experimental results have been obtained for
metal vapors and for noble gases in exact
agreement with theoretical predictions.

Garrett says the underlying physics of the
discovery at ORNL is “part of the burgeoning
field of nonlinear optics,” a field that embraces a
variety of effects associated with the interaction
of high-intensity laser light with matter in all of
its forms—gases, liquids, solids, and plasmas.—
Brian Daly

R&D magazine has cited three ORNL
inventions among 1993’s top 100 new
technologies, bringing the total R&D 100 awards
for Martin Marietta Energy Systems, Inc., to 82.
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Oak Ridge is still first among all DOE sites in the
total number of R&D 100 awards.

The Energy Systems developers who have
received a 1993 R&D 100 Award are Francois G.
Pin of ORNL’s Engineering Physics and
Mathematics Division and Stephen M. Killough
of the Robotics and Process Systems Division, for
a new means of locomotion for wheeled vehicles;
Peter Mazur, a cryobiologist in ORNL’s Biology
Division, for a new technique for deep-freezing
fruit fly embryos for genetic research; and John
Googin and Ben Davis, both of the Y-12 Plant,
William Huxtable of Energy Systems’ Central
Engineering Services, and Alicia Compere and
Bill Griffith, both of ORNL’s Chemistry Division,
for a new way to degrade chlorine bleach in
industrial process streams.

a
consequence of its elegant simplicity. So it is with
the Omnidirectional Holonomic Platform (OHP).
This new technology, developed by ORNL’s
Francois Pin and Stephen Killough, promises big
improvements for wheeled devices such as
motorized wheelchairs, factory and plant
equipment, robots, and even household vacuum
cleaners.

Conventional wheeled vehicles can’t move in
all directions from a given starting position while
simultaneously rotating—a capability arising from
a property known as holonomy. The OHP can do
this. For this reason, some manufacturers say it
may displace their existing wheel technology
because it is much more efficient and dexterous.

Despite its weighty name, the OHP’s basic
structure and function are elementary. Its parts are
easy to manufacture and assemble, yielding a
readily accessible, low-cost item.

“This is not a complicated piece of equipment,”
says Pin, leader of the Autonomous Robotic
Systems Group in ORNL’s Engineering Physics
and Mathematics Division. “That’s what is so
beautiful about it and what makes it so widely
applicable.”

For devices such as motorized wheelchairs, the
virtue of holonomic motion will offer
unprecedented mobility. Starts and stops for
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the drawback to such a short lifetime is the need
to constantly breed the flies to maintain sufficient
laboratory stocks—an expensive and risky
proposition.

Maintaining a single stock costs roughly $200 a
year, and 10,000 to 30,000 different genetic
stocks are now being maintained. The major risk
is “genetic drift”—spontaneous changes in the
organism’s genetic blueprint that can occur from
generation to generation. “And,” says Mazur,
“there always exists the possibility of flies being
incorrectly labeled. Such mistakes could
contaminate the stock.”

Compounding the ordeal of keeping thousands
of stocks of fruit flies is the frustrating fact that
only about 20% of them are in use at any given
time. The remaining 80% must be maintained,
though, because they are either a testament of past
research or the topic of future studies.

Given 15,000 stocks of fruit flies, cryogenic
preservation of the 80% not in use could save a
conservatively estimated $2.4 million a year. The
amount rises to $6 million per year if all 30,000
stocks were frozen.

For decades, scientists have searched in vain
for an effective method for deep-freezing fruit fly
embryos without damaging them, but the eggs’
high sensitivity to cold has foiled most every
attempt. The eggs also are shrouded in a
protective, waxy membrane that resists water and
other solutions used in the cryogenic process.

“Peter Steponkus was actually the first to
achieve some amount of success in 1990 in
preserving Drosophila cryogenically,” Mazur
says, pointing out that the Cornell University
scientist’s research laid the foundation for
successful cryopreservation of the organism.

But on average, only about 0.5% of Steponkus’
cryopreserved embryos were able to develop into
adult fruit flies (see photo above). Mazur’s 20%
recovery rate represents a 40-fold improvement.
Steponkus has recently reported still further
improvement.

