








THE MATERIALS SCIENCE CENTER

Cornell’s Premier
Interdisciplinary Laboratory

“ .. scientists with
a strong disciplinary
base who are able

to communicate and
collaborate across
have become key

to progress in
materials research

and development.”

2 Cornell Engineering Quarterly

by John Silcox

roperties of materials limit the devel-

opment of advanced technologies.

This became obvious after the launch
of the first Sputniks in the late 1950s, when
the education of scientists capable of develop-
ing improved materials became a national pri-
ority. And because many advances in materi-
als require the participation of chemists,
physicists, materials scientists, electrical engi-
neers, and other specialists, ‘scientists with a
strong disciplinary base who are able to com-
municate and collaborate across disciplinary
boundaries have become key to progress in
materials research and development.

At Cornell, the Materials Science Center
was established in 1960 as one of a series of
tederally sponsored interdisciplinary labora-
tories devoted to the study of materials. These
laboratories were provided with the equipment
and staff needed for first-class research and
graduate education, and as a result, the host
universities were able to carry out the primary
function of training graduate students to par-
ticipate effectively in the interdisciplinary en-
vironment at leading industrial laboratories.

The Status of Materials Research

in the Nation and at Cornell

In the ensuing years, the priority given to the
education of materials scientists waned. For
example, nondefense federal funding declined
in real terms by 21 percent between 1976 and
1987, as documented in the report of a 1989
study carried out for the National Academy of
Sciences by Praveen Chaudhuri of IBM Cor-
poration and Merton C. Fleming of the Mas-
sachusetts Institute of Technology!'.

This report also documents the outstand-
ing successes of research in extending desir-
able properties of materials. For example,
strength-to-density ratios have improved by a

'Materials Science and Engineering for the 1990s:
Maintaining Competitiveness in the Age of Materials.
Wiashington, D.C.: Natdonal Academy Press, 1989.

factor of fifty; the operating temperatures of
engines have climbed from the 100°C of early
steam engines to well over 1200°C for the
modern turbojet; the speed of cutting tools
has climbed from 10 meters per minute for
plain carbon steel to 1,000 meters per minute
for diamond-tipped tools; and the magnetc
strength of permanent-magnet materials has
increased one-hundred-fold. More familiar ex-
amples include the relentless shrinkage in the
size of electronic components on semiconduc-
tor chips, and the development of high optical
transparency in optical fibers for communica-
tion systems.

At the heart of these developments, the
study indicates, is a deepening understanding
of materials—an understanding that provides
a basis for achieving tighter and tighter control
of properties under performance conditions.
Intellectual triumphs such as the discovery of
the quantum Hall effect, the development of
scanning tunneling microscopy and electron
microscopy, and the development of new high-
temperature superconductors were recognized
with Nobel prizes in 1985, 1986, and 1987.
Such discoveries fuel further advances in the
control of materials properties. The reportalso
points out that the development of materials
has a significant impact on a number of indus-
tries important to overall economic health and
United States competitiveness.

In the wake of this study, interest in mate-
rials is again reviving on the national scene.
"The Federal Coordinating Council for Science,
Engineering and Technology (FCCSET) is
responsible for establishing federal policies for
the development of coherent scientific pro-
grams where the need is judged appropriate.
Should there be any in materials? If so, what
form should they take? Much advice is being
sought and given, and senior officials, includ-
ing the president’s science adviser, Allan T.
Bromley, are reviewing the situation. A final
resolution appears unlikely, however, until the
1993 federal budget becomes public. Never-



theless, the high level of interest and concern
attests to the significance that materials re-
search has for the scientific and technological
enterprise and shows why the Cornell Mate-
rials Science Center (MSC) has flourished as
an interdisciplinary unit since 1960.
Through the Division of Materials Re-
search, the National Science Foundation
(NSF) currently provides the Cornell center
just under $5 million annually (contingent on
the results of three-year competitive renewal
proposals and site visits). Roughly one-third
of these funds goes to support a system of cen-
tral facilities and the remainder is intended to
support faculty research in ways that comple-
ment the normal single-investigator mecha-
nisms by providing funding for projects that
fit into a broader pattern. Interactive group
research that tackles problems requiring a mix
of skills and expertse is encouraged. Of course,
strong individual investigator programs pro-
vide the necessary base for such research.

How the Materials Science Center

at Cornell Operates

This issue of Cornell Engineering Quarterly pro-
vides a picture of how MSC operates. Key fea-
tures are the provision of well-equipped and
well-staffed specialized laboratories, and an
organizational structure that promotes the
development and carrying out of cooperative
and collaboratve projects.

How the program of an individual faculty
member can fit into a pattern providing a
coherent thrust in an important area of mate-
rials science is seen in the article by Edward
Kramer, who discusses the MSC study group
in polymer research. The encouragement and
sponsorship of study groups is one of the
effective strategies of the MSC.

An alternative approach is the provision of
“seed” funding to get a promising research
project started. Such funding enabled Chem-
istry Professor James M. Burlitch to invent
methods for preparing silicate ceramics, and
as the article by Electrical Engineering Pro-
fessor Clifford Pollock shows, this is now de-
veloping into a coherent program involving
groups in several fields. One of these groups is
headed by Riidiger Dieckmann, a professor in
the Department of Materials Science and En-
gineering; he and his associate Roland Geray

describe their contribution to the research
effort in another article in this issue.

An article by Jean Lee provides a graduate
student’s view of how the infrastructure pro-
vided by the central facility works for those in
the front line. Articles describing the facility
system are also included.

Decisions on MSC policy questions and on
annual allocations of resources to research
projects are handled by an executive commit-
tee that includes six elected faculty members,
all active in research. Chosen by college or
departmental constituencies rather than by
study groups, these faculty members provide
a perspective across a broad range of science.
This provides a collective responsibility that
is independent of the study groups and it fa-
cilitates the adoption of new directions and
thrusts. Department heads and directors of the
relevant national centers at Cornell also at-
tend the committee meetings, but do notvote.

The Growing Importance
of Computational Tools
The recent advances and future promise of
computational materials science are of special
note. With the great increases in computa-
tional speed and memory that have occurred
over the past two decades and are expected to
continue, the customized design of materials
(see Business Week, July 29, 1991) may be near-
ing reality. Solid-state physicists have been
demonstrating a masterful understanding of
perfect-crystal properties for many years. Real
materials, used in practical devices, often con-
tain defects, such as dislocations, grain bound-
aries, and interfaces that must be considered
and sometimes even specifically exploited.
Computers are beginning to have enough
power to cope with such complications, and
suitable software is being developed. Relation-
ships between elastic properties as calculated
by specialists in theoretical mechanics may
soon be related to the bonding properties of
interfaces as observed by electron microsco-
pists, measured by x-ray diffractionists, and cal-
culated by theoretical solid-state physicists.
At Cornell, computer-intensive research is
aided by easy access to supercomputing facili-
ties provided through the Cornell Theory
Center. It seems likely to become an increas-
ingly important aspect of MSC activity.

