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THE LABORATORY OF PLASMA
STUDIES: COMING OF AGE

It was a time for reminiscence and for
greeting old friends and colleagues. It was
a time for taking stock of plasma physics
today, and where it may be heading. And it
was a time for thinking about the science
and the technologies in the context of na-
tional and international events and priori-
ties. It was the Symposium on Plasma
Physics in the 1990s, held on campus Octo-
ber 15 and 16 in celebration of the twentieth
anniversary of Cornell's Laboratory of
Plasma Studies (LPS).

One participant, a researcher with fif-
teen years of experience in working on
fusion-reactor experiments, commented
that he particularly enjoyed the chance to
"wipe the grease off my hands and contem-
plate the large picture of plasma physics."
A young Ph.D.who is teaching at a nearby
college said she had come mainly to absorb
and discuss some "real physics." On his
way outside into the sunny October splen-
dor with his box lunch, another visitor re-
marked that this convocation was
unusually eclectic for a scientific meet-
ing—refreshing, stimulating, great.

The one hundred or so participants
came from all over the United States and
from five foreign countries. They included

Cornell faculty members and graduate stu-
dents; people who had been at LPS for
some period during the past two decades or
who had helped start it up or keep it going;
and representatives of national, industrial,
and university laboratories, some of whom
have interacted over the years with the
Cornell program.

The first two directors of LPS, Peter
Auer and Ravi Sudan, were there, of
course. So were many of the people they
mentioned in their accounts (published in
the autumn 1987 issue of this magazine) of
the first two decades. These visitors in-
cluded J. C. ("Charlie") Martin of Britain's
Atomic Weapons Research Establishment,
and Chiyoe Yamanaka of Osaka, Japan,
who directs the largest laser-beam fusion
program outside the United States.

The roster of speakers included many of
the world's leaders in plasma research.
How did LPS manage to get so many top
people to give talks? one delegate asked
David Hammer, the current director, who
organized the symposium. "We simply
called them up and asked them and they
said yes," Hammer replied.

The symposium opened with remarks
by Joseph Ballantyne, Cornell vice presi-

dent for research and advanced studies, and
proceeded to a session on the current status
of pulsed-power technology and plasma
physics and their prospects for the 1990s.

Alan Kolb, chairman and CEO of
Maxwell Laboratories, Inc., surveyed the
evolution of the technology in the areas of
magnetic-confinement fusion, inertial fu-
sion, and simulation, and made some as-
sessments of future applications in power
production, weapons development, and
space technology. Kolb is well known at
Cornell; he fostered the establishment of
the LPS while he was at the U.S. Naval Re-
search Laboratory, and initiated a long-
standing and continuing program of joint
funding and research collaboration.

The second speaker was Norman Ros-
toker, professor at the University of Cali-
fornia at Irvine, who had come to Cornell
as one of the early faculty members in LPS.
He discussed current efforts in the develop-
ment of high-power beams and pulsed
plasmas.

Marshall Rosenbluth, professor at the
University of California at San Diego,
talked about the physics of free-electron la-
sers, which he described as tunable, poten-
tially highly efficient, and coherent from



Symposium participants included (I) LPS di-
rector David Hammer and Norman Rostoker
from the University of California at Irvine. Pho-
tographed at registration and coffee breaks
were (2) Sidney Ossakow ofNRL and Gerhard
Haerendel of the Max Planck Institute; (3)
Cornell's Ravi Sudan and John Daw son of the
University of California at Los Angeles; and (4)
Charles B. Wharton of Cornell, Stephen O.
Dean of Fusion Power Associates, and John
Sethian ofNRL.

The more than one hundred people at the
banquet included (5) Chiyoe Yamanaka from
Japan and David Crandall of DOE. Alan Kolb
and Charlie Martin (6) were among those who
reminisced about the early years of LPS. The
banquet speaker (7) was Alvin W. Trivelpiece .



microwaves to x-rays. Free-electron lasers,
which will require advanced electron ac-
celerators and optics, are likely to be the la-
sers of the future, he said, both for military
applications and for fusion technology.
Rosenbluth's association with LPS and
Cornell has included a term from 1976 to
1982 as an Andrew D. White Professor-at-
Large, an appointment regarded as one of
the highest distinctions accorded by the
university.

Applications of plasma physics to high-
energy physics was the first topic that after-
noon. John Dawson, professor at the Uni-
versity of California at Los Angeles, de-
scribed how intense laser beams might
generate extremely strong electric fields in
a plasma. Such fields could be used to ac-
celerate charged particles to the extremely
high energy needed for particle physics
experiments.

The status and prospects for the two
main lines of fusion development were
discussed by researchers from two of the
nation's primary laboratories in these
fields. John Lindl (a 1968 Cornell B.S.
graduate) of the Lawrence Livermore Na-
tional Laboratory talked about inertial con-
finement fusion research. Harold Furth, di-
rector of the Princeton Plasma Physics
Laboratory, discussed progress with toka-
maks. On the basis of recent results, both
speakers presented optimistic outlooks for
their respective approaches.

The question posed for a panel discus-
sion, "Is There Life after Fusion for Plasma
Physics?" was answered in the affirmative
by the panelists. In addition to Yamanaka,
the panelists were Thomas Antonsen, Jr.
(who holds B.S., M.S., and Ph.D. degrees
from Cornell) of the University of Mary-
land, George Miley of the University of
Illinois, and Gerhard Haerendel of the Max
Planck Institut fur Phy sik und Astrophy sik.

Sudan served as moderator. The discussion
was both broad and technically specific,
bringing out strengths and needs in the
scientific and technological areas.

The needs, Rosenbluth commented,
include "another generation after the pio-
neers, people who can sell dreams." Others
pointed out the need for recognition that
plasma physics is not confined to con-
trolled-fusion technology, which has been
the "main engine" driving the research.
Space exploration could be the leading
motivation in the coming decade.

Space plasma physics was, in fact, the
general topic at the Friday morning ses-
sion. Haerendel talked about plasma phys-
ics of the aurora borealis, illustrating fea-
tures of the beautiful and dynamic phe-
nomenon with slides and a video tape. Al-
though auroral plasma acceleration occurs
so close to Earth and is so intriguing, he
said, it is not well understood. Few appro-
priate measurements have been made, ei-
ther in the source region or in the "fracture
zone" where the particles precipitate and
create the visible display. He described a
multinational project, IMPACT, planned
for 1993, in which the Soviets are to launch
two satellites instrumented by Western sci-
entists. The project is supported by Russia,
the United Kingdom, West Germany, and
the United States (though not through
NASA). Cornell's experimental group in
space plasma physics (headed by Profes-
sors Donald Farley, Michael Kelley, and
Paul Kintner) have been invited to partici-
pate in the project.

A talk on plasma astrophysics was given
by Edwin Salpeter, Cornell physics profes-
sor, who effectively expanded the scope of
the symposium to considerations of galax-
ies as well as atomic nuclei and time scales
of millions of light years as well as tril-
lionths of a second.

The final presentation brought the
symposium to earth with an address by
Gerold Yonas (a 1962 Cornell graduate)
that focused on the Strategic Defense Ini-
tiative, for which he was chief scientist for
eighteen months. Yonas, who is now presi-
dent of Titan Technolgies, Inc., also spent
many years at Sandia National Laborato-
ries as head of the pulsed power directorate
(and in that capacity worked closely with
LPS). The pertinent question about SDI, he
said, is not whether it will work—as he is
often asked—but what is it? Is it an astro-
dome, a bargaining chip, a military plan, a
military-industrial scheme for profit, or
what? He recommended that SDI be bro-
ken up into components for separate as-
sessment and development, and he called
for more interaction among universities,
industry, and government, perhaps through
consortia.

National and international politics as
they impinge on scientific research was a
theme also of the dinner address on Thurs-
day evening. Alvin W. Trivelpiece, execu-
tive officer of the American Association
for the Advancement of Science, described
some background workings of the Reagan-
Gorbachev summit at which groundwork
was laid for cooperative work on fusion.
Trivelpiece was at the Department of En-
ergy from 1981 until this year. The ban-
quet, the social highlight of the conference,
also included reminiscences of the early
days of LPS.

A tour of LPS facilities wound up the
events on the final afternoon, and attention
turned from the past to the present and the
future. The consensus was that the third
decade of plasma studies at Cornell prom-
ises to be as eventful and significant as the
first two.—GMcC



BLACK-HOLE PUMPS

by Richard V. E. Lovelace
With the recent rapid development and
improvement of astronomical instruments,
spectacular physical phenomena not an-
ticipated theoretically have been seen and
analyzed. Photons from distant astronomi-
cal objects can be detected and imaged at
frequencies ranging from the radio (<107

hertz) to the gamma-ray (1027 hertz). The
new information greatly enhances the pos-
sibilities for theoretical work.

During the past decade, part of my re-
search in plasma theory has been con-
cerned with plasma phenomena in active
galaxies. Problems suggested by observa-
tions of such galaxies have been the subject
of doctoral research by eight of my gradu-
ate students. We are trying to understand
and model observed phenomena such as
the narrow plasma jets associated with
black holes.

ACTIVE GALAXIES
AND THEIR BLACK HOLES
Typical galaxies are made up of a diffuse
distribution of stars, gas, plasma, and dust
spread out over a region of many thousands
of parsecs (1 parsec « 3 light years ~ 3 x 1018

centimeters). The matter is, of course, held
5 together by gravitational attraction.

