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21 Spectral lines: The electrical engineer and public policy 

The horizons of what we call electrical engineering and the areas where we expect our 
members to participate, individually as well as in groups, are going to have to expand if 
we are to continue to flourish as a profession 

-1- 22 The President's address at the 1970 Convention Banquet 

J. V. N. Granger 

Many engineers seem to have great difficulty in accepting the idea that they, as sci-
entists, have a particular responsibility for the undesired effects of technology. However, 
affecting our society and our culture is what engineering is all about 

4- 2,4 Early schemes for television 

George Shiers 

The possibility of "electrical vision" first became of real interest during the late 1870s 

when two events gave impetus to the search for ways to transmit pictures—the discovery 
of the light sensitivity of selenium and the invention of the telephone 

35 Outlook for binary power plants using 
liquid-metal MHD 
L. L. Prem, W. E. Parkins 

A special panel appointed by the President's Office of Science and Technology, after 
reviewing the technological status for improved central-station power generation using 
MHD, has recommended a program of development 

-4- 45 Engineering truth in competitive environments 

Raymond M. Wilmotte 

The ABM controversy provided a rare display of the disharmony that can exist in the sci-
entific community. Such an example may lead some to believe the scientific method was 
at Milt, rather than a problem that extends to the very environs of the nation's industry 

50 Technological advances in large-scale integration 

Herschel T. Hochman, Dennis L. Hogan 

The underlying reason .fier the LS1 approach to system design is the dollar-savings po-
tential realizable in the highest-cost areas—those involving assembly, packaging, and 
testing 

•-t- 63 Toward high stability in active filters 

Philip R. Geffe 

In the past /bur years systematic research in active filters has led us .from unusable high-
sensitivity networks to the present designs, which are both stable and practical 
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Here's One Place 
Where Your Dollar Is 
Worth A Dollar 
Two new HP oscillators are teaching the old standard 

new tricks in performance and value. Both the new 

HP 204C / D and HP 209A Oscillators have exceptional 

spectral purity (< 0.1% - 60dB). Both have FET's in the 

bridge for improved stability- balanced output- sync 

in/out. All this adds up to greatly improved performance. 

And, you get this extra value at only a modest increase in 

price over the old standard. 

Both oscillators offer improvements that assure you 

of a consistent signal - test after test - time after time... 

whether you are testing on a production line, researching 

in a design lab, or instructing future engineers. 

Portable, line or battery powered. The 204C is a 

clean, inexpensive oscillator with a frequency range of 
5 Hz to 1.2 MHz. Output is 2.5 Vrms into 600 SI. 5 Vrms 

into open circuit. Choose interchangeable power packs - 

line, rechargeable or mercury battery. Price HP 204C, 

$250 to $285. 

2040 OSCILLATOR 

In 

The 2040 has the added convenience of a built-in 80 db 

attenuator. Eliminates using an outside attenuator when 
you need clean low-level signals. Price: HP 204D. $325. 

High power output, sine or square wave. The 209A 

generates simultaneous sine and square wave outputs 

over a frequency range of 4 Hz to 2 MHz. Amplitudes are 
independently adjustable. Voltage output for a sine wave 

is double that of the 204 - 5 Vrms into 600 0, 10 Vrms 

into open circuit. Square wave output is 20 V peak-to-

peak. Price HP 209A, $345. 
Get full value for your signal-source dollar. Consult 

your HP Instrumentation Catalog for full specifications 

and order your oscillator by calling your nearest HP 

telephone order desk. For additional data, write Hewlett-

Packard, Palo Alto, California 94304. Europe: 1217 

Meyrin-Geneva, Switzerland. 

HEWLETT elk PACKARD 

SIGNAL SOURCES 

MOM 

209A OSCILLATOR HEWLETT. PACKARD 
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+ 67 International flows of energy sources 

Joel Darmstadter 
The changing flow pattern of the world's energy economy has had geopolitical repercussions, 

among which is a sense of anxiety about the reliability and adequacy of the energy sources 

1- 73 The Stanford instructional television network 

Joseph M. Pettit, Donald J. Grace 

In addition to fulfilling its main objective of reaching the part-time off-campus graduate engi-
neering student, Stanford's new instructional television network can contribute to continuing 
education programs of all types in the San Francisco Bay area 

»et 81 New product applications 
A staff-written report on some carefully selected new products emphasizing one or more of their 
potential applications as an aid to engineers who may wish to apply these products to solve their 

own engineering problems 

the cover 
Large-scale integration has made tremendous strides in recent years because of its many in-

herent advantages. However, the dielectric development program described in the article begin-
ning on page 50 was not without its share of problems. One problem encountered was oxide 
eruption caused by stresses within the film, as shown greatly magnified on this month's cover 
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Forum 
Readers are invited to comment in this department on material previously pub-
lished in IEEE SPECTRUM; on the pol cies and operations of the IEEE; and on 
technical, economic, or social matters of interest to the electrical and electronics 

engineering profession. 

Engineering registration 

The several letters appearing in 
"Forum" during the past few months 
on the subject of engineering registra-
tion have made quite interesting read-
ing. It has been enlightening to see 
the reasons given by some of the EEs, 
especially those the electronics 

field, as to why they have never iden-
tified themselves as engineers through 

legal registration procedures. 
The problems with registration— 

many of them mentioned in these col-
umns—are known to many leaders in 
the engineering profession. The offi-

cers of the National Council of Engi-
neering Examiners, recognizing many 

of these problems, appointed a 16-
man committee in 1968 to work on 
the future of the identity (or recogni-
tion) of the engineer, and on engi-
neering registration in particular. This 
group, balanced in geographic repre-
sentation, in fields of practice, and ir 
technical disciplines, has held a series 
of meetings to consider these prob-

lems and to propose some solutions. 
It is significant that only three mem 
bers of the committee are members 
of state licensing boards, and that no: 
all members of the committee are 
registered. A report of the committee 
findings and recommendations will be 
presented to the NCEE Annual Meet-
ing in August in Chicago. Meanwhile, 
the committee is providing all inter-
ested engineering groups with its 
recommendations in the hope that this 
will stimulate thinking and action. 

It seems to me that IEEE, as the 
largest engineering society, should 
take an active interest in this subject. 
If EIT exams, for example, are in fact 
inappropriate for the electrical engi-
neers to take, then IEEE is the organi-

zation that should make its influence 
felt. By the silence of the officialdom 
of IEEE on the subject, it is assumed 
that the Institute does not really care 
—however, expressions of many mem-
bers indicate that this is not really the 
case. 

It is up to IEEE to begin to take an 

active interest in the subject to cor-

rect whatever may be wrong with reg-
istration and then to support the engi-
neering profession in advancing sound 
registration procedures. 

Rex A. Tynes, Chairman 
NCEE Committee for the 

Future Recognition of 
Professional Engineers 

Las Vegas, Nev. 

The layoff problem 

The current exodus of aerospace 
engineers and scientists from the in-
dustry as a result of layoffs is alarm-

ing. The unnecessary dissipation of 
this pool of creative brainpower is 
an irresponsible waste of a national 
and urgently needed resource. 

Clearly, the emphasis of the mili-
tary—industrial complex is experienc-
ing a rapid and dramatic change. The 
emphasis is swinging away from a 
high level of production activity. If we 
can judge from experience, the in-
terest and needs of the military will 
trend toward an increase in research 
and development. This is a slow and 
tedious process. Aside from questions 
of current fiscal policy, there are many 
justifiable reasons for this transition; 
for example, the cold wars of the 
coming generation will probably be 
concerned more with technological ad-
vantage and less with existing military 
arsenals. 

In the past, when the need for large 
pools of scientific talent decreased in 
one area, there always appeared an-
other to take up the slack. Thus in 
the 1950s the aerospace engineers 
went from aircraft design to missile 
design. In the early 1960s they again 

changed, from missile into space ve-
hicle design. The big change recently 
has been back to airframes and 
V/ STOL aircraft design. 

The layoffs due to the current cut-
backs have nowhere to go. There is 
no up-and-coming sector on the hori-
zons of the aerospace industry that 
can absorb the large number of engi-
neers and scientists suddenly finding 

themselves without jobs. As a result, 
these people will find other activities 
and professions by means of which to 
support themselves and their families. 
The tragedy, of course, is that the 
many years of scientific education and 
experience that they represent will 
disappear with them. To compound 
this unfortunate set of circumstances, 
the next-generation student will avoid 
the physical science and engineering 
professions like the plague. This situ-
ation is already evident in the low 
level of enrollment on the engineering 
campuses throughout the country. 

This does not imply a lack of 
challenging problems for our scientific 
community. On the contrary, the eco-
nomic, environmental, and social 
problems arising from a rapidly 
changing, overpopulated world are 
staggering. In most cases, these prob-
lems are so severe that they will tax 
both the ingenuity and technological 
know-how of our most talented scien-
tists and engineers. The need is 
greater than ever for the pool of cre-
ative talent now being abandoned by 
the aerospace industry. It does not 
make sense to sit idly by and allow 
its attrition. 
When an agricultural or industrial 

resource is threatened by disaster, 
the government steps in with various 
emergency measures. This usually 
takes the form of agricultural sub-
sidies, depletion allowances, tax-free 
loans, special tax credits, and the like. 
The potential attrition of part of our 
technological resource described in 
the foregoing has all the earmarks of 
a national emergency. Why, then, can-
not our government treat it as such? 
A temporary government agency 
should be established to address the 
problem. The purpose and function of 
such an agency should be to facili-
tate the retraining of the aerospace 
talent pool, presently being laid off, 

to cope with the current problems of 
our society. It should provide the 
means in the form of short, intensive 
retraining programs at various aca-
demic institutions. It should pro-
vide interest-free loans, so that these 
people can maintain themselves and 
their families during this transition 
period. 

The program suggested herein rep-
resents a small investment in time 
and effort. The major dividend from 
this investment is apparent. It will 
preserve a much-needed technical 
pool of creative brainpower to cope 
with the urgent and crucial problems 
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A shod while back, 
there was a lot of noise 
about solid-state 
micmwave systems. 

Now, there isn't. 

First came solid-state. Now comes 
Lenkurt solid-state. There's a big differ-
ence. 

Now Lenkurt engineering offers 1200 
channels in the common carrier band. 
And 600 channels in the industrial band. Both with 
superior performance at reduced deviations. 

And that means a quiet signal. 
Lenkurt solid-state also modulates signals at 

higher basic frequencies. And 
offers less distortion and fewer 
multiplication steps by using 
doublers rather than tripiers or 

LINKURT 
GENERAL TELEPHONE & ELECTRONICS Road, San Carlos, California 

  94070. 

higher multipliers. 
That means an even quieter signal. 
There are other features you'll appre-

ciate, too. Like direct operation from 
battery voltage. Plug-in IF and baseband 

components that cut maintenance time. 
All in all, the new Lenkurt microwave system will 

make you glad you didn't rush into solid-state. 
And waited for Lenkurt to quiet things down. 

l Write Lenkurt Electric Co., 
Eirci-Bh,-ob Inc., Dept. C720, 1105 County 

Microwave Systems from Lenkurt 



Test Now/Results Now! 

Turn Signals 
Into Data 

In Real Time 

Now, on a scope. you can immecr-

ately " look inside' . sianals such as... 

• Shock pulses 

• Random vibration 

• Aircraft flyover noise 

• Speech and acoustic patterns 

• Road course transportation data 

• M'ssile littolf and staging vib -ation 

• ASW signals 

• Impact noise and similar transients 

• Tape recorder flutter components 

• Engine vibration 

Data Sheet SD-301A tells you how. 

Its ready for you NOW. 

emu 

Spectral 
Dynamics 
Corporation 
OF SAN DIEGO 
P.O. Box 671, San Diego, Calif. 92112 
(714) 278-2501, TWX 910-335-2022 

Circle No. 11 on Reader Service Card 

sponsorship of classified meetings or 
sessions, let it follow that policy hon-

estly without deceit or subterfuge. The 

prime test of sponsorship is the ex-
penditure of IEEE funds and the use 

of IEEE facilities such as mailing lists. 
Almost half the sessions described in 

the announcement sent at IEEE ex-

pense, and prepared at IEEE expense. 
were classified. Seven of the 17 pages 

in the advance program described 
classified sessions, and a clearance 

form was included in the mailing. 

Such a mailing represents clear, sub-
stantial support of a classified sym-

posium by the IEEE. 

Richard G. Gould 

Washington, D. C. 

Classified research 

In R. M. Anderson's letter " Profes-

sors and Research" (Spectrum, Feb-
ruary 1970), he presents his case as 

though the problem were simply, "Will 
professors undertake classified re-

search or not?" Then he concedes that 

allowing a little may be a compromise 

solution. 

I don't see the issue as quite that 
simple. Though one could take issue 

with our present national priorities (or 

objectives), I don't believe anyone 
would disagree that " national de-

fense" presently has a higher priority 
than education, money spent being 

the measure of priorities in this case. 

The issue is more accurately stated, 

"Who will do the needed classified re-

search?" If professors do not, then 

more private firms or more govern-

ment engineers will, and they will be 

much less likely to walk the thin line 

of sharing the unclassified aspects of 

their research with the academic and 

professional community. 
The loss to the academic commu-

nity will be that of those professors 
who are enjoying their classified re-

search more than teaching (a loss uni-
versities can ill afford), support for 

much advanced research presently be-
ing done by professors, and that 

fringe- area information. 

The loss to the defense establish-

ment will be some talent very hard to 

replace, but perhaps more important. 

considerable communication with that 
segment of America's point of view. 

In light of recent events, less com-

munication between defense and aca-
demic interests could hardly be de-
sirable. 

In the final analysis, the decision 
will rest with the professors them-

selves. I can't foresee the defense es-

tablishment pleading with professors 

to assume classified research, nor can 

I foresee prolonged student interest in 
such a complex issue. 

To a degree, I envy professors en-
gaged in classified research. What 

could be more rewarding or enjoyable 

than a combination of an academic at-
mosphere and a relevant, nationally 

significant, adequately funded re-
search task? It's too bad such a situa-

tion doesn't offer a liberal, 20-year re-

tirement plan. 

Ray E. Huebner, Major, U.S.M.C. 

Fort Meade, Md. 

A boost for bionics 

For many years I have been fasci-
nated by articles and papers describ-

ing the communication systems pos-
sessed by certain animals and in-

sects. The piece on moths in the 

March issue is another in the series 

of amazing revelations. 

Back around 1960, the National 
Geographic carried a beautifully il-

lustrated article on bats by Dr. McCue 
of the Lincoln Laboratory at M.I.T. 
From this we learned that a bat 

emits beeps varying from about 100 

Hz at 1/20-second intervals while 

cruising, down to 20 Hz at 200 per 

second as he homes- in on his target. 

For eons bats have been using echo 
location with FM, no less! 

Then, in American Scientist, June 

1961, a paper was presented by 

Roeder (of Tufts) and Treat (of 

C.C.N.Y.) on the subject of "The De-

tection and Evasion of Bats by 
Moths." By means of special hearing 

devices under each wing joint, the 

moths had themselves a DEW sys-
tem. Studies were made of evasive 

tactics, the most popular being a 

power dive into the grass! 
And now, the remarkable story by 

Hsiao and Süsskind (Spectrum. 
March 1970), which suggests the 

use of infrared and electromagnetic 

radiations by moths. 

We are rightly proud of our micro-

miniaturization programs and our ICs, 

but Mother Nature hasn't done such 
a bad job for a few million years! 

She seems to have known how to 

build transducers, servo systems, gat-
ing circuits, power supplies, etc., in 

tiny packages and literally by the 
millions! 

We've got a way to go! 

E. E. Pearson 
Philadelphia, Pa. 
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of our current society. In addition, it 

will give this large group of dedicated 

scientists and engineers a feeling of 

being needed during a critical time of 

transition for them, for the aerospace 

industry, and for our nation. 
S. M. Brainin, Ph.D. 
Sherman Oaks, Calif. 

Portable pensions 

I agree with Dennis Beech on his 

"Portable Pensions." The electrical 

engineers of the United States have 
long needed some standard pension 

that they can count on when they 
move. Let's face it, we are portable. 

We take everything else with us ex-

cept the pension we have earned. 
The IEEE appears to be the best 

organization to handle our pension. 
J. Lawrence Pfalzer, P.E. 

Bothell, Wash. 

Ground-fault interrupters 

We note that the article by Dalziel 

on ground-fault interrupters (Spec-

trum, January 1970) makes no men-

tion of an electronic high-sensitivity 

ground-fault interrupter manufactured 

for the past two years by Saparel, a 

joint subsidiary of Thomson-Houston 

and Compagnie Générale d'Electricité. 

As compared with the American device 

described by Dalziel, it has the ad-
vantage of not failing in the absence 

of the supply on one wire for mono-

phase, or even two wires for three-

phase supply. Over 50 000 of these 

devices are installed in Europe. 

F. Mayer, President 

Laboratoire D'Electronique 

et D'Automatique Dauphinois 

Grenoble, France 

WINCON 

I have just received the meeting 
notice for WINCON 70, and am sur-

prised by the classified section in-
cluded. 

From the meeting notice, it is clear 

that the classified section covers a 

wide range of topics, and is aimed at 

developing technologies for the 70s. 
At the same time, the " classified ses-

sions access request" form has a 

"need to know" clause. First, it is a 
rare person who has a " need to know" 

about all of the topics to be discussed, 
yet there is no place to say what the 

applicant " needs to know." Second, 
the " need to know" section is to be 

signed by a government representa-

tive certifying that the person " needs 

to know" because he already works on 

similar government contracts. This ex-

cludes people and companies who 

may wish to enter these fields during 

the decade in competition with cur-
rent contractors. It is not in the na-

tional interest to handicap new talent 
in the lucrative military supply busi-

ness. 
Kirk Beach 

University of California 

Berkeley, Calif. 

An IEEE mailing announced "WIN-

CON 70," a meeting sponsored by the 

Group on Aerospace and Electronic 

Systems and the IEEE Los Angeles 
Council. It also contained " informa-

tion on a separate classified sympo-
sium to be held concurrently" and 
finished with the following note: 

"Items indicate technical ses-
sions of a separate concurrent 

classified symposium on 'Aero-

space Electronic Systems' co-
sponsored by Air Force Systems 

Command and Lockheed Air-

craft Corp. They are included 

herein as a service to IEEE 
members in planning their time 

allocation. The IEEE does not 
sponsor classified meetings or 

sessions and the inclusion of 
this information in no way indi-
cates IEEE sponsorship. The co-
mingling of events in the sched-
ules in no way indicates IEEE 

sponsored activities." 

Now, I for one just don't believe 
that disclaimer. It's a phony. Imagine 

that an engineer sent, at his expense, 

a mailing to his friends and associ-

ates the following notice: 

"On February 10, 11, and 12, 
I will be at the Biltnnore Hotel in 

Los Angeles to swim, dance the 
cha cha cha, and eat prime rib, 

rare. During the same period, my 
secretary will be at the same ho-

tel to sit by the side of the pool, 
dance the hully gully, and eat 

prime rib, medium well done. 

The comingling of events in no 

way indicates my sponsorship of 

her activities, nor should any-
one assume that we are going 

there together: clearly, the ac-

tivities we are each engaging in 

are different." 

Would anybody believe that dis-

claimer? Would your wife? 
If the IEEE has a policy against 

mink 
S St 
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MINI-BOARD 
SEALECTRO'S modular 

programming system... 

Announcing the Sealectro Mini- Board. 
a brand new concept in microminia-
ture, modular program board systems. 
Less than 11/2 ' x 11,2" overall, the 
Mini-Board packs 100 electrical cross-
points in 1 sq. inch. Modular construc-
tion allows stacking of any required 
number of boards while a complete 
set of accessories including all mount-
ing rails and terminations makes sys-
tem expansion fast and economical. 

Standard Mini-Board configuration is 
10 by 10 with bussed X and Y rows 
and columns. Simple jumpers allow 
electrical connection between mod-
ules while special crimp-on pins elim-
inate all soldered cable connections. 
Both diode and shorting pins are 
available. - 

If your system's been 
shrinking, while its 
program boards haven't, 
check into Sealec-
tro's Mini- Board. Our 
complete catalog is 
yours for the asking. 
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Focal points 
Our decaying environment: 
top-priority issue for the '70s 
A special staff report 

Eight years ago, Rachel Carson, the 

noted marine biologist, introduced her 

best-selling book, Silent Spring. It 

dealt primarily with the hazards of 
the indiscriminate uses of herbicides, 
pesticides, and insecticides, and the 

author gave explicit warning of the 

ecological disaster that could ersue 
from such practices. Actually, the 

work was a rather mild indictment of 
the chemical industry and our pat-

terns and customs in agriculture. 
Nevertheless, the book quickly be-

came a cause celebre as shock waves 

of reaction and consternation rippled 

through a segment of industry. 
Spokesmen for the chemical inter-

ests derided her premises, scoffed at 
her conclusions, and made every ef-

fort to challenge Miss Carson's cre-

dentials as an expert in environmen-
tal matters. Although she found cham-

pions in the U.S. Congress and among 
fellow scientists who defended her 

contentions, public alarm soon 
changed to public apathy and her pre-

dictions were quickly forgotten. 
If public concern at that time, 

coupled with the initiation of posi-

tive pollution controls and safeguards 
in every area of possible envirormen-

tal damage, had prevailed, we would 

have had an eight-year lead toward 
avoiding the total mess in whic:h we 

find ourselves today. 

Now, one does not have lo be 
either an environmental expert or an 

ecologist to sense that our much-
vaunted technologically based civili-
zation is in big trouble: the brown 

pall of "airborne garbage" that hangs 

like a perpetual curtain over our large 

cities; the litter, trash, and canine ex-
crement strewn across every urban 

street; the smouldering refuse dumps; 
automobile graveyards; and the stench 

from streams and rivers, polluted by 

raw sewage, oil spills, and industrial 
wastes, all contain the grim evidence 

of the accelerating erosion of our 

planet and the degradation of living 

conditions. As one crusading news-
paper columnist put it: " New York 

City has at last achieved the hygienic 
quality and appearance of 17th cen-

tury London—just before the cholera 
struck and the plague decimated the 

population." 
During the past several months, 

tiere has been a rude reawakening 
of the public consciousness, and the 

total impact of our rapidly deteriorat-

ing environment and concomitant 

ecological imbalances has produced a 

near hysteria; there is no shortage of 
copy in the mass media's present cov-

erage of the subject. 
The staggering array of component 

problems—from the 50 billion non-

degradable (and nonreturnable) alu-
minum beer and soft-drink cans that 

are tossed out annually and the five 

million junk cars per year that are 

a portion of the solid trash clutter of 
the U.S., to air, water, and chemical 

pollutants—are steadily being com-
pounded as the human population in-

creases exponentially. 

A major conference is convened 

Perhaps reacting to the public 

clamor and the strident demands for 
immediate pollution abatement, the 

U.S. National Committee for the In-
ternational Biological Program ( IBP) 

and the Public Affairs Council co-

sponsored a three-day conference in 
Washington last February under the 

impressive title of " Environment: 
The Quest for Quality." The aims of 

the intensive seminar sessions, which 
attracted more than 400 conferees, 
were succinctly stated in the two para-

graphs of the program's introduction: 
"Man's rapidly growing ability to 

alter the face of the earth through 

technology can often produce far-

reaching and destructive changes in 

the web of life that stretches so 

thinly . . . over our planet. In pur-

suing the quest for environmental 

quality, we must learn to predict 

the effects of technological change 

and help conserve and utilize the 

abundance of the living world. 
"Hopefully, this conference will 

initiate a continuing dialogue be-
tween representatives of science, in-

dustry, and government that will pro-

duce a concerned partnership to pre-

serve and protect the environment. 
Our goal must not be to conquer 

the natural world, but to live in har-

mony with it." 
The 'triumvirate': science, govern-

ment, industry. The strategy of the 

Washington conference was to stress 
and emphasize the essential cooper-
ation of science, government, and in-

dustry as the key ingredient in de-

fining the problems, and planning and 

implementing the solutions to the in-

credibly complex job of pollution 

abatement and control. 
Noted names, reasoned rhetoric. 

The roster of principal speakers read 

like a Who's Who in science, politics, 
industry—and entertainment. Among 

the participants were the Hon. Rob-
ert H. Finch, Secretary of HEW; Stew-

art Udall, former Secretary of the 

Interior; the Hon. Russell E. Train, 
chairman of the Council on Environ-

mental Quality; Dr. Lee A. DuBridge, 
science advisor to the President; Dr. 

Merril Eisenbud, head of the Environ-

mental Protection Administration of 

New York City; Louis H. Roddis, presi-

dent of the Consolidated Edison Co. of 
New York; and Arthur Godfrey. 

In his keynote address, Secretary 

Finch stressed population control as 
one of the most controversial—but 

necessary—steps that must be ap-

plied without delay. In his view, we 
are all polluters, and the better we 
live, the more we degrade our environ-

ment. He urged a comprehensive ap-

proach to the problem of air quality, 
and emphasized that simultaneous 

solutions must be found to curb air 

pollution from automobile exhausts, 

incinerators, and industrial smoke; 

we cannot tackle the problem piece-
meal and hope for overall success. 

Three very significant passages 
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from Mr. Finch's text were— 
"Unless industry begins to calcu-

late the social costs of pollution, the 
by-products of its techniques of pro-
duction, and reflects them in the mar-
ket mechanism, there will be no . . . 

effective incentive system for reduc-

ing environmental degradation in the 
first place. 

"Unless government becomes more 
self-conscious about the environmen-
tal impacts of its tax, land use, sub-

sidy, and R&D programs, it will con-
tinue to play 'catch up'—with a 
higher and higher price tag. 

"Unless the American people are 

really prepared to pey pollution ' taxes' 
and meet the costs of environmental 

restoration—costs that may range 
from less powerful autos to less fre-

quently occupied bassinets—no po-
litical authority can control the ex-

cesses of affluence or rampant tech-

nology." 
Finally, Mr. Finch observed that we 

must begin now to translate our con-
cern into permanent machinery. " Eco-
logically speaking," Finch empha-
sized, " 1980 is the day after tomor-
row ... the year 2000 is next week." 
A train of thought. Russell Train 

classified the three general types of 
pollution, cited by President Nixon, 
as municipal, industrial, and agri-
cultural. He cited the necessity of 
the recycling and reuse of solid 
wastes (garbage, newsprint, paper, 
disposable cans and bottles, etc.), 
and the conversion of waste industrial 
materials into useful by-products. All 
of these desirable ends must be 
achieved through the development of 
new technologies that will make such 
processes economically feasible. 

To the rhetorical question, why not 
establish a NASA-like policy program 
and an analogous agency to focus on 
the objective of eliminating pollutants, 
Train replied that the general prob-
lem of attaining environmental qual-
ity is far more complex than putting 
men on the moon. Among several 
recommendations, he urged the devel-
opment of nonpolluting " unconven-
tional vehicles" (electric cars?) and 
the adoption of uniform codes of pol-
lution controls—and penalties for 
abuse—by government agencies. 

Scientists and educators speak out. 
Government spokesmen, however, did 
not dominate the forums. In line with 
the stated three- pronged approach to 
the conference, scientists and edu-
cators had their turn at bat. Dr. Fred-

erick Sargent, Il, dean of the College 

of Environmental Sciences, The Uni-
versity of Wisconsin, spoke on the 
scholarly theme of "An Environmental 
Ethic," in which mankind must view 
itself as totally dependent upon the 
natural environmental processes and 
conditions of the biosphere. Among 
the principles of this ethic " people 
must perceive the environment as a 
commons; it belongs as much to men 
as any other living organism, and it 
belongs as much to one man as to 
another." Sargent is convinced that 
the decade of the ' 70s is the "time 
limit for remedies, beyond which irre-
versible processes will ensue." 

But Amitai Etzioni, chairman of Col-
umbia University's Department of So-
ciology, voiced the question that may 
have been on the collective mind of a 
silent majority of his audience: Is this 
sudden concern for the environment 
just this year's fad—good for one 
solid go-around of lofty rhetoric—or 
do we really mean business this time? 
He chided his listeners with the ob-
servation that since " relatively sim-
ple problems (running commuter 
trains on time, providing adequate 
housing, etc.) apparently cannot be 
solved, how can we solve anything as 
complex as the environmental pollu-
tion problem?" But if we are serious 
in this effort, he advised us to "stop 
the rhetoric and start declaring our 
intentions." 

In a semiserious slap at politicians, 
Etzioni remarked that " if any author-
ity is less capable of carrying out ma-
jor policies than the federal govern-
ment, then it is the 50 states!" He 
considered revenue sharing between 
the federal and state governments 
for pollution- control purposes to be 
impracticable: the pyramidal layers of 
multiple-agency bureaucracies, red 
tape—and corruption—would effect-

ively cancel out all theoretical bene-
fits. And he warned that the tax-
payer is in no mood to pick up the 
entire tab for costly control and abate-
ment projects in order to help indus-
try sustain its cherished products and 
profit margins. 

Etzioni deprecated our habitual pre-
occupation with special study commis-
sions as a prerequisite for legislation 
because "there is a wide divergence 
between research findings and policy-
making conclusions in reports." In 
conclusion, he urged that NASA at 
least be used as a system-model ap-
proach for science—government—in-
dustry interaction. 

