
IECEM Engineer Vol 17 No 6 
Apr,May 

1972 

www.americanradiohistory.com

www.americanradiohistory.com


Expanding business opportunities 

Each of us must be ever aware that we live in a highly competitive world 
that is changing at an accelerating rate. These changes, which are 
reflected in growing domestic and foreign markets, offer great business 
opportunities for new applications of existing technologies and products 
and for the development of new products. Careful research of market 
trends and application of creative and innovative engineering skills and 
talents are major elements for providing the types of products and services 
that will meet these growing market needs. 

In this issue are several articles dealing with NUMITRON digital display 
devices. This new product line offers several superior performance 
features over existing competitive products in selected areas of a rap- 
idly growing digital display market. NUMITRON digital display devices, in 

their design and development stages, added creative engineering to 
existing technological knowledge that had already proven itself in small 
vacuum tubes. Similarly, in the manufacturing, marketing, and distri- 
bution areas, well proven skills and resources are being utilized. Like 
most new products, NUMITRON digital display devices have had their 
share of market entry and growing problems, but we continue to see an 
excellent opportunity for establishing another profitable, growth product 
line. 
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Our cover 

. .. features NUMITRON display devices. Several 
articles in this issue (Farina, Reichert, Feyder) 
discuss the design, applications, and potential 
market of these directly viewed, filament -type 
devices. Among the NUMITRON's advantages 
are Ow cost, high contrast, and compatibility with 
integrated circuitry. Photo credit: John Semon- 
ish, Commercial Engineering, Electronic Com- 
ponents, Clark, N.J. 
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editorial 
input 

In basic research organizations, as in 
academic institutions, publishing is the 
primary vehicle of recognition. The 
researcher's reputation is measured to 
a large extent by the usefulness of what 
he reveals and by the quality and sta- 
ture of his publications. 

However, only part of RCA's activities 
are devoted to research, and essen- 
tially none to academia. A well - 
designed competitive product must 
always be the primary goal. Con- 
sequently, most engineering and 
development work is product and mar- 
ket oriented, and most engineers are 
busy- designing, developing, and 
manufacturing new products- moving 
rapidly from one assignment to the 
next -often taking little time to pause 
and consider the real need and value 
of documentation. 

Therefore, the great practical benefit 
to be derived by the company and the 
individual engineer from a well - 
designed documentation program is 
frequently underestimated. This can be 
a grave omission; the best designed 
product is useless in the marketplace 
without the companion engineering 
article, the attendant product descrip- 
tion, the instruction book, and the sup- 
porting sales materials so vitally 
needed to effectively launch the pro- 
duct into the marketplace. 

But who will supply this much -needed 
help to RCA's planners and mar - 
keteers? The obvious answer is the per- 
son possessing the basic information 
and know -how. That person is the pro- 
duct engineer; he must initiate the pro- 
cess. 

Such a process, once initiated, gener- 
ates a spinoff of benefits far beyond 
the original intent. For example, when 
an engineer publishes a professional 
technical paper, he may be aware that 
he enhances his professional prestige 
and adds to the technical stature of his 
company. Beyond that the benefits 
seem rather nebulous. However, it is 
beyond these acknowledged benefits 
that the published paper accrues unex- 
pected rewards for the author and his 
company. 
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publish 
or perish 

The most immediate but subtle reward 
comes during the writing effort itself. 
The conscientious author re- evaluates 
his work as he writes. The prospect of 
facing a broader, possibly more critical 
audience causes him to uncover new 
ideas and correct his original thinking. 

The review- and -approval cycle adds 
further to this re- evaluation process. 
Comments fed back from legal, patent, 
technical, marketing, and policy sec- 
tors of the company solidify the paper 
and reinforce the engineer's confi- 
dence in his work. Yet even in this pre- 
liminary form, the information starts to 
become useful to others: to the patent 
department as a possible disclosure, 
to the marketing department as a 
description of a customer -oriented 
device, to the publications activity as 
a base for other documents, and to the 
author's management as a concise 
wrap -up of the work performed. 

By publishing in a trade or professional 
journal, the author fulfills his original 
goal -enhancing his professional sta- 
ture and that of his company. But the 
benefits do not stop there. The reprint 
can now be used to answer inquiries, 
to supplement technical proposals, 
and to train new employees. It can be 
bound together with other papers to 
form a brochure displaying RCA's 
unique skills in a particular technology. 

Further, the first publication often 
prompts invitations to participate in 
other professional activities -the 
author is asked to present his paper 
at a technical conference, or the paper 
is re- published elsewhere. This is a 

particular advantage of publishing in 
the RCA Engineer. Because the RCA 
Engineer is distributed only to RCA 
engineers and scientists, these papers 
can be published again in the "open" 
literature without change. 

Thus, most published professional 
papers benefit the authors and the 
company far beyond the initial appear- 
ance. The exact dollars- and -cents 
value of a published paper is impossi- 
ble to estimate. However, because of 
its unobtrusive, authoritative, logical 
approach, the professional paper is far 
more valuable than most other forms 
of communication -and far more 
rewarding to the author. 

Future Issues 
The next issue, the seventeenth anniversary of the 
RCA Engineer, will contain representative papers 
from most areas of RCA. Some of the topics to 
be covered are: 

The AEGIS program 

Integrated circuits for AM radios 

Angle to sine /cosine digital conversion 

Circuit failure analysis 

Global Communications 

Test automation 

Holotape 

Discussions of the following themes are planned 
for future issues: 

Advanced Technology Laboratories 

Mathematics in engineering 

COS /MOS integrated circuits 

Radar and antenna engineering 

Transportation 

Communication 

Broadband information systems 

Crime prevention systems 

SelectaVision Systems 
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Five hats of R &D management 
Dr. James Hillier 

Editor's note: On September 29, 1971, Dr. 

James Hillier, Executive Vice President, 
Research and Engineering, delivered a 

keynote address at the National Conference 
on the Administration of Research at Wil- 
mington, North Carolina. 

Dr. Hillier prefaced his talk by stating that 

no industrial manager can hope to present 
a complete synthesis of all the divergent 
ideas and attitudes that exist." However, his 

message treats a broad range of problems 

affecting research and development in the 

U.S. Among these problems are technical 

obsolescence, consumerism, a tight 
economy, reduced government support for 

R &D, and foreign competition. Since these 

problems are shared, to some extent, by 

each of us on the technical staff, Dr. Hillier's 

comments should be of considerable inter- 

est. The full text of Dr. Hillier's speech follows. 

WIi EN WE SPEAK OF UPDATING 

OUR VECTORS,* we must remem- 
ber that a vector can be, and usually 

Reprint RE- 17 -6 -18 
The main theme of the conference was "catching the wave 

of re- adjustment' and the theme of the keynote speeches 
was' updating our vectors in moving co- ordinates." 

is, the resúlt of many components. No- 
where is this more true than in today's 
management of R &D. Some of these 
components are . . . 

Tightening of the economy, particularly in 
the R &D- intensive industries. 

Public emphasis on ecology. consumerism. 
product safety. etc. 

Overreaction that blames technology for our 
problems and yet puts an unrealistic hope 
on technology to solve them. 

Reduced rate of growth of government sup- 
port of R &D. including the relatively 
greater impact on the government support 
of basic research. 

Increasing foreign competition -particularly 
in high -technology industries. 

Growth of the "future shock" problems: 
that is. problems introduced by the 
increasing discrepancy between the rate 
of accomplishing an R &D project and the 
rate of change of the technical and 
economic environment. 

Increasing rate of technical obsolescence in 
our technical staffs. 

Even this partial listing is staggering in 
its implications for industrial R &D 
management. Each of these compo- 
nents could be the topic of a full length 
talk at this meeting -in fact, of several 
talks, since 1 suspect that the treatment 

of each would be quite different accord- 
ing to that specific part of the total R &D 
spectrum each speaker represented, 
My remarks will have to he quite 
general. However, I shall try to give 
some perspectives that may he helpful. 

Now, more than ever, the R &D mana- 
ger of a company must be an active par- 
ticipant in all phases of the planning 
activity of his company. His respon- 
sibilities and problems have not really 
changed, but the risks of incomplete 
planning have greatly increased. In 
other words, the R&D manager is now 
faced with really doing all the things 
he has been talking about for the past 
decade or so. 

The familiar dilemma of the R & D man- 
ager has been that while his organization 
must work for the future it must do so 
within the constraints and conditions of 
today. The tightened economy brings 
this dilemma into exquisite focus. 

Dr. James Hillier 
Executive Vice President 
Research and Engineering, RCA 
studied at the University of Toronto, where he received a BA in 
Mathematics and Physics in 1937. MA in Physics in 1938, and 
PhD in Physics in 1941. Between 1937 and 1940. while Dr. Hillier 
was a research assistant at the University of Toronto, he and a 

colleague, Albert Prebus, designed and built the First successful 
high -resolution electron microscope in the Western Hemisphere. 
Following this achievement, Dr. Hillier joined RCA in 1940 as a 

research physicist at Camden, N.J. Working with a group under 
the direction of Dr. V. K. Zworykin, Dr. Hillier designed the first 
commercial electron microscope to be made available in the 
United States. In 1953, he was appointed Director of the Re- 
search Department of Melpar, Inc., returning to RCA a year later 
to become Administrative Engineer. Research and Engineering. In 

1955, he was appointed Chief Engineer. RCA Industrial Elec- 
tronic Products. In 1957, he returned to RCA Laboratories as 
General Manager and a year later was elected Vice President. 
He was named Vice President, RCA Research and Engineering, 
in 1968, and in January 1969 he was appointed to his present 
position. Dr. Hillier has written more than 100 technical papers 
and has been issued 40 U.S. patents. He is a Fellow of the 
American Physical Society, the AAAS. the IEEE, an Eminent 
Member of Eta Kappa Nu, a past president of the Electron Micro- 
scope Society of America, and a member of Sigma Xi. He served 
on the Governing Board of the American Institute of Physics dur- 
ing 1964 -65. He has served on the New Jersey Higher Education 
Committee and as Chairman of the Advisory Council of the De- 
partment of Electrical Engineering of Princeton University. Dr. 

Hillier was a member of the Commerce Technical Advisory 
Board of the U.S. Department of Commerce for five years. He 

was elected a member of the National Academy of Engineering 
in 1967 and is presently a member of its Council. 
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The constraints and conditions of today 
force the R &D manager into a much 
more intimate relationship with his 
financial, marketing, administrative, 
and personnel counterparts in his com- 
pany's organization. He is like the old - 
time vaudeville juggler who at some 
point in his act would pick up a number 
of top hats. Then, in a dazzling display 
of virtuosity, he would shift each hat 
in rapid succession to his head while 
keeping all of the others spinning 
through the air. 

In current industrial R &D manage- 
ment, this is an act that we must per- 
form almost every day. I may begin 
the day wearing my scientific hat, then 
as the day progresses, I find myself 
shifting -sometimes quite rapidly-into 
the marketing hat, the administrative 
hat, the financial hat, or the personnel 
hat. There are times when urgent neces- 
sity or the basic planning function for 
the R &D activity seems to require me 
to wear all five hats simultaneously. 

This is not to say that R &D managers 
are going to exercise primary corporate 
responsibilities in non -scientific areas 
of competence. Quite obviously, such 
functions are performed by senior cor- 
porate officers, and divisional ones as 
well, who specialize in the fields of 
administration, finance, marketing, and 
personnel. But they cannot be expected 
to relate effectively to the peculiar prob- 
lems of research and development with- 
out the informed counsel, recommenda- 
tions, and active participation of the 
R &D management. Nor can R &D 
managers hope to operate efficiently 
unless they are both knowledgeable in, 
and responsive to, non -scientific busi- 
ness criteria. 

With this caveat in mind, let me briefly 
touch on some of the basic considera- 
tions that must preoccupy the mind of 
any five- hatted industrial R &D mana- 
ger. While I will treat each of them 
separately, and in so doing try to relate 
them to the relevant components of our 
vector, do not forget that each of the 
five hats is just part of an integrated 
whole. 

The financial hat 

First, because successful R &D man- 
agement must stem from a sensible 
economic base, let's put on the financial 
hat. Here we must consider the com- 
pany's financial resources and their 
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allocation to the total innovation pro- 
cess that carries the research and 
development through engineering and 
all the way to the marketplace. For- 
tunately in large diversified companies 
such as RCA, it is possible to develop 
certain rules of thumb with respect to 
financial considerations which. if not 
precisely accurate, are at least informa- 
tive and provide some guidance. 

We know, for example, that for every 
dollar spent for successful basic and 
exploratory research we can expect to 
invest another ten dollars for applied 
research, engineering development, 
and design. But that's just the begin- 
ning. Beyond this we must be pre- 
pared to lay out $100 for all of those 
things it takes to create a new busi- 
ness or adapt an old one -new plants, 
new tools, new marketing and sales 
personnel, new training, etc. 

Note that I have indicated that this one, 
ten. hundred -rule -of -thumb applies 
only to money spent on successful 
R &D. Since not all R &D projects are 
successful, the simple formula must be 
modified. In actuality, expenditures on 
the necessary basic and the unsuccess- 
ful exploratory research may very well 
total three or four dollars for every one 
dollar of successful and exploratory 
research obtained. In addition to this, 
one must realistically expect to budget 
for expenditures of perhaps eleven or 
twelve dollars at the applied research 
and engineering level to achieve ten dol- 
lars of useful output. 

So you can see that one dollar's worth 
of successful basic and exploratory 
research involves a commitment to 
spend about fifteen dollars just to make 
it happen, and to bring it to the point 
where it could be introduced into the 
economy. And we're still committed to 
spend another one hundred dollars if 
the effects of the research are to have 
an impact upon the company's and the 
nation's economy. 

It becomes obvious in this admittedly 
simplistic theory that it is the one 
hundred dollars that becomes a signifi- 
cant controlling factor in the R &D deci- 
sion making process. In other words, 
if we can determine how much innova- 
tion investment money our growing, 
maturing and dying, and on -going 
businesses can generate, we would at 
least know roughly how much we could 

afford to spend in the basic and explor- 
atory research activities and in develop- 
ment. engineering, and design. Unfor- 
tunately, the problem is complicated 
by the fact that basic corporate account- 
ing systems tend to reveal only a 
fraction of the innovation investment 
money available. The remainder -and 
probably the larger part -tends to be 
buried in a myriad of different operating 
accounts. It involves the cost of retrain- 
ing salesmen, redistributing the sales 
force, retraining operators on the pro- 
duction line, retooling and rescheduling 
the production line, and a host of other 
items which are considered as part of 
the on -going business expenses but in 
reality are part of the investment in the 
total innovation process. 

I am sure that all of you will recognize 
that, while there is no easy way of iden- 
tifying the innovation investment 
money available for the total R &D pro- 
cess, in any company, or for that mat- 
ter in the whole society, a multitude of 
self- correcting mechanisms ultimate- 
ly do adjust the level of the company's 
research activities. It is my conviction 
that you have seen precisely this type 
of mechanism at work in the changing 
rate of growth of the government 
support of R & D. 

The obvious difficulty with allowing the 
self- correcting mechanisms to operate, 
particularly in a company, is that they 
tend to do so on historical data whereas 
the research activity should be deter- 
mined primarily by the anticipated 
needs of the future. In other words, if 
we do not take explicit action, it is easy 
to find our research spending out of 
phase with our true research needs. 

On the national scene there is, of 
course, understandable concern in 
many quarters about the effect of the 
diminished spending for basic research. 
Fears are being expressed that we are 
in imminent danger of dismantling the 
academic base of all R &D. I do not 
share these fears. We are experiencing 
curtailment in this area, yes. But, more 
than that, what we are witnessing is a 

gradual shifting of responsibility for 
R &D from the public to the private sec- 
tor of the economy -and a reordering 
of priorities towards an enlarging accent 
on applied rather than basic 
research -all in an effort to make our 
research activities more effective in 
improving our economy. This readjust- 
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ment -and I think that is the exact 
word that applies -is taking place in the 
wake of a period in which support for 
basic research had grown more rapidly 
than support for applied research or 
development. Between 1958 and 1968, 
funds for basic research multiplied six 
times; applied research, four times; and 
development, three times. Basic 
research was not short changed in this 
growth but note -all these rates of 
growth were unsustainable particularly 
that for basic research. 

The number of people involved in R &D 
in this country has grown at a much 
more rapid rate than the population as 
a whole. The research output per man , 

is, in all likelihood, greater than it 
was a quarter of a century ago. One 
can only conclude that the out- CI 
put of our laboratories has also 
been increasing much more 
rapidly than our population 
-a situation which obvi- 
ously could not be sustained 
indefinitely without outstrip- 
ping our ability to gener- 
ate enough innovation in- 
vestment money to exploit 
it. 

The nation seemed to be 
working on the philosophy 
that if research is good, more 
research is better, and without 
any consideration as to how 
much the nation could afford. 
Yet we seemed confounded 
when the inevitable self -cor- 
recting mechanisms began to 
take over. We did not seem to 
recognize the significance of the 
fact that twenty years of astronom- 
ical growth rates in our expendi- 
tures on research, including a dec- 
ade of very high spending rates, had 

had no corresponding impact on the 
growth rate of our economy. Yet every 
R &D manager knows full well that if 
R &D is necessary for business success 
in his industry, it is definitely not suf- 
ficient. So I am really making two 
points -if research is good, more re- 
search is better only if the nation can 
afford it -and if the other segments of 
our society and economy are in place 
to exploit it. 

our companies away from the self - 
correcting mechanisms in order to bring 
the expenditures into phase with future 
needs. The need to do this becomes 
more clear and urgent when we recog- 
nize that the pace of competitive 
developments must continue to quicken 
while the pace of our in -house research 
can only remain relatively steady. If our 
research spending is out of phase at the 
same time as it is being buffeted by com- 
petitive developments, I believe that we 

and even for very short times, my 
administrative and personnel hats. 

To make sure we are communicating, 
let me note that I am using the term 
marketing in its broad sense to make 
a basic distinction between selling and 
marketing. It has been said that selling 
tries to get the customer to want what 
the company has, while marketing tries 
to have what the customer wants. 
There's a world of difference in these 
two concepts. 

It is obvious that, for the marketing to 
be successful. it must have a very tight 
association with the R &D planning. 

\\It is marketing, working in conjunc- 
tion with finance, that can appraise 
the relative impacts that different 
products will have on the future 
profits of the company. The R&D 

manager, with his marketing 
hat on, must comprehend 
such conclusions and use 
them, factored by proba- 

bilities of technical success, 
as part of his judgment in 

the process of allocating 
resources to his research 

projects. 

Thus, while I still have my financial hat 
on, I must conclude that the R &D man- 
agers must wrest the control of the 
appropriate level of R &D spending in 

oeiJVIU.IIn ,cl .,,,!,. 

have lost control and research manage- 
ment is merely participating in a game 
of chance. 

The marketing hat 

Determining the appropriate level of a 

company's R &D budget is obviously 
only a first step. I must now endeavor 
to make an appropriate allocation of the 
total funds among our research pro- 
jects. To do this I must put on my mar- 
keting hat but juggle it rather quickly 
with my scientific hat, my financial hat, 

This is basically no different 
than it has ever been; how- 

; ever, times have changed. In 
the past, the market -planning 

process was quite often con - 
tained entirely within the brain 

of the chief executive of the com- 
pany who seemed to be working 
entirely on the basis of subjective 

and intuitive thinking. Sometimes 
-and certainly this is true in my 
own company's case -the intuitive 

feel for what product the market 
would respond to proved to be bril- 
liant indeed. Unfortunately, as com- 

panies have grown larger and their 
organizations more complex, the inputs 
needed for that type of intuitive thinking 
have become dispersed among many 
staff and operating functions. Somehow 
these inputs must be transmitted to the 
chief executive since it is he and only 
he who can commit the company to a 
major change of direction. Such inputs 
can only come from the collaborative 
efforts of marketing, R &D, finance, 
etc. 

Another change in our times is that 
technology has become plentiful. This 
is certainly true in electronics and possi- 
bly in several other industries. In elec- 
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tronics, we have a myriad of new pro- 
ducts and services which have passed 
through the R &D labs at least to the 
stage where they have been demon- 
strated as technically feasible. You 
might ask the obvious question -why 
is it that these products have not 
reached the marketplace? It is my 
observation and belief that it is 
unwieldy corporate organization that is 
at fault. 

The next step in R &D would be to 
develop a product prototype to demon- 
strate that it can also be a cost -effective 
product. However, this is an extremely 
expensive step and one that has con- 
siderable risk as to time of accomplish- 
ment. The decision to invest in this pro- 
duct and to accept the attendant risks 
usually has to be made by the top execu- 
tive of the company. In earlier days, 
and even sometimes today, the chief 
executive would make such a decision 
rather quickly on the basis of his own 
intuition and conviction as to whether 
or not the market is ready for the pro- 
posed product. Today, he is more likely 
to base such a decision on a number 
of studies made by his staff and operat- 
ing departments. 

In the marketing department, for exam- 
ple, such a study will call for extensive 
market research to obtain answers to 
basic marketing questions: How big is 
the market? What is its composition? 
How intense is the level of demand? 
At what prices should our product be 
sold in order to achieve profitability? 
What share of the market must we aim 
for? and so on. Such market research 
is quite well developed for the easily 
understood modification of a simple and 
common product. However, it is also 
notoriously unreliable in predicting the 
market factors for the completely new 
and strange product or service. Yet, 
how often have you seen an executive 
hesitate when there is a disparity 
between his intuitively developed judg- 
ment and the results of a formal market 
study? 

Another respect in which times have 
changed concerns the timing of market- 
ing and, therefore, R &D decisions. In 
RCA, certain types of R &D projects 
take rather well -established lengths of 
time to accomplish. At one extreme is 

the completely new, complex system 
which appears to take about eight years 
from the original conception of the pro- 
duct to the time that it is actually de- 
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livered to customers. At the other 
extreme are simple transistors and 
integrated circuits for which the same 
process takes from a few months to a 
year. The remarkable fact is that the 
duration of this period has changed rela- 
tively little over the last several 
decades. As the process has been 
speeded up by our becoming increas- 
ingly adept in a given discipline, it has 
been comparably slowed by the increas- 
ing sophistication and complexity of the 
product. If this appears to contradict 
the general concept of an accelerating 
technology, I need only remind you of 
my earlier statements concerning the 
rapid growth of our national R &D 
which has certainly increased the fre- 
quency of occurrence of new develop- 
ments but has not necessarily shortened 
the time required to attain any one of 
them. This leads to the concept of 
"future shock" to which I referred 
earlier. In the course of the total 
development sequence of a new pro- 
duct, there is, today, an ever -increasing 
probability that one or more competi- 
tive developments will appear that will 
threaten the integrity of the original 
plan. Extensive and continuing collabo- 
ration of the R &D management and the 
marketing activity is the only present 
defense against this problem. 

In a commercial environment, market- 
ing is the name of the game. No R &D 
manager can afford to ignore its implica- 
tions nor does he dare abdicate his 
responsibility in this field. 

The administrative hat 

Then, there's that third hat to be put 
on, the administrative one. It's an old 
and familiar hat in corporate life, but 
when fitted for R &D managers it natur- 
ally tends to differ in shape and style 
from those worn by other executives. 
The whole thrust of R &D management 
is, after all, aimed at unleashing and 
guiding highly specialized forms of 
creativity in the directions of the cor- 
poration's perceived areas of growth. 
Given too tight a rein, such R &D 
creativity tends to languish; held in 
check too loosely, it rides off in all direc- 
tions at once. This is a problem with 
which we are all familiar. However, in 
today's tight economy, it takes on a new 
significance and becomes even more 
difficult of solution. Today we are run- 
ning our laboratories with less "fat" 
and less "cushion ". As a result, our 

laboratory programs are even more 
delicately balanced than they have been 
in the past. Any change in the allocation 
of our manpower resources represents 
a substantial change from the status 
quo. 

Around our laboratory, we have fallen 
in the habit of calling this the "going 
from A to B problem." A is obviously 
the present situation and B is the desired 
situation that I assume can be worked 
out satisfactorily. More often than not, 
it turns out transition from A to B is 
the most difficult part of a problem. At 
this point I find that I am quickly jug- 
gling between my administrative and 
my personnel hats. 

While I still have my administrative hat 
on I will, of course, be worrying about 
the normal problems of procedures con- 
trol, information flow, and the function- 
ing of the organization. These more or 
less familiar functions have changed in 
at least one fairly important aspect. The 
information flow that today's R &D 
manager requires in order to be able 
to function well under his five hats has 
become much more extensive and com- 
plicated than the straightforward 
technical reporting of a few years ago. 

The personnel hat 

Now I shall turn to consideration of the 
fourth hat worn by R &D management 
-the personnel hat. 

I dislike that word, personnel. It 
sounds, somehow, too impersonal, too 
devoid of human values. The chronic 
problem we always have in any R &D 
organization is that of attracting and 
retaining outstanding people. This 
requires us to cultivate an attitude that 
is open, receptive, and flexible. Talent 
is where you find it. It is not necessarily 
clustered in a few prestigious academic 
institutions, but may be found even in 
those halls of learning that are not 
primarily noted for their emphasis on 
scientific training. The best talent is 
always in short supply in good times 
or bad. These are generalities with 
which I'm sure you are all familiar. In 
today's tight economy. however, we 
find many of our personnel trends sub- 
stantially changed. 

Economies have forced us to cut much 
of the fat and deadwood out of our 
organizations. So they are working con- 
siderably more efficiently than in the 

www.americanradiohistory.com

www.americanradiohistory.com


past. At the same time, the voluntary 
attrition rates have almost vanished. 
Under these conditions, there is the 
possibility that the R &D manager may 
relax, comfortable in the fact that he 

has a reasonably stable organization for 
the first time in two decades. Person- 
ally, I consider such comfortable feel- 
ings an illusion and would propose that 
times of tight economy are precisely the 
time to do some upgrading in the R &D 
organization. This is a time when the 
competition for the best graduates is 

reduced though by no means negligible. 
Of course, the new blood" must usu- 
ally be balanced with some attrition. In 
bad times, such attrition has to be 
forced but by the same token it can be 
controlled and specific. This is in strong 
contrast to good times when the attri- 
tion may be high and allow substantial 
infusion of new blood, but the attrition 
is uncontrolled and may include some 
of your best people and the new blood 
may be of a considerably lower caliber. 

There is another motive for upgrading 
the R &D organization during bad 
times. Particularly now. It is my convic- 
tion that there is going to be a very seri- 
ous shortage of industrial R &D 
technologists and scientists in the 
middle -70's. I am aware that the demog- 
raphers of science are predicting a sur- 
plus of scientists during the 70's with 
a shortage appearing only in the 80's. 
But such statistics include all scientists. 
Industrial scientists are a special breed, 
and there is primarily a negative motiva- 
tion for today's high school graduates 
to aim their careers in our direction. 
Consumerism, the general disaffection 
with business, our association with the 
military and with pollution, taken in 
conjunction with the well -publicized 
unemployment among aerospace 
engineers -all have served to steer the 
students leaving high schools into other 
more fashionable careers. We have had 
little opportunity, and perhaps we have 
not known quite how, to counteract the 
negative image that many high school 
students have of industry and its R &D 
activities. 

In great corporations, we have another 
problem that takes our personnel and 
other talents to try and solve. Year after 
year we face the possibility of losing 
some of our best and most productive 
talent who insist on leaving and setting 
up their own companies. Such individu- 
als, who frequently possess an entre- 
preneurial flair, become absorbed in 

projects that the corporation cannot 
economically justify supporting. The 
project may be a fascinating one. It may 
even be potentially profitable. But 
economic necessity dictates that large 
corporations refrain from frittering 
away their resources on high -risk ven- 
tures with relatively small profit poten- 
tial. 

As a result. the individuals associated 
with research on such projects, unwill- 
ing to abandon them. begin sooner or 
later to seek an environment in which 
they can continue to work toward their 
fulfillment. Often, they acquire a cer- 
tain amount of financial backing and 
venture forth to form their own small 
company. Lacking adequate resources, 
characteristically undercapitalized, the 
majority of such ventures tend to fail. 
But, since they often involve our most 
talented people, enough of them do suc- 
ceed to make the risk appear attractive 
to others. 

One might expect that in a tight 
economy. this type of situation might 
tend to decrease primarily because ven- 
ture capital may be more difficult to 
locate. While that may be true, it also 
tends to be balanced by the fact that 
companies tend to concentrate on main- 
stream projects in periods of tight 
economy. This tends to increase the 
number of good projects in our research 
programs that are candidates for spin- 
offs. 

How do we deal with this problem? Can 
we do so in a way that does justice to 
the people involved and yet does not 
distract the corporation from concen- 
trating on its most productive areas of 
growth? A number of solutions are 
being proposed. Almost all of them, in 
one way or another. attempt to create 
some kind of autonomous. or semi- 
autonomous, organization to provide an 

outlet for the best of the relatively small, 
high risk projects that intrigue some of 
our best people. 

In essence. we are being challenged to 
recreate an artificial entrepreneurial 
environment in which outstanding 
people will be permitted to pursue pro- 
jects to which they are totally commit- 
ted. At best. this may open up new 
avenues of growth and profitability for 
our companies. At worst it will give us 
a means of reabsorbing into the cor- 
porate structure the kind of talents 
whose continued defection weakens our 
R &D capabilities. While I believe these 

concepts are good or at least looking 
in the right direction, I do not know 
of any operating scheme that has proven 
itself to be successful. This is still a chal- 
lenge for the future. 

The science hat 

Now let me don the fifth, and in many 
ways the most comfortable. of all the 
R &D management hats; the one 
devoted to science. 

This is, after all, the key responsibility 
of all R &D management. It is our over- 
riding function. our reason for being. 
But in the corporate environment. our 
devotion to this area of responsibility 
must be tempered by an ability to juggle 
our other four hats. Committed to cor- 
porate goals, we must direct our energy 
towards those avenues of exploration 
that will best serve to strengthen our 
company's economic base, and there- 
fore, that of the nation. 

Such industrial R &D management has 
always required us to become scientific 
generalists. In the process of doing so 

we have all jokingly considered that we 
were learning less and less about more 
and more science and that we had to 
escape from the prison of our own 
specific education, experience, and 
expertise. Today I have made a strong 
point that we must add many non- 
scientific disciplines of management to 
our generalist's repertoire. Neverthe- 
less. I still believe that our scientific 
hat is the most critical of all our hats. 
It is the sieve through which we must 
sift all of our non -scientific respon- 
sibilities. This is the vantage point that 
we alone possess. It is through the 
coupling of science to the other manage- 
ment disciplines that we are able to 
make the maximum contribution to the 
fortunes of our companies and to the 
economic well being of our country. 

Conclusion 

If it seems to you that I dwelled at some 
length on the five hats of commercial 
R &D management, please understand 
that it is not being done introspectively. 
If there's one thing that my brief and 
necessarily incomplete comments point 
up, it is the urgent necessity we have 
of learning more about how to master 
these different roles. Recognizing the 
increasing relevance and importance of 
these other disciplines in the R &D man- 
agement function may be, by itself, a 

large step in the right direction. 
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Cushman & Wakefield 
Frank J. Strobl, Consulting Editor" 
On October 14. 1970, Cushman & Wakefield. 
RCA. As such, it functions as a separate entity 
and management. Today, the firm is leasing or 
square feet of office space in over a dozen 

a profile 

Inc. became a wholly owned subsidiary of 
under its own board of directors. personnel, 
management agent for more than 75 million 
U.S. cities and Puerto Rico. and it has an 

outstanding record in the commercial real estate industry. 

A.L. CONRAD 

PRESIDENT AND 

CHIEF OPERATING 
OFFICER OF RCA 

L. J. PETERS 
CHAIRMAN OF THE 
BOARD AND CHIEF 

EXECUTIVE OFFICER OF 
CUSHMAN B WAKEFIELD 

APPRAISAL 

S. EDWIN KAZDIN 

SENIOR VICE PRESIDENT 

A. J. PETERS 

PRESIDENT AND 
CHIEF OPERATING 

OFFICER 

FINANCE AND 
ADMINISTRATION 

H. A. SEMLER 

SENIOR VICE PRESIDENT 

G. E. LEES 
SENIOR VICE PRESIDENT 

AND COURSE_ 

BUILDING MGT. 

AND OPERATIONS 

J, P, Mc GUIRE 

SENIOR VICE PRESIDENT 

PROJECT DEVELOPMENT 

J. TURNER 

VICE PRESIDENT 

CUSHMAN B WAKEFIELD 

BROKERAGE 

FORMED OVER 50 years ago in New 
York City, Cushman & Wake- 

field, Inc. is now one of America's lead- 
ing commercial real estate corpora- 
tions. The firm is headquartered in New 
York City with four offices in the met- 
ropolitan area and offices in nine other 
cities from coast -to- coast, including 
San Juan, Puerto Rico. 

From its initial business as a leasing 
broker and managing agent, Cushman 
& Wakefield has broadened its role con- 
siderably and is now applying its differ- 
ent expertises to the changing skylines 
of a number of American cities. Today, 
Cushman & Wakefield provides a mul- 
tiplicity of commercial real estate ser- 
vices ... these include brokerage func- 
tions, such as sales and leasing, building 
operation and management, project 
consultation, building modernization, 
insurance, and appraisal. Of all these 
services, the brokerage operation (sales 

Mr. Strobl is also Editor of TREND, The Research and 
Engineering News Digest 

Reprint RE- 17 -6 -6 
Final manuscript received February 18, 1972 

9 

www.americanradiohistory.com

www.americanradiohistory.com


and leasing) provides the bulk of 
Cushman and Wakefield's income - 
over 75 %. Table I shows how total 
income is derived. 

Table I- Income by service line. 

Service Income (by percent) 

Brokerage (sales and leasing) 75.1 
Project consulting 10.7 

Building modernization, 
operation & management 10.9 

Appraisal 1.4 
Insurance 1.9 

Cushman & Wakefield as broker - 
sales and leasing 

Ctishman & Wakefield's brokerage 
activities involve the sale or lease of 
office space and industrial facilities, 
from complete manufacturing plants 
and office building complexes to partial 
floors in major structures. A partial list- 
ing of Cushman & Wakefields' indus- 
trial clients is shown in Table II. 

The major capital investment called for 
in a long -term lease for office space 
involves many complex factors. Essen- 
tially, most companies make such deci- 
sions about acquisitions with respect to 
future growth. Because their decisions 
must be sound for many years, many 
companies turn to a professional broker 
for assistance in the selection of build- 

Table II- Partial list of Cushman & Wakefield indus 
trial clients. 

Abbott Laboratories Inc. 
Addressograph -Multigraph Corporation 
AMBAC Corporation 
Atlantic Gulf & Pacific Company 
Atlantic Richfield Corporation 
Baxter Laboratories, Inc. 
The Borden Company 
Burroughs Corporation 
Diana Stores Corporation 
Eastman Kodak Company 
Fisher Scientific Company 
General American Transportation Corporation 
General Fireproofing 
The Hertz Corporation 
Honeywell, Inc. 
International Flavors & Fragrances Inc. 
ITT 

Jaguar Cars, Inc. 
Minnesota Mining & Manufacturing Company 
The National Cash Register Company 
Nestle Company 
New York Telephone Company 
Parke Davis Company 
PepsiCo, Inc. 
RCA Corporation 
Raytheon Manufacturing Company 
The Reuben H. Donnelley Corporation 
Sears, Roebuck and Co. 

Sperry Rand Corporation 
Steelcase, Inc. 

Union Bag -Camp Paper Corporation 
Union Carbide Corporation 
The Welch Scientific Company 
Western Electric Company, Inc. 

Western Union Telegraph Company 
Westinghouse Electric Corporation 
Zale Corporation 
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ings best suited for its immediate and 
long -range needs. 

The task of selecting the best locations 
and buildings for a wide range of clients 
demands the evaluation of all available 
intelligence. This information is 
obtained from local chamber of corn - 
merce, development authorities, and 
city planning agencies, as well as from 
C &W's own resources. Comparative 
studies of tax structures, labor supply, 
transportation, land and construction 
costs, and housing accommodations for 
employees help the client select the area 
most suitable. Field studies then deter- 
mine exactly which plants or plant sites 
are available. 

The client may lease an existing facility 
or lease one built to his specifications 
by an investor- builder, freeing capital 
for other purposes. 

Upon selection of the proper facility, 
the broker negotiates the most equitable 
lease for the tenant and owner. This 
process considers a combination of fac- 
tors such as rental, term of lease, tenant 
standard and special installations and 
improvements, options for future 
expansion space, renewal options, can- 
cellation privileges, extent of building 
services provided, disposition of the 
tenants existing lease obligations, and 
many other essential details. With each 
lease provision subject to negotiation, 
the application of a combination of the 
broker's skill, ability, and objectivity 
creates the most equitable lease agree- 
ment for both landlord and tenant. 

As a leasing agent, C &W has negotiated 
five of the largest leases ever executed 
in America. Four of these transactions 
involved America's largest banking 
institutions -Chemical Bank of New 
York, Chase Manhattan Bank, Bank- 
er's Trust Company, and First Na- 
tional City Bank. A total of about 
4,300,000 square feet of office space 
was contracted for in these leases. 

Another of the firm's major accomplish- 
ments was leasing 1,300,000 square feet 
to the New York Telephone Company. 
Upon completion, this structure will be 
the largest telephone facility in the 
world. 

A client may choose to buy an existing 
structure or to design and build to his 
own requirements. Cushman & 
Wakefield provides counsel on the most 
advantageous methods of acquiring a 

facility. 

Building management 

A corollary service of C &W is the oper- 
ation and management of buildings. As 
building manager, Cushman & 
Wakefield performs a variety of ser- 
vices, from the complete management, 
operation, provision of services, and 
maintenance of a structure to the per- 
formance of a single function such as 
the collection of rents. Presently, C &W 
acts as manager for over 84 high -rise 
office buildings in the New York City 
area. Through a subsidiary in San Fran- 
cisco, the firm acts as manager for a 
number of smaller apartment -type 
dwellings. On a national basis, C &W 
is managing agent for more than 300 
properties. 

Typical of the operation and manage- 
ment functions performed by C &W are 
the provision of building maintenance 
services, building attendants, and oper- 
ation of other mechanical or electrical 
equipments. In the modern building, 
sophisticated electrical installations, 
automatic elevators, and computer - 
controlled air conditioning and heating 
systems require an experienced and 
skilled operations team. 

Project consultation 

As project consultant and developer, 
C &W represents the owner /investor or 
corporation in the intricate task of creat- 
ing a new skyscraper complex, supply- 
ing the direction, supervision, and pro- 
fessional expertise required to ensure 
the success of the client's investment. 

C &W's project consultation service 
may begin with site selection and advice 
in acquiring construction loans and per- 
manent financing. The firm then pro- 
vides assistance in the selection of 
architects, engineers, and contractors, 
working closely with each specialist and 
the structure's future occupants, to 
erect a modern and efficient building. 

Another project consultation service 
can be the rental or sale of extra 
office /industrial space once a structure 
is completed. In many cases, project 
consultation clients of Cushman & 
Wakefield request the firm to operate 
and manage the new building once the 
tenants have moved in. 

Buildings served by Cushman & 
Wakefield as project consultant 
include: 

Sears Tower -a 110- story, 4,464,000- square- 
foot structure being erected in down- 
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town Chicago will serve as the headquar- 
ters building for Sears Roebuck and Co. 
Sears will occupy approximately 2- 
million square feet, with the remainder 
available to outside tenants. At 1,450 feet, 
it is destined to be the world's tallest build- 
ing. This dramatic project will be served 
by 102 high -speed elevators, including 14 

double -deck units, plus 16 escalators for 
serving lower levels, concourse, plaza, 
mezzanine levels, and "sky lobbies" at 
the 33 -34th and 66 -67th floors. Actually, 
the building will have the equivalent of 
seven main lobbies. Cushman & 
Wakefield assembled the site, is project 
developer, leasing, and managing agent. 

The John Hancock Center -sponsored by 
John Hancock Insurance Company, is 
actually a second city within Chicago. 
This unique 100 -story building contains 
office space, apartments, shopping, 
restaurants, indoor swimming pool, health 
club, observation deck, and parking, all 
under one roof. C &W was owner's rep- 
resentative for the project and is leasing 
agent for the office space. 

Dresser Tower -will be the Third tallest 
building in Houston. The facility will 
house 6,000 people and contain an inde- 
pendent garage on an adjacent block for 
parking 1,600 cars. 

Atlantic Richfield Plaza -in downtown Los 
Angeles is sponsored jointly by Atlantic 
Richfield Company, Bank of America, 
and Kaiser Industries. This $175 million, 
4.3- million- square -foot office complex has 
twin 52 -story towers, the city's tallest. 

Franklin Town development in Phila- 
delphia -one of the more exciting ven- 
tures in which Cushman & Wakefield is 
participating is a planned new commun- 
ity sponsored by five leading Philadelphia 
corporations and The Girard Bank, with 
C &W acting as project consultant. 

Urban development project 

Historically, cities have been built for 
industrial and commercial purposes. In 
turn, residential areas have sprung up 
around the city core, with the more 
affluent population housed on the fur- 
thest perimeter. As a consequence, ac- 
tivity in the city dies at night; tax rata - 
ables decrease; and the city slips further 
into economic decay and deterioration. 

Franklin Town is an innovative attempt 
to revitalize an essentially dormant sec- 
tion of center -city Philadelphia. Frank- 
lin Town will be a $400- million, 50 -acre 
development covering 22 blocks. 
The development will consist of a major 
new in -town residential neighborhood 
built around a two -acre "Town 
Square." In addition there will be a 
commercial center with nearly 4 million 
square feet of space for offices, hotels, 
and convention and shopping facilities. 

The entire development will be serviced 
by enclosed parking. The buildings will 
vary in style from "low rise" town 
houses to "high rise" apartments and 
office buildings. The more than 4,000 
residential units will be priced for 
families with a wide range of income 
and will include both rentals and sales. 

In addition, the sponsoring corpora- 
tions also have plans for a separate non- 
profit program to lend financial and 
technical assistance to disadvantaged 
communities near the new neighbor- 
hood. 

Insurance and appraisal services 

Supplementing its capabilities in 
brokerage, building operation and man- 
agement, and project consultation, 
C &W offers the services of insurance 
and appraisal. For insurance needs, the 
firm provides building owners with 
advice and counsel regarding the proper 
type and amount of insurance coverage 
needed for a particular property. 
Cushman & Wakefield also assists in 
obtaining such coverage at the most 
economical rates. 

Appraisal activities center on providing 
valuation figures for property sale, 
acquisition, or condemnation purposes, 
as well as for ad valorem tax require- 
ments. 

Building modernization 

Cushman & Wakefield is extensively 
involved in the supervision of building 
modernization projects. In such pro- 
jects, older structures are completely 
renovated with remodeled lobby areas, 
new floor plans, and modern mechani- 
cal, electrical, and environmental sys- 
tems to make them competitive with 
new office space. Building moderniza- 
tion services offered by the firm encom- 
pass a broad spectrum -from advance 
study, to project direction, contractor 
selection and supervision, and finally, 
but most importantly, leasing space at 
the most advantageous rental rates. 

The firm has modernized several New 
York City landmarks and is presently 
completing the modernization of the 
Chicago Board of Trade building under 
a $9.3- million program. 

Business prospectus 

Cushman & Wakefield is continuing to 
expand its realty activities. Receiving 

particular attention are urban renewal 
and low -to- moderate income housing 
projects. In these areas, the firm is 
active through its ownership of a 50% 
interest in Construction for Progress, 
Inc., ajoint venture with Celanese Cor- 
poration, to build moderate -income and 
low- income housing in New York City. 

Construction for Progress (CFP), sup- 
ported strictly by private capital, builds 
apartments under the "Turnkey" 
arrangement. Using this technique. 
CFP negotiates a building proposal with 
the New York City Housing Authority 
with the understanding that on comple- 
tion, it will be purchased by that agency. 
CFP has constructed and sold five 
apartment buildings to the City of New 
York. The latest is a six -story, 90 -unit 
structure in the South Bronx which sold 
for $2.2 million. The CFP project has 
$12 million still under construction. 

Construction of moderate- and low - 
income housing is expected to experi- 
ence a rapid and dramatic growth on 
a national basis. As a Cushman & 
Wakefield subsidiary, CFP will partici- 
pate in this national activity as oppor- 
tunities develop. 

Another Cushman & Wakefield sub- 
sidiary, Buckbee Thorn in San Fran- 
cisco, is engaged in the management of 
apartment buildings. An affiliate, 
Cushman & Wakefield of Puerto Rico, 
is involved in a similar venture. 

Cushman & Wakefield management is 
also evaluating the area of shopping 
center and mall consultation and man- 
agement. 

Although acquired by RCA as a profit - 
making subsidiary, Cushman & 
Wakefield's expertise can also be of sig- 
nificant benefit to the needs of RCA 
with the Corporation's substantial real 
estate holdings and future require- 
ments. For example, C &W was an 
agent in the sale of the Lewiston, 
Maine and Cincinnati, Ohio, plants and 
the firm is presently the agent for 
several other facilities including the 
plants at Dayton, N.J., and Marlboro, 
Mass. 
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Digital readouts 
P. L. Farina 

The past few years have seen many changes in data presentation. In place of a 

meter scale or other analog indicator, the trend has been to digital readouts for 
applications ranging from voltmeters and desk calculators to medical instrumentation, 
clocks, and even wrist watches. This article describes the digital readout devices 
that are presently available, and surveys the market for these devices. 

FIVE BASIC CHARACTERISTICS Of 
digital readout devices should be 

considered when making a selection: 

I) Visibility -The characters should be 
bright and well shaped and provide strong 
contrast with the background. The unlit 
segments should be invisible. The viewing 
angle should be adequate. 

2) Compatibility -The device must be com- 
patible with digital encoders, and should 
be screened from any RF- induced interfer- 
ences. 

3) Reliability -The average life should 
exceed 100,000 hours; replacement should 
be easy; and a failure should be readily 
detectable. 

4) Esthetics -The appearance of the numer- 
als must be good at normal brightness; a 
wide range of colors should be provided. 

5) Cost -The device should help to 
minimize the system cost. 

A dozen different digital readouts are 
discussed in this survey. They include 
electro- magnetic units, image projec- 
tors, cathode -ray tubes, and new solid - 
and liquid -state devices. Each has 
advantages and disadvantages that the 
engineer will weigh when selecting the 
display units for his particular system. 
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Electromagnetic display systems 
(Ferranti- Packard) 

This type of display, generally used in 
stock exchanges, accepts serial or 
parallel ASCII (American Standard Code 
for Information Interchange) input at 
speeds up to 250 characters /second. 
These displays have been interfaced 
with computers as well as keyboard and 

tape readers. The readout is an array 
of discs free to rotate to show either 
a colored or a dark side. Each disc is 

a permanent magnet, as shown in Fig. 
I, and aligns itself with the field of an 

electromagnet that is controlled by two 
coils on a coincident- current basis. A 
200 -µs current pulse sets the elec- 
tromagnets, and their remanence pro- 
vides the memory to bring the disc to 
the desired position and keep it there 
without any further power consump- 
tion. Reversing the current in the coils 
causes the other side of the disc to 
show. Viewing is by reflected light, so 

visibility increases with ambient light 
level. Because there are no mechanical 
linkages to wear or filaments to burn 

Patrick L. Farina, Mgr., 
Special Products Engineering, 
Receiving Tube Engineering, 
Entertainment Tube Division, 
Electronic Components 
Somerville, New Jersey 
graduated from the General Engineering course of RCA 
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Institute of Brooklyn in 1952 and the MSME in Engineering 
Management from Newark College of Engineering in 1956. 

He joined RCA as a technician in 1941, enlisted in the 

Air Force as a Navigator in 1942, and returned to RCA 

in 1945. He advanced to electrical equipment designer 
and became Manager of Technical Services for Equipment 
Development, Receiving Tube Division in 1951 and Mana- 

ger of Advanced Development in Equipment Development 
in 1959, where he was responsible for the design of equip- 
ment for the Nuvistor and Thermoelectric programs. In 

1962. he became Manager of Engineering Administration 
for Receiving Tube Product Engineering and in 1965 con- 

tinued this responsibility for Commercial Receiving Tube 
and Semiconductor Product Engineering. In 1968, he 

became Manager of Special Products Engineering and 
Services for Receiving Tube Product Engineering. In this 
capacity he was responsible for the FD2201 receiver used 

in the APX -72 Transponder and is responsible for design 
and applications of Numitrons, future new product 
developments and service functions which include 
Measurement Standards and the Chemical and Physical 

Laboratory. He is a Senior Member of IEEE. 
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Fig. 1- Electromagnetic display unit. 

out, life in the order of 20 million opera- 
tions is possible. The change from one 
character to another occurs within a 

fraction of a second. There is redun- 
dancy of the dot matrix, so failure of 
a dot to operate will neither change a 

character nor make the character hard 
to read. Writing speeds vary with the 
application; the standard speed is 10 to 
15 characters /second, and control units 
giving rates of 80 or 250 characters/ 
second are available. Power is used 
only to change characters, so the aver- 
age power consumption depends upon 
how often the data is changed; 200 watts 
is an approximate value. After a mes- 
sage is written, no power is consumed 
by the display; if power fails, the infor- 
mation will remain displayed. This type 
of presentation is best suited for airline 
arrival /departure boards, stock and 
commodity exchanges. 

Edge -lighted displays 

Edge -lighted readouts use miniature 
lamps arranged so that each one can 
edge -light one of a series of engraved, 
transparent acrylic plates stacked in 
depth behind a readout window. When 
a lamp is switched on, the character or 
message engraved on its plate glows 
through the other plates, which remain 
unlighted. 

These displays are most suitable for 
laboratory bench instruments, small 
one -man consoles, vending machines, 
and other applications where the dis- 
play is to be viewed head -on and close - 
up. Interference and parallax reduce the 
viewing angle, and the reliability of the 
display depends on the life expectancy 
of the bulbs. Today, this type of display 
enjoys little popularity. 

Projected -image displays 

Incandescent rear -projected displays 
use a lamp in a light -tight housing 
behind a printed transparent integer 
outlined on an opaque condensing lens. 
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When a lamp is lit, the character in front 
of it is projected onto a viewing screen. 
The film or mask can be altered to give 
any format or display required. The 
major advantages of this display are its 
versatility and wide viewing angle (up 
to 150 degrees). The disadvantages 
include limited brightness, higher cost 
than segmented displays, and wasted 
space. Brightness, a function of lamp 
wattage, is limited by the sensitivity of 
the module to heat. Character images 
can be distorted by a slight warping of 
the plastic lenses or by irregularities in 
the bulb filament. The cost of these dis- 
plays is relatively high ($14 to $35). 

Incandescent bar -segments 

An incandescent bar- segment display 
consists of either seven or sixteen seg- 
ments on a viewing block, each segment 
(bar) lighted by a separate incandescent 
lamp. Seven -segment displays can form 
numerals 0 through 9 and several letters 
of the alphabet. The sixteen- segment 
display can form all of the numerals and 
the complete alphabet. Each segment, 
with its own lamp source, is a separate 
unit. The segments are bonded to the 
molded viewing block to form a single 
display. Light is piped from each bulb 
to the surface of the block through a 

light pipe or chamber. Some advanced 
models provide for high contrast 
between lighted and unlighted segments 
by means of a 0.025 -inch filter 
molecularly bonded to the surface of 
the viewing block. The filter reduces 
surface glare, and also virtually 
eliminates external lighting of the unlit 
segments. Incandescent bar -segment 
displays are fairly reliable because only 
the lamps are subject to wear and in 
a properly designed unit the lamps could 
last up to 100,000 hours. Maintenance 
varies with the supplier; some provide 
for direct lamp replacement, some 
require replacement of the lamp bank 
(sealed units), and others recommend 
replacing the whole display unit. The 
advantages of these devices are light 
weight, maximum reliability, and 
reasonably long life. The prime disad- 
vantage is high initial cost. The lower 
cost units, however, have an average 
lamp life of 10,000 hours. 

CRT displays 

Cathode -ray tube (cRT) readouts are 
usually custom engineered for highly 
specialized applications such as military 
uses. However, shaped -beam CRT'S and 
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ALUMINUM CHARACTERS 
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PHOSPHOR LAYER 

TRANSPARENT 
CONDUCTING ELECTRODE 

-GLASS FACE 

NON- REFLECTIVE 
COATING 

Fig. 2- Construction of an electroluminescent 
panel. 

character generators that can write 
decimal information on conventional 
tubes are standard products. Some 
devices provide alphanumeric informa- 
tion, catalog formats, and page prints. 

Digital character formation is generally 
accomplished either by extending an 

electron beam through individual 
"character cutters" pierced in a stencil - 
like mesh or by generating X- and Y- 

deflection voltages that cause the 
cathode ray to trace out a fixed charac- 
ter matrix. On command, selected seg- 

ments are intensified to produce the 
required character. 

Numerical CRT 

Industrial Electronic Engineers, Inc. 
has built a low -cost miniature CRT, the 
"Nimo," that is capable of displaying 
four digits. This device combines CRT - 

display technique with the character - 
generation techniques of the rear - 
projection readout. 

Fundamentally, the Nimo is a 10 -gun 
cathode -ray tube. Each gun has a grid 
that controls the aperture of an electric 
lens in the gun structure. When any 
control grid is positive with reference 
to the cathode, the associated aperture 
is open; electrons are accelerated from 
the gun structure through the aperture. 
When the grid potential is sufficiently 
positive with respect to the cathode, 
the lens aperture is fully open, and the 
grid has no further effect. Under this 
condition, the character focus and posi- 
tion are determined only by the 
mechanical configuration of the gun 
structure. 

The beam is picked up by the electro- 
static field of the anode and accelerated. 
A metal mask with openings etched in 
the form of the desired characters, 
situated within the anode structure, 
shapes the cross section of the electron 
beam. The shaped beam is further ac- 
celerated by the anode field and finally 
collides with the P -31 phosphor screen 

at the viewing end of the glass en- 
velope, causing the phosphor to display 
a solid character. Because each gun 
isindependentand is mechanically aimed 
at the screen, the only requirement for 
character selection and generation is 
the application of voltage to the proper 
control grid. 

The Nimo tube has a diameter of 1.1 

inches and a maximum length of 2.6 
inches. The filament rating is 1.1 volts 
and 2 amperes, and the maximum anode 
requirement is 3 kV and 55 p.A. The 
normal brightness is 140 foot lamberts. 
The fluorescent color is green, with a 

persistence of 10 millisecond to 25 per 
cent brightness. This device displays 
four digits having a character height of 
0.35 inch. The advantage of the Nimo 
tube is its relatively low cost per digit. 
The major disadvantage is the need for 
a high voltage (3 kilovolts DC) power 
supply, although the overall power con- 
sumption is low. Recently a new minia- 
ture CRT has been introduced by 
Industrial Electronic Engineers, Inc. 
that can display any of 64 messages or 
symbols in a custom- tailored character 
mask. The life expectancy of this device 
is 20,000 hours. 

Electroluminescent numerals 

Electroluminescence has been known 
for over 20 years, and has been used 
in lights for small areas (numerical and 
bargraph devices), but two difficulties 
have prevented widespread use: 1) the 
short lifetimes of materials when 
moderate -to -high light intensities are 
required; and 2) low output efficiency, 
which means that high input power is 
required and heat loss is high for large 
matrix applications. 

As shown in Fig. 2, an electrolumines- 
cent panel is constructed by making a 

sandwich of a back -conductive plate; 
a phosphor; a dielectric, transparent - 
conductive layer; and a protective 
transparent cover. (The phosphor and 
dielectric may be combined in one 
layer.) The light output depends on the 
voltage and frequency of the electrical 
supply, the phosphor dielectric used, 
and the spacing of the electrodes. 

The efficiency of a typical zinc sulphide 
electroluminescent device operated at 
9 to 85 volts DC is 10 -" lumens /watt. 
This efficiency compares with 21 

lumens /watt for a 500 -watt tungsten 
light bulb and 50 -70 lumens per watt 
for a fluorescent bulb. Brightness is 
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not very high; levels of 100 footlamberts 
can only be achieved at the expense of 
lifetime of the materials. 

Operation with AC requires 100 to 600 
volts. A typical 400-Hz device produces 
8.5 footlamberts at 200 volts. Efficiency 
and brightness are low. Brightness 
varies linearly with frequency and not 
with a voltage. Luminance is directly 
proportional to the number of cycles 
applied, so half intensity (half -life) is 
obtained ten times faster at 600 Hz than 
60 Hz; however, the panel may last only 
1,000 hours instead of 40,000 hours. 

New developments in phosphor 
technology give hope that better 
devices will be available shortly. Elec- 
troluminescent devices could have 
wider applications because they do 
have valuable assets. They are thin and 
light- weight; and because they fade at 
a known rate, preventive maintenance 
can be scheduled to avoid total loss of 
information at a crucial moment. 

The major supplier has been Sylvania. 
More recently, Sigmatron introduced a 

light -emitting film (LEF) display. It has 
a sandwich of glass, a transparent tin 
oxide front electrode, a transparent zinc 
sulphide film, a light- absorbing dielec- 
tric, and opaque rear electrodes that 
form the segments. 

The Nixie' Tube 

The most popular numeric readout 
has been the hold -cathode gas- filled 
Nixie" tube made by Burroughs. and 
similar tubes made by Amperex, Ray- 
theon, National, and Alco. Their cost 
is low and their is decoderidrivers are 
also available at low cost. 

The Nixie" has stacked elements in the 
form of metallic numerals with a corn - 
mon anode. When negative voltage is 

applied to a selected character, it glows 
like the cathode of a simple gas - 

discharge tube. However, only the 
selected numeral is visible in the view- 
ing area because the visual glow dis- 
charge is larger than its metallic source. 
They can be adapted for binary -code 
decimal input by isolating the odd 
cathodes from the even ones and using 
two anodes. The operating voltage is 

170 volts DC. 

The major advantages of the Nixie" 
tube have been long life, high speed. 
relatively low power consumption, 
well -shaped characters, adequate 
brightness, and good reliability. In the 

"Registered Trade Mark of Burroughs Corp. 
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past, these qualities have made it the 
first choice for calculators, digital 
meters and other instruments. Its prime 
disadvantage is electronic complexity. 
The cathode current must be kept 
within tight limits. Moreover, if the ion 
current is excessive, the off cathodes 
will glow and produce background 
haze; but if the ion current is insuf- 
ficient, there will be only partial presen- 
tation. 

Vacuum fluorescent tubes 

Vacuum fluorescent tubes made by 
Nippon Electric, Itron, Tung -Sol, 
Sylvania, and GE compete with the 
Nixie ". This type of tube uses fluores- 
cent screens between the anode and 
cathode to enhance the light output. 
Their cost is low, and, requiring only 
12 to 30 volts, they can be driven di- 
rectly by Mos circuitry. 

The readout is segmented into seven 
bars of phosphorescent material. The 
phosphor is treated P15 and is a green - 
blue color with low persistence. It is 

excited by electron bombardment from 
the cathode space- charge cloud when 
a segment is biased positive (as low as 

4 volts). Because luminosity is gener- 
ated on the surfaces of identical 
phosphor -coated segments, the charac- 
ters are inherently of uniform bright- 
ness. All segmented characters are 
formed in the same viewing plane, pro- 
viding wide -angle parallax -free viewing 
at distances up to 40 feet. The cathodes 
are almost invisible wires strung 
between the segments and the viewer. 
They draw 45 mA at 1.6 volts (AC or 
Dc) and operate at 700 °C, which is an 

unobjectionable dull red. 

The Tung -Sol, Sylvania, and GE tubes 
are diodes, while the Nippon Electric 
and Itron tubes are triodes with fine - 
mesh grid between the anodes and 
cathodes. The grid serves to smooth out 
the brightness. The grid can be used 
to strobe the tube so that all the tubes 
in a display register can use the same 
driving logic. This feature is useful in 
desk calculator displays. 

These tubes have some weaknesses. 
The long fine -wire filament will respond 
to external vibration and some of them 
are influenced by external electrostatic 
fields; moving one's hand close to an 
unshielded tube could cause momen- 
tary blackout of its segments, but pre - 
coating the tube with antistatic fluid 
eliminates this effect. The phosphor 

Fig. 3 -RCA NUMITRON digital display devices. 

light output decreases 30 per cent when 
temperature increases from 20 °C to 
70 °C. When a diode device is operated 
at less than 15 volts, definite "hot 
spots" form on the three horizontal seg- 

ments underneath the cathode. 
However, manufacturers claim that 
these devices will last for 100,000 hours. 
They ultimately fail because of 
phosphor poisoning by cathode sputter- 
ing throw -off, or because the glass 
envelope darkens. 

Filamentary displays 

The RCA NUMITRON devices discuss- 
ed in companion papers in this issue 
are outstanding examples of directly 
viewed filamentary display devices. 
Fig. 3 shows the Numitron types. 
NUMITRON digital display devices 
have fully adjustable high brightness, 
low operating voltage (4.5V), high con- 
trast, rugged construction, wide spec- 

trum light emission, and a wide viewing 
angle that is free of "clutter." They are 
inexpensive, fit a low -cost socket, and 
are completely compatible with IC 

decoder /drivers. 

Recently a new series has been 
introduced with a 68% power reduction 
(2.5V and 14 mA per segment) and a 

40% reduction in brightness. 

Liquid crystal display 

Liquid crystals are an unusual class of 
organic materials that have certain 
properties of both liquid and solids. 
Liquid crystal compounds resemble 
liquids in that they pour, fill containers, 
and have a wide range of viscosities. 
However, their molecules are arranged 
in ordered structures such as those of 
crystalline solids. Liquid crystals are 
divided into three classes: smectic, 
nematic. and cholesteric phases. The 
liquid -crystal display developed by 
RCA, shown in Fig. 4, uses material 
of the nematic phase, where long slen- 
der- molecules are randomly parallel to 
each other. In the display, the asymetric 
nematic molecules rotate and realign 
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Fig. 4-RCA liquid crystal display (reflection type). 

under electrical or magnetic fields. Bas- 
ically, this readout consists of a thin 
layer of liquid crystal placed between 
two glass layers having appropriate 
electrodes. In a reflective display one 
electrode is transparent, while the other 
is reflecting. With no field applied, the 
reflective liquid -crystal display appears 
to be an ordinary mirror. When voltage 
is applied, the liquid becomes turbulent, 
scatters light, and appears white. 
Increasing the field increases the bright- 
ness until saturation occurs. Depending 
upon the construction and material 
used, risetimes of 10 to 50 ms and decay 
times of 50 to 500 ms are obtainable. 
A contrast ratio of 15:1 is obtainable 
at a power level of one milliwatt /square 
inch. Typical operation requires 30 to 
45 volts AC. Present devices operate 
over a temperature range from approx- 
imately 5 °C to over 70 °C, depending 
upon the specific liquid crystal material 
being used. Resolutions of more than 
700 lines /inch can be attained. 

Light scattering occurs due to varia- 
tions in refractive index caused by the 
vibrating liquid -crystal molecules. The 
scattering centers are large compared 
to the wavelength of light, and the vibra- 
tions are caused by the disruptive 
effects of ions in transit through the 
ordered nematic medium. 

Other companies like American Micro - 
Systems, General Electric, Interna- 
tional Liquid Crystal, Motorola, North 
American Rockwell, Sperry, and Texas 
Instruments are active with liquid 
crystals. Optel Co. has a three -digit 
display for sale with 0.450 -inch char- 
acters, it operates at 15 to 60 V and 
consumes 40 µW /segment at 20 V. The 
cost is about $ 15 each in 1000 quantity 
and a life of 13,000 hours is indicated at 
this time. 

Although liquid -crystal displays may 
become a low -cost unit, there are 
problems associated with them. Speed 
is a problem below 15 V and at lower 
temperatures, the turn off time of 100 

to 200 ms is noticeable making multi- 

plexing very difficult. Operating with Dc 

causes an electroplating action which 
reduces life substantially. 

Multiple gas- discharge displays 

Fig. 5 shows the Digivue electronic 
digital display panel, a plasma - 
discharge device fabricated by Owens - 
Illinois, consisting of an all -glass sand- 
wich incorporating orthogonal elec- 
trode lines that are isolated from a 
selected gas mixture by glass dielectric 
sheets. Each intersection of two elec- 
trode lines defines an individual cell 
location. The isolation of the discharges 
at individual cell locations is accom- 
plished by control of device parameters 
rather than by physical separation using 
a perforated center sheet. During 
operation, the memory is maintained 
by the storage of charge on the dielectric 
sheets covering the respective elec- 
trode patterns. 

In operation the Digivue panel has an 
Ac- sustaining signal of approximately 
100 to 150 V peak normally applied to 
all X and Y electrodes. If a sinewave 
sustainer is used, 150 V peak at 50 kHz 
is satisfactory. Any cell within the panel 
can be addressed by selecting the 
desired pair of X and Y conductors, as 
in a core memory. A 4 -inch by 4 -inch 
panel with 33'/3 cells per inch has been 
demonstrated, and development of fl- 

inch- square and 10 -inch- square panels 
is now underway. Manufacture of a 17- 

inch -by -17 -inch panel, providing a 1024 
x 1024 dot matrix, is considered possi- 
ble. 

Another contender in the multiple 
numerical readout field comes from 
Burroughs in the form of a miniature 
plasma panel specifically designed to 
eliminate 90 per cent of the addressing 
and drive circuitry usually needed for 
gas -discharge arrays. This design uses 
a self -scanning technique whereby a 
row of dots is sequentially scanned by 
a crossed array of backface wire anodes 
and cathode conductors. Neon gas - 
filled pinholes in the cathode, which are 
nearly invisible, serve as sources for 
spreading the glow discharge to a larger 

Fig. 5 -The DIGIVUE gas plasma display. 
IDIGIVUE is a trademark of Owens -Illinois, Inc.) 

cell in an insulator sheet between the 
cathode and front -face, wire- address- 
ing, anodes. The sequential firing tech- 
nique makes the device useful for large 
flat displays; its brightness is 200 foot - 
lamberts. Initial applications were a 16- 

digit electronic calculator display and a 
similar 16- digit, dot -matrix display for 
other instruments. A 256- character 
communications terminal is also avail- 
able. 

More recently, Burroughs has intro- 
duced their Panaplex I and Panaplex I I 

multiple, single -plane panels. They are 
available in 8 to 16 digits per display. 
The Panaplex I has a numeral height of 
0.4 inch and Panaplex I I is 0.255 inch. 
The cathode segments, as well as 
anodes and the screen, in Panaplex I 

are made of stamped and formed metal 
strips, positioned in a glass form. In 
Panaplex II, common cathode seg- 
ments and interconnections are 
screened onto a glass substrate. 

Although a 170 V DC supply is still 
required for the Panaplex, the voltage 
swing needed to illuminate a segment 
is as low as 25 V making it compatible 
with MOs devices for the first time. 

In March, 1971, Sperry introduced a 
0.33 inch and 0.5 inch, seven bar 
numeric readout having two digits in 
one flat package and a three -digit ver- 
sion. This product shares the same 
advantages and disadvantages of other 
gas- discharge devices. 

Solid state displays 

The solid -state light emitting diode 
(LED) has attracted a great deal of 
interest, and there are many suppliers. 
Light- emitting diodes can be obtained 
from Bowmar, Dialight, Fairchild, 
General Electric, Hewlett- Packard, 
Litronix, Monsanto, Opcoa, Texas 
Instrument, and Hitachi. 

The emission from the LED is produced 
by the recombination of injected holes 
and electrons. As these excess carriers 
recombine, they give up energy in the 
form of photons. In theory, the total 
photon output should equal the electri- 
cal input into an LED, but ohmic losses, 
losses by recombination at the crystal 
defects, and absorption of the emitted 
photons cause low efficiencies. 

Because the most commonly used 
material, gallium arsenide phosphide 
(GaAs -P), is opaque, the light -emit- 
ting junction must be located very 
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close to the surface to minimize absorp- 
tion. Also, this material permits the 
generated light to escape over a rela- 
tively narrow angle. In contrast, gallium 
phosphide (GaP) is translucent and has 
higher efficiencies. Red GaP diodes 
show efficiencies of 7% in the labora- 
tory and usually 2% in production. 

Readouts using LED'S are available 
today with either segment or dot -matrix 
character elements, and in either 
monolithic or hybrid construction. 
They operate from low voltages used 
for bipolar logic circuits. If operated 
from a 5 -V supply, a series resistor is 
required so that the seven segments will 
consume 200 mW or more. The choice 
of color is red and the brightness varies 
from 100 to 500 footlamberts. 