A small percentage of galaxies are ac-
tive galaxies, which exhibit spectacular
phenomena involving an enormous power
output from a tiny central region. The size
of this nuclear region is comparable to that
of our solar system (about 1014 centime-
ters), and the power output (more than 1047

ergs per second or 1040 watts) is larger in
some cases than that of many thousands of
normal galaxies. A wide variety of activity
has been catalogued, and the taxonomy
includes quasars (most of which are at
extremely large, cosmological distances),
Seyfert galaxies, BL-Lac objects, and radio
galaxies.

The power output of a typical active
galaxy is in broadband electromagnetic
radiation covering the radio, infrared, opti-
cal, ultraviolet, x-ray, and gamma-ray
bands. The source of the power is now
generally thought to be the gravitational
accretion of matter by a massive black hole
at the center of the galaxy. (The term de-
rives from the fact that not even light can
escape because of the strength of the grav-
itational field.)

The basic idea of power from an ac-
creting black hole is simple: A rock
dropped from a tall building gains kinetic

energy in falling, while its gravitational
energy becomes more negative; on impact,
the kinetic energy is released as heat. Cor-
respondingly, in the accretion of matter by
a black hole, clumps of inf ailing matter col-
lide with each other and heat up before
disappearing into the black hole. Processes
that may lead to the formation of massive
black holes are now under study at Cornell
by Professors Stuart L. Shapiro and Saul A.
Teukolsky.

The black-hole masses are deduced to
be in the range of 100 million to 1,000
million solar masses (the solar mass is
about 2 x 1O33 grams); the rate of accretion
can be as large as one to ten solar masses
per year. A variety of observations sug-
gests that a smaller black hole, about 106

solar masses, is at the center of our galaxy.
The heating up of galactic matter as it

moves toward the black hole is limited by
radiation; T-105 K. But while radiation
easily carries off energy, it carries off only
a tiny amount of angular momentum, and
the distributed matter in a galaxy—stars,
gas, plasma, and dust—usually has at least
a small amount of net angular momentum
about some axis—say,L = Lzz. In order for
the matter to continue to move inward,
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Figure 1. The geometry of a central engine of a
galaxy. The features shown are the central
black hole, the surrounding accretion disk, and
the outward-propagating (±z)jets. The twisting
lines on the jets represent magnetic field lines.

some of that angular momentum must be
lost—that is, transported outward. This
loss could occur as a result of turbulent vis-
cosity in the flow or as a result of electro-
magnetic field stresses (discussed below).

Because of the angular momentum, the
accreting matter takes on a disk-like con-
figuration (see Figure 1).

PLASMA JETS AND
BLACK-HOLE PUMPS
The remarkable properties of active galax-
ies go well beyond their high power and
small size. In some cases, the nuclei of
these galaxies produce collimated jets—
single or oppositely directed—of high-ve-
locity plasma. An accreting black hole that
also produces jets has been referred to as a
black-hole pump.

The jets are seen at radio and sometimes
optical and x-ray frequencies, and this
emission is believed to be synchrotron
radiation from a low-density population of

Figure 2. A schematic drawing of an electrody-
namic black-hole pump. (Adapted from the
author's article in Nature 262:649,1976.)

highly relativistic electrons (and possibly
also positrons). The particles have Lorentz
factors of about 103 and move in a weak
magnetic field (-105 gauss).

Sometimes, the jets show a spectacular
collimation maintained over enormous
distances, of the order of mega-parsecs.
This corresponds to jet lifetimes longer



than many millions of years. It is generally
thought that the axis of the jets is the same
as that of the angular momentum of the
parent galaxy, and that this relation under-
lies the long-time stability of the jet axis.

The power radiated by the jets and the
more diffuse radio lobes where the jets
terminate is thought to come from the vi-
cinity of the central black hole. In quasars,
the jet power is usually a small or undetect-
able fraction of the total power output of the
central engine, while in radio galaxies the
jets appear to carry most of the total power.

One idea for the origin of the observed
jets is based on the presumed occurrence of
narrow, relatively empty vortex funnels in
the accretion disk around the black hole. In
this model, suggested by Donald Lynden-
Bell, the funnel wall acts as the barrel of a
gun in giving lateral confinement to a tenu-
ous hot plasma, which then moves in the
± z direction with a speed that increases
with distance. Thus the plasma goes from
subsonic to supersonic flow with increas-
ing Izl. The funnel axis is, of course, the
same as that of the angular momentum of
the disk material.

A second idea, first put forward by the
author in 1975, is that the jets are electro-
magnetically accelerated because of the
unipolar induction dynamo effect. In this
model, sketched in Figure 2, a weak but
ordered magnetic field in the distributed
plasma of the galaxy (such fields are
known to exist in many galaxies) is "ampli-
fied" to large values. A field of about 10~6

gauss grows to about 103 gauss when the
plasma reaches the vicinity of the black
hole (~ 1014 centimeters away). At this dis-
tance, the plasma rotates about the black
hole at an appreciable fraction of the speed
of light. The rotation axis is, of course, the
angular momentum axis.

7 The situation corresponds closely to the

Figure 3

106 parsecs

10 parsecs

1 parsec

unipolar dynamo discovered in the nine-
teenth century by Michael Faraday. Fara-
day found that a rotating disk of copper in
a magnetic field acts as a direct-current
generator if two brushes are applied—one
to the disk's center and one to its edge. To
a distant nonrotating observer, an accretion
disk (which is made of plasma of high elec-
trical conductivity) is seen to have an or-
dered electric field, E = -v x B/c. Here v is
the plasma's velocity (v ~ V0$) and c is the
speed of light. This electric field is not
particularly large by laboratory standards,
but because the distance scales are gigan-

Figure 3. The radio source associated with the
galaxy NGC 6251. This source exhibits a long,
highly collimatedjet. The two lower parts of the
figure represent "blow-ups" of the upper seg-
ment. (Adaptedfrom ACS. Readhead,M.H.
Cohen, and R. D. Blandford, 1978, Nature
272:131.)

tic, the total potential drop can be
enormous, as large as 1020 volts.

The plasma response to such a large
unipolar potential has been studied in a
series of papers by the author in collabora-
tion with graduate students, and independ-
ently by Roger Blandford and his collabo-
rators at the California Institute of Tech-
nology. One conclusion of this work is that
large currents are induced to flow in re-
sponse to the unipolar electric field. Along
the +z axis, a current of about 1019 amperes
is generated, while an oppositely directed
current of the same magnitude flows along
the -z axis. These currents, of course, gen-
erate a toroidal (or azimuthal) magnetic
field B0. As a result of the radial unipolar
electric field and this toroidal magnetic
field, there is an outward-directed Poyn-
ting flux cE x B/47C along the ±z axes.

When all the details are worked out, one
finds that the total power (volts X amperes)
carried by the Poynting flux is about 1046

ergs per second or 1039 watts. This is the
correct order of magnitude to account for
the power carried by the jets in powerful
radio galaxies. This power is electromag-
netically extracted from the infalling
plasma of the accretion disk. There is also
a corresponding ±z outflow of angular
momentum: the electromagnetic field
extracts angular momentum from the disk
matter and thereby facilitates its infall to
the black hole.



". . . there is good evidence that highly organized, machine-like
configurations of plasma and fields produce narrow jets of plasma

that remain aligned in space for millions of years."

In recent research, my graduate students
and I have been studying the collimation of
jets. We have developed self-consistent
models of Poynting flux jets in which the
jet collimation is the result of the magnetic-
pinch effect of the axial current. In collabo-
ration with Galen Gisler of the Los Alamos
National Laboratory and Michael Norman
of the National Center for Supercomputer
Applications at the University of Illinois,
we have been simulating the plasma phe-
nomena outside of a rotating magnetized
disk. Our computer code simultaneously
solves Maxwell's equations and the rela-
tivistic equations of motion for a large
number (~105) of particles. The project is
presently allocated one hundred hours of
Cray time at Illinois.

A PLASMA LABORATORY
OF ASTRONOMICAL SIZE
The aim of the theoretical work is to pro-
vide a quantitative explanation for ob-
served phenomena in active galaxies. Be-
cause these objects are extremely remote,
their nature can only be pieced together in-
directly from observations of their natu-
rally occurring electromagnetic emissions.
The picture that has emerged is one of

extreme conditions—of enormous power
densities—now widely thought to indicate
the presence of accreting, massive black
holes. Also, there is good evidence that
highly organized, machine-like configura-
tions of plasma and fields produce narrow
jets of plasma that remain aligned in space
for millions of years.

One object of our plasma research in
this area is to understand the naturally oc-
curring phenomena. The other motivation
is the prospect that this understanding
could have important applications to labo-
ratory plasma research.

Richard V. E. Lovelace joined Cornell's Labo-
ratory of Plasma Studies in 1970, immediately
after completing his doctoral study in physics
here. In 1974 he was appointed to the School of
Applied and Engineering Physics, where he is
now a full professor. He received his under-
graduate degree from Washington University in
St. Louis.

During academic leaves, he has conducted
research at the U.S. Naval Research Labora-
tory and at the Plasma Physics Laboratory of
Princeton University. He is currently a consult-
ant to the Los Alamos National Laboratory.



INTENSE RELATIVISTIC ELECTRONS
Their Interactions with Matter and with Waves

by Charles B. Wharton
What happens when a powerful beam of
electrons encounters matter or electromag-
netic waves? Finding out has been a focus
of research at Cornell's Laboratory of
Plasma Studies ever since it was started
twenty years ago. The answers are of great
interest from a fundamental scientific point
of view, and they are central to the develop-
ment of important technologies.