The views of industry: a new note 

between some old lines. Among the 
conferees were top executives of the 
pulp and paper industry, investor-
owned utilities, aluminum refineries, 

the oil producers, electric equipment 
suppliers, and the automobile indus-
try. For the most part, the views ex-
pressed by this segment of the triad 
reflected an enlightened recognition 
of the tremendous scope of the com-
mon problem, and an acceptance of 
a share of the responsibility for pollu-
tion. A number of examples were 
cited of positive remedial action being 
applied to point sources of industrial 
pollution. 

William H. Chisholm, president of 
the Oxford Paper Co., had statistics 
to prove that his industry was making 
some headway in the treatment of the 
effluent from paper mills before its 
discharge into streams, and he 
claimed that similar progress is being 
made in eliminating the airborne 
stench emanating from sulfite- process 
kraft-paper plants. Chisholm also as-
serted that the industry is replacing 
more timber, through reforestration 
programs, than it is cutting. And he 
claimed that "almost 30 percent of 
the virgin fibers used in the U.S. are 
recovered from waste paper to be re-
used as paperboard, newsprint card-
board, and white printing papers." 
But he observed that collecting waste 
paper by present methods is expen-
sive and can be done effectively only 
in large cities. Further, the treatment 
of secondary fibers, depending upon 
end use, can be very costly; and 
waste newsprint must undergo de-
inking treatment, which can create an 
additional pollution factor. Chisholm 
expressed the hope that advanced 
research and technology would pro-
vide more economic solutions for 
these recycling processes. 

Richard N. Bolling, general man-
ager of the Metal Recycling Division, 
Reynolds Metals Co., drew an inter-

esting analogy in comparing the earth 
to an interplanetary spaceship when 
he said: 

"The earth is a larger version of a 
space vehicle, with a much larger pop-
ulation and sink of natural resources 

—but still a sink that is as limited as 
the resources aboard a spaceship. 
Thus almost all of our natural re-
sources must be recycled and reused 
by processes analogous to those em-
ployed in the Apollo vehicles." 

Bolling rated solid-waste disposal 
techniques—despite our present 

highly sophisticated technology—as 
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still being in "a very primitive state of 
the art." Prior to the passage of the 
Solid Waste Disposal Act of 1965, the 
federal government's budget for the 
handling of this refuse was about 

$250 000 annually; today, the annual 
tab for improving disposal methods— 
most of which still are less than satis-
factory—is of the order of $20 mil-
lion. The enormous dimensions of this 
problem can be appreciated when one 
realizes that New York City alone gen-

erates about 20 000 tonnes of solid 
waste per day! 

Bolling conceded that the present 
custom of discarding up to 50 billion 
nonreusable aluminum beer and soft-

drink cans annually in the U.S. is no 
longer tolerable. In line with this re-
vised viewpoint, the Reynolds Metals 
Co. has initiated an incentive plan 
whereby thousands of people in Los 
Angeles and Miami, for the past year, 
have been salvaging the aluminum 

cans from roadsides, beaches, parks, 
and neighborhood trash collections. 
The company pays a bounty at the 
rate of 10e per pound. The cans are 
shredded and returned to one of the 
Reynolds reclamation plants where 
the scrap aluminum is reprocessed. 
A disturbing element apparent in 

one of the statements by an industry 
spokesman was the revival of the 
time-worn theme: Yes, we are con-

cerned about pollution and the deg-
radation of the environment, but you 
must understand that you, the con-
sumer, will have to bear the cost 

burden of improving the quality of the 
environment; our primary responsi-

bilities are to our stockholders and 
to maintain our profit margins. 

The concurrent panel sessions 

In exploring the question of "What 
Ought to Be Done to Solve the En-

vironmental Crisis," three simultane-
ous panel sessions were held for the 

discussion of the respective roles of 
industry, government, and science. 
The writer attended the industrial fo-
rum, which featured Dr. Merril Eisen-
bud; Dr. Roger Revelle, director of the 
Center for Population Studies, Har-
vard University; and Dr. Fred Bow-
ditch, director of the General Motors 
Emission-Control Engineering Staff. 

Dr. Revelle urged industry to under-
take R&D in new " life-support tech-
nologies" to counteract the ravaging 
effects of all types of industrial pollu-

tion. He agreed with Professor Etzioni 
that uniform federal standards of pol-

lution control, coupled with severe 

penalties for violations, must be es-
tablished. He cited the impracticality 
of situations in which one state has 
strict antipollution laws and an ad-
jacent state, in order to attract in-
dustry, will have very lenient control 

ordnances. 
Revelle is a strong advocate of 

population decentralization and better 

distribution, primarily into a minimum 
of 50 scientifically planned " new 

cities,"* with ultimate populations of 
500 000 each. 

He considered the recent increase 

in oil spill incidents, resulting from 
"supertanker" mishaps, as a very 
serious new element in the water pol-
lution picture, and he suggested the 
establishment of a worldwide monitor-
ing system for these vessels to ensure 
a reduction of accidents and the rapid 

handling of emergency situations if 
oil is discharged either in open sea or 

in coastal waters. 
Dr. Eisenbud chided industry for its 

poor communications with city sanita-
tion and pollution-control departments 
regarding potential difficulties in dis-

posing of new packaging or container 
products. He cited, in particular, the 
problems associated with the incinera-
tion of the polyvinyl chloride wrapping 
films that are in widespread commer-
cial and household use. When these 
materials are subjected to incinerator 

temperatures, they release hydro-
chloric acid ( HCI), which will eat away 
the grates in a large city plant in 
about six months' time. Also, a popu-
lar brand of leftover food wrap will 
release cyanogen gas under high tem-
peratures. 

Eisenbud mentioned the disposal 
headaches in handling newspapers— 
especially the fat Sunday editions. For 
example, it costs New York City about 
15 cents to get rid of each copy of The 
New York Times' Sunday edition 
(which, on occasion, can weigh 3.4 
kg). Thus he urged industry, as a con-

structive step in pollution abatement, 
to cooperate with city agencies in ad-
vising them of troublesome situations 
that can arise with the introduction of 
new disposable products. 

Finally, he accused the vehicular 

• IEEE Spectrum is not a Johnny-come-
lately on the environmental and pollution 
scene; articles appeared on these subjects— 
as well as the new cities concept—long be-
fore most of the news media climbed aboard 
the environmental and ecological band-
wagon. See the articles "Science and the 
Salty Sea" ( pp. 53-64, Aug. 1965); "Airborne 
Asphyxia—An International Problem" ( pp. 
56-69, Oct. 1965); and " Birth of the ' New City' 
—An Exciting Creation" (pp. 70-82, Apr. 1967). 

traffic in major cities of contributing 
such a high percentage of the total air 
pollution that private vehicles must 

soon be banned from downtown dis-
tricts. And along parallel lines, he 

urged the automobile industry to build 
smaller cars, speed the development 
of compact internal combustion en-
gines with greatly diminished noxious 
exhaust emissions, and explore al-

ternative car propulsion systems. 

Let's clean it up, by Godfrey 

Arthur Godfrey, the radio and tele-

vision celebrity, was the featured 
speaker at the conference banquet. 
Mr. Godfrey's credentials as an en-
vironmental and ecological authority 
seem to include the facts that he was 
very impressed by one or two books 
he read on the subject, and his 
belated discovery that an enzyme pre-

soak he has been plugging on tele-
vision commercials is creating eco-
logical problems in sewage systems 
after it goes down the washtub drain. 
Nevertheless, Mr. Godfrey gave his 

views on the urgent need for popula-
tion control as a top- priority goal in 
the remainder of this century. In ad-
dition, he is an electric car buff and 
has received the latest models from 
the manufacturers in the field for his 
use and evaluation. 

Perhaps one should not be critical 
of Godfrey; because of his celebrity 
status, the average citizen may heed 
Arthur's advice on the solution of en-
vironmental problems that lie within 
individual control to a greater extent 
than similar admonitions from a 
lesser known, but more expert, au-
thority in the subject area. 

Concluding words from Udall 

Former Interior Secretary Stewart 
Udall held a press conference follow-
ing the final luncheon on February 20. 
Udall felt that the overall situation is 
so critical that a Department of the 
Environment should be created within 

the federal government and headed 
by a cabinet- level secretary. At the 
present time (and this was obvious to 
the writer after listening to presenta-
tions by various government spokes-
men), agencies of too many depart-
ments of the government—Interior, 
HEW, Agriculture, etc.—have a " piece 
of the action." Interagency liaison and 
communications leave much to be de-
sired. A consolidation of activities 
"under one roof" may prove effective. 
Udall was inclined favorably toward 
a suggestion that our offshore oil re-
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serves be held in escrow until more 
sophisticated techniques are evolved 
to prevent oil blowouts such as those 
in the Santa Barbara channel and in 
the Gulf of Mexico. And he felt that 
our funding, from all sources, may 
have to be of the order of $ 50 billion 
or more annually to reverse the pro-
cesses of environmental deterioration. 

Summary of commissions, 
omissions, and impressions 

One leaves such a conference over-

whelmed by the staggering complexity 
of the total problem, and more than 
somewhat pessimistic about our 
chances of coping successfully with it 

before irreversible processes of en-

vironmental degradation set in. And it 
is rather discouraging to discover— 

after congratulating one's self for 
comprehending what one thinks is the 
total scope of the environmental pollu-
tion picture—that yet another dimen-

sion, in the form of another un-
thought-of pollution factor (such as 
the incineration of the polyvinyl chlo-
rides), is added to one's sense of 
mental malaise. 

Certainly, we have enough commis-
sions actively searching for practical 
answers and solutions. But we are still 
uneasy. We are told that Nero fiddled 

while Rome burned. Are our present 
political leaders fiddling around while 
the world goes up in smoke—smoke 

pollution, that is? Much lip service has 
been paid to the problem, but, at 

some point, science, government, and 
industry must put the money where 

its collective mouth is. Thus far, that 
is not happening. And as long as our 
order of commitments is in disarray, 
one can foresee little in the future as 
reason for optimism. 

Sacrifices will be required by every-
one to pay the huge toll of environ-
mental neglect: taxes will increase, 
profit margins will be squeezed, and 

the stockholder will have to share the 
economic pinch on the consumer. 

Wake up, everybody; it's much later 
than we think. 

Gordon D. Friedlander 

Meteorological satellites 
mark a decade in space 

The first terrestrial infrared obser-
vation system satellite, Tiros, was 
launched on April 1, 1960. Since then, 

a total of ten Tiros, nine ESSA, and 
one ITOS satellites have been suc-
cessfully orbited to provide nearly 

continuous space observations of this 
planet's weather phenomenons. 

Originally an experimental system, 
in February 1966, the Tiros Opera-
tional System (TOS), was imple-
mented with the successful orbiting 
of the ESSA 1 and 2, providing the 
world's first operational satellite sys-
tem capable of observing the earth's 
cloud cover on a daily routine basis. 

Now, second-generation improved 
Tiros operational system ( ITOS) satel-
lites are under development. 

The Tiros Operational System is 

sponsored by the U.S. Department of 
Commerce, and is managed and op-

erated by the Environmental Science 
Services Administration's National En-
vironmental Satellite Center, under 
the technical direction of the National 
Aeronautics and Space Administra-
tion's Goddard Space Flight Center 
(NASA / GSFC). 

To meet the full operational objec-
tives of the system, two TOS meteoro-
logical satellites must be in orbit at 
all times; one carrying an automatic 

picture-taking APT subsystem for di-
rect local readout to APT stations 
throughout the world, and a second 

carrying an advanced (AVCS) vidicon 
camera system capable of storing 
global video data for readout to asso-
ciated ground stations that immedi-
ately relay the data to the National 
Environmental Satellite Center (NESC) 
for processing and analysis. 

More than 1 275 000 television 
pictures have been returned by the 

Tiros and ESSA satellites. Tiros l's 
primary objective was observing the 
earth's cloud cover by means of slow-
scan television cameras in an earth-
orbiting, spin- stabilized satellite using 

both a wide-angle and a narrow-angle 
television camera. 

Tiros II, orbited on November 23, 
1960, additionally demonstrated an 
experimental, five-channel, scanning 
IR radiometer and a two-channel non-
scanning IR device. These devices, de-
veloped by the NASA Goddard Space 
Flight Center, measured the thermal 

energy of both the earth's surface and 
atmosphere in order to provide data 
on the planet's heat balance. 

A magnetic torquing coil for satel-
lite stabilization was added to Tiros 
II (and all Tiros satellites thereafter) 
so that a controlled magnetic field 
about the satellite would interact with 
the earth's field of space. 

Tiros Ill, IV, V, VI, and VII were 
launched between July 1961 and June 
1963 to provide continuous observa-

tion of the earth's cloud cover. The 
spacecraft each contained two, slow-
scan, vidicon television camera sys-
tems as the primary sensors. 

Tiros VIII, launched in December 

1963, included an APT camera. (The 
APT camera utilizes a very- slow-scan 
vidicon, as compared with the tele-
vision camera. The latter requires 2 
seconds to scan its 500- line image; 
the APT camera requires 200 seconds 
for readout of its 800- line image.) By 

virtue of the 2- kHz bandwidth of the 
APT system, Tiros VIII was able to 
transmit direct, real-time, television 
pictures to a series of 45, relatively 

inexpensive, APT ground stations lo-
cated around the world. 

Tiros IX, the first "wheel-mode" 
satellite, was launched in January 

1965 to expand the capability of the 
Tiros satellites to provide complete 
global-weather observation on a daily 

basis. This represented an increase of 
four times the daily observation pro-
vided by the predecessor Tiros satel-
lites. 

Although Tiros IX differed from its 
predecessors in many aspects, a pri-
mary difference was its spin orienta-
tion, and hence picture-taking capabil-
ity. In Tiros IX, the television cameras 
were mounted diametrically opposite 

one another and looked out through 
the sides rather than through the 

baseplate of the satellite as it spin-
tumbled in orbit. 

Tiros X, the last of the research 
and development series of standard 
Tiros satellites, was launched in July 
1965 to provide hurricane and tropi-
cal storm observations. 

ESSA 1 was launched on February 
3, 1966, into a 740- km near- polar, 
sun-synchronous orbit to become the 
first operational satellite providing 
global observation on a daily basis. 
This satellite ( like its predecessor, 
Tiros IX) utilized two vidicon camera 

systems, wherein a pair of pictures 
(one from each camera) produced a 
picture swath 3500 km wide and 
1300 km long along the orbit track. 

With ESSA 1 on station and pro-
viding operational global observation 
for readout in the United States, ESSA 

2 was successfully placed in orbit on 
February 28, 1966. ESSA 2 was actu-
ally the first of the TOS-design space-
craft. It was launched into a 1400-km 
sun-synchronous orbit to complement 
ESSA 1 in the Tiros Operational Sys-
tem by providing direct, real-time 
readout of APT pictures to the APT 
ground stations located throughout 
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Spectral 
lines 

The electrical engineer and public policy. Are our engi-
neering schools laying an appropriate background for 
participation in the formation of public policy? Does the 

profession want to be in the public eye for policy forma-
tion ? 

It can be claimed that electrical engineers are not active 
in the formulation of public policy. In a sense this is true. 
With a few notable exceptions, such as David Packard 
and Hubert Heffner, there are very few electrical engi-
neers in the public eye who are making national policy. 
Nor are electrical engineers often vocal in the debating of 
public issues that are of concern to intellectuals, business-
men, politicians, and the press. This is unfortunate, be-
cause our real influence on the structure of society and 
national policy is very great. That influence is generally 
constructive, but without an appropriate public image we 
are likely to lose not only public support for our activities, 
but also recruitment of the highly talented people we need 
from the high schools if we are to continue to develop. 
To participate in public policy formation to a greater 

extent and more visibly, there are a number of changes we 
must make. First, we need to recognize the significance of 
our accomplishments. Second, we need to improve our 
communication of these accomplishments to the rest of 

the population. Third, we need to recognize those aspects 
of the current problems to which we can contribute, 
either personally or collectively. 
As a beginning, some examples may be worth review-

ing. Electrical engineers have radically modified the 
methods of communication between various segments of 
the population. Radio and television have completely 
changed the structure of family entertainment, and dis-
tribution of news, advertising, and political campaigns. 
The development of radar, fire control systems, and aerial 
surveillance has changed the nature of war. The tele-
phone, the computer, and the jet aircraft have increased 
the size of the organization that can be managed and 
the way in which its parts can be distributed around the 
world. Electric light at low cost has lengthened our active 
hours, changing social patterns in many ways. 
From these examples it should be clear that electrical 

engineers have had a major part to play in shaping every 
aspect of our political, social, economic, and personal 
activities. Thus we have more to do with public policy 
than do many more vocal segments of the population. 
However, if we are to have the nature of these contribu-
tions understood we must communicate more effectively 
with the rest of the population— particularly with the in-
tellectual community. How often do electrical engineers 
take the time and effort to write articles for Harper's, 
The Atlantic Monthly, Saturday Review, The New York 
Times, Scientific American, or Science to show how our 

accomplishments relate to the rest of the world ? Unfortu-
nately, the answer is "rarely." Additionally, the question 
could be asked as to who would be interested in what we 
have to say, and why. It is my belief that there are many 
areas in which our profession can productively bring 
special skills and backgrounds to bear on problems of the 
day. People with a background in network theory, con-
trol systems, and probability are in a position to comment 
on such things as changes in economic policy, the layout 
of transportation systems, or stream pollution in such a 
way that, with just a little effort, they can become among 
their communities' most informed analysts or critics. 

Furthermore, it would appear that we should be at-
tempting to forecast the social and political changes our 
technology is bringing about. Is it not now an appropriate 
time to attempt to predict the effect of the picture tele-
phone on business and on our highways and air transpor-
tation systems? For example, is it not possible that the 
picturephone and the computer will make it probable 
that more people may work at home rather than drive to 
an oface? If so, what will this do to the divorce rates? If 
low-cost computing were accessible from every telephone 
it would be feasible to institute Athenian democracy on a 
nationwide scale. Is this a desirable goal? Our specula-
tions in these and related areas ought to be recorded and 
debated if they are to help shape national policy. 
As background for this broader scale of activity our 

engineering schools should be challenged to expand the 
scope of their activities to include the training of many 
people outside the discipline. A background vocabulary in 
concepts such as feedback, network theory, probability, 
information theory, and switching logic should be made. 
available to the majority of college graduates in all fields. 
This means service courses by electrical engineering de-
partments for students majoring in liberal arts, medicine, 
business, education, etc., on a scale well beyond anything 
yet attempted. The Engineering Concepts Curriculum 
Project course is a good start, and the popularity of the 
computer as the world's most sophisticated educational 
toy may make it possible to reach students so that this is 

not as ridiculous a suggestion as it may at first seem. 
Business, sociology, medicine, and psychology are al-

ready borrowing some of our vocabulary and concepts. 
If our electrical engineering departments are to facilitate 
the information transfer, the profession stands to gain in 
recognition as well as in the kinds of service it can render. 

In summary, the horizon of what we call electrical en-
gineering and the areas where we expect our members to 
participate, individually and in groups, are going to have 
to expand if we are to continue to flourish as a profession. 

Frank S. Barnes 
Vice Chairman, Publications Board 
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The President's address 

at the 1970 

Convention Banquet 
J. V. N. Granger President IEEE 

For this year's International Convention, the IEEE 
chose as a theme: "Launching the Spectacular 70s." In 
the brief space allotted me, I should like to express my 
apprehensions about the kind of spectacle the seventies 
are likely to present, and my concern that engineers, by 
and large, are ill-equipped for their responsibilities in the 
decade ahead. 

In the sixties, the U.S.—along with every other indus-
trialized nation—was forced to a new recognition of the 
broader consequences of technological progress and to a 
reluctant—and often painful—reappraisal of the social 
and cultural price of progress. This reawakening has 
emphasized three basic truths: first, that the ultimate im-
pact of those "technological breakthroughs" for which 
we strove mightily a decade ago was seldom foreseen, if, 
in fact, it was foreseeable; second, that a mortgage on 
society takes a long time, and a great deal of money, to 
pay off; and finally, that it is very hard indeed to fix the 
responsibility for the undesirable results of technological 
progress, no matter how many groups are ready to claim 
credit for the benefits. It is hard to believe that this new 
awareness of these deficiencies of our civilization will dis-
appear with the opening of a new decade, and even harder 
to imagine that the solutions to these problems simply 
await the "launching" of that decade. 
Many engineers seem to have great difficulty in accept-

ing the idea that they have a particular responsibility for 
the undesired social effects of technology. "We are applied 
scientists," they say, "and science is simply the organized 
search for knowledge. It is unfair, or illogical, to judge the 
results of science as good or bad." True, but if we are 
applied scientists, the operational word is "applied." 
Engineering is the application of science to practical prob-
lems—that is to say, to problems that affect people. The 
goal of engineering is to create social consequences— 
particular social consequences, certainly; but affecting 

our society and our culture is what engineering is about. 
If some of the effects are unforeseen or undesirable, can 
we shift the responsibility to the "pure" scientists from 
whom we borrow our methods and beg our facts? 
Some of us resort to another rationale. "Engineers 

don't make these decisions," we say. "The bosses do," or 
the marketing department, or the sponsors in Washing-
ton; "they have the authority." Of course they have 
authority: the authority to allocate resources. But that 
kind of authority is insufficient, as every boss, every 
marketing man, every project sponsor knows. Engineers 
have another kind of authority. Their authority is that of 
expertise; the authority that comes from knowing how. 
Unless this type of authority is also available, and com-
mitted to the project, the first kind has no meaning. In-
dustrial organizations, and government agencies, do with 
technology what their engineers are able to do. They 
can't do more than that, and our society demands of them 
that they not do less. 

Let me cite as examples three major social problems 
whose current status—if not their origins—is largely in 
the hands of engineers. The first is the problem of war. In 
our lifetime, the technology of warfare, and the danger 
warfare poses to society, have changed completely. As 
one result, the nations of the world have expended, since 
1900, some $4000 billion dollars on military affairs. 
Currently, the U.S. and U.S.S.R. spend on military and 
related matters as much money as the entire world spends 
on public health and public education. The whole world 
is caught up in an arms race, and in this race engineers are 
the runners. While we pound along—wondering, perhaps, 
if there is a finish line—we might reflect on the fact that 
the arsenals of the nuclear powers already contain the 
explosive equivalent of 15 tonnes of TNT for every 
man, woman, and child on earth. 
Consider next the less morbid, but equally threatening, 
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problem of starvation. At least one third of the world's 
population receives less food daily than medical authori-
ties regard as essential to health. From the engineering 
viewpoint, the problem can be described as an unfavor-
able ratio between the energy value of food produced and 
the energy expended in producing it. With even the most 
modern agricultural techniques, to plant, cultivate, 
harvest, process, and deliver to the consumer one calorie 
of food uses one calorie of fossil fuel, and three or more 
calories of fuel are consumed in cooking that food. We 
are, quite literally, eating up our fuel reserves and, in the 
process, fouling our atmosphere, our water supply, and 
the very land on which we live. Here again, we are running 
a race with time. The engineering challenge is to find ways 
to speed up the rate of conversion of the energy of sun-
light into other forms—to shift from geological time to 
real time. The solar energy that falls on the state of New 

York each year is twice as great as the total, annual, world 

production of fossil-fuel energy. 
A third example of the social consequences of tech-

nology is the problem of waste disposal. To focus on just 
one great achievement of modern technology, consider 
the no-deposit, no-return bottle. Every day in the United 
States we throw away enough no-deposit no-return bottles 
to reach (if laid end to end, as engineers naturally would 
place them) from New York to Rome, Italy. Here, we 
might recall that the Babylonians invented glass bottles 
3500 years ago, and the glass in their trash heaps hardly 

has deteriorated at all. 
These all-too-familiar examples of the social conse-

quences of engineering are offered to illustrate my appre-
hensions about the "spectacular seventies," and to dem-
onstrate, as I believe they do, that engineers are not pro-
perly equipped to assume responsibility for—or even to 
foresee—the full impact of their work. We need help. We 
can hope to find that help, I believe, from other profes-
sionals who, like engineers, apply the methods and dis-
coveries of science to the problems of people living to-
gether, unavoidably, in a real world. We must open the 
dialogue, and undertake to communicate in a language 
we can all understand, with the economists, the ecologists, 
the sociologists, and the psychologists: the whole gamut 
of people who are professionally concerned with our 
world and our fellow human beings, and with the quality 
of the life we lead and the life our children will inherit. 
With their help, we may come to understand what we 
know, or failing that, know what we understand. 

In the words of the book of Common Prayer: "We 
have left undone those things which we ought to have 
done; And we have done those things which we ought not 
to have done; And there is no health in us." May God 
grant us the wisdom, the courage, and the strength to 
face, together, the consequences of what we do together. 
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Early schemes 
for television 
Various proposals for "seeing by electricity" were put forward 
around 1880. Though only paper plans, they established principles 
that led to the reality of mechanical television in the 1920s 

George Shiers Santa Barbara, Calif. 

More than a dozen schemes for sending visual images 
by electricity appeared from 1877 to 1884. Some 

used multiwire lines and mosaic arrays; others used 
single lines and a scanning method—autographic, 
spiral, linear. Selenium cells and incandescent fila-
ments were common elements. Basic ideas on scan-
ning speed, repetition frequency, synchronism, pic-
ture elements, and beam modulation evolved during 
these years. Some schemes employed magnetooptic 
effects, others used polarized light, and an optical 
equivalent of the cathode-ray tube was proposed for 
one receiver. Mechanical problems were finally solved 
by the scanning disk, which, 40 years later, with the 

aid of electronic techniques, became the foundation 
for practical mechanical television. Both facsimile and 
television proposals were covered, partly because they 
were inseparable during this era and partly to show 
the continuity of developments. 

The possibility of "seeing by electricity" first became 
of real interest during the late 1870s. Two events of that 

decade gave impetus to the search for ways of transmitting 
pictures and views: the discovery of the light sensitivity 
of selenium in 1873, and the invention of Bell's telephone 
in 1876. Rising interest in electric lighting elements also 

promoted interest in "electrical vision." From 1877 a 
variety of proposals established basic principles that. 
over seven years, were developed and finally incorpo-
rated in the near-practicable invention of Paul Nipkow 
in 1884. A chronology of this period is given in Table I. 

Selenium and light 

Willoughby Smith, chief electrician of the Telegraph 
Construction Company, used selenium rods as high 
resistances for continuity checks of the Atlantic cable 
(1866). Selenium proved to be unsuitable, however, be-
cause of wide variations in resistance. Later tests to find 

the cause revealed the fact that the resistance was dimin-
ished when a rod was exposed to light. This discovery of 
the effect of light on selenium was announced by Smith 
early in 1873. 1.2 Despite the obvious value of this phe-
nomenon, only a few workers studied the physical proper-

ties of selenium during the next decade, and few attempts 
were made to develop the selenium cell as an electric 
device.' Nevertheless, selenium, though inefficient and 
capricious, was a key component in all the early schemes 
and retained its eminent place until efficient phototubes 
became available after World War I. 

Early television,* or "telectroscopy" as it was called, 
evolved from facsimile telegraphy. This sister art was over 

30 years old when the telephone was born. Actually, 
most of the proposals employing selenium for sending 
pictures by electricity were directly related to facsimile, 
with means for instant visual reception thrown in, as it 
were, as alternatives. 

Facsimile, or the copying telegraph 

Without going into the history of facsimile,63 a brief 
reference to the "copying telegraph" is necessary to show 
what techniques were available during the mid-1870s. 
The first plan for an "automatic telegraph" was pat-

ented8 in 1843 by Alexander Bain, a Scottish watchmaker, 
telegraph inventor, and pioneer of electric clocks. To 
avoid coding and decoding, Bain devised a way to re-
produce letters and words of the original message as a 
series of stains in chemically prepared paper.' 

Variations of Bain's scheme (based on sequential 
scanning and synchronized movements) were developed 

by others, particularly Frederick Bakewell (1847) and 
Giovanni Casseli (1861). The Casseli system was in 
service in France during the 1860s. During the next ten 
years a variety of proposals for other "writing tele-
graphs" appeared. These schemes, sometimes known as 
the "telautograph," employed coordinate control 
whereby the movement of a pen or style is resolved into. 
and reconstituted by, two separate rectilinear motions. 

Therefore, the principles of scanning and synchronism— 

basic to facsimile and television employing sequential 
signals—were well established when proposals for sending 
pictures and views by electricity with the aid of selenium 

• The word "television" was coined in 1900 by a Frenchman 
named Perskyi. , Hugo Gernsback introduced it in 1909 in an 
article in his magazine., 
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FIGURE 1. Constantin Senlecq's telectroscope, 1877. Facsimile system employing 
single selenium cell and a pencil attached to a telephone diaphragm. 

entered the literature. (The principle of synchronous 

control was used by Charles Wheatstone in the early 
telegraph days; see Refs. 10-13.) 

The telectroscope 

The idea of using selenium as a pickup element ( the 
counterpart of the microphone) for transmitting graphic 

materials occurred to several workers around 1877. A 

French lawyer. Constantin Senlecq, was the first to pub-
lish his ideas that year." (In a later account,'' the claim 

is made that it "was invented in the early part of 1877.") 

