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Ever since Marconi’s name was given to the base-fed, grounded, vertical wire antenna of 1896, or Lodge’s name was given to the
center-fed, non-grounded or “‘counterpoisc’ version of 1897, inventors’ names have been applied to their antenna creations. It is
often difficult to remember an antenna configuration just from the inventor’s name, so a list is given below of such antennas as are
often identified by names of persons. Antennas notincluded are those derived from optics, as Cassegrain, Gregory, Lloyd, Luneburg,
Mangin, Newton, ctc., nor these having names related te the antenna excitation or radiation pattern, as Besse!, Dolph, Chebyshev,
Hamming, fayior, etc. The foliowing iist, compiied by Jack Ramsay, consuitant in Ail’s Department of Kadar Techniques and Aag-
vanced Development, is a continuation of ““The Variety of Antennas,” which appeared in last month’s issue. The antennas listed
have evolved from electrical and electronics engineering rather than trom optics or mathematical physics. In most casesa rough
sketch of the antenna configuration can be made from the descriptions given; if not, reference to the textbooks will provide the

intormation.

Proper-Name Antennas

Adcock: An antiphased pair of wvertical re-
ceiving dipoles  (or monopoles) for direction
hnding. Crossed pairs are conumonly nsed with a
goniometer.

Alexanderson: llorizontal wire VLI untenna
connected to yround at  equispaced multiple
points by vertical wires with base-loading coils
the transmitter being coupled to an end coil.

Alford: Resonant square-loop antenna formed
by four linear sides with their ends bent inwards

to provide capacitive loading which equulizes
the current round the loop.

Bellini-Tosi: Direction finding antenna con-
sisting  of two vertical orthogonal triangular
loops with their bases over ground, used with a
goniometer.

Beverage: l.ow height, long wire receiving an
tennu over ground, having the receiver at one
end, and a terminating tesistor at the other end,

which is nearer the remote transmitter.

Bruce: Oniginal name of ““Rhombic” end fire
anteuna. which consists of a diamond shaped

s with the feed line at

arrangement of four wir

one vertex and a resistive termination at the
opposite vertex of the longer diagonal of the
rhombus, The first published U.S. deseription
s given by Bruce in 1931, Bruee's name is also
wiven to a series fed array of vertically polarized,
resonant rectangular loops (or half-loops over
ground) ecach one-guarter-wave wide and one-

half-wave spaced, the array having a castelluted

Butler: Array antenna with feed system in-
ing hybrid junctions to obtain a plurality

corpor:
of independent beams.

Chireix or Chireix-Mesny: Resonant series fed
array of squuare loops of half-wave sides, feeding
cach other in cascade, corner to corner, and look-

ing like a double zigzayg.
Christiansen: K: consisting  of
two interferometer arrays at right angles, and re-
sembling a M/ ills eross antenna.

liotelescope

Covington and Broten: Compound inter-
ferometer consisting of a long line source ad-
jacent to a two element interferometer of com-
parable aperture, in the same straight line.

Cutler: Reour feed for paraboloid reflector an
tennua, consisting  of  support  waveguide with
terminating cavity containing two resonant slots
faving 1ceflector, one on either side of support
wavegtide, cach slot being parallel to the broad
faces of the feed guide.

Foster: A
plate prism attached to the aperture of a line

mechanically  variable  parallel-
soutce antenua to produce beam scanning.,  The
path length pismis embodied in fractional regions
of the spuce between two slightly separated co-
axial eones. the outer cone being ~tationary and
the inneraotating, The delimitation of the conical

airspace to prismatic sections is achieved by

providing  non colliding  short-circuits  alonyg
generators of hoth cones. either by interleaving
rratings or by choke grooves. The line source may

be cither outside the stator, or inside the rotor,
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which is usnally divided and provides part of the
total parallel-plate region,

Franklin: Base-fed vertical wire antenna sev
eral wavelengths high, and radiating broadside
by the elimination of phase reversals by meuns
of loading coils or wire folds.

Hertz: Llementary linear dipole radiator, with
or withont spherical or flat-plate ends (1887).
Also loop antenna,

Kooman: \'ertical array of horizontal full-
wave dipoles fed by transposed two-wire line,
and backed by parasitie retlecting eurtain or
horizontal dipoles,

Lewis: Mlicrowave scanning antenna consisting
of a (lensed) flat horn which tapers, not to a wave-
guide, but to a narrow rectangular opening
across which a waveguide feed ean be moved to
scun the beam. The horn is folded by the in-
corporation of a 45-degree reflecting strip, and
the thin rectangular end is formed into u circular
annulus, around whieh the feed cun rotate, the
resulting deformed parallel-plate region taking a
conical shape with the feed-circie as base.

Lodge: Counterpoise antenna, consisting of
vertical dipole having horizontal top and bottom
plates or screens, the lower being spaced from
ground. Other versions were the ‘how tie”
antenna. where two narrow triangular plates
were connected at their thin ends by a coil,
and the “‘umbrella’ antenna in which the end
plates were made conical and constituted by
wires (1847). Lodge also originated the wave-
puide open-end radiator and microwave lenses
in 1841, before the spark microwave technology
dis
techniques introdneed by Marconi in 1896,

peared and was replaced by the longer wave

Luneburg: Lens antenna consisting of a
spherical lens illuminated by a feed at or near
the end of any diameter, a beam emerging from
the opposite side, and positionable at any direc-
tion in space by moving the feed around the
surface. The lens is given a sphericully symmetric,
non uniform distribution of dielectric constant
obeying the law 2 — r2 and internally bends the
divergent rays from the feed around curved paths
so that they come ont parallel.

Marconi: Originul name of vertical wire an-
temm, base fed with a ground connection (1896),

Mills: ‘I'wo independent fan-beam antennas at
right angles in cross formation, with common
center and  common  pencil-beam  volume  of
fow pain. Antennas are combined by switching
from phase addition of outputs to phase opposi-

A complete bound set of our twelfth series of articles is available on request.

ttarold Hechtman at AH. for your set.

tion at constant rate to secare the angular resolu
tion of the pencil-beamn component (a technique
suggested by N Ryle).

Robinson: \licrowave scanning antenna con-
sisting of an astigmatic retflector having as feed
systemn a parallel-plate region fed by a waveguide.
The parallel-plate region is bent and configured
so that the feed wuveguide end is circular, to
allow rotation of the feed guide, and is approxi-
mately in the same plane as the output end, or
larger aperture of the parallel-plate region. (Cf.
Lewis)

Schmidt: 2lierowave scanning antenna based
on optical Sehmidt camera. Spherical retiector
has aspherie mierowave lens at centre of curva-
ture, with scanner or multifeed approximately
half-way between these elements.

Schwarzschild: Mlicrowave scanning antenna
analogue of S, astronomical telescope, embodying
two reflecting surfaces profiled to  minimise
aberrations, and illuminated in cascade by a
scanner or multifeed.

Sterba: Secries-fed array of adjucent, broad-
side-firing, transposed square loops of half-wave
sides  and  approximately hulf-wuave spaeing.
(Cf. Chireix).

Van Atta: A retrodirective y of antenna
clements so interconnected that an incident wave

produces a radiated beam from the array in the
direction of the incident wuve reversed over a
significant range of angles of incidence. as in the
ease of an optical autocollimator. Versions of the
atray may econtain amplifiers, circulators and
mixers, may offset the frequency, and may direct
the transmitted beam, with or without modifica-
tions. in a direction or directions other than that
of the incident wave reversed.

Walmsley: An array of vertical rectangular
loops of one wavelength height and half-wave
spacing arranged in parallel planes, and series fed
at the mid-points of the longer, vertical sides,
with appropriate transpositions of the feed lines.

Windom: Horizontal half wave dipole above
ground, fed by a vertical or near-vertical ~ingle
wire connected at about one-twelfth wavelength
from the center of the dipole.

Yagi or Yagi-Uda: tind fire antenna, con

sisting of driven dipole with parasitie dipole re-

flector and one or more parasitic dipole directors,

Driven dipole is usually a folded dipole. and all
the antenna elements usually lie in a plane. ‘The
parasitic elements need not be coplunar but can
be distributed on both sides of the plane of
svinmetry.
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Accurate alignment of complex R.F. circuitry in today’s super-
sensitive radio and television receivers, can now be accom-
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Evidence of intelligent life on carth. Just as there can
be no doubt that a major problem facing the United
States today is the economic collapse of its large cities,
there can be no doubt that a major cause of that collapse
has been the vehicle propelled by an internal-com-
bustion engine- the bus, the private auto, the
truck. Only in the United States has the problem now
attained the dimensions of a crisis, but the problem is
nonnational; major cities of Europe and Japan are
rapidly on their way to membership in the club.

Full of good intentions, and backed vigorously by the
voters, governments have provided ever-bigger and ever-
better roads into and through the cities. Traflic noise
and air pollution have induced the middle class to move
to the suburbs and commute, thus creating more traflic,
more freeways through residential areas, more noise,
more fumes, more parking lots, more hardtop to exacer-
bate the summer's heat—and further evacuation to the
suburbs. Eventually the roads become so good that
business and industries can move to the suburbs too.
Ratlroads, their passenger facilities used less and taxed
more, raise their prices and cut their service, more com-
muters take to the automobile or the bus, and the
vicious cycle continues.

With intercity tratlic, American railroads have an
equally hard time. Operating economies must be worked
out within the framework of work rules dating from 1920.
We can only guess at the quality of the management tal-
ent that can be recruited to man this straijacket, but
an aggressive young man may possibly feel more drawn to
the airlines, for which the year 1920 never achieved ac-
ceptance as a norm.

Few will deny that the present is unsatisfactory, but
where do we go from here? No good prescription can
be written without taking thought about how we got
where we are now. Certainly we have been operating on
a false footing. It seems clear, for one thing, that a
major error has been made in the allocation of costs. As
an example, each suburbanite has been free to decide
whether his cost of commuting (including nonmonetary
costs, such as inconvenience) is minimized by driving to
work in his own car—on roads paid for, in part, by taxes
on the railroad that they induce him to forsake. But his
decision to drive imposes costs on the city ; among others,
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costs associated with polluted air, depressed real-estate
values. and schools with no middle-class pupils. In short,
a decision about a complex system has been made,
without the stabilizing supply-demand feedback of a
market, by a host of individuals whose concern is with
only one small element of the systemr individuals, in-
deed, who have scarcely been conscious that the system
is there.

It seems certain that the ‘‘systems approach,” a tech-
nigque closely allied with electrical engineering, will be
brought 1o bear on the problems of transporting people
and things. Engineers will have a role in the system
planning and analysis, as well as in providing the elements
of the system with power, controls, and communica-
tions. It is highly appropriate, therefore, that the Pro-
ceepiNGgs oF THE 1EEE for April is a special issue on
transportation. More than most of its predecessors, this
special issue deals not merely with technical problems,
but also with social and economic ones. It envisions
intercity ground transport of passengers at 500 km/h
(300 mi/h), personal vehicles that are computer-con-
trolled when on main arteries, sustained emphasis on
minimizing door-to-door travel time.

An integrated system to replace the present congeries
of subsystems will demand radical change. That such
change is not impossible is demonstrated by the current
revolution in oceanborne shipping. Here systems analysis
of un age-old activity has generated new kinds of ships,
new hinds of containers, new kinds of railroad cars,
new trucks, new port facilities. Mainly by reducing
mismitch at the interfaces, the systems approach has
effected reductions in cost so great as to justify the ex-
pense of the new installations and new capital equip-
ment. The same will doubtless be true of a well-planned
system for travel by people, though revising the present

jumble will take decades, and may well entail outlays

comparable to those of the current space program.

The transportation revolution is not just & gleam in the
eyes of a few men who see visions. Though there is a
very long way to go. people are already at work on some
of the hardware. For what they are doing, and analyses
of why it should be done, give some time to the April
issue of the PROCCEDINGS. 1t is a remarkable document.

J. J. G. McCue
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Making integrated electronics technology work (page 63)
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(page 78)

Seymour N. Siegel, director of radio communications for the City of New York,
has long been prominent in national and international broadcasting circles. A member
of the staff of the Municipal Broadcasting System since 1934, he was appointed its
director in 1947 by Mayor William O’Dwyer. He has been reappointed five times by
succeeding mayors. He has served as the City’s Deputy Director of Civil Defense Com-
munications and at present is chairman of the Mayor’s Committee on Living Music.
Mr. Siegel received the B.S. degree in economics from the University of Pennsylvania
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Laser applications (page 82)
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This is one of those times in the life of a man when,
having been honored by his peers for some of his labors,
he must, while accepting the honors with appreciation and
humility. look at himself and his work against a back-
ground of the time in which he lives and the problems of
the society of which he is a part. Mixed feelings of pride
and humility are especially strong for me now. because
among so many worthy men being honored by the In-
stitute tonight, two of my associates, Roger Webster and
James Biard, are among the newly elected Fellows of the
Institute - and especially because, by one of those coinci-
dences of life, you have chosen to bestow that senior
award of the Institute, the Medal of Honor, upon another
respected friend and associate, Gordon Teal.

These four threads that you have tied together tonight
extend back over two decades to Gordon’s inspired work
with single crystal germanium and silicon. This work —
together with the contribution of Morton, Brattain,
Bardeen. and Schockley and many more of his then
associates at the Bell Telephone Laboratories- -must be
evaluated as the discovery of a new technological world,
the exploration and development of which has brought
the four of us and a large proportion of all of you here
tonight.

By their very nature, awards such as these must often
represent culminations of one kind or another; and among
the emotions and satisfactions the Founders Award has
stirred in me, particularly in juxtaposition with the award
of the Medal of Honor to Gordon Teal, a nagging ques-
tion insists on intruding itself: Are these awards exclama-
tion marks at the end of middle paragraphs in the com-
position of our life’s work, or are they periods following
the summary sentences?

We are engineers and these are engineering awards, and
engineering has to do with the creation of useful products
and services. Thus, any judgment of where these threads
you have pulled together tonight fit into the total future
scheme of our profession must begin with an evaluation
of the pertinence of that profession to the needs and
problems of today.

Exciting times, but troubled ones!

Myriads of new nations are beginning to find that
independence is but a first step, and that the stability and
aflluence they seek can be found only at the end of a long
and arduous road demanding ability, dedication, dili-
gence, and responsibility from both government and
citizen.

International trade is disturbed, and there is a wide-

Electronics
in transition

Patrick E. Haggerty

Texas Instruments Incorporated

spread gold crisis. Britain devalues the pound and ini-
tiates an austerity program. France pursues an at-times
agonizing nationalism. The United States faces a balance
of payments problem and now, after decades as advocates
of an increasing free trade, the administration proposes
travel bans and overseas investment limitations; and a
distressing number of U.S. senators and representatives
are recommending quotas and limitations on that trade.

It took an estimated eight million years from man’s
beginnings to reach a world population of 300 million at
the time of Christ. It has taken less than two thousand
years (o increase that 300 million tenfold, and one billion
of the three billion have been added in less than 40 years.
On the basis of present trends we'll have added another
billion by 1975 and still another billion for a total of five
billion by the early 1980s.

So the world divides into the “have™ and *‘have-not™
nations. The “have™ nations pay themselves well and
enjoy high standards of living. The *“have-not’ nations
have low incomes and poor standards of living.

The United States is a great nation and for most of us
Americans the benetits of citizenship are legion. Be-
latedly. sometimes inadequately, but still genuinely, we
are trying to remove the barriers imposed by prejudice so
that all of our citizens may have a full share of those bene-
fits. Yet riots have torn our cities; and even without riots
we are afraid to walk on our streets after dark. Lake Erie
is becoming a Dead Sea; Los Angeles in sunny California
rarely sees the sun.

This disturbing look into the world’s Pandora’s Box
leads back to the statement I made earlier concerning the
future scheme of our profession. The question is whether
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On March 20, ar the International
Convention, P. E. Haggerty

was honored with the

IEEE Founders Award. His acceptance
speech, presented here, stresses

the cital responsibilities

imposed on electronic technology by

a rapidly changing world

the talents of the clectronics industry and, more particu-
larly, the skills of the scientists and engineers who have
made it what it is, are pertinent to the solutions of this
catalog of problems:

1. The problems of war and national defense.

2. The problem of the restoration and conservation of
our environment,

3. The problems of our cities,

4. For the “have-not” nations, the problem of trans-
formation into industrial societies,

5. For the “have” nations, the problem of sustaining
and improving their already high standards of living in
the face of the need of the “have-not” nations to indus-
trialize and the relatively much lower wages and salaries
they pay themselves while in the process.

Where does technology fit in?

Let’s see how electronics might be pertinent to problem
solutions in some of these areas.

So far as the problems of war and national defense are
concerned, the needs are so obvious and the contributions
made by electronics so vital that little elaboration is
necessary except to observe perhaps that every new mili-
tary need—from strategic missiles to antiballistic missile
systems, from helicopters to supersonic aircraft, from
reconnaissance 1o attack —demands more and better
electronics.

A principal problem for any heavily populated, reason-
ably complex society is the orderly development, redis-
tribution, reclamation, and use of its water resources.
The hardware and software of electronics allow us to
develop atmospheric models, watershed models, sedi-
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ment models, surface-water quality and quantity mod-
els—in fact, models of all of the necessary major com-
ponents—to simulate regional water resources. And the
hardware and software of electronics can further provide
the sensors, the memories, the information processes, the
data displays, and the control mechanisms necessary for
the orderly development, redistribution, and use of the
water resources. But if these tools are to be applied,
somewhere there must be a governmental unit with the
comprehension, the imagination, the authority, and the
funds to use them.

Let’s take, for example, the problem of traffic in any
major city. It would now be completely feasible techni-
cally to calculate for every artery the conditions for
maximum rate of flow of traffic, and then to identify
every vehicle entering that flow of traffic and direct it into
arteries not yet at maximum flow and forbid it entry
when its addition would simply slow the total flow. There
is a saturation point for every system of traffic arteries,
and electronics can insure that every traflic system carry
the maximum amount of traffic it is capable of carrying
under the specitied circumstances. Electronics cannot
make the artery carry more than that specified maximum.
But it can help detect and correct breakdowns and make
clear what further steps must be taken to increase that
maximum flow.

To switch to another problem area, the United States
is a country with an exceptionally high standard of living.
We pay ourselves more for our hours of work than does
any other country in the world. The United States must
sell to and compete with the rest of the industrialized
world. Simultaneously, it must sell to and buy from the
underdeveloped world while assisting the underdeveloped
nations in their own strivings toward industrialization.
If the United States is to sustain its high standard of
living, then its overall industrial effectiveness must be
sufficiently higher than that of any other nation so that
when the high wages we pay ourselves for our hours of
labor are multiplied by our relative effectiveness, we still
come out competitively high.

These of us who are engaged in developing. manu-
facturing, and selling products and services around the
world know that in many respects this has become in-
creasingly diflicult over the past decade. For example,
even though the rate of increase in hourly earnings of
manufacturing employees in Japan has been increasing
faster than it has in the United States, the absolute
difference has increased from about $1.80 per hour in
1957 to nearly $2.15 per hour in 1966— or by comparison
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with [taly, from a $1.72-per-hour ditference in 1957 to
$2.08 in 1966. To make a comparison with another Far
Eastern nation, striving with considerable success to move
into the modern industrial world, in 1957 Taiwan’s manu-
facturing employee received on an average $1.98 per hour
less than a similar worker in the United States; in 1966
that difference had increased to nearly $2.60. Although
these illustrations are all with respect to hourly earnings
of manufacturing employees, the relative ditferences are
only moderately less if the comparison is made for pro-
fessionals and managers.

Obviously, if the United States is to compete with wage
and salary differences such as these, the overall effective-
ness of its total industrial machine must be extraordi-
narily high. To the extent that we cannot meet the chal-
lenge, our standard of living must also respond by either
slowing down the rate of improvement or actually
dropping. Thus far the United States has, by and large,
sustained the upward trend of its overall standard of
living by a combination of advanced technology in its
products and services and a superior way of organizing
to produce those products and services. Both the technol-
ogy and our way of organizing to produce our goods
and services—that is, the way we manage —have been
diffused throughout the world since the end of World War
It

Japan is an excellent example of rapid growth into an
eflicient industrial nation while still paying itself at wage
and salary rates appreciably below ours. Inevitably, we
are unable to compete in certain areas. The problem we
face with respect to the other industrialized nations, they
too face in varying degrees with respect to one another,
and all of the Western industrial nations face with respect
to Japan, but the whole spectrum of industrial develop-
ment from the United States through Western Europe
and Japan and down through the underdeveloped world
is such that inevitably every industrialized nation, in-
cluding Japan, already does and will continue to face
similar competition from other nations struggling to
evolve an industrial society.

Thus, it seems there must be an inexorable pressure,
not just in the United States but, on a somewhat descend-
ing scale, throughout the entire industrialized world for
a constantly improving effectiveness in every segment of
each nation’s industrial machine. This pressure for im-
provement in effectiveness must change fundamentally
the way in which we design, manufacture, and market
our products; but what may be even more significant, it
will change the way we organize and manage our bus-
inesses.

It is difticult to draw any other conclusion except that
the sensors, the logic, the memory, the displays, the con-
trollers, and their associated software are the principal
and essential tools that must be applied to increase the
effectiveness of our own industrial machine sufliciently to
compensate for our very high wage and salary costs.
Over a relatively short span of time the same problem,
for the same reasons, will exist in every industrialized na-
tion.

These are just a few examples, but the solutions to all
of these problems have major elements in common. In all
of them we need to convert information into usable sig-
nals. We need to separate these useful signals from the
inevitable noise that accompanies them. We need to store,
process, and interpret the raw data accumulated. We

need to store and display the processed and interpreted
data. We need to cause action in response to the informa-
tion and create feedback signals to correct the error in the
actions taken; and much of the action must be in real
time. Thus, there is a startling coincidence between these
needs and what much of electronics is all about today.
Thirty years ago we could have made only the most rudi-
mentary kind of contribution to the solution of these
problems. And it is really only in the last ten years, with
the advent of solid-state components and sophisticated
data-processing hardware and software, that we can
truthfully say we can tackle these ditlicult problems with
tools whose sophistication is commensurate with the
difliculty of the problems. It is probably also accurate
that almost every tool that is necessary is at least in sight
or will be in the 1970s.

Of course, what is really common about the worldwide
potential contributions of electronics is, as President
Herwald has already emphasized, that in each case man
is using electronics to extend his mind, his senses, and,
to some degree, his spirit. The Industrial Revolution that
began with the invention of the steam e¢ngine by Watt
was a revolution that depended upon the extension of
man’s muscles. The even more significant revolution that
is just beginning in these middle decades of the 20th cen-
tury is an extension not just in capability of the mind and
senses, but in space and time as well. With electronics,
man can see, hear, and measure space and time with sen-
sitivity, breadth of response, and precision far beyond
that of his unaided senses. With the logic and the memory
of electronics, man can expand his mind not just in size
but in speed and apply that logic and memory at a dis-
tance. With television and radio. man can already see and
be seen, and hear and be heard, with few limitations in
space and time. With laser holography, in the relatively
near future managers and professionals will stay in their
oflices and laboratories and still participate personally in
distant conferences and meetings in three dimensions
and in color. Since they can also manipulate and process
information with electronic logic and memories at a dis-
tance, they may be more eflective participants in such a
meeting or conference than if they were truly present in
person.

So whether these awards represent exclamation marks
or periods, I have no doubt whatever that our profession
has barely begun its work, and our industry is still at a
relatively early stage in its growth. It may be true that the
growth rates of electronics over the next five to ten years
will be slowed while we develop and expand the tools on
hand and in sight and while we evolve the procedures and
institutions, both public and private, to apply them.
After that and for as far into the future as any of us are
likely to be interested, I believe that growth in quality,
complexity, and size will continue at a rate well beyond
that of the Gross National Product. The match between
the capabilities the tools of electronics provide and the
most pressing needs not just of the United States but of
the entire industrialized world is too close for it to be
otherwise.

As one engineer, I am sure of all this. But it is not
enough. I hope that as man expands his sight, he will
really see; and his hearing, he will really hear; and his
touch, he will really feel; and that as his mind grows, so
will his wisdom and his heart. But all this we must add as
men, not as engineers.

Haggerty—Electronics in transition



The third
great crisis
in mathematics

Modern mathematics is experiencing
many changes, in both approach and
emphasis, to keep pace with modern
technological progress. Prominent in
the “new math’ is increasing use of,
and emphasis on, the theory of sets

C.K. Gordon, Jr.

McDonnell Douglas Corporation
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Topology and measure theory, along with other
branches of mathematics, are founded upon the theory
of sets. The beginnings of the theory were steeped in
paradoxes. One concerns the very concept of a set
itself, such as proving that ‘‘0 is ordinary if and only
if it is not.”” The concepts have been dehated for more
than a century and from them have evolved the axiom
of choice, axiom of selection, infinite set theory, well-
ordering thcorem, and the Banach-Tarski paradox,
among others.

Around the 5th century B.c. the discovery that all
geometrical magnitudes of the same kind are not com-
mensurable with one another precipitated the first crisis
in mathematics. When it was shown that the diagonal and
a side of a square contained no common unit of measure,
the entire Pythagorean theory of proportion had to be
abandoned as unsound. Though many attempts were
made in ensuing years, this crisis was not resolved until
around 310 8.c. by Eudoxus. His outstanding revision of
the theory of proportion and magnitude and his brilliant
treatment of incommensurables appear in the fifth, sixth,
and tenth books of Euclid’s Elements. Eudoxus’ analysis
of the irrational number (viz., numbers such as 2/
withstood the scrutiny of succeeding generations of
mathematicians until the second half of the 19th century,
when it received a new twist at the hands of Dedekind.

The second crisis occurred in the late 17th century
around the newly created calculus, and contradictions
and paradoxes appeared in increasing numbers until a
crisis in the very foundations of the subject became evi-
dent. It wasn’t until the early 19th century that Gauss and
Cauchy took the first steps toward resolving this crisis by
replacing the vague notion of infinitesimals with the pre-
cise methods of limits. Their work was followed with the
“arithmetization” of analysis by Weierstrass, Bolzano,
Dedekind, Cantor, and others.

The third major crisis in foundations is the one to
which I want to devote this discussion, for it is still going
on, and to me is the most exciting. The problem suddenly
burst forth upon a startled mathematical world around
the turn of this century; now, almost 70 years later, it is
still not resolved to the satisfaction of all mathematicians,

This crisis was brought about by the discovery of para-
doxes around the fringes of Cantor’s general theory of
sets. The seriousness of this is due not only to the fact that
so much of modern mathematics is permeated with set-
theoretic notions but that certain branches, e.g., topology
and measure theory, rest upon set theory as a foundation.

The Set

According to Cantor, a set is ‘“‘any collection into a
whole, M, of definite and separate [i.e., distinguishable]
objects m (which will be called ‘elements’ of M) of our in-
tuition or thought.” This seems innocent enough and, in-
deed, no one realized at the time that the concept of a set,
so defined, was loaded.
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Some examples of sets are the set of all musicians in a
particular orchestra, e.g., the Boston Pops; the set of all
people living today who are 50 years or older; the set of all
people living today who are 500 years or older (a per-
fectly legitimate set, which just happens to be empty—it is
a special set called the emipiry or null set and plays some-
what the same role in set theory as does zero in algebra);
the set of all even whole numbers (a set containing in-
finitely many elements); the set of all even prime numbers
(a set consisting of a single element, viz., 2); the set of all
points belonging to some particular line segment (another
infinite set, which, surprisingly, can be shown to contain
more elements than the set of all even whole numbers).
These examples all fit Cantor’s notion of ser, the last
being ubiquitous in modern developments of the theory.

