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Ine leaa pnospnate
glasses developed by
ORNL's Solid State Division
represent a new class of
phosphate-based materials
that can be used for optical
applications such as lenses,
prisms, and windows.
ORNL scientists Brian
Sales and Lynn Boatner
have doped phosphate
glasses with various
impurities from the iron and
rare-earth groups to alter
their optical properties—for
example, color—as shown
in the photograph. Glasses
of different colors have
potential applications as
optical filters, selective
absorbers, and radiation-
resistant window materials.
Basic research carried out
on these materials in the
Solid State Division has
also led to a new level of
understanding of the
structural properties of the
glass and amorphous state
of matter, as discussed by
Brian Sales and Lynn
Boatner in their article on
p. 19. Photo by Bill Norris
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REDUCING FRICTION TO SAVE ENERGY
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diamond is very hard,
chemically inert, highly
conductive, and naturally
low in friction, it has
evoked considerable
interest for tribological
applications. To determine
how crystal growth facets
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Unlike many materials whose wear rates increase as temperature
increases, the wear rates of several nickel aluminide alloys actually
decrease with rising temperatures. Tests were done in the high-
temperature machine shown in the background of the photo on p. 11.
The top curve was generated with tungsten carbide sliders on nickel
aluminide, and the bottom with alumina sliders on nickel aluminide of a

different composition.

damaged as the cutting tool passed over it. One
interesting feature of the machining process is
the manner in which the “cutting chips” (chips
produced by cutting) are generated. If the chips
form long and continuous strands, they can
snarl the machine tools. We found that higher
cutting speeds produce much shorter chips,
which do not tangle on the tooling. In a
scanning electron microscope view of the edge
of a small cutting chip (see photo on p. 15), we
observed both the long scratches on the nickel
aluminide surface that slid against the cutting
tool and the sawtooth-like features that formed
on the opposite side of the chip as the alloy
changed its shape during the chip-forming
process. Understanding the origins of such
severe deformation aids our efforts in modeling
wear processes in materials subjected to
machining.

600 800 of sliding friction, we

investigated three diamond
films with different
microgeometric surface
features that Bob Clausing
and Lee Heatherly, also of
the M&C Division, grew
by hot-filament-assisted
chemical vapor deposition.
Friction experiments using
both sapphire and bearing
steel sliders confirmed that square, flat diamond
crystal facets, grown with silicon substrate
temperatures of about 1273 K, were lower in
friction (a friction coefficient of ~0.15-0.20) than
either the finely grained surfaces grown at about
1200 K (~0.3-0.4) or the sharper, pyramidal
facets grown at about 1323 K (~0.40-0.50).
These and related experiments are guiding the
optimization of processes that grow diamond
films ‘that achieve the best frictional performance
in a variety of applications, ranging from
computer hard disks to surgical knives and
cutting tools.

Some recent tribology research highlights are:

e We determined that the leading candidate
ceramics for high-temperature rubbing parts of
advanced heat engines are unsuitable for use
under unlubricated conditions.
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makes possible studies of combined surface
fatigue and sliding contact damage in gear teeth,
rolling-element bearings, or various internal
combustion engine components.

Fundamental studies are conducted with the
“pin-on-disk” sliding wear machines (shown on
p- 11) and on two specialized instruments
designed and built at ORNL—a friction
microprobe (FMP) and a scanning
microsclerometer (SMS). The FMP is used to
explore detailed, point-to-point variations in the
sliding friction coefficient, a measure of the
manner in which a material’s constituents
having different crystal structures affect the
instantaneous friction force. It has a tiny stylus
that moves across a surface, touching a surface
area as small as 0.001 cm in diameter. As the
contact point passes between individual crystal
grains, microscopic surface features, or
microcomponents of a composite material,
frictional variations may occur. The FMP will
help us understand which surface structures in
contact are high in friction and which ones keep
it low. This work may eventually permit the
evolution of “rules of mixture” for developing
“self-lubricating” composites and other
materials tailored to minimize friction.

A self-lubricating material can be loosely
compared to a blueberry muffin. The cake in the
muffin represents the material’s structural
constituents, and the blueberries may be thought
of as the material’s pockets of lubricant. When

the surface of this self-lubricating body slides on
another, the juice from the “blueberries” spreads
out and lubricates the entire surface while the
“cake” bears the load.

The SMS is being developed at ORNL to map
variations in the hardness of microscratches on
small, sub-millimeter-square areas of
heterogenous solid surfaces. We plan to use the
SMS to conduct basic studies of localized
abrasion resistance, assess the durability of thin
films and coatings for use in bearings, and
identify the fine-scale response of materials
during micromachining (e.g., cutting out
microchips from silicon wafers).

Addressing both fundamental issues and
applications-related issues in tribology broadens
our perspective and helps us to become more
familiar with a wide variety of friction and wear
problems. Because tribology is largely an
enabling technology, much of our work is
motivated by the need to make more efficient
engines for road transportation and to convert
energy more economically to drive industrial
machinery and generate power. Evolving needs of
the energy supply and conservation community
present us with a continuing challenge for
applying state-of-the-art materials and surface
engineering technology in ways that provide
useful services to our energy-intensive society.
ORNL’s research on friction and wear is focused
on achieving greater energy conservation to
reduce our nation’s needs for imported oi
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DIFFERING STRUCTURES OF AMORPHOUS SOLIDS

McCallum, all of ORNL’s Solid State Division,
has provided significant new answers to these
fundamental questions. Through the novel
application of a high-performance
chromatographic method (originally introduced
to the Solid State group by Rose Ramsey of
ORNL’s Analytical Chemistry Division), it has
been possible to determine experimentally some
basic properties of amorphous phosphate solids.
First, we have shown that the glass state and the
amorphous, ion-damaged (i.e., ion-implanted)
state of a phosphate solid are structurally
different—regardless of the implant dose.
Second, final-state amorphous structures created
by heavy-ion damage depend on the initial state
(i.e., crystalline or glass) of the bombarded
solid. Third, the structural path that a solid
follows as it transforms from a glass to a
crystalline solid has been determined in detail.
Finally, we have established a structural basis
that accounts for the corrosion properties of
phosphate glasses.

To understand how these results were
obtained requires some qualitative
understanding of the structural properties of
metal-phosphates. In these materials, the basic
building block of the structure is the PO,
tetrahedron (i.e., phosphorus covalently bonded
to four oxygen atoms lying at the corners of a
tetrahedron). The PO, tetrahedra are corner-
linked together to form chains of varying size.
These chains form the “backbone” structure of
the solid. The metal cations (positively charged
ions of metal, such as lead in lead
pyrophosphate) in the material are usually rather
weakly bound to the nonbridging oxygen of the
tetrahedral units so as to “cross-link” the
neighboring polyphosphate chains made of
anions (negatively charged molecules of
phosphorus and oxygen). A crystalline
phosphate solid has only one type of phosphate
anion, and all of the phosphate chains have the
same length. However, an amorphous phosphate
solid having the same chemical composition as

the crystalline phosphate consists of longer and
shorter phosphate chains. An amorphous
phosphate can be thought of as being made up of
varying-length chains of PO, tetrahedra that are
effectively “glued” together by the metal cations.
The trick in determining the distribution of
phosphate chains in the solid can then be viewed
as one of finding a solvent that dissolves away
the “glue” and allows the chains to separate intact
from the solid.