In mid -1969 Monsanto introduced the 
hybrid MAN -I in which individual 
diode chips are bonded to a substrate 
and interconnected with thin -film 
metallization. By March, 1970, Mon- 
santo introduced the MAN 3, the first 
monolithic LED display in which all 
diodes are on a single chip. Although 
this development suggests a lower cost 
unit, the lowest prices today are for hy- 
brid and not monolithic LED displays. 

In February, 1971, GE announced 
developmental GaAs readouts for green 
or for red through yellow. The GaAs 
segments are coated with a phosphor 
that emits visible light when excited by 
infrared emission. By November, 1971, 
Monsanto announced a green and a yel- 
low LED. Both of these devices should 
be commercially available in the near 
future. However, the light- output effi- 
ciency of green GaP is only 10% of the 
red GaP efficiency. Studies also con- 
tinue on a blue -emitting silicon carbide 
diode. The LED readouts are solid -state 
and should enjoy long life; however, 
wire bonds do break and leaks in pack- 
ages can allow humidity to reduce life. 
The cost of LED'S over the past four 
years has dropped from $60 per digit 
to less than $5 today. Prices are 
expected to drop further but not below 
$2.50 per digit in high volume. 

Digital readout market 

The numeric display market was $25 

million in 1968 and was approximately 
$30 million in 1969. In 1969, Nixie, 
segmented incandescent, and rear pro- 
jection devices constituted 95% of all 
digital readouts, with the Nixie by far 
the most popular. 
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The Nixie'' dominated the market, with 
sales of about $15 million in 1968 and 
$17 million in 1969. This market is 
increasing rapidly, primarily because of 
reduced cost of digital readouts and 
associated circuitry (Ic's). The position 
of the Nixie is threatened, however, by 
lower voltage devices such as vacuum 
fluorescent tubes, the RCA NuMITRON 
device, solid -state displays, liquid crys- 
tals, and gas -discharge multiple read- 
outs. The IEE "Nimo" CRT display has 

good numerical formation, good bright- 
ness and relatively low cost per digit 
and, therefore, should be able to share 
in a limited segment of the market. 

Electroluminescent panels have been 
studied longer than other matrix arrays. 
They require higher voltage and have 
low energy- conversion efficiency and 
short lifetime when made to give moder- 
ate light intensities. These properties, 
along with complex fabrication, make 
them unattractive unless new 
phosphors are discovered. It is not clear 
today that they will beat the intensity 
and lifetime problems. Electrolumines- 
cent displays will find some use as low - 
level area illuminators and, because of 
their mechanical stability, as numerical 
readouts in military applications and in 
the Apollo program. Otherwise, they 
are not expected to be a significant fac- 
tor in the numerical readout market. 

Recent developments in the liquid 
crystal field have made possible a new 
type of information display offering 
extremely low power dissipation, good 
contrast under high ambient lighting 
conditions, and a new dimension offlex- 
ibility in both size and information con- 
tent of displays. RCA has pioneered 
these developments and is now begin- 
ning to offer liquid crystal displays for 
commercial use along with several other 
manufacturers. If problems associated 
with liquid crystal displays are solved, 
they will make a significant impact in 
the digital readout market. 

Vacuum fluorescent tubes have become 
very popular in calculator applications 
because they are compatible with Mos, 
large -scale integrated circuits and are 
lower cost than Nixie. But the trend 
of the calculator market is toward lower 
selling prices, approaching $100 /cal- 
culator. This trend, in turn, requires 
lower cost digital readouts ($1 /digit) 
which precludes the use of multiple - 
type displays such as the Sperry or Bur- 
roughs Panaplex gas- discharge devices. 

A multiple vacuum fluorescent readout 
would be necessary to share in this 
future market. 

The technology of LED'S is sufficiently 
perfected to permit their effective 
penetration in the numerical readout 
market. Their lower voltage require- 
ments, extended lifetime, and complete 
compatibility with solid state ic's make 
them attractive, providing the price is 

right. But when compared to the cost 
of vacuum fluorescent, gas- discharge, 
and incandescent types, it does not 
appear that they can get below a 

$2.50 /digit cost in the near future. 
Although they do have extended life, 
the popular low -cost devices last longer 
than most equipment. The speed of 
LED'S is three orders of magnitude 
greater than that of the competitive de- 
vices, but most customers don't care 
since competitive devices are fast 
enough. Sales of LED displays were 
$1.8 million in 1969, $2.0 million in 1970, 

$5.0 million in 1971, and are expected to 
be about $25 million in 1975. 

Digital readouts in the industrial and 
commercial markets are growing at a 

rate in excess of 20% /year. This rate 
of increase is supported by forecasts. 
For example, digital panel meter sales 
were $9 million in 1970 and will grow 
to $17 million in 1975; digital voltmeters 
$37 million in 1970 to $42 million in 1975; 
and calculators from $119 million in 
1970 to $490 million in 1975. Added to 
these markets are applications such as 

digital clocks, digital scales, medical 
monitoring systems, cash registers, 
marine depth finders and compasses, 
police Vascar, gas pumps, and automo- 
tive, to list only a few. 

Summary 

There is no display device that is well 
suited to all applications. Every type 
of display device has its advantages and 
disadvantages, and the design engineer 
must sift through such characteristics 
as performance, cost, form factor, and 
reliability to make a suitable choice. 

It is generally agreed that there is a need 
for better visual presentation of infor- 
mation at lower costs. Because of this 
need, there is a real opportunity and 
challenge to engineers and scientists in 
the industry to come up with technical 
breakthroughs and manufacturing skills 
to produce the display of the future. The 
potential market exists, is growing, and 
will represent very substantial sales. 
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Visible -light- emitting diodes 
Dr. C. J. Nuese I Dr. H. Kressel I I. Ladany 

This paper reviews the operation and characteristics of electroluminescent p -n junc- 
tions which are specifically designed for incoherent emission in the visible portion 
of the optical spectrum. We hope to describe those parameters and phenomena which 
limit the performance of present light- emitting diodes (LEDs), and to indicate material 
and technological trends which could provide future advances. Throughout this paper, 
each aspect of electroluminescence is covered only in sufficient depth to clarify its 
role in the performance of electroluminescent diodes. For further details, the reader 
is referred to several recent review articles which more strongly emphasize lumines- 
cent materials,' 2 recombination mechanisms'' and electroluminescent junction prop - 

erties.5,6 Introductory treatments of electroluminescence also can be found in recent 
texts.' 8 

H. Kressel, Head, Semiconductor Devices Research Group, Materials Research Laboratory. RCA Laboratories, Princeton, 
N. J., received BA in 1955 from Yeshiva University. the MS in 1956 from Harvard University. the MBA in Industrial 
Management and the PhD degree in Materials Science and Metallurgy from the University of Pennsylvania in 1959 

and 1965, respectively. From 1959 to 1963 and from 1965 to 1966. he was with the Solid State Division where he 

worked initially on the development of high frequency si ;icon transistors and later supervised a group responsible for 
the development of high power microwave diodes subsequently used for the Lunar Excursion Module communication 
system. From 1963 to 1965 he was a David Sarnoft Fellow at the University of Pennsylvania. He transferred to the RCA 

Laboratories. Princeton. N. J.. in 1966 and became Head of the Semiconductor Optical Devices Research group in 

1969. He pioneered in the field of(AIGajAs -GaAs heterojunction devices and has been actively engaged in the study 
of luminescent processes in various III -V compound materials He is the recipient of three RCA Achievement Awards 

two of which were for contributions to the microwave diode field. including the high power avalanche diodes Dr. Kressel 
is a member of the IEEE. the American Physical Society and Sigma Xi. 

C. J. Nuese, Semiconductor Materials Research Group, Materials Research Laboratory, RCA Laboratories. Princeton, 
N. J., received the BSEE with distinction from the University of Connecticut. Storrs. in 1961. and the MS and PhD in 

electrical engineering from the University of Illinois. Urbana, in 1962 and 1966. respectively. Since joining the technical 
staff of RCA Laboratories in 1966, he has carried out studies of electroluminescent p -n junctions In a variety of III -V 

semiconductor compounds. including GaAs. GaAs j -x Px. AIAs. In l_e GaxAs and In 1_x Ga5P. He has also devised 
improved techniques for etching and contacting compound semiconductors. Recently, he has become involved in the 
development of vapor -grown GaAs bipolar transistors and Shockley diodes. For his efforts in the fields of III -V 

electroluminescent diodes and bipolar transistors. Dr. Nuese received an RCA Laboratories Achievement Award in 1970. 

He has published about 25 technical capers on semiconductor devices and materials. Dr Nuese is a member of Eta 

Kappa Nu, Tau Beta Pi. and Sigma Xi. 

I. Ladany, Semiconductor Devices Research Group. Materials Research Laboratory. RCA Laboratories. Princeton, N. J.. 
received the BS and MS from Northwestern University. In 1953. he joined the Naval Research Laboratory in Washington. 
D.C.. where he worked briefly in the field of underwater sound, spending most of his time in semiconductor device 
research. Since joining the staff of RCA Laboratories in 1966. he has worked on GaP. GaAIP and GaAs luminescent 
diode research. In 1969 he was awarded an RCA Laboratories Achievement Award for his contributions to GaP elec- 
troluminescence. He is the author or coauthor of some twenty published papers. Mr. Ladany is a member cf the American 
Physical Society. the IEEE and Sigma Xi. 
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Fig. 1- Electroluminescent p -n junction operation. 
(a) Zero bias. Built -in potential across the p -n junc- 
tion represents a large barrier for motion of elec- 
trons and holes. (b) Forward -bias. Potential barrier 
is significantly reduced by the external voltage. (c) 
Majority and minority carrier concentrations on the 
n- and p -side of a forward -biased p -n junction. 

UMINESCENCE is the emission of op- 
tical radiation (ultraviolet, visible 

or infrared) which results directly from 
the energy released during electronic 
transitions within a material. The 
luminescence arises from a two -step 
process in which l) electrons and holes 
are generated in concentrations greater 
than those statistically permitted at 
thermal equilibrium, and 2) a significant 
fraction of these carriers recombine via 
mechanisms whereby the energy of the 
recombining holes and electrons is used 
to generate photons. The recombina- 
tion process itself is nearly independent 
of the source of the excess carriers, but 
is very strongly characteristic of the 
physical and electrical properties of the 
material. 

The manner in which the excess carriers 
are generated in an electroluminescent 
diode is the same used to inject minority 
carriers from the emitter into the base 

region of a bipolar transistor. For a 

zero -biased p -n junction in thermal 
equilibrium (Fig, la), a built -in potential 
barrier prevents the large concentration 
of mobile conduction -band electrons on 
the n -side of the junction from diffusing 
into the p -side, and similarly prevents 
the holes in the valence band from dif- 
fusing from the p- to the n -side of the 
junction. Under forward -bias (Fig. 

I b). the magnitude of the potential bar- 
rier is reduced, which allows some of 
the conduction -band electrons on the 
n -side and some of the valence -band 
holes on the p -side to diffuse across the 
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junction. Once across, these carriers 
significantly increase the minority car- 
rier concentrations (Fig. Ic). [For 
example, a p -n junction passing 10 

A /cm2 injects minority carriers at a rate 
of about 1024 carriers/cm"-sec within a 

narrow region typically I to 2µm wide 
adjoining the junction. Assuming a 

minority carrier lifetime of 10-" sec, this 
generation rate yields a net excess car- 
rier concentration of 1024 x 10-9=10'5 
carriers /cm', which is much in excess 
of typical equilibrium minority carrier 
concentrations at room temperature.] 
The "excess" carriers then recombine 
with some of the many oppositely 
charged majority carriers. thereby tend- 
ing to return the minority carrier con- 
centrations to their equilibrium values. 
The recombination of these excess 
minority carriers within a diffusion 
length, L, of the junction is the mechan- 
ism by which the optical radiation (elec- 
troluminescence) is generated. 

Radiative recombination 

The desire for semiconductor materials 
with an energy -band structure that can 

support laser operation has enhanced 
the exploration of direct bandgap 
semiconductors since 1962, In fact. 
prior to about 1964, a direct bandgap 
was assumed to be a prerequisite for 
efficient LEDs. Although direct recom- 
bination of electrons and holes from the 
conduction and valence hand. respec- 
tively (or from "tails" of these hands 
into impurity states) can indeed be 

highly efficient, the indirect- bandgap 
material GaP can also provide reason- 
ably efficient electroluminescence, as 

first illustrated in 1964 by Grimmeiss 
and Scholz." For this reason, both 
direct and indirect recombination pro- 
cesses will he considered in this section. 
intrinsic (hand -to -hand) recombination 
will be treated first; then the more 
realistic case of "extrinsic" recombina- 
tion via impurity states will be consid- 
ered. 
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Fig. 2- Electron energy, E, vs. wave number. k, for energy 
states near the valence -band maximum and the conduction - 
band minimal or (a) direct. and for (b) indirect semiconduc- 
ters. k is directly proportional to carrier momentum, c/,(s the 
phonon energy. 

Intrinsic (band -to -band) recombination 

When an excess minority electron con- 
centration, An, is injected into the A- 

side of an electroluminescent junction, 
the probability of an excess electron in 
the conduction band recombining with 
one of the many available holes, p, in 
the valence hand is proportional to the 
concentration of both An and p. The 
radiative recombination rate, R. for 
such a process can be written 

R= K(An)p, (1) 

where the proportionality factor, K. is 
called the recombination coefficient. 
For an electron and hole to recombine 
and emit a photon, both energy and 
momentum must be conserved. Al- 
though a photon can have consider- 
able energy, its momentum (hr /c) is 
very small. Therefore, the most simple 
(and most probable) recombination pro- 
cess will he that where the electron and 
hole have the same value of momentum. 
Such a situation actually occurs in many 
Ill -V compounds when the conduction - 
band minimum and the valence -hand 
maximum both lie at the zero momen- 
tum position, as shown in Fig. 2a. A 
semiconductor energy -band structure 
such as this is said to he direct. 

In contrast, Fig. 2h illustrates an 
indirect band structure. where the 
conduction -hand minimum and the 
valence -hand maximum occur at differ- 
ent values of momentum. For an 
indirect semiconductor, the band - 
to- hand recombination necessarily 
must involve a third particle to conserve 
momentum. Phonons (i.e., lattice vibra- 
tions) serve this purpose, however. the 
probability of electron -hole recombina- 
tion in this three -particle process is 
drastically reduced relative to the sim- 
pler two -particle direct recombination 
process. This difference is clearly 
reflected in significantly larger values 
of K for direct- than for indirect- 
bandgap semiconductors. as illustrated 
in Table I 1" for several / / / -1' com- 
pounds and for Si and Ge. 

Impurity effects in direct -bandgap materials 

In the III -V compounds, the introduc- 
tion of donor and acceptor impurities 

Table I- Recombination coefficient for representa- 
tive direct- and indirect -bandgap semiconductors.10 

Energy-hnnd.tup 

Indirect 
Indirect 
Indirect 

Direct 
Direct 
Direct 
Direct 

Recombination 
rOel¡lrienr, K 

hnr'icerl 

1.79110'" 
5.25x10 -" 
5.37x 10 

7.21x10'p 
2.39x10 " 
8.5 x 10 11 

4.58 x 10 11 

plays a major role in determining not 
only the conductivity type and resistiv- 
ity of the material, but also the dominant 
recombination processes for light gene- 
ration. The choice of a particular impur- 
ity is usually made from the group -VI 
donors -Te, Se, and S -and from the 
group -// acceptors -Zn, Cd, and Mg. 
In some cases, a,nphoteric dopants 
such as Ge, Si, and Sn from group IV 
of the periodic table can be used as 

either donors or acceptors, depending 
on which of the two available types of 
lattice sites (group /// or V) they 
occupy. 

For each dopant and semiconductor 
combination, an optimum impurity con- 
centration is usually determined empiri- 
cally for most efficient electrolumines- 
cence. In general, the following limits 
can be placed on such concentrations: 
they cannot he too small because 1) the 
recombination probability for an 
injected minority carrier is directly 
proportional to the concentration of 
majority carriers with which it will 
recombine, and 2) the higher series 
resistance which results from low car- 
rier concentrations can cause excessive 
heating and large voltage drops at high 
currents. On the other hand, the con- 
centration cannot be too large because 
metallurgical imperfections such as pre- 
cipitates and metal complexes are 
introduced at concentrations near the 
solubility limit of the semiconductor. 
Such imperfections are known to 
introduce competing nonradiative 
recombination centers which drasti- 
cally reduce the electroluminescence 
efficiency. For these reasons, impurity 
concentrations in the range of 10" to 
101" cm -:3 for donors and 10" to 10'9 

cm-3 for acceptors generally have been 

found to be best for high electrolumines- 
cence efficiency. 

Concerning the relative efficiency of the 
radiative recombination from n- and p- 

type material, it was originally thought 
that the radiative processes in p -type 
material were the more efficient, 
perhaps due to the involvement of 
acceptor states. This idea was based 
largely on the fact that the dominant 
emission from most LEDs was found 
to originate from the p -side of the elec- 

troluminescent junction. Detailed 
cathodoluminescence measurements 
revealed. however. that the lumines- 
cence intensities of n- and p -type GaAs 
at optimum doping concentrations are 

almost identical." The fact that the 

observed emission from many LEDs 
originates on the p -side of the junction 
stems from several impurity effects.' 
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First, the injection of electrons into the 
p- region is usually favored over the 
injection of holes into the n- region by 
the large ratio of electron -to -hole mobil- 
ity for most / / / -V compounds. In addi- 
tion, since the Fermi level is slightly 
higher than the intrinsic energy gap in 
n -type material but slightly less than the 
energy gap for p -type material, a 

heterojunction is created which reduces 
the injection of minority holes into the 
n -side of the junction. Finally, since the 
emission energy is usually slightly 
higher in n -type than in p -type material, 
any radiation which does originate from 
the n -side of the junction is very 
strongly absorbed in the p -type mater- 
ial, where strong hand tailing has effec- 
tively shrunk the energy gap. Con- 
versely, the radiation originating in a 

heavily doped p -type layer will pass 
through n+ material with reduced 
absorption losses due to the reduced 
emission energy for p -type material. 
This consideration is usually used to 
good advantage in designing efficient 
LEDs. 

Impurity effects in indirect bandgap materials 

As previously mentioned. electron -hole 
recombination without the intermediary 
of impurity centers is a very inefficient 
way of obtaining light from indirect 
bandgap semiconductors because the 
participation of a phonon is needed to 
conserve crystal momentum. This re- 

quirement can be removed however by 
first localizing one of the charge car- 
riers at an impurity centeter, and by then 
attracting the oppositely charged car- 
rier. By being trapped on a neutral im- 
purity center, a carrier is very highly 
localized in space, and it then follows 
from the Heisenberg Uncertainty Prin- 
ciple that the crystal momentum ex- 
tends over a large range, thereby allow- 
ing it to take up the momentum differ- 
ence in an indirect transition with an op- 
positely charged carrier. In this fash- 
ion, efficient radiative recombination 
can be obtained in an indirect bandgap 
semiconductor. However, only a rather 
limited number of impurities have been 
found to he suitable for this purpose. 
In GaP, nitrogen12 has been found to 
so enhance the efficiency of the near - 
bandgap green emission, while Zn and 

O centers are used to obtain efficient 
red emission.'' '4 

The nitrogen substitution for 
phosphorus in the GaP lattice is said 
to be isoelectronic because both N and 
P are in the same column of the periodic 
table. As a result, nitrogen introduces 
only a short range. non -Coulombic 
attractive potential with a binding 

energy of about 8 meV for electrons. 
After the capture of an electron, the 
center becomes negatively charged and 
the long -range Coulombic potential 
now allows it to capture a free hole, 
thus forming a bound exciton. The 
annihilation of this exciton by radiative 
recombination gives rise to the rela- 
tively efficient green diode lumines- 
cence at room temperature.'' Unfor- 
tunately, the exciton may dissociate by 
thermal activation prior to radiative 
recombination, and many competing 
processes exist for the nonradiative 
recombination of electrons and holes. 
As a result, the internal quantum effi- 
ciency for the green luminescence in 
GaP is on the order of 1%, which is 

significantly lower than that for direct 
bandgap radiative recombination pro- 
cesses. 

The efficient red emission is obtained 
from p -type GaP by a related but not 
identical method. Here the shallow ac- 

ceptor Zn (E =60 meV) and deep donor 
oxygen (E,, =800 meV) are believed to 
be situated on nearest neighbor gallium 
and phosphorus sites. This complex, 
which is effectively neutral with regard 
to long range Coulombic forces when 
both impurities are ionized, behaves as 

an isoelectronic complex with a binding 
energy of 300 meV for electrons. At 
room temperature. the red emission re- 
sults mainly from recombination of an 

electron and a hole captured by the 
Zn -O complex, and is centered at 
1.79eV.' "'7 The internal red emission 
quantum efficiency (10 to 15 %) is con- 
siderably higher at this time than the 
green emission, and is limited both by 
competing nonradiative centers and by 
Auger recombination in which the elec- 
tron -hole recombination energy is 

transferred to a third particle in the form 
of kinetic energy. A drawback of the 
GaP: Zn,O system is that the intensity 
of the red emission saturates at rela- 
tively low current densities( s 10 A/cm2) 
because the effective density of Zn -O 
centers is limited to the low l0' cm-' 
range. In GaP: N, on the other hand, the 
nitrogen concentration can reach 10'" 
cm-', and the green luminescence 
does not readily saturate.'5 

Upconversion phosphors 

As an alternative to the use of high - 
energy -gap semiconducting com- 
pounds to obtain visible emission, one 
can employ a suitably doped "upcon- 
verting" phosphor, in which two or 
three infrared photons are converted 
into a single higher- energy photon in 
the visible portion of the spectrum." 

r No I 

(VISIBLE) .,., ,.. 

RARE-EARTH DOPED PHOSPHOR 

Fig. 3-Simplified upconversion process for rare - 
earth -doped phosphors. 

For this technique, a highly efficient 
diode which emits in the proper infrared 
wavelength range (e.g., GaAs:Si with 
rl,r, ---- 10% at 9300 to 9700 A) is coated 
with a layer of phosphor doped with 
rare -earth impurities.'" The combina- 
tion of phosphor host and impurity is 

chosen for the particular excitation 
wavelength desired. 

The basic upconversion process is illus- 
trated schematically in Fig. 3. Here, the 
absorption of one infrared photon ex- 
cites an impurity ion to level A. after 
which a second absorbed infrared 
photon can excite it to level B. The 
subsequent decay of the excited state 
to its original level is then accompanied 
by the emission of one high- energy 
visible photon. In this way. upconver- 
sion to the red, green. and blue has 

been achieved. Because the upconver- 
sion is a two -step process (or even a 

three -step process for blue emission), 
the intensity of the emitted visible radi- 
ation is approximately proportional to 
the second or third power of the infrared 
excitation intensity. Hence, for high - 
efficiency operation of the diode -phos- 
phor system, the GaAs diode must be 

driven to very high current densities. 

A fundamental limitation of the upcon- 
version scheme lies in the difficulty of 
adequately coupling the infrared diode 
emission to the phosphor. Although the 
conversion efficiency of the phosphor 
itself is quite reasonable (30 to 55 %)20, 

only a small fraction of the diode emis- 
sion is absorbed by the phosphor, which 
must be kept quite thin in order to re- 

duce self -absorption of the visible radi- 
ation. This also means that the diode - 
phosphor system produces a large 
amount of undesired GaAs infrared 
radiation as well as the visible emission. 

Efficiency and brightness 

The response of the human eye is limited 
to a wavelength range between about 
4000 A (violet -ultraviolet) and 7200 A 

(red -infrared), as illustrated in Fig. 4. 

Because of the immense variation in the 
visual sensitivity over this spectral 
range, the performance of a visible - 
light- emitting diode must be appraised 
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Fig. 4- Luminous efficiency, L, of "standard" 
(photopic) eye vs. wavelength of incident light 
Maximum response of 680 lumens /watt occurs for 
green light at 5550 A. 

not only by the absolute intensity of the 
emitted radiation, but also by the rela- 
tive response (i.e., the luminous effi- 
ciency) of the eye at the wavelength 
of interest. Hence, two important figures 
of merit haveevolvedfor LEDs. Thefirst 
is the quantum efficiency, which is 

simply the ratio of the number of 
photons produced to the number of 
electrons passing through the diode, i.e., 
the conversion efficiency of the device 
independent of the eye's response to it. 
The internal quantum efficiency, ,I;,,,, 

is evaluated at the p -n junction, while 
the external quantum efficiency, 77e x 
is evaluated at the exterior of the diode. 
The external quantum efficiency is al- 

ways less than the internal quantum 
efficiency due to optical losses which 
occur in extracting the emitted radiation 
from the semiconductor. Representative 
values of 71exr for visible LEDs fall be- 

tween 0.1 and 7% at room -temperature, 
while values of rl;,,, can exceed 50% 

under optimum conditions. 

The second figure of merit for an LED 
is the brightness, which is a measure 
of the visual response to the radiation 
emitted from the diode surface. The 
brightness, B, in foot - Lamberts (fL), is 
proportional to the external quantum 
efficiency of the diode and to the sensi- 
tivity of the eye, and can be calculated 
from the equation 

B =1150 
77ex` 

L 
J A 

k 

Here, k is the emission wavelength 
(µm); J is the current density through 
the junction (A /cm2); and L is the lumi- 
nous efficiency of the eye (see Fig. 4), 
which has a maximum value of 680 

lumens /watt for green emission at 5550 

A. Ai and A, are the areas of the p -n 
junction and of the observed emitting 
surface, respectively. The ratio (AJ/As) 
is unity for the simplest case of a flat, 
unencapsulated, surface -emitting LED, 
but can be much less than unity in some 
cases (e.g., phosphor- coated dome - 
shaped diodes, edge- and surface - 
emitting structures, diodes with en- 
capsulated plastic lens, etc.). Since the 
brightness of a diode can be varied by 
changing its size or the junction current, 
B is often normalized with respect 
to the current density, J, so as to 
more fairly compare the relative per- 
formance of different electrolumi- 
nescent materials. Values of brightness 
in excess of 1000 fL are readily available 
in commercial LEDs at normal current 
densities of 10 A /cm2. By comparison, 
the brightness of the frosted surface of 
a 40 W incandescence bulb is about 
7000 fL. 

From the considerations discussed 
above, it is apparent that efficient LEDs 
which emit near the peak of the eye 
sensitivity are required. Since the upper 
limit for the emission energy is approxi- 
mately equal to the semiconductor 
energy gap, values of E0 greater than 
1.72 eV (7200 A) and as close as pos- 
sible to 2.23 eV (5550 A) are needed. The 
selection of semiconductors which 
have appropriate energy -gap values and 
which can be amphoterically doped is 
shown in Table 11. 
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Fig. 5- Direct (f ),and indirect (X) conduction band 
minima for GaAst _xPx as a function of alloy com- 
position, x. The closed data points are from elec- 
troreflectance measurements", while the open 
points are from electroluminescence spectra's. "G 

The values of Ec and xc for AlxGat _x and 
Int_xAlxP are from Ref. 2. 

Quest for higher- energy -bandgap 
semiconductors 

Most of the direct -bandgap / //- V binary 
compounds (e.g., GaAs, InP, GaSb, 
etc.) have energy -gap values much less 
than 1.72 eV, and therefore, are not 
capable of providing visible emission. 
One approach which is widely used to 
obtain materials with somewhat larger 
direct energy gaps is to form ternary 
alloy systems between a binary com- 
pound with a small direct energy gap 
and a second binary compound with a 
larger indirect energy gap (e.g., Ga 
Asl_P, from GaAs and GaP). In this 
way, the direct band structure of the 
smaller- energy -gap -material is in- 
creased monotonically in the alloy as 
the content of the second compound is 

increased, as shown in Fig. 5 for a rep- 
resentative ternary alloy, GaAs)_,P,. 
For this alloy, as well as for the other 
materials listed in Fig. 5, the direct (I') 
conduction band minimum lies below 
the indirect (X) conduction band min- 
ima over a significant fraction of the 
alloy system. For values of x somewhat 
less than the crossover value, x,., each 
of the semiconductors in Fig. 5 is direct 
and of sufficiently high energy to pro - 
vide visible emission. Hereinlies the real 
value of such alloys. However, at alloy 
compositions close to x,., some of 
the electrons that would otherwise oc- 
cupy the direct conduction band mini- 
mum at k =0 transfer to the indirect 
minima (k 0) as a result of their small 
but finite thermal energy. This effect is 
particularly dramatic since there are 
typically 50 to 100 times more available 
energy states in the heavy -mass indirect 
minima than there are in the direct 
minimum. It has been found experimen- 
tally for AlxGa)_EAs,21 GaAsl_xPx,22 
and In 1 _EGaxP 23 that such a transfer re- 
sults in a severe reduction in the lumi- 
nescence intensity, because the non - 
radiative processes associated with the 
indirect minima are more efficient than 
the radiative processes there. 

Recently, Archer24 has used estimated 
positions of the conduction band min- 
ima to calculate the dependence of the 
electroluminescence efficiency and 
brightness on alloy composition (or 
equally, their dependence on the 
photon emission energy for these near - 
bandgap processes). For these calcu- 
lations, equal radiative (direct) and 
nonradiative lifetimes were assumed, 
which is equivalent to the assumption 
of a 50% internal quantum efficiency 
for the direct -bandgap recombination. 
The calculated curves for the external 
quantum efficiency are shown in Fig. 
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Table Il- Materials for visible electroluminescence, 

Material Energy gap leV) Band structure State -of -de relopment Major limitations 

GaN 3.5 Direct Exploratory 
SiC 2.8 to 3.2 Indirect Moderate 
AlrGai_rP 2.26 to 2.45 Indirect Exploratory 

GaP 2.26 Indirect Advanced 
AlAs 2.16 Indirect Exploratory 

/nl_xGa,P 1.34 to 2.26 Direct -Indirect Moderate 
!n) -XA4,P 1.34 to 2.45 Direct -Indirect Exploratory 
GaAs)-,P,. 1.44 to 2.26 Direct -Indirect Advanced 
AI,Ga /_,4s 1.44 to 2.16 Direct -Indirect Advanced 

p -type doping 
High -temperature processing 
High reactivity of Al; 

instability 

High reactivity of Al: 
instability 

Strain: lattice mismatch 
Strain; lattice mismatch 

Table Ill -III -V ternary alloys for electroluminescence. 

Material 

Direct- indirect 
transition Maximum Brightness 

r,. 

AI,GaI_,As 0.31 1.90 0.27 1.82 

GoA.sl_xPx 

!n l_xGa_tP 

E,. 
(eV) 

.rm 
Em 
(eV) (4) Substrate (4) 

0.46 1.99 0.39 1.88 

0.70 2.18 0.61 2.03 

Inl_5A1xP 0.40 2.23 0.34 2.06 

5.6556 

5.5744 

5.6140 

5.7267 

Ga.4s 5.6532 

GaAs 5.6532 
Gn! 5.4512 

lnP 5.8687 
GaP 5.4512 

InP 5.8687 
GaP 5.4512 

Lattice mismatch 

rmmrY' (%) 

0.04 

1.4 
2.2 

4.5 
2.9 

2.5 
4.8 

6a. Also superimposed on the efficiency 
curves are data points obtained for the 
respective alloys by electrolumines- 
cence or by cathodoluminescence emis- 
sion. Fig. 6a illustrates that GaAs, _xP, 
has potential for slightly higher efficien- 
cies than AIxGa, _,As for red -light emis- 
sion, but the In,_,Ga,P and In,_,AI,P 
have clearly higher potential efficiency 
than either GaAs, ,P, or AI,Ga1 -,As 
for red, yellow, or orange emission. 

The potential brightness ( per unit cur- 
rent density) can be calculated for these 
alloys from Fig. 6a and from Eq. 2. From 
these calculations, plotted in Fig. 6b. it is 
clear that the potential brightness 
of In,.- ,.Ga,P and In, -,AI,P is about 
20 times higher than that forGaAs,_5P,,. 
Equally important, the maximum in 
brightness for Inl_,.GaxP occurs at 
about 2.03 eV, which is in the orange 
portion of the optical spectrum. It is 
important to note that the curves in Fig. 
6 are based solely on the energy band 
structure of these alloys and the as- 
sumption of equal radiative and non - 
radiative lifetimes. These calculations 
do not take into consideration such im- 
portant problems as the stability of the 
compound, the extent of lattice mis- 
match for the alloy, or the relative 
ease of crystal preparation. Such con- 
siderations are treated further in en- 
suing sections. 

Material synthesis 

Light -emitting diodes are generally fab- 
ricated from material which is epitaxi- 
ally deposited on single crystal GaAs or 
GaP substrates cut from melt -grown 
ingots. Both GaAs and GaP substrates 

are commercially available with ingot 
cross sections of 2 to 3 cm. However, 
the GaP technology is relatively young, 
and GaP crystals are still costlier than 
GaAs ones and contain more disloca- 
tions and other imperfections. 
The choice of substrate depends on the 
lattice constant of the desired epitaxial 
layer and the thermal coefficient of 
expansion. Table Ill shows the lattice 
constants at room temperature of the 
/II -V compounds of interest for visible 
LEDs. In the case of mixed alloys, the 
lattice constant is a function of com- 
position. The best alloy material from 
the point of view of lattice constant 
match is AI,.Ga1_,.As since AIAs and 
GaAs have almost identical lattice con- 
stants. The worst systems are AI,In, P 

and In,_,Ga,P with GaAsl_,.P, being 
intermediate. 

Both vapor -phase epitaxy (vPE) and 

liquid -phase epitaxy (LPE) are used to 
prepare materials for LEDs. Each tech- 
nique has unique advantages in some 

cases. Vapor -phase epitaxy is used ex- 
clusively for GaAs, .P, synthesis while 
liquid -phase epitaxy yields the best GaP 
and AI,Ga,_ As devices at this time. 

The p -n junction can be formed by epi- 
taxially growing the p- and n -type re- 
gions or by Zn diffusion into an n -type 
layer. Diffusion, which is commonly 
used in the fabrication of GaAs,_ Px 
diodes, allows the definition of selected 
diode areas by masking, which is a 

simple way of forming monolythic 
diode displays. However, efficient 
diodes are not always obtainable by 
diffusion, particularly in GaP where the 
best red- emitting and green -emitting 

diodes are formed by double epitaxy. 
An attractive alternative in GaP is to 
epitaxially deposit a p -type layer on an 
n -type bulk grown substrate. Unfortu- 
nately. the present quality of GaP sub- 
strates is too poor to permit the re- 
producible fabrication of diodes by this 
simple technique, and two epitaxial 
layers are therefore grown to ensure 
that the radiative recombination oc- 
curs in the higher quality epitaxial 
layer. 

Liquid -phase epitaxy (LPE) 

Liquid -phase epitaxy was originally 
developed by Nelson25 for the growth 
of epitaxial films for tunnel diodes and 
for GaAs homojunction laser diodes. In 
the commonly -used "tipping" 
technique, GaP is grown from melt con- 
sisting of Ga. GaP (polycrystalline) and 
a dopant such as Zn (for p -type) or Te 
(for n- type). The melt is positioned 
at one end of a graphite boat (Fig. 7) 
while a polished substrate is placed at 
the other end. The graphite boat is 
heated to 1060 °C in a pure hydrogen 
atmosphere in a quartz furnace tube. 
The furnace, mounted on a hinge at 
its center, is tipped at the desired tern- 

tit 

I 

10 

L 

1 

1 

I1 1 11 
1 

- 

In,_,Ge 
Ln1_sAL,P _ 

AL,Ge_,As 

AI,Gai_,At 
GaAs1_,P 

Fig. 6a- Calculated external quantum efficiency' 
for ArxGa1 -xAs, GaAs1 -5P5, In1_xGaxP, and 
Ini -AIxP LEDs as a function of photon emission 
energy. The data points for A1xGai- xAs 21.5' and 
for GaAs 1 -5p556 are relative electroluminescence 
efficiencies. The ln1 -xGaxP data23 are relative 
cathodoluminescence efficiency values. 
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Fig. 6b- Calculated' brightness values (per unit 
current density) for the same alloys in (a). 
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Fig. 7- Schematic diagram of typica liquid -phase 
epitaxy (LPE) "tipping" apparatus used for the 
deposition of GaP single -crystal layers on a GaP 
substrate. 
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Fig. 8- Schematic diagram of typical vapor -phase 
epitaxy (VPE) growth apparatus used for the depos- 
ition of single -crystal GaAs., _5P0 layers on a GaAs 
substrate. 

perature and the melt than covers the 
substrate. Some dissolution of the sub- 

strate may occur on contact. depending 
on the initial GiP content of the melt, 
hut as the furnace is slowly cooled, 
GaP precipitates from the melt in the 
form of an epitaxial deposition on the 
substrate. 

The growth of two layers is now 
required for efficient red emission 
from GaP.Ze In this case, an n -type 
layer doped with Te or S is grown first, 
followed by a p -type layer doped with 
Zn and O from a Ga melt containing 
elemental Zn and GaO. A similar 
technique with varied temperatures and 

melt constituents is used for several 
other compounds. While liquid phase 

epitaxy requires simple equipment for 
small- volume production, large -scale 
manufacturing calls for a multiple wafer 

processing capability which is now 
under development. 

Vapor -phase epitaxy (VPE) 

The epitaxial vapor -phase growth 
technique is widely used in the prep- 
aration of red -light emitting diodes 
of GaAsr_,.Pr, which have been com- 
mercially available for several years. 
With this technique, the primary 
source chemicals are predominantly 
gaseous, which provides a high degree 
of flexibility for controlling doping 
concentrations and alloy composition. 
In addition. since the reactant concen- 
trations can be accurately established 
with precision flow meters and valves, 
the growth parameters can he regulated 
over relatively wide ranges with good 
accuracy. An important feature of this 
control is the ability to slowly grade 
the alloy composition of the growing 
layer from the substrate composition 
(.v=0 for a GaAs substrate) to that of 
the p -n junction (typically, x0.4) so as 

to minimize strain due to lattice mis- 
match. Such grading has been found to 
lead to improved p -n junction perform- 
ance. I n vapor -grown epitaxial layers, 
the p -n junction can be incorporated 
during growth by the sequential intro- 
duction of gaseous donor and acceptor 
impurities. or after growth by Zn 
diffusion. For GaAsl_.,Prred- light -emit- 
ting diodes, highest efficiencies to date 
have been prepared by the post- growth 
diffusion process. 

A typical vapor -phase growth system 
for GaAs, _,.P,. 17 is illustrated in Fig. 8. 

Here. Ga is transported as its sub - 
chloride by passing HCI gas over the 
molten metal. Arsenic and phosphorus 
are formed by the thermal decompo- 
sition of arsine and phosphine, respec- 
tively, while hydrogen is usually used 
as the carrier gas. As the gases pass 

over the substrate, they react with its 
surface to form a single- crystal epitaxial 
deposit of GaAs, P , the composition 
and electrical properties of which are 
determined by the vapor constitution. 
The donor impurity in vapor -grown 
GaAs, Pr is usually Se, which is intro- 

iµ 

0.21 Y° P/µ 

duced as H2 Se, although Te and Si have 
occasionally been employed. The Zn 
inlet illustrated in Fig. 8 is not used for 
p -n junctions formed by Zn diffusion 
after growth. 

There are several reasons why Ga 
As _rP. LEDs have received wide- 
spread commercial attention. Most im- 
portantly, the system shown in Fig. 8 can 

be scaled up to hold many GaAs sub- 

strates simultaneously, thereby reduc- 
ing the manufacturing cost per wafer. 
Secondly. the surface of the epitaxial 
layers following vapor growth is usually 
smooth and free of surface imperfec- 
tions, eliminating the need for additional 
lapping or polishing steps. Finally, the 
ready -availability of large, high -quality, 
single -crystal GaAs substrates adds 

to the commercial viability of this 

process. 

Besides GuA.sl -rPr, GaN 28 and 
/n, .Ga.2P L1 are also frequently pre- 
pared by vapor -phase epitaxy. How- 
ever. AI,Gc1_,As is difficult to grow 
by this technique, primarily due to the 
reactivity of the AI- containing gases 

needed here. 

Loss mechanisms 

The external efficiency and brightness 
of an LE D are determined by the genera- 
tion of light at the junction and by the 
extraction of light from the crystal. 
For each of these processes, there are 
several loss mechanisms which limit 
the overall performance of an LED. 

At the p -n junction, the into rnal quantum 
efficiency is highly dependent on the 
perfection of the material in the vicinity 
of the p -n junction where the radiative 
recombination occurs. Defects (and 
contaminants such as copper) give 
rise to deep recombination centers 
with consequent infrared emission or 
nonradiative recombination. Relatively 
little is known about the details of the 
nonradiative recombination processes 
via defect centers, but dislocations with 
their associated impurity clusters, and 
complexes of vacancies with impurities 
are known to be harmful. 

Fig. 9- Lattice misfit dislocation networks30 in 

GaAst -XPx layers which were vapor- deposited 
with different compositional grading rates on GaAs 
substrates. The density of misfit dislocations de- 
creases with decreasing compositional gradient. 
The gradients in each illustration are given in units 
of mole fraction GaP per micron of grcwth. 
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Table IV- Internal loss mechanisms in electrolumi- 
nescentjunctions. 

Lose 'arch onism Typical cause 

Point Imperfections: 

Vacancies 

Metal complexes. 
precipitates 

Frenkel defects 

Dislocations 

Auger recombination 
Deep -level 

recombination 

Surface or contact 
recombination 

Surface leakage 

Deviation from stoichi- 
ometry during growth 

Impurity concentrations 
approaching solubility 
in material 

Generated by external 
electron bombardment: 
possibly formed during 
forward -bias operation 

Lattice mismatch between 
substrate and epitaxy 

High carrier concent rations 

Contamination (e.g.. Cu,0) 

Location of surface or 
ohmic contact too close 
to p -n junction 

Work damage: surface 
contamination during 
device fabrication 

Table V- Methods for increasing external diode 
efficiency. 

Objectives Techniques 

Minimize absorption 
coefficient, 

II Keep absorbing layers 
thin 

2) Provide optical "win- 
dow" with higher - 
energy -gap material 

3) Reduce carrier con- 
centrations 

41 Generate below -handgap 
radiation 

Maximize surface II Shape semiconductor 
transmissivity, 7 for normal incidence 

2) Encapsulate diode with 
transparent material 
with high refractive 
indes 

31 Apply antireflection 
coating 

Imperfections can he introduced into 
the materials during epitaxial growth 
if the lattice constants for the substrate 
and the epitaxial film differ. Since the 
density of lattice misfit dislocations is 

directly related to the compositional 
gradient, one technique which is fre- 
quently used in ternary alloys to re- 

duce these dislocations is to slowly 
grade the composition from that at 

the substrate to that desired at the p -n 

junction. In this way. epitaxial layers 
with acceptably low dislocation densi- 
ties can be grown routinely. Fig. 9 illus- 
trates the dependence of dislocation 
density on compositional gradient for 
GaAs, _,P epitaxial layers deposited on 
GaAs substrates."t" 

Poor quality substrates also adversely 
affect the crystalline perfection. and 

hence the electroluminescence per- 
formance. of epitaxial layers. Even with 
"perfect" layers. however. imper- 
fections may be introduced during the 
diffusion process used to form a p -n 

junction. A summary of the types of 
nonradiative recombination mecha- 
nisms and their typical causes is pre- 
sented in Table IV. 

Independent of the light generation 
processes at the p -n junction. the ex- 
traction of the emitted radiation from 
the semiconductor crystal is also a 

very major problem. Since the refrac- 
tive index for a III -V semiconductor is 
typically about 3.5, the internal critical 
angle for light incident at the crystal -air 
boundary is only 16 °. and a major frac- 
tion of the light (i.e.. all rays striking the 
surface at angles exceeding 16 °) 

suffer total internal reflection. The 
total optical path inside the diode there- 
fore exceeds the diode dimension with 
the result that severe internal reahsorp- 
tion of the emitted light occurs. A 
simple expression relating the external 
quantum efficiency. si,.,,. and the in- 
ternal quantum efficiency. r1in,, is t' 

'lint 

71ru - 
I +(aV/T,A) (3) 

Here. ce is the average absorption 
coefficient in the diode. V is the 
diode volume. A is the area of the 

emitting surface and T , is the average 
surface transmissivity. 

To improve the external efficiency. a 

number of techniques can he used to 
decrease the absorption coefficient. a, 
Or to increase the transmissivity of the 
surface. as listed in Table V. Dome shap- 
ing is effective.' but also is the most 
expensive of these techniques, since 
it involves machining the semicon- 
ductor and uses a significant volume 
of material. Hemispherical domes and 
lenses cast from epoxy or acrylic - 
polyester resin (with a refractive index 
of about 1.5) simplify device construc- 
tion. and are quite effective in increas- 
ing the external efficiency by a factor 
of typically 2 to 3. depending on the 
material. 

The average internal absorption co- 
efficient is appreciably higher in diodes 
which rely on the near -handgap emis- 
sion of direct -handgap materials than in 
diodes from indirect- handgap materials 
where the emission is much below the 
handgap energy. Table VI illustrates 
these observations for epoxy -coated 
GaAs diodes doped with Zn, which is a 

shallow acceptor (L =0.03 eV). and 

those doped with Si, in which the 
radiative processes involve a deeper 
center (E =0.1 eV)t3. For the GuAs:Zn 
diodes. a is about 10 cm -1. while for 
GaAs :Si. it is only about 2(X) cm -1. It4 

and the external quantum efficiency 
is correspondingly higher. In both types 
of diodes. the internal quantum effi- 
ciency is about 50%. For the GuP:7_n,0 
diodes. a is very small. but since the 
internal quantum efficiency is only It) 

to 15%. 2"' t. the external quantum 
efficiency is still limited to a few per- 
cent. 

Diode reliability 

The quantum efficiency and brightness 
of LEDs may decrease without evi- 
dence of mechanical damage in the 
course of forward bias operation.t" 
Several mechanisms are factors in such 
degradation: I) increased surface leak- 
age. 2) in- diffusion of contaminants 
such as Cu."' and 3) formation of 
nonradiative recombination centers in 
the junction vicinity.""." 

Surface leakage and contamination 
problems are the simplest to eliminate 
with proper pass i vat ion , encapsulation. 
and cleaning techniques. The forma- 
tion of nonradiative centers, however. 
is a far more difficult problem, and the 
causes are still not well understood. It 
is known that the degradation rate de- 
pends on the current density. and that 
a high concentration of imperfections 
such as dislocations increases the de- 
gradation rate for a given current 
density.t" It is therefore essential that 
the defect density in LEDs be as low as 

possible. Although data on LED relia- 
bility are somewhat limited. it has been 
established that properly fabricated 
diodes of GaP, GaAs,. ,P5. and AI,. 
Gu,_,As can he operated for many thou- 
sands of hours at moderate current 
densities (a few tens of A/cm2). In 
fact. accelerated life tests on GaP4" 
indicate extrapolated half -lives of many 
years. Clearly a long operating life is 
one of the features of LEDs, as com- 
pared to miniature incandescent 
sources. It is also clear. however. that 
careful life tests should he included in 

Table VI- Internal and external quantum efficiency of selected LEDs. 

Material 

OttAsr:Zn 
Gn.4s: Si 
(ìaP:Zn.O 

ómission 
wavelength 

!.4) 

9000 
9500 
6950 

- he 
!eV) 

0.03 
0.12 
0.48 

Band 'lini Abs. Cod:* nert 
structure !%) (ens') (`%61 

Direct 50 to 60 1000 0.5 to 2 

Direct 50 to 60 200 10to30 
Indirect 10 to IS 2tol0 3to7 

.Absorption coefficient of the most absorbing portion of the diode. 
Efficiencies for encapsulated diodes. 
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Table VII -State -of- the -art performance of p -n junction LEDs. 

Material Commercially 
available? .Color 

Peak 
gtb 

Lam. eft: 
pamensM °att) 

next* 
( %) 

B/J ** 
x) (fLIA -em- 

GOP:Zn,O Yes red 6900 20a 3to7b 3500 41 

Alo-aGao,As No red 6750 16 1.3 140 50 

GaA.so-oPo-t Yes red 6600 42 0:5 145 44 

GaA.r:$i with 
YOCI:Yb,Er No red 6600 303 I:Od 8e 53 

lno.nsGao.srP No amber 6170 284 0. I 
3 l uf 48 

GtlAsosPo.., Yes amber 6100 342 0.013 35 

GaA50.251'0,5:N No amber 6100 342 0.04 40 to 1008 45 

SiC Yes yellow 5900 515 0.003 10 58 

lno.aGau.aP No yellow- 
green 

5700 648 0.02 115 46 

GaP:N Yes green 5500 677 0.05 to 0.6b 470h 1s 

GaAs:Si with 
1'F.a:Yh,Er No green 5500 6503 0.1d 23e 53 

GaAs :Si with 
Yh ?,:Yb.T,n No blue 4700 60' 0.01d 0.2e '53 

Notes 

*Except where noted, efficiencies for diodes with plastic encapsulants. 

"Except where noted. B/J calculated from Eq. 2 using efficiency for unenca p., dated diode with (.4t /A,1= I. Diode efficiencies 
assumed to he 2.5 times less without encapsulation. 

'Mean value for non -monochromatic emission spectrum. 

bRange between commercially practical and best laboratory results. 

eAssumed 3% unencapsulated diode efficiency: (Ai/As) assumed to be ' /:, to compensate for significant edge emission. 

dEfficiency at J =300 .A /cm'. Efficiency drops off by at least the square of the current at lower current densities. 

e(Ap/4s) -0.016 for these dome -shaped phosphor- coated structures. 

fß/J calculated from measured efficiency value of 5.9e 10-' for unencapsulated diode. 

8Tvpicdl values of B/J reported as 40 to 60 fL /A -cm-2 in Ref. 45. Value of 100 fL /A -cm-ß calculated from Eq. I using 

efficiency value found in Ref. 45. 

hCalculated for representative or efficiency of 0.1% for unencapsulated diode. (At /4.s1 assumed to be ' /o. 

the evaluation of new materials and al- 
loys, where high defect densities are 
likely, before reaching a conclusion on 
the utility of such materials. 

State -of- the -art 

Because of the wide variety of struc- 
tures used for LEDs. and the importance 
of internal absorption and surface re- 
flectivity, the external efficiency for 
identical material can vary greatly from 
diode to diode, depending in many cases 

on the ingenuity of the investigator in 
fabricating the device. We attempt in 
this section to summarize the state -of- 
the -art for a variety of electrolumi- 
nescent materials by comparing 
their reported efficiency and bright- 
ness values. The reader must keep in 
mind, however, the limitation of such 

numbers, particularly since reproduci- 
bility does not enter this picture, yet 
determines in most cases the economic 
significance of a particular result. The 
most important parameters in our com- 
parison are summarized in Table V I I. A 

description of the advantages and 
disadvantages of each of the electro- 
luminescent materials is described 
briefly below. 

GaP 

The most efficient GaP LEDs are 

presently prepared by liquid -phase 

epitaxy. Red -emitting diodes ofGaPare 
commercially available with external 
quantum efficiencies as high as 3 %. 

24 

but large -volume production on the 
scale used for GaA 5I _ ,P, diodes has not 
yet been attempted. Laboratory effi- 
ciency values as high as 7% have been 
reported.41 However. these diodes were 
prepared with low -Zn- doping con- 
centrations. which enhance the external 
efficiency by reducing the internal ab- 
sorption coefficient, but lead to an 

efficiency saturation at current densi- 
ties as low as I A /cm1. By comparison, 
GaP LEDs with 3% efficiency values 
saturate at current densities of about 
IO A /cm`. The brightness value of 350 

fL /A -cm-2 entered in Table VII was 

obtained by multiplying Eq. 2 by the 
ratio of the primary surface area to the 
total (primary surface + edge) area, 
since a large portion of the red emission 
escapes from the edges of GaP diodes. 
This brightness value appears to be 

more than adequate for standard dis- 
play applications. At the moment, it 
does not appear likely that significant 
efficency increases will be made for the 
GaP red emission, but we can expect 
refinements in the manufacturing tech- 
nology which will reduce the cost of 
these devices. 

Because of the small internal absorp- 
tion in Zn -O -doped GaP, the fabrica- 
tion of monolithic displays requires a 

different approach than that used for 
GaAs, _rP,. Using a combination of 
etching and masking. monolithic GaP 
displays have been made.''- However, 
in view of the cost of the GaP wafer 

needed for a large monolithic display, 
it is not clear whether these will be 

economically more attractive than in- 
dividual segment displays. 

Green -emitting diodes ofGoPare still in 

an early developmental stage. The 
fabricated efficiency of routinely diodes 

is below 0.1%, while the best laboratory 
results have reached 0.6% when small, 
high -quality platelets were used as 

the substrate material.'' 

With large -area GaP substrates pre- 
pared by liquid -encapsulated crystal 
pulling, the best efficiency is lower 
(0.3%)," probably because of the 
higher defect density in these diodes. 
Since the limits of the GaP:N system 
have not yet been fully explored, higher 
performance can be expected in the 
future. It is already clear, however, that 
the technology is substantially more 
difficult for reproducibly fabricating 
high -efficiency GaP green- emitting 
diodes than red -emitting ones. 

It is also possible to obtain orange- or 
yellow- appearing emission from GaP 
diodes by introducing N and O into 
the n- and p -sides of the junction. re- 

spectively. Since green emission 
arises predominantly from the n -side, 
and red emission from the p -side of the 
junction, one and the same diode can 
simultaneously emit both colors, 
whose integration by the eye gives an 

orange or yellow appearance to the de- 

vice. Because of the saturation of the 
red emission at relatively low current 
densities, the hue of such diodes shifts 
toward green with increasing current.'' 
Although potentially attractive, further 
research is required before such de- 
vices can become practical. 

For maximum brightness in GaAsl_,P, 
LEDs, the alloy composition is selected 
to provide emission at about 1.88 eV or 
6600 ?k. At this wavelength, exter- 
nal quantum efficiencies as high as 0.5% 

(encapsulated) have been obtained,44 
although values on the order of 0.2% 
are more typical and are commercially 
available. An efficiency of 0.5 %/r for an 

encapsulated diode corresponds to 
about 0.2'4 for an unencapsulated 
one. which yields a calculated bright- 
ness value of about I50 fL /A -cm-2 for 
the red GaA.S1) 6 P0.4 emission. By in- 

creasing the GaP content, electrolumi- 
nescence can be attained at shorter 
wavelengths, thereby providing orange 
emission, but at reduced efficiency and 

brightness values (see Fig. 6). Discrete 
amber -colored GaASo.SPI.5 LEDs 
are available commercially with bright- 
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ness values of about 10 fL /A -cm2 for 
emission at 6100 A. Because the re- 

combination processes are approxi- 
mately band -to -hand, impurity satura- 
tion is not a problem in GaA.s1 _,P,, and 

intense light pulses can be generated 
under high -current excitation. 

With SiO2 masking and Zn diffusion, 
GoAs0.6 P0.4 monolithic arrays can be 
fabricated into alphanumeric dis- 
plays. Reasonably good resolution of in- 
dividual segments is obtained in such 
displays due to the confinement of the 
generated light by the severe optical 
absorption which occurs in direct - 
bandgap semiconductors. Individual 
display figures are typically about 6 -mm 
tall; however, a line of GaAsi _, Pr dis- 
plays with 1.5 -cm figures has now been 
introduced. 

Recently, electroluminescent junctions 
of GaAs i _, P, have been prepared with 
nitrogen doping on the n -side of the 
junction.45 For GaAs1_.,P, with.r >0.4, 
efficiencies have been significantly en- 
hanced. presumably due to an excitonic 
recombination process similar to 
that which occurs in green- light -emit- 
ting GaP. Brightness values of 40 to 
60 f L /A -c m-" have been reported for yel- 
low emission with the GaAs,_ .P,:N, 
which are not too much lower than 
values for the commercially- available 
red GaAsi- Pr LEDs, and which repre- 
sent a significant advancement over 
the performance of presently- avail- 
able GaAs1_,P, amber LEDs. 

Future trends in GuA s i -, ['rare expected 
to lie primarily in the area of more 
sophisticated and more economical 
monolithic displays, which are begin- 
ning to gain widespread acceptance. 

In,_, Ga, P 

Clearly, the electroluminescence po- 
tential of /ni- ,Ga,. Pis very high (see Fig. 
6). Only the difficulty in material prep- 
aration has thus far prevented its full - 
scale exploration and exploitation for 
electroluminescence applications. To 
date, most In, _ rGa, P has been prepared 
either by variations of the Bridgeman 
technique for growth from a melt, or 
via liquid -phase epitaxy from a satu- 
rated metal solution. 

Electroluminescent junctions in ¡ni 
Gu,P prepared by both growth tech- 
niques have been formed by Zn dif- 
fusion. From liquid- phase -epitaxy ma- 
terial deposited on GaAs substrates, a 

room- temperature efficiency of 0.02% 
(encapsulated) was obtained 4" for 
yellow -green emission at 2.17 eV 
(5700 A). From polycrystalline melt- 

grown material, an efficiency of 0.04% 
(unencapsulated) was reported47 at 2.06 
eV (6020 A) for orange emission, 
which yields a calculated brightness 
value of 320 fL /A -cm -2. However, the 
polycrystalline nature of the material 
prepared to date, as well as the diffi- 
culty in preparing single -crystal ingots 
is a severe limitation of the melt -grown 
In1_,Ga,P. 

Recently, vapor -grown p -n junctions of 
In1 _,Ga,P have been prepared4" which 
yield external quantum efficiencies in 
excess of 0.1% (encapsulated) for 
emission between 1.86 and 2.01 eV. For 
the red- orange emission at 2.01 eV a 

brightness value of 315 fL /A -cm 2 has 
been attained. The fact that the vapor - 
growth of these Ins_ Ga,P junctions is 
very similar to that used routinely for the 
commercial preparation of GaAs1 P, 
LEDs is particularly attractive. At pres- 
ent, the electroluminescence in the 
vapor -grown diodes is thought to be 

limited by dislocations which arise at 
least in part by the large lattice mis- 
match between the epitaxy and the 
substrate. As epitaxial growth tech- 
niques are developed to reduce the 
introduction of such dislocations, the 
performance of these diodes should 
improve. 

AI¡Gal _XAs 

The highest brightness diodes of AI, 
Ga, ,,As have been fabricated from 
alloys with for emission at 
6750 A. With diodes having both the 
n -type and p -type regions grown by 
liquid -phase epitaxy,'" efficiency val- 
ues as high as 1.3% (encapsulated) have 
been obtained at this wavelength,31 
yielding a brightness value of about 
140 fL /A -cm -2. The fact that such a 

brightness value is well above that pre - 
dícted24 in Fig. 66 is attributed to a re- 

duced defect concentration in AI, 
GaAs due to the excellent substrate - 
epitaxy lattice match. Using a single 
epitaxial layer with a planar Zn diffu- 
sion process to define the emitting area, 
efficiency values of 0.25% have been 
attained at 6750 .A.51 The diffusion pro- 
cess is suitable for the convenient fab- 
rication of red -emitting diode arrays, 
but such devices are not yet commer- 
cially available. 

AI,Gai_,.As is also receiving increasing 
interest for diodes emitting at about 
8000 A. the wavelength needed to 
pump Nd:YAG laser rods. The substi- 
tution of the present short -lived lamps 
used to pump these lasers with efficient 
(12%)31 long -lived diodes will repre- 
sent a significant advance in the utility 

of Nd:YAG lasers. This application re- 

quires, however, that the diodes be 

operated at current densities on the 
order of several hundred amperes /cm2 
to increase their power output. 

GaN 

Gallium nitride is a relatively unex- 
plored semiconductor with a direct 
energy bandgap of 3.5 eV. In 1969. 

single- crystal layers of GaN were pre - 

pared2" by epitaxial deposition on sap- 
phire substrates. To date, low- conduc- 
tivity GuN is obtainable only for n -type 
material; attempts to dope GaN p -type 
(e.g., with Zn) have thus far resulted 
in the formation of high- resistivity ma- 

terial. Electroluminescence has been 
obtained52 from the Zn -doped insu- 
lating GaN by the application of an elec- 
tric field between two point contacts. 
From such preliminary devices, green 
and blue emission have been observed at 

2.4 eV (5200 A) and 2.8 eV (4400 A), 
respectively. More recently, avalanche 
breakdown at intentional i -n transitions 
has also produced green and blue lumi- 
nescence.52 Room -temperature ex- 
ternal quantum efficiencies as high as 

1% have been observed for the green 
emission, but power efficiencies 
are much lower (0.01% for the green, 
and 0.005% for the blue) due to the 
large voltage drop across the high - 
resistivity GuN. Values of B/J as high 
as 4000 fLIA -cm -2 are calculated for 
the green GaN electroluminescence. 
however, brightness normalized with 
respect to current density is not a good 
figure of merit for these devices due to 
their large voltage drop and low power 
conversion efficiency. If low -resistivity 
p -type GuN can be achieved with 
further research, this material could 
become a single source of efficient light 
emission across the entire visible spec- 
trum. The possibility also exists, how- 
ever, that GuN is limited to n -type or 
compensated high -resistivity material 
by a vacancy formation mechanism 
of the type which has prevented p -n 
junction formation in most 11 -VI com- 
pounds. 

Upconversion phosphors 

Because of the strong dependence of 
the phosphor conversion efficiency on 
the infrared diode excitation, best per- 
formance is achieved at high current 
densities. For example, with a 10% 

efficient GaAs:Si electroluminescent 
diode operated at 300 A /cm2, efficien- 
cies of about 1%, 0.1 %, and 0.01% 
are obtained for the red, green, and blue 
upconversion phosphors listed in Table 
V I I.73 However at a current density of 
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10 A /cm2 the efficiencies are much 
lower. Note that the blue emission is still 
somewhat unique in that only a few 
semiconductors (namely GaN and SiC) 
have energy gaps sufficiently large to 
generate this color directly. 
Other materials 

There has been agreat deal of discussion 
over the years concerning SiC diodes 
which are capable in principle of yield- 
ing luminescence throughout the visible 
spectrum. Unfortunately, the technol- 
ogy involves very high temperature pro- 
cessing (2000 °C), and the results to 
date have not been attractive enough to 
justify extensive development aimed at 
commercial products, particularly in 
view of the rapid progress made in the 
GaP and GaAsl_tPr technologies. 

With regard to In1_,AIrP, cathodolumi- 
nescence measurements54 on melt - 
grown material suggesta high- brightness 
potential for this alloy system; however, 
no report of electroluminescent diodes 
has been made. In view of the difficulty 
in synthesizing this compound, prog- 
ress will most likely be slow. 

The use of AI,Gal_,P alloys also has 
been considered to produce diodes 
which emit at higher photon energies 
than GaP. However, since the band - 
gap energy of A/P is only 2.4 eV, the 
available bandgap range for device 
applications is limited. The only 
A /,Gal P diodes reported to date59 had 
a quantum efficiency of about l0-5 
at a wavelength of -5500 A. 

Conclusions 
The past decade has seen a dramatic 
improvement in the efficiency and re- 
liability of visible - light- emitting 
diodes. Due to a mastery of the major 
problems limiting the performance of 
these devices, large -scale manufac- 
turing of diodes suitable for a variety 
of applications has become possible. 
LEDs should increasingly replace other 
types of small display elements in the 
coming years as costs further decrease. 
In addition, LEDs will be used in areas 
where other types of light- emitting ele- 
ments are impractical because of ex- 
cessive power dissipation, bulkiness, or 
inadequate life. At this time, GaAs1 _,Pr 
diodes, which emit red light, are the 
most widely used. Newer materials 
such as GaP for green emission, 
InGal _,Pr for amber, and GaN for blue 
are being developed, and will become 
increasingly important as the materials 
problems limiting their reproducibility 
are overcome. 
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Operation and application of 
NUMITRON digital display devices 
F. J. Feyder 

Digital display devices having a brightness of 7000 foot- lamberts considerably 
broaden the application possibilities. The NUMITRON devices have this capability and. 
with their incandescent -type seven- segment construction. provide sharp, high - 
contrast, clutter -free displays in virtually any color with controllable high brightness. 
They operate at a nominal voltage of 4.5 V at 24 mA segment and are compatible 
with integrated- circuit decoder drivers. 

N UMITRON DEVICES are presently 
available to display the numerals 

0 through 9 with or without a decimal 
point; the numeral / preceded by either 
a plus or minus sign; and a plus or minus 
sign only. The DR2000- series devices 
have a character height of 0.6 inch and 
can be mounted on 0.8 -inch centers; the 
smaller DR2100- series devices have a 

character height of 0.4 inch with mount- 
ing on 0.5 -inch centers. The electrical 
characteristics of both series are the 
same. Fig. I shows the various types 
of RCA's NUMITRON display devices. 

Electrical operation 

N u MI I RON digital display devices are 
designed for optimum operation at 4.5 
V /segment, which results in a nominal 
segment current of 24 mA and an aver- 
age power dissipation of 108 mW (see 

Reprint RE- 17 -6 -5 
Final manuscript received February 14. 1972 

Fig. 2). Any value of segment voltage 
between 3.5 and 5 V, however, gives 
satisfactory operation with due con- 
sideration for brightness and operating 
life (see Fig. 3). Fig. 4 shows the relative 
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RECOMMENDED OPERATING 
SEGMENT VOLTAGE RANGE- 
3. 5 TO S VOC 

RECOMMENDED 
OPERATING RANGE 

2 3 A 5 

DC SEGMENT VOLTAGE -VOLTS 

Fig. 2- Direct current through coil segment as a 
function of the segment voltage. 

Frank J. Feyder. Ldr. 

Special Products Engineering 

Receiving Tube Engineering 

Entertainment Tube Division 

Electronic Components 

Somerville. New Jersey 

received BSEE in 1955 from Newark College of Engineer- 

ing In 1947 he Joined RCA Receiving Tube Engineering. 
Harrison. N J.. and served in various assignments while 

attending evening classes at Newark College of Engineer- 

ing In 1953. he transferred into the Test Engineering 
department where he was responsible for the Qualification 
Approval program on military tube types and prepared 

specifications on industrial and premium tube types In 

1958. Mr Feyder became an Engineering Leader in Tesf 

Engineering where he was responsible for both electrical 
and environmental testing on Industrial. Military. and 

Premium tube types From 1962 to 1967 he was an 

Engineering Leader in Industrial Tube Applications. 
Advanced Product Development. and Nuvistor Develop- 
ment Since June 1967. Mr Feyder has been in the Special 

Products Engineering and Services department with 
responsibility for the Measurement Standards Laboratory 

and application work on new products 

' 1 

DR2000 

DR2010 

O through 9 

0 through 9 

with decimal point 

DR2ii20 

DR2100 

DR2110 

Plus -minus sign 
and numeral 1 

DR2030 

Plus -minus sign 

DR2120 

DR2130 

Fig. 1- Several examples of RCA's NUMITRON digi- 
tal display devices. 
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Selection of the CD2502E rates for ope- 
ration at 12 volts. 

The CO2502E can drive up to six Numit- 
rons. Eight Numitrons may be multip- 
lexed provided that a suitable decoder/ 
driver (rated for operation at 15 volts 
and 60 milliamperes) is used. Required 
decoder/driver ratings are determined 
from Fig. 9. 
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Fig. 5- Envelope temperature as a function of 
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Fig. 6 -Basic interconnection of a NuMITRON device with an 
integrated -circuit decoder /driver. 
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Fig. 7 -Basic components required for multiplex operation of NUMITRON devices. 
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Nutcs: 
I. D. It. and \ represent the BCD code 8- 4 -2 -I, 

respccIIS 'k . "high are the four input to Ife decoder driver 
required to illuminate the corresponding digit on the Numi- 
tron. 

2. II logo -leoci input. I high -level input. 

Table I- Decoder inputs required to form numer- 
ical characters on the DR2000 NUMITRON. 

light- output intensity within the visible 
spectrum at nominal segment voltage. 
Because the coil segments have small 
mass and relatively low operating tem- 
perature, NUMITRON devices remain 
cool during operation. Fig. 5 shows that 
the bulb temperature is maintained at 

approximately 14 C iiho\e the ambient 
temperlture. 

Direct IC decoder /driver operation 

The NUMITRON devices that provide 
the readout of numerals O through 9 are 

compatible with the RCA CD2500E 
series of integrated circuit decoder/ 
drivers. In addition, other decoder/ 
drivers such as the Fairchild 9317, Tex- 
as Instruments SN7447, and Motorola 
MC7447P can be used to operate the 
NUMITRON device. The integrated cir- 
cuit decoder /driver accepts four -line 
input in binary code decimal (scam) form 
18 -4 -2 -1 code) and decodes it into an 

output representing a decimal number 
from O through 9. 