“Key features are

the provision

of well-equipped
and well-staffed

specialized
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Facility

THE MSC CENTRAL FACILITIES

Manager

Faculty Adviser

Services and/or Equipment

Electron Microscopy
(see page 9)

X-Ray
(see page 13)

Technical Operations

(see page 17)

Materials Preparation

Metallography

Multiuser Computing

Electronics

Liquid Helium

Robert Keyse

Maura S. Weathers

Gerhard Schmidt

Bernard Addis

Margaret Rich

Richard Cochran

Donald Knettles

Russell Boettcher

Stephen Sass

William Bassett

Robert Buhrman

Riidiger Dieckmann

David Grubb

Carl Franck
Michael Thompson

Robert Cotts

Robert Richardson

High-resolution electron microscopes. Electron
microprobes. Equipment for specimen
preparation.

Diffractometers, high-temperature stage. Pole
figure device. Real-dme Laue. Various cameras.

Synthesis and fabrication, including crystal
growth and vapor deposition. Characterization
of samples by techniques including x-ray
spectroscopy and scanning electron microscopy.
Sample reatment such as polishing and
machining, and brazing, annealing, and
sintering under controlled conditions.

Ceramic crystal preparation and characteriza-
ton. Ceramic hot pressing. Metals: crystal
growth, casting, purification, heat treatment
(tool steels). Thin-film deposition and
characterization. Electro-polishing, electro-
deposition. Thermal treaunent of plastics.
Mechanical testing for tensile and compressive
strength. Cyclic or programmed testing.

Specimen preparation: cutting fragile crystals,
mounting, grinding, polishing. Microscopy.

A minicomputer-based system for data acquisi-
tion, storage and analysis, and theory modeling.
Image processing. Data output facilities,
including color plotters. Networks. Media
conversion. Software development.

Maintenance, repair, and construction of
electronics systems and components.
Calibration and standardization.

QGas recovery, purification, and distribution.
Servicing and maintenance of equipment.

Notes:

There are two computing facilities—one in Clark Hall, convenient for physicists and chemists, and one in Bard Hall, convenient for
people associated with engineering.

Professors Franck, Cotts, and Richardson are from the Deparment of Physics and the Laboratory of Solid State Physics (of which
Richardson is director). Professor Buhrman is director of the School of Applied and Engineering Physics. Professors Sass, Dieckmann,
Grubb, and Thompson are from the Department of Materials Science and Engineering. Professor Bassett is a member of the
Department of Geological Sciences.

Detailed information about each facility is available in the annual technical report of the MSC. inquiries may be directed to the MSC

office (607/255-4272).
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The Electron Microscopy Facility

astyear nearly two hundred research-

erscame to the Electron Microscopy

Facility in Bard Hall to study prob-
lems in materials science. They obtained
images or analyses of such small features as
the interfaces between ceramics and metals,
defects in semiconductors, and the microstruc-
ture and composition of new types of poly-
mers and composites. These users were mem-
bers of some fifty-six research groups from
eleven departments at Cornell, and six groups
from other universities.

The facility provides critical support to two
Materials Science Center (MSC) study
groups—in ceramics and in polymers—that
include faculty members in both the College
of Engineering and the College of Arts and
Sciences. Support is also provided to research
groups involved in three university-industry
cooperative programs: on microscience and
technology (sponsored by the Semiconduc-
tor Research Corporation), on electronic pack-
aging, and on high-temperature superconduc-
tors (sponsored by DARPA). Education is also
an important part of the facility’s function;
graduate students receive training in the basic
techniques of practical electron microscopy
and microanalysis.

The instrumentation includes a variety of
transmission and scanning electron micro-
scopes, specimen-preparation equipment, and
sample-coating facilities. The records for1990
show 6,665 hours of instrument use, involv-
ing more than 19,000 pieces of film and 7,600
Polaroid photographs. Also, 6,424 hours of
ion-beam milling were clocked up, and more
than 3,000 specimens were coated to prevent
“charging-up” problems. Imaging accounts
for over two-thirds of the time booked, and
microanalysis for the rest.

The Facility’s Transmission and
Scanning Electron Microscopes
Transmission electron microscopes (TEMs)
are analogs of projection optical microscopes,
except that instead of light, they use electrons
emitted in vacuum from a high-voltage source.
Fundamental differences arise from the relativ-
istic and quantum mechanical properties of elec-
trons at moderately high energies, and from
their electromagnetic interactions with matter.

Imaging TEMs use shaped magnetic fields
as condenser lenses to “illuminate” the sample,
and as an objective lens. The sample, which is
typically 3 millimeters in diameter and about
one ten-thousandth of a millimeter thick, ac-
tually sits inside the objective lens. This lens
effectively performs successive Fourier trans-
forms on the electron wavefunction emerging
from the sample, to form a scattering (or dif-
fraction) pattern in the focal plane and, finally,
a reconstructed image. Subsequently, projector
lenses build up the image magnification in a
similar way, to a maximum value of over a
million times the actual size of the object.

The imaging TEMs now available are a
120,000 volt (120 kV) instrument and a 400
kV high-resolution model. The best point-
to-point resolution currently attainable is
around the size of a platinum ion: 0.16 nano-
meter (nm), which is 1.6 angstroms A)or 1.6
x 10" meter. Typically, people use our imag-
ing microscopes to look at structural defects
such as dislocations, voids, grain boundaries,
and various types of interfaces. Only occa-
sionally is there a need for atomic resolution
(available on the high-resolution TEM) and
then we attempt to image the projected po-
tendal of atom columns.

Scanning electron microscopes (SEMs) use
an electron beam magnetically focused into a
small probe that moves across the surface of a
specimen and forms a TV-like image (using
signals from detected secondary electrons or
backscattered electrons). Our facility has a
high-resolution SEM.

“_.. instead of light,

[transmission

electron microscopes|

use electrons

emitted m vacuum

from a high-voltage

source.”
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“Microanalysis

can be carried out
by detecting
x-rays— either
energy-dispersed or
wavelength-
dispersed—that are
ernitted as a vesult
of the strong
interaction between
the incident electrons

and the specimen.”

12 Cornell Engineering Quarterly

The Electron Microprobe and

Other Microanalysis Equipment
Microanalysis can be carried out by detecting
x-rays—either energy-dispersed or wave-
length-dispersed—that are emitted as a result
of the strong interaction between the incident
electrons and the specimen. This method has
several advantages over other microanalytical
techniques such as x-ray diffraction and
Rutherford backscattering. The chemistry of
small-scale regions below the spatial resolu-
tion of these other techniques can be deter-
mined with accuracy and efficiency.

Our microprobe (a 733 superprobe) can
yield a chemical sensitivity of less than one
part per thousand from a volume that mea-
sures about one ten-thousandth of a millime-
ter on a side. (The STEM can get 1 percent
accuracy on a scale one hundred times smaller.)
The microprobe features powerful computer
automation for efficient data collection and
quantification. It is used by many groups out-
side as well as within the materials science
community.