Can liquid chromatography provide
information about the structure of a solid? For
most amorphous solids, such as silicate or
borosilicate glasses, high-performance liquid
chromatography (HPLC) is of very limited use in
probing the structure of the solid state. However,
for a large class of amorphous metal-phosphates,
this technique provides unique information about
the type and distribution of phosphate anions in
the solid. Although this kind of detailed
information about the structure of the amorphous
state cannot be obtained using any other
technique of which we are aware, the
chromatographic data are consistent with results
obtained by more traditional solid-state
techniques that directly probe the solid, such as
Raman, infrared, electron paramagnetic
resonance (EPR), and magic-angle nuclear
magnetic resonance (NMR) spectroscopies.

Perhaps the best evidence for the validity of
the HPLC technique in probing the structure of
an amorphous solid comes from applying the
method to various crystalline phosphates. For
crystalline phosphate compounds, we know
which phosphate anions are present from a
detailed analysis of the crystal structure using X-
ray diffraction. For a large number of crystalline
phosphate compounds in which the structural
units are either linked PO, chains or ring
structures, the results of liquid chromatography
and X-ray diffraction are in perfect agreement!
The reason that the HPLC technique works so
well for phosphate materials hinges on the
relatively unique dissolution mechanisms of

Oak Ridge National Laboratory RE' "™V



phosphate solids in neutral or
high pH solutions. As the
phosphate solid dissolves in
these solutions, the bonds
between the metal cations and
the phosphate chains are broken.
The chains are, therefore,
transported into solution intact
and can then be separated and
“counted” using a modern
HPLC system equipped with an
anion exchange column.

A chromatogram from the
output of the HPLC system
consists of a series of peaks with
each peak corresponding to a
phosphate chain of a given
length (or to ring structures, if
they are present). The area under
each peak is proportional to the J
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to calibrate the HPLC system. A
liquid chromatogram from a
“standard solution” of
crystalline phosphate
compounds is shown in the
illustration on this page. The
structures of the phosphate

This chromatogram of a “standard” was prepared by dissolving
several crystalline phosphate compounds in an aqueous solution. The
structures of the phosphate chains (or of cyclic phosphate structural
units such as those in trimetaphosphate or tetrametaphosphate) in the
crystalline material are known from single-crystal X-ray structural
refinements. Each of the phosphate compounds shown here
contributes only one phosphate anion and is responsible for only one

chains (or cyclic phosphate

structural units such as those in
trimetaphosphate or

tetrametaphosphate) in the crystalline material
are known from single-crystal X-ray structural
refinements. Each of the phosphate compounds
listed in the upper right portion of the illustration
contributes only one phosphate anion and is,
therefore, responsible for only one of the peaks
in the chromatogram. Such compounds may be
individually analyzed by HPLC methods or they
may be combined in predetermined ratios to
produce chromatography “standards.” Based on
this type of calibration, a chromatogram from the
HPLC apparatus will consist of peaks starting at
the left with the orthophosphate anion, which
consists of isolated PO, tetrahedra (designated as
P ), followed by pyrophosphate anions (i.e., two

Number Four, 1990

of the peaks in the chromatogram.

comer-linked PO, tetrahedra designated as P,),
and continuing with longer chains (going from
left to right in the chromatogram) that are
released as the NaCl molarity at the ion
exchange column is increased as a function of
time.

The study of some of the most basic
questions regarding the structure of an
amorphous solid requires a material that can be
made amorphous by several different routes and
that can also be prepared in the crystalline state.
To fully use the HPLC technique to analyze the
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Steps involved in the
determination of the structure of
an ion-damaged layer on lead
pyrophosphate singie crystals.

(a) A Pb,P,O, crystal is
bombarded with 540-keV Pb**
ions to produce a damaged layer
approximately 200 nm thick. The
other surfaces of the crystal are
masked with silver paint.

(b) The implanted crystal is
placed in the sodium chloride
plus EDTA solution. Dissolution
occurs only on the implanted
face because the remaining
faces are protected by silver
paint.

{c) The solution containing the
phosphate anions from the
implanted layer is injected into
the HPLC system, and a
chromatogram is obtained as the
sodium chloride molarity at the
ion exchange column is ramped
as a function of time. This
chromatogram represents the
amount of phosphorus contained
in chains of differing lengths and
starts at the left-hand side of the
chromatogram with the
orthophosphate group
(designated as P, and consisting
of one PO, tetrahedron) and
continues to longer chain lengths
(from left to right).
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DIFFERING STRUCTURES OF AMORPHOUS SOLIDS

A schematic diagram of the procedure used
to make the HPLC measurements for the ion-
damaged surfaces is shown in the illustration
on p. 22. Only the large faces (i.e., faces
perpendicular to the ¢ axis) of the lead
pyrophosphate single crystals were ion-
implanted, and the remaining surfaces (i.e., the
sides and back of the crystal) were covered
with silver paint so that only the implanted
surface was analyzed by the HPLC technique.
The lead or oxygen ions implanted into lead
pyrophosphate penetrate only a short distance
below the surface (about 1000 A), but the
displacement damage extends somewhat
beyond this depth. To analyze the structure of
this relatively thin ion-damaged layer, the
crystal was removed from the chromatography
solution when the amount of phosphorus in
solution corresponded to the loss of a layer
from the surface of about 1000 A. The implant
doses were kept sufficiently low so that the
chemical composition (i.e., metal-to-
phosphorus ratio) of the ion-damaged layer
was not altered to any significant degree.

Does the structure of the amorphous state
depend on the way in which the material
became amorphous, and if so, how are the
structures different? A comparison between
the chromatograms for lead pyrophosphate
glass prepared by thermal quenching and those
from the amorphous layers formed by ion
damage shows significant differences between
the structures (see figure on p. 25). Compared
with the glass, the percentage of P, (i.e., chains
that are two PO, tetrahedra in length) is much
lower for the ion-damaged layers. This finding
indicates that these layers are effectively
“more amorphous” in the sense that, because
crystalline lead pyrophosphate consists only of
P, chains, the ion-damaged material’s
deviation from the crystalline state is larger
than that of glass. In addition, the glass has a
much larger percentage of P, chains (i.e., three
PO, tetrahedra in length), whereas the

amorphous layers formed by ion implantation
have significantly higher concentrations of P ,
P,,P,P,P,and P, chains. Somewhat
surprisingly, the structures of the two amorphous
layers produced by ion implantation with either
oxygen or lead ions are very similar despite the
fact that the damage cascades in the two cases
are different.

The chromatographic results clearly show that
the structure of phosphate glasses produced by
conventional melting and cooling through the
glass transition is different from the amorphous
state produced by high-energy bombardment of a
crystalline material, even though both substances
have an identical chemical composition. In fact,
even when crystalline material was bombarded
by ions to the point that structural changes no
longer occurred, the structure of the glass state
could not be duplicated (see figure on p. 25).
This experimental finding is significant because
of its implications for ion-beam modification of
materials, displacive radiation damage effects,
and the basic theory of the structural properties
of disordered materials. From the theoretical
point of view, the distribution of phosphate
chains (predicted by a model developed by Parks
and Van Wazer) was in excellent agreement with
the experimental results obtained for phosphate
glasses, but the distribution did not agree with
that obtained for amorphous phosphates
produced by ion bombardment. This result
indicates that the distribution of phosphate
chains in an ion-damaged solid arises from a
fundamentally different process than that
occurring during the formation of a glass. The
results indicate that, contrary to some previously
advanced concepts, the ion-damage process
generally should not be viewed as a mechanism
that is equivalent to melting the material and
then rapidly cooling it. In other words, ion
bombardment cannot be used to accurately
simulate melting and quenching of lead
pyrophosphate to produce a glass state.