The RCA CD2500E has a decimal - 
point driver circuit, and Fig. 6 shows 
the basic interconnection to the 
NuslrraoN device along with the 
lamp -test circuit. When pin 3 is 
grounded by closing the LAMP 'Ft_st 
SWITCH, all segments light up. including 
the decimal point. The decoder inputs 
required to form the numerical char- 
acters are shown in Table I. 
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Multiplex operation 

In the conventional direct -drive method 
of operation, a given number of 
NUMITRON devices requires an equal 
number of decoder /drivers for the 
simultaneous display of the numerical 
output data. However, one decoder/ 
driver can be made to drive a number 
of NUMITRON devices sequentially by 
use of a time -multiplex system. If the 
multiplexing repetition rate is greater 
than 50 Hz, there is no noticeable 
flicker of the numerals being displayed. 

One possible method of multiplex op- 
eration is shown in Fig. 7. One RCA 
CD2502E decoder /driver is used to 
drive up to a maximum of six DR2000 
NUMITRON devices with a duty factor of 
16.7 %. When DR2010 NUMITRON de- 
vices are used, a separate drive circuit 
for the decimal points must be incor- 
porated. The multiplex circuit incorpor- 
ates a ring counter which, in sequence, 
controls the BCD data in the NAND gates 

and then the segment- voltage pulses, 
which pass through drive transistor Q,,, 

to the common terminal of each NuM- 
ITRON device. In this way, the ring 
counter determines which device in the 
series will provide the proper numerical 
display at a given time. The illumination 
of the proper coil segment to form the 
desired numeral on each NUMITRON is 

still controlled by the decoder /driver in 
response to the BCD inputs. Isolation 
diodes are used in series with each coil 
segment of the NUMITRON to prevent 
simultaneous lighting of coil segments 
in adjacent devices. 

As shown in Fig. 8, multiplex opera- 
tion of the NuMITRON device is possible 
at pulse voltages significantly higher 
than the maximum recommended value 
of 5.0 V specified for Dc operation, pro- 
vided that the appropriate duty factor is 

observed. During this operation, how- 
ever, care should be taken to ascertain 
that the breakdown voltage rating and 
the maximum output current rating of 
the decoder /driver will not be ex- 
ceeded. Also, transistor Qm should be 

carefully selected to ensure that it can 
handle the maximum current required. 
Fig. 9 shows the peak voltage (E,,) and 
current ( /r,) of the NUMITRON device 
for various duty factors. 

Brightness control 

During operation with the decoder/ 
driver, a 0.3 to 0.5 -V drop occurs 
across the driver transistor in the inte- 

grated circuit. Therefore, a DC supply 
of 5 V is required to obtain the desired 
segment voltage of 4.5 to 4.7 V. For 
fixed- brightness operation, the NuMa- 
TRON display device may be operated 
directly from the 5 -V (V,.,.) supply of the 
integrated circuit decoder /driver, pro- 
viding the current capability is avail- 
able. 

16 

14 

12 

4 

2 

I 

NORMAL BRIGHTNESS 
AT 4 5 V, 24 mA 

N 

O r W 
47. 4 Ü 

ti h "i 
É 

~ 
U 

W 

Io 

O ry 
4) 

VO 

I 
111.111/r l'uv 
N 

0 5 10 15 20 25 

DUTY FACTOR- PER CENT 

16 

14 

12 

P" 0 1 
0 

B 

> 6 

é 

2 

30 35 

NORMAL 

I i 

- r 

BRIGHTNESS 

-- -- 

1 ' I 

AT 4 5 V. 24 mA 

-- - +- 

ti, 
QWP!V 

4 
LL W 

10 V ti.>UJ 

ry0. 

PW 

U 45 

S' 
O 

F 
w 

IlEi ill I 
JO,UE. 

05 IS 2 25 3 35 4 

DUTY FACTOR- PER CENT 

4.5 5 55 

Fig. 8- Relative light output as a function of duty factor 
and pulse magnitude for multiplex operation. 

4 

O 

16 

a- 

6 
PEAK CURRENT ¡¿ 

P 
I 

PEAK VOL AGE ( 4) 4 

DUTY FACTOR -PER CENT 

140 

120 

IO0 É 

Bo 

so 

40 ó 

20 

Fig. 9 -Peak pulse voltage and current required to produce 
a NUMITRON device display of the same brightness as a 
DC segment voltage of 4.7 volts as a function of duty 
factor. 

+7 V INPUT 

CONTROLLABLE 
+ SEGMENT 

VOLTAGE 

820 n 3500 n 
0.5 0.25 W 

10,000 0 
o 25 W 

"BRIGHTNESS 
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Fig. 10- Series regulator circuit for brightness 
control of NUMITRON devices. 

If controllable brightness is desired, a 

separate power supply with a regulator 
circuit is recommended. Fig. 10 shows 
a schematic of a simple series voltage - 
regulator circuit that may be used to 
control the brightness. The circuit oper- 
ates from a DC input of 7 V and provides 
a variable voltage output of approx- 
imately 2.5 to 5 V. With this variable 
voltage applied to the common coil - 
segment connection (pin 2) of the 
NUMITRON device, the brightness of 
the display can be varied by adjustment 
of the b- ightness- control potentiometer 
in the regulator circuit. 

Ripple blanking 

Zeros at both ends of a multi -digit dis- 
play can be automatically blanked out 
to provide easier reading. For example, 
the number 0014.0250 is better dis- 
played as 14.025. This suppression of 
the unwanted zeros is accomplished by 
grounding the RB, terminal of the most 
significant digit of the whole number 
and the least significant digit of the 
fraction. Fig. 11 shows a ripple blank- 
ing circuit. In this circuit, the RB0 of 
the most significant digit of the whole 
number is connected to the RB, of the 
next lower digit, and the RB0 of this 
latter digit is, in turn, connected to the 
RBA of the followingdigit. On thefraction 
side. the RB0 of the least significant 
digit is connected to the RB, of the next 
higher digit, and so on. In this manner, 
the ripple signal flow originates from the 
most significant digit of this whole num- 
ber and the least significant digit for the 
fractional part. 

Dimmer control 

The ripple -blanking output terminal can 
also be used simultaneously as an inten- 
sity (dimming) control when the seg- 
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22 23 

Table II- Mechanical specifications for NUMITRON devices. 

Test Conditions 

DC 
segment 
voltage 

IV) 

MIL -STD Method 

SHOCK 
a) IOOg. I ms. half -sinewave 4.5 1311 1041 

MIL -E -IF 4.3.3 
h) 50g. 11 ms, half -sinewave Non- 

operating 
1311 1042A 

VIBRATION 
al 

h) 

tl 

Variable frequency: 10 to 44 Hz. 0. f- 
inch DA. and 44 to 200 Hz. IOg 

Variable frequency: 200 to 800 Hz. Ig 
Variable frequency: 800 to 2000 Hz, IOg 

4.5 

4.5 
4.5 

Fig. 

d) Variable frequency: 10 tu 50 to 10 Hz. 4.5 1311 1031A 
grated- 

0.08 -inch DA. lOg maximum 
el Fatigue: 25 Hz, 2.5g. 96 Hr 4.5 1311 1031A 

ment supply voltage is fixed. The dim- 
ming is achieved by the variation of 
the pulse width of the signal at the in- 
tensity- control input as shown in Fig. 11. 

Shock and vibration 

The NUMITRON display devices utilize 
a rugged, well- supported, single -plane 
unit construction that, together with the 
relatively small mass of the coil seg- 
ments, results in extremely rugged 
devices. The coil segments have a 
mechanical resonance in the frequency 
range of approximately 200 to 800 Hz. 
However, this effect can be overcome 
by the proper use of vibration isolators 
in the mounting of the equipment utiliz- 
ing the NUMITRON. 

Table II outlines the mechanical capa- 
bility of the NUMITRON device, which 
will also meet the aeronautical specifi- 
cations for operational and crash safety 
shock tests for instrument panel loca- 
tions. 

Applications 

By far, the most common digital 
measuring instruments are the digital 

MOST SIGNIFICANT 
DIGIT 

SEGMENT 
SUPPLY 
VOLTAGE 

counter /timer and the digital voltmeter. 
A brief discussion of each follows, 
which shows basically no change in the 
instruments except the decoder /driver 
and the NUMITRON devices. This infor- 
mation is widely applicable to other 
types of digital instruments. 

Digital counter /timers 

Digital electronic counter /timers are the 
most accurate and convenient instru- 
ments for measurements of frequency 
and time intervals. In counter opera- 
tion, shown in Fig. 13, the main gate 
is opened for a precise period of time 
controlled by the time base oscillator 
and decode dividers. During the gating 
interval, the number of input cycles are 
totaled in the decade counter assembly 
and then displayed on the NUMITRON 
devices. The display timing control 
selects the sample rate, resets the 
counters, and operates the buffer /store 
which stores one count while the next 
count is being made by the decade 
dividers. The output (BCD 8 -4 -2 -1 

code) of the buffer /store controls the 
decoder /driver which, in turn, lights the 

WHOLE NUMBER t- I DECIMAL FRACTION 

12- Printed- circuit board layouts for two 
NUMITRON devices and associated CD2501 E inte- 

circuit decoder /driver: a) direct- mounting 
arrangement; b) with NUMITRONS mounted in a 
commercial socket. (Actual size, 0.8 inch 
centers). 

proper segments of the NUMITRON. 

Mounting 

The DR2000 series Nu MITRON devices 
fit into standard 9 -pin miniature elec- 
tron tube sockets. However, for 
printed- circuit -board applications, 
where horizontal mounting space is 
limited. a commercial socket (Methode 
Manufacturing No. PN -8610) is avail- 
able which permits 0.8 -inch center - 
to- center mounting. In addition, the 
base pins are solderable and may be 
mounted directly on the board. 

Fig. 12 shows suggested printed- circuit 
board layouts for 0.8 -inch centers on 
a single -sided board for direct mounting 
and for the commercial socket. The line 
width of the conductors is 0.025 inch 
while the width of the common bus for 
pin 2 is determined by the number of 
NUMITRON devices used. A 0.100 -inch 
wide bus is adequate for five NUMI- 
TRON devices. 

The DR2100 series NUMITRON display 
devices are manufactured in two electri- 
cally identical versions: the DR2100 
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Fig. 11-Typical ripple -blanking and intensity -control application diagram using RCA CD2501 E and NUMITRON devices DR2000 or DR2100. 
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Fig. 13- Digital counter timer using N uMITRON devices to provide the visual readout. 

Fig. 14 -Ramp type of digital voltmeter using NUMITRON devices to provide the visual readout. 

series has straight solderahle leads and 
the DR2I00V I series has formed sol- 
derahle leads to facilitate direct printed - 
circuit -hoard mounting. The DR2100 
uses a standard TO5 -style 10 -pin socket 
for mounting on 0.5 -inch centers: while 
the DR21(0V 1 is mounted directly on 

the PC hoard. also on 0.5 -inch centers. 
The PC hoard layout would he similar 
to Fig. 12. but with smaller center - 
to- center dimensions. 

Reliability 

Numerous life tests are presently 
operating with production devices to 
establish failure -rate information. The 
life tests are operating in several differ- 
ent modes to cover known applications. 
There are life tests operating on Dc and 
AC at accelerated conditions. on -41. 
cycling. square -wave pulse conditions. 
and multiplex operation. In addition. 
life tests are run on each production lot 
to assure continuing reliability of the 
product. The results to date are good 
and indicate the ability to exceed 
100.00(1 hours operation at rated condi- 
tions. 

Digital voltmeters 

Several different methods can be used 

to digitize the analog input signals: all 
of the methods. however. require digital 
readouts and counting similar to that 
of the single -ramp method shown in Fig. 
14. In this method. the Dc signal is com- 
pared to an accurate ramp. The width 
of the output signal from the comparator 
is proportional to the Dc voltage being 
measured. This signal operates a gate 
that allows a number of oscillator cycles 
through the gate in direct proportion to 
the input voltage. With I V at the input, 
exactly 1000 cycles pass through the 
gate and are totaled on the counters. 
Similarly, an input of 0.500 V results 
in exactly 500 cycles or counts. The dis- 
play timing circuit operates the buf- 
fer /store which causes the new reading 
to he displayed. The extra digit " I" (the 
overload digit). and the polarity indica- 
tion are displayed on the DR2020 type 
NUMITRON which is controlled as 
shown in Fig. 14. 

Decade counter section 

Decade counter sections consist of a 

divide-by-10 counter. a buffer /store. a 

decoder /driver. and a NUMITRON. The 
BCD output of the decade counter 
changes continuously during the count- 
ing. These signals are applied to the buf- 
fer /store. which consists of four storage 

flip -flops that store only the resultant 
total and ignore the intermediate 
changes. A change appears in the BCD 
output of the buffer /store only when the 
new final count differs from the preced- 
ing one. This BCD output is connected 
to the decoder /driver and sometimes to 
external terminals for interconnection 
with other digital equipment such as 
recorders. In the decoder /driver, the 
BCD input is converted into 7 -line out- 
put that lights the appropriate segments 
of the NUMITRON. 
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Design and construction of 
NUMITRON digital display devices 
R. D. Reichert 

The NUMITRON is a low -cost low- voltage digital display device with good brightness, 
contrast, and reliability. The market features and applications of this device have been 
described in other articles in this issue; this paper describes the design features and 
methods of fabrication. Implications for future devices of this type are also discussed. 

Robert D. Reichert, Mgr., Receiving Tube Design and Applications Engineering. Entertainment Tube Division, Electronic 
Components, Somerville. New Jersey. received the BSEE from the Polytechnic Institute of Brooklyn in 1951 and the 
MS in Industrial Engineering from Stevens Institute of Technology in 1956. Mr. Reichert Joined RCA In 1951 and. after 
completing the Specialized Training Program. was assigned to the Receiving T.fbe Design Department of the Electron 
Tube Division. In this capacity. he was responsible for the design and development of a variety of receiving tubes 
ranging from small -signal IF amplifiers to high voltage rectifiers and shunt regulators In addition to having published 
a paper on Receiving Tube Design. Mr Reichert holds several patents including those for the basic designs of the 
3A3 and 6BK4 tubes. In 1955 he transferred to the Eastern District Field Office where he served as a Field Engineer 
and later as a Sales Engineer to one of RCA's largest customers. In 1959. he became Administrator of Market Planning 
for small power tubes after which he returned to Receiving Tube Design as an Engineering Leader. In 1967, he became 
Manager of the Receiving Tube Design Department and recently assumed the responsibility of Manager. Receiving 
Tube Design and Applications Engineering. 
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Fig. 1- NUMITRON digital display devices. 

WE ARE CONSTANTLY FINDING 
new and additional needs for the 

retrieval of digital information. If one 
were to list the number of times that 
we interface with numerical information 
in the course of a day, the length of the 
list would be astounding. Realizing the 
rapidly increasing need for numeric 
information and the desire to display 
this data, Electronic Components, in 
1968, undertook a program to design 
and develop a digital display device. A 
study was first made of the advantages 
and disadvantages of display devices 
then available, with the idea that a new 
device should include as many desirable 
features as possible. In addition, the 
desired characteristics for a new display 
device were formulated. With this infor- 
mation as a starting point, the concept 
of the NUMITRON seven- segment incan- 
descent digital display device evolved. 

Display device requirements 

A list of basic requirements for any 
character -display device is presented 
below along with the features of the 

NUMITRON digital display device: 

Operating voltage -The operating voltage 
should be compatible with semiconductor 
drive circuitry. The rated drive voltage of 
the NUMITRON display device is 4.5 volts 
for each segment. 

Operating power- Having established an 
operating voltage and desiring as low an 
operating power as practical, the challenge 
becomes one of designing a device with 
as low an operating current as possible 
while maintaining other desirable features 
such as brightness and long life. The 
NUMITRON uses filamentary incandes- 
cent segments that consist of a single heli- 
cal coil of very fine tungsten wire wound 
at very high TPI (turns per inch). The 
individual coils draw 24 mA at 4.5 V. The 
input power is therefore 108 mW /segment 
or approximately 3/4 W /digit. 
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Brightness -High brightness is necessary 
for satisfactory viewing under high 
ambient -light conditions. The Nu MITRON 
segment luminance of 7000 footlamberts 
is extremely bright and permits viewing 
in direct sunlight. In addition, the bright- 
ness is fully controllable by means of drive 
voltage adjustment. 

Contras) -The advantage of high brightness 
can he lost if the contrast between the 
character being displayed and its back- 
ground is insufficient. The background of 
the NUMITRON display device is a black 
ceramic, which provides a high contrast 
with the lighted character. Another con - 
trast to be considered is the difference in 
brightness between lighted and unlighted 
segments. This ratio is extremely good in 
the NUMITRON, inasmuch as unlighted 
segments are practically invisible. 

Viewing angle -The design factor that limits 
the viewing angle of most display devices 
is the depth of the character within its 
enclosure. The planar construction of the 
NUMITRON permits a wide viewing angle 
compared to devices with "stacked" 
digits. 

Freedom from clatter-The planar construc- 
tion of the NUMITRON provides freedom 
from the clutter associated with designs 
which stack individual characters on top 
of one another. 

Reliability -The high brightness levels of the 
NUMITRON display device segments are 
obtained at a coil temperature of 1400 °C, 
which is considerably below the typical 
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design value of 2500 °C for lamp bulb fila- 
ments. Therefore, evaporation of the tung- 
sten wire is negligible. In fact, calculations 
relating tungsten evaporation to filament 
temperature indicate that the tungsten 
evaporation burnout mechanism, which 
causes failure in lamp bulbs, is essentially 
nonexistent in the NUMITRON. Acceler- 
ated life tests on RCA's NUMITRON dis- 
play devices indicate a life expectancy in 
excess of 100,000 hours. 

Color selection- Multicolor displays that 
use inexpensive color filters are desirable. 
The range of color filter selection is depen- 
dent on the width of the light spectrum 
emitted by the display device. The light 
output of the NUMITRON has a wide incan- 
descent spectrum that permits an 
unlimited choice of color filters. 

Size -Character size depends on the par- 
ticular application. RCA's NUMITRON 
digital display devices presently offer a 

choice of two character sizes. The 
DR2000 series of display devices have a 

0.6 -inch numeral height and mount on 0.8- 
inch centers, while the DR2100 series 
offer a 0.4 -inch numeral height and mount 
on 0.5 -inch centers. In actual operation, 
an optical illusion causes lighted charac- 
ters to appear larger than they actually 
measure. 

Cost -RCA's NUMITRON display devices 
are manufactured on high -speed receiving - 
tube equipment. so costs are low. In addi- 
tion, the sockets required are standard 
low -cost items. 
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Components of the NUMITRON 

Fig. I shows a photograph of both series 
of NUMITRON display devices. Each 
size is offered in four basic configura- 
tions: seven- segment without decimal 
point, seven- segment with decimal 
point, plus or minus, and plus or minus 
I. The actual character dimensions are 
shown in Fig. 2. Each device contains 
a group of incandescent single- helical 
coil segments in an evacuated glass 
envelope. During operation, specific 
coil combinations are lighted to form 
the desired character. Any satisfactory 
switching system can he used to address 
the proper coils: however, the usual 
technique is to use integrated -circuit 
decoder- drivers such as the RCA 
CD2500E or CD250IE. 

Fig. 3 shows an exploded view of a 

NUMITRON. The various parts are 
described below: 

Steer -The stem used on the DR2000 series 
NUMITRON is essentially the same as the 
stem used on T6 -1/2 miniature receiving 
tubes, so DR2000 devices can use stan- 
dard miniature receiving tube sockets. The 
stem leads are silver clad so that the device 
can he soldered directly into printed circuit 
hoards if so desired. The DR2100 series 
employs a 9 -pin sub- miniature stem 
designed to mate with commercial sockets 
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Fig. 2- Character dimensions of NUMITRON display devices given in inches and millimeters. 
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Fig. 3- Exploded view of a NUMITRON. 
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that are currently available for TO -5 is 
packages. The DR2100VI series has 
formed leads for direct printed- circuit 
board mounting. The center -to- center 
mounting distance is 0.5 inch, including 
space for an inter -unit light shield. 

Substrate -The substrate that supports the 
seven incandescent segments is molded 
from alumina ceramic material. The 
alumina is blackened by the addition of 
metal oxides to provide a high- contrast 
background for the lighted segments. 
After being molded, the ceramic is fired 
to a permanent set. The finished substrate, 
which is 0.075 -inch thick, contains the 
necessary holes and indentations required 
for inserting and fastening the filament - 
support pins. 

Filament- support pins -The individual 
filament -support pins are made from 
0.014 -inch Kovar wire cut to the required 
lengths. For the decimal eight configura- 
tion, there are sixteen individual pins. 

Support clip -The substrate support clip, 
stamped and formed from 0.005 -inch steel 
strip, supports the mount firmly within the 
bulb. The surface is blackened to eliminate 
reflections within the device. 

Filament coils -The individual segments are 
0.002 -inch- diameter helical coils of 0.0004 - 
inch tungsten wire that is specially doped 
with other materials to provide the 
required metallurgical properties. The coil 
segments in the finished device have 
approximately 800 turns per inch. The 
coils are initially wound at a higher TPI 
and are stretched into position during 
assembly. 

Getter -The getter is the barium compound 
type regularly used in receiving tubes. Its 
purpose is to maintain a high degree of 
vacuum in the finished device. 

Bulb -The bulb is made from 008 lime glass 
and is of the tubing variety so as to have 
good optical properties. A tubulation 
extends from the top end for evacuation 
purposes. 

Construction 

In NUMITRON display device fabrica- 
tion, a substrate -pin -stem assembly and 
a filament -frame assembly are made 
individually. For the substrate- pin -stem 
assembly, the filament- support pins are 
loaded into the ceramic substrate in a 

suitable jig. A liquid glass frit is applied 
to the back of the substrate, and the 
assembly is then fired at 1000`C to set 

the frit and secure the pins in place. 
The substrate -pin assembly is then 
welded to the formed stem. 

The filament -frame assembly is used in 
mounting the very fine filament coils. 
Fig. 4 shows a typical filament -frame 
assembly. The 0.0004 -inch tungsten 
filament wire is wound in the form of 
a single helical coil on an 0.0012 -inch 
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molybdenum mandrel. Segments of the 
continuous coil and mandrel assembly 
are then welded to stainless steel 
frames. The entire filament -frame 
assembly is then immersed in an acid 
solution to dissolve out the molyb- 
denum mandrel, leaving the tungsten 
coil welded to the steel frame as shown 
in Fig. 4. 

Fig. 4- Filament frame assembly. 

SUBSTRATE 

D 

(a 

FILAMENT 
FRAME 
ASSEMBLY 

Fig. 5- Filament coil welding 

FILAMENT 
SUPPORT 
PINS 

(b) 

The filament coil is welded to the 
substrate- pin -stem assembly by the 
two -step process illustrated in Fig. 5. 

The filament -frame assembly is held at 

point A and pressed against the sub- 
strate. Dimension S in Figs. 4 and 5a, 
which was fixed when the coil and man- 
drel were welded to the frame, is thus 
automatically set into the finished 
device. The coil is welded to the support 
pin at point C and broken off of the 
left frame leg. The frame assembly is 

then moved to the right as in Fig. 513 

thereby stretching the coil a fixed 
amount. A second coil -to- support -pin 
weld is made at point D, after which 
the support frame is separated and dis- 
carded. The same operation is repeated 
five times to form the seven individual 
segments; the vertical segments require 
an additional center weld. The frame 
thus provides a handle for holding the 
filament coil during the welding opera- 
tion, and serves as a gauge to position 
and stretch the coil. 

NUMITRON display devices that include 
a decimal point require two additional 
coils mounted in the form of a small 
x. The two filaments that form the deci- 
mal point are connected in series on the 
back of the substrate. The series combi- 
nation of coils for the decimal point, 

like each of the seven segments of the 
figure eight, operate at 4.5 V. 

Finishing and testing 

After a getter has been welded to the 
back of the mount and the filament sup- 
port pins have been positioned for good 
filament alignment, the support clip is 

placed over the substrate and the mount 
is inserted into the bulb. The device is 
then sealed and exhausted in a manner 
similar to that used for miniature receiv- 
ing tubes. The completed device is 
operated for several hours, after which 
it is tested for both electrical and visual 
criteria. The major characteristics for 
the RCA DR2000 and DR2100 series 
of NUMITRON digital display devices 
are listed in Table I. 

Future developmental programs 

Additional devices presently under con- 
sideration include a "flat- pack" version 
of the standard seven- segment configu- 
ration, a twelve -segment "wagon 
wheel" pattern for displaying position, 
magnitude or direction information, and 
reduced power versions of the present 
NUMITRON display devices. Fourteen - 
or sixteen -segment devices capable of 
displaying alphabetic as well as numeric 
characters could be designed and man- 
ufactured provided there was sufficient 
market demand. As the fields of data 
collection, data processing and data dis- 
play continue to expand, so too will the 
need for character display devices. 

Table I- Published characteristics of the DR2000 
and DR2100 series of NUMITRONS. 

0R2000 DR2100 
series ,verles 

,Nechanit aI 

Mounting position 
Maximum overall length (in.) 
Maximum seated length lin.) 
Maximum diameter fin.) 
Base (9 -pin) 

any 
I .875 

1.625 
0.785 
miniature 

any 
1.6611 

1.450 
0.485 
0.230 pin 
circle 

Electrical 
(Dc segment voltage is 4.5 V unless otherwise specified) 

Recommended Dc- segment 
voltage range (V) 

Segment current (mA) 
Mean life expectancy at 

95% confidence level (h) 

3.5 to 5.0 
24 

100.000 

3.5 to 5.0 
24 

100.000 

Visual Inc segment voltage is 4.5 V) 

Viewing angle 
(included angle) 140° 120° 

Typical segment 
luminance (fL) 7000 7000 

Response times lms): 
typical ascent Ito visibility) 
descent (to 50"lß of 

luminance) 

15 

<20 

15 

<20 
Max. segment deflection 

from straight line (in.) 0.005 0.004 
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Liquid -crystal dynamic 
scattering for display devices 
H. C. Schindler 

For the past several years, RCA has been developing practical fabrication techniques 
for liquid crystal devices to be used in numeric -readout displays. This development 

work has led to several devices that are both feasible and desirable. In this paper, 

the design and construction of several types of liquid -crystal numeric -readout devices 

will be discussed in some depth. 

Henry C. Schindler 
MOS IC & Liquid Crystal Products 
Solid State Division 

Somerville, N.J. 

received the BChE from Cooper Union in 1955. and the 
MS in Physics from the Stevens Institute of Technology 
in 1959. Mr. Schindler was employed for four years at 
Picatinny Arsenal where he formulated and tested rocket 
and jet devices. Subsequently, he joined General Instru- 
ment Corporation as a senior engineer in developing 
semiconductor devices. In June 1962, Mr. Schindler was 
engaged by the RCA Superconductor Materials and 
Devices Laboratory of the Special Electronic Components 
Division at Princeton, N.J. He participated in the develop- 
ment of the niobium tin vapor deposition process and 
studies of the effect of the physical, chemical, and electri- 
cal properties of Nb3Sn films. As a result of this work, 
he received the RCA Laboratory Outstanding Achievement 
Award. In April 1964, Mr. Schindler transferred to the RCA 
Superconductive Products Operation. He was initially 
involved with the development and electromagnetic 
evaluation of superconductive ribbons for magnet applica- 
tions. In 1968, he assumed full responsibility for the design 
and assembly of all commercial- magnet systems and, sub- 
sequently, in 1969, he assumed additional responsibility 
for ribbon development and pilot -line production. In 1970, 
Mr. Schindler joined the Liquid Crystal Engineering Activ- 
ity where he is involved with the design, evaluation, and 
applications of liquid -crystal devices. 

jIQUID- CRYSTL A materials were dis- 
covered by H. Reinitzer in 1889. 

These materials flow like a liquid, yet 
the molecules are somewhat ordered 
and, consequently, behave to some 
degree like a solid. Until recently, liquid 
crystals were curiosity items; however, 
in 1968, the electro- optical phenomenon 
called dynamic scattering was discov- 
ered at the RCA Laboratories. 

Dynamic scattering is observed when 
a thin film (6 to 25 µm) of nematic liquid 
crystal material is placed between trans- 
parent conducting electrodes and a vol- 
tage differential exceeding about 7 volts 
is applied. Dynamic scattering is caused 
by the interaction between free space 
charge and elastic and dielectric forces. 
The space charge can be produced 
either by the anisotropy in the conduc- 
tivity or by the production of ions due 
to injection of carriers from the elec- 
trode. 

The molecules of the liquid are rod -like, 
with the polar axis displaced from the 
geometric axis. The liquid is also 
birefringent: its index of refraction 
depends on the light direction. When 
the liquid- crystal material is placed in 
thin films between conductively coated 
glass plates, the molecular axis of the 
molecules can be aligned in one of three 
orientations: 1) randomly, 2) parallel to 
the glass, or 3) perpendicular to the 
glass. In all RCA displays, the 
molecular axis is aligned perpendicular 
to the glass with the polar axis displaced 
as shown in Fig. la. However, when 
an electric field of sufficient intensity 
is applied, the polar axes of the 
molecules align themselves parallel to 
the field, Fig. lb. If some ions are pre- 
sent in the liquid crystal, they will be 

Reprint RE- 17 -6-2 

ASSURFAACES 

-I -.4.I I -MOISR AS 1 MOL ECULA 

f+ 1. .t 
NO FIELD APPLIED 

lat 

X X 

,r-POLAR AXIS 

FIELD APPLIED,MOLECULES 
ALIGNED WITH POLAR AXIS 
PERPENDICULAR TO GLASS 

Al 

OLAR AXIS 

DISTURBED REGION 
DUE TO ION MOTION 

APPLIED FIELD WITH 
ION DRIFT 

Ici 

Fig. 1- Dynamic scattering in nematic liquid cryst- 
als. 

forced to move to the negative elec- 
trode, Fig. lc. The motion of the ions 
causes localized disturbances in the 
electric field and disrupts the ordered 
molecular array. This disruption results 
in regions of varying indices of refrac- 
tion. Any light passing through the 
liquid crystal, with its varying degrees 
of refraction, will be diffusely scattered 
by the activated regions; those regions 
appear like frosted glass. Material in the 
unactivated state is clear. Since the 
device does not generate light, but 
solely scatters light, the activated por- 
tions will appear brighter as ambient 
light is increased. By designing displays 
with some regions clear and other re- 

gions capable of scattering the available 
light, numeric and animated images can 
be generated. 

A major advantage of liquid -crystal dis- 
plays is that they scatter available light; 
therefore, washout in high- light- 
intensity areas (so prevalent with light - 
generating devices) is not a problem. In 
addition, and of extreme importance, 
these displays do not generate light, 
thus, requiring negligible power. In 
fact, liquid crystals require the least 
power of all available displays. The 
major potential applications for nematic 
liquid -crystal displays are in areas of 
numeric display, such as in portable 
instrumentation, calculators, and panel 
meters. 

Liquid -crystal devices can be construe - 
Final manuscript received February 24, 1972 ted for use in either a transmissive or 
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Fig. 2- Assembled single- and four -digit 7- segment 
displays. 

a reflective mode. In the transmissive 
mode, the front and hack electrodes are 
transparent and the display is 
illuminated from the back. When back 
lighting is not available, the back elec- 
trode is made reflective and available 
light is used. If power is at a premium. 
such as in portable instrumentation, the 
reflective mode is usually used. Assem- 
bled single - and four -digit (7- segment 
digits) displays currently marketed by 
RCA are shown in Fig. 2. 

Liquid -crystal materials 

Many naturally occurring organic com- 
pounds are known to behave as liquid 
crystals. Each of these substances has 
distinctive properties, and each has its 
own operating temperature range; in 
most cases, the ranges are too narrow 
and too high above room temperature 
to he of practical value. In addition to 
the discovery of dynamic scattering in 

thin films, one of the major develop- 
ments over the past few years has been 

the development of several stable 
liquid- crystal mixtures that will operate 
at normally- encountered temperatures. 
One of these formulations is a mul- 
ticomponent system operating from 5 °C 
to 55 °C. This temperature range makes 
the system useful in indoor applica- 
tions, such as in panel meters and cal- 
culators. Other liquid -crystal formula- 
tions with different operating - 
temperature ranges have been 
developed over the past few years for 
custom applications. 
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Each liquid -crystal mixture has a 

sharply defined maximum operating 
temperature above which dynamic scat- 
tering completely ceases. This tempera- 
ture is variously called the N -L point 
(the material goes from a nematic liquid 
to an ordinary liquid) or the "isotropic 
temperature" (the material goes from 
an ordered molecular arrangement to a 

non -ordered state). The change from 
"scattering" to "non- scattering" at this 
temperature is reversible and is in no 
way harmful to the device. Similarly. 
there is a lower temperature at which 
a liquid -solid transition takes place. 
This point is referred to as the C -N 
point (crystalline to nematic). This 
change in state is also reversible and 
non- harmful. 

During the cooling of a liquid -crystal 
display, the liquid -crystal material, 
sandwiched between glass plates 
spaced at only 5 x10-4 inch, frequently 
super -cools because of the strong sur- 
face forces. In this supercooled state, 
the dynamic scattering phenomenon in 
some mixtures persists to temperatures 
considerably below the C -N point. 
Many claims for "non- freezing" or 
very -low- freezing -point materials are 
the result of a quick quench allowing 
no time for nucleation or crystallization. 
This results in the formation of a glassy 
state which may have a long holding 
period during which. due to the high 
viscosity of the liquid crystal, no change 
is observable. This supercooling prop- 
erty can he used provided crystalliza- 
tion does not occur after long periods 
of storage. The liquid -crystal formula- 
tion previously described has an operat- 
ing range of 5 °C to 55 °C, and will not 
freeze in devices at the low end of this 
temperature range even after storage at 

the low temperature for several months. 

Measuring electro -optical 
characteristics 

Before discussing the electro- optical 
characteristics of liquid -crystal devices, 
it will help to understand how these 
characteristics are defined and 
measured. The electro- optical measure- 
ments of delay -time, risetime, and 
decay -time are made, typically, in 
either a transmissive or reflective mode, 
depending on liquid -crystal cell type, 
and at a specified voltage, frequency. 
and temperature. For example, since 
RCA liquid crystals are used in con- 
junction with RCA cos /mos circuits, a 
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Fig. 3- Typical oscilloscope traces for (a) rise time 
and (b) decay time taken with the apparatus of 
Fig. 4. 

15 -volt symmetrical squarewave supply 
at 60 -Hz has been selected. The electri- 
cal parameters are defined as follows: 

Delay -time: The time from the initiation 
of the on pulse to the 10% level of 
the transition, Fig. 3a. 

Rise tune: The time interval required to 
change the element from the inactive 
to the active state defined as 10% to 
90% of the transition, Fig. 3a. 

Decay -tune: The time interval required 
to change the element from an active 
to an inactive state defined as 90% 
to 10% of the transition, Fig. 3b. 

Contrast ratio: Ratio of the light inten- 
sity in the on to the off state. 

A diagram of the test apparatus is 
shown in Fig. 4. In the transmissive 
mode, a light source is mounted approx- 
imately 6 inches behind the cell and at 

an angle of 45 degrees from normal to 
the surface, as shown in Fig. 4. A 
brightness meter is mounted in front 

PHOTh- RESEARCH 
BRIGHTNESS METER 1505 -UB 
OR EQUIVALENT 

OPTICAL SENSOR 

LIQUID 
CRYSTAL 
DEVICE 

- - -- LIGHT 
A5. SOURCE 

Y ADORES 
STORAGE 
SCOPE 

X ADDRESS 

TO LIQUID - 

CRYSTAL CELL 

PULSE -WIDTH 
DUTY -CYCLE 
GENERATOR 

Fig. 4- Apparatus used to measure liquid -crystal 
electro- optical characteristics. 
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Fig. 5 -Rise and decay time as a function of applied voltage (symmet- 
rical squarewave at 60 Hz) for transmissive and reflective cells with 
0.0005 -inch electrode spacing. 

Fig. 6- Contrast ratio as a function of applied vol- 
tage for transmissive and reflective cells with 
0.0005 -inch electrode spacing. Applied voltage is 

a symmetrical squarewave at 60 Hz. 

and normal to the cell. in the inactive 
state, no dynamic scattering occurs 
and most of the incident light is trans- 
mitted without reaching the sensor. 
Upon activation of the element, how- 
ever, the dynamic- scattering phenome- 
non is produced, and most of the inci- 
dent light in the active- element region 
is diffusely forward scattered to the 
sensor. 

In the reflective mode, a light source 
is mounted in front at an angle of 45 

degrees away from the perpendicular to 
the cell. The light intensity is measured 
with a brightness meter in front and nor- 
mal to the cell. When the cell is inactive, 
the incident light from the light source 
is specularly reflected and little light 
reaches the meter. When the cell is 
activated, the incident light is diffusely 
scattered, and the light meter measures 
an increased light intensity. 

The electro -optic measurements are 
made with a pulse -width generator, 
storage oscilloscope, and photometer. 
The liquid -crystal cell is triggered with 
12- second pulses, each pulse consisting 
of 5 seconds during which the cell is 
on, and 7 seconds during which the cell 
is off. The luminance of the liquid - 
crystal cell is measured with a Photo 
Research Spot Brightness Meter. 
Model 1505 -UB, or equivalent. 

Electrical- device characteristics 

The electrical performance of a liquid 
crystal display is strongly influenced by 
the spacing between electrodes, liquid - 
crystal resistivity, operating voltage, 

00 

30 

20 

IO 
0 

operating frequency, and operating 
temperature. 

Spacing of conducting electrodes 

The spacing between conducting elec- 
trodes influences all of the optical and 
electrical parameters in a liquid - 
crystal display. The nominal spacing 
between the electrodes of a liquid 
crystal is 5 x 10 -4 inches. The decay 
time of the device, that is, the time 
required for the activated material to 
return to the unactivated state, is 

approximately proportional to the sec- 
ond power of cell spacing. The spacing 
is thus a compromise between the clos- 
est practically achievable spacing with- 
out shorting the electrodes and suf- 
ficiently rapid optical- response times. 
If response time is not critical in a par- 
ticular application, the spacing between 
the electrodes might be increased to 
facilitate production. 

Liquid -crystal resistivity 

In the very pure state, liquid - 
crystal- material resistivities in the order 
of 1 x 10" to 5 x 10" ohm -cm can be 
achieved. However, since the scatter- 
ing phenomenon involves the move- 
ment of ions within the liquid -crystal 
material, a sufficient number of these 
ions must be present. This requirement 
places an upper limit of approximately 
10'" ohm -cm on the liquid resistivity. 
The liquid crystal resistivity increases 
as the temperature is lowered, and is 
a maximum at the lowest operating tem- 
perature. It is therefore necessary that 
the 10'" ohm -cm resistivity not be 

5 0 15 20 25 
APPLIED VOLTAGE - VOLTS 

30 35 

exceeded at this lowest operating tem- 
perature. Current RCA cells are 
approximately 5 x 10" ohm -cm at room 
temperature (25 °C). If higher resistivity 
liquids are required because of limited 
available battery power, the lower end 
of the operating temperature range will 
be slightly higher. These considera- 
tions are of prime importance in appli- 
cations, such as watches, in which the 
available power supply is limited and 
in which materials of the highest avail- 
able resistivity consistent with a wide 
operating temperature range must be 
used. 
Operating voltage 

As a general rule, all transmissive and 
reflective liquid- crystal displays can 
operate in the dynamic -scattering mode 
with voltages as low as 7 -volts RMS; 

however, better contrast and faster rise 
and decay times can be achieved at 
somewhat higher voltiges. Because 
these are appearance factors, which are 
somewhat subjective, trade -offs can.be 
made to best suit the particular appli- 
cation. The rise and decay times as a 

function of voltage for a cell with elec- 
trodes typically spaced at 0.0005 -inch 
are shown in Fig. 5. The degree of 
contrast as a function of voltage is 
shown in Fig. 6. The contrast ratio is 

the ratio of the light intensity when the 
liquid crystal is activated to light in- 
tensity when it is unactivated. While the 
display can be operated at low voltages, 
a 15- to 18 -volt level has been selected 
as optimum because of the good read- 
ability achieved at this voltage; this 
voltage level can be varied. 
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Fig. 7 -An operating phase diagram for several liquid-crystal Fig. 8- Relative resistance as a function of temperature. 
resistivities showing scattering threshold voltage as a function 
of frequency. 

Operating frequency 

Two important frequency parameters 
are the frequency above which the dis- 
play will not operate, commonly refer- 
red to as the cut -off frequency, and the 
capacitive power associated with the 
operation of the display at the desired 
frequency. 

Cut -off frequency 

When applying any symmetrical wave 
to a liquid- crystal display while simul- 
taneously increasing the operating fre- 
quency, a frequency will be reached 
above which the display does not oper- 
ate. This is commonly referred to as 
the cut -off frequency and is related to 
the distance that the ions in the liquid - 
crystal material can travel during a 
given polarity swing. As the frequency 
increases, the time the ions are acted 
upon decreases and, consequently, the 
distance they travel also decreases. 
When this distance becomes so small 
that the molecular regions that cause 
scattering cannot be effectively rotated, 
scattering ceases. 

For any given liquid- crystal resistivity, 
the cut -off frequency depends on the 
operating voltage. In Fig. 7, an operat- 
ing phase diagram is shown for several 
liquid- crystal resistivites. The non - 
operating regions are to the left of each 
material resistivity. For example, for a 
resistivity of 2 x 108 ohm -cm, the region 

to the left and above the resistivity 
curve represents conditions under 
which scattering will not occur. As the 
resistivity of the material increases, a 
greater portion of the voltage- frequency 
domain becomes non- scattering. 

Capacitive energy 

If the available power for a liquid - 
crystal display is limited, the display 
should be operated at as low a fre- 
quency as possible to minimize the 
capacitive power losses associated with 
the switching of the display devices. 
However, operation with a symmetrical 
square wave at frequencies of less than 
25Hz may cause flicker depending on 
the age and vision of the observer. The 
appearance of the display, then, pro- 
vides a guideline to apossible minimum 
operating frequency. In terms of obtain- 
ing long life and minimum capacitive 
power, it has been established that ope- 
ration in the 30- to 60 -Hz frequency 
range is desirable. 

Operating temperature 

As the temperature of the liquid- crystal 
decreases, the liquid becomes more vis- 
cous. A higher viscosity, in turn, causes 
the resistivity of the liquid to increase; 
this condition is shown in Fig. 8. With 
increased liquid viscosity, the time 
required to generate and relax scatter- 
ing regions also increases; this is 
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Fig. 9 -Rise time as a function of temperature for trans- 
missive and reflective cells with 0.0005 -inch electrode 
spacing. Applied voltage is 15 V (symmetrical 
squarewave) at 60 Hz. 

demonstrated in Figs. 9, 10 and 11, in 

which the rise time, decay time, and 
contrast ratio are plotted as functions 
of temperature. It is evident from these 
graphs that both the rise and decay 
times are prolonged with decreasing 
temperatures, whereas the degree of 
contrast is relatively insensitive to tern- 
perature over the operating range. 

Design criteria 

The design of a liquid crystal display 
involves topological problems, elec- 
trical- design considerations, and power 
consumption. 

Topological layout 

In the pattern layout of a liquid -crystal 
display, it is essential that only the 
desired pattern be activated, and that 
all other areas remain inactive. A typi- 
cal design for a 4 -digit 7- segment 
numeric display is shown in Fig. 12. 

The conductive surfaces for the front 
and back plates of the device are shown 
in Figs. 12a and 12b, respectively, and 
the assembled front to back electrodes 
are shown in Fig. 12c. 

Note that the conductive surfaces face 
each other only in those areas that are 
to be activated. Although the inner 
portions of the digits have conductive 
surfaces facing each other, no scattering 
occurs because no leads are provided 
for activation. The lead patterns are 
designed such that they will not coin- 
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Fig. 10 -Decay time as a function of temperature for 
transmissive and reflective cells with 0.0005 -inch elec- 
trode spacing. Applied voltage is 15 V (symmetrical 
squarewave) at 60 Hz. 

tide with (or overlap) a pattern on the 
opposing surface except for areas 
forming the activatable segments of the 
display. This arrangement assures 
that the lead patterns will not be acti- 
vated at any time. The conductive 
surface is a thin, transparent coating 
of tin -oxide or indium -oxide on a 
glass substrate. This construction tech- 
nique and patterning system permits 
the design of displays of considerable 
sophistication and complexity. 

Electrical leads 

It is desirable to maintain the voltage 
drop along the lead lengths of a display 
at less than 1% of the available operat- 
ing voltage to permit the device to oper- 
ate at 99% of available voltage; opera- 
tion at this voltage level will assure max- 
imum response time. Since most dis- 
plays operate in the 15- to 20 -V region, 
lead voltage drop should not exceed 
0.15 to 0.20 V. 

The voltage drop along the leads is eas- 
ily calculated after the lead and activat- 
able area resistances are known. To 
obtain these resistance values, the 
number of squares in the lead layout 
is multiplied by the total resistance per 
square for the conductive coating, typi- 
cally 500 ohms per square. With a 
liquid- crystal -cell spacing of approx- 
imately 5 x10-4 inch, the average resis- 
tance for a I -inch- square activatable 
area is 250,000 ohms. The voltage drop 

TEMPERATURE I °CI 

60 

Fig. 11- Contrast ratio as a function of temperature 
for transmissive and reflective cells with 0.0005 -inch 
electrode spacing. Applied voltage is 15 V (symmet- 
rical squarewave) at 60 Hz. 

of the leads, therefore. is the drive vol- 
tage multiplied by the ratio of the lead 
resistance to the sum of the lead resis- 
tance plus the fixed resistance of the 
activatable area. Should the voltage 
drop of the leads exceed 0.15 to 0.20 
volts, the lead width can be readjusted 
to achieve the desired design level. 

Power consumption 

The combination of liquid -crystal dis- 
play and cos/MOs driving circuitry pro- 
duces a display system that consumes 
less power than any other known elec- 
tronic display system. As an example, 
the RCA TA8040 display consisting of 
four 0.6 -inch -high by 0.4 -inch -wide 7- 
segment digits plus 5 decimal points 
consumes only about 100 µA at 15 volts 
or 1.5 mW with all segments operating. 
Since the normal duty cycle of the seg- 
ments in a numeric display is 65 to 70 %, 
the power consumption is further 
reduced to approximately 1 mW. If the 
display is considered to be driven by 
the energy of a single D cell, such as 
the type T -50, and if 70% efficiency is 
experienced in converting the available 
1.5 volts to a 15 -volt operating voltage, 
then the energy of the D cell is sufficient 
to operate the liquid -crystal display 
24 hours /day for 300 days. The power 
can be reduced further and display life 
increased by a factor of five by slightly 
increasing the resistivity of the liquid - 
crystal material. However, as pre- 
viously discussed, this advantage is 

a) Front plate. Dark areas are conductive 
coating. 

WI II 
b) Back plate. Dark areas are conductive 
coating. 

.8.8.8.8. 
c) Assembled display. Dark areas are acti- 
vated segments. 

Fig. 12- Ltight areas of liquid -crystal display 
are conductive areas. 

somewhat offset by a slight reduction 
in the operating temperature range. 

Conclusion and commercial 
prospects 

Since the initial RCA announcements 
on dynamic scattering in 1968, several 
years have been devoted to developing 
practical fabrication techniques. The 
point has now been reached at which 
many commercial products appear feas- 
ible and desirable. This paper confines 
its discussion to liquid -crystal numeric - 
readout displays. These displays can be 
either single- or multi -digit types, or 
they can be custom designed. Liquid - 
crystal displays have been designed to 
meet desired operating parameters in 
terms of rise and decay time, operating 
voltage, and temperature. These 
devices and present technologies are 
ideally suited for digital- readout equip- 
ment, clocks, and calculators. Circuitry 
involving cos/Mos technology is pres- 
ently evolving to complement the liq- 
uid crystals. As materials and technol- 
ogy advance, other applications, such 
as watches and outdoor displays will 
be realized. 
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Facsimile printer using 
a liquid crystal array 
J. Tults D. L. Matthies 

Liquid crystal cells can be used to build various display and light -modulating devices. 
The construction of such devices is simple and their power consumption very low 

since ratner than producing light, the liquid crystal cells modify the characteristic 
of incident light. This paper describes the construction of an optical facsimile printer 
where a linear array of liquid crystal cells is employed as a light modulator. 
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IN THE PAST FEW YEARS, several 

papers have been published by G. H. 
Heilmeier and his co- workers at RCA 
Laboratories describing the phenome- 
non of dynamic scattering in liquid 
crystals.' 2 This phenomenon has been 
used in displays consisting of a suitable 
arrangement of cells containing liquid 
crystal material. In the facsimile print- 
er, the array of liquid crystal cells 
operates as a very low -loss light mod- 
ulator driven by only a negligible 
amount of power supplied at a moderate 
voltage level. The method of exciting 
the cells was chosen to reduce, as much 
as possible, the response time of the 
liquid crystal cells to maximize the 
speed of the printer. 

Basic system 

The basic printer is illustrated in Fig. 
I. The light sensitive recording surface 
can be, for example, Electrofax paper 
which travels at a constant speed past 
the exposing station. A projection lens 
focuses an enlarged image of the linear 
array of liquid crystal cells upon the 
recording surface. The light transmis- 
sion characteristics of the individual 
cells of the array are controlled by exci- 
tation voltage waveforms ohtained from 
signal processing circuits. 

Array construction 

The construction of a typical liquid 
crystal cell array for the facsimile 
printer is shown in Fig. 2. The structure 
consists of two quartz plates separated 
by th mil -thick spacers with the space 
between the plates filled by liquid 
crystal material. The inside surfaces of 
the quartz plates have transparent, con- 
ductive coatings that are etched to form 
the desired electrode patterns. Cells are 
formed where the electrodes on the top 
and bottom plates overlap -these areas 
are shown shaded in Fig. 2. In this 
structure, the single strip- electrode on 
the top plate is common to all cells. The 
length of the shortest side of a single 
cell must be at least about five times 
larger than its thickness to reduce the 
relative magnitude of fringing effects 
between adjacent cells. 

The equivalent circuit of a liquid crystal 
cell is a resistor and a capacitor con- 
nected in parallel. In a 10 -mil- square 
cell, the capacitance is about 0.1 pF, 
and the resistance is typically 109 ohms. 

Reprint RE- 17 -6 -1 

Final manuscript received June 17 1970 

www.americanradiohistory.com

www.americanradiohistory.com


Electro -optic characteristics 

Normally, a liquid crystal cell is trans- 
parent to radiation in the wavelength 
range from about 0.3µm to 2µm. When 
a voltage is applied to the electrodes 
of the cell, the liquid crystal material 
switches into what is called the dynamic 
scattering mode. In this mode, light 
traveling through the cell is scattered 
in the forward direction. 

Fig. 3 shows the electro -optic transfer 
characteristic of a typical liquid crystal 
cell in the array when the light is inci- 
dent upon the cell at an angle of 30° 

to the normal, while the detector is 
pointed directly at the cell. As the vol- 
tage approaches 10 volts, the dynamic 
scattering effect becomes noticeable 
and increases with the applied voltage. 
Saturation is reached at about 30 or 40 
volts. The excitation voltage can be DC, 

or AC at a frequency less than about 
500 Hz. The life of the liquid crystal 
cells can be significantly increased if AC 

excitation is used. 

The optical characteristics of a liquid 
crystal cell, illustrated in Fig. 4, are also 
of great importance in the design of the 
printer. These characteristics show that 
for most efficient utilization of the inci- 
dent light the beam should be normal 
to the cell (0 =0 °). However, under 
those circumstances the cell is a rather 
poor light valve since the ratio of the 
relative brightness values of the cell 
when clear and then scattering, com- 
monly known as the contrast, is only 
about 3 (Fig. 4c). It is possible to 
enhance this low value of contrast opti- 
cally by methods described later in this 
article. Of course, as can be seen from 
Fig. 4c, a contrast of about 10 can be 
obtained by aiming the light beam on 
the cell at an angle of 30° to the normal. 
The peak brightness of the cell in this 
case is decreased by a factor of about 
30 (from 0 =0 °) resulting in very inef- 
ficient use of the available light. 

Dynamic operating characteristics 

In addition to the static electro -optic 
performance, the dynamic operating 
characteristics of liquid crystal cells are 
also of great importance in applications 
like the facsimile printer. Fig. 5 shows 
actual waveforms illustrating the 
dynamic response of a liquid crystal cell 
excited by discontinuous AC signals. In 
Fig. 5a a low- frequency excitation 
waveform is applied across the cell for 

TOP VIEW 

EPDXY SEAL 

IMAGE OF LIGHT 
PATTERN DISPLAY( 
BY LC CELL ARRAY 

FROM SUPPLY 

TO DEVELOPER 

MOVING PHOTOSENSITIVE 
RECORDING MEDIUM 

PROJECTION LENS 

SIGNALS REPRESENTING 
INFORMATION TO BE PRINTED 

ARRAY OF NORMALLY 

C TRANSPARENT LC CELLS 

LIGHT FROM SOURCE 
Of ILLUMINATION 

CONTROL SIGNALS FOR 

ELEMENTS OF THE ARRAY 

SIGNAL PROCESSOR 

Fig. 1 -Basic elements of facsimile printer employing a linear array of 
liquid -crystal cells. 
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Fig. 2- Construction of a linear array of liquid- crystal 
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Fig. 3- Static electro -optic transfer function of a typical liquid -crystal cell. 
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a period of about 10 ms. The resulting 
changes in the brightness of the cell are 
shown by the lower waveform. The 
decay time of the brightness, of about 
100 -ms duration in this case, is obvi- 
ously much longer than the risetime. 

The decay time can be dramatically 
reduced by applying a high frequency 
Ac signal across the cell during periods 
when the brightness of the cell should 
be low. This is illustrated in Fig. 5b 
which shows a 20 -kHz turn -off signal 
applied to the cell whenever the low 
frequency excitation signal is not pres- 
ent. The decay period is thus reduced 
to about 5 ms, and the risetime of the 
brightness response is also decreased 
by a noticeable amount. With this 
technique, the speed of response can 
be increased to the point where the cell 
can be switched from one brightness 
state into another at intervals as short 
as about IO ms. 

Optical system 
The optical system of the facsimile 
printer (Fig. 6) is basically a slightly 
modified slide projector. On the 
extreme left is a point source of light, 
e.g. a mercury -arc lamp. A condenser 
lens focuses the image of the light 
source on the center of the aperture 
plane of the projection lens. The array 
of liquid crystal cells is placed into the 
path of the light beam where ordinarily 
a slide would be inserted in a slide pro- 
jector. Rather than an array of square 
cells, one consisting of rectangular cells 
is employed to intercept a greater frac- 
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tion of the output beam of the condenser 
lens. For a fixed length of the array, 
this fraction is proportional to the 
height /width ratio of the individual cells 
in the array. Without the cylinder lens 
shown in Fig. 6, the projection lens 
would form an undistorted image of the 
array on the recording surface. 
However, with the lens inserted, this 
image is compressed along the vertical 
axis and, as a result, the desired image 
consisting of an array of square cells 
is obtained. The optical system is 
arranged to produce an image where the 
side dimension of a cell is about 5 to 
10 mils. This is an adequately small size 
for resolution elements in many applica- 
tions, e.g. for printing typewriter -size 
alphanumerics. 

One very important aspect of the pro- 
jection system is its ability to enhance 
the contrast of the projected image. On 
basis of the characteristics in Fig. 4, 
the contrast in the plane of the array 
of liquid crystal cells, when looking in 
a direction normal to the array, is only 
about 3. To obtain a recording of good 
contrast on Electrofax paper, like the 
Dennison HS, the ratio of the maximum 
and minimum intensities of the incident 
light must be at least about 5. A ratio 
of IO can actually be obtained at the 
image of the projection system. This 
becomes possible by using a projection 
lens of small aperture. At the same time, 
the aperture should be at least as large 
as the image of the light source formed 
at the aperture so as not to reduce the 
brightness of the image. Under those 
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MOVEMENT 

Fig. 6 -High efficiency projection printer. 

Fig. 7 Fig. 8 

Records printed with projection -type crystal printer. 

conditions. all the light intercepted by 
a clear cell in the array passes through 
the aperture and arrives at the recording 
plane, whereas only a fraction of the 
total light from a scattering cell can pass 
through the projection lens. The size 
of this fraction is directly related to the 
area of the aperture. 

It may be of interest here that the liquid 
crystal material exhibits dynamic scat- 
tering for wavelengths in the range of 
0.3 µm to 2 µm; thus, recording media 
with various spectral sensitivity char- 
acteristics can be used. It is only neces- 
sary to select a light source with a peak 
spectral emission characteristic at a 
wavelength approximately equal to that 
of the response characteristic of the re- 
cording medium. 

Signal processor 

The experimental facsimile printer 
which has actually been constructed 
employs a 0.6- inch -long array of 60 
rectangular liquid -crystal cells. The 
electrical excitation signals for the cells 
are obtained from a signal processor. 

In this signal processing system, the 
video input signal is quantized into 
binary samples to represent either white 
or black picture elements. Such a sys- 
tem is entirely adequate for printing 
alphanumeric and graphical data. The 
printing speed is 60 lines /second and is 
set by the field rate of the Tv signal. 
This is close to the maximum printing 
rate of about 100 lines /second which is 
directly related to the previously men- 
tioned shortest practical switching 
interval of IO ms for liquid crystal cells. 
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A more complicated signal processing 
system is needed when the incoming 
information is. for example. in the form 
of Ascii codes representing serially 
arriving alphanumeric character data. 
Assuming that the output of such a 

printer consists of 8- inch -long rows of 
typewriter -size characters where one 
resolution element is a 10 -mil square. 
then the characters can be printed at 

a rate as fast as 576 /second. 

Experimental results 

The records shown in Fig. 7 were 
printed with the facsimile recording sys- 
tem which has been described. The 
recording medium was Dennison HS 
Electrofax paper moving at a speed of 
0.6 in /s. One resolution element on 
those records is of a size approximately 
equal to a 10 -mil square. The contrast 
of the recordings is sufficiently good for 
excellent legibility. The somewhat 
uneven appearance of the characters is 
caused by the fact that the video source 
was supplying an analog -type signal to 
the printer which was then converted 
into a digital signal by the signal proces- 
sor. The photographs of the magnified 
recordings in Fig. 8 demonstrate more 
convincingly the resolution and con- 
trast capabilities of the printer. These 
records were made with a signal 
obtained from a synthetic pattern 
generator. The true width of the ele- 
ments on these magnified records is 
approximately 10 mils. 

Principles of a contact -type printer 

Another interesting possibility for con- 
structing a facsimile printer using a 

linear array of liquid crystal cells has 
been investigated. The principle of op- 
eration of this printer can be explained 
with the aid of Fig. 9. which shows 
two cross -sectional views of the re- 
corder. The array of liquid crystal cells 
is similar in structure to the unit shown 
in Fig. 2. The recording surface is not 
placed into immediate contact with the 
structure of the array as one might 
expect. but is separated from it by a 

transparent structure containing a set 
of parallel and light absorbing planes. 
The center -to- center spacing W of these 
planes is identical to that of the liquid 
crystal cells. 

The purpose of the structure in Fig. 2 

is to produce contrast enhr ncement in 
a manner which is really basically the 
same as in the projection printer. By 
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Fig. 9- Contact printing with liquid- crystal -cell array. 

increasing the separation M between a 

scattering liquid crystal cell and an area 

of the same size on the recording sur- 
face directly opposite to the cell. the 
light falling on this area from the cell 
decreases. On the other hand. assuming 
the rays of light remain parallel while 
traveling through sections of the array 
where the cells are clear. areas on the 
recording surface opposite to these cells 
receive a constant amount of light 
regardless of the distance M between 
the recording medium and the array. As 
a result. the levels of light intensity at 
the recording plane corresponding to 
the clear and scattering cells have a ratio 
which increases with the separation M. 
and a recording of high contrast is pro- 
duced. 

The light- absorbing planes and the 
mask adjacent to the recording surface 
prevent any light rays from a scattering 
cell reaching areas on the recording 
plane other than an elemental area of 
size W x W directly opposite the cell in 

question. These planes also have the 
important function of reducing optical 
crosstalk which results when the rays 
from the light source are not perfectly 
parallel. 

The contact printing system is attrac- 
tive because it is more compact than 
the projection printer. However. in the 
contact printer. the array of liquid 
crystal cells prints a record which has 

a width equal to the length of the array. 
For most practical applications it is. 
therefore. necessary to provide a light 
source which can supply a broad beam 
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of parallel light. Unfortunately. a cheap 
and efficient way of constructing such 
a source has not been found. Practical 
ways for realizing the structure of the 
louvered medium also need to he inves- 
tigated. 

Conclusion 

The feasibility of modulating light with 
an array of liquid crystal cells in an opti- 
cal facsimile printer has been demon- 
strated. Liquid crystal cells require only 
modest operating voltages and consume 
little pov.e . It is. therefore. possible 
to construct the signal processor with 
integrated circuits. The speed of such 
a printer is limited to about 100 
lines /second. In the form described in 
this article. the printer is not capable 
of recording information in intermediate 
shades of gray. 
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Storage tubes for computer 
displays 
F. J. Marlowe 

In the late 1940's storage tubes showed some promise as computer memories. The 

Selectron1- invented at RCA Laboratories, the Williams tube' and the Haeff tube' 
are historic electrostatic memories from that era. In those early days, the job was 
being done cumbersomely by vacuum -tube flip flops, so by comparison a single tube 
that could store a few hundred bits was attractive. However, the magnetic core memory, 
invented in about 1950, was so successful that storage tubes disappeared entirely 
from the computer scene. In the intervening years, storage tubes found use in radar 
and television, mainly as scan converters. Development continued and improvements 
were made, but they were never competitive with cores as main -frame memories. 
Recently, though, the growing use of video displays with graphics capability as com- 
puter output devices has opened some special applications for which modern storage 
tubes are better suited than magnetic cores or other conventional types of memory. 

COMPUTER VIDEO OW PUT DEVICES 

that display graphics are particu- 
larly good applications for storage tubes 
because, unlike ordinary CRT's, storage 
tubes can retain an image without the 
need for continuous refreshing. In the 
computer, graphics typically are stored 
compactly as a list of parameters (e.g., 
slope or curvature, length, and starting 
point) for each line. To display those 
lines, the list is scanned sequentially 
and fed to the video output device 

where it is converted to a picture. Use 
of a storage tube, which requires no 
refreshing, in the output device permits 
efficient utilization of the computer 
because the list of parameters need only 
be scanned once each time a picture 
is constructed. The gain in hits dis- 
played over bits stored in main memory 
can he enormous. For example, using 
for this purpose a garden variety storage 
tube with resolution equal to that of 
standard TV, a short list of parameters 

Frank J. Marlowe, Communications Research Laboratory, RCA Laboratories, Princeton, N.J.. did his undergraduate work 
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in main memory can be converted to 
a display having 250,000 hits. In this 
application, the storage tube is not 

equivalent to a 250,000 -bit conven- 
tional digital memory because an indi- 
vidual stored bit cannot be addressed 
and read out by the computer; only the 

collective array of bits making an image 

constitutes an output. In general, a 

storage tube in a video output device is 

used only as a limited type of memory 
which stores information that is not to 
he read out and interpreted by the com- 

puter, but is only to be displayed to a 

human observer. 

n increasingly important application 
of video -graphic output devices is in 
time sharing terminals that are linked 
to a computer by telephone lines. 
Because of the limited phone -line 
bandwidth, graphics must be trans- 
mitted in condensed parameterized 
form. and then converted at the termi- 
nal to an image. Furthermore, the ter- 
minal must be able to store that image 
long enough so that it can be con- 
structed piece by piece as data arrive 
relatively slowly over the phone line 
and so that it remains long enough to be 

comprehended by the terminal opera- 
tor. Storage tubes not only permit 
piece -by -piece image construction, but 
also can retain images for long periods 
of time. Most important, the nature of 
time sharing terminals requires that 
terminal cost be a fraction of the com- 
puter cost; using a storage tube for the 
terminal memory a graphic image can 
he stored and displayed far less ex- 
pensively than using a conventional 
type of computer memory. 

In the remainder of this paper three dif- 
ferent types of storage tubes that are 
used as computer output devices are 

described. The cathodochromic storage 
tube is a direct -view tube that displays 
on its faceplate a visible image which 
remains indefinitely. or until it is inten- 
tionally erased. The bistable direct 
view storage tube also displays a 

stored image on its faceplate, but the 
storage of that image depends upon 
continued application of electrical 
power. The silicon storage tube stores a 

volatile charge pattern that cannot be 

seen directly, but must be scanned 

electronically, and displayed on a iv 
monitor. Other types of storage tubes 
exist and can be used for computer 
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Fig. 1- Cathodochromic storage tube. 

graphics, but these three are currently 
the most prominent, and are likely to 
become more so in the future. 

Cathodochromic storage tube 

During World War I1 dark -trace tubes 
were used for radar displays requiring 
long persistence. In those tubes a KCI 
coating on the faceplate turned dark 
when bombarded by a high energy elec- 
tron beam. Persistence could be varied 
from seconds to hours depending on 
incident light and temperature. Unlike 
phosphors, the KCI coating gave off no 
light, but could only be viewed under 
reflected or transmitted illumination. 

The modern cathodochromic storage 
tube is an outgrowth of the old dark - 
trace radar displays. Fig. 1 is a sche- 
matic of an experimental tube4 
developed at RCA Laboratories. The 
cathodochromic material is thermal - 
erase sodalite: Br, which turns dark 
under bombardment by the electron 
beam. The contrast ratio depends on ex- 
posure time, with a maximum in excess 
of IO:I. At room temperature, image 
persistence is permanent; however by 
activating the resistive heater, a stored 
picture can be erased in two seconds. 
Although the storage target shown in 

Fig. I is illuminated from the rear, the 
stored image can also be viewed 
under reflected ambient light alone. 

The cathodochromic storage tube has 
a number of features that make it attrac- 
tive as a computer video output device: 

1) Resolution is very high. Spots of I mil 
diameter can be written and resolved. 

MICA 
SUBSTRATE 
2)Z a 3" 

+ 25101 

Fig. 2 -An RCA cathodochromic tube with stored image. 

2) Tube structure is nearly as simple as a 
plain black and white kinescope. 

3) Since the image can be viewed under re- 
flected light, it is not washed out by a 
bright ambient background. 

4) Storage time is indefinite without requir- 
ing application of power. 

5) Gray scale images can be displayed. 

On the other hand, some disadvantages 
are: 

I) Two seconds required for erasure is 
objectionally long for some applica- 
tions such as an interactive time sharing 
terminal. 

2) The storage /viewing area, limited at 
present to not much more than 21/2 inches 
x 3 inches, is too small for many pur- 
poses. To solve this problem artificial 
means of increasing the size, such as 
projection, must be employed. 

As an example of its storage /display 
capability an RCA cathodochromic 
tube with a stored computer -drawn 
image is shown removed from its socket 
in Fig. 2. 

The cathodochromic storage tube has 
only had limited application as a com- 
puter output device. In addition to 
some experimental systems such as one 
builtat RCA Laboratories,onecompany 
has introduced a computer terminal 
employing cathodochromic tubes. 
Also. another company marketed a ter- 
minal based upon a photochromic tube, 
which is similar to the cathodochromic 
one. but uses a light- emitting phosphor 
excited by the electron beam to darken 
the storage /display medium. In general, 
cost of cathodochromic terminals has 
been high, which, coupled with the dis- 
advantages of long erase time and need 
for projection magnification, has with- 

held the terminals from widespread 
general- purpose applications. How- 
ever, cathodochromic storage tubes 
still hold promise for special pur- 
poses where the needs for high reso- 
lution and /or permanent storage pre- 
dominate. 

Bistable direct -view storage tube 

Currently the most widely used com- 
puter output storage tube is the bistable 
direct -view type manufactured by Tek- 
tronix. This tube is incorporated in a 

number of products including an 
interactive graphics and alphanumerics 
terminal shown in Fig. 3. Early bistable 
direct -view storage tubes employed an 

insulator- coated mesh to store the 
charge pattern, which in turn controlled 
the landing of electrons on a phosphor- 

Fig. 3- Bistable direct -view storage tube in a com- 
puter display terminal. (Courtesy of Tektronix, Inc., 
Beaverton, Oregon.) 
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coated faceplate. In the modern sim- 
plified bistable direct -view tube, a 

charge pattern is stored directly on a 

phosphor -dielectric target using the 
bistable secondary emission properties 
of the insulating phosphor. That charge 
pattern controls the landing of electrons 
on the phosphor -dielectric, producing 
a corresponding visual output. 

