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The Cornell High Energy Synchrotron Source (CHESS) operates in conjunction with the
University's storage ring and is housed in Wilson Laboratory. A new three-story addition,
completed this winter, greatly expanded the space available to CHESS. Built as a joint
project by CHESS and the Laboratory of Nuclear Studies at Cornell, the wing increases the
area used in support of CHESS activities from 1,000 to 5,000 square feet, and also provides
additional office space for Wilson Laboratory researchers. In the view below, looking toward
the south, the four sections on the left are the addition.

The %13-million addition was financed partly by the University, which provided $300,000,
and partly by the National Science Foundation. CHESS is operated as a national facility,
making high-energy synchrotron radiation available for research in many disciplines.



MAKING GOOD USE OF
SYNCHROTRON RADIATION
The Role of CHESS at Cornell
and as a National Facility

by Boris W. Batterman
Atom smashers is what the New York
Times calls them when it publishes a
piece about particle accelerators. His-
torically, particle accelerators were in
fact used to break apart atoms, but
modern machines do more exotic things.

One of them is a spin-off of accelera-
tion—the production of high-energy
synchrotron radiation. Once considered
a nuisance, this radiation has become
valuable in almost every field of science
and engineering. It is the basis of a
national facility, the Cornell High
Energy Synchrotron Source (CHESS),
that operates in conjunction with the
Cornell Electron Storage Ring (CESR).
CHESS provides the highest-energy
synchrotron radiation available in the
United States.

THE DEVELOPMENT OF
SYNCHROTRON CAPABILITY
Cornell's experience in constructing and
experimenting with particle accelerators
goes back forty years. One of the first
Cornell machines, built in the early days
of atom smashers, was operated at 300
million electron volts (MeV). Essentially,
accelerated particles were stripped from

the machine and smashed into a fixed
target, and the products of the collision
were used to study the intricacies of the
target.

As more detailed information about
the fundamental nature of matter was
sought, higher probing energies were
required and provided in new genera-
tions of accelerators. And as energy
increased, so did the mass of the
probing particle. (At very high energies
the probing particle, accelerated in the
machine, travels at very nearly the speed
of light, and it becomes more massive
as its energy is increased.)

What happens when a very massive
particle is made to collide with a much
lighter stationary particle is suggested
by simple mechanics and ordinary
experience. An analogy is a large, fully
loaded truck colliding with a small
passenger vehicle: the car will be
destroyed, but the total energy of the
truck will be altered very little. Suppose
(to pursue the analogy further) one
wanted to transfer energy as completely
as possible from one vehicle to another
during a collision. The best way would
be to have two equally massive vehicles

collide head-on; they would come to a
complete stop and all their kinetic
energy would be transferred to the
various products of the collision.

Modern accelerators, which are called
storage rings, use this basic principle.
Instead of ejecting particles, they keep
them in the machine after acceleration.
Two types of particles are counter-
rotated in a circular beam pipe and the
streams are allowed to pass each other
many times to enhance the probability
of collision. In a head-on collision, the
full energy of both particles is available
to probe the constituents. The Cornell
storage ring, CESR, accelerates elec-
trons and their positive counterparts,
positrons, in opposite directions in the
three-quarter-mile circular tunnel under
Upper Alumni Field. Quarks have been
observed and their properties are being
studied.

CORNELL'S STORAGE RING
WITH CHESS AS A BONUS
Although the CESR ring was created
for studies in high-energy physics, the
"byproduct" of radiation extends its
usefulness. When an electron is acceler-



ated to high energies—in CESR the
level is 5 to 6 billion electron volts
(GeV)—an important subsidiary phenom-
enon takes place. As the electron travels
in its roughly circular path around the
machine, it is constantly accelerated
centripetally toward the center, and
therefore emits radiation. (It is a funda-
mental fact of electromagnetism that an
accelerating particle will radiate electro-
magnetic waves. This is precisely what
happens, for example, in an antenna
dipole, where charges are periodically
accelerated back and forth. If the
frequency is high enough, the antenna
will radiate characteristic electro-
magnetic waves whose energy and wave-
length are determined by the frequency
of oscillation.)

Although the basic frequency of the
accelerating electrons is the cycle time
around the ring—about 400 kilohertz
for CESR—the radiation that comes
out depends (for relativistic reasons)
more on the particle's energy. In fact,
the radiation is spread over the entire
electromagnetic spectrum, from visible
light at the lower-energy end to hard
x-rays with wavelengths shorter than 1
angstrom (A) and photon energies of 10
to 100 thousand electron volts (keV) at
the upper end. Of all this radiation,
CHESS uses only high-energy x-rays
that can penetrate a thin beryllium
window separating the experimental
beam lines from the storage-ring vacuum.

In CHESS, the actual photon beam
is confined to a narrow cone angle
centered around the instantaneous direc-
tion of the circulating electron. The
beam sweeps out an arc very much the
way the headlight of a train would if the
train were traveling on a circular track.
The opening angle of this cone of



Left: The three-quarter-mile tunnel for the
synchrotron and storage ring is situated
under Upper Alumni Field.

Left below: The main experimental hall for
research in high-energy physics and for
synchrotron-radiation operations is crowded
because of the limited access to the beam.
The CHESS experimental area is in the left

foreground.

Right: The tunnel contains the synchrotron
(at right) and storage ring (the tube at left).
The tunnel is not accessible while the
synchrotron is running.

radiation is extremely small: for CESR
running at 5 GeV, the mean opening
angle is 20 seconds of arc, which means
that at 10 meters from the beam source,
the beam height is only 1 millimeter!
Some of the key features of the beam
geometry can be seen in Figure 1, which
shows the blackening produced when a
stack of glass microscope slides is
exposed to the photon beam for one
minute. The less energetic photons have
a larger opening angle than the mean
value of 20 seconds of arc, and those
with higher energies have correspond-
ingly lower angles. This is portrayed
graphically in the figure: the less ener-
getic, or softer, x-rays are absorbed in
the first part of the glass-slide stack,
only the hardest x-rays penetrate deep
into the stack, and these hard x-rays are
much narrower in spatial extent.

The electrons in the storage ring do
not continuously fill the ring. Rather,
they are grouped into small bunches
corresponding to the frequency of the
radio-frequency (RF) cavity that pro-
vides energy to the beam in order to
make up for synchrotron radiation
losses. In CESR an electron bunch

about 2 centimeters long circulates
around the machine every 2.5 micro-
seconds (2.5X106 second). At the port,
therefore, the synchrotron radiation
produces, every 2.5 microseconds, a
burst of light that lasts only about a
tenth of a nanosecond (0.1X109 second).

This stroboscopic beam is very useful
for timing experiments, as Dennis Mills
discusses elsewhere in this issue. Also,
this unique source of x-rays can be
synchronized to other excitation devices.
For example, a sample can be struck

Figure 1

with a laser beam a predetermined
number of nanoseconds before the x-
ray pulse arrives, so that the structure
of the material at short times after it
has been exposed to the laser pulse can
be effectively probed.

The stored electron beam loses energy
only through the creation of synchrotron
radiation. From the accelerator physi-
cist's point of view, the ultimate limit-
ation on a stored particle's energy is
strongly determined by the power the
RF cavities can provide to make up for
the radiation loss. This loss depends
inversely on the radius of curvature: the
tighter the radius, the more the centri-
petal acceleration of the particle. As a
consequence, the smaller the radius, the
higher the power bill, and for this
reason storage ring accelerators are
generally very large. Yet there is a

Figure 1. Some features of the geometry of
the photon beam in CHESS. The photo-
graph shows a beam 1 millimeter in height
entering (from the right) a stack of glass
slides. The most energetic x-rays penetrate
farthest with the smallest spatial extent.



Figure 2

compensation. It is precisely this "waste"
radiation in CESR that is the source for
studies performed at CHESS.

EXPERIMENTS MADE
POSSIBLE BY CHESS
The spectral characteristics of synchro-
tron radiation at CHESS are shown in
Figure 2, along with the corresponding
curve for a conventional x-ray tube.
Two important differences are apparent.
The spectrum produced in the fixed-
target x-ray tube is discontinuous—the
sharp intense lines are characteristic of
the target element—whereas the synchro-
tron radiation spectrum is continuous.
Most noticeably, the synchrotron radia-
tion is more intense by a factor of about
106.

Many of the exciting new experiments
involving synchrotron radiation use an
x-ray wavelength that is varied through
a range of energy levels characteristic of
a particular element. This accentuates
the sensitivity of the probe to that
element and its environment. Experi-
ments of this kind would be almost
impossible with a conventional source
because of the very low intensities
available.

Because the high-energy portion of
the synchrotron radiation spectrum is

Figure 2. The x-ray spectrum from the
storage ring compared with that of a
standard copper-target x-ray tube. The
difference in intensity is of the order of 106.

The top curve is for CHESS' six-pole
wiggler, which has an electron-beam energy
of 5.2 GeV. The family of curves corresponds
to operating energies between 8 and4 GeV
(the usual energies are in the range of 4 to
5.5 GeV). The availability of high-energy x-
rays depends critically on machine energy.

The lower curve shows an approximate
output of a standard sealed x-ray tube with
a copper target. The sharp peaks are specific
to the copper target and are the spectral line
commonly used in x-ray diffraction.

very sensitively dependent on the storage-
ring energy, and because the Cornell
ring runs at the highest level of any
machine in the United States, CHESS
provides the highest-energy radiation
that is currently available. A new
storage ring for synchrotron radiation
was recently commissioned at Brook-
haven National Laboratories, but it will
have a maximum particle energy of 2.5
GeV, half that of CHESS. Stanford
University's storage ring can produce
synchrotron radiation, but its energy
level is limited to 1.8 GeV under normal
operation and about 3.4 GeV when
dedicated to the generation of radiation.

In addition to hard x-rays, CESR
produces intense beams of soft x-rays
(as well as visible, infrared, and ultra-
violet light). Soft x-rays are useful for
other classes of experiments; indeed,
storage rings have been constructed
solely for their production. An im-
portant technological use of this soft
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radiation is x-ray lithography for the
creation of fine electronic structures on
silicon chips.

PREPARING THE X-RAY
BEAM FOR EXPERIMENTS
It is one thing to have an intense source
of x-rays and another to prepare the
beam for use. Various "tricks" can be
used to focus the beam properly and to
select wavelengths that are suitable for
particular experiments.

For most experiments, one wants to
have a beam that is narrow enough to
be fully intercepted by the sample, but
that carries the maximum number of
photons per second. The object is to
focus the beam into narrow volumes in
the experimental stations. Since the
refractive index of x-rays in most
materials deviates only one part in 105

from that of vacuum, the use of
conventional optical lenses is not prac-
tical. However, the fact that the re-
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fractive index of hard x-rays is less than
unity in all materials—that vacuum is
optically more dense—offers a way
around the difficulty. One uses the
phenomenon of total external reflection.
This occurs, for example, when light
travels from a denser to a less dense
medium at a small angle with respect to
the interface. Total external reflection
is the basic principle of many prism
devices that bend light; one example is
the viewfinder of a typical single-lens
reflex camera. For similar reasons, x-

7 rays incident on a flat surface will

Figure 3. Bragg reflection. The geometrical
ray diagram shows strong Bragg reflection
from atomic planes of a crystal. The
reflected rays b, b' travel a longer path than
a, a' by 2d sin 6. When this difference is an
integer multiple of wavelength k (that is,
when kn = 2d sin 6), constructive inter-
ference occurs.

Figure 4. A single crystal of silicon cut to
form two parallel reflecting surfaces. The
crystallographic planes in A and B are
exactly parallel to one another since they
are part of the same crystal. The beam
leaving B is parallel but offset with respect
to the incident ray. The overall length of the
unit can range from 2 to 10 inches.

Further strategies in positioning crystals
make it possible to have more than one
experimental station on the same beam line.
At the Cl and C2 stations, for example, each
crystal of the C1/C2 pair "picks" a different
horizontal portion of the 15-centimeter C
beam, so there is horizontal as well as
vertical separation of the beam. Another
useful feature of the C1/C2 pair is that
wavelength tuning can be accomplished
easily: the crystals can be rotated so as to
change the incident angle and therefore the
wavelength that is reflected.

totally reflect if the glancing angle is
small enough, typically a few tenths of
a degree, and therefore with long, gently
curved mirrors one can actually focus
x-rays.

In addition to utilizing total external
reflection for focusing, an experimenter
can make use of Bragg reflection to
select pure wavelengths. Since the wave-
length of x-rays is about 1 A, compar-
able to the spacing between atoms, a
crystalline substance with a periodic
arrangement of atoms will appear to x-
rays as an optical grating does to visible
light. The same laws that apply to the
diffraction of light from a one-dimen-
sional grating apply to x-rays in solids;
the main difference is that in the
crystalline solid the periodicity is three-
dimensional. The x-rays will be reflected
strongly if the wavelength (A), the
spacing between planes of atoms (d),
and the angle of incidence (0) satisfy
Bragg's law: k = 2d sin 0.

This is shown schematically in Figure
3. To monochromatize synchrotron
radiation, one inserts into the beam a
highly perfect crystal; for a given angle
of incidence, a given wavelength will be
selected according to the Bragg equation.
To scan wavelength, one merely rotates
the crystal.

The monochromators at CHESS are
a double-crystal type, shown schema-
tically in Figure 4. The crystal pair is
cut out of a single ingot of highly perfect
crystalline silicon. These remarkable
crystals didn't exist twenty-five years
ago, but are now readily available as a
result of development for the semi-
conductor electronics industry—in fact,
they are made from the same large
single crystals used to create silicon
crystal chips.
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Figure 5. Floor plan of the experimental hall
at CHESS. The bend magnets of the CESR
storage ring are the sources of synchrotron
radiation. The direct x-ray beam enters the
A, B, and C caves, which are heavily
shielded for scattered radiation with lead
about one inch thick. In the caves are the
monochromators, which select particular
wavelengths and diffract the beams to the
working stations.

The three main beamlines pick out a
swath of radiation which, at the 10-meter
point, has a cross section of approximately
1 millimeter (vertical) by 15 centimeters
(horizontal). Each of the main lines is split

into two or three portions, which are
directed to the six experimental stations. For
example, stations Cl and C2 are each served
by about 5 centimeters of beam from the C
line. The beam is diffracted by Bragg
reflection: one part is deflected up with
respect to the orbital plane of the machine,
and the other is deflected down. Since the
actual beams are separated by about 5
inches, the pipe for the downstream station
C2 can pass through the upstream station
Cl without affecting the Cl experiment.

Each experimenter controls the beam by
means of a set of shutters. The user can
remain in the experimental hall at all times.

THE PHYSICAL SETUP
OF THE CHESS FACILITY
A floor plan of the CHESS experi-
mental hall is shown in Figure 5.
Radiation is extracted from orbiting
electrons as they pass through three
magnets of the storage ring to form
three main beamlines, each of which is
split into two or three portions by
crystal monochromators. Then each of
these monochromatic beams is directed
to one of six experimental stations.
Accordingly, the x-ray beam at each
station has unique properties determined
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by the optical elements that have been
inserted.

Different stations are especially suited
to certain kinds of experiments. For
example, the ability to tune wavelength
in stations C\ and C2 makes them
particularly useful for studies of x-ray
absorption fine structure (EXAFS). The
narrow collimation and tight focus of
the beam at Al make this station
particularly suited for low-angle x-ray
scattering studies of materials, as well
as crystallographic investigations of
important biological molecules: the ex-

tremely intense beam, focused in an
area approximately 0.3 by 1.5 millimeter,
allows exposures about a thousand
times shorter than those required with
normal laboratory x-ray sources, and
this means that real-time experiments
of dynamic processes can be carried out
(see the article by Dennis M. Mills).

The spectral content of the synchro-
tron radiation depends on the acceler-
ation of the charge around the storage
ring. At the curved section of the ring,
the normal CHESS magnets bend elec-
trons into circular orbits 32 meters in

Figure 6a. Schematic of the CHESS six-pole
wiggler. The beam passes between the poles
of six pairs of electromagnets (only three
are shown) that have alternating magnetic-
fields of about 16 kilogauss.

The lower figure shows the electrons 'path
as viewed from above; the snake-like tra-
jectory gives rise to the term "wiggler". The
actual amplitude of the sine-like horizontal
excursions is only a few tenths of a
millimeter.

The charged electrons move in a circular
path when they are in the region of strong
field. While in the curved portion of the
wiggler, the beam emits copious high-energy

radius; the energy of the radiation is
about 10 keV at the midpoint of the
spectrum, which is at 1.2 A. But it is
also possible to get synchrotron radia-
tion from a straight section of the ring,
where there is no centripetal acceleration,
by inserting a device called a wiggler,
shown schematically in Figure 6a. This
device provides a vertically alternating
magnetic field of high strength that
causes electrons to undergo a small
transverse oscillation—the amplitude is
only a fraction of milllimeter—with a
small local radius of curvature. This
oscillation causes the electrons to emit
copious x-rays at high energies.



CHESS provides the highest-energy
synchrotron radiation available

in the United States."

Figure 6b

Figure 6b. A demonstration of the intensity
of the wiggler beam. Heat from the absorbed
wiggler x-ray beam has melted a hole in a
sheet of lead one-eighth inch thick.

The wiggler, which is in the straight
section of the beam in front of the A
line, has six alternating poles, each
producing a wiggle that contributes to
the emitted beam. The intensity, or
energy content, from the wiggler is
about six times greater than that of a
standard beam derived from simple
bend magnets in the normal operating
mode.

This wiggler beam is a unique source
in the United States of high-intensity
x-rays. Its intensity is so high that it can
actually melt a hole in a sheet of lead
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(see Figure 6b). Although this is an
amusing demonstration, it portends
important problems in crystal heating
that must be solved (see the article by
Donald Bilderback).

SOME APPLICATIONS
OF SYNCHROTRON RADIATION
Various kinds of experiments performed
at CHESS are discussed in other articles
in this issue. Here I will briefly describe
two additional projects that illustrate
the versatility of synchrotron radiation.

An interesting and unique engineering

application of synchrotron radiation is
being made by Richard I. Dick of
Cornell's civil and environmental en-
gineering faculty and his doctoral
students Barnes R. Bierck and Scott A.
Wells. They use the very-high-energy
portion of the CHESS x-ray spectrum
to study the process of cake filtration,
which is used to dewater sludges (mix-
tures of solid wastes and water) pro-
duced in the treatment of municipal and
industrial wastewater and in chemical-
process and mining operations. In the
case of wastewater sludges, cake fil-
tration reduces transportation costs,
allows economic combustion of organic
residue, and produces a form of waste
that is convenient for landfilling.

Models that have been developed for
predicting the performance of expensive
full-scale installations are inadequate,
primarily because there has been no
satisfactory way to observe the mech-
anics of the dynamic process. The
intense collimated beam at CHESS
station A2 allows detailed examination
of the development of the compressible
filter cake. As a cake is made to form
within the cell, the concentration of 10



Figure 7. High-energy x-rays for studying
structural changes of materials under ex-
tremely high pressure. This is an energy-
dispersive x-ray diffraction pattern for cesium
iodide taken at a pressure of 0.8 megabar in
a diamond-anvil cell. The diffraction peaks
are from the Csl and also from platinum,
which is used as an internal pressure marker.

The large number of peaks shows that
under increasingly high pressure the Csl
changes its crystalline form from cubic to
tetragonal (like a shoe box with square ends)
to orthorhombic (like a standard shoe box).
The spectrum shown here indicates the
orthorhombic phase. For example, each of
the two groups of three peaks that are
indexed in color appear as one peak at zero
pressure.
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solids at any level is obtained from the
degree of attenuation of the x-rays
passing through. Because of the high
intensity of the beam, only one second
is needed for a measurement. By moving
the cell vertically on a computer-
controlled stage, concentration measure-
ments can be made at each millimeter
of depth as the cake is forming; alter-
natively, measurements can be taken at
a given depth as a function of time. The
result is a picture of compressible cake
formation that has unprecedented ac-
curacy and resolution.