The first hint of trouble with this notion appeared in a
paper published by Burali-Forti in 1897. This first para-
dox in set theory is too technical to be discussed here; it
deals with Cantor’s theory of transfinite ordinals and was
already known to him in 1895. However, I can give a non-
technical account of a similar paradox discovered by
Cantor around 1899. But first, it is necessary to consider
his notion of a rransfinite number.

Transfinite ordinal and cardinal numbers

Cantor’s theory of transfinite ordinal and cardinal
numbers is, | think, one of the most beautiful and original
edifices of modern mathematics; it is an exciting adven-
ture you may wish to embark upon by consulting the
bibliography at the end of this article. For the present pur-
pose, a couple of notions from this theory will suffice.
The first notion concerns cardinality, which, roughly,
represents the number of members belonging to the set.
For example, the cardinality of the set of even primes is 1;
the cardinality of the set of all possibilities when a coin is
tossed twice in a row is 4 (viz., HH, HT, TH, TT).
Whenever a set contains N members, where N is any
positive integer (no matter how large) it is said to have a
tinite cardinal number and is called a finite set. Now,
what about the set of all even positive integers? What is its
cardinality ? Clearly, since no positive integer N will
suftice to characterize its cardinality, Cantor did a very
clever thing. He invented a new number, «o, to character-
ize the cardinality of this set. Actually, he used aleph, the
first letter of the Hebrew alphabet, with a subscript zero—
called «leplt null—because he needed a brand-new symbol
for this brand-new notion. Aleph null is the first rrans-
Sinite cardingl (number). I say ‘‘first’” because there are
other, greater transfinite cardinals; for example, the
cardinality of the set of all real numbers is greater than
the cardinality of the set of all even positive integers. |
hope you won't be disturbed by this invention of new
numbers. After all, every number is an “‘invention,’ soine
of them of fairly recent origin. The negative numbers were
invented just a few hundred years ago and used to be
called “fictitious numbers™ because not all mathemati-
cians in those days believed they were “‘real.”” More re-
cently, we have the advent of the so-called imaginary
numbers——which, of course, are no more imaginary than
any other numbers.

Cantor was able 1o establish, in his theory of sets, the
theorem that there is no greatest transfinite cardinal
number (just as there is no greatest positive integer). But
then, what about the set of «// sets? This *‘superset,” ac-
cording to his notion, is a legitimate set every bit as much

as the other sets mentioned so far. Surely no set can have
more members than this set of «// sets? But then the trans-
finite number associated with this set (that is, its car-
dinality) must be greater than any other transfinite num-
ber, contradicting the theorem that there is no greatest
transfinite number. Something clearly was wrong with a
theory that permitted such notions as that of the set ci all
sets. And yet, there was nothing in the theory prohibiting
such a notion. Nor is this all.

The paradox of sets

Even more serious perhaps was the discovery by
Bertrand Russell (around 1902) of a paradox (discovered
independently by Zermelo) depending on nothing more
than the mere concept of ser. Russell distinguished two
kinds of sets: those that may contain themselves as mem-
bers, called extraordinary sets, and those that do not,
called ordinary sets. For example, the set of all concepts is
itself a concept and so belongs to the set of all concepts; it
is therefore an extraordinary set. Most sets, of course, are
ordinary (for example, the set of all even numbers is not
itself an even number). If this notion of extraordinary sets
seems farfetched, do not be concerned, for the paradox in-
volves the set of all ordinary sets. Call this set O. Thus, O
represents all those sets that do sor contain themselves as
members. The question now is: What about O itself, is it
ordinary or extraordinary? Suppose O is ordinary; then
O belongs to O, the set of all ordinary sets; that is, O
must be extraordinary. But if O belongs to the collection
of extraordinary sets, call it E, then O belongs to E and
not to O; so O must be ordinary. What it amounts to is
this: O is ordinary if and only if it is not (that is, if and
only if it is extraordinary). This is the theorem that can be
established using a somewhat more formal proof than
would be worthwhile setting down here (see the bibliog-
raphy). But you can see the contradiction; it’s like prov-
ing that a thing is black if and only if it is white.

To elucidate the nature of this paradox further, and to
show that the problem is more general than the special set-
theoretical context in which it occurs, consider the follow-
ing semantic variation on the theme (first stated by
Grelling around 1908). Let us classify all adjectives under
two categories: those that describe themselves, such as
“English and “‘polysyllabic,” and those that do not,
cuch as ““French” and ‘‘monosyllabic.”” The former we
call aurological; the latter heterological. What about the
adjective heterological ? Does it belong to the former cate-
gory or to the latter ? If ““‘heterological” belongs to the list
of heterological adjectives, then “heterological” is heter-
ological (just as “‘polysyllabic™ is polysyllabic) and so it
must be autological. But if “‘heterological” is autological
then (just as ““monosyllabic™ is polysyllabic) it doesn’t de-
scribe itself and so it must be heterological, which brings
us back to the beginning of the argument.

Impredicative definitions

You have, no doubt, noticed the peculiar self-referen-
tial character of the paradoxes, so that the simplest way of
disposing of them would seem to be an injunction against
the use of self-referential or impredicative (as they are
called) definitions. This is precisely the attitude of Russell
in enunciating his ‘““vicious circle principle’” when he says,
“Whatever involves «// of a collection must not be one of
the collection.” Or, alternatively, *““If, provided a certain
collection had a total, it would have members definable
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only in terms of that total, then the said collection has no
total.” However, I feel that this is unsatisfactory from
several standpoints. For one thing, simply banning the
thing that causes the trouble does not elucidate the nature
of the trouble nor does it explain how it can occur in the
first place. For another, there is no guarantee that a
blanket exclusion of impredicative definitions alone will
prevent the occurrence of all future paradoxes. Most im-
portant, perhaps, is the fact that not all impredicative
definitions cause trouble, so there must be something
additionally peculiar (besides just their impredicativity)
about the concepts that lead to the paradoxes. For exam-
ple, to call a certain basketball player the tallest man on
the team is surely completely nonparadoxical, even
though the characterization is done on the basis of the
totality to which the player himself belongs. Furthermore,
mathematics itself needs, and has continued to use, certain
impredicative definitions that appear perfectly harmless.
Recall, for example, the definition of the least upper
bound of a given set as the smallest member of the set of
all upper bounds of the given set. Or again, recall from
elementary calculus the definition of the maximum of a
function in a given interval as being the greatest of the
function values in the interval——clearly an impredicative
definition.

It appears after almost 70 years of discussion that self-
reference, in and of itself, though it may be circular is not
necessarily ciciously cireular. The problem boils down to
having to decide in each specific case whether to permit
the use of impredicatively formed concepts. But unfor-
tunately it can be shown that this problem is undecidable
in the sense that the attempt must result in an infinite
regress.

An entirely different approach to the problem of set
theory consists in laying down an axiomatic foundation
for the subject. The foremost example of this axiomatic
approach is Zermelo’s system of 1908, more recently im-
proved by Fraenkel, Bernays, Von Neumann, and others.

Gordon—The third great crisis in mathematics

But, although set theory today is a perfectly respectable
branch of mathematics (and the theory of numbers, classic
analysis, and even Cantor’s general set theory, can be
based on it) there still remains a fly in the ointment. This
is the now-famous Zermelo axiom of choice, about which
almost all of the ensuing controversy has centered up to
the present time. Before I turn to it, however, let me men-
tion an axiom or two from those remaining in Zer-
melo’s system to give you a feeling for the nature of the
axiomatization.

As you are aware from the preceding discussion, the
assumption that to any well-defined property P(x) there
corresponds a set S such that x is a member of S if, and
only if, x has the property P, can lead to formal contradic-
tion. The following example presents no problem. Let
P(x) be the property of being an even positive integer;
that is, interpret P(x) to mean ‘‘x is an even positive inte-
ger.” Then § is the set of even positive integers. But sup-
pose we take P to be the property of not belonging to it-
self-—i.e., interpret P(x) to mean *‘x is not a member of x”
then, on substituting S for x, we get Russell’s paradoxical
set (““the set of all things that are not members of them-
selves”). To circumvent this, Zermelo introduced his
axiom of selection. Instead of employing properties to
define sets, this axiom permits their use only for carving
out a subset from a given set. The axiom may be stated
somewhat as follows: Given a well-defined property P
and a set a there is a set b such that x is a member of 5 if,
and only if, x is a member of « and at the same time has
the property P.

Another axiom (given here in the weak form intro-
duced by Fraenkel in 1958) states that for any two differ-
ent sets R and T there exists a set S containing exactly R
and 7. This axiom permits one to form a new set out of a
given pair of sets. Repeated application of the axiom
allows the construction of more complicated sets of vari-
ous kinds. Axioms such as this, and the axiom of choice
to which I shall turn in a moment, are designed to facili-
tate the construction of new sets out of given ones. For
example, Fraenke! in a recent modification of Zermelo’s
original axiomatic theorem is able to prove the following:

Theorem. For any two sets R and S there exists the
set whose members are just those that belong to both
RandS.

If you have had some prior contact with set theory you
will recognize this new set as being the so-called intersec-
tion of R and S. In an earlier version of Zermelo’s set
theory Fraenkel introduced this (as well as the union of
two sets) as one of his fundamental operations. In his
most recent modification, however, he postulates only the
existence of the union of two sets, and proves the existence
of their intersection. Incidentally, it is interesting to note
that in Zermelo’s original system of axioms he postulated
the existence of sets containing just a single member as
well as the existence of the set containing no members, the
null set mentioned previously. But Fraenkel is able to
prove their existence on the basis of his axioms.

The axiom of choice

Today, there exist a number of variants of the original
1908 Zermelo set theory. For example, there is Church’s
form of the Zermelo-Fraenkel-Skolem theory, there is
Bernay’s theory, there is Von Neumann’s theory, and
there is Godel’s theory-—to mention the most prominent.
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Each of these has certain special features; it is perhaps
impossible to say which is the best. They all appear to
avoid the paradoxes that shook the early foundations of
the subject, but unfortunately there is one big thorn that
continues to irritate a lot of today’'s mathematicians:
Zermelo’s axiom of choice. It is almost embarassing in its
simplicity and intuitive appeal: yet, as you will soon see,
it has the most amazing and far-reaching consequences.
Before stating the axiom I must formally introduce the
notion of subset. It is just what you would expect it to be:
If, whenever x is a member of S and we also have x a
member of T, then S is called a subser of T.

One form of the axiom of choice may now be stated as
follows: Given a collection of nonempty subsets of a set

there is a set that contains just one member from cach of

these.  Let me rephrase this a bit to show you how obvi-
ous it is when the collection is finite: For any collection
of nonempty, disjoint (that is, none of the sets in the col-
lection have any members in common) sets S, there exists
at least one set T containing one and only one element
from each of the sets S.

Consider the following illustration: Suppose the collec-
tion consists of just two nonempty, disjoint sets A4 and B.
Since A is nonempty there is an element x in A ; similarly,
there is an element » in B (distinct from x, since 4 and B
are disjoint). Thus, we can form the set 7" whose only
members are x and y. Incidentally, notice that sets A4 and
B may each obviously contain infinitely many members
we require only that the collection C be finite. In fact,
when C is finite, Zermelo’s axiom is not really required,
since the remaining axioms of set theory are sufticient to
permit the formation of 7.

But the case where C consists of an infinite collection of
sets /1y, A, A, ... just doesn’t come through in the same
simple, apodictic way. The function of the axiom of choice
is to sanction the formulation of 7 even in this case. That
1s to say, the case for the existence of a set T containing
members xi, Xa, X3, . . . , Where vy isa member of A, xois a
member of 4., x3 of A4;, etc., is made by an appeal to this
axion.

Although Zermelo didn’t explicitly formulate this con-
cept as an axiom until 1904, a principle of this kind had
been used regularly to guarantee the existence of certain
sets that cannot be otherwise obtained. Years before,
Cantor (and others) unconsciously applied such a princi-
ple as a matter of course. And today, certain branches of
mathematics (e.g., topology) cannot get along without it.
In spite of its long history, as well as current use by some
of the world’s foremost mathematicians, and in spite of its
apparent credibility, many today totally reject it; others
use it, but with varying degrees of skepticism. However,
some equally eminent mathematicians (notably topolo-
gists) accept it without hesitation.

Before discussing how this surprising state of affairs
came about, let me give you an example, again attrib-
utable to Bertrand Russell, that beautifully illustrates
the difference between a situation requiring some princi-
ple or axiom of choice and one that does not. Given an
infinite set of pairs of shoes it is a simple matter, not re-
quiring the axiom of choice, to form a set of individual
shoes using the following selection rule, say: form the set
of all left shoes. That is to say, there's a predicate, “left
shoe,” that can be used as a basis for the selection. But
given an infinite collection of pairs of socks, socks being
manufactured in identical pairs, how are we to form a set

containing just one sock from each pair? The axiom of
choice simply sanctions the formation of such a set of in-
dividual socks from the set of sock pairs.

Infinite sets

The ‘“‘choice” Russell is talking about here is not an
actual, physical picking-out-by-hand of socks from a
bundle of socks. For one thing, there is an infinite number
of pairs of socks in the “*bundle.”” But even if you can con-
ceive of some infinite being doing the selecting over an
infinite time, this is not the point. The “*choice™ of ‘“‘ele-
ments” from the *‘infinite set’” of socks is a marhematical
(conceptual, if you will) operation, not a physical one.
And for this you need some sort of mathematical rule.
The axiom of choice is appealed to in just those cases
where no rule can be formulated for ‘“‘choosing” or
“selecting’ certain members out of a given set.

Notice that the root of the difficulty does not lie just
with the fact that we're dealing with an infinite set, as the
situation with the shoes shows. To make this clear, here is
another situation that does not require the axiom of
choice. Let C be an infinite collection whose members are
nonempty, disjoint sets of natural numbers. Some exam-
ples of sets in this collection might be: f 1.2,3 } 1 18,9, 5 } ;
£23.7, 100} ; and so on. Then the following selection rule
may be used to form a new set containing one and only
one member from each of the sets in the infinite collection
C: choose the least number in each set. Because it is
known that in every nonempty set of natural numbers
there is a least number, there is no need for a principle of
choice here.

It will be instructive to give some typical examples of
highly credible theorems whose proofs use the axiom of
choice, especially since I want to follow this with still
another theorem that was established using this axiom but
whose credibility was almost immediately challenged.
You may recall the following elementary result from
calculus:

Theorem. If L is the least upper bound of a set S, then
there exists a sequence ao, (1, ds, . . ., Ay, . . . of Mmem-
bers of S such that lima, = L.

The proof of this theorem involves the right to choose an
element «, from a set S, simultaneously for infinitely
many values of n without giving any rule or property for
determining which element is chosen.

The next theorem may appear somewhat novel to you
but I cite it because the use of the axiom of choice in
establishing it is quite straightforward.

Theorem. An infinite set S has a denumerable (i.e.,
“countable”) infinite subset.

Proof. S is obviously not empty, otherwise it would
have the finite cardinal 0. Thus, § has a member
a,. Then § — {ul: is not empty, for otherwise S
would have the finite cardinal 1. So § has another
member «.. Continuing in this manner you can
select distinct members «, a@s. az, ... of S corre-
sponding to the natural numbers 1, 2,3, . ... Thus,
we have shown that the subset of § whose mem-
bers are ai, a», as,. .. is “‘countable” (by the num-
bers1,2,3,...).

Notice once again that no rule is given for selecting
members «i, «.., as, . . .out of S. But the proof seems rea-
sonable enough, does it not ? Incidentally, it is the corol-
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lary to this theorem that says that aleph null is the first
transfinite cardinal,

Well-ordering theorem

The next theorem, and the one that caused all the trouble,
is as follows:

Zermelo’s well-ordering theorem. Every set can be
well ordered.

The original reaction of a good many mathematicians
to this incredible result was that there must be something
wrong with the proof. Looking for a flaw in the proof,
Emile Borel discovered that Zermelo had used an ap-
parently obvious principle, one that others had been using
for quite a while without ever bothering to state it ex-
plicitly - -viz., the principle or axiom of choice. Even
more amazing, Borel was able to show not just that
Zermelo’s theorem is based on the axiom of choice but
that the theorem is actually equivalent to it! Since that
time quite a number of theorems have been shown to be
equivalent to the axiom. But let’s see first why the Zermelo
theorem is so amazing.

What does it mean to say that a set is well ordered?
First, let us see what it means to say that a set is simply
ordered. Tt is simple indeed. Remember the symbol <
(read: *‘less than’) from algebra? Well, a set S of ele-
ments «, b, ¢, . . . issaid to be simply ordered if: (1) when-
ever a # b then either a < bor h < a; (2) a < bimplies
that « # b;(3) a < hand b < ¢ imply that « < ¢. Now
then, a set is well ordered if the following additional
property holds: For any nonempty subset S’ of S there is
a member a of S’ such that ¢ < b, where b is any other
member of S’. In other words, a simply ordered set S is
well ordered if every nonemipty subset of S has a “first™
element. The set of natural numbers (1, 2, 3, ... ) aftord
an obvious example of a well-ordered set.

To repeat: Zermelo’s theorem says that for any set
there exists a relation well-ordering that set. This means
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that, for example, the set of points from 0 to 1 on the rea:
line can be well ordered. Yet no one to this day has been
able to show how any set of this cardinality can be well
ordered. In fact, there are many sets that mathematicians
have been unable not only to “‘well-order” but even to
order at all- for example, the set of all real functions of a
real variable. Furthermore, consider the ordered subset
of all points to the right of 0 on the real line up to the
point fabeled 1. What is the first point in this subset ? That
1, what is the first point to the right of O on the real line?

Let me quickly point out, however, that the symbol <
appearing in the definition of a well ordered set is an ab-
stract dyadic relation: It doesn’t have to mean ‘‘less
than,” and any other symbol (such as R for *“‘relation™)
could have been used in the preceding definition. In fact
in the previous paragraph we interpreted < to mean (with
regard to points on a line) **is to the left of.” The thcorem
only claims that some kind of well-ordering relation exists
for every set.

The Banach-Tarski paradox

Once the well-ordering theorem was shown to be
equivalent to the axiom of choice, you can see why a num-
ber of mathematicians began having serious doubts about
the validity of the axiom. But even stranger consequences
of this axiom soon appeared on the scene -for example,
Hausdorfl’s theorem (1914) that half of a sphere’s surface
is congruent to a third of it or the more general Banach-
Tarski paradox (1924). This latter theorem says, in effect,
that given two solid spheres one, say, the size of the sun
and one the size of a pea, then both the sun and the pea
may be divided into a finite number of nonoverlapping
little solid pieces so that every single part of the sun is
congruent to (that is, of the same size and shape as) a
unique part of the pea; moreover, after each of these
small portions have been matched with each other no
portion of the sun will he left over. To put it another way:
tt is theoretically possible to partition a sphere as large as
the sun into little solid pieces and then without any com-
pression or distortion of these pieces, to rearrange them,
leating none out, into a sphere the size of a pea. As far as 1
know, no flaw has been discovered in the proof of this
theorem; it is a consequence of the axiom of choice.

Let me hasten to add that, paradoxical as the Banach-
Tarski theorem may be, it is not a contradiction. To this
day, not a single contradiction has been derived from the
axiom of choice, even though a vast number of results
have been derived from it -most of them not in the least
paradoxical. In fact, we now know that if the remaining,
generally accepted axioms of set theory are consistent,
then these axioms, plus the axiom of choice, form a con-
sistent system. This was shown by Kurt Godel in 1938.

Perhaps at this point you are beginning to have some
doubts about the axiom of choice. In that case, let me
state an even more fundamental axiom, at the foundations
of logic itself, that you may find it diflicult to doubt. If so,
then you must be prepared to also accept the axiom of
choice, for it can be derived as a theorem from this logical
axiom (due to Hilbert): There exists a function f associat-
ing with every property P (for which there exists at least
one object having the property P) an object f(P) having
the property P. If this axiom isn’t true, it is ditficult to see
how logic can be possible. And yet, it implies the axiom of
choice.

What is the status of the axiom of choice today? As I
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already mentioned, topologists use it rather freely; in fact,
there is little evidence that any significant portions of
topology can be derived without its use. The same holds
true for modern analysis, with its study of Hausdorff and
Banach spaces and use of Lebesgue measure theory.
(Lebesgue and Stieljes integrals, which represent a gener-
alization of the familiar Riemann integral of elementary
calculus, are finding increased application in modern
probability theory.) Algebraists have mixed emotions
about using the axiom: they tend to proceed as far as
possible without it. When the axiom is required to estab-
lish some highly general result the custom now is specifi-
cally to call attention to the fact.

The latest word in this area consists of an ingenious
proof evolved by Paul Cohen. in 1963, to the etfect that if
the remaining system of axioms of set theory is consis-
tent, then the system remains consistent with the inclu-
sion of the statement: “The axiom of choice is false.”
Combined with Gédel's results, this statement then means
that the axiom of choice is an independent axiom. The
situation here is rather similar to that in geometry at the
time when the denial of Euclid’s fifth postulate (the
parallel postulate) was shown to result in a consistent
(non-Euclidean) geometry. Thus, one speaks today of
Cantorian and non-Cantorian set theory.

Although the axiom of choice is still controversial, I do
not want to leave you with the impression that all the
theorems that have been shown (o be equivalent to it, or
to depend upon it for their proofs, are incredible. Quite
the contrary. But a further discussion of these matters
would have to be prefaced by a much deeper discussion of
set theory in general and Cantor's theory of transfinites in
particular. Those who may wish to join in the controversy
will want to consult the bibliography for further reading
suggestions.

An annotated bibliography

Almost any book on topology or modern algebra de-
votes its first chapter to set theory, usually in a rather con-
centrated dose. If you have had no prior contact with the
subject you might find a good starting place in my book,
DIntroduction 1o Some Marhematical Struciures (Woodland
Hills, Calif.: Dickenson Publishing Company, Inc., 1967).
This book has been written especially for the nonmathe-
matician; the first four chapters, plus working through
some of the exercises, will provide you with a very solid
basis for pursuing more advanced topics in set theory.

Next, I recommend the magnificent book by Raymond
Wilder: Introduction to the Foundarions of Mathematics
(New York: Wiley, 1965). The first two chapters have a
superb discussion of axiomatic systems and the important
notions of consistency., independence, and completeness.
The third chapter introduces the reader to set theory and
has a first-rate discussion of the axiom of choice and the
Russell paradox. The next two chapters offer the best in-
troduction to Cantor's theory of transfinite cardinals and
ordinals that I know of, and a discussion of the well-
ordering theorem appears in Chapter 5. The only pre-
requisite for this book is a certain amount of *‘mathe-
matical maturity.”

In the same category of excellence is Fraenkel and Bar-
Hillel's Foundations of Set Theory (Amsterdam: North-
Holland, 1958).

If you are mathematically inclined you will find
Stephen Kleene’s book, Iniroduction to Metamathematics

(Princeton: Van Nostrand, 1932), invaluable (but let me
warn you, it is pretty heavy stuff).

As to some of the specific topics I discussed, Russell’s
paradox appears in his book, The Principles of Mathema-
rics (London: George Allen & Unwin Ltd., 1951); it is
discussed in Section 78 and again in Chapter 10. There is
an interesting little story to this. Mention of the paradox
appears as a postscript in the second volume of Frege’s
monumental work, Grundgeseize der Arithmetik, begriffs-
schrifilich abgeleiter (Jena: H. Pohle, 1903). Just as this
volume was going to press Frege received a note from
Russell describing the paradox he had discovered. Frege's
comment speaks for itself (and for the man): “*A scientist
can hardly meet with anything more undesirable than to
have the foundation give way just as the work is tinished.
I was put in this position by a letter from Mr. Bertrand
Russell as the work was nearly through the press.” If you
want the flavor of Frege's work you can consult Max
Black's translation of Sections 86-137 of Volume 2:
“Frege Against the Formalists,” Philosophical Reciew,
vol. 59, pp. 77 and 202, 1950.

The first proof of the well-ordering theorem is given in
Zermelo's paper, “Beweis, dass jede Menge wohlgeordnet
werden kann,” Mathematische Annalen, vol. 59, pp.
514-516, 1904. You might also want to consult the discus-
sion by Borel er al. appearing in volume 60 on pages 181,
194, and 465. The second proof of this theorem appears in
Zermelo's paper, “Neuer Beweis fiir dic Wohlordnung,”
Mathematische Annalen, vol. 65, pp. 107-128, 1908.
Herein also appears his independent discovery of Russell’s
paradox. The axioms of Zermelo’s set theory also appear
on pages 261ff of this volume in a paper entitled, “*Unter-
suchungen iiber die Grundlagen der Mengenlehre.”

Someone once remarked, on being asked to what he at-
tributed his success, *“By studying the masters, not their
pupils,” so you may wish to consuit Cantor’s Contribu-
tions to the Founding of the Theory of Transfinite Numbers,
translated by P. E. B. Jourdain (Chicago: Open Court,
1915). It is beautifully written. References to the axiom of
choice are legion. A good starting place would be
Fraenkel’s paper, “*L'axiome du choix.” Recue Philoso-
phique de Loucain, vol. 50, 1950.

The proof (highly technical) that the axiom of choice is
consistent with the remaining axioms of set theory (pro-
vided, of course, they in turn are consistent) appears in
Gaodel's classic paper, “The consistency of the axiom of
choice and of the generalized continuum hypothesis with
the axioms of set theory.” (Princeton: Princeton Uni-
versity Press, Amnals of Mathematic Studies, no. 3, 1940).
The first chapter lists Godel's variant of the axioms of set
theory. Incidentally, Cantor's continuum hypothesis is a
fascinating chapter in the history of set theory. There is an
admirable semitechnical discussion of this in Godel's pa-
per, “What is Cantor's continuum problem?” American
Mathematical Monthly, vol. 54, pp. 515-525, 1947.

The Banach-Tarski theorem appears in the paper, “*Sur
la décomposition des ensembles de points en partic re-
spectivement congruentes,” Fund, Math. vol. 6, pp. 244~
277. 1924. A highly entertaining and telling defense of
self-referential expressions appears in Popper’s paper
“Self-reference and meaning in ordinary language,”
Mind, vol. 63, p. 162, 1954. Most recently, there is the
lovely article by P. J. Cohen and R. Hersh in the Decem-
ber 1967 issue of Scientific American: **Non-Cantorian
set theory.”
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Automation comes
to the printing and
publishing industry

Production and distribution

of magazines,

periodicals, and books

Exciting new methods of information acquisition, the decelopment
of fully automated presses and new binding systems, and satellite
plants are molding the future shape of this vital industry

Gordon D. Friedlander Staff writer

Existing information retrieval systems, hardware and
software for automated publication, and newly de-
veloped press and bindery equipment * are the precur-
sors of ever more dramatic and sophisticated systems
now in the R&1) stages. For example, a fully auto-
mated web offset press could be in commercial pro-
duction within the next few years. At the same time,
there is a quiet revolution in bookbinding, based upon
plastics technology, that is rendering obsolete con-
ventional binding methods. The day is not far dis-
tant when almost completely automatic satellite plants
will be operated for producing and distributing peri-
odicals, indexes, catalogs, and books.