Other microanalytical techniques that are
available include small-area diffraction (either
convergent-beam diffracton or microdiffrac-
tion), electron energy loss spectroscopy, and
cathodoluminescence.

Preparation of Specimens

for Electron Microscopy

Specimen preparation is a very important part
of electron microscopy, especially for the TEM
user, who needs a very thin sample. (A discus-
sion of this from the user’s point of view is
included in the article, in this issue, by Jean
Lee.) At the Electron Microscopy and Micro-
analysis Facility there is equipment for chemni-
cal thinning and mechanical dimpling (fine
grinding), and there are many argon-ion mill-
ing machines.

The ion milling capability will be improved
shordy with the installation of a system with a
focused (scanning) ion beam that will allow a
precise definition of which part of a sample is
being thinned. This system will also have the
advantage of allowing secondary electron im-
aging of the part being milled, and direct trans-
fer between the ion mill and the TEM so that
the often mechanically sensitive thin speci-
men does not have to be disturbed.

Electron microscope images are sensitive

to local charging of the sample (resulting from
secondary electron emission), and images show
this effect as a distortion; coating the sample
with a conducting layer of carbon can over-
come this problem. Also, the signal can be
improved by adding a light coating of a heavy-
metal alloy such as gold-palladium. Equip-
ment for vacuum coating both SEM and TEM
samples is available at the facility.

Handling Image Data Obtained

in the Microscopy Facility

Large quantities of image data—more than
100 giga-bytes per year in photographs—are
gathered by users of the facility, and some of
this is digitized for further analysis,

One microscope can be connected to the
MSC Mulduser Computing Facility, viaa TV
camera and frame store, for on-line image
processing (under SEMPERG) and compari-
son to simulated images (using TEMPAS).
Videotaping dynamic events for later analysis
can be done with use of a professional-quality
VCR. The SEM and the microprobe have
their own digital image acquisition capability,
with software for particle sizing and image
processing.

Electron Microscopy and Microanalysis:
Indispensable for Materials Scientists
When it was established in 1965, the stated
purpose of the facility was “to fulfill the elec-
tron microscopy needs of the materials re-
search community at Cornell”. As these needs
have changed and expanded, the facility has
kept step. We anticipate further growth within
such areas as high-spatial-resolution micro-
analysis, scanning electron microscopy under
controlled environments, and advanced image
processing. The Electron Microscopy Facility
will continue to provide a service that has
become indispensable.—Robert Keyse

Robert Keyse, manager of the Materials Science
Center’s Electron Microscopy Facility, earned a
doctorate in physics at Sussex University, England,
in 1982. Before coming to Cornell in August 1990,
be served as a research fellow in electron micros-
copy at Leeds University and spent six years at
Vacuum Generators’ Microscopes Company, work-
ing mostly on instrument design and development
of field-emission scanning transmission electron
microscopes.



The X-Ray Facility

ooperative effort—the hallmark of

Cornell’s Materials Science Cen-

ter—turned a little-used, aging
x-ray facility into a well equipped and well
staffed laboratory serving hundreds of users
every year.

It was in 1987 that the MSC X-Ray Facil-
ity was moved from Bard Hall to two new
laboratories in Snee Hall, the recently built
home of the Department of Geological Sci-
ences. Revitalization of the facility was a joint
project of the department, which provides the
space, and the MSC, which supports its
operation.

At the time the facility was moved, it in-
cluded several generators and a diffractometer
purchased in the 1960s; the newest piece of
equipment had been acquired in 1970. Only
the most basic types of analysis could be done.

Rebuilding began with the purchase of two
new, automated diffractometers from Scintag,
Inc. One is a so-called theta-theta diffracto-
meter that has a convenient geometry and an
attached chamber capable of maintaining
samples at temperatures as high as 2500°C.
The other new apparatus is a pole-figure
goniometer, which is used for determining
the preferred orientation of crystals in poly-
crystalline samples. Subsequently, attachments
for thin-film analysis were added to these two
units, and a computer to operate the equip-
ment was purchased. Most recently, a Philips
high-resolution diffractometer was installed.

Use of the facility has grown enormously.
Last year more than one hundred researchers
from some thirty groups on campus analyzed
samples in the laboratory. X-ray analysis is an
important aspect of many research projects in
the Departments of Materials Science and
Engineering, Chemistry, Physics, Geological
Sciences, and others. And in addition to those
from Cornell, researchers from other univer-
sities and from industry came to use the facility.

In simple terms, any crystalline material
that is zapped by an x-ray beam will produce a

pattern that is characteristic of that particular
material. The patterns produced by the dif-
fracted x-ray beam can be spots, or lines on a
film, or peaks on a scan (see Figure 1). Be-
cause each material has a unique diffraction
pattern, x-ray techniques can be used to iden-
tify unknown samples. Also, informaton can
be obtained about such properties as crystal-
linity, composition, uniformity, stress, and pre-
terred orientation.

Identifying Unknown Materials

with the Theta-Theta Diffractometer
The new theta-theta unit is designed prima-
rily to identify and characterize unknown
materials by a rapid, nondestructve method
of analysis. The samples analyzed in our labo-
ratory include metals fabricated in the MSC
Materials Preparation Facility and ceramics
fabricated in the Department of Chemistry;
and they include archeological artifacts col-
lected in Greece and rock samples collected
from all parts of the world.

This equipment has a number of features
that make it convenient and adaptable for use
with the wide range of projects the users are
working on.

For many years the standard design of
x-ray diffractometers included a fixed beamn
and two parts that moved synchronously—
the sample holder, in which the specimen was
mounted vertically, and the x-ray detector. Our
new theta-theta diffractometer has a much
more convenient geometry—the x-ray beam
and the detector both move along the theta
arcand the sample, mounted horizontally, stays
put. This has proven to be a very popular
feature.

Another improvement that was incorpo-
rated into our theta-theta unit is a solid-state
intrinsic germanium detector. This vastly im-
proves the signal-to-noise ratio, as compared
with the more usual scintillation counter,
monochromator, and filter.

“Use of the facility
has grown

year move than one

bhundred researchers

from some thirty
groups on campus

analyzed samples in

the labovatory.”
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ADVENTURES WITH FORSTERITE

“I tell callers that
curvently there is
70 broadly tunable
laser suitable for
probing fiber-optic
devices at 1.3 Lim,
but that soon there

may be.”

24 Cornell Engineering Quarterly

by Clifford Pollock

often get phone calls from people looking

for lasers that operate over certain wave-

length regions. Over the past five years,
the most common request has been for a tun-
able source in the near-infrared region around
1.3 micrometers (um). This is the wavelength
at which distortion is lowest for many optical
fibers used in data transmission. Researchers
want a smoothly tunable, continuous-wave
source in order to characterize the perfor-
mance of fiber-optic devices or systems that
operate in this vicinity. Lasers are particularly
well suited for probing fiber-optic devices be-
cause they have a well defined beam that can
be efficiently focused to small dimensions, and
the wavelength of the light is essendally mono-
chromatic.