Selenium 

Magnet 
coil 

=  Battery 

Diaphragm 
and pencil/ 

a 

His plan for a telectroscope (see Fig. 1) included an early 

adaptation of Bell's telephone. 

Senlecq supposed that his apparatus would reproduce 
the tonal shades of an image obtained in a camera ob-
scura. He avoided any mention of the mechanical linkages 

by merely specifying "any system of autographic tele-

graphic transmission." His plan, although rudimentary, 

was advanced for the times; and had the merit of com-
bining two new elements in an attempt to extend exist-

ing techniques for picture transmission. 
A proposal for directly converting electric signals into 

Chronology of facsimile and television proposals, 1877-1884 

Year 

1877 

1878 

1879 

1879 

1880 

1880 

Inventor System Circuit Reproducer 

Senlecq , 

De Paiva 

Redmond' 
Redmond,' 

Perosino 

Middleton 

Ayrton, Perry , 

Ayrton, Perry' 

1880 Carey' 
Carey, 

Carey' 

1880 Sawyer 

1881 Senlecq' 

Senlecq' 

1881 Bidwell' 

Bidwell, 

1882 Lucas 

1884 Nipkow 

Fac. Single Telephone and pencil 

TV 

Fac. 

Multipurpose 

TV 

Fac. 

TV 

Fac. 

TV 

- Single incandescent element 

Multiwire Incandescent mosaic 
Single Single incandescent element 

- Electrochemical, single- point 

Multiwire Thermoelectric mosaic 

- Apertured mosaic 
- Silvered magnetic mosaic 

Single 

Electrochemical, multipoint 
Incandescent mosaic 

Electrochemical, single- point 

- Spark gap 

Fac. - Electrochemical, multipoint 
TV - Incandescent mosaic 

Fac. - Electrochemical, single- point 

TV - Optical. Polarized light beam 

on screen 

- Electrooptical. Polarized light 

and direct viewing 

Remarks 

Autographic 

Selenium-coated plate 

Selenium mosaic 

Single selenium cell 

Paper record on cylinder 

Electromagnetic shutters 
Plane- polarized light, Kerr effect, 

analyzing screen 

Selenium mosaic, wire mosaic 

Selenium mosaic 
Spiral scan, clockwork drive 

Spiral scan, selenium helix, light 

pipe 

Selenium mosaic, wire mosaic 
Mechanical selector, rotary switch, 

synchronizing pulses 

Pinhole cylinder 
Pinhole box, linear scan, flyback 

Beam modulation, beam scanning, 

continuous scan, receiver only 

Apertured disks, Faraday effect, 

automatic flyback, 
continuous scan 
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FIGURE 2. Denis Redmond's electric telescope, 1879. Multiwire system with a 
mosaic of incandescent elements for visual reception. 

FIGURE 3. Ayrton and Perry's second proposal for seeing by electricity, 1880. A 
receiver mosaic of electromagnets with silvered surfaces on the ends of the 
cores is flooded with plane-polarized light and viewed through an analyzing 
prism. The plane of polarization of the reflected light is rotated in proportion 

to the current in the respective circuit. 
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light for reproduction purposes soon appeared. Realizing 
that an incandescent element could serve as the converse 
of selenium, a Portuguese physics professor of Oporto, 

A. de Paiva, outlined his plan for an "electric telescope" 
early in 1878.* De Paiva suggested projecting an image 

onto a selenium-coated plate that was scanned by a 
metal point. Signals from this transmitter were to operate 
a relay and an incandescent element at the receiver. 
The motions of the point and the lamp were to be effected 

by the usual autographic means. 

Selenium and platinum mosaics 

The relationship between the structure of the ear and 
its telephonic model and the comparable imitation of the 
eye in possible apparatus for "electric vision" now began 
to emerge. An obscure inventor, Denis Redmondt of 

Dublin, revealed his plans for "transmitting a luminous 
image by electricity" early in 1879. 17 In his "electric 
telescope," Redmond employed mosaics patterned after 

*De Paiva's proposal was not widely known, apparently, since 
there are no contemporary accounts in English literature. Another 
little-known proposal employing selenium for "telephotography" 
was put forward in 1879 by C. M. Perosino. His plan, employing 
sequential scanning, single-line transmission, and chemical re-
cording on a revolving drum, is probably the first of its kind. i6 

1. Little is known about Redmond. Recent inquiries in Dublin 
and London have not brought to light any information to supple-
ment his published accounts. 

Magnet core 
(energized) 

Horizontal plane 

Selenium Magnet coils 

 1 

the eye; they consisted of "a number of circuits, each 
containing selenium and platinum arranged at each end, 
just as the rods and cones are in the retina." 

Redmond's multicircuit plan, shown in Fig. 2, elimi-

nated problems of scanning and synchronism. A luminous 
pattern was projected onto the selenium mosaic. The 
bright parts of the image were reproduced by incandes-

cence of the respective platinum elements in the receiver 
mosaic. There were no moving parts and the optical 
system was nothing more than a simple camera lens. 
Although the plan contains only the barest essentials, 
it is a true television system and appears to be the first 

of its kind employing selenium. 

Unlike other inventors of the period who produced 
no more than paper plans, Redmond claimed to have 
done actual experiments. It seems that his efforts were 
rewarded, because he declared: "I have succeeded in 
transmitting built-up images of very simple luminous 
objects." However, he did not describe how the mosaics 
were made, nor how to prepare selenium or construct the 

platinum elements. 

Redmond, recognizing the practical barrier of a multi-
wire circuit, also considered a single-wire system. But this 
introduced the greater problem of synchronizing the 
motions of the cell and the incandescent element. He 

therefore proposed to adopt the principle of the copying 
telegraph, but he did not give any details of this experi-
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ment. Like de Paiva, Redmond recognized the importance 
of persistence of vision and the need for a minimum 
scanning frequency. He proposed to arrange his system 
"so that every portion of the image of the lens should act 
on the circuit ten times in a second, in which case the 
image would be formed just as a rapidly-whirled stick 
[brand] forms a circle of fire." 
Redmond was also aware of the basic defect of selenium 

as a light-sensitive element: the sluggishness of response 
that quickly darkened the inventive horizon. This inertia 
plagued inventors for many years. Consequently, Red-
mond's attempt to employ a single circuit "failed through 
the selenium requiring some time to recover its resis-

tance." (He also stated: "1 am at present on the track 
of a more suitable substance than selenium." His propo-
sal elicited several letters two weeks later" and another 
one in May 1880 asking for further results.") 

The photophone and its consequences 

The potentialities of selenium as a link between elec-
tricity and light, as well as its physical properties, were 
now of great interest. A quite different line of develop-

ment—the use of a light beam to convey audible tones— 
was taken up by several workers, including Graham 
Bell, during the late 1870s. Bell became interested in 
discussions on the possibility of hearing the sound of 
light via selenium and the telephone during a visit to 
England in 1878. Upon returning to the United States 
in the autumn, he started work on a new telephonic 
system that employed a beam of voice-modulated light 
instead of wires between transmitter and receiver. 
An extensive series of experiments by Bell and his 

co-worker Sumner Tainter with selenium cells and 
"undulatory light" led to the "photophone." 2° Then, 
before it was practically applied, Bell deposited the 
related documents with the Smithsonian Institution. 
This unusual act aroused great curiosity among scientists 
and stimulated others who suspected that he had de-
veloped a system for "seeing by telegraph." The increase 
in correspondence on this subject and in reports of experi-
ments during 1880—the boom year for incipient tele-
vision—appears to be a direct result of news and specula-
tions about Bell's new "visual telegraph." 

An elegant scheme 

Two British professors, William Edward Ayrton and 
John Perry, referred to Bell's papers when they an-
nounced their plan for "seeing by electricity" in Nature, 
in April 1880. 21 They recognized the practical difficulties, 
however, and merely advanced suggestions, stating: 
"It has not been carried out because of its expensive 
character, nor should we recommend its being carried 
out in this form." They also declared that "it is well to 
show that the discovery of the light effect on selenium 
carries with it the principle of a plan for seeing by 
electricity." But this pronouncement was rather tardy 
because they had privately discussed their ideas "some 
three years" before; besides, Redmond had already 
published his plan. [Ayrton and Perry wrote, "suggested 
to us some three years ago more immediately by a pic-
ture in Punch." However, their memories were at fault, 
since the only cartoon published during the period from 
July 1875 that clearly applies is one in Punch's Almanack 
Pr /879, dated December 9, 1878. This prophetic illus-
tration, showing a wide-view screen, has the imaginary 

and somewhat derisive caption, "Edison's Telephono-
scope (Transmits Light as Well as Sound)." Their 
announcement evidently prompted Redmond to call 
public attention to his plan in a letter to the Times," 
in which he mentioned "a relay of peculiar construction" 
and pointed out that he had not patented his apparatus.] 

Ayrton and Perry had two multicircuit schemes, both 
employing transmitter mosaics "made up of very small 
separate squares of selenium." Their first receiver was 
an apertured mosaic with light arranged to pass through 
the openings. A needle, magnetically operated, obscured 
each opening. An increase of light on a given cell would 
increase the line current to the respective coil. Thus, 
the needle would be pulled aside and admit more light 
through in proportion to the original light intensity. 

Their second scheme was boldly based upon a recent 
advance in physics. In 1845, Michael Faraday passed 
a beam of plane-polarized light through a block of 
heavy glass mounted in the pole gap of an electromag-
net. 23 He found that the plane of polarization was 
rotated when the magnet was energized (Faraday effect). 
In 1877 John Kerr, a Scottish physicist, discovered a 
related effect when plane-polarized light is reflected from 
the poleface of a magnet. 24 
The co-inventors felt that Kerr's experiment suggested 

"a more promising arrangement." Their second receiver 
plan, shown in Fig. 3, consisted of electromagnets ar-
ranged in a mosaic pattern. Silvered soft-iron squares 
were attached to the ends of the cores. This mosaic was 
to be flooded with plane-polarized light and viewed 
through an analyzer. With the transmitting mosaic dark, 
the magnets would not be energized and the reflected 
light would be cut off from view. With sufficient light on a 
given cell, the reflected beam from the respective magnet 
would pierce the analyzing prism and present that 
portion of the image with a corresponding intensity. 
Although Ayrton and Perry were fully occupied in the 

new field of electric power, the possibility of seeing by 
electricity stayed on their minds. A rudimentary model 
of a somewhat different plan was later used by Perry 
for lecture demonstrations. This instrument, capable 
only of reproducing alternate stripes of light and shade, 
was called a "telephote," or "pherope." 25 

Perry was an early prophet of radio and television. 
He foresaw communications without wires before the 
pioneer work ( 1886-88) of Heinrich Hertz on electro-
magnetic waves was widely known. Concerning "the 
people of one hundred years hence," he wrote: "They 
will probably speak to one another at a distance without 
any artificial connection between." He also declared: 
"They will probably be able to see one another's actions 
at great distances, just as if they were close together."" 

A thermoelectric plan 

In March 1880, a different scheme was announced by 
Henry Middleton of St. John's College, Cambridge. 27 
He spurned selenium, however, and suggested a multi-
purpose plan employing thermoelectric elements ar-
ranged as mosaics and connected by a multiwire circuit. 

Middleton, like Redmond, pointed out "a striking 
analogy between the camera of the instrument and that 
of the human eye." He also equated "the conducting 
system" with the "optic nerve." He believed that his 
plan would be adaptable for all kinds of reproductions. 
Through the agency of heat, he supposed that "these 
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FIGURE 4. Carey's multiwire 

scheme for seeing by elec-
tricity, 1880. ( Reproduced 
from Scientific American.) 

FIGURE 5. Carey's first plan 
(A) with a receiver mosaic of 
wire points for electrochemi-
cal recording. Alternative 
proposal (B) with a mosaic of 
incandescent elements for 
visual reception. 
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images can be either received directly or by reflected 
light...and projection on a screen or by suitable 
apparatus they can be retained as a photograph, a 

thermograph, or chemicograph." 

Two American plans 

Meanwhile, U.S. inventors had not been idle in ex-
ploring the new field, nor immune from the enticements 
of selenium. Comprehensive plans for two schemes ap-
peared in the Scientific American early in June 1880. 29 
The inventor, who had originally submitted his ideas in 
the spring of 1879, 29 was George R. Carey, of Boston. 

The article contained engravings that portrayed a selen-

—  

Glass 
cap 

Vacuum space 

ium camera, probably the first illustration of its kind; 
see Fig. 4. Indeed, Carey was the first to publish "con-
structional" details. The careful delineation of the parts 
gives the impression that the apparatus was built, al-
though there is no evidence to support this. 

In his first scheme, Carey employed a circular mosaic 
of selenium elements connected by separate wires to a 
similar mosaic of wire points at the receiver. A sheet of 
chemically prepared paper was inserted between these 
points and a metal plate. See Fig. 5. 
To furnish a visual image, Carey proposed an incandes-

cent mosaic as a substitute for the wire array at the 
receiver. Platinum or carbon "points" were mounted 
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in an evacuated space "covered with a glass cap." 
The inventor confidently stated: "These points are 
rendered incandescent by the passage of the electric 
current. thereby giving a luminous image instead of 

printing the same." 
Carey, realizing the practical objecton :o a cable be-

tween the camera and the distant station, proposed an-
other method employing a single line. In this second 
scheme (see Fig. 6). he introduced the novel idea of 
spiral scanning. As shown in Fig. 7, a single selenium 
cell in the camera was caused to "describe a spiral line 
upon the glass, thus passing over every part of the 
picture" projected on it. The receiver contained a metal 

Spiral scan 

FIGURE 6. Carey's instru-
ments using spiral scanning 
for transmitting and record-
ing images along a single-
wire circuit. (Reproduced 
from Scientific American.) 

FIGURE 7. Carey's single-
circuit plan for electrochemi-
cal recording (A). The selen-
ium cell and the metal point, 
both operated by clockwork, 
were arranged to travel a 

spiral path (B). 

plate carrying a sheet of chemically prepared paper over 

which a metal point traced a similar spiral path. A clock-

work-driven mechanism in each instrument produced 
the motions of the cell and the point. Since this single-
circuit plan was intended only "for transmitting and 
recording," the inventor did not advance an alternative 
suggestion for luminous reception. Both proposals refer 

to a "one-shot" scan. 
Except for the alternative suggestion of incandescent 

elements, both of Carey's schemes relate to facsimile. 

However, he is often given credit for the first suggestion 
of a "television" system in 1875. These later accounts'" 

describe the mosaic plan with multiwire connections 
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FIGURE 8. William Sawyer's proposal for transmitting visual images, 1880. The light pipe 
traverses the image and a flat helix of selenium wire in a spiral path. A spark gap carried 
by an index describes a similar path in a darkened case at the receiver. 

and incandescent elements. They also variously refer to 
selenium cells or a light-sensitive mosaic of photographic 
materials, with or without line relays at the receiver. 
But this disclosure of June 1880 appears to be the first 
published by Carey related to an electrical system 
employing selenium. 
The rather tenuous link between published reports, 

private plans, and the growth of technical ideas was 
strengthened by a quick response to Carey's article 
published in the Scientific American the following week. 
The issue for June 12, 1880, carried the account3' of 
another scheme by William Edward Sawyer, an electrical 
engineer of New York. This contributor, also a telegraph 
inventor and pioneer of electric lamps, revealed that his 
plan dated back to the fall of 1877. At that time he had 
described to business acquaintances "the principles and 
even the apparatus for rendering visible objects at a dis-
tance through a single telegraphic wire." Interestingly, 
Sawyer was concerned only with a visual system, although 
his earlier work was on facsimile. He also proposed 

spiral scanning, novel optomechanical arrangements in 
both instruments, and a spark-gap receiver; see Fig. 8. 
The transmitter contained a flat helix of fine selenium 

wire mounted in a darkened case. Light from the image 
was piped into this case through a fine tube. In an un-
specified manner, the tube was arranged to traverse the 
image and the selenium coil, starting at the outside and 

finishing at the center. The receiver was vaguely described 
as a similar darkened case in which an "index" traced a 
spiral path identical to that of the light pipe, or scanning 

tube, at the transmitter. The index carried fine platinum 
points connected to the secondary of a "peculiar induc-
tion coil." Tiny sparks between these points were sup-
posed to reproduce the instantaneous level of light of the 
original image. 
Sawyer gave no other details of his plan but he did 

describe its operation. Like Carey's, this was a one-shot 
scan, with no mention of repetitive action. Recognizing 
the need for rapid motion consistent with the persistence 
of vision, he wrote: "The speed being sufficiently great 
it is obvious that...an exact image of the object... 
would be reproduced before the eye of the observer 
placed at the darkened chamber of the receiver." 
Sawyer was aware of the deficiencies of selenium: its 

sluggishness and inadequate sensitivity. He understood 
the absolute need for isochronous motion and declared 
that "isochronism is unattainable." He also recognized 
that an acceptable reproduction would require a vast 
number of individual points (picture elements) accurately 
registered to provide reasonable detail (definition). 
The first to state this problem, Sawyer declared (with 

reference to about 6.5 cm' of surface): "To convey with 
any accuracy an image...this surface should be com-
posed of at least 10000 insulated selenium points." 
(This figure represents a good-quality halftone screen.) 

Also, discounting single-line scanning, and with align-
ment of the picture elements in mind, he added that these 
points were to be "connected with as many insulated 
wires leading to the receiving instrument; for the varia-
tion of the one-hundredth of an inch either way will 
'throw a line out of joint.' " 
Sawyer was a severe critic of any scheme, including his 

own. Pessimistically he stated: "There is no likelihood of 
any plan of this kind ever being reduced to practice, for 
some of the difficulties in the way of all of the plans are 
insuperable." Thus, the problems facing any would-be 
inventor of a practicable system for transmitting visual 

images were now emerging from the mists of thought. A 
fast and sensitive pickup device and an equally reponsive 
visual reproducer were essential. Practical mosaic arrays 
would have to contain large numbers of these elements. 

The superiority of sequential signals along a single line 
also was becoming recognized. This approach eliminated 
cumbersome and costly cables, but introduced the greater 
problems of constant speeds and synchronous scanning. 
The related need for repetitive scanning—still a vague 
idea—at a frequency compatible with persistence of 
vision had to be satisfied in some way. In recognition of 
these fundamentals, any proponent had to incorporate 
adequate optical and mechanical means to put these 
principles into effect. The invention of such means that 
would bring any scheme closer to the borderline between 
fantasy and feasibility was the real difficulty—and the 
greatest one of all. 

Sawyer's views were offset a few months later by a 
more cheerful opinion from Oliver Joseph Lodge, an 
English physicist. In December 1880, he lectured on 
"The Relation Between Electricity and Light" at the 

London Institution. 32 In concluding his lecture, Lodge 
said: "I must just allude to what may very likely be the 
next striking popular discovery...the transmission of 
light by electricity; I mean the transmission of...views 
and pictures by means of the electric wire." 

Scheme for a fugitive picture 

Early in 1881 Senlecq made his second contribution 
to the inventive pool with a plan" that incorporated 
some notable features already proposed by the American 
inventors. His new "telectroscope" was a conglomer-
ation of ideas based upon the dial, or step-by-step, 
telegraph introduced in 1840. 10- 13' 33 These codeless 
systems, also known as the "printer" or "ABC" tele-
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FIGURE 9. Senlecq's double-line facsimile system employing mosaics and contact selectors. 

An incandescent array was suggested for obtaining a transient visual image. 

graph, employed lettered dials. Pulses were sent along 
the line as the dial was set to a given character. 

Senlecq's plan included the first clear proposal for 

effecting positive synchronism in a picture transmission 
system. The heart of his apparatus, shown in Fig. 9, was 
a mechanical selector, or "rectangular transmitter," 

as he called it; a cumbersome device that permitted only 
a one-shot scan. The corresponding portion at the 
receiver connected the signal line to a mosaic array. 

The receiver mosaic consisted of wire points and a 
metal plate with a sheet of paper between them for 
chemically recording the impression. The receiver ele-
ments were individually connected to contacts on a 
circular disk, or rotary switch. This switch was stepped 
by pulses along a second line, the pulses being controlled 
by the duplicate half of the transmitter selector. This 
selector, mounted vertically, was furnished with a two-
circuit slider. Thus, during its motion under gravity, 

picture elements were connected sequentially to the sig-
nal line "intended to conduct the various light and shade 
vibrations." 

Senlecq believed the contacts ought to "insure the 
perfect isochronism of the transmitter and receiver." 
However, it seems he ignored the limit to the rate of 
travel that would be imposed by the inertia of the re-
ceiver mechanism. Nevertheless, he firmly stated: "The 
picture is, therefore, reproduced almost instantaneously." 

This plan is primarily a facsimile system. But, to keep 
up with the modern trend, Senlecq suggested an alterna-
tive visual receiver. He adopted Carey's idea of platinum 
elements and, to allow for contingencies, included 
Sawyer's induction coil. He described the operation in 
fanciful terms: "By the incandescence of these wires ac-
cording to the different degrees of electricity we can ob-
tain a picture, of a fugitive kind, it is true, but yet so 
vivid that the impression on the retina does not fade 
during the relatively very brief space of time the slide 
occupies in travelling over all the contacts." Senlecq 
was the most persistent of these pioneers. He kept faith 

Visual array 

with his dream for sending visual images over wires, 
and returned with another scheme in 1907. 3' 

Interest in the properties of selenium increased during 
1880-81, with emphasis on research on obtaining crystal-
line selenium in the most photosensitive form and on con-
structing practical cells. A well-known investigator, Shel-
ford Bidwell, lectured on "Selenium and Its Applications 
to the Photophone and Telephotography" at the Royal In-

stitution in March 1881. 35 Bidwell described various forms 
of selenium and their qualities, commented on the results 
of work done by others, emphasized selenium's capri-
cious behavior, and gave details of his own experiments. 

Bidwell was intent on phototelegraphy and made no 
reference to visual reception. His instrument, simply 
designed for demonstrations, was essentially the same as 
Bakewell's of 1847, except that selenium was used 

in the transmitter instead of an on—off contact. The 
cell was mounted inside a rotating cylinder with a 

pinhole midway between the ends. A fixed image about 
5 cm square was projected onto the side of this cylinder. 
The receiver cylinder carried a sheet of chemically pre-
pared paper with a platinum style in contact. The cylin-
ders were coupled mechanically and arranged to move 
along their axes. As they slowly revolved, the pinhole 
and point scanned the image and paper, respectively. 

This demonstration appears to be the first in public to 
show successfully the potentialities of selenium for 
picture transmission. Bidwell had faith in his work, for 
he made several improvements and devised another 
version during the next few months. He replaced the 
transmitter cylinder with a cam-operated box so arranged 
that the pinhole scanned the image vertically with a 
flyback between adjacent "lines."" 

Bidwell was most active during 1881 and retained a 
keen interest in phototelegraphy for many years. Inter-
estingly, his critical attitude in 1908 toward early forms 
of television" prompted the first bare suggestion for the 
"employment of two beams of kathode rays" that fore-
shadowed all-electronic television. 38- 41 
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FIGURE 10. A telectroscope 
receiver ( A) proposed by 
William Lucas, 1882. The light 
beam is modulated by rotat-
ing one of the Nicol prisms 
(B) proportional to the instan-
taneous level of light on the 
selenium cell. A horizontal 
scanning pattern (C) is pro-
duced by the combined mo-
tions of the vertical prism ( D) 
and the horizontal prism ( E). 
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An optical receiver 

The report of Bidwell's lecture in the English Mechanic 
evidently stimulated one reader, William Lucas,* to 
pursue his ideas on apparatus for seeing by electricity. 
In a letter on "The Telectroscope," 42 published in the 
same magazine in April 1882, he said he had "lately been 
giving a good deal of thought to this subject." He clearly 

saw his objective and asserted that "provided. . the 
practical difficulties can be overcome... an image in 
light and shade will be formed upon a screen..." 
However, he was concerned only with a receiver, which 
he believed could be used with a sequential transmitter, 
such as Bidwell's cylinder model. Although it was im-
practicable and only a partial solution to one half of a 
system, this proposal is the first to incorporate all the 
features essential for the reception of continuously mocing 
images. 

Lucas depended wholly upon optical methods. His 
scheme, shown in Fig. 10, has two important new fea-

tures: beam modulation and beam deflection by oscillat-
ing scanning prisms." Direct lighting from a local source 

and a moving light spot on a screen are also novel. A 
strong beam of light from a lantern was projected 
through a pair of Nicol prisms and then through a pair 
of ordinary achromatic prisms to illuminate a small spot 
on a screen. 
The Nicol prisms (one the polarizer, the other the 

analyzer), with one of them rotatable through 90 degrees, 

comprised the optical modulating system. At extreme 
settings, light would either pass or be cut off; in between, 
the intensity of the beam would be proportional to the 
relative positions. One achromatic prism was placed 
vertically, the other horizontally, with both arranged to 
be partially rotatable about their axes. Together they 
comprised an optical scanning system. When the vertical 
prism was turned the spot of light would move across the 
screen; similarly, movement of the horizontal prism 
would swing the light beam up and down. In considering 
these parts together, Lucas declared: "Hence, by this 

'Little is known about Lucas. Recent inquiries in London have 
not brought to light any information to supplement his published 
accounts. 
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arrangement, we can vary the position of the spot of 
light upon the screen, and augment or diminish its 
brightness at will." 
Lucas suggested an electromagnet for turning one of 

the Nicol prisms. He gave no mechanical details nor did 
he suggest ways to operate the scanning prisms. However, 
he clearly envisioned the total functions and accurately 
described the operation: "The spot not only moves syn-
chronously with the selenium cell, but its brightness also 
varies as the brightness of the portion of the image which 
the cell receives upon it." He described and illustrated 
the required motions with reference to a back-and-forth 
linear scan with horizontal traces. He also pointed out 
that the cell and the spot of light, on completing the 
last trace at the bottom, would return to the start at the 
top left-hand corner. This type of scan is the predecessor 
of today's "raster and flyback." t 
A remarkable similarity exists between this optical 

receiver and the high-vacuum cathode-ray tube. With the 
electrostatic type, for example (ignoring focusing meth-
ods), the essentials are: light source—hot cathode; 
light beam—electron beam; Nicol prisms—biased grid; 
rotatable prisms—deflection plates; light screen—fluores-
cent screen. But the basic cathode-ray oscilloscope was 
yet to be invented; by Ferdinand Braun in 1897. 
There is an interesting sequel to the Lucas proposal. 

He wondered whether the resistive changes would be 
sufficiently rapid and of sufficient magnitude to effect 
control of the Nicol prism. A reply by Llewelyn B. 
Atkinson appeared in the same magazine two weeks 
later." Commenting on the scheme, he thought it was 
"certainly most ingenious, and...in theory is all right." 
But he also clearly pointed out the main problem: 

"In practice 1 am afraid the inertia of the moving parts 
connected with the Nicol's prism would render it im-
practicable." These words evidently dismayed Lucas, 
because he apparently dropped his plans. 
Atkinson is said to have devised a rotating drum 

tBidwell's pinhole box was the first transmitter employing a linear 
scan with flyback. Lucas referred to Bidwell's "parallel lines close 
together." However, since the Lucas scan required a flyback only 
between frames, his receiver was not compatible with the Bidwell 
transmitters. 
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with a series of peripheral mirrors to serve for sequential 
and repetitive scanning. This was the same year ( 1882), 
but he did not publish an account at that time. A similar 
proposal was made in 1889 by Lazare Weiller, who is 
generally given credit for this. Late that year a note by 
Atkinson appeared in a London electrical journal." 
With reference to "an integrating apparatus for pro-

ducing the whole image," he observed that the idea 
"was first, I believe, published in the English Mechanic 
about 1881 or 1882, and was then, as far as publication 

goes, new." 
A faint echo of these distant days returned in June 

1936. In a brief note in Nature, on the scanning principle, 
Lucas quoted Atkinson's remarks and pointed out that 
"The communication thus referred to..." was his 

own." 

The master television patent 

The process of exploring an image to obtain a se-

quence of electrical values proportional to the respective 
light values (and the reverse for reception) was now be-
coming a basic idea. However, regardless of the scanning 
means, coordinated motions of a complex order appeared 
to be essential. A suitable mechanism had to be delicate, 
precise, constant, and effective at speeds that would pro-
vide visual continuity. Although such a mechanism was 
a vital objective, it was often the least considered; per-
haps because it presented the greatest difficulty in the 

way of a practical solution. Thus, for mechanical reasons, 
the dream of "seeing by electricity" was still unrealized. 
These difficulties were overcome by Paul Nipkow, a 

student of natural science in Berlin. His solution was 
exceedingly simple and fundamentally sound—a spinning 
perforated disk. During Christmas 1883, Nipkow experi-
mented with a disk perforated with a spiral of small holes 

near the edge. With the disk rotating, each hole revealed 
the field of view in consecutive strips; or line by line, 

as in reading. Of course, the process was reversible and 
identical disks could serve for the transmitter and re-

ceiver: one to dissect and the other to reconstitute the 
image. In a remarkably short time he selected the other 
elements required and prepared the details for a complete 
system. He filed his plans for an "electric telescope" 

Analyzer 

FIGURE 11. Paul Nipkow's 
plan (A) for an electric tele-
scope, 1884. Two identical 
apertured disks (B) rotate in 
synchronism ten times per 
second. An image is dissected 
by the transmitter disk to 
produce sequential signals. 
The light valve at the receiver 
is based on Faraday's mag-
netooptic effect. Light from a 
local source is modulated in 
proportion to the line current. 
The image area (C) is viewed 
through an eyepiece. 

early in January 1884. 48 
Nipkow's scheme is shown in Fig. 11. The transmitter 

consists of fixed lenses, a scanning disk, and a selenium 
cell. The composite light values of an image are displayed 
on the disk. As it rotates, each hole acts like a sliding 

shutter. Individual beams of light from each aperture 
are presented to the selenium cell in a continuous series. 
The "flyback" between each line and between each 
complete scan (or frame) is automatic. The disks con-

tained 24 holes or lenses and were to rotate synchro-
nously and in phase ten times per second. 
While Nipkow thus reduced mechanical scanning in 

both instruments to its simplest form he also avoided 
any other moving parts at the receiver. He adopted 
Faraday's magnetooptic effect as the basis for a "light 
valve" to modulate the light beam at the receiver. This 
consisted of a block of flint glass placed inside a magnet 
coil with a polarizing prism at each end. 

