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Our cover shows the reconstruction of one of sev-
eral holograms stored and fixed in a gamma-
irradiated LiNbo, crystal. The converging beam
coming in from the left is the reference beam be-
ing used for readout. In addition to the recon-
structed object beam projecting the image (a
view of the Labs in Princeton) the photo shows the
transmitted (undiffracted) reference beam and the
reflected part of the reference beam. Photo credit:
Tom Cook, RCA Laboratories, Princeton.
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editorial
inp

If editors were seers endowed with su-
preme insight, reader surveys would not
be necessary. Sweating out this issue on
optics and optical systems didn’t per-
ceptibly improve our clairvoyance. So,
we turned to the best method we know—
and pored over 1500 questionnaires from
reader survey 4 to see if present courses
of action and future editorial pians match
reader interests.

Reflecting on our request to complete
survey 4, you readers could reasonably
ask the editors . . .

Q—Why are the editors so eager to get
our guidance?

A—If the journal is to remain ‘‘by and for
the RCA engineer,” its editors must
remain always in close touch with
readers, as well as editorial repre-
sentatives and advisory board mem-
bers.

Q—Don't the editors have good ‘'direc-
tivity' from previous surveys?

A—Through the constant help of editorial
representatives in every area, the edi-
tors manage to stay “‘on course’ rea-
sonably well. But, your reactions
constitute the perfect barometer to
measure the present publication and
steer its future course.

Q—Don’t the editors know desired themes
and the best mix of articles?

A—Over a short period of time this is
true. But the journal must follow care-
fully the rapid technological changes
within RCA so that the RCA Engineer
can truly represent the technical char-
acter and makeup of RCA

With the need for the new survey com-
pletely justified, at least in our own
minds, what then did we learn from you?

You generally supported our editorial
convictions: you expressed pride in the
journal’s professional approach and its
personalized characteristics; and you
expressed appreciation of being kept in-
formed—both technically and manage-
rially. This ali provides us a new strength
of purpose to move forward.

However, in several areas, we have al-
ready (based on your suggestions) es-
tablished new objectives. For example,

reactions to
reader survey 4

we plan to step up the tempo of pub-
lishing certain types of articles, espe-
cially in management planning areas. We
know there is an increased need for
close contact between the editorial rep-
resentatives and the readers. Specifi-
cally, you told us again that we must
remain broad in purpose and continue
to serve all the technical areas, large
and small, embracing electrical, me-
chanical, chemical, physical, manage-
ment, computer programming, and even
technical processing and manufacturing
skills.

As might be expected a minority of
readers in advanced development and
research areas preferred a modest in-
crease in theoretical approaches, but
other engineering areas committed to
the challenges of mechanical engineer-
ing and manufacturing engineering dis-
agreed with this idea. So, the challenge
of maintaining an intelligent and diver-
sified balance remains, as always, a pri-
mary editorial goal. You have suggested
that the RCA Engineer continue a modi-
fied thematic approach that includes a
prescribed number of good survey pa-
pers, occasional tutorial papers, and (in
the majority of cases) articles that both
inform and teach. Emphasis will be given
to new sciences and fields of engi-
neering, new developments, new tech-
niques, and advanced development and
research.

A substantial reader response indicates
desire for more articles on company
plans, objectives and policy. This edi-
torial approach, already begun, will be
stepped up through more ‘‘division pro-
files”, more ‘‘Engineer-and-the Corpora-
tion” papers, and by increased use of
interview type or question-and-answer
articles. Our recent quest for papers
dealing with engineering and its rela-
tionship to ecology seems justified by
your response and will be continued,
Another area you voted for emphatically
is the increased use of engineering-and-
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research notes. These ideas constitute
some of the important areas of feedback
resulting from survey 4.

Finally, in satisfying your recommenda-
tions ... and pursuing the major goal—
to produce a journal by and for the en-
gineer—we welcome your day-to-day
ideas and suggestions—and your profes-
sional papers to share with the technical
community.

References:

1. P. C. Farbro, "Results of Readership Survey
#1," RCA Engineer, Vo!. 2, No. 3 (Oct/Noyv,
1956).
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ership Survey,’ this issue.