Does the final structural state of an ion-
damaged amorphized solid depend on the initial
structure of the material? To answer this
question, we implanted a piece of lead
pyrophosphate glass with an ion dose that would
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A comparison of the HPLC chromatograms from amorphous
lead pyrophosphates produced by quenching a melt to form a
conventional phosphate glass (top), ion bombardment of the
crystal surface with 10'® Pb* ions/cm? at 540 keV/ion
(middle), and by ion bombardment of the crystal with

107 O jons/cm? at 55 keV/ion (bottom). The labels P, P,
Pa, .. .denote chains of phosphate tetrahedra that are,
respectively, 1, 2, 3 . . .tetrahedra in length. A comparison of
the ratios of the areas under each peak (representing the
total amount of phosphorus contained in chains of that
length) for the three chromatograms shows that the structure
of the pyrophosphate glass is significantly different from that
of either of the ion-beam~amorphized layers, whose
structures are the same within the limits of accuracy of the
analysis.

Number Four, 1990

HPLC results for 100-nm-thick layers on the surface of lead
pyrophosphate single crystals that were implanted with various
doses of oxygen ranging from 10" to 10" ions/cm? with an energy
of 55 keV/O ion. The threshold dose for detectable alteration of the
phosphate chain structure is shown to be slightly less than

10" O/cm2.
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Liquid
chromatograms
for lead
pyrophosphate
glass as prepared
(top); material at
an intermediate
state of the
devitrification
transition at
370°C (middle);
and almost fully
recrystallized
Pb,P,0, after 8 h
at 370°C. By
using HPLC
methods, the
structural path
foliowed by the
material in
transforming from
the glass to the
crystalline state
can be mapped
out.
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have made crystalline lead pryophosphate
completely amorphous. The resulting structure
was compared with that of a piece of ion-
implanted lead pyrophosphate that was initially
in the crystalline state. The results of this
experiment revealed that the final amorphous
structure of the material does, indeed, depend
on the initial structural arrangement!

All glasses can, at least in principle, be
converted back to the crystalline state by
heating the glass to a suitable temperature and
then simply waiting for crystals to form.
Knowing the temperature at which the process,
called “devitrification,” occurs is important for
determining the useful operating temperature
range for a glass. Understanding the structural
changes that occur during devitrification is also

30

important for fundamental and practical reasons.
Using the technique of HPLC, it has been possible
to map out in detail the structural changes that take
place during the isothermal transition from a glass
to a single-phase crystalline solid (see figure on
this page). These detailed quantitative
experimental results have provided the basis for
the formulation of a more specific microscopic
theory of the devitrification process than currently
exists. In particular, measurable changes in the
distribution of phosphate chains have been
observed during the time required for crystals to
nucleate and, therefore, this observation should be
considered in any devitrification model.

Through a novel application of the HPLC
technique, we have been able to answer some
basic questions concerning the structural
properties of the amorphous state. We have
demonstrated that lead pyrophosphate has at least
three distinct amorphous structures even though
the chemical composition of each of its amorphous
states is the same. We also have learned that the
final amorphous structure depends not only on the
technique used to make the material amorphous,
but on the starting structure as well.

Using the HPLC technique, we have been able
to obtain a detailed structural “map” of the
isothermal glass-to-crystalline transition of lead
pyrophosphate. As is normally the case in science,
however, these initial answers have generated a
large number of unanswered questions that will
guide future research. These questions include:
How are long phosphate chains generated during
the bombardment of the solid with high-energy
ions? and, What is the relative role of ion-electron
vs ion-nuclei collisions in the generation of longer
phosphate chains?

The determination of the structural properties of
amorphous solids has been and continues to be
one of the baffling problems of solid-state science.
The intrinsic nature of these materials greatly
reduces the utility of the standard diffraction-
based techniques that have proven to be so
powerful in accurately determining the structures
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of crystalline materials. In the case of
disordered phosphates, however, we have been
able to shed new light on the structural features
of the amorphous state by applying a chemical
rather than physical approach to the problem.
It is convenient to divide the problem of
solving the structure of amorphous materials
into two parts—namely, the number and type of
each basic structural unit that is present in the
solid must be determined, and, second, the
spatial arrangements of these units must be

fixed. By applying HPL.C methods to phosphate
solids, the first half of this problem can be solved.
The question that now remains is, can we combine
the HPLC results with other information (e.g.,
from neutron scattering, NMR, EPR, Raman,
infrared, etc.) and thereby construct a complete
three-dimensional model of the structure of
amorphous phosphates? If the future holds a
positive answer to this question, then we can enter
anew era in our understanding of disordered
solids
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Only about 4% (by length) of the upper reaches of
streams in targeted U.S. areas where acidic
deposition was thought to be of potential concern
were actually found to be acidic; in turn, only about
half of these were attributed to atmospheric
deposition.

verdict is in on acid rain: a problem

ists, but it is not as serious or urgent as

any had feared. Acid deposition from
human activities has had some harmful effects on a
limited number of lakes, streams, forests, and some
structural materials. Precursor emissions lower
visibility and contribute to regional haze. There are
no negative effects on agriculture and only
speculative effects on human health. Current levels
of acid precipitation are not likely to increase
greatly the size or extent of damage for several
decades. Early reductions are possible at added
costs, especially to electricity users; those
reductions would reverse many, but not all, of the
effects of past higher levels of acid deposition, and
the water quality of some lakes and streams would
begin to improve in about two decades. Ozone and
other related atmospheric pollutants remain a
significant source of ecological damage and may be
more difficult to control.

This verdict was formally released in the fall of
1990 by the National Acid Precipitation Assessment
Program (NAPAP), a decade-long, $0.5-billion
research and assessment effort involving about
2000 scientists in the United States and abroad.
Initiated by President Carter and the U.S. Congress
in 1980, NAPAP was designed to provide the
scientific and engineering basis for understanding
the causes, effects, and possibilities for
management of acid deposition. It was also to
assess the significance of the effects and costs of
control and to provide the interpretations and
“wisdom” that policymakers need to decide which
actions to take. What follows is a policy-oriented
overview of this huge scientific, technological, and
assessment effort.

NAPAP was started at a time when concern
about the effects of acid rain was mounting, but the
understanding and facts on which to act were
sparse. An impressionistic reading of the public—
and scientific—perceptions in 1980 suggests strong
polarization. Some people believed that damage
was already significant and that an ecological
disruption of major proportions would soon be
evident. In this view, immediate action, even taken
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at great expense, was in the country’s best interest.
Conversely, others believed that little damage was
evident and that a business-as-usual reduction in
sulfur emissions, such as that already under way,
would overtake any possible negative effects long
before they occurred. This view rejected early
action on the grounds that the cost would grossly
outweigh any possible benefits and harm the U.S.
economy.