The trend toward automation in the printing and pub-
lishing industry (P& PI) began several years ago and its
pace is accelerating. One of the leading exemplars in the
special publications field is the . .

National Library of Medicine and MEDLARS
In 1961, the National Library of Medicine developed
specitications for a computer-oriented information storage

* For definitions of bindery terms, see the Appendix at the end
of this article (page 62).
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and retrieval system (and automated publication tech-
nique) called MeDLARS (Medical Literature Analysis and
Retrieval System), the planned objectives of which were

1. To improve the quality of Index Medicus, the Li-
brary’s comprehensive monthly index of medical journal
literature, and simultaneously to increase the number of
journals indexed in this periodical.

2. To provide for the production of compilations sim-
tlar to Index Medicus in format and content, but devoted
to specialized subject tields.

3. To provide for prompt and eflicient searching of a
large computer memory store of information for citations
on biomedical and biomedically related literature.

4. To reduce the time required for preparing Index
Medicus.

The system design was completed in 1962, but the
preparation of computer programs, installation of equip-
ment, training of personnel, and detailed system testing
and debugging required another two years. The system
has three major subdivisions: an input subsystem, in which
the skills of professional indexers are used in conjunction
with the capabilities of a large-capacity digital computer
(Honeywell 800 system); a retriecal subsystem, in which
the capabilities of professional librarians and literature
searchers are also used in conjunction with the computer;
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and a publication subsystem, which converts retrieved cita-
tions to a printout on photosensitive film.

The input subsystem, Citations and other literary
information are fed into mepLars by means of this
system. In the initial step, journals are analyzed by
trained personnel who assign appropriate descriptors
to each article from “Medical Subject Headings,”
which is the Library's controlled vocabulary listing.

After the journal articles have been indexed, operators
using Friden Flexowriters (with specially modified key-
boards to include diacritical marks required for certain
foreign languages) prepare basic unit records by convert-
ing information on the indexers’ data sheets to punched
paper tape. The basic unit record entering the computer
consists of journal references, article titles, authors, and
subject descriptors.

The Flexowriter keyboards permit the input of 88
alphanumeric characters; the machines also have line-
deletion capability for use by the typists in making rapid
corrections. Typewritten copy, produced simultaneously
with the punched paper tape, is edited and checked for
accuracy by proofreaders: then the tapes are spliced
together in batches and fed into the computer for batch
processing. The computer configuration has seven
magnetic tape units, a paper tape reader, card reader and
punch, and a high-speed printer. The central processor
contains 8192 words (48 Kkilobits) of core memory storage.
In addition to the 800, a Honeywell 200 system was
installed in 1965 to replace much of the former peripheral
equipment that was required.

By means of the computer’s input programs, the infor-
mation on the punched paper tape is edited, transcribed
onto magnetic tape, and then incorporated into two

FIGURE 1. Control console of the Graphic Arts Composing
Equipment (GRACE) system, installed by the National Li-
brary of Medicine in 1964 to serve as part of its publi-
cations subsystem. This photocompositor operates at a
speed of 3600 words per minute.

major data files—the compressed citation file and the
prucessed citation file. The former contains highly coded
citations that can beretrieved as “demand bibliographies,”
which are intended for the individual use of a requester
and not for publication. The process citation file con-
tains citations used in publishing Index Medicus and
bibliographies that are intended for serialized publication
and wide distribution.

Retrieval subsystem. Citations stored in the com-
puter are recovered by means of the retrieval subsystem.
Requests for bibliographic citations from physicians,
scientists, librarians, etc., are forwarded to a stall of
specialists who analyze the inquiries and formulate
search statements in machine-compatible form. These
requests are encoded on punch cards rather than on
paper tape. The retrieved citations, machine-edited
and assorted, are recorded on magnetic tape and then
decoded into plain English prior to being printed either
on cards or on continuously tabulating paper by the
computer’s high-speed printer.

System loads. The current annual volume of about
150 000 indexed papers is expected to increase to 250 000
by 1970. Also, at some future date, about 10000 cita-
tions of monographs (books and other nonperiodical
volumes) will be entered into the system annually.

Publication subsystem. This subsystem provides re-
curring bibliographies by processing citations for even-
tual printing from photo-positive transparencies. In this
process, the magnetic tape files of retrieved citations are
used for the preparation of printed copy by a computer-
driven photocompositor (a custom-built Photon machine)
called Grace—an acronym for GRaphic Arts Composing
Equipment. Operating at a character generation speed
of about 300 per second (Fig. 1), GRACE can use 226
different alphanumeric characters in preparing 23-cm-
wide posttive photographic film. Character sets include a
6-point font of regular and boldface upper- and lower-
case characters, a 10-point font of upper case, and a
I4-point font of upper case. The exposed film is de-
veloped by an automatic film processor; it is then in-
spected and cut into standard-page-size sheets.

Automation: The next generation

The existing MEDLARS system is but the threshold to a
remarkable coming era of drastic change in the P&PL
Automation in typesetting, photocomposition, and
graphic arts processes is being sequentially followed by
machine surveillance of control functions on web presses.
And research is under way for similar controls on sheet-
fed presses. Bindery operations for all of the large-
volume binding techniques—wire stitched, adhesive, and
sewn—have been developed into in-line systems.

Toward automatic control of web printing. The high-
speed web press for printing newspapers and national
magazines has put the ability to control the printing
process beyond manual reach or rapid human interven-
tion. At speeds of up to 60 000 copies or signatures per
hour, the human eye cannot keep up with the pace.
Thus emergency changes or corrections by manual means
cannot be made before hundreds—or thousands—of
copies have been produced. Further, pressmen cannot
keep a simultaneous watch on the many press conditions
that are in a constant state of flux during a large-volume
run,

This inability to maintain eflicient manual control has
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often caused huge losses in time, money. and materials
to printing houses, particularly those using the web offset
process. Because of this, the automated control trend has
been evoiving steadily over the pasi decade o ithat ioday
we can sce the ultimate goal of complete automation of
the printing process.

Initially, automatic controls were applied by means of
optical scanners and mechanical feeders' that were used
for register control (alignment of color printing) and web
break detection. These elementary controls at least told
the operator something about on-line conditions and what
corrective action to take during a press run.

In the next step, a group of “‘black boxes™ were in-
stalled at various locations on the press to provide certain
corrective astions awtomatically. In addition to sensors,
these devices included motors and control mechanisms to
replace the slow-response manual handwheels. Push
buttons permitted the operator to instruct or program
proper speed and pressure settings; then the black boxes
took over the monitoring of the press and the maintenance
of the proper settings.

The individual isolated control devices at various loca-
tions on the press units, however, presented a problem in
communications. For example, when a need for adjust-
ment in 2 black-box program at one end of the press
produced a reaction at the other end, a “whoop and
holler” vocal alarm or a mad dash down the pressroom
catwalk were the conventional means of conveying the
message.

The press console. The communications problem
is now simplified by the central control console (Fig. 2),
which contains a considerable degree of computer
circuitry, visual readouts, and push-button controls
that permit the press operator to change settings almost
instantly.

The Goss Digital Color-Comp console? shown in Fig. 2
is one of the most advanced devices on the market.
Although designed for newspaper presses, it will soon be
applied to the commercial press field. Essentially, it
provides the means, from one station, of automatically
programming settings and then adjusting them during the

run. This unit is primarily designed to monitor and con-
trol ink flow, but it could be applied as well to lithographic
fountain (three- or four-color) control.

The Goss console perimiits the automatic incrcasc or
decrease of the ink How to any column on any page of the
publication. The programming of this operation before
the run and the on-line ink adjustments during the run
are made by means of the buttons indicated on the console
diagram.

Other consoles on commercial web presses have central-
ized various control functions such as press speed, register,
and drying oven temperatures. Telltale signal lights on
some consoles have also been incorporated to pinpoint
web breaks and other emergency situations.

Although the present-day press consoles represent a
step toward ultimate consolidation of automated controls,
they are still discrete devices that function individually.
In short, the operator must convert his control decisions
into a number of separate control programs that will
performin parallel both on-line and off-line. But engineers
and researchers are already at work on the design of in-
tegrated instruments and controls to relieve the operator
of the necessity for decision translation. Thus the fully
automated printing press—which may be evolved in the
next 3 to 5 years —will probubly be operated from a cen-
tral computer and data processing room at a remote
location.

The ultimate in press automation. The final stage of
automation will be the preprogramming of the entire
press operation, by meuns of analog and digital com-
puter controls, to run off a job that is completely auto-
mated from start-up to shutdown.

In this ultimate mode, all press settings would be
predetermined before a job reached the pressroom. The
types of paper and inks to be used, running speeds, etc.,
would be programmed into a general-purpose computer
by punched paper tape or cards, or by retrieval from a
random-access disk file. Other off-line computer programs
would handle press-run estimates, production schedules,
and other aspects of the job specifications.

The ‘20 blocks’ of press automation, Figure 3 shows

FIGURE 2. Control pane! of a Goss Digital Color-Comp console. This and similar
consoles will form the ‘‘decision center'’ for future automated press operations.
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FIGURE 3. Profile of a large web offset press, showing the
20 devices or functions adaptable at the present time to
automatic controls.

a profile outline of a typical large-volume, high-speed
web offset press,' and spots 20 of the press functions
that are compatible with automated contro! from one
integrated central station. The following list of equip-
ment is applicable to the web offset press. except as
noted:

1. Flving pasters. These devices splice new paper rolls
into the web without stopping the press, thereby pre-
venting variations in color imprint, register, and ink flow
that occur when the press is stopped for manual splicing.
(A 10-15 percent increase in productivity and a 2-4 per-
cent decrease in paper waste can be attained with this
accessory.)

2. Automatic web guides. These devices (located ahead
of the first printing unit and before the folder or stacker)
monitor the web’s lateral alignment by means of photo-
cells, air resistance, or pressure sensors.

3. Web preconditioners. Foreign material is removed
from the web by vacuum suction, and the web moisture
content is stabilized and made uniform by hot air blowers.
This is essential in reducing web breakage frequency.

4. Digital speed-ratio monitor. This equipment. by
means of very accurate sensing and governing of roller
under- and overspeeds. maintains uniform web tension 1o
minimize breakage.

5. Splice detectors. As the name implies, such devices
actuate an alarm so that the operator can remove the
spoiled copy containing the web splice from the delivery.

6. Automatic impression throwoff. This system is em-
ployed in conjunction with item 5 to lift the printing im-
pression automaticatly as a splice passes the printing
unit. The impression is returned after the splice has
passed. This technique prevents the tension imparted by
the blanket cylinder* from pulling a splice apart, and
also prevents the thickness of the splice from damaging
the blanket.

7. Ink system temperature controls, agitators, and
pumping systems. The temperature controls use water
circulation through hollow rollers in the ink system to

* For description of blanket cylinders, see the first installment of
this article, IEEE specTrUM, April 1968, pages 46-62.

Printing units

maintain roller temperature at a constant level. (Friction
in ink systems can cause rollers to swell from the heat pro-
duced, thereby changing the system’s ink transfer char-
acteristics.) Agitators are used to prevent a skin of ink
from forming on the surface of the fountains, and also
to ensure better color consistency and the need for less
ink in the fountain. Pumps (used primarily on web rotary
presses) are employed when the same ink is required on a
majority of press runs. Benefits are less ink spoilage and
greater safety for press operators,

8. Founiain recirculation and lecel conirol systems.
The systems (common (o rotogravure presses) maintain
the proper ink solution levels. Also. the pH value is
stabilized by constant recirculation of the ink. With these
systems, accidents are greatly reduced.

9. Automatic blanket washers. These devices wash the
blanket cylinders “on the fly.” thereby eliminating lost
press time and start-up waste when done as a separate
operation. The wash is usually done during a “flying
paste’ splice, and the web carries off any foreign mate-
rial,

10. Color register control. In this equipment, a photo-
cell scanner unit detects color register (alignment) marks
printed on the web and corrects for any longitudinal
misregister between the printing units. The scanner is
synchronized to a counter that transmits a signal for
each revolution of the printing unit. 1f the photocell
*“reading” of the register mark does not coincide exactly
with the counter signal, corrective action will be taken
automatically. Such controls reduce spoilage during the
run and start-up, and ensure more consistent quality of
color plates.

11. Web break detectors, alarm systems, and secering
decices. Photocell sensors instantly detect web breaks
and automatically shut down the press. Break alarm in-
dicator lights on the console tell the operator just where
the break has occurred. Severing devices are used in con-
junction with the web break detectors to cut the web at
strategic points (for resplicing) when a break occurs.
This protects the press against paper being pulled buck
into the printing unit.

12. Dryers. These units dry the ink on the moving web
by heat application. Variable temperature controls must
be included for the proper processing of a wide variety
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of paper stock and inks. While in the dryers, the web is
supported by jets of air.

13. Web temperature control. This device monitors the
temperature of the web as it emerges from the dryer; it
also controls the amount of heat imparted to the web by
the dryer.

14. Catalyvtic smoke incinerators. These are essentially
air pollution control accessories that oxidize the ink
fumes preduced by the dryer.

15. Chill-roll temperature controls. The chill rolls cool
the web after it leaves the dryers to ensure the proper
“setting”” of the ink. These controls maintain uniform
temperatures in the chill roll units.

16. Insert controls. To obtain higher-quality printing
of color display advertising, the insertion of preprinted
material is @ common practice. However, preprints re-
quire special controls to match their register with that of
the pages being printed on the press. By feeding preprint
rolls into the press under tension, the web is sufliciently
stretched to match image length with the other pages.
Photocells are used in this control process to detect varia-
tions in register and to adjust the tension on the web.

17. Automatic cutoff registration. This device is similar
to item 10, except that the position of imprint relative to
the page fold or cutot point is controlled. Thus spoilage
caused by misregister on start-up, flying paster splices,
ete., is greatly reduced.

18. Stackers. Many devices are available for handling
signatures as they emerge from the folders of web presses
that are operating at runofl speeds up to 1000 copies per
minute. This equipment mechanically stacks—and some-
times bundles-—signatures. Usually, book-size signatures
are bundled in this operation because they are easy to
handle. Magazine sizes, because they are more ditlicult
to handle, are generally stacked only.

19. Moisture recotery chamber. A spraying system
within the chamber applies an infinitely thin film of mois-
ture to cuch side of the web to eliminate static electricity
in the signature folding operation,

20. Press drice controls. Actually, the digital speed-
ratio monitor is part of the complex electronic control
system that governs the synchronous rotational speed and
stability of press rollers and cylinders. Control devices
also include regenerative braking systems to effect

emergency stops in a much shorter time, and with less
mechanical shock than dynamic braking.

Automation in binding

Bindery automation has actually been under way since
the end of Werld War H, when a few leading binderies
installed automatic conveyors and machine-to-machine
transfer systems in order to reduce manual handling.?

Presently available, however, are complete in-line
gathering, stitching, and trimming systems (Fig. 4);
fully automated adhesive binding lines (from gathering to
trimming); and machine-to-machine conveyor lines that
can carry hard-cover books from smashing through
building-in and wrapping.

Present research efforts are concerned with developing
new automatic feeders, delivery stackers, and systems to
store and return books automatically to another machine
line whenever one of the units is shut down for repairs
or maintenance. Another trend is in the design of faster
machine components to step up the hard-cover book
production rate from the conventional 2000 per hour to
the order of 3000 to 6000 per hour. Also, significant in-
creases in the speed of wire stitching and adhesive binding
have been achieved. Thus binding technology has been
brought to that point at which complete automation is on
the horizon—just as it is for typesetting, photocomposi-
tion, and press operations.

Among the most apparent technological advances re-
quired on the road to complete automation are—

Machine design improvement. Although most ma-
chine adjustments and maintenance operations are
mechanically simple, they usually require time-consuming
machine shutdowns. For fully automated control, these
resetting operations would have to be on-line “‘rolling
adjustments,” in which error-sensing servomechanisms
would actuate telemotors to do the jobs formerly
accomplished manually. And, whenever possible, ad-
justments set to common specifications should be coupled
either mechanically or electronically so that they can be
made with one input signal at the master console.

One special problem peculiar to binding equipment is
the need for interchangeable components that have to be
manually replaced to accommodate different book sizes.
To overcome this, specially designed universal com-
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ponents for a variety of book sizes will be required.

System controls and communications. A closed-loop
control system is one answer to automating the bindery
line. In such a system, machine or line operation data
are sensed by instruments, transmitted to the computer
control center where they are translated into control
instructions, and relayed back to a device that adjusts
machine settings.

Modern binding lines are becoming so long that closed-
circuit tefevision is now being employed to spced commu-
nications to operators stationed along the line.

The tough problems of bindery automation

As previously mentioned, adhesive binding and saddle
and wire stitching are all done on in-line equipment that
can presently be fully automated. And, as indicated in
Fig. 5, many steps in hard-cover sewn binding are also
in-line. All of the operations shown in the shaded portion
of the diagram are those now subject to automation;
the colored areas still require the manual handling of
materials. The primary problem here is that books, once
gathered, must be rehandled signature by signature before
being sent to the smashing unit.

Ideally, sewing and gathering should be consolidated
into one process, with both functions performed simul-
taneously on ecach signature. Alternative A indicates a
theoretical machine that might accomplish this by pro-
viding a series of sewing heads that would travel in an
oval to pass each station on the gathering line. As each
signature is extracted from the gathering machine pocket,
it would be sewn into the already gathered signatures.

Another solution—based upon existing equipment-
would be Alternative B, a combination of conveyors be-
tween gathering and automatic saddle sewers, In this case,
an oval, continuous-loop conveyor might pick up collated
bocks and deliver them to the input feeders of a line of
automatic saddle-sewing machines, dropping a book at
each machine in succession. The sewing machines would
then feed the completed books into a conveyer for trans-
mission (0 the smashing operation.

Thus far, bindery automation has been built up by the
conveyor linkage of existing machines. Therefore, the key
to complete automation lies in the expensive process of
machine redesign from the ground up. This will be the
trend of the future,

End sheet
Smash  Glue-off tip Trim

Round-back-line

The one-piece hard-cover book

The conventional three-piece hard-cover book casing
is actually one of the bottlenecks in the way of simplified
and morce rapid automated binding. Now, however, there
are two types of “‘one-piece” covers—the former in
experimental use and the latter in current commercial
use—available:

I. A Tenite polyallomer plastic, manufactured by
Eastman Chemical, Inc.,, and Union Carbide’s Ucar
plastic sheet, both with scored hinges for backing.

2. The prefabricated case made of conventional heavy-
gauge cardboards, with a cloth or paper hinge.

The plastic covers have exhibited a remarkable dura-
bility and resistance to abuse in handling. Binders have
reported a 15 percent increase in production by switching
over to the new materials and binding techniques.

The publishing process—present and future

In the conventional publishing process today,* the
products-—newspapers, magazines, or books—are man-
ufactured first and then distributed over long distances,
either through the mails or by commercial carriers. This
entails the time-consuming physical handling and trans-
porting of thousands of tons of published materials.
Much of the traditional publishing industry is engaged in
a sequential physical manufacturing process in which
type, pages, forms, and press plates are created. And each
of these steps must be perfected and checked out before
the next stage can be undertaken.

The manufacture of publications by conventional print-
ing and binding techniques is most economically accom-
plished in large lots that are run off in one central plant.
But extensive storage facilities and preshipping operations
are often necessary for the acquisition of raw materials
and the warehousing of the finished product before dis-
tribution to the consumer. All of this is very costly.

These problemss have led to a revolutionary concept,
which essentially says

First distribute, then manufacture. The new com-
munications technology, with the digital computer as
its nucleus, indicates a reversal of the traditional manu-
facturing distribution process for quicker and more
etficient dissemination of literature. The scheme of what
the future may be like in the P& Pl is shown in Fig. 6.

Digital coding is the strategic tool in this radical
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approach in which information is first distributed, then
converted to physical form. In the block diagram, one or
more publishers of magazines or books would simul-
taneously prepare hard copy and punched-paper-tape
output for any of a number of telecommunications de-
vices. The hard copy could be used for the publishers’
records and, if desired, for facsimile copy transmission.
All information, however, would be transmitted to a
central communications exchange or distribution utility.
This computerized center could be operated by commu-
nications firms such as AT& T, Western Union, or RCA.

When a subscriber wishes information on any subject,
he will be able to obtain it in two ways, depending upon
his requirements:

1. By using a Touch-Tone telephone code, an abstract
printout may be obtained by muil from the communica-
tions exchange. or an instant readout response image may
be flashed on a home closed-circuit television screen.

2. An order may be placed, in the subscriber’s com-
munity, with a printing firm that holds a franchise o
operate as the distributor of full-text printed outputs,

The local plant (a unit in a chain of automated satellite
printing plants) would call the central communications
exchange to obtain the required encoded material for the
operation of an automatic production line, similar to that
shown in Fig. 7. The book, pamphlet, magazine, or other
periodical, made specitically to order, would then be
quickly delivered to the local subscriber.

Full automation for satellite production. A number
of experts in the P& Pl feel that present-day experimental
electrostatic line printers (operating similar to the pringi-
ple of xerogruphy) will soon be commercially available
to produce text at speeds of more than 4000 lines per
minute, and that these units will eventually replace a
large portion of our present photocomposition equip-
ment. Thus the electrostatic belt may be the key to the
satellite plant of the future.

Figure 7 will give the reader some idea of the possible
production flow sequences in such a plant. First, coded
instructions from the data line terminal receiving unit of
a computer telecommunications system would operate
numerically controlled devices (shown in color) to adjust
settings for size of publication, choice of paper, type

Numerically controlied adhesive
binding line

faces and fonts, etc. Next, video signals would actuate
projection devices to flash images onto the electrostatic
belt, which would print pages sequentially. The printed
web would then be fan-folded, trimmed, and cut into
signatures for delivery to the adhesive binding line.

The in-line system could operate continuously without
shutdown for changeovers to accommodate new formats,
book sizes, and job specitications, As the final page of
one book is printed. the first page of a new volume could
be projected onto the electrostatic belt, Machine settings
would be adjusted successively as the first copy of the
next book moves along the production line,

The system just described could respond quickly to in-
structions for changing the length of any press run.
Further, the equipment would be compact enough to be
installed in a relatively small plant and, therefore, would
probably be within the tinancial means of smaller printing
plants. These salient advantages would permit local
firms throughout a country to become satellite distribu-
tion outlets for printed materials in their respective con-
sumer localities. If sufticient operating versatility could be
built into the plant equipment, many types of published
products—newspapers, pamphlets, magazines, catalogs,
and hard-cover and paperback books—could be manu-
factured and distributed.

The ‘total system’ approach

Thinking in terms of an overall system, the satellite
establishments could also become an order-filling center
in which orders received during the day could be machine-
tabulated. By calling the communications exchange early
in the evening, the printer could request the required
publication tapes from the storage bank, then produce
the exact number of copies at night to fill each order.
Early the next morning, the packaged lots could be de-
livered either to local book dealers or directly to the
subscribers® homes,

Billing and payment accounting could also be inte-
grated into each local system operation, In this way, in-
voice receipts could be processed at the satellite plant,
and receipts reported to the publishers on a scheduled
basis—perhaps during a telecommunications request
for additional sets of book tapes.

Finished publication




A solution to present-day problems?

By this comprehensive system approach, some major
problems in the conventional publishing process, such as
warehousing, circulation forecasting, maintenance of re-
tail stock inventories, and unsold returns, might be
eliminated. In the publication of educational materials,
timely, updated texts could be obtained within hours after
the authors or editors completed the latest revised edi-
tion.

Nonprinted formats. Although the printed formats of
the future may be in even greater demand than they are
today, some information now contained in printed
media will be translated to other media. For example,
the coming electronic distribution techniques also pro-
vide instantaneous two-way communication to permit
intimate man-machine interaction. Therefore, future
users or subscribers will be able to query a central in-
tormation storage and retrieval system and receive
almost instantaneous response. And, with the advent
of direct address, the user may even be able to conduct a
more detailed search dialogue with the system.

Encyclopedias, directories, catalogs, listings, and other
reference works requiring continuous updating may be
more suited for visual readout or other nonprint media.
Encyclopedias are particularly vulnerable in the present
scientific and technological information explosion, be-
cause the standard set of volumes is obsolescent before
it is published. In book form, it cannot be readily or
quickly updated to incorporate new information.

Once separated from book format, these reference
works could be made compatible with

Microfilm and microfiche. By employing microimage
compression techniques, in which many pages of text can
be mounted on a small card, or microfiche, quick access
to a reader or facsimile printout unit could be obtained
at a central reference library by several persons simul-
taneously. Encyclopedias in this format could be easily
and quickly updated.

By using home video tape recorders (which might be
incorporated as attachments to standard television re-
ceivers) in a second-generation application of the basic
technique, the necessity for keeping a conventional set
of encyclopedias in the home might be eliminated. In such
a system, a set of prerecorded tapes would be sent to the
subscriber and, at subsequent intervals, additional tapes
of new or updated material would be supplied.

But now, let’s be practical...

What we have been discussing in this projection is the
shape of the P&PI as it may be 1[5 to 20 years hence. The
electrostatic belt, the concept of pressless printing by
laser and holography techniques (described in the first
instaliment of this article), etc., are radical departures
from present systems and hardware. Typesetting ma-
chines, photocompositors, printing presses, and binding
machinery represent very heavy capital expenditures.
Therefore, until the investments in existing equipment
are amortized, the P& PI will be obliged to optimize its
present equipment by making the fullest use of available
automation systems and devices.

As of now, a number of scientific and engineering
societies have introduced photocomposition technigues in
the publication of their literature. For example, the
American Chemical Society has been experimenting for a
number of years with the typesetting of its magazines by

the use of a Photon photocompositor; and, for the past
two years has employed computer-based photocomposi-
tion for producing the Journal of Chemical Documentation.
The text of this journal, however, contains no chemical or
mathematical symbols.

The American Institute of Physics has embarked upon
a two-year program of developing a computer-driven
photocomposition system capable of producing journals
that contain complex mathematical equations. If this
project succeeds, AIP will be able to produce abstract
journals and indexes automatically as by-products of its
journal production process. The American Mathematical
Society is currently working on the computerized produc-
tion of Mathematical Reciews, and in attempting to set
complex equations by electronic character generation.

The IEEE has used photocomposition to produce
STUDENT JOURNAL since 1965, and for PROCEEDINGS since
1966; but the Institute feels that computer-based photo-
composition for its purposes will have to await further
progress in the handling of equations in its literature.
The 1968 Membership Directory (to be published soon)
was produced on a computerized basis by the use of a
Photon ZIP. The year-end indexes in all IEEE journals
will probuably be produced by computer-assisted photo-
composition.

Appendix

Glossary of P&PI terms. To assist the reader who is
now puzzled by some of the jargon of the trade, the
following may be timely :

1. Build-in. An operation in which machines apply
heat and pressure to the covers and joint of a newly cased
volume to ensure that the glue is dried and the moisture
removed from the pages before jacketing and shipment.

2. Cuasing-in. A machine process that applies the cover
or case (o the sewn pages of the book.

3. End sheet tip. The process of inserting a folded
sheet (in a book being bound), one leaf of which forms
the paste-down on the cover and the other forms the
fiyleaf.