Mazur and his ORNL research team, in
consultation with Drosophila expert Anthony P.
Mahowald at the University of Chicago, identified

critical steps in the freeze-thaw process to realize
the impressive results.

When the eggs are about an hour old, the
researchers wash them, then put them in a bath
of cool water overnight to slow their growth rate.
The next morning, they remove the eggs from
the cool-water bath and then use bleach, alcohol,
and a gasoline-like liquid called heptane to
remove the two membranes that coat the eggs.

Once the coating has been removed and the
embryos are permeable, a solution of ethylene
glycol is introduced into the cells of the eggs.
“The ethylene glycol is similar to a concentrated
form of antifreeze,” Mazur says. It is used to
protect the embryos from fatally freezing when
they are plunged into a thermos of liquid
nitrogen slush.

In an instant, the embryos are frozen at about
~205°C. The ethylene glycol, instead of
crystallizing like ice, vitrifies into a glasslike
substance, and the eggs are preserved.

“This rapid freezing actually outraces the
chilling effect that normally would kill the
eggs,” Mazur says. “When we thaw the
embryos, we have to do it at an equally rapid
pace.”

Mazur’s work was initially funded by the
National Science Foundation (NSF). He is now
continuing to study cryopreservation techniques
for mosquitoes through the support of NSF and
DOE’s Office of Health and Environmental
Research.

Martin Marietta Energy Systems researchers
have invented a new way to break down
hypochlorite, or chlorine bleach, in industrial
waste streams. The new method is
environmentally safe, and it costs less and is
more effective than currently available chemical
methods.

Chlorine ranks eighth in production among
manufactured chemicals worldwide. It is used to
make plastics, pharmaceuticals, paper, and
agricultural products and to disinfect swimming
pools, cooling towers, and drinking water.
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provide air pressure and vacuum to the bladders and
hoses. Air lines are bound together in a single
umbilical cord that trails the unit as it explores
pipelines.

For the unit to go forward, the tail bladder is
pressurized so it expands to grip the wall of the pipe
while the head bladder remains deflated. When air
pressure is applied to the three connecting “body”
hoses, the head is pushed forward (or upward)
through the pipe. Next, the head bladder is inflated
to gl the pipe, the tail bladder is deflated to release
its grip, and the hoses are vacuumed, drawing the
tail forward.

Repeating this sequence sends the robot crawling
through the pipe in a motion reminiscent of an
inchworm. To make a 90° turn, two of the “body”
hoses are vacuumed while the third is pressurized,
causing the device to turn in the direction of the
vacuumed hoses.

Box’s demonstration model is about 0.3 meters
(1 foot) long and 10 centimeters (4 inches) in
diameter. It moves through pipes at a rate of about
9 meters (30 feet) per minute.

Tiny lights and a miniature high-definition
camera in the robot’s headpiece allow the operator
to monitor what’s ahead in the pipeline and to easily
spot leaks, obstructions, or corrosion. PNEU-
WORM can be operated using switches that control
each function, or it can take commands from
joystick-controlled computer software.

“And there are many possibilities with regard to
what can be added to the unit based on specific
needs, _ Jx said. For instance, sensors can be added
to detect the properties of liquids or air in a pipeline,
and added tubing or collection scoops can be used to
draw samples for laboratory analysis.”

John White, REMOTEC’s founder and president,
calls the partnership with Energy Systems a perfect
match. “We know there’s a market for PNEU-
WORM,” he says. “It’s very cleverly designed, it’s
been patented, and we’re in the business of robots,”
he says. REMOTEC officials said they foresee an
increase in employment to make production of the
PNEU-WORM robot possible. They expect to add
personnel for marketing and production and for field
representatives.

REMOTEC robots were used to gather
unexploded ordnance following Operation Desert

Number Three and Four, 1993

Storm and are popular among many big-city
police departments for use with bomb squads
and hostage crises. REMOTEC is a subsidiary of
Westinghouse Electric Corporation.

The first commercial uses for PNEU-WORM,
says REMOTEC Vice President Howard
Harvey, may be for inspecting pipelines at
nuclear power plants. “But any other type of
pipeline is applicable,” he says. “We have
several ideas for making it even more universal.”