In my laboratory, my associates and I
conduct experiments of three types. We are
working on plasma heating for fusion reac-
tors; on electron-positron plasmas, until
now unknown on Earth; and on high-power
beams of microwaves. But as the following
discussion will show, these three investiga-
tions have a common base: They all in-
volve pulsed electron beams that have
megavolt energies and kiloampere cur-
rents, and they all involve collective inter-
actions, in which electrons behave as co-

Figure 1. A simplified diagram of the highly
instrumented system used to heat plasma by
means of a high-intensity pulsed electron beam.
The high-voltage pulse is impressed by the
coaxial line from the left, and the electron beam
emitted by the cathode penetrates the anode foil
separating the diode vacuum from the plasma
column.

herent groups rather than as separate units
and thereby greatly amplify the coupling
power of the beam.

PLASMA HEATING: A NECESSITY
FOR NUCLEAR FUSION
The fusion reactions that must occur in a
controlled thermonuclear reactor require
very hot plasma. Many methods of heat-
ing—some slow, some rapid—have been
proposed and developed.

We have found that magnetically con-
fined plasma can be heated to high tem-
peratures very rapidly by injecting a pulse

of a high-power electron beam. The pulse
we use has a voltage of 0.5 MeV (500,000
electron volts) and a current of 60 kiloam-
peres lasting about 40 nanoseconds (bil-
lionths of a second); the plasma has a den-
sity of 10'3 electron-ion pairs per cubic cen-
timeter. The system is sketched in Figure 1.

The coupling between the electrons of
the plasma and the electrons in the beam
was found to be very strong. This seemed
remarkable, since we had expected that the
mean free path of the beam electrons—the
distance they travel between collisions—
would be much longer than our two-meter

Figure 1
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"We are working on plasma heating for fusion reactors;
on electron-positron plasmas, until now unknown on Earth;

and on high-power beams of microwaves"

column. In our machine the interaction
length was only 10 to 20 centimeters.

The explanation involves the collec-
tive, or wavelike, behavior of the electron
plasma and the penetrating electron
beam—a phenomenon that is somewhat
analogous to ocean waves driven by a
steady wind. The waves subsequently
"break" (as waves do on a beach) produc-
ing particle thermalization, and the plasma
is heated to temperatures as high as 7 or 8
keV (81 to 93 million degrees Celsius).

The presence of the waves was verified
by experiments in which microwave prob-
ing beams, with wavelength in the millime-
ter range, were scattered from the plasma
column. Measurements were made of the
magnitude and scattering angle of the
maximum signal, and these data allowed
determinations of wave amplitude, scale
size, and identity. We concluded that at
least two types of waves, arising from
streaming instabilities, were present: ion-
acoustic waves, which are similar to sound
waves but have frequences of hundreds of
megahertz, and electron plasma waves.

The temperature of the electrons was
measured with a laser, using a technique
called Thomson scattering. It is based on

the fact that when light photons are re-
flected from plasma electrons, their fre-
quencies are shifted by a Doppler effect
caused by the thermal velocities of the
electrons. The velocities and thus the tem-
perature of the electrons is obtained by
analysis of the wavelengths of the scattered
light. The method relies on the use of a
high-power laser and very sensitive light
detectors in a high-quality optical system.
We measured electron temperatures as
high as 3 keV during and slightly after the
electron-beam pulse, but these levels de-
cayed to less than 1 ke V during the confine-
ment period of a few milliseconds.

The total bulk plasma heating was de-
termined by measuring the increase in
plasma diamagnetism with a special mag-
netic loop. This measurement, together
with a determination of plasma density by
microwave interferometry (a method origi-
nally developed by the author) yields the
energy gain per particle and thus the
temperature.

Direct measurements of ion tempera-
ture were made using a technique called
charge-exchange analysis. In this proce-
dure, plasma ions are neutralized and al-
lowed to escape across the confining mag-

netic field lines, and then they are energy-
analyzed. This measurement revealed that
the ion energy distribution resulting from
electron-beam heating was nonthermal, as
evidenced by the presence of a high-energy
"tail", seen in Figure 2.

This distribution is advantageous for
controlled fusion applications, since the
nuclear fusion reaction rates are much
higher at large ion energies. Unfortunately,
the charge-exchange process also drains
energy from the plasma, and in our experi-
ments that was the major loss mechanism,
limiting the energy-confinement time to
just a few milliseconds.

TOWARD THE CREATION OF
AN ELECTRON-POSITRON PLASMA
A kind of plasma that up to now has been
contemplated as existing only in deep
space is made up of electron and positron
pairs, which are created by the interaction
between high-energy gamma rays and
dense matter. Such plasmas would have
unique properties because of the absence of
ions, and we hope to create and study them
in the laboratory.

In our experiment, we generated gamma
rays by bombarding a tantalum plate with 10
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Figure 2. The energy distribution of plasma ions
after heating by the method illustrated in Figure
1. The data were obtained from the four-chan-
nel analyzer indicated in Figure 1. This type of
distribution, with a high-energy "tail," is fa-
vorable for nuclear-reactor fusion.

Figure 3. Generating energetic positrons.
Gamma rays are produced by bombarding a
1 -millimeter tantalum plate with high-energy
electrons; the electron-positron pairs that are
created emerge from behind the plate.

A high-current accelerator powers the elec-
tron beam to 4 MeV at a current of 60 kiloam-
peres in HO-nanosecond pulses. Each pulse
produced 40 amperes of positrons with an
average energy of 0.5 MeV, but extending up to
nearly twice the energy of the primary beam.

pulses of high-energy electrons. The gam-
ma rays, in turn, created electron-positron
pairs, which emerged from the back side of
the plate, as indicated in Figure 3. The tan-
talum target was destroyed with every
pulse, but 40 amperes of positrons were
produced and accelerated before the disas-
sembly took place.

The positrons reached energies nearly
twice that of the 4-Me V primary beam. The
high-energy tail points to a collective ac-
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celeration mechanism, possibly collapsing
solitary wave trains. Electrostatic accelera-
tion could not give energies higher than
that of the primary beam. In order to create
an electron-positron plasma, the energetic
particles must be trapped in a strong mag-
netic well long enough for them to heat and
be cooled, either by radiation or with a
moderator.

Because of the absence of ions, this is a
very unusual plasma, especially in regard
to waves. In such a plasma, nonlinear phe-
nomena would predominate over linear
phenomena in wave-wave and wave-par-

ticle interactions—just the converse of the
situation in a normal plasma.

The positron energy analysis was made
with a four-channel magnetic analyzer,
calibrated with both protons and electrons
of known properties. Essentially only the
secondary particles reached the analyzer;
the primary electrons were rejected by the
combined effects of the thick plate, the
large angle used for extraction and accel-
eration, and the magnetic filters.

These experiments have been set aside
for the time being, but we hope to return to
them.



USING E-BEAMS TO GENERATE
HIGH-POWER MICROWAVES
We have recently initiated experiments in
which metallic slow-wave structures,
rather than a plasma, interact with the high-
power electron beam. The process pro-
duces high-power microwaves.

We are investigating beam interactions
with both forward waves—in travelling
wave amplifiers (TWAs)—and backward
waves—in backward wave oscillators
(BWOs). Figure 4 shows a sketch of the
vital parts of a BWO, and Figure 5 shows
conditions under which oscillation occurs.

The dashed-line dispersion curve in
Figure 5 pertains to "cold" conditions,
when there is no beam; the solid lines show
coupling with the slow space-charge wave
of the beam. The coupling excites an
absolute instability that oscillates at a fre-
quency determined by the geometry of the
slow-wave structure and the energy of the
beam. Because the power carried by the
beam is very large, typically at gigawatt
levels, the microwave power outputs are
also very large.

These experiments are similar and
complementary to those discussed by John
Nation in his article in Plasma Studies at
Cornell University (an article published
earlier in the Autumn 1987 issue of Engi-
neering: Cornell Quarterly). Our ap-
proaches and goals are slightly different,
however. Our primary purpose is to inves-
tigate the relativistic-electron TWA and
the phase stability of multiple amplifiers
driven by a BWO. We are also interested in
the fundamental problems of beam-wave
interactions.

We have now begun a study of the
spatial growth of the beam-wave interac-
tion as a function of beam temperature
(energy spread), to see whether the tem-
perature is the chief effect leading to non-
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Figure 4. A backward wave oscillator (BWO)
used to generate high-power microwave pulses.
A pulsed high-power electron beam is injected
into a rippled-wall slow-wave metal structure.
The microwave power that is generatedflows to
the left and is reflected back to the right.

Figure 5.Dispersion curves ofa BWO', showing
beam-wave coupling and space-charge wave
from the 5-kA beam. The dashed line is for
"cold" dispersion (without beam); solid lines
show the lowest TM mode; k. (with values in the
range 0.05-0.02) is the imaginary part of the
dispersion, indicating oscillation.
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Figure 6. The special multihole directional cou-
pler for large circular waveguides carrying TM
waves. Very small coupling (-50 to -80 dB) is
needed to sample microwave powers at
hundred-megawatt levels; 26 dB of directivity
permits reflection coefficients as small as 5
percent to be measured. Chebycheff-array cou-
pling holes give 25 percent bandwidth.
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Figure 7. The broadband calorimeter for power
measurements in circular TM-mode wave-
guides. The resistive cone absorbs microwave
power, heating the trapped air. The pressure
transducer measures the increase in pressure
due to the heating, giving a voltage output that
is proportional to the microwave power.

Figure 7
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linear saturation of growth, or whether
there are additional causes, such as
trapped particles or factors as yet unsus-
pected. If we can determine the causes of
the nonlinear saturation, we may be able to
take corrective measures that will permit
waves to grow larger, thus increasing the
ultimate power output and efficiency of the
microwave-generating devices.

DIAGNOSTIC INSTRUMENTS
FOR THE MICROWAVE RESEARCH
In our program the development of diag-
nostic instruments is almost equal in im-
portance to the production of the high-
power microwaves.