I tell callers that currently there is no
broadly tunable laser suitable for probing fiber-
optic devices at 1.3 um, but that soon there
may be. My research group in electrical engi-
neering and several groups in other fields at
Cornell have combined efforts to develop suit-
able materials for lasers in the 1.3-um wave-
length region, and we are well on the way to
achieving exciting results. Indeed, we have
come to regard the course of our research as
an adventure.

Tunable Lasers

and How They Work

The effect that leads to the generadon of
monochromatic light by a laser is stimulated
emission. When certain atoms or molecules
are excited by photons of a particular fre-
quency, they emit photons that are identical
in frequency and phase to the incident pho-
tons. If this process can be repeated many
tmes, as by trapping the photons between
two mirrors, then the intensity of the radia-
ton can build up and monochromatic light
can be generated.

The lasers we build are fairly simple. The
schematic in Figure 1 shows the essential parts:
the solid-state lasing material, called the gain
medium; a pump beam, supplying the energy
to the gain medium; a pair of lenses to focus
the radiation; a pair of mirrors to reflect light
back and forth through the gain medium; and
a prism to disperse the emitted light, allowing
the laser to be tuned to a particular wave-
length. The gain medium is the heart of the
laser, as it generates and amplifies laser light
of the desired wavelength. It also determines
key characteristics of the laser, such as its power
and tuning range. Developing good gain me-
dia is the focus of my group’s research.

Finding a Material

That Lases in the Needed Range

‘The spectral range that is appropriate for work
in optical instrumentation (1.3 pm) has not
been easily accessible for tunable lasers. For
wavelengths greater than 1.45 um, there are
color-center lasers, which span wavelengths
all the way from 1.45 to 3.9 pm, with continu-
ous-wave output power and smooth tuning.
For wavelengths shorter than 1.1 um, there
are a number of systems, including the dye
laser and a more recently developed solid-
state laser based on titanium-doped sapphire,
which can produce useful power over a range
that is tunable from 700 to 1,100 nanometers
(nm). But in the spectral range between 1.1
and 1.4 pm, there are presently no powerful
continuous-wave sources. Developing a tun-
able laser for this spectral window has chal-
lenged my research group for several years.
We are expert with color-center lasers that
use alkali-halide crystals (see “Tunable Infra-
red Lasers Based on Color Centers,” Engi-
neering: Cornell Quarterly, 19:12-17, Summer
1984), so we explored many color-center sys-
tems that might lead to a tunable source around
1.3 pum. But for one reason or another, these
systems have not worked out. At one point,
one of my graduate students thought he might






“So just when 1
began to get
interested in
forsterite, I found
meyself surrounded
with experts who
could synthesize it
in an extvernely
pure form, process it
in thin films, and
perbaps grow it in
single crystals.

Al T bad to do was
get busy and make

some lasers.”

26 Cornell Engineering Quarterly

Meanwhile, Ober was developing a new
means of synthesizing forsterite through ther-
mal and chemical processing of polymers.
Using Mg and Si derivatives of methacrylate
monomers, he was able to create a film of
polymer and convert it into a polycrystalline
film of forsterite. The advantage of this tech-
nique is that the thin films can be lithographi-
cally processed to make optical waveguides
and other integrated optical devices.

A further development was that Dieckmann
had set up a new image furnace capable of
growing single crystals of forsterite from the
powder produced by Burlitch (see the artcle
beginning on page 19). Such crystals would
be needed for any realistic laser research.

So just when I began to get interested in
forsterite, I found myself surrounded with ex-
perts who could synthesize it in an extremely
pure form, process it in thin films, and per-
haps grow it in single crystals. All I had to do

was get busy and make some lasers.

Early Results with Forsterite

As a Gain Medium

This brings us up to the present. My students
have installed a forsterite crystal in one of our
lasers, and found that it is tunable from 1.2 to
1.32 um—very close to the desired range—
with almost two watts of output power in a
continuous wave. A plot of output power as a
function of wavelength (Figure 2) shows that
forsterite is already a powerful laser that should
satisfy many of the users who call me with
requests.

We think, however, that we can make this
laser even better. The crystal we are now us-
ing displays a lot of unwanted absorption, es-
pecially at the longer wavelengths. This ab-
sorption increases the overall loss of laser light
in the optical cavity (the zone between the
two mirrors), reducing power, efficiency, and
tuning range. We suspect that the tuning range
for an optimized crystal could extend up to
1.4 pm, and the overall power output could
nearly double. While few people need four
watts of power, improved efficiency would
mean that less pump power would be needed
to achieve current levels of performance.

The undesirable absorption results, we
believe, from Cr ions that are in the wrong
location in the crystal (see Figure 3). Cr ions
that are added to the materials to make the
crystal laser-active can incorporate themselves
into the lattice in several locations: some go in
as Cr’, subsututing for Mg ions; some go in
as Cr*, also at the Mg** sites; and some can go
in as Cr* at the Si* sites. The sites and charge
states that the ions eventually choose depend
on the growth conditions and on other impu-
rities in the crystal. For example, to get Cr*
ions at an Mg site, some charge compensa-
tion is needed elsewhere in the structure,
through a suitable impurity. The formation of
Cr?* can be inhibited with a proper oxygen
atmosphere during the growth of the crystal.

Our effort to create crystals of the best
optical quality is a major challenge. It requires
close collaboration involving optical charac-
terization by my group, crystal-growth opti-
mization by Dieckmann’s group, and adjust-
ment of precursor composition by Burlitch%
group. The identity of the laser-active Cr ion
is not yet well established, although the con-
sensus is that a Cr* ion located at a tetrahe-
dral site is responsible for the laser action. We
hope to confirm this through optdeal spec-
troscopy in my laboratory, electrical conduc-
tivity measurements in Dieckmann’s labora-
tory, and high-frequency electron spin
resonance (ESR) studies by Jack Freed in the
Department of Chemistry. If Cr* is the de-
sired dopant, then Crions at other sites and in
other charge states represent, at best, unused
Cr, and at worst, unnecessary absorption losses.
Much of the loss in our laser, we believe, is
due to excess Cr’*. If this can be eliminated
through careful synthesis and growth, laser
performance should improve dramatically.

Recently, Burlitch and his graduate stu-
dent Dong Gon Park prepared pure Cr-doped
forsterite from a magnesium silicate sol and a
chromium salt, and from the resulting micro-
crystalline powder, Dieckmann is growing a
single crystal in a new arc-image furnace (see
page 19). This ability to synthesize and grow
our own material makes possible a wide range
of experiments. For example, if thin films of
single-crystal forsterite can be grown on a
substrate, integrated optical circuits based on
tunable sources could be constructed. Such
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and the resulting vapor redeposits epitaxially
on a single-crystal substrate.