The robot was even used by ORNL
environmental scientists to explore abandoned
kingfisher nests. Kingfishers are birds that build
their nests in muddy river banks. The invention
earned Box the 1992 International Inventor’s
Forum Award for robotics.—Wayne Scarbrough

Like fleas on a dog, uranium and plutonium
can be present on a surface and yet be difficult to
detect. These hazardous elements can lurk on
irregular surfaces, in wall cracks and crevices
between floor tiles, inside pipes and tubes, under
tight-fitting furnishings, and at or below soil
surfaces.

At ORNL researchers are modifying and
evaluating commercially available radon
detectors for use in mapping uranium and
plutonium concentrations in soils and on
building surfaces, such as floors, ceilings, walls,
and window ledges.

“Use of these detectors is being evaluated as a
potential low-cost alternative to conventional
radiation surveys,” says Richard Gammage, who
is leading the effort at ORNL. The work is being
done under cooperative research and
development agreements (CRADAs) between
Martin Marietta Energy Systems, Inc., and two
manufacturers of different types of radon
detectors.

The two CRADAs involve personnel from the
Measurement Systems Research Group (led by
Gammage) in ORNL’s Health Sciences
Research Division. The two manufacturers of
two different types of radon detectors are Rad
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Damage tracks in plastic radon detectors plotted
on a three-dimensional graph show relative alpha
contamination on a tile floor and in the crevices
between the tiles.

contaminated with isotopes of plutonium and
americium. The purposes of these in situ
measurements are to demonstrate the field
screening capabilities of plastic radon detectors at

contaminated sites and to verify the effectiveness of

remediation efforts.

The ORNL researchers also have tested alpha-
track detectors made by Landauer, Inc., for
measuring uranium and plutonium concentrations
in soils and on building surfaces. Each detector
consists of a clear plastic sheet about 1 millimeter
thick. When struck by alpha particles, localized
microscopic damage forms in the crystalline
structure of the plastic. When etched in an
appropriate caustic solution, these defects in the
chemical bonds, or tracks, become visible as etch
pits. These pits can be counted under an optical
microscope for use in calculating alpha particle
track density.
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Damage tracks in plastic radon detectors plotted
on a three-dimensional graph show relative alpha
contamination along a narrow difficult-to-access
ledge.

Such alpha-track detectors can be cut or
formed to suit a particular use. In 1993 at the
Nevada Test Site, ORNL researchers drove
wooden stakes into the ground, forming narrow
holes 20 centimeters (8 inches) deep. Then they
inserted long narrow strips of the plastic material
into the holes to obtain a depth profile of
plutonium contamination before cleanup. The
same procedure will be used after cleanup to
verify that the plutonium levels have been
reduced to environmentally acceptable levels.

These detectors were also used to measure
transuranic contamination along narrow ledges
and in crevices between vinyl floor tiles under a
glove box at ORNL. By using a computer to plot
the number of damage tracks on three-
dimensional graphs, the ORNL researchers could
pinpoint the most radioactive spots in these
inaccessible places (see graphs above).
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California, for commercial use of the
cryoblasting process technologies.

The licensed technologies include a method of
freezing carbon dioxide and argon gases into
pellets and a pellet-blasting centrifugal
accelerator with an improved rotor and housing.
Foster originally developed a centrifugal
accelerator to fire pellets of frozen hydrogen
gases (deuterium and tritium) into hydrogen
plasmas to refuel fusion devices. One such
centrifugal injector, which uses a high-speed
wheel to accelerate the frozen pellets before
injecting them into the plasma center, is used to
refuel the Tore Supra tokamak in France.

“The advantage of the cryoblasting technique
over conventional techniques for cleaning
surfaces is that it does not leave a waste stream
requiring additional cleanup,” Foster says. “In
cryoblasting, the frozen pellets evaporate into
harmless gases, and the contaminants freed from
the surface can be sucked from the air by
vacuum systems with high-efficiency particulate
absorbent filters.”

The usual procedure for removing aircraft
paint has been to bathe the planes in methylene
chloride. Because use of this solvent is being
discouraged by the Environmental Protection
Agency, ORNL-developed centrifugal
technology for blasting carbon dioxide, or dry
ice, pellets may be useful to the Air Force and
similar customers.