4. Fanfold. A collection of similar sheets, leaves, or
signatures where multiple copies are required.

5. Gather, or gatherer. A machine that gathers, or
collates, sheets, leaves, or signatures for binding.

6. Glue-off. The application of glue to the spine of a
book during the binding process.

7. Signature, or form. A printed sheet, which, when
folded, becomes a unit of a beok or magazine.

8. Smash, or smasher. A machine that compresses
folded book sections, or assembled books, to give firm-
ness and uniform bulk, and eliminate the tendency to
produce a wedge-shaped back caused by the threads
used in sewing the binding.

Figure 1 by courtesy of the National Library of Medicine.
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Making integrated
electronics technology work

The success story of integrated electronics is that of digital
circuits, it is in the fields of microwaves and consumer products that
the challenges to the technology still lie

Robert N. Novce

Fairchild Camera and Instrument Corporation

The keynote speaker at the recent International Solid
State Circuits Conference implements the basic
theme of the conference by presenting an overview of
the success achieved in the ficld of integrated electronics

-and the problems remaining to be solved. He con-
centrates on three arcas - -digital, microwave, and
consumer applications—because these best illustrate
the successful implementation of the technology in
the first case, and its possibilitiecs, and problems,
in the others.

In past years, this solid-state conference was small and
specialized ; participants explored such “*weighty” matters
as the applications of audio-frequency transistors. Well,
by this tield’s standards that was eons ago, and solid-state
electronics has now made its way into all aspects of
electronics. We have only to thumb through this year’s
program to realize the incredible range that the field now
covers. There are sessions on microwave circuits, con-
sumer electronics, memory techniques, linear amplitiers,
digital techniques, large-scale integration, and computer-
aided design, as well as a catch-all session on ‘“‘new tech-
niques and devices.”

To provide a guide to all of these frontiers is nearly im-
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possible so I shall contine myself to integrated clectronics,
an area that touches on nearly all the other topics. It is a
field with a great need for new devices and techniques, and
one that, at the same time, is poised to make major in-
roads in microwave and consumer applications. Within
the broader category of integrated electronics, [ have
chosen to discuss microwave integrated circuits, consumer
integrated circuits, and digital integrated circuits because
they best illustrate the successful implementation of inte-
grated electronics in onz case, and the promise (and disap-
pointment) of their application in the other two.

The success story of integrated electronics, of course, is
that of digital circuits, and in this instance we can easily
see the performance and cost advantages over other ap-
proaches. In the United States last year sales of digital
integrated circuits totaled some $200 million; this year,
digital circuit sales should approach S$300 million. I men-
tion these figures because it is important to recognize that
money spent on technology must seek the highest return,
Because the market is large, the investments in satisfying
the market also have been large. This factor has been a
major contribution to the rapid development of the digital
integrated circuit market. However, there are also other
reasons for this development. For one, a potentially large
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savings in cost existed. Second, the performance of the
digital circuits was competitive with that of the early
integrated circuits, and in a short time became superior.
Third, there was a potentially great improvement in reli-
ability. which we have since realized. And last. there
existed a ready market that was growing and accommodat-
ing changes rapidly. In retrospect we can say that. for dig-
ital applications at least, the integrated circuit was simply
“the better mousetrap.”

Microwave applications

In contrast to the digital applications. some of the cle-
ments of motivation for the use of integrated circuits have
been missing in microwave and consumer electronics. For
microwave applications, it appears that the cost advan-
tages of integrated electronics will be substantial but that
adequate performance levels will be diflicult to achieve.

Solid-state microwave circuits now appear to be at the
same state of development that very-high-frequency cir-
cuits were at about ten years ago. Individual, highly selec-
tive. specialized semiconductor devices are now available.
which, with adequate coaxing, are able to perform the de-
sired functions at a marginal level. But production yields
on these individual devices are extremely low and manu-
facturers do not look with favor on compounding their
problems with multiple devices at this time. In spite of
this, integrated circuits do hold great promise for micro-
waves. Photoengraving eventually must provide a more
economical way to achieve high precision than is possible
by conventional machining techniques. By shrinking
physical dimensions an order of magnitude or more. and
eliminating package and wiring reactances, lumped-
constant circuit design techniques can be extended into
the microwave region. The most exciting happening in the
field today is the emergence of new devices that already
are being incorporated into microwave systems, namely,
Gunn-effect devices, avalanche or Read diodes, and tran-
sistors displaying reasonable gain and power output in the
low-microwave regions.

Integration of these new devices into monolithic struc-
tures still seems some time away, Working with low-yield
specialized devices, the hybrid approach muakes mote
sense from an economic viewpoint. After the hybrids. we
will see fully developed monolithic structures, perhaps
built on a substrate of semi-insulating gallium arsenide.

Consumer electronics provides a perfect example of a
market facing an economic rather than a performance
obstacle. The market is large and waiting, and solid-state
electronics offers everything the market wants-—every-
thing, that is, except an attractive price tag. Here the
problem is to develop new techniques and innovations
that will bring costs down to a level that will make the
applications worthwhile.

A danger that we encounter is underrating the progress-
mindedness of the consumer market. This market will re-
spond to change rapidly, as was evidenced by the switch
from black-and-white to color television sets, and in the
annual model changes found in most consumer goods.
However, the consumer electronics manufacturer must
have some motivation to make such changes. No great
performance advantage will accrue to him today from
converting to integrated circuits, and the reliability of his
present equipment is adequate- -but the market is very
sensitive 10 cost and it will respond rapidly to advantage
in this area.

I. Economic models

. Statistical silicon cost X chip area

Chip cost = — . —
Chip yield X package yield

Technology const. + complexity const.

(G'?) package yield

Chip yield = [(140.57 GDo)(1+ 0.285 GDo)(140.143 GDo)] !

Package yield = Constant (time dependent)

G = Number of gates

Do = Average defect density per gate

Package cost =

Of course. cost is not the only barrier to success in the
consumer electronics market, although it is the most im-
portant one. There are some technical problems to solve
as well; ultrahigh-frequency tuners cannot be produced in
integrated form today nor are high-Q frequency-selective
circuits yet available. Still, the time is approaching when
integrated circuits will provide a significant cost advan-
tage 1o the consumer goods manufacturer. I believe that if
we look at the cost history of any class of integrated cir-
cuits we can predict with confidence that costs will become
low enough to offer real incentive for use in consumer
products.

At present, integrated circuits are used in small num-
bers in the simplest (for integrated circuits, that is) parts of
a television set. The set's front end and output still present
problems, but we should be able to solve these by utilizing
the technology developed for digital circuits, and the next
two or three years should see a rapid expansion in the use
of integrated circuits for microwave applications.

LS| enters the picture

The kind of expansion and sophistication yet to come
for microwave and consumer devices is now commonplace
in digital circuitry. The success of digital circuits has
caused the industry to address itself to the whole new set
of problems and opportunities found at higher levels of
integration, namely. large-scale integration (LS1). There is
still work to be done. of course, toward improving the cost
and performance of integrated circuits as we know them
today —but LSI is where the action is. This year will see
heavy sales of medium-scale integration, or complex
integrated circuit devices, and this represents the pro-
verbial **foot in the door.” These devices will introduce us
formally to the problems and benefits of LSI.

The question to be answered in LSI is not ““Can it be
made to work 2" but rather, “Can it be effectively used?”
The positive answer to this question depends on the sys-
tem designer as much as on the manufacturer of the LSI
device. And I am sure most of you know that LSI will pose
new problems in the organization of our industry, will call
for different interfaces between customer and vendor, and
will point out a nced for better definition and specitica-
tions of test programs.

Why does anyone want to open this *“Pandora’s box™?
The answer is simply that we think that the achievement
of higher levels of integration will bring great advantages.
The foremost of these is lower cost; but there will also be
improvements in performance and reliability. To achieve
better performance we can take advantage of smaller
dimensions, which lead to less propagation delay because
of the shorter distances, and to fewer problems of wiring
and package reactances. Reliability is improved by having
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II. Data for models of Table |

Gate Defect Silicon
Area, Density, Cost, Package
Year um- um—*  §/cm? Formula
1968 130 000 0.203 3.10 $0.25 + $0.10 G' ®
0.7
1970 65 000 0.102 2.32 $0.15 4+ $0.05 G' *
0.8
1974 32 000 0.05 1.55 $1.10 + $0.04 G* *
0.85

fewer connections in the system. Again, however, cost is
the primary motivation.

The cost advantages of LSI are further defined in a
paper by R. B. Seeds,! who did a quantitative prediction
of the production cost versus complexity of arrays of
gates, extrapolating today’s laboratory achievements to a
production environment for 1970, and slight improve-
ments beyond that to 1974, The basic economic model he
used is straightforward (Table I). Production cost is the
sum of the chip cost and the package cost, both divided by
the yield. The chip cost is the processing cost of the silicon
wafer multiplied by the chip area, divided by the yield of
the chip at first sort and at final test. The cost of the
package has been assumed to be a constant plus factor re-
lated to the number of leads on the package, here propor-
tional 1o the square root of the number of gates in the
chip. Package yield is assumed 1o be constant, but time
dependent. The formula given for the chip yield results
from an investigation of the area correlation between de-
fects in ICs in manufacture, and is well founded both
empirically and theoretically.

Using this model and the data shown in Table Il, pro-
duction costs versus complexity of the array were calcu-
lated. The data shown for the year 1968 represent today’s
production technology. Data shown for 1970 assume a
2:1 improvement in gate area, defect density, and pachage
costs. Another factor of 2 is predicted for 1974.

The costs calculated from these assumptions are shown
in Fig. 1 —the 1968 minimum occurring at about a 20-gate
array costing 9 cents per gate. The drops in 1970 and 1974
are dramatic: 60 gates at 2 cents each and 200 gates at 0.7
cent each. Actually, I realize this prediction may be too
conservative.? If we assume gate areas of 6500 um?, the
minimum costs per gate at 1968 technology occurs at
arrays of about 1000 gates with a cost of less than 0.7 cent
per gate,

Although one may argue with the specific assumptions
made, this does represent an attempt 1o calculate costs in a
straightforward manner from what we know today and
what we can predict for tomorrow. And the conclusion is
clear: Cost reduction of gates of 10:1 is within the realm
of feasibility if' we can make use of large complex arrays.
and gate costs become negligible as compared with other
costs. It is the decrease in costs in other areas that the sys-
tem designer largely controls. The other costs incurred in
going to LSI are the engincering design and start-up costs.
and these include artwork layout and generation, test
sequence generation, and setup of production control.
These costs, of course, are amortized over an entire pro-
duction run, but easily may be the dominant cost factor in
the future,

One study has shown, for example, that the layout cost
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per gate is about S10. If an entire production run of arrays
amounted to 1000 pieces, amortized design costs would be
larger than the gate costs for these arrays. But more im-
portant than costs per gatc, what is the lowest cost for the
system? This question is difficult to answer,

In considering the total system costs, the costs of the
silicon processing quickly drop out of the picture. The
costs that must be considered include the costs of the LSI
package and silicon chip as well as the costs of the printed
circuit board, the contacts, and the back panel wiring, or
“printed circuit mother board,” in addition to the total
design costs, which must be amortized over the produc-
tion run.

In considering the cost of layout and artwork genera-
tion, the cost of layout of the metal interconnection pat-
tern is approximately the same as the layout today of a
printed circuit board for integrated circuits. Assuming
that equivalent levels of design aids are available to the
vendors of tomorrow’s arrays as are available (o today’s
integrated circuit user, the layout cost will be the same.
There may be some argument about which part of the in-
dustry should do this job, but the total product cost will
not be affected. You may ask, ““Since total cost has not in-
creased in going 1o a higher level of integration, why
worry about it?” The answer, of course, is that the active
elements have become so inexpensive that other costs be-
come dominant. The design costs are vulnerable to reduc-
tion by computer-aided design. For large enough produc-
tion runs, layout costs can be comparable to the cost per
gate that has been projected.

Some other costs

In cost projections, Dr. Seeds has assumed that the
number of pins on the package is proportional to the
square root of the number of gates in the LSI array. Such
an assumption may be too optimistic. A recent study of
system architecture for LSI# indicates significantly higher
ratios than this; see Fig. 2.

For 104 gates. the number of pins required was between

FIGURE 1. Calculation of costs based upon data of Table Il.
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40 and 110, For gate arrays of 1100 more than 100 pins are
needed for the architecture proposed in the cited study, or
800 pins for conventional design. Let me remind you that,
for the small arrays, the package cost is dominant. and for
the large arrays package costs are finally overcome by in-
creasing silicon yield costs. If the number of pins required
of the package rises proportionally to the number of gates
included. this minimum cost point moves to larger arrays
as packaging costs increase,

At some point in the system there will be pluggable con-
tacts. either at the array or for an assemblage of arrays. At
10 to 25 cents per pluggable contact, this cost becomes
dominant unless the number can be reduced. We are led
then to the fact that, with the improvements in costs of
gates that we foresee, the cost of the active elements es-
sentially drops out of the total cost considerations and
other hardware costs take over. This leads to a new com-
promise in optimal system design, in which three new rules
become important:

1. One must design for a minimum number of intercon-
nections and contacts between the various functional
units or arrays,

The optimal use of active elements no longer is de-
sirable if it entails higher design or hardware costs.

3. As a corollary, the partial use of a functional unit
may be desirable to decrease the numbers of diverse
parts.

The problems represented by these rules present a chal-
lenge to the system designer—-one that I think will push
him to further innovations. The problems I have been dis-
cussing are not present in highly regular integrated arrays
such as registers, memories, and the like. Here the number
of leads can be held to a small number, and one particular
design can satisfy many requirements. For that reason, I
believe that active memories using semiconductor flip-
flops will challenge other technigues in providing a high-
speed random-access memory.

o

FIGURE 2. Cost projection based upon study by Beelitz
etal.® of system architecture for LSI.
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Conclusion

In the foregoing. I have touched on some of the prob-
lems involved in making integrated electronics work. You
will see that consumer product manufacturers will convert
to integrated circuits only when the semiconductor in-
dustry demonstrates that they cannot afford not to. The
challenge is to bring prices down to the point where the
consumer goods manufacturer sees a way to improve his
product and at the same time maintain or increase his
profit levels. When our innovations make attractive prices
possible, the consumer product will go the way of the
computer, to integrated circuits—and 1 believe this con-
version is near at hand.

The microwave field, on the other hand, presents yet
another frontier. We cannot afford the luxury of discuss-
ing pricing for microwave integrated circuits. First, we
have to demonstrate to the potential buyer that solid-state
components can do the required job. Next, we will see the
increasing use of these components in hybrid circuits, and
finally, perhaps, in monolithic structures. It is my belief
that integrated circuits eventually will dominate micro-
wave electronics. How they will do it is the question.

Perhaps the most portentous topic of this conference is
LSI, not only because it presents momentous technical
and economic challenges, but because it will have a pro-
found effect on the business organization aspects of both
supplier and user companies. Like its parent, the inte-
grated circuit, LSI is a problem not only to the scientist
and the engineer, but to the manager as well. It means a
long, hard look at organization, interface, cost effective-
ness, and rate of return on invested capital.

The manager—the businessman —must come to know
the implications of LSI even as will his engineer. He must
know, as do his engineers, that LSI is a functional unit,
not a device. He must know, as do his engineers, that in
order to make LSI work for him, he must help create the
climate, and the means, for effective continuous commu-
nication between designer and user.

The LSI designer will find his job largely determining
what can be done within certain numbers of pins. He must
develop a new philosophy of design. Rather than deciding
merely just how much logic is necessary, he will have to
determine how much surrounding equipment is neces-
sary—with cost a critical factor. For this reason, the ses-
sions on computer-aided design and computer organiza-
tion, which, at first glance, might have been considered
out of place at a solid-state conference in past years, may
prove to be pivotal this year.

The challenges to us are monumental —-and numerous.
But if there is one trait that has characterized the elec-
tronic industry through the years, it has been its eagerness
to accept challenges, to try new things, to turn the seem-
ingly impossible into routine.

Essentially full text of the keynote address presented at the

International Solid State Circuits Conterence, Philadelphia, Pa.,
February 14, 1968,
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Electrochemical vehicle
power plants

Work is currently under way on high-power and high-energy-density
batteries that ultimately may serce as acceptable electrochemical energy
storage devices for use in propulsion of electric vehicles

D. A.J. Swinkels

The requirement of high energy density for vehicle
applications leads to the selection of battery sys-
tems made up of light, highly reactive metals found
in the upper-left-hand corner of the periodic table
for one electrode and the light oxidizers found in the
top-right-hand corner of the periodic table for the
other electrode. Many of these reactive materials
will react with water and hence water-based elec-
trolytes cannot be used in such systems, Electric
vehicles also require the hattery to have a high power
density, which further limits the use of water-based
electrolytes. 'The parameters rclevant to achieving
high-energy, high-power batteries are discussed in
general terms and several systems presently being
studied are reviewed.

Many books and articles'* have been written about
batteries. These generally give a rather detailed descrip-
tion of well-developed and usually commercially available
systems, which often originated in the days when electro-
chemistry was more an art than a science. For ex-
ample, who in his right mind would try to make a battery
using lead or lead compounds for both electrodes, when
lead is one of the heaviest elements in the periodic table”
Yet the lead -acid battery has been in use for more than a
hundred years and even today most of the rechargeable
batteries manufactured are lead -acid balteries,

Around the turn of the century more electric cars were
produced than gasoline-engine cars, but battery develop-
ment remained stagnant whereas internal combustion
engines were improved, and soon the limited energy and
power capabilities of batteries made a museum piece of
what had been a competitive item of machinery. How-
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ever, current interest in the economics of gasoline versus
electric vehicles, and concern about the constant emis-
sion of tons of foreign materials into the air we breathe,
have resulted in a worldwide re-examination of the tech-
nical feasibility of electric vehicles.

In the following, we shall examine the properties of
batteries with regard to the basis on which they are
selected for various applications, and take a closer look
at several systems presently under development for use
as the prime power source of electric vehicles.

It is probably useful at this point to destroy the mental
picture one has of a battery as consisting of two dissimilar
plates placed in an aqueous solution. Although this is the
form that most conventional batteries have taken, it is
unlikely that this type of electric power plant will drive
anything but a low-performance, limited-range vehicle.
To achieve performance and range approaching those
of today’s gusoline-driven cars, electric power plants
with an energy capacity in excess of 220 Wh/kg and a
power capacity in excess of 130 W/kg will be required.*
No battery using an aqueous (i.e., water-based) electrolyte
can meet both of these requirements, although the zinc-
air system comes close.

The electrochemical converters have been divided,
according to their function,’ into subsiance prodicers,
in which electric energy and materials are fed in and a
new material is produced, e.g., 2 NaCl + energy —
2 NaOH + Cl. + H., and energy producers, in which
materials are fed in and energy plus waste materials are
produced, ¢.g., 2 Hs + O. — energy + 2 H.O.

Neither the substance producers nor the energy pro-
ducers (i.e., fuel cells and primary batteries) are of
interest here but rather a combination of the two with
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the primary function of storing energy. We shall there-
fore define a battery as a black box into which we can
put a given amount of electric energy, store itin the form
of chemical energy, and retrieve a smaller amount of
electric energy at a later time. The term “‘electrochemical
energy storer’has been suggested,” which is clearly much
more descriptive of the function of a secondary battery.

Relevant qualities

The main qualities of electrochemical energy storage
devices that determine their usefulness are the energy
capacity-—the amount of energy that can be stored per
unit weight or sometimes per unit volume; the power
capacity- the rate at which the stored energy can be
taken out and restored; and the energy efficiency -the
amount of useful energy that can be taken out at the
required rate divided by the amount of energy that had
to be put in at a given rate. These quantities decide the
technical feasibility of using a given battery for a particu-
lar job. To determine its economic competitiveness with
other approaches, the cycle life (the number of times
the system can be usefully charged and discharged)
and the inherent cost of the materials used in the system
are, of course, of prime importance.

Some of these quantities are discussed in detail below.
The energy capacity of a battery is usually expressed in
watthours per kilogram (watthours per pound). If we
accept the Pb—acid battery as typical present-day tech-
nology, then about 22 Wh/kg is the energy capacity of
today’s battery technology. To achieve high energy per
unit weight of battery it is necessary to choose reactants
of high reactivity from opposite ends of the electro-
negativity scale so that a high open-circuit voltage
(OCV)is obtained. At the same time the equivalent weight
of the reactants must be kept 1o a minimum to keep the
battery weight low. These considerations lead naturally
to systems made up of elements from the top left corner
of the periodic table (H, Li, Na, Mg, Al) coupled with
elements from the top right corner (F,, Cl,, Os, S) or
with compounds containing a large proportion of these
elements, such as CuCl, and NiF.. The electrolyte for
such high OCV systems must have a decomposition
voltage equal to or greater than the OCV and must not
react with either reactant.

Aqueous electrolytes often will not be satisfactory since
they react chemically with the high-energy metals. Or-

I. Conventional and proposed battery systems

ganic solvents, fused salts, and ionically conductive solid
membranes are all under consideration for use as electro-
lytes in various types of high-energy batteries. If the
reaction product of the electrochemical reaction can
serve as the electrolyte rather than being dissolved in
another fluid, a simpler and potentially lighter system
will result. This often occurs with fused-salt electrolytes.

Theoretical energy densities can be calculated for any
proposed combination of reactants by multiplying the
open-circuit voltage by the Faraday constant and divid-
ing by the equivalent weight of the reactants for the
reactions shown. Care has to be taken to include all
reactants in such calculations since the electrolyte may
participate in the reaction. Table I shows some theoretical
energy densities for high-energy-density systems now
under development and for some of the more conven-
tional batteries. If these energy storage capabilities could
be achieved in practice, then even the Pb-acid battery
would go a long way toward meeting electric car require-
ments. However, only 15-40 percent of the theoretical
energy storage capacity actually is achieved because
reactants alone do not make a battery. Leads, containers,
and electrolyte add to the total weight without contribut-
ing to the energy stored. In addition, the energy stored
in a battery cannot be withdrawn with 100 percent
efficiency since some is always lost as heat at practical
rates of discharge.

The power capacity of a battery is to a large extent
determined by the ratio of the OCV to the resistance
of the electrolyte.” The higher the OCV and the lower
the electrolyte resistance, the higher the power density
that can be attained, which leads to the selection of
very active electrode materials 1o obtain the high OCV
and to fused-salt electrolytes because of their low resis-
tivities. Typical resistivities are 0.1-1.0 ohm-cm for
fused salts, 1-10 ohm-cm for aqueous electrolytes, and
100 ohm-cm and greater for organic electrolytes and
solid electrolytes. Electrolyte resistance is given by
ol/A where p = electrolyte resistivity, / = electrolyte
thickness, and A4 = electrode area, so that low resistances
can be obtained even with high-resistivity electrolytes
if they can be made sufficiently thin. Glass can be an Na*
ion conductor with a resistivity of about 100 ohm-cm
at 300°C. However, by making the glass membrane thin
(say 10 % cm) and using a large area the internal resis-
tance of a battery can still be kept low.

Theoretical Practical
Energy Energy
Cell Reaction Capacity, Capacity,
Battery (discharge —) OCV  Temperature Electrolyte Wh/kg Wh/kg
Lead-acid Pb 4+ PbO. 4+ 2 H,SO, 2.1 Ambient Aqueous H.S0O, 176 18-33
— 2 PbSO;+ 2 H.0
Silver-zinc AgO + Zn > Zn0O + Ag 1.8 Ambient Aqueous KOH 492 65-130
Zinc-air Zn+ 1/20. — Zn0O 1.6 Ambient Aqueous KOH 1056 110-170
Lithium-NiF. 2 Li + NiF, 2 LiF + 2.8 Ambient KPF; in propy- 1364 110-220
Ni lene carbonate (at low rate)
Lithium-chlorine Li + 1/2 Cl, = LiCl 3.5 650°C LiCl 2178 330-440
(estimated)
Sodium-sulfur 2 Na+ 3S=Na.s$ 2.1 300°C 3-AlLO. + 792 220-330
sodium sulfides (estimated)
Lithium-tellurium  Li = Li (Te) 1.9 480°C LiF-LiCI-Lil 572 130-200

(estimated)
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Finally, the voltage losses associated with the elec-
trode reactions should be minimized to obtain high
power densities. To accomplish this, the electrode
reactions should be simple, that is, they should involve a
low number of electrons. Also, an increase in tempera-
ture increases reaction rates and hence reduces the
voltage loss at a given current density.

In view of these considerations it is clear why the
many high-energy batteries being developed using
organic electrolytes are not high-power batteries.
Organic electroiytes are generally limited to low-temper-
ature operation (< 100°C) and the electrolyte resistivities
are typically 100 ohm-cm or more.

The energy efliciency of a rechargeable battery, de-
fined as the ratio of electric energy taken out during
discharge to electric energy put in during the charging
process, can be expressed as the product of a current
efficiency and a voltage efficiency. The voltage efficiency
is determined by the rate of charge and discharge and
the electrode kinetics of the particular system. The higher
the rate of charge or discharge, the lower the voltage
efficiency. The current efficiency, on the other hand, can
increase or decrease as the rate of charge or discharge
is increased, depending on what causes the coulombic loss.
If the coulombic loss is due to a side reaction that starts
to occur when the voltage reaches a certain value (e.g.,
gassing in aqueous electrolyte systems) then a lower
rate of charge will result in a higher coulombic efliciency.
If, however, the coulombic loss is due to reactant solu-
bility in the electrolyte and chemical combination, then
the cell self-discharges at essentially a constant rate and
hence the higher the average rate of charge and discharge,
the higher the coulombic efficiency.

Self-discharge may also be caused by slow reaction
with the solvent, by an intermediate that is alternately
being reduced and oxidized at the negative and positive
electrodes, respectively, and by electronic conductivity
in the electrolyte. The last not only atfects the coulombic
efficiency but also the voltage efficiency and the OCV
since it is equivalent to putting a constant external
drain on the cell.? Thus V, the measured OCV, becomes

Vo

Y 97 @

where Vy = thermodynamic OCV, R; = ionic resistance
of the cell, and R, = electronic resistance.

Energy losses, whether due to electronic conductivity,
reactant solubility, or to energy required to keep the
cell hot during standby periods, can be expressed as a
self-discharge current. The practical coulombic or current
efficiency then becomes

Current efficiency = Inty _ Ivtn
11, Ity + Lepisy
where I;,, = average discharge current, 1, discharge
time, I, 1 = charge current and time, and I, (<) =
self-discharge current and time.

If we define the “‘use factor™ for a particular battery
application as the fraction of time during which it sup-
plies useful power, then we can relate the current efli-
ciency to the self-discharge current and the use factor.
"t is clear that the lower the use factor, the lower the
elf-discharge rate we can tolerate, since self-discharge
usually proceeds all the time. We then have use factor
= Ip/tsn, and combining this with Eq. (2), we get

(2)
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1
lp 1
Ip use factor

- @

Current efliciency =

Figure 1 shows a plot of Eq. (3) for various use factors.
A use factor of 1.0 can only be achieved in a primary
battery or fuel cell, which, after activation, is discharged
continuously. Under these conditions quite high self-
discharge rates can be sustained without serious effects
on the current efficiency. The effective self-discharge
may also be the result of heat requirements to keep the
system hot, or power requirements for auxiliary controls.
In the case of solid electrolyte systems, self-discharge
can result from an electronic conductivity in the elec-
trelyte. It is not always desirable to select the electrolyte
or the temperature with the lowest electronic conductivity.
Rather, the optimum system is a complex function of the
total conductivity and the ion transference number.?