A schematic of the tube's internal struc- 
ture is shown in Fig. 4.5." The target 
is made of two layers on the glass face- 
plate: the transparent conductor serves 
as an electron collector for secondary 
electrons: the phosphor -dielectric layer 
both stores the charge pattern and emits 
light. Two flood guns continuously 
bombard the target with electrons 
which both maintain the charge pattern 
and excite the phosphor. The writing 
gun shifts selected points on the target 
from the erased or dark state to the 
bright state. 

The secondary emission ratio of the 
phosphor -dielectric layer is plotted in 
Fig. 5. Under uniform illumination from 
the flood guns, each particle of 
phosphor -dielectric is stable at either 
zero volts relative to the flood guns -in 
which case no electrons land on the 
phosphor -or at Vc -in which case 150 - 

V electrons land and excite the 
phosphor. The transparent conducting 
layer is able to both collect secondary 
electrons and serve as a reference for 

the higher stable target voltage, Vc, 
because the phosphor -dielectric parti- 
cles are dispersed. The write gun shifts 
target points from the lower -voltage 
stable point (erased) to the higher - 
voltage one by bombarding the 
phosphor -dielectric with very high 
energy electrons which generate sec- 
ondary electrons, causing a net positive 
potential shift. Erasure is done by 
momentarily decreasing the target - 
to -flood -gun potential below the first 
crossover and then gradually returning 
it to 150 V. 

The bistable direct -view tube has fea- 
tures that are adequate, but not excep- 
tional, for a computer video output 
device, and has no serious deficiencies. 
The size of the display, 2I cm x 16.2cm, 
is right for one or two viewers. Resolu- 
tion of 400 x300 line pairs' is more than 
that of commercial television but is less 

than that of the cathodochromic storage 
tube. A storage time of IS minutes with 
power applied gives ample time for an 

image to be drawn and comprehended 
by the viewer. Erase time of about 1/5 

second is considerably better than that 
of the cathodochromic tube. However, 
unlike the cathodochromic tube, the 
bistable storage target has no capability 
for gray -scale display. Due to its sim- 
plified structure (simple relative to 
earlier bistable tubes, but not as simple 
as the cathodochromic tube, which has 

Fig. 4- Structure of bistable direct -view storage tube (top left). 

Fig. 5- Secondary emission ratio of an insulator near a reference potential, 
Vc (lower left). 

Fig. 6 -RCA one -inch -diameter silicon storage tube (top right). 

Fig. 7- Structure of silicon storage tube (lower right). 
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no flood guns), the price of video output 
devices using the tube is within reach 
of many computer users. One minor 
deficiency of the tube is that because 
the phosphor particles on the screen 
must be dispersed, brightness of the dis- 
play is sacrificed. However, users 
quickly accommodate themselves to 
low brightness, and the other features 
of the tube have made it the current 
most widely used storage tube for com- 
puter output devices with graphics 
capability. 

Silicon storage tube 

The silicon -target storage tube, a rela- 
tive newcomer introduced only a year 
or two ago, looks and operates very 
much like a vidicon television camera 
tube. As such, it has many advantages 
compared to other types of storage 
tube. It is small in size, of rugged con - 
struction, and -most of all -low in 
cost. Even though both resolution and 
storage time are poorer than those of 
the first two types of storage tube dis- 
cussed, the silicon tube in its short life 
has been the object of considerable 
activity. RCA and at least four other 
companies have manufactured the item. 
Fig. 6 shows an RCA one -inch diameter 
silicon storage tube. [The RCA silicon 
storage tube is similar in operation to 
the RCA Alphechon tube, which used 
an insulator- coated wire mesh for 
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storage.] One -and- one -half inch diame- 
ter tubes with correspondingly better 
resolution are also available. Much of 
the interest lies in the area of Tv picture 
processing, but the tube has features 
that also make it attractive as a com- 
puter output device. 

The basic operating principle of the 
tube8 is that a charge pattern is stored 
on a Si02 dielectric grid that is part of 
and approximately coplanar with the 
surface of a conducting silicon wafer. 
Figure 7 is a schematic of a silicon target 
and tube. Readout is like that in a vidi- 
con, namely by the electron beam, 
which scans the target with a Tv raster. 
The charge pattern stored on the co- 
planar S102 grid controls the amount of 
beam current landing on the conducting 
silicon wafer, thereby producing an 
electrical output signal, which can be 
amplified for display on a TV monitor. 
Writing, which consists of charging the 
S102 positively, is done with the target 
raised to a potential above first cross- 
over (refer to Fig. 5) so that the second- 
ary emission gain of the Si02 under 
electron bombardment is greater than 
unity. Gray scale is obtained by modu- 
lating the electron beam current during 
writing. Erasure is done with the target 
biased below first crossover so that 
those areas to be erased are charged 
negatively by the electron beam down 
to cathode potential. Fig. 8 shows a 

read -erase -write cycle of the target. 
Notice that in the read mode the storage 
grid is negative relative to the cathode. 
Because of this, electrons do not land 
on the Si02 during readout, so the 
stored charge pattern can be scanned 
repetitively without discharging. In 
practice, however, the target is dis- 
charged after a few minutes of readout 
by positive ions, which come from 
residual gas atoms ionized by the elec- 
tron beam. The readout time is a pa- 
rameter that the tube designer can con- 
trol. For example, by increasing the 
target capacitance (thinner S102) read- 
out time is increased, but so also is the 
time required to erase. 

The silicon storage tube has a number 
of features that make it exceptionally 
versatile as a computer video -graphics 
output device: 

I) Because the output is electronic, the 
stored picture can be displayed on a Tv 
monitor having excellent contrast and 
brightness. Furthermore, multiple moni- 
tors can display the picture simultaneously. 

2) The output signal can be processed 
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Fig. 8- Target of silicon storage tube in read, erase, write cycle (all voltages 
are relative to the cathode). 

electronically for a variety of display 
applications such as superposition with 
live Tv, broadcast over an RF channel, 
or slow -scan input to a facsimile 
printer, to name a few. 

3) Stored graphics can be selectively 
erased. 

4) In a tube designed for fast erasure, the 
entire stored image can be erased in 
1/30 sec. 

5) Gray -scale images can be stored and 
displayed. 

6) Small regions on the target can be 
magnified by "zooming" the electrically 
variable raster scan. 

In spite of its flexibility, the silicon stor- 
age tube is not yet widely used as a 

computer output device -primarily 
because of its limited resolution. There 
is a broad range of resolution perform- 
ance claimed by the various manufac- 
turers, and some of this range is due 
more to differences in measuring 
methods than in device quality. 
However, generally speaking, resolu- 
tion of the 1 -inch diameter tubes is com- 
parable to that of standard television, 
and that of the II/ -inch diameter tubes 
a little better. Work is presently under 
way both at RCA Laboratories and by 
other manufacturers of the silicon tube 
to make computer terminals based upon 
it. The future is certain to see them in 
applications where flexibility and low 
cost are important, but resolution 
requirements do not demand the capa- 
bility of the bistable direct -view tube. 

Conclusion 

Which tube makes the best computer 
video graphic output device? The price 
performance combination of the bi- 
stable direct -view storage tube has 
made it the solid front -running storage 
tube for today's general- purpose com- 
puter users. The cathodochromic stor- 

age tube is both stronger than and 
weaker than the bistable one. In par- 
ticular. resolution and storage time are 
better. but display size and erase time 
are not as good. As the use of computer 
video graphics increases, more special 
applications will emerge which will 
require the strong points of the 
cathodochromic tube and for which its 
weaknesses will not be serious limita- 
tions. Use of the silicon storage tube 
in computer displays can be expected 
to pick up in proportion to the adoption 
of computers by the general population. 
For such purposes, high resolution will 
not be mandatory; the versatility of the 
tube will be important; and its low cost 
will be a compelling advantage. One 
thing is certain: the growth of computer 
video graphics has returned storage 
tubes to the hierarchy of viable compu- 
ter memories. 
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Display system using 
the Alphechon storage tube 
F. Marlowe I F. Wendt I C. Wine 

An exciting new display system based 
on an Alphechon storage tube has been 
built at RCA Laboratories. The 
Alphechon is a single -gun electrical - 
input electrical- output storage tube that 
was developed In 1968 by Ed Smith and 
co- workers of the Industrial Tube Division 
in Lancaster. The tube has a number 
of important features such as: standard 
television resolution, gray -scale capabil- 
ity, single -frame time writing and erasure 
of a complete stored picture, selective 
erase, and the structural simplicity of an 

ordinary one -Inch diameter vidicon tube. 
This paper will begin with an indication 
of certain general types of display sys- 
tems that require a storage tube. That 
will be followed by an explanation of how 
the Alphechon storage tube works, and 
that in turn by a description of the display 
system that was built using an 
Alphechon tube. 

WHY USE A STORAGE TUBE? A tele- 
vision monitor requires as input 

30 complete picture frames /second even 
if the displayed picture is not moving. 
In some applications, however, it is not 
possible to transmit 30 frames /second 
from a video source directly to a Tv 
monitor. For example, the monitor may 
be part of a remote time -sharing termi- 
nal linked to a computer by a low 
bandwidth telephone line. You would 
like to have the computer display a still 
picture on the monitor, but the phone 
line does not have sufficient bandwidth 
to allow transmission of 30 frames/ 
second. If a storage tube is included 
at the terminal, though, the computer 
can transmit over the phone line to the 
storage tube in a slow -scan mode. The 
storage tube stores the picture and then 
reads it out repetitively to the monitor 
at 30 picture frames /second. In this 
way, the monitor receives the proper 
input in spite of the bandwidth limita- 
tion on the telephone line. An additional 
benefit derived from the use of a stor- 
age tube is that once the computer 
transmits the picture to the storage 
tube, it can ignore that terminal insofar 
as the displayed picture is concerned 
until that picture is to he changed. 

Reprint RE- 17 -6 -12 
Final manuscript received October 22, 1970. 
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A second type of display system that 
uses a storage tube is one in which a 
video source feeds a number of 
monitors over a common video line, but 
not all the monitors necessarily display 
the same picture. For example, the 
video source could be a computer in 
a stockbroker's main office in New 
York City and the monitors could be 
located in branch offices in towns 
between New York and Philadelphia. 
The cost advantage of using a common 
video line to link such widely separated 
terminals is apparent. In this example, 
the video source would continuously 
transmit frames of stock market infor- 
mation, each frame preceded by some 
coding so that a user located in one of 
the branch offices can select the frame 
that he wants. When the selected pic- 
ture frame arrives, it is written into a 
storage tube, and thereafter until 
another frame is selected, that storage 
tube ignores the video line and reads 
the stored picture out to its monitor at 
a rate of 30 frames /second. 

Although there are many other applica- 
tions for storage tubes than those 
indicated above, we are primarily 
interested in those two, and in fact the 
display system that was built operates 
in both of the ways indicated. In par- 
ticular it can accept random -scan inputs 
from a computer at slow scan rates over 
a telephone line, and it can accept single 
frame inputs of live Tv from a video 
line. 

Having justified the need for a storage 
tube in certain types of display systems, 
let us next consider the Alphechon 
tube. 

How the Alphechon storage tube 
works 

The Alphechon tube (Fig. 1) is structur- 
ally similar to an ordinary one -inch 
diameter vidicon. At the left end is the 
electron gun, while at the right end is 

the dielectric storage target. Deflection 
is electromagnetic and focus is a combi- 
nation of electromagnetic and electro- 
static. The aquadag coating that can be 
seen covering most of the inside of the 
glass is the electrostatic focus elec- 
trode. 

,npt,pu(rirr{trrzttq,,,I,vt 

Fig. 1 - Alphecon tube. 
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A schematic diagram of the internal ele- 
ments of an Alphechon is shown in Fig. 
2. The storage target is a wire mesh, 
or grid, covered with a thin coating of 
dielectric. The dielectric does not block 
the holes in the mesh so electrons from 
the cathode can pass through the grid. 
When the Alphechon is in the read -out 
mode, the surface of the dielectric is 
negative relative to the cathode with 
some regions being more negative than 
others in accordance with the stored 
image. The electron beam scans the tar- 
get with a TV raster, and those regions 
of the target that are more negative 
allow less electrons to pass through the 
target and conversely those regions that 
are less negative allow more electrons 
to pass. A potential of 6 V on the 
dielectric surface relative to the cathode 
prevents any electrons from passing 
through the storage target, so 6 V is 
the target cutoff potential. Electrons 
that pass through the storage target are 
picked up by the metal backplate and 
constitute the video output current, 
while those that are turned back are col- 
lected by a separate grid called the col- 
lector grid. 

An important point is that in the read 
mode, since the entire dielectric surface 
is negative relative to the cathode, no 
electrons from the cathode actually land 
on the storage target. Thus, the read -out 
mechanism is nondestructive. How- 
ever, the vacuum inside the tube 
is not perfect so there are gas molecules 
present. Some of the gas molecules are 
ionized by collisions with electrons and 
some of the positive ions thus formed 
land on the negative storage target. By 
this means, a stored picture is gradually 
washed out during read out. Stored 
gray -scale pictures have been read out 
continuously for as much as one half 
hour without objectionable deteriora- 
tion and stored digital black -and -white 
pictures can be read out continuously 
for over one hour without objectionable 
deterioration. 

To see how a stored picture is erased 
and written, first notice in Fig. 2 that 
the storage grid is connected to a vol- 
tage source. VT , by a resistor and then 
refer to Fig. 3. In Fig. 3, the storage 
dielectric and VT are shown for the 
three modes of operation: read, erase, 
and write. In the read mode, Fig. 3a, 
the dielectric surface is negative relative 
to the cathode, as explained above, and 
VT equals 30 V. To erase, VT is 
increased by 6 V to 36 V and capacitive 

coupling causes the dielectric surface 
also to increase by 6 V. This situation 
is shown in the lower part of Fig. 3b. 
Notice now that all parts of the dielec- 
tric surface are positive (or zero in the 
limiting case) relative to the cathode so 
electrons from the cathode will land on 
the target, charging those areas where 
they land negatively down to cathode 
potential. If the entire stored picture is 
to be erased, the beam scans the target 
with a TV raster; alternatively, if only 
selected portions of the target are to 
be erased, the beam scans with a ran- 
dom or selective scan. The upper part 
of Fig. 3b shows the storage dielectric 
in the erase mode after the dielectric 
surface has been charged down to 
cathode potential. At this point if the 
Alphechon were returned to the read 
mode by returning VT to 30 V, the erased 
regions would be at 6V -the tar- 
get cutoff potential. 

Writing is done by secondary emission. 
If electrons are made to strike the 
dielectric surface with sufficient 
energy, more electrons will be kicked 
back out than originally arrived at the 
dielectric. In this way, the target can 
be charged positively by a beam of nega- 
tive electrons. Electrons are given high 
impact energy by raising Vt to +200 V. 
Again capacitive coupling causes the 
potential of the dielectric surface to 
increase, in this case to about 170 V -a 
value well above the secondary - 
emission unity -gain crossover voltage 
(refer to the lower part of Fig. 3c). If 
a complete TV frame is to be written 
into the Alphechon, the beam scans the 
target with a Tv raster and the video 
input appears as beam -current modula- 
tion, thereby controlling the amount of 
positive charge deposited at each point 
of the target. Alternatively, if input is 
to be by random scan -and this is what 
is meant by random scan -the beam 
position is made to jump from point to 
point. While the beam position is mov- 
ing, the beam current is blanked off. 
Then when the beam position is steady 
at a point, the beam current is 
unblanked long enough to write a dot 
at that point. In this way, lines of ran- 
dom length and direction can be drawn 
as sequences of dots. The upper portion 
of Fig. 3c shows a possible configura- 
tion of the storage dielectric after writ- 
ing is completed. 

To summarize the operation of the 
Alphechon tube: in the read mode no 
electrons land on the storage dielectric; 
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Fig. 2- Alphecon tube in the read mode. 
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in the erase mode the dielectric is 
charged negatively down to cathode 
potential; and in the write mode it is 
charged positively by secondary emis- 
sion. 

Display system using the Alphechon 

The display system that was built is 
shown in block- diagram form in Fig. 4. 
An operator at a keyboard com- 
municates with the computer via an 
acoustic coupler and telephone line. 
The computer sends back instructions 
in ASCII code to the vector generator, 
which interprets these instructions as 
control signals for the Alphechon and 
deflection levels for random scan. For 
purposes of this discussion, the vector 
generator can be considered to be a 
black box that delivers the proper con- 
trol signals to the Alphechon control 
circuitry. 

Part of the Alphechon control circuitry 
is the scan selection scheme shown in 
Fig. 5. Either Tv scan or random scan 
can be selected by closing the approp- 
riate switch to ground. These switch 
closures to ground are done electroni- 
cally under control of the vector 
generator. If Tv scan is desired, the 
center pair of analog gates is turned on 
and horizontal and vertical voltage 
ramps are fed to the horizontal and ver- 
tical deflection amplifiers. Alterna- 
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Fig. 4 -Block diagram of flexible display system. 
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tively if random scan is required, the 
outer pair of analog gates is turned on 
and deflection levels from the vector 
generator are fed to the deflection 
amplifiers. The deflection amplifiers 
cannot be of the resonant type normally 
used in televisions but must be DC 

amplifiers due to the requirements of 
random scan. 

Also included in the Alphechon control 
circuitry is the electrode biasing cir- 
cuitry shown in Fig. 6. When a frame 
of video is to be written into the 
Alphechon, the video input is gated into 
a high -level video amplifier. The output 
of this amplifier is fed to the cathode 
of the Alphechon by means of a diode 
DC restorer. Also from the vector 
generator are controls for blanking, 
read, erase, and write. These controls 
go to multiple -voltage power supplies 
which set the electrode voltages for 
each of the modes. The only electrode 
that is negative is the control grid which 
ranges in voltage from - 120 V for 
beam- current blanking to 0 volts for 
maximum beam current. Maximum 
beam current, incidentally, is required 
to erase an entire stored picture in a 

single TV frame time. In the description 
of how an Alphechon works, the vol- 
tages applied to the storage target were 
explained. Both the acceleration elec- 
trode and the collector mesh are main- 
tained at +400 V DC. The only remaining 
electrode is the electrostatic -focus elec- 
trode which is normally held at +300 
V, but is decreased to +295 V when 
the Alphechon is in the write mode. The 
reason for the change during writing is 

that in the write mode the storage target 
is raised from +30 or +36 V (read or 

erase modes) to +200 V -a voltage 
increase that is high enough to perturb 
the electron trajectory and defocus the 
beam. Consequently, to keep the beam 
in focus during writing, the electrostatic 
focus voltage is decreased by 5 V when 
the Alphechon switches to the write 
mode. 

Notice that none of the voltages applied 
to the Alphechon is exceptionally high, 
and all of the voltages that must be 
switched are low enough to be handled 
by ordinary transistor switching cir- 
cuits. 

The target decoupling network and 
video processing circuitry are shown in 
Fig. 7. In the read mode, the video 
amplifier senses millivolt signals, but 

when the Alphechon switches to the 
erase or write modes, a large voltage 
step amounting in the latter case to 
nearly 200 V is applied to the target. 
To protect the sensitive video amplifier 
from these large voltage steps, it must 
be decoupled from the target whenever 
the Alphechon is switched out of the 
read mode. This decoupling is done by 
diodes DI and D2 shown in Fig. 7. The 
voltages for each of the modes applied 
to DI are shown at the left. In the read 
mode, DI is turned off and D2 is turned 
on by the 30 -V source and 50 -kf2 resis- 
tor. Then in the erase and write modes, 
DI is turned on, turning D2 off. Clearly, 
only in the read mode is the video 
amplifier coupled to the target by D2 

biased on. 

The decoupling network, however, 
introduces an additional problem. 
When D2 turns off, the current in the 
50 -k12 resistor also turns off producing 
an IR drop at the input to the video 
amplifier amounting to about l -V. 
Although a I -V step is not enough to 
damage the video amplifier, it is enough 
to drive some of the later stages of gain 
into saturation or cutoff. The problem 
is that the recovery time is too long - 
tens of milliseconds -if the Alphechon 
is to be used in a time -sharing computer 
terminal. Information to be written into 
the Alphechon arrives at the terminal 
over a telephone line at slow scan rates, 
so it may take several seconds to write 
a complete picture. However, during 
much of that time, the Alphechon is not 
actually writing but merely waiting for 
inputs to arrive. It would be best if the 
Alphechon could remain in the read 
mode while it was waiting for inputs 
to arrive and switch to the write mode 
momentarily only when actually writ- 
ing. The result would be that the viewer 
has the impression that new information 
is being written into the Alphechon 
simultaneously while the stored picture 
is being read out. A typical duty cycle 
for such operation is I ms of write fol- 
lowed by 10 ms of wait, followed in turn 
by I ms of write, etc. Clearly if the video 
amplifier takes more than 10 ms to 
recover from the write mode, no signal 
information will pass thru the video 
amplifier. This problem was solved by 
inserting an analog gate in the middle 
of the video chain as shown in Fig. 7. 

In the read mode, the gate is on, allow- 
ing video to pass; in the erase and write 
modes, the gate is turned off, preventing 
the later stages from saturating. 
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There is one remaining problem: the 
bandwidth limitation imposed by the IO 

pF of stray target capacitance. To 
develop a voltage with good signal - 
to -noise ratio, the 50 -k0 current sensing 
resistor is required. However, 50 ki! 
in parallel with IO pF gives a cutoff fre- 
quency of only about 300 kHz. Con- 
sequently, the video amplifier must be 
strongly peaked at the high frequencies 
to give the overall video processing sys- 
tem a bandwidth of 4 MHz. 

The screen of a ry monitor displaying 
a resolution test pattern that is stored 
in the Alphechon tube is shown in Fig. 
8. The resolution is 300 TV lines verti- 
cally by 400 ry lines horizontally. Fig. 
9 is a stored gray scale picture that was 
entered into the Alphechon in a single 
Tv -frame time using live TV as a video 
source. 

An example of computer -generated text 
k shown in Fig. 10. These letters were 
written into the Alphechon using the 
random -scan mode whereby each line 
is composed of a sequence of closely 
spaced dots. The characters originated 
in a software character generator in the 
computer and were transmitted to the 
Alphechon time -sharing display termi- 
nal by telephone lines. 

Some simple computer generated 
graphics are shown in Fig. I I: Fig. 12 

shows the same stored picture with one 

line selectively erased. Selective erase 

also used a random scan. but in this 
case sequences of closely spaced dots 
are erased instead of written. 

It is an easy matter to combine a stored 
gray -scale picture with computer gener- 
ated text or graphics by superimposing 
both types of input on the storage target. 
First the gray scale input is entered into 
the Alphechon using TV scan: then the 
computer input is written over the 
stored gray -scale picture using random 
scan. The computer input can consist 
of either white or black lines depending 
on whether the Alphechon is biased in 
the write or erase mode respectively at 
the time the inputs are entered. 

Another feature of the Alphechon dis- 
play system is that a stored still picture 
can he combined electrically with a 

moving Tv picture. For example, a 

printed subscript stored in the 
Alphechon can he added to a live TV 

transmission. 

Fig 8- Stored resolution test pattern. Fig. 9- Stored gray -scale picture. 
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Fig. 10- Stored computer -generated text 

Fig. 11- Computer generated graphics. 

Summary 

A display system based on the 
Alphechon storage tube has been built 
that can operate as: 1) a time -sharing 
terminal linked to a computer via tele- 
phone line, 2) a video single -frame 
freeze, or 3) a combination of both. The 
display has TV resolution, gray -scale 

Fig. 12 -Same as Figure 11 with a line select.vely 
erased. 

capability, ability to write or erase a 

complete stored picture in a single TV 

frame time. and selective erase. The 
system demonstrates that the 
Alphechon, due to its structural sim- 
plicity and modest addressing require- 
ments, could he the store in a flexible 
low -cost display terminal. 
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Data storage and retrieval device for aircraft 
P. L. Nelson R. H. Norwalt 

A multimode storage and presentation system capable of handling both video and audio information has been developed 
to provide necessary flight information to a pilot. The audio portion of the system is a voice- response system suitable for 
pilot warning, automated oral landing /take -off instructions, and weather and air traffic broadcast. The video consists of fixed 
format data such as maps, charts, drawings, and alphanumeric text which can be presented in real time. The storage and 
presentation system was configured based on the combination of a TV raster display, a digital code -to- analog converter, 
and a random -access optical ROM. A holographic rom implementation was chosen for image stability and resolution requirements. 
Lenseless Fourier transform recording is used; readout is with parallel light. Dust and scratch immunity are provided by 
hologram redundancy. A HeNe laser provides the readout beam; access and display time is less than 0.1 second to any 
one of 100 holograms in an x -y matrix on a storage card. 

AS OPERATOR/MACHINE INTERAC- 

TION becomes more vigorous, in- 
creasing processor time will be re- 
quired to effect data transfer to the 
operator. Much of this information will 
be in the form of fixed data such as 

charts, tables, drawings, audio instruc- 
tions, and archival documents. At pres- 
ent, this type of data is stored in digital 
form in large disc files which must be 

connected through buffers to the opera- 
tor's console. 

To reduce the storage cost and control 
time required to provide an operator 
with a page of information, low -cost 
multimode storage and presentation 
systems are required. Such systems 
must be capable of producing data on 
the operator's console with minimal 
address and routing information. In 
addition, these systems should be able 
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to display real -time alphanumeric and 
graphic data in conjunction with the 
fixed format audio and video data. 

A specific example of this type of equip- 
ment need is found in a pilot information 
system. To meet the increased system 
requirements resulting from higher ve- 
hicle speeds and greater vehicle com- 
plexity, data on critical vehicle perfor- 
mance parameters must be provided 
when these parameters are either being 
exceeded, or are in danger of being 
exceeded if existing conditions con- 
tinue. A vocal instruction or a group 
of instructions directing the pilot's 
attention to the monitor at such time 
would be desirable. The system monitor 
should also be capable of presenting 
real -time alphanumeric information 
provided by an on -board processor or 
from a ground -based data bank. And 
presentation of selected video data in 
the form of landing patterns and profile 

charts is also highly desirable. 

System approach 

The system is based on the combination 
of a TV raster display, a digital - 
code -to -video converter, and a random - 
access optical read -only data store. 
This configuration requires only the 
monitor itself to be located within the 
operator's immediate area; all ancillary 
components may be located in more 
favorable areas. 

This approach was chosen because of 
the multimode nature of the fixed data 
and the need to present real -time chang- 
ing alphanumeric and graphic informa- 
tion. The optical random -access read - 
only memory (Rom) can provide both 
video and fixed alphanumeric informa- 
tion with a minimum of external control 
data. It is also possible, utilizing a slow - 
scan mode on the video sensor, to play 
back audio messages stored in the same 
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memory. The digital- code -to -video 
alphanumeric converter is used in con- 
junction with the fixed memory in an 
information update mode. Standard 
message formats can be stored in the 
ROM with blank spaces for changeable 
data insert. In this manner, only the 
address of the format and the change- 
able data codes are required. This 
significantly reduces the amount of 
data which is required of the processor 
to present a complex display. 

i System description 

The multimode data storage and presen- 
tation (MDSP) system (Fig. I) was 
designed to operate under the control 
of a central -on -board processor. This 
processor, which generates require- 
ments for both fixed and real -time data, 
will direct the appropriate data to the 
data control module. The display may 
therefore operate in a number of modes; 
operation in a warning mode and in an 

information mode is briefly described. 

Warning mode 

In the vital -data or warning mode, a 
signal from the processor, representing 
data requiring immediate attention or 
a specific out -of- tolerance condition, 
will be fed into the data control module. 
This module will determine by word 
structure that a warning sequence will 
be initiated. This sequence may consist 
of an audio alert followed by a visual 
message presented on the cockpit dis- 
play. In the event that a message of 
higher priority is sensed, the previous 
message is interrupted and the new one 
presented in its place. 

Information mode 

In the information mode, which may 
be the result of an operator inquiry or 

a data transmission, a control word is 
fed to the data control module which 
determines the subsequent sequence 
from the word structure. The data con- 
trol module first selects the desired 
fixed format, either text or pictorial 
data, from the ROM. It then requests 
the variable or update information from 
the processor. This information is then 
supplied to the digital- code -to -video 
alphanumeric converter from either the 
processor or the data link. The output 
of the converter is fed through the video 
mixer and is presented on the display. 

ON - BOARD 
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DATA 

CONTROL 

DIGITAL-CODE- 

T0 -VIDEO 
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OPTICAL 

ROM 

VIDEO 

*nick 
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Fig. 1- Multimode data storage and presentation (MDSP) system, block diagram 

Optical storage and retrieval 
sub -system 

Requirements 

The function of the optical storage and 
retrieval subsystem (the optical ROM) 
is to provide the basic fixed memory 
for the system. I t provides the high den- 
sity random access storage required to 
reduce storage cost and size and control 
time. In providing this memory func- 
tion, it must be capable of satisfying 
several requirements, the most basic of 
which is multimode storage. The infor- 
mation to be stored in the memory will 
be of two types: stationary video and 
audio. Stationary video data consists of 
charts, tables, landing patterns, and 
drawings. Audio data consists of vocal 
directives and instructions. This infor- 
mation is stored in a format which is 
randomly accessible by the data control 
module. 

The information shown on the monitor 
of the MDSP system must remain 
stable even though the remote storage 
unit is subjected to vibration and shock. 

LASER 

REFERENCE 
BEAM 

MIRROR 

Image redundancy is required to limit 
the loss of information due to scratches 
and dust. The optical memory design 
should utilize a minimal number of parts 
and provide for an easily expanded stor- 
age capability. 

Design approach 

To satisfy the requirements for high 
density multimode storage with 
random -access capability, a coherent 
optical approach was selected. This 
approach, which utilizes a deflector - 
addressed two -dimensional matrix of 
holograms, features rapid access with- 
out mechanical movement, insensitivity 
to dirt and scratches, and image stability 
at the sensor. 

There are many types of holograms. 
Each of these may be classified as one 
of two generalized types, near -field and 
far -field. Image redundancy may be 
achieved with either type, but image 
stability is achieved only in the far -field 
type of recording. This type of holo- 
gram, which includes both Fraunhofer 
and Fourier -transform holograms, is 
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Fig. 2- Fourier transform recording geometry. 
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Fig. 3- Readout of lensless Fourier transform holograms utilizing parallel light. 

Fig. 4- Breadboard holographic playout unit. 

recorded in such a manner that the 
object appears to be at infinity relative 
to the storage medium. Small move- 
ment of the medium during playout is 
thus irrelevant. To minimize the corn- 
plexity of the playback system, Fourier - 
transform holograms were chosen for 
the storage and retrieval subsystem. 

A typical physical setup for recording 
holograms of the lensless Fourier trans- 
form type is shown in Fig. 2. The beam 
from the laser is divided at the beam 
splitter into reference and object com- 
ponents. The object beam is spatially 
filtered and expanded. At some point, 
this light is collected by a lens and 
focused through the object toward the 
recording plane. The reference beam in 
this case is a spherical wave diverging 
from a point source coplanar with the 
object. The spherical wavefronts of the 
object and reference waves form a 
linear grating pattern when they inter- 

DEFLECTOR 
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Fig. 5- Piezoelectric deflector. 
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sect at the film plane. The recording 
medium thus sees an approximately 
constant- spatial- frequency grating 
formed for each object point. This is 
an approximation of a true far -field 
hologram that has been achieved with- 
out the aid of a transforming lens. 
Resolution of Fourier transform hob- 
gram is theoretically very high, since 
the recording is not resolution limited 
by any lenses between the object and 
film. However, when a grating is used 
to provide redundancy with a transpar- 
ent object, the resolution is determined 
by the period of this grating. 

Readout of a Fourier transform holo- 
gram is possible in one of two ways: 1) 

with parallel light and an appropriate 
lens, or 2) with the conjugate of the orig- 
inal reference beam and no lens. The 
parallel light readout was chosen 
because it could be implemented with 
a simplier lens system. 

Fig. 3 shows a readout schematic for 
Fourier transform holograms using 
parallel light. The hologram is 
illuminated with parallel light from the 
side opposite to that originally exposed 
by the object and reference beams. The 
angle ß' which the playout beam makes 
with the hologram center line must be 
equal to the construction angle ß (Fig. 
2) which the reference beam made with 
the hologram center line. The recon- 
structed object wavefront is projected 
in space toward the position of the origi- 
nal object, but focused at infinity. Plac- 
ing a positive lens at some place in this 
wavefront causes an image of the origi- 
nal object to be formed in the focal plane 
of the lens. 

Parallel light playout is an approxima- 
tion of the divergent reference beam 
used in construction. Because of this 
approximation, during construction the 
total angle that the recorded hologram 
subtends with the point reference 
source must be small (generally less 
than 10 °). 

Readout breadboard 

A breadboard model of a playout unit, 
capable of addressing a matrix of holo- 
grams and detecting the reconstructed 
image, was designed and built. It incor- 
porates a small HeNe laser, expansion 
optics, two piezoelectric deflectors for 
x -y address, a matrix of holograms, and 
a Tv camera. The completed model is 
shown in Fig. 4. 

The HeNe laser is capable of 1.5 mW 
of single -mode output power. The beam 
is expanded and recollimated to a 
diameter of approximately 2.4 mm. The 
two piezoelectric deflectors then direct 
the beam to the hologram matrix. The 
image wavefront from the selected 
hologram is reflected from a stationary 
mirror into the collecting lens of the 
camera. A remote monitor then dis- 
plays the reconstructed image. 

The expansion optics are a 20X micro- 
scope objective and a simple collecting 
lens. The deflectors are based upon the 
principle of deflection of a piezoceramic 
beam when voltage is applied across the 
material. A mirror is attached to the 
end of piezoceramic material and is 
deflected through an angle in response 
to the applied voltage as shown in Fig. 
5. Each deflector produces a scan, the 
length of which is directly proportional 
to the amplitude of the 60 -Hz sinusoidal 
voltage applied. 

A ±50 Vp -p signal achieves a total 
deflection angle of 4.5 °. This is enough 
deflection to address a 1 -inch- square 
matrix of 100 holograms. The deflection 
circuitry is capable of address times of 
250 µs. 

Position selection must be accom- 
plished because of the AC scan. This 
can be done by placing a simple light 
modulator operating in an on -off mode 
at some position in the beam and syn- 
chronizing with the deflectors and the 
camera. 

www.americanradiohistory.com

www.americanradiohistory.com


The total access and display time is con- 
siderably greater than 250 its. This is 
due mainly to the mechanical move- 
ment of the piezoelectric deflectors. 
The initial address voltage must over- 
come the mechanical inertia of the 
deflector beam. The movement of the 
deflector must then be allowed to 
stabilize after an initial overshoot of the 
desired location. The total time 
required for a stable image on the dis- 
play screen is now approximately 0.1 

second. 

At present, the pickup sensor is an 
RCA PK -501 camera. The standard 
vidicon may be replaced with a slow - 
scan vidicon to accommodate slowly 
scanned audio information. 

Fig. 6- Hologram of approach chart reconstructed 
on TV cockpit monitor. 

Information recording and readout 

The information to be stored in the 
holographic memory is both audio and 
video. The recording of the video infor- 
mation is accomplished in two steps. 
A positive transparency of the desired 
information is reduced to the required 
object size and a hologram is then made 
of this object. Fig. 6 shows an approach 
chart, after reconstruction, on a cockpit 
monitor. 

There are several requirements placed 
on the audio information before it is 
stored in holographic form. It must first 
be recorded on film in an area and for- 
mat which is compatible with the 
desired hologram information areas. A 
transparency in the correct object size 
is then made of this information format, 
and a hologram is again formed from 
this object /transparency. 

The hologram matrix consists of square 
information areas (see Fig. 7). The 
audio information must therefore be 

111111 AUDIO RECORD VIDEO RECORD 

DIGITAL DATA BLOCK 

Fig. 7- Hologram matrix. 

MESSAGE PRINT 

stored in a raster scan format of parallel 
lines. The audio is presently limited to 
voice messages one to three seconds 
long per information area. 

Several methods can be used to form 
the master audio record; the most com- 
mon of these are density, frequency, 
and amplitude modulation. The audio 
is recorded by modulating, with the 
desired audio information. a light beam 
which is raster scanning a recording 
film. Due to the limitations of the equip- 
ment available to affect the recording, 
amplitude modulation and frequency 
modulation were hampered by low 
signal -to -noise and distortion. Density - 
modulated recording provided a greater 
signal -to -noise ratio and less distortion. 
A typical audio record is shown in Fig. 
8. 

Readout of an audio hologram is accom- 
plished by first addressing that holo- 
gram in a matrix. The stored audio for- 
mat is restored on the face of the 
vidicon. The vidicon is modified so that 
the readout beam serially traces the 
lines of information. This information 
is then restored through a loudspeaker. 

f 
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Fig. 8 -Audio record. 

The actual recording of density - 
modulated audio was accomplished 
with a camera and a modified Tektronix 
535 oscilloscope. The oscilloscope was 
modified so that its beam intensity can 
be modulated by the desired audio infor- 
mation. The .v and y yoke drivers were 
also modified to enable the beam to 
write 30 parallel lines on the oscil- 
loscope face. Each line was 33 ms long, 
thus giving a 1- second density - 
modulated message. A picture was 
taken of this format as it was being writ- 
ten on the oscilloscope face, and was 
later reduced to the desired positive 
transparency. 

Preliminary readout evaluation of the 
recorded audio was performed by plac- 
ing the picture negative on the face of 
the Tektronix 535 oscilloscope and trac- 
ing the lines of audio information with 
an unmodulated beam. The playthrough 
beam, modulated by the information on 
the negative, was detected by a photo - 
diode, amplified, and analyzed. Results 
of this evaluation indicate that highly 
intelligible audio can be obtained with 
a bandwidth of 2.5 kHz (50 Hz to 3.0 
kHz). 

Distortion can be kept negligible only 
if the registration between the tracing 
beam and the recorded information line 
is kept accurate. One method of provid- 
ing registration is to record a single fre- 
quency signal on both the top and bot- 
tom of each information line. These fre- 
quencies act as negative feedback to the 
drive circuitry of the tracing beam, forc- 
ing the beam to accurately follow the 
information line. 

Readout of an actual audio hologram 
requires the readout vidicon to trace 
the lines of audio displayed on its face. 
This is accomplished by modifying the 
deflection circuitry of the vidicon so 

that the beam is capable of tracing the 
same format in which the audio is 

written. 

Conclusion 

The multimode data storage and infor- 
mation system is capable of presenting 
in -flight audio or video information to 
a pilot. Only the monitor and loud- 
speaker are located in the cockpit with 
all other components located elsewhere 
in the aircraft. This feature allows room 
for system expansion; the ROM - 
storage approach provides both the 
capacity and the flexibility. 
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Team Award in Science 

Robert E. Flory, Robert J. Ryan, Michael J. Lurie, William J. Hannan Dainis Karlsons (posthumous award) 

For outstanding technical leadership of a large team in the successful development of a holographic prerecorded 
video system. 

Messrs. Hannan, Flory, Karlsons, Ryan, and Dr. Lurie of RCA Laboratories. Princeton, N.J., led a large team that pioneered the 
development of holotape. a system for playing low -cost color movies through a home TV set This research involved developing a material 
for recording surface -relief holograms. and developing processes for recording color- encoded object transparencies, for recording highly 
redundant holograms. for fabricating metal -master tapes, for embossing holograms on low -cost vinyl tapes. and finally designing and 
constructing a player to demonstrate overall system performance 
Among the technical firsts accomplished by this team are first to replicate holograms by an embossing process; first to record highly 
redundant speckle -free holograms; first to demonstrate flicker -free movies from continuously moving Fraunhofer holograms, first to demonstrate 
a two -beam vidicon (Bivicon) camera; and first to demonstrate embossed -groove stereo sound track 
Because of its stop- action and variable -speed capabilities, the holotape system has good potential in audio -visual systems for instruction 
and training. As a result of holotape research. the Aerospace Systems Division in Burlington. Mass has obtained several holographically 
oriented contracts. e.g., "Moving Map Display." Also. the Bivicon camera developed for this system may find use as a low -cost color 
camera for live pickup when used with a magnetic video tape recorder or for use in "professional" color cameras or film chains for 
slides or film 

Messrs. Burke, Dietz, and Neilson of Solid State Division. Somerville. N.J . and Messrs Grundmann and Lemke of Consumer Electronics 
Indianapolis. Ind., have conceived, designed. and implemented a new solid -state horizontal deflection system. This effort has enabled 
RCA to move aggressively into all- solid -state TV instruments. establishing a leadership position in the field The development of a successful 
solid -state horizontal deflection system had been a major stumbling block. requiring new directions in devices and circuitry for uncompromised 
instrument performance. competitive cost. and improved reliability These goals were met Following RCA's lead. these deflection rnnovahons 
are being adopted by other instrument manufacturers around the world The availability of a deflection system with unlimited energy 
capability has been a contributing factor to kinescope and yoke developments presently underway 
While the original role for thyristors (as opposed to competitive transistor systems) was originally relegated. because of apparent cost 
and circuit complexity, to large- screen wide -angle color, the inherent reliability. reproducibility. and total systems cost have made SCR 
deflection a contender for smaller screen color and even black and white. All RCA solid -state color sets have used SCR deflection 
and. while still early. the field history shows the promise of significant improvement over tube systems. 
In addition to use within RCA. substantial business is developing through other equipment manufacturers who may purchase components 
from the Solid State Division. In addition there is potential for patent royalty revenue where RCA has a strong position. 

For the highly successful development of the thyristor horizontal deflection system and required components 
for television receivers. 
Donald E. Burke, John M. Neilson, Wolfgang F. Dietz Gustave L. Grundmann (retired) 

and Eugene Lemke 

Team Award in Engineering 
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Ind vidual Award in Science 

Edward G. Ramberg 

Dr. Ramberg of the RCA Laboratories. Princeton, N. J., 
has -throughout an entire career spanning 30 years 
-applied his knowledge of theoretical physics to impor- 
tant practica. developments in electron microscopy and 
electron optics. 

His extensive work on holography, intensely pursued in 
the last three years, is a characteristic example of Dr. 
Ramberg's work. He has contributed greatly to the under- 
standing of a variety of possibilities and limitations of 
holography -e.g., grain -size and its connection with 
resolution; "speckle noise ", its origin and mitigation; opti- 
cal aberrations versJs resolution; 3D- color- storage in thick 
hologram- recording media, and the general theoretical 
characteristics of holographic systems designed to supply 
optical magnification. 
Also, in the development of thermoelectric semiconductor 
materials and their application to heat -transfer systems, 
Dr. Ramberg is RCA's foremost theoretical expert. As such, 
he translated solid -state physics into practical guides, 
helping experimenters in this field choose their exploratory 
course and defining the physical limitations which set 
absolute bounds to optimism in the search for the ultimate 
in efficient thermocouple materials. 
His most prolific field of endeavor has been in the develop- 
ment of cathode ray tubes in all of their forms: electron 
microscopes, kinescopes. TV cameras, electron multipli- 
ers. This activity spans his entire career, and it continues 
today with recent contributions to the theory of manufacture 
of still better dichroic filters. He has also contributed much 
to the design of better luminescent screens. 
But his greatest contributions. by far, have been a continu- 
ous stream of theory and practical applications and inven- 
tions in the area of electron optics. 

In honor of an entire career of uncom- 
monly valuable theoretical and practical 
contributions in fields of importance to 
RCA. 

The 1972 David Sarnoff 
!Outstanding Achievement Awards 

RCA's highest technical honors. the annual David Sarnoff Outstanding Achievement Awards. have been announced for 1972. Each award consists cf 
a gold mecal and a bronze replica, a framed citation. and a cash prize 

The Awards for individual ,accomplishment in sicence and in engineering were established in 1956 to commemorate the fiftieth anniversary in radio, 
television and electronics of David Sarnoff The awards for team performance were initiated in 1961 Alf engineering activities of RCA divisions and 
subsidiary companies are eligible for the Engineering Awards. the Chief Engineers in each location present nominations annually. Members of both 
the RCA erggineering and research staffs are eligible for the Science Awards Final selections are made by a committee of RCA executives, of whicn 
the Executive Vice President, Research and Engineering. serves as Chairman 

Walter W.. Weinstock 

In recognition of his outstanding tech- 
nical leadership in building RCA's pre- 
eminence in the field of radar and de- 
fense systems. 

Or Weinstock of the Missile and Surface Radar Division. 
Moorestown. N.J., has made technical contributions to the 
development of the radar and the weapon system for the 
AEGIS program. Initially serving as technical director of 
the RCA/Martin preliminary study, his technical judgment 
prompted the contracting agencies to request that he 
become consultant to the Navy on this program. His excel- 
lence as the RCA system representative in this effort was a 
major factor in RCA's ultimate acquisition of the $250 mill- 
ion AEGIS contract. which could develop into the largest 
defense contract RCA has ever received. In 1968, he 
assumed the technical direction of the RCA /Raytheon /Ben- 
dix team during the formal contract definition phase After 
the contract was awarded in 1968, Dr. Weinstock directed 
the DoD- initiated AEGIS System Simplification study. He 
was called upon to perform in this role as the only individual 
within RCA who hac both the technical knowledge and 
the management perspective, coupled with the capability 
of interfacing with his counterparts in the Navy. He is cur- 
rently the key technical focal point within RCA and to the 
Navy for the basic AEGIS system design. 
From 1965 to 1968, Dr. Weinstock served as senior techni- 
cal consultant on a number of the advanced systems 
studies. This effort covered the preliminary design and 
analysis of midcourse and terminal measurement systems, 
and active and passive intelligence sensors. 
Dr. Weinstock has developed a considerable national 
reputation in the radar community not only for his overall 
capability in the radar field. but also in tfle specific area 
of radar Target Modeling, "Weinstock Models" have 

come accepted as extensions of the Swerling Cases 
rid are included in lectures as such. He has also materially 

Contributed to the field of radar, as a major contributing 
"author to the classic textbook Modern Radar. 

Individual Award in Engineering 
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Constant -rate digital vector 
generation 
L. W. Poppen J. J. Lyon 

This paper discusses a technique for generating lines (vectors) upon a CAT display. 
The basic technique uses a digital generation of x- and y- signals (count pulses) so 
that one axis is always counting at the maximum system capability; this produces vec- 
tors which are of uniform intensity regardless of length. Since this basic system re- 
quires two additions in one clock interval, it has a hardware speed limitation. To over - 
comethis, a new algorithm was developed which requires only one addition but operates 
with equal capability. 

J. J. Lyon, Electromagnetic and Aviation System Division, Van Nuys. Calif.. received the BS in Engmeenng. cum laude. 
from UCLA in 1968 and completed the MS in Engineering in 1971, also at UCLA. Mr Lyon Joined RCA in 1968 and 
has been involved in logic design programs on the TACFIRE system, on a clock track writer and simulator. and on 

the AVSAD drum system. He was assigned complete logic design responsibility for the AN,TPC -27 display system. 
Mr ,yon also designed and tested the phase comparator for a multiple drum system on an RCA ndependent research 

and development program. He has just completed the logic design of a high- speed. digital vector generator on another 
research program and is presently involved in the logic design on an automatic bowling scoring system He rs a member 
of Tau Beta Pi and the IEEE 

L. W. Poppen, Ldr, Military Display Design, Electromagnetic and Aviation Systems Division, Van Nuys. Calif.. received 
the BSEE with highest distinction. from Purdue University in 1956 and the MSEE from the University of Southern California 
in 1958 Mr Poppen has had extensive experience in military display design. At RCA. he was program director on 

the AN TPG -27 display subsystem. which consisted of two alphanumeric displays, one of which was capable of displaying 
radar PPI data. He also participated in the preliminary study effort on the three -dimensional AN,TPS -59 radar displays 
consrstrnq of PPIs and RHIs using storage CRTs. Mr Poppen has just completed development programs on a digital 
vector generator and on a 4000- character alphanumeric display. Prior to joining RCA Mr. Poppen was leader on the 

three -dimensional AN TPS -32 radar display subsystem at ITT Gilfillan- and on the MTDS command and control system 
at Litton DSD He is a member of Tau Bela Pi. Eta Kappa Nu. the IEEE. and the SID. 

Authors Poppen (left) and Lyon. 
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COMPUTER-GENERATED DISPLAYS 

frequently require the placement 
of lines (vectors) upon a CRT. To retain 
the total system accuracy and stability, 
digital techniques are generally applied 
to do this. The following paragraphs 
describe an approach for generating 
vectors which provides vectors of 
uniform intensity regardless of their 
length and without compensating for in- 
tensity. 

Vector generation 

The deflection system of a CRT display 
receives an analog voltage representing 
the present x- position of the electron 
beam and another voltage representing 
the y- position (see Fig. 1). In a digital 
display, these voltages are derived by 
digital -to- analog converters fed from a 

digital storage register. If a value is 

loaded into this register, the electron 
beam will move to that location. if these 
registers are also counters and if pulses 
are fed to the .a-- and v- counters, a vector 
will be drawn. For this vector to be 
straight, the pulse rates on the two (x 
and v) lines must be uniform. For the 
angle to be correct, the pulse rates must 
be at the proper ratio. In a I0 -bit (1024 - 
position) system, 1023 pulses must be 

sent to a counter to draw a full diameter 
vector. The number of pulses on one 
axis should not deviate from the 
required number by more than one 
pulse or it may be noticeable. The 
requirements of vector generation, 
therefore, are two uniform pulse rates 
at the proper ratio. 

"Constant" rate vectors 

Vectors are generally drawn using 
either of two basic approaches: I) all 
vectors take equal time, or 2) all vectors 
are drawn at the same rate. 

The first approach is generally simpler 
to implement, but produces vectors of 
different intensity (unless there is video 
compensation) and does not make max- 
imum use of the speed capability of the 
system. The second approach has the 
major disadvantage of being more com- 
plex. For these reasons, it seemed 
desirable to save implementation time 
and hence put more data on the display 
if a relatively simple system could be 

found to meet the requirement. 

Reprint RE- 17 -6 -8 

Final manuscript received August 23. 1971. 
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In a truly constant -rate system, it is 
necessary to modify both x- and y -count 
rates depending on R(V'x2 +y2). To 
eliminate this additional complexity, 
the longer axis of a vector was made 
to operate at the clock rate, and the 
smaller axis would operate at a rate 
reduced from this. This means that a 

vector on the axis moves at the clock 
rate, while one at 45° moves 40% faster 
(V2) than the clock rate, thus producing 
a vector of slightly less intensity. This 
phenomenon is not observable, how- 
ever, because of the logarithmic nature 
of the response of the eye. In contrast 
to the truly constant -rate system, which 
draws on -axis vectors at a rate slower 
(by V2/2) than the clock rate and which 
does not make maximum utilization of 
the system capability, the approxima- 
tion of the "nearly" constant rate sys- 
tem results in all the advantages of true 
constant -rate vector generation, but 
with reduced complexity. 

Basic technique 

The requirement is to accept x and y- 

coordinates of the beginning and end 
points of a vector and convert these 

coordinates into two pulse trains: the 

clock pulse for the longer axis and a 

proportionately lower frequency pulse 
train of approximately evenly spaced 
pulses for the shorter axis of the vector. 
The following paragraphs explain the 
basic techniques and the actual imple- 
mentation of the constant -rate system. 

Preprocessing 

The data for vector generation consists 
of the starting point (xi, yi); and the 
end point (x2, y2) of the vector. The 
first operation that must be performed 
is to determine the x and y values of 
vector length: Ax= x2 -xi; Ay= y2 -yi. 
Since the signs of the coordinate are 
handled by the "count direction" line 
in the display, then Ax and Ay are 
treated as absolute magnitudes. The 
resultant values of Ax and Ay, therefore, 
are always positive. The sweep coun- 
ters are jammed to the value of xi, yi, 
and the first subtraction of x -y is done 
to determine which is larger. The clock 
is then routed to the sweep counter of 
the larger number as soon as the actual 
vector generation is started. 

Theory of Operation 

The process is one of simulating divi- 
sion by repetitive subtraction. The 

PARALLEL 
ENTRY 1 UNE 

PER BIT) X 

DEFLECTION 
AMPLIFIE 

COUNTER 
D/A 

CONVERTER 
X DATA 
11 LINE 
PER BIT) 

COUNT PULSES COUNT YOKE 

DIRECTION 
(UP/DOWN) CF' 

COUNT 
DIRECTION 

COUNT PULSES (UP DOWN) 

Y DATA 
11 LINE 1 LINE 

PER BIT) 
COUNTER 

PER BIT) D ,A 
Y 

DEFLECTION 

PARALLEL 
CONVERTER AMPI IF IER 

ENTRY 

Fig. 1- Typical CRT magnetic deflection system. 

smaller number, b, is subtracted from 
the larger, a. Then h is subtracted from 
the remainder. R. This is continued 
until R -b becomes negative. At this 
time the following division is simulated: 

alb =Qi - (dt /b) 

where QL is the quotient and equals the 
number of subtractions necessary to 
produce a negative remainder, and d1 

is the remainder. At this time, Q pulses 
have been put out on the a line, and 
one pulse on the h line. After the nega- 
tive result, a is added back in to the 
previous remainder and the process 
continues. The second division. for 
example, is: 

(a- di)lh= Q2- (d2 /h) 

The process continues until Qt +Q2+ 
+Qn =a. Therefore, a pulses have 

been put out on the a line and, as shown 
in the proof in the Appendix, b pulses 
have been put out on the h line. The 
following example shows that the pulses 
on the h line are quite evenly spaced. 
For this example, let a =7; and h =5. 

Example 
R a-line h-line 

Start 
(R -h) 1st subtraction 2 1 First 
IR -h) 2nd subtraction -3 I I division 
(R +a) adding a 4 Second 

(R -h) 3rd subtraction -I I 1 division 

(R +a) addinga 6 Third 
IR -h) 4th subtraction 1 

division 
IR -h) 5th subtraction -4 I I 

(R +a) addinga 3 Fourth 
IR -h) 6th subtraction -2 I I division 

IR +a) addinga 5 Fifth 
IR -hl 7th subtraction 0 I I division 

7 5 

Note that a negative (or zero) result 
means that the subtraction produced an 

overflow and a pulse is put out on the 

h line. If this were put into a division 
format the results would be as follows: 

Division with negative remainder 

I. 7 =z -; 

7 -3 1 

2. 
5 =1/ S 

3.71 2-4 
5 s / 

7-4 r z 
4. -+1-, 

7-2 f 0 
s. -5- =1-s 

Normal" division 

7=1+? sfs 
7+2 4 --=1+-5 

5 

7+4.2+1 
s 5 

7+I3 
s s r 

9 

Division with a negative remainder is 
somewhat different than normal divi- 
sion. The result of any specific step may 
be different and may result in slightly 
different pulse spacing, but the result 
is the same. Functionally, it is easier 
to detect a negative remainder. 

From the above example, the following 
should be noted: 

I) The number of divisions is b. 
2) The sum of the quotients is a. 
3) The last remainder is always zero (see 

Appendix for proof). 
4) The specific quotient for one division is 

the number of steps to put out one pulse 
on the "b" line. 

Application 

Fig. 1 is a block diagram of the actual 
implementation of the basic system. 
The selection gating determines 
whether Ax or R will be routed to the 
left channel and whether Ay or R will 
be routed to the right channel. The 
polarity gating determines whether a 

process is an add or subtract. The con- 
trol logic sets the selection and polarity 
gates, depending on the sign of R and 
whether Ax or Ay was larger. 
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\ Y 

SELECTION GATING 

POLARITY GATING 

STORE (AND SHIFT) 

SELECTION GATING 4 

POLARITY GATING 

STORE (AND SHIFT) 

ADD 

CONTROL LOGIC 

Fig. 2 -Block diagram of vector generation. 

Left Right 
channel channel Conditions 

Operation 
Larger Precious 

Var. Sign Var. Sign No. Sign of R 

I. Av. -Ac Iv + Ac - As I sI ()per. 
2. R-Ac R + Av - A.v + 
3. ir+R 1r + R + .S.v - 
4. Ay-1r Iv - Ay + Ay Ist oper. 
5. R-.1r 1v - R + Ar + 
6. R+.Sc R + Sr + Ac 

After the initial determination of 
whether A.v or Ay is larger, steps 1 

through 3 or 4 through 6 are enabled. 
If Ax is larger, Ax -Ay (step 1) is 
enabled. After time has been allowed 
for the signals to arrive at the storage 
registers, they are clocked into the 
registers. The adders then perform the 
addition. After allowing time for the 
addition process, the control logic 
determines the sign of R. If the sign 
of R is positive, the gates are enabled 
to perform R -Ay (step 2) at the next 
clock time and a pulse is put out on 
the .v line. If the sign of R is negative, 
Ax +R (step 3) must be accomplished 
before the next clock time. Pulses are 
put out on the Ax and Ay lines. The 
process of subtractions (and additions 
where necessary) is continued until the 
number of subtractions equals Ax. 

It was noted in the above discussion 
that, after a subtraction produces a 

negative result, an addition must be per- 
formed with both operations being per- 
formed in one clock interval. This 
imposes a significant speed limitation. 
In the specific application, integrated 
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circuit adders were used. These were 
not fast enough to be able to perform 
two additions in one clock interval at 
the desired clock rate. In any case, it 
would be inefficient to perform two op- 
erations when one would suffice, since 
the system would have to operate at 
one -half the speed capability of the 
adders. It was deemed desirable to find 
a new algorithm which would require 
only one addition per clock period. This 
new algorithm is discussed in the fol- 
lowing paragraphs. 

Alternate approach 

To utilize the maximum speed capabil- 
ity of the basic system, a new implemen- 
tation of the system had to be derived. 
Specifically, the problem is that a sub- 
traction (R -h) produces a negative 
result and must be followed by an 

(R +a). The total combination, there- 
fore, to be performed in one clock 
period is R -b +a. This can be accom- 
plished by R- (h -a). If (h -ci) is sent 
into either channel of Fig. 2, however, 
the selection gates will require three 
choices. Eighteen bits (nine per x and 
nine per y) of a choice of three inputs 
requires a large amount of gating. Thus, 
an alternative was implemented. This 
alternate approach is discussed in the 
following paragraph. 

Operation of alternate approach 

Since it is inefficient to implement the 
R -h +a operation in one step, a two- 

step approach was taken. If two steps 
are taken, the second step of necessity 
will coincide with an existing step. The 
two steps must be examined as a pair. 
There are two possible operations in 
each clock interval. If the remainder of 
the previous operation was plus, it is 
R -h; if it was minus, it is R -b +a. The 
left column below shows the first step 
as R -b +a and the second step as either 
R -b or R -b +a. The middle column 
shows the sum of the two steps; and 
the right column, an alternate pair of 
steps which yields the same result. 

Comparison of regular and alternate 
approaches 

Regular pair sum Alternate pair 

Pair No. 1: 

Pair No. 2: 

R-h+a R-26+a 
R-h 
R-h+a R-2h+2a 
R-h+a 

R+a 
R-2h 

R+2a 
R-26 

The following example is given to dem- 
onstrate the difference between the two 
algorithms. In this example a =8 and 
b =6. 

Example 
Basic Approach 

R=a 
R-b 
R-b+a 

R-b+a 

R-h+a 

R-h 
R-h+a 

R -h+a 
R-h 

_R 

8 

f 

2 

. 

+4 

1. +6 
f +-80 

l 
2 

l f 4 
+4 

f 2 
i. +6 

-0 

a pulse b pulse 

I 

I 

1 

1 

1 

1 

I 

I 

I 

I 

I 

I 

Alternate 
R 

8 

Approach 
a pulse 

6 

h pulse 

R=a 8 

R-h 2 0 

R-b -4 1 1 

R+a 4 1 

R-2h -8 1 1 

R+a o I I 

R-2h -12 I I 

R +2a 4 1 

R - 2h -8 I 1 

R+a -0 1 1 

8 6 

In the basic approach, when an R -b 
results in a negative answer, a is added 
in the same step. In the alternate ap- 

proach, when an R -b results in a nega- 

tive answer, a is added in the next step. 
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This amounts to a delay. The alternate 
approach, therefore, starts counting a 

steps at the second subtraction. This 
results in the proper number of pulses 
being put out on the two lines. Because 
of the delay, it does not necessarily 
result in a final remainder of zero nor 
does it result in identical pulse spacing. 
The alternate approach yields correct 
results when started one pulse late (as 
shown) in all cases except when a =h. 

Then a one pulse shortage occurs in that 
value selected to be b. In this next 
example, a =5 and b =5. 

Example 
Basic approach 

R=a 

R-b+a 

R-b+a 

R-h+a 

R -h+a 

R-b 

R 

5 

1 +0 

+O5 

I +0 15 
L+0 
-0 

a pulse b pulse 

1 

1 

1 

1 

1 

5 

1 

1 

1 

1 

1 

5 

Alternate approach 
R a pulse h pulse 

R =a 5 

R -b -0 
R +a 5 1 

R -2h -5 I I 

R +a -0 I I 

R -2h -10 1 I 

R +2a -0 1 I 

5 4 

Because of the separation of steps in 

the alternate approach, the R +a results 
in a positive remainder and no b pulse. 
From that point on, pulses are put out 
on both a and h. If a =h, therefore, h 

will be one pulse short at the end regard- 
less of the value of a and h. In the actual 
application of this technique, the final 
coordinates of the vector were entered 
into the counter at the end of the vector 
so that any error (including this one) 
would be corrected. 

Summary of alternate approach and 
implementation 

The alternate approach has four opera- 
tions. The operations and rules of their 
use are listed below: 

Operation When per /i,rtned 

R +2a When previous R +a resulted in a negative 
result: performed after R -2h. 

R -2h After every R +a or R +2a. 

R + When previous subtraction (R -h or 
R -2h) was negative, unless conditions 
for R +2a exist. 

R -h When previous subtraction produced 
positive results. 

The block diagram (Fig. I) shows both 
the implementation of the basic 
approach and the alternate approach. 
The only additional requirement of the 
alternate approach is that multiplication 
of a or h by 2 is required. This is done 
in the storage registers by performing 
a shift up, which requires just a small 
additional amount of time. 

The letters a and h have been used to 
represent the larger and smaller num- 
bers, respectively. Either .r or y can be 
a or h, and the initial comparison deter- 
mines this. If they are equal, the result 
is arbitrary. A separate counter (not 
shown) has the value of a entered in 
it at the start of the cycle. When this 
is counted down to zero, a pulses have 
been put out and the operation is ter- 
minated. 

Appendix -division by multiple subtractions 
Proof that the number of subtractions equals the 

The constant -rate generating technique 
requires the simulation of division by multi- 
ple subtractions. The smaller of two numbers 
is repetitively subtracted from the larger. 
When the result is negative, a pulse is put 
out on the line representing the smaller 
number. The number of subtractions per- 
formed equals the larger number. The first 
division of a (the larger number) by h (the 
smaller number) is: 

alb= Qt- (dtlh) 

This division represents Qt subtractions in 
the actual process. When the overflow 
occurs (remainder is minus), one count is 
accrued for the smaller number. This pro- 
cess is repeated by adding the remainder 
to a and dividing by h. The process is termi- 
nated when the number of subtractions 
(Qt +Q2+ - +Q) is equal to a. It is 
therefore, necessary to prove that the num- 
ber of operations, n, is equal to b. 

For the second division, subtract the differ- 
ence from the previous division from the 
dividend, then divide 

(a- dt)1b =Q2 - (d2/b) 

Once again, subtract the difference, result- 
ing from the previous division, from the 
dividend, then divide. Continue until n divi- 
sions have been performed. 

(a- d2)lh= Qo(ds /b) 

dividend. 

Each equation is now multiplied by b, and 
the remainders are repetitively substituted 
into the equations to yield the remainder 
after the nth quotient. 

a= bQt -di 
a= bQ2 -d2 +dt 

or 
a=hQ -d +da- l 

dt=bQt-a 
d2=hQ2-a+d, 

=b(Qt+Q2)-2a 
d3=bQ3-a+d2 

=b(Qt +Q2±Qa)-3a 

dn=bQ-a+dn-1 
=h(Q1+Q2+ +42,)-na 

That is 

d +na= b(Q1+Q2+ 
or 

h + h = (Qt +Q2+ 

But since 

a= (Qt +Q2+ +Q ) 
(as stated, the operation is terminated when 

(a- dn- 016=Q- (d lh) the sum of the quotients =a) then 

+Q,,) (1) 

+Q) 

d + na =a 
h b 

d ab-na 
b h 

d = a(b-n) (2) 

Since d and a are positive, (b -n) must be 
positive or zero. Therefore 

h >n 

but d is the remainder of a division by h; 
therefore 

and 
hence 

d<b 
a>>h 

a>d 
Substituting this inequality into Eq. 2: 

a >a(h -n) 
1>h -n 

Since b.?---n and h an n are integers, the only 
value of h -n which solves the equation is 

b -n =0 (3) 

Therefore h =n 

Substituting this result back into Eq. 2 

d,=0 
It has been proved, therefore, that the 
number of overflows and, hence, the 
number of pulses on the h line equals h, 
the smaller number. It is further noted that 
the last remainder is zero and that a pulse 
must be put out on this overflow (i.e., 
zero must be considered negative). 
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Digital and optical techniques 
for image enhancement 
Dr. W. W. Lee I Dr. P. C. Murray 

Television pictures, as they are received from a satellite, contain noise and distortion, 
causing some information to be lost. Processing cannot add information which is 
not there, but it can make the information present in the picture more readily available 
to observers. A project was conducted at AED to establish the groundwork for an 
optimum method for improving satellite pictures. 

O PTICAL IMAGE ENHANCEMENT ¡S 

based on the Fourier transform 
properties of lenses. It has been known 
since the turn of the century that the 
diffraction pattern in the focal plane of 
a lens could be described in terms of 
the Fourier transform of the object func- 
tion. Only with the advent of the laser, 
with its properties of coherent light 
emission, did this fact become of prac- 
tical value. The major advantage of 
Fourier -plane processing is that one 
single operation affects the entire pic- 
ture. The processing is holistic, not 
point -by- point. This allows Fourier pro- 
cessing to he done extremely rapidly 
with simple equipment. The major dis- 
advantage is that this form of process- 
ing is analog and hence subject to all 
the inaccuracies and non -linearities 
inherent in analog processes. In addi- 
tion, very high quality optics are 
needed to reduce noise susceptibility 
of coherent optical systems. 

Digital processing is inherently almost 
noise free. The only extraneous noise 
introduced is usually in the reproduc- 
tion system and, by proper design, this 
can be held to a minimum. The process- 
ing is however point -by- point, and this 
has two effects. First, it requires either 

a large machine (computer) or a long 
time to process a picture of even moder- 
ate information content. Second, for 
reasonable machine sizes and program 
lengths, it confines operations on a pic- 
ture point to areas reasonably near that 
point. If the information is so distorted 
that it is uniformly spread over a large 
area, the digital approach becomes 
excessively demanding. Fortunately for 
most real life cases, the bulk of the 
information is found immediately ad- 
jacent to its original position. 

Approach 

Optical processing 

To perform optical data processing, a 

coherent plane wavefront of high purity 
is desirable. The wavefront should be 
spectrally pure and have good spatial 
and temporal coherence, although as 

path differences are short, the spatial 
coherence is more important than the 
temporal. It is not essential that the 
wavefront as it emerges from the col- 
limator be absolutely plane. Small 
amounts of sphericity can be tolerated, 
although they are inconvenient. 

Diagrams of the optical data processing 
facility are shown in Fig. 1, and a photo- 

graph of the processing unit is shown 
in Fig. 2. In Fig. la, the collimated 
beam passes through the input trans- 
parency (at "G ") and through a trans- 
form lens. In the focal plane of the lens, 
the Fourier transform is found, and here 
the various filtering operations are per- 
formed. Next is an inverse transform 
lens, which produces the picture after 
the operations are performed. All the 
optics used in coherent processing must 
be of considerably higher quality than 
is needed ordinarily. Failure to use 
these high quality optics will result in 

excessively noisy systems and seriously 
degrade the final output. 

To record the picture, two modes are 
used. The recreated picture may either 
be recorded directly on film or, for 
immediate availability, a closed -circuit 
television system is used to give a real - 
time reproduction and to allow 
changes to be seen instantly. 

The optical data processing facility is 

mounted on a Gaertner rectangular 
bench with built -in air suspension to 
provide vibration isolation. The light 
source is a 2 -mW helium -neon laser 
designed for high stability and single - 
mode operation. 