Another interesting application of the
high-energy x-ray spectrum is in studies
of materials under extremely high pres-
sures. In research performed by Arthur
L. Ruoff of the materials science and
engineering faculty, and his associate
Yogesh Vohra, pressures up to 1.25
megabars (1.25 million atmospheres)
are generated on a sample of crystalline

material contained in a diamond-anvil
cell. In this cell, the sample is "squeezed"
between the faces of two well-aligned
single crystals of diamond. The ex-
tremely high pressure is achieved by
concentrating the force on a very small
volume: the sample is typically 50
micrometers (ixm) in diameter and 30
jum thick (a human hair is about 75 /xm
in diameter). Changes in crystalline
structure caused by the high pressure
are detected by examination of x-ray
spectra. With a conventional x-ray
source, an exposure of forty to fifty
hours would be required, but with the
intense beam from CHESS and a new
technique called energy-dispersive dif-
fraction, the exposure time is reduced
to minutes.

In the energy-dispersive technique a
very narrow beam, roughly the size of a
cross section of the specimen, is incident
on the diamond-anvil cell. The energy

or wavelength of the different photons
diffracted by the specimen are recorded
at a particular angle of scattering, fixed
for the experiment. As one can see from
Bragg's law (A = Id sin 0), if the angle 0
is fixed, various spacings, d, in the
crystal will diffract different wave-
lengths, A. Since the <i-spacings of the
crystal are intimately related to the
crystal structure, a structural change
caused by the application of pressure
would show up through the appearance
of new lines in the energy spectrum.
Evidence of such an exciting formation
of a new structure is shown in Figure 7.

HOW CHESS FUNCTIONS
AS A RESEARCH FACILITY
CHESS was conceived in connection
with the construction of CESR, the
storage ring at Cornell. An important
role in its planning and development
was played by the Materials Science



/. The four sections in the foreground, up to
the temporary entry, are the new wing.
CHESS and other Wilson Laboratory per-
sonnel are served by the addition.

2. The reception area for CHESS is just
inside the entrance.

3. In the new CHESS computer area, staff
members program the DEC Micro Vax II
system.

4. Upgrading and expansion of the CHESS
shop was part of the building project.

3
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Center at Cornell, which had been a
leader in synchrotron radiation studies
for many years. With help from the
National Science Foundation, CHESS
was built five years ago at a cost of
about $1.3 million, and this spring a
new wing of Wilson Laboratory added
more working space for CHESS users.

As a national laboratory supported
primarily by NSF (the current operating
budget is about $1.1 million a year),
CHESS exists to provide a source of
intense x-rays for the entire scientific
community. The use of the laboratory
is free to all qualified participants.
Prospective users submit proposals that
are assessed by several peer reviewers
and then ranked by a review panel;
beam time is awarded on the basis of
this ranking. CHESS is oversubscribed
for all its stations and the competition
for use of certain important stations is
extremely keen.

Who are the users of CHESS? About
25 percent are Cornell faculty members
and graduate students, 35 percent are
from other universities, and the re-
mainder are people from national and
industrial laboratories. The Cornell
group comprises members of twelve
schools or departments. Of the colleges,
Engineering makes the greatest use of
CHESS; the schools and departments
represented are Materials Science and
Engineering, Applied and Engineering
Physics, Nuclear Science and Engi-
neering, Geological Sciences, Chemical
Engineering, Civil and Environmental
Engineering, and Theoretical and Ap-
plied Mechanics. More than thirty
Cornell doctoral degrees have been
awarded to candidates who conducted
their research at CHESS. Research
findings facilitated by CHESS have

been reported in more than three
hundred scientific papers.

The laboratory is run by a small staff
of dedicated individuals. Six CHESS
operators working in three shifts a day,
seven days a week, interact with the
storage-ring operators to provide useful
photon beams. These CHESS operators
also help the users set up their experi-
ments. In addition, there are three full-
time staff scientists, an electronics
engineer, an operations manager, a
mechanical technician to help in con-
struction and design of CHESS com-
ponents, and an administrative secretary.
The National Institutes of Health sup-
port a Biotechnology Resource to fur-
ther experiments on protein crystal-
lography.

Now that CHESS has more space in
the new addition, life in the laboratory
is somewhat less hectic. Researchers
have desks of their own, and the
director has set up an office. We
anticipate a new period of intense
activity, productive work, and exciting
results.

Boris W. Batterman, the Walter S. Carpenter
Jr. Professor of Engineering, was the chief
proponent of the Cornell High Energy
Synchrotron Source (CHESS) and has been
its director since its establishment in 1978.
A member of the School of Applied and
Engineering Physics, he was director of that
school for the previous four years.

Batterman began his college education as
a chemical engineering major at the Cooper
Union, but transferred to the Massachusetts
Institute of Technology to study physics. He
received the B.S. degree in 1952 and after
spending a year as a Fulbright exchange
student in Germany, completed his doctoral
work in 1956. He came to Cornell in 1965
from Bell Laboratories, and initially was a
member of both the A&EP school and the
Department of Materials Science and
Engineering.

His honors include the Alexander von
Humboldt Republic of Germany A ward and
election to fellowship in the American
Physical Society. Also, he has held Guggen-
heim and Fulbright-Hayes fellowships. He
is a member of the Solid State Advisory
Panel for Oak Ridge National Laboratory, the
Proposal Review Panel for the Stanford Syn-
chrotron Radiation Laboratory, and the U. S.
National Committee for Crystallography.



X-RAY OPTICS
A Vital Aspect of Work with Synchrotron Radiation

by Donald H. Bilderback
The kind of optical components that
have been developed over the centuries
to make use of visible light won't work
for x-rays. New ways must be found to
manipulate the much shorter-wavelength
x-ray beams to produce effects similar
to those achieved with such familiar
devices as mirrors, lenses, prisms, and
gratings. This is the province of the field
of x-ray optics.

One challenge is to design optical
elements that can focus, disperse, or
reflect beams in the x-ray region of the
electromagnetic spectrum, where wave-
lengths are about a thousand times
shorter than those in the region of
visible light. A second problem is
encountered in using the intense, high-
energy x-radiation from a synchrotron:
how to make the desired beam accessible
to a user who is conducting an experi-
ment in a shielded enclosure many
meters away from the synchrotron
storage ring.

Depending on the application, one
might want to pick out a single wave-
length from the broad spectrum avail-
able from the synchrotron, or isolate a
narrow band of wavelengths. Then the

beam must be collimated. When samples
to be exposed are of millimeter di-
mension or smaller, it may be desirable
to increase the intensity by focusing the
x-ray beam horizontally and vertically.
All these manipulations are analogous
to those done with visible light, but the
shape and form of the optical com-
ponents can be quite different.

THE USE OF X-RAY
OPTICS AT CHESS
An important difference between visible
light and x-rays lies in how they are
refracted. When light passes from air
into glass, for example, the refractive
index of the denser medium is greater
and the ray is bent noticeably to become
more inclined with respect to the inter-
face (see Figure 1). Also, visible light
may travel many centimeters in clear
glass without significant absorption.

The situation is different with x-rays.
For hard x-rays in the 1-angstrom (A)
regime (as produced at CHESS), the
index of refraction can be expressed as

n= 1-5
where 6, the decrement in the index of
refraction, is of the order of 1(H to 10~6

for most materials. The fact that the
refractive index is always slightly less
than unity shows that the refracted ray
is always less inclined to the plane
interface than the incident ray. And the
fact that the refractive index is very
close to unity means that the refracted
ray is bent away from the incident ray
by a very small amount, only a fraction
of a degree. An additional difference
between light and x-rays is that the x-
rays are absorbed more strongly. (To
express this mathematically an addi-
tional term must be included in the
above equation.) Because of these differ-
ences, x-rays must be focused on the
basis of principles other than refraction.
At CHESS the focusing devices are
based on total external reflection and
Bragg reflection, techniques that are
discussed by Boris W. Batterman in his
introductory article in this issue because
they are so intrinsic to the operation of
the facility.

Because the index of refraction for
x-rays is less in a medium than in
vacuum, but very close to unity, an
interesting situation occurs when the
angle of incidence of the x-rays is 14
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adjusted so that they are nearly parallel
to the interface: at a critical angle that
depends on wavelength, they are totally
reflected. The small angle at which total
reflection occurs is conveniently defined,
for a given wavelength, as the critical
angle 0C. The reflection efficiency of a
nickel-coated mirror as a function of
angle is shown in Figure 2 for wave-
length 1.5 A and also for wavelength
0.5 A. Because the index of refraction
depends strongly on wavelength, the
two curves do not overlap. This suggests
how a mirror set in a position such as A

Figure 1. Reflection and refraction of visible
light. Both phenomena occur at an interface
such as air/glass.

For light reflected from the interface, the
angle of the reflected ray, a/, is equal to the
angle of incidence, a{. When the incident
ray passes through the interface, it deviates
by an amount given by Snell's law: n = sin «/
/ sin a2 , where n is the index of refraction
of the medium, at is the angle of incidence
with respect to the surface normal, and a2 is
the corresponding angle after refraction. For
an air-glass interface, n is approximately 1.5
to 2, and the refracted ray is bent by many
degrees to become more steeply inclined
with respect to the interface.

With x-rays, however, the refractive index
in a medium is smaller than in vacuum, so
a2 is greater than oth

Figure 2. Reflection of x-rays. At an angle
of incidence nearly parallel to the mirror
surface, an incoming beam will be reflected
(since the refractive index of the solid is
slightly less than that of vacuum). This
occurs at or below a critical angle 6C that is
dependent on wavelength. In the figure,
reflection efficiency of a nickel-coated mirror
is shown as a function of angle for two
wavelengths. A mirror positioned at A will
act as a filter, reflecting only the higher-
wavelength rays.

The critical angle 6C has the value \J~28,
where 8 is the decrement in the index of
refraction n, as expressed in the equation
n-1-8 (see the text). In the example repre-
sented in the figure, x-rays of wavelength
1.5 A impinging on the nickel surface have a
value for 8 of 2.4 X 10 5 and 6C is 7
milliradians or 0.4 degree.

It may be helpful to note that 6 is
expressed as the complement of the angle
the incident ray makes with respect to the
normal to the mirror surface. Therefore, as
the beam becomes more nearly parallel to
the interface, 6 becomes smaller (see Figure
I). Efficient reflection occurs when 6
decreases below 8C.

"New ways
must be found
to manipulate
the much
shorter- wavelength
x-ray beams...."



Figure 3
Figure 3. Optical elements at CHESS
station Al.

First, radiation from a six-pole wiggler
magnet falls onto a curved single germanium
crystal, which makes the beam mono-
chromatic and focuses it in the horizontal
direction. The beam is decreased in width
from 4 centimeters to 1.5 millimeters at the
focus (F).

Next, the beam is focused vertically. The
fundamental diffracted wavelength, along
with its higher-order contaminants, falls on
a mirror that effects total external reflection.
This 60-centimeter platinum-coated mirror
is just long enough to intercept, at a grazing
angle of 1/3 of a degree, an x-ray beam 4
millimeters high. When curved so as to have
a radius of 500 meters, the mirror can
vertically focus the beam to a height of only
0.3 millimeter. This device is able to suppress
higher-order harmonics by a factor of 5,000
or better.

Right: The germanium single crystal cut in a
triangular shape (just above the hand) acts
as a one-dimensional lens to monochromate
and horizontally focus the x-ray beam. A
water-cooled bending block behind the
crystal forces the monochromator to its
proper 40-meter radius of curvature.

in the figure can be used as an energy
filter to efficiently reflect x-radiation of
longer wavelength and selectively absorb
or not pass radiation of shorter
wavelength.

The ability to selectively reflect x-rays
has been put to good use at one of the
stations of the CHESS facility. This
station provides monochromatic x-rays
of a single wavelength, focused into the
smallest possible spot size. Figure 3
shows the sequence of optical elements
that generate intensity gains of about
270 (provided that the sample is smaller

synchrotron radiation

crystal

Top View

than the focused spot). The crystal
focuses the x-rays in the horizontal
dimension and the mirror in the vertical
dimension. This is an example of how
suitable x-ray optics can further intens-
ify the high power output of a storage
ring.

In some experiments a precise, well-

defined wavelength is not necessary,
and a broader spectrum (but not the
entire spectrum) of radiation can be
used. With a polychromatic source of
x-rays, the output intensity for suitable
conditions is generally proportional to
the bandwidth; broadening the band-
width may increase the intensity by as
much as several orders of magnitude.
Figure 4 shows a transmission device
that filters out the softer, or lower-
energy x-rays, making possible a highly
efficient system of wide band-pass x-ray
optics. Figure 5 shows how a trans-
mission mirror in conjunction with a
normal total-reflection mirror can be
used as an adjustable band-pass filter.

MONOCHROMATORS IN
THE CHESS FACILITY
The ability of crystals to diffract x-rays
provides a way of separating an x-ray
beam into its different wavelength com-
ponents, much as a grating functions in
a visible-light system. As discussed by
Batterman in his introductory article,
Bragg's law (which relates the spacing
between atomic planes in the crystal to
x-ray wavelength) applies, and a desired 16



Figure 4

incident x-ray

i n

r 
E

ff
ic

ie
nc

y

La

Fi
lte

U.UI

(9 = 0.1°

, l)

reflectea!^

^^^*~ transmitted

soap film

1 /transmittance

j \ reflectivity

1. \. .25

Energy (keV)

Figure 4. An efficient optical transmission
device that increases the intensity of a
synchrotron x-ray beam by broadening the
bandwidth accepted.

A thin soap film several thousand A thick,
placed at a grazing angle to an incident
polychromatic x-ray beam, acts as a filter.
The softer, or lower-energy, x-rays are
reflected away from the soap-film surface
and discarded; the higher-energy x-rays are
transmitted almost without attenuation.

Figure 5. An adjustable band-pass filter. As
shown in a, a thin soap-film trans-
mission mirror is used in conjunction with a
silicon carbide total-reflection mirror. The
transmission-mirror angle, dj, is adjusted to
reflect away all those x-rays below a lower-
energy cutoff. The angle 62 of the second
(thick) mirror is adjusted to absorb all those
x-rays whose energy is above the higher
cutoff level. All the x-rays between those
two energies are efficiently passed through
the first mirror and then reflected from the
second mirror to the experimental apparatus.

Experimental curves are shown in b. In
all cases the silicon carbide mirror (with 62 =
0.1°) was in place. Curve (v) was obtained
when there was no transmission mirror.
Curves (w), (x), (y), and (z) are for trans-
mission-mirror angles 0/ of 0.17°, 0.10°,
0.097°, and 0.086°, respectively.
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Figure 6
Figure 6. A typical reflection curve for a
single-crystal monochromator such as those
used in CHESS (111 silicon at 8 keV). Near-
unity efficiency is achieved over the narrow
angular range.

Figure 7. Double-crystal monochromators.
The sketch in a illustrates the CHESS A3

monochromator, which can select a particu-
lar wavelength from the incident beam.

If the second crystal is bent to a cylindrical
shape, as in b, it can also focus the radiation
horizontally. The bending is accomplished
by clamping the base of the crystal monolith
and exerting force on its tip. The bottom

surface of the monolith has a triangular
shape and is responsible for the cylindrical
bend. The top surface is grooved, allowing
many unstrained silicons strips to efficiently
diffract x-rays while the lower triangular
surface takes up the strain from bending.
Cutting from a single crystal of silicon
ensures that all the diffracting segments are
lined up with arc-second precision. Here
fifteen teeth are illuminated with x-rays. By
adjusting the radius of bend, the radiation
from all the teeth can be superimposed to
give an intensity gain of 15.

The sketch in c illustrates the monolith in
the focused and unfocused conditions.

Figure 7

flexure pivot

bent crystal
-flexure pivot

- lever arm to pusher

unfocused

DC motor
• • i

focused

wavelength can be selected by rotating
the crystal to change the angle of
incidence.

For a given wavelength, a single
crystal such as silicon or germanium
efficiently diffracts x-rays over a narrow
angular range, typically 1 to 10 arc
seconds (see Figure 6). Since the natural
vertical-beam divergence at CHESS is
about 20 arc seconds, single crystals are
well matched to the synchrotron source.

When it is desired to select a particular
wavelength out of the polychromatic
spectrum, this can be accomplished with

» *

Left: The photograph shows the bent crystal
sketched in Figure 7b.

a single- or double-crystal mono-
chromator. The double-crystal mono-
chromator used at the A3 station of
CHESS (Figure 7a) has a great ad-
vantage: the change in the beam angle
from the first crystal is exactly balanced
by the change in angle from the second
crystal. Thus the exit beam is made
parallel to the incoming beam. Our
special mechanical design precisely main- 18
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tains a fixed offset of several centimeters
between the two parallel beams.

A further refinement (see Figure 7b
and 7c) enables the double-crystal mono-
chromator to focus the radiation hori-
zontally. Crystal number 2 is replaced
by a monolith cut from a single crystal
of silicon and bent to approximate a
cylindrical shape. Problems of strain
and shape are avoided by an ingenious
design: Parallel slots are cut into the
crystal to make it easy to bend. Dif-
fraction takes place from the top of
small unstrained "teeth".

The first crystal in this mono-
chromator determines the energy resolu-
tion, which is very high—say, 5 electron
volts out of 10,000. The second crystal
(the bent one) provides the focusing.
This device is especially useful for
scattering or absorption experiments
with small samples when high-energy
resolution is necessary—for example,
for studies around particular elemental
x-ray absorption edges.

Another special-purpose double-
crystal monochromater, sketched in
Figure 8, will be the key to experimental

19 work in the very hard x-ray range with

Figure 8. A "double bounce" combination
monochromator. This type is especially
useful for experiments with x-rays of very
high energy and short wavelength. X-rays
are diffracted first from the top portion of
the L-shaped piece of silicon and then from
the bottom portion.

The one-piece structure ensures that
proper alignment is maintained. A weak-
link groove allows the two halves of the
monochromator to flex slightly with respect
to one another; this is useful in compensating
for thermal heating of the Laue crystal. The
other grooves are for strain relief when the
crystal is being mounted.

wavelengths as short as 0.1 A. This
"double bounce" combination mono-
chromator uses an L-shaped piece of
silicon; rays are diffracted first in
transmission by the top portion of the
L and then in reflection by the bottom
slab. The monolithic structure guaran-
tees that the alignment between the two
functional crystals is maintained to a
close tolerance. A weak link fabricated
into the monolith allows minor ad-
justments in alignment to be made to
compensate for strains from mounting,
heating effects, etc.

Many other optical properties of x-
radiation could be exploited with
crystals, according to predictions based
on the dynamical theory of x-ray
diffraction. Even x-ray interferometers,
which function analogously to their
counterparts in the visible-light range,
can be made from single crystals of
silicon. The crucial element is perfect
single-crystal silicon, as grown for the
semiconductor industry. Fabrication
now depends upon the ability to shape
ingots of single-crystal silicon into
suitable forms by cutting with diamond
saws, but in the future, micromachining
with lithographic techniques will make
possible even more exciting devices.

MULTILAYER OPTICS
FOR SPECIAL PROPERTIES
Artificial crystals made from alternating
layers of two different materials can be
designed to produce structures with
certain desired optical properties. Typi-
cally, one material is of low atomic
number, with little capacity to absorb
x-rays, and the other has a high atomic
number and a quite different index of
refraction. An example is shown in



Figure 9

Figure 9. The reflecting properties of
these layered structures can be modeled
on a computer in order to study the
effects of varying the layer spacings, the
number of layers, and the atomic
composition.

A characteristic of multilayer struc-
tures is that the effective lattice spacing
for diffraction (the thickness of the layer
pair) is of the order of 20-60 A, which
means that the Bragg angle is less than
for single crystals but larger (usually by
a factor of four to ten) than for total-
reflection mirrors. Therefore, the op-
tical elements in multilayer devices are
intermediate in length.

Another characteristic of multilayer
devices is that the number of lattice
planes participating in diffraction, N, is
much lower than in a single crystal. For
typical multilayers, TV is between 20 and
100; for a single crystal, Nis of the order
of 104. Since bandwidth—the frequency
range—is roughly proportional to l/N,
a multilayer is a low-resolution device
(with a bandwidth of approximately
0.05 to 0.01), whereas a single crystal is
a high-resolution device (with bandwidth
in the range of 10"4).