The lower use factors apply to secondary batteries
that must be recharged regularly. A battery in industrial
use might be discharged eight hours a day and recharged
every night for a use factor of 0.33, whereas a battery
for a personal electric vehicle that is driven about an
hour a day would have a use factor of about 0.04. In
the latter case the effective self-discharge current must
clearly be kept low to give reasonable current efficiencies.

Since the self-discharge current for a given system is
generally directly proportional to the electrode area, it
appears advantageous to reduce the electrode area to a
minimum. However, this increases the charge and dis-
charge current densities with a loss in voltage efficiency.

The voltage efliciency is defined as the ratio of the
average discharge voltage to the average charge voltage.
The charge and discharge voltage are related to the
charge and discharge current densities through the usual
electrokinetic equations, & 10 These are summarized here.

VD = OCV — IZR — Newa — Newe — Na,c

@

discharge voltuge; OCV = open-circuit
- current; SR = sum of electrolyte, electrode,

Naa —

where V),
voltage; /

FIGURE 1. Current efficiency as a function of self-discharge
and use factor; Eq. (3).
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and lead resistances; 7¢.q, 7¢.c = concentration polariza-
tion at the anode and at the cathode; and 74,0, 7a.c =
activation polarization at the anode and at the cathode.
For simplicity, all polarizations are here taken as positive
quantities.

The concentration polarization at each electrode is
due to the concentration gradients necessary to move re-
actants from the supply zone to the region where electron
transfer can occur and to move products from the elec-
tron transfer region to the product storage volume.
The relationship between concentration polarization
n.and current density 7 is of the form

2.303RT i
ne = log (—— : > )
nkF i, — i
where R = gas constant 8.314 joules/degree mole;

T temperature, °K; » = number of electrons; and
F = Faraday = 96 500 coulombs mole.

The limiting current density i, is the maximum current
density that can be obtained. It is typically given by

nFDC
X

I = (6)
where C = concentration of the rate-limiting reactant in
the supply zone, D = diffusion coefficient of the rate-
limiting specie, and x = a characteristic distance equal to
or simply related to the distance between the supply
zone and the electron transfer region.

It is clear from Eq. (5) that in order to minimize n,
one must maximize i,. This, in turn, means maximizing
D and C and minimizing x. Generally, little can be done
about increasing D except by increasing the temperature
whereas the concentration C is usually determined by
solubility, which may be increased by increasing the
temperature or, in the case of a gaseous reactant, by
increasing the pressure. It is in the diffusion distance x
that one often has a good deal of control over the limit-
ing current density. In a porous gas electrode x is usually
related to the particle size or the pore size!! and to the
wetting characteristics of the electrode, whereas in
solution x can be reduced by convection or stirring.

The activation polarization (»,) is the polarization
more directly related to the clectron transfer processes
although surface dilfusion of reactunt or intermediates
may be involved. It is related 1o the current density in
the form

L ankng -1 - a)nFr;a}
=i, <ex — €ex 7
! { P RT P RT ™

where i, = exchange current density and a« = transfer
coefficient.

There is no simple way of expressing 7, in terms of the
other parameters except in special cases. When « equals
the often-observed value of 0.5, we have

RT i
= - sinh™! 8
" osuF (2{,,) @

An approximate relationship can be written for polariza-
tion values less than RT/nF when

RT (i
T = E (l,) ®

whereas for polarization larger than RT/nF we have the

Tafel equation

303RT i
o= P8 g (1) (10)
anF 1)

Figures 2 and 3 show plots of these equations to
indicate their ranges of validity. It is clear that to obtain
high rates of charge and discharge with low-activation
polarization losses one must look for systems with
high exchange current densities (i,). This, in turn, means
operating at elevated temperatures using fused salts
where exchange current densities of 10° to 102 are typical
for simple one-electron reactions. On the other hand, in
aqueous solutions at ambient temperatures exchange
current densities of 10712 to 10 * are common for reac-
tions requiring two or more electrons for the overall
reaction,

Finally, in this discussion of the various forms of
energy losses it is clear that the simple /R losses must be
kept to a minimum. Since fused salts generally have re-
sistivities that are an order of magnitude lower than
those of aqueous electrolytes and several orders of
magnitude lower than organic electrolytes, the fused-salt
electrolytes naturally lead to higher power and energy
systems. This, of course, also means elevated temperatures
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FIGURE 2. Comparison of exact equation for activation
polarization and the linear approximation; Eq. (9).

FIGURE 3. Comparison of the exact equation for activation
polarization and the Tafel approximation; Eq. (10).
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of operation with the resulting benefits of high exchange
currents and high diffusion rates, which both lead to
low polarization losses.

The Li-Cl. battery

The Li-Cl, battery has many of the desirable character-
istics outlined in the previous sections.!? The high open-
circuit voltage (3.467 volts at 650°C and 1 atm) together
with the low equivalent weight, leads to a theoretical
energy capacity of about 2.2 kWh/kg. The achievement
of but 15 percent of this theoretical energy density in a
practical system would suftice for electric car require-
ments. A further advantage of the Li-Cl. system lies in
the fact that the reaction product LiCl is also the elec-
trolyte so that no diffusion limitation due to the removal
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of reaction products can exist. In addition, fused LiCl
has the lowest known resistivity of any fused salt at
650°C (p = 0.17 ohm-cm). The electrochemical reaction
at the lithium electrode is extremely simple since it
consists of a single electron transfer from an atom in a
pure liquid metal with the formation of a monovalent
ion in a pure fused salt. [t therefore is not surprising
that no polarization can be detected on a lithium elec-
trode at current densities up to 40 A/em®.!* To achieve
mechanical stability in this liquid-liquid interface elec-
trode a wick electrode has been developed.!® Figure 4
shows a sketch of an advanced Li-Cl, cell design. The
lithium normally floats on the denser LiCl. Since liquid
lithium wets most solid metals preferentially to the
LiCl. a porous stainless-steel felt structure will serve to
wick lithium from a storage region to the electrode
region in the way an asbestos wick acts in an oil lamp.

The driving force for the wicking action is the capil-
lary action of the lithium in the porous metal. This
driving force, AP, is given by

2y cos 8
ap = X

, — ghdp )
where ¥ = Li--LiClinterfacial tension, § = contact angle,
r = pore radius, g = acceleration due to gravity, 1 =
wicking depth, and Ap = difference in density between
LiCl and Li. The resulting velocity ¢ of lithium flowing
through a cylindrical pore is given by
rAp
r = 12
8oL (12)
where # = viscosity of Li and L = length of pore =
7/, where 7 = tortuosity of the pores.
Upon combining (11) and (12) and expressing the
wicking rate in terms of current per square centimeter
of wick cross section, we find

nFpLig r* 2y cos 8
6.94 8pth

r

- glep) (13)

where ¢ = wick porosity and pr; = density of lithium.

A plot of (13) is shown in Fig. 5. For each wicking

depth there is an optimum pore size given by
cos 0
ot = Vgh " (1)

For pore sizes smaller than the optimum, flow restric-
tions limit the total rate whereas for pore sizes larger
than the optimum the capillary driving force is reduced.
These wicking rates have been confirmed experimentally '
and are sufficiently high to meet the requirements of
most Li-Cl, cell designs.

The Cl. electrode is much more complex than the
lithium electrode. It consists of porous carbon or graph-
ite, which is in contact with LiCl on one side and is
fed by Cl. gas on the other. Since LiCl does not wet
graphite, the electrolyte does not normally penetrate
into the pores. The Cl, electrode process consists of:

1. Chlorine transport through the porous electrode

due to a pressure difference AP.

2. Dissolution of Clyin LiCl.

3. Diffusion of Cl, to the graphite-LiCl interface.

4. Electron transfer and migration of Cl -,

The second step is fast compared with the others
and the fourth step has an exchange current density of
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about 0.2 A/cm? associated with it-—which means that
at practical current densities of 2-4 A/cm? an activation
polarization of about 0.2 volt may be expected. Steps
1 and 3 are the main rate-determining steps, depending
on the structure of the porous electrode. The diffusion-
Jimited current density associated with step 3 is given by
8 nFDKP.»
i, = (15)
,

where 1 = number of electrons = 2, F = Faraday, D
— diffusion coeflicient for Cl. in LiCl, K = Henry's
law constant, ¢ = porosity, and r = pore radius.

The partial pressure of Cl, at the gas liquid interface
(P.) is determined by the pressure drop (AP) across the
porous electrode and the buildup of electroinactive im-
purities (P;), which are invariably present in the Cl.
P,is then given by

P. = P, — AP — P, (16)
in which
p = iRTL 17
T nFeK!

10137 (2 P — AP)  dér /2'R?
! 8
K 16u 3 ‘ M (18)
P NP < iRTL 19
i = NoPrep{ rp pr (19)

In Egs. (17)-(19), p = gas viscosity, § = constant =
0.9, M = molecular weight of Cl. = 71, No = mole
fraction of impurities in the incoming gas, and D’ =
dilfusion coeflicient in the gas.

A plot of i, versus pore radius shows a maxinium
indicating an optimum pore size. For pores smaller than
the optimum size, tlow through the porous graphite is
the main limiting process, whereas for pores larger than
the optimum size, diffusion of Cl, in the electrolyte is the
main rate-limiting step. In addition, the accumulation
of inactive impurities such as N, and CO, -in the
porous electrode can severely limit the maximum current
density."* Figure 6 shows a plot of i, for various thick-
nesses of a particular porous graphite designated as
FC-11 by the manufacturer (Pure Carbon Co.).

In spite of the various limitations of the Cl. electrode,
power densities of 40 watts/cm? have been demonstrated
in laboratory cells using the purest Cl. available and a
highly porous and well-designed Cl. electrode.' This
power density is well in excess of that required for elec-
tric vehicle power plants and is much higher than what
has been obtained in any other electrochemical system.

Since both the energy and the power capacity of
the Li-Cl, battery are high, what limitations must be
overcome before the system can be put to practical use?
In selecting a couple of such high reactivity to obtain a
high OCV, one automatically places high demands on the
container materials, in particular, the insulator. In
the lightest and simplest cell designs the insulator is
in contact with Li, LiCl, and Cl,, and so must be com-
patible with all three media at cell operating tempera-
tures (Fig. 4), but very few materials at present can meet
this requirement sufficiently to give life expectations of
the order of several years.

Safe containment methods for Cl; must be developed

2 6 | - //

2 I 7

2o | ’ ' ]

@ f Lt T 02cm

S | , . :

5 , Vo

SiES R e """ 0.3 cm-

=3 y /4> 1 _ _ L |

€ , | e O, et [ 0dcm

2 1 T 0.5 cm

= s i 1 1 |

= BN f )
0 1 2 3 4 5 6 7 8 9 10

Tota! pressure. atmospheres

FIGURE 6. Maximum current density for FC-11 porous
graphite as a function of electrode thickness and total
pressure at a one percent impurity level.

because of its toxicity ; one approach that looks promising
is to absorb the Cl. on activated charcoal.!* The require-
ments placed on the containment materials can be re-
duced by selecting a somewhat less reactive system but
this necessarily reduces the systent’s energy capacity.

The Na-S battery

Sodium and sulfur are less reactive than Li and Cl,,
respectively. This fact is reflected in the much lower open-
circuit voltage for a Na-S cell, which is 2.08 volts at
300°C.17 18 The lower OCV, together with the higher
cquivalent weight of sodium and sulfur in the reaction
2Na + 3S <2 Na.S;, leads to the much lower theoretical
energy density of 760 Wh/kg at 300°C for this system.
However, the result of this sacritice in energy density isa
much reduced materials problem since many more
materials are compatible with sodium and sulfur than
with lithium and Cl, at cell operating temperatures.
Nevertheless, the Na-S cell is made possible only by the
use of Na* ion conductive membranes such as glass or
g-alumina. Because sodium and sulfur or polysulfides
react chemically to form sodium-sulfur compounds
containing increasing amounts of sodium, with the final
compound being Na.S, an Na-S cell would be expected
to have a high rate of self-discharge unless contact be-
tween the metallic sodium and the polysultides could be
prevented.

The use of ionically conductive membranes to sepa-
rate otherwise incompatible liquids is well known and
they have been utilized in many reference electrodes??
and electrochemical cell studies?® as well as in fuel cells.
The uniqueness of g-alumina for this purpose lies in its
layered structure,'s which allows a high mobility of the
sodium ion between the ALQ; layers and results in an
jonic resistivity that is orders of magnitude lower than
that of other Na* conductive solids at the same tempera-
ture. Moditications of the g-alumina (Na,O-11ALO:)
have further enhanced the conductivity of polycrystalline
bodies made of this material to the point where resis-
tivities of 3.5-5 ohm-cm have been achieved at 300°C. 18

The overall cell process in Na-S consists of:

1. A simple single electron transfer takes place at the

sodium electrode similar to that at the lithium
electrode in the Li-Cl; cell.
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2. The Na* ion formed is transferred through the ionic
separator to the polysulfide electrode.

. Since pure sulfur is an insulator (p = 1017 ohm-
cm), it cannot accept the electron from the external
circuit, Thus an inert electrode must be found as well
as an electrolyte in which the reaction §; + ye~ —
S.¥~canoccur.

Similar to the Cl, electrode, porous graphite has been
used as the inert electrode and sodium polysulfides as
both the electrolyte and the reaction product. However,
because of the high resistivity of the polysulfides, the
sulfur electrode still appears to be the main rate-limiting
step in the overall performance of the Na-S cell and a
more detailed understanding of its operation should lead
to significant improvements in performance.

The simple cell designs that result from the use of
a solid ionic separator between the liquid reactants
(which can then be stored at cell operating temperatures
as opposed to remote storage of one of the reactants in
liquid or absorbed'® form in the Li-Cl. cell) has inspired
predictions of achieving a rather high fraction of the
theoretical energy capacity of the Na-S system. Practical
energy capacities of 330 Wh/kg or 43 percent of the
theoretical have been forecast. 13

)

Chemically bound oxidizers

The use of an ionically conductive separator is, of
course, not limited to the Na-S cell but makes possible
a large number of cells that would otherwise have high
rates of self-discharge, viz., cells using chemically bound
oxidizers, such as NiF., CuF., CuCl., CuQ. These oxi-
dizers are used extensively in organic electrolyte high-
energy batteries® where the self-discharge is timited by
the low solubility of these materials in the organic elec-
trolyte. However, low solubility also severely limits the
rates of the electrode reactions, which, with the high
resistivities of the organic electrolytes, results in high-
energy but low-rate batteries. However, by utilizing an
ionic membrane separator, these same cathode materials
can be used at elevated temperatures where much faster
electrode kinetics may be expected.

Chlorine can also be bound by physical and chemical
forces to activated carbon at high temperatures®! and
a cell similar to the Li-Cl, cell can be made without the
use of gaseous Cl,. However, a severe weight penalty is
incurred since 3 to 12 carbon atoms are required to bind
one chlorine atom and hence the theoretical energy
density is reduced by 45 to 75 percent. Finally, concen-
tration cells of the type Li/Li* fused salt/Li (Te) can also
be considered in this category since their operation de-
pends on the formation of compounds such as LiTe.**
This greatly reduces the activity of lithium in the telu-
rium, which then results in high cell voltages. By using a
mixture of LiCl, LiF, and Lil as electrolyte, power
densities of up to 5 W/em* have been demonstrated.

Conclusion

To achieve electric car performance approaching that
of today’s internal combustion machines it is necessary
to develop batteries with high power densities and enei gy
“apacities of 220 Wh'kg or better. Since conventional
batterics cannot meet this requirement, 2 number of
new battery systems are being investigated. These all
involve elevated temperatures and the use of fused salt
or solid ionic conductors to achieve high power and
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energy densities. Aqueous electrolytes generally cannot
be used since the open-circuit voltage, and thus the
energy density, is limited by the decomposition of water.
The zinc-air baltlery is the only agucous system that
approaches the required energy densities but it has
significant power limitations. Organic electrolytes can
be used with very active electrodes such as lithium and
magnesium but the high resistivity of these electrolytes
and the slow electrode kinetics severely limit the power
capacity of systems in which they are used.

Several high-temperature battery systems presently
under investigation have been reviewed. The electro-
chemical charge and discharge properties of these systems
are such that high-power and high-energy-density batter-
ies can result if the problems of safe containment of these
very active materials at elevated temperatures over a
period of ycars can be solved.
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Electronics and
the urban crisis

Electronic technology represents one of
our greatest potential hopes for meeting
many of the increasingly critical chal-

lenges faced by our urban society

Seymour N. Siegel City of New York

Although it would be naive to consider electronics
as a panacea for urban ills, current and potential
innovations in the electronics industry will aid in
providing economically feasible answers to many of
our cities’ most pressing problems. At present, prog-
ress is being made in such areas as traffic control,
police and fire communications and surveillance,
air- and water-pollution control, and transit system
routing.

Aside from the war in Vietnam, there is, perhaps, no
single topic of greater import to the United States than the
condition of our cities. Urban squalor and crime, the con-
tamination of our environment, our failures in education,
the inequality of citizenship for the poor—allof these press
upon the conscience of the community. Obviously, cities
are confronted with problems that they are ill-equipped to
solve. The lack of dollars is only one of the reasons.

The role of electronic technology

It has been said that electronics will not, necessarily,
meet all of our urban needs, but that the problems of the
megalopolis will not be solved without electronics.

In my limited experience in city government, 1 have
found that the need for the protection of the public purse
and the numerous safeguards in the expenditure of monies
result in our procuring last year’s computer two years
from now. This doesn’t mean that cities all over the nation

Essentially full text of a talk presented at an IEEE dinner held
at the Statler Hilton Hotel, Washington, D.C., February 10,
1968.
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are not catching up with technology. Although there is a
considerable ““city hall lag” in adopting new methods and
techniques, elaborate and sophisticated devices are being
installed all over the nation. I would not go so far as to say
that municipal technology has arrived; but, here and
there, in small towns and in the large metropolitan areas,
the population explosion has virtually forced city fathers
to innovate, adapt, or go down to defeat.

The League of Cities has been facing up to the fact that
municipalities all over the United States are now com-
pelled to furnish local services to which they have only
casually paid heed in the past, and the only way they can
do so economically is to exploit technology.

When you talk to mayors and city managers, you be-
come aware of the popular misconception that adequate
electronic technology is now available to assist municipali-
ties out of their dilemmas; however, this is not the case.
Untike the federal government, local governments are not
in the habit of underwriting research and development.
They have neither the resources nor the know-how. There
is, perhaps unfortunately, a lack of uniform standards in
the quality of local government that would preclude even
our larger cities from combining to underwrite research
costs. Even NASA had long, expensive experiences in the
R & D area. Cities are learning, but there is no easy, royal
road in the learning process; as with the individual, there
is some strain involved. All too often, manufacturers and
vendors fail to appreciate the problems of urban areas. At
times the electronics industry solves the wrong problem
or, more often, it comes up with the wrong design. Some
city leaders are smart enough to attempt to exploit the
experience of the military and aerospace technology and
adapt it for municipal usage.

Roger Kenneth Field recently said that “successful
adaptation occurs only when it is undertaken by unusu-
ally bright people who are intimately familiar with both
the problems of the cities and the truditional solutions to
these problems. Unfortunately, such individuals are rare
and are widely scattered.” This is the reason why it is said
that San Jose, Calif., has the best computer-controlled
traftic system; Los Angeles, the best air-pollution monitor-
ing and waler reclamation programs; Chicago, the most
technologically advanced police department; and New
York City, the most up-to-date communication and rout-
ing equipment for an admittedly complex rapid transit
system.

Every city needs special thinking. Like any good archi-
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tect, the most successful urban designer is one who com-
bines sensitivity to the problem to be solved with an acute
awareness of the environment in which solutions must
operate. The best example of this kind of design philoso-
phy is the automobile industry. Any industry capable of
designing a machine that can be built by uncaring work-
ers, maintained by ill-trained (and sometimes money-
hungry) mechanics, and driven by a smug, oblivious
public, and still can perform every day sets an example
that might be followed by our urban technological plan-
ners. However, if we wanted to, I suppose we could blame
everything on the automobile. I think it was Professor
Kranzberg who said that the automobile created our
suburbs, our parking lots, our gas stations, paved streets,
freeways, motels, roadhouses, trailer parks, special courts,
mass production, casualty figures, a losing branch of the
insurance business, and a host of industries polluting the
land, sea, and air. It opened new gateways of **see-it-your-
self education, recreation, courtship, and sin.”

New York City, which I perhaps know best, has been
faced with problems that we thought reached gigantic pro-
portions a tong time ago, from the physical problems of
urban renewal, transportation, zoning, trattic congestion,
all the way through the full gamut of human aspects, such
as crime, delinquency and its prevention, education of the
disadvantaged minorities, and, finally, the expanded
housekeeping chores we never believed possible. Only
recently, the Commission on Intergovernmental Relations
indicated that all cities were facing dire economic and
fiscal difficulties.

If one were to judge by the measurement of decibels at
the recent State of the Union Congressional Session as to
what constitutes the number one domestic priority in the
minds of people und their representatives in Congress, it
would, obviously, be the prevention and control of crime
inour streets,

Attempts at innovation in New York

We hear a great deal about how important it is to in-
novate and to make new approaches. In New York City,
at least, there are visible signs that we are trying. Even if
these are not always successful, we are attempting pro-
gressive action to prevent procurement of what all too
often was obsolete before it could be obtained and put to
use. We have our sights set on new horizons in the area of
communications and we try to get involved with all of the
new developments. We are still using telephones, but we
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have installed Centrex systems and have inaugurated mass
announcing systems. We are involved in the experimental
use of 200 street pay telephones capable of permitting a
call to the operator from a street pay booth in an emer-
gency even without a dime; as a matter of fact, the New
York Telephone Company expects to have 2000 of these
telephones operational within the next few months. Con-
solidated communications centers are being planned and
the city’s Police Department Communications Center is
well into the construction phase. New York will be among
the first cities to institute the three-digit national emer-
gency telephone number 911. This is possible only because
we already have a centralized net system that uses seven
digits.

It is easy to visualize, within the next few years, that
every foot patrolman in the New York City Police Depart-
ment will be equipped with a two-way radio. The munici-
pality spends altogether too much to recruit and train a
policeman. It is not good economic sense if every unit of
manpower cannot be located and deployed in accordance
with acutely increasing needs. We are awaiting delivery of
a thousand walkie-talkie radios for scooter patrolmen and
foot men. This will triple the number of these units on the
street by this summer.

The institution of the Sprint system, the first truly com-
puter-based police dispatch system in the country, is at the
midpoint. This system will shorten police response time
dramatically. It is expected to be operational by the sum-
mer of 1969. Mayor Lindsay has only recently announced
a six-point program, which includes the expansion and the
use of one-man patrol cars in low-density areas; the addi-
tion of several hundred police trainees to direct traflic and,
thereby, release regular policemen for an intensified fight
on street crime; the procurement of 300 new scooters, an
increase in the city-wide patrol strength in high-density
and high-hazard areas; and the modernization and con-
solidation of various facilities, thereby releasing men
from duplicated desk jobs and putting more men on the
street. The communications requirements of this rapid
expansion and reorganization must be met within the
necessary time limits.

We can look forward to the use of a personal oscillator
by every fireman, which would enable him to be located in
the midst of any conflagration. We have already experi-
mented with consumable television cameras, which can be
aftixed to the end of fire towers and thus permit the prob-
ing of any major fire without risking human beings.

Many of New York City’s correctional institutions al-
ready are equipped with closed-circuit television installa-
tions, which permit the warden in his office to follow the
progress of the individual from the moment of reception
and processing through the various areas of the institution.
Some people consider this a “big brother” watch, but it
actually facilitates the administration of these institutions.

The city is in the midst of equipping its police heli-
copters with television cameras for purposes of traftic
control, and probably for the contro! of air pollution as
well. The use of these cameras in crime detection, such as
the maintenance of surveillance on various types of
motorcars from way above ground, is not far off.

We have fallen flat on our collective faces in connection
with installation of electronic traffic-light control systems.
We put too much faith in one of the large aerospace
manufacturers who failed, after three and a half years, to
deliver any equipment that really worked dependably.

Traffic Commissioner Henry Barnes has not given up
hope and 1 have every confidence in his ability to achieve
his dream of taming the megalopolis, but we are starting
all over again. The installation of two-way radios in buses
as well as on subway trains will, certainly, be vital in the
control of crime and will also permit more efticient dis-
patching and loading procedures.

New York City has just combined all of its environ-
mental services into a pioneering single superagency. For
the first time, we are seeking to deal with our physical sur-
roundings in a related manner. The problem of air pollu-
tion cannot be solved if such solutions have an adverse
effect on water pollution. We are coordinating our efforts
to deal with solid waste disposal, water supply, noise
abatement, and air and water pollution. All of these ac-
tivities need and require a special electronic technology
and pose special communications problems as well.

1t was not so long ago that the great City of New York
depended on a man in a rowboat in upper New York Bay
to pull a pail of water every hour to provide the necessary
sampling to control the city’s sewage disposal activities.
We are now planning the installation of various in-stream
sampling devices, electronic sensoring equipment, and
electronic reporting devices measuring drops in water
pressure and speeding up the location of water-main
breaks. Telemetering will solve other problems for us.

Likewise, in air-pollution control, after tinally deciding
what we want to look for, 21 monitoring points will
permit the electronic sampling of our air. Hopefully, we’ll
obtain regional adoption of our standards and we’ll solve
the problem of what levels of pollutants are really danger-
ous. Monitoring air pollution is one thing; controlling it,
of course, is another. Since this function must take place
at the source, motor vehicles and industrial and home
smokestacks must be controlled in some technological
fashion.

Noise abatement poses additional problems, especially
since New York has two of the nation’s most congested
airports as well as rapidly increasing helicopter trafhic.
In all of these areas, we are seeking and installing the
necessary technology to help improve the quality of life in
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the big city. I am not prepared. however, o report any
glowing success stories at this time.

Like many other large cities, New York is faced with an
acute shortage of radio frequencies in the Land Mobile
Services-—a shortage that afTects all municipal operations.
However, after twoyears the present City Council hasbegun
to implement the Lindsay plan for reorganizing some 50
independent departments of city government into a more
manageable group of ten agencies. Since this is not merely
a physical regrouping but represents a highly professional
sreakdown by function, the problem of mere reorganiza-
tion of communications systems is a formidable one. In
the context of what we are discussing, this may be a
minuscule footnote, but I find myself in the middle of a
dilemma. As a broadcaster. I have devoted a large portion
of my life to the development of UHF television. On the
other hand, I amall too aware of the acute critical need for
spectrum space for our public-safety functions. Unfortu-
nately, broadcasters have already hardened their position
with regard to suggestions for reallocations. Some hard-
nosed decisions will have to be made and, at the same
time, some concessions will have to be granted.