Ober is exploring the creation of forsterite
from polymers. Putting a thin film of organic
polymer down on a substrate is fairly routine;
the difficult part s to process that thin film so
as to transform it into the desired material. In
view of Ober’s success in converting thin-film
organometallic polymers to forsterite through
controlled thermal and chemical processing,
it appears that it may be possible to process a
thin film of polymer lithographically, creating
the outline of an optical structure, and then
convert the remaining film into active forster-
ite. By processing large areas, laser arrays and
signal-processing optics could be made.

A litde farther in the future are possibili-
tes that might be called “materials engineer-
ing.” For example, one could replace the chro-
mium impurity with vanadium. Vanadium ions
are laser-active in certain crystals, and these
or other metallic impurities might produce
gain media that would operate at different
wavelengths. Or the crystal structure might
be modified slightly by changing the atomic
constituents. For example, instead of growing
Mg,SiO,, one might be able to find a way to
substitute germanium for silicon, forming
Mg,GeO,. Electronically, the crystal would
be identical to forsterite, but the mass of cer-
tain ions would change and this would have a
slight effect on the crystal field splitting that
determines the laser emission lines of the chro-
mium dopant—we might be able to shift the
operating wavelength of the laser to new re-
gions. Such an ability only arises when the
synthesis, growth, and evaluation processes
are closely linked.

Figure 3. “Ball and stick” diagram
of the forsterite lattice, showing
the location of Si, Mg, and O
atoms. Added Cr ions can
substitute into the lattice at
either a Mg or a Si site.
According to Pollock, which site
is best is a mystery still to be
solved, and once that is figured
out, the Cr has to be convinced
to go there.
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POLYMERS

AND POLYMER COMPOSITES:
A Study Group of the Materials Science Center

he development of polymers and

polymer-based materials over the

last fifty years has affected practi-
cally every branch of technology. Once
thought of as “low-tech” or “cheap” substi-
tutes for traditional materials such as me-
tallic alloys or soda-lime glasses, polymers
and polymer composites have been devel-
oped to the point where they can be tai-
lored for a variety of demanding applica-
tions. They are used extensively in medicine;
for example, devices such as heart-assist
pumps that come into contact with blood
are made of polymer because parts are easy
to fabricate and surfaces can be made
nonthrombogenic. Polymers can be made
into precise thin films for use as photo-
resists or interlayer dielectrics in the manu-
facture of electronic components. High-
modulus polymer fibers are used for
applications as diverse as airframes and
bullet-proof vests (some fibers have an elas-
tic stiffness per unit weight that is eight
times that of steel).

At universities, though, progress in poly-
mer science may be impeded by depart-
mental organization. Often people who
ought to be working together are separated.
For example, the skills in synthetic chemis-
try that are needed to make polymer mol-
ecules for a particular application may be
found in one department, while the facili-
ties to characterize the important proper-
ties of these polymers may be housed in
another department, and faculty members
interested in the theoretical underpinnings
of the field may be in a third. The study of
polymers is thus a natural area for interdis-
ciplinary research, and here at Cornell the
Materials Science Center (MSC) plays a

vital role in encouraging such research.

by Edward J. Kramer

Polymer Research

in the Materials Science Center

The MSC fosters the formation of inter-
disciplinary groups that can work together
to take advantage of new techniques, new
faculty expertise, and new theoretical in-
sights. When the Polymers and Polymer
Composites Study Group was formed in
the fall of 1989, an important motive was to
forge stronger links between faculty groups
that were working on the characterization
of polymers, and those that were synthesiz-
ing them. This formal study group has
succeeded in strengthening collaborative
research efforts that were already under-
way, and it will enhance Cornell’s ability to
capitalize on the burgeoning capability for
the synthesis of novel organic and inorganic
polymers.

The group consists of faculty members
from six schools and departments; five mem-
bers are principally involved in synthesis,
nine in characterization, and four in theory
(see Figure 1). Research being carried out
within the study group comprises projects
in three principal areas—polymer interfaces
and films, nanoscale polymer composites,
and polymer dynamics.

Funding for the research comes from
three sources in addition to the Materials
Science Center itself. One source is grants
and contracts that are applied for indepen-
dently by members of the study group. (Not
surprisingly, many of these involve collabo-
rations between two or more members.)
Another funding source is the MSC-spon-
sored Polymer Outreach Program, under
which corporations fund graduate-student
traineeships and send their own scientists
to collaborate in the research. Also, there is
a grant from the Department of Education
for graduate fellowships in the area of poly-
mers—a grant that was awarded to mem-
bers of the study group under the National
Need Fellowships Program.

“... interdisciplinary

groups. . . can work

together to take
advantage of new

technigues, new

faculty expertise,

and new theovetical

msights.”
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block A

polystyrene
(dPS)

A copolymer B

block B

polyvinylpyridine
(PVP)

One Group Project:

Interfaces in Polymer Blends

One project that exemplifies the collaborative
research conducted by members of the Poly-
mers and Polymer Composites Study Group
is concerned with interfaces in two-phase poly-
mer mixtures or blends. This work involves
several faculty members and their graduate
students.

Polymer mixtures can possess some very
attractive properties. For example, adding
poly(styrene-acrylonitrile) and butadiene rub-
ber to polycarbonate, an expensive polymer,
reduces the cost and improves the ease of pro-
cessing. Effective recycling of plastics also
demands that we develop strategies for
remelting and reusing polymers—strategies
that naturally depend on mixing different poly-
mers together.

Chemically different polymers are almost
always immiscible, however, even when

melted. They can only be combined so that
one polymer forms droplets in the other by
mechanical mixing, in much the same way
that oil and water mix when they are rapidly
stirred. The interface between the polymer
phases has a large interfacial tension, which
leads to the formation of large droplets of the
component polymers after melt processing.
(Figure 2 shows a typical two-phase micro-
structure.) The interfaces are weak, making
the entire structure subject to brittle fracture.

The addition of a small amount of a block
copolymer, which consists of a block of poly-
mer A joined covalently to a block of polymer
B (see Figure 3), is effective in solving this
problem. It works in two ways: The block
copolymer segregates to the interface between
the polymer phases and orients itself with the
A block on the A side of the interface and the
B block on the B side, acting like a surfactant
to lower the interfacial tension. In addition, if

Figure 3. A diblock copolymer,
consisting of a block of polymer
A joined covalently to a block
of polymer B. This structure,
which resembles a string of
beads, is shown schematically
for the dPS-PVP block
copolymers discussed in the
text. Deuterium atoms (D) in
the dPS block act as labels,
making it possible to measure
the amount of block copolymer
at an interface before fracture,
as well as how the block
copolymer behaves during
fracture.
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MODULAR PROGRAMS
FOR PHYSICAL RESEARCH

“Available computers
can generate
AMAZINgG 1Movies;

the bottleneck is in
writing appropriate
software.”

36 Cornell Engineering Quarterly

by James P. Sethna

eady-to-use computer software has

revolutionized bookkeeping and pub-

lishing, but has had much less impact
on scientific research.