The beam is deflected to a convenient 
height (about 9 inches) above the bench 
by two folding mirrors. It then passes 

through a rotatable polarizer, which is 

used to adjust its intensity. A third mir- 
ror directs the beam into a spatial filter. 

This filter consists of a microscope 
objective and a 50 -µm pinhole. Focus- 
ing and x and y alignment adjustments 
are provided on the pinhole. The laser 
beam is focused on the pinhole, from 
where it diverges. This eliminates noise 
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1. 7E MAKING CONFIGURATION 

Fig. 1- Optical data processing equipment configurations. LEGEND: A) laser, B) deflecting mirror; C) 
spatial filter, D) beam expander, E) collimating lens, F) reference beam lens, G) input plane, H) transform 
lens, I) Fourier plane, J) inverse transform lens, K) output plane. 

and spatial incoherence caused by dust 
particles or imperfections associated 
with the mirrors or polarizer. 

From the filter, the light passes through 
a collimator consisting of a simple con- 
cave lens and a projection lens, the lat- 
ter having an aperture of 10.16 cm (4 
in.) and a focal length of 35.56 cm (14 
in.). The concave lens spreads the beam 
so that the central maximum of the dif- 
fraction pattern from the 50 -µm pinhole 
fills the projection lens which then col- 
limates the light to a high degree. 

If a filter or hologram is being made, 
the input is altered to the Rayleigh inter- 
ferometer configuration (Fig. lb) as 
detailed below. For normal filtering 
operations, however, the input trans- 
parency is placed in a holder at this 
point, surrounded by suitable baffling 
to eliminate stray light. 

Because space is limited on the rec- 
tangular bench, a folding mirror de- 
flects the light 90° to the transform lens. 
Because of vignetting, this mirror also 
acts as a system stop in the horizontal 
direction, limiting the usable field to a 

quasi -ellipse 10,16 cm (4 in.) long by 
6.35 cm (2.5 in.) broad. 

After folding, the light passes through 
the transform lens at the end of the opti- 
cal bench. Another folding mirror 
deflects it through 90° to pass along the 
bench side. 

Because of the sharply convergent 
nature of the light leaving the transform 
lens, this second mirror does not affect 
the system aperture. 

A mount with screw drives is located 
in the Fourier plane to provide three 
degrees of translational freedom. A fix- 
ture is available to provide a degree of 
rotational freedom about the optic axis. 
Centering adjustments allow the center 
of the pattern to be aligned with the 
fixture's center of rotation. 

Next in the optical path is the inverse 
transform lens, which forms the mod- 
ified image of the input transparency 
in the output plane. The unit is so 
designed that either a plate holder may 
be placed in this plane to record the 
image directly. or the output may be 
picked up by a high- resolution tele- 
vision monitor (in this case, a Cohu 
Electronics 6000 -series camera, set for 

1 125 lines /frame). 

Certain modifications are made to this 
configuration to make filters. As a filter 
is usually made by taking the Fourier 
transform (with the phase preserved) of 
a given input, the plate holder is moved 
from the output plane to the Fourier 
plane. A reference beam is used to 
record the phase in the filter. This is 
done by placing a short focal- length lens 
in front of the input plane such that its 
focus falls in the input plane. This acts 
as a point source to the transform lens, 
and hence the transform lens produces 
a collimated beam which interacts with 
the transform to preserve the phase. 

Digital processing 

The basic approach taken in the digital 
portion of the effort was considerably 
different. Here, conceptually if not 
actually, the picture is presented as an 
array of binary numbers available usu- 
ally in sequence. (In practice, an actual 
picture is taken and subsequently 
digitized, for convenience.) The picture 
is then operated on, point by point. 
and reconstructed by scanning. 

To achieve this, an RCA Graphic 
Model 70/8802 color scanner was inter- 
faced to a Data General Super Nova 
Computer by means of analog -to- digital 
and digital -to- analog conversion units. 
The computer's basic clock rate is 0.8 
µs, which allows considerable process- 
ing at color- scanner data rates. 

The color scanner contains a scanning 
head that views light transmitted 
through a transparency in three color 
bands simultaneously. In graphics 
applications, these bands are matrixed 
in an analog color computer to provide 
proper outputs for producing color 
printing plates. For image processing 
application. the input is generally black - 
and -white imagery. For this case, a 
point in the color scanner computer is 

chosen where the image signal is rep- 
resentative of film density. This signal 
(the log of film transmission) is digitized 
by the computer and serves as input 
image data. The digital -to- analog con- 
verted data from the computer is re- 
entered into the color scanner circuitry 
at essentially the same point. When the 
computer is instructed to echo input 
data, a film is produced which, in all 
appearances, is identical to an analog 
reproduction. 

For optimum utilization of the digital 
computer with the color scanner. a 

synchronization system was required. 
Initially this took the form of a once - 
around sync start pulse generated on 
the color -scanner drum by a light - 
source phototransistor circuit. Picture - 
element (pixel) timing was done by the 
computer as follows: New data was 
alternately digitized from the scanner 
and processed data outputted for a pre- 
determined number of pixels /line. The 
computer program processed the stored 
digital imagery after the last pixel was 
inputted and then waited for the next 
line sync to occur. This format works 
fairly well for up to 1024 pixels /line. 

As the number of pixels /line increases. 
drum rotational instability is visible in 

output imagery. Thus, a pixel clock 
was added to the scanner drum peri- 
phery, to define the location of each 
pixel. 

The system provides a combination of 
scanning and film reproduction, 
together with digital and analog image 
computation capability. The system is 

Fig. 2- Optical data processing unit 
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adaptable, through numerous pro- 
grams, to solving many image prob- 
lems and demonstrating processing of 
differing signal sources. Further, the 
input and output formats can be readily 
changed. 

The fast -multiply option, available with 
the Super Nova Computer (3.8 µs), was 
obtained because the basic operation of 
picture processing by digital means is 
matrix multiplication. At least one mat- 
rix multiplication must be carried out 
for each picture point. The quality of 
the processing increases (although not 
in a simple fashion) as the matrix grows 
larger. Since the number of multiplica- 
tions necessary to find the product of 
the two nth -order square matrices is n3, 
even a small decrease in multiplication 
time results in substantial savings in 
total processing time. 

The theory of digital computer picture 
processing is too complex to describe 
in great detail here. It is covered 
thoroughly in Rosenfeld.' Basically, the 
information at any point is considered 
to be affected by the information at sur- 
rounding points. The given point is con- 
sidered to be the center of an nth order 
square matrix whose other elements are 
the n2 -' surrounding points. This matrix 
is then multiplied by a weighting matrix 
specifying the distribution of the infor- 
mation at the surrounding points. Usu- 
ally, only the value of the central matrix 
need be calculated. For more accu- 
rate work, it is sometimes necessary 
to calculate the entire product. 

Typical of the types of operations that 
are easily accomplished by this sort of 
technique are noise removal, edge 
sharpening, shading correction, etc. 
This type of technique is most easily 
implemented when the processing is 
position independent; that is when the 

weighting matrix is not a function of 
point position. Theoretically, there is 
no reason why the matrix should not 
be position dependent, but as a practical 
matter, the requirements on machine 
capability and processing time make it 

hard to realize. Fortunately, most of the 
commonly desired operations are posi- 
tion independent. 

Optical processing 

The first step in the investigation, after 
the setting up and debugging of the facil- 
ity, was the making of two- dimensional 
holograms for use as filters. This was 
done using the setup described above 
with a lens to provide a reference beam. 
As the relative intensity of the reference 
and signal beam is important, a second 
polarizer may be inserted in either beam 
to vary its relative intensity. The beams 
should be balanced so that fringes are 
partially visible in the brightest section 
of the transform plane. 

After a filter is made, reproductions are 
made using the filter as a hologram. A 

successful reproduction does not 
guarantee successful performance as a 
filter, but failure to reproduce guaran- 
tees failure as a filter. 

The making and reproduction of holo- 
grams was not only the first step in 
testing the newly setup facility but also 
provided numerical measures of the 
response of the system. The frequency 
response was measured by reconstruct- 
ing a hologram of a three -bar, Air Force 
test pattern. The reconstruction cut off 
at 40 cycles /mm. Visual inspection of 
the image through a microscope 
indicates that the limiting factor is the 
optics; not the film used (Polaroid P /N). 

The system noise arises from three 
sources: 1) the inherent "speckle" 
noise of the laser; 2) the noise due to 
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dust, scratches, sleeks, etc. in the opti- 
cal path; and 3) the granularity of the 
film used. For Kodak 649F plates, the 
grain is so fine that its contribution to 
the total noise figure can be neglected. 

Removal of coherent noise 

The first attempt at removing coherent 
noise was made by using the matched - 
filter approach to remove raster lines. 
This is a three -step process. A trans- 
parency of a blank raster was obtained. 
A two -beam hologram of this was made. 
This hologram was then put in the 
Fourier plane and a picture with raster 
lines was projected through it. Where 
the original raster lines had struck the 
plate, there were, of course, opaque 
patches. Hence when the light of the 
raster lines in the picture struck these 
same points it would be stopped, but 
the light from the picture would go 
through. Reconstructions from filters 
made in this manner were acceptable 
images of the original. Attempts were 
therefore made to remove raster lines 
from a variety of pictures, including 
continuous tone, and resolution test 
patterns. The raster lines were indeed 
removed, but owing to the lack of a 
liquid gate, substantial amounts of noise 
were introduced. 

As the noise is introduced by 
inhomogeneities in that portion of the 
Fourier plane through which light 
passes, it was decided to attempt to 
remove raster lines by placing two 
mechanical stops to block the spatial 
frequencies due to the raster lines. A 

depiction of the Fourier plane without 
the raster lines is shown in Fig. 3. 

Lines were successfully removed from 
several pictures with this method. Typi- 
cal results are shown in Fig. 4. Note 
that there is no apparent degradation 
of picture quality. A measure of the 

t-Fig. 3 -Image of Fourier plane with raster lines removed by mechanical stops. 

RASTER LINE [JIFF RACTIGN PATTERN 

Fig. 4- Effect of raster line removal 
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information loss encountered was made 
on a resolution test pattern, and it was 
concluded that there is no loss of infor- 
mation along the raster lines and that 
the resolution limit at right angles to 
the raster lines is reduced to 75% of 
its original value. As there is no phase 
medium in the Fourier plane, essen- 
tially no noise is introduced. 

Matched filtering 

Matched filtering is a technique used 
to permit recognition of an image from 
a noisy background. This is a theoreti- 
cally well -grounded procedure in both 
electronics and optics.2 

To discuss the technique in a little more 
detail, all the strictures of the two -beam 
filter discussed above apply here also. 
The reference beam must be almost 
parallel to the signal beam. Their inten- 
sities must be properly balanced. 
Exposure times must be appropriate. 
Also, and the most restrictive require- 
ment on this technique, for optimum 
results the pattern should be binary. 
Patterns showing gray scale do not filter 
well, if at all. They can be used to make 
filters if there are hard edges of suf- 
ficient contrast, but objects with soft 
edges do not show readily identifiable 
diffraction patterns. Fortunately this 
would not appear to be an insurmount- 
able obstacle in real world applications. 

The remaining constraint on matched 
filtering in practice is that the filter must 
be well centered on the optical axis. The 
filter must be in the same location both 
when it is made and when it is used. 
This may be done by use of fiducial 
locating marks, but it proved simpler 
and just as accurate in practice to center 
the filter by using a microscope and a 

well known diffraction pattern. 

No difficulty was encountered in mak- 
ing the Fourier transform of the pattern 
or a negative from this by contact print- 
ing. As the filters are essentially binary 
masks, no special care in development 
was needed. It was found that the 
dynamic range of light present in the 
pattern was such as to exceed grossly 
the dynamic range of the film. The 
central maximum was always an 
indecipherable blob if any trace of the 
higher orders was visible. By trial and 
error, it was found that the optimum 
exposure was that which showed the 
most detail in the first -order section of 
the diffraction pattern. This, of course, 
varied from one object to another, so 
no quantitative values are given. 

Fig. 5- Effect of matched filtering. 

An underexposure reveals nothing. As 
exposure is increased, the first thing to 
appear is the correlation peak in the 
desired pattern. Then as exposure is 
further increased, the entire desired pat- 
tern appears. Finally with longer 
exposures, patterns similar to the 
desired pattern appear and finally all 
patterns on the film, of whatever nature, 
appear. Typical exposure values and 
the results are as shown in Table I using 
Polaroid P/N film. 

In Fig. 5, two photos are shown. The 
first shows an array of patterns used 
for a test. The target pattern is the thick 
cross in the top line. 

The second picture shows an exposure 
through a filter tuned to this cross. The 
target cross is clearly visible, and the 
intensity of the other images depends 
on their similarity to the target pattern 
as explained below: 

Exposure 
(,) 

4 

6 

image 

Nothing on film. 

Correlation peak visible. 

8 Entire pattern la cross) visible. 
correlation peaks present in 
smaller crosses. 

10 All crosses visible. 

15 Crosses and .X's visible: 
circles faintly visible. 

20 All patterns visible. 

From these data, it can be seen that 
there is adequate rejection and suf- 
ficient exposure latitude to allow this 
technique to be useful in real life. 
Unfortunately, the exposure time for 
each pattern is different and depends 
not only on the type of pattern but also 
on the average transmission of the 
transparency being used. 

As regards x and y alignment with the 
optical axis, the intensity of the correla- 
tion peak appears to vary approx- 
imately linearly, disappearing com- 
pletely when the center of the filter is 
half the width of the central maximum 
from the optical axis. 

The filter is somewhat less sensitive 
rotationally. It appears to lose its filter- 
ing action when the first -order max- 
imum of the filter is completely dis- 
placed from the first order of the diffrac- 
tion pattern. The degradation is not 
linear. It drops off quite slowly at first 
and then declines steeply. 

It also appears that the characteristic 
of rejection depends more on the high 
frequencies than the low. Since the 
thick -arm cross differs more from the 
target corns in high -frequency content 
than do the short- and long -arm crosses, 
we infer from the following data that 
the discrimination is better at high fre- 
quencies: 

Type uf target 7r Attenuation 

Target cross 
Long -arm cross 
Short-arm cross 
Thick -arm cross 
Circle 
K 

5 

5 

50 

>95 
>95 

This is born out by two facts. First, 
the high frequencies are more spread 
out on the photographic plate and allow 
for better alignment. Second. the low 
frequencies are found near the central 
maximum where detail is lost due to 
the low dynamic range of the film. 

Image enhancement 

Since basically image enhancement 
involves selectively attenuating certain 
spatial frequencies, it would appear to 
be readily achievable by Fourier -plane 
processing. To turn a photograph into 
a line drawing, as it were. would involve 
selectively reducing the amplitude of 
those frequencies near the optical axis 
and allowing those further away to pass 
through unchanged. The resulting pic- 
ture would then be amplified during the 
development process. Due to the coher- 
ent noise problem already mentioned, 
no quantitative results were to be 
expected, although it was hoped that 
useful information could be obtained on 
gross effects of filtering and filter con- 
struction. These would be useful in 
aperture correction and motion -blurring 
work. In this sort of work, filters which 
have a transmission that is an arbitrary 
function of position are necessary. 

Motion blurring 

An attempt was made to correct motion 
blurring, or the effect seen when the 
camera is moved as the shutter is 
actuated. Like all other aberrations, this 
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Fig. 6 -Color scanner. 

can be seen as a change of phase and 

amplitude. If this change in the Fourier 
plane is represented by some pair of 
functions A(r,B); 1-46(r,6) and a filter 
whose transmission as a function of r 
and fi is I/A and phase retardation is 

/ kb, and sufficient noise -free amplifica- 
tion is available, then the effect of the 

filter will cancel out the aberration of 
motion blurring. 

To make a filter whose characteristics 
are suitable for removing motion blurr- 
ing or abberrations, it is essential that 
there be a capability for making filters 
which have a positionally arbitrary 
transmission function. This has hitherto 
not been possible except for certain sim- 
ple functions or functions showing cer- 
tain symmetry conditions. R. Horton 
of AED suggested a new and novel 
approach to this problem which has 
resulted in much superior filters of a 

perfectly general nature. These are also 
much cheaper and easier to produce. 
A patent disclosure has been submitted 
for this idea. 

To provide motion -blurred pictures 
under controlled conditions, a special 
fixture has been made. This is a piece 
of support equipment which moves the 
input transmission during exposure. 

Digital processing 

For the digital effort, the color scanner 
has been set up and interfaced with the 
digital computer, and restored /process- 
ed pictures are available. The color 
scanner is shown in Fig. 6. 

The main thrust of the digital effort has 

been restoring blurred pictures. A typi- 
cal aerial photograph was taken and a 

one -for -one duplicate made on the 
scanner. The only difference was that 
the aperture in the pickup head was 
increased so that it received light from 
several adjacent picture elements simul- 
taneously. This is equivalent to a some- 
what defocused picture. The result is 

shown in Fig. 7. 

66 

Knowing the size of the pickup aper- 
ture, a 3x3 matrix was calculated to 
restore the original. Specifically, the 
3x3 matrix restoration program stores 
three data lines in memory. The 
"center" line is processed a pixel at 

a time. In effect, the pixel value is com- 
pared to (convolved with) the values of 
the eight surrounding pixels. Where the 
surround differs from the pixel value, 
these differences are multiplexed by a 

constant(s) [high frequency data]. This 
process has its greatest effect at the 
sample frequency rate where adjacent 
picture elements may differ most in 
value. To a first approximation, the pro- 
cess is the inverse of the falling off of 
response of a sensor system or film 
image at higher frequencies. The results 
of this restoration are shown in Fig. 8. 

The steps required to demonstrate the 
image -restoration process are 1) with a 

large scanning aperture. defocus the 
image and transfer the image to film and 
2) digitally restore the defocussed image 
and record on film. To perform a mean- 
ingful experiment, the fall -off in the 
modulation transfer function for step 1) 

was measured. With this as a base, the 
matrix restoration constants were set 
so that data at the sampling rate would 
be restored by a factor approximating 
the degradation factor. 

The results of the restoration process 
showed that the restored image closely 
resembled the direct digital transfer of 
the image with a very distinct improve- 
ment over the defocused image. When 
less than the required restoration con- 
stants were tried, some improvement 
was noted. When more than the 

Fig. 7- Blurred photo. 

required restoration constants were 
used, the resulting image contained 
brightness reversals at boundaries, as 

expected. The matrix convolution 
essentially adds a local derivative of the 
slope to the value. When the strength 
of the derivative is approximately cor- 
rect, it sharpens edges. When the 
strength exceeds the correct value, the 
derivative of the image becomes domi- 
nant in determining the image density 
value; that is, objects are outlined with 
black or white halos. 

Conclusions 

1 t appears from the results of the optical 
section of the project that the following 
benefits can be readily obtained by opti- 
cal processing: 1) objects can be readily 
recognized from among noisy back- 
grounds by matched filtering techniques 
(the noise contribution of the filter is 
slight; it can be easily produced and the 
alignment requirements, while strin- 
gent. are not prohibitive); and 2) co- 
herent noise such as raster line may 
be readily removed without undue 
information loss or artifact production. 

Digital processing has shown that there 
is great capability in the area of edge 
enhancement and deblurring. Some feel 
has been obtained for machine and time 
requirements and for the level of digiti- 
zation and scanning necessary to pro- 
duce usable pictures. 
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Mechanical and optical 
limitations on the 
performance of photomasks 
H. O. Hook 

Present optical performance in mask making is within a factor of three of the theoretical 
limits. The use of at least partially coherent light for optical printing has been used 
for wafer exposure. The supposed inferior resolution of coherent illumination is shown 
to be inapplicable to the way images are used in mask making. When properly used, 
coherent illumination produces slightly better edge definition in masks than incoherent 
illumination. Mechanical -positional precision is not a limitation in most mask making. 
Electron -beam exposure seems likely to play a role in pattern generation for mask 
making and may be used for wafer exposure if the economics of equipment now 
in development prove favorable. 

I N ALL PHOTO FABRICATION PRO- 

CESSES, a photomask is used to de- 
fine the geometry of the device being 
fabricated. The information in device 
geometry is usually transferred from 
the photomask by contact printing on a 

photoresist coating on the device -to- 
be. The precision of the final device can 
be no better than the precision of the 
photomask used to make it. A mask 
may be inadequate by having either 
mislocated or improperly defined pat- 
terns. The limitations of photomask 
precision can be considered in two 
parts: I) fundamental or theoretical 
limits on possible precision, and 2) 

practical or state -of- the -art limitations. 

Several years ago, it was estimated 

(with good justification) that minimum 
sizes for semiconductor device ele- 
ments would be unlikely to require 
mask geometries smaller than IO Am. 
Today many devices use elements I /IO 
that size (one acoustic wave device has 

been reported using 0.15 -Am lines with 
0.3 -Am spaces), and one would be 
foolhardy to predict a limit to how small 
device elements may ultimately 
become. Current device production 
uses elements as small as 1 Am. hut 
3 Am is more common as the smallest 
device line width. 

Fundamental mechanical limitations on 
precision are negligible since mechani- 
cal surfaces are definable to an atomic 
layer or so (a few angstroms) and this 

limit is far below the limits imposed by 
theoretical light optics and practical 
device fabrication. The theoretical 
limits on precision imposed by optics 
are determined by the wavelength of 
light. and are in the range of a few tenths 
of a micrometer (Am). Shorter 
wavelength radiation such as x -rays, 
electrons. or ions all have better 
theoretical (and actual) resolution hut 
also have attendant practical shortcom- 
ings. 

The practical limits of precision are not 
as easy to delineate as being either 
mechanical or optical, since theory is 

neater than practice. Even so. the prac- 
tical mechanical limits on precision are 
about 1/5 of the size of the optical limits. 
Today's mechanical systems are 
repeatable to 0.2 Am (l0 x10-6 in.) and 
optical limits are about I Am (40x 10 -6 

ìn.). The absolute mechanical accuracy 
is about I Am (40 x IO-" in.). 

Let us consider the nature and sources 
of some of the real -world limitations due 
to mechanical factors, light optics, and 
the economics of higher resolution 
masking using means other than light.' 

Mechanical limitations 

The mechanical problem is mainly that 
of locating a movable member pre- 
cisely. Some years ago, Sir Robert 
Hooke (no known relation) proposed 
that stress is proportional to strain. 
Thus, all structural members are spr- 
ings. All structures have mass and are 
springy: masses mounted on springs 
oscillàte when vibrated: therefore, vi- 
bration control is needed. Almost all 
structural members change dimension 
with temperature. Therefore, tempera- 
ture effects must be considered. 
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Fig. 2- Dimensional changes with temperature for artwork media. 

keeping these principles in mind. let 
LIN now examine a successful design of 
a .tep -and- repeat machine which posi- 
tions a glass photographic plate pre - 
cisely with respect to an image pro- 
duced by its projection system. The 
design philosophy k to I) build the high- 
est possible basic accuracy into the 
machine. 2) measure the location as pre- 
cisely and reliahl as economically feas- 
ible. and 3) whenever possible arrange 
to compensate and cancel the residual 
errors. Fig. I shows a Jade step - 
and- repeat machine. The glass plate to 
he exposed is mounted hack -to -hack 
with a master ruling which will he used 
to determine that the .v -v table has 
moved to the proper place. Errors due 
to thermal effects in the ways and 
drives. drifts in oil film thickness on 
screws. screw wind -up, thrust hearing 
shift, etc. are thus minimized. Micro- 

LOCATION OF ADDED 
NEAT SHIELD 

Fig 1-Jade step- and -repeat machine. 
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Fig. 3- Dimensional changes with humidity for artwork media. 

scope and photocell sensors on the top 
arm tell the machine logic the proper 
location to expose the plate to the image 
from the optical tower below. The mic- 
roscope arm is a rugged casting rigidly 
coupled to the optical exposure tower 
which is also in a rigid casting. Shock 
mounts are provided both at the hase 
of the stand and between the stand and 

the massive granite slab. The micro- 
scope lamp is mounted on a thin metal 
bracket and the light piped in through 
fiber optics to avoid excessive heat. It 
is a well- engineered design. However. 
testing showed a slow drift in position 
between start and end of a long job. 
if it was the first one done after the 
machine was turned on. The cause 
turned out to he the radiation from the 
microscope lamp housing to the mas- 
sive cast -iron arm supporting the mic- 
roscope. The cure was to mount a shiny 
aluminum radiation shield between the 
lamp housing and the arm. 

This case history illustrates the care 
with which all mechanical perturbations 
must he eliminated to assure precision 
in mask making. All makers of such 
machines specify a narrow temperature 
span in which precision is acceptable. 
Usually this span is about I °C 1 =2 °F). 
Even within these limits. temperature 
transients should he avoided. 

Similar precision location control is 
required on the machines which pro- 
duce the master artwork and the reduc- 
tion cameras. Table I indicates the 

30 

expected precision of several artwork 
production means. A couple of case his- 
tories illustrate the importance ofappar- 
ently minor design features. Early 
Gerber Model 32 plotter tables had the 
stepper -motor power supplies mounted 
beneath the heavy steel table so the 
high -current motor leads could he short. 
The resultant heat expanded the table 
enough with respect to the drive screws 
(which are exposed to the room ambient 
above the table) to cause the zero loca- 
tion on the table to shift as much as 

0.015 in. from a cold start. Moving the 
power supplies to an adjacent room 
effected a complete cure. In a more 
recent and much more precise) 
machine built by Concord Control for 
Max levy in Philadelphia. the Teflon 

Du Ponti nuts which run on the ball 
screws to provide safety stops at the 
ends of the carriage created enough fric- 
tional heating of the screws to produce 
a small but easily detectable error in 
long ruling runs. For certain runs. these 
mechanical limit stops must he discon- 
nected. 

In addition to temperature control. 
humidity control is necessary to prevent 
size change in the peel film or photo- 
graphic film used for master artwork. 
Fig. 2 is a graph of changes in dimen- 
sions rat. temperature. Fig. ? is the same 
for humidity. If glass is used as the mas- 
ter artwork substrate. its flatness 
becomes the critical factor. The how 
in a glass plate can produce magnifica- 
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tion errors in camera reduction. Table 
II illustrates the sources of error in a 
typical mask problem. None of the 
schemes assures that the desired preci- 
sion will be maintained, but since the 
errors shown are cumulative for the 
worst case conditions, one can expect 
some error cancellation and a reason- 
able yield of good masks from the best 
of the processes. 

In addition to displacement -of -image 
errors, mechanical imperfection can 
produce out -of -focus images resulting 
in loss of size control and rounding of 
corners. (The high contrast of the pro- 
cesses used usually assures adequate 
edge definition). 

Standard -flatness glass plates are fre- 
quently used to contact print working 
masks. Their lack of flatness can cause 
imperfect contact which results in 
imperfect images. Also, and less obvi- 
ous, an overall curvature may be pro- 
duced at the contact surface which 
results in the copy being either larger 
or smaller than the original depending 
on whether the copy is on the outside 
or inside of the curve. 

Some contact printing machines use 
pressure platens and air pressure to con- 
trol this distortion. Fig. 4a is a sectional 
view of a contact printing arrangement. 
The master plate is held at its edges 
on a gasket in the lower frame. The 
unexposed plate is placed over it, the 
back of the frame is closed with a rubber 
flap which provides a vacuum seal, and 
the frame is evacuated causing 
atmospheric pressure to push the plates 
together. Another design, Fig. 4b, 
places the master against an optical flat 
and uses hydraulic pressure behind a 
rubber diaphram to force the unexposed 
plate against the master. A third, Fig. 
4c, design is similar to the first except 
that the unexposed plate is held against 
a flat lapped pressure -pad by vacuum. 
Pneumatic pressure is then applied to 
the gasketed side of the master and to 
a piston on the pressure pad to drive 
the master and unexposed plate into 
contact. 

Even with such extreme measures to 
assure contact, emulsion -to- emulsion 
contact prints containing less than 3µm 
(0.1 mil) lines are not really reproduci- 
ble. Contact fluid is a tremendous help 
by reducing diffraction effects, by 
nearly eliminating reflections from 
emulsion surfaces and by eliminating 
the refraction effect (see Fig. 5). Con- 

Table I- Expected precision of artwork for photomasks. 

Drawing means 
Accuracy 

(µ) 

Pre- 
cision. 
(pp,n) 

Finest 
line. 
(P) 

Ba.cis 

Manual 
Machine -aided (manual coordinatograph) 
Machine -drawn (automatic Scribe 

plotter) I0x 10 cm to I x I or cut 
meter photo 

Machine- drawn. (reticle generator). 
programmed step and flash with 
programmed rectangle I to 100 -mm 
square 

Machine -drawn (mask generator). 
drawn actual size for semiconduc- 
tor marks 25 to 100 -mm square 

µ250 µ250 250 Precision based on 
±25 µ25 500 artwork I -meter 
±25 +25 50 square (40.40in.) 

µ12 µl2 
± 5 Precision based on 

5 -cm square 12x22 in.) 

µ 5 0.3 Projection based on 
state of the art. 
Not yet in existence. 
Precision based on 5 -cm 
square (2 2 in. I 

Table II- Sources of errors in typical photomask operations. 

Errors (ppm) 

Specification 
Film (0.007 in.) 

UltruJlat 
glass 

Artwork, 25X, 1 ±0.0005 in. in 25 in.) w20 -_ 20 

Temperature error at 75 °F µ I`F ±15 ±4 

Humidity error at 35 to 457 RH ±-80 

Processing size change +50 to -80t 
Total artwork error +165 to -195 -24 

Reduction camera. 75 in. to lens: 
Copyboard. ±-0.001 in. ±I3± 
Large glass flatness µ 160t 

2 .2-1n. glass flatness µI4 µ 34 

Total copying error =/4 ±184 
Total overall error +17910 -219 .208 

Slic-rollat 
ela.s.s 

x-20 

µ4 

7,7:1 

-2:20 

µ14 
7J 

±-58 

±Trouble: far out of tolerance. 
#Repeating error which may he neglected if only requirement is registry within a set of masks. 

LAMP 

a) Vacuum. 

FRAME 

LAMP 

MASTER MASTER MASK 

PLATE TO EXPOSE 

RUBBER FLAP 

GAUGE 

VACUUM 
PUMP 

LAMP 

THICK FLAT 
GLASS - 

b) Hydraulic pressure. 

MASTER 

PLATE TO EXPOSE 

FLAT VACUUM PLATEN 

ìil ss: 

PLATEN PRESSURE PISTON 

MASTER 

t PLATE TO EXPOSE 

AIR OR NI 
PRESSURE 
SUPPLY 

c) Pneumatic pressure. 

Fig. 4- Contact printing frame designs. 

RUBBER 
DIAPHRAM 

HYDRAULIC 
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Fig. 5- Improvement in contact printing by using 
contact fluid. 
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tact fluids are messy and are therefore 
usually avoided. An ideal fluid would 
have an index of refraction of 1.50 to 
1.55, be volatile enough to evaporate 
without a separate cleaning step, and 
low enough volatility to avoid forming 
vapor bubbles during exposure. It 
would wet the surfaces of master and 
print emulsion easily without swelling 
or otherwise chemically or physically 
affecting its properties. Methanol, isop- 
ropanol, and glycerol are sometimes 
used although their indexes of refrac- 
tion are lower than desired. Some 
fluorocarbons and silicones look more 
promising but are not yet widely used. 
But we have drifted into the realm of 
optical problems. 

Optical limitations 

Several formulas for resolution have 
been proposed. For our purpose, it is 

only necessary to note that the form 
is d= aX /(NA), where d is the minimum 
resolved spot size, a is a constant which 
depends on the criterion of "resolved," 
X is the wavelength of the irradiation, 
and NA (numerical aperture) represents 
the sine of the convergence angle at 
focus. The important thing to note is 
that resolution improves as the 
wavelength is decreased and the numer- 
ical aperture is increased. 

The most common optical limitations 
on mask precision affect the edge loca- 
tions of geometric features more than 
their centers. This lack of precision thus 
appears more as a lack of component 
dimensional control than as mis- 
registry. Lens distortion, the main 
exception (is this optical or mechani- 
cal?), produces displacement of images 
from their theoretically correct place- 
ment, but since it is always the same 
in a given lens and setting, this distor- 
tion does not cause mis- registry of 
masks made the same way for several 
layers. Low distortion is desirable, 
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ka /2a SPATIAL FREQUENCY DIA OF AIRY DISC 

Fig. 6- Spatial frequency response with spatial 
coherence as a parameter (95% modulation at 
input). 
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however, since masks from different 
processes may sometimes be required 
and exact placement of images within 
the lens field is less critical. (Masks 
made by different processes are rarely 
mixed in sets for silicon device fabrica- 
tion, but in other processes, notably 
evaporation masks for solid state TV 

camera devices, mixed process masks 
have been matched to 5µm over a 100 - 

mm mask). In modern computer - 
designed lenses for mask making, the 
distortion is low enough so that it con- 
tributes a negligible deterioration to 
mask quality. 

The most significant optical limits on 
present mask performance are due to 
diffraction and, less important, residual 
lens abberations. An optical image is 
always degraded with respect to the 
object being imaged. The situation is 
quite like that of pulse deterioration due 
to bandwidth limitation and delay dis- 
tortion in an electrical transmission line. 
Amplifying and clipping at the receiving 
end can help to clean up some of the 
distortion, but if pulse edge location 
(timing) and width are crucial, the 
choice of clipping level makes a signifi- 
cant difference in the results.2.3 The 
bandwidths limitation in an optical sys- 
tems depends on the focal length and 
aperture or finumber of the lens, the 
wavelength of light, the index of re- 
fraction of the medium in which the 
image is formed, and the degree of 
spatial coherence of the illumination. 
[Unfortunately the term coherence is 
used to refer to two distinct properties 
of light. Spatial coherence, the co- 
herence referred to here, is achieved 
when a point source of illumination is 
used with the image of the point source 
focused in the aperture of the imaging 
lens. The light may be polychromatic. 
Temporal coherence refers to the co- 
herence length or monochromaticity 
of a light source. The "speckle" typical 

of scattered laser light illustrates that 
temporal coherence is not destroyed 
by diffusing the light source. Coherence 
lengths of a few Am occur with gas - 
arc sources and coherence lengths of 
several meters may be obtained with 
lasers. Lasers generally have both types 
of coherence. Both types of coherence, 
when present, require that wave am- 
plitudes be summed in evaluating il- 

lumination; whereas for incoherent il- 
lumination, the intensities (powers) are 
summed.] 

Mask makers usually have only the last 
factor under their control. The 
economics of lens manufacture are such 
that nearly diffraction limited lenses 
with effective flnumbers less than 1 and 
fields large enough to be useful in mask 
making are not likely to be available 
soon. The high -index glasses necessary 
to correct spherical abberation limit the 
shortest optical wavelength transmitted 
to about 0.4 µm. The indexes of refrac- 
tion of all photosensitive materials suit- 
able for mask making are between 1.5 

and 1.6. Thus the spatial coherence of 
the illumination is about all that one can 
manipulate. Fig. 6 is a plot of the spatial 
frequency response as the spatial coher- 
ence is varied. The area under the curve 
remains almost constant. At full 
incoherence, the cut -off frequency is 
double that of the fully coherent illumi- 
nation. Analysis of the situation 
indicates that the fraction of full 
response (contrast) required determines 
how coherent the illumination should 
be. if 10% response is adequate, 
incoherent illumination will allow fre- 
quencies nearly twice as high as coher- 
ent illumination. Most mask -making 
processes require 40 to 70% modulation 
which indicates equality or superiority 
for coherent illumination. The main dis- 
advantage of coherent illumination is 
that imperfections anywhere in the sys- 
tem cast shadows that produce flaws 
in the masks. 

We can now consider the effects of 
coherence and exposure as they relate 
to the smallest line geometries which 
can be adequately reproduced. Several 
authors have considered imaging and 
coherence which provide background 
for this discussion.5.6.78 Fig. 7 is a 
group of curves of density vs. log 
exposure for Kodak high -resolution 
plates developed in D -8. For develop- 
ment times of 3 to 5 minutes, an image 
contrast range of a factor of 2 (log 
exposure change of 0.3) results in a den- 
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sity range of about 2 in the developed 
plate. Since the contrast range of 100 

(density change of 2) is adequate for 
a mask to be used with photoresist, a 
log exposure range of 0.3 is reasonable 
as the minimum image contrast neces- 
sary to expose a mask. 

Let us now propose some definitions 
to provide a working base for talking 
about exposure, contrast, and resolu- 
tion. Proper exposure and processing 
will produce all geometries in their cor- 
rect size. Fig. 8a graphs the log intensity 
in the image plane for several widths 
of slits as objects, and coherent illumi- 
nation. Fig. 8b is the same for incoher- 
ent illumination. The assumed zero - 
response value for these curves is 1000 
cycles /mm. This value corresponds to 
an fil diffraction -limited lens and 5000 
A light, and approximates the response 
of best current step- and -repeat lenses. 
Log intensity is used so the 2:1 (0.3 log 
exp) exposure range is represented by 
a constant -width band which can be 
moved up and down to represent dif- 
ferent exposures. Clearly there is no 
"proper" exposure that will reproduce 
all slits at the correct size. The smaller 
slits have a lower maximum intensity 
and the 0.25-gm slits will not reproduce 
at all if the middle of the 0.3 -log ex- 
posure range is set at the nominal slit 
width for wider slits. This leads to the 
first definition: 

Optimum exposure places the center of the 
exposure band such that larger slits are 
reproduced in their correct size. 

4.0 

3.0 

1.0 

0 
1.50 

5 min 

3 min 

2 min 

I mill 

ill 

Pioiii 
2.00 3.00 

LOG EXPOSURE 
3.50 

Fig. 7- Density vs. log exposure for Kodak high 
resolution plates. 

The resulting density at the edge is 
approximately 0.6 or 25% transmitting. 
For the 1000 line /mm assumed for the 
curves, the edge transition is approx- 
imately 0.25 µm. The nominal width 
occurs at 1/2 of the unmasked intensity 
for incoherent illumination, and at 1/4 

of the unmasked intensity for coherent 
illumination. The second definition fol- 
lows logically: 

Minimum useful line width is the smallest 
line produced in its correct dimensions at 
the same exposure which produces all 
larger lines in their correct dimensions. 

For both incoherent and coherent light, 
2 µm is the minimum line width. For 
coherent light, the I -µm line is too wide; 
but there is a line width between 0.5 
and I µm which would be reproduced 
in its correct width. For incoherent 
light, the I µm line will not reach full 
density. The "ringing" caused by the 
sharp cut -off of coherent illumination 
may result in line -width modulation of 
nearby lines. Also, the loss of higher 
spatial frequencies in coherent illumina- 
tion is evident in that the narrowest slits 
are imaged at higher intensity by 
incoherent light than coherent. Fig. 9 

is an enlarged portion of Figs. 8a and 
8b overlayed to show the difference in 
the images produced by coherent and 
incoherent illumination. Increased 
exposure can be represented by moving 
the exposure band downward on the 
graphs. If one requires that a neutral 
density of 2 be reached in the center 
of the reproduced bar, object lines nar- 
rower than some minimum width will 
all be reproduced at the same width. 
The extra exposure required will 
increase the size of all larger lines. For 
example, all curves representing images 
of slits less than 1 for coherent and 
0.5 µm for incoherent illumination can 
be superimposed by a vertical (inten- 
sity) scale shift. 

So far, we have been considering the 
situation of illuminated slits on a dark 
background. Small dark areas on a light 
background are much more difficult to 
handle. To see why, compare Fig. 10 

with Fig. 8b. Fig. IO is computed for 
dark lines on an infinite light back- 
ground. The narrower lines vanish 
much more rapidly than with 
illuminated slits and no amount of 
exposure compensation can restore 
them because the image contrast is too 
low. Note, however, that the minimum 
useful line width as previously defined 

o 

0 2 4 6 6 10 

DISTANCE FROM SLIT CENTER -MM 
SPATIALLY COHERENT ILLUMINATION 

EXPOSURE 
RANGE 
FOR HRP 
EMULSION 

4 6 

DISTANCE TEN SLIT awn - N 

INC01wrr 1LLIMIRATIDN (RUM= OR 6PRTUNE FILL ®) 

Fig. 8 -Log intensity in images of slits- Coherent 
and incoherent illumination. 
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is still reproduced at approximately the 
correct size. This observation leads to 
an alternate definition of the minimum 
useful line width as the smallest line 
reproduced with equal width in a clear 
line and a dark line from equal width 
objects. 

Step -and -repeat cameras designed to 
expose photoresist using blue light with 
lenses approaching f/1 can get 
slightly higher cut /off resolution due to 
shorter wavelength of light. The lower 
effective gamma (contrast) of photo- 
resist, however, requires a higher - 
contrast image and loses some of the 
advantage. Dyed high- resolution plates" 
keep their high contrast while reduc- 
ing the scattering of blue light and pro- 
duce the highest demonstratable resolu- 
tion. The Tropel .11/.6 lens in the Jade 
step -and- repeat machine at RCA 
Laboratories has shown an experimen- 
tal cut -off resolution of at least 1100 

lines /mm. It's theoretical cut -off resolu- 
tion is about 1200 lines /mm. The 
response at 1000 lines /mm is I O to 20 %, 
which is too low for satisfactory photo- 
resist exposure. At 500 lines /mm, the 
response is 44% to 50 %. which is the 
minimum for satisfactory photoresist 
exposure. Since the theoretical limiting 
resolution is about 3000 lines /mm in air 
using 435 -nm light and a numerical aper- 
ture of 1.0 ( f70.5), these lenses are 
within a factor of 3 of the best one could 
possibly do. The highest resolution lens 
available today for an image in air seems 
to be the E. Leitz metallurgical micro- 
scope objective with 80X magnification 
and a NA of 0.95. As a reducing lens, 
it can produce images about 0.5 µm over 
a field about 0.4 mm in diameter -far 
too small to expose the chips being 
made today. It can be used only for 
very special work where the expense 
of drawing line -by -line is justified. 

The cost of serial point -by -point genera- 
tion of a mask can be appreciated if one 
allows 10 

-7 
s /element for exposure time 

(a fairly optimistic number) and con- 
siders that a 50- mm -dia (2 -inch) wafer 
contains about 2 10" I -µm spots. The 
resulting minimum exposure time is 
about 200 seconds, if the control system 
can supply the data fast enough. The 
cost of such a system is about 10 times 
the cost of a mask aligner and printer, 
and the time to expose is 10 times as 
long. The resulting 100 times cost /ex- 
posure is uneconomical for production 
exposure on wafers but could be quite 
acceptable for making original masks. 
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Table Ill- Comparison of parallel -electron -beam exposure systems for masking. 

fhduul Image Photocathode 
WordedsI O'Keeffe" 
Cnrnpmry Westinghouse 
hn,lse ,ite 50mm circle 
Obj. size 50mm circle 
Resolution 7.5 µm 
41ienment µm 
Exposure 15 to 20 s 

Cycle time 20 to 30 min 
Expected e.vpu.nur 5 s 

Expected cycle 1 min 
Expected ulit'riment ±0.1 p,m 

Image Aperture 
Koops, Mollenstedt" 
U. Tubingen, Ger. 
tat mm 
3<3cm 

Parallel beams Idyls eye) 
Newberry 
G.E. 
25mm sq. 

1.5 µm 

Conuuenn: Limited 
photocathode 
life 

2 masks needed 
-4- mechanical 
translation 

difficult to match 
lenses in array for 
magnification and 
distortion. 
0.080 -in, chip 

Table IV- Comparison of scanning -electron -beam systems for masking. 

Worker(s) Samaroo10 

Company Western Elec. 
Beam current 1 to IOnA 
Aced'. volts 15kV 
Sens. mail. HRP 
Field size 5 s5 cm 
Total hits -10" 
Esp. time 1000 s 

"lin line 4 µm 
Beam control computer 
Bits/sec 10" 

5 5 cm exp. 1000 s (max) 
10 Io 300 s (usual) 

Broers" 
Hat zakis 
I BM 
IPA 

P14,144 
1 <1 mm 
10" 

0.1 to 5s 
1µm 
Flying spot 
2,.105 to 10' 
250 to 12500 s 

Tarui" 
Denda 
JEOL 
I0n A 

KPR 
2K2mm 
1.7 .10' 
40 s 

1µm 
computer 
4 á w° 
25000 s (max) 
250 Io 8000 s (usual) 

Lindsay 

SxScm 

0.5 µm 

Notes: FIRE is a high -resolution plate. 
PMM \ i, polymethyl methacrylate. 
KPR Kodak photoresist. 

Wavelengths < 100 nm 

The two main potential benefits of very 
short wavelength radiation are 
increased resolution and increased 
depth of field. The basic resolution 
equation [d= aXl(NA)] discussed 
above shows the inverse relation 
between wavelength and numerical 
aperture or convergence angle in the 
focused image. 10kV electrons have a 

wavelength of about 0.122 angstroms. 
The wavelength -limited resolution is 

therefore much better than needed since 
atomic spacings are of the order of a 

few angstroms. The angle of conver- 
gence can therefore be made quite small 

resulting in a large depth of field. For 
10kV electrons and a I -.cm spot, the 
depth of focus is a few millimeters. 

X -rays 

X -ray wavelengths are much shorter 
than light, but they are not used in mask- 
ing except for a few peripheral things 
like chemical spread function evalua- 
tion in photographic material. The two 
main reasons for disuse are 1) masks 
must be thick to be sufficiently dense 
to x- radiation which places a severe 
limitation on resolution, and 2) no effec- 
tive high -resolution focusing means 
exists for x -rays. Molecules have 
similar limitations in that mask resolu- 

tion is limited since masks must be aper- 
tured (e.g., etched or electroformed 
metal) and focusing is not feasible. 
However, vacuum evaporation through 
apertures has been used to make some 
very sophisticated devices.'" Conven- 
tional means are used to make the 
masks, so the potential resolution 
improvement has not been exploited. 

Ions 

Ions can be focused into very fine 
beams and used for point -by -point 
scanning. However, the deflection and 
focusing power is several hundred to 
several thousand times that required to 
focus and deflect electrons. Also, no 
small- sized, high- current -density ion 
sources capable of yielding beams with 
power density comparable to electron 
beams are available. Therefore, 
although ion implantation is an impor- 
tant semiconductor fabrication 
technology, it is not used for generation 
or replication of masks by scanning or 
imaging. (The use of structures on the 
wafers to mask ion implantion in self - 
aligning patterns is an important use of 
"aperture" type masks). 

Electron -beams 

Electron -beam exposure is the most 
promising means of using short- 
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wavelength energy for mask making. 
in spite of a number of difficulties. Elec- 
tron beams of 10-" ampere, 250 -nm in 
diameter. have been reported» Why 
not just scan such a beam across the 
wafer or mask substrate and expose a 

high resolution mask? The answer is 

abberations. Lenses for light can have 
a high order of correction over wide 
fields because many glass surfaces can 
be used with differing kinds of glass to 
produce near -perfect images over a 

wide field. Electron opticians are not 
so fortunate. Only electric and magnetic 
fields can be used as lenses. For high 
resolution, the beam cannot be allowed 
to strike the field- forming electrodes. 
The electron optician is faced with a 

situation similar to a light optician 
forced to work with lenses made of bal- 
loons filled with high index gas and con- 
strained at the margins. The result is 

that the angular fields over which really 
high resolution can be obtained is small 
compared to light optics. Broers" 
reports a 1 -mm field about 4000 ele- 
ments across. By comparison, the 
lenses for I:I projection printing 
reproduce about 20,000 elements across 
a 60 -mm field. Serial -scan electron - 
beam mask generation seems destined 
to use mechanical motion or step - 
and- repeat to produce a full wafer -sized 
exposure. 

Several parallel- electron -beam ex- 
posure schemes have been proposed; 
see Table III. A "fly's eye" electron 
lens array was built by workers at G.E. 
in Schenectady, where several patterns 
could be scanned in parallel. There 
were some press releases a few years 
ago, but no information has been 
released since. A projection system 
similar to a transmission electron mic- 
roscope in reverse has been built at the 
University of Tubingen in Germany by 
H. Koops and G. Mollenstedt. It is 

reported to project a pattern with 50 -nm 
resolution about I mm square. None 
of these systems have included any 
means of registration of successive 
exposures for multi -layer device fabri- 
cation, although electronic sensing of 
registry marks and using the informa- 
tion to register automatically the cur- 
rent exposure should be possible. 

The electron exposure equipment clos- 
est to being ready to expose wafers in 

a production environment was 
developed at the Westinghouse 
Research Center in Pittsburgh.12 It 
images a masked photocathode at I:l 

onto a wafer loaded in a vacuum 
chamber. The electron- sensitive resist 
on the wafer must not be photosensitive 
since the ultraviolet light that is used 
to illuminate the transparent photo- 
cathode also falls on the wafer. The 
forthcoming commercial machine is 
expected to use automatic registration. 
sensing registry marks on the wafer and 
tilting the focusing magnetic field to 
achieve registry. Workers at Western 
Electric Engineering Research Center 
have developed a scanning-electron- 
beam system which meets the re- 
quirements of IOX reticle production 
quite well.'' Working on high resolution 
photographic plates, 4-um lines over a 

50 x 50 -mm area are expected. The 
reported results were for a 4 x4 -mm 
field. An eventual addressable array of 
100,000 x 100,000 points was predicted. 
but much higher stability than yet 
achieved is needed. In this application. 
the ease of scanning of the electron 
beam is exploited rather than the high 
resolution or depth of field. The mask 
is used in further optical processing 
steps which require flat glass and will 
limit resolution as well. JEOL has 
reported a system similar to a scanning 
electron microscope for mask work.14 
Resolution of 1µm and exposure times 
of 1.5 to 2 hours are achieved. Registra- 
tion by scanning previously applied pat- 
terns allows application to device fab- 
rication; recent work on scanning - 
electron- beam systems is summarized 
in Table IV. 

Conclusions 

This has been a rather sketchy report 
of where we stand today in photomask 
technology. As device makers find 
needs for smaller structures. the mask 
makers will be called upon to produce 
suitable masks. As long as visible or 
near -ultraviolet light is used to make the 
final image on the device. the smallest 
geometries will not be smaller than a 

few tenths of a micrometer. Electron 
imaging seems to be the most promising 
means of improving on light imaging 
with at least one electron -beam wafer - 
printing device nearing commercial 
reality. Several scanning- electron- 
beam equipments are being used for 
experimental mask making (often for 
convenience of scanning rather than 
the higher resolution capability). Fig. 
11 is a summary of the capabilities of 
diffraction limited optical systems in 
mask making. 

7 I 1 
4 2.8 4 56 8 I I 16 22 32 5 64 90 

f NUMBER 

.5 .25 .125 .062 
NUMERICAL APERTURE 

Fig. 11 -Guide to mask making capabilities of 
diffraction -limited optical systems. 
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Advanced laser beam image reproducer 
for very- high -resolution 
image recording 
S. M. Rayner 

The image recording capabilities of the RCA Laser Beam Image Reproducer have 
been significantly upgraded. The current third -generation design faithfully recon- 
structs imagery on film with a resolution in excess of 18,000 picture elements per 
scan at a scan rate of 1000 lines per second and with a flat Dc -10MHz video response. 

Stephen M. Rayner, Mgr. 
High Resolution Displays 
Astro- Electronics Division 
Princeton, New Jersey 

received the BSEE rind the MSEE from the Polytechnic 
Institute of Brooklyn in 1959 and 1963. respectively. He 

has been active in the design and development of 

advanced television and display devices at RCA during 
the past nine years and was responsible for the develop- 
ment. at AED of a high resolution Laser Beam Image Re- 
producer (LBIR) Previously. he was associated with ITT 

Federal Laboratories where he was concerned with design 
and development of training simulators and display 
devices utilizing television techniques Mr. Rayner Joined 

AED in 1961 and shortly became a lead engineer for the 
electrical- system design. integration and testing of the 
Nimbus Ground Stations: he was also responsiole for the 
study and design of a righresolution line -scan kinescope 
display for a dielectric -tape camera system After his pro- 
motion to Leader. Engineering in 1965. Mr Rayner was 
responsible for the design and development of all AGE 

for a classified program as well as early design phases 
of the improved Apollo Television Scan Converters for 

NASA. In 1968, he was promoted to Manager of High 
Resolution Displays and has devoted the major portion 
of his etlorts toward directing the LBIR advanced develop- 
ment program at AED- Mr. Rayner is a member of the 

IEEE and the Society for Information Display. 
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Final manuscript received December 20, 1971 
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THE MAJOR OBJECTIVE of a develop- 
ment program at AED is to demon- 

strate the potential capability of the 
RCA Laser Beam Image Reproducer 
(Auk) in faithfully recording images 
on film with high modulation transfer 
function (MTF) response at spatial fre- 
quencies corresponding to 18,000 to 
24,000 picture elements (pixels) per 
scan, at a scan rate of 1000 lines per 
second, and with an analog video band- 
width up to 25 MHz ( -3dB). This capa- 
bility is needed to meet the require- 
ments of future space programs, such as 
later- generation Earth Resources Tech- - 

nologySatellite(ERTs)missions. Imaging 
sensors already exist which provide 
10,000 pixels per scan resolution. such as 

the RCA 41/2-inch Return Beam Vidi- 
con (RBv) camera. and higher resolution 
sensors are currently being developed. 

The basic approach to the upgrading 

program was to utilize the maximum 
amount of already existing LBIR design 
and hardware. Fig. 1 shows the configu- 
ration of the advanced LBIR. 

In addition to the major objective of 
improving the resolution of the LBIR by 
reducing the optically formed scanning 
spot size, emphasis was also placed on 
extending the performance of other 
LBIR subsystems so that they would be 

compatible with the higher resolution 
aspects of the image. Performance 
improvements included the ability to 
maintain uniform focus over the full 91/2- 

film width and the elimination of 
non -uniform line -to -line spacing caused 
by the film transport or the scanner. 
These factors were already satisfied for 
the 6,000 -pixel LBIR design, but were 
unsatisfactory for the desired 18,000- to 
24,000 -pixel design. The satisfaction of 
these requirements is much more dif- 
ficult at the higher resolution. 

Background of LBIR development 

The LBIR was developed originally in 
1967 at AED to provide a means of 
recording the high -resolution imagery 
produced by the then newly developed 
RCA 2 -inch RBV camera. 

The objective of this original effort was 
to construct a machine which would 
reproduce the imagery in a 9x9 -inch 
photographic transparancy format with 
no significant degradation of image 

Fig. 1- Advanced Laser Beam Image Reproducer (LBIR). 
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Fig. 2- Pictoral diagram of advanced LBIR. 

quality. The resultant prototype LBIR 

design provided 75% response (includ- 
ing film) at a resolution of 6,000 pixels 
per scan, had a gray scale dynamic 
range in excess of 100:1, and had excel - 
lant geometric fidelity. Since the 2 -inch 
RBV camera had a limiting resolution of 
4,500 pixels per scan and a 50:1 dynamic 
range, the LBIR appeared as a "trans- 
parent window" in the total imaging 
system. 

A second -generation LBIR' was 
developed in late 1968 to provide 
several basic improvements essential 
for field operational equipment; it pro- 
vided additional image fidelity improve- 
ments as well. Several functions were 

SYNC 

automated, alignment stability was 
greatly improved, and a continuous film 
transport was added to provide opera- 
tional mode versatility and rapid 
sequential frame capability. However, 
the basic image reproduction parame- 
ters, such as resolution and gray scale, 
were not significantly changed. This 
design satisfied the needs of the three - 
camera 2 -inch RBV system being 
designed for the ERTS program. 

However, early in 1970, the need for 
a higher resolution image reproducer 
became evident. Sensors capable of 
providing up to four times the LBIR 
resolution (24,000 pixels per scan) were 
being investigated for advanced ERTS 

Table I -LBIR performance characteristics (2nd and 3rd generation comparison). 

Characteristics Previous L61R Present LBIR 

Resolution: 
Pixels per scan 
Corresponding cyles /mm 
MTF (with film) 
MTF (electro- optics only) 

Gray scale: 
Dynamic range 
Maximum film density 

6000 
13.2 

80%n (Kodak RAR1496) 
94% 

100:1 
2.3 (Kodak RAR2496) 

Video bandwidth oc -5MHz ( -3dB) 

Signal to noise ratio 
(electronics) 

Horizontal blanking 

Nominal line scan rate 

Nominal scanner speed 

Scanner sync jitter 
Scanner 

Number of facets 

Line -to -line spacing 

line to -line jitter 
Transport speed range 

Recording gate 

Film supply capacity 

50d B 

10% 

1250 lines per second 

18,750 r /min 

IOOns p -p. <10Hz bandwidth 

I -inch diameter, air hearings 

4 

38 µm 

±1.0µm 
25 to 100 mm /sec 

Fixed curved platen 

91/2- inches wide by 125 feet 
(RAR2496) 

Laser power 15 mW A 632.8nm 

18,000 
39.5 
56% (Kodak 3414) 
75% 

250:1 
2.0 (Kodak 3414) 

uc-IOMHz (-0.5dB) 
Dc-25MHz (-3dB) 

50d B 

10% 

1000 lines per second 

15,000 r /min 
50ns p-p, <10Hz bandwidth 

I -inch diameter, air bearings 
4 

12.7 µm 

±0.3 Ain 

I to I00 mm /sec 

Air -guide curved platen 

91/2- inches wide by 250 feet (3414) 

15 mW A 632.8nm 

missions. As a result, AED undertook 
a program to upgrade the LBIR to a third - 
generation version which would be 
compatible with these very -high- 
resolution sensors. 

LBIR description 

A pictorial diagram of the current LOIR 

is shown in Fig. 2. The basic imaging 
process consists of scanning a finely 
focused, intensity -modulated laser 
beam across the width of a continuous 
web of film. The 91/ -inch wide film is 
shaped to a precise curvature by an air - 
bearing exposure gate, and the beam 
is deflected across the film by a rotating 
four -sided pyramidal scanning mirror. 
The optics and scanning geometry are 
such that the phase- locked constant - 
speed scanner produces a linear scan 
rate, with perfect focus and uniform 
exposure, across the entire width of the 
film. Vertical scanning is accomplished 
by moving the film perpendicularly to 
the exposure scan line. 

The performance characteristics of the 
improved (third generation) LBIR are 
compared to the previous design in 
Table I. The modifications and 
improvements which were imple- 
mented to achieve the higher reso- 
lution performance are described in 
the following paragraphs. 

Light modulation system 

The new LBIR light modulation system 
consists of the modulator driver (video) 
electronics, the light modulator. and the 
optical feedback beam splitter mirror 
and photo cell. The intensity control, 
which is a high -quality polarizer used 
to establish the gross exposure level in 
the LBIR, was retained from the pre- 
vious LBIR design. The electronics are 
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-40 
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OPTIMUM LINE ALL ACCEPTABLE ERRORS 
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Fig. 3- Scarmer geometric error diagram. 
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all- solid- state. The light modulator is a 

low -voltage electro -optic transverse 
field type. 

The new set of light modulation compo- 
nents features automatic null -bias con- 
trol for "hands -off" full -time contrast 
optimization; an overall electronics - 
optics feedback loop for highly accurate 
and repeatable continuous gray -scale 
recording; and light modulator transfer 
characteristic linearization. Along with 
these features, the wide bandwidth and 
dynamic range of this system, as 

indicated in Table I. permit rapid -rate 
recording of sharp high -resolution 
images. For example. an image consist- 
ing of 20,000 x 20,000 pixels, or a total 
of 400 million picture elements, is 
reproduced by the I.BIR in only twenty 
seconds. 

Optics and scanner 

The major optical components in the 
LBIR are the beam expander. focusing 
lens, and scanner. These components 
determine the diffraction limited scan- 

ning spot size. The beam expander 
enlarges the modulated laser beam to 
completely fill the aperture of the focus- 
ing lens. 

The scanner axis is coincident with the 
optical axis; each facet, therefore, inter- 
cepts 25 %h of the converging focused 
beam emerging from the lens, and 
deflects it radially (the facets are at 45° 

to the axis). 

The rotation of the scanner causes the 
facet passing through the lower quad- 

Fig. 4- Air -guide exposure gate. 
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Fig. 5- Microdensitometer traces for various hori- 
zontal burst frequencies. 

rant of the beam cross section to scan 

the film. All other beams are blocked 
so as not to expose the film. The optics 
are focused for diffraction limited per- 
formance, with the scanner facet being 
the limiting aperture. 

Although the I -inch scanner diameter 
is the major limitation in extending the 
resolution, analysis indicated that it 
could still provide significantly higher 
resolution than had previously been 
achieved. Therefore. the scanner size 
was not increased, thereby avoiding a 

major scanner subsystem re- design 
effort. The scanner itself, however, was 

replaced with a new one which was built 
to extremely tight geometric tolerances, 
comensurate with the I2.7 -µm line - 
spacing requirement. The actual 
measured geometric errors in the new 
scanner are plotted in the scanner 
geometric error diagram of Fig. 3. The 
parallelogram in Fig. 3 encompasses the 
permissible combination of depth - 
of-cut and face -to -axis angle errors 
which are needed to produce the scan 

line spacing accuracy of ±0.3 µm. The 
achievement of these accuracies repre- 
sents a major breakthrough in precision 
scanner fabrication and optical finish- 
ing. One facet (point 4, Fig. 3) was 
slightly out of tolerance, but not suf- 
ficiently so to leave any doubts about 
the success of the technique. 

The scanner shaft is actually the arma- 
ture of the drive motor. It is supported 
entirely by air bearings (both journal 
and thrust) to provide vibration -free 
rotation (no ball hearing noise). The 
scanner servo utilizes optical tachome- 
ter feedback derived from the scanner 
mirror facets which are used for scan- 
ning. The scan synchronization jitter is 
S irtually unmeasurable on a line -to -line 
basis. and restricted to 50 ns peak - 
to -peak over a c> ele period of more than 
a hundred scan lines. 
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Fig. 6 -MTF plot. 

Film transport and air -guide exposure gate 

The film transport was modified in two 
major areas: The servo electronics were 
modified to reduce line -to -line spacing 
jitter and to extend the lower end of 
the speed range, and the air -guide 
exposure gate was substituted for the 
fixed platen in the original transport. 

Table I shows the extended speed range 
and jitter characteristics of the trans- 
port. The ±0.3 -µm jitter in line -to -line 
spacing corresponds to a worst -case 
value of less than 5% line -to -line spac- 
ing error for the l2.7 -µm line spacing. 
This value insures that "banding" 
(random horizontal streaks in the image 
due to scan line bunching) is below the 
visibly detectable level. 

The air -guide exposure gate, shown in 

Fig. 4, provides a uniform cushion of 
air above and below the film as it shapes 
it to the precise curvature. The film is 

supported within the gate by the air 
bearing and does not touch any part of 
it. The depth of focus control thus 
achieved is at least five times better than 
the allowable depth of focus needed to 
maintain the MTF performance 
indicated in Table I. This is one of the 
most important modifications made in 

the LBIR for improving the high - 
resolution performance. 

The lower half of the air -guide contains 
several photo diodes located in posi- 
tions across its full width. A high - 
resolution bar target transparency is 
inserted in the air -guide during optical 
alignment, and an unmodulated beam 
is swept across it. Focus adjustment is 
made while monitoring the diode out- 
puts. This technique results in optimum 
focus alignment since it is made during 
actual operating conditions (the scanner 
at nominal speed, and the air -guide 
shaping and supporting the film). 
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The film type used in the new LBIR, 
Kodak 3414, is a high -definition aerial 
film. The exposure sensitivity of 3414 

is approximately ten times less than the 
Kodak RA R2496 originally used for the 
lower resolution recording. The laser 
power in the LBIR (15 mW (, 632.8nm) 
was more than adequate for the 2496 

film but not sufficient to fully expose 
the 3414 film. This condition was cor- 
rected by eliminating the vertical aper- 
ture mask. The mask was used to create 
merged scan lines in the lower resolu- 
tion LBIR, and was not needed for initial 
testing of the higher resolution LBIR. 
This improved the optical efficiency 
enough to expose the 3414 film to den- 
sities in excess of 2.0. 

Test pattern generator (TPG) 

The TPG was re- designed primarily to 
provide horizontal burst frequencies as 

high as 10MHz (18,000 pixels per scan) 
to facilitate high resolution MTF 
measurements. The TPG also provides 
a variety of gray scales, vertical fre- 
quency burst patterns, geometric linear- 
ity patterns, and a composite of all of 
these in a single frame. 

Performance 

TPG measurements 

The third -generation LBIR was tested 
extensively using the TPG as a calibrated 
input source. Microdensitometer traces 
for various horizontal burst frequencies 

Table II- Horizontal resolution, 3rd generation LBIR. 

Pixels 
per 

scan 
line 

TPG 
burst Uvcles/mm 
freq. on film 

(MHz) 

MTF 
of 

3414 
film 
141 

MTF 
of 

I.H1R 
and 
film 
1%1 

MTF of 
I.RIR 

N'ithaul 
film 
Iríl 

450 0.25 
4.5011 2.5 

9.000 5.0 

18.000 11).(1 

10 

211 

40 

1110 

95 

87 

75 

100 

94.5 
84.5 
5(.(1 

11X1 

99 

96.5 
74.11 

AUTOMATIC 
FILM 

PROCESSOR 

9" HIGH 
RESOLUTION 
RECONSTRUCTED 
IMAGE 

are shown in Fig. 5. The calculated 
values of MTF based on these measure- 
ments are given in Table II. and the 
MTF is plotted in Fig. 6. 

Table II indicates that the film MTF is 
a significant factor in the overall system 
performance. For that reason. the LBIR 

MTF with the film effects removed is 
tabulated. thereby giving an indication 
of the potential LBIR resolution capabil- 
ity with finer grain (or grainless) hard - 
copy media. 

The horizontal resolution achieved in 
the upgraded LBIR (with the film effects 
removed) compares favorably with 
theoretical optical calculations. These 
calculations take into account the aper- 
ture shape (scanner facet), the complex 
illumination profile across the aper- 
ture, the wavefront distortions in the 
optics, and the path -length differences. 
Higher resolution performance may he 

directly extropolated from these figures 
to determine the required scanner 
diameter. For example, the horizontal 
MTF of the LBIR Optics can exceed 
with a I .4 -inch diameter scanner. 

Since the vertical aperture mask is not 
used in the upgraded LOIR. it is not pos- 
sible to modify the vertical dimension 
of the scanning spot. '1s a result. the 
individual scan lines are clearly visible 
under high (30X) magnification. For 
this reason, MTF measurements were 
not made in the vertical direction: it was 
obvious that the vertical resolution was 
"too good." and spot elongation is 
needed to optimize the system. In a 

later phase of this program. a higher 
power laser will he installed in the LOIR, 

and the vertical aperture will he rein- 
stalled, thereby allowing adjustment for 
optimum scan line merging while main- 
taining maximum vertical resolution. 

Gray -scale tests demonstrate the large 
dynamic range capabilities of the t HIR, 

as well as the highly accurate density 
repeatability. The latter is a direct result 
of the automatic null -bias circuitry. 

Geometric measurements indicate an 
accuracy of better than one part in 2 

10' on a fine scale (any IO x 10 pixel 
area) and better than one part in 2 x 
10' on a large scale (100 x 100 pixel 
area or larger). The large scale geomet- 
ric accuracy could he improved to 
match that of the fine scale by cancelling 
out the 50 -ns scanner jitter effects with 
an electronically variable video delay 
line. a technique which is commonly 
used in transverse -scan wide -hand 
magnetic tape recorders. 

Imagery tests 

Nothing is as convincing in evaluating 
an imaging device as a picture of a real 
scene generated by that device. In pre- 
vious years. the LBIR performance 
could always he demonstrated by pro- 
viding a real scene video input gener- 
ated by the 2-inch RBV camera. 
However. in order to demonstrate the 
new improved high -resolution LBIR, a 

sensor of comparable capability had to 
be found. 

Fortunately. RCA has also been 
developing a widehand laser signal 
recorder /reproducer system, desig- 
nated the I 'co. which utilizes 5 -inch 
wide photographic film as the recording 
medium. The I R7n has the necessary 
optical resolution. scan rate. signal 
bandwidth. and dynamic range to scan 

a scene transparency and produce an 

analog video signal suitable for feeding 
the new I HIR. 

Some minor modifications were made 
to the I R')I in order to optimize its 
image scanning performance. A very 
high -resolution 5 -inch aerial camera 
negative transparency was used as the 
scene input. The I 870 /I -HIR combina- 
tion was interfaced as shown in the 
block diagram of Fig. 7. and images 
v, ere scanned and reproduced simul- 
taneously. An example of the resultant 
output is shown in Fig. 8. and a 25 times 
enlargement of a small area of this scene 

is shown in Fig. 9. 