Light from a local source, polarized in one plane by 

the first prism, is blocked by the second prism. Current 
through the coil is proportional to the conductivity of 

the selenium. A high level of light at the transmitter 
therefore increases the strength of the magnetic field 
and rotates the plane of polarization accordingly. The 

light passing through the analyzer then has an intensity 
proportional to the original picture element. The spinning 
disk distributes these contiguous light values over the 
image area in the eyepiece with sufficient rapidity to 
create the illusion of a complete picture. 
Nipkow's scheme, simple yet technically elegant, 

ended a seven-year quest for sending visual images over 
wires. Mechanical problems related to rapid scanning 
and synchronism, hitherto "insuperable," were neatly 
solved by a spinning, apertured disk. The master patent 
in the television field was issued to Nipkow on January 
15, 1885. By all accounts, no apparatus was constructed 
nor did Nipkow attempt to exploit his invention; the 
patent lapsed a few years later. 
A wide variety of television proposals appeared 

during the next 40 years for both wire and radio trans-

mission. All of the early methods, and some new ones, 
were tried—spinning disks, drums, and wheels; rotating 
mirrors, prisms, and lenses; vibrating mirrors, apertured 
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belts, light banks, and commutators—in attempts to 
realize "distant electric vision." Nipkow's disk finally 
prevailed in 1926 when reception of moving images in 
halftones was first demonstrated by John Logic Baird 
in London. '9 

During the following seven years, mechanical trans-
mission apparatus was highly developed to its practical 
limits, particularly in England, Germany, and the 
United States.9°.9' From 1930, the picture tube replaced 
all moving parts in receivers. Then, with the introduction 
of practical camera tubes during the early 1930s, and 

associated radio techniques, mechanical parts were 
totally replaced and high-definition television became a 
reality. 
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Outlook for binary 
power plants using 
liquid-metal MHD 

The evidence compiled to date suggests that the 
liquid-metal MHD topping-cycle power plant is a technically 
feasible proposition that makes good economic sense 

L. L. Prem, W. E. Parkins 
Atomics International Division, North American Rockwell Corporation 
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FIGURE 1. Principle of magnetohydrodynamic power generation. 

Preliminary testing and extrapolations thereof indicate 

that liquid- metal MHD can be used as a topping cycle 
to increase the efficiency of large central-station power 
plants. Because maximum temperatures as low as 

870''C are effective, such binary plants are possible 

with existing material technology. The best present 

choices appear to be a potassium working fluid and 

either a (helium- or sodium-cooled) nuclear reactor or 

a fossil- fueled furnace. Cost estimates for a possible 
plant with 1-GW output—based on the use of a coal-

fired furnace operating at 870" C with a condensing 
type of MHD cycle—suggest that, for a capital-cost 
outlay approximately equal to that for a conventional 

coal-fired plant, 13 percent more efficiency is achieved 

by the plant with the topping cycle. 

In recent years a large number of different methods for 
producing electric power from heat have been under-

going experimental development. Among those methods 

that do not employ rotating or reciprocating machinery 

(direct conversion) magnetohydrodynamic generation is 

considered to offer greatest promise as a means of im-
proving the performance of central-station plants. Elimi-

nation of the Rankine steam cycle in the temperature 

range in which it is effectively utilized in modern generat-
ing stations has never been seriously proposed. Rather, 

MHD has been considered as a topping cycle in a higher-

temperature regime. 

The principle of magnetohydrodynamic power genera-

tion is based on utilizing the primary heat input to pro-
duce a high-velocity stream of electrically conducting 
fluid, and then interacting that stream with a magnetic 

field (for example, as illustrated in Fig. 1 ) to convert the 
kinetic energy of the stream into electric energy. 

Approaches to MHD power conversion are of two 

basic types, depending upon whether the electrically 

conducting fluid is gaseous or liquid. In the former case 
the gas must be ionized, and the principal problem is to 
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achieve sufficient ionization efficiently at temperatures 
that are not too extreme. In MHD power conversion 
utilizing a liquid working fluid in the generator, the 
principal problem is to achieve sufficient liquid density 
efficiently in a high-velocity stream. In both cases the 
major obstacle basically is to obtain adequate electrical 

conductivity in the stream under practical operating 
conditions. 
The special panel on magnetohydrodynamics appointed 

by the President's Office of Science and Technology has 
reviewed the status of the technology and prospects for 

improved central-station power generation related to the 
use of MHD, and has recommended a program of 

development.' 

Choice of working fluid 

For MHD power conversion based on the use of a 
liquid working fluid, metals have been the only substances 
seriously considered, because they alone meet the require-
ment of high electrical conductivity. 
A second constraint in the choice of working fluid is 

imposed by the need to convert thermal energy into 
kinetic energy. This conversion can be accomplished in a 
practical way only through vaporization; hence the boil-
ing point must not be at an excessively high temperature. 
As a third constraint, the chosen material must have a 

sufficiently low melting point to permit circulation under 
reasonable engineering conditions. 

Substances that might conceivably fulfill all of these 
requirements are Hg, Cd, and the alkali metals. 
Examining these candidates for possible use in large 

MHD-steam binary power plants results in further 
eliminations: 
The vapor pressure of mercury is too high for use in 

the topping-cycle temperature range. A melting point 
of 320°C, though by no means insurmountable, has 
discouraged serious consideration of cadmium. 
Among the alkali metals, cesium is not sufficiently 

available for large-scale use. 
The boiling point of lithium (1330°C at 1 atmosphere 

pressure) is regarded as too high for present application. 
The remaining working-fluid candidates are, therefore, 

sodium, potassium, and rubidium—the last being ques-
tionable because of its relative unavailability. 

Development work directed toward the possible appli-

cation of liquid-metal MHD in central-station plants has 
been based principally on the use of potassium as the 
working fluid. Its melting point of 65°C, normal boiling 
point of 760°C, high electrical conductivity, and other 
physical properties—in addition to its availability— 
make it a good engineering choice. (In the future, sodium 
may be preferred because of its lower cost. But because 
the boiling point of sodium is 130°C higher than that of 
potassium, there is more difficulty developing an adequate 
heat source for use with it.) 

Choice of MHD cycle 

The characteristics of the thermodynamic cycle are 
strongly influenced by the method used to solve the key 
problem in liquid-metal MHD—that of producing a 
high-speed stream with sufficient liquid density to exhibit 
good electrical conductivity. (Obviously, all candidate 
cycles are based on a closed recirculating system.) For 
central-station plants, the heat source could be a fossil-
fueled furnace or nuclear reactor, providing reliable 

operation is obtainable at temperatures appreciably 
above the upper limit (,-540°C) of the steam cycle. 

In the heat source, liquid metal is boiled and produces a 
two-phase vapor-liquid mixture of low vapor quality— 
i.e., a low weight ratio of the vapor component compared 
with the entire two-phase mixture. (Since the liquid den-
sity is approximately 600 times greater than that of the 
vapor, a typical low-quality stream of 15 percent repre-
sents approximately 99 percent vapor by volume.) Such a 
mixture is not electrically conducting. Conversion of the 
thermal energy to kinetic energy is accomplished by 
expanding the mixture through a nozzle. 
The various liquid-metal MHD cycles being investi-

gated differ in the way the effect of the vapor fraction 
in the resultant two-phase stream is minimized in order 
to achieve the necessary bulk electrical conductivity. 
All proposed cycles then direct the final stream of fluid 

into an MHD generator for conversion of kinetic into 
electric energy. Any remaining kinetic energy is con-
verted to pressure in an adjoining diffuser section. 
One approach to the problem of vapor reduction is 

based on condensation by injection of a low-temperature 
side stream of the liquid metal into the vapor-liquid 
mixture leaving the nozzle. The introduction of the side 
stream does reduce thermodynamic efficiency, but this 
loss can be minimized by refinements in the cycle— 
involving multiple expansions of the vapor-liquid mix-
ture and heat economization in the stream returning to 
the heat source. This type of MHD condensing cycle has 
been investigated principally by Atomics Internationa1, 2-4 
Allgemeine Elektrizitats-Gesellschaft,9-7 and both the 
High Temperature Institute of the U.S.S.R. Academy of 
Sciences8 and the I. V. Kurchatov Institute of Atomic 
Energy9 in Russia. 
A second proposed approach to vapor reduction 

utilizes mechanical separation of the liquid and vapor. 
Since this invariably involves impingement on a surface, 

losses occur in the kinetic energy of the liquid stream; 
these losses adversely affect the overall efficiency. A 
variety of flow patterns and separation geometries is 
possible to optimize performance. This type of mechani-
cal-separation cycle has been studied by the NASA 
Jet Propulsion Laboratory,"." and by the Argonne 
National Laboratory. 12 

A third general approach to the vapor problem in 
liquid-metal MHD cycles is to establish conditions in 
the stream entering the generator that give acceptable 
output with the as-expanded mixture of vapor and liquid. 
The Argonne National Laboratory" and the TRW 
Corporation" have investigated this type of "non-
separated" cycle. A related method that uses a free jet 
in the generator, with the liquid fraction concentrated 
in the center of the two-phase stream, has been proposed 
by a Russian team." 

In the past, several other types of liquid-metal MHD 
cycles have been studied, but none are of current interest. 
For the remainder of this article, the condensing type of 
MHD cycle will be used to illustrate the possible appli-
cation to large-scale power generation. This particular 
approach has been the most thoroughly investigated 
for the central-station objective. 

Nuclear reactor heat source 

The source of heat for a liquid-metal MHD-steam 
binary power plant must be capable of boiling the MHD 
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work fluid at a temperature a few hundred degrees higher 
than the approximate 565°C at which the MHD working 
fluid will reject heat to the steam cycle. Without such 
a temperature increment, the efficiency gain using the 
topping cycle will be too small to justify the added plant 
complexity. Since the problem of assuring long-operating-
life construction materials becomes more difficult as the 
heat-source operating temperature is raised. As a com-
promise, a boiling temperature of 870°C is suggested as a 
reasonable initial target for the MHD cycle. This tem-
perature is very suitable for a potassium working fluid 
since it results in a potassium vapor pressure of 262 X 
103 N/m2. 
For a nuclear-reactor heat source to provide a coolant 

outlet temperature of 870°C or more, the choice of 
coolant is limited to an inert gas or an alkali metal. (At 
the surface temperatures that necessarily would exist in 
the reactor core, any gas other than a noble gas would 
react with the materials of construction. For example, 
even with special alloys, use of carbon dioxide is limited 
to surface temperatures of approximately 760°C.) 

Gas cooling is, therefore, restricted to a choice of 
helium, neon, or argon—the first two being preferred. 
Considerable experience has been obtained using helium 
coolant based on the AVR (operated by the Arbeits-
gemeinschaft Versuchsreaktor GmbH) plant in Germany, 
the Dragon reactor (operated by the European Nuclear 
Energy Association) in England, and the Peach Bottom 
plant (of the High Temperature Gas Cooled Reactor 
Associates) in the United States. 

The AVR and the Dragon reactor were designed for 
an outlet temperature of 750°C and the Peach Bottom 
reactor for a temperature of 725°C. The Dragon reactor 
has actually logged long periods of operation at 850°C. 

Since electric power production from reactors has 
been based on use of the steam Rankine cycle, there has 
been little motivation to increase coolant temperature. 
Several European groups are now considering the design 
of reactor plants that use direct gas-turbine Brayton 
cycles, for which higher temperatures are desirable. For 
example, a group at the United Kingdom Harwell 
Laboratory is proposing a 1000-MW helium-cooled fast-
reactor plant with an outlet temperature of 980°C. 16 
Such a reactor would be suitable for boiling potassium 
at 870°C in an external heat exchanger for a liquid-metal 
MHD topping cycle. As an extreme in high operating 
temperature. the Los Alamos Scientific Laboratory has 
operated the helium-cooled UHTREX experimental reactor 
at an outlet of 1315°C. All of these helium-cooled reac-
tors have made use of coated uranium-carbide fuel. 
Of the alkali-metal, high-temperature-reactor coolants, 

only sodium and lithium have sufficiently low vapor 
pressure to be considered for installations having average 
outlet temperatures of 870°C and above. Considerable 
experience has been obtained with both of these liquid 
metals in high-temperature circulation systems. 
Sodium and its alloy with potassium (NaK) have been 

used in reactors up to approximately 700°C. Lithium 
has been circulated in experimental loops at temperatures 
above 1100°C. 
As a reactor coolant, lithium has an excessively high 

neutron absorption unless it is enriched in the lithium-7 
isotope. For a large system, an enriched lithium inventory 
would greatly increase capital costs and lithium, con-
sequently, is not a practical choice. 

I. Conditions in furnace tubes 
in high-temperature section 

Fluid- Metal 
Conventional MHD 

Fluid 
Fluid temperature, °C 
Fluid pressure, 106 N/rn, 
Vapor 

Water Potassium 
540 870 
24.7 0.27 

Superheated Low quality 

Of all the alkali metals, sodium is probably the only 
liquid-metal reactor coolant suitable for use with a liquid-
metal MHD power-conversion cycle. To this time, how-
ever, there has not been a need for developing sodium-
cooled reactors with outlet temperatures in excess of 600°C 
for use in central-station power plants. (Experimentation 
above 600°C with any of the alkali metals has been of 
interest for military and space-power applications rather 
than for central-station power production.) 

Although no design for a high-temperature, sodium-
cooled thermal reactor requiring some neutron moderat-
ing material may be practical, a fast reactor could be 
designed for operation with an outlet temperature in 
excess of 870°C using sodium (or helium) coolants. 
For reasons of strength, the fuel cladding and structural 

material for the fast reactor would necessarily be based 
on refractory-metal alloys. The fuel itself would be some 
refractory compound of uranium and plutonium, most 
probably the oxide. 

Fossil-fueled furnace heat source 

Compare a conventional fossil-fueled furnace of a 
central-station plant with a design suitable for incorpo-
rating a liquid-metal MHD topping cycle. The combus-
tion temperatures for both applications will be in the 
range of 1300-1500°C. The feedwater and air preheating 
conditions can also be identical so that the flue gas 
exhausts at temperatures that are standard practice. 
There is a difference, however, in the conditions that 
pertain to the fluid in the tubes in the high-temperature 
section of the furnace, as is shown by Table I. 
Whereas the tube temperatures necessarily will be 

higher in the plant with the MHD topping cycle, the 
pressures are very much lower. (A very similar experience, 
though one requiring less longevity, involving the condi-
tions required for the MHD plant has been obtained by 
the Mine Safety Appliances Corporation in the produc-
tion of potassium metal.) 

It is to be expected that pulverized bituminous coal will 
be the fuel for the central-station potassium furnace since 
it is the most commonly used fuel for power generation. 
With the potassium temperature inside the tubes at 870°C, 
flame and combustion temperatures typical of a conven-
tional steam furnace should be adequate. Application of 
special combustion technology such as fluidized bed and 
pressurized furnace could conceivably improve furnace 

efficiency and reduce furnace volume. 
The heat transfer coefficient at the potassium side 

will be approximately 20 X 107 J/h • m'• °C for non-
boiling and boiling in the zero to 15 percent (vapor) 
quality range. Although the boiling-heat-transfer coeffi-
cient for potassium typically is higher than that for 
water, a phenomenon termed boiling instability has been 
observed with potassium and other alkali metals. Under 
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certain conditions boiling is periodic, causing flow in-
stability and vapor-quality control problems. Recent 
experiments with boiling potassium at Atomics Inter-
national have shown that stable conditions can be 
achieved by assuring that saturated liquid enters the 

boiling section of the furnace. 
Heating of the potassium to saturation or near-

saturation temperature could be performed in tube banks 
in the primary convection-heat-transfer section of the 
furnace. The vaporizing part of the boiler would then 
consist of multiple tubes in parallel attached to inlet and 

outlet headers, probably located in the secondary con-
vection-heat-transfer section. Saturated or near-saturated 
liquid potassium would enter the inlet header and then 

enter the tubes in which it would be vaporized to the 
10-15 percent quality. Each tube would have an orifice 
at the inlet end to maintain flow stability in the parallel-
tube system and to assure boiling stability in each tube. A 
"once-through tube" type of design would be preferred. 
The gas side of the exchanger is subject to corrosion 

and fouling by ash and slag, and to erosion by ash. 

These gas-side effects may be somewhat different than 
in a steam generator because of the higher tube tempera-
ture. Due to the presence of SO2 and SO3 in the stack 
gases, compounds are formed with other substances 
found in the flue gas that can cause corrosive effects. 
These compounds can condense in the liquid phase on 
the tube surface and have been found to produce corro-
sion in temperature ranges in the neighborhood of 300, 
650, and 900°C. The severest corrosion is in the 625 
to 700°C range, which is the tube surface temperature 
approached in superheaters and reheaters of modern 
steam stations. Once the temperature range of a specific 
compound is exceeded, the corrosion rate drops sharply. 
A number of methods'7,18 have been studied to reduce 

and control the fire-side corrosion of coal-fueled boilers. 
In a furnace heating potassium for an MHD plant, 

corrosion should be less severe because the tube operat-
ing temperature during boiling would be approximately 
925°C, which is above the range of highest corrosion. 
To reduce corrosion effects further, tube temperatures 
in the neighborhood of 650°C can be avoided by bleeding 
back the highest-temperature potassium and mixing it 
outside of the furnace with potassium at about 600°C 

to raise the mixture above 700°C. 

Thermal to kinetic energy converter 

The high-velocity liquid-metal stream is produced by 
converting the thermal energy of the fluid into kinetic 
energy. In order to investigate concepts for an efficient 
conversion system, various test programs have been 
carried out. The NASA Jet Propulsion Laboratory has 

investigated the mechanical separation of liquid-vapor 
mixtures using water and nitrogen gas, NaK (sodium-
potassium alloy), and nitrogen, as well as liquid lithium 
and cesium vapor. The Russian research teams have 

worked with liquid-vapor mixtures of water as a simula-
tion of two-phase liquid-metal streams and have con-
ducted tests with a potassium loop facility. At Atomics 
International, a boiling-potassium facility, shown in 
Fig. 2, capable of operating up to 870°C, has been used 
for a number of experiments. These included ( 1) deter-
mination of the performance of two-phase expansion 
nozzles, (2) measurements of the rate of vapor condensa-
tion resulting from injection of a low-temperature stream, 

and (3) measurement of frictional pressure drop occurring 

during two-phase flow. 
Such experiments with potassium covering thousands 

of hours of high-temperature operation have shown that, 
even with two-phase flow, erosion and corrosion rates 
can be extremely low. The results also have verified 

performance predictions and indicate that a thermal-to-
kinetic energy converter of practical dimensions can be 
designed to produce a highly conductive, high-speed 

stream of liquid metal. 

Generator 
Considerable experimental and analytical work has 

been carried out on the problems associated with con-

verting the kinetic energy of the metal stream into electric 
energy. The great attraction of the liquid-metal MHD is 
that either dc or ac power can be generated, in contrast 
to plasma MHD, which can generate only dc power 
efficiently. Most investigators have selected the induction-
generator principle to produce ac electric power. It is 
not certain if the synchronous principle could also be 

utilized for an efficient type of liquid-metal MUD genera-
tor, but no serious effort has been devoted to it. 

Figure 3 shows a schematic diagram of a conventional-
and a linear-induction generator. In the conventional-
induction generator, polyphase stator windings, fed by the 

excitation current, produce a rotating magnetic field that 
induces current loops in the short-circuited rotor wind-

ings. These current loops induce a three-phase load cur-
rent in the stator windings if the speed of the rotor ex-

ceeds that of the traveling magnetic field. 
In the linear-induction generator, the polyphase stator 

windings are distributed at the top and bottom of the 
channel to produce a linearly traveling magnetic field. 
The interaction between the stator magnetic field and 

the electric current induced in the fluid flowing in the 
channel causes the electromechanical energy conversion. 
If the fluid velocity exceeds the field velocity (negative 
slip), electric power is generated in the stator windings. 
If the magnetic field velocity exceeds the velocity of the 
fluid (positive slip), electric energy is converted to fluid 
pressure and the device functions as an EM pump. 
The linear-induction-type MHD generator has several 

advantages. Since the metal stream and the stator are 
magnetically coupled, no contact is necessary between 
the working fluid and the electrical parts of the generator. 
The magnetic-field excitation is provided by current 
flowing through the stator and the load, thereby provid-
ing a quasi-self-regulating feature to control the load 

voltage and current phase relation. 
Test programs conducted at various laboratories have 

demonstrated the generation of three-phase power at 
60 Hz and higher frequencies. These tests 19-23 were con-
ducted using either NaK alloy or mercury at ambient 
temperatures and have simulated the electrical conditions 
expected in a high-temperature MHD generator. Figure 4 
shows Atomics International's constant-slip linear-
induction generator on the test stand; it produced up to 
7 kW at 60 and 280 Hz under self-excited conditions. 

A typical generator will consist of two stators producing 
a traveling magnetic field and a channel carrying the 

high-velocity fluid. The channel is sandwiched between 
the two stators. The MHD generator probably will be a 
variable-velocity type, in which the velocity of both the 
working fluid and the magnetic field is varied along the 
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FIGURE 2. Boiling-potassium test- loop facility at Atomics 
International field laboratory. 

FIGURE 3. Comparison of arrangement for conventioral-
and linear-MHD induction generators. 
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flow path. These gradients are created by increasing the 
channel cross section gradually from entrance to exit and 
decreasing the pole pitch of the electrical windings. 

Based upon the results of the referenced test programs, 
an overall generator efficiency (converting kinetic to 
electric energy) of 70 to 80 percent can be expected. 

Construction materials 

Materials' selection for alkali-metal containment within 
Air gap the M1-1 D power converter, the heat exchangers, and the 

furnace must be based on long-term tests to verify a 
sufficiently long-life capability, assuring an economic 

design. 
Stator winding The MHD cycle is a high-temperature, low-pressure, 

direct-energy conversion system using no rotating or 
reciprocating components. The low pressures and lack of 

'Ib dynamic stresses ease the problem of selecting materials 
with sufficient high-temperature strength. Liquid-vapor 
mixtures of the metal working fluid are accelerated and 
decelerated as the fluid passes through the various parts 
of the converter (nozzle, injector, generator channel, and 
diffuser). Good resistance to erosion is, therefore, another 
requirement. For the MHD cycle discussed—employing 
a maximum working-fluid temperature of 870°C—type 
316 austenitic stainless steel should be adequate. If further 
testing should indicate a need for greater high-temperature 
strength, nickel- or cobalt-based alloys such as Inconel or 
Haynes 25 could be substituted. 
A type 316 stainless-steel loop containing potassium 

was operated in the 870°C to 925°C range for a total of 
8000 hours at Atomics International. During this time, 
the facility was thermally cycled daily from ambient to 
operating conditions and incurred no visible damage. It is 
noteworthy that the exterior of the stainless-steel piping 

Stator 
windings 
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FIGURE 4. Constant-slip 
liquid-metal induction gen-
erator on the test stand at 
Atomics International field 
laboratory. 

FIGURE 5. MHD-steam bi-
nary power-plant sche-
matic representation. 
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was exposed to air during this period. 
Tubing materials circulating the working fluid for the 

remainder of the plant also require special selection. For 
the heat exchangers, including the steam superheater and 
reheatei, 300- or 400-series stainless steel should be satis-
factory. The same material also could serve for the low-
temperature tubing in the economizer and preheater 
sections of the furnace. The most severe conditions will 
have to be met in the high-temperature furnace section. 
Here it is anticipated that type 316 stainless steel, or 

nickel- or cobalt-base alloys for greater high-temperature 
strength, will be required. 

If it should be possible to develop higher-temperature 
liquid-metal MHD plants in the future—perhaps up to a 
maximum temperature of 1100°C—it would be necessary 
to employ refractory metals such as tungsten, molyb-
denum, or niobium alloys. None of the alloys mentioned 

are subject to appreciable corrosion by alkali metals as 
long as the oxygen content of the fluid is maintained 
below certain limits. 

MHD-steam binary power plant 

The various liquid-metal MHD concepts previously 
described could be incorporated into a central-station 
power plant. The schematic diagram of a liquid-metal 
MHD-steam binary plant is shown in Figure 5. The 

principal parts of this plant are: ( 1) fossil-fueled furnace 
or nuclear reactor with external heat exchanger, where 
the working fluid is heated and partially vaporized; (2) 
MHD converter, where the thermal energy of the working 
fluid is converted into kinetic and then into electric 
energy; (3) diffuser, where the portion of working-fluid 
kinetic energy not utilized in the generator is converted 
into fluid pressure; (4) superheat and reheat exchangers, 
where the thermal energy of the working fluid leaving the 
diffuser produces steam for the conventional plant. The 
working fluid leaving the heat exchanger is returned to 
the heat source. 
The overall efficiency of the binary plant can be ex-

pressed as n, = [gm ± (1 — ?LOW, where 7bv is the MHD 
cycle efficiency, ?is is the steam-cycle efficiency, and np is 
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FIGURE 6. Binary-plant efficiency. 

the furnace efficiency. Of course, the furnace efficiency 
need not be included as a factor if the heat is supplied by a 

nuclear reactor and there is no heat lost to flue-gas 
exhaust. For simplicity, the effect of the furnace efficiency 
will not be considered in the subsequent discussion. 
Figure 6 shows rir as function of rim for selected values 
of ris. Also shown on this diagram is 'Col, the percentage 
increase in overall efficiency, resulting from the use of 

the topping cycle, as a function of nm. 

Condensing-MHD topping cycle 
Figure 7 shows the condensing type of MHD cycle as a 

topping unit for an MHD-steam binary plant. The flow 
diagram shows multistage expansion and regenerative 
injection. The thermal energy of the partially vaporized 
potassium at 870°C is expanded in five stages down to a 

back pressure corresponding to the vapor pressure of 
potassium at 565°C. The multistage expansion and 

multiple injection permit utilization of the available 
enthalpy and simultaneously limit the fluid velocity to 
approximately 100 m/s and thereby limit excessive losses 

from fluid friction as well. 
The aim of regenerative injection is to match the 

temperature and flow velocity of the injected streams to 
that of the main stream in order to reduce irreversible 
thermodynamic losses. The injected stream to the last 
stage is cooled below the saturation temperature and 
condenses the principal vapor fraction prior to entering 

the generator channel. The potassium leaving the electric 
generator passes through the diffuser, where the major 
portion of its kinetic energy is converted to pressure. 
A pump raises the pressure to circulate the fluid through 

the heat exchangers and to return it to the furnace. 
Potassium leaving the pump divides into three circuits. 
The first circuit supplies fluid for the injection stream 

to each stage except the last. 
The second circuit leads to the heat source; there the 

potassium undergoes feed heating from 565°C to about 

780°C. This temperature change is achieved by bleeding 
potassium from the effluents of the individual stages and 

42 44 46 48 50 

mixing into the main stream. 
The third circuit supplies the potassium that preheats, 

vaporizes, and superheats the steam for the conventional 

portion of the plant. This potassium, cooled during the 
process, is injected upstream of the electric generator for 

purposes of vapor condensation. This third circuit could 
also be used to preheat the combustion air in a fossil-
fueled installation. A 565°C temperature of the potas-
sium leaving the MHD generator is chosen to provide 

sufficient "temperature drive" to produce 540°C steam-

superheat and -reheat temperatures. 

Liquid-metal MHD-steam binary plant economy 

An economic evaluation of the binary plant described 
in the preceding section and using coal as fuel has been 
reported.' Since that publication, costs have risen. A 
present-day revised estimate of capital and power costs 

is, therefore, presented. 
The cost of the generated power is comprised of 

capital, fuel, and operating costs. The succeeding analysis 

covers capital and fuel costs only, with the following 

assumed conditions: 

Plant size, electrical MW 
Plant load factor, % 
Amortization, %/yr 

Investor-owned 
Consumer-owned 

Fuel cost, 0/109 joules 
Steam cycle efficiency, % 

1000 
80 

14.7 
8.0 

40-30-20-15 
32-36-38-40 

Figure 8 shows the heat supply and heat rejection of an 
MHD-steam binary plant as the function of MHD-cycle 

efficiency for various steam-cycle efficiencies. 
The detailed cost breakdown of a typical 1000-MW 

coal-fired, modern steam station is shown in Table II. 
Also shown are the estimated costs of a liquid-metal 
MHD-steam binary plant for a 7.5 percent efficient 

MHD cycle. 
Using Fig. 8, the heat supplied and the heat rejected 

for a 7.5 percent efficient MHD cycle and an assumed 38 
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FIGURE 7. Flow diagram for condens-
ing MHD topping cycle. Arrangement 
is only illustrative. 