These instruments are necessarily very
specialized, since they must be able to
handle the large pulsed power and electro-
magnetic fields, and yet be sensitive to the
small total energies of a few joules in each
pulse. Multiple data must be collected from
each pulse without averaging, since the
pulses occur only once every few minutes.
Two instruments developed by our group
will be discussed here.

The directional coupler sketched in
Figure 6 permits waves to be sampled in the
large circular waveguides used in high-
power experiments. It measures the for-
ward power transmitted to a load, and any
reflected power due to mismatched loads
or to electrical breakdowns such as win-
dow flashovers.

The coupling in this instrument is
through a series of holes spaced to enhance
the forward wave going to each respective
arm, but to cancel the reverse wave. The
pickup arms are made from a section of
coaxial cable whose TEM-mode fields
match the TM-mode fields of the main
waveguide. (TEM signifies transverse
electromagnetic field; TM signifies trans-
verse magnetic field.)



Right: Working with the backward wave oscil-
lator used for the research on high-power
microwaves are Professor Wharton and two of
his graduate students, S. Furukawa (at left) and
Jennifer Butler.

Coupling coefficients of -50 to -80 dB
are required to sample the waves, which are
normally at levels of hundreds of mega-
watts. Signals are detected with conven-
tional silicon microwave detectors, with
response times of 5 to 10 nanoseconds, and
are recorded on an oscilloscope to show the
power as a function of time.

The second instrument is a calorimeter,
used to measure the total energy contained
in each microwave pulse. The device
sketched in Figure 7 is unique in that the
microwave power is converted to an elec-
trical signal by means of an air-pressure
transducer. The microwave absorber is po-
sitioned within a sealed-off enclosure, so
that as it is heated by the microwaves, the
trapped gas expands to increase the pres-
sure. The instrument is broadband, in our
case 8 to 13 gigahertz, and has a broad
range, from millijoules to tens of joules,
with a response time of a few milliseconds.

The pulse-energy data obtained with
this instrument, together with the time-de-
pendent amplitude information obtained
from the directional coupler, provide a way
of measuring peak microwave power.

Our research demonstrates the com-
plexity that develops when a new area of
science and technology is opened up. Be-
fore new technology is actually put to use,
the fundamental physics must be under-
stood, devices must be designed and ana-
lyzed, and sometimes new diagnostics
must be devised. Our work is pioneering
the way for several future applications of
high-power beams.

Charles B. Wharton, a professor in Cornell's
School of Elctrical engineering, began work
with microwaves and high-energy ion accelera-
tors as a graduate student at the University of
California, Berkeley.

After receiving the M.S. degree in 1952, he
joined a new group at Berkeley that was inves-
tigating the possibility of making a controiled-
fusion reactor. When this group moved to Liver-
more, Wharton headed the diagnostics develop-
ment program. In 1962 he joined the experimen-
tal physics group at the General Atomic Com-
pany, and in 1967 he came to Cornell.

Wharton has been a visiting scientist at the
Max Planck Institute in Germany, the Atomic
Energy Research Establishment at Harwell,
England, and the Physical Research Labora-
tory atAhmedabad, India. He serves as a direc-
tor of the International School of Plasma Phys-
ics in Varenna, Italy.

He is a fellow of the American Physical
Society and of the Institute of Electrical and
Electronics Engineers. In 1973 he received the
prestigious von Humboldt Prize. 14



COMPACT-TOROID FUSION AND
HIGH-ENERGY PARTICLE RINGS

by Hans H. Fleischmann
Intense beams of electrons and ions have
been a major focus of Cornell research on
plasmas from the time the program began
twenty years ago. Since various aspects
and applications of these studies are de-
scribed in other articles in this series, I will
concentrate on my group's research in the
areaoflarge-orbitparticlerings. This work,
which started in 1969, is concerned mainly
with potential applications of such rings in
the compact-toroid area of fusion research,
and in the development of novel, very in-
tense high-energy particle accelerators.

Since the Laboratory of Plasma Studies
is currently celebrating its twentieth anni-
versary, I will include some of the history
of the program.

MAGNETIC FUSION RESEARCH
AND COMPACT TOROIDS
Over the past twenty years, fusion research
in the United States and worldwide has
made tremendous and often not fully rec-
ognized progress. Plasma temperatures
have been increased from around 100 elec-
tron volts (eV) to near-fusion levels of
about 10 keV. Plasma lifetimes have gone
from less than a millisecond to seconds.

15 Energy break-even (the point at which the

Figure 1
energy generated by fusion equals the
energy used to heat the plasma) is expected
to be achieved within a few years in at least
one of the three large experimental ma-
chines now in operation.

These machines—the Tokamak Fusion
Test Reactor (TFTR) at Princeton Univer-
sity, the Joint European Torus (JET) in Cul-
ham, England, and the JT-60 in Tokyo—
have achieved conditions equivalent to an
overall energy-gain ratio, Q, of 0.25, with
Q = 1 representing break-even.

For various reasons, including an early
concentration of resources, the main thrust
in fusion research has been development of
the tokamak concept (see the article by
Richard L. Liboff in this series). The three
large machines in the United States, Eng-
land, and Japan are all tokamaks.

With break-even approaching, the goal
of the fusion community has expanded; the
current aim is to find the optimum techno-
logical and economic parameters of poten-
tial fusion machines. In addition to the to-
kamak concept, a number of "alternative"
plasma-confinement concepts, including
three variations of compact toroids, are
being investigated.

In a compact toroid, as in a tokamak, a

reversed magnetic-field
configuration with
closed field lines

open
field lines

external coils

Figure 1. The basic idea of the compact toroid.
The plasma is magnetically confined in a
doughnut-shaped ring, which is kept in place by
a simple axial magnetic field.

doughnut-shaped plasma is surrounded
and confined by a toroidal system of closed
magnetic field lines. In contrast to a toka-
mak, however, the externally applied
magnetic field of a compact toroid consists
simply of a homogeneous field parallel to
the ring axis (see Figure 1). Assuming
gross stability of the rings, they could be
included in a simple reactor design: ini-
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tially cold low-energy compact-toroid
rings could be heated efficiently by mag-
netic compression, then percolated along a
straight burn chamber during energy pro-
duction, and finally cooled by magnetic
expansion (see Figure 2).

Compact-toroid schemes vary mainly
in how the required ring current would be
carried in the plasma. The schemes referred
to as Spheromak and FRX call for the cur-
rent to be carried directly by the confined
plasma; in our Ion Ring Compressor (IRC)
concept, the current is assumed to be car-
ried by high-energy ions having Larmor
orbit sizes comparable to the ring diameter.

Because of funding limitations, experi-
ments based on these compact-toroid
schemes have not yet yielded plasma para-
meters comparable to those obtained with
tokamaks. Considerable progress has been
made over the past few years, however, and
more is expected in the near future.

THE ASTRON IDEA AND
THE EXPERIMENT AT LI VERMORE
The IRC concept, which I developed in
1972-74, is an expansion of the earlier As-
tron idea of the very inventive and ener-
getic Nicholas Christofllos at Lawrence
Livermore Laboratory.

Christofllos, in his original 1958 pro-
posal, envisioned the use of a large-orbit
ring "E-layer" of relativistic electrons (50
to a few hundred MeV). The build-up and
maintenance of this ring would be accom-
plished by stacking (injecting and trap-
ping) sequential bursts of electrons in a
nearly homogeneous axial magnetic field.
Closed magnetic field lines would be gen-
erated when enough fast electrons accumu-
lated to reverse the direction of the total
magnetic field at the ring axis—that is,
when field reversal was achieved. The siz-
able Astron experiment based on this idea
was started at Livermore in the early 1960s.

Figure 2. The compact toroid concept as it
might be used in a fusion reactor. The plasma
rings, after generation and compression heat-
ing (at left), would "burn" while moving
through a straight burn chamber, and ulti-
mately be discarded (at right).

By 1967 it was realized that relativistic
electrons are not suitable for a fusion reac-
tor and would have to be replaced by high-
energy protons. Still, electron-ring experi-
ments could serve as a scalable test for ion
rings. However, in spite of an expenditure
of about 30 million dollars, the Livermore
group was not able to make stacking work
so as to obtain field reversal, and the experi-
ment was shut down after the sudden death
of Christofllos in 1973. Unfortunately,
many people in the fusion community
tended to ascribe this failure to basic insta-
bilities of the rings (including a tilt instabil- 16



". . .fusion research in the United States and worldwide
has made tremendous and often not fully recognized progress."

ity resulting from the opposing alignment
of the ring field in the external field)—that
is, to a basic flaw of the concept itself.

RELATIVISTIC ELECTRON COIL
EXPERIMENTS AT CORNELL
My work with intense beams began on my
arrival at Cornell in the fall of 1967. Dave
Hammer (then a graduate student and now
director of the Laboratory of Plasma Stud-
ies) had just returned from England, where
he had been sent to consult with Charlie
Martin at the Atomic Weapons Research
Laboratory. With Charlie's help, we then
built Cornell's first beam generator, part of
which is still in use. (It is discussed by Peter
Auer in his article in this series.)

After that we earned our keep by "trans-
porting calories in tubes"—that is, by in-
vestigating the propagation of electron
beams for our Navy sponsors. But the
application of beams to fusion appeared
most interesting to me, especially since our
single beam pulses contained many times
the electrons needed for Astron field rever-
sal. In 1969 a postdoctoral researcher,
Merrill Andrews, and others worked with
me in designing and building our first ring

17 experiment (later dubbed Alphie) and by

early summer we had achieved field rever-
sal. However, because the ring currents
were carried mostly by plasma currents
without trapping fast electrons, the ring
lifetime was limited to about 200 nanos-
econds (1 nanosecond = 109 second).