On the other hand, the reflection
efficiency of multilayer devices can be
very high; a typical carbon-tungsten
device, for example, has an observed
reflectivity of 65 percent. Such a device
will put out over one hundred times
more flux than an equivalent silicon
monochromator (although it will be
spread out over a wider spectral range).
This can be a useful gain in intensity for
experiments that don't require a pre-
cisely defined wavelength. This kind of
element also shows promise as a pre-
monochromator for reducing the heat
load on a single-crystal monochromator.

The next challenge for us at CHESS
is to prepare multilayer devices suitable
for high-powered optics. This will re-
quire the fabrication, on optically
polished surfaces, of uniform multilayers
that are large in area—a few centimeters
in width by about 10-20 centimeters in
length. Focusing can be achieved by the
same technique used for crystals and
mirrors: by building the optics on
substrates that are or can be bent.

In terms of engineering and con-
struction, multilayer optics is in its
infancy. It should have a large impact.

Figure 9. A multilayer artificial crystal.
Made from alternating layers of two dif-
ferent materials, A and B, this kind of
structure can be adjusted to yield optical
elements with different properties. The
effective lattice spacing d is simply A+B,
which is typically 20-60 A.

Material A, for example, might be a low-
atomic-number element like carbon, with
little x-ray absorbing capacity; B might be a
high-atomic-number material that has a
much different index of refraction. Not only
the materials, but their thickness and the
number of layer pairs, N, can be varied to
make optical elements optimized for a
particular purpose.

The multilayered structure efficiently re-
flects x-rays whenever the individual re-
flections from the separate interfaces con-
structively interfere. This is analogous to
Bragg reflection from crystals.

X-RAY POWER PRODUCTION
AND CRYSTAL HEATING
Cornell's storage ring is a powerful and
efficient source of x-rays. At the present
time the beam is operating at around
5.5 billion electron volts (GeV) and 80
milliamperes, and radiates about 100
kilowatts of x-ray power at 100-percent
conversion efficiency. In contrast, a
typical medical x-ray tube operates at
100 kilovolts and 100 milliamperes, and
the x-ray power produced is about 10
watts, representing an efficiency of only
0.1 percent.

Another reason for the much higher
intensity of synchrotron radiation is
that the beam is highly collimated.
Whereas an ordinary x-ray tube radiates
its energy isotropically—into 4TT stera-
dians—the,radiation from the synchro-
tron source is highly collimated in the
forward direction—it has an opening 20



Electrons from the wiggler in the
storage ring pass through here (going from
right to left). Chuck Henderson, CHESS
operation manager, is checking the hoses for
water cooling of the six-pole, 18-kilogauss
electromagnetic device.

Right: A diffracto meter that derives its
radiation from the six-pole wiggler is adjusted
by Jeff White, a CHESS operator. At the
experimental station, he is peering into a
telescope mounted on the four-circle dif-
fractometer in order to make an approximate

alignment of the sample with the x-ray
beam. Because of the high intensity of the
x-rays, final alignments with the beam in
the experimental station is carried out
remotely via computer-controlled motors.
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angle of only 20 arc seconds. Of course,
most of the 100 kilowatts of radiated
power from CESR is wasted, as it is
spread out horizontally over In radians;
only a tiny fraction can in fact be
collected in beam lines suitable for
CHESS use.

Power output can be greatly increased,
however, by a wiggler magnet (see
Batterman's discussion of this device).
This magnet is called a wiggler because
it has a periodic field that causes a slight
deviation of the electron beam, and
each time the beam is bent it radiates

power in the forward direction. At a
station 14 meters from the magnet, the
x-ray power density in a rectangular
window 9 centimeters wide and 2
millimeters high is enough to shatter
glass and melt holes through sheets of
lead.

This beam could be very destructive:
optical elements could be cracked,
melted, or significantly degraded. For
instance, a heat load of that magnitude
could raise a "bump" on a flat crystal
surface, bending the diffracting planes
and further diverging the beam, and this

could reduce the diffracting efficiency
of the second crystal in a double-crystal
monochromator by as much as a factor
of 10 to 20, making the output flux
much less than expected. Because of this
heat load, it is generally necessary to
use dynamic feedback circuits to main-
tain the arc-second parallelism required
between the two diffracting crystals.

We have recently been testing, in our
wiggler beam, various techniques for
cooling blocks of silicon of different
thicknesses. We observe the infrared
emission from the crystal surfaces during



Figure 10. A picture, taken in infrared, of a
silicon monochromator under a heavy x-ray
heat load from a wiggler beam. (A false-
color reproduction is shown on the front
cover.) The crystal, which is at room
temperature, appears as the rectangular
shape. The white strawberry-shaped spot in
the center is at 320° C.

This crystal did not diffract very well with
thermal gradients as large as 70° C per
centimeter. A new generation of water-
cooled optics gives vastly better performance.

wiggler heating (see Figure 10) and
correlate the temperature profiles and
thermal gradients with monochromator
performance. The results should help us
find the optimum cooling geometry.

THE SIGNIFICANCE
OF X-RAY OPTICS
At CHESS synchrotron x-rays are
being used for a wide variety of experi-
ments, and many more are possible. The
x-ray optics that are required also vary
widely; a new application often necessi-
tates a new or modified optical device.

Figure 10

X-ray optics are also needed for other
kinds of investigation. There is interest
in devices for mapping the cosmic
source of x-rays with space telescopes,
for studying the shape and time evolu-
tion of plasma x-ray sources, for imaging
biological molecules and other small
structures with soft x-rays, and for
focusing radiation from x-ray lasers.

X-ray optics is emerging as an im-
portant area of developmental research—
at CHESS and wherever x-rays are used
or studied.

Donald H. Bilderback has been a staff
scientist at CHESS since 1978. He came to
Cornell in 1975 after receiving his Ph.D.

from Purdue University; his first position
was as research manager of the x-ray facility
at the Materials Science Center.

At CHESS Bilderback helped design and
construct the laboratory, and aids in its
operation. He contributes to the diverse field
of synchrotron radiation research as well as
to the subfield of x-ray optics, which he
discusses in this article. He is currently
writing, with Boris W. Batterman, a book
chapter on mirrors and monochromators for
synchrotron radiation facilities. 22



CATCHING THE FAST ACTION
Time Resolution in High-Energy X-Ray Studies

by Dennis M. Mills
Many important biological, chemical,
and physical processes involve inter-
mediate or excited states that last for
very short times—in the range of
milliseconds to nanoseconds, or thou-
sandths to billionths of a second. These
short-lived states are interesting not
only in themselves, but as they con-
tribute to the overall dynamic process.
Knowing about them often leads to new
insights and a better understanding of
the final or ground state.

In studies of the temporal evolution
of fast processes, investigators have had
to rely mainly on techniques other than
x-ray diffraction and spectroscopy be-
cause of the inherent weakness of
conventional x-ray sources. Within the
last decade, however, a new source of
intense radiation has become available:
high-energy storage rings. The Cornell
High Energy Synchrotron Source
(CHESS), operated in conjunction with
the Cornell Electron Storage Ring
(CESR), is providing new impetus for
time-resolved studies.

Almost all the intrinsic properties of
synchrotron radiation can be exploited

23 in some way for studying transient

phenomena. The most straightforward
application is the use of the high flux
available from storage rings to decrease
data-collection time. In other techniques,
both the high flux and the continuous
spectrum of radiation are utilized. And
in some experiments the pulsed nature
of the emitted radiation provides ways
of looking at processes with very short
time scales.

THE TEMPORAL STRUCTURE
OF SYNCHROTRON RADIATION
Radiation emitted from storage rings is
pulsed because the accelerated particles
(electrons or positrons) are grouped in
packets or bunches around the circum-
ference of the ring. This bunching is
caused by radio-frequency (RF) cavities
that are inserted into the storage ring in
order to replenish energy the particles
lose by radiation. Storage rings are
constructed in such a way that the RF
accelerating frequency is some multiple
n (called the harmonic number) of the
particles' rotational frequency around
the storage ring. This provides for n
stable orbit positions, or "RF buckets",
in which particles can be stored.

The time between radiation bursts
that an experimenter observes is a
function of the number and configura-
tion of RF buckets filled with particles.
As illustrated in Figure 1, the maximum
time between bursts occurs when only
one bunch of particles is in the ring (this
is the single-bunch mode), and the
minimum time occurs when all the
buckets are filled (in the multi-bunch
mode). Interpulse periods can range
from a few nanoseconds to a few
microseconds for large accelerators
running in a single-bunch mode. In
CESR the orbital period (that is, the
interpulse period) is 2.56 microseconds
for single-bunch running. Currently the
ring is operating with three circulating
bunches, and this produces an interpulse
period of 0.85 microseconds (850
nanoseconds). With the imminent intro-
duction of a seven-bunch mode, the
time between x-ray bursts will be
reduced to 365 nanoseconds.

The duration of the x-ray burst that
the experimenter observes depends
simply on the length of the packet of
circulating particles. Burst durations in
high-energy accelerators typically vary
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Figure 1. The pulsed nature of synchrotron
radiation. Radio-frequency (RF) cavities
are inserted into the storage ring to provide
a means of reenergizing the beam to
compensate for radiation losses. These RF
cavities have the effect of dividing the
particles into bunches which circulate at a
certain frequency.

The one-bunch mode of operation is
depicted in a, where Torbital is the time
required for one bunch to pass once around
the ring. CESR, the Cornell storage ring,
currently runs in a three-bunch mode, as
shown in b. In this case the packets of
particles are evenly spaced and Tin(er is the
time between the arrivals, at a given point,
of equally spaced cavities. In both a and b
the duration of the x-ray burst is determined
by the length of the particle packet; this is
about 5 centimeters in CESR.

An upgrade of CESR to seven-batch
mode is expected in late 1986. Because the
number of RF buckets is not a multiple of
seven, the bunches will not be equally
spaced.

Figure 2. The basic experimental setup for
time-resolved studies at CHESS. X-rays
from the storage ring (CESR) are scattered
by a sample and the scattered beam is
detected and recorded. The response of the
sample to perturbations (by changing temper-
ature with a heat-gun, for example) can be
followed in real time.

Figure 3. Polymer studies using CHESS.
The mechanism of brittle fracture in polymer
glasses is followed through real-time observa-
tions of craze formation and breakdown.

This transmission electron micrograph of
a polystyrene sample shows a craze that has
formed under stress. Within the craze is a
forest of load-bearing fibrils and voids. The
fracture process proceeds with the growth,
within the crazes, of large voids (such as the

25 one seen here) and cracks.

from hundreds of picoseconds to many
nanoseconds. At CESR the bunch
length is 5 centimeters, which cor-
responds to a burst duration of about
160 picoseconds.

EXPERIMENTATION USING
THE HIGH FLUX
Several Cornell research groups are
taking advantage of the extremely high
flux of radiation from CHESS to
conduct time-resolved experiments.

Although their projects may be quite
different, the basic experimental setup
is the same. A beam of well-collimated
monochromatic x-rays incident on the
sample is scattered and then detected
by means of an x-ray image intensifier
coupled to a television camera and
video recording system (see Figure 2).
When the sample is perturbed, a real-
time x-ray diffraction pattern can be
recorded. The temporal resolution is
limited by the frame-to-frame time for
the T.V. system—about 30 milliseconds.

Edward J. Kramer of Cornell's
materials science and engineering faculty
uses these techniques to study brittle
fracture and crazing of polymers. The

Figure 3

UNITS OF SHORT-DURATION TIME

Fraction
Unit of a Second Multiple

millisecond thousandth 10"3

microsecond millionth 10"6

nanosecond billionth 10"9

picosecond trillionth 10~ 1 2

femtosecond quadrillionth 10~ 1 5

The time ranges in the shaded area
cannot yet be reached.

origin of brittle fracture in many poly-
mer glasses, such as polystyrene or
polycarbonate, is the formation and
breakdown of crazes—local microde-
formation zones with a microstructure
consisting of a "forest" of fine load-
bearing polymer fibrils interspersed
with voids. This kind of microstructure
is illustrated in Figure 3, a transmission
electron micrograph of a craze in a thin
polystyrene film. The craze widens by
drawing more polymer from its inter-
faces into the fibrils.

The process of mechanical failure
begins with the breakdown of individual
fibrils to form a large void, such as the
one seen in Figure 3. This is usually the
slowest step in the failure process. When
the void grows to a critical size, it
propagates as a crack, causing catas-
trophic fracture. Paradoxically, certain
polymers can be toughened against
impact fracture by inducing the form-
ation of crazes. This is done by adding
small rubber particles, which serve to
nucleate the crazes throughout the
material. The reason this works, it is
thought, is that the impact energy is
dissipated if enough crazed material



develops before one craze breaks down
to form a crack. Understanding the
dynamics of processes such as craze-
fibril formation is the key to under-
standing the fracture process in mater-
ials of this kind, and this should help in
the design of even tougher plastics.

Since the craze fibrils are roughly
cylindrical, with diameters in the range
of 5 to 50 nanometers, in principle much
of the desired information can be
obtained from small-angle x-ray scat-
tering (SAXS) measurements. With
conventional x-ray sources, however,
SAXS requires long exposure times (up
to twenty-four hours) and highly crazed
specimens. Dynamic experiments or
experiments involving the examination

of small critical regions of a sample
(such as the area around a single craze
at the head of a crack tip) were clearly
out of the question. But not any more.
Because the highly collimated x-ray
beam at CHESS has more than 106

times the usable intensity of a conven-
tional source, SAXS patterns that pre-
viously required twenty-four-hour ex-
posure can be acquired now in 1/30 of
a second.

The real-time SAXS experiments on
crazing started as a collaboration be-
tween the research group of Kramer at
Cornell and Hugh R. Brown of the
Department of Macromolecular Science
at Case Western Reserve University.
Brown is now at IBM's research labora-

Figure 4. Observation of fatigue cycling in a
polymer. Small-angle x-ray (SAXS)patterns
obtained with a sample of polystyrene show
the scattering caused by fibrils in the
material as it undergoes progressive un-
loading. At the maximum loading (A) the
fibrils are oriented and straight. As un-
loading proceeds to the minimum load (F),
the fibrils become progressively more strong-
ly buckled and disoriented. (The vertical
streak arises from diffraction from the
fibrils.)

tories at San Jose. Other scientists in
industry have made important contri-
butions to recent experiments; they
include Robert A. Bubeck of Dow
Chemical Company (who received his
Ph.D. in materials science and en- 26



gineering from Cornell in 1975) and
David Alward of Monsanto (who re-
ceived his undergraduate degree in
materials science and engineering from
Cornell in 1978).

The experiments include measure-
ments of the two-dimensional SAXS
patterns from polystyrene air crazes
during fatigue cycling (loading and
unloading). Typical scattering patterns
(Figure 4) clearly show strong fibril
disorientation as the fibrils buckle on
unloading, and reorientation as they
straighten on reloading. These patterns
give important clues about the mechan-
isms of craze damage during fatigue—
about how the large voids initiate and
grow.

Figure 5. A sequence of SAXS
patterns showing the growth
of crazing in rubber-toughened
polystyrene after an impact
and before fracture. The frac-
ture occurred 0.43 second after
impact.

A second real-time experiment using
SAXS patterns is concerned with crazing
during impact fracture of rubber-
toughened plastics. Since the fracturing
is very rapid, the craze patterns appear
on only a few frames of video tape, but
these can be analyzed individually using
a digital image analyzer. The sequence
of patterns in Figure 5, for example,
shows the growth of crazes prior to
fracture, which occurred 0.43 second
after impact. By studying such patterns,
the researchers hope to be able to
develop new morphologies for the rubber
particles that will be more efficient in
generating crazes before final fracture.
The SAXS intensity from these samples
is such that even higher-speed data-

cording (frame times less than one mil-
lisecond) should be possible at CHESS.

CHESS FOR STUDY
OF MOLECULAR DYNAMICS
The high flux of synchrotron radiation
at CHESS and the continuous spectrum
that is available are used in a new
Cornell study of the molecular dynamics
of protein systems. The project is a
cooperative effort in which I am working
with Aaron Lewis of the applied and
engineering physics faculty. The purpose
is to explore the usefulness of time-
resolved x-ray spectroscopy in de-
veloping a better understanding of how
proteins function.

The understanding of proteins has

Figure 5
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Figure 6. The use of time-resolved x-ray
spectroscopy to study protein structure. The
molecule under study is the muscle protein
myoglobin, which forms a complex with O2
or CO through bonding at the site of the
iron atom. Represented here is a small
portion of the myoglobin molecule, which
actually contains more than 2,600 atoms.
The binding-site iron atom lies in the plane
of its four nearest-neighbor atoms, which
are nitrogens. The position that the ligand
(CO, O2, etc.) assumes is indicated by the
black circle.

A Cornell group monitored the structural
changes that accompany recombination of
the complex with CO after it has been
dissociated by a pulsed Nd: YA G laser (see
Figure 7).

Figure 7. Static x-ray spectra of deoxymyo-
globin (Mb) and carboxymyoglobin (Mb CO).
These spectra show effects of structural
changes during recombination of the com-
plex after laser-induced dissociation. The
technique involved measuring absorption as
a function of x-ray energy at the K edge of
the iron atom. The energy shift was used in
time-resolved studies of the recombination
process.

advanced enormously over the past
twenty-five years through the use of a
wide variety of techniques that reveal
the time-averaged or static three-
dimensional structure of these large
molecules. Recently, however, an in-
creasing number of scientists have come
to believe that static models cannot
explain many complex properties ob-
served experimentally. Dynamic models
of proteins are emerging, and they
indicate that to a large extent, dynamic
features control many biological func-
tions of proteins.

Figure 6

To get an idea of the feasibility of
using time-resolution x-ray spectroscopy
to study molecular dynamics in bio-
logical systems, we decided to use the
technique to explore the kinetics of the
extremely important physiological pro-
cess of ligand binding in proteins—
specifically, in myoglobin, the protein
in muscles that stores oxygen until it is
required for metabolic oxidation.

Myoglobin has a single, internally
located iron atom that attaches to the
oxygen (see Figure 6). Much like the
oxygen-carrying blood protein hemo-

globin (which has four iron sites),
myoglobin is rendered useless as an
oxygen-storage site if a carbon monox-
ide molecule becomes attached to it; this
is because the CO dissociates from the
iron site less easily than oxygen does.
As knowledge of the three-dimensional
structure of myoglobin became more
refined, it became apparent that there is
no clear channel for the CO ligand to
enter the protein from outside and
proceed to the iron site. This led to the
realization that ligand binding in heme
proteins requires a major structural
reorganization—that it must depend
strongly on fluctuations, or transient
alterations, in the protein structure. We
chose to study the electronic and struc-
tural alterations that occur when myo-
globin recombines with the ligand CO
after the complex has been dissociated
by a pulsed laser.

To probe this recombination process,
we monitored the x-ray absorption
spectrum of the protein as a function of
x-ray energy in the region very near that
required to eject the inner, or K shell,
electron from the iron atom. This
energy region is called the Fe K
absorption edge; the technique of
measuring absorption near an x-ray
absorption edge is sometimes called x-
ray absorption near-edge spectroscopy
(XANES). Because the x-ray-absorption-
edge energy is very sensitive to the local
environment of the absorbing atom, one
sees shifts of several electron volts as
the near-neighbor atoms change in kind
and in distribution. This effect is clearly
discernible in the static spectra shown
in Figure 7.

We used this energy shift to monitor
the recombination of CO with the iron
after we had caused dissociation by 28



flashing a brief pulse of laser light onto
the sample. Our preliminary results,
obtained over intervals of several
hundred microseconds, show a pro-
gressive shift from distinctly different
spectra for deoxymyoglobin (Mb) and
carboxymyoglobin (MbCO) to spectra
that are practically identical (after about
1,200 microseconds). We are now trying
to "unravel" the observed changes and
relate them to explicit structural and
electronic changes.