FIGURE 8. Heat supply and heat re-
jection for 1000-electrical-MW MHD-
steam binary plant. 
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percent efficient steam plant are 2.45 X 109 J/h and 
1.40 X 109 J/h compared with 2.78 X 109 and 1.73 
X 106 J/h for a 38 percent efficient steam plant without a 
topping cycle. The topping cycle results in an 11.7 percent 
saving in heat supplied and a 19 percent decrease in the 
cooling requirement. For a binary plant with 1000-MW 
output, 175 MW is produced by MHD and 825 MW is 
produced by the steam plant. 

Table II indicates that the cost of a conventional coal-
fired steam boiler is $32 per electrical kW. The 11.7 
percent by which the heat supply is reduced results in a 
furnace-cost reduction of approximately 10 percent— 
equivalent to a cost reduction of $3.20 per electrical kW 

generated. 
The heat released in the furnace provides the heat input 

109 joules per hour 

3 4 

to preheat, partially evaporate the potassium, preheat 
the feedwater to saturation, and preheat the combustion 
air. The feedwater preheating is reduced by 17.5 percent, 
an amount proportional to the fraction of total power 
output generated by the MHD portion of the plant. It 
represents about 20 percent of the furnace-heat input. 
Therefore the reduction in feedwater-heating surface area 
results in a saving of approximately 4 percent in furnace 
cost, equivalent to $ 1.30 per electrical kW. 
The high-temperature section of the potassium furnace 

represents approximately 30 percent of the entire heat-
transfer surface area. The cost of the tubing material of a 
typical boiler is about 20 percent of the entire boiler cost. 
The cost of the tubing material of the high-temperature 
section of the potassium furnace is assumed to be three 
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II. Cost breakdown for conventional plant and 
MHD-steam binary plant, in thousands of dollars 

Land improvement 
Power station building 
Other structures 
Boiler and accessories 
Draft equipment 
Feedwater equipment 
Coal- handling system 
Light-off oil equipment 
Ash and dust handling 
Water supply and purification 
Instrumentation and control 
Boiler and turbine piping 
Turbine-generator and 

auxiliaries 
Condenser and auxiliaries 
Circulating-water system and 
cooling tower 

Accessory electric equipment 
Miscellaneous power plant 
equipment 

Main transformer 
MHD converter 
Steam generators 

Engineering, construction, 
management, facilities, and 
interest during construction 

Conven-
tional 
Stearn 

800 
10 700 
2 700 

32 000 
7 600 
4 300 
5 000 

80 
1 800 
1 400 
1 500 

10 200 
25 000 

MHD-
Steam 
Binary 

800 
10 700 
2 700 

29 000 
6 500 
3 700 
4 500 

80 
1 600 
1 200 
1 350 
9 000 

21 200 

3 300 2 700 
7 700 

10 700 
800 

1 600 

127 180 

24 320 

6 400 

10 000 
800 

1 600 
4 000 

10 000 

127 830 

24 400 

151 500 152 230 

times that of the cost of the corresponding section of a 
steam boiler. Therefore, the increased tubing material 
cost for the potassium furnace is approximately 12 per-
cent of the cost of a steam boiler, and is equivalent to 
$3.80 per electrical kW. Potassium inventory and special 
safety and storage provisions may amount to an addi-
tional cost of $ 1.80 per electrical kW. 
The potassium furnace generates low-quality vapor, 

so the heat transfer between flue gas and the working fluid 
proceeds at a higher rate than in the conventional furnace. 
Although detailed studies are not presently available to 
determine the extent of the reduction, a conservative 
estimate is that a 20 percent reduction of heat-transfer 
surface area can be realized. This would result in an 
approximately 13 percent lower furnace cost, equivalent 
to $4.10 per electrical kW. Summarizing these data, the 
cost of the coal-fired potassium furnace supplying 2.45 
X 109J/h is $29 per electrical kW. 
Due to the reduction in the required heat input and to 

the fact that the steam-turbine power rating is reduced by 
the power output of the MHD plant, the size of the 
equipment for furnace draft, feedwater, coal handling, 
ash and dust handling, and water supply and purification 
is correspondingly reduced. These size reductions will 
decrease the cost of the equipment by an average of 
about 10 percent. The cost of the turbine-generator, 
including its condenser and auxiliary equipment and 
cooling water system, will be reduced by an amount more 
commensurate with the decrease in output rating—in 
this case approximately 15 percent. 
The steam generators of the binary plant need only 
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FIGURE 9. Fuel cost saying resulting from MHD topping. 

vaporize and superheat the steam since feedwater pre-
heating is provided by the furnace. Their cost has been 
estimated to be $10 million. The cost of the MHD con-
verter, including the electric generator and exciter, is 
estimated at $20 per electrical kW. 
The cost of the component equipment of a liquid-metal 

MHD-steam plant based on the above considerations is 
also summarized in Table II. The total capital cost of a 
1000-MW, MHD-steam binary plant comprising a 7.5-
percent-efficient MHD cycle and a 38-percent-efficient 

steam plant is $ 152.2 million. The use of a more efficient 
MHD cycle would result in a lower capital cost. For 
example, for an assumed 12-percent-efficient advanced 
MHD cycle, a binary plant cost of $146.0 million has 
been estimated. 

Figure 9 shows the fuel saving as a function of the 
percentage increase in overall efficiency Ari. Also shown 
in Fig. 9 is the capitalized fuel saving for 14.7 percent 
and 8.0 percent amortization rates, indicating the dif-
ference between providing capital for an investor-owned 
or consumer-owned utility. 

In order to compare the operating economics of power 
plants, the difference in fuel costs can be amortized and 
combined with capital expenditures. For a coal price at 
the plant site of about 30 cents per 109 joules and an 
MHD-cycle efficiency of 7.5 percent, the yearly fuel 
saving is $2.1 X 106 as shown in Fig. 9. If capitalized, the 
amount of this fuel savings—at 14.7 percent amortization 
rate—is $ 14.7 million. Combining the capital expenditure 
of $152.2 million, shown in Table II, and the capitalized 
fuel saving of $ 14.7 million, the effective cost of the binary 
plant would be $137.5 million. For a more advanced, 
12-percent-efficient MHD unit, the yearly fuel savings 
of the binary plant would be $3.2 million, corresponding 
to a capitalized fuel savings of $21.0 million. Using this 
figure with an estimated plant cost of $146.0 million 

yields an effective capitalized cost of $125.0 million. As 
illustrated by these two examples, the estimated combined 

capitalized fuel saving and plant cost of a liquid-metal 
MHD-steam binary plant is attractive when compared 
with the capital cost of $ 151.50 per electrical kW for a 
modern steam station without a topping cycle. 

Summary 

Although several liquid-metal MHD power-conversion 
cycles have undergone exploratory engineering and 
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experimental investigation, no complete cycle has yet 

been operated that converts heat to electricity. High-

temperature experiments have demonstrated the conver-

sion of heat into a high-velocity stream of liquid metal, 

but all generator testing has been performed separately 

and at ambient temperature. 

Obviously, more development work and experience 

with liquid-metal MHD in actual plant operation would 

have to be carried out before performance estimates could 

be assured. Liquid-metal MHD does offer, however, one 

of the few feasible approaches to increased efficiency 

and decreased thermal pollution of future central-station 

plants. 

This is a revised version of an article that was presented at the 
IEEE Winter Power Meeting, New York, N.Y.. Januan 25-30, 
1970. 
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Technical n' 
truth 

Uncertainties 

Engineering truth 

in competitive 

environments 

The success of decisions in both public affairs and 
industry depends today on the correct assessment of 
technical uncertainties. In an atmosphere of adver-
sary confrontation, the efforts to hide them can prove 
the source of much harm 

Raymond M. Wilmotte Management Consultant, Washington, D.C. 

The lack of understanding, analyzing, and communi-
cating technological "uncertainties" are presented by 
the author as seriously undermining the effectiveness 

of decision-making in both public affairs and industry. 
Uncertainties are as important to truth as certainties 
and should be part of all forms of technical communi-

cation. "Technical truth," it is pointed out, is not de-
veloped in the legal process of adversary confronta-
tion. On the other hand, "adversary truth," as pre-
sented by the contestants, is only part of the truth, 
for it excludes uncertainties, which are left to the 
perspicacity of the audience. In the well-publicized 
ABM controversy, the technical atmosphere had de-
generated into that of an adversary confrontation, and 
technical truth with its uncertainties could not emerge. 

This basic and typical deficiency of the ABM contro-
versy is not limited to public affairs: it exists strongly 

in industry and takes its toll in reducing the quality 
of decision-making in inefficient operations and in un-
necessary crises, all carrying a burden of cost. It ap-
pears that the damaging effects of inattention to tech-
nical uncertainties could be radically reduced under a 
carefully worked out and nurtured environment. 

In a recent article in IEEE SPECTRUM (August 1969), 
the late Seymour Tilson gave an outstandingly compe-
tent reporting of a controversy of national importance 
involving technology. The reporting had a message that 
took the form of a question. It was stimulated by a 
statement that the Director of Research and Engineering 
of the Department of Defense, Dr. John Foster, made in 
the midst of the controversy. "I want to point out," 
he said, "that one does not obtain a meaningful tech-
nical judgment by taking a vote of the scientific com-
munity, or e‘en of Nobel Laureates." "How then," 
asked Seymour Tilson, "does one obtain a meaningful 
technical judgment ?" 

A lesson from the ABM debate 

This statement and question were made in the context 
of the ABM controversy, a controversy that split the 
Senate almost exactly 50:50—a split undoubtedly largely 
political, but affected also by the fact that the technical 
discussion left the Senate and the public better informed 
about some of the mechanics and critical features of the 
ABM, but confused as to the conclusions that could be 
drawn. 

Tilson's question opens up an area of importance, one 
that is particularly critical to the scientific community 
today, when society is beginning to question the prag-
matic value of technology. But the more important 
aspect of this question, as will be shown, is its bearing 
on the management of technology—on the relationship 

between decision-makers of government and industry 
on the one hand and scientists and engineers on the 
other. The ABM controversy is an important incident 
that brings this larger problem to the fore. 
What are the practical conditions that would enable 

scientists and engineers, individually or as a community, 
to give the public and the decision-makers technical in-
formation and advice that is reliable, fully truthful, and 
of practical use? What were the conditions in the ABM 
controversy, for example, that inhibited the scientific 
community from providing the advice that society could 
reasonably expect of it? The expertise was there, but 
the technical foundation that would have been helpful for 
decision-making was not provided. What conditions 
are favorable for allowing engineers—individually and 
as a community—to give the most effective service to 
society? How can these conditions be provided? 
The present analysis leads to the conclusion that favor-

able conditions are rare, but in many cases--possibly in 
most—it may be practical to set up a routine that will 
develop more meaningful technical judgment than was 
possible in the ABM debate. 
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Scientists and engineers used to be thought of as rather 
special people, different from others. It was generally 
believed that what they said was likely to be free from 
personal bias, that they could be depended on to present 
a balanced picture, and that they would reach a con-
clusion through an objective analysis of the facts, not by 
selecting the facts that support a predetermined conclu-
sion. Their candor in technical areas was viewed as very 
special. What made them appear special was the way 
their thinking was structured in the limited area of their 
technical expertise—an area in which they often could 
talk at length and objectively because here their human 
emotions and personal interests were assumed not to be 
operative. 

Others, when asked to do so, certainly would be willing 
ta raise their right hands and swear to the truth, the 
whole truth, and nothing but the truth ... and then to 
take advantage of a few socially accepted deviations, 
such as witholding aspects of the truth that might be 
damaging to one side of an argument, or introducing 
expressive adjectives that might create a more desirable 
impression than the bare facts might warrant, or avoiding 
explanations that might clarify a point that they hoped 
would remain misunderstood. Scientists and engineers, 
though, were expected to do more than merely use sen-
tences that were true in themselves; they had the reputa-
tion for wanting also to communicate what they thought 
was the whole truth—without equivocation, subterfuge, 
or guile. The whole truth clearly is not limited to what 
one knows and to one's opinions; it includes also the 
uncertainties about one's knowledge and experience, so 
far as one is aware of them. 

Two ways of seeking truth 

Scientists have been accustomed in their work to 
question anything about which they were unsure. 
Whenever they could, they would seek to remove their 
uncertainties. When they could not, they were expected 
to state what the uncertainties were, thus giving full 
information to their audience and possibly leaving 
members of that audience to fathom questions left un-
answered. This is the way in which science uncovers the 
secrets of nature. In broad terms, the constant question-
ing—the delving into uncertainties in a continuous and 
systematic way---may be said to be the scientific process. 
Some aspects of the process are routine to all scientists 
and engineers. In the measurement of a physical quan-
tity, it would be unheard of for a professional to question 
the necessity of giving a number without qualifying it 
with the accuracy (the uncertainty) of the measurement. 
The mental attitude of the individual who sees that 

there is a gap in the truth when uncertainties are not 
expressed is altogether different from the attitude attend-
ing the process of finding the truth by the legal process of 
adversary confrontation, for that method in effect elimi-
nates the voluntary disclosure of uncertainties. Scientists 
are inherently unsympathetic with this legal process, at 
least on technical matters. They would question the 
integrity of an engineer who would swear that a power 
line produced a force on a hand-held steel reinforcing rod 
a few feet away, without explaining that the force was a 
small fraction of an ounce. But the client—possibly 
others too—would admire the lawyer who obtained a 
large settlement from a power company by arguing the 
existence of this force and withholding mention of its 

size.* In fact, the lawyer might have been considered 
delinquent in his responsibilities if he had brought out 
that the size of the force was negligible! To do so was 
the responsibility of the opposing lawyer. 
As scientists and engineers have encountered more and 

more the value system that controls political life, their 
natural bent on technical matters has given way with 
increasing frequency as their emotions and personal 
interests have become more closely involved. 
The success of scientists and engineers in the develop-

ment of technology—the complexity of the systems they 
can put together, their ability to analyze complex opera-
tions into elementary parts from which one can begin to 
understand the whole—moves them into social promi-
nence. Their advice is sought by Presidents. They have 
begun to express opinions on all kinds of subjects, assert-
ing the same degree of authority that they rightfully use 

in areas where they are truly expert. 
It is not surprising, therefore, that on some matters of 

great national import involving technology, one now 
finds scientists and engineers espousing opposite conten-
tions. One finds them presenting well-organized arrays of 
technical facts and analyses mixed with overtones of 
political opinions, and opposing groups reaching contrary 
conclusions. The public, which has begun to believe it 
possible that technology is doing more harm than good, 
has watched these encounters and is coming to the 
conclusion that scientists and engineers are not special 
people after all. They are much like everyone else. 

"Technical truth" should be seen to be different from 
the "adversary truth" presented in adversary confronta-
tion. The former includes both the findings and the 
uncertainties, the latter only a set of findings. Just as a 
technical measurement is not complete without an analy-
sis and statement on the probability of error, so a tech-
nical conclusion is not complete without an analysis and 
statement of its uncertainties. The fact that uncertain-
ties of measurement can be expressed quantitatively does 
not relieve the scientist from the responsibility of listing 
and explaining his nonquantifiable uncertainties. The im-
portance of recognizing the difference between technical 
and adversary truth, as we shall see, is not limited to 
the political arena but carries over into industrial life. 
The scientific process in the ABM controversy had all 

the earmarks of endeavoring to establish the truth on 
technical matters by adversary confrontation, which, 
though possibly best for legal proceedings, does not work 
out in the technical arena. It did not work with the 
ABM. In this case, well-known scientists, men who 
could be relied upon to know and understand the techni-
cal intricacies of the problem, presented for all to hear 
very different conclusions, not only on what action 
should be taken but also on the technical analyses under-
girding their recommendations. How could the audience 
that they were addressing decide which set of analyses 
and conclusions was the correct one? Scientists as a 
community failed to give the country what it could reason-
ably expect—a reliable foundation of technical conclu-
sions on which politicians could build their decisions. 

In the technical arena, the truth requires an over-
whelming consensus of the scientific community. Unless 
the consensus is overwhelming—that is, unless there are 
extremely few reasonable scientists likely to disagree 

* The legal case outlined actually took place. 
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when presented with the facts, analyses, and uncertain-
ties—the "technical truth" in the area under considera-
tion has not been reached. Where technical conclusions 
differ, the development of technical truth requires an 
effort to examine the uncertainties that are the basis of 
the differences, to try to reduce the gap or devise ways 

for so doing. 
It is to be noted that there is little depth to an agree-

ment unless it includes agreement on the nature of uncer-
tainties. This concept brings out a basic difference be-
tween the processes for developing technical truth and 

adversary truth. In a technical controversy, technical 
truth is reached when the two sides have convinced each 
other what the truth is. In adversary controversy, there 
is no effort to have the two sides agree as to what is the 
truth. The truth is established by the audience whom 
the participants are addressing—Congress, a judge, a 

jury, or the public. The decision of the audience be-

comes the truth. 

The importance of uncertainties 
The quality of the truth obtained with adversary con-

frontation depends heavily on the ability of the audience 
to fill in the information or uncertainties known to or 
obtainable by the participants, but not provided by them. 
The controversy over the ABM involved some tech-

nical and some political factors. There was a wide gap 
of disagreement in both. One can well understand the 

difficulty of bridging the gap on questions in which the 
scientific community has no particular competence— 
such as the probable Soviet reaction to the building of the 
ABM—and recognize the impossibility of carrying out 
tests or reliable analyses that would be helpful to bridge 
them. But it is more difficult to understand why there 
was a wide gap on technical matters. It could have been 
helpful, for instance, for the two sides not only to give 

their opinion on the estimated performance of a Soviet 
attack and of the ABM defense against it, but for them 
to have also included their uncertainties, the reliability 

of the assumptions, and the facts and analyses they used, 
in terms that would be broadly understood. These 
should have been an essential part of the engineering 
process. With them, a better understanding of the 
reasons for the differences in conclusions could have been 
developed. But in the environment that existed this 
simple approach seemed impossible. 

What could have been done? Probably nothing, in 
the environment that was allowed to develop. Probably 
a lot, in a different environment requiring only a slight 
change in discipline. The change may require consistent 
effort but should become so routine as to take place 

almost unconsciously. 
No scientific or engineering study should be considered 

complete without an "uncertainty analysis." No system 
or component is really understood by its designer until he 

. has carried out such an analysis. 
Uncertainty analysis is an important part of the design 

process and needs to be applied not once in a while, but 
routinely. In the case of the ABM, it should have been 
possible to reduce drastically a number of critically 

important technical differences—the difference between 
25 percent and 5 percent in the estimates of the number of 
oui Minuteman missiles surviving the first Soviet attack; 
the difference between the estimates of 4:1 and 1:1 in 
the cost ratio of defense to attack; the difference between 

"hardly effective" and "seriously confusing" in the 
evaluation of penetration aids. It may be difficult to re-
duce the range of reasonable uncertainty on the reliability 
of ABM, particularly its computer, and the human prob-
lem of operating the system for the first time on a few 
minutes' notice after years of being on the alert, but even 
there one could hope that the wide range of disagreement 
could be reduced, or analyzed into its component reasons. 
Why was it not possible for the scientists on either side 

of the controversy to develop their uncertainties and 
establish the reasons for the differences in their con-
clusions? The answer is that the environment was that 
of adversary confrontation and the scientists in the con-
troversy followed its well-established pattern. The 
controversy could not lead to the "technical truth" be-
cause the parties were not trying to reach a conclusion, 
but to prove one. They were addressing the public and 
its representatives, the nontechnical decision-makers. 
In such an environment, one side cannot admit uncer-
tainties unless the other side reciprocates. The result is 
that description of uncertainites is avoided wherever 
possible. The whole truth could not, therefore, be 
developed. There is little doubt, however, that if it were 
routinely considered that good engineering requires an 
uncertainty analysis covering assumptions, facts, analy-
ses, and opinions, reasons for differences would be 
clarified and the differences greatly reduced. 

What the ABM controversy can teach industry 

In industry, the truth developed is sometimes the 
technical truth, but more often—and at considerable 
expense—it is the adversary truth that prevails, with the 
customer or a superior as the "audience." 
One can generalize from the example of the ABM that 

whenever the purpose of a technical presentation is to 
"sell" rather than communicate something, and com-
petition exists, the foundation for a process of adversary 

confrontation is established. 

In industry, the selling environment comes from what 
might be termed the "think-positive syndrome." Corpo-
rate management is constantly "selling" the corporate 
image to customers; divisional vice presidents sell their 

capability to corporate management; middle-manage-
ment people sell their ideas to divisional vice presidents; 

engineering managers sell their competence to the pro-
gram manager—and so on, each seeking recognition and 
avoiding being the bearer of bad news. 

At each level, the conditions are ripe for adversary 
confrontation. "Think positive" is the advice stated or 
implied that travels from each level to the next lower one. 

That advice is often interpreted to mean "concentrate 
on positive things" even though the most positive thing 
to do may be to concentrate on negative things. 
The syndrome inevitably tends to obscure uncertain-

ties until they become visible as deficiencies, to let nega-
tive things develop until they reach crisis proportions, 
to make difficult the introduction and operation of 
managerial feedback loops, to undermine attempts at 
measuring performance; in sum, to postpone the dis-

covery of trouble. In large programs, it tends to hide 
from the program manager the true condition of his 
program. Near its end, he is often faced with urgent and 
competing demands from his managers for additional 

funds and more time, and has quite an inadequate back-
ground of information on which to judge the relative 
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merits of the demands—and usually has no time to ac-
quire more. He becomes the "audience" of an adversary 
confrontation. 

Effects of the think-positive syndrome 

The generalized effect of the syndrome is to distort all 
managerial feedback loops in which it is manifested. 
It thus degrades decision-making processes, for they all 
depend in one way or another on feedback of informa-
tion. The effectiveness of feedback depends on assessing 
accurately and communicating speedily changes in a 
situation, in order to check whether the operation con-
forms with the plan and what uncertainities arise in their 
development. The syndrome tends to degrade both the 
accuracy and the speed. It always delays information, 
often injects errors, and may even prevent entirely the 
establishment of a communication channel. 

It would clearly be desirable for uncertainties to be 
brought into the open, not to overemphasize them but to 
bring them into proper balance with other information. 
They would help guide the progress of a program, show 
where timely support might prevent the development of 
serious problems, and provide major support to decision-
making generally.* Schedule and cost controls are essen-
tial, but they cannot be fully effective without better 
information of the true state of a program, the hurdles 
that it faces and may face, and a better estimate of its 
probable outcome than is currently possible. 
The effect of the "think-positive" syndrome on a 

program or an operation may be answered by asking a 
few questions such as the following. 

It is generally admitted that many problems originate 
at managerial interfaces. Why then are much effort and 
many charts devoted to detailing line-managerial re-
sponsibilities and practices and hardly any to interface 
responsibilities and practices? Why do routine audits of 
operations concentrate on the adequacy of line operation 
and gloss over interface operations? Why does com-
munication of defective interface operation have to go 
up the line, across, and down on the other side, leading 
to delays and distortions rather than in the first instance 
by a routine straight-across path? Is it that the circuitous 
path helps "control" the natural flow of negative infor-
mation, of uncertainties, in the operation ?t 

Operations across managerial interfaces are a good 
example of some of the effects of the think-positive 
syndrome. A short discussion with a lower-level manager 
in charge of an operating unit typically develops the 

• An important application of this principle is in the communica-
tion of the results of mathematical modeling or simulation model-
ing to a decision-maker. For him to make effective use of the 
model and its outputs he must understand its assumptions, 
approximations, and sensitivities; in other words, its uncertainties. 
Without this information, the model can lead him seriously astray. 

t Sometimes acting in accordance with the rules of the think-
positive syndrome may appear to benefit an individual or even 
to be necessary to maintain his status within an organization. 
In most cases, however—possibly in every case—this is an illusion. 
The benefit, when it exists, is usually temporary. In the long run, 
the syndrome inevitably causes damage, and he who can consis-
tently overcome it will be recognized and will benefit from this 
recognition. It is important when acting contrary to the rules of 
the syndrome that uncertainties be brought out in a forthright 
manner, free from a sense of explaining a deficiency, but rather 
from the point of view of presenting a fact and, where appropriate, 
the corrective action that appears desirable. Understanding, re-
cognizing, and acting to counteract the syndrome's damaging 
effects will help channel personal goals and emotional reactions 
along steady and constructive lines rather than along temporary 
and damaging ones. 

following information: He knows what his unit is ex-
pected to produce, and who receives his product. He 
knows the expected costs and schedules. He knows the 
areas that interface with his unit, but when there are 
many he may forget some as he lists them. He will also 
know what flows across the interfaces but he will miss 
some items as he talks about them. It may be difficult to 
know whether he has left out anything important. He 
has made no list, nor does he keep a record of what flows 
or what fails to flow across the boundaries of his unit, 
unless it is connected with some hardware inventory for 
which he is accountable. He keeps close track of his 
output, personnel, costs; quality nearly always takes 
secondary place. When asked about his principal problem 
areas—what gets in his way in seeking to meet his cost 
and schedule assignments—he gives clear answers with 
examples of recent experiences. His analysis of the causes 
of his problems nearly always leads to the operation 
of an adjacent unit that does not provide what he needs 
at the time that he needs it, or provides something that 
is deficient. He has always been able, he explains, to 
wangle something to overcome these problems. He is 
proud of his success in some particularly difficult situa-
tions and the compliments he received. He is clearly 
better at fighting fires than at preventing them. When 
conditions grow bad beyond his endurance, he brings the 
matter up at the weekly staff meeting, following which 
something sometimes happens, sometimes not. By in-
vestigating the other side of an interface that appears to 
give trouble, it is usually easy to find the true nature of 
a problem. Not infrequently, other problems are un-
covered at the same time. In many cases, it is relatively 
simple for the managers on either side of an interface 
to agree to some simple routine reporting giving each 
side information on the flow across the interface and the 
deficiencies encountered. For instance, the manager of a 
manufacturing shop could advise production control on 
the number of times each week his production has been 
hampered by failure to provide the planned accumulation 
of parts and materials. This simple information developed 
on a routine basis will speak more clearly than many 
orders from above. 

Curing the think-positive syndrome 

Another common example is that of a unit whose 
responsibility is to issue reports—statistics, perhaps. 
The unit generally endeavors to demonstrate its impor-
tance by expounding on the number of reports distributed 
and the managerial ranks on the distribution list. Seldom 
does the unit make an analysis of the "uncertainties" 
of its activity—how well are the users' needs or wants 
served, and to what extent does the report provide for 
them information that is useful in a form that is conve-
nient and takes up a minimum of time to use? What the 
reports were planned to do is often known; what they 
actually do and what they could do are seldom known, 
certainly hardly ever reported. It is usually simple and 
requires no great effort to have from time to time personal 
interviews with a sample of key users, to discuss the 
uncertainties of those who prepare the report and thus 
be able to reduce them (the uncertainties, that is!) to a 
minimum. 
An interesting case involved an area that was under 

review in a wide search for the reasons for problems 
that were besetting a large program. The area made a 
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self-audit. It uncovered some 50 places of defective 
operations, 48 of which originated outside the boundaries 
of the area. The audit was thorough and quite accurate. 

The interesting feature of the episode was not the audit 
itself or the effort that followed to correct the specific 
symptoms uncovered, but the lack of interest in answer-
ing the basic questions: Why had these defects origi-
nating across the interfaces remained uncovered and 
why had not those who knew of their existence taken 
steps to help correct them and, if they had, why had 

they been unsuccessful? Was it the syndrome's inhibiting 
power? 
The preceding are examples of simple cases generally 

applicable to junior managers. There are many such 
throughout a major operation. Relatively little effort is 
needed to introduce routine corrective feedback that can 
counteract many of the syndrome's effects at these levels. 
Similar conditions in more complex form exist at higher 
levels. The common basis for operational problems 

appears to be the unwritten but generally accepted law 
that the mention of uncertainties should be avoided as 
much and as long as possible. The reason for this law 
lies in the fact that much of our activities take place in 
an atmosphere of adversary confrontation. 

There is little doubt that the think-positive syndrome 
is damaging and costly. As a start at developing a cor-
rective trend, scientists and engineers should make it a 
routine on technical matters to include an uncertainty 
analysis, to expect one from their peers, and, if necessary, 

to demand it. 

A concluding note 

It seems appropriate to apply a modicum of uncer-
tainty analysis to the previous discussion. What are the 
uncertainties associated with the stated and implied 
recommendations for industry? Most of the analysis in 
this article is subjective reasoning and therefore open 
to criticism by those with different subjective thinking. 
There is, to date, little experimental verification of the 
effectiveness of such recommendations. What there is, 

follows. 