The general appearance of the I.BIR out- 
put is that of a conventional photo- 
graphic transparency, and not of a 

scanned image. Only under high mag- 
nification is it apparant that the scene 
is indeed scanned and reconstructed in 
a raster format. This demonstration 
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confirms the suitability of the improved 
LBIR for future ultra -high resolution 
imaging system applications. 

Summary and conclusions 

The major changes to the previous LBIR 

during the improvement program were 
the substitution of a 25 -MHz light mod- 
ulation system in the place of the origi- 
nal 5 -MHz system; the replacement of 
the scanner mirror with a new one of 
much higher quality; the addition of a 
precision air -guide film exposure gate 
with integral focus sensors; the modifi- 
cation of the film transport servo system 
to provide much finer line -to -line spac- 
ing control; the use of a higher resolu- 
tion film; and the re- design of the LBIR 
TPG to provide higher bandwidth test 
signals. In addition, the film transport 
and scanner mirror servo electronics 
were modified to operate at the scan 
rates commensurate with the higher 
resolution scan parameters. and the 
optical components were checked 
and critically aligned. 

The resultant performance exceeds 
expectations, in that the recorded 

Fig. 8- Photograph reproduced by LBIR. 

images are photographic -like, and the 
MTF of the entire system was measured 
to be nearly the theoretical value for 
the components used. 

The LBIR improvement program is con- 
tinuing at AED. However, the major 
objective of demonstrating its extended 
high -resolution nerformance capability 
potential has been achieved. The major 
problems associated with higher resolu- 
tion operation, such as film transport 
and scanner induced banding and pre- 
cise focus control across the entire for- 
mat, have been solved. 

Higher values of LBIR MTF will not be 
useful however, unless a better image 
recording medium is used. Additional 
modifications are currently in progress 
which will facilitate recording on lower 
sensitivity materials which offer a con- 
siderable improvement in resolution. 
The LBIR MTF can easily be increased 
by increasing the limiting aperture, 
namely, the scanner and associated 
optical components. This in itself does 
not present a difficult technological 
challenge, rather it only involves 
engineering re- design. 

The LBIR is currently a highly developed 
and tested image recording device, 
which has satisfied its purpose in the 
past. Based on the progress of the cur- 
rent improvement program, there is no 
doubt that it will also satisfy the needs 
of future higher resolution imaging sys- 
tems as well. 
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High -speed facsimile system 
employing the 
LR70 laser scanner 
L. W. Dobbins 

A high -speed facsimile transmission system utilizing the LR70 laser scanner has 
been demonstrated. In the LR70 unit, a laser beam is focused to a small spot and 
mechanically scanned across the width of a 5 -inch film transparency. The light energy, 
modulated by variations in film density, is collected and focused on a photo -multiplier 
tube. The result is a serial stream of data representing the scanned imagery in a 

raster format. This data is the input to a similar device which reproduces the original 
imagery with very little degradation. 

MFCHANICAI. SCANNERS are not 
new. They were, in fact. the first 

scanners. But now, a new generation 
of technology enables the mechanical 
scanners to greatly exceed the per- 
formance of electronic scanners in 

two areas: 

I) Number of picture elements; or pixels, 
per scan 

2) Geometric fidelity 

A typical system output image has 

demonstrated that straight lines in the 
original image can he reproduced as 

Reprint RE- 17 -6 -22 
Final manuscript received January 7. 1972. 

straight lines. Servo control of scan 
velocity (ScanLoc) permits spot posi- 
tion error to be kept to one part in 
twenty -thousand. Electronically Vari- 
able Delay Lines(EVDL) permit an im- 
provement in control of spot location 
by an order of magnitude. 

Development of transverse scanning 
devices at RCA 

The majority of the laser scanning de- 
vices developed at RCA have been of 
the transverse scan type. In these de- 
vices. the focused laser beam line - 
scans perpendicular to the direction 
of film motion. These transverse scan 

Lawrence W. Dobbins, Recording Equipment Operations, Communications Systems Division, Camden, N.J., received 
the BSEE from Auburn University and has completed course work for the Master's Degree at Drexel Institute of Technology. 
Mr. Dobbins joined RCA in 1955 and has done design work on transverse scan magnetic recorders, opt cal correlators. 

and spectrum analysis devices. He also took an active role in the design of optical and electronic systems In the 

LR70. Mr. Dobbins is presently a Senior Member of the Engineering Staff. He is a member of the IEEE. the Society 
for Information Display, and the Society of Photo -optical Instrumentation Engineers. 

devices developed along two parallel 
paths. image scanner /recorders and 
signal recorder /playback units. 

I n 1967 the prototype Laser Beam I mage 
Reproducer (LBtR) was built (see Fig. I. 
upper left). The t.BtR recorded a 

single 9 -inch frame on film. This de- 
vice had 75% Modulation Transfer 
Function ( MTF) at 6000 elements per 
scan. This unit was upgraded in 1969 

to permit continuous recording. Eight- 
een thousand picture elements can now 
he recorded per scan at 75% MTF. The 
t.BOR is described in this issue and in 
several published papers.'" 

Signal recording 

Signal recorders were developed when 
the availability of high -powered lasers 
made it possible to record much higher 
frequencies on silver halide film than 
had been possible with magnetic tape. 
The original wideband laser signal re- 
corder ( lower left. Fig. I) was developed 
in 1966 and has undergone continual 
improvement. Its present capability is 

80 -MHz video bandwidth with a time 
hase stability of better than I ns. 

LR70 series 

This growing technology led to the t.im 
which has demonstrated capability in 

recording and scanning both imagery 
and signals. The facsimile system dis- 
cussed here consists of the LR70 scanner 
coupled to the t BIR. Some capabilities 

Table I -Image scanner characteristics (LR7OPIX). 

Pwr,rrurlrr Prr/brrnrnur 

Resolution nrr 5ty,4 MTFI 
Geometric fidelity 
Gray scale 
Video bandraidth 
Format 

Scan i.ate 

Film speed 

Time required to scan 
a 5 -inch square frame 

2001 pisefs" per scan 

1 part in 20.01111 

W. \ - steps 

oc to 75 M1IHz 

5-inch-v) ide film up to 
15011 ti long 

Up to 500ll -erns s 

0.225 in s and higher. 
continuously variable 
a. tau masimum 
data rade) 

'Picture elements 

Table II- Signal recorder /playback characteristics 
(LR7OCVR). 

Prrrro-nrrrr Performance 

Bandy. idth: 
Direct record 

Digit: I 

Video. sr ilk t st NN stem 

Record tinte 
Film width 

Scanner speed 

Scan speed 

Film speed 

2250 KHz to 75 MHz 
1 -6 dB) 
11111 MBit,s 
nr to .tll MHz 
35 min 
5 in 

833 rs 1511.(1(10 r. mint 
2(1.(011 in 
Ill in.s 
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LASER BEAM IMAGE RECORDER 

WIDE8AND SIGNAL RECORDER 

LR 70 IMAGE and SIGNAL 

Fig. 1- Development of RCA laser scanning and recording devices. 

Fig. 2- Optics system of the LR70. 

of the 15'u are considerably greater than 
those required in the particular fac- 
simile link with the I RI R. The maximum 
performance characteristics of the I R70 

as an image scanner are listed in Table I. 
As a signal recorder /reproducer. desig- 
nated I R7u( R. its performance param- 
eters are different. hut related. These 
characteristics are listed in Table II. At 
present, the 1571 which extends some 
of these capabilities is being assembled. 

LR70 optics 

Fig. 2 is a diagram of the optics of the 
1 co. The light source is a 2 -watt argon 
laser. This laser is grossly overpowered 
for image scanner applications, hut 
was selected to permit direct recording 
of 75 -MHz signals on low- sensitivity 
film. 

The laser beam is directed through a 

14(1 -M HZ light modulator. When the 
15,n is operated as a scanner. the light 
modulator is not required and is either 
removed or biased to provide a constant 
light output. 

After emerging from the light modulator 
the beam is directed to the spot- forming 
optics which consists of a beam ex- 
pander and a spot -forming lens. The 
spot -forming lens forms one spot on 
its optical axis. A rotating mirror scan- 
ner is placed on the optical axis to de- 
flect this focused spot to the film 
platen. As the mirror rotates. the 
scanned spot generates a circular locus 
concentric to the scan axis. This ap- 
proach permits uniform resolution to 
he achieved over the entire scan, and 
diffraction- limited performance can he 
achieved with off- the -shelf lenses. The 
film is supported within the focal depth 
with a precision air hearing film guide. 
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Film motion causes succeeding spots 

to scan adjacent lines on the film in a 

raster pattern. As the light passes 

through the film. it is modulated by the 
density variations. collected with a 

curved mirror, and directed to a photo - 
multiplier tube. 

Laser noise measurements 

It v% as found that laser noise is a func- 
tion of laser reflector tuning. The laser 
configuration used has a wavelength 
selector prism which makes it possible 
to operate with about equal power at 
48804 or 51454. No tuning adjustment 
of the laser cavity about the 48804 line 
reduced noise without also reducing 
light power. The broadband signal -to- 
noise ratio NA as measured and found to 
he 34 dB at 4880,1. 

The laser was next tuned to the green 
line at 51454. Various adjustments of 
the wavelength selector prism were 
able to tune hard noise components 
through the low megahertz range as 

db 

db 

(a) ADJUSTMENT 1 

2 4 6 8 10 

FREQUENCY, MHz 

(c) ADJUSTMENT 3 

2 4 6 

FREQUENCY, MMz 

Fig. 3 -Laser noise at 5145A 

8 10 

shown by the spectral plots in Figs. 3(a) 
and 3(h). The broadband signal -to -noise 
ratio was approximately 31 dB for this 
group of adjustments. 

Further tuning. as shown in Fig. 3(c), 
removed the hard noise components, 
leaving only the plasma noise which de- 
creases with increasing frequency. The 
broadband signal -to -noise ratio was 

46 dB. These measurements were made 
without film. Fig. 3(d) indicates the 
measurement system noise with the 
light blocked. The large signal at the 
left is the zero frequency characteristic 
of the spectrum analyzer. 

Kenville` a describes how longitudinal 
laser mode noise can he reduced 
with an etalon, which is a secondary 
resonant cavity within the laser resona- 
tor. The measurements described above 
were made without an etalon. 

Calculation of photodetector noise 

For an image scanner without film, the 
peak -to -peak current in the terminating 

db 

db 

(b) ADJUSTMENT 2 

Al 
4 6 8 IO 

FREQUENCY, MHO 

(d 1 NOISE FLOOR 

2 4 6 .8 I.0 

FREQUENCY, MHz 
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isig = µ K 
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L 

Fig. 4 (upper left) -ScanLock servo control. 

Fig. 5 (left) -Film drive system. 

Fig. 6 (above)- High -speed facsimile system. 

(I) 

where g is the tube current gain; and 

/K is the average photocathode current. 
The noise current" in the terminating 
load is written 

r =g3elKOfi v: (2) 

where e is the charge of an electron; 
and Of is the bandwidth. 

The contrast ratio which can be achieved 
is determined by the signal -to -noise 
(SIR) ratio. SIN is calculated by 
combining equations (I) and (2). 

SIN-p 
-p signal ]K 1 

rms noise - [3eAf j 
(3) 

For a I0 -MHz bandwidth and 5 -ga 
photodetector current (data from the 
test described herein) the photodetector 
provides a SIN ratio of 60 dB. This 
signal is then amplified by the electron 
multiplier within the photomultiplier 
tube so that SIN ratio is not reduced 
significantly by the terminating resistor 
and amplifier. 

Number of gray levels which can be 
transmitted 

The contrast ratio determines the num- 
ber of gray levels which can be trans- 
mitted and is given by the SIN, defined 
as the ratio of peak -to -peak signal to 
rms noise. The important noise sources 
are: the laser, the film, and the photo- 

detector. Film noise is discussed in 
papers by Kenville.3-4 The light power 
level in the LR70 is high enough to make 
photodetector noise small. Laser noise, 
therefore, is the most significant re- 
maining noise source and constitutes 
another limit on the overall SIN. 

The relation betweenS /Nand gray levels 
is written 

S /N =(/ N (4) 

where N is the number of V gray 
levels. 

Since the broadband SIN is limited by 
the laser to 46 dB, the maximum num- 
ber of gray levels which can be scanned 
is greater than 15.5. Film base plus fog 
would reduce this to an actual 14.5 gray 
levels. 

Geometric fidelity in the scan direction 

Geometric fidelity in the scan direction 
is controlled by moving the spot at a 

constant velocity across the film. A 
diagram of the Scan Loc servo is shown 
in Fig. 4. Motor speed is sensed by 
detecting a spot of light from each facet 
of the scan mirror. Comparison with a 

reference signal provides an error sig- 
nal used to control the motor. In this 
particular test. 1000 scans /s from a 

6 -facet scanner resulted in a rotational 
rate of 166.6 r /s. The error between the 
ScanLoc pulse and sync reference was 
±25 ns peak -to -peak. This error can be 
reduced by an order of magnitude 
with an EVDL. 

Geometric fidelity in the vertical 
direction 

A servo -controlled printed circuit 
motor (see Fig. 5) drives the film at the 
very low speed of 0.25 in /s. The result- 
ing error in the location of the scan 
lines on the film was ±0.3 Am or ±5% ofa 
scan line. 

High -speed facsimile system 

Fig. 6 shows the LR70 scanner connected 
to the LBIR, forming a high -speed fac- 
simile system. This is the system which 
transmitted the aerial photographs 
shown in Fig. 7. Continuous lengths 
of 5- inch -wide film transparencies 
from an aerial camera were placed in 

the LR70 and scanned. Transmission 
variations in the film modulated the 
light received by the photodetector pro- 
ducing an electrical signal. This signal 
was fed to the I_BIR where it controlled 
the intensity of a scanned spot. The I -RIR 

recorded on continuous lengths of 
9.5- inch -wide film, providing a mag- 
nification of approximately 2:I in the 
transmitted images. 

A scanner servo is used in each ma- 
chine to control the velocity and phase 
of the scanner. In this case the LRTo 

was slaved to the I.BIR, although 
either equipment may serve as the 
reference. The operating parameters for 
this system were: 20,000 pixels /scan. 
20 seconds per frame. and a 10-MHz 
data rate. 

Fig. 7 shows a typical aerial scene 
scanned by the LR70 and recorded by 
the I.BIR. The entire width of a 9.5 -inch- 
film from the iRIR is shown. 

Electronic vs mechanical scanning 

Table III compares resolution and geo- 
metric fidelity for electronic and me- 
chanical scanning. First, comparing 
resolution, the electronic scanners 
such as cathode ray tube, return beam 
vidicon, or electron beam recorder 
have an upper practical limit on the 

Table Ill- Comparison of high -resolution scan- 
ning- electronic and mechanical scanners. 

Electronic Mechanical 
Parameter (CRT. RBV, Laser 

or EBR) recording I R70 /LBI P. 

Pixels /scan 
at 50% MTF 

Geometric 
errors 
(peak -to -peak) 

Error in 
number of 
spots 

10.000 30.000 20.000 

0.05% 0.0005% 0.005%. 

2.5 0.15 1.0 

(with 5K 
spot device) 
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number of picture elements per scan 

of about 10,000.11 At this point. the de- 
flection system requires a SIN ratio 
of 100 dB. The mechanical scanners pro- 
vide 20.000 pixels per scan at .50% 

MTF with a conservative growth capa- 
bility beyond 30.000 pixels per scan. 

Second. comparing geometric fidelity. 
a good 5000 -spot electronic scanner 
device can provide 0.05% accuracy. 
an error of 2.5 spots in five thousand. 
Mechanical scanners without electronic 
correction can provide 0.005% error 
which corresponds to one spot in 20.000. 

Fig. 7- Transmitted image of an aerial scene. 

With the EVDL, the performance of 
mechanical scanners can be improved 
by an order of magnitude to 15% of 
one spot error out of 30.000 spots. 

Applications 

The L270 series can be applied to a wide 
range of both signal and imagery appli- 
cations. Its resolution, data rate, 
and data format can be easily tailored 
to each system requirement. 

As a signal recorder it can record analog 
data with a bandwidth of up to 75 MHz 
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or 100 MBit per second digital data. 
Time base error can be less than I ns, 
rms. At maximum data rate. a record 
time of 35 minutes is provided. 

In a facsimile system, the 1.R70 operates 
as a high -performance scanner, as 

demonstrated. Other image applications 
include: 

1) Color recording -Color or other multi- 
channel information is encoded on 
black- and -white film. The information 
is reproduced on a separate display de- 
vice which allows image enhance- 
ment. This technique, developed at RCA, 
is described in more detail by Corsover.7 

2) Graphic arts -An entire newspaper page 
can be recorded with high fidelity on a 
single frame. 

3) Computer input/output- Variable data 
rate and resolution give the I.R70 the 
versatility to interface with computer 
systems. 

Conclusion 

The LR70 and the LHIR are line scanning 
devices which read and write high - 
resolution imagery with very little 
degradation. The geometric fidelity and 
resolution are unequalled by other 
scanning devices. including electronic 
scanners. As a signal recorder /repro- 
ducer (LR7oc vR), the 75 -MHz data rate 
and nanosecond time base stability are 
state -of- the -art. For a wide range of 
signal and image applications, the 
designed -in versatility of the I.R70 series 
provides a solution to many high - 
performance record /reproduce system 
problems. 
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Hardware -software tradeoffs for a 
CRT phototypesetting system 
S. A. Raciti 

To create a finely meshed hardware -software control system such as the CRT 
Phototypesetting System, a decision- making process is vital in determining the 
hardware- software tradeoffs. This decision -making process is applicable to virtually 
any computer -aided process control problem. The basic decision- making flow chart 
may be expanded to ask further questions dependent upon the particular process 
control system being investigated. 

THE CRT PHOTOTYPESETTING SYS- 

TEM is part of a much larger Photo- 
composition System as depicted in Fig. 
1. The input to the CRT Phototypeset- 
ting System is a composed magnetic 
tape (from a large -scale computer sys- 

tem), which describes in complete detail 
the pages to be typeset by the CRI 

Phototypesetting System. This detail 
includes hyphenated and justified text 
data and font file data. The font file data 
describes to the Phototypesetting Sys- 
tem how to write text characters on the 
CRT. 

Referring again to Fig. I. the CRT 

Phototypesetting System comprises an 

Reprint RE -17 -6-21 

Final manuscript received March 1, 1971, 

input magnetic tape unit, a control pro- 
cessor (process control computer), a 

cRTlcamera control electronic unit, and 
a cRT /camera unit. 

The process involved in creating text 
images on film is illustrated in Fig. 2. 

Within this system, the control proces- 
sor performs the following functions: 

1) Reads the composed magnetic tape and 
converts the data received into commands 
understandable to the cwt./camera control 
electronic unit: 

2) Stores within its memory the working font 
files as required by instructions contained 
in the data received from the composed 
tape: 

3) Sends soft -logic control commands to the 
CRT /Camera control electronic unit that 
describe in all detail (e.g., positional detail) 
what is to be written on the CRT: 

4) Initiates image generation on the CRT by 
pointing to the proper font file data within 

COMPOSED TAPE 

O 
O 

INPUT 

9- LEVEL 
MAG TAPE 

(TEXT, FONT 8 
TYPESETTING 

CO 

CRT TYPESETTING SYS 

MAGNETIC TAPE UNIT 

TYPE, FONT 
AND 

TYPESETTING 
CONTROL 

EM LARGE SCALE 

DIGITAL COMPUTER 

CONTROL PROCESSOR AND 
CRT /CAMERA CONTROL 
ELECTRONIC UNIT 

OUTPUT 

CRT/ CAMERA UNIT 

EXPOSED 

FILM /PAPER 

Fig. 1 -CRT phototypesetting system. 
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Fig. 2- Process control system for creating text images on film. 

FUNCTION 
DEFINITION 

IS IT POSSIBLE TO 

IMPLEMENT THIS 
FUNCTION IN SOFTWARE P 

YES 

NO 

TAKEUP 
CASSETTE 

WILL THE SOFTWARE 
EXECUTION TIME BE 

ACCEPTABLE ? 

NO 

YES 

NO NO IS THERE SUFFICIENT CORE 

AVAILABLE FOR SOFTWARE 

IMPLEMENTATION ? 

DOES HARDWARE 

SAVINGS WARRANT CORE 

EXPANSION P 

YES I YES 

IMPLEMENT IN 

SOFTWARE 

Fig. 3- Decision- making flowchart. 

IMPLEMENT IN 

HARDWARE 

its Own memory so the car /camera can 
fetch this data as required; and 

5) Initiates the movement of film through the 
camera unit and specifies the amount of 
film to be moved. 

The cRT /camera control electronic 
unit converts the commands and font 
file data received from the control pro- 
cessor into video, positional, and scan 
on -of /'signals that drive the CRT analog 
circuits and the camera ratchet and pawl 
drive. 

The Phototypesetting System is, there- 
fore. organized as a process control sys- 
tem with the control processor as its 
heart. As a result, the total system is 
a finely meshed soft -hard logic system. 
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Process of decision making 

During the course of the design of a 

process control system such as the CRT 

Phototypesetting System, many 
software- hardware tradeoffs are made. 
Each function to be performed is 
examined and a decision is made to 
either implement the function in the 
control processor software or in hard- 
ware. The function is examined 
against the decision- making flow chart 
of Fig. 3. 

First the function is defined in terms 
of what is required to meet the equip- 
ment product specification. If it is at 
all possible to implement the function 

in software, an estimate is made of the 
software execution time. This estimate 
may show that software execution of 
the function nearly meets the equipment 
requirements. A decision to modify the 
equipment specification allows further 
examination of the function for software 
implementation. When it is determined 
that software execution of the function 
is an acceptable approach, an estimate 
of the amount of processor core is 
required. If there is sufficient core avail- 
able, the function is implemented in sof- 
tware. If not, the hardware cost savings 
is compared against the cost of core 
expansion. If it is more economical to 
expand the core, this leads also to a 

software implementation. If not, a 

hardware implementation is decided 
upon. Going through the decision tree 
for a number of functions that are eco- 
nomically implemented in software 
may also lead to the necessity of core 
expansion. 

CRT phototypesetting functions 
and tradeoffs 

There are many areas of CRT and 
camera control wherein hardware - 
software tradeoffs are made during the 
course of design. The major functions 
investigated are: 

-Character writing 
-Horizontal spacing of characters 
-Vertical spacing of lines of text 
-Oblique control (italics) 
-Geometry, dynamic focus, and 

dynamic astigmatism 

Character writing 

Character writing is broken down into 
many sub- functions: 

Scan control- Characters are written by a 

series of adjacent vertical strokes on the 
CRT. Here, the CRT traces must be control- 
led such that the stroke linearity (i.e., after 
a stroke is started a controlled interval of 
time must pass) is assured and the CRT 
beam on -off (video) is correct for proper 
character generation. Trace control is also 
important in assuring that stroke spacing 
is correct. 

These functions are implemented in hard- 
ware since they are all high -speed func- 
tions which are not software controllable 
without a serious degradation of system 
speed. 
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Font file data -Font file data must be 
decoded (unpacked) such that it may be 
easily converted to video on -off informa- 
tion. Font file data are stored in variable 
length words that define video on -off 
length. The information defining the word 
length must be stripped out and a binary 
number defining black or white segment 
(video) length derived. 

Software unpacking of the font file is a 

possibility, but the time and core required 
to unpack the font file into variable length 
words significantly reduces system per- 
formance. Again this leads to a hard- 
ware implementation of the function. 

Height control -Height of a character may 
be varied by either varying the CRT scan 
velocity or the rate of counting out the 
segment lengths derived from the font file. 
Scan velocity and counting frequency 
must be selected. 

Since character size is infrequently 
changed, a software implementation does 
not change system performance. The 
amount of core used is a very small percen- 
tage of the total amount of core required 
for the processor control program. There- 
fore, a software decoding should be used 
to select scan velocity and counting fre- 
quency. 

Width control -Width of a character is 
varied by changing the spacing between 
CRT scans as a function of the desired 
width. The contents of a horizontal regis- 
ter defines the horizontal placement of a 

CRT scan. The number of increments 
between scans controls the character 
width. 

This again is a high -speed function not 
implementable in software. Hardware is 
used to calculate the CRT scan position dur- 
ing the previous scan interval. The soft- 
ware specifies the character width by 
defining the number of horizontal incre- 
ments between strokes; the hardware 
defines each stroke scan position. 

CRT dot size and brightness -As the spac- 
ing between CRT scans is increased, the 
CRT dot size must be increased so that the 
scans properly overlap. Brightness must 
also be increased such that the total energy 
per unit area received by the CRT remains 
a constant. Brightness is also increased 
whenever the CRT scan velocity is 
changed, again to keep the energy per unit 
area constant. 

This particular problem posed a dilemma. 
Software implementation is reasonable, 
core and time required are not inordinate 
to decode the various functions required; 
but implementing in this manner led to an 
increase in hardware required because it 
significantly increased the number of inter- 
face signals between the cRT /camera con- 
trol electronic unit and the CRT analog cir- 
cuits. These interface signals require 
costly line driver /receiver circuits. As a 

result this function is implemented by 
hardware. 
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7 WIDTH 
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B 

Fig. 4- Horizontal control of a character. 

Horizontal spacing of characters 

Here again. this function may be broken 
down into sub- functions: 
Character Spacing -Fig. 4 shows the total 

width of a character broken down into 
three horizontal widths: leading and trail- 
ing side bearings and center width. CRT 

scans take place only within the center 
width portion of the character. Spacing of 
characters is then the sum of the center 
width (CW) and trailing side bearing (TSB) 
of the character just written and the lead- 
ing side bearing (LSB) of the character 
to be written. This, then, must be summed 
with the initial horizontal position (point 
A, Fig. 4) of the character just written 
to yield a new horizontal position (point 
B, Fig. 4) for the next character. 

Since software can easily perform these 
sums during the character writing interval 
with a negligible amount of core, this func- 
tion is software implemented. 

Word spacing -Word spacing is carried out 
in a manner similar to character spacing. 
In addition to summing CW, TSB, and 
LSB, the interword spacing quantity is 
also summed by the software yielding a 

new horizontal position for the start of a 

new word. 

Line start position -The starting position of 
a line is a function of photomaterial width 
(the photomaterial centered with respect 
to the CRT center) and any line indent infor- 
mation supplied on magnetic tape. Here 
again the software simply calculates the 
horizontal starting position of a line. In 
addition, the software through a simple 
program loop waits out the necessary time 
for the CRT beam to retrace to the new 
line start position prior to specifying the 
first character to be written. 

Vertical spacing of lines of text 

The vertical spacing of lines in a CRT 

Phototypesetter is controlled by both 
a mechanical movement of the photo- 
material through the camera and a verti- 
cal displacement on the face of the CRT. 

The mechanical movements are coarse 
while the electronic movements are 
fine. It is determined that software may 
accomplish this control with a negligible 

amount of core, with speeds negligible 
with respect to the vertical movement 
time. 

D 

- X 

BASELINE 

SCAN START 

POSITION 

Fig. 5- Oblique control of a character. 

Oblique control (italics) 

When a text character is rotated on the 
face of a CRT it is rotated from the lower 
left corner as depicted in Fig. 5. It must 
then be displaced horizontally by the 
quantity X.. It is determined that this 
calculation slows down system speed 
by an order of magnitude when typeset- 
ting italic characters; therefore, this 
function is implemented in hardware. 

Geometry. dynamic focus, and dynamic 
astigmatism corrections 

The flat CRT faceplate, deflection yoke 
fringe field effects, and nonsymmetry 
introduce many distortions into the sys- 
tem. Those of major concern are pin - 
cushioning of the CRT image (geometry 
distortion). spot growth, and astigmatic 
distortion. 

Geometry corrections and focus cor- 
rections are theoretically calculable but 
software routines would be inordinately 
long, thereby materially reducing sys- 
tem performance. Dynamic astigmat- 
ism corrections are not predictable and 
tables in excess of 15,000 words are 
needed for corrections. As a result, 
none of these functions are 
implemented in software. 
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The RCA 4506 
ultra- high -resolution cathode -ray tube 

O. Choi I C. T. Widder 

The cathode -ray tube (CRT) is a device designed to produce a spot of light on specified 
two -dimensional coordinates for a given duration of time. The spot of light is gener- 
ated by the fluorescence of a phosphor screen on a CRT faceplate excited by a 

beam of high -velocity electrons. To utilize fully the generated pattern of light on the 
phosphor screen, the structure of the CRT must be such that the dimension tolerances 
are compatible with those of the electron beam. This paper describes the design 
parameters of the electron gun, phosphor screen, and glass envelope used in the 
RCA 4506, 7 -inch ultra- high -resolution CRT. The flatness of the faceplate and structural 
rigidity of the various parts of the tube are also discussed. 

FROM AN ELECTRON -OPTICAL POINT 
OF VIEW, a CRT can be divided 

into four components: 1) the source of 
electrons comprising the cathode and 
the point of crossover, 2) the limiting 
aperture and focusing lens system, 3) 
the deflection field, and 4) the focused 
spot and the screen. Fig. I is a schema- 
tic diagram of a cathode -ray tube and 
these four components. 

The system requirements limit some of 
the CRT parameters such as screen 
diameter, overall length of the tube, and 
maximum operating voltage. In the case 

Reprint RE -17 -6-14 
Final Manuscript received January 31. 1972. 

of RCA type 4506 ultra- high -resolution 
CRT (shown in outline in Fig. 2), the 
screen diameter is 15.8 cm, the overall 
length 55.7 cm, and the maximum 
operating voltage 20 kV. Within these 
limitations, the objective of the CRT 

design is to achieve a maximum spot 
density at the fluorescent screen. 
However, there remain two very funda- 
mental constraints inherent in the 
nature of the electron beam. These con- 
straints are the Langmuir limit of 
cathode load and the effect of s -space 
charge. 

D. B. Langmuir' showed that the maxi - 
imum peak image brightness, po, can 
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be expressed in terms of p,., the cath- 
ode load, and the beam half angle, B, 

as shown in Eq. 1: 

po =p,. [(eV /KT)+ 1 ] sin20 (1) 

where e is the electron charge in cou- 
lombs, V the accelerating voltage, K the 
Boltzman constant, and T the absolute 
temperature of the cathode. Langmuir's 
equation shows that if V and p, are fixed, 
the only way to increase the spot 
density is to increase the aperture di- 
ameter, hence a larger half angle, O. 

Increasing the aperture diameter, how- 
ever, produces two additional, serious 
problems: spherical and chromatic 
aberrations of the spot. The former 
is manifested in excessive spread of the 
beam and the latter in distortion of the 
spot image away from the center of 
the screen. These aberrations are also 
functions of the magnetic fields gen- 
erated by the focusing lens and the de- 
flection yokes. One certainty clearly 
indicated by Eq. 1 is that there exists 
a maximum value of spot density for 
a given cathode load, regardless of all 
other design factors. This value is the 
first of two fundamental physical 
limitations, the other being the one im- 
posed by space- charge effect. The main 
task of a CRT designer, therefore, is to 
arrive at a practical compromise be- 
tween an acceptable level of aberrations 
while seeking a largest possible value 
for the beam convergence half angle. 
Not to make the half angle as large as 

permissible is to dissipate a useful beam 
current, thus sacrificing some of the 
possible spot density. Conversely, if the 
magnetic components can be im- 
proved upon so as to permit a larger 
beam diameter without a corresponding 
increase in aberrations, a better CRT 

would result. 

Langmuir's equation is a very gener- 
alized expression and , in actuality, there 
are many variations modifying each of 
the terms. For example, the term, R. 
is a value assignable only for cathodes 
in which there is a uniform flow of elec- 
trons at uniform velocity. There are 
no such cathodes in existence. But to 
obtain the predicted maximum value of 
spot density, p,,, as shown in the Eq. 1, 

an attempt should be made to create a 

uniform p, in the cathode. A conven- 
tional oxide cathode surface is charac- 
terized by non -uniformity in topog- 
raphy. Its surface is loose and spongy. 
Consequently, the variation in spacing 
between the cathode surface and the 
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grid structure is on the order of 100 to 
200 gm. In the case of RCA 4506, the 
spread is reduced to the order of 20 to 
30 p.m. Topography of the cathode is 

not the only parameter contributing to 
non -uniformity of p,.. But because p 
is a function of the uniform portion of 

an increase in cathode load results 
in increased spot density. In the case 
of the RCA 4506, the gain due to the in- 
creased uniformity is apparent in the 
focused beam diameter at the screen, 
which is measured to be 18 to 19 gm at 

50% of the beam profile. 

J. W. Schwartz' has shown a function 
of p (a ratio of beam radius at the 
screen to the initial radius of the gun) 
which has a relationship with a Gaussian 
space- charge condition such that in a 

normalized form 

.f(p) = [ 1/2 

V44 
z 
r; 

(2) 

where r, represents the radius of the 
undeflected spot. The significance of 
Eq. 3 in design concideration is con- 
siderable. Its main significance is the 
limitation on maximum r, by pr for 
fixed practical values of V and T. As an 

example, an electron gun operating at 

a cathode temperature of 1054 °K with 
a 10 -kV operating voltage and an r,. 

of 18 g would impose a cathode - 
loading limit of several amperes /cm'. 
Because Eq. 1 is based on a 100% uniform 
p, ,the RCA4506withacathodeemission 
of 3 A /cm' is operating near the 
maximum attainable spot density. In 
other words, a search for a higher 
current density alone would 

where z is the distance from center of 
deflection to screen and r; the radius 
of the beam at deflection. Combining 
Eq. 2 with Langmuir's thermal limita- 
tion (Eq. I) it can be shown' that 

7re/KT pal \/V r =f(p) (3) 

where r, represents the radius of the 
undeflected spot. The significance 
of Eq. 3 in design consideration is con- 
siderable. Its main significance is the 
limitation on maximum r_, by pr for 
fixed practical values of V and T. As 
an example, an electron gun operating 
a cathode temperature of 1054 °K with 
a 10 -kV operating voltage and an r, of 
18 µA would impose a cathode -loading 
limit of several amperes/cm2. Because 
Eq. 1 is based on a 100% uniform p,., 
the RCA 4506 with a cathode emission 
of 3 A /cm' is operating near the maxi- 
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mum attainable spot density. In other 
words, a search for a higher current 
density would not contribute to a better 
resolving beam. On the contrary, the 

space- charge effect would cause bloom- 
ing of the beam. The only other practi- 
cal approach to improving the beam 
characteristic is to take advantage of 
the Langmuir thermal term of Eq. 3. 

interestingly, the contribution of the 
thermal term is equally as important as 

the space -charge term, as seen in Eq. 
3 

From the system point of view, a fine 
beam of electrons is of little use if the 

amount of current is not stable over a 

period of time. In graphic arts applica- 
tions, an unstable beam current would 
manifest itself in non -uniform thickness 
of type fonts and in an uneven grey 
shade in half -tone pictures- defects 
considered unacceptable by printers. 
The RCA 4506 gun design has taken 
this problem into consideration. The 
completely redesigned gun structure in 
this new tube has successfully over- 
come the persistent beam- stability 
problem of conventional guns. It is not 
uncommon to observe a drift of 10% 

in GI drive voltage for a given cathode 
current within 100 hours of turning on 

the tube. The new gun in RCA 4506 

has shown a stability within 1 to 2% 
for a period of 150 hours. 

Screen 

The fine electron beam, as produced 
by the gun, must be faithfully translated 
into corresponding light output, to 
realize all its potential benefits. There 
are four major characteristics which 
must be satisfied to comply with the 

electron beam and the systems require- 
ments. First, the screen should not 
degrade the ultra- high -resolution qual- 
ity of the electron beam. In general, the 
thinner the screen, the finer is its resolv- 
ing range. Reduced thickness, how- 
ever, is accompanied also by a lower 
light output and an increase in pinholes. 
The design criterion, therefore, is to 
arrive at an optimum compromise. The 
RCA 4506 is in this respect an excellent 
compromise, for there are no pin -holes 
in the dimensional range of the beam 
diameter, i.e., 18 µm, and resolution 
is not sacrificed. Secondly, the light out- 
put must be of high efficiency and 
uniformity throughout the usable screen 
area. For this purpose the 4506 utilizes 
a specially developed phosphor which 
has shown an increase in peak effi- 

ciency of 50% over that of the conven- 
tional PII. As shown in Fig. 3, the 
spectral distribution of the new 
phosphor slightly favors the ultra- violet 
region where the photographic emul- 
sion is more sensitive. The overall gain 

in coupling efficiency between the elec- 

tron beam and photographic emulsion 
is, therefore, greatly increased. The 
uniformity of light output over the entire 
screen of the RCA 4506 is within 5% 

of the peak. Thirdly, the decay time of 
light emission from the screen after ces- 

sation of excitation should be as short 
as possible. Decay time is largely a fun- 
damental characteristic of the chosen 
phosphor. A faster decaying screen 
allows a higher frequency display, 
hence a greater output for the system. 
As shown in Fig. 4, RCA 4506 decay 
time to 10% of peak output is consis- 
tently below 5 The fourth major 
design consideration for the screen is 

blemish population and distribution. In 
some applications the output is dis- 
played, one line of characters at a time, 
on the same area of the screen. Thus, 
a blemish in the form of lower light out- 
put would exhibit a characteristic streak 
of vertical lines in the finished photo- 
graphic plate. Such a streak exaggerates 
the minuscule defects of the screen. To 
reduce blemishes, the entire screen 
preparation process is conducted in a 

super -clean laminar -flow room. The 
results confirm the importance of using 
such a dust -free environment for screen 
preparation. 

Envelopes 

The faceplate and funnel are two impor- 
tant component parts and require sub- 

stantial consideration in the develop- 
ment of a high -resolution cathode -ray 
tube. The funnel shape must be easily 
produced by standard glass- working 
techniques and must be such that no 

adverse stress concentrations are 
developed on its surface. The type of 
glass used should be capable of with- 
standing the high- temperature bakeouts 
involved in tube processing and also 
must closely match in thermal expan- 
sion other glasses that will be sealed 
to it. 

The shape of the faceplate is a simple 
round disc. This disc, however, must 
survive atmospheric loading and have 
negligible deviation from flatness. The 
faceplate glass must also closely match 
the funnel in its thermal expansion 
characteristics. This glass must also be 
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non -browning, i.e., its transmission 
characteristics are not degraded by 
electron bombardment as a result of 
tube operation. The surface of the glass 
must be resistant to the chemical reag- 
ents, humidity, etc., encountered in the 
normal handling and is able to retain 
a highly polished finish. 

In current glass technology, there are 
two basic types of glass that one may 
choose from, hard glass or soft glass. 
The terms soft and hard qualitatively 
refer to the softening temperature, hard 
being the higher temperature of the two. 
The common readily available glasses 
(hard and soft) considered and their 
properties are:3 

0080 
(soft) 

0120 

(soft) 
7052 

(hard) 

Strain 470 395 435 °C 
Anneal 510 435 480 °C 
Soften 695 630 710 °C 
Thermal exp. (to 300 °C) 92.0 89.0 46.0 °C 

There are many other types of glasses 
available to the design engineer, but the 
economics of using a different type glass 
would be too costly to justify. The glass 
chosen for this CRT is "0120" lead (Pb) 
glass, commonly known as G12. It rep- 
resents an optimum combination of 
good workability for funnel shapes and 
an extended low- temperature annealing 
range highly suitable for frit sealing and 
flame sealing of the gun mount. Another 
very significant reason for choosing 
G12 is that "non- browning" G12 face - 
plates are readily available for use. The 
shape of the funnel is dictated more by 
glass- working techniques than by stress 
considerations. More often than not 
these techniques usually result in struc- 
turally sound shapes with the thickness 
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of the glass being used to increase the 
safety factor if the need should arise. 

Because the faceplate shape is defined, 
the only parameters of interest are its 
thickness and its intrinsic properties. 
The proper thickness is determined 
through the use of equations derived 
from simple plate and shell theory. The 
applicable equation is4 

t= o-,=- (3W /87rmt2)(3m +1) (4) 

where W =w7ra2 and w is the magnitude 
of the uniform loading, a the radius, and 
m =1 /v, v being Poisson's ratio. 

This equation results from considering 
the disc to be uniformly loaded and sim- 
ply supported at the edges. This equa- 
tion gives the magnitude of the stress 
at the center of the faceplate. The max- 
imum allowed stress at the center of 
the faceplate is on the order of 1000 
lbf/in2. 

Optical consideration also must be con- 
sidered because the curvature of the 
faceplate, due to atmospheric loading, 
can destroy the resolution of the image 
to be projected. Customer specifica- 
tions dictate that the deflection at the 
center be no more than 0.003 inch. Of 
these two considerations -optical and 
mechanical strength -the more severe 
of the two will determine the proper 
thickness. For this particular tube type, 
the optical performance determined the 
proper thickness. 

The intrinsic properties of the glass are 
the next consideration. The choice for 
this tube type is not singular since there 
are several varieties available from dif- 

TIME 

ferent manufacturers. The primary 
requirement for this faceplate, besides 
being a good optical glass, is that it must 
not brown. Browning is caused by dis- 
placement of electrons from their nor- 
mal positions to form color centers 
which absorb light in a characteristic 
range of wavelengths, mainly those in 
the ultra- violet region. For many 
glasses, this range overlaps the visible 
spectrum so that the glass color darkens 
on exposure; the color is usually a yel- 
low or brown. The addition of certain 
elements dilutes this effect drastically, 
most notably oxides of the transition 
elements and also cerium oxide. Cerium 
has the added advantage of not coloring 
the glass. Common non- browning glass 
and their pertinent properties are:5 

Corning Corning 

Pitts- 
burgh 
Plate 

Pitts- 
burgh 
Plate 

9025 9019 5533 3459 

Strain 417 455 471 467 °C 
Anneal 458 487 501 493 °C 
Soft 651 675 694 675 °C 
Thermal Exp. 90 99 94.5 94.5 °C 

(25 to 300 °C) 

For this cathode ray tube, two glass 
types were chosen; type 3459 and Corn- 
ing Code 9025. These glasses were 
developed for use as a clear- optical- 
quality, non -browning panel glass for 
cathode -ray tube faceplates. The ex- 
pansion behavior of these glasses pro- 
vides an excellent match for frit sealing 
to 0120 glass and other metals and cer- 
amics. 

After the appropriate materials for both 
the faceplate and the funnel are chosen, 
consideration must be given to how 
these two pieces can be joined together 
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to form a vacuum -tight structure. There 
are two techniques available: flame 
sealing and frit sealing. Flame sealing of 
the faceplate involves temperatures in 

excess of 800 °C in the area of the seal. 
These temperatures are high enough to 
distort the glass faceplate. This distor- 
tion, however minute, is enough to dis- 
qualify it as a possible sealing tech- 
nique. 

The other possibility involves "solder" 
glass for frit sealing. This glass family 
has the unique capability of changing 
its inherent structure during the applica- 
tion of heat in the sealing process. This 
change in structure allows the solder 
glass to be reheated to a higher tempera- 
ture than it was sealed at without detri- 
mental effects. One such material is 
used on this tube type, namely Corn - 
ing's Pyroceram® brand solder, glass 
Code 7575. The properties of this 
material are shown below:6 

Coefficient of thermal 
expansion 84 -92x 10 -' 

cm/cm/ie 
Softening temperature 370 °C 
Sealing temperature 440° to 450 °C 
Sealing time 60 minutes 

There are distinct advantages in using 
this type process, the most important 
being that faceplate distortion is held 
to an absolute minimum. At the same 
time, however, the process allows the 
faceplate to be processed separately 
from the funnel, thus simplifying the 
process requirements in attempting to 
meet the objective goals of this tube 
type. 

After a faceplate is frit sealed to the 
funnel to form a vacuum -tight envelope, 

AMR STRAIN GAGES 

Fig. 5- Strain gage locations. 
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the bending stresses developed at the 
outside surface near the frit seal are 
measured. A conventional technique 
for this measurement is the use of strain 
gages. For this measurement, nine 
stress gages are cemented to the bulb 
at various locations as shown on Fig. 
5. After each gage is stabilized, the bulb 
is evacuated and resulting strains 
measured. Because the gages are in the 
same direction as the principal stresses, 
direct conversion into stress quantities 
is reached by multiplying the strain 
readings by 10. Considering that 

o-=-EE 

where E is Young's modulus (lbf /in2), 
E is the strain reading obtained on 
machine (µin /µin), and a the stress (lb- 
f/in2) (5) 

and noting that Young's Modulus for 
0120 glass is 10.2x 106, sufficient accu- 
racy is obtained for the level of stress 
distribution. Fig. 6 demonstrates the 
distribution magnitude of the stresses 
found in the bulb after evacuation. The 
highest level of stress measured is close 
to 1000 lbf/in2, which is an acceptable 
level of stress for normal handling. 

Conclusions 

The RCA 4506, is a suitable vehicle for 
a computer- composed graphics output 
for hard copy. Its application, however, 

is not limited to graphics composition 
for printers. The tube should be an 
excellent vehicle as the flying -spot 
scanning source for an optical character 
reader of high resolution and in other 
applications in which an ultra -high- 
resolution video signal has to be moni- 
tored and recorded. 
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Precision CRT tester 
E. D. Simshauser 

A precision CRT tester was developed by the Graphic Systems Division in 1970 to 
test cathode ray tubes, deflection yokes, focus coils, various circuits and other items 
commonly used in photocomposers. Special emphasis has been placed on getting 
components to be tested into and out of the machine quickly and easily. 

E PRECISION CRT TESTER has a 

variety of test capabilities. 
Among them, it can test CRT's ranging 
in diameter from 5 to 10 in. and requiring 
ultor voltages ranging from 10 to 30 kV 
and second anode voltages ranging up 

to 2 kV. The tests include spot size and 
profile, phosphor blemishes, light out- 
put, and light- output rise and fall times. 

Deflection yokes can be tested for 
deflection sensitivity, yoke settling 
time, deflection linearity, astigmatism 
and hysteresis. 

Focus coils can be tested for spot size 
at best focus, inherent astigmatism and 
settling time of the focus yoke. 

In addition, the pincushion -correction, 
dynamic -focus and dynamic- astigma- 
tism circuits are arranged in plug -in 
fashion so that they can be modified 
as desired. The dynamic -astigmatism 
circuit also includes a static astigma- 
tism adjustment. 

Other facilities include three ramp 
generators, amplifiers (six ampere) for 
vertical and horizontal deflection and 
various other function generators such 
as digital -to- analog converters for vari- 
ous rasters. The deflection amplifier has 
a bandwidth from DC to 300 kHz at the 
3 dB -down point. In addition, its sett- 
ling time with a 60 µH yoke is about 
50 zs to get within 1 tenth of I% of 
the final rest position of the spot. The 
blanking amplifier used for driving the 
CRT can be modulated to a rate of about 
10 MHz and has a switching time (on 
or off) of approximately 50 ns. 

Two sets of cards are also provided to 
change the control function of the 
machine. With one set of cards in place, 
the machine is controlled by its own 
internal switches and programming con- 
trols. With the other set of cards in 
place, the machine can be controlled 
by a type -1600 controller which is nor- 
mally used to drive the RCA 
VideoComp. When used with the con- 
troller, the CRT tester provides suf- 

ficient features to enable testing the 
ability of a particular tube or deflection 
components to write satisfactory text 
and other graphic output material. 
When used in this mode, the output is 

photographed on high -quality film and 
then may be viewed or used for offset 
printing. 

Part of the tester is visible in the 
author's photograph. The unit is about 
9 -ft long. 6 -ft high. and 2 ft wide. The 
CRT is mounted on the moveable car- 
riage on top of the machine. This 

Elvin D. Simshauser' 
Graphic Systems Division 
Computer Systems 
Princeton, N.J. 
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RCA Tucson plant and worked on a variety of small corn - 

munications devices. including a low -power signaling 
device, a low -power long- distance radio. and a bundle - 
drop marker radio. In 1966 he transferred to the Graphic 
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in the Advanced Development Group on kinescope photo - 
composing systems. 
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permits the tube to be moved forward 
near the control panel for viewing with 
a microscope while operating the con- 
trols. Conversely, for using film, the 
CRT can be moved to the rear of the 
machine so that the film plane may be 

mounted near the controls to permit 
focusing and other adjustments to be 
made. All important operating controls 
are mounted on the front panel, among 
these are; focusing controls, pattern 
generation control. DC offset in both x 
and y axes. gain for both x and y axes. 
grid bias for the control grid (G,) and 
a continuous -run I -shot switch -the lat- 
ter being used when photographs are 
taken so that the pattern is exposed to 
the film only once. 

Secondary operating controls are acces- 
sible from the left side of the machine 
and include power supply switches and 
voltage adjustments. and several large 
plugs that switch the deflection yoke 
to various current sources. In addition, 
all plug -in circuits are on the left side. 
Access to wiring and large items such 
as the main deflection amplifier are from 
the right side of the machine. 

A functional block diagram of the CRT 

tester is shown in Fig. I; only the impor- 
tant operational blocks and monitoring 
facilities are shown. In addition to the 
functions shown on the diagram, the 
A functional block diagram of the CRT 

tester is shown in Fig. 1; only the impor- 
high -speed high -current switch used in 
testing settling times of deflection 
yokes: a +current /off/ -current switch 
for yoke hysteresis tests, circuits for 
automatic turnoff of high voltage in the 
event of grid -bias failure; and automatic 
spot defocusing when in the DC spot 
(no deflection except DC offset) mode. 
Other items used with the CRT tester 
are several 100 -power microscopes, a 

slit analyzer. miscellaneous lenses. 
cameras and oscilloscopes. 

Three different mounting plates for 5, 

7 and 10-in. tubes have been initially 
provided with the machine. The tube 
is mounted by simply setting face down 
on the mounting plate and securing it 
with a clamping ring and three nuts. 
This entire assembly may then be 

mounted in the CRT tester with no 
further adjustments. Translation and 
gimbaling adjustments in both horizon- 
tal and vertical directions are provided 
for the deflection coil and focus yoke. 
In addition. mounts are provided for 
centering and beam alignment coils. 
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The shield is easily moveable since it 
is mounted on the same rails as the CRT 

mount itself. Slots are provided in the 
shield so that yoke adjustments may be 

made with the shield in place. 

A key feature of the tester is the ease 

with which items to be tested can be 

inserted and removed. An example of 
this is the ability to remove a CRT by un- 

loosening six screws and unplugging 
the high voltage lead and the socket. 
Similarly, only three screws are used 
to hold the focus and deflection yokes 
in place (plus screws necessary to con- 
nect them electrically). The shield for 
the cathode ray tube is mounted on a 

set of tracks so that it can be rolled 
on and off of the tube quickly without 
danger to the CRT or the operator. Most 
circuits (except power supplies and the 
main deflection amplifiers) are mounted 
on plug in cards or can be plugged in 

to permit easy changing or servicing. 

A complete rundown on all the tests 
possible with the CRT tester would not 
be appropriate to this article. Only a 

few of the more representative tests will 
be described to give the reader some 
idea of the machine's capability. 

SWITCH 

CATHODE 

CURRENT 
METER 

CATHODE 

tCONTROL GRID 

.02 

ALIGN 
COIL 

Spot size and profile 

Probably the most commonly made CRT 

test involves the spot size and profile 
and the decay time of the light output. 
Spot size can be measured by putting 
a raster on the screen and shrinking the 

size of the raster down until the lines 

just merge to form a uniform -appearing 
field as viewed in a microscope. The 
raster width divided by the number of 
lines then gives the spot size. This 
method is quick and convenient but 
does not have the accuracy of other 
methods and thus is used mostly as a 

quick check. The most accurate way 
of measuring spot size is to use a slit 
analyzer. The unit used on the CRT test- 

er has a single slit. A raster is generated 

which consists of two lines scanned 
alternately at about 6 mils apart (see 

Fig. 2). These two lines are scanned 
slowly sideways. The lines are focused 
by means of a lens onto a very narrow 
slit (in comparison with the spot width) 
with a photomultiplier tube behind it. 

As the two lines move slowly past the 
slit (they are parallel with the slit), the 
output from the photomultiplier is pro - 
portional to the light entering the slit. The 

CENT 
CCiL 

L 

FOCUS 

COIL 

ASTIG 
COIL r 

DE FL 
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CRT 

magnitude of the output represents the 

intensity of the spot and the duration 
of the output represents the width of 
the spot. Since the lines are known to 

be 6 mils apart, the time between the 
two output peaks is thus calibrated as 

6 mils and measurements of the spot 
width can be taken directly from the 
output on the oscilliscope or a photo- 
graph of the output. 

Because spot size and shape is affected 
somewhat by the amount of beam cur- 
rent (which is proportional to cathode 
current), it is common practice to take 
measurements at the cathode current 
used for normal tube operation. Since 
for phototypesetting applications this 
current is very high in comparison to 
that necessary to damage the tube, it 
is necessary that the spot scan at a high 
velocity. if the spot were scanned 
across the slit at that velocity, the scan 
time across the slit would be about 0.4 
µs. Thus because light output rise and 
fall times are many µs, the sweep time 
across the slit would be shorter than 
the rise and fall time of the light output 
and so a grossly distorted impression 
of the spot size would be created. This 
problem is circumvented by scanning 
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Fig. 1- Functional block diagram of the CRT tester. 
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Fig. 2- Raster for spot -size and profile test. 

the spot parallel to the slit and moving 
it a little hit further over the slit for each 
scan. In this way, the total scan time 
across the slit for each vertical stroke 
is about I ms and the total scan time 
across the slit is about 30 to 60 ms and 
so the problem with light and rise and 
fall time is avoided. Typical parameters 
used for 7 -in. photocomposer CRT's 

are I MA of cathode current with a scan 
velocity of 5000 in. /s on the face of the 
tube. 

Decay time 

Decay times of the light output are also 
measured by using the slit analyzer. For 
this application. the slit is opened very 
wide so that the entire spot can shine 
through onto the photomultiplier tube. 
The photomultiplier used is type 5819 
whose spectral response is similar to 
that of the films most commonly used 
in photocomposers. The 5819 is used 
with a 1000 -ohm final dynode resistor 
and all other resistors are relatively low 
values: thus its response time is 
measured in nanoseconds. For most 
common CRT's. this is quite adequate 
for measuring rise and fall times of the 
light output. The procedure is simply 
to use a stationary spot: turn it on for 
a few microseconds: and then back o%/: 

The rise and fall time of the light output 
is observed on an oscilloscope or the 
oscilloscope trace photographed. 

Yoke linearity 

One of the more interesting tests that 
can he performed on the CRT tester is 
that of yoke linearity. Deflection linear- 

. 
ity is commonly specified in terms of 
deflection angle rather than deflection 
distance since deflection yokes are usu- 
ally reasonably linear with respect to 
deflection angle versus deflecting cur- 
rent. The measurement consists of 
focusing the spot of the CRT through 
a 1:1 lens (which type of lens can have 
very low distortion) onto a very accu- 
rately calibrated screen with grid lines 
on it. The spot is first left in the unde- 
flected position and the screen lined up 

so that the spot rests on the zero axis 
of the screen. Next the spot is deflected 
until it comes to the next calibrated 
mark on the screen. and the deflection 
current is measured with a digital volt- 
meter. The current is measured across 
a precision sampling resistor. By this 
means. deflection current r.s. deflection 
distance can he accurately calibrated. 
Then by means of comparing the ratio 
of the current necessary to deflect two 
known distances (2 inches and I inch. 
for example) the deflection angle can 
he calculated knowing the trigonomet- 
ric relationships between the tangents 
of two angles. This procedure also 
allows one to locate the effective deflec- 
tion center of the yoke with a high 
degree of precision. Yoke linearity 
measurements to about 0.1% are possi- 
ble. and the center of deflection can he 
located to an accuracy of about ± IO 

mils. 

Test results 

To date. the CRT tester has been used 
for testing four tube types. three types 
of deflection yokes. and two types of 
focus coils plus miscellaneous dynamic 
astigmatism generation circuits. 
Several very significant factors have 
been revealed. Among them that light 
output rise and fall times of currently 
available P-1/ tubes are markedly faster 
than indicated by either data sheets for 
the standard P-II phosphor or by direct 
conversations with vendors. Vendors 
have indicated that the phosphors cur- 
rently used on tubes called P -II are 
really not the standard P -// phosphor 
but "improved" versions thereof. Also 
in photocomposers, the tube is usually 
run at a much higher beam- current 
density than that used for most rise and 
fall time measurements. Thus the com- 
bination of a slightly different phosphor 
and the higher beam current density is 
the apparent cause for the considerably 
faster performance. 

The CRT tester has also shown that 
the requirements on the deflection 
amplifiers are very severe indeed (first 
discovered in photocomposer usage). 
For example. if the peak -to -peak noise 
is to he no more than 10% of a spot 
width in a system able to resolve about 
6.000 lines across the face of a tube then 
the peak -to -peak signal to peak -to -peak 
noise ratio must he 96 dB. These 
requirements are extremely severe par- 
ticularly since the bandwidth is from DC 

to 300 kHz. Measurements on the CRT 

tester have indicated that even the best 
currently available deflection amplifiers 
do not meet this requirement. about 80 
dB being normal. The result is about 
a 30% increase in apparent spot size. 
The second problem that has shown up 
involves settling times of the amplifier 
itself. This is. of course. principally 
determined by such things as switching 
speed of the deflection transistors and 
other such parameters. However. 
another item. thermal settling time is 
normally neglected in measurements 
because it is usually less than 1%. Ther- 
mal effects do show up in the deflection 
amplifier and can take as long as 30 ms 
to settle out. The problem is serious 
in photocomposer applications because 
I% errors are painfully visible under 
some circumstances and so it is neces- 
sary to slow the writing speed. 

Another phenomena associated with 
controlling spot size is that of focus 
yoke settling times. Focus yokes are 
normally machined from solid iron 
rather than laminated structures 
because of the high precision required 
in machining the gap. As a result of the 
solid structure, considerable eddy cur- 
rent loss is experienced in the yoke. and 
measurements have shown that from I 

to 3 ms is required for the spot to settle 
to minimum size after a change in focus 
current occurs. This is significant 
because photocomposers employ 
dynamic focus to maintain optimum 
focus over the entire face of the tube. 
Hence. when the beam is deflected 
quickly. the focus current must also be 
changed quickly. This problem can he 
reduced considerably by the use of high 
resistivity nickle -iron alloys but results 
in a very expensive yoke. 

Another problem that has been demon- 
strated on the CRT tester is that of 
irregularity in the required dynamic 
astigmatism corrections. Classic astig- 
matism theory indicates that the 
required astigmatism correction should 
be symmetrical about the zero deflec- 
tion axis for both .r and y deflections. 
However. mostly as a result of winding 
irregularities and irregularities in the 
shape of the pole pieces. it has been 
found that there is. in most deflection 
yokes. a sizeable departure from the 
symmetrical astigmatism pattern. As a 

result. to obtain best spot size on the 
face of a tube it is necessary to go to 
what are essentially random pattern 
generators for generation of the 
dynamic astigmatism function. 
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Engineering and 
Research 
Notes 
Brief Technical Papers 
of Current Interest 

Penetration -type cathode -ray tubes for multicolor 
displays 

Donnavon D. Shaffer 
Entertainment Tube Division 
Electronic Components 
Lancaster, Pa. 

The novel tube. illustrated in Fig. I, may be used in a multicolor 
display for a computer output, for an airport -traffic control system, 
or for other information systems. 

An electron gun (18) in the neck is adapted to project a beam of 
electrons (20) toward a viewing screen (22) on the window in conjunc- 
tion with voltages applied to the conductive coating (24) on the 
funnel, the grill (26) across the funnel, and the reflective metal layer 
(34) of the screen. Deflection of the beam is achieved by known 
means, such as a deflection yoke (28). 

Cascade -type screen 

The cascade -type screen shown in detail in Fig. 2) has a first phosphor 
layer (30) adjacent to the window (14). a second phosphor layer 
(32) thereon, and then a light- reflective metal layer (34) on the second 
phosphor layer. The second phosphor layer (32) consists essentially 
of built -up particles, one of which is shown in Fig. 3. Each particle 
consists of a second core (36) of a blue- emitting short -decay 
cathodoluminescent phosphor -such as silver- activated zinc sulfide; 
second nonluminescent layer (38) -such as silica- thereon; and an 
outer skin (40) of a red -emitting medium -decay cathodoluminescent 
phosphor -such as yttrium europium oxysulfide. The first phosphor 
layer (30. Fig. 2) consists also of built -up particles, one of which 
is shown in Fig. 4. Each particle includes a first core (42) of a 

green- emitting long -decay photoluminescent phosphor -such as 
copper -activated zinc cadmium sulfide -and a first nonluminescent 
layer (44) -such as silica. The first nonluminescent layer (44) has 
a thickness equivalent to the combined thicknesses of the second 
luminescent layer (38) and the outer skin (40) of the other built -up 
particle. The built -up particles may be made by the methods disclosed 
by Pritchard,' Kell,2 or Messineo, et al,' and may consist of 
phosphors with different emission characteristics. The first and sec- 
ond layers may be deposited by methods known in the art; for exam- 
ple, by settling. 

In operating the tube, the beam (20. Fig. I) scans the screen (22). 
At lower voltages (e.g., I O kV). the outer skin (40, Fig. 3) luminesces, 
displaying to the viewer a medium -decay red pattern on the screen. 
At higher voltages (e.g.. 16 kV). the second cores (36) emit a short- 
decay blue luminescence. which excites the first cores to luminesce, 
displaying to the viewer a long -decay green pattern. The cascade 
structure of the screen gives more brightness and better purity than 
screens employing extended layers. 

Onion -type screen 

The onion -type screen (shown in detail in Fig. 5) has phosphor 
layer (30) adjacent the window (14). and a light- reflective metal layer 
(32) on the phosphor layer. The phosphor layer (30) consists essen- 
tially of built -up particles, one of which is shown in Fig. 6. Each 
particle includes a core (34) of a green- emitting medium -decay 
cathodoluminescent phosphor -such as silver- activated zinc cad- 
mium sulfide; a nonluminescent spacer layer (36) -such as 
silica- thereon; and an outer skin (38) of a mixture of a blue- emitting 
medium -decay phosphor -such as silver activated zinc sulfide -and 
a red -emitting medium -decay cathodoluminescent phosphor -such 
as yttrium europium oxysulfide. These built -up particles may also 
be made by the methods disclosed by Pritchard,' Kell,2 or Messineo, 
et al' and may be comprised of phosphors with different emission 
characteristics. The phosphor layer (30) may be deposited by 
methods known in the art; for example, by settling. 

In operating the tube, the beam (20, Fig. 1) scans the screen (22). 
At lower voltages (e.g., 5 kV), the outer skin (38, Fig. 6) luminesces, 
displaying to the viewer a medium -decay magenta pattern on the 
screen. At higher voltages (e.g., 15 kV). the cores (34) luminesce, 
displaying to the viewer a medium -decay green pattern. At inter- 
mediate voltages (e.g., 10 kV) both the cores (34) and the outer 
skins (38) luminesce, displaying to the viewer a medium -decay white 
pattern. The tube may be used in a multicolor display for a computer 
output, for an airport -traffic- control system, or for other information 
systems. 
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Fig. 2- Detail of cascade -type screen. 
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Fig. 3- Particles of the second phosphor layer 
for cascade -type screen. 
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Fig. 4- Particles of the first phosphor layer for 
cascade -type screen. 
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Fig. 5- Detail of the onion -type screen. 

Fig. 6- Particles of the phosphor layer for 
onion -type screen. 
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Circuit simulation of bipolar integrated- circuit 
arrays 

A. Feller 
Advanced Technology Laboratories 
Camden, N.J. 

To meet the needs and requirements of equipment circuit designers, 
techniques were developed for simulating bipolar digital arrays. 
These techniques involve a series of large -signal bipolar models 
and two general- purpose circuit analysis programs capable of analyz- 
ing non -linear circuits in the time domain. The two programs are 
the ECAP and TRAC computer programs made operational on the 
RCA Spectra 70 computers. However, the large signal models are 
not constrained to these two programs, but in the appropriate form 
are applicable to other programs such as SCEPTRE, CIRCUS, NET 
1, and NET II. 

The ability to characterize these complex digital circuits is useful 
in analyzing and designing bipolar circuits. Also, this ability is 
extremely valuable in understanding, if not solving, problems 
associated with interconnecting circuits. These interfacing problems 
include power supply distribution, special reference biasing circuits, 
coupling between signal lines, reflections, loading effects, noise 
effects, special interface circuits, and production tolerances and var- 
iations. 

The key problem in simulating complex arrays is that of defining 
the values for the parameters for all the devices that form part of the 
complex array. Essentially the modeling technique to accommodate 
this problem uses the computer as a breadboard where the equipment 
designer combines his knowledge of the circuit, the particular perfor- 
mance parameter of interest, and the large -signal model to charac- 
terize the internal devices to a level of accuracy such that acceptable 
correlation exists between measured and computed results. At this 
point the developed model can then be used to provide computer 
data and /or information which is either difficult or impossible to 
measure. 

Fig. 1 -TTL logic circuit analyzed. 

The TTL circuit (Fig. 1) is one of six such circuits cóntained in 
a commercially available hex -inverter. The model used to represent 
this circuit using the ECAP program is shown in Fig. 2. To obtain 
the parameters for the various devices, the computer breadboarding 
technique was used to simulate the circuit driving a transmission 
line. The high level of correlation between measured and computed 
results, shown in Fig. 3, indicates that the devices have been 
simulated to a sufficient accuracy that the technique can be used 

to compute circuit characteristics that are not easily measured. 

The TRAC program includes a standard charge -control model which 
was modified for bipolar devices by adding a resistor in series with 
either the collector or base circuit or both. Techniques were 
developed to obtain the needed model parameters in the laboratory. 
With TRAC, nonlinear components can be directly simulated, the 

models for various devices can be customized, and graphs of voltage 
vs. voltage -at- selected -points -in- the -circuit can be plotted in addition 
to the usual voltage -time graphs. 

One typical circuit that was evaluated using the TRAC program was 

an experimental 4 -input NOR emitter -coupled -logic circuit, shown 

in Fig. 4. The results of the analysis of this circuit is shown in 

Fig. 5. 
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Fiq. 2- Computer simulation model of TTL logic circuit. 
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Fig. 3- Demonstration of correlation between computer simulation of TTL cir- 
cuit driving a transmission line and measurements from actual circuit. 
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Fig. 4- Nanosecond emitter -coupled NOR logic circuit. 
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Fig. 5- Demonstration of correlation between computer simulation of NOR 
logic circuit and measurements from actual circuit. 
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Fig. 6- Nanosecond ECL array storage element. 

Also, the flip -flop circuit shown in Fig. 6 was simulated usingTRAC. 
The same technique was used to obtain the parameters. Initial runs 
indicate delay times on the simulation within 15% of the measured 
delay times on the actual circuit. 
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Gigahertz -rate hundred -volt pulse generator 

H. Kawamoto 
Microwave Integrated Circuits 
RCA Laboratories 
Princeton, N.J. 

A trapped plasma occuring in a high -efficiency microwave avalanche 
diode' induces a sharp, high pulse waveform 2,3- typically 0.5 -ns 
wide and 100V in amplitude. The trapped plasma is a dense electron - 
hole plasma trapped in the high- resistivity n region of the pnn+ 
avalanche diode. A new device utilizing the trapped plasma is under 
development and is expected to process digital information at a 

gigahertz -rate. Such a device would be most useful as a driver in 
an optical data -communication system where hundred -volt, 
nanosecond pulses are needed for the laster modulator. 

To demonstrate the capability of the trapped plasma devices, this 
paper reports related results for a pulse generator capable of produc- 
ing a hundred volts using conventional high -efficiency microwave 
avalanche diodes. The performance of the new pulse generator is 
as follows: 

Pulse amplitude: 
Repetition period: 
Pulse width: 
Rise time: 
Fall time: 

125 V into a 50 41 load 
840 ps (1.2 GHz) 
400 ps 
100 ps 
200 ps 

The waveform of the pulse is shown in Fig. 1. 

Immumum1 mumunirom 
wmaummu 

PP 
op MIN ow 1111 

-mot 
VERTICAL 1 31.6 V /d,v 
HORIZONTAL : 200 ps /div 

-v 

Fig. 1- Output signal from pulse generator. 
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Fig. 2- Microstrip -line pulse -generator circuit. 