As previously suggested, both extreme views
have been rejected as a result of 10 years of
research and assessment. Acid deposition has
caused damage, and more will occur without
further reductions in both sulfur and nitrogen
emissions, but the damage is limited in
geographical extent, in severity, and in the types of
resources affected. Even without further action we
should not expect an aquatic version of Rachel
Carson’s Silent Spring or mass destruction of
forests. At the same time, the United States has
lakes and streams whose fish populations have
been destroyed or stressed, others which, without
further reductions, may have problems over the
next half century, and some tree species that have
been damaged. Visibility has been impaired. Other,
more speculative, damage is possible in the longer
term.

These findings were produced by an interagency
effort of unprecedented scope and duration. The
program was organized, directed, and coordinated
through a small office headed by a director who
reported to a task force headed by six “joint
chairs”—from the Environmental Protection
Agency, the National Oceanic and Atmospheric
Administration, the Council on Environmental
Quality, and the departments of Agriculture,
Energy, and the Interior. The actual work of
research and assessment was conducted by
professionals at government agencies, the national
laboratories, private firms, universities, and foreign
institutions.

The products of the research have been
published in the peer-reviewed literature, but
NAPAP undertook the task of bringing it together
in a series of 27 summary State of Science/
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continuum that must be carefully interpreted
when specific implications are drawn.

The significance of all this lies mostly in the
effects of lower pH (higher acidity levels) on
aquatic systems, and in these, fish are an
important marker. Again there is a continuum of
effects, some of which depend on other aspects of
water chemistry. Also, fish species display a
substantial range of tolerance. As stress mounts,
species diversity and population regeneration can
suffer.

The NAPAP Annual Report concludes that

The proportion of lakes and streams whose chemistry
suggests high levels of stress is zero in most regions
for tolerant fish species, whereas for the most sensitive
species, high levels of stress might occur in
approximately 25% of the lakes in the Northeast and
Midwest and approximately 40% of the upper stream
sites in the Mid-Atlantic Coastal Plain region. Such
results are not meant to imply that sensitive fish would
be present in these waters if the stress imposed by
acidic deposition were removed. (Annual Report,
p.F-13)

The concern for aquatic resources has been
matched by fears that acid precipitation may be
seriously harming forests. Compared with the
intense concerns of a few years ago, the news
here is good, though it must be tempered as
always with the realization that some subtle
effects not yet discerned may have long-term
consequences. The NAPAP Annual Report
summarized forest effects from air pollution in
the following way:

(1) acidic deposition and ozone appear to intensify the
effects of natural stresses upon red spruce at eastern
mountain-top locations; . . . (2) soil process models
show that cumulative effects of acidic deposition at
current levels may change the chemistry of some
sensitive forest soils in the lower mid-western and
southeastern United States within a period of
approximately 50 to 100 years; . . . (3) ozone adversely
affects forest health in regions of southern and central
California, and possibly in some regions in the
Southeast. . . . Extensive surveys of forest conditions in
North America have indicated that the majority of the
forests are healthy. (Arnnual Report, p. F-17)

The high-elevation spruce-fir stands known to be
stressed by acid deposition occupy less than 0.1% of
the forests of the eastern United States, but their
position on ridge tops makes any damage to them of
particular concern in recreation areas because of
their visual prominence. In general, the concern that
current or prospective U.S. acid deposition loadings
could lead to the large-scale forest destruction now
visible in much more polluted Eastern Europe was
shown to be unfounded.

NAPAP researchers have discovered no negative
effects on agriculture from acidic deposition except,
rarely, in the Los Angeles Basin for a few sensitive
crops. Indeed, the added input of sulfur and nitrogen
may improve soil fertility in some locations. In
contrast, reductions in crop yields from ozone have
been well documented.

NAPAP also examined the effects of acid
precipitation on structural materials, such as
galvanized steel and masonry, and on stone and
bronze in monuments, gravestones, and other
culturally significant artifacts. As expected,
somewhat greater physical deterioration was found
to be associated with higher acidity. The
significance of this relationship is not so clear,
however, because other factors are much more
important in weathering, especially in urban areas.
Further, the added rate of deterioration is unlikely to
affect the timing or extent of maintenance,
reconstruction, or replacement. Economically, the
damage may be zero or negligible, though
incremental damage to cultural items must be
considered. Again, this situation contrasts with
areas of Europe where much higher loadings of
pollution have severely damaged fragile monuments
such as those found in the cities of Athens, Greece,
and Kracow, Poland.

As for health, existing regulations already hold
atmospheric concentrations of sulfur dioxide (SO,)
and nitrogen dioxide (NO,) below levels judged to
cause direct harrn even to sensitive groups (“with an
adequate margin of safety”) except at a very few
U.S. locations. Investigation continues on whether
sulfuric acid aerosols, resulting from a chemical
transformation of SO2 in the atmosphere, may have
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absence of anthropogenic degradation is 150 + 45
km, but the actual measured value is in the range
of 20 to 35 km. Sulfate is estimated to account for
about half of the degradation in the East and 10 to
20% in the urban West. The benefit to be ascribed
to improved visibility is less certain, both because
changes may be below the perceptual threshold
and because it is difficult to convert any changes
recognized to reasonably accepted economic
measures.

NAPAP as originally envisioned was to bring
the results of the research into a rough cost-and-
benefit framework, and from that come to some
conclusions on the wisdom of alternative policies.
This did not occur, but the basis for making
comparisons was established through the creation
of policy scenarios that marry possible future
emission patterns with regional changes in
deposition. From these, physical effects can be
projected.

The findings of NAPAP are such that a wide
range of policy actions could be supported
depending on the values ascribed to these
physical effects, and especially on how risk-
averse the decision maker was to different
uncertainties. Clearly, decreases in acid
deposition would have benefits, and the earlier
those emission reductions were made, the greater
the total benefits (and the total costs) would be.
At the same time, ultimate levels of damage
avoided (e.g., the number of lakes acidified) do
not appear particularly sensitive to when
reductions occur over the next few decades; in
contrast to what many believed a decade ago,
urgent action is not required to avoid major,
irreversible ecological changes. In any event,
national sulfur emissions have fallen about 20%
since their peak, and though they edged up in the
late 1980s, the levels are expected to decline
again as existing regulations take effect. (In the
southern United States, by contrast, emissions of
S0, and NO, are still increasing.) Because of
these built-in reductions, national emissions, in
fact, would be roughly the same by 2030 with or
without the special controls debated in Congress

during 1990. The judgment Congress had to make
was whether the benefits in the interim warranted
the extra cost of earlier reductions—a cost
estimated at about $100 billion over the next

40 years. On this matter, even after taking into
account the information produced by NAPAP,
opinions will differ.

A major debate over acid rain policy occurred
in 1989-1990. With the passage of the sweeping
revisions of the Clean Air Act in late 1990, the
decision to cut SO, emissions by 10 million tons
and NO, emissions by 2 million tons was made
before the final NAPAP report was published.
Many of its interim findings were available to
inform deliberations, however. So it cannot be said
that this work was not used. Moreover,
implementation of the legislation will be more
efficient and effective because of what has been
learned. Furthermore, another debate on how best
to revise the new Clean Air Act will likely occur
within this decade. When that time comes,
NAPAP’s contribution will be available. Returns
from NAPAP—even in narrow terms—will be
flowing in for years to come.

In a broader sense the legacy of NAPAP goes
beyond its contributions to acid rain decisions and
scientific understanding. For one thing, NAPAP
pioneered in developing a model for an institution
that may have considerable usefulness in
addressing other major social problems. It is
always difficult to mobilize science to inform
public decisions, but in this case it was
successfully done in a process that melded
numerous government agencies in pursuit of a
common goal. Much was learned about how to do
the job better in the future.