These initial results are quite en-
couraging, particularly since the data-
collection time was limited by the
repetition rate of the laser and not by
the x-ray flux. We can improve this
situation by replacing the Nd:YAG
laser, with its 20-hertz repetition rate,
by a recently purchased copper-vapor
laser with a repetition rate up to 5,000
hertz. This, combined with recent ad-
vances in x-ray optical systems at
CHESS (see the article by Donald
Bilderback), should allow us to decrease
the time resolution to the sub-micro-
second regime. Also, we should be able
to look into the possibility of using a
similar technique, extended x-ray ab-
sorption fine structure (EXAFS), which
provides information about the local
environment near an x-ray-excited atom.
Since EXAFS spectra have a spatial
resolution better than 0.1 A, this tech-
nique would allow us to attempt, for
the first time, a detailed study of the
structural rearrangement that occurs
around the iron-atom binding site during
ligand recombination.

USING THE MODULATED
TIME STRUCTURE AT CHESS
The pulsed nature of synchrotron radia-

29 tion provides another avenue to studies

in which time resolution is important.
This is a relatively new experimental
possibility; in fact, the first nanosecond-
resolved x-ray diffraction experiments
ever performed with synchrotron radia-
tion were done at CHESS. This work, a
study of the melting and recrystallization
of silicon during pulsed laser annealing,
was carried out by Bennett Larson and
his colleagues at Oak Ridge National
Laboratories, with my collaboration.

This research on laser annealing of
silicon is relevant to electronics tech-
nology because of its potential usefulness
in connection with the promising new
technique of ion implantation. Ion
implantation is capable of producing p-
n junctions in semiconductors—the
heart of solid-state electronic devices—
but it has several intrinsic drawbacks.
One is that the implantation process
disrupts the crystal lattice of the semi-
conductor. Another is that the implanted
ions do not always wind up in substi-
tutional sites—a necessity if they are to
contribute to the electronic properties
of the device. Over the last several years,
considerable time and effort have been
invested in finding out how to anneal
the disrupted surface layer. One of the
most exciting approaches is to use high-
powered pulsed lasers: it has been found
that all defects can be removed in the
near-surface region of a semiconductor
if it is exposed to a brief (about 10-
nanosecond) pulse of laser light of high
energy density (about 1 joule per square
centimeter). Initial investigations indi-
cate that the annealing process lasts
about 100 nanoseconds; and since the
depth of the annealed layer is about 1
micrometer, this corresponds to a
phenomenal defect-free growth rate of
10 meters per second. (Normal silicon

"...the first
nanosecond-resolved
experiments ever
performed with
synchrotron
radiation were done
at CHESS."



Figure 8

Figure 8. Measuring the temperature of
silicon during laser annealing of a disrupted
crystalline surface. The salient feature of the
data is that the temperature at the solid-
liquid interface is shown to have reached the
classical melting temperature of silicon,
1410° C. This supports the theory that laser
annealing occurs through rapid melting of
near-surface silicon.

These time-resolved thermal profiles were
obtained from strain profiles measured in
real time by Bragg scattering. Bragg re-
flections from perfect single crystals occur
over a very small angular range, typically
tens of arc seconds, but the width of the
reflection is broadened if the crystal has
lattice strains. By observing the shape and
position of the Bragg reflection profile, one
can determine the strain profile at the near-
surface of the crystal. Then, assuming that
the strains are thermal in nature, one can
transform the strain profile into a thermal
profile in a straightforward way through the
use of temperature-dependent thermal ex-
pansion coefficients.
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The fascinating physics of this ultra-
rapid melting and recrystallization
phenomenon, as well as the possible
technological applications, has attracted
the attention of researchers, and many
have studied the energy-transfer mechan-
isms associated with pulsed laser an-
nealing. From this work have stemmed
two different theories for the mechan-
isms involved in pulsed laser annealing.

One picture of the annealing process
is simply that it is a classical thermal
melting phenomenon: the energy from
the laser, initially absorbed by the
bonding electrons, is rapidly transferred
to the crystal lattice, causing the
damaged near-surface region to melt.
The melted layer then regrows epitaxi-
ally from the unmelted region as the

surface cools. The implication is that
the temperature at the liquid-solid
interface is at or near the classical
melting temperature of silicon, 1410°C.

An alternative to this description is a
plasma model in which the electrons
that absorb the laser light retain the
energy for a longer time. The hypothesis
is that this allows the exposed silicon to
enter a "fluid" state through loss of
shear resistance, a loss that occurs
because a large fraction of the bonding
electrons have been excited out of
bonding states. The softened bonds
allow the atoms to arrange themselves
in their preferred configuration, which
is the crystalline state. In this plasma
model, the electrons that absorb laser
light retain the energy for a longer time
and the lattice temperature need not
reach the classical melting temperature 30



of silicon in order to account for the
observed annealing. In fact, a temper-
ature of only a few hundred degrees
during annealing has been predicted.

Several experimenters have attempted
to measure the near-surface lattice
temperature of silicon during annealing,
but since they obtained differing results,
the controversy over the process has
continued. To try to resolve the question,
we devised x-ray diffraction techniques
with nanosecond resolution and mea-
sured both temperature and temperature
gradients of silicon during pulsed laser
annealing. Our data showed that the
classical melting temperature of silicon
is reached at the solid-liquid interface—
results that provide strong support for
the thermal-melting model (see Figure 8).

We are continuing these studies to
include other semiconductor materials,
and we will be looking more closely at
superheating and undercooling effects
during the ultra-rapid melting and
crystallization processes.

X-RAY BURSTS TO
EXCITE MATERIAL
In addition to their usefulness as a
probe, the short, high-intensity x-ray
bursts from CHESS have another capa-
bility: they can serve as a source of
mechanical excitation within a sample.
In studies directed by Wolfgang Sachse,
Cornell professor of theoretical and
applied mechanics, the use of x-rays as
a generator of acoustic waves in solids
is being investigated.

In 1983 Sachse and his research
associate, Kwang Yul Kim, reported
their discovery that broadband ultra-
sonic signals are generated inside a
material when it is exposed to intense

31 synchrotron radiation. The signals pro-

Figure 9

narrow beam wide beam

duced with a pulsed x-ray source
include both longitudinal (P) and shear
(S) waves. Waveform parameters of the
ultrasonic signals are related to material
parameters such as the thermal expan-
sion and x-ray mass absorption co-
efficient. Since the source of acoustic
emission is believed to extend several
millimeters into a specimen for materials
with low x-ray absorption coefficients,
Sachse and his researchers proposed
that the thermo-mechanical source can
be modeled as an array of force dipoles
whose strength decreases exponentially
with depth. They are now evaluating
this source model.

A long-range goal is to explore the
potential of x-ray acoustic signals as the
basis of a new imaging method for
subsurface inhomogeneities and micro-
structural features. Signals have been

Figure 9. X-ray/acoustic signal directivity.
The results of two tests are shown for
measurements with a narrow beam (2
millimeters in diameter). The wide beam has
a diameter of 15 millimeters.

generated in various metals, in porous-
powder metals, in glass, and in organic-
fiber-reinforced composites.

Sachse's group has determined the
directivity of the x-ray/ acoustic source
(see Figure 9) and found it similar to
that of a laser-induced thermal source.
They have also measured the signal
amplitude and other waveform par-
ameters and their dependence on the
size of the excitation beam and its
intensity. Sachse proposes that the x-
ray/acoustic phenomenon can form the
basis of a new x-ray intensity sensor.

In addition, the group has developed



"...diverse as
these experiments

are, they do not
begin to cover

the possibilities
of time-resolved

studies based
on the use

of synchrotron
radiation."

a new double-modulation measurement
technique. The synchrotron's own repeti-
tion rate provides the first modulation
of the excitation signal, and then this is
mechanically chopped. The resultant
ultrasonic signal magnitudes and phases
are measured as a function of chopping
frequency or beam position. It is found
that the measured x-ray/acoustic spectra
are material-dependent and sensitive to
subsurface inhomogeneities. With proper
choice of frequencies it is possible to
eliminate the effects of irrelevant arti-
facts and allow subsurface spatial
features to be clearly identified.

THE OPENING UP
OF A NEW FIELD
The experiments I have described briefly
represent pioneer work with a new tool:
time-resolved measurements using high-
energy pulsed x-ray beams.

As we have seen, this tool can be used
to detect, measure, and understand
processes of extremely short duration,
and to help reveal their role in larger
processes that are important in every
area of life and activity. This tool can
serve to probe material behavior at

microstructure level, to reveal the dy-
namics of biochemical processes, to
show what happens during laser an-
nealing of silicon, to generate acoustic
signals that emanate from the interior
of a material.

But diverse as these experiments are,
they do not begin to cover the possi-
bilities of time-resolved studies based on
the use of synchrotron radiation. At
CHESS we anticipate a world of new
applications and discoveries.

Dennis M. Mills, a staff scientist at CHESS,
has been involved with the facility since its
inception in 1978. His experience in the field
of synchrotron radiation began with doctoral
research at Cornell; his dissertation was a
study of semiconductor properties using
radiation from the Wilson 12-GeV Synchro-
tron, the accelerator that preceded the
current Cornell Electron Storage Ring
(CESR).

Before undertaking graduate study in
applied physics at Cornell, Mills earned the
B.S. degree in physics from Rensselaer
Polytechnic Institute in 1974. He received
his doctorate in 1979. 32



SURFACE AND INTERFACE SCIENCE
AT CHESS

by Michael J. Bedzyk
Picture the atoms on the surface of a
crystal. Their environment is different
from that of the other atoms—they have
no neighbors on one side and their
bonding is incomplete. As a con-
sequence, atomic arrangement,near the
surface differs from that of the crystal
as a whole, and entirely different phase
diagrams apply. Melting temperature,
for instance, is different at surfaces than
at deeper layers. And to add to the
complexity, surface structure can change
reversibly with temperature. These con-
ditions are important to understand
because surface structure has a major
influence on the chemistry and physics
of a material; catalytic properties, for
example, depend heavily on surface
characteristics.

X-rays are useful for probing struc-
ture at buried surfaces including
gas/solid, liquid/solid, solid/solid, or
gas/liquid interfaces because they can
penetrate easily through layers of low-
density matter before reaching a surface.
The high-intensity x-radiation from a
synchrotron is especially good because
the scattering signals from surface layers

33 are inherently weak in comparison with

signals from the bulk. An excellent
facility is the unique Cornell High
Energy Synchrotron Source (CHESS),
which can supply and adapt the radia-
tion to meet specific experimental re-
quirements.

X-RAY STUDIES
OF FINE STRUCTURE
A technique called extended x-ray
absorption fine structure (EXAFS) spec-
troscopy is used in several current
studies at CHESS. It is based on
photoionization, a process that plays a
major role in attenuating a penetrating
x-ray beam.

In photoionization (see Figure 1) a
primary photon is absorbed by an atom,
and a core electron is photo-ejected with
an energy equal to the difference be-
tween the energy of the incident x-ray
photon and the binding energy of the
electron. The photoelectron leaving the
host atom may then backscatter from
neighboring atoms and interfere, con-
structively or destructively, with the
photoelectron wave from the ionized
atom (see Figure 2a). Since the wave-
length of the photoelectron depends on

the energy of the primary photon, this
interference shows up as oscillations in
the absorption spectrum (a plot of
absorption versus x-ray energy). Then
the measured oscillation pattern can be
used to determine the geometric arrange-
ment of atoms in the immediate sur-
roundings. Because the oscillations
occur in the region 50 to 1,000 electron
volts (eV) above the binding energy of a
core electron, they are called extended
x-ray absorption fine structure (see
Figure 2b).

To make an EXAFS measurement,
the experimenter exposes a sample to
x-rays over a range of energies. A
monochromator is used to scan the
energy (see the articles by Boris
Batterman and Donald Bilderback),
and the range selected is one that
contains the binding energy, called the
absorption edge, of a particular atom
of interest. During the scan, a record is
made of transmission intensity or of a
secondary emission such as fluorescence
x-rays or Auger electrons (see Figure
1). Since different elements have dis-
tinguishable electron-binding energies,
EXAFS is a very powerful technique



Figure 1

Figure 1. The photoionization process.
Primary x-rays incident on a target material
have a certain probability (cross sect ion) for
causing a bound electron of an atom to be
photoejected. This leads to jumps (edges) in
the absorption spectrum at the electron
binding energies of the atoms in the material.
When the core hole is filled by a higher
orbital electron, the excess energy can be
carried away by a fluorescence photon or an
Auger electron.
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Figure 2. Effects of photoelectron back-
scattering.

The top sketch (a)pictures a photoelectron
wave (solid lines) emanating from the
ionized atom (solid circle). The wave back-
scatters (dashed line) from a neighboring
atom (open circle).

The plot below (b) depicts how the
interference between the emitted and back-
scattered electron waves produces an oscil-
lation called extended x-ray absorption fine
structure (EXAFS). The germanium Kedge
is shown.

for isolating the structure surrounding
a dilute surface impurity from the
structure surrounding atoms inside the
solid. For example, in a desulfurization
catalyst containing nickel, cobalt, and
molybdenum, EXAFS can look selec-
tively at the surroundings of each of
these components.

STUDYING THE INTERFACE
AT AN ELECTRODE SURFACE
In an EXAFS study at CHESS, a team
of collaborators from the IBM Research
Laboratory at San Jose, the Depart- 34
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ment of Chemistry at Cornell, and the
Department of Physics at the University
of Puerto Rico demonstrated that the
EXAFS technique can be used to
examine the atomic arrangement at the
interface between an electrode and the
electrolyte. The structure of an elec-
trode/solution interface is of funda-
mental importance because it greatly
affects reactivity.

As shown in Figure 3, one system
studied was iodine adsorbed on a
single-crystal platinum electrode in solu-
tion. The EXAFS data were taken by
scanning in x-ray energy through the
region of the iodine K edge, which is at
33.17 keV, and measuring the resulting
x-ray fluorescence from the iodine K
shell. From these data the researchers
calculated that the nearest-neighbor
distance between platinum and iodine
was 2.67 angstroms (A). This same
group is now investigating electro-
deposited copper monolayers on gold
single crystals.

EXAFS is advantageous for in-situ
studies of this kind because it can use
high-energy x-rays for both the incident

35 and the detected radiation. Conven-

tional surface-structure techniques use
electrons or ions, which cannot effec-
tively penetrate the liquid layer; this
excludes in-situ measurements.

X-RAY STANDING WAVES
TO STUDY SURFACES
When a highly collimated monochroma-
tic x-ray beam is Bragg diffracted (see
Batterman's article) by a perfect single
crystal, the diffracted-beam intensity is
nearly equal to the incident-beam
intensity. Under these ideal conditions,
the two coherently related, traveling x-
ray plane waves interfere to form an
x-ray standing wave. As shown in
Figure 4, the period of the standing
wave is equal to the diffraction-plane
spacing.

On the basis of Bragg's law (k=2d
sin0), one might assume that perfect
crystal planes set at an angle 6 with
respect to a perfectly collimated x-ray
beam diffract at the precise x-ray energy
of E - "hejk s ficl{2d sin0). However,
strong Bragg diffraction actually occurs
over an energy band gap of a few
electron volts in the neighborhood of
this energy. Furthermore, tuning the

Figure 3. A schematic for an iodine / platinum
EXAFS measurement at the liquid I solid
interface. The Teflon film was used to keep
the surface wet by capillary action. (Courtesy
ofH. Abruha, Cornell chemistry department,
and collaborators.)

Figure 4. An x-ray standing wave field
formed by Bragg diffraction.

Figure 4

x-ray standing wave field

crystal

energy through this band gap causes the
phase of the standing wave to change,
relative to the diffraction planes, by
180°. Accordingly, on the low-energy
side of the strong diffraction condition,
the antinodal planes of the standing
wave lie halfway between the diffraction
planes; and as the energy is increased
through the strong diffraction condition,
the antinodes move inward until they
coincide with the diffraction planes on
the high-energy side.

The position of a surface impurity
atom can be determined by monitoring
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the modulation in its fluorescence,
photoelectron yield, or Auger electron
emission, as the x-ray standing wave
sweeps through its unknown position.

An experiment performed by Cornell
researchers in several departments was
an investigation of the structure of a
gold submonolayer on the surface of a
silicon single crystal. The investigators
include Boris Batterman of the applied
and engineering physics faculty and his
colleagues Steve Durbin, who was then
a postdoctoral researcher, and Lonny
Berman, a graduate student; and Jack

Blakely, professor of materials science
and engineering.

In the experiment, the intensity of
photoelectron emission from gold was
monitored. As Figure 5 shows, the yield
of photoelectrons increased markedly as
the x-ray energy was increased through
the region in which silicon reflects
strongly. This indicates that the gold
atoms lie very near the position of the
bulk-like diffraction plane (see the
Figure 5 inset).

Additional information was obtained
by looking at secondary electrons

Figure 5. The use of an x-ray standing wave
to determine the position of impurity atoms
(gold) on the surface of a crystal (silicon).
The standing wave modulates the photo-
electron yield, which is monitored as the x-
ray energy is increased through the silicon
(111) Bragg reflection. The inset shows a
side view of the top layers. The open circles
represent silicon atoms, the dashed lines are
(111) diffraction planes, and the colored
circle is a gold atom. (Courtesy of S. M.
Durbin and collaborators.)

emitted by the excited silicon atoms
during the process of gold deposition.
It was found that the initially contracted
silicon surface relaxes outward as the
gold coverage increases. This finding
helps explain how adsorbate atoms
function to relieve surface strain, an
effect that is increasingly significant in
semiconductor devices as they become
smaller and therefore more affected by
their surfaces.

THE ATOMIC STRUCTURE
OF GRAIN BOUNDARIES
The properties of a crystalline material
are affected not only by surface char-
acteristics, but by the interfaces between
individual crystals. These interfaces,
called grain boundaries, are being
studied at CHESS by a group headed
by Stephen L. Sass of Cornell's mater-
ials science and engineering faculty.

The high-temperature strength of
metals and ceramics is frequently con-
trolled by the presence of grain boundar-
ies. In certain circumstances, however,
the occurrence of an atomic layer of
impurities at the grain boundary will
make a strong material brittle, and to
figure out why, it is necessary to obtain
information on the atomic structure of 36
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the boundary in the absence and
presence of impurities. The Cornell
researchers did this by adapting x-ray
diffraction techniques—which have been
used for many years to study the
structure of bulk materials—to the
study of grain boundaries. What made
is possible was the high-intensity x-
radiation available at CHESS.

The interfaces between crystals in a
polycrystalline material can have two-
dimensional periodicity. This is illus-
trated in Figure 6, which is a repre-
sentation of a grain boundary between
two crystals that meet in the plane of
the paper. The two planes are slightly
misoriented, with the result that in
certain regions the atoms are on top of
each other (in good match), while in
other regions they are displaced away
from each other (in bad match). The
pattern is periodic in two directions,
which suggests that x-ray diffraction
techniques will indeed be useful for
studying the atomic structure of real
grain boundaries.

A major problem arises because the
number of atomic planes associated
with a boundary is very small, typically
two or three planes, which means that
the strength of the scattering from the
interface will be exceedingly weak. That
is why high-intensity x-ray sources are
needed. Until 1980 the only sources that
came close to being adequate were
rotating-anode x-ray generators. But
then CHESS was built and intensities
one hundred times greater became
available, making diffraction studies of
interfaces relatively easy to perform.

Figure la shows a typical x-ray
diffraction pattern taken at CHESS
from a large-angle grain boundary in
gold. In addition to large, very bright

Figure 6
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Figure 7a

Figure 7a. An x-ray diffraction pattern for
a large-angle grain boundary in gold. The
broad, very bright spots come from the
crystals on either side of the boundary; the
many smaller spots come from the grain-
boundary structure.

Figure 7b. The atomic planes in the vicinity
of the grain boundary, as determined from
observations such as the example in Figure
7a. Two planes above the boundary and
two below are shown.

(Figures 6 and 7 are courtesy ofS. Sass and
collaborators.)

Figure 6. A schematic representation of a
small-angle grain boundary between two
crystals in a polycrystalline material. Two
planes, one above and one below the
boundary, are shown.