“A paint-stripping technology that uses
compressed air to propel dry ice pellets is on the
market,” Foster says. “But our technology strips
paint at a higher rate.”

Cryoblasting also may replace sandblasting
because it doesn’t leave a sand-contaminated
waste stream. At the Y-12 Plant, cryoblasting
using argon pellets is being developed as a
replacement for iron-bead blasting for removing
oxides from metal surfaces. Because it is inert,
argon will not react with reactive metals. Unlike
the iron beads, the argon pellets evaporate into
the air and do not add to the solid waste stream.

Larry Dickens of Energy Systems’ Office of
Technology Transfer negotiated the
nonexclusive patent license agreement with
Cryogenic Applications F.
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ORNL researchers have helped forge a tool for
etching circuits on computer chips in collabo-
ration with researchers from the University of
Cincinnati (UC) and SEMATECH, a nationwide
technology consortium of 11 semiconductor
manufacturing companies headquartered in
Austin, Texas. Development of the tool has
resulted in improvements in two companies’
products and provided valuable lessons, including
an understanding of why no U.S.-manufactured
etch tool based on this work is on the market.

The purpose of this project was to help
continue the astounding advances in performance
and capability of digital electronic systems and
the very large-scale integrated circuits on which
they depend. As a result of these advances,
integrated circuits have become, in turn, large
scale, very large scale, and now even ultralarge
scale. Increasing numbers of circuits are being
built into silicon chips, making computers more
compact, faster, and able to store greater amounts
of information.

For example, the 8-megahertz, 16-bit systems
with 64-kilobyte memory chips in Apple
Macintosh computers of the early 1980s have
been replaced by 40-megahertz, 32-bit systems
with 4-megabyte chips. The pace of this advance

is expected to continue for at least another decade.

At the heart of this revolution is the ability to
economically manufacture the devices that make
up these complex circuits in ever-smaller
dimensions. The transistors in today’s integrated
circuits measure 0.5 to 1 micron (millionth of a
meter), but the goal is to reduce those dimensions
to less than a quarter micron—smaller than the
wavelength of blue light. Because tools that can
produce these small dimensions do not exist, they
must be developed to turn 8-inch wafers of silicon
into tens of billions of transistors.

ORNL recently completed the first of several
projects that are contributing to the development
of needed processes and tools for manufacturing
microchips. Researchers working in
semiconductor manufacturing are in the Fusion
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Energy, Solid State, and Instrumentation and
Controls divisions, among others. Their task is to
work with the semiconductor industry to help the
United States become more competitive in the
world market for computer chips.

The first project, begun in 1989 with
SEMATECH and UC, was announced in an Qak
Ridge ceremony in which the late Robert Noyce,
co-inventor of the microchip and then
SEMATECH chief executive officer, presented
then Senator Albert Gore, Jr. (now vice president
of the United States) with one of the first silicon
wafers produced by SEMATECH. The project
began after SEMATECH approached ORNL and
UC with a proposal to combine the organizations’
expertise to produce a silicon etch tool that could
create circuit devices as small as a third of a
micron.

ORNL’s Fusion Energy Division had long been
developing and using electron cyclotron
resonance (ECR) heating for producing and
heating plasmas in magnetic fusion devices. In
1987, in conjunction with the Solid State
Division, it had begun a project supported by the
Director’s R&D Fund to adapt this technology to
deposition of thin films. Tom Mantei of UC had
also been applying this technique to materials
processing.

Mantei, SEMATECH researchers, Lee Berry of
ORNL'’s Fusion Energy Division, and Steve
Gorbatkin of ORNL’s Solid State Division
worked together for two years on this project. In
that time they developed a tool for heating and
controlling plasmas (ions and electrons in a hot
gas) to etch circuits in silicon wafers. They and
their SEMATECH colleagues assembled three
processing systems, each worth about $500,000;
evaluated three different systems configurations;
and in their research produced etch results that
were competitive with the world’s best. However,
the project was unsuccessful in getting an
American vendor to use the research results to
develop a commercial chip-processing tool.

The project did have commercial success from
the standpoint of two small businesses that were
involved in it. ASTeX of Woburn, Massachusetts,
supplied the microwave, magnet, and plasma
chamber components for the research etch tool,

and Plasma Quest of Richardson, Texas, added
controls, wafer handling, and vacuum and process
gas systems. Both companies are selling
components and systems that have been improved
as a result of the project’s research.