The NAPAP experience also had a more direct
effect on the persons involved. Because of the
interdisciplinary assessments that were required
and the large number of institutions involved,
NAPAP brought numerous scientists into
productive, continuing networks that otherwise
probably would not have been formed. The cross-
fertilization went beyond the usual sharing of
disciplinary insight to include different modes of
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1e story of ORNL’s technical

:ontributions to the National Acid

>recipitation Assessment Program
(NAPAP) really begins in the late 1960s and early
1970s when ecologists at the Laboratory began
long-term experiments to study nutrient cycling in
streams, soils, and forests. These biogeochemical
cycling experiments were conducted on forested
watersheds on the Oak Ridge Reservation. Studies
begun for the Atomic Energy Commission in 1967
on Walker Branch Watershed have provided key
long-term data on precipitation chemistry, surface
water chemistry, and biological cycling—the
movements of sulfur and nitrogen compounds from
acid precipitation through soils, vegetation, trees,
and stream organisms. Later ORNL research
conducted for the Energy Research and
Development Administration, the Department of
Energy, the Environmental Protection Agency, and
the Electric Power Research Institute has built upon
that foundation.

ORNL research on the ecological effects of acid
rain began in 1975, and in 1978 the Laboratory
became a charter participant in the National
Awmospheric Deposition Program (NADP). This
was the first U.S. program to monitor and study
ecological effects related to acidic deposition.

Because of its early participation in such
programs, ORNL was well positioned to step into
active roles in program planning, research, and
assessment when NAPAP was created by passage
of the Energy Security Act of 1980. The scope and
direction of ORNL participation in NAPAP during
the early years were outlined in an article in the
Number Four, 1984, issue of the Review (“Acid
Rain and Dry Deposition of Atmospheric
Pollutants: ORNL Studies the Effects” by David
Shriner), and information on some of the results
was presented in the Number Two and Three, 1989,

issue (“Complexities of Acidic Deposition” by S. B.

McLaughlin et al.). In this article, I list the ORNL
findings that had an impact on the final NAPAP
Assessment report to the President and Congress.
More than 15 years ago, acid rain was not
generally considered responsible for the
acidification of lakes. However, as resuits of
various studies became known in the late 1970s,
doomsayers began to say that acid rain—formed
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from sulfur and nitrogen compounds injected into
the atmosphere from fossil fuel combustion—
would kill many fish and green plants.

Since then, evidence collected by the $537-
million, 10-year NAPAP shows that neither
position is right. For example, NAPAP scientists
have found that acid precipitation has been
responsible for the acidification of surface waters
but that less than 5% of the lakes and 10% of the
streams sampled in the National Surface Water
Survey are chronically acidic.

Several of the conclusions of the NAPAP study
were influenced by work done at ORNL. Fifteen
staff members of ORNL’s Environmental Sciences
Division (ESD) contributed to seven of NAPAP’s
27 State of Science/Technology reports. Key ESD
researchers in this effort over the years have been
Bob Cook, Sig Christensen, Jerry Elwood, Chuck
Garten, Dale Johnson, Paul Kanciruk, Steve
Lindberg, Sandy McLaughlin, Dick Olson, Mike
Sale, David Shriner, Glenn Suter, Robert Turner,
Helga Van Miegroet, and the late Emie Bondietti,
who died in an automobile accident on his return
from the NAPAP conference in February 1990 at
Hilton Head, South Carolina. In addition to these
principal investigators, nearly 100 ORNL staff
members have made significant contributions to
the NAPAP program over its lifetime.

ORNL studies of atmospheric processes show
that (1) atmospheric deposition of sulfur and
nitrogen oxides is twice as great in the Great
Smoky Mountains as that at White Face Mountain
in New Hampshire, which is typical of high-
elevation sites in the Northeast; (2) increases in
sulfur compounds below the forest canopy are the
result of throughfall enrichment by atmospheric
deposition (dry particles and precipitation passing
down through the leaves to the forest soils) rather
than to natural internal sources; and (3) the forest
canopy appears to absorb and retain nitrogen
compounds from both the air and precipitation.
The surface analysis techniques developed in ESD
have been widely used in the United States and
Europe to quantify atmospheric deposition of
sulfur oxides, nitrogen oxides, and trace metals to
forest ecosystems.

The ORNL study of data on past Canadian
surface water acid-base chemistry revealed that the
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staff members from the University of Tennessee at
Knoxville and ORNL will serve as faculty for the
academy.

Invitations have gone out to school
superintendents in Tennessee, Kentucky, North
Carolina, and Florida to nominate candidates for
the program’s first four-week session, which will
be June 23 through July 19, 1991. About 80
teachers are expected to participate in this first
session. In the future, the program will be
expanded to include lower-grade and kindergarten
teachers and teachers from other states
neighboring Tennessee.

Each participant in the program becomes a
Martin Marietta Fellow, and as such receives a
$1200 tax-exempt stipend, travel expenses,
lodging in the apartment dormitory, a meal
allowance, and books and materials.

For many teenagers, Saturday is their only
chance to sleep until noon. For SACAM
participants, though, it’s a chance to get their
hands on advanced equipment and their minds on
research problems.

The Saturday Academy for Computing and
Mathematics began in October, and for eight
weeks groups of one teacher and four or five
students from each of six high schools in the area
(Bearden, Farragut, Karns, Oak Ridge, Oliver
Springs, and Webb) spent their Saturday mornings
at ORNL working with computing and
mathematics to solve problems in various areas of
research. Sessions have dealt with subjects such as
advanced materials, particle physics, and modeling
the global climate.

On one Saturday, for instance, Mike Strayer,
Chris Bottcher, Ted Barnes, Jim Beene, Soren
Sorensen, and Robert Varner from the Physics
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Division set up seven identical Macintosh IIs with
identical software for the groups. According to
Bottcher, “We wanted to provide a hands-on
experience—a tutorial-type session. We first
introduced a couple of problems having to do
with the physics of an accelerator like the
Holifield Heavy Ion Research Facility
accelerator, which they were going to see later in
their tour. Then we moved on to problems
involving algebraic, numerical, and graphical
information and techniques. The students typed
the problems, ran them on the VAX, and then
checked their output. We were also able to log in
through the National Energy Research
Supercomputing Center to the Cray computer at
Lawrence Livermore National Laboratory and to
run some problems on it.”

The students were delighted to have experience
with the supercomputers. They were also amazed
at the ease with which they moved from
something they already knew, the Macintosh, to
supercomputers. “The students were especially
intrigued with some of the high-resolution
graphics software, which was provided with a
selection of other software as a sampler,” said
Bottcher. In fact, they were so impressed with the
equipment and techniques they were using that
some stayed three hours “after school” for more
study.

Bottcher found his work with SACAM *“very
worthwhile and rewarding,” and he certainly
plans to participate again. “Eventually, it would
be nice to have a permanent room set up for this
purpose with our own hardware. We would have
our tutorial packages in place, so there wouldn’t
be as much preparation required for each
Saturday session.”

The very successful pilot program has led to a
winter session that will be expanded to include
about 40 participants from a total of nine or ten
high schools. Even more students will now find
Saturday momings worth waking up for
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. R&D Updates

In September 1990, a mobile, remotely operated
robot outfitted with electronic systems, sensors,
and computers, including an ORNL-developed
automated data acquisition system, surveyed an
Oak Ridge radioactive landfill waste storage site.
The local news media covered the automated
remote survey by the eight-wheeled all-terrain
vehicle at ORNL’s Solid Waste Storage Area
No. 3 (SWSA-3).