Concentration on interface operations in managerial 
audits has been found to be an effective technique for 
locating problems—the degree to which managers did 
or did not understand their true responsibilities, their 
place in the scheme of things, and the irrationalities of 
some of their behavioral patterns. It is also consistently 
true in corporations that uncertainties in engineering 
design, though known, are not systematically passed up 
the line or communicated across the interface to inspec-
tion or test. These uncertainties are manifested in a lack 
of knowledge of areas that could not be inspected and 
of parts that are not fully exercised in final test. There is 

plenty of knowledge and documentation of what tests 
and controls can do, but little of what they cannot do 

and what remains undone. Usually, for example, little 
information is available on why a test procedure has 
failed to give warning of a defect in design. The lack 
of information on this negative side makes it difficult 
to assess the relative values of different test procedures. 
More complex situations occur in design engineering. 

It is not uncommon for a subsystem manager, for in-
stance, to supervise and review the design of the com-
ponents of his subsystem and yet not know the weak 
spots that are known or suspected by the component de-

signers. The subsystem manager usually knows that cer-
tain desirable analyses and tests had to be discarded 
because of limitations of budget or schedule, but gen-
erally he has only a vague idea of the uncertainties intro-
duced by their omission. It is even less common for 
plans, procedures, and implementation of final testing— 

qualification and acceptance tests—to reflect the exis-
tence of these uncertainties. The systematic transmission 
of uncertainty information could be very helpful, first 
to the subsystem manager, then to the system manager 
and to the manager of testing, and thence to the program 
manager, not only to direct the program as it progresses 
but also to develop a deeper understanding of exactly 
what has been designed and produced under their direc-
tion. This flow of uncertainty information takes the 

managers beyond the performance of the elements of the 
system and of the system itself as the work progresses, 
giving them greater ability to make rational projections 
of what is likely to occur. It will generally permit cor-
rective action before it is too late or excessively costly, 
and at the end it will give a more accurate sense of the 
degree of confidence that can be placed in the system— 
that its performance will be maintained, that it can be 
safely duplicated, and how it can be improved. 
As yet, there has been no opportunity to apply broadly 

the concepts and principles outlined here. Will behavioral 
patterns prevent an effective application? The answer to 
this question is not known and represents an important 
uncertainty. A subjective judgment is that they will often 
be a serious impediment, but that effective application 
can be developed in a suitable environment. 

The author wishes to express his appreciation for interesting and 
valuable suggestions made by the late Seymour Tilson during the 
preparation of this paper. 

Raymond M. Wilmotte (F, L) received B.A., M.A., and Sc.D. 
degrees in engineering from Cambridge University (Corpus 
Christi College), England. On graduating, he joined the 
National Physical Laboratory, the British equivalent of the 
National Bureau of Standards, engaged in research on 
antennas. Arriving in the United States in 1929, he worked 
on blind landing techniques for the Aircraft Radio Corp., 
Boonton, N.J. In 1932, as consultant to the broadcasting 
industry, he designed, built, and proved out the first direc-
tional antenna in the regular broadcast band to protect the 
service area of a station from the interference of another 
cochannel station. He has continued consulting throughout 
his career, first in broadcasting and subsequently with the 
government through the Wilmotte Laboratory, with con-
tracts on radar, proximity fuze, antenna, and communica-
tions R&D. He was one of the first to correlate wide-band 
signals optically using ultrasonics. 

In 1958, Dr. Wilmotte joined the advanced military sys-
tems group of RCA and became program manager respon-
sible for the development and production of the " Relay" 
spacecraft, the first NASA communications satellite. During 
recent years, he has been a consultant on special aspects 
of management to major electronics corporations, non-
profit organizations, and government agencies. Dr. Wil-

motte has recently coauthored 
a study that was published by 
the ASCE on technology and de-
cisions in transportation, using 
the problem of airport access as 
an example. He has received the 
Bureau of Ordnance Develop-
ment Award from the Navy 
Department for his efforts in 
W.W.II, published over 50 pro-
fessional papers, and been 
awarded more than 40 patents. 

Wilmotte—Engineering truth in competitive environments 49 



111111111111iiimiPill 
*o! woo us*: T'r; 1Atio7ot1, 

Pe, 
414 L. 

I 11;11 iiiiiii 
¡Jilt, !1;.!4! ; 

; ; Le e 
, Molt* o otood4 

iltillit.h 

Ode 

*4 lid 

t liiíti i 

1 ti 1 b .1:.! , "''' ! ti.  4111‘4ft 

it' ' ,. ï 'il .. i„:,  ntsiill'_, 

FIGURE 1. Dugital correlator, with two-layer discretionary interconnection 

Technological advances 

in large-scale integration 

Large-scale integration is now coming of age, and 
within a short time its impact on the semiconductor industry 

is expected to be dramatic and far-reaching 

Herschel T. Hochman, Dennis L. Hogan Honeywell Inc. 

Not very long ago the concept of large-scale integra-
tion was just that—a concept. But since that time 
most of the more difficult technological problems have 

been resolved and many others are well on their way to 
solution. The important potential advantages of LSI— 
reduced cost, improved reliability, size and weight re-

ductions, and computerized fabrication—served to 
provide the impetus for their rapid development. Fo-
cusing on the digital correlator as an example, this 
article describes the techniques and problems in-

volved both in the basic design and in the fabrication 
processes. 

Today the semiconductor industry is on the threshold 
of a new revolution in solid-state technology. This revolu-

tion encompasses computer-aided large-scale integrated-
circuit design, computer-aided generation of artwork 
and/or masks, and advanced fabrication techniques com-
bining multiple dielectric layers with specific methods of 
metal deposition. It is the culmination of several years of 

intensive investigation and investment in what was 
originally believed to be a product of the scientist's over-
active imagination. The initial successful results are 
beginning to blossom forth from laboratories around the 
United States, as exemplified by Texas Instruments' 
1000-bit shift register' and Honeywell's large-scale IC 
correlator. This article will trace the history of such a 
program, using as its principal subject the digital corre-
lator. 

Design 

This revolution lends itself to large-scale integration. 

An earlier article2 emphasized the means of achieving 
high-yield large-scale integrated (LSI) circuits, a pre-
requisite to approaching this new integrated "system" 
concept. Actually, a 3.2-cm to 6.25-cm wafer, with thou-
sands of components connected through two or more 
layers, can represent a total system. 

Figure 1 shows a monolithic system called a digital 
correlator. This circuit is composed of a cellular array of 
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FIGURE 2. Basic monolithic cell. Note the presence of common ground and power 

lines and the large input-output pads. 

FIGURE 3. Block diagram of basic cell. 
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medium-scale integrated circuits, arranged in a cruciform 

pattern. Typically, the average number of operating cells 
on the array was 60 to 65 out of the possible 84, or a 70 
to 77 percent yield. Figure 2 shows the geometrical lay-
out of the basic cell. Physical dimensions of each cell are 
3175 by 1400 µm. This system contains 84 cells, but this 
is by no means the limit that can be placed on this 3.2-

cm wafer. As the wafer size and packing density increase, 

obviously the cell count will also increase. Packing den-
sity can be increased by using smaller geometries and 
shallower diffusions, both well within the present state 

of the art. 
Single-cell operation. The basic cell of this particular 

digital correlator configuration is depicted in block dia-
gram form in Fig. 3(A). The cell is tested in wafer form 
before the dielectric is applied, and from this test pro-

cedure discretionary masks are generated. 
The cell consists of five master—slave flip-flops (FF), 

four EXCLUSIVE OR gates, a four-bit binary ladder, and 
the necessary ladder switches. FF4 through FF., use a 
common clock. The true outputs of each of these four 
flip-flops are connected in an EXCLUSIVE OR arrangement 
to the output of FF5, which is the reference signal R. The 
outputs of the EXCLUSIVE OR gates drive ladder switches, 
which in turn drive the binary ladder. The resultant ana-
log output of the ladder, eo, is the collective cross-correla-
tion function of the four flip-flop outputs to the reference 
for that particular set of data. Clearly, in this case, the 
data in FF1 through FF4 are weighted according to their 

respective input to the binary ladder. 
Figure 4(A) shows the signals that are applied for test-

ing. The resultant output, eo, is the recurring stepped 
ramp function shown in Fig. 4(B). Each step has a dura-
tion of 1/c seconds (where c = clock frequency), and an 
amplitude of Yr./l6 volts. 
At the probe level, each individual cell is checked for 
1. Function at both the minimum and maximum 

values of V and Vref. 

2. Power dissipation. 
3. Any obvious ladder error (dc). 
4. Any obvious unaccountable speed limitation. 
After probe, all electrically acceptable cells are visually 

examined for potential defects. A cell that successfully 
meets all of these requirements is marked "good." 
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FIGURE 4. A—Applied testing signals. B—(Top) Analog 
output of cell e ; ( bottom) reference signal R. 

FIGURE 5. Series connection of good cells to form an ulti-
mate "system." 

System operation. Through multilayer discretionary 
interconnect techniques, all of the cells found to be good 
at the probe level are connected in series, as depicted in 
Fig. 5. For any set of four digital data streams impressed 
on the data inputs, an aggregate cross correlation with 
the reference function is achieved at eo. The number of 
stages in the correlator determines the time volume of 
the data streams that are being correlated at any particu-
lar time. 
As a test for a typical correlator of n stages, the same 

signals that are applied to the single cell for testing are 
applied to the correlator inputs, with one exception; that 
is, the reference signal is a square wave of duration 2n/c. 
The output signal at eo will be a recurring stepped-ramp 
function with each step having a duration of 1/c seconds 
and an amplitude of VIn volts. 

Correlators constructed in the manner described offer 
a new dimension in microcircuit application to a tech-
nology that heretofore has been limited to tapped-delay-
line techniques. Prior to the described technique, a digi-
tal equivalent to the delay line made of ICs and discrete 
components was an awesome undertaking in terms of the 
volume of hardware, requiring approximately 100 000 
components for a 1000-stage correlator. 

In the case of direct delay-line replacement, the quanti-
zation rates and levels must be sufficient to describe the 
analog data stream accurately. Thus, for high-resolution 
systems it is desirable to operate at the highest clock 
rates attainable. The 1000-stage correlator has operated 
as a system under probe at about 2 MHz, with individual 
cells operating to 3.5 MHz. An operating capability at 
10 to 20 MHz is envisioned for two to three years hence. 

The cell-to-cell communication scheme was accom-
plished through discretionary masking of a deposited di-
electric sandwiched between two layers of metal. A more 
detailed description of the fabrication process follows. 

Layout and mask considerations 

Although computer aids for design and layout are cer-
tainly applicable to this system, the organization and par-
titioning were accomplished without them. For the con-
venience of the V« and ground-line layout, each column 
of cells was oriented 180 degrees with respect to its 
neighbor column. To minimize the number of layers of 
dielectric and metal used, an isolated bus-bar arrange-
ment was patterned in the first-layer metal with the intra-
connection of each individual cell. Two separate masking 
operations accomplished this procedure. The smallest 
element used in the circuit was 6.3 pm wide by 9.0 pm 
long. The resistor line width was 6.3 pm throughout the 
circuit. Figures 6(A) through 6(L) show the complex 
series of masks needed to fabricate this system. 

Because of the small geometries used, it is difficult to 
photograph the actual masks and obtain good resolution. 
Therefore, for the convenience of the reader, photographs 
were made directly from the artwork. For the sake of 
clarity, it should be noted that the images seen in all 
masks except Figs. 6(H), 6(J), and 6(K) are stepped and 
repeated in a cruciform array. This is seen in the first 
two mask photographs. Figure 6(A) is the buried collec-
tor mask, which, after stepping and repeating, on the 
working plate will appear as in Fig. 6(B). Figs. 6(H) 
through 6(L) were taken directly from the working plate, 
resulting in the patterned array in Figs. 6(1) and 6(L). 

Figures 6(A) through 6(G) are standard layout masks, 
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FIGURE 6. Mask sequence. A—Buried-collector image. B—Buried-collec-
tor working mask. Image has been stepped and repeated in patterned array 
Note 180° orientation of alternate columns. C—Isolation image. D—Base 
image. E—Emitter image. F—Contact image. G—Metal image, first-
layer metal. H—First-metal-layer bus-bar mask; 20-to-1 reduction. Note 
identifying number. I—Discretionary contact mask; opens contact win-
dows in borosilicate glass; 55 good cells. J—Contact mask; opens contact 
windows àn borosiiicate glass over bus bars of Fig. 6(H). K—Second-metal-
layer interconnection; connects cells to bus bars. 1—Discretionary mask 
for segmenting short-circuiting bars. 

which woukl be used if this wafer were later to be scribed 

and packaged for an individual die. The only deviations 
in this series of masks were the 180-degree rotation of 

cells, which required two reticles for the step-and-repeat 

operation, and the requirement that oxide be left in 

areas separating the cells to avoid short-circuiting the 

various power, ground, and signal lines interconnecting 
the cells. Figures 6(H) through 6(1) are the masks needed 
to complete this specialized wafer fabrication. All masks 

except three are reduced 400 times through standard tii st-

reduction and step-and-repeat operations. The three 
masks shown in Figs. 6(H), (J), and (K) are reduced 

only 20 to 1 and working plates are made directly from 

this first reduction. 

Let us consider the mask sequence. The masks in Figs. 
6(A) through 6(G) are used following standard IC manu-

facturing techniques. The result is a wafer containing 84 

separate cells having only common ground and power 
lines. Large 127- by 127-µm aluminum input-output 

pads are located at specific locations within each cell for 
future contact to the second-layer metal. These pads are 

also used for cell probing. This can be seen referring again 

to Fig. 2.. The mask in Fig. 6(G) is used for metal re-

moval and leaves aluminum surrounding the perimeter 
of the 84-cell array. The mask in Fig. 6(H), then applied, 

patterns on the wafer a set of isolated bus bars as well as 

an identification number. This number is useful for trac-
ing each ‘% fer to its unique discretionary mask. These 
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FIGURE 7. Cross section of multilayer structure. 

bus bars will eventually make parallel connections to 
conductors in the second metal layer. The wafer is now 
sintered and sent for cell probing. A map that duplicates 
the wafer layout and precisely locates good and bad 
cells, is then prepared. 
The map is used to generate a discretionary mask, as 

seen in Fig. 6(1). This mask is used to open 76- by 76-gm 
contact holes in the deposited dielectric, which lies di-
rectly over the 127- by 127-gm input-output aluminum 
pads. The mask shown in Fig. 6(J) is then applied to open 
contact holes in the dielectric only at the outer bus-bar 
locations. This two-step operation is necessary since it 
is not feasible to generate a mask that can open all wafer 

contact holes in one operation. This would constitute a 
step-and-repeat pattern of a 400-to-1 reduction on the 
same plate that contains the 20-to-1 reduction. Metal is 
then deposited over the entire wafer, after which the 
Fig. 6(K) mask is applied. The metal is etched to form a 
pattern that allows contact of all good cells to the bus 
bars. However, at this point the good cells are short-
circuited, since the metal lines are connecting inputs to 
outputs. Application of the mask in Fig. 6(L) will seg-
ment these lines, separating the input and output lines. 
The discretionary pattern for this mask is identical to 
that of the 6(1) mask. The wafer now represents a com-
plete "system" and is electrically tested. 

Obviously, certain steps must be taken to insure that 
(1) the wafer will remain in one piece throughout the 
many processes and (2) the dielectric will remain free of 
pinholes through the many masking operations. In the 
first place, the wafer has a minimum thickness of 254 gm 
to insure minimum warpage and maximum resistance to 
breakage. Second, to obtain insurance against pinholes. 
any operation that requires masking over the dielectric 
[Figs. 6(1) and OA will use two identical masks applied 
in sequence. A defect in the first mask will not be coinci-
dent in the second mask, and polymerization of all 
resist was thereby allowed where necessary. 

Diffusion consideration 

Processing of the wafer follows standard techniques 
up to completion of the individual cells. The sheet re-
sistivity used is 200 ohms per square, and base and re-

FIGURE 8. SEM photo showing discontinuity of metal as it 
crosses oxide step (5500X). 

sistor diffusion depth is approximately 3 gm, as verified 
by groove and stain techniques. Because of the need for 
multiple layers (as seen in the construction shown in 
Fig. 7) and the nature of the dielectric and metal system 
used, the ratio of thermal and dielectric glass to metal 

is important. It was determined that the most reliable 
process was one that would minimize the step height at 
the thermal oxide boundaries—both at the oxide dif-
ferential where impurities were deposited as well as at 

regions of contact opening. To reduce the steps in ques-
tion, final thermal oxide thickness on the wafer ranged 

from 0.25 to 0.35 gm, as compared with standard inte-
grated circuits, which have an oxide range on the same 
die of 0.25 to 1.0 erl. A large step in the oxide can create 
a high-resistance region or, for that matter, a completely 
open circuit where the metal crosses the step. For exam-
ple, assume that the step in the oxide has been sharply 
cut and the differential is 0.7 gm. If a metal layer of 
0.7 gm is deposited, the difference between the top and 

bottom layer will not allow enough aluminum to de-
posit at the boundary to assure a continuous layer. To 

illustrate the last point, Fig. 8 is a scanning electron 
microscope (SEM) photograph of a second-metal-layer 
aluminum discontinuity as it crosses a deposited oxide 

step. This type of discontinuity is extremely difficult to 
detect visually and is not always discovered until elec-
trical evaluation has commenced. 

Metalization 

The metal system used for this multilayered structure 
is aluminum, and its thickness and methods of applica-
tion are important considerations. In the previous dis-
cussion it was pointed out that oxide step heights must 
be related to the metalization procedures. In the first 
layer the ratio of thermal oxide to metal was optimized 
at 0.5 (that is, 0.3 gm/0.6 pm). However, the ratio of de-

posited dielectric to second-layer metal was 1.0 (that is, 

1.0 gm/1.0 gm). 
To avoid the possibility of thin metal over the step, 

point sources were avoided in the evaporation procedure. 
To accomplish this, a multiple source was mounted to 
simulate evaporation from four directions. Although a 
1.0 ratio is not optimum for use with thermal oxide, it 
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will be seen that the nature of the particular deposited 
glass produced a step that allowed this ratio to be ac-

ceptable. 
Figure 9 is an SEM photograph showing the aluminum 

as it crosses a thermally grown oxide step. The aluminum 
is of sufficient thickness and proper flow to minimize the 
possibility of a break in this region. Figure 10 shows the 
excellent quality of the aluminum film with a minimum 

amount of regrowth. 
Obtaining ohmic contact between top and bottom 

metal layers rates as one of the major concerns in the 
fabrication cycle. Consider the removal of the dielectric 
from the contact region. It is difficult to ascertain when 
the deposited dielectric has been completely etched out 
of the contact hole. There is no visible change in colora-
tion when the acid has finally removed the glass and 

begins to attack the aluminum. It is, therefore, possible 
to leave a very thin glass layer in the contact hole, which 
will later cause a high resistance between metal layers. If 
it is assumed that all the glass has been removed, it is 
now necessary to clean the resist from the wafer without 
degrading the oxide or metal. Since the types of cleaning 
solutions used are of limited strength, it is possible to 
leave contamination in the contact windows. Another 
common problem is the formation of aluminum oxide, 

which occurs even at room temperature. Since aluminum 
oxide is a very stable compound, standard cleaning solu-
tions will not remove this barrier layer. All of the fore-
going possibilities contribute to the existence of high re-
sistance between the two layers. One answer to this 
problem would be to use other compound-layered metal 
systems, but this approach tends to complicate the fabri-
cation process. Another solution that has proved success-
ful is the process of sputter etching. In fact, the ideal 
condition is sputter etching to clean out the contact 
windows and remove the aluminum oxide layer, followed 
by sputter deposition of aluminum. This can be done 

without breaking vacuum. 
A control sample was processed with the device wafers. 

This sample was invaluable for the evaluation of film 

thickness and the measurement of contact resistance and 
dielectric strength. A control sample was also used to 

compare the contact resistance between aluminum layers 
that were filament-evaporated as opposed to those sub-
jected to sputter cleaning followed by sputter deposition. 
The latter technique resulted in a contact resistance 
several orders of magnitude less than the former, and 
this result was achieved without sintering. This considera-

tion becomes extremely important for certain deposited 
oxides that could degrade at sintering temperatures. 

Dielectric considerations 

Of all the processes used in the manufacture of this 
circuit, the one that stands out as the most significant 
source of potential failure is the process involving dielec-
tric deposition. There are several methods that could be 
used to deposit the glass. These include reactor deposi-

tion at temperatures in the range of 200°C to 400°C, as 
well as sputtering. To complicate matters, there are 

various dielectrics that could be used. Among these are 
silicon dioxide, silicon nitride, phosphorus-doped oxide, 
boron-doped oxide, and aluminum oxide. To make the 
proper choice of material and technique, it is necessary 
to interrelate the desired properties of the dielectric with 

the difficulties inherent in the fabrication processes. 

FIGURE 9. SEM photo of first-layer metal as it crosses 

oxide step (9500X). 

FIGURE 10. SEM photo of aluminum over oxide (17 500X). 
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FIGURE 11. Surface of test wafer 
covered with dielectric. Holes 
are caused by stress in film re-

sulting in eruption of oxide. 

FIGURE 12. Close-up photo of 
erupted area. Fringed disk is 
dielectric lying next to area from 
which it was removed. Other disk 
is sputtered aluminum originally 
covered by oxide disk. 

Some of the properties that the dielectric should pos-
sess are as follows: 

I. The dielectric should be able to withstand sintering 
temperatures (about 525°C), together with the tempera-
ture shock of furnace entry and withdrawal, without 
damage. A furnace operation may be necessary to achieve 
an ohmic contact between the two layers of metal. 

2. To minimize film stress, the thermal expansion 
coefficient of the dielectric should match, as closely as 

possible, that of the material upon which the dielectric 
is deposited. 

3. The film should be etchable in chemical solutions 
that are used with standard photoresist, since it is neces-
sary to use the various photoresist emulsions (such as 

KTFR) to obtain maximum resolution and minimum 
image size. 

4. The dielectric strength of the film is an important 
factor and will determine the minimum thickness that 
can be used. Obviously, the film breakdown should occur 
at a high voltage. 

5. Leakage is a prime consideration. The film should 
appear as a true insulator when viewed from either metal-
film plane. 

6. The film should have no effect on device perfor-
mance because of ionic charge nor should it adversely 
affect the metal conductor lines that lie beneath it. 

7. The dielectric should be chemically inert. 

Although several compounds might rate as possible 
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Cot relator water 

FIGURE 13. LSI mounting in large package. 

candidates and fulfill these qualifications, for this program 
a boron-doped oxide in the form of a borosilicate glass 
was chosen. The oxidation of silane (Si1-14) and diborane 
(B2H6) yields silicon dioxide (Si02) and boron trioxide 
(B203) through the following reactions: 

Siff, ± 202 —> Si02 2H20 
B2H6 ± 302 —› B203 ± 3H20 

When these two oxides are mixed homogeneously, a 
borosilicate glass (B203:SiO2) is formed. 
The reactor used for this deposition is similar to the 

standard bell-jar/hot-plate system used throughout the 
industry. The gases are metered through F&P Tri-flat 
flowrators, which give good control over deposition 
• parameters. The growth rate is approximately 2 X l0 -
meters per second and the thickness reproducibility has 

proved to be within ± 5 percent from run to run. In 

accordance with the foregoing list, the borosilicate glass 
properties have been evaluated using a special wafer 
specifically prepared to test the desired parameter: 

1. Temperature stability. The oxide integrity remained 
intact after repeated quenching from 525°C to room 
temperature. At the completion of the test, the water was 
subjected to a metal etchant. Any crack or pinhole that 
developed would allow an attack to occur on the metal 
under the oxide film. This condition did not occur. 

2. Expansion coefficient. The coefficient of expansion 
of B203:SiO2 is approximately 3 X 10-6, as compared 
with 0.5 X 10-6 for Si02 and 3 X 10-6 for silicon. 

3. Etching properties. The borosilicate film used stan-
dard photoresist and chemical etchants. The etch rate is 
approximately 0.5 X 1 0-9 m/s. In an earlier section, it was 
noted that a ratio of 1.0 was allowable for the deposited 
glass to top metal layer thickness without fear of a metal 
discontinuity across the oxide step. The reason for this 
lies in the etching characteristics of the film. This boro-
silicate film has a graded concentration resulting in more 
rapid etching at the top than at the bottom. Therefore, 
a sharp step is not formed. Instead, a slope results with a 
rather shallow gradient (Fig. 7), allowing the metal to 
maintain an adequate thickness and flow throughout its 
length. 

4. Dielectric strength. The dielectric strength was ap-
proximately 10-6 to 10-4 V/cm. 

5. Conductivity. A Tektronix 576 curve tracer was used 
to check leakage current. This instrument can easily 
measure to less than 200 pA. Using this value as the 
criterion, no leakage was detected between layers when 
the voltage was extended to breakdown. 

6. Film interaction. To test for the effects of the di-
electric on junction properties and to simulate the cor-
relator wafer, completed integrated-circuit wafers were 
probed and measured. Only the metal was removed and 
borosilicate glass was deposited. Contacts were then 
opened in the glass and new metal was deposited and 
etched in accordance with the original circuit pattern. 
The wafer was then sintered. Wafer probing results 
showed that the yield had not decreased. Device param-
eter measurements and tests performed on packaged cir-
cuits indicated that the borosilicate glass has no degrad-
ing effect on device performance. These results tend to 
confirm the conductivity measurement and show that 
there is no ionic-charge buildup within the oxide. 

7. Chemical properties. The film has never shown 
chemical interaction with materials with which it is in 
intimate contact. 

Throughout the program, control samples were tested 
for pinholes both chemically and electrically (that is, 
using capacitors). The results of these tests gave a high 
confidence level for the use of borosilicate glass as a di-
electric well-suited for IC multilayer work. 
The dielectric program was not without its share of 

problems. In some instances during the early phase of the 
program, stress within the film resulted in oxide destruc-
tion. Figure 11 shows the manner in which the film 
literally erupted, causing large holes to appear. Figure 12 
is a close-up photograph showing two such areas. One 
area shows a disk of oxide identified by the characteristic 
fringes in proximity to its original location; the other 
area shows a patch of sputtered aluminum that also had 
a glass disk covering it during the metal removal opera-
tion. This is the reason the metal had not been etched 
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away. The oxide disk was then purposely removed, leav-
ing the rough-appearing metal intact. 

Deliberate observation of this layer following each 
operation narrowed the triggering mechanism to the 

combination of sputter etching followed by sputter de-
position of aluminum. In all cases in which sputter etch-
ing was followed by filament evaporation the condition 
did not exist. 

Sufficient data were examined to verify that this cata-
strophic failure mode was caused by the relieving of 
stress within the film during sputter deposition of alumi-
num. Stress is not unusual in oxide films. In thermally 
grown oxides, there is a net thermal expansion between 

the oxide and silicon, causing a compressive stress in 
oxide of the order of 3.5 n/m2 (50 000 lbf/in2). 

There are several options available for solving this 

problem. Among these are modifications of the oxide, 
which change the inherent properties of the material. It 
is known that the stress of the film is magnified as thick-
ness increases, as deposition rate increases, and as the 
ratio of oxygen to silane mixture increases. This has been 
proved experimentally. A change in any parameter 

introduces a new set of problems. For instance, a varia-
tion in oxygen to silane would result in a change in the 
etch rate. Another immediate solution, which ultimately 
resulted in success, involved a compromise between 
sputter etching and evaporation. The wafer was sputter-

etched to remove oxide and contamination from the con-
tact windows. Then it was immediately removed to the 

filament evaporator, where aluminum was deposited. 
Taking advantage of the high-temperature property of 
the dielectric, the second metal layer was then sintered 
to the bottom layer, thereby reducing the contact resis-

tance to a negligible quantity. As stated previously, since 
maximum adhesion of metal to oxide and minimum con-
tact resistance are achieved by the process of sputter 
etching followed by sputter deposition, these will even-
tually become an integral part of the process. The ulti-
mate goal of any investigation carried out for the 

purpose of controlling stress will be geared toward 
maintaining the inherent desirable characteristics of the 
film. 

Basically, the film has proved to be worthy of further 
investigation. As with all new materials, additional effort 

will certainly bring forth the full potential of this di-
electric. It has many of the basic characteristics desired 

of an insulating film and is compatible with integrated-
circuit manufacturing processes. 

Packaging 

Packaging and sealing have always been weak links 
in the long chain of IC processes. This article will not 
dwell on the many packaging techniques that are pos-
sible for this type of device. However, one method, which 

can accommodate several wafers, is shown in Fig. 13. 

Summary 

There are many obvious reasons for integrating large 
numbers of circuits into one "system" on a single die. 
Elimination of large numbers of packages not only re-
duces size and weight but results in substantially increased 

reliability. Internally, die-to-die interconnections are 

eliminated; moreover, external multipackage lead con-
nections are reduced. The performance of the circuit is 
improved as speed of operation is increased. 

In the final analysis, the most important reason that 
underlies this approach is the dollar-savings potential. 
Savings are realized in the areas of highest costs—those 

involving assembly, packaging, and testing. Two basic 
methods of wiring can be used to produce the product 
discussed here: fixed or discretionary interconnection. 
The latter has been chosen in light of the high cell yield 
and amenability to computer techniques for determining 
the interconnection routing and generation of the masks. 
Automation can easily be programmed as early in the 
process as the wafer-probing operation. In the decade 
of the '70s, the "systems" concept will reach fruition and 
open many new areas of application heretofore un-
touched. 