Future issues

The next issue of the RCA Enginser discusses
integrated circuits and solid-state technology.
Some of the topics to be covered are:

Design automation and test technology
Semiconductor IC technology

COS/MOS memory array design

Materials and processes

Hybrid and packaging technology

Power technology and reliabitity

IC tabrication and applications

Discussions of the following themes are
ptanned for future issues:

Additional developments in solid-state
technology

Computer peripherals

Displays

Advanced Technology Laboratories
Systems programming

Semiconductor memories and COS/MOS
circuits

*
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Solid state: where it's been
and where it's headed

W. C. Hittinger

RCA’s role in the solid state market is becoming one of increased selectivity—relying
on leadership in distinct areas, such as power transistors and COS/MOS devices, or
in areas that offer significant potential return on investments, such as linear IC’s
and semiconductor memories. In this paper, Mr. Hittinger examines the business and
marketing considerations, the design and applications, and the new materials and
processes that should maintain RCA’s position as a major supplier of solid state
products for the home, industry, and government.

OLID STATE RESEARCH was begun

by RCA Laboratories in 1938, but
it wasn’t until 1948—the year Bell
Labs announced the invention of the
transistor—that the operating division
at Harrison became actively involved
in solid state work. By the end of
1948, six RCA engineers and techni-
cians were working in the Harrison
plant on development projects for
point-contact transistors.

Out of these beginnings grew the Solid
State Division, now comprising 6,000
employees and five major plants in
Somerville, N. J. (opened in 1956),
Findlay, O. (1959), Mountaintop, Pa.
(1960), Taoyuan, Taiwan (1967) and
Liege, Belgium (1970). Our Division
is a world-wide leader in a number of
solid-state areas, including power
transistors, linear 1¢’s for home enter-
tainment equipment, and Co0S/MOs
(complementary symmetry metal-ox-
ide-semiconductor) 1C’s.

For many years, the Division had been
a major supplier of small signal tran-
sistors, having delivered more than
500 million since 1957. But the popu-
larity of the small signal transistor is
waning; its functions are being as-
sumed by segments of 1¢’s which are
performing larger, more complex, in-
tegrated functions. In a sense, by our
very development of linear 1C’s, we
have helped eliminate a major, profit-
able product line.

The signal transistor story is illustra-
tive of one of the most challenging
and rewarding, yet frustrating, aspects
of the solid state business. It is evo-

Reprint RE-17-2-23
Final manuscript received August 16, 1971.

lutionary at a startling rate, with
changes induced by repeated improve-
ments in materials, processes and de-
sign concepts.

We have been recognized for our
technical leadership in several areas,
with our image much stronger in
power semiconductors than in IC’s,
simply because we did not enter the
ic market until 1965,

In power devices, for example, we
have sold more RF transistors and tri-
acs than any other manufacturer. We
marketed the first practical commer-
cia] silicon power transistor in 1962

and, that samc year, were the first
company to detail second breakdown
ratings. In the latter area, only a few
months ago we were the first semi-
conductor organization to disclose a
practical rating system for evaluating
thermal fatigue.

We invented the overlay transistor and
the all-diffused scr. And we have
achieved several firsts for consumer
electronic products. Two examples are
transistors for the first commercial
U.S. auto radios produced in volumec.
and transistors for power stages in the
first volume-produced solid state pho-
nographs. From the earliest days of

william C. Hittinger

Vice President and General Manager
Solid State Division

Somerville, New Jersey

graduated from Lehigh University in 1944 with the
BS in Metallurgical Engineering. Mr. Hittinger
was appointed Vice President and General Man-
ager of the Sclid State Division in April 1970.
In this newly-created post, he has responsi-
bility for alt solid-state technology throughout
the company. A veteran of almost 25 years in
electronics, Mr. Hittinger had been President of
General Instrument Carporation since March, 1968.
Prior to that, he held a number of top executive
positions with affiliated companies of the Bell
Telephone System. Following service with the U.S.
Army in World War (I, Mr. Hittinger joined Western
Electric Company in 1946 as a Materials Engineer.
After two years with the National Union Radio
Corporation, Hatboro, Pa., where he served as
Production Manager of its Semiconductor Division,
he joined the Bell Telephone Labcratories as a
member of its technical staff. In 1957, he was
named Director of its Semiconductor Device Labo-
ratory and in 1962 became Executive Director of
its Semiconductor Device and Electron Tube Di-
vision. In 1966, he was elected President of Bell-
Comm, Inc., a company jointly owned by American
Telephone & Telegraph Company and Western
Electric Company which engaged in systems en-
gineering for NASA's manned spaceflight program.
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solid state radios, record players, and
Tv's, we have been a dominant sup-
plier.