The purpose of this demonstration was to show
the feasibility of using remotely operated robots to
locate and measure radioactivity from
contaminated materials in trenches covered with
soil nearly 20 years ago. The location and
quantities of contaminated materials must be
determined before initiating site remediation.
Because of the potential hazard to human health, a
remotely operated vehicle that carries equipment
for recording and transmitting information on
trench boundaries and radiation levels at waste
sites is desirable.

The application of robotic technology to
hazardous waste problems is a major element of
DOE’s Environmental Restoration and Waste
Management Program five-year plan for applied
research, development, demonstration, testing, and
evaluation. Robotic systems offer the opportunity
to reduce human exposure to hazardous substances
and conditions during waste site characterization,
cleanup, repackaging, and storage or disposal
activities. In addition to the safety benefits,
automation of some of the survey tasks can lead to
productivity improvements, including more
effective record keeping because robotic systems
can automatically generate computer records.

The remotely operated robot was loaned to
ORNL by the U.S. Army, and ORNL outfitted it
with the appropriate detectors and electronic
systems to conduct a remote waste site survey.
This instrumented “testbed” was developed as an
element of the U.S. Army Human Engineering
Laboratory’s (HEL) Soldier Robot Interface
Project (SRIP), which addresses human factors
issues in military applications of robotics. Initial

development of the SRIP testbed was performed
byateamincluding ORNL, Tooele Army Depot, HEL,
and Odetics, Inc. This DOE-DOD cooperative effort
will be continued in 1991 with a similar landfill
survey demonstration at the Idaho DOE complex,
where the major buried-waste remediation projects
are located.

The eight-wheeled all-terrain vehicle can be
driven by a human teleoperator seated at a remote
control console. The operator also can control the
vehicle’s high payload-to-weight ratio manipulator
arm developed through an Army Small Business
Innovative Research contract with Odetics, Inc. The
vehicle and all-onboard computer and electronic
systems are powered by a 15-horsepower diesel
engine.

For the ORNL demonstration, several
environmental sensors were mounted to the vehicle,
including a terrain conductivity meter for detecting
anomalous subsurface features, a gamma radiation
detector, and a gas analyzer/detector. ORNL
engineers modified the control system for the
vehicle steering and drive motors to permit the
vehicle to follow a predetermined survey path
autonomously when not controlled by the
teleoperator. Similarly, the manipulator arm controls
were modified to permit an autonomous sweep of
the arm during the survey.

As a result, the arm automatically swept the
gamma detector back and forth across the path of
the vehicle in a regulated motion and the vehicle
automatically drove across the survey area, turned
around, and returned in the opposite direction along
a parallel path separated by a distance specified by
the operator.

The Ultrasonic Ranging and Data System
(USRADS), developed at ORNL’s Instrumentation
and Controls (I&C) Division and marketed
commercially by the Chemrad Tennessee
Corporation of Oak Ridge, was used to determine
the precise position of the vehicle and to record
measurements every second from the three
environmental sensors. Data from these sensors
were mapped and analyzed to determine the
location, radioactivity levels, and other
characteristics of the underground trenches.

Although a more complete characterization would
be required before the radioactive wastes could be
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retrieved, the three sensors selected
demonstrated the feasibility of using a remotely
controlled robot to perform a remote survey.
Data generated from this survey demonstration
will be used to help determine the role of robotic
technology in providing accurate
characterization of waste sites—the first step in
developing safer, faster, and more cost-effective
methods for remediation of contaminated areas.
The team of ORNL researchers who
developed the instrumented mobile robot for the
remote survey includes Bill Hamel, Barry
Burks, Brad Richardson, Steve Killough, Dave
Thompson, John Jansen, Marion Dinkins, Gary
Armstrong, Mark Noakes, and Todd Appleton,
all of ORNL’s new Robotics and Process
Systems Division (formerly the Fuel Recycle
Division), and Mike Emery of the I&C Division.

A real-world test developed largely at ORNL
has been adopted by the U.S. Environmental
Protection Agency (EPA) as a standard
procedure for identifying leachable landfill
wastes that pose a toxic hazard.

The new procedure has been used at
Superfund sites—abandoned waste sites selected
by EPA for cleanup—to determine if the
removed material must be managed as
hazardous waste. The test is being used on the
Oak Ridge Reservation, one of 1200 Superfund
sites, to identify which of its 500 or more
hazardous waste sites have the potential to
release toxic materials to the environment.

The test, called the Toxicity Characteristic
Leaching Procedure (TCLP), replaces the
Extraction Procedure Toxicity Test, which was
used by EPA in the 1980s. Most of the
development work was done by Chet Francis of
ORNL'’s Environmental Sciences Division and
Mike Maskarinec of the Analytical Chemistry
Division.

Wastes buried in municipal landfills include
materials having organic constituents that can
break down and form carboxylic acids. These

acids, in combination with water flowing through
the landfill, have the potential to dissolve, or leach
out, many toxic metals and chemicals, including
herbicides, pesticides, and other waste
constituents, making them available for transport
into groundwater.

“The toxicity characteristic,” says Maskarinec,
“indicates how toxic a waste is by measuring the
potential for its toxic constituents to leach from
the waste and contaminate groundwater at levels
that may threaten human health and the
environment.”

Wastes already listed as “hazardous wastes” are
not affected by or subject to TCLP, unless they are
candidates for “delisting.” Wastes classified as
hazardous are so listed because of their known
hazardous characteristics, which include toxicity,
ignitability, corrosivity, and reactivity. Toxic
wastes in landfills must be managed in compliance
with the Resource Conservation and Recovery Act
to prevent damage to health and the environment.

The TCLP is more accurate and reliable than
the previously used procedure because it simulates
the actual leaching behavior of industrial wastes
under municipal landfill conditions and also
because it adds 25 organic constituents to the
toxicity list. In addition, the test determines
whether each constituent meets or exceeds
regulatory limits. Maskarinec and Francis
demonstrated several years ago that the TCLP
simulated disposal leaching conditions more
accurately than the previously used procedure.

“The promulgation of the new test,” said
Maskarinec, “greatly expands the universe of
hazardous wastes.”

When the U.S. space shuttle Discovery rocketed
into orbit on October 6, 1990, several ORNL
researchers once again realized that another piece
of their alloy had found its destiny in space.

One of the goals of the five-man Discovery
crew (including William M. Shepherd, a native of
Oak Ridge) was to release the space probe Ulysses
so that it could automatically rocket itself out of
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antibodies are special proteins that provide a
specific, sensitive method for detecting both a
resistance-related protein (P450-B1) and a
resistance-unrelated protein (P450-A1). The P450-
B 1-specific antibody has been used in collaborative
studies with researchers at other institutions to
show that related proteins exist in other resistant
insects, such as the Colorado potato beetle,
Southern army worm, tobacco budworm, and house
flies.

Using recombinant DNA techniques and the
antibodies as a specific selection system, the ORNL
group made copies of important segments of the
genes responsible for the production of the P450-
A1 and P450-B1 proteins. “The importance of the
P450-B1 cDNA clone,” says Waters, “is that it
provides a specific probe to study the organization
and the function of a gene responsible for
insecticide resistance.”