The available options for graphics—pack-
ages to visually display the results of compu-
tadon—simply do not satisfy the needs of
people working at the leading edge of research
in the physical sciences. One can find pack-
ages to make two-dimensional x-y plots,
packages for image analysis that will make a
Fourier transform from a picture of an oran-
gutan, and ray-tracing packages that are good
for drawing teapots. Such software can be used
in the presentation of final results, but it has
little value as an aid to research. Physicists
need visual feedback that is more sophisti-
cated than the bar charts and graphs used in
business. They do not need realistic images;
cartoons of their results are quite adequate.
But they do want to animate their results—
adding the extra dimension of time.

Akey deficiency of currently available soft-
ware packages is their lack of flexibility.
Research is, by nature, exploratory. When sci-
entists enter unknown territory, unforeseen
numerical and graphical problems arise
constantly, and researchers must have broad
control of their working environment. Also,
performance standards are continually advanc-
ing, and it is often necessary to tinker with
algorithms and graphics hardware.

In addition to being flexible, software
should be efficient to work with. Researchers
in the physical sciences have spent years indi-
vidually writing routines in PostScript®, cap-
turing interrupts and mouse input, and con-
trolling the screen on a pixel level. The
edit-compile-run-edit cycle that is needed to
explore complex simulations and physical phe-
nomeria without interactive control is ardu-
ous and time-consuming. Software modules
with interactive control, which is the hall-
mark of commercial packages, could greatly
facilitate this work. Available computers can

generate amazing movies; the bottleneck is in
writing appropriate software.

"To meet this need, my students and I have
been attempting to write a series of modular
programs for graphics and numerical analysis
that can be used to expedite research in the
physical sciences. Our programs are run di-
recty from the Unix shell, and are intended as
graphical extensions of Unix. They are writ-
ten using X-windows, a user interface
analogous to Microsoft Windows®, that has
become, in the last few years, the official stan-
dard of the workstation market. This software
development is Cornell’s part of an exchange
agreement with IBM. Comnell has received, as
IBM’ contributon to the work, thirty-four
RS-6000 workstations with a retail value of
over three million dollars, as well as software
and staff support.

During the first year of development, our
software modules have had a remarkable im-
pact on the research carried out by the theory
group in the Laboratory of Atomic and Solid-
State Physics. Some have been ported to the
Cornell National Supercomputer Facility.
Many are now available by anonymous FTP
(a File Transfer Program used by Unix) to
users elsewhere in the country (see the box on
the opposite page).

The examples presented in this article sug-
gest the capabilities of this new software, al-
though the printed page can only suggest the
dynamic potential of animated sequences.

PlotAtoms: A Useful Software Package
Developed at Cornell
One of the most useful modules is PlotAtoms,
which was written by graduate student Bruce
Roberts. PlotAtorns has been of considerable
help to researchers studying everything from
the structure of quasicrystals to the molecular
dynamics of buckminsterfullerene.

The “unit cell” in a quasicrystal is infinite
in extent: all attempts to deduce the atomic
configurations directly have failed so far. The


















THE MSC FACILITIES:
A USER’S POINT OF VIEW

“ .. they provide
the sophisticated
equipment needed
for the varioussteps
in the sample-
making process,
and expert belp

m its use.”

42 Cornell Engineering Quarterly

by Jean Lee

as most electron microscopists

know, the ability to consistently pro-

duce good ceramic TEM samples
overqualifies one for an alternate career in
neurosurgery. This is, at any rate, one of the
conclusions I have reached in carrying out my
thesis project.

Essentially, the aim of my research is to
check experimentally the theoretical predic-
tion of an interesting property of a particular
ceramic-ceramic interface. It is part of an in-
vestigation of defects in materials thatis headed
by Stephen L. Sass, professor of materials sci-
ence and engineering. The most difficult job
encountered in my project is to prepare good
samples for examination in a high-resolution
transmission electron microscope (TEM).

This is where the facilities of the Materials
Science Center (MSC) contribute: they pro-
vide the sophisticated equipment needed for
the various steps in the sample-making pro-
cess, and expert help in its use. The work is
accomplished conveniently and economically,
if not exactly easily.

The Project: NiO Structure

at a Grain Boundary

The focus of Professor Sass’s overall program
is the structure of two-dimensional defects—
in particular, grain boundaries and interfaces.
This is an important study because defects are
intimately involved in determining the physi-
cal behavior of materials. For instance, the
mechanical, electrical, and transport proper-
ties of a material may be affected by the pres-
ence of zero-, one-, two-, or three-dimen-
sional defects.

My project deals with the structure of ce-
ramic-ceramic interfaces; specifically, I am
using a high-resoluion TEM to probe the
structure of NiO/NiO coincidence twist grain
boundaries. (A coincidence twist grain bound-
ary is the interface between two adjacent
single-crystal grains that are oriented the same
way except that one grain is rotated with re-

spect to the other by a misorientation angle 6,
about an axis normal to the interface.) NiO is
a good material for this study because its physi-
cal characteristics are well documented and it
has a simple structure in its perfect, single-
crystal form. In addition, it has that interest-
ing theoredcally-predicted property: computer
simluations show that the X5, [001] twist
boundary in NiO is unstable unless a Schottky
defect is introduced in each of the grain-
boundary unit cells.' (In this designation, £
indicates the ratio of the density of perfect
lattice points to the density of grain boundary
lattice points, and [001] indicates the rotation
axis about which one grain is misoriented with
respect to the other.)

I am seeking to check this predicton by
seeing how the atomic structure may vary at
the grain boundary in an appropriately aligned
NiO-NiO sample. Using the high-resolution
TEM, I hope to see contrast changes at the
boundary that would indicate a change in the
mean inner potential at the boundary® and
hence possibly a change in atomic density and
at the boundary.

Preparing Specimens:
the Initial Task
The first step in the sample-preparation pro-
cess is to grow single crystals of NiO onto
substrates of commerically available, polished
[001] MgO. The NiO is grown to a thickness
of approximately 20 to 30 micrometers by
chemical vapor deposition in a dedicated fur-
nace in our lab. In order to produce a coinci-
dence twist boundary, one of the single crys-
tals of NiO is rotated to the appropriate
misorientation angle 8_with respect to an-
other single crystal, and then the two are hot
pressed in this configuration (Figure 1).

It turns out, however, that because of the

"Tasker, P. W., and D. M. Duffy, Phil. Mag. A 47:6
(1983).

’Ruhle, M., and S. L. Sass, Phil. Mag. A 49:6 (1984).





















M The Department of
Computer Science has three
new faculty members: Paul
Pedersen, Carlo Tomasi,
and Lloyd N. Trefethen.

Pedersen, who joined the
faculty as an assistant profes-
sor, earned M.S. and Ph.D.
degrees from New York Uni-
versity. He held a four-year
full-tuition fellowship from
AT&T and was awarded the
NYU Dean’s Dissertation
Award in recognition of ex-
cellence in a dissertaton.
Before he began graduate
study, Pedersen was a pro-
grammer for Merrill-Lynch
and for Kidder-Peabody in
New York.