Pulse generator 

A pulse- generator circuit is illustrated in Fig. 2. A pnn+ silicon 
diode is placed in shunt with a microstrip line. the n+ side of the 
diode is facing the hot line. The microstrip line has a characteristic 
impedance of 90 ohms. One end of the 90 f2 line is short circuited; 
the other end is connected to a transmission line whose characteristic 
impedance is 30 Sl. The distance between the diode and the shorted 
end is approximately equal to the distance between the diode and 
the 90- to -30 -4 discontinuity point. the 30 -fl line is connected to 
a 50 -52 output line through a tapered -microstrip -line transformer. 

The mechanism of operation is as follows: the diode operating in 
the high -efficiency mode generates a negative -going wave Bt while 
receiving a positive -going wave A1. 2.3 Part of BI travels to the 
90- to -30 -S2 discontinuity point. The reflection coefficient at the dis- 
continuity point is essentially frequency independent. The discon- 
tinuity partially transmits B2 without changing its waveform or polar- 
ity. Thus, the pulse waveform is delivered to the output terminal. 
The discontinuity also reflects the rest of B2 and reverses its sign, 
forming A2 since the reflection coefficient is negative, i.e., p= - 

0.5. 

It should be noted that a low -pass filter instead of the impedance 
discontinuity was previously used in the microwave signal genera - 
tor;3 the low -pass filter passed only the fundamental component 
and rejected all the harmonics. Thus, only sinusoidal signals were 
delivered to the load in the microwave- generator circuit. 

Part of the negative wave, B,, generated at the diode travels toward 
the shorted end of the microstrip line. This shorted end reflects 
a positive -going wave, A3. The positive waves A2 and A3 return 
to the diode at the same time since the round trip distance for A2 
is approximately equal to that for A3. The combined waves (A2 
and A3) trigger the diode again, and the diode generates the next 
cycle of B,. The circuit is self- sustaining and keeps delivering a 
negative pulse train to the load. The time required in the return 
trip from the diode to the 90- to -30 -fl discontinuity is equal to a 

period from one pulse to the next. 

Locking two pulse generators 

An experiment has been performed in which one pulse generator 
(left hand side of Fig. 3) locks another pulse generator (right hand 
side of Fig. 3). The pulse generator on the right is the same as 
the one on the left, except that the shorted end is replaced by a 

tapered input line. Figure 4 shows that the output of the pulse 
generator on the right is locked with the output of the pulse generator 
on the left. 

Conclusion 

The high -efficiency avalanche diodes, previously used as microwave 
oscillators and amplifiers, have been demonstrated to generate 
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Fig. 3- Locking one pulse generator with another. 
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gigahertz -rate hundred -volt pulses. This pulse generator may be 
used as a timing -pulse source in a gigahertz -rate data processing 
system. Devices that utilize the trapped plasma provide high -power 
pulses. Such devices would find applications, such as a modulator 
for a laser or a millimeter -wave diode, in high -speed data communica- 
tion systems. 
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Binary light deflection system 

Dr. J. A. Rajchman 
Information Sciences 
RCA Laboratories 
Princeton, N.J. 

A binary light deflection system is disclosed which directs an incident 
light beam in both x and y directions to any one of the many discrete 
positions in a utilization plane. A light beam from a source is directed 
through a number of identical deflection units arranged in series. 
The light beam emerging from a first deflection unit may have no 
deflection, a unit of x deflection, a unit of y deflection, or a unit 
of x deflection and a unit of y deflection. The first deflection unit 
is followed by a deflection -reducing lens, and a second identical 
deflection unit capable of imparting an additional amount of deflec- 
tion to the receivetl light beam. Additional lenses and deflection 
units produce additional amounts of deflection. 

Each deflection unit includes an x- deflector and a y- deflector. Each 
deflector (as shown in Fig. 1) includes an electrically- controllable 
mirror (10) oriented at an angle ß with respect to incident light 
beam (12) and a permanent reflector (14) oriented at an angle a 
with relation to reflector (10). The reflectors (10) and (14) are shown 
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14 
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(Metal coalrngl 
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Fig. 2 -x -y deflector. 

on surfaces of a transparent solid wedge (16). The transparent wedge 
(16) is immersed in liquid (18) having the same index of refraction, 
and a low boiling point. The controllable reflector (I0) consists of 
a transparent electrode through which an electric current can be 
passed to cause the formation of a film of vapor on the surface 
of the electrode. The vapor has an index of refraction differing greatly 
from that of liquid (18), so that it causes a total reflection of the 
incident light beam, on the face of the wedge. 

In the operation of the individual deflector shown in Fig. 1, incident 
light (12) may pass through the surrounding liquid, through the wedge 
(16), and directly through the controllable reflector (10). On the 
other hand, if the controllable reflector (10) is activated, it reflects 
the incident light beam to the permanent reflector (14), and thence 
along a path which intersects the undeflected path at point P at 
an angle 2a with relation to the undeflected path. 

An x -y deflection unit is shown in Fig. 2 to consist of two of the 
deflecting elements shown in Fig. 1 arranged in tandem with one 
wedge reversed and at right angles with the other, to successively 
provide a 2a unit of x- deflection followed by a 2a unit of y- deflection. 
The two deflectors are arranged so that the controllable reflector 
in the second or y- deflector is located to receive deflected and non - 
deflected beams from the first, or x- deflector. The light beam emerg- 
ing from the deflecting unit of Fig. 2 may have any one of the 
four directions illustrated. 
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.12L 2a /26 
a. 
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32 r ( 30 

Fig. 3- Deflection system using three identical deflector units. 

Fig. 3 is a deflection system including three identical deflector units 
-(24), (28), and (32)- arranged in series. The light beam incident 
to the first deflector unit emerges an undeflected path U, or one 
of three deflected paths Dt, D2, D3, and passes through a lens (26), 
which converges the deflected beams to the controllable reflector 
of the x deflector in the second deflecting unit (28). The lens (26) 
is positioned a distance L from the first deflector (24) and a distance 
2L from the second deflector (28). As a consequence, the deflected 
light beams arrive at the second deflecting unit (28) with an angle 
«, which is one -half the angle of deflection, 2 «, imparted by the 
first deflecting unit (24). 

The second deflecting unit (28) received a light beam having any 
one of four directions and either passes the received beam or imparts 
a 2a deflection in x and /or y directions to the received beam. Since 
the beam incident to the second deflector unit (28) may be at an 
angle a in the x and /or y directions, and since the second deflector 
unit (28) can cause a 2a deflection in the x and /or y directions, 
the beam emerging from the second deflector unit (28) is within 
a solid angle of 3ax3a. The light beam at the second lens (30) 
may then have any one of the 16 positions shown in the diagram 
beneath the lens. 

The lens (30) acts like lens (26) in converging the light beam to 
the third identical deflecting unit (32), from which the beam emerges 
in a solid angle of 3 /2ax 3/2a and may have any one of the 64 direc- 
tions or positions shown in the diagram beneath the lens (34). Addi- 
tional stages of deflection may be added to provide a still further 
binary increase in the number of output beam positions to which 
the light may be deflected. The asymptotic value of the emerging 
solid angle after passing through an indefinitely large number of de- 
flection units is 4ax4«. Therefore, there is always enough room in 
the lenses to accommodate the beam, no matter how many deflection 
units are cascaded. Each lens directs a beam to the following deflec- 
tion unit with half the deflection angle of the beam received by 
the lens. 
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High -power pin diode RF switch 

D. H. Huriburt 
R. E. Cardinal 
Research Laboratories 
RCA Limited. 
Montreal, Quebec 

A high -power PIN diode SPDT RF switch for airborne applications 
has been developed. The switch design is unique in that bias is 
required for only one of the two switch positions. Hence this new 
solid -state switch can replace conventional electromechanical 
switches without rewiring. 

Two separate versions of this switch have been constructed in 
microwave -integrated- circuit form: 

A 220 to 400 HMz (UHF) switch at 100 W CW 
A 950 to 1250 MHz ( TACAN) switch at 4.5 kW peak (0.1% duty 
cycle) 

The maximum VSWR of these units is 1.5 and 1.3, respectively. 
The isolation is > 20 dB and the dissipative insertion losses are 
< 0.4 dB for both units. 
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Fig. 1 -Basic switch. Fig. 2- Compensated switch. 

Basic switch design 

The basic switch design, shown in Fig. I , incorporates both a series 
and shunt PIN diode. In the absence of applied bias, the series 
diode isolates output B and, for an ideal diode, all of the RF power 
is transmitted to output A. When bias voltage is applied, the shunt 
diode becomes an RF short circuit 10/4 from the input, and thus 
the line to output A presents an open circuit at the input at a frequency 
fo. Hence, in the ideal case, all of the RF power is transmitted to 
output B. 

In the "diodes -on" mode, the VSWR at the input is a function of 
the frequency as a result of the Xo/4 length of line to the shunt 
diode. This situation can be improved considerably by the addition 
of another Ao /4 length of line of a lower characteristic impedance, 
as shown in Fig. 2. By choosing Z0=4111 for this additional length 
of line (assuming all other lines are 5012), the VSWR at the input 
can be reduced to <1.5 over an octave band, as compared to 1.8 
max. without the compensation. 

Switch construction 

Two versions of this switch were constructed, and though each 
version has different frequency and RF power requirements, both 
require the operation of PIN diodes under high RF power with no 
applied reverse bias. It was shown that under such conditions the 
diodes will actually use a very small fraction of the RF signal to 
reverse bias themselves, providing there is no DC path enabling 
a reverse current to flow. Various PIN diodes were evaluated for 
operation under these conditions, and the Unitrode type UM -7008A 
was found to be acceptable providing it had an adequate heat sink. 
These diodes were found to be stable up to heat sink temperatures 
of 120 °C; beyond this point the diodes go into thermal runaway. 
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To eliminate DC paths around the diodes in the self -bias mode of 
operation, a special driver circuit was constructed. This driver allows 
operation of the switch from a 28V aircraft supply and has the follow- 
ing features: 

1) Schmitt trigger for sensing the input bias level to insure adequate 
supply voltage for full operation of the diodes. 

2) Complete isolation of the PIN diodes from the aircraft supply 
when the applied bias voltage is less than a preset level. 

3) Constant current regulation to prevent aircraft supply noise from 
modulating the PIN diodes. 

To achieve the low losses required in this application, an alumina 
substrate 0.075 -inch thick was used for wider, and hence lower loss, 
microstrip lines. The substrates were coated on both sides with 
a vacuum deposited layer of chromium and copper to a thickness 
of 5 gm. The RF circuitry was formed in the usual photographic 
and etching fashion. The resulting circuit and the backside of the 
substrate were then overplated with copper to a thickness of 0.001 
inch. The losses of circuits formed in this fashion were found to 
be as low as those of 0.141 inch semi -rigid cable (0.06 to 0.08 dB /Xg). 

In the UHF version, the series PIN diode was soldered directly 
across the series gap in the microstrip line. The shunt diode was 
soldered from the microstrip line to a plated "land" which was 
connected to the ground plane via a pair of chip capacitors. [100 
pF, ATC -100, American Technical Ceramic Co.] This form of 
mounting provided minimum thermal impedance from the diode junc- 
tion to the heat sink. Two series and two shunt diodes were necessary 
for the TACAN switch to provide the required isolation. In both 
series and shunt applications, the diodes were mounted a fraction 
of a wavelength apart and the series diodes were mounted in the 
same fashion as in the UHF version. The shunt diodes were soldered 
directly from the microstrip line to the shunt capacitors. 

The addition of chip capacitors at the input and output connectors, 
and a simple RF filter completed the switch. The connections from 
the input and output terminals to the microstrip lines was formed 
by using 0.021 x 0.003 inch ribbon. These leads were fashioned 
into a small loop and the shape of the loop was altered to provide 
final "tuning" of individual circuits. The UHF and TACAN circuits 
are shown in Figs. 3 and 4, respectively. A preassembly view of 
the completed switch is shown in Fig. 5. 
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Fig. 3 -UHF Switch. Fig. 4 -TACAN switch. 

Fig. 5 -Pre- assembly view. 
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GRANULAR NICKEL FILMS, Ferromagnet- 
ism in -Y. Goldstein, J. I. Gittlemen (Labs. 
Pr) Solid State Communications, Vol. 9, p. 

1197; 1971 

IN -DOPED CdCr2S4, Magnetically formed 
surface high resistivity layer on -M Toda 

(Labs, Pr) Meeting on Magnetic Semiconduc- 
tors, Institute for Solid State Physics, Tokyo, 
Japan; 12,14 71 

IRRADIATED SILICON, Influence of lithium 
dopant on the properties of -B. Goldstein 
(Labs, Pr) Solar Cells (Book), Section IV /2, pp. 

291- 301,1971 

LOW BIREFRINGENT ORTHOFERRITES for 
optical devices -R. B. Clover, Jr., C. Went- 
worth. S. Mroczkowski (Labs, Pr) IEEE Trans. 

on Magnetics, Vol. MAG -7, No. 3, p. 480; 9/71 

LiNbO3, Hologram storage and fixing 
mechanisms in -D. L. Staebler (Labs, Pr) 

Optical Sciences Center, University of 
Arizona, Tucson. Arizona, 1 17/72 

MAGNETITE, Cathodoluminescence of -I. 
Balberg, J. I, Pankove (Labs, Pr) Physical 
Review Letters, Vol. 27, No. 18, p. 1371: 
11/1171 

MIXED ZINC CADMIUM SULFIDE 
POLYCRYSYALLITES, Concentration 
dependence of Raman scattering from -.i. 
Shamir, S Larach (Labs, Pr) Spectrochemica 
Acta, Vol. 27A, p. 2105; 1971 

210 Circuit Devices & 
Microcircuits 

. electron tubes & solid -state devices (active 
& passive), integrated, array, & hybrid microcir- 
cuits, field -effect devices, resistors a capacitors, 
modular & printed circuits, circuit Interconnec- 
tion, waveguides & transmission lines. 

BIPOLAR TRANSISTORS, GaAs vapor - 
grown-C. J. Nuese, J. J. Gannon, R. H. Dean, 
H. F. Gossenberger, R. E. Enstrom (Labs, Pr) 

Solid -State Electronics, Vol. 15, No. 1, p. 81; 

1/72 

COMPLEMENTARY MOS INVERTERS with 
composite gage insulators, Optimization of 
radiation resistance in -R. Feryszka, A. G. 

Holmes -Siedle, E. D Smith, L. A. Murray (SSD, 

Som) IEEE Int'l Solid State Circuits Conf., Proc., 
Phila.. Pa.. 2/72 

COMPLEMENTARY MOS, Sealed- junction 
beam -lead -B. W. Richards. L. A. Murray 
(SSD. Som) 1971 Intl Hybrid Microelectronics 
Symp.. Chicago. Illinois. 10,11/71 
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COMPLEMENTARY SYMMETRY MOS 
logic. Where can it be going ? -A J. Bosso 
(SSD, Som) EDNiEEE IC Seminar, Washing- 
ton, D.C., Boston, Mass.; 8/3 -5/71 

DEVICES as circuit elements, Introduction 
to -K. K. N. Chang (Labs. Pr) Microwave 
Symp., IEEE Lehigh Valley Section, Lehigh 
Univ.. Bethlehem. Pa ; 2S/72 

ECL, Dynamic testing of -M. I. Payne (SSD. 
Som) IEEE Intl Solid State Circuits Conf., Proc. 
Phila. Pa 2/72 

EMITTER DIFFUSION PARAMETERS on 
device characteristics, Effect of -P. J. Kan - 
nam (SSD. Som) IEEE Intl Electronic Devices 
Mtd., Washington, D. C.; 10/71 

GRANULAR METALS at low temperatures, 
Voltage- induced tunneling conduction in 
-P. Sheng. B. Abeles (Labs, Pr) Physical 
Review Letters, Vol. 28. No 1 p 34; 1 372 

LINEAR IC's and their applications, A med- 
ley of -M. V. Hoover (SSD. Som) EDNIEEE 

IC Seminar, Washington. D.C., Boston, Mass.: 
8/71 

MEMORY MODULE, Beam lead COS /MOS 
-J. R. Oberman. N. H. Burton, L. A. Murray 

(SSD, Som) IEEE Intl State Circuits Conf.. 

Phila.. Pa.; Proc.; 2/72 

MICROWAVE AMPLIFIER using an 
antiparallel avalanche -diode pair, High - 
power -H Kawamoto (Labs, Pr) IEEE Trans. 

on Microwave Theory and Techniques, Vol. 

MTT -19, No. 12 p. 911; 12/71 

PIN diode, A high power -R. F. Switch. D. 

H. Hurlburt. R. E. Cardinal (Library, Canada) 
Conf. Digest. Intl Electrical, Electronics Cont. 
& Exposition, Toronto: 10 71 

PNvP DIODES with improved CW power and 
efficiency, AM and FM noise performance 
of -S. G. Liu, J. J. RIsko. P. A. Levine (Labs. 
Pr) 1972 IEEE Int'l Solid -State Circuits Cont., 
Philadelphia, Pa: 2/16 -18,72 

POWER TRANSISTOR design considera- 
tions for better forward second breakdown 
characteristics -D. L. Franklin (SSD, Som) 
IEEE -IGA Cont.; Cleveland, Ohio; 10/71, 
Record 

POWER TRANSISTORS, Thermal cycling 
ratings of- V.Lukach,L. Gallace, W. Williams 
(SSD. Som) 1972 Annual Reliability & Main- 
tainability Symp., San Francisco, Calif.: 1/72 

215 Circuit & Network Designs 
... analog 8 digital functions in electronic equip- 
ment: amplifies, filters, modulators, microwave 
circuits, A -D converters, encoders, oscillators, 
switches, masers, logic networks, timing 8 con- 
trol functions, fluidic circuits. 

AM RADIO applications, An IC for -L. Baar 
(SSD, Som) IEEE Conf, on BTR, 12/71 

BIPOLAR TRANSISTOR MODEL for 
devices and circuit design -R B Schilling 
(SSD, Som) -RCA Review 9 71 

AVAILABLE MEMORY TECHNOLOGY, 
Review of -G. J. Wass (SSE), Som) Control 
Engineering; 1,72 

COMMON -BASE VS. COMMON- EMITTER 
for 225- to 400 -megahertz applications -Z. 
F. Chang. R. E. Horn (SSD, Som) IEEE Intl 
Electronic Devices Mtg., 10/71; Washington, 
D.C. 

DIGITAL AUTO CLOCK using COS /MOS LSI 
technology -D. K. Morgan (SSD. Som) IEEE 
Vehicular Technology Seminar, 12/71 
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ELECTRONIC TIMING applications, Com- 
plementary MOS and liquid crystals -R. T. 

Griffin (SSD, Som) Eurocon,, 1071 

INTERCONNECTION reflections -A. Feller 

(ATL. Cam) Radiation Melbourne, Melbourne, 
Florida. 

LOW -POWER DIGITAL FREQUENCY 
SYNTHESIS application demonstrates 
unique COS /MOS performance char - 
acteristics -R. Funk (SSD, Som) WES- 
CON San Francisco. Calif.; 8/71; Proc. 

MICROWAVE LUMPED ELEMENTS from 1 

to 12 GHz, Impedance measurements of 
-R. E. DeBrecht (Labs. Pr) IEEE Trans on 

Microwave Theory and Techniques, Vol. MTT- 

20. No. 1. p. 41; 1/72 

MONOLITHIC MEMORY -users viewpoint 
-G B. Herzog (Labs, Pr) 1972 IEEE Intl 
Solid -State Circuits Conf., Philadelphia, Pa., 

2 16 -18 72 

PULSE GENERATOR, gigahertz -rate, 
hundred -volt -H, Kawamoto (Labs, Pr) 1972 

IEEE Int.! Solid -State Circuits Conf., 
Philadelphia, Pa., 216 -18272 

SEVEN -STAGE BINARY COUNTER, 
Characteristics of a silicon -on- sapphire 
CMOS -W. Schneider, W. F. Gehweiler (Labs. 
Pr) 1972 IEEE Intl Solid -State Circuits Conf., 
Philadelphia. Pa.. 2 16 -18 72 

SHIFT REGISTERS, Two -phase charge - 
coupled-W. F. Kosgnocky. J. E. Carnes 
(Labs. Pr) 1972 Intl Solid State Circuits Conf., 
Philadelphia. Pa., 2/16 -18/72 

STEREO AMPLIFIER, An IC four - 
channel-L. Kaplan (SSD. Som) Radio Elec- 
tro,iecs 10 71 

TRAVELLING -WAVE AMPLIFIER using thin 
epitaxial GaAs layer -R. H. Dean, A. B. 

Dreeben, J. F. Kaminski, A. Triano (Labs, Pr) 

Electronics Letters, Vol. 6. No. 24; 1115171 

225 Antennas & Propagation 
...antenna design 8 performance, feeds 8 coup- 
lers, phased arrays, radomes 8 antenna struc- 
tures, electromagnetic wave propagation, scat- 
ter, effects of noise 8 interference. 

DUAL REFLECTOR ANTENNAS, Feed 
arrays for -L. I. Smilen (M &SR, Mrstn) Long 
Island Chapter, Group on Antennas & 

Propagation Polytechnic Inst. Farmingdale. 
N.Y : 12,9 71 

JOSEPHSON- JUNCTION TRANSMISSION 
LINE, Wave propagation through a -R 
Hirota (Labs. Pr) J. of the Physical Society of 

Japan, p. 279. 1972 

240 Lasers, Electro- Optical & 
Optical Devices 
... design 8 characteristics of lasers, compo- 
nents used with lasers, electro- optical systems, 
lenses, etc. (excludes: masers). 

COa LASERS -R. A. Crane (RCA Ltd, Mont.) 
RCA Corporate Laser Symp., Princeton, N,J.; 
10'28/71 

COMMUNICATIONS -A. Waksberg (RCA 
Ltd, Mont.) RCA Corporate Laser Symp., 
Princeton, N.J., 10/28/71 

DETECTOR MOSAIC for ordnance flash 
location -l. Drukaroff. W. R. L. Thomas. H. Bor - 
kan (ATL. Cam) 1971 Intl IEEE Electron 
Devices Mtg., Washington, D.C.; 10/12/71 

ELECTROFAX LAYERS and speckles in 
reversal liquid development, Relationships 
between the physical properties of -E. C 

Rutter (Labs, Pr) Photographic Science and 
Engineering. Vol. 15, No. 6, p. 456; 12/71 

GaAIAs CLOSE -CONFINEMENT LASER 
DIODES, Room temperature -R. B. Gill, T. 

Gonda. P. Nyual. A. Limm. R. Speers (SSD, 
Somj Electro- optics Systems Design Conf. 
Proc.. Anaheim, Calif.; 5/71 

GaAs CLOSE CONFINEMENT LASER 
DIODES, Characteristics of -R, B. Gill, A. 

G. Zourides (SSD, Som) Electro- optics System 
Design Cont., New York, N.Y.; 9/71 

GaAs INJECTION LASER DIODES, a new 
dimension for electronic systems -R. A. 

Felmly (SSD, Som) Optical Spectra, 11/71 

GaAs LASER DIODE ARRAY light sources, 
Moderate -power -A. Limm, P. Nyual. R Gill, 
T. Gonda (SSD, Som) Electro- optics Systems 
Design Conf. Proc.. Anaheim. Calif.; 5.71 

GaAs MILLIMETER WAVE avalanche diode 
noise -K. P. Weller (Labs, Pr) Specialist 
Workshop on Compound Semiconductor Mic- 
rowave Devices and Material Growth. N.Y.; 
2/16-18/72 

LASER DIODES and arrays, High power 
LOC heterojunction -T. Gonda, H. Kressel, 
R. B. Gill. F. Z. Hawrylo (SSD. Som) IEEE Intl 
Electronic Devices Mtg.. Washington. D.C.; 
10/71 

OPTICAL PATTERN RECOGNITION, 
Techniques for high- data -rate two 
dimensional -R. F. Croce, F. T. Burton (ATL, 

Cam) RCA Review; 12,71 

OPTICAL WAVEGUIDE, Single crystal 
epitaxial ZnO on sapphire -J. M. Hammer, 
J. P Wittke, D J Channin. M T Duffy (Labs, 
Pr) Topical Meeting on Integrated Optics - 

Guided Waves, Materials and Devices. Las 

Vegas, Nevada, 2/7 -10/72 

OPTICAL WAVE PROPAGATION through 
random atmospheric turbulence (com- 
ments on) A theoretical study of -J. P. Laus- 
sade, A Yariz, D. A. deWolf (Labs, Pr) Radio 
Science, Vol. 6, No. 10: p. 841, 10/71 

SINGLE HETEROJUNCTION GaAIAs 
CLOSE -CONFINEMENT LASERS from 
250 -K to 400 °K -R. B. Gill, T. Gonda, 
R, R Speers (SSD. Som) IEEE Intl Elec- 
tronic Devices Mtg Washington, D.C.: 10/71 

245 Displays 
equipment for the display of graphic, 

alphanumeric, 8 other data in communications, 
computer, military, & other systems, CRT devices, 
solid state displays, holographic displays, etc. 

MOVING MAP display, Holographic 
multicolor -G. T. Burton. B. R. Clay (ATL, Cam) 
NEREM. Boston, Mass.: 11/2 -5/71 NEREM 
Record 

250 Recording Components 
& Equipment 

disk, drum, film, holographic 8 assemblies 
for audio. image, 8 data systems. 

HOLOGRAPHIC INFORMATION SYSTEMS, 
Promises and problems -J. A. Rajchman 
(Labs, Pr) Workshop on Optical Communica- 
tion Systems, University of Maryland, College 
Park, Maryland; 1/27/72 

LASER RECORDING system -D. Woywood 
(ATL, Cam) 1972 Electro- Optics Intl, Brighton, 
England. 

MULTICHANNEL RECORDING synthetic 
gratings -S. L. Corsover (ATL. Cam) Thesis - 

Moore School of Electrical Engineering. Phila. 

Pa.; 8,16/71 

SERIES 300 
SYSTEMS, EQUIPMENT & 
APPLICATIONS 

310 Spacecraft & Ground 
Support 

.. spacecraft & satellite design, launch vehicles, 
payloads, space missions, space navigation. 

COMMUNICATIONS SATELLITE terminals, 
Commercial -A. Lovas (RCA Ltd. Mont) RCA 

G &CS Satellite Communications Symp., 
Princeton, N.J.: 11/11:71 

DOMESTIC SATELLITE system, Canadian 
-D. Jung (RCA Ltd, Mont) RCA G &CS Satel- 
lite Communications Symp.; Princeton, N.J.; 
11/11/71 

320 Radar, Sonar, & 
Tracking Systems 

.. microwave, optical, 8 other systems for detec- 
tion, acquisition, tracking, 8 position indication. 

INSTRUMENTATION radar depot opera- 
tions, RCA -W. Lustina (M &SR, Mrstn) Soci- 
ety of Logistics Engineers. Phila.. Pa.: 1,19/72 

325 Checkout, Maintenance, 
& User Support ... automatic test equipment, maintenance 8 
repair methods, installation 8 user support. 

DYNAMIC TESTING of ECL -M. I. Payne 
(SSD. Som) IEEE Intl Solid State Circuits Conf., 
Proc. Phila. Pa.; 2/72 

340 Communications 
Equipment & Systems 

.. industrial, military, commercial systems, tele- 
phony, telegraphy, 8 telemetry, (excludes: televi- 
sion 8 broadcast radio). 

AMATEUR RADIO -a scientific hobby -J. 
Duff in (M &SR, Mrstn) Moorestown High 
School, Moorestown, N.J.; 12/6/71 

MM -WAVE COMMUNICATION system 
considerations -H. J. Moody (RCA Ltd. Mont.) 
RCA G &CS Satellite Communications Symp., 
Princeton, N.J.; 11/11/71 

TRANSPONDER for 12- 15 GHz -T. A. Cag- 
ney (PCA Ltd, Mont) Session on Satellites RCA 
G &CS Satellite Communications Symp., 
Princeton. N.J.: 11/11/71 

360 Computer Equipment 
... processors, memories, 8 peripherals. 

COMPUTER MEMORIES -state of the art 
and challenges -J. A. Rajchman (Labs, Pr) 

Scientific Staff Colloquium, National Bureau 
of Standards. Washington, D.C.; 2 4i72 

DIGITAL DISK memories -R. A. Shahbender 
(Labs. Pr) Seminar. Drexel University, 
Philadelphia, Pa.: 2 9 72 

DIGITAL DISK memories -R. A. Shah bender 
(Labs, Pr) Workshop of the Computer Elements 
Committee. Phoenix, Arizona, January 16 -19, 
1972. 

HOLOGRAPHIC INFORMATION systems, 
Promises and problems in -J. A. Rajchman 
(Labs. Pr) Workshop on Optical Communica- 
tion Systems, University of Maryland. College 
Park. Maryland; 1/27/72 

LARGE -CORE STORAGE in perspective -J. 
G. Williams (Labs, Pr) Computer Design, Vol. 
11, No. 1, p. 45; 1/72 
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Author Index 
Subject numbers listed opposite each 
author's name indicates where complete 
citation to his paper may be found in the 
subject index. An author may have more 
than one paper for each subject category. 

Advanced Technology 
Laboratories 
Borkan, A., 240 
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Clay, B. R., 245 
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Missile and Surface Radar 
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Shoemaker, H., 170 
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Williams. W., 210 
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Patents 
Granted 
to RCA Engineers 

As reported by RCA Domestic Patents, 
Princeton 

Astro- Electronics Division 

Radio Postal System Acknowledgment 
Apparatus -D. S. Bond (AED. Pr ) U S. Pat. 
3641432. February 8. 1972 

Electromagnetic and Aviation 
Systems Division 

Bowling Split Detector -W A Helbig, Sr.. 
W E. Woods (EASD, Van Nuys) U.S. Pat. 
3637211. January 25, 1972 

Logic Gate -E. B Gamble (EASD. Van Nuys) 
U S. Pat 3641362. February 8. 1972 

Logic Circuit Which Turns On and Off 
Rapidly -E. B. Gamble, R. H. Aires (EASD. 
Van Nuys) U.S Pat. 3641368. February 8. 1972 

Synchronization of Serial Memory -K 
Katagi (EASD. Van Nuys) U S. Pat 3643220. 
February 15. 1972 

Missile and Surface Radar 
Division 

Target Acquisition Antenna -J, P. Grabow- 
ski. W. E. Powell (M&SR, Mrstn.) U S. Pat 

3623094. November 23. 1971. Assigned to U 

S Government 

Maximum Length Pulse Sequence 
Generators -E. C. Farnett. L O Upton (M&SR. 
Mrstn.) U. S. Pat. 3614400. January 10. 1972 

Corporate -Network Printed Antenna 
System -O M Woodward (MASK. Mrstn ) U 

S Pat 3587110. January 24. 1972 

Electronic Editing Apparatus -7 V Bolger 
(M&SR. Mrstn ) U S Pat 3646260. February 
29 1972 

Capacitance Multiplication Network -W. 
Blumenstein (M&SR. Mrstn ) U S. Pat. 
36424425. February. 1972 

Wide Band Balun -O M. Woodward (MBSR, 
Mrstn.) U. S Pat 3656071. April 11. 1972 

Advanced Technology 
Laboratories 
Low -Light LevelColorPhotography -K.K C 

Hudson, F Shashoua (AT. Cam ) U S Pat 

3580151. May 25. 1971 

Optical Compensating Filter with Selective 
Radial Absorption -K. Hudson ;AT. Cam I U 

S Pat 3558208. January 26. 1971 

Pulse -Type Circuit Element -Testing 
Method -N. R. Stewart. D R. Preslar (AT. 
Cam.) U S. Pat. 3643156. February 15. 1972 

Bowling Pin Detector -E Hutto. Jr . J P 

Mahoney (AT. Cam. ) U. S Pat. 3651328. March 
21. 1972 

Level Detector -G J. Dusheck. Jr. (AT. Cam. 
U. S. Pat 3621308. November 16. 1971. 
Assigned to U. S. Government 

Timing Logic-J R Barger (AT, Cam ) U. S 

Pat 3628156. December 14. 1971: Assignee 
to U. S. Government 

Communications Systems 
Division 

Temperature Compensated Crystal 
Oscillator -P. K Mrozek (CS. Mdwlnds.) U. 

S. Pat 3641461. February 8 1972 

Television Camera Utilizing Parallel 
Striped Color Encoding Filter -R A 

Dischert(CS. Cam.) U S. Pat 3651250. March 
21 1972 

Feedback Clipper -D C Herrman. L. J Bazin 
(CS. Cam 1U S Pat 3651339, March 21, 1972 

Web Crtridge -B. L. Dickens. B. F 

Melchionni. R. R Werner (CS. Cam.) U. S. Pat 
3653608. April. 4. 1972 

Video Tape Recorder Synchronizing 
System -K Louth (CS. Cam ) U S Pat 
3653989. April 4. 1972 

Device to Keep Capstan In Phase When 
Switching Modes -K. Louth. (CS. Cam.) U 

S. Pat. 3654398. April 4. 1972 

Commercial Systems 

Automatic Beam Focusing System --H Bah 
(lndpls.) H L. Peterson (CS. Burbank) U. S. 

Pat. 3647952. Mach 7, 1972 

Solid -State Analog Cross -Point Matrix Hav- 
ing Bilateral Crosspoints -N Hovagimyan 
R N. Van Delft (CSD. Cam.) U S. Pat. 3639908. 
February 1. 1972 

Beam Control System -D J Woywood 
(CSD. Cam ) U S Pat 3646568. February 29. 
1972 

Computer Systems 

Multi- Electrode Transducer Element -J. P. 

Watson (CS. Palm Beach Gardens) U. S. Pat. 
3648279. March 7 1972 

Cable Harness Assembly Board and 
Method of Making the Same -F H. Mosher. 
E. G. Jenney (CS. Palm Beach Gardens) U 

S. Pat. 365341 1. April 4. 1972 

Motion Transfer Mechanism -F A. Digilio 
(CS. Framingham) U. S. Pat. 3655126. April 

1972 

Graphic Systems Division 

Vector Generator -H. M. Scott. C. R. Corson 
tGSD. Dayton) U S. Pat. 3638214, January 25. 
1972 

Variable Length Coding Method and 
Apparatus -J. P. Beltz IGSD. Dayton) U S. 

Pat 3643019. February 15, 1972 

Laboratories 

Color Correction of Prismatic Off-Axis Opti- 
cal System -J. A VanRaalte. W J Gor- 
kiewicz (Labs Pr I U S Pat 3637308. January 
25 1972 

System and Filter for Encoding Color 
Images Onto Black and White Film -R E. 
Flory, F. W Spong (Labs , Pr.) U S Pat 
3637925. January 25, 1972 

Compact. High- Power. High -Efficiency Sili- 
con Avalanche Diode L -Band Oscillator -P 
A Levine. S. Liu (Labs.. Pr.) U S Pat 3638141. 
January 25 1972 

Ion Discharge Tube Employing Cataphore- 
tic Techniques -K. G. Herna. ' Labs., Pr.) 
U. S Pat 3639804. February t 1972 

Keyed Substrate Field Effect Transistor 
Frequency -Selective Circuits -T Saeki 
(Labs.. Tokyo) U. S Pat 3637935. January 25. 
1972 

Integrated Buffer Circuits for Coupling Low - 
Output Impedance Driver to High -Input 
Impedance Load -H. C. Lee (SSTC. Pr.) U. 

S Pat 3639787. February 1. 1972 
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Selective Deposition of Metal -R. D. Dis- 
tefano. E. A. James (Labs., Pr ) U. S. Pat. 
3640765, February 8, 1972 

Method of Metalizing Semiconductor 
Devices -J. L. Vossen. Jr. (Labs., Pr.) U. S. 

Pat. 3640811, February 8, 1972 

Method of Making Electrical Contacts on 
the Surface of a Semiconductor Device -J. 
L. Vossen, Jr., J. H. Banfield (Labs., Pr.) U. 

S. Pat. 3640812. February 8. 1972 

Adhesion of Nonconducting Materials -R. 
J. Ryan (Labs.. Pr ) U. S. Pat. 3640853. Feb- 
ruary 8. 1972 

Holographic Identification System -D. L. 
Greenaway, J. P. Russell (Labs.. Zurich, Swit- 
zerland) U S. Pat. 3643216, February 15, 1972 

Ratio- Compensated Resistors for Inte- 
grated Circuit -A G. F Dingwall (SSTC, Pr.) 
U S. Pat. 3644802, February 22, 1972 

Image Storage System -R. S. Silver, E. 
Luedicke (Labs., Pr.) U. S. Pat. 3646390, Feb- 
ruary 29. 1972 

Gyromagnetic Isolator Wherein Even Mode 
Components Are Converted to Odd Mode 
Components by Biased Ferrite -C. P. Wen 
(Labs.. Pr,) U. S. Pat. 3646486. February 29, 
1972 

Fabrication of Semiconductor Devices -E. 
J. Boleky. Ill and J. R. Burns (Labs.. Pr.) U. 
S. Pat. 3646666, March 7, 1972 

Method of Making High Area -Density Array 
Photomasks Having Matching Registry-F. 
P. Heiman (Labs.. P-.) U. S. Pat. 3647438, 
March 7 1972 

Liquid Phase Double Epitaxial Process for 
Manufacturing Light Emitting Gallium 
Phosphide Devices -I. Ladany (Labs., Pr.) 
U. S. Pat. 3647579, March 7, 1972 

Color Encoding System Utilizing Two Filters 
Alternately for Minimizing Effects of Image 
Misregistration and Image Pickup Device 
Lag-W. J. Hannan (Labs , Pr) U. S. Pat, 

3647945, March 7 1972 

Double Epitaxial Solution Regrowth 
Process and Device Made Thereby -F. Z. 

Hawrylo (Labs., Pr.) U. S. Pat. 3649382. March 
14. 1972 

Apparatus Permitting Reliable Selection of 
Transmitted Television Message Infor- 
mationJ. J. Gibson (Labs ,,) U.S. Pat 

3649749, March 14, 1972 

Control Signal Generating Apparatus to 
Permit Reliable Selection of Transmitted 
Television Message Information -J. J. Gib- 
son (Labs.. Pr.) U. S. Pat. 3649750, March 14, 

1972 

Voltage Translation Circuit for MNOS Mem- 
ory Array -E. C. Ross (Labs , Pr ) J. S. Pat, 
3649848. March 14, 1972 

High Power Semiconductor Device 
Assembly -K. K. N. Chang, H. J. Prager 
(Labs., Pr.) U. S. Pat. 3649881, March 14, 1972 

Parametric Optical System -A. H. Firester 
(Labs.. Pr.) U. S. Pat. 3629602, December 21, 
1971; Assigned to U. S. Government 

High -Resolution Optical Upconverter -A. 
H. Firester (Labs., Pr.) U. S. Pat. 3629601, 
December 21, 1971; Assigned to U. S. Govern- 
ment 

Redundant, Speckle -Free Hologram 
Recòrding Apparatus -H. J. Gerritsen, W. J. 
Hannan (Labs., Pr.) U. S. Pat. 3650595, March 
21. 1972 

Liquid Crystal Light Valve Containing a Mix- 
ture of Nematic and Cholesteric Materials 
in Which the Light Scattering Effect is 
Reduced When an Electric Field is Applied 
-G. H. Heilmeier. J. E. Goldmacher (Labs., 
Pr.) U. S Pat. 3650603, March 21, 1972 
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Signal Translating Stage Providing Direct 
Voltage Translation Independent of 
Supplied Operating Potential -A, L. Lim- 
berg (Labs.. Pr.) U. S Pat. 3651347. March 
21, 1972 

Gated Amplifier -H. R. Beelitz (Labs., Pr.) U. 

S. Pat 3651421, March 21, 1972 

Information Storage System Employing 
Optical Entry and Removal of Information 
-J. J. Amodeí (Labs.. Pr.) U. S. Pat, 3651488, 
March 21, 1972 

Symmetrical Trough Waveguide Antenna 
Array -C. P. Wen (Labs., Princeton) U. S. Pat. 

3653054 March 28. 1972 

Optical Upconverter -A. H. Firester (Labs., 
Pr.) U. S Pat. 3646358, February 29, 1972 

Microwave Hybrid Comprising Trough 
Waveguide and Balanced Mixer Utilizing 
Same -C. P. Wen (Labs.. Pr.) U. S. Pat, 
3654556. April 4, 1972 

Waveguide Structure -L. S. Napoli (Labs., 
Pr.) U. S. Pat. 3654572. April 4, 1972 

Alternating Voltage Excitation of Liquid 
Crystal Display Matrix -F. J. Marlowe. E. O. 

Nester (Labs.. Pr.) U. S. Pat 3654606, April 
4, 1972 

Four -Phase High Speed Counter -U. Bhar- 
ali (SSTC, Pr.) U. S. Pat. 3654441, April 4, 1971 

Liquid Crystal Display Assembly Having 
Independent Contrast and Speed of Re- 
sponse Controls -G. H. Heilreier (Labs.. Pr.) 
U. S. Pat. 3655269. April 11. 1972 

Corona Generating Circuits for Elec- 
trophotographic Printers Cooperatively 
Operating with Television Receivers -R, W. 
Bruce, Jr. (Labs., Pr.) U. S. Pat. 3655912, April 
11, 1972 

Charge Coupled Device -Z. A. Weinberg 
(Labs.. Pr.) U. S. Pat. 3656011, April 11. 1972 

Semiconductor Device with Plurality of 
Small Area Contacts -L. S. Napoli, J. J. 
Hughes (Labs.. Pr.) U. S. Pat. 3656030, April 
11, 1972 

Electrically and Optically Accessible 
Memory -J. A. Rajchman. W. F. Kosonocky 
(Labs.. Pr.) U. S. Pat. 3656121, April 11, 1972 

Electronic Components 

Photographic Process for Preparing a 

Screen Structure for a Cathode -Ray Tube 
-W. J. Maddox, M. R. Weingarten (EC. Lanc.) 
U. S. Pat. 3636836. January, 25, 1972 

Microwave Signal Delay Apparatus -E. F. 

Belohoubek (EC, Pr.) U. S. Pat. 3639802. Feb- 
ruary 1. 1972: Assigned to U. S. Government 

Apparatus for Chemically Etching Surfaces 
-R. A. Alleman. W. N. Henry (EC, Lanc.) U. 

S. Pat. 3640792. February 8, 1972 

Encapsulated Magnetic Memory Element 
-T P. Fulton, H. DiLuca (EC. Needham 
Hghts.) U. S. Pat 3640767. February 8. 1972 

Microwave Delay Apparatus -E. F. 

Belohoubek (EC. Pr.) U. S. Pat. 3641388, Feb- 
ruary 8, 1972; Assigned to U. S. Government 

Electron Beam Tube and Method of Adjust- 
ing the Electrode Spacing of an Electron 
Gun Therein -M. K. Brown (EC. Lanc.) U. S. 

Pat. 3643299, February 22, 1972 

transferred Electron Amplifier -B. S. Perl- 
man, T. E. Walsh (EC, Pr) U. S. Pat 3644839, 
February 22, 1972 

Apparatus for Measuring Light Transmis- 
sion of a Semitransparent Membrane -J. 
B. Bucher (EC,Lanc.)U.S. Pat. 3645634,Feb- 
ruary 29, 1972 

Microwave Limiter That Suppresses Lead- 
ing Edge Spike of Radio Frequency Signal 
-W. W. Siekanowìcz (EC, Pr.) U. S. Pat. 
3648197. March 7 1972 

Dark Fostepite Ceramic Composition -H. 
Notaries (EC, Hrsn.) U. S. Pat. 3649309, March 
14. 1972 

Process for Coating Flatlike Surfaces -B. 
K. Smith (EC, Lanc ) U. S Pal. 3652323. March 
28, 1972 

Method of Fabricating a Porous Tungsten 
Body for a Dispenser Cathode -A. Month, 
D. L. Thornburg (EC. Lanc.) U. S. Pat. 3653883, 
April 4. 1972 

Color Kinescope Production with a Tempor- 
ary Mask -R. W. Etter (EC, Lanc.) U. S. Pat. 

3653901, April 4, 1972 

Slurry Process for Coating Particulate 
Material Upon a Surface -B. B. Bell. W. E. 

Pederson (EC. Lanc ) U. S. Pat. 3653941, April 
4, 1972 

Solid State Division 

Operation of Field -Effect Transistor Cir- 
cuits Having Substantial Distributed 
Capacitance -V. W. Chen. H. Amemiya (SSD. 
Som.) U. S. Pat. 3638039, January 25, 1972 

Trigering Circuit for CRT Deflection System 
Utilizing an SCR -W. F. W. Dietz (SSD, Som.) 
U. S. Pat. 3638067. January 25, 1972 

Hermetic High -Current Terminal for Elec- 
tronic Devices -W L. Oates (SSD, Som.) U. 

S. Pat. 3637917. January 25, 1972 

High Frequency Semiconductor Device 
-W. V. Fitzgerald. Jr. (SSD, Som.) U. S. Pat, 
3641398, February 8. 1972 

Amplifier Using Bipolar and Field- Effect 
Transistors -S. A Grat (SSD, Som.) U. S. Pat. 

3644838, February 22, 1972 

Liquid Crystal Display Device -R. I. Klein, 
S. Caplan (SSD. Som.) U. S. Pat. 3647280. 
March 7 1972 

Fluid Cooled Apparatus for Testing Power 
Semiconductor Devices -D. R. Purdy. W. E. 

Donnelly. (SSD. Som.) U. S. Pat. 3648167. 
March 7 197 

Multi- Circuit Hybrid Module and Method for 
Making -D. M. Baugher, E. T. Hausman (SSD, 
S,m '. u S. Pat. 3648116, March 7, 1972 

Reference Voltage Source -S. A. Graf (SSD, 
Som.) U S Pat. 3648153. March 7, 1972 

AC Line Operation of Monolithic Circuit -J, 
P. Keller, S. A. Graf (SSE), Som.) U. S. Pat. 

3649887, March 14, 1972 

Apparatus for Increasing the Speed of 
Series Connected Transistors -A. G. F. 

Dingwall (SSD, Som,) U. S. Pat. 3651342. 
March 21. 1972 

Circuits for Driving Loads Such as Liquid 
Crystal Displays -R. A. Mao (SSD. Som.) U. 

S. Pat. 3653745, April 4, 1972 

Counter -G. D. Hanchett (SSD, Som.) U S. 
Pat. 3654440, April 4, 1972 

Static Charge Protective Packages for 
Electron Devices -T, W. Kosor (SSD. Som.) 
U. S. Pat. 3653498, April 4, 1972 

Consumer Electronics 

Brake Apparatus -N. T. Mirkovic (CE, 
Indpls.) U S Pat 3638881. February 1, 1972 

Sample- And -Hold Circuit -S. A. Steckler 
(CE. Som.) U. S. Pat. 3641258, February B. 

1972 

Protection Circuit -A. L. Limberg, S A. 
Steckler (CE, Som.) U S. Pat. 3641361, Feb- 
ruary 8, 1972 

Transistor Signal Translating Stage -S. A. 

Steckler (CE, Som.) U. S. Pat. 3641448, Feb- 
ruary 8, 1972 

Semiconductor Mounting Structure -R. C. 

Owens (CE. Indpls.) U. S. Pat. 3641474, Feb- 
ruary 8, 1972 

Toroidal Electromagnetic Deflection Yoke 
-W. R. Chiodo (CE, Indpls.) U. S. Pat. 

3643192, February 15, 1972 

Sample- And -Hold Circuit -A. L. Limberg 
(CE, Som.) U. S. Pat. 3646362, February 29, 
1972 

Control System -L. A. Harwood (CE, Som.) 
U. S. Pat. 3647940, March 7. 1972 

Kinescope Bias Arrangement to Provide 
Both Constant Amplitude D. C. Restoration 
Pulses and Arc Discharge Protection -G. 
E. Anderson (CE, Indpls.) U. S. Pat 3647994, 
March 7, 1972 

Remote Controlled Television Tuner Motor 
Switching Circuit -L. B. Juroff, L. M. Lunn 
(CE, Indpls.) U S. Pat. 3648135, March 7, 1972 

High Voltage Hold -Down Circuit -R. K. 
Waltner (CE, Indpls.) U. S. Pat. 3649901. March 
14. 1972 

Electronically Tuned Ultra High Frequency 
Television Tuner -D. J. Carlson (CE, Indpls.) 
U. S. Pat. 3649937, March 14, 1972 

Electrically Controlled Attenuation and 
Phase Shift Circuitry -A. L. Limberg (CE. 
Som.) U. S. Pat. 3649847, March 14, 1972 

Electrical Circuit Providing Multiple V (Sub) 
BE Bias Voltages -A. L. Limberg (CE. Som.) 
U. S. Pat. 3651346, March 21, 1972 

Electronically Tuned Ultra High Frequency 
Television Tuner with Frequency Tracking 
Tunable Resonant Circuits -J. B. George, 
S. E. Hilliker (CE. Indpls.) U. S. Pat. 3641409, 
March 21, 1972 

Synchronous Detector Control -E. J. Witt - 
mann (CE, Som.) U. S. Pat. 3651418, March 
21, 1972 

Dual Loop Receiver Tuning and Frequency 
Tracking System -L. J. Byers, J. M. Keeth 
(CE, Indpls.) U. S. Pat. 3652938, March 28, 
1972 

Parts and Accessories 

Combined WMF -UHF Dipole Antenna Array 
-D. W. Peterson (P &A, Deptford) U. S. Pat. 
3653056. March 28. 1972 

Antenna Rotator -F. R. DiMeo, N. W. Burwell 
(P&A. Deptford) U. S. Pat. 395505, July 27, 
1971 

Collapsible Structure to Support Antenna 
Elements -F. R. DiMeo, N. W. Burwell (P &A, 
Deptford) U. S. Pat. 3623117, November 1971 

Antenna (Design Pat.) -F. R. DiMeo, N. W. 

Burwell (P&A. Deptford) U. S. Pat. 222358. 
October 19, 1971 

Antenna for Radio or Television Service 
(Design Pat.) -D. W. Peterson (P &A Dept- 
ford) U. S. Pat. 222359. October 19, 1971 

Stepper Drive Device -F. R. DiMeo, N. W. 
Burwell, J. D. Callaghan (P &A, Deptford) U. 
S. Pat. 3501969. March 24, 1970 

UHF Television Antenna -J. D. Callaghan 
(P &A, Deptford) U. S. Pat. 3573832, April 6, 
1971 

National Broadcasting 
Company, Inc. 

Color Phaser for Television Video Signals 
-R. J. Butler (NBC. New York) U. S. Pat. 
3647965. March 7, 1972 

www.americanradiohistory.com

www.americanradiohistory.com


Dates and Deadlines 

As an industry leader, RCA must be well represented in major professional conferences . - - to display 
its skills and abilities to both commercial and government interests. 

How can you and your manager, leader, or chief -engineer do this for RCA? 

Plan ahead! Watch these columns every issue for advance notices of upcoming meetings and "calls for 
papers ". Formulate plans at staff meetings -and select pertinent topics to represent you and your group 
professionally. Every engineer and scientist is urged to scan these columns; call attention of impor- 
tant meetings to your Technical Publications Administrator (TPA) or your manager. Always work closely 
with your TPA who can help with scheduling and supplement contacts between engineers and profes- 
sional societies. Inform your TPA whenever you present or publish a paper. These professional accom- 
plishments will be cited in the "Pen and Podium" section of the RCA Engineer, as reported by your TPA. 

Calls for papers -be sure deadlines are met. 

Date Conference 
SEPT. 24 -27. 1972 Technical Ceramics - 

Control and Analysis 

OCT. 4 -6, 1972 

OCT. 9 -11, 1972 

NOV. 1 -3. 1972 

NOV. 9 -10. 1972 

NOV 13-15, 1972 

NOV. 13-16. 1972 

DEC. 6 -8, 1972 

JAN. 28- 
FEB. 2. 1973 

Ultrasonics Symposium 

National Electronics 
Conference 

Northeast Electronics 
Research & Engineering 
Meeting (NEREM) 

Canadian Communications 
& EHV Conference 

Deadline 
Location Sponsors Date Submit To 

Bellevue Stratford 
Hotel 
Philadelphia, Pa. 

Statler Hilton 
Hotel, Boston. 
Mass. 

Regency Hyatt 
House, Chicago, 
Illinois 

Boston. Mass. 

Queen Elizabeth 
Hotel. Montreal, 
Quebec. Canada 

ACS 511172 titles Basic Science: 
5/15/72 abst Robert Ruh 
611/72 paper:; Metals and Ceramic Div. 

Air Force Materials Lab. 
Wright- Patterson Air 
Force Base. Ohio 45433 

Electronics: 
John C. Williams 
Room 1B -321 
Bell Telephone Labs., Inc. 
600 Mountain Avenue 
Murray Hill, NJ 07974 

Nuclear. 
Jack Belle 
Westinghouse Electric 
Corp. 
Bettis Atomic Power Lab. 
Box 79 
West Mifflin. Pa. 15122 

G -SU 6/30/72 abst L. P. Claiborne 
Texas Instr.. Inc. 
Dallas, Texas 

Region IV 511/72 abst, Richard Horton 
et al sum Dept. of EE. 

Iowa State Univ.. 
Ames. la. 50010 

New England 6/30/72 abst ß IEEE Boston Office 
Sections ms 31 Channing St. 

Newton, Mass. 02158 

Canadian 6115172 sum Dinkar Mukhedkar 
Region. École Polytechnique 
Montreal 2500 Marie Guyard 
Section Montreal 250, PO. 

Canada 

Cont. on Automatic Holiday Inn G -AES 5115/72 sum Fred Liguori, Naval 
Support Systems for Phila.. Pa. Phila. Air Engrg. Ctr., 
Advanced Maintainability Section Phila., Penna. 19112 

Fall Joint Computer Convention Ctr., S -C. 4,3172 ms D. A Meier. 

Conference Las Vegas, Nev. AFIPS 1972 FJCCTech. Program, 
POB 835. Hawthorne. 
Calif. 90250 

Vehicular Technology Dallas, Texas G -VT 6;30,72 sum IEEE Headquarters 
Conference 345 East 47th Street 

New York. NY 10017 

IEEE Power Engineering 
Society Winter Meeting 

SEPT. 16-20, Jt. Power Generation 
1973 Technical Conference 

SEPT. 18 -21, Conference on High 
1973 Voltage Direct Current 

Transmission 

Statler Hilton 
Hotel. 
New York, NY 

S -PE 9115/72 ms J. W. Bean 
AEP Service Corp. 
2 Broadway 
New York, NY 10004 

Marriott Hotel S -PE, 
New Orleans. ASME 
Louisiana 

IEE. London, IEE. 
England IEEE 

UKRI 
Section 

514173 ms L. C. Grudmann 
New Orleans Public 
Service. Inc. 
317 Baronne St. 
New Orleans. La. 70160 

5126/72 syc IEE, 2 Savoy Place. 
London W. C. 2R OBL. 
England 
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Dates of upcoming meetings -plan ahead. 

Date 
JUNE 12 -13, 1972 

Conference Location 

DATES AND DEADLINES 

Sponsors Program Chairman 

JUNE 12 -15, 1972 

JUNE 14 -16. 1972 

JUNE 14 -16, 1972 

JUNE 18- 23.1972 

JUNE 19 -21. 1972 

JUNE 19 -21. 1972 

JUNE 18 -21, 1972 

JUNE 21 -23, 1972 

JUNE 26 -28. 1972 

JUNE 26 -28. 1972 

JUNE 26 -29, 1972 

JUNE 27 -30. 1972 

JULY 4 -6, 1972 

JULY 10- 11,1972 

JULY 9 -14, 1972 

JULY 10 -14, 1972 

JULY 17 -19. 1972 

JULY 18 -20. 1972 

JULY 24- 26,1972 

JULY 24- 27,1972 

JULY 25 -27, 1972 

AUG. 7 -9. 1972 

AUG. 6 -9. 1972 

Chicago Spring Conf. on 
Broadcast & Television 
Receivers 

Design Automation Workshop 

1972 Summer Computer Simulation 
Conference 

AIAA/NABE Seminar -Orienting the 
Aerospace Industry to Changing 
Priorities 

Symposium on Fatigue at Elevated 
Temperatures 

International Conference on 
Communications 

Intl Symposium on Fault - 
Tolerant Computing 

Temperatures (ASTM, ASME) 

Joint Measurements Conference 

Applied Mechanics Conference 

AIAA 5th Fluid and Plasma 
Dynamics Conference 

Conference on Precision 
Electromagnetic Measurements 

International Data Processing 
Conference & Business 
Exposition 

Conference on Radio Receivers 
and Associated Systems 

CASI/AIAA Meeting: Space - 
1972 Assessment 

IEEE Power Engineering 
Society Summer Meeting 

8th International Symposium 
on Rarefied Gas Dynamics 

AIAA/SNAME/NAVY Advanced 
Marine Vehicles Meeting 

Intl. Symposium on 
Electromagnetic Compatibility 

2nd Urban Technology Conference 

Conference on Nuclear & Space 
Radiation Effects 

Conference on Advances 
in Marine Navigational Aids 

AIAA 4th Aircraft Design, 
Flight Test, and Operations 
Meeting 

Heat Transfer Conf. (AIChE, ASME) 

Marriott Motor 
Hotel . Chicago. 
Illinois 

Statler Hilton 
Hotel, Dallas. 
Texas 

San Diego, Calif. 

Los Angeles. 
Calif. 

Univ. of Conn. 
Storrs. Ct. 
ASMMS 

Marriott Motor 
Hotel, Phila,, 
Penna. 

Marriott Hotel. 
Boston, Mass. 

University of 
Connecticut 
Storrs, Ct. 

Nat'l. Bureau 
of Standards 
Boulder, Colo. 

University of 
California 
LaJolla. Ca. 

Boston, Mass. 

Nat'l. Bureau of 
Standards 
Boulder. Colo. 

New York Hilton 
Hotel 

Univ. College of 
Swansea, South 
Wales 

Ottawa, Canada 

Fairmont Hotel, 
San Francisco, 
Calif. 

Stanford. Calif. 

Annapolis. Md. 

Arlington Park 
Towers Hotel. 
Arlington Heights. 
Illinois 

San Francisco 
Civic Center 

Univ. of 
Washington 
Seattle, Wash. 

London, England 

Los Angeles, 
Calif. 

Brown Place 
Denver, Col. 

G -BTR. 
Chicago 
Section 

S -C, ACM, 
SHARE 

AIAA 

AIAA 

ASME, 
ASTM, 
ASMMS 

S- Comm., 
Phila. Sec- 
tion 

S -C. MIT 

ASME 

Richard Sudges. Admiral 
Corp., 3800 Cortland St., 
Chicago. Illinois 60647 

H. Freitag, IBM Watson 
Res. Ctr., POB 218, 
Yorktown Heights, NY 10598 

American Institute of 
Aeronautics and Astronautics 
1290 Avenue of the Americas 
New York, NY 10019 

American Institute of 
Aeronautics and Astronautics 
1290 Avenue of the Americas 
New York. NY 10019 

J. J. Donohue. Mgr. 
The American Society 
of Mechanical Engineers 
United Engineering Center 
345 E. 47th St. 
New York. NY 10017 

A. W. Weinrich, Applied 
Info. Ind.. 345 New 
Albany Rd., Moorestown, 
NJ 08057 

Gernot Metze, Coor. Sci. 
Lab.. Univ. of III.. 
Urbana, Ill. 61801 

The American Society of 
Mechanical Engineers 
United Engineering Center 
345 E. 47th Street 
New York, NY 10017 

G -IM P. K. Stein, Arizona State 
et al Univ., Tempe, Arizona 85281 

ASME 

AIAA 

G-IM, NBS. 
USNCiURSI 

DMPA 

IERE, IEE, 
IEEE UKRI 
Section 

AIAA 

S-PE 

AIAA 

AIAA 

G -EMC, 
Chicago 
Section 

AICE, AIMMPE. 
ASME, CSG. 
IEEE. ICMA. 
NAC, NGC, 
NLC, NSPE, 
SAE. U.S CM 

G-NS 

G-AES. IEEE 
UKRI Section, 
IEE. IERE 
et al 

AIAA 

ASME 

The American Society of 
Mechanical Engineers 
United Engineering Center 
345 E. 47th Street 
New York. NY 10017 

American Institute of 
Aeronautics and Astronautics 
1290 Avenue of the Americas 
New York, NY 10019 

H. S. Boyne. Radio Bldg., 
Rm. 4075. NBS, Boulder, 
Colo. 80302 

Data Processing Management 
Association 
505 Busse Highway 
Park Ridge. Ill. 60068 

IERE, 8 -9 Bedford Square, 
London W.C. 1B 3RG England 

American Institute of 
Aeronautics and Astronautics 
1290 Avenue of the Americas 
New York, NY 10019 

W. R. Johnson. Pacific 
Gas & Elec. Co.. 245 
Market St., Rm. 1122, 
San Francisco, Calif. 94106 

American Institute of 
Aeronautics and Astronautics 
1290 Avenue of the Americas 
New York. NY 10019 

American Institute of 
Aeronautics and Astronautics 
1290 Avenue of the Americas 
New York. NY 10019 

J. J. Krstansky, IIT Res. 
Inst., 10 W. 35th St.. 
Chicago, III. 60616 

Philip D. Schaub 
AIAA Director of Communica- 
tions 
1290 Avenue of the Americas 

New York. NY 10019 

B. L. Gregory, Sandia 
Labs., POB 5800. 
Albuquerque, New Mexico 
87115 

IEE, Savoy Place, London 
W. C. 2R OBL, England 

American Institute of 
Aeronautics and 
Astronautics 
1290 Avenue of the Americas 
New York. NY 10019 

The American Society of 
Mechanical Engineers 
United Engineering Center 
345 E 47th Street 
New York. NY 10017 
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iEngineering 

- .., 

Vollmer named General Manager, 
Palm Beach Division 

Dr. James Vollmer has been appointed 
General Manager of the Palm Beach Divi- 
sion by Irving K. Kessler, Executive Vice 
President, Government and Commercial 
Systems. 

Dr. Vollmer received the BS in General Sci- 
ence from Union College in 1945, the MA 
and PhD in Physics from Temple University 
in 1951 and 1956, respectively. In 1971, Dr. 
Vollmer graduated from Harvard Univer- 
sity's Advanced Management Program. His 
research interests, publications, and patents 
cover a wide variety of fields, ranging from 
infrared properties of materials to plasma 
physics to quantum electronics. His profes- 
sional experience includes -in order -five 
years of teaching at Temple University, eight 
years of supervising a research group at 
Honeywell and thirteen years of research 
supervision at RCA. Prior to his promotion, 
Dr. Vollmer was Director of the Advanced 
Technology Laboratories. Dr. Vollmer is a 

Fellow of the AAAS, a Fellow of the IEEE, 
and a member of the American Physical 
Society. His honors include membership in 
Phi Beta Kappa, Sigma Xi, Sigma Pi Sigma 
and Eta Kappa Nu. He is currently listed 
in American Men of Science, Who's Who 
in the East, and Leaders in American Sci- 
ence. 

RCA receives contracts totaling 
$102 million 

The Service Company recently received 
U.S. Air Force contracts totaling $102 mil- 
lion for operation and maintenance of the 
Distant Early Warning System ($59.8 mil- 
lion) and the Ballistic Missile Early Warning 
System ($42.5 million). Both are for fiscal 
years 1973 through 1975. 

News and Highlights 

Paul Wright to head Advanced 
Technology Laboratories 

Paul E. Wright has been appointed Director 
of Advanced Technology Laboratories by 
Dr. Harry Woll, Vice President of Govern- 
ment Engineering. 

Mr. Wright received the BSME from 
California State Polytechnic College and the 
MSME from the University of Pennsyl- 
vania. He served in the U.S. Air Force from 
1950 to 1954, and was an engineer with the 
State of California from 1954 to 1958. He 
joined RCA in 1958. Prior to his promotion, 
Mr. Wright was Manager of the Applied 
Physics and Mechanics Laboratory at ATL. 
As Director, Mr. Wright i) responsible for 

Licensed engineers 

When you receive a professional license, 
send your name, PE number (and state én 

which registered), RCA division, location, 
and telephone number to: RCA Engineer, 
Bldg. 2 -8, RCA, Camden, N.J. As new inputs 
are received they will be published. 

Aerospace Systems Division 

M. D. Brazet, ASD, Burlington, Mass. PE- 
25738; Massachusetts 

Global Communications Inc. 

S. L. Latargia, GlobCom, New York. PE- 
19151; New Jersey 

Communication Systems Division 

J. W. Seymour, GCS, Phoenix, Arizona. 
PE -8340; Arizona; PE- 14609; New Jersey; 
PE 012479 E; Pennsylvania 

Degrees granted 
L. Dague, ATL, Camden PhD in EE, U. of P., 5/22/72 
L. Finn, CS, Cherry Hill Post Masters, EE, N.Y.U., 1/72 

J. Northrop, ITD, Lancaster MS, Applied Statistics, Villanova, 12/71 

over 100 engineers and physicists charged 
with translating the recent advances of basic 
research into useful techniques and devices. 
Typical areas of effort are electro- optics, 
optics, lasers, millimeter waves, microwave 
physics, holography, sensors, microsonics, 
themodynamics, pattern recognition, 
recording techniques, LSI hybrid 
techniques, and computer technology. Mr. 
Wright is a Registered Professional Engineer 
in New Jersey. He is a member of the 
National Society of Professional Engineers, 
the New Jersey Society of Professional 
Engineers, the ASME and the IEEE. 

RCA Review, March 1972 

Volume 33. Number 1 

Contents 
Special Issue on optical storage and display media 

Foreword Juan J. Amadei 

Holographic Information Storage .. E. G. Ramberg 

Materials for Magneto -Optic Memories 
R. W. Cohen I R, S. Meznch 

Holographic Recording in Lithium Niobate .... 
J. J. Amodei D. L. Staebler 

Optical and Holographic Storage Properties of Transi- 
tion Metal Doped Lithium Niobate 

W. Phillips 1J. J. Amodel I D. L. Staebler 

Phase Holograms in Dichromated Gelatin 
D. Meyerhofer 

Redundant Holograms . A. H. Firester E. C. Foal 
T. Gayeski i W. J. Hannan I M. Lurie 

Wavelength Dependent Distortion in Fraunhofer Holo- 
grams and Applications to RCA Holotape 

R. A. Bartolini D. Karlsons i M. Lurie 

Recording Considerations for RCA Holotape 
R. A. Bartolini 1J. Bordogna D. Karlsons 

Thermoplastic Media for Holographic Recording .. 
T. L. Credelle F. W Spono 

Recyclable Holographic Storage Media 
J. Bordogna S. A. Keneman J. J. Amodei 

Erase -Mode Recording Characteristics of Photo - 
chromic CaEs, SrTiO3 and CaTiO3 Crystals 

R. C. Duncan, Jr 

H ighContrast, H ighSens itiv ityCathodoch rom icSoda lite 
for Storage and Display Applications .....,,.... 

R. W. Faughnan Il. Shidlovsky 

Liquid Crystals for Electro -Optical Application .... 
J. A. Castellano 

The RCA Review is published quarterly. Copies 
are available in all RCA libraries. Subscription 
rates are as follows (rates are discounted 20% 
for RCA employees): 

DOMESTIC FOREIGN 
1 -year $6.00 ... $6.40 
2 -year 10.50 11.30 
3 -year 13.50 ... 14.70 
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Promotions 

Solid State Division 

J. Litus, Jr. from Assoc. Engr., Product 
Devel. to Leader Technical Staff (D. R. Car- 
ley, Somerville) 

D. Baugher from Leader Technical Staff to 
Manager Application Engineering Power 
Transistors (C. R. Turner, Somerville) 

R. Denning from Leader Technical Staff to 
Manager Design Engineering Power Tran- 
sistors (C. R. Turner, Somerville) 

Entertainment Tube Division 

W. J. Harrington from Mgr., Production 
Engineering Color Picture Tube to Mgr. 
Manufacturing Process and Equipment 
Engineering (S. S. Stefanski, Lancaster) 

Industrial Tube Division 

R. L. Rodgers, Engr., Product Development 
to Engineering Ldr., Product Development 
(E. D. Savoye, Lancaster) 

RCA Service Company 

W. C. Clair from Sys. Service Engr. to Ldr., 
Sys. Service Engineers (G. L. Beden, Proj. 
Support Operations, Camden) 

Astro- Electronics Division 

R. D. Smith from Engrg. Scientist Technical 
Staff to Mgr. Software Development Engrg. 
(A. Aukstikalnis, Hightstown) 

Electromagnetic and Aviation Systems 
Division 

W. J. Davis from Staff Engrg. Scientist, 
Government Engineering Dept. to Mgr., 
Data Processing Engrg. (R. H. Aires, Van 
Nuys) 

Staff announcements 

Robert W. Sarnoff, Chairman of the Board 
and Chief Executive Officer, announced the 
assignment of Charles R. Denny, Executive 
Vice President, Washington. Samuel E. 
Ewing will be on special assignment to the 
Washington office until his retirement Aug- 
ust 1. 