Recently, the ORNL researchers used the special
clone to show that the genes involved in making
one strain of fruit fly resistant to insecticides differs
in structure from the counterpart gene in fruit flies
susceptible to the insecticides.

“This is an important finding,” said Waters,
“because the scientific community has long thought
that gene amplification—the production of extra
copies of genes that code for the proteins that break
down insecticides—is responsible for insecticide
resistance. Our research results suggest that gene
rearrangement—a change in a gene’s structure that
promotes the production of large amounts of
insecticide-degrading proteins—may be the actual
mechanism for P450-dependent insect resistance to
toxic chemicals.”

The group is currently attempting to clone the
entire P450-B1 gene from both susceptible and
resistant flies. With these genomic clones, they can
determine the particular structural change that
accounts for the greater gene activity in resistant
flies.

“Because our antibodies cross-react with
proteins in other insects, they along with the cDNA
clones might be developed into diagnostic probes
that could be used to monitor developing resistance
in insects in the field,” Waters said. “Other, more
speculative uses of the DNA clones might be to
make resistant insects more susceptible by site-
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directed insertion of DNA fragments that would
inactivate the genes responsible for making insects
resistant. Another possibility is to transfer
resistance genes to beneficial but susceptible
insects, such as ladybugs, and make them more
resistant to insecticides and other toxic chemicals
in the environment.”

In August 1990 Waters presented the ORNL
research results at the International Congress of
Pesticide Chemistry in Hamburg, Germany. A
number of researchers from throughout the world
have requested ORNL’s antibodies and DNA
clones to use as probes in studies of the molecular
mechanisms of resistance in other insects.

Support for the ORNL research has come from
the Department of Energy and the Department of
Agriculture. Besides Waters, the researchers
included Lan-Yang Ch’ang and Steve Kennel, both
staff members of the Biology Division; Scott
Sundseth, a graduate of the University of
Tennessee—Oak Ridge School of Biomedical
Sciences; Andy Zelhof, an undergraduate student
at Bucknell University who was here for an Oak
Ridge Science and Engineering Research
Semester; Judy Moyer, a graduate student with the
UT-0Qak Ridge School of Biomedical Sciences;
and Wendy Tipton, an undergraduate student in
DOE’s Student Research Participation Program.

An improved technique for delivering anticancer
drugs to the lungs of mice has been developed by
researchers at the University of Tennessee at
Knoxville (UTK) and ORNL’s Biology Division.
Through further development, this drug delivery
system may be useful for treating human lung
cancer and other diseases.

Leaf Huang, a professor at UTK, Kazuo
Maruyama, a postdoctoral researcher who is now
working in Japan, and UTK graduate student
Atsuhide Mori have developed liposomes—empty
spheres made of fatty membranes—filled with
anticancer drugs. They coated the liposomes with
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monoclonal antibodies made by Steve Kennel of
ORNL’s Biology Division and injected them into
mice.

These ORNL monoclonal antibodies are
proteins that seek out and attach specifically to
endothelial cells, which line lung blood vessels.
By making composition changes, the researchers
at UTK designed the immunoliposomes to find
and cling to these same cells.

“QOur experiments with mice showed that our
immunoliposomes achieve a high level of lung
binding and retention,” said Huang. “We also
demonstrated that in mice with injected tumor
cells in their lungs, our immunoliposomes
destroyed the tumor cells located near the
endothelial cells. Of the mice injected with tumor
cells, those that received immunoliposome
treatment lived longer than those that did not.”

The research at UTK was funded by the
National Institutes of Health, and the ORNL
research was supported by DOE.

ORNL researchers have developed a method to
determine quickly if organic pollutants are present
in indoor and outdoor air. Simple variations of this
analytical technique can also rapidly identify and
quantify traces of pollutants in water and soil
samples and drugs in body fluids.

Marc Wise, Michelle Buchanan, and Mike
Guerin, all of ORNL’s Analytical Chemistry
Division, are developing new sample-handling
equipment and computer software for use with an
ion-trap mass spectrometer for direct air
monitoring. But they have recently found other
applications for this powerful and sensitive *“direct
sampling” method.

The ORNL researchers have used it to detect
trace amounts of the tobacco ingredient nicotine in
air. They have also used it to detect nicotine and
its major metabolites (products of body chemistry)
in the urine of active smokers. Nicotine and its
metabolites in body fluids are commonly used to
determine an individual’s exposure to tobacco
smoke.

The researchers believe that this analytical
method could be further developed to measure
nicotine and its metabolites in the urine of
nonsmokers who have been exposed to passive
smoke. Early ORNL experiments have also shown
the technology can rapidly detect trace levels of
commonly abused drugs in urine, including
cocaine and codeine, suggesting that the methods
could eventually be used in drug screening
programs.

The ORNL system has been used to detect and
identify airborne traces of organophosphonate
compounds, which simulate deadly nerve agents
and some types of pesticides. Additional
compounds in air and water that have been
detected directly by this technology include
benzene, toluene, and common chlorine-
containing solvents such as methylene chloride,
chloroform, and perchloroethylene. The ORNL
researchers also analyzed soil samples for fuel
spills and common volatile organic compounds
such as benzene.

“Our technology can be used to analyze samples
for the presence of targeted organic compounds
much faster than conventional methods using gas
chromatography,” says Wise. “In 2 or 3 minutes
we can analyze air, water, soil, or body fluids for
target substances at the part-per-billion level—for
example, 50 trillionths of a gram of nicotine in
1 microliter of urine. Since our methods offer
increased analytical speed compared with other
currently used techniques, a greater number of
samples can be analyzed in a day, decreasing the
cost per sample.”

Federal agencies that have provided funding or
shown considerable interest in the development of
the technology are the U.S. Army, Department of
Energy, the National Cancer Institute, the Food
and Drug Administration, and the Environmental
Protection Agency. ORNL’s initial work on the
project received support from the Army and
involved the development of an important part of
the ORNL system—the automated thermal
desorption sample-handling device—for
measuring airborne organophosphonates.

This thermal desorber allows air samples to be
collected remotely in a 7-cm-long glass tube
cont____g aresin. These traps can be brought into
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characteristic fragments. The number of ions
produced from a specific compound indicates the
compound’s concentration in a sample.

“The features of the ion-trap mass
spectrometer and the versatility of ORNL’s
sample-introduction devices,” said Wise, “make
possible the analysis of many types of samples
for targeted compounds without extensive sample
preparation or prior chromatographic separation.”

For analyses of samples having only a few
components, a conventional quadrupole mass
spectrometer can be used to identify and quantify
volatile organic compounds in air, water, and
soil.

Two ORNL researchers are developing a
sensitive, instrumental technique for determining
structural and chemical changes in the building
blocks of DNA. DNA is the blueprint for all life,
and any chemical modifications of its normal
structure can have adverse effects, often resulting
in mutations and cancer.

Bob Hettich and Michelle Buchanan, both of
ORNL’s Analytical Chemistry Division, are
developing laser desorption Fourier transform
mass spectrometry (FTMS) for characterizing the
structure of DNA modifications at the molecular
level. Because DNA is an extremely large
molecule, it must be cut into smaller fragments
(oligonucleotides) before being examined by
mass spectrometry.

The research is designed to determine the
structures of unknown modified DNA fragments,
called DNA adducts, using nanograms (billionths
of a gram) or less material.