"Tomasi, a specialist in
computer vision with em-
phasis on the interpretation
of visual motion, earned the
“Laurea” degree in electri-
cal engineering at the Uni-
versity of Padova, Italy; an
M.S. from the University of
Massachusetts at Amherst;
and a Ph.D. from Carnegie
Mellon University. He re-
ceived a Rotary Foundation
Scholarship for one year of
study at the University of
Massachusetts at Amherst,
and following his graduate
work there, he received a
Bottani Fellowship, awarded
by the Italian Association of
Electrical Engineers, for a
year of research with Italtel,
a major Italian telecommu-
nications company in Milan.

Trefethen, formerly at
the Massachusetts Institute
of Technology, joined the
faculty this fall as associate
professor. His degrees are
the A.B. from Harvard Uni-
versity, and the M.S. and
Ph.D. from Stanford Uni-
versity. His recent honors
include the NSF Presiden-

tial Young Investigator
Award, 1986-91; IBM Fac-
ulty Development Award,
1986-88; and first prize in
the Fox Competition in
Numerical Analysis, 1985.
Trefethen’s research inter-
ests are numerical analysis
and scientific computing, in
particular the finite differ-
ence and spectral methods
for partial differential equa-
tions; numerical linear alge-
bra; numerical conformal
mapping and applications;
and approximation theory
and applications. The author
of over fifty articles and edi-
tor of Numerical Conformal
Mapping (Elsevier, 1986),
Trefethen recently completed
work on a graduate textbook,
Finite Difference and Spectral
Methods.

B Yu-Hwa Lo joined the
School of Electrical Engi-
neering as an assistant pro-
fessor. He received a B.S.
degree from National Tai-
wan University, and the
M.S. and Ph.D. degrees
from the University of Cali-
fornia at Berkeley. After
completing his doctoral
studies, Lo worked for
Bellcore as a member of the
technical staff. His research
interests include optoelec-
tronic materials and devices,
integrated optoelec- tronic
circuits; microfabrication
technology; high-speed
electronic circuits; and opti-
cal interconnect and com-
munication systems. Lo has
published more than fifty
journal articles and confer-
ence papers.

B Two assistant professors
were appointed to the Sibley
School of Mechanical and

Aerospace Engineering this
fall: Elizabeth M. Fisher and
Nicholas §. Zabaras.

Fisher has been awarded a
five-year Clare Boothe Luce
Professorship (these profes-
sorships, administered by the
Clare Boothe Luce Founda-
tion, are awarded to encour-
age the participation of
women in science and engi-
neering). Fisher holds a B.S.
degree from Yale University
and M.S. and a Ph.D. de-
grees from the University of
California at Berkeley. Before
beginning graduate studies,
she was an associate engineer
at the Solar Energy Research
Institute. After completing
her graduate studies, she
came to Cornell in the spring
1991 term as a postdoctoral
associate. Her research inter-
ests are in hazardous-waste
incineration and combustion
chemistry.

Zabaras holds a diploma
from the National Technical
University of Athens, a M.S.
degree from the University of
Rochester, and a Ph.D. from
Cornell University. After
completing his doctorate, he
taught for four years at the
University of Minnesota. He
received a Presidential Young
Investigator Award from the
National Science Foundation
in 1991. His research focuses
on the development of accu-
rate and innovative math-
ematical techniques for realis-
tic engineering simulation
and design of manufacturing
processes.

B Barbara L. Cain was
appointed an editor in the
college’s Office of Publica-
tions this summer. Her
responsibilities include
serving as an associate edi-

tor of the Cornell Engineer-
ing Quarterly and as a staff
member of Cornell Engineer-
ing News.

Cain received a B.S.
degree in journalism from
the University of Southern
Mississippi in 1974. For the
next eight years she worked
as a public information
specialist with the Army
Corps of Engineers, first at
the Waterways Experiment
Station in Vicksburg, Mis-
sissippi, and then in the
Albuquerque, New Mexico
District office. Since 1982,
when she came to Cornell,
she has been an editorial
assistant for the Administra-
tive Science Quarterly and,
most recently, managing
editor of the Sociological
Forum.

B The most recent national
center to be established at
Cornell is the Science and
Technology Center for
Computer Graphics and
Scientific Visualization. It is
located in the new Engi-
neering and Theory Center
Building, where the Cornell
National Supercomputer
Facility is also housed.

Cornell and four other
universities were awarded a
five-year, $14.68 million
grant by the National Sci-
ence Foundation to develop
the center. The other uni-
versities are Brown, the
California Institute of Tech-
nology, North Carolina at
Chapel Hill, and Utah.

The director of the facil-
ity is Donald P. Greenberg,
the Jacob Gould Schurman
Professor of Computer
Geraphics and director of
Cornell’s Program of Com-
puter Graphics.
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FACULTY PUBLICATIONS

Current research activities at the
Cornell University College of
Engineering are vepresented by the
following publications and conference
papers that appeared or were
presented during the four-month
period February through May 1991.
(Earlier entries omitted from previous
Quarterly /istings are included here
with the year of publication in
parentheses.) The names of Cornell
personnel are in italics.

AGRICULTURAL
AND BIOLOGICAL
ENGINEERING

Adre, N, and L. D. Albright. 1991.
Establishment of desired air flow
patterns in slotted-inlet ventilated
enclosures. Paper read at Annual
Summer Meeting, American
Society of Agricultural Engineer-
ing, 23-26 June 1991, in
Albuquerque, NM.

Chaimov, T. A., M. Barazangi, L.
Alexander, W. Bobrer, S. Losh, L.
Catbles, R. Culotta, J. Mondary, 7.
Boll, and T. S. Steenbuis. 1991. Uses
of the LandMark workstation at
Cornell University. Paper read at
4th Annual LandMark Graphics—
University Partners Research
Conference, 25-26 April 1991, in
Houston, TX.

Glass, R. ], L. Orear, W. C. Ginn,
7-Y Parlange, and T. S. Steenhuis.
1991. Miller scaling of finger
properties. Paper read at American
Geophysical Union-Soil Science
Society of America Characteriza-
tion of Transport Phenomena in
the Vadose Zone Workshop, 2-5
April 1991, in Tucson, AZ.

Jewell, W, 7. 1991. Land applica-
tion of sludge has merits. New
York’s Food and Life Sciences
Quarterly 20:7-8.

Fewell, W 7., Y. M. Nelson, D. E.
Fennell, S. Underbill, M. S. Wilson,
and T. E. White. 1991. Methano-
trophs for biological pollution contyol:
Feasibility of developing an attached
microbial film reactor and kinetics of
TEC removal. Report no.
GRI-91/0012. Chicago, IL: Gas
Research Institute.