We are strengthening our position now
through our recent line of linear 1C’s,
including op amps, that combine re-
lated functions of discrete parts into
a single chip.

My greatest enthusiasm is for cos/
Mos which is beginning to challenge
saturated logic in performance and
in cost-effectiveness. Its low voltage
and low power levels, its high noise
immunity, and its interface compati-
bility with saturated logic should
chase saturated logic right out of the
ball park in many areas.

Clearly, RCA has been the chief mover
of cos/mos technology since the David
Sarnoff Research Laboratories an-
nounced the scientific breakthrough in
1963. We have strung together an im-
pressive list of cos/Mos firsts since
then: first to introduce developmental
types (1967), first to announce circuits
capable of operating in the 6-to-15 volt
range (1968). first to make available
plastic packages (1970) and. last
March, first to offer circuits operating
in the 3-to-15 volt range. The reaction
has been tremendous; we are being
designed into many systems, and by
last Tuly we had already overbooked
the number of custom circuits we had
projected in our 1971 business plan.
The cos/mMos success still lies ahead,
but we cannot help but react positively
to the many indicators.

Our look at the future, T think, can
be divided into three separate, but
closely related and probably insepa-
rable, areas: business and marketing
considerations, circuit design, and
material and process changes and
refinements.

The changing marketplace

Our future has been fashioned to some
extent by the past and the present,
where the combination of semicon-
ductor production overcapacity and a
general depression in the entire econ-
omy created a severe roadblock for
continued growth in the solid state
industry. The birth and growth of
solid state technology have become
classics and, in some cases, legends,
attesting to the success of frec enter-
prise. Yet, the very factor that was so

essential to success in the industry’s
dynamic growth atmosphere—namely,
overcapacity—severely hampered con-
tinued success when the economy
turned down in 1970.

Despite current market conditions, the
future is bright. U.S. plus export sales
volume last year exceeded $2 billion,
with Latin America, the Far East, and
Europe still offering great opportuni-
ties for market expansion.

Latin America

Latin America offers great challenge
because its potential is virtually un-
tapped. Market development will be
slow, however, because the indus-
trialization process lags behind other
parts of the world. Full realization of
the area’s potential may not be achiev-
able until the 1980’s.

The Far East

In the Orient, Japan is an excellent
market, despite the formidable com-
petition of native suppliers and re-
strictive laws that hamper foreign
competition. But the Far Eastern mar-
kets extend well beyond Japan, en-
compassing Australia, Taiwan, Singa-
pore, Hong Kong, and the Philippines.
Our production plant on Taiwan,
where we assemble and test 1C’s, gives
us a natural base from which we are
and will continue to expand our inter-
national marketing activities.

Europe

Europe offers the greatest opportuni-
ties for overseas market development
at this time. That is why we began
production of semiconductor power
devices in our new plant near Liege,
Belgium, late last fall. That is why we
have greatly expanded our basic ap-
plications and final testing operation
at Sunbury-on-Thames, England. And
that is why we have established a
separate Solid Statc-Europe organiza-
tion under Dr. D. J. Donahue to
relate marketing, application engi-
neering, production, and customer ser-
vices in Europe. We recognize that we
cannot compete against European
semiconductor houses and overseas
American operations unless we are on
the scene, conversant with local needs
and problems, and able to respond on
that scene to those needs and prob-
lems.
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Market selectivity

Despite all of the foregoing, we cannot
be successful either domestically or
internationally unless we adhere to a
single criterion: selectivity. We must
concentrate on areas of distinct leader-
ship or uniquencss, such as power
transistors, thyristors, and cos/Mos.
Or we must carefully enter market
segments that offer significant returns
on well-calculated investments such
as linear 1C’s and semiconductor
memories.