Needed: a sense of urgency

Enough of this casual cataloguing of urban uncertain-
ties. It is probably superfluous for me to underline the
sense of urgency that is called for. Neither a crash pro-
gram nor “business as usual” will sutlice. It was just a little
more than a decade ago that a man-made object in space
rallied the academic, scientific, industrial, and government
resources of this country to produce a tangible answer.
The urban Sputnik has become visible and has been flash-
ing before our eyes for about four summers. With regard
to the technological aspects of city needs, neither the in-
novators, product designers, nor technicians have, as
yet, reacted with the urgency that the situation demands.
Perhaps, many of us have individual doubts about the
identification and extent of the problem. No one suggests
that gadgetry and new tools will, of themselves, provide a
solution. But technology can help our cities do other jobs
more efliciently or will release resources and manpower.

Siegel—Electronics and the urban crisis

Anything that will permit our municipalities to concen-
trate on the new human problems cannot help but be of
assistance in the restoration of social health.

It is easy to conclude that the time is long overdue for
all of us in the universities, in industry, in state and federal
government - in fact. all of us as individuals, wherever we
live—to consider ourselves directly involved in the issues
and conflicts that alTect local governments.

Foundations and industry are channeling funds into our
universities, and the nstitutions of higher learning are
devoting more and more elfort to the various facets and
proposals of the cities and to the field of urbanology.
Centers for urban study are flourishing at Harvard,
M.L.T., the University of Chicago, New York University,
the City University of New York, and other colleges and
universities. For the last two decades, numerous institu-
tions have been involved with communications research
centers; perhaps a marriage is called for. The research
center might be able to contribute more effectively by con-
centrating on the two disciplines of urbanology and com-
munications. Certainly, umiversities could and should de-
vote some of their research and development effort into
the direct application of electronics technology to city
functions.

Private industry, itself, has an obligation to put aside
high profits in what could well be described as an emer-
gency situation. The field of urban renewal housing pro-
grams abounds with examples in which private enterprise
has forgone normal immediate financial returns but is,
nevertheless, surviving and prospering. The total cost of
research and development need not be applied in toto to a
single application in a single city just because this was the
first order received.

Insofar as federal and state governmental jurisdictions
are concerned, you know it takes a bureaucrat to know a
burcaucrat. There is nothing more frustrating for the
local-level animal than an exercise of ministerial discre-
tion at a higher level when the action is adverse. It is popu-
lar, and probably necessary. to look to Washington for
dollars. but it is equally necessary to cut out red tape, de-
lay, and procrastination,

Not so long ago, Commissioner Nicholas Johnson sug-
gested the creation of an Office of Urban Communica-
tions in the Federal Communications Commission. There
are many people who would like to see something like this
if the purpose is to provide necessary priorities and to be
helpful to cities. The educational establishment has been
pampered over a considerable number of years and the
results have been salubrious. The municipalities should re-
ceive the same kind of tender loving care and, perhaps,
public safety ought to be given a higher priority over
purely commercial requirements.

As a broadcaster. I have found that listenersand viewers
often write in and ask what they, as citizens, can do. We
usually suggest that they bring to bear their own expertise.
Beneficial suggestions arealways welcome when they repre-
sent an individual’s own brand of experience and training.
You'll find it an exhilarating experience to concentrate on
your city’s problems, even while you shave. Some of our
best engineers are generalists. If any single one of you
comes up with the workable answer to any single problem,
you will, to some extent, free today’s urban man from the
crippling fetters of insecurity and rejoice with fellow
citizens in the success and viability of “our town.” We
have few options left.
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Laser applications

Improvements in efficiency and reliability have expanded

the practical usefulness of laser devices. The extremely diverse
applications include, for example, cutting and welding,

retinal attachments, measurement of current in EHV power
lines, and obstuacle avoidance for the blind

R. D. Haun, Jr.

When lasers were new many people seemed to expect
that this exciting development would rapidly rev-
olutionize civilization. More than seven years have
now passed since the advent of the first laser and the
world has changed only slightly. As a result, it has
been said that the laser is a solution in search of a
problem. It is the purpose of this article to show
that, in spite of comments to the contrary, there are
some problems for which lasers are a solution. It is
appropriate to do this now because the state of the
art has reached the point at which useful energy and
power outputs can be achieved with sufficiently high
efficiency and reliability to make some applications
practical. The emphasis here is on industrial and
medical applications, as opposed to the many present
and potential military applications. Despite the prog-
ress made during the past few years, much more re-
search and development will be required before the
full potential of lasers is realized.

Prior to the introduction of the laser the only available
sources of light were essentially isotropic radiators. One
of the consequences was that the temperature that could
be produced by using lenses or mirrors to focus the light
emitted from the source was limited by the temperature
of the light source itself. Consequently, attempts to use
light for such applications as welding and cutting had
only limited success because the requirement for high
source temperature resulted in short source life and high
enough temperatures could not be attained to cut or weld
some materials.

The laser circumvents this limitation by generating light
throughout a large volume in a unigue way that allows
the light to be focused on a small spot to produce tem-
peratures exceeding the temperature of the laser itself by
many orders of magnitude. For example. the outputs of
some lasers have been measured to be greater than 107
watts with a pulse duration of about 10 ns.! Using a lens
to focus this on a spot 10 um in diameter produces a
power density of 10" W/cm®. In comparison, at the sun’s
surface the radiated power is only about 107 W/cm?2,

Although at least one application (the use of lasers to
iry to start thermonuclear reactions) requires power

Westinghouse Research Laboratories

densities this high, most laser applications are much
more modest in their requirements. Laser output power
levels of a kilowatt are easily achieved for times longer
than a millisecond.

Applications that take advantage of the high degree of
collimation of laser output light include optical align-
ment, hole punching, spot welding, continuous cutting,
and retina reattachment, as well as such military applica-
tions as optical radar and laser range finders. Only
the more promising nonmilitary applications will be
treated in this article.

Another limitation of light sources prior to the advent
of the laser was the difficulty of obtaining high power in
a narrow range of wavelengths., Although monochroma-
tors could be used to filter incoherent light down to a
very narrow spectrum, this filtering was achieved at the
expense of intensity. However, the output of the laser is
not only directive but extremely monochromatic as well.
In fact, some laser output spectra are so narrow that the
range of wavelengths cannot be measured with a mono-
chromator. Instead, techniques analogous to RF hetero-
dyne detection must be used. With these techniques it has
been determined that the bandwidth of some lasers is
less than one part in 10'° of the frequency of the laser
radiation.?

Applications that employ the monochromaticity of
laser outputs include holography, optical information
processing, interferometric measurement and alignment,
optical inspection, laser gyroscopes, and Doppler mea-
surements of fluid-flow velocity.

How does the laser work?

Interaction of radiation with matter. Since there are
many excellent descriptions of laser physics, only a sum-
mary will be given here. The reader is urged to consult
one of the cited references to obtain a more detailed
picture,

Those working with lasers usually define “light” as
electromagnetic radiation having a wavelength between
300 um and 0.01 um. Electromagnetic radiation car
interact with matter in three ways: (1) absorption, (2)
spontaneous emission, and (3) stimulated emission.
Radiation is absorbed or emitted in discrete quantities
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called “quanta,” which can be absorbed or emitted only
if their energy is equal to the difference in energy between
two allowed energy levels in the atoms, ions, or molecules
making up the material with which they interact. If this
difference in energy is E, then the frequency » of the
electromagnetic radiation must be » E/h, where h
Planck’s constant = 6.62 X 1073 W.s2 Quanta are
absorbed when the energy of the atom (or ion or mole-
cule) increases and they are emitted when the energy of
the atom decreases. If the emission occurs in the absence
of any quanta it is called “spontaneous” emission.
Spontaneous emission is roughly isotropic: that is,
quanta are emitted in all directions. If the emission is in-
duced by the presence of quanta at the frequency v =
EJh, it is called “stimulated” emission. Stimulated emis-
sion tends to be emitted in the same direction as the stimu-
lating quanta.

Figure 1 is a schematic representation of three inter-
actions between matter and radiation. It shows a hypo-
thetical material containing four atoms, each represented
by a solid circle. Each transition that results in absorp-
tion or emission of a quantum of energy Av is indicated
by a dotted arrow. Two energy states are shown, with

FIGURE 1. Three different types of interaction of radiation
with matter. A—Absorption. B—Spontaneous emission.
C—Stimulated emission.
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the higher energy state represented by the upper hori-
zontal line.

The process of stimulated emission is the exact inverse
of the process of absorption. To a first approximation,
the probability for absorption of each quantum by each
atom in the lower energy state is equal to the probability
of stimulated emission from each atom in the upper state
when induced by each quantum. Consequently, whether
stimulated emission or absorption will predominate de-
pends on whether more of the atoms are in the upper or
the lower state, respectively. If more of the atoms in a
material are in the upper state than in the lower one,
stimulated emission will predominate and on the average
each quantum of energy /v will be amplified by inducing
the stimulated emission of other quanta as it moves
through the medium.

Most lasers are used as oscillators rather than ampli-
fiers. In a laser oscillator the quanta that are spon-
taneously emitted by some of the atoms decaying from
excited states are amplified by inducing stimulated emis-
sion from other atoms in the laser.

To make the output of a laser oscillator directive, the
shape of the amplifying medium is chosen so that the
amplification will be greater in one direction than it is in
another. This can be done simply by making the laser
longer in one dimension than it is in the other two.

FIGURE 2. Amplification of light waves by the process of

stimulated emission.
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Laser

W = energy output from laser
r = laser pulse duration

0 = beam divergence

f = focal length of lens

P/A = power density at surface
of workpiece

Since there are practical limitations on the length of a
laser, use is frequently made of partially reflecting mirrors
on the ends of the laser to increase the amplification of
quanta emitted along the length of the structure; see Fig.
2. If the reflectivity of the reflector at one end is 100 per-
cent, and of the one on the other end is R, then on the
average each quantum will have to hit the R reflector
approximately 1/(1 — R) times before it will escape from
the laser. Consequently, the effective length of a laser of
actual length L is roughly 2L/(1 — R).

Production of amplifying states. Under normal con-
ditions the number of atoms in each higher energy state
is lower than the number in each of the lower energy
states. Consequently, materials normally absorb radia-
tion rather than amplity it.

There are several diiferent general types of lasers.
These ditfer from one another in the method used to
establish or maintain an amplifying state in the laser
material. In general, in each of these schemes the
atoms in the laser medium are excited by some process
that selectively excites a higher-lying energy state more
rapidly than it does a lower state. If the rate of excitation
is higher than the rate of spontaneous or stimulated
emission to the lower state, it may be possible to achieve
a condition wherein the population of the higher state
will exceed that of the lower state, and laser oscillations
will occur.

Optically pumped lasers
Optical pumping. Many laser materials can be excited
by illuminating them with sufticiently intense light from

FIGURE 3. Laser oscillations in a fluorescent system.

FIGURE 4. Focusing-laser output.
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an incoherent light source. Examples are ruby (AlLOs;
containing small amounts of triply ionized chromium
ions), glass containing Nd** jons, Y3;Al:01:Nd (nick-
named “YAG”), Y,.:Er ;Al;O1:Ho, Tm, Yb (nick-
named *“‘alphabet YAG”), and Cay(PO,);:Nd (nicknamed
“FAP”). Although the first laser (ruby) required a very-
high-power pulsed flash lamp to achieve laser oscillations,
more recent materials (such as YAG and FAP) can
oscillate continuously using a tungsten filament as the
pump.

I.ong-pulse optically pumped lasers. All of the materials
mentioned in the preceding paragraph can be pumped
by means of pulsed flash lamps. As a specific example,
the Nd-doped glass laser will be described in some detail.

If the rare-earth element neodymium is added to optical
glass, each trivalent neodymium ion has the energy level
scheme shown in Fig. 3. The two levels C and D have
an energy difference that corresponds to gquanta having a
wavelength of 1.06 um. Atoms in states B and D decay
rapidly to states C and A, respectively, by giving up their
energy in the form of heat into the glass. The energy dif-
ference between A and B corresponds to quanta having
several broad bands of wavelengths near 0.58, 0.74, and
0.81 um. A high-energy-pulsed flash lamp emits suf-
ficiently intense radiation at these wavelengths that
transitions from A to B can be excited much more rapidly
than the ions spontaneously decay from C to D. Since
the ions excited to state B by the light from the flash
lamp decay to state C rather than back to state A, then
although the glass is illuminated by the flash lamp a
population excess can be built up in state C relative to
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state D, and laser oscillations can be achieved at a 106-um
wavelength.

In a flash-lamp-excited neodymium-glass laser, the
iaser material might typically be in the form of a 30-cm-
long, 1.3-cm-diameter glass rod of high optical quality
containing about 4 percent neodymium. The flash {amp
is excited by dumping an electric charge of up to 10 000
W-s from a capacitor bank through it in a few milli-
seconds. The dissipation of this power in the gas-filled
tube causes it to become incandescent. A large fraction of
light emitted by the lamp impinges on the laser rod, which
absorbs those portions of lamp radiation that overlap the
absorption bands of the neodymium ion. The capacitor
bank is recharged from a dc power supply during the
time between pulses. The laser output pulse is nearly as
long as the pulse of electric current that heats the lamp.

As the input energy (per pulse) to the lamp is increased
from zero, the population of state C in Fig. 3 increases.
As long as the rate of pumping by the flash lamp is too
low to give population inversion, the isotropic spon-
taneous emission (fluorescence) at 1.06 um increases.
However, when the rate of pumping becomes large
enough to maintain a population inversion, the material
becomes amplifying and laser oscillations begin. Above
the threshold energy input that just produces oscillations,
the laser output increases roughly linearly with the input
energy.

Pulsed-luser lhole puncliing. If the output of a laser is
focused by a lens of focal length / the diameter d of the
spot produced will be given roughly by ¢ = f8, where 8
is the angular spread of the output of the laser. The power
density P/A at the focal spot is therefore given by

P aw

A 0%

where W is the output energy of the laser and ¢ is the time
duration of the output pulse.

For the neodymium-glass laser described in the preced-
ing section the angular spread of the output is about 5
mrad, where the output is 60 joules and the pulse duration
is 2.5 ms. Using a 7.0-cm lens having a 7.0-cm focal length
to concentrate this output pulse gives a power density of
2.5 X 10" W/cm*at the lens focus. Using the setup shown
in Fig. 4, holes 0.4 mm in diameter were punched through
5.3-mm-thick cast iron using a single pulse from the laser
to produce each hole.

Although pulsed lasers built to date for industrial
application more typically provide 10 rather than 50
joules, experience with the smaller industrial units and
with laboratory units with outputs up to 200 joules per
pulse indicates that it should be reasonable to expect at
least 100000 shots between maintenance at a pulse
repetition rate of about two pulses per minute at the 60-
joule output level. The item that needs to be replaced
after this number of shots is the flash lamp, which typically
costs less than S100. Lasers operating at 10 joules per
pulse are currently capable of pulse repetition rates in
excess of one pulse per 5 seconds. Holes with smaller
depth can be produced using lasers with lower energy
output per pulse. Using a microscope instead of a simple
lens makes it possible to produce very small holes, ranging
down to 10 um in diameter.

The use of the laser to make diamond dies has been
extensively investigated by the Western Electric Com-
pany.® For miniaturized circuitry it is desirable to have
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wire as smali as 42 AWG (about 0.1 mm in diameter).
The most practical method for drawing such smail wire
diameters is to use diamond dies. Conventional methods
for making these dies utiiize mechanical grinding tech-
niques, which typically require 24 hours to pierce a 20-
point die stone. However, if multiple shots from a 10-
joule-output pulsed ruby laser are used, the time required
to pierce the same size stone is less than 10 minutes. The
laser can also be used to resize holes in dies that have
become worn. Even though the initial cost of the laser
die-drilling equipment is more than that of the mechanical
grinding equipment, the reductions in time and mainte-
nance required result in a major cost reduction in the
manufacture of diamond dies.

To date very little systematic study has been made to
determine how the properties of the holes produced vary
with the physical and chemical properties of the material
irradiated with the laser. The holes produced in some
materials, such as cast iron, have quite large depth-to-
diameter ratios, whereas those produced in some other
materials have much smaller ratios. The roundness and
uniformity of the holes also vary with the material. It is
believed that deep holes may be the result of the recoil
momentum produced by the vaporization of the material
at the surface of the material illuminated by the laser
radiation. This may produce some sort of shock wave,
which propagates through the material in a very direc-
tional manner to punch out the hole. Some explanation
rather than simple heating of the removed material is
required for three reasons: (1) To vaporize completely the
amount of material removed by the laser in punching the
desired hole would require much more energy than was
contained in the single pulse. (2) The time required for
heat to be transmitted through the entire thickness of the
irradiated material is much longer than the short pulse
duration. (3) The heat would tend to diffuse uniformly in
all directions from the irradiated spot rather than being
confined to the uniform-diameter cylinder which is
punched out.

The advantages of using the pulsed laser for hole
punching are as follows:

1. Because there is no physical contact between the
punching tool and the material, such problems as drill
breakage and wear are eliminated. Use of the laser process
also may ease the problems of jigging and fixturing and
make it easier to transport the article to be drilled into and
out of the work station.

2. The time duration of the laser drilling process can
be so short that the article to be drilled can be moving
while the hole is drilled.

3. Thermal damage of adjacent regions can be mini-
mized, because the time duration of the hole-punching
process is too short for thermal conduction to occur.

4. The optical system that is used to locate the position
of the hole to be produced and to magnify its image can
also be used to focus the laser radiation.

5. Very-small-diameter holes can be drilled because the
laser radiition can be focused onto a very small spot.

Pulsed-laser spot welding. If the power of the laser is
reduced, if a lens with a long focal length is used, or if the
material to be irradiated is placed some distance away
from the focal spot of the lens, the power density at the
focal spot may be high enough to weld the material but
too low to produce vaporization. Under these conditions
the laser can be used to produce spot welds.
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FIGURE 5. Lap welds made by use of a 200-joule laser.
A—Spherical lens. B—Spherical-cylindrical combination.

FIGURE 6. Gold wire, 0.076 mm in diameter, laser-welded
to 200-A-thick gold.

Figure 5 shows lap welds between two pieces of 0.76-
mm-thick 304 stainless steel using a 200-joule 5-ms-dura-
tion pulse from the neodymium glass laser described
earlier. The top portion of the figure shows a weld pro-
duced using spherical lens with a focal length of 25 ¢m to
focus the laser output onto the junction of the two pieces
of metal, which was located 23 ¢m from the lens. The weld
shown in the lower portion of the figure was produced
under identical circumstances except that a cylindrical
lens with an 18-¢m focal length was used in addition to the
spherical lens. The cylindrical lens defocuses the beam in

one direction so that it is spread out along the junction io
be welded. The mechanical strength of these welds has
been experimentally determined to be comparable with
that obtained with other more conventional welding
techniques. It was not necessary to use fill metal in making
these welds.

In one application, repeated shots from a 40-joule 5-ms-
duration neodymium-—glass laser were focused using a
cylindrical lens to produce a vacuum-tight seal around a
small rectangular relay can. Approximately 12 shots were
required to seal the 3.8-cm-long perimeter seam of the can.

In another application, several faulty electron tubes
were repaired by welding 0.76-mm-diameter Kovar wires
to 0.25-cm-thick steel tabs through the glass vacuum
envelope.

In the manufacture of miniaturized electronic com-
ponents, microscopes are routinely used to position com-
ponents to be welded together. By making minor mod-
ifications it is possible to use the microscope to focus the
output of a laser to do the welding. Figure 6 shows 0.076-
mm-diameter gold wires laser-welded to gold film circuits,
200 A thick, deposited on a silicon substrate with a 1.5-
joule laser output.

In order to produce good welds it is necessary to use
long pulse durations. For most metals 5 ms is sutticient to
allow the heat being generated by surface absorption of
the laser radiation to be conducted deep enough to give a
useful volume of molten material. In comparing laser
welding with electron-beam welding there is sometimes a
misconception that the electron beam penetrates much
further into the irradiated material than does the laser
radiation. Actually, absorption depths for both electron
beams and laser radiation are usually negligible as com-
pared with the thickness of welds produced. Perhaps the
misconception has arisen because electron beams are
known to produce welds that can be as deep as 15 cm, but
lasers have not yet done so. However, the deep penetration
of the weld must result from some mechanism other than
direct penetration of the electrons through the metal.
Perhaps the mechanism for deep electron-beam welds is
the same as the mechanism that produces the deep holes
when the pulsed 1.06-um laser is used for hole punching
in metals and when the 10.6-um laser is used to cut
plastics. More systematic studies of pulsed laser welding
with long pulse durations need to be performed to deter-
mine whether conditions exist that would yield deep
penetration for laser welds.

The pulsed lasers used for spot welding are essentially
the saume as those used for hole punching, described
earlier, except that for welding pulse-forming networks are
added to the energy-storage capacitor-bank portion of
the power supply to increase the pulse duration and
flatten the power output pulse.

The use of pulsed lasers for spot welding has several
advantages:

1. The fact that there is no physical contact between the
welding tool and the work piece eliminates the need for
periodic maintenance, such as dressing of electrodes.
Therefore. as in the case of laser hole punching, it may
simplify transporting the article to be welded into and out
of the work station, as well as jigging and fixturing.

2. Welding can be done in air, vacuum, or a controlled
atmosphere. The laser beam can enter the enclosure
through a transparent window.

3. The same optical system can be used for focusing the
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laser radiation as for magnifying and locating the position
of the spot to be welded.

4. Very small welds can be made.

5. Welds can be produced in regions that are not
readily accessible to conventional welding equipment.

Medical applications of long-pulse lasers. The laser
provides a valuable supplement to other techniques used
for repairing detached retinas and for other surgical
operations in human eyes.” In the repair of a retina that
has fallen away from the eyeball, it is desirable to cause
scar tissue to form at several points along the torn retina
so that the retina will re-establish close enough contact
with the choroid to receive nutrients from it. By the use of
an intense light beam directed into the eye through the
lens, a small region on the retina can be burned; scar
tissue will then form to repair some types of tears and
detachments, For several years incoherent short-arc
lamps have been used in conjuction with mechanical
shutters for this application, However, the radiance
available with the short arc is not high enough to allow
the irradiation time to be short in comparison with
times of spasmodic motion of the eye and the burned area
is consequently larger than is necessary. Pulsed glass and
ruby lasers have high enough radiance that the irradiation
time can be much shorter, and thus the scar area is
minimized. No anesthetic is required for this treatment
and negligible pain is sensed during or after irradiation.

The use of lasers in cancer research is being studied
widely 219 In some experiments irradiation of small spots
on large, malignant tumors in hamsters and mice has been
followed by apparent disappearance of the tumor, but
much more work needs to be done to determine the role
of lasers in aiding or hindering tumor growth. The
phenomenon that occurs during laser irradiation is
probably primarily localized intense heating due to
absorption of the laser radiation: this heating may result
in the formation of chemical agents that impede the
growth of the tumor,

Q-switched lasers. Lasers can be operated in a mode,
called ““Q switching,” in which energy can be stored in the
laser rod prior to being released in a very short high-power
pulse. Typical pulse durations are 10 “® second or less, and
peak powers from 105 to 1010 watts can be achieved. The
energy storage is accomplished by inserting a variable
absorber between one end of the laser rod and one of the
laser end reflectors. During the first part of the pump
pulse this absorber is kept in a highly absorbing state so
that little amplification occurs along the length of the
laser and a larger population excess builds up in the upper
level than if the laser were oscillating. Near the end of
the pump pulse the variable absorption is reduced to a
small value so that the laser output light can be strongly
amplitied as it bounces back and forth between the mir-
rors. Q-switched lasers are useful both because of the
very high attainable powers and because of the very short
pulse lengths.

Clear-air turbulence detection. When a radar employing
a laser is directed into the atmosphere on a perfectly clear
day a return signal is sometimes detected.'! These laser
radar echoes are caused by discontinuities, inhomogenei-
ties, and turbulence in the aimosphere. Experiments
attempting to use airborne laser radar systems to detect
clear-air turbulence have been inconclusive. These experi-
ments have used laser radars fixed on the airplane, and
thus it is difficult to assure that the airplane will fly
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through the small region of turbulence that may be
detected by the laser. The use of scanned laser sources
might lead to more conclusive results in these experiments
and might be useful as a imeans for avoiding ihese small
regions of danger.

Plasma irigger. To achieve self-sustaining thermonu-
clear reactions for power generation it is necessary (0
achieve plasma temperatures greater than 5 X 10%°K and
density greater than 101 cm™* while also confining the
plasma.'? Basov and Krokhin'® have suggested that it
may be possible to achieve these conditions by focusing
the output of a Q-switched laser having a 100-joule 10-ns
pulse deviation on a small pellet of material. Experiments
are currently under way at several laboratories using
lower power and energy levels to explore the mechanism
of laser plasma heating. '

Ambartsumyan er al.'> have recently demonstrated ruby
laser output pulses with a peak power of about 5 X 10°
watts (10 joules of energy in a pulse of less than a 2-ns
duration). The French Compagnie Général d’Electricité!®
manufactures and sells a unit that provides 1.5 X 10°watts
(45 joules of energy in a pulse of less than a 30-ns dura-
tion).

Continuous optically pumped lasers. Although gas-
discharge lasers (discussed in the following section),
particularly carbon dioxide, currently provide the highest
efficiency for conversion of electrical input to continuous
laser output, optically pumped solid-state lasers are
capable of competitive efficiencies and are much more
compact than those using gas.

Overall efficiency in excess of 5 percent has been
achieved in **alphabet YAG™ using a tungsten filament as
the pump.!” This material is YAG (Y3Al;0.:) multiply
doped with trivalent rare-earth ions Ho, Er, Tm, and Yb.
The output is at 2.1 um. More than 15 watts of output
have been obtained for 300 watts into the lamp. This laser
has two major drawbacks: It requires cooling to liquid
nitrogen temperatures, and the output wavelength isin an
inconvenient region for some types of optical detectors.
An additional problem is that difticulty in growing large
rods of multiply doped YAG may limit power levels that
can be attained with this material. The high efficiency of
“alphabet YAG™ is obtained because the Er, Tm, and Yb
ions absorb energy at many difterent wavelengths in the
near infrared and transfer this energy etliciently to the Ho
ions. This results in much more efticient utilization of the
broad-spectrum tungsten emission than would be ob-
tained if only one rare-earth element were used.

Another way to achieve high efliciency in continuous
optically pumped lasers is to shape the emission spectrum
of the pump source to provide a high degree of overlap
with the absorption spectrum of the laser material. For
example, if sodium is added to a mercury-vapor discharge
the emission is concentrated into a few narrow lines near
5890 A, which can be made to match several absorption
lines of Nd in YAG. Recent experiments have shown that
it is feasible to make YAG :Nd lasers with continuous
output powers of 20-30 watts at 1.06 um using a 1-kW
spectral additive lamp as the pump. '

Output powers as high as 27 watts have already been
obtained at 1.06 um by pumping a 3.0-cm-long 0.5-cm-
diameter YAG :Nd rod with 1700 watts into a tungsten
filament, '

Mode locking. Perhaps one of the most interesting
laboratory applications for optically pumped lasers is
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mode locking. To achieve mode locking, a modulator is
inserted inside the laser resonator, and the resonant
frequency of the resonator is thereby modulated at a
frequency corresponding to the difference between two
of the Fabry--Perot resonator modes. When this is done,
several of the resonator modes oscillate at once in such a
way that the Fourier spectrum of the resultant corre-
sponds to a series of pulses repeated at a frequency equal
to the spacing between Fabry-Perot modes (typically a
few hundred kilohertz). The remarkable characteristic of
these pulses is that the duration of each one may be as
short as 4 X 107!2 second.'® Since the time duration of
each pulse is inversely proportional to the frequency
spread of the emitted energy, and since the laser emission
line is the source of the energy, the shortest pulses are
attained by using materials that have broad laser-emission
transitions. Inasmuch as the optically pumped solid-state
materials have broader emission lines than do gas lasers,
they are more attractive for this application. Specific
practical applications for this extremely short-pulse
capability have not yet been developed.