The planes are misoriented by an angle 6
about an axis normal to the figure, so that
in some areas the atoms are aligned and in
some areas they are displaced from each
other. The implied periodicity suggests that
the atomic structure of real grain boundaries
can be studied with x-ray diffraction tech-
niques. This is confirmed in the actual x-ray
diffraction pattern reproduced in Figure 7a..

Figure 7b



"X-rays are
useful for probing

structure at
buried surfaces....
The high-intensity
x-radiation from
a synchrotron is

especially good."

spots, which come from the gold crystals
on either side of the boundary, the
pattern shows many smaller spots,
which come from the grain-boundary
structure. The fact that these smaller
spots are observed is, of course, direct
proof that the boundary structure is
periodic, as predicted.

Since the different intensities of the
grain-boundary spots are related to the
atomic structure, it is possible to obtain
the boundary structure through a de-
tailed analysis of the spots. Figure 1b
shows the atomic structure of a large-
angle boundary in gold, derived from
experimental data. (It is similar to the
representative structure in Figure 6,
except that the misorientation angle is
much larger.) Two atomic planes above
and two atomic planes below the grain
boundary are shown. This work re-
vealed, for the first time, a structural
feature of atom planes in the vicinity of
a boundary: they are puckered rather
than flat, with the atoms indicated by
the shaded pyramids moved a large
amount out of the plane.

Careful examination of x-ray dif-
fraction patterns such as Figure la

Michael J. Bedzyk, a specialist in x-ray
standing waves, came to Cornell in 1985 as
a staff scientist at CHESS.

After receiving a Ph.D. degree in physics
from the State University of New York at
Albany in 1982, he was a postdoctoral
researcher at the Hamburg Synchrotron
Laboratory (HASYLAB)of Deutsches Elect-
ronen Synchrotron (DESY) in Germany.

provides detailed information about the
structure of interfaces that has never
before been available. For example,
recent studies have shown that there is
an expansion in the vicinity of the
boundary: the atomic planes move
apart by 10 percent in metals and 25
percent in ceramics.

The long-range goal is to establish
general rules for describing the structure
of grain boundaries, and then to use
these rules to understand boundary
properties such as high-temperature
strength. Current research, concerned
with the influence of temperature and
impurities on boundary structure, may
lead to processing treatments to im-
prove the electrical and mechanical
properties of materials. A new subfield
of materials science and engineering,
perhaps called interface science and
engineering, may come out of this
work.
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MacCHESS: CORNELL'S PHYSICS CENTER
FOR BIOCHEMISTS

by Karl W. Volz, Wilfried Schildkamp, and Keith Moffat
A high-energy physics laboratory may
seem an unlikely setting for biochemists,
but at the Cornell High Energy Synchro-
tron Source (CHESS) they are regular
users with their own special facility.
MacCHESS (Macromolecular Crystallo-
graphy at CHESS) was established in
1983, with funding from the National
Institutes of Health, to make the
superior x-ray diffraction capabilities of
Cornell's electron storage ring available
to the biochemistry community.

Synchrotron radiation is valuable for
research in structural biochemistry, as
in other scientific fields dependent on
x-ray diffraction measurements, because
of the unique qualities of the radiation
produced as an incidental product of
synchrotron operation. Even the best
conventional x-ray sources, high-power
rotating-anode x-ray generators, cannot
compete with a source like the Cornell
Electron Storage Ring (CESR). The
MacCHESS facility, centered around a
tiny port adjacent to the storage ring, is
a special place for studies in structural
biochemistry.

In this article we will outline the
39 experimental requirements of macro-

molecular crystallography and demon-
strate why facilities like CHESS are so
attractive.

DISCERNING THE STRUCTURE
OF MACROMOLECULES
Single-crystal x-ray diffraction is the
only technique that can yield three-
dimensional structures of large mole-
cules (provided, of course, that these
molecules can be crystallized). Such
analysis is important because of the
intimate relations between the structure
and the function of macromolecules, a
relationship that has been recognized
for decades. Since the pioneering work
of John Kendrew, Max Perutz, and
their colleagues in the structural de-
termination of myoglobin and hemo-
globin in the 1950s, biochemists have
thought of protein reactions in struc-
tural, atomic terms.

Over the years, the structures of
hundreds of different enzymes, other
proteins, and polynucleotides such as
DNA duplexes and transfer RNA have
been solved by x-ray diffraction. This
progress has led to important advances
in biomedicine and biochemical re-

search: the rational design of new drugs,
for example, and currently, the design
of new enzymes. These achievements
from the "pre-synchrotron era" were
accomplished with beams from con-
ventional rotating-anode x-ray gen-
erators.

There were problems, however. Macro-
molecules are much more difficult to
crystallize than small molecules, and
since the large crystals must often be
prepared from preciously small amounts
of material, conservation and preserva-
tion of the crystals is an important
consideration. They are sensitive to
radiation, and damage is intensified by
the long exposure periods necessary to
collect data from relatively weak x-ray
sources. Any analysis technique that
consumes less material and permits
more rapid data collection is a valuable
improvement.

THE OBJECTIVES: QUALITY,
QUANTITY, AND SPEED
The quality of synchrotron radiation
that is most appreciated by protein
crystallographers is brightness of the
beam. Since passive optical elements



Right: Miriam Szebenyi, research associate
at MacCHESS, works on a wire model of a
calcium-binding protein.

Right: Electrons from the wiggler in the
storage ring pass through here (going from
right to left). Chuck Henderson, CHESS
operation manager, is checking the hoses for
water cooling of the six-pole, 18-kilogauss
electromagnetic device. 40



such as monochromators or mirrors
cannot increase brightness, it is im-
portant to start with a brilliant, or high-
energy, source with low divergence. The
radiation from a synchrotron has these
characteristics, and the classical trade-
off between resolution (angular, spatial,
or energy) and intensity is most ad-
vantageous with a storage ring. An x-
ray beam from CESR is a thousand
times brighter than a beam from a
rotating-anode x-ray generator.

This enormous gain in brightness
permits:
• increased quality of diffraction data,
since the diffraction maxima are sharper
and therefore measurable with a smaller
statistical error;
• measurement of high-resolution data
because of the increased signal-to-
background ratio;
• faster data collection, especially im-
portant when millions of diffraction
maxima must be measured for a struc-
tural determination;
• study of smaller crystalline samples,
especially important when large crystals
are simply not available because of
difficulty in growing them;
• data collection on systems with unit
cell dimensions up to 1,000 angstroms
(A), such as ribosomes and their
constituents;
• reduction of radiation damage
through increased dose rate, which
minimizes the propagation of harmful
ionization products;
• increased contrast of the anomalous
scattering effects through appropriate
selection of wavelengths.

Other advantages of CHESS are the
narrow collimation produced by the x-
ray optics, and the ability to tune

41 energy.

EXPERIMENTS PERFORMED
AT MacCHESS
So far, the most impressive example of
precision and speed in data collection
at CHESS is the determination of the
three-dimensional structure of the
human cold virus by a group from
Purdue University headed by Michael
G. Rossmann. (A summary of the
results and an account of their exper-
ience at MacCHESS is given by Edward
Arnold in this issue.) Human rhinovirus
14, as it is called, is the first mammalian
virus whose structure has been deter-
mined. These x-ray studies provide
many answers (and many more ques-
tions) about the virus. One surprising
result is the astonishing similarity be-
tween human rhinovirus 14 and other
types that infect plants and animals.

In the work at CHESS more than six
million diffraction maxima were re-
corded with speed and precision in only
a few days of beam time. If these data
had been collected using a rotating-
anode source, many months would have
been required and the results would
have been much lower in quality because
of radiation damage to the crystals. In
announcing the results, Rossman said,
"We could not have done our work at
all without the facility at Cornell and
the help we received there."

Another project now underway may
demonstrate the possibility of making
"x-ray movies" of certain dynamic
processes in biological macromolecules.
Three-dimensional x-ray crystallo-
graphic models, such as the one for the
rhinovirus, represent time averages of
the positions of atoms, which are
actually constantly undergoing motions
such as vibration, libration, and some-
times translation. The only information

"The quality of
synchrotron radiation
most appreciated
by protein
crystallographers
is brightness
of the beam."



Right: Wilfried Schildkamp (at left) and
Karl W. Volz demonstrate a newly built
oscillation camera used in the research on
the protein enzyme lysozyme. The first insert
shows how protein crystals are mounted on
goniometer heads for diffraction experi-
ments. The second insert shows a protein
crystal inside a 0.5-millimeter capillary.

Left: A Laue x-ray diffraction pattern of a
single crystal of lysozyme. This image was
taken with an exposure time of 64
milliseconds. 42



about the motion parameters that is
provided by the x-ray data is their
amplitude. The time scales of these
motions are in the inaccessible sub-
microsecond range, but with synchro-
tron radiation sources it may be possible
to do some x-ray diffraction experi-
ments in a time-resolved manner on a
time scale of milliseconds. Such experi-
ments would make use of the inherent
time structure of the storage ring, as
Dennis Mills and Aaron Lewis have
done in their EXAFS study of the
dynamics of a chemical reaction (see the
article by Mills in this issue).

The initial experiments, conducted by
our research group in the Section of
Biochemistry, Molecular and Cell
Biology at Cornell, involve x-ray struc-
tural analyses of the thermal perturba-
tion of a well-known enzyme, lysozyme.
The capabilities of CHESS will allow
drastic reduction of the required ex-
posure times from hours to milliseconds.

Below: Professor Keith M off at heads the
research group investigating thermal per-
turbations of lysozyme.
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MacCHESS: PRESENT
AND FUTURE
Although the use of sychrotron radiation
in studies of biological macromolecules
was a novelty only a few years ago, its
importance is now recognized by most
structural biochemists, and the available
facilities are heavily subscribed. From
the fall of 1983 to the spring of 1986
MacCHESS was used by thirty-nine
research groups. Most are from univer-
sities all over the United States; two are
from Canadian universities, one is from
a research laboratory in Israel, three are
from industrial or foundation labora-
tories, and two are from United States
national laboratories. During the past
year, macromolecular crystallographers
accounted for 67 percent of the Al
beam line at CHESS, and a steady
increase in the number of outside users
is anticipated as the data-collection rate
goes up.

The success of the program depends
strongly on the help provided to users
by the MacCHESS staff, as well as on
the capabilities of the facility. Staff
assistance includes advice, training, tech-
nical support, and even the development
of special hardware. (A parallel staff
activity is the design of better x-ray
optics; although this work is not neces-
sarily related to user projects, sugges-
tions from users have helped improve
the facility.)

Our goal is to enable even inexperi-
enced users to collect data in a friendly
and supportive environment, knowing
that when they return to their own
research laboratories, they will take
with them the best results that are
possible to obtain.

Karl W. Volz, Wilfried Schildkamp, and
Keith Moffat are all associated with the
Section of Biochemistry, Molecular and Cell
Biology in the Division of Biological Sciences
at Cornell Moffat, a professor, directs a
research group and heads the National
Institutes of Health Biotechnology Resource
(called MacCHESS) at the Cornell High
Energy Synchrotron Source (CHESS). Volz,
a research associate, and Schildkamp, a
senior research associate, are members of
Moffat s research group and both are active
in projects at CHESS.

Volz received his B.S. degree from the
College of Chemistry at the University of
California, Berkeley, and his Ph.D., granted
in 1981, from the University of California,
San Diego. He came to Cornell after three
years as a postdoctoral fellow in the
chemistry department at Harvard University.

Schildkamp studied chemistry in Saar-
bruecken, West Germany, earning the
Diplom-Chemiker, and continued to study
at the Institut Laue-Langevin in Grenoble,
France. He was awarded a doctorate
(Dr.rer.nat.) by the University of Saar-
bruecken in 1979. After working for several
years on x-ray instrumentation and structure
analysis in Saarbruecken and at the
Hamburg synchrotron laboratory of
Deutsches Elektronen Synchrotron (DESY),
he joined Moffat's research group and
CHESS in 1984.

Moffat received his B.Sc. degree in 1965
from the University of Edinburgh, Scotland,
and his Ph.D. in 1970 from Cambridge
University, England. He came to Cornell in
1969 as a postdoctoral associate and one
year later joined the faculty. He has spent
year-long leaves at the Hormone Research
Laboratory of the University of California,
San Francisco, and—as a Guggenheim
fellow in 1985-86—at the SERC synchrotron
in Daresbury, England. His main research
interest is in the structure-function relation-
ship in macromolecules, especially poly-
peptide hormones and calcium-binding
proteins.



WINNING TEAM FROM OUT OF TOWN
CHESS Helps Purdue Researchers
Solve Cold-Virus Structure

by Edward Arnold
When our research team went out for a
party at the China Palace restaurant in
West Lafayette, Indiana, we were cele-
brating a result that would have been
hard to achieve without the CHESS
facility in Ithaca, New York.

For four years the group led by
Michael Rossmann, professor of bio-
logical sciences at Purdue University,
had been working to decipher the
molecular structure of human rhino-
virus 14 (HRV 14), one of the viruses
responsible for the common cold. Two
sophisticated technical facilities made it
possible—the Cornell High Energy Syn-
chrotron Source, which enabled us to
assemble high-quality crystallographic
data, and Purdue's Cyber 205 super-
computer, which processed the data.

Our first job was to produce suitable
crystalline material. We had to obtain a
quantity of HRV 14, which, like other
viruses, can only replicate inside host
cells. Then we had to separate it from
the medium in which it was prepared,
purify it, and grow crystals of it.
Eventually we produced crystals about
0.3 millimeter in diameter, and some as
large as 1.0 millimeter.

These crystals of HRV 14 were grown by
the research team. The largest shown are
about 0.3 millimeter from apex to apex.

Initially we tried exposing these
crystals to x-rays from a standard
source, the rotating anode x-ray gener-
ator. This is a powerful producer of x
radiation and has been used successfully
to solve the molecular structure of a
number of small plant viruses. But it
was necessary to expose the crystals for

twelve to eighteen hours in order to
obtain an image of the complete virus
at near atomic resolution, and we found
that the crystals deteriorated substan-
tially during this time. The experimental
process destroyed the structure we were
trying to determine.

In order to overcome this difficulty,
we turned to synchrotron radiation.
Although the rotating anode generator
is powerful by conventional standards,
a synchrotron source such as the one at
Cornell is as much as one thousand
times more powerful. This greater bright-
ness would shorten the exposure time
and make it possible, we hoped, to "take
a picture" of a crystal before it was
damaged.

TRAVELING WITH CRYSTALS
AND SETTING UP SHOP
We first came to Cornell in February
1983. The data we were able to collect
at that time were not useful because our
crystals were not consistent. But we did
learn that a synchrotron source would
give us the high-resolution x-ray diffrac-
tion photographs that we needed—in as
little as two minutes. Reducing ex- 44
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posure time from days to minutes would
mean much less damage to the crystals.

Our next attempt was carried out at
the Deutches Elektronen Synchrotron
(DESY), in Hamburg, West Germany.
But it was hard to protect our delicate
crystals during a transatlantic flight,
and customs agents were dubious about
a virus sample that contained enough
HRV 14 to give a cold to every person
in Western Europe. In addition, support
services at DESY were only available
during business hours, and if anything
went wrong with the equipment in the
evening, we had to suspend our experi-
mentation until the next morning.

So we came back to CHESS. In May
1984 Michael Rossmann, Gert Vriend,
Jim Griffith, and I loaded our crystal
experiment into a rented van and made
a thirteen-hour trip across Indiana,
Ohio, and Pennsylvania. Crystals of

virus and other biological materials
tend to be very fragile, so the crystals
were pampered and protected from
shock and vibration in a liquid medium.
And we drove very carefully.

On arrival, we set up shop by
establishing a work space and organizing
the darkroom. Conditions were cramped
because of the small space at the
experimental ports of the synchrotron
storage ring. We set up light micro-
scopes for the microsurgery-like pro-
cedures of crystal draining and pre-
orientation on a surface that had been
intended as an electrical workbench.
Some of the crystal preparation pro-
cedures involve treating the crystals
with heavy-metal reagents, which caused
logistic problems because of their toxi-
city. The reagents are poisonous by
virtue of the very characteristic that
makes them useful for our studies: they

Left: Michael Rossmann headed the Purdue
research group that deciphered the molecular
structure of one of the common-cold viruses.

cling tightly to certain portions of
biological molecules. Other researchers
and CHESS operators looked at us with
suspicion; they had heard we were
working with rhinovirus. Would every-
one catch a cold?

GATHERING DATA
AROUND THE CLOCK
Previous experience had taught us that
the first day might be "wasted" in
working out the conditions under which
subsequent experimentation would be
conducted. But in less than twenty-four
hours we were beginning to collect
high-quality photographs. The cycle of
acceleration was generating a good
beam that lasted for over an hour at
intervals of about two and one-half
hours. Every time the beam came up,
we wanted to be recording a diffraction
pattern on x-ray-sensitive film. We
worked around the clock, each of us
returning to the Statler for a few hours
sleep on different shifts. We kept a
camp cooler full of food, so that we
could eat without having to leave the
facility.

Each crystal yielded one photograph



Results of the Research on a Common-Cold Virus

The first report ever made of the
atomic-scale structure of an animal
virus was published in Nature in
September 1985. The paper presented
the results of research on a common-
cold virus—human rhinovirus 14 (HRV
14)—that had been carried out, partly
at the Cornell High Energy Synchrotron
Source (CHESS), by Michael Rossmann
of Purdue University and colleagues.

Rhinoviruses comprise a group of
viral pathogens called picornaviruses.
The diseases caused by these agents
include poliomyelitis, hepatitis A, and
foot-and-mouth disease, as well as the
common cold.

Viruses can be classified according to
the host's immune response: if infection
by one virus confers immunity to a
second virus, then the two are said to
share the same serotype. One reason
that humans recurrently get colds is that
nearly one hundred serotypes of rhino-
viruses are known. The fact that there
are only three poliovirus serotypes has
allowed development of successful vac-
cines, but the large number of rhino-
viruses has precluded such treatment.

Rossmann's research group grew
crystals of HRV 14, a representative
serotype, from purified virus. The

crystals consisted of orderly arrays of
intact virions. Then diffraction informa-
tion obtained at CHESS (see Figure 1)
was analyzed to arrive at an atomic
description of the entire virus. HRV 14
is one of the most complex structures
that has been described at molecular
resolution.

The HRV 14 particle is composed of
an icosahedrally symmetric protein shell,
consisting of sixty copies of each of four
distinct polypeptide chains, surrounding
a single-stranded ribonucleic acid (RNA)
genome. In this type of virus, the exact
nature of the coat proteins specifies the
nature of the viral interaction with the
host immune system, as well as with
host cellular receptors. Figure 2 shows
a portion of the 3.5-A-resolution image
that was derived from diffraction pat-
terns and used to interpret the details of
the HRV 14 structure.

Interactive computer graphics was
used to construct a complete three-
dimensional model of the protein coat.
The overall arrangement of the coat
proteins on the viral surface is illustrated
in Figure 3. The morphology and
construction of this animal virus are
very similar to those of small RNA
plant viruses whose structure is known

(see Figure 4), which suggests a common
ancestry. Also, the information has
been a help in understanding some of
the workings of related picornaviruses.

In collaboration with the groups of
Roland R. Rueckert at the University
of Wisconsin and Richard J. Colonno
at Merck Sharp & Dohme Research
Laboratories, the Purdue researchers
were able to pinpoint the sites at which
antibodies attach to the virus. The viral
surface is covered with canyons and
ridges; the places where the virus
attaches to the host cells seem to be at
the bottom of the canyons, while the
antibody binding sites are on the ridges.
This suggests how rhinoviruses can
evade the immune system: antibodies
are too large to reach into the canyons,
where they could attack the virus at the
cellular receptor sites. This means that
receptor sites can remain constant from
one rhinovirus to another; only the
ridge region needs to be different for
different serotypes. In other words,
rhinoviruses can retain tissue specificity
while differing in their susceptibility to
antibodies. The protruding regions con-
taining the antibody-binding sites can
change and generate the observed sero-
type diversity. 46



Some of the key steps in the solution of the
structure of human rhinovirus 14 (HRV14)
are illustrated.