Anthony L. Conrad, President, has 
announced that Irving K. Kessler, Executive 
Vice President, Government and Commer- 
cial Systems, will assume responsibility for 
the Palm Beach Gardens, Florida, facility. 

Palm Beach Division 

Irving K. Kessler, Executive Vice President, 
Government and Commercial Systems, has 
announced the appointment of James 
Vollmer as General Manager, RCA Palm 
Beach Division. 

Electronic Components 

John B. Farese, Executive Vice 
Electronic Components, has 
Fred M. Bauer Division Vice 
Finance. 
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President, 
appointed 
President, 

Entertainment Tube Division 

Matthew M. Bell, Manager, Equipment 
Engineering, Circleville Plant, Manufactur- 
ing, has announced the following appoint- 
ments: Frederick L. Armstrong, Engineering 
Leader, Equipment Engineering; Braudice 
B. LeMay, Engineering Leader, Develop- 
ment Engineering; Richard W. Marshall, 
Engineering Leader, Control Equipment. 

Charles T. Lattimer, Manager, Product 
Engineering, Circleville Plant Manufactur- 
ing has announced the organization of 
Product Engineering as follows: Richard N. 
Haigh, Manager, Funnel Engineering; James 
Millar, Manager, Mold Design and Develop- 
ment; Robert K. Schneider, Manager, Mix 
and Melt Engineering; Alan M. Trax, Mana- 
ger. Panel Engineering. 

Industrial Tube Division 

Ralph E. Simon, Manager, Electro- Optics 
Products Operations, has announced his 
organization as follows: Charles W. Bizal 
continues as Manager, Camera Tube 
Operation; Clarence A. Groah continues as 
Manager, Electro- Optics Products Adminis- 
tration; Robert C. Pontz is appointed Mana- 
ger, Photo Tube and Solid State Opto- 
Electronics Operation; Eugene D. Savoye 
continues as Manager, Advanced Technol- 
ogy; and James A. Zollman is appointed 
Manager, Image and Display Tube Operation. 

Robert C. Ponti, Manager, Phototube and 
Solid State Opto- Electronics Operation, 
announces his organization as follows: 
Richard Glicksman, Manager, Solid State 
Opto- Electronics; Stanley Katz, Engineering 
Leader, Product Development (Opto -Elec- 
tronics); Andrew G. Zourides, Engineering 
Leader, Product Development (Opto -Elec- 
tronics); Harold R. Krall, Manager, Electro- 
Optics Systems; Thomas T. Lewis, Engineer- 
ing Leader, Product Development 
(Phototube Applications); Dennis E. Persyk, 
Engineering Leader, Product Development 
(Phototubes); Robert C. Pontz, Acting 
Manager, Adept and Phasor Development; 
Kenneth A. Thomas, Manager, Photo Tube 
Manufacturing. 

James A. Zollman, Manager, Image and Dis- 
play Tube Operation, has announced his 
organization as follows: Robert W. Fitts, 
Manager, Image Tube Manufacturing and 
Production Engineering; Fred A. Helvy, 
Manager, Image and Display Tube Design 
Engineering; Wayne E. Rohland, Manager, 
Display Tube Manufacturing and Produc- 
tion Engineering; and James A. Zollman, 
Acting Manager, Image and Display Tube 
Applications. 

Eugene D. Savoy, Manager, Advanced, has 
appointed Robert L. Rodgers Engineering 
Leader, Product Development (Silicon 
Technology). 

RCA Institutes, Inc. 

John W. Wentworth, Director, Operations, 
has announced his organization as follows: 
Marshall M. Carpenter, Jr., Director, 
Professional Educational Services; James D. 
Daras, Director, Custom Education; Murray 
R. Dick, Director, Studio School; Lester Dit- 
tersdorf, Director, Home Study School and 

Marketing; John J. McCoid, Manager, 
Industrial Relations; F. Robert Michael, 
Director, Educational Projects Develop- 
ment; Lewis W. Snow, Director, RCA 
Technical Institute; N. Michael Terzian, 
Director, Resident School; and Thomas J. 
Wheeler, Treasurer and Controller. 

Government and Commercial Systems 

Irving K. Kessler, Executive Vice President 
of Government and Commercial Systems 
announced the appointment of Max M. Tall, 
Director, Government Product Assurance. 

Aerospace Systems Division 

John R. McAllister, Division Vice President 
and General Manager, Aerospace Systems 
Division, has appointed George A. Earle, Jr., 
Director, Marketing. 

Astro- Electronics Division 

C. S. Constantino, Division Vice President 
and General Manager, has announced the 
appointment of Philip J. Martin as Director, 
Marketing and Advanced Planning. 

Communications Systems Division 

James M. Osborne, Division Vice President, 
Government Communications Systems, has 
announced the appointment of Francis H. 
Stelter, Jr., as Director, Marketing. 

Electromagnetic and Aviation 
Systems Division 

Frederick H. Krantz, Division Vice Presi- 
dent and General Manager, has appointed 
Carl J. Cassidy as Director, Government 
Marketing. 

John P. Mollema, Manager, Marketing, 
Aviation Equipment Department, has 
announced the appointment of John K. Nims 
as Manager, Marketing Planning and Ser- 
vices and Curtis H. Roberts as Manager, 
Domestic General Aviation Sales, for 
RCA's Aviation Equipment Department. 

Research and Engineering 

Jerome Kurshan, Manager, Marketing, has 
announced the appointment of William J. 
Dennehy as Manager, Market Develop- 
ment. 

Laboratories 

George D. Cody, Director of the Physical 
Electronics Research Laboratory, has 
announced the following appointments: Juan 
J. Amodei, Head of Quantum Electronic 
Research, and Rabah Shahbender, Head of 
Applied Electronics Research. 

Solid State Division 

William C. Hittinger, Vice President and 
General Manager of Solid State Division, 
has announced the following appointments: 
Ralph S. Hartz as Manager, Packaged Cir- 
cuit Functions and A. F. Liersch as Manager, 
Market Research and Planning. 

RCA Service Company 

Joseph F. Murray, Division Vice President, 
Government Services has announced the 
appointment of John J. Connors as Division 
Vice President of Government Services 
Marketing. 
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Missile and Surface Radar Division 

The following engineers received technical 
excellence awards for their performance dur- 
ing the fourth quarter of 1971. They were 
cited for their contributions as follows: 

S. Batterman defined and documented the 
requirements and design of the SPY -I con- 
trol programs for AEGIS. He developed the 
computer program and system functional 
interrelationships for SPY -1, defined and 
documented the allocation of computer prog- 
ram functions to subprograms, provided 
both technical direction and system consul- 
tation for several design teams, and served 
as coordinator and major contributor for 
both the EDM -I SPY -I control computer 
program performance and design require- 
ment specifications. 

A. G. Chressanthis is cited for his work, on 
the small ship study for the SPY -1 of 
AEGIS. The study presented a simplified, 
low -cost, smaller version of the present 
SPY -1 signal processor to facilitate emplace- 
ment aboard a presently available ship. Mr. 
Chressanthis, the key individual in the 
signal processing area, considered all con- 
ceptual and implementation aspects of the 
signal processor in arriving at a smaller pro- 
cessor which retained most of the basic 
characteristics of the present signal proces- 
sor. 

R. L. Stegall developed the system concept 
and configuration of the digital instrumenta- 
tion radar. This represents the first success- 
ful attempt at configuring an instrumentation 
radar which will sell at a comparatively low 
cost, yet satisfy the needs of many of the 
test ranges. This proposed design fills out 
the lower end of our range instrumentation 
product line, and shows promise of produc- 
tion similar to the FPS -16 radar. A contract 
for several systems is expected about mid 
1972. 

O. M. Woodward conceived, developed, 
modified, and proved the design of an 
antenna type which is to be used on the Vik- 
ing Mars Lander Program. As a type, it will 
be used to satisfy two antenna requirements: 
One at 400 MHz and the other at 2200 MHz. 
This design is a major improvement over the 
proposal concepts in terms of cost, perfor- 
mance, weight, reliability, and commonalty. 

O. M. Woodward also was selected as the 
1971 Annual Technical Excellence Award 
for his outstanding performance throughout 
the year. 

Aerospace Systems Division 

Richard J. Murray won Second Prize in the 
exploded view competition of the Ninth 
Annual Technical Art Exhibit, sponsored by 
Boston's Museum of Science and the 
Technical Art Group of the Society for 
Technical Communication. The exhibit 
encompasses a broad range of industrial, sci- 
entific, medical and other technically 
oriented artwork and photography. 

In addition to participating in the Exhibit 
and Awards Banquet, Mr. Murray will be 
invited to display his artwork at the 11th 

International Technical Communications 
Conference of the Society for Technical 
Communication to be held in Houston in 
1973. 

J. B. Fuller was selected as Engineer of the 
Month for January 1972 for his outstanding 
performance during integration and test of 
the PDR and in field support and successful 
flight testing of the system on a B -52G air - 
craft. 

The team of H. L. Fischer, R. E. Hartwell, 
L. M. Hill, V. G. Hillard, B. W. Jackson, 
E. G. Lauginger, R. A. Lindley, A. G. Olsson, 
and A. G. Valiance received the technical 
excellence team award forJanuary 1972. The 
Automated Test System for Jet Engine 
Accessories (ATSJEA) developed by this 
team is the world's first automatic 
mechanical -hydraulic tester for jet engine 
accessories. The system was designed so 
that a total of forty stands can eventually 
be driven by the same central computer, plus 
four more mini- computers. This accomplish- 
ment has placed RCA in an excellent posi- 
tion for growth in the non -electronic test 
area. 

George J. Lamonakis of System Design Sup- 
port was selected as Engineer of the Month 
for February 1972. Mr. Lamonakis designed 
and built a shock facility to provide 1000 -g, 
6 -ms, half -sine capability to support ASD's 
special sensor product line, and to continue 
to provide shock capability for other product 
lines (typically I5g, I lms). 

The team of Donald F. Dion, John J. Klein, 
Hugo Logemanñ, Jr., George S. Pearce, and 
George J. Sandorfi from Radiation Systems 
Engineering received the technical excel- 
lence team award for February 1972. The 
team successfully modified and rebuilt the 
high -resolution 2 -inch RBV camera on a 
quick- reaction program. Verification of the 
circuits and layouts on boards to be 
improved had to be accomplished with 
minimum interference to tests underway. 
The team of R. N. Piscatelli from System 
Programming and A. C. Spear from System 
Engineering received the technical excel- 
lence team award for March 1972. This team 
developed a fully operable design - 
automation printed- circuit -board system 
within 12 months. All milestones were met 
or exceeded with trial EQUATE and Model 
215 boards processed in December. 
Larry B. Blundell of Radiation Systems 
Engineering was selected as Engineer of the 
Month for May 1972. His work on the design 
of a phase -lock -loop for a critical system 
resulted in equipment which met the specifi- 
cation during bench tests and performed well 
in the field. 

The team of E. M. Fisher, A. H. Frim, H. 
C. Hale, J. Harrison, E. M. O'Brien, A. G. 
Olsson, R. C. Plaisted, J. Salvato, F. A. 
Schwedner, J. A. Shay, and E. M. Sutphin 
from Automatic Test Equipment Engineer- 
ing received the technical excellence team 
award for May 1972. Within three months 
after contract award, the RCA Data Bus 
System group (under R. J. Monis) designed, 
fabricated, tested and shipped a complete 
operational Data Bus System to the NASA 
Manned Spacecraft Center for subsequent 
integration in the Space Shuttle program. 

Communication Systems Division 

Donald A. McClure of Communications 
Equipment Engineering, Government Com- 
munication Systems, is the recipient of the 
first technical excellence award of 1972. He 
is being recognized for his outstanding per- 
formance as the lead transmitter engineer on 
the Coherent Synthetic Aperture Radar 
(CSAR) Program. Mr. McClure made a sig- 
nificant contribution to the successful prop- 
osal, providing the design descriptions of the 
VHF and HF transmitters, and costing the 
design effort. Subsequent to the program 
award, he was responsible for the initial 
development of the VHF transmitter, and 
designed, breadboarded, and proved out the 
HF transmitter. 

Electromagnetic and Aviation Systems Divi- 
sion 

Two EASD engineers recently received 
"Engineering Merit Awards" from the San 
Fernando Valley Engineers' Council. The 
Council consists of sixteen technical 
societies representing more than 4,000 
engineers; it recognized only 11 individuals 
for merit awards in 1972. 

Fred Krantz, Division Vice President and General 
Manager, EASD, with Maureen Schmidt and 
George Lucchi at awards ceremony. 

George Lucchi, Manager, Aviation Equip- 
ment Engineering, was honored for "Sig- 
nificant Contributions to Engineering a Bet- 
ter Tomorrow Through Technology in the 
Field of Flight Safety and Navigation." 

Mr. Lucchi is recognized as a leader in 
general avionics. He holds five patents 
which have advanced the state of the art in 
weather radar, distance measuring equip- 
ment, and air traffic control transponders. 
He has been a key element in expanding 
RCA's commercial avionics from a single 
product to a wide spectrum of aviation equip- 
ment. 

Maureen R. Schmidt, Senior Member, 
Engineering Design and Development Staff, 
assigned to Data Terminals Engineering, 
was honored for "achievements in software 
engineering and for significant contributions 
to the community in conservation and human 
ecology." 

Mrs. Schmidt is recognized as an engineer 
who combines a high degree of technical pro- 
fessionalism with an active involvement in 
community affairs. Her memberships in 
many groups result in her enthusiastic par- 
ticipation in efforts to improve the environ- 
ment as well as to simulate interest and activ- 
ity in preserving our cultural heritage. 
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Corporate Engineering Services 

A. R. Trudel was elected to the Board of 
Directors of the American National Stan- 
dards Institute. 

RCA Laboratories 

S. F. Dierk has been appointed to the Ameri- 
can National Standards Institute subcom- 
mittee (Z- 39- SC /32) dealing with technical 
report numbering. 

Government and Commercial Systems 

Nicholas Pensiero was named to the New 
Jersey State Chamber of Commerce Public 
Relations Advisory Committee. 

Electromagnetic and Aviation Systems Divi- 
sion 

M. E. Collins was elected as a Fellow of 
the American Society for Quality Control. 
His citation reads: "In recognition of profes- 
sional services rendered to the national 
defense program and for significant contribu- 
tions to the quality control profession as a 

whole." Mr. Collins is presently a member 
of the Work Elements Committee of the 
national ASQC. He is also a member of the 
Executive Advisory Board and past - 
chairman of the Los Angeles Section of 
ASQC. 

Astro- Electronics Division 

Bert Sheffield was elected a Director of the 
Board of Eta Kappa Nu Association, the 
national electrical engineering honor society. 
Mr. Sheffield was named to a two -year term 
on the Board, which directs the activities 
of some 125 honor society chapters at col- 
leges and universities throughout the United 
States. Founded in 1904, the society has a 

membership of more than 50,000 graduate 
electrical engineers. 

Three attorneys admitted to practice 

Herbert Jacobson and William J. Michals 
-both members of the Patent Department 
-have recently passed the New Jersey Bar 
Examination and were sworn on May 17, 

1972 to practice before the New Jersey Su- 
preme Court and the U.S. District Court 
for the District of New Jersey. Marvin N. 
Benn -also a member of the Patent De- 
partment -has passed both the Illinois 
State Bar and Washington, D.C., Bar exam- 
inations and admitted to practice law in 
May 1972. 

Mr. Jacobson received the Juris Doctor 
degree from the Brooklyn Law School in 
1965 and the Master of Laws degree in Trade 
Regulation from the New York University 
Graduate School of Law in 1970. Mr. Jacob- 
son is also a member of the New York Bar 
and admitted to practice before the Supreme 
Court of the United States. He received the 

BSEE from the University of Rhode Island 
in 1961. He joined the RCA Patent Staff 
in January, 1971. 

Mr. Benn received the Juris Doctor degree 
from the University of Illinois in June 1971, 
the Masters in Engineering administration 
from Southern Methodist University, and 
the BSEE from the University of Illinois in 
1966. He joined the RCA Patent Staff in 
September 1971. 

In addition, Dennis H. Irlbeck, having been 
admitted to practice before the United States 
Patent Office and to membership in the New 
Jersey State Bar, has been appointed to the 
position of Patent Counsel. 

Patents and Licensing holds 
annual meeting 

The Annual Patents and Licensing Meeting 
was held at the Host Corral, Lancaster, Pa., 
on January 18 -21. This meeting provided a 

forum for informal discussions of both de- 
partmental and interdepartmental prob- 
lems related to Patents Operations, Domestic 
Licensing, and International Licensing. A 
new addition to this year's program was the 
discussion of a topic which had been for- 
mulated by each department. Each topic was 
first discussed by small groups having rep- 
resentation from each department. The con- 
clusions were then presented by the chair- 
man to a combined meeting of all partici- 
pants. 

Benjamin Abeles, Richard Williams, and J. Guy Woodward named Fellows of RCA Laboratories. 
Dr. Benjamin Abeles, Dr. Richard Williams and Dr. J. Guy Woodward have been named Fellows of the Technical Staff of RCA 
Laboratories in Princeton, N.J. The Fellow designation is comparable to the same title used in universities and technical societies. 
It is given by RCA in recognition of a record of sustained technical contributions in the past and in anticipation of continued technical 
contributions in the future. 

Dr. Abeles has done distinguished research 
in the fields of galvanomagnetic effects, ther- 
moelectricity, microwave phonons, and 
superconductivity. A graduate of the Uni- 
versity of London in 1944, he received a 
Master's degree from Charles University in 
Prague in 1949 and the PhD in Physics from 
HebrewUniversityinJerusalemin I956.Since 
joining RCA Laboratoriesas atrainee in 1956, 
he has received three RCA Laboratories 
Achievement Awards. And in 1963, he re- 
ceived the Corporation's highest technical 
honor, the David Sarnoff Award in Science. 
He is a Fellow of the American Physical So- 
ciety and a member of the executive com- 
mittee of the Division of Solid State Physics. 
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Dr. Williams has performed outstanding 
research on the electrical properties of 
insulators, internal photoemission, solid sur- 
faces, high electric fields in solids, liquid 
crystals and electrons on the surface of liquid 
helium. He was graduated from Miami 
University (Ohio) in 1950 and received the 
PhD in Physical Chemistry from Harvard 
in 1954. He joined RCA Laboratories in 1958 
and has since received two RCA 
Laboratories Achievement Awards and a 
David Sarnoff Award in Science. In 1969, 
he was a Fullbright Lecturer in the Escola 
de Engenharia, Sao Carlos, Brazil. Dr. Wil- 
liams is a member of Phi Beta Kappa and 
a Fellow of the American Physical Society. 

Dr. Woodward has distinguished himself in 
research on stereophonic sound reproduc- 
tion, phonographic and magnetic tape 
recording, high resolution magnetic record- 
ing heads, and in the improvement of the 
quality and information storage capacity of 
disk recording systems. He was graduated 
from North Central College in 1936. He 
received the MS from Michigan State Col- 
lege in 1939 and the PhD in Physics from 
Ohio State in 1942. Dr. Woodward was 
recently installed as President of the Audio 
Engineering Society, and in 1968 received 
the Society's Emile Berliner Award. He is 
a Fellow of the Acoustical Society of 
America, the IEEE, and the Audio 
Engineering Society. 
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Woolley is TPA for Palm Beach Division 

Phil Woolley has been appointed Technical 
Publications Administrator for the Palm 
Beach Division, Palm Beach Gardens, Fla. 
In this capacity, Mr. Woolley is responsible 
for the review and approval of technical 
papers; for coordinating the technical report- 
ing program; and for promoting the prepara- 
tion of papers for the RCA Engineer and 
other journals, both internal and external. 

Mr. Woolley received the BS in Naval Sci- 
ence and the BSEE, both from Duke Univer- 
sity. He joined the RCA Specialized Trainee 
program and in 1948 was assigned to Compo- 
nents Engineering in the Tube Division, 
Camden, N.J. In 1951, he joined the Resi- 
dent Engineering Activity in Bloomington 
(Home Instruments). In 1952, he transferred 
to RCA in Cambridge. There he assisted 
in establishing a Resident Engineering func- 
tion to support the design of record changer 
mechanisms and hi -fi, stereo, radio and tape 
instruments. In 1960 he moved to EDP in 
Palm Beach as a member of the Technical 
Staff. He is presently Manager of Packaging 
and Power Systems. 

O'Donnell is EdRep for Industry 
Systems 

J. J. O'Donnell has been appoined Editorial 
Representative for Industry Systems, 
Aerospace Systems Division, Marlboro, 
Mass. Mr. O'Donnell is responsible for 
planning and processing articles for the RCA 
Engineer and for supporting the Corporate- 
wide technical papers and reports program. 

Mr. O'Donnell received the BSEE from Vil- 
lanova University in 1949. From 1949 to 
1955, he worked in the field of Pilotless air- 
craft development. He joined the RCA's 
Electronic Products Division in 1955 in the 
Components Group of Standards Engineer- 
ing. In 1960, Mr. O'Donnell joined the Elec- 
tronic Data Processing Division where had 
responsibilities for design and development 
on the 301, 601, 3301 Systems. At the start 
of the Spectra Systems, Mr. O'Donnell was 
assigned as Manager of Packaging, Power 
Supply, and Standards Engineering. In 1971, 

he was appointed as Manager, Technical 
Services for Industry Systems. 

Rearick is TPA for Parts and Accessories 
Charles C. Rearick has been appointed 
Technical Publications Administrator for 
RCA Parts and Accessories, Deptford, N.J. 
In this capacity, Mr. Rearick is responsible 
for the review and approval of technical 
papers; for coordinating the technical report- 
ing program; and for promoting the prepara- 
tion of papers for the RCA Engineer and 
other journals, both internal and external. 

Mr. Rearick joined RCA in 1956, having 
graduated that year from the University of 
Main with the BSEE. He completed the 
engineering training program and then 
served two years of military service as an 
army lieutenant. He returned to the Home 
Instrument Division engineering labs at 
Cherry Hill, where he became responsible 
for the acoustical and audio performance of 
the TV product line. After one year with 
the M &SR Division, he transferred to the 
Camden plant where he participated in vari- 
ous audio, digital signal processing and 
magnetic recording projects. In 1969 he 
transferred to his present position as the 
engineer responsible for the design and 
approval of the Parts and Accessories 
Division's New Product Marketing activity. 
This activity is responsible for the investiga- 
tion of all potential commercial product ideas 
not presently being developed or marketed 
by any other branch or division of RCA. 
He received his MS in Engineering for 
Graduate Work in Electrical Engineering 
from the University of Pennsylvania in 1969. 

RCA Engineer binders available 

Wire- rod -type, brown, simulated- leather 
binders are available for binding back 
issues of the RCA Engineer. The binders 
are 91/4 x 12 x 31/4 and will hold about 
10 issues each. The magazines are held 
in place by wire rods (supplied) that run 
along the center fold of the magazine and 
snap in place (no need to punch holes 
or otherwise mutilate the issue). These 
binders may be ordered directly for two- 
week delivery as follows: Order by stock 
number and description exactly as below: 
make check or money order payable 
directly to the vendor, and specify 
method of shipment: 

Binder, rod type, 358 -34, 
price $3.92 each. 

Order from: 
Mr. Schaffer, A. Pomerantz & Co. 
1525 Chestnut St., Philadelphia, Pa. 
Phone: 215 LO -86116 

DiMauro and Silverstein are new EdReps 
for Solid State Division 

Joseph DiMauro and Seymour Silverstein 
have been appointed Editorial Representa- 
tives for the Solid State Division. Editorial 
Representatives are responsible for planning 
and processing articles for the RCA 
Engineer, and for supporting the corporate - 
wide technical papers and reports program. 
Mr. DiMauro will represent the Mountain- 
top plant and Mr. Silverstein will cover the 
Power Transistor operation in Somerville. 

Mr. DiMauro received the BME from the 
Polytechnic Institute of Brooklyn and the 
MBA from Wilkes College. He joined Elec- 
tronic Components as an Equipment 
Development Design Engineer at the Harri- 
son plant. He later transferred to Somerville 
where he was a Manufacturing Engineer and 
an Engineering Writing Specialist. He joined 
Mountaintop as a Manufacturing Engineer, 
advancing to Engineering Leader and then 
to his present position of Manager, Quality 
Assurance. Mr. DiMauro is a licensed 
Professional Engineer in Pennsylvania and 
New Jersey. 

- +; t; 

1.t s_ 

Mr. Silverstein received the BSME from 
City College of New York in 1951 and the 
BSEE from the same college in 1956. He 
received the MS in Management Science 
from Stevens Institute of Technology in 
1965. Mr. Silverstein joined RCA in 1951 

as a Trainee. He joined the Semiconductor 
Division in 1952 and was assigned to the 
Development Shop in Harrison. He later 
transferred to Somerville, where he has 
developed, refined, and optimized device 
processes prior to their transfer to the 
factory. Mr. Silverstein transferred to the 
Semiconductor Model Shop in 1959, where 
he gained extensive knowledge in the pilot 
production devices. He was promoted in 

1961 to Design Engineer and was assigned to 
the Industrial Design group of the Semicon- 
ductor Division. Mr. Silverstein is now a 

senior member of the technical staff in 
Power Transistor Design. In 1969, he was 
the recipient of an RCA Achievement 
Award for his work in developing the Ver- 
sawatt plastic transistor package. Mr. Sil- 
verstein holds one patent on processes for 
semiconductor devices. 
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Index to RCA Engineer 
Volume 17 
This index covers Vol. 17 -1 (June -July 1971), 17 -2 (Aug. -Sept. 1971), 17 -3 
(Oct. -Nov. 1971), 17 -4 (Dec. 1971 -Jan. 1972), 16 -5 (Feb. -Mar. 1971), and 
the present issue, 17 (April -May 1971). Since RCA Engineer articles are 
also available as reprints, the reprint number (PE -000) is noted throughout. 
RCA Engineer papers are also indexed along with all other papers written 
by the RCA technical staff in the annual Index to RCA Technical Papers. 

Subject Index 

Titles of papers are permuted where necessary 
to bring significant keyword(s) to the left for easier 
scanning. Authors' division appears parentheti- 
cally after his name. 

SERIES 100 
BASIC THEORY & 
METHODOLOGY 

110 Earth & Space Sciences 
geology, geodesy, meteorology, 

atmospheric physics, astronomy, outer space 
environment, etc. 

OPTICAL PROPERTIES of Water in Situ, 
Measuring -Dr. L. E. Mertens. W. H. Manning. 
Jr. (SvCo. Fia) 17 -2 RCA Reprint Booklet. RCA 

Optics, PE 535 

125 Physics 
. electromagnetic field theory, quantum 

mechanics, basic particles, plasmas, solid - 
state, optics, thermo- dynamics, solid 
mechanics, fluid mechanics, motion, acoustics, 
etc. 

see also 105 CHEMISTRY 
205 MATERIALS (ELECTRONIC) 
270 MATERIALS 

Mecha nica I) 

OPTICS AND ELECTRON OPTICS as Com- 
petitive and Complementary Technologies 
-Dr. E. G. Ramberg (Labs, Pr) 17 -2 RCA 

Reprint Booklet, RCA Optics. PE 535, PE 539 

130 Mathematics 
. basic 8 applied mathematical methods 

one also. 140 CIRCUIT & NETWORK 
THEORY 

370 COMPUTER PROGRAMS 
(SCIENTIFIC) 

MONTE CARLO TECHNIQUES for use In 
Upper Atmosphere Problems -R. R. McKin- 
ley. S. M. Siskind. Dr. G. K. Bienkowski (AED, 
Pr) 17 -5 RCA Reprint RE- 17 -5 -4 

150 Environmental & Human 
Factors 

. influence of physical environment and/or 
human users on engineering design; life support 
in hostile environments 

HUMAN ROLE in Command and Control 
Systems of the 70's, The -B. Patrusky (CSD, 
Camden) 17 -1 RCA Reprint Booklet Govern- 
ment Engineering, PE 532 

160 Laboratory Techniques & 
Equipment 

. experimental methods 8 equipment, lab 
facilities, testing, data measurement, spectros- 
copy, electron microscopy, dosimeters. 

TRIBOELECTR IC MEASUREMENTS, 
Procedure for Making -E. C. Giaimo, Jr. 
(Labs. Pp 17 -1 RCA Reprint PE 523 

170 Manufacturing & 
Fabrication 

. production techniques for materials, 
devices, 8 equipment 

see also 175 RELIABILITY. QUALITY 
CONTROL. 8 
STANDARDIZATION 

CENTRAL COMPUTER SYSTEM a 

Manufacturing Cost Saver -S. V. Cianirone 

(CS. PBG) 17-4 RCA Reprint RE- 17 -4 -6 

110 

CHIP COLLECTION, Drilling -M. Novick 
(AED, Pr) 17 -2 RCA Reprint Booklet. Govern- 
ment Engineering, PE 532 

DETERMINING MANPOWER for Inprocess 
Inspection by use of Queuing Theory -J 
Davin (CE. In) 17-4 RCA Reprint RE- 17 -4 -11 

HYBRID PACKAGING for High Perform - 
ence -F. Fenster (SSD. Som) 17-4 RCA RE- 

print RE 17 -4 -16 

JOINING OPERATION for Ceramic Circuits 
-State of the Art -E. R. Skaw (CE, In) 17 -1 

RCA Reprint RE 17 -1 -9 

PACKAGING CONCEPTS for Beam -Lead 
Devices -A. S. Rose. W D. Bailey, H. Fenster, 

W J. Greig (SSD, Som) 17 -3 RCA Reprint RE- 

17-3-15 

PHOTOMASK RESOLUTION, Optical and 
Mechanical Limits of Hook (Labs. Pr) 17- 

6 RCA Reprint 17 -6 -17 

PRINTING INKS, Rheological Properties 
of -Y H Wang ICE. In) 17 -1 RCA Reprint 17- 

1-8 

THERMAL RESISTANCE of Integrated Cir- 
cuits, New Techniques for Measuring). 
P Lintz (CS. PBG) 17 -5 RCA Reprint 17 -5 -22 

175 Reliability, Quality Control, 
& Standardization 

. value analysis, reliability analysis, stan- 
dards for design 8 production, etc. 

170 MANUFACTURING & 

FABRICATION 
325 CHECKOUT, MAINTE- 

NANCE, B USER SUPPORT 

METRICATION -C. P Kocher (R &E 

Camden) 17-5 RCA Reprint RE- 17 -5 -6 

RELIABILITY Engineering, Trends in -V. 
Lukach (SSD, Som) 17-4 RCA Reprint 17 -4 -3 

SUBMITTING TO UL for Safety -D. K. Oben- 
land. F. E. Korzekwa (CE. In) 17-4 RCA Reprint 
RE- 17 -4 -9 

180 Management & Business 
Operations 

.. organization, scheduling, marketing, per- 
sonnel 

BUSINESS AND LONG RANGE PLANS, 
Basic Time- Sharing Programs for -R. R. 

Lorentzen (EC, Hr) 17-4 RCA Reprint RE 17- 
4-22 

DESIGN ENGINEERING All the Way -J. L. 

Hathaway (NBC. NY) 17 -5 RCA Reprint RE- 
' 7-5-10 

ENGINEERING ETHICS and the Con - 
sumer -Dr. James Hillier (RAE. Pr) 17-4 RCA 
Reprint RE ' 7 -4 -23 

INSIDE ROMANIA, 1970 -Dr. J, I. Pankove 
(Labs, Pr) 17 -1 RCA Reprint PE 527 

INVENTOR and His Patent Attorney "Why 
Didn't You Ask Me ? " -J. D Lazar (P&L. Pr) 

17-1 RCA Reprint PE 524 

LABORATORIES RCA LTD -A Profile - 
R. F. Holtz (La bs, Zurich )17-2RCAReprintBook- 
let. RCA Optics, PE 535 

PROFESSIONAL SOCIETIES, The Engineer 
and -I. M Seideman (AED. Pr) 17 -3 RCA 

Reprint RE 17 -3 -21 

RCA Part V -The Years 1966- 1971 -Dr. J. 

Hillier (RBE. Pr) 17-1 RCA Reprint Booklet. 
Five Historical Views. PE -534 

RCA SHAREHOLDERS -1971, Address to 
-R. W. Jarr.o.t (.:orp.. NY) 17 -1 RCA Reprint 
RE 17 -1 -2E 

READERSHIP SURVEY, Fourth RCA 
Egnineer -P. C. Farbro (Corp., NY) 17 -2 RCA 
Reprint RE 17 -2 -17 

RESEARCH CONFERENCE, MIT- RCA -W. 
O. Hadlock (R &E, Camden) 17 -1 RCA Reprint 
PE -544 

RESEARCH, The Five Hats of -J. Hillier 
I,R&E. Pr) 17-6 RCA Reprint 17 -6 -18 

SOCIETY? Engineers: What Can You do for 
-Dr. G. H. Brown (P &L, Pr) 17 -1 RCA Reprint 
Booklet, Government Engineering PE -532, PE 

525 

SOLID -STATE TECHNOLOGY CENTER- 
-Purpose and Plans -R Engelbrecht 
(SSD, Som) 17 -3 RCA Reprint RE 17 -3 -18 

SOLID STATE: Where It's Been and Where 
It's Headed- --W C. Hittinger (SSD. Som) 17-2 
RCA Reprint PE 549 

SERIES 200 
MATERIALS, DEVICES, & 
COMPONENTS 

205 Materials (Electronic) 
. . . preparation 8 properties of conductors; 
semiconductors; magnetic, electro- optical, 
recording, & electro- magnetic materials 

see also 270 MATERIALS 
(MECHANICAL) 

105 CHEMISTRY 
125 PHYSICS 
160 LABORATORY TECH- 

NIQUES & EQUIPMENT 
170 MANUFACTURING 8 

FABRICATION 

INSULATING FILMS, Breakdown Measure- 
ments of -Dr. J E. Carnes. Dr. M. T. Duffy, 
Dr. C. W. Mueller(SSD, Som)17 -3 RCA Reprint 
PE 537 

MATERIALS AND PROCESSES LABORA- 
TORY -Dr. J. A. Amick (SSD, Som) 17 -3 
RCA Reprint RE 17 -3 -11 

PHOTOCHROMIC AND CATHODOCHRO- 
MIC Recording Materials, Inorganic -R. 
C. Duncan. Jr.. Dr. B. W. Faughnan, Dr. 

W. Phillips (Labs, Pr) 17-2 RCA Reprint Book- 
let. RCA Optics. PE 535, PE 538 

SINGLE CRYSTALS and Thin Films, Prepa- 
ration of -B. Curtis. J. Kane, H. Lehmann. H. 

von Philipsborn, R. Widmir (RCA Ltd, Zurich) 
17 -3 RCA Reprint 17 -3 -19 

210 Circuit Devices & 

Microcircuits 
. electron tubes 8 solid -state devices (ac- 

tive 8 passive); integrated, array, 8 hybrid mic- 
rocircuits; molecular circuits; resistors 8 
capacitors; modular 8 printed circuits; circuit 
interconnection; waveguldes 8 transmission 
lines; etc. 

see also 220 ENERGY 8 POWER 
SOURCES 

205 MATERIALS (ELECTRONIC) 
225 ANTENNAS 8 

PROPAGATION 
215 CIRCUIT 8 NETWORK 

DESIGNS 

BEAM -LEAD COS /MOS Integrated Circuit 
-L A Murray. B. W. Richards ISSD. Som) 

17 -3 RCA Reprint RE 17 -3 -8 

CAPACITORS for Ceramic Integrated 
Circuits -J. H. Shelby (CE. In) 17 -1 RCA Re- 

print RE 17 -1 -10 

CERAMIC CIRCUIT PRODUCTION, The Use 
of Small Computers for -C. A. Brombaugh, 
M. Oakes, J. W. Stephens, L. L. Tretter (CE, 

In) 17 -1 RCA Reprint RE- 17 -1 -6 

CERAMIC INTEGRATED CIRCUIT Devel- 
opment-R. D. Snyder, J. W Stephens (CE. In) 

17 -1 RCA Reprint RE- 17 -t -5 

COMPUTER MICROELECTRONICS Resi- 
dent Facility -D. E. Kowallek (CS, PBG) 17 -3 

RCA Reprint 17 -3 -2 

COS /MOS IC's Offer 25 -ns Speed and Di- 
rect Interlacing with Saturated Logic, New 
Low -Voltage -R. E. Funk (SSD, Som) 17 -1 

RCA Reprint RE 530 

ECL DEVICES, Measuring Input Imped- 
ance of Au (CS. PBG) 17-4 RCA Reprint 
RE 17 -4 -24 

FLIP -CHIP SEMICONDUCTOR DEVICES for 
Hybrid Circuits -B. A. Hegarty (CE. In) 17 -1 

RCA Reprint RE 17 -1 -11 

LAMINATED OVERLAY POWER TRAN- 
SISTORS, High -Voltage -R. Amantea, H. 

Becke. P. Bothner, J. White (SSD, Som) 17 -4 

RCA Reprint RE 17 -4 -2 

PIEZOCERAMIC DEVICE Application -P. 
Nelson (EASD. Van Nuys) 17 -2 RCA Reprint 
Booklet. Government Engineering PE 532. 

PIN DIODE RF Switch, High Power -D. H. 

Hurlburt, R. E. Cardinal (RCA Ltd., Mont.) 17 -6 

RCA Reprint RE 17 -6 -20 

P -MOS TECHNOLOGY for Quick Turn- 
around Custom LSI -T. R. Mayhew. K R. 

Keller. H. Borkan (SSD, Som)17.4 RCA Reprint 
RE 17 -4 -19 

POWER TRANSISTORS, Development of 
low- and medium-frequency-J. Gaylord. J. 
Olmstead, Or A Blicher (SSD. Som) 17 -3 RCA 
Reprint RE 17 -3 -14 

PULSE GENERATOR, Gigahertz -Rate 
Hundred -Volt -K. Kawamoto (Labs, Pr) 17-6 
RCA Reprint 17 -6 -20 

RADIATION- RESISTANT COS /MOS De- 
vices-L. A. Murray. Dr. J. M. Smith (SSD. Som) 
17-4 RCA Reprint RE 17 -4 -14 

SCHOTTKY BARRIER DEVICES -R. T. Sells 
(CS. PBG) 17 -4 RCA Reprint RE 17 -4 -10 

SCREEN -PRINTED RESISTORS, The 
Advantages of -T. R. Allington (CE, In) 17 -1 

RCA Reprint RE 17 -1 -7 
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SEMICONDUCTOR IC Technology -H. S. 

Müller (SSD. Som) 17 -3 RCA Reprint RE 17- 
3-13 

SILICON -ON- SAPPHIRE, The Ultimate 
MOS Technology -E. J. Boleky, Dr. P. A. 
Crossley, J. E. Meyer. S. G. Policastro, Dr. W. 
C. Schneider (SSD, Som) 17-3 RCA Reprint 
RE 17 -3 -5 

THYRISTOR Horizontal Deflection and 
High -Voltage Circuits -G. Forster (RCA Ltd. 
Zurich) 17 -3 RCA Reprint 17 -3 -19 

"VAPODEP " -(EC, Harsn) RCA Applica- 
Dawson, L. A. Jacobus, R. H. Brader (SSD, 
Som) 17 -3 RCA Reprint RE 17 -3 -10 

VIDEO AMPLIFIER, Hybrid Microelectric 
-L. J. Thorpe (CSD. Camden) 17-5 RCA 
Reprint RE 17 -5 -18 

215 Circuit & Network Designs 
. analog & digital functions In electronic 

equipment; amplifiers, filters, modulators, mic- 
rowave circuits, A -D converters, encoders, 
oscillators, switches; logic & switching networ- 
ks; masers & microwave circuits; timing & con- 
trol functions; fluidic circuits. 

see also 210 CIRCUIT DEVICES & 
MICROCIRCUITS 

225 ANTENNAS & 
PROPAGATION 

220 ENERGY & POWER 
SOURCES 

140 CIRCUIT & NETWORK 
THEORY 

BIPOLAR /MOS INTERFACE CIRCUIT 
Design and Technology -H. Beelitz, N. Dit - 
rick (SSD. Som) 17 -3 RCA Reprint RE 17 -3 -12 

CMOS CUSTOM ARRAYS, Computer - 
Generated Low -Cost -A. Feller, A. M. Smith, 
R. Noto, P. W, Ramondetta, R. L. Pryor, J. 

N. Greenhouse (ATL, Camden) 17-3 RCA Re- 

print RE 17 -3 -4 

COS /MOS MEMORY ARRAY Design -A. 
Dingwall. J. Jorgensen. J. Oberman, G. Waas 
(SSD. Som) 17 -3 RCA Reprint 17 -3 -17 

COS /MOS MEMORY SYSTEM Design, Low - 
Power -J. R. Oberman, G. J. Waas (SSD, Som) 
11.4 RCA Reprint RE- 17 -4 -1 

FLUORESCENT INVERTER, Single- 
Transistor Regulated -J. C. Sondermeyer 
(SSD. Som) 17-4 RCA Reprint RE 17 -4 -24 

FREQUENCY COMPARATOR -F. C. Easter 
(EASD. Van Nuys) 17-5 RCA Reprint RE 17- 

5-22 

INTERPHONE AMPLIFIER, New High 
Impedance -J. L. Hathaway (NBC, NY) 17 -1 

RCA Reprint RE 17 -1-16 

MONOLITHIC APPLICATIONS -Divisional 
Interface -R. H. Bergman, F. Borgini, L. Dillon, 
Jr., G. E. Skorup (SSD. Som) 17-4 RCA Reprint 
RE 17 -4 -18 

PHOTO ALARM Does Double Duty, Simple 
-J. F. Kingsbury (Labs, Pr) 17-1 RCA Reprint 
RE 17 -1 -21 

SEMICONDUCTOR ARRAYS FOR Mass 
Memories -N. D. Reddy, Dr. W. Bosenberg, 
N. Burton. I. Kalish, L. Pope (SSD, Som) 17 -3 

RCA Reprint RE 17 -3 -22 

UNINJUNCTION OSCILLATORS With a 

Bootstrap T°L Output, Classical -R. A. Man- 

cini, G. H. Fairfax (CS. PBG) 17 -1 RCA Reprint 

17 -1 -21 

240 Lasers, Electro- optical, & 
Optical Devices 

. design 6 characteristics of lasers; compo- 
nents used with lasers in electro- optical sys- 
tems, I , (excludes: masers). 

see also. 205 MATERIALS (ELECTRONIC) 
210 CIRCUIT DEVICES & 

MICROCIRCUITS 
215:CIRCUIT & NETWORK 

DESIGNS 
125 PHYSICS 
245 DISPLAYS 

CLOSE -CONFINEMENT LASER DIODES, 
High-Power GaAs-T, Gonda, R. B. Gill (SSD, 
Som) 17 -2 RCA Reprint RE 17 -2 -5 

COLOR PHOTOGRAPHY, Low- Light -Lev- 
el -E. Hutto, Jr. (ATL, Camden) 17-2 RCA Re- 
print Booklet. RCA Optics PE 535 

FACSIMILE SYSTEM Using the LR 70 La- 
ser Scanner, High Speed -L. W. Dobbins 
(CSD, Camden) 17 -6 RCA Reprint RE 17.6 -22 

HOLOGRAPHIC Information Storage and 
Retrieval -Dr. R. S. Mezrich (Labs, Pr) 17 -1 

RCA Reprint PE 526 

HOLOGRAPHIC RECORDING IN Crystals 
-Dr. J. J. Amodei. Dr. W. Phillips, Dr. D. 
L. Staebler (Labs, Pr) 17 -2 RCA Reprint 
Booklet, RCA Optics. PE 535, PE 540 

IMAGE REPRODUCER (LBIR), Laser Beam 
-S. M. Rayner (AED, Pr) 17 -2 RCA Reprint 
Booklet, RCA Optics, PE 535. PE 543 

LASER BEAM IMAGE REPRODUCER, 
Third-Generation-S. Rayner (AED. Pr) 17 -6 
RCA Reprint RE 17 -6 -15 

LASER SYMPOSIUM, Corporate -H. Sobol 
(Labs, Pr) 17-5 RCA Reprint RE 17 -5 -21 

LIGHT DEFLECTION System, Binary-J. 
A. Rajchman (Labs. Pr) 17-6 RCA Reprint RE 

17 -6 -20 

OPTICAL SIGHT, LCRU -M. Levene (AIL. 
Camden) 17 -3 RCA Reprint RE 17 -3 -19 

OPTICS AND ELECTRON As Competitive 
and Complementary Technologies -Dr. E. 

G. Ramberg (Labs, Pr) 17 -2 RCA Reprint 
Booklet, RCA Optics, PE 535, PE 539 

SILICON MOSAIC TARGET -Blending 
Semiconductor and Camera Tube 
Technologies -A. D. Cope (EC, Lanc) 17-4 
RCA Reprint RE 17 -4 -5 

245 Displays 
. equipment for the display of graphic, 

alphanumeric, & other data in communications, 
computer, military, & other systems; CRT 
devices, solid state displays, holographic dis- 
plays, etc. (excludes: television) 

see also 205 MATERIALS (ELECTRONIC) 
345 TELEVISION & BROAD- 
CAST SYSTEMS 

ALEPHECHON STORAGE TUBE, Display 
System Using the -F. J. Marlowe. F. Wendt, 
C. Wine (Labs. Pr) 17-6 RCA Reprint RE 17- 

6-12 

CATHODOCHROMIC IMAGE DISPLAY Ap- 
plications-Dr. I. Gorog (Labs, Pr) 17 -2 
RCA Reprint Booklet, RCA Optics, PE 535. PE 

541 

COLOR DECODING PROJECTOR For Low - 
Light -Level Color Photography -Dr. L. J. 
Nicastro. E. Hutto. Jr. (ATL, Camden)17 -2 RCA 
Reprint Booklet, RCA Optics, PE 535 

CRT, High Resolution -O. Choi, C. J. Widder 
(EC. Lanc) 17-6 RCA Reprint 17 -6 -14 

CRT PHOTO TYPESETTING SYSTEM, Hard- 
ware Software Tradeoffs for a -S. Raciti 
(GS. Dayton) 17-6 RCA Reprint RE 17 -6 -21 

CRT TESTER, Precision -E. D. Simshauser 
(GS, Dayton) 17-6 RCA Reprint RE 17 -6 -13 

DIGITAL READOUTS -P. Farina (SSD, Som) 
17 -6 RCA Reprint RE 17 -6 -3 

ELECTROPHOTOGRAPHY -H. Kíess (RCA 
Ltd. Zurich) 17.3 RCA Reprint 17 -3 -19 

FACSIMILE PRINTING Using Liquid Crystal 
Arrays -J. Tults, DL.Matthies, (Labs, Pr) 17-6 
RCA Reprint 17 -6 -1 

HOLOGRAPHIC Audio /Video Storage & 
Display -R. Norwalt, p. Nelson (EASD, Van 
Nuys) 17-6 RCA Reprint RE 17 -6 -7 

IDEOGRAPHIC COMPOSING MACHINE 
-W. F. Heagerty (CE. In) 17 -2 RCA Reprint 
Booklet, RCA Optics, PE 535 

IMAGE ENHANCEMENT, Digital and Opti- 
cal Tehniques for -P. C. Murray, W. W. Lee 
(AED, Pr) 17-6 RCA Reprint RE 17 -6 -16 

LIQUID CRYSTAL DYNAMIC SCATTERING, 
Application of-H. C. Schindler (SSD, Som) 
17 -6 RCA Reprint RE 17 -6 -2 

MULTI -COLOR DISPLAYS, Penetration - 
Type Cathode -Ray Tube for -D. D. Shaffer 
(EC, Lanc) 17-6 RCA Reprint RE 17 -6 -20 

NUMITRON Applications -F. Feyder (SSD, 

Som) 17-6 RCA Reprint 17 -6 -5 

NUMITRONS, Design and Constructions of 
-R. Reichert (SSD, Som) 17 -6 RCA Reprint 
17 -6 -4 

STORAGE TUBES for Computer Displays 
-F. J. Marlowe (Labs, Pr) 17-6 RCA Reprint 
RE 17 -6 -11 

VECTOR GENERATION, A Technique for 
Constant Rate Digital -W Poppen, J. Lyon 
(EASD, Van Nuys) 17 -6 RCA Reprint RE 17 -6 -8 

VISIBLE -LIGHT -EMITTING DIODES -C. J. 

Nuese. H. Kressel. I. Ladany (Labs, Pr) 17- 

6 RCA Reprint RE 17 -6 -10 

250 Recording Components & 
Equipment 

.. . tape, disk, drum, film, holographic, & other 
assemblies for audio, image, & data systems; 
magnetic tape, tape heads, pickup devices, etc. 

see also 340 COMMUNICATIONS 
EQUIPMENT & SYSTEMS 

360 COMPUTER EQUIPMENT 
345 TELEVISION & 

BROADCAST SYSTEMS 

DIGITAL DISK MEMORIES -Dr. R. Shahben- 
der. Dr. J. G. Woodward (Labs. Pr) 17-5 RCA 

Reprint RE 17 -5 -1 

DRUM MEMORIES, EASD -J. M. Chambers, 
G. Biresak, J. K. Mathews (EASD, Van Nuys) 

17 -5 RCA Reprint 17 -5 -17 

HOLOGRAPHIC Audio /Video Storage & 

Display -R. Norwalt, P. Nelson (EASD, Van 

Nuys) 17-6 RCA Reprint RE 17 -6 -7 

MAGNETIC RECORDING, Advanced 
Digital -G. V. Jacoby (CS. Marl) 17 -5 RCA 

Reprint 17 -5 -14 

MATERIAL TRANSFER RECORDING -M. L. 
Levene, Dr R. D. Scott, B. W. Siryj (ATL, 
Camden) 17 -2 RCA Reprint Booklet RCA 
Optics, PE 535 

SIGNAL DETECTION in Digital Magnetic 
Recording Stores -Dr. A. A. Guida (Labs, Pr) 
17-5 RCA Reprint RE 17-5-2 

270 Materials (Mechanical) 
. preparation & properties of structural, 

adhesive, protective, hydraulic & lubricant 
materials 

see also. 205 MATERIALS (ELECTRONIC) 
125 PHYSICS 
160 LABORATORY TECH- 

NIQUES A EQUIPMENT 

MAGNETIC MATERIALS for Disks -Dr. E. 

F. Hockings (Labs. Pr) 17-5 RCA Reprint RE 

17 -5 -5 

275 Mechanical, Structural, & 
Hydraulic Components 

. bearings, beams, servo's, valves, etc. 
see also. 270 MATERIALS (MECHANICAL) 

DIGITAL DISK SLIDERS, Aerodynamics of 
-Dr. G. R. Briggs, J. Guaracini. P. G. Herkart 
(Labs. Pr) 17-5 RCA Reprint RE- 17 -5 -7 

HYSTERESIS MOTORS and New Damping 
Techniques, Hunting in -S. P. Clurman 
(CSD. Camden) 17 -3 RCA Reprint PE 533 

PAPER FEED SYSTEM for a High -Speed 
Printer -D. Janz (CS, Marl) 17-5 RCA Reprint 
RE 17 -5 -13 

STEPPER -MOTOR Film Drive -F. R. Gold- 
ammer (Labs, Pr) 17 -5 RCA Reprint RE 17 -5 -9 

280 Thermal Components & 

Equipment 
. . heating & cooling components & equip- 
ment; thermal measurement devices; heat sinks 
& thermal protection designs; etc. 

LOUVER SYSTEM, Frictionless Bimetal - 
Actuated -P. J. Williams (AED, Pr) 17-5 RCA 
Reprint RE 17.5 -8 

PHASE -CHANGE HEAT -TRANSFER Tech - 
niques-B. Shelpuk (AED, Pr) 17 -2 RCA Re- 
print Booklet, Government Engineering, PE 532 

SERIES 300 
SYSTEMS, EQUIPMENT & 
APPLICATIONS 

310 Spacecraft & Ground 
Support 

spacecraft & satellite design, launch vehi- 
cles, payloads, space missions, space naviga- 
tion. 

see also: 110 EARTH & SPACE 
SCIENCES 

325 CHECKOUT. MAINTE- 
NANCE, & USER SUPPORT 

150 ENVIRONMENTAL & 

HUMAN FACTORS 
320 RADAR. SONAR, & 

TRACKING SYSTEMS 

CELESTIAL NAVIGATION, The New -Inex- 
pensive Position Fixes by Satellite -l. E. 

Board (AHD, Pr) 17 -5 RCA Reprint RE 17 -5 -12 

ITOS -1 (TIROS -M), Design and Orbital Per- 

formance of -A. Schnapt (AED. Pr) 17-1 RCA 

Reprint Booklet, Government Engineering, PE 

532, PE 542 

111 

www.americanradiohistory.com

www.americanradiohistory.com


315 Military Weapons & 

Logistics 
missiles, command & control, etc. 

see also 325 CHECKOUT. MAINTE- 
NANCE & USER SUPPORT 

340 COMMUNICATIONS 
EQUIPMENT & SYSTEMS 

320 RADAR, SONAR, & 

TRACKING SYSTEMS 

COMMAND AND CONTROL SYSTEMS of 
the 70's, The Human Role in -B. Patrusky 
(CSD- Camden) 17 -1 RCA Reprint Booklet, 
Government Engineering, PE 532 

325 Checkout, Maintenance, & 
User Support 

... automatic test equipment, maintenance & 
repair methods, installation & user support, etc. 

see also 175 RELIABILITY. QUALITY 
CONTROL & 
STANDARDIZATION 

EQUIPMENT TESTER, Automatic Commun- 
¡cations -F Ptiflerhng. D. H. Williamson 
(Corp. Mrstn) 17 -5 RCA Reprint RE 17 -5 -19 

TEST -DATA ACQUISITION AND PRO- 
CESSING, RUDI: Computer -Controlled 
-B. Mangolds (EC. Hr) 17.1 RCA Reprint Book- 
let, Government Engineering. PE 532 

Author Index 
Subject listed opposite each author's name 
indicates where complete citation to his 
paper may be found in the subject index. 
An author may have more than one paper 
for each subject category. 

Astro- Electronics Division 
Bienkowski, G. D.,130 
Board, J. E., 310 
Kingsbury, J. F., 215 
Lee, W. W., 245 
McKinely, R. R., 130 
Murray, P. C., 245 
Novick, M., 170 
Rayner, S. M., 240 
Schnapf, A., 310 
Seideman, I. M., 180 
Shelpuk, B., 280 
Siskind, S. M., 130 
Williams, R. J., 280 

Communications 
Systems Divison 

Clurman, S. P., 205 
Dobbins, L. W., 240 
Mackiw, G. E., 340 
Patrusky, B., 150. 315 
Sass, E. J., 340 
Thorpe, L. J., 210, 215 
Tyree, B. E., 340 
Williamson, D. H., 325 

Computer Systems 
Fairfax, G. H.,215 
Janz, D.,276 
Lintz, J. P., 170 
Mancini, R. A., 215 
Singleton, R. S., 370 

Consumer Electronics 
Allington, T. R., 210 
Brombaugh, C. A., 210 
Heagerty, W. F., 245 
Hegarty, B. A., 210 
Hong, S. O., 365 
Lockhart, R. K., 345 
Oakes, M., 210 
Shelby, J. H., 210 
Skew, E. R., 170 
Snyder, R. D., 210 
Stephens, J. W., 210 
Treffer, L., 210 
Wang, Y. H., 170 
Young, S. P., 365 
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340 Communications 
Equipment & Systems 

. industrial, military, & commercial systems; 
telephony, telegraphy, & telemetry (excluding: 
television & broadcast radio). 

see also: 345 TELEVISION 8 
BROADCAST SYSTEMS 

250 RECORDING COMPO- 
NENTS & EQUIPMENT 

225 ANTENNAS & 

PROPAGATION 
135 INFORMATION THEORY & 

OPERATIONS RESEARCH 

COMMUNICATION NETWORK, Simulation 
for a Circuit and Message Switch -K. Weir. 
P. Boehn (CSD. Camden) 17 -4 RCA Reprint 
RE 17 -4 -24 

MULTIPLE PSK SIGNALS Through a Hard 
Limiter, Error Rate of -B. E. Tyree. J. Bailey 
(CSD, Camden) 17 -5 RCA Reprint RE 17 -5 -16 

NEW PRODUCTS Engineering in Consumer 
Electronics -R. K Lockhart (CE. In) 17 -5 RCA 

Reprint RE 17 -5 -11 

SPEECH BANDWIDTH COMPRESSION BY 
Analytic Rooting -E. J. Sass. G. E. Mackiw 
(CSD. Camden) 17 -2 RCA Reprint Booklet, 
Government Engineering. PE 532 

VIDEOVOILE -S. N. Friedman (Glob -Corn, 
NY) 17 -2 RCA Reprint PE 545 

Electromagnetic and Aviation 
Systems Divison 
Bíresak, G.. 250 
Chambers, J. M., 250 
Easter, F. C., 215 
Goodman, S. A., 365 
Lyon, J., 245 
Nelson, P., 210, 245, 250 
Norwalt, R., 245. 250 
Poppen. W., 245 

Electronic Components 
Choi. O., 245 
Gill, R. B., 240 
Gonda, T., 240 
Kleppinger, R. E., 370 
Mangolds, B., 325 
Shaffer, D. D., 245 
Widder, C. J.. 245 

Global Communications Inc. 
Friedman, S. N., 340 

Graphics Systems 
Raciti, S., 245 
Simshauser, E. D., 245 

Government and 
Communications 
Systems Staff 
Pfifferling, F., 325 

NBC 

Hathaway, J. L., 180. 215 

Patents and Licensing 
Brown, G. H., 180 
Lazar, J. D., 180 

Research and Engineering 
Hadlock, W. O., 180 
Hllller, J., 180 
Kocher, C. P., 1 75 
Phillips, J. C., 395 
Strobl, F. J., 395 

365 Computer Programming & 

Applications 
. languages, software systems, & general 

applications 
(excluding: specific programs for scientific use) 

see also. 370 COMPUTER PROGRAMS 
(SCIENTIFIC) 

360 COMPUTER EQUIPMENT 

ALSIM- Microprogram Simulator -S. O. 

Hong. S P Young (CS. Marl) 17 -1 RCA Re- 

print RE 17 -1 -3 

DATA MANAGEMENT System, Peripheral 
-S. A. Goodman (EASE). Van Nuys) 17 -5 RCA 

Reprint RE 17 -5 -15 

QUEUE FORMATION in Computer Systems, 
Assessment of S Merriam (ATI. 
Camden) 17 -1 RCA Reprint Booklet. Govern- 
ment Engineering 

370 Computer Programs 
(Scientific) 

specific programs & techniques for scien- 
tific use; computation, simulation, computer 
aided design, etc.; (entries in this category 
generally consist of program documentation, 
listings, use instructions, decks, or tapes) 

see also 365 COMPUTER PROGRAM- 
MING & APPLICATIONS 

AUTOMATED DESIGN OPERATIONS: A 

Profile -J. P. Le Gault (CS. PBG) 17 -4 RCA 

Reprint RE 17 -4 -4 

RCA Laboratories 
Amodei, J. J., 240 
Briggs. G. R., 160 
Faughnan, B. W., 205 
Giaimo, E. C., 160 
Goldammer, F. R., 275 
Gorog, I., 245 
Guarnacini, J., 275 
Guida, A. A., 250 
Herkart, P. G., 275 
Hockings, E. F., 215 
Holtz, R. G., 180 
Hook, H., 170 
Kawamoto, K., 215 
Kressel, H., 245 
Ladany,1.,245 
Marlowe, R. J., 245 
Mathews. J. K., 250 
Matthies, D. L., 245 
Mezrich, R. S., 240 
Pankove, J. I., 180 
Phillips, W., 205. 240 
Rajchman, J. A., 240 
Ramberg, E. G., 125. 240 
Shahbender, R., 250 
Sobol, H., 240 
Staebler, D. L., 240 
lulls, J., 245 
Wendt, F., 245 
Wine, C., 245 
Woodward, J. G.. 250 

RCA Limited 
Cardinal, R. E., 210 
Curtis, B., 205 
Forster, G., 210 
Hurlburt, D. H., 210 
Kane, J., 205 
Kiess, H., 245 
Lehmann, H., 205 
von Philipsborn, H., 205 
Widmir, R., 205 

Solid State Division 
Amick, J. A., 205 
Bailey, J., 340 
Bailey, W. D., 170 
Beelitz, H., 215 
Blither, A., 210 
Boleky, E. J., 210 
Bosenberg, W., 215 
Brader, R. H., 210 
Burton, N 210 
Cames, J. E., 205 
Crossley, P. A., 210 
Dawson, R. H., 210 
Dingwall, A., 215 

BUSINESS AND LONG RANGE PLANS, 
Basic Time -Sharing Programs for -R. R. 

Lorentzen (EC, Hr) 17-4 RCA Reprint RE '7- 
4-22 

DESIGN AUTOMATION -Promise and 
Practice -E. P. Helpers. Dr J. C. Miller, D. G. 

Ressler (SSD. Som) 17 -3 RCA Reprint RE 17- 

3-9 

DIGITAL SIMULATION as a Design Tool 
-C. B. Davin. Dr. J. C. Miller. Dr L. M. Rosen- 
berg (SSD. Som) 17 -4 RCA Reprint RE 17 -4 -13 

PRODUCT ANALYSIS Using a Time -Shar- 
ingComputer -R. E. Kleppinger(EC, Hr) 17 -1 

RCA Reprint 17 -1 -19 

SIMULTANEOUS NONLINEAR EQUA- 
TIONS, Computer Solution of General 
Sets of -R. S Singleton (CS. PBG) 17 -5 RCA 

Reprint RE 17 -5 -3 

380 Graphic Arts & 

Documentation 
printing, photography, & typesetting, writ- 

ing, editing, & publishing; information storage, 
retrieval, & library science; reprography & mic- 
rostorage 

see also 365 COMPUTER PROGRAM- 
MING & APPLICATIONS 

TYPESETTING Than Setting Type, There's 
More to -P. E. Justus (GS. Dayton) 17 -4 RCA 
Reprint RE 17 -4 -7 

Ditrick, N., 215 
Duffy, M. T., 210 
Duman, D. J., 205 
Engelbrecht, R., 180 
Farina, P., 245 
Fenster, H., 170 
Feyder, F., 245 
Funk, R. E., 210 
Gaylord, J., 210 
Greg, W., 170 
Helped, E. P., 370 
Jacobus, L. A., 210 
Jacoby, G. V., 250 
Jorgenson, J., 215 
Kalish, I., 215 
Kowallek, D. E., 210 
Lukach, V., 175 
Meyer, J. E., 210 
Miilter, H. S., 210 
Miller, J. C., 370 
Mueller, C. W., 205 
Murray, L. A., 210 
Oberman, J. R., 215 
Olmstead, J., 210 
Policastro, S. G., 210 
Pope, L., 215 
Reddy, N. D., 215 
Reichert, R., 245 
Ressler, D. G., 370 
Richards, B. W., 210 
Rose, A. S., 170 
Schindler, H. C., 245 
Schneider, W. C., 210 
Waas, G. J., 215 

Corporate Staff 
Farbro, P. C., 180 
Samoff, R. W., 180 

Advanced Technology 
Laboratories 
Feller, A., 215 
Greenhouse, J. N., 215 
Hutto, E., 240, 245 
Levene, M. L., 240 
Merriam, A. S., 365 
Nicastro, L. J., 245 
Noto, R., 215 
Pryor, R. L., 215 
Ramondetta, P. W., 215 
Scott, R. D., 250 
Sky), B. W., 250 
Smith, A. M., 215 

Service Company 
Manning, W. H., 110 
Mertens, L. E., 110 
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Government and Commercial Systems 

Aerospace Systams Division 

Electronagnetic and 
Aviation Systems Division 
Astro- Electronics Division 

Missile & Surface Radar Division 
Government Engineering 

Government Plans and 
Systems Development 

Communications Systems Division 
Commercial Systems 

Government Communcations Systems 

Palm Beach Division 

Research and Engineerir 
Laboratories 

Electronic Components 
Entertainment Tube Division 

Industrial rube Division 

Solid State iiivision 

Consumer Electronics 

Service!, 
RCA Seriice Company 

Parts and Accessories 
RCA Global Communications, Inc. 

National Broadcasting Company, Inc. 
RCA Records 
RCA International Division 

Patents and Licensing 

RCA Ltd. 

Editorial Representatives 
The Editorial Representative in your group is the one you should contact in scheduling technical 
papers and announcements of your professional activities. 

M. H. AKILLIAN Engineering, Burlington, Mass. 
J. J. O'DONNELL Industry Systems Burlington, Mass. 

C. S. METCHETTE- Engineering, Van Nuys, Calif. 
J. McDONOUGH Engineering, Van Nuys, Calif. 

I. M. SEIDEMAN" Engineering, Princeton, N.J. 
S. WEISBERGER Advanced Development and Research, Princeton, N.J. 

T. G. GREENE- Engineering, Moorestown, N.J. 

M. G. PIETZ' Advanced Technology Laboratories, Camden, N.J. 
J. E. FRIEDMAN Advanced Technology Laboratories, Camden, N.J. 
J. L. KRAGER Central Engineering, Camden, N.J. 

E. J. PODELL' Engineering Information and Communications Camden, N J. 

A. H. LIND* Chairman, Editorial Board, Camden, N.J. 
N. C. COLBY Mobile Communications Engineering, Meadow _ands, Pa. 
R. N. HURST Studio, Recording, & Scientic Equip. Engineering, Camden, N.J. 
R. E. WINN Broadcast Transmitter & Antenna Eng., Gibbsboro, N.J. 

A. LIGUORI' Engineering, Camden, N.J. 

P. M. WOOLEY- Palm Beach Product Laboratory, Palm Beach Gardens, Fla. 

C. W. SALL' Research, Princeton, N.J. 
I. H. KA_ISH Solid State Technology Center, Somerville, N.J 
M. R. SHERMAN Solid State Technology Center, Somerville, N J. 

C. A. MEYER Chairman, Editorial Board, Harrison, N.J. 

J. KOFF Receiving Tube Operations, Woodbridge, N.J. 
J. H. LIPSCOMBE Television Picture Tube Operations, Maricn. Ind. 
E. K. MADENFORD Television Picture Tube Operations. Lar caster, Pa. 

J. M. FORMAN Industrial Tube Operations, Lancaster, Pa. 
H. J. WOLKSTEIN Microwave Tube Operations, Harrison. N.J. 

E. M. McELWEE' Chairman, Editorial Board, Somerville, N.J. 
J. DiMAURO Solid State Division. Mountaintop, Pa. 
S. SILVERSTEIN Power Transistors, Somerville, N.J. 
E. M. TROY Integrated Circuits, Somerville, N.J. 
J. D. YOUNG Solid State Division, Findlay, Ohio 

C. HOYT- Chairman, Editorial Board, Indianapolis, Ind. 
R. BUTH Engineering, Indianapolis, Ind. 
R. C. GRAHAM Radio Engineering, Indianapolis, Ind. 
F. HOLT Advanced Development, Indianapolis, Ind. 
E. JANSON Black and White TV Engineering, Indianapolis, lid. 
W. LIEDERBACH Ceramic Circuits Engineering, Rockville, Ind. 
J. STARK Color TV Engineering, Indianapolis, Ind. 
P. HUANG Engineering, RCA Taiwan Ltd., Taipei, Taiwan 

M. G. GANDER* Consumer Products Administration, Cherry Hill, N.J. 
W. W. COOK Consumer Products Service Dept., Cherry Hill, N.J. 
R. M. DOMBROSKY Technical Support, Cherry Hill, N.J. 
R. P. LAMB Missile Test Project, Cape Kennedy, Fla. 

C. C. REARICK- Product Development Engineering, Deptford, N.J. 

W. S. LEIS- RCA Global Communications, Inc., New York, N.Y. 
J. D. SELLERS RCA Alaska Communications, Inc., Anchorage, Alaska 

W. A. HOWARD' Staff Eng., New York, N.Y. 
M. L. WHITEHURST* Record Eng., Indianapolis, Ind. 

C. A. PASSAVANT` New York, N.Y. 

W. A. CHISHOLM* Research & Eng., Montreal, Canada 

J. EPSTEIN Staff Services. Princeton, N.J. 

*Technical Publication Administrators listed above are 
responsible for review and approval of papers and pre- 
sentations 
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