DNA adducts are formed by the chemical
attachment of a foreign molecule to the DNA
molecule. In most cases, the foreign molecule
attaches to the DNA’s nucleic bases, altering the
normal hydrogen bonding between these building
blocks of the double helix structure. This change
in DNA structure interferes with the normal
duplication of genetic material, possibly leading
to cancer or mutations.

Bob Hettich points out a reading at ORNL'’s Fourier
transform mass spectrometer. Combined with laser
desorption, this technique permits the structures of
DNA modifications to be characterized at the
molecular level.

In collaboration with Sankar Mitra of ORNL'’s
Biology Division, the ORNL chemists have studied
alkyl DNA adducts. They have found that the laser
desorption FTMS technique could be used to detect,
identify, and determine the position of individual
methyl and ethyl adducts on DNA bases. This
detailed information is needed to determine
biological activity and ease of repair of each DNA
adduct.

Polycyclic aromatic hydrocarbon (PAH) adducts
have also been examined by the ORNL chemists.
This class includes compounds such as the benzo(a)
pyrene adduct of deoxyguanosine phosphate.
Benzo(a)pyrene, commonly found in tobacco
smoke and industrial emissions, is converted
biologically to the diol-epoxide, which reacts very
readily with DNA to form adducts. Other PAH-
DNA adducts, such as those formed with DNA and
para-aminobiphenyl, beta-aminonaphthalene, or
ortho-toluidine, were also studied at ORNL.

Negatively charged molecular ions of DNA
oligonucleotides are produced by bombarding the
solid DNA sample with light from a neodymium-
YAG laser. ORNL researchers have determined that
mixing the DNA samples with nicotinic acid prior
to laser ionization reduces fragmentation so that
molecular weights for large oligonucleotides can be
determined.

The molecular ions produced by this “soft
ionization” technique are then trapped in the FTMS
ion cell. Because the cell is surrounded by a
magnet, the ions are forced to move in defined
orbits and with a frequency of motion characteristic
of each type. Electronic detection of this ion motion
is used to identify the ions in the cell. Because the
ions can be trapped in the FTMS cell for several
seconds, their structures and properties can be
examined in detail with various ion manipulation
techniques.

ORNL researchers have developed a theory
explaining why the operation of a tokamak, a

Oak Ridge National Laboratory REVIEW







58

TECHNICAL HIGHLIGHTS

doughnut-shaped fusion device, can suddenly
improve.

Fusion is an attractive, clean source of energy
production because the fuel it uses will be
deuterium, an abundant hydrogen isotope
available in water. One way fusion energy is
produced is by fusing hydrogen nuclei together by
magnetically confining them in a tokamak’s
superhot, electrically charged, gas consisting of
hydrogen ions and electrons, called a plasma.
Fusion researchers believe that this heat-producing
method could lead to a practical, safe source of
electricity by the middle of the next century.

ORNL’s theoretical predictions have been
verified by experimental results at the CCT
tokamak at the University of California at Los
Angeles and at General Atomic’s DIII-D tokamak
in San Diego, California. A report on the theory
was published in the June 1990 issue of the
American Institute of Physics technical journal
Physics of Fluids B.

Fusion researchers have observed that a
tokamak plasma operating in a state known as the
“L,” or low, mode suddenly jumps to an improved

energy-confining state, called the “H,” or high,
mode.

John Sheffield, director of ORNL’s Fusion
Energy Division, says, “By understanding why a
tokamak shifts from the low mode to the high
mode, our theorists are able to predict conditions
under which an improved operating mode occurs.
This improvement could help the tokamak be a
reliable source of electricity someday.”

According to a theory proposed by K. C.
Shaing, Charles Crume, and Wayne Houlberg, all
of ORNL’s Fusion Energy Division, the normal
loss of energy confinement typical of the L mode
depends on the electric fields generated by the
charged particles in the plasma. The ORNL
theory suggests that the plasma can be put into the
high mode by manipulating electric fields—for
example, by removing ions from the plasma. If
the ORNL model is deemed correct, it should
influence the design and operation of the
International Thermonuclear Experimental
Reactor (ITER), a proposed fusion test device
supported by the European Community. Tanan,
the Soviet Union, and the United States
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laboratories to evaluate technologies for their
affordability, performance, and production
potential before major components are designed.
Another goal is to accelerate the transfer of optics
technologies for producing highly engineered
mirror surfaces to American industry. These
technologies also could be used for other optical
applications, such as producing baffles and
windows.

“The Optics MODIL program focuses on high-
risk, high-benefit programs in which private
industry might be reluctant to invest,” said William
R. Martin, project director. “But if the results of
the program are successful, industry could easily
incorporate these ‘leap-frog” technologies.”

According to Martin, researchers search globally
for technologies for precision engineering of
surfaces and advanced machine control, integrate
them into equipment in test facilities at the
MODIL, and evaluate them. Through cooperative
experiments, U.S. industry can work with the
equipment. “Precision machining techniques being
developed for the 21st century,” says Martin, “will
achieve a level as fine as a few layers of atoms.”

The program’s studies of methods for
fabricating precision optical components include
an evaluation of extremely accurate single-point
diamond machining—using gem-quality diamonds
to cut metal at the surface. Slight fluctuations in
temperature are among the many factors that can
adversely affect machining of these precise
components.

In two of the MODIL manufacturing cells in the
Productivity and Validation Test Bed (PVTB) at
ORNL, temperature profile is controlled through
double-walled plastic enclosures to within one-
tenth of a degree Fahrenheit using a room-within-
a-room concept. According to Arthur C. Miller,
manager of the PVTB, if the method can be
developed to achieve this level of temperature
control economically, then diamond-turning
technologies for metal cutting could be transferred
to small businesses.

Project managers from ORNL’s Engineering
Technology and Instrumentation and Controls
divisions and from the Development Division at
the Oak Ridge Y-12 Plant have been working with
industry since the MODIL was established in 1988

to reach a consensus on the best way to achieve
the goals. Representatives of private industry,
universities, and government are given the
opportunity to provide guidance and direction to
the Optics MODIL program through workshops
and industrial briefings.

On November 17, 1990, for the first time ever,
Energy Systems signed two licensing agreements
in one day and gave a single company the rights
to two different ORNL technologies.

Energy Systems agreed to license both
ORNL’s iron aluminide and nickel aluminide
technologies to Harrison Alloys, Inc., of New
Jersey. This marked the second time that ORNL’s
iron aluminide alloy technology, which received
an R&D 100 Award in September 1990, has been
licensed to a private company. This was the sixth
licensing agreement involving ORNL's nickel
aluminides.

Also on November 17, Harrison Alloys
expressed interest in locating some of its
company operations in the Oak Ridge area. The
company’s products include resistant heating
elements, wire for thermocouples, and spark plug
wires.

On November 1, Energy Systems’ first
licensing agreement involving ORNL’s iron
aluminides was signed with the Specialty Metals
Products Division of Ametek, Inc., of
Pennsylvania, which is interested in using iron
aluminides to make porous metal gas filters.
Harrison Alloys plans to use iron aluminides for
heating elements.

The ORNL-developed iron aluminide alloy
(Fe,Al), dubbed the “poor man’s stainless steel,”
is strong to 600°C , ductile, and resistant to
corrosion and oxidation at temperatures to at least
800°C. The material could be used in structural
components for highly corrosive environments,
such as those in advanced fossil-energy
conversion systems, chemical-production
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