Actual relativistic electron coil (RECE)
experiments got underway a year later,
when our new RECE-Berta device, built
with the help of Dave Woodall (and some
funding from the college), succeeded in
generating field-reversing electron rings.
These rings had a lifetime of about 20
microseconds, which corresponds to about
104 fast-electron orbits. This was a big
success in comparison with the Livermore
experiment. Since then we have repeated
this with other devices: RECE-Cusp,
which was built in collaboration with a vis-
iting professor, Robert Kribel, and RECE-
Christa, which postdoctoral researchers
Clark Swannack and Bob Meger worked
on. (Later, I also worked with Swannack
and Chip Smith on a similar device at Los
Alamos National Laboratory.) The elec-
tron rings generated in these devices were
highly stable; in RECE-Christa, for ex-
ample, ring lifetimes of a few milliseconds,
corresponding to 106orbits, were achieved.

Since then, over the past twelve years,
graduate students and postdoctoral re-
searchers have worked on a long string of
studies involving detailed measurements
and related quantitative calculations. This
work has included studies of the decay of
ring strength and electron energy (which is
simply collisional); the radial stabilization
of the rings by conducting walls and vari-
ous magnetic fields; the axial transport of
ring over a distance of about two meters;
a radial compression of rings; and even a
stacking of two rings (which had not
worked at Livermore).

In all these experiments, conducted
under a variety of conditions, the rings
proved very stable and well behaved—in
good quantitative conformance with rela-
tively simple model calculations. Anomal-
ously fast electron losses were observed
only at unrealistically low background
densities (due to micro-instabilities) or—
in two cases—when resonances in the fast-
electron orbits led to enhanced diffusion of
the electrons.

These experimental results are consis-
tent with theoretical studies performed in
our group by Richard Lovelace and his
students. These include studies of the for-



Right: Working with the new MICE device are
Professor Fleischmann and two of his graduate
students—Bill Podulka at left and Steve Jones at
right.

(The sketch above, which has been painted
on the MICE machine by graduate students,
suggests the hoped-for fate of the large TFTR
machine at Princeton.)

mation of large-orbit electron or ion rings,
of their basic equilibria, stability, and scal-
ing laws, of their behavior under compres-
sion, and of their particle orbits. All these
studies indicate that such rings are stable.

Since our goal of demonstrating ring
stability had evidently been reached, we
decided that the electron experiments had
served their purpose, and over the past two
years we have converted our RECE-
Christa device to an ion-ring experiment.

MICE: THE NEW MEGA VOLT
ION COIL EXPERIMENT
In the early 1970s, when I. Nebenzahl did
the first calculations on magnetic insula-
tion of diodes, I began to consider experi-
ments with ion beams and ion rings. There
was a delay in initiating such a program,
however, because of the serious misgiv-
ings about the Astron scheme, and because
the equipment that would be required for
ion experiments was much heavier and
more costly than that required for work
with electrons.

The first ion experiments conducted by
our group were carried out in 1975 by Stan
Luckhardt. He made some measurements

of magnetically insulated ion diodes,
which appeared to us particularly promis-
ing for future ion-ring experiments. The
goal was to demonstrate ion-beam densi-
ties of at least 2-^00 A/cm2, and pulse
times of at least 1-200 nanoseconds—
values comparable to those required for a
really significant first-stage proton-ring
experiment. These hopes were satisfied.

In addition, the actual results broke
important new ground in ion-beam genera-
tion by demonstrating larger-than-antici-
pated beam densities and pulse times. The
values obtained for ion-beam density were

jpmton - 300 A/cm2—larger by a factor of
nearly 10 than what would be expected
from normal space-charge considera-
tions—and t < 400 microseconds—con-
siderably larger than the 50-100 nanos-
econds that were usual at the time.

Another contribution was the introduc-
tion of a "virtual" cathode created by in-
jecting electrons along the magnetic field.
Virtual cathodes, which are now a standard
feature of magnetically insulated diodes,
eliminated the need for physical cathodes,
which are not only cumbersome, but sub-
ject to damage by the ion beam. 18
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Our new Megavolt Ion Coil Experiment
(MICE) (see Figure 3) is based on these re-
sults and on the ring diode proposed by us
at that time. Experiments with this facility
have begun recently. Initially, they are
focusing on the generation of strong ion
beams and on the behavior and physics of
these beams in the cusp (see the figure) and
in the main field. Subsequently, the focus
will shift to the generation and trapping of
strong rings.

The significance of these experiments is
that for the first time, ion rings will be
investigated in detail under conditions in
which the ring-generated magnetic field is
comparable to the external field, so that the
ring's self-field will seriously influence the
orbits of a wide range of single ions.
Comparable experiments have been per-
formed in the ion-ring experiment (IREX)
at Cornell, but so far the beam-generated
field changes have been limited to only a

few percent. In an earlier experiment at the
Naval Research Laboratory, very promis-
ing strong beam-generated fields (includ-
ing field reversal!) were generated for a
few hundred nanoseconds, but unfortu-
nately, the time could not be extended
before the experiment was terminated.

FUTURE APPLICATIONS
OF ION RINGS
The basic ion-ring compressor (IRC)
scheme I have described constitutes one
leg of the compact-toroid triad; the Sphero-
mak and the FRX are the others. Although
good progress in plasma confinement has
been made with these other two concepts,
they face a major problem: their rings have
a tendency to tilt so that the magnetic dipole
moment becomes aligned parallel to the
external field. With Spheromaks, this prob-
lem was theoretically predicted and also
observed experimentally. Stabilization

Figure 3. The Megavolt Ion Coil Experiment
(MICE). The high-velocity ions are generated
in a ring-shaped diode and directed mostly
along the axis. The ions are then injected into
the confinement tank through a cusp-like mag-
netic field which redirects them perpendicular
to the field.

The ion diode consists of a ring-shaped
anode containing a pulsed field coil and a
plasma-generating plastic "flashover" surface
which acts as proton source. The pulsed mag-
netic field provides magnetic insulation by
strongly reducing the otherwise dominating
electron current, and also acts as part of the
cusp field. A positive 1-megavolt pulse, for ac-
celerating the ions, is supplied to the anode from
an oil-insulated Marx generator.

In the near future, this generator will be
complemented with a less inductive water pulse
line, which will permit a further enhancement of
the available ion currents. After penetrating the
cusp field, the protons will spiral—and, it is
hoped, be trapped—in the rising field (6-8 kil-
ogauss) of the main confinement tank.



would require external coil arrangements
that would seriously reduce the attractive-
ness of a such a reactor. This tilt has not yet
been observed in FRX experiments, but it
is expected in more advanced models.

Since our ion rings have never shown
such tilts, I proposed (in 1979) hybrid sys-
tems in which part of the ring current in the
Spheromak and FRX configurations would
be carried by high-energy ions. If really
tilt-stable, such hybrid compact toroids
could be used in a technologically very
attractive moving-ring reactor arrange-
ment. Such rings could also have some
advantages with respect to the simple IRC
concept.

Very rough theoretical estimates pre-
dict that a fast-ion current of only 10-30
percent of the total current may be needed
for stabilization. In that case, experiments
could be performed within a few years on
one of the planned larger Spheromak or
FRX devices. One of the goals of our MICE
research is to develop the technology and
the physics base for such an experiment.

Ion ings also have potential use for very-
high-current accelerators. A ring such as
the one in our IRC, produced only once per
second, would correspond to an accelerator
with an average current of about 300 mA.
This is larger by nearly two orders of mag-
nitude than the currents in existing accel-
erators in the comparable energy range
(400 MeV). Moreover, such an ion-ring
accelerator would have much better cost
and energy efficiency.

A related and even more attractive pos-
sibility is a betatron-type acceleration of
our ring ions. If an axial flux coil were
placed along the ring axis, the ions would
be accelerated by the electric field pro-
duced by its changing flux. We performed
similar experiments with electrons in our
RECE-Christa device and were able to

accelerate rings of 2 kA, an order of mag-
nitude larger than the currents previously
attained.

The progress made in my laboratory
during nineteen years of research has come
about mainly because of the work of stu-
dents and postdoctoral associates. In addi-
tion to those I have noted, I particularly
want to mention John Bzura and David
Phelps on RECE-Berta; Don Rej, Mark
Parker, Hal Davis, Michel Tuszewski,
"Jay" Jayakumar, and Daniel Taggart on
RECE-Christa; and, recently, Bill
Podulka, Steve Jones, and R. Behrouz
Amini on MICE. Also, a number of visitors
have contributed advice and work; they
include Tom Fessenden (Livermore), Pro-
fessor Henk Hopman (Amsterdam, The
Netherlands), Professor Kyoshi Yatsui
(Nagaoka, Japan), and Professor Akihira
Mohri (Nagoya, Japan).

The potential of our work is far from
realized, of course. It provides basic know-

ledge and experience that will contribute to
important future applications of plasma
science and technology.

Hans H. Fleischmann, professor of applied and
engineering physics, came to Cornell in 1967 at
the start of the plasma studies program. He had
worked with General Atomic in San Diego on
controlled fusion research, and at Cornell he
has maintained a program in this field.

He studied at the Technische Hochschule in
Munich, earning his doctoral degree in 1962.
He has been a visiting scientist or professor at
the University of Maryland, the Plasma Physics
Laboratory at Princeton University, and the
McDonnell Douglas Corporation, and he has
served as a consultant to many industrial and
government laboratories, including the na-
tional laboratories at Oak Ridge and Los
Alamos.