1. X-ray diffraction patterns were obtained
at CHESS from crystals of HRV 14. This
pattern shows highest resolution of 2.5 A.
Exposure time was thirteen minutes.

2. An electron-density representation of the
virus was derived from analysis of more than
eighty diffraction photographs collected at
CHESS. A portion of the image, which has

Figure 1

a 3.5 A resolution, is shown. Interpretation
revealed many of the essential details of the
molecular anatomy of human rhinoviruses.

3. A complete three-dimensional model of
the virus 'protein coat was constructed using
computer graphics techniques. The figure
shows a schematic arrangement of the major
coat proteins on the icosahedrally symmetric
surface. Each trapezium represents a com-
pactly folded protein chain. (Although the
virus possesses icosahedral symmetry, it is
not an icosahedron.)

Figure 2

4. Schematic representations of individual
coat proteins were also prepared. Shown
here is one of the three larger coat proteins
(VP2) of HRV 14 and, for comparison, the
coat protein of southern bean mosaic virus
(SBMV), a small RNA plant virus. The
striking similarity suggests a common an-
cestry. This kind of representation, called
Jane Richardson drawings, shows the arrange-
ment of secondary structural units in a
folded protein structure: alpha helices are
represented by coils and beta strands by
ribbons with arrows.

Figure 3

Figure 4
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Left: Gert Vriend was one of the four-man
team from Purdue who brought their
experiment to Cornell in a rented van. Meals
were often eaten on the job in the laboratory.

representing a slice through the total
data space. We soon developed a
rhythm that required a fresh crystal
roughly every hour for the next week.
Once we were working at full speed, we
realized that we would be able to obtain
many more data than we had expected.
We telephoned Purdue, and Diana
Delatore flew to Ithaca with a fresh
supply of crystals that she and Libby
Frankenberger had prepared for the trip
during a morning of frantic activity.
Diana also brought the heavy-metal
reagents we would need for soaking the
crystals. She had a "good feeling" about
a gold dicyanide reagent that turned out
to be crucial in cracking the virus
structure.

By the time we left Ithaca, we had
more than eighty diffraction photo-
graphs, from which we hoped to deduce

Right: Diana Delatore met a crisis by
bringing an additional supply of HRV 14
crystals from Purdue to Ithaca by plane.

the atomic details of the protein coat of
the common cold virus. But we still had
to transform the information in the
photographs into a picture of the
molecular structure of HRV 14. This
took nearly a year; in the final month
the project occupied forty percent of the
Purdue supercomputer's capacity. Six
million discrete pieces of data were
processed.

The final step was to have the
computer synthesize all the information
into a three-dimensional simulation of
the HRV 14 molecule. This was done in
a series of separate frames, which were
printed out and made into trans-
parencies. On Sunday, April 7, we
stacked the transparencies in a pile to
see if all the images would fit together.
They did.

STAFF HELP + UNIQUE
FACILITY = SUCCESS
The operators and staff at CHESS were
very helpful. Transporting and carrying
out a difficult and precarious experiment
causes considerable psychological stress
and any obstacle can be extremely
frustrating, but the CHESS operators

understood this, and provided a
pleasant and hospitable environment.
They did their best to minimize problems
that could interfere with the rhythm of
our data-gathering routine. I parti-
cularly remember an instance when a
computer that directs the motors for the
x-ray optics at station A1 shut itself off
and refused to be restarted, at five
o'clock in the morning. The operator
on duty, a graduate student, immedi-
ately set about scrounging up the
material necessary to get the automated
equipment working again. Although he
had to cannibalize a nearby idle station
to replace our computer, he had us back
in business by 6:30.

Researchers from Purdue have re-
turned to CHESS a number of times to
analyze other virus crystals. Much
progress has been made in the study of 48



mengovirus, cowpea mosaic virus, and
black beetle virus. Improvements in the
optics and a change in strategy have
allowed a new crystal to be used roughly
every five minutes. This breakneck pace
makes it possible to accumulate the data
necessary to image an entire viral
structure in a much shorter period of
time. In addition, the macromolecular
crystallography facilities are being vastly
improved with a major grant from NIH
to Cornell Professor Keith Moffat;
there will be more laboratory space and
equipment for handling hazardous
materials such as heavy-metal reagents.

The ability to collect data of the
quality that we can obtain at CHESS is
revolutionizing macromolecular crystal-
lography. This facility, combined with
a supercomputer, makes it possible to
get a detailed look at the molecular
anatomy of a wide range of viruses in a
short time. It is providing us with a
bounty of information that will keep us
busy for years to come as we try to
understand the relations between struc-
ture and function in viral pathogens.
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Edward Arnold, who holds three degrees
from Cornell, has been a postdoctoral
research associate in the Department of
Biological Sciences at Purdue University
since 1982. His B.A. degree is in chemistry
and his M.S. and Ph.D. are in organic
chemistry.

At Cornell Arnold had fellowships from
the University and the National Science
Foundation. At Purdue he held a Damon
Runyon- Walter Winchell Cancer Fund Post-
doctoral Fellowship, and since 1985 he has
had a National Institutes of Health fellow-
ship. He is an author of about forty scientific
papers.

Many other researchers, in addition to
those mentioned in this account, were
involved in determining the structure of
HR V 14. Their names appear as co-authors
of the paper in the September 12, 1985 issue
of Nature.

"The ability
to collect data
of the quality that
we can obtain
at CHESS
is revolutionizing
macromolecular
crystallography.'
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Smith Linke

• Four long-time members of the
College faculty will retire at the close of
this academic year. Named professor,
emeritus, are Julian C. Smith of the
School of Chemical Engineering,
Simpson Linke and Joseph L. Rosson
of the School of Electrical Engineering,
and Benjamin M. Siegel of the School
of Applied and Engineering Physics.

Of the four, Smith has been at
Cornell the longest; he entered as a
freshman in 1937 and graduated with
the B.Chem. degree in 1941 and the
Chem.E. (with distinction) in 1942. He
joined the faculty in 1946 after four
years with E.I. duPont de Nemours.

Linke studied at the University of
Tennessee, graduating in 1941, and
worked for a year with the Knoxville
Utilities Board. During World War II,
he served in the Army Signal Corps as a
communications and radar officer in the
United States and in the Pacific theater,
achieving the rank of captain. He came
to Cornell in 1946 and after receiving
the M.E.E. degree, joined the faculty in
1949.

Rosson was not far behind. Like
Linke, he graduated from the University

of Tennessee, but a year later, and
immediately joined the Naval Reserve
(he became commanding officer of a
landing ship and served in the Atlantic,
Mediterranean, and Pacific theaters
during World War II). He taught for
two years at the University of Tennessee
Junior College in Martin. Then, in
1947, he became an instructor of elec-
trical engineering at Cornell and also
worked toward a master's degree,
awarded in 1951.

The latecomer was Siegel, who never-
theless has taught at Cornell for thirty-
seven years. He arrived in 1949 to head
the new Electron Microscopy Laboratory
after setting up electron microscopy
laboratories at both the Weizmann
Institute of Science and the Massa-
chusetts Institute of Technology. He
earned his B.S. and Ph.D. degrees at
M.I.T. in 1938 and 1940, respectively,
and served in postdoctoral positions at
the California Institute of Technology,
Harvard University, and M.I.T.

Smith has combined his academic
career with administrative duties at the
University. He has served as director of
continuing education for the College of

Engineering, and as associate director
and then director (from 1975 to 1983)
of the School of Chemical Engineering.

A specialist in mixing, solids handling,
and phase equilibria, Smith has pub-
lished many professional papers and is
a co-author of Unit Operations of
Chemical Engineering, which is now in
its fourth edition. (One of the other
authors is his Cornell colleague Peter
Harriott.) He is also a licensed profes-
sional engineer in New York State and
holds two patents. Smith has served as
a consultant to many government
agencies and firms, including duPont
and Rockwell International. He has
been a visiting professor at the University
of Edinburgh in Scotland, a UNESCO
consultant at the Universidad de Oriente
in Venezuela, and a visitor to Nigeria
and Columbia on behalf of the U.S.
Department of State. He is a fellow of
the American Institute of Chemical
Engineers and a member of other
professional societies.

Linke, a specialist in electric energy
systems and high-voltage transmission,
supervised Cornell's Power Network
Calculator Facility until 1960, and 50
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served as assistant director of the
Laboratory of Plasma Studies from
1968 to 1975. He spent leaves with the
Philadelphia Electric Company and the
National Science Foundation RANN
Program. During the 1970s he organized
and chaired the International Sym-
posium on the Hydrogen Economy,
held at Cornell, and a joint Cornell-Los
Alamos Scientific Laboratory Seminar
on Superconducting Magnetic Energy
Storage. He has served as coordinator
of graduate studies in electrical en-
gineering and he was in charge of
publications and exhibits in connection
with the centennial celebration last year
of electrical engineering at Cornell.

Linke is a life senior member of the
Institute of Electrical and Electronics
Engineers. He is active in several honor-
ary and professional organizations, in-
cluding the International Conference on
Large High Voltage Electric Systems.

Rosson has combined his career in
teaching and research with adminis-
tration, and is perhaps best known now
as associate director of the School of
Electrical Engineering, with responsi-
bilities in the areas of budget, facilities,

staff supervision, and curriculum. He
has held this position since 1975, and
before that served as acting director and
then assistant director of the School.
His contributions to undergraduate
education, in particular, are being recog-
nized with the establishment of a
student-aid fund in his name.

During his early years at the Univer-
sity, Rosson served as an engineer on
the Frankford Arsenal Project in Servo-
mechanisms. In the 1950s he directed a
project on atmospheric refraction of
radio waves. In the early 1960s he was a
director of the Extra High Voltage
Cable Project. In this venture Rosson
worked with utilities and cable com-
panies to plan the first research station
to test cable systems under field condi-
tions; subsequently he supervised stu-
dent trainees in operating the station.
In 1969 Rosson initiated an electric-car
design project on which more than
seventy undergraduate and graduate
students have worked.

Siegel has been an active researcher
throughout his career. For many years
he worked in the field of high-resolution
electron microscopy of materials and

biomolecular substances and the develop-
ment of high-resolution electron micro-
scopes. More recently he has concen-
trated on ion-beam lithography for
nanometer structure and device fabrica-
tion, charged-particle optics, field-ioniza-
tion sources, and computer-image pro-
cessing. At Cornell he has been closely
associated with the Materials Science
Center and the National Research and
Resource Facility for Submicron
Structures.

During sabbatical leaves, Siegel has
been a visiting professor or scientist at
the Laboratoire de Chimie Physique of
the Sorbonne in Paris, the Hebrew
University in Jerusalem, the MRC
Laboratory of Molecular Biology in
Cambridge, England, and the Salk
Institute in California. He is active in a
number of professional organizations;
he served as president of the Electron
Microscopy Society of America in 1973
and in 1982 received its Distinguished
Award in the Physical Sciences. Last
year he was honored with the publication
of a Festschrift—a collection of papers
dedicated to an individual in recognition
of a distinguished career; this Festschrift
was a special issue of the international
journal Ultramicroscopy.

All four professors plan to remain in
Ithaca. Smith says he will continue his
writing and consulting. Linke will con-
tinue his research on electric power
systems and develop a text, based on
his courses over the years, on power-
system analysis and electric-power trans-
mission. Rosson will maintain his con-
nections with School, College, and
University. Siegel plans to continue,
"perhaps not as intensively," on the
research projects in which he is now
engaged.



• Four Cornell engineering professors
were honored this year by election to
the National Academy of Engineering
(NAE) or the National Academy of
Sciences (NAS). Academy membership
is considered one of the highest honors
accorded to American scientists or
engineers.

New Cornell members of the NAE
are Lester F. Eastman, George L.
Nemhauser, and C. L. Tang. Donald L.
Turcotte was named to the NAS.
Eastman, the John LaPorte Given
Professor of Engineering, and Tang, the
Spencer T. Olin Professor of En-
gineering, are in the School of Electrical
Engineering. Nemhauser, the Leon C.
Welch Professor of Engineering, is in
the School of Operations Research and
Industrial Engineering; he will join the
faculty of the Georgia Institute of
Technology this summer. Turcotte, the
Maxwell M. Upson Professor of En-
gineering, is chairman of the Department
of Geological Sciences.

Eastman, Nemhauser, and Tang are
among seventy-nine new members
named by the NAE for "important
contributions to engineering theory and
practice." Turcotte is among fifty-nine
United States scientists named to the
academy this year in recognition of
"distinguished and continued achieve-
ments in original research." The College
of Engineering now has seven professors
who are members of the NAE. Turcotte
is the second member of his department
who has been elected to the NAE (Jack
E. Oliver was named in 1984).

Eastman holds three degrees from
Cornell and has been a member of the
faculty since he received the doctorate
in 1957. A specialist in compound
semiconductors for electronic devices,

Eastman Nemhauser

he directs a research group of about
forty-five investigators, the largest in
this field in the United States. He is
active as an industrial consultant and
was one of the founders of Cayuga
Associates, a development firm located
in Ithaca. He has chaired many national
and international conferences, symposia,
and workshops, and he originated the
IEEE-Cornell Conference on Microwave
Semiconductors, which has been held
biennially since 1967. He is a fellow of
IEEE (the Institute of Electrical and
Electronics Engineers).

Nemhauser, whose research is in
integer and combinatorial optimization,
received his Ph.D. from Northwestern
University in 1961, taught at Johns
Hopkins University, and came to Cornell
in 1969. From 1977 to 1983 he was
director of the OE&IE school. He has
served as president of the Operations
Research Society of America (ORSA),
as research director of the Center for
Operations Research and Econometrics
in Louvain, Belgium, for two years, and
as editor or founding editor of several
professional journals. Previous awards
include a National Science Foundation

Faculty Fellowship and ORSA's annual
Lancaster Prize for the best paper in
the field.

Tang joined the Cornell faculty in
1964 after completing doctoral study at
Harvard University and working for
four years in the research division of
Raytheon Corporation. His research
focuses on laser-based science and
technology, particularly electro-optics.
He is active professionally at the national
and international levels; this spring, for
example, he was chairman of a joint
United States-Japan workshop on opto-
electronics. He serves as an industrial
consultant and is a fellow of the IEEE
and the American Physical Society.

Turcotte came to Cornell in 1959 as a
faculty member in aerospace engineering,
but moved to geological sciences in 1973
to concentrate his study and research
on planetary convection processes. His
contributions to theoretical geophysics
have been acknowledged with the Day
Medal of the Geological Society of
America (1981), the William Smith
Lectureship of the Geological Society
of London (1982), and the New York
State Regents Medal of Excellence 52
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(1984). Turcotte holds the M.S. degree
from Cornell. He earned B.S. and
Ph.D. degrees from the California
Institute of Technology.

• Keith E. Gubbins, the Thomas R.
Briggs Professor of Engineering and
director of the School of Chemical
Engineering, will spend next year on
leave as a Guggenheim fellow at the
Physical Chemistry Laboratory of
Oxford University, England. Award of
the fellowship was announced in April.

53 The research he will conduct is an

outgrowth of work begun with collabora-
tors at Cornell, Gubbins said, and is in
an area that closely complements the
work of J. S. Rowlinson's group at
Oxford. The subject is the theory of
small systems—small liquid drops,
bubbles, and fluids within narrow capil-
lary pores.

Gubbins was educated at the Univer-
sity of London and taught at the
University of Florida before coming to
Cornell in 1976. He has been director of
the School since 1983.

• Shailer S. Philbrick, emeritus profes-
sor of geological sciences, has been elec-
ted an honorary member of the Associa-
tion of Engineering Geologists by un-
animous vote of the board of directors.
The honor is given to only twenty living
members of the organization.

Philbrick has worked mainly in the
areas of metamorphic geology, water
resources, dam design, landslide control,
mining geology, and slope, foundation,
and embankment problems. Among his
projects was a study of the mechanics
and erosion of parts of Niagara Falls.

He joined the Cornell faculty in 1966
after thirty years with the Corps of
Engineers. He retired in 1972.

• A paper by Materials Science and
Engineering Professor Stephen L. Sass
and his graduate student Kurt Sickafus
has been selected for the Scripta
Metallurgica Outstanding Paper Award
for 1984. The award, the first to be
made by the journal, will be announced
in a forthcoming issue of Scripta
Metallurgica. The title of the paper is
"Observation of the Effect of Solute
Segregation on Grain Boundary
Structure."

• The director of Cornell's recently
established Mathematical Sciences Insti-
tute (MSI) is Geoffrey S. S. Ludford,
professor of applied mathematics at the
College. The institute is the U.S. Army's
Center of Excellence in the Mathematical
Sciences, with funding of $2.5 million a
year for an initial five-year period. It is
also part of the University's Center for
Applied Mathematics.

Ludford, who has been at Cornell
since 1961, is a specialist in fluid
dynamics and magnetofluid dynamics,
combustion, and related mathematical
methods. He received his undergraduate
and doctoral education at Cambridge
University, and has held professorships
in mathematics and aeronautical en-
gineering at the University of Maryland
and in applied mathematics at Brown
University. Ludford has held a Guggen-
heim fellowship, a National Science
Foundation senior postdoctoral fellow-
ship, and a United Kingdom Science
Research Council senior visiting fellow-
ship. His honors include a senior U.S.
Scientist Award from the Humboldt
Foundation. He is an editor of profes-
sional journals in the fields of applied
mathematics and nonlinear phenomena.

MSI functions as a national focal
point for fundamental research pro-
grams in mathematics, Ludford said.
The main subject areas are applied
analysis, physical mathematics, numer-
ical analysis and computing, and statis-
tics and applied probability. Current
programs involve thirty fellows and
more than ninety senior scientists,
including twenty-five from the Cornell
faculty. The institute also sponsors
workshops in each of the fields at least
twice a year, with invited participants
from all across the country.



• Four College professors are the first
recipients of the new Dean's Prize for
Innovation in Undergraduate Teaching.
They are Terr ill A. Cool and Aaron
Lewis, joint winners from the School of
Applied and Engineering Physics; R.
Tim Teitelbaum of the Department of
Computer Science; and Richard H.
Rand of the Department of Theoretical
and Applied Mechanics. The prizes
were presented by William B. Streett,
dean of the College, at the Engineering
Alumni Convocation banquet May 1.

Each of the three prizes carries a cash

award of $1,000. Funding is provided
through a gift from the Justice Founda-
tion, which comprises alumni of the
Delta Upsilon fraternity. Awards will
be made annually.

Cool and Lewis were recognized for
their development of a course on the
construction and application of lasers
that has become so popular the School
is considering expanding its capacity
beyond the current eighty students. In
the course the students build a nitrogen
laser from a parts kit, test it and
measure the laser's properties, and

Cool

apply it in a number of sophisticated
physics experiments. "The strong empha-
sis on hands-on experience provides a

Below: One of the earliest students to take
the laser-building course was Bronwen Ann
Pugh, a College of Engineering graduate
who was a freshman in 1982. The laser kit,
designed by Professor Cool, is assembled by
a group of nine students—three put the body
together, three build an amplifier, and three
build a pulse generator.
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model for the design of other modern
laboratory courses in engineering,"
Streett said.

Teitelbaum's prize is in recognition
of "profound, innovative, and extensive
contributions to the teaching of com-
puter science through new ideas and
imaginative uses of software and hard-
ware." He designed and implemented a
programming development system on
an early microcomputer and introduced
the use of microcomputers in under-
graduate courses. "Teitelbaum has set
new standards for the teaching of

computer science and he has created
models that many other universities
have copied or emulated," Streett
commented.

Rand was recognized for integrating
the use of microcomputers into the
teaching of engineering mathematics
using muMATH and MACSYMA.
Streett remarked that Rand's "creative
and enthusiastic work has introduced a
new generation of students to the power
of computer algebra and computer
calculus, and will benefit many more
students in the future."

• This year's recipient of the annual
$1,500 Excellence in Engineering Teach-
ing Award is Lionel I. Weiss, professor
of operations research and industrial
engineering. He was selected in 1973
also.

The recipient is chosen on the basis
of student nominations. The award is
sponsored by the Cornell Society of
Engineers, an alumni organization, and
the Cornell chapter of Tau Beta Pi,
honorary society in engineering.