The project also has had technological success
in that its results have been used by Berry,
Gorbatkin, Gary Henkel, Rob Rhoades, and
others in the Solid State and Fusion Energy
divisions in their work with IBM under a
cooperative research and development agreement
(CRADA). The goal of this CRADA is to find
ways to deposit conducting films that connect
devices in an integrated circuit.

What lessons have been learned from the
SEMATECH project? According to Berry, “First,
we learned that meeting a schedule is more
important in the commercial world than in the
research world. Unless we got our results out in
time for a U.S. vendor to get a product on the
market before its competitors, the market for our
product would likely be lost. The drive to meet
real objectives on time sparked a spirited effort
by the industry-laboratory-university team that
may have resembled the way it was in the old
Manhattan Project days at Oak Ridge.”

Second, research priorities were focused on a
marketable product. “We expected that research
on interesting problems that did not move the
project forward was inappropriate,” Berry says.
“We did very little work in areas that would have
improved our ability to develop successive
generations of etch tools. The surprise was that
taking risks in the hope of improving the schedule
was encouraged.”

Gorbatkin notes that the approach to
experimentation was different in the project than
it is in many research studies. “Often, variables
are systematically manipulated individually, with
all others held constant, to gain an understanding
of a physical process,” he says. “In the
SEMATECH project, we conducted experiments
in which more than one variable changed from
run to run. A statistical approach was emphasized
in determining the most efficient method of
achieving the desired results. To guide us, a
statistician was assigned to the project, and we
were given courses in experiment design and
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analysis. Industry may well be the leader in the
use of systematic, statistically based, experimental
techniques.”

The third lesson, Berry says, is the importance
of industry pull—recognizing a need for a product
and choosing the technology that will make the
product competitive. “It was unanimously agreed
by U.S. semiconductor companies that advanced
etch technology is needed,” he explains, “but it
was not agreed that the etch tool should be based
on ECR technology. Foreign companies were
already introducing ECR tools, and, even if a U.S.
tool could be produced and put on the market at
about the same time, it would look too much like
the foreign products to have a competitive edge.
Thus, U.S. companies adopted the strategy of
developing an etch tool based on a different
technology—inductively driven plasma sources—
instead of commercializing the ECR technology
developed in the SEMATECH project.”

What did industry learn from ORNL?

“We believe we demonstrated that we could
successfully work as a team with industry and
university collaborators in a tightly focused,
applied project,” Gorbatkin says. “Our work
maintained a high standard of excellence and
drew on a broad range of skills from across the
Laboratory. This belief is validated by current
ORNL projects in semiconductor manufacturing.”

Energy Systems, Inc., has entered into a
CRADA with the AC Rochester Division of
General Motors Corporation to improve vehicle
emission-control catalysts and systems for
conventional and alternative-fuel vehicles.
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Researchers at ORNL will develop materials
and manufacturing processes that will help
General Motors meet more stringent emission
standards requiring improved catalyst efficiency
and longer usage.

Under the joint agreement, emission-control
catalysts and systems will be developed to help
General Motors further improve vehicle fuel
economy and alternative fuel capabilities, making
the United States less dependent upon foreign oil.

Another objective of the agreement is to reduce
the company’s use of precious metals such as
platinum, palladium, and rhodium, which also
should reduce dependence on foreign sources.

Researchers will use sophisticated
spectrographic techniques to study mechanisms
that cause emission-control catalysts to become
ineffective. ORNL engineers will conduct tests to
evaluate new catalysts using flow reactors and
multicylinder engines and exhaust systems that
include catalytic converters provided by AC
Rochester. Engines already have been sent to Oak
Ridge by General Motors. Final road tests will be
performed by General Motors.

AC Rochester is the world’s largest
manufacturer of automotive catalytic converters,
and ORNL has a strong reputation in materials
research, coupled with engineering research
experience in automotive fuels and engines.

The CRADA, which is expected to achieve
desired results by October 1995, is being funded
by DOE’s Office of Industrial Technologies,
Advanced Industrial Concepts Division, and the
Office of Transportation Technologies
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