Lin, Y, 7. S. Selker, T. S. Steenbuis,
and 7.-Y. Parlange. 1991. Role of
hysteresis in fingered flow in
homogeneous sandy soils. In
American Geophysical Union Spring
Meeting 1991 abstract volume, p.
120. Washington, DC: AGU.
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Marsh, L. S., and L. D. Albright.
1991. Economically optimum day
temperatures for greenhouse
lettuce production. I. A computer
model. II. Results and simulations.
Transactions of the ASAE
34(2):550-62.

Parlange, 7.-Y., F. Stagnitti, and T
S. Steenbuis. 1991. Preferential
movement of solutes: Modeling of
hillslope experiment. In Proceed-
ings, 11th Annual American Geo-~
physical Union Hydrology Days, ed.
H. J. Morel-Seytoux, pp. 114-27.
Fort Collins, CO: Hydrology
Days Publications.

Pivetz, B. E., T. S. Steenhuis, and S.
Saul. 1991. Macropore effects on
movement and biodegradation of
an organic chemical. In American
Geophysical Union Spring Meeting
1991 abstract volume, p. 126.
Washington, DC: AGU.

Selker, 7. S., and T. S. Steenhuis.
1991. Large-scale laboratory
studies of transport through
unsaturated soils with sloping
interfaces. In American Geophysical
Union Spring Meeting 1991 abstract
volume, p. 130. Washington, DC:
AGU.

Stagnitti, K, B. M. Nijssen, T. S.
Steenhis, and 7.-Y. Parlange. 1991.
Modeling drainage and solute
movement in soils with variable
pore groups. In American Geo-
physical Union Spring Meeting 1991
abstract volume, p. 138. Washing-
ton, DC: AGU.

Steenbuis, T. S., B. M. Nijssen, 7.
Boll, and 7. S. Selker. 1991. Are
solute samplers sampling the soil
water? Paper read at American
Geophysical Union-Soil Science
Society of America Characteriza-
tion of Transport Phenomena in
the Vadose Zone Workshop, 2-5
April 1991, in Tucson, AZ.

Steenbuis, T. S., 7.-Y. Parlange, and
R.J. Glass. 1991. The color of
water. Agricultural Engineering
72:32.

Steenbuis, T. S., H. M. Van Es, 7.-Y.
Parlange, P. C. Baveye, M. F.
Walter; L. D. Geobring, 7. L.
Hutson, T. L. Richard, §. L. Bell, .
Boll, 7. Gannon, Y. Liu, W, E.
Sanford, M. Alexander, R. B.
Bryant, 7. S. Selker, Y. Tan, P.
Vandevivere, S. M. L. Verbeyden,
and 7. Vermeulen. 1991. Hydrol-
ogy and the environment. New
York’s Food and Life Sciences
Quarterly 20:15-19.

APPLIED
AND ENGINEERING
PHYSICS

Batterman, B. W, and D. H.
Bilderback. 1991. X-ray monochro-
mators and mirrors. In Handbook
on synchrotron radiation, vol. 3, ed.
G. Brown and D. E. Moncton, pp.
105-53. Amsterdam, The Nether-
lands: Elsevier Science.

Bilderback, D. 1991. X-ray optics
for protein crystallography. Paper
read at Center for Macromolecu-
lar Crystallography workshop,
17-20 May 1991, in Gulf Shores
State Park, AL.

Bilderback, D., and B. W,
Batterman. 1991. The B factory:
New synchrotron radiation oppor-
tunities at CHESS. Paper read at
74th Canadian Chemical Confer-
ence and Exhibition, 2-6 June
1991, in Hamilton, Ontario,
Canada.

Destler, W. W, J. E. DeGrange,
H. H. Fleischmann, and Z. Segalov.
1991. Experimental studies of
high-power microwave reflection,
transmission and absorption from
a plasma-covered plane conduct-
ing boundary. Fournal of Applied
Physics 69:6313-18.

Hallen, H. D., A. Fernandez, T.
Huang, R. A. Bubrman, and .
Silcox. 1991. Gold-silicon interface
modification studies. fournal of
Vacuum Science and Technology B
9:585-89.

Latbrop, D. K., B. H. Moeckly, S. E.
Russek, and R. A. Bubrman. 1991.
Transport properties of high angle
grain boundary weak links in
YBa,Cu,O, thin films. Applied
Physics Letters 58:1095-97.

Lathrop, D. K., S. E. Russek, B. H.
Moeckly, D. Chamberiain, L.
Pesenson, R. A. Bubrman, D. H.
Shin, and 7. Silcox. 1991. Joseph-
son-like properties of YBa,Cu,O.
thin film weak links. IEEE Transac-
tions on Magnetics 27:3203-08.

Loane, R. E, P Xu, and 7. Silcox.
1991. Thermal vibrations in
convergent beam electron diffrac-
tion. Acta Crystallographica A
47:267-78.

Moeckly, B. H., S. E. Russek, D. K.
Latbrop, R. A. Bubrman, M. G.
Norton, and C. B. Carter. 1991.
Growth and properties of
YBa,Cu O, thin films on non-
lattice matched and polycrystalline
substrates. IEEE Transactions on
Magnetics 27:1017-20.

Silcox, 7. 1991. The microstructure
of materials: Studies using a new
kind of electron microscope and a
supercomputer. Engineering:
Cornell Quarterly 25(2/3):48-53.

Strickler; §. H., and W, W Webb.
1991. Two-photon excitation in
laser scanning fluorescence mi-
croscopy. In Proceedings, CAN-AM
Eastern 90, pp. 107-15. SPIE
Proceeding Series, vol. 1398.
Bellingham, WA: SPIE (Interna-
tional Society for Optical
Engineering).

CHEMICAL
ENGINEERING

Anton, A. B. 1991. Variances of
parameters obtained from
nonlinear curve fits. Review of
Scientific Instruments 62:832-34.

Anton, A. B., and D. C. Cadogan.
1991. Kinetics of water formation
on Pu(111). Journal of Vacuum
Science and Technology A 9:1890-97.

Gubbins, K. E., and 7. M. Waish.
1991. Molecular simulation using
supercomputers: Techniques for
predicting fluid properties.
Engineering: Cornell Quarterly
25(2/3):35-42.

Harriott, P, J. Ruether, and F.
Sudhoff. 1991. Prediction of SO,
removal for power plants using
duct injection of lime slurry.
Energy and Fuels 5:254-58.

Kim, B.-G., and M. L. Shuler. 1991.
Kinetic analysis of the effects of
plasmid multimerization on
segregational instability of ColEl
type plasmids in Escherichia coli B/r.
Biotechnology and Bioengineering
37:1076-86.

Koch, D. L., and A. S. Sangari.
1991. The AC electrical imped-
ance of a fractal boundary to an
electrolytic solution. Journal of the
Electrochemical Society 138:475-84.

Koch, D. L., and E. S. G. Shaqfeh.
1991. Screening in sedimenting
suspensions. Journal of Fluid
Mechanics 224:275-303.

Kumar, S. K., I Szleifer; and A. Z.
Panagiotopondos. 1991. Determina-
tion of chemical potentials in
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