Weiss, a specialist in statistical deci-
sion theory and nonparametric statistics,
has been a member of the Cornell
faculty since 1957, and he has been a
consultant to the General Electric
Company and the Exxon Corporation.
He is a fellow of the Institute of
Mathematical Statistics.

Weiss
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• Three faculty members of the College
of Engineering are among the two
hundred Presidential Young Investiga-
tors named this year by the National
Science Foundation. They are Douglas
S. Clark, assistant professor of chemical
engineering; Kenneth C. Hover, associate
professor of structural engineering; and
Vijay V. Vazirani, assistant professor of
computer science.

The honor carries with it a five-year
research grant of at least $25,000 a year
from NSF, plus up to $37,000 a year to
match industrial support, for a possible
total of $100,000 annually. The purpose
is to encourage young researchers to
seek and remain in academic careers,
and to promote cooperation among
industry, academic, and government.
More than three-fourths of the awards
this year were made to faculty members
in engineering and the physical sciences.
Since the program began in 1984,
seventeen Cornell engineering professors
have been named Presidential Young
Investigators.

Clark, a specialist in biochemical
engineering, joined the Cornell faculty
in 1984 after completing doctoral work

at the California Institute of Technology.
His research is concerned with the
engineering properties of immobilized
whole cells and immobilized proteins
(enzymes and antibodies). He is also
interested in the fundamental behavior
and technological applications of thermo-
philic microorganisms. In studies of
these systems a wide range of physical
methods is used, including electron
paramagnetic resonance (EPR) spec-
troscopy, extended x-ray absorption
fine structure (EXAFS) analysis, and
nuclear magnetic resonance (NMR)
spectroscopy.

Hover, a specialist in materials and
construction methods, spent ten years
in practice before earning the Ph.D. at
Cornell. (As the Exxon teaching fellow
he was elected Teacher of the Year in
Civil Engineering.) In his current
research he is using advanced techniques
such as neutron radiography, mercury
porosimetry, scanning electron micro-
scopy, and measurements of heat and
mass transfer to investigate the effects
of typical field operations such as
placing, finishing, and curing of concrete.
He is also developing computer software

to be used in the field by construction
personnel.

Vazirani received a doctorate in
computer science from the University
of California at Berkeley in 1983 and
came to Cornell after a year as a
postdoctoral fellow at Harvard Univer-
sity. He spent the 1986 spring term at
the Mathematical Sciences Research
Center at Berkeley under an IBM
Faculty Development Award. His re-
search interests are in the areas of
efficient algorithms, especially parallel
algorithms for combinatorial problems,
and computational complexity theory.

• Richard K. Mosher was appointed
registrar of the College this year after
the retirement of Jane Pirko, who had
been with the College thirty-two years,
including twelve years as the first
engineering registrar.

Mosher came to Cornell in 1982 as
an administrative aide after working
with the U.S. Army Security Agency,
and later as an insurance underwriter
and business manager. He attended
Kent State University and Suffolk Coun-
ty (New York) Community College. 56



• Along with his diploma, Stuart
Atwater earned more than fifty trophies
for competitions in speech and debate
during his four years in the College.
Atwater was graduated this spring with
a major in operations research and
industrial engineering.

As a member of the Cornell Forensics
Society, Atwater participated in both
individual and team events, and was
selected Most Valuable Speaker in each
of the last two years. The Cornell
Cross-Examination Debate Association
finished sixth in the nation this year,
and the individual-events squad (in
competition for only three years) fin-
ished fifteenth. Atwater was president
of the squad.

Despite the time required for speech
and debate competition, Atwater had a
3.8 scholastic average. Also, he served

57 as president of the Seal and Serpent

Above: At the conclusion of his senior year,
Stuart Atwater presented one of his trophies
to the College of Engineering in appreciation
of the College s support of engineers com-
peting in speech and debate. Dean William
B. Streett accepted.

Society and as publicity director for the
Institute of Industrial Engineers chapter.

Atwater plans to enter graduate
school in a few years, but for now has
accepted a position with the General
Motors Technical Center in Warren,
Michigan, where he will work in the
area of automotive emission compliance.

"It was especially thrilling to learn
that my experience in speech and debate
was a factor in my selection for an
interview with GM," he remarked. "It is
clear to me that engineers with strong
communication skills are valuable to
employers."

• Six engineering students were among
those who received Presidential Scholar
awards at Cornell this spring. They were
selected by the college deans on the
basis of scholastic achievement, leader-
ship, and potential for contributing to
society. The awards were presented by
President Frank H. T. Rhodes.

Also recognized were the professors
the students named as having made the
most significant contribution to their
education.

The engineering students, their fields,
and the faculty members they named
are: Damian Costa, materials science
and engineering (Professor Michael O.
Thompson); Christopher J. Glynn,
operations research and industrial en-
gineering (Professor William L.
Maxwell); Jeffrey P. Lux, mechanical
and aerospace engineering (Professor C.
Thomas Avedisian); Susan W. O'Dell,
civil and environmental engineering
(Professor Arthur H. Nilson); Peter C.
Ray nor, chemical engineering (Professor
Raymond G. Thorpe); and Scott A.
Ruffner, electrical engineering (Physics
Professor Raphael Littauer).

• A new leadership award for student
organizations at the College was given
jointly this spring to the Cornell chapters
of Tau Beta Pi, the national honorary
society in engineering, and of the
Society of Women Engineers (SWE).
The $1,000 annual award is sponsored
by the Joint Engineering Student Activ-
ities Committee (JESAC) and the
Cornell Society of Engineers.

The awards were presented on campus
in May at the Alumni Convocation ban-
quet. Accepting were seniors Margaret
Au, president of SWE, and Michael
Disini, president of Tau Beta Pi.



• The end of the spring term is the
season for student awards. Among them
are the following reported to the
Quarterly.

Applied and Engineering Physics.
Trevor R. Cuykendall Memorial Prize
($100) for the outstanding senior in
engineering physics: Saied Tadayon.
Trevor R. Cuykendall Memorial Prize
for the outstanding teaching assistant
($400): Elliot Wachman. Clark Teaching
Award ($500): Walter Bosenberg. (The
Clark award, from the College of Arts
and Sciences, was for excellence in
teaching physics.)

Chemical Engineering. American
Institute of Chemists Medal: Michael J.
Mead *86. American Institute of Chemi-
cal Engineers Prize: Geoffrey C. Achilles
'87. Twin Tiers AIChE Outstanding
Scholar: Peter C. Raynor '86. Procter
& Gamble Technical Excellence Award:
Robert F. Smith '86. Dow Outstanding
Junior Award: Christopher J. Harris
*87. Outstanding Teaching Assistant in
Chemical Engineering Award: Gregg A.
Marg.

Civil and Environmental Engineering.
Fuertes Undergraduate Medal (for the
highest scholastic average, awarded
annually since 1894): Susan O'Deir%6.
Student Merit Award from the Ithaca
section of ASCE: Susan O'Dell '86.
Student Service Award from the Ithaca
section of ASCE: Karen Nelson '86.
John E. Perry, Jr. Undergraduate
Award ($500): Holly Hart ^6. John E.
Perry, Jr. Teaching Assistant Award
($500): Polly Boissevain, graduate
student.

Computer Science. Jonathan E. Marx
Memorial Service Prize in Computer
Science ($500): Melanie Lewis '86.
(This annual prize was awarded for the

first time this year. Jonathan E. Marx
died in an accident a month after
graduating last June.)

Electrical Engineering. John G.
Pertsch, Jr. Prize ($1,500) for the junior
with the highest grade-point average:
Terry J. Linsey. William S. Einwechter
Memorial Prize ($500): Randy Sprout
*86. NCR Awards of Excellence ($500
each): Steven Rovnyak '88, and Bruce
S. Sonnenfeld *87. RCA Engineering
Excellence Awards ($1,500 each): Peter
E. Del Vecchio '87, Tuan Anh Duong
'87, Valerie I. Beattie *88, and Stephen
Bernt *88.

Geological Sciences. Michael W.
Mitchell Award ($500): Paul A. Scott
'86. Henry S. Williams Memorial
Awards ($500 each): Michael Gefell *86,
Mark Giguere *87, and William Sangrey
•87.

Materials Science and Engineering.
Society for the Advancement of Material
and Process Engineering Awards ($1,000
each for regional and national prizes):
Ted Koch '86. Award from the Nuclear
and Plasma Science division of IEEE
($500): Lawrence Doolittle, graduate
student. Winner of AIME Student
Paper Contest in Metallurgy: William
LaFontaine, graduate student. Materials
Research Society Award: Charles
Barbour, graduate student.

Mechanical and Aerospace Engineer-
ing. Frank O. Ellenwood Prize for the
undergraduate with the highest grades
in courses in heat and power engineering
($1,500): a three-way tie among Dana
R. Lindquist, Wai Yuen Lum, and
David J. Taylor. Outstanding Bio-
engineering Student ($250): Brian S.
Hough. Procter & Gamble Technical
Excellence Award ($500): Thomas R.
Frederick. Outstanding Teaching As-

sistants: Holly Rushmeier and Raj
Pherwani.

Nuclear Science and Engineering.
Student Award in Applied Spectroscopy
given by the New York section of the
Society for Applied Spectroscopy: Mark
Bernius.
Operations Research and Industrial
Engineering. Ingersoll Rand Scholar-
ships: Robert Freimer '86, Jay Gabin
'86, and Christopher Glynn '86. Out-
standing senior: Christopher Glynn.
Outstanding Master of Engineering
student: Jeff Varker.

• With help from Cornell civil en-
gineering students, the Ithaca Youth
Bureau will be improving its facilities
for children in the area.

Chi Epsilon, the student honorary
society in civil engineering, contributed
$750 toward equipping a new IYB
building at a site adjacent to Stewart
Park. The money was raised through
operation of a coffee shop in McManus
Lounge of Hollister Hall by volunteer
members of the organization. In a
ceremony at the building site on May 2,
the gift was presented by William
Gorlin, president of Chi Epsilon, and
Karen Nelson, a member of the society
who is also president of the student
chapter of the American Society of Civil
Engineers (ASCE).

The ASCE chapter is engaged in
another project for the IYB: the improve-
ment of outdoor facilities at the Greater
Ithaca Activities Center in the down-
town area of the city. The students are
completing the design of a gazebo,
sports area, play area, and parking lot,
and they will build the gazebo and help
in the other construction during the
coming year. 58



• College senior Terry Kent was one of
eleven college athletes in the nation to
receive the prestigious Southland Olym-
pia Award this spring. The wrestler and
kayaker, who was a member of the 1984
Olympic kayak team, was graduated
this spring with a major in operations
research and industrial engineering.

The award, sanctioned by the United
States Olympic Committee and spon-
sored by The Southland Corporation
of Dallas, honors amateurs in the
Olympic sports who excel in both
academic studies and athletics and
demonstrate leadership qualities. Recipi-
ents are chosen by a panel of former
world and Olympic champions.

Kent is one of the first two kayakers
to receive the Olympia Award.

59 At Cornell Kent was a dean's list

Terry Kent received the Southland Olympia
A ward at a luncheon on campus May 8. He
was presented with a replica of the Greek
amphora that was awarded to winners of
amateur athletic contests in Athens in the
fifth century B.C.

student. He plans to begin graduate
study in operations research at Stanford
University this fall. While at Stanford,
he will train for participation in the
1988 Olympics.

Kent's award was presented May 8 in
the Hall of Fame room of Schoellkopf
Hall on the Cornell campus. It is a
replica of a Greek amphora such as
those awarded to athletes more than
2,500 years ago during the Panathenaic
festival near Athens.

• Several other athletes from the
College received special recognition this
spring.

John Bajusz was named Cornell's
most valuable basketball player. Earlier
he was picked for the All-Ivy for the
second year, and received an honorable
mention for the All-America team
named by the Sporting News. He will
be co-captain next year. Bajusz, who
will be a senior year, is majoring in
operations research and industrial
engineering.

A graduating senior, Drew Martin,
won the best rebounder award for the
second straight year. He averaged 6.4
per contest. Martin majored in electrical
engineering.

An outstanding swimmer, Randy
Sprout, won a place on the All-America
team by placing sixth in the 50-meter
freestyle finals at the NCAA champion-
ships in early April. Sprout graduated
this spring with a major in electrical
engineering.

Amy Stanzin, a senior in mechanical
engineering, was a unanimous All-Ivy
pick in hockey. The lead scorer for three
years straight, she closed her collegiate
career by placing fifth in all-time scoring
at Cornell.

A sophomore track star, John Bayne,
not only won the Most Valuable Player
award in soccer, but finished the year
with a 4.1 (higher than an A) academic
average. Bayne, who plans to major in
mechanical engineering, was picked last
year for the All-Ivy and the Adidas
Academic All-America first team. He is
also on the track team.



FACULTY
PUBLICATIONS

Current research activities at the Cornell Univer-
sity College of Engineering are represented by the
following publications and conference papers that
appeared or were presented during the three-
month period September through November,
1985. (Earlier entries omitted from previous
Quarterly listings are included here with the year
of publication in parentheses.) The names of
Cornell personnel are in italics.

• AGRICULTURAL
ENGINEERING

Aneshansley, D. J., C. Pottle, and J. R. Cavallaro.
1985. Laboratory workstations in electrical en-
gineering. In Proceedings, 1985 Academic In-
formation Systems University Advanced Engi-
neering Projects Conference, ed. F. Dwyer, pp.
211-29. Milford, CT: IBM Academic Information
Systems.

Davis, D. C , and R. E. Pitt. 1985. Finite element
analysis of fluid-filled oblong cells under com-
pressiye loads. Paper read at 1985 winter meeting,
American Society of Agricultural Engineers,
17-20 December 1985, in Chicago, IL.

Haith, D. A. 1985. Variability of pesticide loads
to surface waters. Journal of the Water Pollution
Control Federation 57:1062-67.

Pitt, R. E. 1985. Evaporation-based drying rate
of forage: Effects of desiccants and crop density.
Journal of Agricultural Science 105:223-29.

Pitt, R. E, R. E. Muck, and R. Y. Leibensperger.
1985. A quantitative model of the ensilage process
in lactate silages. Grass and Forage Science
40:279-303.

Pitt, R. E, and C. / . Sniffen. 1985. Silage
inoculants. Department of Agricultural En-
gineering report no. 452. Ithaca, NY: Cornell
University.

Steenhuis, T. S., and L. M. Naylor. 1985. Rapid
appraisal of relative risk by soil applied chemicals
for groundwater contamination. In Proceedings
of the International Conference on New Frontiers
for Hazardous Waste Management, vol. EPA/
600/9-85/025, pp. 46-56. Washington, DC: En-
vironmental Protection Agency.

Wensley, C, and M Walter. 1985. Small scale
irrigation: Design issues in government-assisted
systems. USAID report no. WMS 39. Washington,
DC: U.S. Agency for International Development.

• APPLIED AND
ENGINEERING PHYSICS

Betzig, E., A. Lewis, A. Harootunian, M.
Isaacson, and E. Kratschmer. 1986. Near-field
scanning optical microscopy (NSOM) develop-
ment and biophysical applications. Biophysical
Journal 49:269-79.

Del Priore, L. V., and A. Lewis. 1986. Vanadate,
tungstate and molybdate activate rod outer
segment phosphodiesterase in the dark. Bio-
chimica et Biophysica Acta 845:81-85.

Lairson, B., T. N. Rhodin, and W. Ho. 1985.
Adsorbate fluorescence EXAFS: Determination
of bromine bonding structure in c(2x2)Br-Ni(001).
Solid State Communications 55:925-27.

Mantese, J. V., and W. W. Webb. 1985. 1/f noise
of granular metal-insulator composites. Physical
Review Letters 55:2212-15.

Mueller, D., T. N. Rhodin, and P. A. Dowben.
1985. Molecular iodine adsorption on Fe(100),
Fe(110) and iron iodide. Surface Science
164:271-89.
Mueller, D., T. N. Rhodin, B. Sturm, and P. A.
Dowben. 1985. Dissociative CBr4 adsorption on
Fe(110). Langmuir 1:766-68.

Panzner, G. D. R. Mueller, and T. N. Rhodin.
1985. Angle-resolved photoemission studies of
oxygen adsorbed on Fe(100). Physical Review B
32:3472-78.

Scofleld, J. H, J. V. Mantese, and W. W. Webb.
(1985.) 1/f noise of metals: A case for extrinsic
origin. Physical Review B 32:736-42.

• CHEMICAL ENGINEERING
Branner, S., G. Marg, P. Skerker, and D. S.
Clark. 1985. Molecular level investigations of
immobilized enzyme catalysis by electron para-
magnetic resonance spectroscopy. Paper read at
annual meeting of American Institute of Chemical
Engineers, 10-14 November 1985, in Chicago, IL.

Chalmers, J. J., G. Georgiou, D. B. Wilson, and
M. L. Shuler. 1985. Continuous production of
plasmid-encoded proteins from immobilized
Escherichia coli. Paper read at annual meeting,
American Chemical Society, 8-13 September
1985, in Chicago, IL.

Clark, D. S. 1985. Structure-function relation-
ships of immobilized enzymes and immobilized
antibodies: New insights provided by EPR spec-
troscopy. Paper read at Cornell University Bio-
technology Symposium, 15-16 October 1985, in
Ithaca, NY.

Cohen, C. 1985. Diffusion in concentrated solu-
tions and predictions from the encapsulated
dumbbell model. Paper read at European Science
Foundation Workshop on Solution Conforma-
tions and Dynamics of Linear Polymers, 30
September-4 October 1985, in Galzignano, Italy.

Fernandez, E. J., F. B. Fernandez, R. B. Jagoda,
and D. S. Clark. 1985. EPR spectroscopy studies
of immobilized monoclonal antibody structure
and function. Paper read at annual meeting of
American Chemical Society, 8-13 September
1985, in Chicago, IL. 60
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Georgiou, G., J. J. Chalmers, M. L. Shuler, and
D. B. Wilson. 1985. Continuous immobilized
recombinant production from E. coli capable of
selective protein excretion: A feasibility study.
Biotechnology Progress 1:75-79.

Georgiou, G., and M. L. Shuler. 1985. A
computer model for the growth and differentiation
of a fungal colony on solid substrate. Bio-
technology and Bioengineering 28:405-16.

Groele, R.J.,J. A. Jubinsky, P. D. Krasicky, and
F. Rodriguez. 1985. Dissolution rate measure-
ments using laser interferometry. Paper read at
annual meeting, American Institute of Chemical
Engineers, 10-14 November 1985, in Chicago, IL.

Gubbins, K. E. 1985. Computer simulation and
theoretical studies of liquid mixtures. Paper read
at 2nd Codata Symposium on Critical Evaluation
and Prediction of Phase Equilibria in Multi-
component Systems, 13 September 1985, in Paris,
France.

Gubbins, K. E, D. J. Lee, M. M. Telo da Gama,
and J. H. Thurtell. 1985. Surface activity at the
vapor-liquid interface of binary mixtures. Paper
read at annual meeting, American Institute of
Chemical Engineers, 10-14 November 1985, in
Chicago, IL.

Hallsby, G. A., and M. L. Shuler. 1985. Im-
mobilized plant cell tissue cultures. Paper read at
annual meeting, American Institute of Chemical
Engineers, 10-14 November 1985, in Chicago, IL.

Hsieh, K., L. W. Lion, and M. L. Shuler. 1985.
Bioreactor for the study and defined interactions
of toxic metals and biofilms. Applied and
Environmental Microbiology 50:1155—61.

Krasicky, P. D., R. J. Groele, J. A. Jubinsky, K.
U. Pohl, F. Rodriguez, Y. M. N. Namaste, and S.
K. Obendorf. 1985. Studies of dissolution
phenomena in microlithography. Paper read at
7th International Technical Conference on Photo-
polymers, 28-30 October 1985, in Ellenville, NY.

Peterson, B. K., J. P. R. B. Walton, and K. E.
Gubbins. 1985. Microscopic studies of fluids in
pores: Computer simulation and mean-field theory.
International Journal of Thermophysics 6:585-93.