Obviously, a program of this magnitude is not a one-man effort. 
The authors gratefully acknowledge the contributions of R. Ob-
linger, R. Moyer, S. Smith, and A. Archer. 
The authors also acknowledge the aid of Mr. John DeVaney, 

Jet Propulsion Laboratories, Pasadena, Calif., for the SEM photos. 
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Toward high stability 
in active filters 

Through continued research, active filters have recently 
exhibited a phenomenal drop in sensitivity, and consequently a 
sharp rise in stability. These subsystems are now competing 
with, or forging ahead of, passive filters 
in a number of applications 

Philip R. Geffe Westinghouse Electric Corporation 

About four years ago, the consensus among network 

theorists was that active synthesis was headed 
nowhere because of high sensitivities. At that time, 
active filters had a well-deserved reputation among 
design engineers for poor stability. Practical active 
filters were plagued with self-oscillations, nonad-
justability, nonreproducibility, and high thermal co-
efficients. Active network theory could accomplish 
nothing except explain the poor results. Since then, 
however, the picture has changed from total gloom to 
overjoyed optimism. The sensitivity problem now has 
several solutions, and active filters are more stable 

than passive filters, at least in some cases. 

The purpose of this article is to show how systematic 
research has led us from unusable high-sensitivity net-

-, works to the present designs, which are both stable and 
practical. However, before we begin, the concept of 
sensitivity should be clearly defined. 

The meaning of sensitivity 

In calculating sensitivities, what we should like to do is 
to find the fractional, or percentage, change in perform-

, ance from a given fractional change in the independent 

variables of the network—that is, the values of the active 
and passive elements. Suppose, for example, that Q is a 

function of a passive element whose value is Z. Then we 
define the macroscopic sensitivity of Q to Z as 

Q = àQl(2 
z Azg 

(1) 

By "macroscopic," we mean simply that we wish to use 
realistic magnitudes for AZ/Z. Realistic magnitudes 

usually fall in the range from 0.1 to 5 percent. If we can 
obtain the function in Eq. ( 1) then our problem is solved 
by means of the following relationship: 

AQ s Q (AZ) 
-Q — z (2) 

Unfortunately, we have found that the function S is 
mathematically intractable in most practical cases. But 

if we are willing to relax our requirement that AZ/Z 
should be realistic, then we can proceed with ease. 
Specifically, we shall let AZ be a differential quantity, 
and we define the differential sensitivity of Q to Z as 

aQIQ ac. 
szQ = (3) azlz az Q 

Clearly, then, the two sensitivity functions approach 
identity as AZ goes to zero. Remember, however, that 
what we want is S, but what we must settle for is S. 
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This means that we must take our sensitivity calculations 
with a grain of salt, keeping in mind that we are not 

dealing with truly differential quantities. 
Our principal concern is to determine the stability of 

wo and Q of a network. The calculations for this deter-
mination, based on Eq. (3), are therefore very easy to 
carry out, because both wo and Q are simple algebraic 
functions of the passive and active element values. 
We wish to emphasize that these calculations are 

important. We must choose specific circuits out of a list 
that contains several dozen networks, some of which 
are inherently bad. The sorting tool to use for separat-
ing the bad from the good is Eq. (3). Another advantage 
here is that Eq. (3) permits us to determine the precise 
effects of thermal coefficients on network performance. 

Emphasis on passive Q sensitivities 

Our discussion is limited to active resonators, which 
are defined as circuits that have a single peak, at w,,, in 
the frequency response, and therefore have only one 

value of Q. Composite filters of any complexity can be 
formed by cascading simple sections of this type. Experi-
ence shows that all RC-amplifier resonators give 

wo cc 
1 

VRICIR2C2 

(4) 

Here we use the proportionality symbol because wo is 
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FIGURE 1. RC-NIC resonator. 

FIGURE 2. Unity-gain-amplifier resonator. 

2Q 

sometimes dependent on the active elements as well. 
From Eq. (4), therefore, we always obtain 

Sz' = — (5) 

where Z is any one of the passive RC elements. We also 
find that dependence of wo on the gain A nearly always 
gives 

sir < (6) 

Since gain can be stabilized with feedback at low fre-
quencies, this is not a problem. Similarly, the use of 
stabilized gain means that we do not usually have to 
worry about the active sensitivities of Q. These are some-
times numerically large, but high sensitivity to something 
that does not change is, after all, not a defect. 

It is when we come to examine the sensitivities of Q to 
the passive elements that we find cause for alarm. With 

some circuits, for example, the Q can jump to infinity 
(self-oscillation). In less unpleasant cases, thermal sta-
bility can easily be ruined. Adjustability requires both 
trimpots and a long-suffering temperament. 

By combining theroetical results with practical experi-

ence, we insist that every circuit designer understand the 
following basic fact of life: 
The practicality of an active filter design method 
rests absolutely on demonstrating low sensitivities 
Q to the passive elements. 

Of course, this condition is necessary but not sufficient. 
We must look for other practical features as well. 

Negative-impedance converters 

A negative-impedance converter (NIC) may be thought 
of as a gadget that changes +Z into —Z. If the NIC 
is absolutely perfect, then we may assume that any 
passive network elements can be labeled with minus 
signs wherever we like. Such an idealized NIC network 
is shown in Fig. 1. The network is a resonator having 
= 1 and any value of Q greater than 1/2 . The element 

values shown represent the Horowitz optimum, which 
give the lowest possible sensitivity. Nevertheless, the 
circuit gives 

SzQ = ±(Q — 1/2) (7) 

for all the network elements Z. This is very high—a Q of 
200 gives a sensitivity of 199.5. Thus a thermal coefficient 
of 100 parts per million per degree C for an element 
contributes a thermal coefficient of nearly 2 percent 
per degree C for the Q. 
At one time (four to ten years ago) this was a very 

glamorous subject among network theorists, and many 
papers were published on NIC networks and their 
applications. Now we realize that this was all a mistake, 
and we never should have done it. Today we have no 
reason to suppose that NIC networks will ever be useful 
in filter design. 

Unity-gain amplifiers 

In 1955 Sallen and Key published a catalog' of 18 RC-
amplifier resonators. At that time the merits of sensi-
tivity analysis were not yet appreciated by engineers, 
and the term was not then used. Since then a few of these 
networks have been found to be useful. Figure 2 shows a 
resonator that uses a voltage-follower amplifier. Once 
again, the circuit is normalized for coo = 1, and any Q 
may be specified. The network gives 

••.11, 
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FIGURE 3. Dual- integrator resonator. 

FIGURE .1. Sallen and Key resonator. 

= 1 

= ScQ = SA(' = 2Q 2 (8) 

These equations show that the network exhibits very 
good performance for simple low-Q filters. But the high 
active sensitivity makes a high Q unobtainable even with 

operational amplifiers. 

The dual integrator resonator 
The network shown in Fig. 3—sometimes called the 

"analog computer method"—has been studied in several 
forms. 2-4 Inspection of the figure shows unity gain 

around the loop and a phase shift of 360 degrees. Ac-
cordingly, the circuit is an oscillator having a pair of gain 

poles on the jw axis in the s plane. According to a well-
known network theorem, if we damp both capacitors 
with parallel resistors to the same value of Q, then the 

poles move to the left in the s plane; thus, the oscillator 
becomes a resonator. Since the Q of the resonator de-
pends only on the effective Q of the passive RC combina-

tions, we find that 

Sz° = ±1 (9) 

A more detailed analysis shows that the Q is insensitive to 

everything in sight, including amplifier parasitics. This 
network is now widely used for Q values of several 
hundred having thermal coefficients of a few parts per 
million per degree C. It is more stable than passive LC 

resonators. 
Temperature-test results on a resonator of this type 

are shown in Table I. Metal-film resistors, NPO capaci-

tors (which have a zero temperature coefficient), and 
type µA 702 amplifiers were used. Compensation was 
achieved by the use of tuning capacitors consisting of 

73 percent NPO and 27 percent mica. The thermal drifts 
in Q were apparently random and exceeded the measure-
ment error by such a small amount that no significant 
conclusions could be reached. Frequency drift with 

temperature was less than would be expected from a 

quartz-crystal resonator at 7.5 kHz. 

Another Sallen and Key circuit 
The Sallen and Key catalog contains another network 

having astonishingly good properties. In Fig. 4 the 
amplifier gain must be set to — A = 9Q2 — 1. It follows, 
therefore, that the Q is severely gain-limited. The quality 

I. Results of temperature tests 

Temperature, Mo, parts per million 
degrees C Uncompensated Compensated 

105 630 
85 609 
65 503 
45 291 
25 0 
5 —411 

—15 —623 
—35 —1060 
—55 —1656 

—54 
O 
72 
54 
O 

—126 
18 

—108 
—377 
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of the performance: 

SA° = < 

Sz° = ±% for all Z 

(10) 

(11) 

is very good, however. This circuit is from three to six 
times less sensitive than a passive resonator. 

Optimizing the network 

The design formulas shown in Fig. 4, which are derived 
by setting all RC products equal, are not unique. In Fig. 5 
we have moved one RC product toward the condition 
of zero loading of the other. At the same time, we see 
that the gain requirement is 4.165Q2 — 1, and is ap-
proaching 4Q2 — 1. But the really remarkable result 
here is that 

Sz° = ± 0.01 for all Z (12) 

A Q- invariant resonator 

By considering the limiting processes taking place in 
the circuit of Fig. 5, one may easily be led to suspect that 
something interesting might happen if the two RC net-
works were isolated by an amplifier; this is indeed the 
case.5 In Fig. 6 we have 

—A,A2 = 4Q2 — 1 (13) 

Sz° = 0 for all Z (14) 

This remarkable result is implausible, but it is certainly 
true. Furthermore, it happens that we can readily obtain 

o 
el 

FIGURE 5. Optimized resonator. 

FIGURE 6. Q- invariant resonator. 
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a formula 
as follows: 

where 

for the actual (or macroscopic) sensitivity, 

(15) 
AQ —e2 

Q = 8 + 4e 

AZ 

= (16) 

Thus a 1 percent passive-element change causes a Q 
change of about 12 parts per million. 

Conclusions 

In the foregoing pages we have laid all the emphasis 
upon the dramatic fall of sensitivities that has occurred 
in the past four years. Not all of the low-sensitivity cir-
cuits, however, are equally useful. Thus the Q of the 
networks in Figs. 4 through 6 are severely gain-limited. 
Moreover, from a purely practical point of view, it is 
more significant to calculate the active sensitivities with 
respect to the open-loop gain than to the nominal gain. 
Nevertheless, these circuits have a definite field of useful-
ness unrecognized until recently. 
We have come a long way in four years. No doubt, 

many improvements will be made in the future, but at 
least we can now say that active filters are in head-on 
competition with passive filters. In many practical cases, 
they are actually winning the competition. 

The author would like to thank Anatol Zverev for unflagging 
encouragement and for many lively and helpful discussions on 
network theory. 
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International flows 

of energy sources 

Petroleum is the main commodity exported 
by many nations that are developing 
to those that are developed. 
This is a comparatively recent turn of events— 
and one with important ramifications 

Joel Darmstadter Resources for the Future, Inc. 

Although solid fuels still remain a dominant energy 
source for generating electricity throughout the world 
(taken as a whole), the overall fuel-energy supply pic-
ture has changed dramatically in the last 45 years. 

In 1925, coal was the overwhelming source of caloric 
content; today it ranks second to oil. Four decades ago 
—and until World War II—the United States was a 
significant net exporter of energy supplies. Today the 

role of major supplier falls on the Middle East and 
Africa—and together they provide more than half of 
the world's fuel energy. Reported are details of the 
various energy supply sources by type and origin. 

The period since the 1920s—with which this article is 
concerned— was one in which a fundamental shift oc-
curred in many parts of the world away from coal and 
toward petroleum as a primary energy source. Along 
with this shift, a new degree of reliance on worldwide 

energy flows emerged, as numerous consuming areas 
that were formerly self-sufficient in energy supplies (such 
as Western Europe) began turning to new and distant 
supply sources (such as the Middle East) to satisfy their 
fuel requirements. The fact that within a matter of de-
cades the preeminence in world energy ouput, once en-

joyed by a country like Great Britain, could be matched 
or exceeded by countries like Venezuela or Kuwait is 
pointed evidence of this significant transformation. A 

review of these developments provides a historical back-
drop against which contemporary issues of interdepen-
dence in world energy supplies can be readily perceived. 

The rising importance of oil and natural gas has been 
striking and in marked contrast to the long-term decline 
of solid fuels (essentially coal). Hydroelectricity, although 
also assuming a greater relative role in total energy, 
nonetheless remains of minor importance on a worldwide 
basis. Nuclear energy is, of course, insignificant for the 
period under review. [See Fig. ((A).J 
Although coal had already slipped from its high-point 

- supremacy at the turn of the century (when its share of 
energy consumption amounted to about 95 percent*), in 
1925 coal's 83 percent share still made it preeminent 
among the four primary commercial energy sources - 

coal, oil, gas, and hydro. During the ensuing four 

decades, the solid-fuel proportion has dropped steadily, 

= The 1900 estimate comes from P. C. Putnam. , It should be noted 
that in 1900, fuel wood—deducted for purposes of this calculation--
is estimated by Putnam to have been far more important than 
consumption of oil, gas, and hydro taken together. 

FIGURE 1. A—During the years between 1925 and 1967 the 
consumption of fuels in absolute tonnage has changed 
dramatically for some types and very little for others. 
B—The use of fuels on a relative basis (percent of total 
consumption) is a significant criterion. C—The average 
annual percentage increased consumption for five dif-

ferent "conglomerate" intervals; 

A 

1000   

130 

C io  

90 

30 

70 

60 

50 

40 

30 

20 

10 

I 1 11 1111 [ 1111111 11111. 
1929 1938 1950 1955 1960 1965 

1950 1955 1960 1965 1929 1938 

Tota! 

Liquid fe:s 

Solid fuels 

_ '3 

Hydroelectr,: 

Tota' 

SO f..e 

Natural gas 

Hydraelectricit, 

Legenc: 

D Solid tues 
3 Liquid fuels 
Cl Natural gas 
• Hydroelectr,c 
• Total 

1925 -50 1950 - 65 1965 - 67 1925 - 65 1925 - 67 
Average annua percentage rates of change 

'._Si s fies 

WEE spectrum MAY 1970 
67 



Mi
ll

io
n 
to
nn
es
 c
oa

l 
eq

ui
va

le
nt
 

Pe
rc
en
t 
of

 w
or

ld
 e
xp

or
ts

 

1000 

100 

10 

90 

80 

70 

60 

50 

40 

30 

20 

10 

1929 1938 1950 1955 1960 1965 

LI Solid r- 1 Liquid 
- fuels Li fuels [1 Gas 40 

30 

20 

o 

registering successively lower percentage shares in each 
of the benchmark years shown in Fig. 1(B). By 1967, 
coal's 38 percent share of world energy consumption 
represented less than half its relative importance in the 
mid-1920s—the relative slippage having been particularly 
pronounced since World War II. 

In absolute terms, worldwide solid-fuel use did in-
crease—by about one billion tonnes between 1925 and 

FIGURE 2. The amounts of energy exported across bor-
ders has altered measurably in the years between 1925 
and 1967. A—The change in absolute units compared on a 

million-tonne coal equivalent basis. B— Change on a per-
cent basis of total world exports. C—Change as a percent 
of the world consumption of the indicated sources. D— 
The average rates of change per annum during the periods 

indicated. Data for 1925-1965 are from Ref. 2; data for 1967 
estimated from information in World Energy Supplies, 
Statistical papers, series J, no. 12, United Nations, New 

York, 1969. 
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1967.* Even so, neither for the period as a whole, nor 
for the years since 1950, was this increase markedly 
higher than worldwide population growth. As a result, 
the worldwide per capita level of coal consumption has 
changed little over the years, and in such key energy-
consuming areas as North America and Western Europe 

it has actually gone down. 
Collaterally, with the declining relative importance of 

solid fuels, liquid fuels by 1967 had come to occupy the 
lead among energy sources, with a share of 42 percent of 
world energy consumption, compared with 13 percent in 
1925. Liquid fuels accounted for over half the expansion 

in worldwide energy consumption over this period. 
Consumption of natural gas rose even more rapidly 

than oil—its long-term annual growth rate of somewhat 
over 71/2 percent per year contrasting with a rate a bit 

over 6 percent for liquid fuels. Natural gas accounted for 
a mere 3 percent of world energy consumption in 1925; 
by 1950, it was 10 percent, and by 1967, 18 percent. 
Hydro consumption, on the basis of percentage in-

crease, rose as fast as oil between 1925 and 1967; but its 
starting base was very small and hydro's 2 percent share 
of world energy use in 1967 still makes it a minor factor in 
a global context. Moreover, the hydro share has shown 
signs of leveling off in recent years as the number of 
sites available for ready exploitation shrink, especially 
in parts of the world that have traditionally been in the 

forefront of waterpower development. 

Growth in energy trade 

The disparate developments in the consumption of the 
different energy forms have been accompanied by vast 
changes in world energy trade, which has risen rapidly 

since the 1920s. (See Fig. 2.) As indicated in a compari-
son of Fig. 2(D) with Fig. 1(C), growth of world energy 
trade (close to 51/2 percent yearly) has exceeded that for 
total energy consumption. In 1925, about 14 percent of 
the primary energy consumed had crossed borders; by 
1967 the proportion was up to 31 percent. 
Since energy trade in the earlier part of this period was 

characterized to a substantial extent by intraregional 
trade—particularly exchanges of coal among proximate 

European countries—the long-term, petroleum-domi-
nated expansion of interregional trade was even more 

rapid than the graph would indicate. During the interval 
for which comparable data exist (1929-1965), world 
energy consumption increased at the average annual rate 
of 3.3 percent, and total world energy trade rose by 4.8 
percent a year, whereas interregional trade among the 
ten principal areas of the world is estimated to have 
gone up over 6 percent yearly.f Related to these statis-
tics is the fact that around half the total international 
energy trade in 1929 involved trade within major world 
regions; by 1965, only about one quarter consisted of 

i ntraregiona I trade. 
World energy trade (based on value rather than ton-

nage) has also grown faster than the aggregate dollar 

value of all world trade. Energy's share in the value of 

* The absolute decline between 1965 and 1967 was largely due to 
reduced energy consumption in Mainland China attributable to 
the internal unrest spurred by the cultural revolution. 

t That is, considering trade among the following areas: United 
States, Canada, Western Europe, Oceania, Africa, and the ( pres-
ent) communist Caribbean, other Latin American, Middle East, 
Far East, and other Asian countries (see Table I). 
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world trade was somewhat over 6 percent in 1929. ( It 

had been under 5 percent prior to the outbreak of World 
War I.) By 1967 it had risen to approximately 10 percent, 
being valued at about $21 billion.3 As in the case of the 
volumetric data just cited, it seems probable that the in-
creasing percentage share of energy in world trade would 

^' be still more marked if the figures could be adjusted to 
exclude trade within major regions. 
The dominant force in the expansion of world energy 

trade has clearly been liquid fuels. Comprising less than 
one third of world energy exports in 1925, they rose 
steadily and captured 90 percent of the energy exports in 
1967. Liquid fuels are seen, from Fig. 2(B), to have ac-

counted for virtually the entire increase in energy trade 
over the four decades. 
As liquid fuels rose to dominance in world energy 

trade, solid fuels, conversely, fell sharply; from two thirds 
of the world total in 1925, they declined to under 9 per-

cent in 1967. As Fig. 2 shows, coal (in absolute terms) 
exhibited little long-term change in tonnage traded. 
Gas and electricity—largely limited to natural gas and 

electricity exchanges between Canada and the United 
States, and electricity sales within Western Europe— 
historically have accounted for only trivial shares of 
international energy trade. Movements of pipeline gas 
within Europe and slowly rising ocean transport of lique-
fied natural gas (LNG) may alter this situation. 

e. 

Geographic direction of world energy flows 

The long-term shift from coal to petroleum, described 
in the preceding section, has been accompanied by a 
growing geographical imbalance between the location of 

energy supply sources, on the one hand, and the central 
areas of energy demand, on the other. In a concise 
fashion, Fig. 3 summarizes this aspect by showing changes 
either in net export capacity or net import dependence 
in energy between 1925 and 1967 for different parts of 
the world. The former measure refers to surplus exports 
over imports in relation to total energy production, ex-
pressed in percent; net import dependence refers to 

excess imports over exports in relation to total energy 
consumption, also expressed in percent. (The underlying 

absolute figures are expressed in coal equivalents.*) 
Increased import dependence was experienced by such 

relatively developed parts of the noncommunist world as 
North America, Western Europe, Japan, Oceania, and 
South Africa. The increase in import dependence was 
fairly modest in the case of North America: In 1925, a 
very small share of total production (around one half of 
1 percent) was exported; in 1967, a bit over 7 percent of 
consumption was attributable to net imports.t (The re-
cently prevailing North American share has actually been 
somewhat higher—in the neighborhood of 81/2 percent; 
the 1967 figure was down due to reduced net imports 
associated with the Middle East conflict of that year.) 

••• Among the major energy-consuming regions of the world, 
North America and the communist area as a whole came 

Both measures relate, of course, to statistics reflecting the pre-
vailing economic and policy circumstances for the area and year 
in question. Policy changes in such matters as import controls, 
fuel taxes, shut-in productive capacity, or subsidies can bring 
about a different statistical picture of net foreign "dependence." 

t However, this relatively mild degree of import dependence was 
supported by U.S. policy placing severe restrictions on oil im-
ports. 

closest in recent years to energy self-sufficiency. 
The increase in the net import/consumption share for 

Western Europe between 1925 and 1967 was enormously 
greater than that for North America: only 2 percent in 
1925, by 1967 it had risen to 60 percent. 
Of the areas listed in Fig. 3, Japan exhibited the most 

dramatic change of all: A zero trade balance in 1925 
gave way four decades later to an import/consumption 
share of 80 percent. (Among the major industrialized 
countries, only Italy in recent years has been faced with a 
higher degree of net import dependence.) Other areas 
with greater net import dependence in 1967, compared 
with 1925, include communist Eastern Europe and the 
less-developed Asian countries outside the Middle East. 

Conversely, the increased export capability of the oil-
producing nations of the Middle East, whose net export 
share of output was 65 percent in 1925, recently has risen 

to nearly 90 percent of an enormously expanded output. 
North Africa and tropical Africa both made huge jumps 
from deficits to surpluses—although the latter's role (in-
volving primarily Nigerian oil) has so far remained rela-
tively small in terms of recent levels of net exports. 

FIGURE 3. Increasing dependence of many of the world's 
industrialized countries on the import of oil from, in par-
ticular, the Middle East is reflected in this " before" and 
"after" bar graph representation of world energy trade. 
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Soviet Russia's net export/production share of 6 percent 
in 1925 had doubled by 1967. Non-Caribbean Latin 
America decreased the net import component of its con-

sumption between these years, although, with over a 30 
percent net import dependence in 1967, the improvement 
nevertheless left the area with a substantial deficit. 
. It is well to keep in mind the geopolitical issues bear-

ing on this changing pattern of flow of the world's energy 
economy. It has produced a sense of anxiety about the 
reliability and adequacy-under various circumstances-
of the sources of energy supplies for numerous fuel-defi-

cient regions and countries. On the other hand, for major 
producing areas-such as the Middle East, North Africa, 
and the Caribbean-the assurances of stable and grow-
ing markets are a critical element in their aspirations for 
economic development. In view of recurrent political 
crises in the Middle East as well as an almost chronic 
uncertainty over contractual relationships between host-
country governments and the concessionary international 
oil companies, such considerations have assumed 
heightened importance in recent years. Although limited, 
for lack of available data, to the two years 1929 and 1965, 

I. Major interregional exchanges of solid and liquid fuels by origin and destination, 1929 and 1965* 

(1) (2) 

Exports from Imports to 

(3) (4) 

Fuel 
Milliont 

Tonnes Coal 
category Equivalent 

Middle East 
Africa 
Western Europe 
Middle East 
Caribbean 
Caribbean 
Total communist area 
Middle East 
Caribbean 
Middle East 
Canada 
United States 

United States 

Middle East 
Total communist area 
Caribbean 
Total communist area 
U.S.S.R. and communist 
Eastern Europe 

U.S.S.R. and communist 
Eastern Europe 

Western Europe 
Communist Asia 
United States 
Western Europe 

United States 
United States 
Far East 

United States 

Sum of above 
All other solid fuels 
All other liquid fuels 
Total world interregional 

Western Europe 
Western Europe 
Africa 
Far East 
United States 
Western Europe 
Western Europe 
Africa 
Canada 
United States 
United States 
Canada 

Western Europe 

Oceania 
Western Europe 
Other Latin America 
Caribbean 

Western Europe 

Western Europe 
Other Latin America 
Far East 
Caribbean 
U.S.S.R. and communist 
Eastern Europe 

Far East 
Other Latin America 
Communist Asia 

Oceania 

(5) (6) (7) 
Percent of 

Total World 
Interregional 

Exports 

Exporting Importing 
Region's Region's 
Total Total 

Interregional Interregional 
Energy Energy 
Exports Imports 

1929 1965 1929 1965 1929 1965 1929 1965 

liquid 3.7 303.2 2.7 26.2 80.4 55.3 8.8 50.2 
liquid 151.6 13.1 92.8 25.1 
solid 
liquid 132.8 11.5 24.2 83.2 
liquid 21.7 124.8 16.0 10.8 67.2 52.3 94.3 65.3 
liquid 6.9 57.1 5.1 4.9 21.4 23.9 16.5 9.5 
liquid 41.3 3.6 44.8 6.8 

liquid 36.2 3.1 6.6 71.3 
liquid 1 8 30.4 1.3 2.6 5.6 12.7 6.6 53.5 
liquid 29.6 2.6 5.4 15.5 
liquid 24.4 2.1 95.3 12.8 
liquid 6.2 4.6 12.3 22.6 

solid 17.7 15.5 13.1 1.3 35.0 26.0 64.6 26.9 
solid 22.6 2.0 38.4 3.7 
liquid 12.3 9.0 24.4 29.4 
liquid 21.9 1.9 4.0 72.8 
solid 21.8 1.9 23.7 3.6 
liquid 1.7 15.0 1.3 1.3 5.3 6.3 15.3 41.0 
liquid 13.8 1.2 15.0 62.4 

solid 11.5 8.5 57.8 27.4 

liquid 6.0 4.4 30.2 14.3 
solid 5.9 4.3 36.4 53.2 
solid 3.5 2.6 100.0 38.0 

liquid 3.0 2.2 5.9 68.2 

solid 3.0 2.2 18.5 96.8 
liquid 2.9 2.1 5.7 31.5 
liquid 2.7 2.0 5.3 24.3 
solid 2.2 1.6 40.7 53.7 

liquid 1.4 1.1 2.8 41.2 

119.5 1041.8 88.0 90.1 
6.4 22.5 4.7 1.9 
9.8 92.2 7.2 8.0 

135.6 1156.6 100.0 100.0 

* Derived from detailed matrix tables (showing the origin and destination of interarea energy flows) appearing in a forthcoming study., The 
diverse sources consulted to construct these underlying matrix tables frequently included geographically unallocable energy imports or exports. 
When there was no corollary information on the basis of which estimates of the regional origin and destination of such shipments could be hazarded, 
they were excluded from the table. Their exclusion obviously results in a somewhat less than complete picture of world flows by region of origin 
and destination. The problem applies primarily to 1929; in that year, perhaps 10 percent of the world's interregional energy trade is geographically 
unaccounted for. For 1965, coverage can be assumed to be virtually complete. 
(a) 1965 listings ranked for the most part according to percentage of world interregional exports, and (b) natural gas and electricity flows excluded; 

most significant among such flows were Canadian natural gas shipments to the United States, amounting to about 15 million coal equivalent tonnes 
(or 35 percent of Canada's energy exports) in 1965. 
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1 le Eastern and African o il (Table I) contributed to Lat 

40 percent of the world energy flows, three fourths of (inc 
Western Europe's energy imports, and dominant shares of 
of the exporting area's oil shipments. Since, in recent 

Uni years, net imports have risen to paramount importance 
in relation to W est European energy use, oil imports 

a Unless otherwise indicated, the discussion of energy movements 
in this section throughout refers to solid and liquid fuels—that 
is, it excludes the generally negligible interarea exchanges of gas 
and electricity. 
t The table's concept makes a good deal of analytical sense, for if 
we were to tabulate the direction of total trade (i.e., interregional 
plus intraregional energy shipments), we would invite misinter-
pretation of data for areas where, in a sense, a kind of double-
counting takes place. For example, if we were to tabulate the di-
rection of the Caribbean area's total (rather than m r I • • 

within the area. But all this represents is Venezuelan crude oil 
shipped to Dutch West Indies re fineries prior to its export (in the Uni 
form of refined products) to the United States and elsewhere. By sectio 

excluding intraregional movements, we are freed from this kind refere 
of distortion. 

fuels i 

the statistical picture presented in Table I provides the 

broad quantitative backdrop to such issues. This table 
shows, among other things, the extent to which the 
world's interarea movements of energy* have come to be 
dominated by Middle Eastern (and additionally, in re-
cent years, African) petroleum. 