High-power continuous carbon dioxide gas lasers. In a
mixture of carbon dioxide and nitrogen gas each of the
molecules has the energy scheme shown in Fig. 7. By
placing a mixture of carbon dioxide, nitrogen, and
helium gases in a structure such as that shown in Fig. 8
one can achieve laser oscillations at a 10.6-um wavelength
by simply running direct or alternating current through
the discharge. The population inversion between the 001
level and the 100 level is maintained by the following
processes:

1. Nitrogen molecules are excited by collisions with
electrons in the gas discharge from the v = 0 level to the
v = 1level.

2. When excited nitrogen molecules collide with CO,
molecules in the ground state 000 they transfer their
excitation energy to the CO. molecules, leaving the CO,
molecule in the 001 state and the N, molecule in thev = 0
state after the collision.

These two processes occur rapidly enough to maintain
higher population in the upper CO; level than in the next
lower one. If the exciting current is continuous, then
continuous laser oscillations are achieved at 10.6 um
(corresponding to 960.99 waves per centimeter).

This laser is very efficient and the power output is high.
Continuous power output in excess of 1 kW has been
reported with an efficiency for conversion of electric input
power to laser output power greater than 10 percent.***!
Operation for hundreds of hours without maintenance is
attained at power output levels of 150 watts and below.
If resonator techniques can be improved to withstand
operation at higher powers there seems to be no funda-
mental limit on the power that could be attained with a
carbon dioxide laser.

The maximum output power of a carbon dioxide laser
is directly proportional to its length and has very little
dependence on the diameter.?! Diameters vary from 2.5 to
10 cm. For 150 watts output the laser tube is about 1.8
meters long. For a kilowatt output the laser must be
15 meters long. Techniques are being developed to fold
the carbon dioxide laser tube into more convenient
geometries.

Cutting and slitting using continuous lasers. The output
of the carbon dioxide laser can be focused by using curved
mirrors having a thin gold reflective coating or by using
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lenses of an infrared transmitting material such as ger-
manium. The earth’s atmosphere has extremely low ab-
sorption at 10.6 um.

Thc carbon dioxide lascr appears to be more useful for
cutting and welding organic materials and inorganic
insulators than for metals. This is because most metals
have very high reflectivity at 10.6 um so that the use of
focused CO. laser output to heat the metal is very in-
efficient. It may be possible to cut metals by using the laser
radiation as a sort of catalyst to accelerate chemical
etching processes.

Deep cuts have been successfully produced in such
materials as wood and lucite without charring of the
edges. The carbon dioxide laser has also been used in
cutting ceramics.

Further research needs to be carried out to determine
whether the depth of the cut produced by the laser in-
creases in proportion to the output power.

Thin-sheet materials such as plastic and paper can also
be cut by the carbon dioxide laser. Figure 9 shows a piece
of 0.25-mm-thick paper, which was cut with a 70-watt
laser by moving it at a rate of about 15 cmv/s past the focus
of a mirror having a focal length of 18 ¢cm. Even though
60-Hz current rather than filtered direct current was used
for the excitation. the edges of the slit are smooth and
little charring is present. Because the heat input from the
laser is extremely tocalized and rapid. very little conduc-
tion to the adjacent material takes place and the forma-
tion of a bead is minimized when plastic sheet is cut.

1t seems reasonable to expect that for thin samples such
as these the rate of slitting would increase linearly with
laser output power. Thus a 1-kW laser might be expected
to cut 0.25-mm-thick paper at a rate of 216 cm/s. The use
of filtered dc for the driving current would be expected to
give a smooth edge (o the cut.

Much work remains to be done to determine the kinds
of materials and cutting operations that can be etfectively
handled with the CO. laser.

The advantages of using the continuous carbon dioxide
laser for cutting are:

1. As in the case of pulsed-laser hole punching there is
no contact between the cutting tool and the workpiece,
so that tool wear is eliminated and jigging, fixturing, and
material transport are simplified.

2. By the use of mechanical or electronically controlied
techniques to move the mirrors, the output of the laser
can be deflected rapidly. Thus it is possible, for example,
to cut sheet plastic to length without having to stop its
motion for the cutting operation.

3. Rapid cutting rates can be obtained.

4. Bead formation at the edges of cuts in thermoplastic
materials is minimized.

5. The depth of the cut produced can be varied rapidly
by changing the output of the laser.

Welding asing continuous fusers. To date, very little has
been done to investigate the possibility of using the output
of the carbon dioxide laser to weld thermoplastic ma-
terials. Very limited work on lucite has shown that welds
can be produced: however, the strength of the welds and
possible advantages over other techniques have not yet
been determined.

Low-power continuous helium—neon gas lascrs. Neon
gas can be excited by collisions with helium in very much
the same way as carbon dioxide is excited by collisions
with nitrogen molecules. The energy levels for helium
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and neon are shown in Fig. 10. The helium atoms in a
tube fitled with helium and neon gas are excited by
collisions with electrons and transfer their excitation to
the neon atoms fast enough to result 1 a population
excess in the 3s and 2s levels relative to the 3p and 2p
levels. By choosing the wavelength dependence of the
reflectivity of the imirrors, continuous oscillations can be
obtained at any one of several wavelengths.22 The most
useful ones are 0.63 and 1.15 um. A helium -neon laser
can be excited as shown in Fig. 11, Light with a wave-
length of 0.63 um is detectable by the eye. Commercially
availuble T-mW 0.63-um helium neon dc-excited lasers
have a size of about 30 by 20 by 13 cm and weigh less
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FIGURE 10. Helium-neon energy levels.

FIGURE 11. Helium-neon dc-excited gas lasers.
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FIGURE 12. Laser measurement of fluid-flow velocity.

than 16 kg. Operation for several months without main-
tenance is not unusual.

The helium-—neon laser is useful not only because of its
monochromaticity but also because of the high directivity
of its output. The beam divergence of a 1-mW visible
helium-neon laser is typically 10 mrad. Other slightly
larger and more sophisticated helium-neon lasers have
beam divergences as small as 1 mrad. Using a collimating
telescope in conjuction with a 1-mrad laser can yield a
beam spread as small as 2 X 107 rad. In other words, a
beam 5 ¢m in diameter will spread only by 0.5 cm in
300 meters. One application for this high directivity
involves the use of the laser beam as a reference line for
such operations as tunnel drilling.

Because of its high monochromaticity the helium-neon
laser can be empioyed to produce interference between
light reflected by surfaces that are separated by relatively
large distances. This capability suggests such applications
as interferometric control of machine tools.

Doppler-shift applications. One of the more novel
applications of the helium--neon laser utilizes the Doppler
frequency shift, which results from the scattering of light
by moving objects.?® For measurements of fluid-flow
velocity, as shown in Fig. 12, the output of a laser at
frequency f is directed through the transparent fluid.
Laser radiation that is scattered by particles or inhomo-
geneities in the fluid will have its frequency shifted to a
new value f;, which differs from that of the unscattered
radiation by an amount proportional to the velocity ¢ of
the scatterer. The scattered and unscattered radiation are
caused to impinge simultaneously on a photoelectric
emitter. Since the number of electrons N, emitted per
unit time is proportional to the intensity (that is, power per
unit area) of the total optical radiation, N, is also pro-
portional to the square of the electric field of the optical
electromagnetic field. Consequently, a photoelectric
surface can be used as a nonlinear element to mix wo
optical signals having dittferent frequencies. The electron

current generated this way will contain a frequency com-
ponent corresponding to the difference between the two
frequencies of the optical signals. The difference frequency
electron current can be amplified and its frequency mea-
sured by conventional electronic techniques. In the laser
velocimeter the measured difference frequency is just the
Doppler shift, which in turn is directly proportional to
the velocity of the fluid. For a velocity of 5 cm/s the
frequency shift is about 20 kHz. Shifts of this order of
magnitude are easily detected. The laser velocimeter has
also been used to measure the velocity of solid sheet
material, such as paper and aluminum. 24

Current measuremeni. Engineers at Tokyo Electric
Power and Tokyo University in Japan have recently
described the use of a gas laser to measure the current in
500-kV transmission lines.2**¢ The current is determined
by measuring the amount of rotation of the plane of
polarization of a beam of light as shown in Fig. 13. The
light beam in their apparatus is the output of a helium-
neon laser located at ground potential. Since apparatus
used to measure the rotation of the polarization is also
at ground potential, the only parts of the system that are
close to the high-voltage wire are two mirrors and a piece
of flint glass. This device has been tested with 10000-
ampere 1.5-MV impulse current, and the response time
can be as short as a few microseconds. The device can
measure currents between 30 and 30000 amperes. The
Japanese say that this unit “is compact and costs less”
than the conventional types of current transformer used
to monitor EHV power transmission lines.

Holography. The monochromaticity and high intensity
of laser radiation make possible a new form of three-
dimensional imaging, called holography.*” A hologram is
made by illuminating an object and a reference mirror
simultaneously with the light from a laser. A photo-
graphic film is used to record the interference pattern
between light reflected from the object and the mirror.
After the film is developed, one can view the hologram by
looking toward a monochromatic light source (not
necessarily a laser) through it. The image one views is a
monochromatic reconstruction of the original object,
which appears to be located at the same place with respect
to the hologram as was the original object. In addition to
their obvious potential as advertising displays, holograms
may also be useful for three-dimensional computer out-
puts, training devices that use three-dimensional replicas
of actual objects, masks for exposing photoresists in the
manufacture of microcircuits, and measurements of
small surface strains in machine parts. A hetium-neon gas
laser with an output at 6328 A is commonly used for these
applications. For applications requiring shorter exposure
times, however, the argon gas laser is used instead since it
is capable of several watts of output at a wavelength
(about 5000 A) that is more effective in exposing film than
is the helium--neon output.

Inspection applications. The monochromaticity and high
intensity of laser radiation also make practical optical
inspection techniques that were only conceptually possible
with conventional light sources. One example is the use of
a helium-neon laser to inspect the pitch of a cylindrical
spring while it is being wound.*® Hluminating a spring
with the laser radiation produces a diffraction pattern
consisting of a number of parallel lines, the spacing
between which is inversely proportional to the pitch of
the helix. By cutting holes in a mask at the positions of the
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diffraction maxima corresponding to the desired pitch,
one can automatically monitor the pitch; by using more
holes to indicate when the pitch has become too tight or
too loose, one can servo the winding machine to maintain
the desired value.

Laser gyroscopes. If a laser is used in a closed optical
resonator the rate of rotation of the resonator platform
can be measured without the need for reference to any
external object.?® Prototype gyroscopes have already been
demonstrated using this principle (Fig. 14).

Communications on laser heams. Because optical radia-
tion has a frequency of more then 10! Hz the available
information bandwidth is very large in comparison with,
for instance, microwave systems, which have carrier
frequencies of about 10'® Hz. This frequency range
provides the attractive possibility of transmitting many
more messages over a single carrier network, but its
practical realization will depend on the development of
many new techniques for modulating. guiding, amplify-
ing. and detecting light. %0

Air-pollution measurement. The use of lasers (o detect
small amounts of contaminants in the atmosphere has
been proposed. !

Obstacle avoidance for the blind. Instruments employing
small pulsed injection lasers (using a principle of excita-
tion not discussed in the preceding portion of this article)
are being developed to warn blind people of obstacles a
few steps in front of them.*? These devices measure
distance by triangulation of the reflected beam relative
to the transmitted beam. The laser has the advantage of
high directivity in a small device so that very small
changes in height (such as curbs) can be detected.

Other types of lasers

Since there are many different types of lasers, choice for
inclusion in this article was made on the basis of relevance
to current nonmilitary applications and on the likelihood
of availability of equipment for use in these applications.
There are more than 50 ditferent laser materials and many
of them are capable of operating at any one of several
output wavelengths.”? In addition to the methods of
excitation described in this article, laser action has been
produced by the current flowing through a semiconductor
junction and by exciting a semiconductor with an electron
beam. Laser action has also been achieved during the
chemical combination of two gases.

Conclusion

This article is intended to generate curiosity rather
than satisfy it. It is the author’s hope that the article will
provide a general understanding of what the laser is and
what the properties of its output are. It is also hoped that
the brief descriptions of these applications will suggest
other potential uses for lasers. Those who wish to learn
more about how lasers work, and their characteristics, are
urged to consult one of the many excellent review
articles or books. =% The feasibility of using lasers for
some specific application is most easily determined by
consulting those engaged in laser research, and questions
of this type are generally welcomed by them.
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The day Albert Jones conceived a new IR test technique

Technically, it was the day after he and
Frank Porter, AGE major domo, agreed
there was a problem. No combination of
available components could field-test the
aircraft IR sensor practically. “Well,” said
Al, “looks like we start from scratch.’
Which understated the problem, since
they'd only 6 months to develop a work-
ing prototype. Al left Frank with a "Don't
worry™. But he'd already started worrying.

At home, Al popped the family off to
bed after an evening’'s TV ...and pon-
dered. Everything seemed to hinge on the
weight. Even latheways cast in magnes-
ium or aluminum clocked in at 1500 Ibs.:
available sensor-holding units hit the
scales at 300+. What was needed would
have to weigh far less. So, he gave it
considerable thought.

With considerable success. Resulting
in the basic parameters for a portable,
air-transportable, autocoliimated, lab
quality optical bench. Capable of ultra-
narrowband spectral analysis; sensitivity
checkout; testing resolution and total

field of view, with micrometer sensor

positioning and a built-in substitute cryo-
source. Total weight: 300 Ibs!

Funny thing about Al. He doesn’t con-
sider what he did especially unusual. It's
typical of the all-of-a-sudden problems
that crop up in developing multi-function
AGE systems whose frequencies run from
DC to light. And, he's gotten used to
pioneering ideas like automated test
equipment using a time-shared central
computer. He likes it. All of it.

If there are any more of you out there
like Al, why not investigate what our AGE
laboratory can offer you. Even if you'd
prefer to pit your intellect against a pro-
vocative study or development program
in another advanced area, we'd like to
hear from you: we’ll tell you about ongo-
ing programs in our radio communica-
tions, navigation aids, data equipment,
countermeasures and tracking systems
labs.

Direct your resume, in confidence, to
Mr. J. P. O'Reilly, Dept. 171.

GENERAL DYNAMICS

Electroiics Division

1400 N. Goodman Street, Rochester, New York 14601

We are an equal opportunity employer in deed,
not only an equal opportunity employer in words.
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: Seannmg the issues

Collision Avoidance Systems. For
more than a decade, airlines have been
aiming at developing a system that will
enable aircraft to avoid what seems
about to happen in this picture.

In fact, although the scheduled airlines
established the goal of providing a col-
lision avoidance system (CAS) in 1955,
it was not until a disastrous midair
collision that occurred over the Grand
Canyon in 1956 that real concern was
manifested in a flood of ideas submitted
to the airlines industry organization, the
Air Transport Association (ATA). An
earlier request by the ATA for proposals
from engineers, inventors, and manufac-
turers for collision avoidance systems
had brought no response. The log of
these events from 1955 up to the present
appears in “Airborne Collision Avoid-
ance System Development-—Introduc-
tion,” by F. C. White, which forms the
introduction to a complete set of nine
papers on aspects of a CAS system.
These interesting papers, which reveal
the intense investigations that have been
going on and which affect a vital interest
of all those who fly, appear in the current
issue of the IEEE TRANSACTIONS ON
AEROSPACE AND ELECTRONIC SYSTEMS.

The investigations have reached the
point where a CAS system using stable
time and frequency technology has been
detined jointly by the airlines and
selected manufacturers, and it is now
expected that several manufacturers will
provide airborne systems for flight eval-
uation during the first quarter of 1969.

A few highlights from White’s log:
In July 1956, ATA brought together air-
line experts, engineers, and inventors 1o
compare airline requirements with the
then-current technology. By September
1956, Collins Radio submitted a pro-
posal for a system thought to be the
kernel for a CAS system, but subsequent
development showed that its airborne
Doppler radar would create erroneous
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collision predictions. Analytical work
continued, and continues to this day. In
1960, a collision between two fighter air-
craft at McDonnell Aircraft sparked an
all-out effort by that company to de-
velop a CAS for use in its isolated flight
test area. In July 1962, Collins outlined
at the Airborne CAS Symposium what
was (o be a major milestone, namely, a
method for testing the features of pro-
posed CAS techniques. For the first time,
it offered a quick and minimum cost
method for choosing the most promising
CAS techniques from among a wide
variety of theoretical concepts. In 1963,
Collins got a contract to study CAS
techniques by simulation, a study that by
1965 indicated that a ume frequency
system was the most promising that
would work well for the case of an air-
liner en route though the system showed
some limitations in terminal areas where
aircraft are most likely to be maneuver-
ing in flight. In 1966, the ATA circulated
widely throughout industry and govern-
ment a detailed listing of functional re-
quirements for a CAS. By June 1967,
the ATA released a requirements paper
containing a “Technical Description of
the CAS System.”” What was important
about this description was that it was
the result of intensive cooperative inves-
tigations by manufacturers, experts in
either time and frequency or airline
avionics systems. It represented, in fact,
according to White, a unique pooling of
knowledge in the competitive world
inasmuch as manufacturers disclosed re-
sults of company-sponsored research.

A Technical Working Group formed
by ATA had to select the most suitable
technology for the CAS system on the
basis of its understanding of four major
and basic facets of CAS design. These
four design points, which are discussed
in quite some detail in the set of nine
technical papers, include: (1) the method
of time synchronization; (2) the format
of the CAS message; (3) the signaling
technique; and (4) the protected volumes
and related warning times.

In " History of Time--Frequency Tech-
nology.” M. R. Bates and his colleagues
report that time and frequency tech-
nology is reasonably well advanced and
has already undergone several genera-
tions of development for use by airborne

“stationkeepers.” They discuss the dif-
ferences between stationkeepers and the
air-to-air collision avoidance problem,

The time synchronization technigue
adopted for the CAS employs start-up
from ground stations using a single
master time, with air-to-air relay of the
master time to extend outward the influ-
ence of the ground master time. The
functioning and accuracy of the syn-
chronization technique is discussed in
“Collision Avoidance System Synchro-
nization” by R. L. Jaycox, and the
maintenance of a single master time by
the ground stations is discussed by C. O.
Thornburg in "Master Timing of CAS
Ground Stations.”

White points out in his introduction
that the CAS system will be unique in the
communication world. It will organize
all the aircraft CAS participants into a
sequential communications environment
in which each aircraft transmits in turn
while all others listen. With air space at
a premium and tratlic densities growing,
it is most important that the CAS signals
be such that the likelihood of not receiv-
ing the data necessary to identify a col-
lision threat be extremely low. In the
CAS message, these data are the range,
range rate, and altitude. Altitude rate
and velocity data may be nearly as im-
portant as the big three,” and these,
too, have been provided in the message
format. R. E. Perkinson discusses the
*CAS Message Format.”

Aspects of the CAS signaling tech-
nique are discussed in three papers, by
K. E. Toerper, C. E. Steen, and E. A.
Steinberg. Elements of the CAS system
are discussed by W. G. Shear. The maze
of time allowances inherent to the func-
tioning of the CAS system is treated by
J. M. Holt and R. M. Anderson.

In all. the nine papers filling nearly a
hundred pages brings to the interested
reader a book on the subject of CAS,
which, White concludes, will in time be
used by all aircraft that share air space
regardless of when or where they fly.

, il
Dt

(IEEE Trans. on Aerospace and Elec-
tronic Systems, March 1968.)

Quartz Crystal Resonators. What used
to take six months now takes less than a
week. This remark by the editor of the
IEEE TRANSACTIONS ON INSTRUMENTA-
TION AND MEASUREMENT refers to an
improvement in quartz oscillators re-
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ported in a paper by R. J. Byrne and
J. L. Hokanson.

Up till now, quartz oscillators have
been relegated to second place as fre-
quency standards by cesium oscillators.
However, these authors have studied the
influence of contamination level on the
aging behavior of quartz crystal resona-
tors, and they have introduced thermo-
compression bonding and high-vacuum
techniques in the manufacture of quartz
crystals in such a way as to minimize the
level of contamination. The result has
been a signiticant reduction in the rate
of frequency drift of the crystal, and a
reduction in the time required for the
crystal to stabilize its drift rate.

The need for very stable frequency
sources in many diverse applications has
led to more stringent requirements on
the stability of quartz-crystal-controlled
oscillators. The frequency of these pre-
cision oscillators is controlled by a
piczocelectrically excited quartz plate
maintained at constant temperature and
amplitude of vibration, and usually
operated on the fifth overtone of the
thickness shear vibration mode. The best
oscillators to date approach a long-term
frequency drift rate of the order of 1 to 3
parts per 10%/month after an initial
stabilization period of from one to six
months of continuous operation. If con-
tinuous operation is not maintained, due
to power or component failure, the re-
establishment of a stable frequency again
requires from one to six months. It is this
stabilization and restabilization period
that is markedly reduced to less than a
week for the units made by the new tech-
nique. (R. J. Byrne and J. L. Hokanson,
“Effect of High-Temperature Processing
on the Aging Behavior of Precision 5-
MHz Quartz Crystal Units,” [EEE
Trans. on Instrumentation and Measure-
ment, March 1968.)

Radiation and Semiconductors. The
effects of radiation on semiconductor
devices has been a subject of keen in-
terest for many years now. In a recent
paper, it is pointed out that nuclear reac-
tor radiation is frequently employed in
studies of the radiation tolerance of
semiconductor devices. In addition to
neutrons, ionizing radiation is also pres-
ent in a nuclear reactor. Fast neutrons
give rise to permanent bulk effects—
lifetime decrease and carrier removal.
lonizing radiation gives rise to perma-
nent surfuce effects—surface recombina-
tion velocity increase and positive charge
buildup within the oxide of planar de-
vices. In radiation studies that employ
nuclear reactor radiation, it is necessary

Scanning the issucs

to know the extent to which surface
effects are responsible for the observed
changes in device characteristics.

Through studies of surface effects on
planar devices, reported in the current
issue  of IEEE TRANSACTIONS ON
ELecTrON DEVICES, it has become pos-
sible to separate unambiguously surface
radiation effects from bulk radiation
effects and to compare their relative im-
portance. This kind of comparison is
made by the authors of this paper. They
made radiation studies on several types
of surface and bulk semiconductor de-
vices and separated the effects. In brief,
their work shows that at high dosage
levels the primary effect of nuclear radia-
tion is on the bulk and not on the surface
properties of the semiconductor devices.
(D. J. Fitzgerald and E. H. Snow,
“Comparison of Surface and Bulk Ef-
fects of Nuclear Reactor Radiation on
Planar Devices,” [EEE Trans. on Elec-
tron Devices, March 1968.)

Information and Evolution. An index
of the increasing engineering interest in
aspects of evolution appears in a recent
paper that investigates how information
might be transmitted from the environ-
ment to an evolving species. The study is
based on a mode! previously established
for the random-mutation portion of the
synthetic theory of evolution.

The author of the study notes that
living organisms are equipped with many
complex devices and instinctive behavior
patterns that allow them to survive and
to take advantage of some aspects of
their environment in order to live and
reproduce. Such adaptation is generally
understood to result from hereditary
changes over many generations. Any
theory of evolution must postulate a
mechanism whereby such changes occur.

The genetic information imbued in an
organism the author calls the generic
message. It is theorized that this message
evolves, 10 provide better adaptation of
the organism to the environment,
through the transmission of information
from the environment into the genetic
storage. The probability that a given
adaptive character is produced decreases
with increasing information measure of
the adaptive character. The average in-
formation transmitted in any evolu-
tionary step (the product of the informa-
tion and its probability of transmission)
turns out to be very smatl for a reason-
able number of trials and gene size. This
is consistent with the conjecture that
evolution proceeds in small steps, and
the size of such steps can be discussed
quantitatively in terms of adaptive in-

formation. Using methods described, it
should be possibie to estimate the prob-
ability of achieving a particular char-
acter within a large number of adaptive
steps. (L. M. Spetner, “‘Information
Transmission in Evolution,” IEEE
Trans. on Information Theory, January
1968.)

What’s a Man-Machine? The mem-
bers of the Human Factors in Elec-
tronics Group have been uncomfortable
with their name for a long time. Now
they have done something about it. They
have changed their name to Man-
Machine Systems Group. To mark this
significant occasion. the editor of the
Transacrions, Thomas B. Sheridan,
muses on the question of what people see
in names. It is worth reading. Not every
field of engineering endeavor has had to
contend with such an awkward appela-
tion as “Human Factors,” but the tide
of interdisciplinary investigations sooner
or later brings almost every specialty to
some form of low-grade identity crisis.
So Sheridan’s thoughts have some
relevance for us all.

His definition of the relation of the
Man-Machine Systems Group to other
groups within and without 1EEE con-
cerned with physiological and psycho-
logical factors is particularly worth re-
peating here. It would seem, he says,
that there are really three such [EEE
groups, each operating at a different
level. The Engineering in Medicine and
Biology Group seeims to be dealing with
part of a man (an internal organ, a cell,
etc.) interacting with electromechanical
machines, a part-of-a-man-machine sys-
tem. At a multiman-multimachine level,
embracing economics, politics. etc., there
is the Systems Science and Cybernetics
Group. We, the Man-Machine Systems
Group, Sheridan goes on, are right in the
middle at the one-man-one-machine
level. We ought to be cooperating more
with these other two groups and be more
conscious of our potential leverage and
mediating capacity as middieman be-
tween levels as well as between social and
life science and engineering disciplines.

Sheridan does not fail to ask whether
or not the name ‘*Man-Machine Sys-
tems” is wholly satisfactory or is a fad.
To counter such doubts, one might ob-
serve that at least on grounds of eu-
phony the Group is more happily estab-
lished. And, besides, what matters is that
the work goes on. If a new name helps,
then by all means change the old one.

(T. B. Sheridan, “What’'s a Man~-
Machine?” [EEE Trans. on Man-
Mouchine S ystenms, March 1968.)
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The IEEE publications listed and abstracted below will be available shortly. Single
copies may be ordered from IEEE, 345 East 47 Street, New York, N.Y. 10017. Prices
are listed with the abstracts of each publication; libraries and nonmembers outside
the United States and Canada should add $0.50. (M—Members; L—Libraries; NM—

Nonmembers.)

Copies of individual articles are not available from IEEE but may be purchased
from the Engineering Societies Library at the foregoing address.

Proceedings of the IEEE

IEEE Transaction and Journals
Aerospace and Electronic Systems
Antennas and Propagation
Circuit Theory
Computers
Electrical Insulation
Electron Devices
Geoscience Electronics

Proceedings of the IEEE

Vol. 56, no. 5, May 1968
M—5§1.00; L—$1.50; NM-—$2.00

Voltage Variable Capacitor Tuning: A Review,
M. H. Norwood, E, Shatz— The history, device
theory, characteristics, applications, and future
trends of voltage-variable capacitor tuning
are discussed, All equations are stated in
terms of two general exponents of power law
functions, namgcly, the impurity distribution
proportional to x" and the ditterential capac-
itance proportional to (V + Vo) ™* The role
of these cxponents is shown in the device
theory, the temperature drift, linearity in a
VCO, and the cross modulation in an FM
modulator, Important results from many
papers and reports are cited to reinforce the
ideas presented. The desirability of the ex-
ponent n = 2 is reiterated throughout.