He is a fellow of the American Physical
Society and the Institute of Electrical and Elec-
tronics Engineers, and currently he is president
of the University Fusion Association. 20



INERTIAL CONFINEMENT FUSION
And Cornell's Part in its Development

by Bruce R. Kusse
The prospect of producing clean energy
from a virtually inexhaustible source has
motivated the research in controlled
thermonuclear fusion. The reactants could
be isotopes of hydrogen. The end products
could be helium, neutrons, and a large
amount of energy.

Initially it was hoped that the develop-
ment of fusion reactors would follow the
development of fission reactors as a
straightforward next step, but that has not
happened. Controlled fusion has turned out
to be extremely difficult, involving many
problems in physics and technology.

THE TWO APPROACHES
TO CONTROLLED FUSION
The quest for this ideal source of energy has
proceeded along two fundamental lines of
approach: magnetic confinement and iner-
tial confinement. Both entail the same
basic requirements. The reactants, in the
form of plasma particles, must reach the ex-
tremely high energy levels at which their
nuclei can fuse, and this state must be
sustained long enough to allow a net gain in
energy. In more technical terms, the re-
quirement is that the plasma must reach ig-

21 nition temperature, approximately 108 de-

grees Celsius, and the ignited plasma must
be confined long enough to satisfy the
Law son condition:

nx > 1014 sec/cc

where n is the plasma density and x is the
particle-confinement time.

The two fusion-reactor approaches
address the Lawson requirement differ-
ently. In the magnetic-confinement ap-
proach the idea is to have modest densities
and strive for long confinement times
through the use of magnetic traps. The
inertial approach uses higher plasma densi-
ties and very short confinement times de-
termined only by the inertia of the ions. I
will discuss inertial fusion and the research
efforts in this area at Cornell.

In the inertial scheme, the plasma starts
out as a small solid pellet of thermonuclear
fuel, most likely a combination of the
hydrogen isomers deuterium (D) and tri-
tium (T).

The fuel pellet is irradiated by an ener-
getic beam to produce the ignition condi-
tion and initiate the fusion reaction:

D + T > 4He + neutron.

Both laser beams and beams of particles

(electrons or light ions) have been pro-
posed as drivers. Laser beams have the
advantage of being relatively easy to trans-
port and focus, but the disadvantage of
being inefficient. Particle beams can be
produced efficiently, but are more difficult
to propagate and focus. At the present time,
lithium beams are considered the most
appropriate kind of particle-beam driver.

CORNELL RESEARCH ON
THE USE OF LIGHT-ION BEAMS
The Laboratory of Plasma Studies at Cor-
nell has pioneered in the development of
intense charged-particle beams and at the
present time is collaborating with Sandia
National Laboratories on the application of
light-ion beams for inertial confinement
fusion.

A large facility called PBFA-II (Particle
Beam Fusion Accelerator) has been con-
structed at Sandia (see Figure 1) and is
being used for an experiment in which a
high-power pulsed lithium beam is focused
on a deuterium-tritium pellet, resulting in
compression and heating. The device is
designed to raise the pellet to ignition
temperature and possibly "break-even,"
with an energy gain of 1.



Figure I

Figure 1. PBFA-II, the Particle Beam Fusion
Accelerator at Sandia National Laboratories.
This large facility is designed to focus a light-
ion beam on a deuterium-tritium pellet for ex-
perimentation in controlled thermonuclear fu-
sion. The PBFA-II has the potential of achieving
ignition and possibly energy "break-even".

The current experiment uses a pulsed lith-
ium beam with a power of 150 terawatts (TW),
which is equivalent to the electrical generating
power of the entire United States. The ratings
are 30 million electron volts (30 MeV) and 5
million amperes (5 MA). The beam is capable of
delivering pulses of energy at a level of about I
million joules (I MJ).

The cutaway drawing shows the capacitors
in the outer annulus and the multimodule pulse-
forming network extending toward the center
where the pellet is located.

Right: This photograph of PBFA-II shows the
pulse-forming section in the foreground.

The pulsed-power components of this
large experiment are, for the most part,
working, and at the present time attention is
concentrated on the production, propaga-
tion, and focusing of the lithium beam.

Cornell is collaborating in this effort by
conducting a series of experiments on our
LION accelerator. 22



Figure 2. A cutaway view of the inertial fusion
diode under study at Cornell. This diode is
designed to focus the ion beam on the pellet
target.

Left: Working at the LION diode are Conrad
Stuckman (at left), a graduate student, and Gary
Bordonaro, a technician. The facility is used in
fusion research conducted in cooperation with
Sandia National Laboratories .

Below: Surrounded by a maze of cables,
Jim Longfellow works on an experiment that is
part of a study of lithium-beam charge ex-
changes. Longfellow, a senior in applied and
engineering physics, is participating in the
project under the auspices of a new College of
Engineering program that gives undergradu-
ates the opportunity to take part in ongoing
research.

\ A
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USING A LION TO TAME
A HIGH-POWER ION BEAM
Cornell's Light Ion Fusion Facility (LION)
was provided in 1981 by Sandia for work
on the cooperative project. A beam source
similar to the one on PBFA-II has been
installed on our LION accelerator, and we
will use the specially designed diode dia-
grammed in Figure 2 to investigate ways of
manipulating the lithium beam.

The accelerator produces a 1.2-MeV,
400-kA, 40-nanosecond pulse; in other
words, it supplies nearly 500 billion watts
of power in 40 billionths of a second. The



'The production, propagation, and focusing
problems associated with the lithium beam

must be solved..."

beam is applied to the cylindrically sym-
metric anode-cathode gap of the diode, and
the curvature of the anode and the magnetic
fields allow it to focus on the pellet target.
An applied magnetic field is used to insu-
late the gap against electron flow while
permitting the ions to cross.

The focusing is complicated by the
presence of the applied insulating magnetic
field, the self electric and magnetic fields of
the beam, and any charge exchange that can
occur as the lithium beam propagates from
the gap to the target. To a large degree,
these problems have been solved for a
proton beam by proper adjustment of the
anode curvature and the applied magnetic
field. For a lithium beam, however, pro-
duction, propagation, and focusing are
more difficult and many problems remain
to be solved.

Producing a lithium beam is more diffi-
cult than producing a proton beam because
a hydrogen-free source is needed at the
anode. Focusing is made more difficult by
the fact that the charge state of lithium can
change as the beam propagates. If the
charge state of the beam does not change,
focusing is achieved when the magnetic
flux through the anode-cathode gap is

equal and opposite to the flux between the
cathode and the pellet. If, however, the
beam can change its charge state during
propagation to the pellet, the equal-but-
opposite flux condtion must be modified.
The ratio of the two fluxes that is required
in order to allow focusing depends on
where the charge exchange occurs.

The production, propagation, and fo-
cusing problems associated with the lith-
ium beam must be solved, and are under
study in our laboratory as well as at Sandia.
If these problems can be overcome and the
PBFA-II made to meet the goals of ignition
and near-break-even, we will have made a
big step toward the realization of a practical
fusion reactor.

Bruce R. Kusse, a professor of applied and
engineering physics, came to Cornell in 1970 as
a research associate in the Laboratory of
Plasma Studies and joined the faculty the fol-
lowing year.

After receiving the S.B. degree in electrical
engineering from the Massachusetts Institute of
Technology in 1960, he served in the navy for
three years and then returned to MIT for gradu-

ate study in electrical engineering. He received
theS.M. in 1964 and the Ph.D. in 1969, and then
spent a year and a half as a senior scientist at
EG&G, Inc., and as a research associate at
MIT.

In 1976 he was a visiting scientist at MIT's
Plasma Fusion Center, and in 1986 he was a
visiting scientist at the Lawrence Livermore
National Laboratories. 24



REGISTER

Resler
m A new building to house two engineer-
ing departments and Cornell's supercom-
puting and computer-graphics facilities—
Phase I of the Engineering Master Plan—is
being planned and construction may begin
as early as the spring of 1988.

That is the latest word from William B.
Streett, dean of the College of Engineering,
who has been consulting with university
officials, city officials, faculty members,
the architects, and other interested parties
to reach a consensus on the site. The idea
now being considered is to locate the new
building adjacent to Upson Hall. A possi-
bility is to remove the top (second) floor of
Grumman Hall and incorporate the rest of
of Grumman within the new building. Al-
ternatively, a revised design may make any
demolition unnecessary.

The architects, Gwathmey Siegel &
Associates, are now working on a revised
conceptual plan for the building, Streett
said. The proposed structure would have
eight stories and would provide 252,000
square feet of space. If the revised plan
gets university approval and there is an
early start on construction, the building
could be completed before the end of 1989.

25 The engineering units to be housed in

the new building are the Department of
Computer Science and the School of
Operations Research and Industrial Engi-
neering. The two university facilities are
the Center for Theory and Simulation in
Science and Engineering (the Theory
Center), which is one of five national su-
percomputing centers established by the
National Science Foundation, and the Pro-
gram of Computer Graphics.The building
will bring Cornell's outstanding programs
in these computing-intensive areas to-

gether under one roof, within the College of
Engineering, Streett commented.

The dean also announced the appoint-
ment of Edwin L. Resler, Jr. as faculty co-
ordinator for facilities and construction.
Resler, who is the Joseph N. Pew Jr. Profes-
sor of Engineering in the Sibley School of
Mechanical and Aerospace Engineering,
will represent the interests of the faculty in
the process of developing and implement-
ing the Master Plan.

• The School of Chemical Engineering
will open a year-long commemoration of
its golden anniversary this spring with the
inaugural lectures in the Julian C. Smith
Lectureship series.

Professor R. Byron Bird of the Univer-
sity of Wisconson, a specialist in polymer
kinetic theory and fluid dynamics, will give
two public lectures on campus on March 15
and 17.