Russo, M. J., and P. H. Steen. 1985. Static fluid
interfaces in a zero-gravity environment: Instability
of symmetric shapes to non-axisymmetric dis-
turbances. Paper read at meeting of American
Institute of Chemical Engineers, 10-14 November
1985, in Chicago, IL.

Schmidt, S. K., M. Alexander, and M. L. Shuler.
1986. Predicting threshold concentrations of
organic substrates for bacterial growth. Journal
of Theoretical Biology 114:1-8.

Shuler, M. L. 1985. Immobilized whole cell
bioreactors: Tools for directing cellular meta-
bolism. Paper read at Biotech 85 conference,
21-23 October 1985, in Washington, DC.

Shuler, M. L, N. M. M. Ataai, T Good, and J.
Shu. 1985. Mathematical model for prediction of

copy number and protein production in E. coli.
Paper read at annual meeting, American Institute
of Chemical Engineers, 10-14 November 1985, in
Chicago, IL.

Skerker, P. S., R. R. Miller, G. L. Millhauser,
and D. S. Clark. 1985. Structural and functional
responses of enzymes to immobilization: New
insights from EPR spectroscopy. Paper read at
Enzyme Engineering VIII conference, September
1985, in Helsingor, Denmark.

Steen, P. H. 1985a. Finite-amplitude convection
in containers of standard porous media: The
transition from steady to time-dependent motion.
Paper read at meeting of American Institute of
Chemical Engineers, 10-14 November 1985, in
Chicago, IL.

. 1985/). Unsteady, non-periodic, non-
chaotic motion in the porous media analog of
Benard convection. Paper read at meeting of
American Physical Society, 24-26 November
1985, in Tucson, AZ.

Thurtell, J. H., M. M. Telo da Gama, and K. E.
Gubbins. 1985. Theoretical studies of surfactants
at liquid-liquid and liquid-vapor interfaces. Paper
read at Royal Society of Chemistry Conference
on Multicomponent Mixtures, 18 September
1985, in Norwich, England.

Von Berg, R. 1985. Review of Mass transfer:
Fundamentals and applications, by A. L. Hines
and R. N. Maddox. AIChE Journal 31(9):1581.

Zudkevitch, D., and W. B. Streett. 1985. Fluid
mixtures at high pressures: Behavior and appli-
cations. In The role of data in scientific progress,
ed. P. S. Glaeser, pp. 217-22. Amsterdam,
Netherlands: Elsevier.

• CIVIL AND ENVIRONMENTAL
ENGINEERING

Duggin, M. J., and W. R. Philipson. 1985.
Relating ground, aircraft, and satellite radiance
measurements: Spectral and spatial considerations.
International Journal of Remote Sensing
6(10): 1665-70.

Garbarini, D. and L. W. Lion. 1985. Evaluation
of sorptive partitioning of nonionic organic
pollutants in closed systems by headspace analysis.
Environmental Science and Technology
19(11): 1122-28.

Grigoriu, M. 1985. Response of linear systems to
non-Gaussian excitations. Paper read at 22nd
Annual Technical Meeting, Society of Engineering
Science, 7-9 October 1985, in University Park,
PA.

Grigoriu, M., and V. Longo. 1985. Nonstationary
models for monthly wind speeds. Paper read at
5th U.S. National Conference on Wind En-
gineering, 6-8 November 1985, in Lubbock, TX.

Liggett, J. A. 1985. A new technique for free
surface flow. In Advanced topics in boundary

element analysis, ed. T. A. Cruse, A. B. Pifko,
and H. Armen, pp. 225-34. AMD, vol. 72. New
York: American Society of Mechanical Engineers.

Nilson, A. H. 1985. Design implications of current
research on high strength concrete. In High
Strength Concrete, pp. 85-118. Special Publi-
cation SP-87. Detroit, MI: American Concrete
Institute.

Orloff N. 1985a. Climbing the pollution learning
curve. Wall Street Journal, 5 november 1985, p.
30.

. 19856. Private enforcement of Superfund.
Natural Resources and Environment l(3):29-33,
52-55.

Smadi, M. M., F. O. Slate, and A. H. Nilson.
1985. High-, medium-, and low-strength concrete
subject to sustained overloads: Strains, strengths,
and failure. Journal of the American Concrete
Institute 82(5):657-64.

Stedinger, J. R., C. A. Shoemaker, and R. Tenga.
1985. A stochastic model for insect phenology for
a population with spatially variable development
rate. Biometrics 41 (9):691-701.

Stedinger, J. R., and G. D. Tasker. 1985.
Regional hydrologic analysis: 1. Ordinary,
weighted and generalized least squares compared.
Water Resources Research 21(9): 1421-32.

Zacharias, Y., and W. Brutsaert. 1985. Ground
surface slope as a basin scale parameter. Water
Resources Research 21:1895-1902.

• COMPUTER SCIENCE
Alpern, B., and F. B. Schneider. 1985. Defining
liveness. Information Processing Letters
21(4):181-85.

Bilardi, G. 1985. A family of merging networks
derived from the bitonic merger. In Proceedings,
23 rd Annual A Her ton Conference on Communi-
cation, Control, and Computing, ed. B. Hajek
and D. Munson, pp. 261-67. Urbana, IL:
University of Illinois.

Bilardi, G., G. Cariolaro, R. Cristi. 1985. Mean
value of the output of a discrete-time Volterra
system driven by a Markov chain. IEEE Trans-
actions on Information Theory IT-32(6):838-41.

Brent, R., F. Luk, and C. Van Loan. 1985.
Computation of the singular value decomposition
using mesh-connected processors. Journal of
VLSI and Computer Systems 1:242-70.

Hoffmann, C, and J. Hopcroft. 1985. Automatic
surface generation in computer-aided design. The
Visual Computer l(2):92-100.

Nguyen, V., A. Demers, D. Gries, and S. Owicki.
1985. A model and temporal proof system for
networks of processes. Distributed Computing
1:7-25.

Salton, G. 1985a. Some characteristics of future
information retrieval systems. In Research and



development in information retrieval, vol. 18(2-4),
pp. 28-39. New York: Association for Computing
Machinery.

. 19856. Thoughts regarding the RIAO-85
conference in Grenoble. In Research and develop-
ment in information retrieval, vol. 18(2-4), pp.
5-9. New York: Association for Computing
Machinery.

Van Loan, C. 1985a. Computing the CS and the
generalized singular value decompositions.
Numerische Mathematik 56:479-91.

. 19856. How close is a matrix to being
unstable? In Linear algebra and systems theory,
pp. 465-78. Contemporary Mathematics, vol. 47.
Providence, RI: American Mathematical Society.

. 1985c. On the method of weighting for
equality constrained least squares problems.
SI A M Journal on Numerical Analysis 22:851 -64.

• ELECTRICAL ENGINEERING
Anderson, D. N., P. M. Kintner, and M. C.
Kelley. 1985. Inference of equatorial field-line-
integrated electron density values using whistlers.
Journal of Atmospheric and Terrestrial Physics
47(8-10):989-97.

Arch, D. K., G. Wicks, T. Tanoue, and J.-L.
Staudenmann. 1985. Optical absorption and x-ray
diffraction in narrow-band-gap InAs/GaSb super-
lattices. Journal of Applied Physics 58:3933-35.

Baker, K. D., / . LaBelle, R. F. Pfaff, L. C.
Howelett, N. B. Rao, J. C. Ulwick, and M. G
Kelley. 1985. Absolute electron density measure-
ments in the equatorial ionosphere. Journal of
Atmospheric and Terrestrial Physics 47(8-10):
781-89.

Birkmayer, W., T. Hagfors, and W. Kofman.
1985. Simultaneous observations of the natural
and the enhanced plasma lines during Arecibo
heating experiments. Paper read at EISCAT
Workshop, 29 August-4 September 1985, in
Aberystwyth, Wales.

Delchamps, D. F. 1985. Global structure of
families of multivariable linear systems with an
application to identification. Mathematical System
Theory 18:329-80.

Duel, A., and C. Heegard. 1985. Delayed
decision-feedback sequence estimation. Paper
read at 23rd Annual Allerton Conference on
Communication Control and Computing, 2-4
October 1985, in Urbana, IL.

Eastman, L. F. 1985a. Molecular beam epitaxial
growth. Paper read at Workshop on the Future
of Microstructure Technology, 13-16 October
1985, in Charleston, NC.

. 19856. Recent results in microelectronics
research at Cornell University. Lecture given at
University of Massachusetts, 11 October 1985, in
Amherst, MA.

Fuja, T, R. Goodman, and C. Heegard. 1985.
The structure and complexity of linear sum codes.
Paper read at 23rd Annual Allerton Conference
on Communication Control and Computing, 2-4
October 1985, in Urbana, IL.

Haas, D., J. McLean, T. K. Gustafson, and C. L.
Tang. 1985. Transient analysis of mode-locking
with mirror dispersion. Paper read at conference
on Lasers and Electro-optics, October 1985, in
Baltimore, MD.

Hagfors, T. 1985. The Arecibo upgrading program.
Paper read at meeting of International Astronom-
ical Union, 18-19 November 1985, in New Delhi,
India.

Heegard, C, and T. Berger. 1985. Rate-distortion
when side-information may be absent. IEEE
Transactions on Information Theory IT-30
(6):727-34.
Huang, J. G, 6. W. Wicks, A. R. Calawa, and L.
F. Eastman. 1985. Optimized HEMT structure
with an Alo.45Gao.55As spacer and an Alo.2oGao.8oAs
doped region. Electronics Letters 21:925-26.

Hui, J., S. Wong, and J. Moll. 1985. Specific
contact resistivity of TiSi2 to p+ and n+junctions.
IEEE Electron Device Letters 6:479-81.

Itoh, T., T. Griem, G. W. Wicks, and L. F.
Eastman. 1985. Electron concentration and charge
control at heterointerfaces of AlInAs/GalnAs
modulation doped structure. Paper read at 46th
Applied Physics Conference, 1-4 October 1985,
in Kyoto, Japan.

Kelley, M. C. 1985. Equatorial spread-F: Recent
results and outstanding problems. Journal of
Atmospheric and Terrestrial Physics 47(8-10):
745-52.

Luk, F. T. 1985. Algorithm-based fault tolerance
for parallel matrix equation solvers. In Real time
signal processing, vol. 8, ed. W. Miceli, pp. 49-53.
Bellingham, WA: Society of Photo-Optical Instrumen-
tation Engineers.

Ohashi, T., T. Itoh, G. W. Wicks, and L. F.
Eastman. 1985. Room temperature operation of
MBE InSb MISFETs. Paper read at 46th Applied
Physics Conference, 1-4 October 1985, in Kyoto,
Japan.

Pfaff, R. F, M. C. Kelley, B. G. Fejer, N. C.
Maynard, L. H. Brace, B. G. Ledley, L. G. Smith,
and R. F. Woodman. 1985. Comparative in situ
studies of the unstable day-time equatorial E-
region. Journal of Atmospheric and Terrestrial
Physics 47(8-10):791-811.

Schaus, C. F, J. R. Shealy, F. E. Najjar, and L.
F. Eastman. 1985. OMVPE growth of GaAs/
(AlGa)As integrated optical devices. Paper read
at 12th International Symposium on GaAs and
Related Compounds, 23-26 September 1985, in
Karuizawa, Japan.

Shum, K., P. P. Ho, R. R. Alfano, D. F. Welch,
G. W. Wicks, and L. F. Eastman. 1985. Photo-

luminescence determination of well depth of
Gao 47I110 53AS/ Alo 48lno 52AS in an ultrathin single
quantum well. Physical Review £32:3806-10.

Tang, C. L. 1985. Practical urea optical parametric
oscillator for tunable generation throughout the
visible and near IR. Journal of Quantitative
Electronics QE-21:1600-05.

Tang, C. L., K. Cheng, and M. J. Rosker. 1985.
Growth characterization and applications of urea
crystal. Paper read at annual meeting, Materials
Research Society, 2-7 December 1985, in Boston,
MA.
Tooh, T., A. S. Brown, L. H. Camnitz, G. W.
Wicks, J. D. Berry, and L. F. Eastman. 1985.
Depletion- and enhancement-mode Alo.48lno.52As/
Gao.47Ino.53As modulation doped field effect
transistors with a recessed gate structure. Paper
read at 12th International Symposium on GaAs
and related compounds, 23-26 September 1985,
in Karuizawa, Japan.

Van der Merwe, D. G., H.-L. A. Hung, L.
Camnitz, and L. F. Eastman. 1985. GaAs MBE
monolithic low-noise amplifiers at x-band. Paper
read at 15th European Microwave Conference,
9-13 September 1985, in Paris, France.

• GEOLOGICAL SCIENCES
Alter, B. 1985. In situ velocity estimates for
shallow crystalline rocks in the Adirondack
Mountains, New York, and the Laramie Range,
Wyoming. Bulletin of the Seismological Society
of America 75:1363-69.

Ballarino, J., H. C. Howland, C. W. Skinner, E.
B. Brothers, and W. A. Bassett. 1985. Studies of
otoconia in the developing chick by polarized light
microscopy. American Journal of Anatomy
174:131-44.

Bassett, W. A. 1985a. High pressure-temperature
x-ray diffraction using synchrotron radiation.
Nuclear instruments and methods in physics
research B10/11:309-12.

. 19856. Progress in high pressure-tempera-
ture mineralogy. In Mineralogy: Applications to
the minerals industry, ed. D. M. Hausen and O.
C. Kopp, pp. 11-20. New York: American
Institute of Mining, Metallurgical, and Petroleum
Engineers.

Bassett, W. A., M. D. Furnish, and E. Huang.
1985. Applications of synchrotron radiation in
high pressure-temperature mineralogy. In Solid
state physics under pressure, ed. S. Minomura,
pp. 335-41. Kluwer: Boston.

Cimino, J., S. Wall, J. Rabassa, A. Brandani, D.
Casey, and A. Bloom. 1985. Vegetation mapping
using multiple incidence angle SIR-B data over
the Chubut region of Argentina. Paper read at
International Geoscience and Remote Sensing
Symposium, 7-9 October 1985, in Amherst, MA. 62



Cisne, J. L. 1985. Depth-dependent sedimentation
and the flexural edge effect in epeiric seas:
Measuring water depth relative to the lithosphere's
flexural wavelength. Journal of Geology
93:567-76.

Jordan, T. E., C. W. Naeser, N. M. Johnson, P.
A. Johnsson, A. Johnson, J. Reynolds, S. A.
Reynolds, and E. J. Fielding. Foreland basin
evolution in the Central Andes, Bermejo Basin,
San Juan province, Argentina. Paper read at
Annual Meeting of the Geological Society of
America, 28-31 October 1985, in Orlando, FL.

Kay, S. M., and C. Gordillo. 1985. Expiration of
volcanism over the Andean flat slab: The 5-7 m.y.
Pocho Volcanic Field, Central Argentina. Paper
read at annual meeting, Geological Society of
America, 28-31 October 1985, in Orlando, FL.

Kay, S. M., V. Maksaev, C. Mpodozis, R.
Moscoso, and C. Nasi. 1985. Evolution of mid-
late Tertiary igneous rocks in the main Chilean
Cordillera (29-31°S): Correlation with changes
in slab geometry. In Evolucibn magmatica de los
Andes, ed. F. Herve and F. Munizaga, pp.
113-18. Santiago, Chile: Universidad de Chile.

Kenyon, P. M., and D. L. Turcotte. 1985.
Morphology of delta prograding by bulk sediment
transport. Geological Society of America Bulletin
96:1457-65.

Moretti, I., and D. L. Turcotte. 1985. A model
for erosion, sedimentation, and flexure with
application to New Caledonia. Journal of Geo-
dynamics 3:155-68.

Nelson, K. D., J. Arnow, J. McBride, J. Willemin,
J. Huang, L. Zheng, J. Oliver, L. Brown, and S.
Kaufman. 1985. New COCORP profiling in the
southeastern United States. Part I: Late Paleozoic
suture and Mesozoic rift basin. Geology 13:714-18.

Nelson, K. D., J. McBride, J. Arnow, J. Oliver,
L. Brown, and S. Kaufman. 1985. New COCORP
profiling in the southeastern United States. Part
II: Brunswick and east coast magnetic anomalies,
opening of north-central Atlantic Ocean. Geology
13:718-21.

Ramos, V., S. M. Kay, C. Cingolani, and K.
Kawashita. 1985. The volcanic rocks of Cerro
Aconcagua—Cordillera Principal (32° S). In
Evolucibn magmatica de los Andes, ed. F. Herve
and F. Munizaga, pp. 191-94. Santiago, Chile:
Universidad de Chile.

Turcotte, D. L. 1985. Deformation mechanisms
in the continents. In Internal geophysics and
space, pp. 465-86. Tolouse, France: Cepad.

• MATERIALS SCIENCE
AND ENGINEERING

Ruoff A. L. 1985. Microfabrication and materials
science at Cornell University. Paper read at
conference on Microfabrication and Fiber Optics,

63 5-8 November 1985, in Chandigarh, India.

Ruoff, A.L., and P. K. Charvat. 1985. Learning
more about materials science through nanometer
fabrication technology. Paper read at conference
on the Future of Microstructure Technology,
13-16 October 1985, in Charleston, SC.

Sass, S. L. 1985. Grain boundary structure in the
noble metals. In Noble metal alloys, ed. T. B.
Masselski, W. B. Pearson, L. H. Bennett, and Y.
A. Chang, pp. 177-78. Warrendale, PA: The
Metallurgical Society.
Vanderlinde, W. E., P. J. Mills, E. J. Kramer,
and A. L. Ruoff. 1985. Near surface damage
induced in polyimides by ion beam etching.
Journal of Vacuum Science and Technology
B3:1362-64.

• MECHANICAL AND
AEROSPACE ENGINEERING

Avedisian, C. T. 1985. The homogeneous nuclea-
tion limits of liquids. Journal of Physical and
Chemical Reference Data 14(3):695-729.

Chen, J. Y., F. C. Gouldin, and J. L. Lumley.
1985. Second-order modeling of a turbulent non-
premixed H2-air jet flame with intermittency and
conditional averaging. In Heat transfer in fire and
combustion systems, ed. C. K. Law and G. M.
Faeth, pp. 87-99. HTD, vol 45. New York:
American Society of Mechanical Engineers.
Garg, A. K, and S. Leibovich. 1985. Spatial
stability of circular Poiseuille flow. Paper read at
conference of American Physical Society, 24-26
November 1985, in Tucson, AZ.

Kwon, T. H, and S. F. Shen. 1985. A unified
constitutive theory for polymeric liquids: II.
Applications to basic problems. Rheologica Acta
24:175-88.

LaBouff G. A., and J. F. Booker. 1985.
Dynamically loaded journal bearings: A finite
element treatment for rigid and elastic surfaces.
Journal of Tribology 107(4):505-15.

Leibovich, S., and S. K. Lele. 1985. Resurrection
of order in problems of double-diffusive type.
Paper read at conference of American Physical
Society, 24-26 November 1985, in Tucson, AZ.

Lele, S. K, and S. Leibovich. 1985. Langmuir
circulations via instability and analogy with
Marangoni convection. Paper read at conference
of American Physical Society, 24-26 November
1985, in Tucson, AZ.

Leu, M. C. 1985. Robotics software systems.
International Journal of Robotics and Computer-
Integrated Manufacturing 2( 1): 1 -12.

Leu, M. C, D. L Bartel, E. Tokuda, and R. A.
Aubrecht. 1985. Application of optimization
theory to the design of torque motors. AS ME
paper no. 85-DET-98, read at 11th Design
Automation Conference, 10-13 September 1985,
in Cincinnati, OH.

Leu, M. C, V. Dukovski, and K. K. Wang. 1985.
An analytical and experimental study of the
stiffness of robot manipulators with parallel
mechanisms. In Robotics and manufacturing
automation, pp. 137-43. New York: American
Society of Mechanical Engineers.

Lin, C. Q., and S. F. Shen. 1985. Inyiscid
compressible flow with shock in two-dimensional
slender nozzles. Journal of Fluid Mechanics
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