A Model for Electromagnetic Propagation in
the Lithosphere, F. K. Schwering, S. W.
Peterson, S. B. Levin—The propagation proper-
ties of a crustal waveguide are derived using a
model in which diclectric constant and con-
ductivity increase with depth according to a
simple algebraic relation. The model is more
realistic and consistent with currently avail-
able geological information and with reason-
able extrapolations of crustal properties than
are previously treated models. The mathemati-
cal analysis, morcover, is straightforward and
rigorous, lcading to an explicit analytical
solution in the form of a mode expansion, the
individual terms of which can be written in
closed form. Numerical evaluation of the
model leads to a total attenuation rate (for
the dominint mode) of 0.256 dB km for a
frequency of 1 kHz. A geologically critical at-
tribute of the model is a positive temperature
gradient with depth as the principal controlling
influence on the clectric profile. A temperature
gradient lower than the one used in construct-
ing the model would significantly reduce the
attenuation rate.

Analysis and Improvement of Photostore Error
Rates, R. T, Chien, D. T, Tuny, E. S. Bur-
rekette, A. M. Katcher—Statistical cxperi-
ments have been performed on the photostore
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Industry and General Applications
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Microwave Theory and Techniques
arts, Materials and Packaging
Quantum Electronics

Reliability

to test its reliability as a mass storage system.
Errors are analyzed with respect to rate, dis-
tribution, and susceptibility to correction by
several codes, The experimental results re-
ported are based on disks recorded by optical
technigues, Experimental results on disks re-
corded with clectron beams will be reported
separately.

Digital Computer Calculation of the Electric
Potential and Field of a Rod Gap, M. S. Abou-
Seada, E. Nasser—The clectric field and po-
tential distribution in the gap between a cy-
lindrical rod having @ hemispherical tip and an
infinite plane perpendicular to the cylinder
axis was determined using a charge simulation
technique, This method assumes a charge at
the center of the hemisphere and a finite
number of semi-infinite axial charges in the
cylindrical portion of the rod clectrode.
Boundary conditions in the cylindrical and
spherical portions permitted the formulation
of simultancous equations whose digital
solution yiclded the assumed lumped charges,
The digital computer program provided values
of the potential and both field components
anywhere in the gap with an accuracy of about
2 percent,

Stability of Linear Multivariable Feedback
Systems, C.-T. Chen—The stability of lincar
time-invariant multivariable feedback systems
is studicd from their open-loop transfer func-
tion matrices, It is shown that the stability of a
multivariable feedback system depends on the
determinant  of the loop-ditterence  matrix
(det (I + G1G2)) and the characteristic poly-
nomials of its open-loop transfer function
matrices. The controllability and observability
propertics of the feedback system are con-
sidered, Hence, the stability conditions insure
the stability at the output terminals as well as
at the state variables of the system, These con-
ditions can be casily checked by using the
Nyquist plot, the root locus technique, or the
Routh-Hurwitz criterion,

Sea Echo at Laser Wavelengths, A. V. Jelal-
ian— Experimental data on sea echo at a 1.06-
micrometer laser wavelength at normal incid-
ence are discussed, The experimental data over

a variety of sca states indicate that the return
signal is definitely range square dependent, and
that the effective target cross section (¢°) for
smooth and rough surface water conditions is
0.15 £ 0.08 and 0.24 = 0.12, respectively,
Additional considerations concerning  laser
spot size at the ocean and its eftfect on signal
returns are discussed.

State of the Art in Pattern Recognition, G.
Nagy—Statistical, adaptive, and heuristic
techniques used in laboratory investigations of
pattern recognition problems are reviewed.
The discussion includes correlation methods,
discriminant analysis, maximum likelihood de-
cisions, minimax techniques, perceptron-like
algorithms, feature extraction, preprocessing,
clustering, and nonsupervised learning. Two-
dimensional distributions are used to illustrate
the propertiecs of the various procedures.
Several experimental projects, representative of
prospective applications, are also described.

Proceedings Letters

Because letters are published in PROCEEDINGS
as soon as possible after receipt, necessitating
alate closing date, we are unable to list here the
letters in the May issue. This will appear in the
next issue of SPECTRUM. Listed below are the
letters from vol. 56, no. 4, April 1968,

Electromagnetics and Plasmas

Comments on “Potential Equations for Aniso-
tropic Inhomogencous Media,” A. Ishimaru,
D. A. Ross

Comment “On the Thermodynamic Paradox in
Ferrite-Loaded  Waveguides,” J. Brown,
F. E. Gardiol

Comment on “A Theorem in the Field of
Steady Current Flow,” R. K. Arora

Mecasurement of Antenna Current Distribu-
tions in a Hot Plasma, H. Judson, K.-M.
Chen

Notes on Propagation in a Time-Space Har-
monic Dispersive Medium, J. Bruno, C.
Shulman

Radiation from a Charge in a Uniform Circular
Motion, S. R. Seshadri

Multipacting Breakdown in Coaxial Transmis-
sion Lines, R. Woo

Microwave Measuremients of Transmission
and Reflection Properties of Symmetrical
Two-Terminal-Pair Structures, M. Fitaire

Circuit and System Theory

A Stable, Accuratec Mecthod of Numerical
Integration for Nonlincar Systems, D. 4.
Calahan

Addendum to “On the Lincar-Slope Delay
Approximation,” J, Valand

Lincar Two-Port Characterization Indepen-
dent of Measuring Set Impedance Imperfec-
tions, J. G. Ervans

Comment on “Counting Complex Roots in
Polynomials with Real Coetlicients,” A4,
Lepschy, A.J. Culise

Synchronization of Pulsed Oscillators, F, M.
Magalhaes, W. O. Schlosser

Compensating Negative Cooverters, N, Bal-
banian, C.-K. Kuo, K. L. Su

Electronic Circuits and Design

Practical Design Information for Broadband
Transmission Line Transtormers, O, Pitzalis,
Jr., T. P, M. Couse

FM Detection Using a Product Detector, A4,
Bilotti

Correction to “Comment on ‘The Monostable
Tuunel Diode Trigger Circuit,”” M. A.
Schapper

Electronic Devices

Gainin Solid-State Traveling-Wave Amplifiers,
M. Ettenberg, J. Nadan

Mesh Emitter Transistor, M., Fukuta, H.
Kisaki, S. Muekawa

Analytical  Representations
Devices, J. S. Linder

Eftect of the Intervalley Scattering Time on
LSA Oscillations, T, Ohmi, K. Murayama,
H. Kanbe

of Solid-State
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Positions Open

‘he following positions of interest to
IEEE members have been reported as
open. Apply in wnting, addressing reply
to address given or to Box Number, ¢c/o
IEEE  Spectrum, Advertising Depart-
ment, 72 West 45th St., New York, N.Y.
10036.

Classified Advertising Rates for this
column: $6,00 per line. No advertising
agency commission is granted. Copy
must be received by the 2nd of the
month preceding date of issue,

Faculty positions open in Electronics Tech-
nology Dept. at William Rainey Harper College
in northwest suburb of Chicago. BSEE and
MS (Education or Technical) preferred. Must
assume responsibility for teaching of tech-
nical and math courses in the electronics area.
Salary: $7,000-$17,200. Reply to: Dr. H. R.
Pankratz, Harper College, 510 W. Etk Grove
Blvd., Eik Grove Village, III. 60007.

Research Engineers and Instructors to work
for Ph.D. Research projects include: Radar
for space, automatic image processing, re-
mote sensing, analog and hybrid simulation,
biotelemetry, medical electronics, solid state
device studies, electromagnetic theory and
antennas. Send resume to: Chairman, De-
partment of Electrical Engineering, University
of Kansas, Lawrence, Kansas 66044. An equal
opportunity employer for U.S. citizens.

Electrical Engineer. Opening for graduate
electrical engineer with experience in pub-
lic utility transmission and distribution sys-
tem operations and construction. Emphasis
on planning and economics. Excellent op-
portunity for advancement into manage-
ment of growing utility company. Desirable
suburban office location close to New York
City. Please forward complete resume, in-
cluding salary history, to Box 6103.

Power Plant Project Managers—Established
East Coast engineering-construction firm has
long term staff positions open for graduate
electrical or mechanical engineers with 12
years minimum experience in design of steam-
electric power stations including project inter-
office and client coordination. Preference
given applicants having design experience on
units greater than 400 MW capacity. Salary
commensurate with experience and relocation
expenses paid. P.E. license preferred. Reply
giving full details including personal data, edu-
cation, experience, references, and salary re-
quirements to, Mr. C. D. Millar, The Kuljian
Corporation, 1200 North Broad Street, Philadel-
phia, Pennsylvania 19121. An equal opportun-
ity employer.

Teaching and Research Position in EE. Bio-
electronics Engineering/Bioinstrumentation.
loint appointment in Department of Electrical
Ingineering and Institute for Environmental
Research. Teaching at graduate level and in-
dependent research. Salary commensurate
with experience. Reply to: Ralph G. Nevins,
Dean, College of Engineering, Kansas State
University, Manhattan, Kansas.
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Electric Utility Manager for an investor-
owned company to direct all functions of an
operating division in northern New England.
Offers broad scope of responsibilities and the
opportunity for growth through performance
to a person now in middle management. Re-
quires a person with supervisory experience
who is familiar with the technical, operating
and commercial functions of an electric utility.
Forward complete resume and salary history
to Box 6109.

R&D—Vehicular Electric Propulsion. Elec-
trical engineers for expanding long-range re-
search and development of electric propulsion
for vehicles. Requires experience in either
advanced electrical machine design (induc-
tion, synchronous, and dc), or design of in-
verters, cycloconverters, and solid state con-
trol circuitry. Please submit resume in confi-
dence to: Dr. Paul Agarwal, Head, Electric
Propulsion Department, General Motors Re-
search Laboratories, Warren, Mich. 48090.

Graduate electrical engineers to work for
M.Sc., Ph.D. in power systems, electronic de-
vice and circuit studies, and in control sys-
tems. Generous support in the form of teach-
ing assistantships and research assistant-
ships. Please send resume to: Head, Dept. of
Electrical Engineering, The University of Cal-
gary, Calgary, Alberta, Canada.

Faculty teacher-researcher. To contribute to
the development of a Ph.D. program in a uni-
versity interested in both students and re-
search. Ph.D. or equivalent publications.
Send resume to Dr. W. H. Pierce, Head, E. E.
Dept., University of Louisville, Louisville, Ky.
40208.

Power and Control Design Engineer. College
graduate. Registration desirable. Project re-
sponsibility. Three or more years of experi-
ence in power plant or substation design on
bus arrangement, wiring, drawing preparation,
specification, or cost estimates. Bonus and
other fringe benefits. Location- -Denver. Firm
pays employment fee, interview expenses
and moving costs. Send resume in confi-
dence. John L. Howell, Director of Personnel,
R. W. Beck and Associates, 200 Tower Build-
ing, Seattle, Washington 98101. An Equal Op-
portunity Employer.

Electrical Engineer needed for responsible
teaching position in expanding Two-year,
Associate Degree Program in electrical engi-
neering technology on new 12-million dollar
campus. Competitive salary, overload pay, re-
tirement, paid insurance, and tuition waiver
are available. Minimum of Bachelor's Degree
plus industrial experience required. Contact
Walter Edling, P.E., Lorain County Community
College, 1005 N. Abbe Road, Elyria, Ohio 44035.

Project Development Engineer. An electrical
engineering graduate required to assume re-
sponsibility of development and promotion of
new ideas and products to electrical utilities.
Acceptance of product to the utilities' stand-
ards is the ultimate objective. Electrical
utility company experience of some duration
in transmission and distribution is necessary.
Must be willing to travel and call on utility
engineering departments to accomplish the
above objective. Salary commensurate with
experience. Location is in Western New York
State with a medium sized company pro-
ducing material for the electrical utility in-
dustry. An equal opportunity employer. Box
6110.

Full-time faculty positions in Mechanical and
Electrical areas in rapidly expanding evening
degree programs. M.S. degree required.
Teaching and industrial experience desirable.
Duties involve teaching, curriculum develop-
ment and supervision of part-time faculty.
Sendresume to: R. A. Norton, Assistant Dean,
Evening College, Rochester Institute ot Tech-
nology, P.O. Box 3416, Rochester, New York
14614.

Pakistan Air Force desires to enroll suitable
Pakistanis presently working or studying in
U.S.A., as Professors and Associate Profes-
sors in Avionics. Interested Personnel are
invited to contact Air Attache, Embassy of
Pakistan, 2201 R Street N.W., Washington D.C.
20008 for terms and conditions.

An Engineering School of a prominent mid-
west state university requires a graduate elec-
trical engineer or someone with equivalent de-
sign experience for a professional staff posi-
tion. Responsibilities include electronic in-
strumentation design for research experi-
ments and supervision of the School's elec-
tronic shop and technicians. Opportunities
exist for pursuing educational objectives.
Send resume to Box 6116. Salary commen-
surate with experience.

Research Professor. Outstanding opportunity
for active researcher at large Eastern Engi-
neering College. Teaching load restricted to
three hours, competitive satary and excellent
fringe benefits. Applicant should have publi-
cations and proven contract research ability.
Teaching experience helpful, but not neces-
sary. Box 6117.

Positions Wanted

Classified Advertising Rates for ‘‘Posi-
tions Wanted’’ column: $6.00 per line per
insertion. 50% discount for members of
IEEE (please supply membership num-
ber with copy). Copy must be received
by the 2nd of the month preceding
date of issue. Address replies to Box
Number given, c¢/o I|EEE Spectrum,
Advertising Department, 72 West 45th
St., New York, N.Y. 10036.

Getting full value from your computer sys-
tem? Eight years experience providing and
managing hardware and software technical
support for fixed military command post in-
formation system users, Instructor, contract
technical monitor, site manager, on-site rep.
Analyzed requirements, determined needs
and provided response. Available near Bos-
ton in October. MSPE BA Math 1947, BSEE
Phi Kappa Phi 1958, MS Syst Engr (Reliability)
Tau Beta Pi 1963. Box 8119.

Electronic Engineer. PE, MSEE, MA Math. 12
yrs. exp. seeks position in systems or equip-
ment R&D in Met. N.J. Box 8126.

Prof. of E.E.: Currently holds British chair.
Previous U.S. experience as full prof. E.E. and
industrial vice pres. Major public'ns: control.
Minor: power, management science. Visiting
U.S./Canada July-Sept. exploratory talks in-
terested engineering schools. Box 8127.
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Climate control claims disputed

The August 1967 issue of IEEE
SPECTRUM contained the article, “Eco-
nomics of Indoor Climate Control,” by
H. L. Laube. On the basis of extensive
research, I regret to report that the
article is misleading, inaccurate, and
deceptive; here is a sampling.

In his opening paragraph, the author
states: “Thus we will limit our con-
sideration to privately owned buildings,
since it is necessary for the private sector
of our economy to be cost-conscious.”
Yet, he devoted an important segment of
his article to the all-electric Nassif
Building in Washington, D.C., “which is
occupied by the Defense Department.”
Can such a building be representative of
“privately owned buildings”? The only
answer to this question is no. He does
not tell us much about the occupancy
other than the short phrase, “occupied
by the Defense Department.” Writing
for another publication in 1966,! the
author discussed the Nassif Building
somewhat more fully: “‘During the
first year of operation, the building was
fully occupied. Leased to the General
Services Administration, Department of
Defense, it has been 100 percent ‘rented’
since it was completed in May 1964.

1. 1965 annual
experience exchange report?

Buildings under 10 years of age 93
Buildings 10 to 25 years of age 53
Buildings 25 to 40 years of age 134
Buildings over 40 years of age 318

Total 598

1. 20-story, 8350-m? office building

It has been used virtually 24 hours a day
with heary ocertime” (emphasis added).
Such occupancy would not be in the true
spirit of his stated objective of discussing
costs in “privately owned buildings.”

It is also interesting to note that he
takes this one office building having a
gross floor area of 25 300 square meters
(272 000 square feet), and compares the
“total energy cost for this building, in-
cluding cost of equipment maintenance”
on a per square meter per year basis,
with a “group of Washington office
buildings.” No identification is given of
the buildings, whether they are large or
small, new or old, or heated and cooled
centrally or *‘incrementally.”” He blandly
finds that one “Defense Department”
building, operating 24 hours a day,
has a lower operating cost than an un-
identified group of other Washington
office buildings. Let’s tell the full story.

The group of Washington office build-
ings to which he referred is that in-
cluded in a recent annual experience ex-
change report.2 The study is statistical
in nature and one which is meaningful
because of its continuity over a great
many years.

The use of the annual experience ex-
change report for the author’s purpose
was deceptive. The 1965 report included
statistical information on 598 buildings
located in 94 cities (Table I). The table
shows that more than half of the build-
ings considered in the study were over
40 years of age; 75 percent were over 25
years of age. Of the 598 buildings, 18
were identified as being in Washington,
D.C. This is the group to which the
author referred, and only eight of these
buildings were air conditioned. There
is no basis for comparing these costs,

energy (heating) costs?® (5000-degree-day location)

Central Induction Incremental
System, System,
Gas-Fired All-Electric
Gas, 41 000 therms at 6¢
(or 4330 gigajoules at 57¢) $2460
Electricity, 239 000 kWh at 1.5¢
(or 860 GJ at $4.17) $3585
Electricity, 605 470 kWh at 1.5¢
(or 2170 GJ at $4.17) $9082
$6045 $9082
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associated with buildings the majority
of which are in excess of 25 years of age,
with the first-year costs of the Nassif
Building, not three years old. Such a
“comparison” simply does not do the
job. e

Consider the statement on energy
costs: “Actually, a careful analysis of
the energy cost to heat a 20-story
8350-m? oftice building in a 5000-degree-
day location indicates something of a
standoff when using gas at 57¢ per
gigajoule and electricity at $4.17 per
gigajoule.” Mr. Laube gives no further
information in his article on what he
means by the standoff, but in a paper3
that he had published elsewhere he gives
the figures for this hypothetical case
(Table II).

Not only does he not disclose these
important figures in the current article,
but his statement that they “indicate
something of a standoff” misrepresents
the facts. One number is 50 percent
greater than the other!

The article deals only in generalities;
statistical averages of a vast number of
unidentified buildings are the basis of
comparison, and, even at that, impor-
tant information is not given. The author
states that the results of a study indicate
that a 24-story building in Philadelphia
and a 26-story building in Pittsburgh
have shown favorable operating costs for
cooling, again on the basis of compari-
son with the annual experience exchange
report. The uniform system of accounts
is used for the yardstick buildings. In
the comparison case, he gives no hint of
accounting methods other than that
it contained “‘total cooling cost, includ-
ing maintenance and filter cleaning.”

The costs that are itemized in the
annual experience exchange reports are
based on uniform accounting methods.
The uniform system of accounts in-
cludes wages, social security, compensa-
tion insurance, supplies, fuel, and un-
classified items—each of these being
separately itemized under three cate-
gories: electrical, heating, and air con-
ditioning and ventilating. The ‘‘ac-
counting” used by the author included
only the annual cost of electricity, air
conditioning maintenance, and electrical
maintenance.

Comparisons of this type are usually
based on the uniform system of ac-
counts; a definite procedure is available,
yet the article ignores accepted practice.
The casual reader would not get the help
he should expect from a responsible pub-
lication such as we consider IEEE
SPECTRUM to be.

Many other points can be brought to
the attention of the reader:
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1. The Nassit Building contains 300
incremental units plus a 200-ton (air con-
ditioning) package unit system for the
core of the building and cafcteria. Muain-
tenance of so many units is quite a chore
and is one that will mount with years.

2. Eighty-five percent of the build-
ings were substantially smaller than the
unidentified Philadelphia and Pittsburgh
buildings. In fact, almost 40 percent were
less than one half the height.

3. The author reduces the function
of air conditioning to terms of thermal,
acoustic, and olfactory environment;
this is not in accord with the accepted
definition,* ““ I'he process of treuting air
so as to control simultaneously its tem-
perature, humidity, cleanliness, and
distribution to meet the requirements of
the conditioned space.”™

These and other points could be
brought out in detail, but, for brevity,
only a small sample is here presented.

Lawrence J. Hollunder
American Gas Association

New York, N.Y.
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Mr. Hollander is wrong in assuming
that the Nassif Building is not privately
owned. Its owners are Suffolk Proper-
ties, Inc. They lease the building to GSA
and he is correct when he says that oc-
cupancy is not comparable to that ex-
perienced in a multiple-occupancy oflice
building. Perhaps he missed the point:
Despite the fact that the building is
“used virtually 24 hours a day with
heavy overtime.” the actual operating
costs for all energy and all maintenance
and energy-using equipment amounted
to $4.56 as against a comparable cost of
$5.25 per square meter per year for the
14 air-conditioned buildings in the Wash-
ington area that reported their figures
to the National Association of Building
Owners and Managers for the year under
consideration. These figures appear in
the 1965 oflice building experience ex-
change report of that association.

In the writer’s opinion, the operating
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expense of the Nassif Building would
have been considerably less had it
operated on the same schedule as is
typical of multiple-occupancy oftice
buildings in Washington. In that case,
the saving in operating cost of 13.2 per-
cent of S14911 per year would have
been even greater for the all-electric
installation.

In estimating energy usage and operat-
ing costs for multiroom buildings, long
established practice is to consider only
significant factors, such as exterior wall
area and construction, exterior glass
area, quantity of ventilating air, and in-
terior heat loads from electricity, people,
and other possible sources, and, of
course, climate. The age of the build-
ing and its number of floors are, as
such, not considered. Therefore, Mr.
Hollander’s discursive preoccupation
with these two subjects is irrelevant.

Mr. Hollander has brought out a dis-
crepancy between what the author re-
ported in the article under discussion
and what he reported in another pub-
lication. That other publication, which
was dated, was prepared on the basis of
information available in 1963. At that
time, much fewer actual operating data
were available on the cost of electric
heat than have been accumulated in the
subsequent four years. At that time,
also, to forestall criticism, gas consump-
tion was purposely estimated low and
consumption of electricity high. As
additional information became avail-
able there was no point in continuing to
favor gas over electricity in this manner.

Table I of Mr. Hollander’s presenta-
tion is incomplete. The complete table
shows annual energy costs for cooling
also, as well as the costs of other operat-
ing expenses. As a result, the all-electric
system showed an annual saving in
operating cost alone of S11691, not to
mention the saving in fixed charges re-
sulting from a lower first cost.

Although, as Mr. Hollander indicates,
a difference in accounting methods may
result in an unfair comparison of operat-
ing costs, such is not the case in this in-
stance. The audience before which the
paper was presented was not one to be
belabored with excessively detailed ac-
counting breakdowns. The important
figure, in the eyes of building owners
and managers, is the cost for a service
such as air conditioning per square meter
per year. These are the figures that the
author used.

Mr. Hollander expresses concern over
what he anticipates will prove to be
excessive maintenance costs of the
equipment in the Nassif Building. The
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owners do not share Mr. Hollander’s
concern, inasmuch as they placed a ten-
year maintenance contract at a fixed
price per year (no escalation clause) with
a local air-conditioning maintenance
firm of long experience, at a cost of
$21.43 per ton of refrigeration per year.
Although this price is high, as against
a price at which other maintenance con-
tracts (including escalation clauses to
offset inflation) have been placed by
other buildings with similar systems, it
compares favorably with the S28 per ton
of refrigeration recently quoted in New
York City for maintaining a heat-ac-
tuated absorption refrigeration system.
And the latter figure included only the
refrigeration system, not the terminal
element nor the boiler.

In conclusion, it should be observed
that the air-conditioning industry is
increasingly polarizing around two en-
ergy sources—gas and electricity. In-
creasingly, therefore, the air-condition-
ing industry needs an unbiased referee of
integrity for digging out and publicizing
the credible information that is so sorely
needed today. The logical body for this
job appears to be the American Society
of Heating, Refrigerating and Air-Con-
ditioning Engineers (ASHRAE). Ef-
forts are now being made to move in
that direction and such etforts are wor-
thy of support from all concerned.

Herbert L. Laube
The Singer Company
Auburn, N.Y.

The systems approach

Kudos to the COSINE committee and
its report in the March issue of IEEE
SPECTRUM about “Computer Science in
Electrical Engineering.” With regard to
the third recommendation for new course
development, i.e., *“the offering of a
course in finite-state systems at the
junior or senior level.” the importance of
such a course transcends the essential
finite-state nature of computational de-
vices. As the committee noted, “‘finite-
state systems constitute a very basic
class of systemss particularly well-suited
for the introduction of such basic con-
cepts as state, equivalence. identifica-
tion, decomposttion. ete.” As a result,
the utility of a course in finite-state sys-
tems is great enough to merit the course
being required rather than elective, as
the committee suggested.

In recognition of this belief, the Sys-
tems Engineering Department at the
University of Arizona has required a
course in finite-state systems of all its
undergraduates for the past 4!/, years.

It has been taught from Arthur Gill’s
excellent book with great success. Cur-
rently, the core program for systems-
engineering undergraduates requires the
course in the sophomore year.
R. B. Hunt
Albuguerque, N.Mex.

Basic transportation!

In Mr. Hirsch’s letter in March’s
issue, he comments on how an individual
could get to the bus. One method he
notes is to walk, possibly up to one
kilometer. If this one kilometer is con-
verted to the standard units used in the
United States, it is slightly over 0.6 mile.

I feel sure that if all commuters lived
within 0.6 mile of reasonable bus service,
there would be much less congestion on
the highways today. I submit that this is
a rather nominal walk. Many of us walk
nearly that far in the morning trying to
find the alarm clock.

James C. Arnold, Jr.
Arlington, Va.

Cybernetics concern

IEEE sPECTRUM articles are, in general
quite good and capture succinctly the
important aspects of the tield. However,
cybernetics, which is well known for its
overstated claims, vague generalizations,
and meaningless models, cannot be sur-
veyed in an uncritical manner.

The article, “*Human Enhancement:
Beyond the Machine Age,” (Feb. 1968),
although otfered to “stimulate a dialogue
among all kinds of systems designers,”
is too bland to stimulate much else than
letters such as this. I would like to
see a presentation that lies somewhere
between the innocuous one in SPECTRUM
and the slashing attack of **Computers
and Common Sense” by M. Taub (New
York: McGraw-Hill, 1961).

Perhaps something on the style of
“*Great Ideas in Information Theory,
Language, and Cybernetics” by J.
Singh (New York: Dover, 1964) would
be appropriate. In particular, 1 was
thinking of his eight-page epilogue that
discusses  “‘cybernetics™ in a critical,
but understanding manner.

I realize the problem in trying to ob-
tain an author who is knowledgeable in
the field without being part of the “‘es-
tablishment™ (having a vested interest
in presenting a positive survey). and
hope that future papers in the cyberne-
tics area can be more meaningful.

Oscar Firschein

Lockheed Missiles & Space Company

Palo Alro, Cdlif.
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