The annual series honors Smith, profes-
sor emeritus of chemical engineering, who
served on the Cornell faculty for forty
years, including a term from 1975 to 1983
as director of the school. The lectureship
was established at the time of Smith's
retirement.



Spiro Johnson

• Mark K. Spiro, a Cornell administrator
for more than eight years, has been named
director of administrative operations and
facilities at the college. The appointment
was effective in early December.

Spiro most recently served as assistant
director of the Office of Research in the
College of Agriculture and Life Sciences.
Before that, he was assistant director for
operations in the Department of Chemistry.

He holds B.A. and M.S. degrees in
audiology from Ithaca College, and the
B.Sc. in chemistry and mathematics from
Dalhousie University in Halifax, Nova
Scotia. He is on leave as a doctoral student
in educational finance and economics in
Cornell's Department of Education.

At the university he has served on a
number of committees concerned with
accounting and computing systems for
administrative functions. He is currently a
statistical analyst and programmer for the
university's national Indirect Cost Study.

Spiro is also active in local cultural and
service activities. He had the role of the
king in a recent Ithaca Opera Association
production of The King and /, for example,
and is a member of the Ithaca Arts En-
semble. He has served as president of the

board for Suicide Prevention and Crisis
Service of Tompkins County, and cur-
rently he is executive vice president of the
Suicide Prevention Foundation and presi-
dent of the board of Hospicare, Inc.

• Working with Spiro is Bert Nicholas,
who was named assistant director of ad-
ministrative operations this fall. Her main
responsibilities are in the area of personnel.

During her ten years at Cornell, Nicho-
las has had experience in the bursar's office
as a student loan analyst, in the endowed
budget office, and as administrative super-
visor of the classics department. She is
working on a Cornell degree in business
management.

• New to the Engineering College Coun-
cil this year is Charles W. Johnson, corpo-
rate vice president and staff executive at
Honeywell, Inc. The twenty-member advi-
sory group includes people from industry
and academia, both alumni of Cornell and
non-alumni.

Since he joined Honeywell in 1956,
Johnson has worked in various areas of
research, systems and instrument develop-
ment, and management. In his present cap-

acity he is responsible for resolving com-
pany-wide operating and strategic issues.

Johnson holds a B.A. degree in mathe-
matics from Fisk University and has done
graduate work at the Massachusetts Insti-
tute of Technology and the University of
Minnesota.

• A Princeton University structural engi-
neering professor, David Billington, was
recently appointed an A. D. White Profes-
sor-at-Large at Cornell.

A. D. White professors are appointed in
recognition of high distinction in their
fields. During their six-year terms, they
come to the campus periodically to visit
classes and seminars, give lectures, and
consult with faculty members and students.
Billington's first visit is scheduled for
March 11-18.

According to John F. Abel, Cornell pro-
fessor of structural engineering, Billington
is "one of the leading voices within the
profession regarding the historic, cultural,
and symbolic significance of public works
structures. Through his lectures and publi-
cations, he has increased dialogue among
engineers and humanists."

In previous interaction with Cornell
colleagues, Billington served as confer-
ence director for a colloquium, held at
Princeton in 1980, honoring S. C. Hollis-
ter, the late Cornell civil engineering pro-
fessor who was dean of the College of
Engineering from 1937 to 1959. Billing-
ton collaborated with Abel in editing the
proceedings of the colloquium, which was
on the history of reinforced concrete in the
United States. The colloquium was held in
connection with one of three national con-
ferences on the history of civil engineering
that were organized by Billington.

Billington is a member of National
Academy of Engineering. 26



Jackson and Corning

• The college's Engineering Minority
Programs got an extra boost this year with
the appointment of a visiting fellow on loan
from IBM. He is John J. Corning, a 1953
Cornell graduate who has been a manager
at IBM since 1963.

The appointment came about through
the initiative of Judy Jackson, the college's
assistant dean for minority programs. She
knew about IBM's Faculty Loan Program,
submitted a proposal, and acquired a valu-
able colleague for 1987-88.

Corning' s role is to help bring Jackson' s
27 priority initiatives to reality by supporting

and developing programs that will attract
and benefit students from underrepre-
sented minorities. For example, he is work-
ing on a program to identify, encourage,
and prepare minority students in grades 7 to
12 for college study of engineering. Also,
he is expanding the base of corporate sup-
port for engineering minority programs.
Another effort will be to develop a commu-
nications network that will link minority
engineering alumni with the on-campus
office.

In addition to his five-year Bachelor
of Electrical Engineering degree, Corning

holds an M.B.A. from Pace University. At
IBM his assignments have covered a broad
spectrum of technical-business responsi-
bilities. These have included developing
modules for analyzing department activi-
ties in terms of quality of work, and con-
ducting workshops at IBM Quality Insti-
tutes in the United States and Belgium.

• Three specialists in corporate and pub-
lic affairs were appointed to the Dean's
Office staff this fall.

Joseph A. Edminister joined Charles P.
Yohn's corporate relations staff as assis-
tant director. Edminister was assistant di-
rector of patents and licensing at Cornell
last year. Previously he was at the Univer-
sity of Akron for twenty-six years, as pro-
fessor of electrical engineering and, most
recently, as acting dean of engineering. In
1984, before coming to Cornell, he spent a
year in Washington as an IEEE Congres-
sional fellow, serving as a technical ad-
viser to Congressman Dennis E. Eckart of
Ohio. Edminister holds B.E.E., M.S.E.,
and J.D. degrees from Akron.

Marsha Pickens and Janice Conrad are
director and assistant director, respec-
tively, of development and alumni affairs,
working with Assistant Dean Mary Berens.

Pickens has been director of develop-
ment at the School of Industrial and Labor
Relations, and earlier worked on the
university's development staff. She also
had experience in communications and
public relations at Wells College and Eis-
enhower College. She is a graduate of Point
Park College in Pittsburgh.

Since coming to the college in 1982,
Conrad has been a staff member in the
Department of Theoretical and Applied
Mechanics and the coordinator of the
Master of Engineering program. She is a
graduate of the University of Washington.



FACULTY
PUBLICATIONS

Current research activities at the Cornell University
College of Engineering are represented by the fol-
lowing publications and conference papers that
appeared or were presented during the three-month
period July through September 1987. The names of
Cornell personnel are in italics.

• AGRICULTURAL
ENGINEERING
Kim, K. U., and G. E. Rehkugler. 1987. A review of
tractor dynamics and stability. Transactions of the
ASAE 30(3):615-23.

Leibensperger, R. Y., and/?. E. Pitt. 1987. A model of
clostridial dominance in ensilage. Grass and Forage
Science 42:297-317.

Nafziger, D. L., and G. E. Rehkugler. 1987. Waste
heat utilization from electric arc process for ammonia
absorption refrigeration in Nepal. Energy in Agricul-
ture 6:41-55.

Naugle, J. A., and G. E. Rehkugler. 1987. Grapevine
cordon following using digital imaging. Paper read at
summer meeting, American^ Society of Agricultural
Engineers, 28 June-1 July 1*987, in Baltimore, MD.

Pitt, R.E., and R. Y. Leibensperger. 1987. The effec-
tiveness of silage inoculants: A systems approach.
Agricultural Systems 25:27-49.

Pitt,R. E., and J.-Y. Parlange.l9Sl. Effluent produc-
tion from silage with application to tower silos.
Transactions of the ASAE 30:1198-1204, 1208.

Rehkugler, G. E., and J. A. Throop. 1987. Image
processing algorithms for apple defect detection.
Paper read at summer meeting, American Society of
Agricultural Engineers, 28 June-1 July 1987, in
Baltimore, MD.

Steenhuis, T. S., J.-Y. Parlange, M. B. Parlange, and
F. Stagnitti. 1987. A simple model for preferential
flow on hillslopes. In Proceedings, Symposium on

Agrohydrology, pp. 16.1-17. Wageningen, The Neth-
erlands: Agricultural University of The Netherlands.

Steenhuis, T. S., T. L. Richard, M. B. Parlange, S. O.
Aburime, L. D. Geohring, and J.-Y. Parlange. 1987.
Preferential flow influences on drainage of shallow
sloping soils. In Proceedings, Symposium on Agro-
hydrology, pp. 15.1-17. Wageningen, The Nether-
lands: Agricultural University of The Netherlands.

• APPLIED AND
ENGINEERING PHYSICS
Farmer, K. R., C. T. Rogers, and R. A. Buhrman.
1987. Localized state interactions in metal-oxide-
semiconductor tunnel diodes. Physical Review Let-
ters 58(21):2255-58.

Kirkland, E. J., R. F. Loane, and / . Silcox. 1987.
Multislice simulation of ADF STEM images. In
Proceedings, 45th Annual Meeting, Electron Mi-
croscopy Society of America, ed. G. W. Bailey, pp.
188-90. San Francisco, CA: San Francisco Press.

Lovelace, R.V.E. 1987. Electron-positron jets from
gamma-ray beams. Astronomy and Astrophysics
173:237^3.
Nelson, S. A., and R. A. Buhrman. 1987. Thin silicon
oxides grown by low temperature plasma anod-
ization. Applied Physics Letters 50(16): 1095-97.

Nyberg, G. A., and/?. A. Buhrman. 1987. High optical
contrast in VO thin films due to improved
stoichiometry. Thin Solid Films 147:111-16.

Ruchti, C. B., and R. V. Lovelace. 1987. The tilt
stability of arbitrary aspect ratio ion rings. Physics of
Fluids 27(7): 1789-95.