Earlier, I pointed out that foreign trade played a far 
smaller role in the world energy economy four decades 
ago than it has in recent times. (See Fig. 2.) Moreover, 
of the international energy movements that did take 
place in the 1920s, a preponderant share was attributable 
to intra rather than interarea trade. Thus, over 70 per-

,. cent of the 1929 energy imports of West European coun-

tries originated within Western Europe, compared with 
about 15 percent in 1965. The turnabout reflects, of 
course, the wholesale shift from coal, indigenous to the 
region, to foreign oil. 

The interregional energy movements highlighted in 
Table It refer to all flows of coal and oil amounting to I 

percent or more of worldwide interregional energy trade in 
(both fuels combined), and tabulated (for the most part) so 
in order of importance for 1965. In looking over the ar 
figures in the table, one quickly notes: (1) the concentrated 
importance of a handful of particular regional flows 
within world interarea energy trade (see columns 4 and 
5); (2) the important role of such flows within the energy 
exports or imports of certain areas (columns 6 and 7). 

At the head of the 1929 list (in terms of world energy 
movements) were Caribbean oil exports to the United 
States; these represented 16 percent of world energy 
flows in that year, two thirds of the Caribbean-area ex-
ports, and virtually the entirety of U.S. energy imports. 

The U.S. coal shipments to Canada ranked next in impor-
tance on the world scene in 1929 and constituted signifi-
cant shares of both U.S. energy exports and Canadian 
imports. The next three most important movements in 
1929 comprised, respectively, Western Europe's imports of 
U.S. petroleum, present-day communist-area coal, and 
Caribbean petroleum. These last three energy flows 
represented about 30 percent of world interarea energy 
trade and 70 percent of Western Europe's imports. 
However, as already noted, net energy imports from 

foreign regions did not figure importantly in Western 
Europe's energy consumption in the 1920s. That situa-
tion changed decisively during the ensuing four decades; 

and, in the mid-1960s, Western Europe's imports of 

from just these two areas have contributed 40 percent to 

Western Europe's total energy use from all fuels. 
Although the Middle East has figured significantly in 

West European energy imports for the greater part of the 

post-World War II period, the rapidly expanding role of 

Africa— particularly North Africa, and within North 
Africa, Libya—dates primarily from the past decade. 

Libyan petroleum contributed practically nothing to 
Western Europe's energy imports and consumption in 
1961; by 1968, that North African country alone pro-

vided around one fourth of Western Europe's energy im-
ports— with the African share as a whole increasing to 
30 percent. (The closing of the Suez Canal in 1967 
strengthened Libya's attrac tiveness as an oil supplier.) 
Table I reveals the Middle East's emergence as the 

preeminent energy export area throughout the world: In 
1965, the region's liquid-fuel exports to five other areas— 

Western Europe, the Far East, the United States, Oceania, 

Africa— accounted for 45 percent of the world's 
terregional energy trade (i.e., the trade in liquid and 
lid fuels). (If African o il exports to Western Europe 
e included, the figure rises to nearly 60 percent.") 

oreover, Middle Eastern oil accounted for 50 percent 
—75 percent if African oil shipments are included—of 
Western Europe's total energy imports. Note especially, 
relative to total energy imports, the Far East's (chiefly 
Japan's) paramount re liance on the Middle East; the 
1965 figure is well over 80 percent. 
A few other principal changes between 1929 and 1965 

world energy movements m ight be noted. The relative 
portance of the present-day communist area's coal 
pments to Western Europe declined sharply—whether 
asured by proportion of world energy trade, by a 
are of the communist area's energy exports, or by a 
re of Western Europe's energy imports. United States 

al exports to Canada ceased to be of much importance 

world energy movements. The Caribbean area's oil 
vements held up better. Its exports to the United 
tes in 1929 were 16 percent of world energy flows, 
11 percent in 1965. Moreover, Caribbean oil exports 

the U.S. in 1965 still comprised the biggest shares of 

ibbean energy exports and U.S. energy imports. 
mong regional energy exchanges that have disap-
red as a factor of any importance in the world's inter-

onal energy trade are W est European coal shipments. 
example, that region's coal exports to non-Caribbean 
in America, Africa, and today's communist Europe 
luding the U.S.S.R.) represented nearly 15 percent 
world energy movements in 1929. Similarly, the 
ted States had been a notable oil exporter in 1929 

shipping significant quantities to Canada, Western 
Europe, and numerous other regions. These U.S. oil ex-
ports accounted for over one fifth of aggregate worldwide 
energy flows in 1929. By 1965, U.S. oil exports had es-

sentially disappeared from the world scene. 
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lue" direction of world energy flows 

brief word may be added on the dollar magnitude of 
d energy flows corresponding (in an approximate 

to the volumetric regional movements that have 
reviewed.t As mentioned earlier, the overall value 
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of world energy trade in 1967 amounted to about $21 
billion, of which—if 1965 relationships prevailed3— 
interregional trade, involving tonnage flows discussed 

previously, accounted for perhaps $15 billion. As with 
the tonnage figures, the most important regional flow 
involved Middle Eastern exports to Western Europe— 
amounting to approximately $3M billion—and African 
exports to Western Europe—of nearly $2 billion. Other 
major flows included Middle Eastern exports to Japan 
of nearly $1 billion and Latin American exports to the 
United States of $1 billion. Japan's energy imports from 
all areas approximated $2 billion, the largest such figure 
for an individual country anywhere. The $2 billion repre-
sented over 20 percent of Japan's merchandise imports. 
A somewhat different perspective on the value of world 

energy trade appears in Fig. 4, which shows world energy 
flows relative to the value of all merchandise trade for the 

world and different country groupings. 
A particularly striking statistic is the continuously ris-

ing share that energy represents with respect to the total 
exports from underdeveloped countries to developed re-
gions of the world. From 15 percent in 1950, this figure 
has risen steadily, reaching over one third in 1967. The 
absolute value of energy flows from underdeveloped to 
developed areas in 1967, virtually all due to petroleum, 
is estimated at $10 billion. One half of this sum originated 
in the Middle East. Only a portion of this amount, of 
course, is retained by the host country in the form of 
taxes, royalties, and other earnings. The data nonetheless 
testify to the extent to which oil dominates an important 
sector of world trade. Particularly, the figures suggest 
caution in dealing aggregatively with the export poten-
tial of the underdeveloped countries of the world, for so 
large a portion of that potential appears to reflect only a 
single commodity originating in only limited parts of the 
world. Indeed, a recent analysis of trends in world 

trader' finds that 

FIGURE 4. Energy trade as a share of the total trade of, 

and between, selected regions for the years 1950 67. 
Reference 4 is source of information. 

From underdeveloped 
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Note: In 1967 energy constituted 0.4% of trade between 
underdeveloped and communist countries. 

".. . the developing countries' share in world exports 
of primary commodities has fallen continuously since 
1953. If fuel exports are excluded, this trend is still 
more striking. World exports of fuels have grown at 

almost twice the rate of other primary commodities 
and the developing countries have managed to capture 
an increasing share of these exports. The developing 
countries' exports of nonfuel primary commodities 
have grown less than half as fast as world exports of 
these commodities. Therefore, except for the fuel com-

ponent, the decline in the developing countries' share 
of world primary exports would have been quite pre-
cipitous." 

One final percentage in the tabulation deserves men-
tion. Only a handful of underdeveloped countries are net 
exporters of energy. Much of the underdeveloped world 
is energy-deficient and the nearly 9 percent, or close to 
$4 billion, of underdeveloped nations' total merchandise 
imports accounted for by energy imports places a not 
inconsequential foreign exchange burden on such coun-
tries. Subject to the development of refining capacity 
(which can save to some extent on foreign exchange) and/ 

or new discoveries in these countries, such foreign-currency 
requirements for fuel-import requirements seem destined 
to grow rapidly in the years ahead, and will constitute an 
important factor in programs for economic development. 

This article has been adapted from Part I of a forthcoming study 
conducted at Resources for the Future, Inc. In this study,, the 
author's collaborators include other staff members of the organ-
ization. In addition, Sam A. Schurr's role as constructive critic 
and Sally Nishiyama's research assistance are gratefully acknowl-
edged. 
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The Stanford instructional 

television network 

To meet the needs of the 300 to 400 off-campus employed 
graduate students enrolled at Stanford each year, the university 
has set up a closed-circuit television system linking campus 
classrooms with participating employer organizations 

Joseph M. Pettit Stanford University 

Donald J. Grace Kentron Hawaii, Ltd. 

This article describes a novel, large-scale instructional 
television system now in operation at Stanford Uni-
versity, under the auspices of the School of Engineer-
ing. The network brings the campus classroom and 
instructor to graduate students employed by partici-
pating organizations at inconvenient distances from 
the school, and talk-back capability is included to pro-
vide a live classroom situation. No detailed analysis of 
the system's benefits has yet been made but, after ap-
proximately a year of operation, all informal reaction 
has been favorable. 

Why should a university such as Stanford be interested 
in embarking on an instructional television project? 
Historically, of course, for more than 75 years Stanford 
has been a conventional undergraduate residential uni-
versity, with a few professional schools such as law and 
medicine. Engineering, also, has been a regular under-
graduate curricular offering since the day the university 
opened; and graduate work commenced almost immedi-
ately, although on a rather modest scale as compared 
with the size of the undergraduate enrollment. During the 
past decade, however, the graduate enrollment has forged 
ahead, and there are now three times as many graduates 
as undergraduates in engineering. 

The HCP program 

Of the roughly 1450 graduate students in the School 
of Engineering, two thirds are on campus full-time, al-
though most are employed part-time as teaching or re-
search assistants. The other third, numbering between 300 
and 400 students during the year, are employed off 
campus in one of the numerous San Francisco Bay area 
industrial, governmental, or research organizations that 
have increased so dramatically in number during the past 
20 years. These students attend Stanford in a daytime 
release program—the Honors Cooperative Program 
(HCP)—since no evening courses are offered by the 
university. Under this plan they can earn the master's 
degree in two calendar years by taking two courses per 
quarter. Students can also work toward the degree of 

engineer and the Ph.D. degree on a part-time basis, 
although Ph.D. candidates must spend at least a year in 
full-time residence while completing their dissertations. 
During its 15 years in operation, more than 1000 graduate 
degrees in engineering have been granted under HCP. 
The program has had both advantages and disadvan-

tages. Attending daytime classes in company with the 
regular graduate students on campus assures the off-

campus student that he is getting the best instruction 
that Stanford has to offer. The HCP students seldom 
comprise more than 30 percent of the total class, so 
there can be no question of their performance establish-
ing the standards for any course. Among the disadvan-

tages to the student, and his employer, is the fact that 
his workday is interrupted, not only by the time spent 
in class but by the time lost in driving and parking (which 
may actually exceed the instruction time by as much as a 

2-to-1 ratio for a single class). A calculation for one of 
the large companies showed that in one year their HCP 
students lost time in driving and parking equal to 21/2 
man-years of engineering time. The geographical problem 
thus makes it difficult to attend even one course per term, 
let alone two—unless they are given consecutively. 
This means that a student may choose two consecutive 
courses just for convenience even though they might 

not be best suited to his program. Some potential students 
are prevented entirely from studying at Stanford because 
of its distance from their place of employment. Students 

do commute from as far as San Jose, but seldom from 
San Francisco, and never from Oakland or Berkeley. 
An additional disadvantage is that HCP students may 
be forced to miss classes because of business trips, field 
tests, client conferences, etc. 

Instructional TV in operation 

After observing the experience with closed-circuit 
television at several other universities, notably the Uni-
versity of Florida, which connects its main campus with 
several sets of remote classrooms as far distant as Cape 

Kennedy and Orlando, and the consortium of schools in 
the Dallas-Fort Worth area known as TAGER, we initiated 
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a feasibility study in the spring of 1967 to consider linking 
Stanford classrooms with remote classrooms on the 
premises of 20 to 30 of the organizations participating in 
our part-time graduate program. We ascertained that the 
employers could readily assist us with the cost of the 
capital facility, and that the cost of operating the system 
would represent only about a 25 percent increment on the 
fees presently being paid. Total capital cost of the Stan-
ford portion of the four-channel network is of the order 
of $625 000; each participant's share of this amount 
depends on the organization's size, and either can be paid 
in a lump sum or prorated over five or ten years. For even 
the largest company, the annual cost is less than the salary 
of a technician. Participants are responsible for installing 
their own receiving facilities, subject to technical specifi-
cations and guidelines provided by Stanford. 

But what about the quality of the instruction? Would 
it meet our standards? Would it be as good for the stu-
dent as if he were sitting in the classroom on the campus? 
Here we were able to review to our satisfaction the expe-
rience of other universities. We feel it is essential that one-
way video transmission be combined with two-way audio 
to provide a highly effective live classroom situation 
wherein all students can see and hear the presentation 
of the professor, and all students can ask questions or 
be called upon. The fact that the professor is not able to 
see all of his students is not a vital one; most of the 
students in our courses are in the classroom on the 
campus, thus affording a live setting with adequate visual 
feedback. Another minor deficiency is that the picture« 
tube does not have the storage capacity for visual material 
that a large blackboard has. Suitable classroom tech-
nique on the part of both professor and students can 
minimize this deficiency. Our experience to date seems 
to bear out this initial confidence in the teaching aspects. 
We are concentrating on graduate courses at the 

master's degree level. Since no thesis is required for the 
master's degree at Stanford, it theoretically might be 
possible for a student to complete an entire degree pro-
gram via television. However, we do not feel this would 
be desirable, and practical circumstances will undoubtedly 
prevent it in any event. The variety of courses that stu-
dents take is far too great for the capacity of our system, 
even with four classes being transmitted simultaneously 
throughout the daytime teaching hours. Also, some 
graduate classes, such as laboratory courses, small semi-
nars, etc., are not suited for television. Moreover, we 
want the student to become well acquainted with one or 
more of the faculty. He is obliged to come to the campus 
for regular advising, and we try to assure that he take 
at least one seminar on campus. 

By utilizing only the regular teaching hours of 8 A.M. 
to noon and 1-4 P.M., it is possible to televise 180 three-
unit courses during a calendar year. This represents more 
than 5000 hours of academic lectures per year. Since the 
typical master's degree program in engineering requires 
only about 15 courses, the four-channel system capacity 
should allow a diverse course representation from all 
ten graduate engineering departments at Stanford as 
well as from related fields (statistics, computer science, 
mathematics, chemistry, etc.). However, a survey of 

courses taken by HCP students during the 1966-67 
academic year indicated that to televise all of these 

courses would require 14 channels! It is reasonable to 

project that on the average about 75 percent of the 

courses taken by a part-time master's degree student in 
engineering will be televised, with the remaining courses 
taken on the campus. Correspondingly smaller percent-
ages of televised courses are anticipated for the engineer's 
degree and Ph.D. students. 
Network member organizations are permitted to 

make "off the air" video tapes of Stanford lectures at 
the request of their students who wish to make up missed 
classes or use them for course review. Such tapes cannot 
be employed in any other way and must be erased within 
two weeks of the end of each quarter. Tapes are also 
occasionally made at Stanford for the same purposes 
or at the instructor's request for study and self-appraisal. 

In developing the system, we realized that the television 
facility could provide additional educational benefits 
beyond the part-time degree-oriented program for 
matriculated students that was the initial focus for our 
studies. 
One addition was the creation of a "nonregistered 

option," which permits industry graduate students to 
take televised courses in remote classrooms without be-
ing matriculated at the university. They are tested and 
graded to the same standards as regular students, but 
their performance does not affect the standards. Included 
in this category are students who already have degrees, 
students who do not want to complete all of the work 
for a degree, and students who want a degree but are 
not presently academically qualified. For this last cate-
gory, Stanford will allow such students to become 
matriculated, and to "transfer" completed units by 
petition, if as nonregistered students they perform well 
enough in competition with matriculated students. 

Auditors from participating organizations are permit-
ted in the remote classrooms for televised courses at 
reduced fees. They receive no testing or grading, nor 
are records kept for them. Also, selected seminars in 
research fields of interest to the network members are 
televised and are available to all personnel from these 
organizations at no cost. 
We hope to have a two-way link to the University of 

California at Berkeley, for sharing lectures, special 
seminars, and perhaps courses as well. Cooperative ar-
rangements with San Jose State University already have 
been initiated, and similar arrangements are under dis-
cussion with the University of Santa Clara. 

Finally, the system is free many hours a week during 
the early mornings and evenings when Stanford courses 
are not being held, and this affords a great opportunity 
for continuing education of all kinds. A separate non-
profit corporation, the Association for Continuing 
Education (ACE), has been established to provide such 
programming; its membership comprises the companies 
and organizations who participate in the Stanford gradu-
ate program. The organizational details of ACE were 
worked out by a formation committee composed of 
representatives of the 16 charter member companies and 
Stanford. Under the bylaws, nine members of the ACE 
board of directors are elected for staggered two-year 
terms by the participating organizations and a tenth 
board member is appointed by Stanford. The ACE has 
a full-time general manager who works with a curriculum 
committee from the companies in developing courses 

and hiring instructors. The courses include testing and 

grading, and a certificate is issued to each student, and 

to his employer, upon completion of a course. ACE 
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operates on a break-even basis, recovering its costs from 
nominal tuition charges. The courses are also televised 
live to remote students in the Bay area, who are given 
the same talk-back capability that is provided for Stan-
ford students. The programming capacity available to 

ACE is enormous. By operating four hours per day on 
weekdays during the weeks that Stanford is in session, 
more than 3000 hours of lectures per year can be pre-
sented. If the demand develops, ACE can extend its pro-
gramming into the late evening hours, Saturdays, and the 
daytime hours between Stanford quarters to achieve a 
total of 14 000 hours per year. Recently, ACE entered 
into negotiations with International Video Corporation 
and its affiliate, International Video Institute, to make 
video tapes of ACE courses for national and international 
distribution. 
Considering all of these features, we believe that the 

Stanford instructional television network can greatly 
augment both formal degree-oriented and continuing 
educational opportunities in the San Francisco Bay 
area. 

Technical aspects 

Figure 1 shows the geographical distribution of the 25 
organizations presently participating in the network, as 
well as the campuses of Stanford, the University of 

immu=m1m=mi 
10 km 

N 

u San Jose State 
FIGURE 1. Geographic distribu-
tion of San Francisco Bay area 
participants in Stanford in-
structional television network. 
Areas in color show approxi-
mate coverage of transmitting 
antennas. 

California at Berkeley, San Jose State, and the University 
of Santa Clara. The initial technical consideration in-
volved alternative methods for conveying the television 
signal to the participants; suggested techniques included 
leased common-carrier facilities, point-to-point micro-
wave links, CCTV or CATV distribution systems, and 

broadcast. 
For reaching all of the initial locations involved, with 

the capability of adding other participants later, the 
broadcast approach appeared to have the most flexibility 
and growth potential. However, at very-high and ultra-
high frequencies, broadcast allocations are scarce and 
station construction costs are high and so a multichannel 
network would be practically impossible to set up. For-
tunately, in 1963 the FCC designated a band of 31 
television channels at microwave frequencies for the use 
of educational institutions. Known as ITFS (Instructional 
Television Fixed Service), this type of service represented 
the optimum solution for Stanford's needs. The ITFS 
portion of the television system is discussed in further 
detail in succeeding paragraphs. 
A typical studio classroom on the Stanford campus is 

shown in Figs. 2 and 3, with views from the front and 
back of the room. Considerable effort was devoted to 
making these facilities look more like classrooms than 
television studios. A solid-state monitor is provided 
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FIGURE 2. Front view of studio 
classroom. The rear camera 
is mounted on the back wall; 
the control room is behind the 
glass window. 

FIGURE 3. Rear view of studio 
classroom. The overhead 
camera is mounted in the 
ceiling directly above the in-
structor. 

for each two students. Each monitor has a microphone 
mounted on top of it, which is actuated by a "push-to-
talk" switch on the front of the monitor. 
There are two cameras in each room, one over the 

instructor's desk and the other at the rear of the room. 
Both cameras have remote-controlled tilt—pan—zoom 
capability. The overhead camera is used for viewing 
information generated by the instructor at his desk (as 
shown on the monitors of Fig. 3), viewgraphs, slides, and 
other materials that the instructor may bring into the 
class. The rear camera can view the entire classroom, 
show close-ups of the instructor, or follow the instruc-
tor's work at the blackboard. 

Associated with each studio classroom is a satellite 
monitor room that can be used for overflow from large 
classes, for seminars and small classes, or for closed-
circuit television lectures. In addition, an auditorium 

has been outfitted for televising or receiving large semi-
nars, guest speakers, colloquiums, and special events. 
The studio production staff for each televised class 

consists of a single student operator who is responsible 
for the camera controls, switching of cameras, audio 
control, and the talk-back system. Student operators 
are observed and instructed by a licensed engineer in 
the master control room. 
A simplified video block diagram of the studio class-

room is shown in Fig. 4. Signals from both cameras pass 
through the camera controls, a switcher, and video 
amplifier to the master control room. The appropriate 
signal is relayed back to the classroom from master 
control for distribution to the studio classroom monitors. 

Television signals from all four Stanford classrooms 
are carried by coaxial cable to the centrally located 
master control room on campus where they pass through 
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a master switcher and monitors before being relayed on a 
12-GHz microwave link, with 4-foot ( 1.2-meter) dishes, 
to our transmitter atop Black Mountain, some 12 km 
from the campus. A simplified video block diagram of 
the master control room is shown in Fig. 5. Both video 
and audio switchers have been designed to be completely 
flexible so that any room can be connected to any other 
room and to any channel. In addition, a receiving antenna 
and ITFS VHF converter are located at master control 
so that the television broadcast can be monitored directly 
off the air. 
The transmitter facility atop Black Mountain is shown 

in Fig. 6. At this location the 12-GHz signals are converted 
down to baseband and back up to the ITFS band for 
transmission over the Bay area. The maximum trans-
mitter power output permitted in the ITFS band is 10 
watts per channel, which certainly limits coverage, but 

T.. microwa. 
.•ansmitter 

1To all 
classrooms 

To studio 
classrooms 

10tf-the air monitors 

FIGURE 4. Simplified video 
block diagram of studio class-
room. 

FIGURE 5. Simplified video 
block diagram of master con-

trol room. 

reduces system cost considerably over that required for 
conventional VHF and UHF television broadcast sta-
tions. Seven of the available 10 watts are radiated from 
an omnidirectional antenna that was modified to cover 
only the desired azimuthal arc of 160 degrees (see Fig. 1). 
This antenna is the pillbox mounted near the top of the 
15.8-meter tower. The vertical pattern of the antenna 
drops rapidly above the horizon and more gradually 
below the horizon. The resultant gain of the antenna is 
about 17 dB, giving a significant increase in effective 
radiated power of the transmitter and an effective cover-
age range of 35-40 km, with receiving dishes from 0.6 
to 1.8 meters in diameter. In order to reach San Francisco 
(55 km away), 1 watt of the transmitter power is fed 
from a 10-foot (3-meter) parabola, and 8-foot (2.4-meter) 
parabolas are used at the receiving sites. Finally, to reach 
the Emeryville-Berkeley area (63 km), 2 watts are fed 
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FIGURE 6. Black Mountain transmitter facility. Semi-
omnidirectional antennas are mounted on the tower; 

directional antennas are mounted on pipes attached to 

the transmitter building foundation. 

100 kHz 

from a 2-meter dish, with 3-meter parabolas at the 
receiving terminais. 

Figure 7 shows the broadcast-related services between 
100 kHz and 10 GHz. The ITFS band extends from 2500 
to 2686 MHz. As this band of frequencies is at approxi-
mately 25 times the middle of the VHF band and five 

FIGURE 7. Spectral distribution of broadcast services. 
The ITFS television transmission and response station 
bands are contiguous. The Stanford studio-transmitter 
link is in the 12-GHz point-to-point service band. 
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times the middle of the UHF bands, its transmissions 
require special antennas and frequency converters before 
they can be viewed on a conventional television receiver. 

Figure 8(A) shows the distribution of the 31 ITFS 
channels allocated by the FCC. Each channel occupies 6 
MHz to provide for the standard modulation format 
(AM video, FM audio). Channels are typically allocated 
in groups of four, with adjacent channels in each group 
separated by the 6-MHz bandwidth of interlaced channels 
from another group, as illustrated in Fig. 8(B). The total 
frequency spread is thus 42 MHz. 

Conversion of the ITFS signals to the VHF television 
band is illustrated in Fig. 9. The four channels are con-
verted directly to VHF with as many channels as possible 
being fitted into unused channels in the television cover-
age area. In our case, channels 8, 10, and 12 were avail-
able. An extra VHF-VHF conversion was necessary to 
accommodate the fourth ITFS channel so that it now 
appears on channel 3 in the San Francisco area. Once 
the conversion process has been accomplished, conven-
tional television receivers and video distribution systems 
can be used for routing the signals to as many monitors 
as desired at the remote facilities. 
The typical television signal flow is summarized in the 

block diagram of Fig. 10, which shows the four basic 
locations involved in the total system. 
To provide talk-back capability for the live classes 

being televised, a careful study of various alternatives 
was made. The result was a proposal submitted by Stan-
ford to the FCC for a "Rule-Making" that would permit 
FM radio talk-back in the 4-MHz range at the upper 
end of the ITFS band (2686-2690 MHz) for each of the 
31 available television channels in any given region. A 
favorable Rule-Making decision was made by the FCC 
in June 1969, enabling us to proceed with the licensing 
of a pilot system. Spectral distribution of the response 
station channels is shown in Fig. 8(B). The first "type 
acceptance" models of the talk-back system are being 
designed by Genesys Systems, Inc., for the Stanford 
network. 
The talk-back transmitters provide a maximum of 

250 mW of FM speech signal, as shown in the block 
diagram of Fig. 11. Each transmitter can be switched 
remotely to any of four crystal-controlled frequencies 
assigned to the licensee, although a single transmitter can 
operate on only one frequency at a time. The units are all 
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solid state and start with four crystal oscillators stable 
to ± 0.0005 percent over — 30°C to +60°C. These are 
followed by a phase modulator and frequency multipliers 
and amplifiers. The transmitters are keyed remotely with a 
switch on the microphone, which applies direct current 

to all of the RF transistors. 

The units are designed for a peak deviation of ±25 
kHz and a modulation passband from 300 Hz to 10 
kHz. Frequencies below and above these values could be 
transmitted by the equipment if required. 

All of the equipment is located indoors except the 
last "times 6" multiplier, which is usually mounted on 
the antenna mast. 

Talk-back transmitting antennas will be mounted in a 
common plane with receiving antennas at the remote 
classrooms, cross-polarized to reduce crosstalk. On Black 
Mountain, also, the talk-back receiving antennas are 
mounted collinearly with the transmitter antennas, as 

illustrated in Fig. 6. 

In the interim before the talk-back transmitter system 
is installed, we are using conventional dial-up telephone 
lines for student questions. These lines are connected 

into the audio portion of the television system so that all 
students can hear questions and answers. 

Two channels of the television system were initiated in 
April 1969, with 15 graduate engineering courses and 
two seminars being telecast on a regular basis. Ten 
courses and one seminar were offered during the summer 

216 MHz 

FIGURE 8. A—Distribution of 
ITFS television transmission 
channels. The Stanford net-
work operates in the E 
group. B- Distribution of 
ITFS response station chan-
nels. The Stanford alloca-
tion is in the E group, cor-
responding to its transmit-
ter frequency assignment. 

FIGURE 9. Conversion of 
ITFS transmissions to the 
very-high-frequency tele-
vision band. 

FIGURE 10. Typical television signal flow for the 

Stanford ITFS system. 
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FIGURE 11. Simplified block diagram of a four-channel 
talk-back transmitter. The basic 6-MHz crystal frequen-
cies are multiplied a total of 432 times up to the ITFS 
response station band. 

quarter. In October 1969 the remaining two channels 
were implemented, with a total of 31 Stanford courses, 
representing all ten departments in the School of Engi-
neering, being televised. Plans call for 38 courses to be 
televised during the spring of 1970. 

A year later 

ACE began televising continuing education program-
ming on the network in May 1969, with four courses. 
In October the number of courses offered increased to 
ten, including such diverse titles as: Fortran IV, Systems 
Engineering, Secretarial Skills, and Seminar in Human 
Behavior. In addition, San Jose State College offered a 
course in digital logic for credit at that institution under 
the auspices of ACE. ACE projections called for the 
offering of 11 courses during the spring of 1970, 
depending on the demonstrated need established by 
member organizations. 
When the courses are in session, a driver makes daily 

rounds to all network participants to deliver class notes 
and other material distributed by the instructors and to 
collect homework and examinations from the students. 
Both Stanford and ACE operate under an honor code, 
making it possible for remote students to take their 
examinations at their company plants instead of having 
to travel to a campus. 
Although there has not yet been an opportunity to do 

detailed studies of the reactions of faculty and students 
to the television system, all of the informal reaction has 
been favorable. There have, of course, been many excel-
lent suggestions for improvement and expansion of the 
facilities, which we hope to implement as soon as time 
and finances permit. Meanwhile, the Stanford instruc-
tional network got off to a most productive start just 
two years after the feasibility study was begun, and dur-
ing its first nine months of operation has demonstrated 
the viability of televising live instruction to remote 

students. 

Essentially full text of a paper presented at WESCON, San 
Francisco, Calif., August 19-22, 1969. 
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