Sulewski, P. E., A. J. Sievers, S. E. Russek, H. D.
Hallen, D. K. Lathrop, and R. A. Buhrman. 1987.
Measurement of the superconducting energy gap in
La-Ba-Cu oxide and La-Sr-Cu oxide. Physical Re-
view B: Rapid Communications 35(10):535O-33.

• CHEMICAL ENGINEERING
Aidun, C. K., and P. H. Steen. 1987. Transition to
oscillatory heat transfer in a fluid-saturated porous
medium. Journal ofThermophysics and Heat Trans-
fer l(3):268-73.

Ataai, M. M., and M. L. Shuler. 1987. A mathemati-
cal model for prediction of plasmid copy number and
genetic stability in Escherichia coli. Biotechnology
and Bioengineering 30:389-97.
Chokappa, D. K., and P. Clancy. 1987. A computer
simulation study of the melting and freezing proper-
ties of a system of Lennard-Jones particles. I: Melting
a solid. II: Cooling a liquid. Molecular Physics
61:597-634.

Cohen, C, B. Chung, and W. Stasiak. 1987. Orienta-
tion and rheology of rodlike particles with weak
Brownian diffusion in a second-order fluid under
simple shear flow. Rheologica Ada 26:217-32.

Das, S., and F. Rodriguez. 1987. Miscible blends of
PMMA with poly(vinylchloroacetate). Polymer Pre-
prints 28(2): 146-47.

Finn, R. K. 1987. Conversion of starch to liquid sugar
and ethanol. In Biotec 1: Microbial genetic engineer-
ing and enzyme technology, ed. C. P. Hollenberg and
H. Sahm, pp. 101-07. Stuttgart, West Germany: G.
Fischer.
Foley, G., and C. Cohen. 1987a. Diffusion in
polymer-polymer mixtures. Journal of Polymer Sci-
ence: Polymer Physics 25:2027-31.

. 19876. Concentration fluctuations in polymer-
polymer-solvent systems. Macromolecules 20:
1891-96.
Georgiou, G., D. B. Wilson, and M. L. Shuler. 1987.
Effects of alkaline pH on the production of (J-lacta-
mase in E. coli. Paper read at conference, American
Chemical Society, 30 August-4 September 1987, in
New Orleans, LA.
Heffelfinger, G. S., F. Van Swol, and K. E. Gubbins. 28



1987. Liquid-vapour coexistence in a cylindrical
pore. Molecular Physics 61:1381-90.

Jubinsky, J. A., R. J. Groele, F. Rodriguez, Y. M. N.
Namaste, and S. K. Obendorf. 1987. Sensitivity of
polymer blends to synchrotron radiation. In Polymers
for high technology: Electronics and photonics,
ed. M. J. Bowden and S. R. Turner, pp. 150-58.
American Chemical Society Symposium Series,
vol. 346. Washington, DC: American Chemical
Society.

Koch, D. L., and J. F. Brady. 1987. A nonlocal
description of advection-diffusion with application
to dispersion in porous media. Journal of Fluid Me-
chanics 180:387^103.

Kruse, R., and R. K. Finn. 1987. Regulation of cata-
bolic pathways in the fermentation of L-arabinose to
ethanol by Sarcina ventriculi. Paper read at 194th
National Meeting, American Chemical Society, 30
August-4 September 1987, in New Orleans, LA.

Kung, D. M., and P. Harriott. 1987. Heat transfer to
concentrated suspensions in agitated systems. In-
dustrial and Engineering Chemistry Research
26:1654-58.

NamasteJ. M. N., S. K. Obendorf, J. M. Rosenblum,
G. G. Gifford, R. J. Groele, B. C. Dems, and F.
Rodriquez. 1987. Lithographic evaluation of copoly-
mers with enhanced dry etch resistance. In Advances
in resist technology and processing, ed. L. J.
Thompson, pp. 254-60. Proceedings of the SPIE,
vol. 771. Bellingham, WA: International Society for
Optical Engineering.

Panagiotopoulos,A. Z. 1987. Direct determination of
phase coexistence properties of fluids by Monte
Carlo simulation in a new ensemble. Molecular
Physics 61:813-26.

Rodriguez, F. 1987fl. Dissolution of thin polymer
films in microlithography. Paper read at 9th Sympo-
sium on Polymer Theory and Practice, 6-8 May
1987, in Waterloo, Ontario, Canada.

. 1987ft. Visualizing molecular weight averages
and distributions. Journal of Chemical Education
64:488-91.
Shuler, M. L. 1987. Considerations in choosing bi-
oreactors for large scale production of secondary
plant products. Paper read at 14th International Bo-
tanical Congress, 24 July-1 August, in West Berlin,
West Germany.

Smith, J. C. 1987. Faculty past. Cornell Alumni News
90(3):38-41.

. 1987. Index, Memorial statements, Cornell Uni-
versity faculty, 1868-1986. Ithaca, NY.

Tolan, J. S., and R. K. Finn. 1987. Fermentation of ID-
xylose and L-arabinose to ethanol by Erwinia
chrysanthemi. Applied and Environmental Microbi-
ology 53(9):2O33-38.

Tolan, J. S., and/?. K. Finn. 1987. Fermentation of D-
xylose to ethanol by genetically modified Klebsiella
planticola. Applied and Environmental Microbiol-

29 ogy 53(9):2039-44.

• CIVIL AND ENVIRONMENTAL
ENGINEERING
Grigoriu, M. 1987. Application of fiber bundle
model to structural engineering. In Dynamics of
structures, ed. J. M. Roesset, pp. 205-09. New York:
American Society of Civil Engineers.

Kulhawy, F. H. 1987. Report of the working group on
advanced graphics. In Report of National Science
Foundation Workshop on Interactive Computer
Graphics Applied to Geotechnical Engineering, ed.
A. R. Ingrqffea and C. S. Desai, pp. 12-22. Ithaca,
NY: Cornell University.

Kustas, W. P., and W. Brutsaert. 1987. Budgets of
water vapor in the unstable boundary layer over
rugged terrain. Journal of Climate and Applied Me-
teorology 26:607-10.

Parlange,J. Y., and W. Brutsaert. 1987. A correction
to free surface groundwater formulations due to
capillarity. Water Resources Research 23:805-08.

Shaw, R. N., and A. / . Richardson. 1987. The impor-
tance of scanning in supermarket selection: A com-
parison of methods of assessment. Paper read at 3rd
Biannual World Marketing Congress, 23-26 August
1987, in Barcelona, Spain.

Spry, M. J., M. D. Grigoriu, F. H. Kulhawy, and C. H.
Trautmann. 1987. Observations on the variability of
undrained slide resistance for deep foundations. In
Probabilistic methods applied to electric power sys-
tems, ed. S. G. Krishnasamy, pp. 339-45. Oxford,
England: Pergamon.

Turner, J. P., and F. H. Kulhawy. 1987. Experimen-
tal analysis of drilled shaft foundations subjected to
repeated axial loads under drained conditions, re-
port no. EL-5325. Palo Alto, CA: Electric Power Re-
search Institute.

Turner, J. P., F. H. Kulhawy, and W. A. Charlie.
1987a. Repeated lateral load tests on deep founda-
tions. In Proceedings, 8th Pan-American Conference
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393^04. Bogota\ Colombia: Colombian Society for
Soil Mechanics and Foundation Engineering.

. 1987ft. Review of load tests on deep foundations
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Palo Alto, CA: Electric Power Research Institute.

• COMPUTER SCIENCE
Babaoglu, 6., and R. Drummond. 1987. (Almost) no
cost clock synchronization. In Proceedings, 17th
Symposium on Fault-Tolerant Computing, pp.
42-47. New York: Institute of Electrical and Elec-
tronics Engineers.

Gries, D. 1987. The 1985-86 Taulbee survey. Com-
munications of the ACM 30(8):688-94.

Gries, D., A. Pascoletti, and L. Sbriz. 1987. Homer's
rule and the computation of linear recurrences. Infor-
mation Processing Letters 25(4):237-40.

Gries, D., and I. Stojmenovic. 1987. A note on
Graham's convex hull algorithm. Information Proc-
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Salton, G. 1987a. Expert systems in information
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Space-charge effects on heterojunction cathode
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Speed Semiconductor Devices and Circuits, 10-12
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Anantharam, V. 1987a. Fast simulation techniques
based on the large deviations theory. In Proceedings,
16th Conference on Stochastic Processes and their
Applications, p. 23. Stanford, CA: Stanford Univer-
sity.

. 1987ft. The settling time of a closed network of
processors. Paper read at Cornell Summer Workshop
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Anantharam, V., B. Gopinath, and D. J. Hajela. 1987.
A generalization of the Erlang formula of traffic
engineering. Paper read at 1st International Confer-
ence on Industrial and Applied Mathematics, 29
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processing, ed. W. J. Miceli,vol. 9, pp. 45-53. Pro-



ceedings of the SPIE, vol. 698. Bellingham, WA: The
International Society for Optical Engineering.

. 19876. CORDIC arithmetic for an SVD proces-
sor. In Proceedings, 8th Symposium on Computer
Arithmetic, ed. M. J. Irwin, pp. 113-20. New York:
Institute for Electrical and Electronics Engineers.

Chen, M. Y., W. J. Schaff, P. J. Tasker, and L. F.
Eastman. 1987a. Processing and DC performance of
self-aligned GaAs gate SISFETs. Paper read at 1 lth
Biennial Conference on Advanced Concepts in High
Speed Semiconductor Devices and Circuits, 10-12
August 1987, in Ithaca, NY.

. 19876. Transconductance dependence on gate
length for GaAs gate SISFETs. Electronic Letters
23(15):800-01.

Chen, Y. K., G. W. Wang, D. C. Radulescu, A. N.
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