Power transistors

Our activity in power transistors is a
case in point. Our amplifiers and high-
current switches are acknowledged
industry leaders. Yet we have looked
to the future with our developmental
types of hybrid power arrays that com-
bine scveral functions. We now offer
customers a much lower cost per func-
tion, or cost per watt, whichever may
be his yardstick, by combining a
number of power functions in a single
package.

Linear integrated circuits

Linear 1C’s certainly represent another
significant market segmeni. We have
established ourselves as a major sup-
plier to radio and Tv manufacturers,
and we arc moving ahead in many
industrial, commercial and consumer
markets with the product line. The
market was in the neighborhood of
$70 million in 1970 and, contrary to
most of the market, was up from 1969,
We expect the market to continue to
expand, and we expect to grow with it,
particularly in light of our op amp
work.

Memory devices

Finally, we are busy developing solid
state memory devices, which have a
broad range of applicability. Main-
frame use represents only onc segment
of the computer market, albeit a major
one. But we do not intend to disregard
other memory uses, such as industrial
process and machine control units,
small business computers, etc.

Design: how critical is it?

Cost per function has become so crit-
ical that we have entered a new era
where custom design is becoming crit-
ical. By custom design, I mean using
the basic elements of gain, logic, and
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memory in unique ways. Conven-
tional partitioning in computers offers
an excellent example.

Computer design

Historically, a large mass storage and
large logic often have had to com-
municate over long paths, thereby in-
creasing complexity and costs. It is
now very inexpensive to combine
logic and memory in esoteric and in-
novative ways. Thus, we can get away
from the concept of reducing cost per
bit by increasing core memory size.
Instead, we will restructure the com-
puter to take advantage of our abil-
ities to combine logic and memory,
either at the chip or subsystem level.

Very clearly, 1c’s have pushed the in-
terface between device and system to
a higher level in the system hierarchy.
Thus, instead of pushing systems de-
signers into the background, as some
people have implied, semiconductor
technology is demanding a higher
level of sophisticated interaction be-
tween device and systems designers.

Clearly, the device designer does not
understand all of the problems. Let’s
look at memories and computer de-
sign as an example. The device de-
signer does not know enough about
partitioning of memory systems and
subsystems, power distribution, or
coding/decoding on a chip vs. on a
subsystem level to solve the problems
without a close, active interchange
with the computer designer.

Automotive electronics

We also have many new markets open-
ing to us. Perhaps the most immedi-
ate is automotive eclectronics, where
safety, pollution, and even government
pressures arc causing drastic changes
in the automobile. Yet, in the process
we have been forced into a massive
education program with the car build-
ers because of their basically mechani-
cal, rather than electrical, background.
Not unnaturally, some automotive peo-
ple have been puzzled how we can
derive a reliable device when a manu-
facturing yield from a silicon wafer to
final product can be 10 to 20%.
They have always thought in terms of
electro-mechanical components where
scrap rates are kept very low by re-
working defective units.

Cost is of paramount importance. Get-

PN
Ultrasonic bonding area for intzgrated circuit production at Solid State Division plant ir

Findlay, Ohio.
TR
- b L
|
=4 I e
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| § . i . o
This computer controlled IC tester has 25
probes for specific tests and a 26th station
to ink pellets which fail one of the tests.

| £

Production equipment sometimes combines
functions. In this case one machine tests and
sorts silicon rectifiers.

Anthony L. Conrad, President of RCA, watches a beam lead bonding operation with William
C. Hittinger, Vice President and general manager, Solid State Divisicn: Dr. James Hillier,
Executive Vice President, Research and Engineering; and William Grieg, Engineering Leader,
Thin Film Technology.
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This photomask will be
reduced 500% prior to being
reproduced by pattern generators.

ting better performance for slightly
higher cost has been difficult to justify.
In the same vein, redundancy has been
totally alien; the benefits could not be
rationalized against the competitive
cost factor.

The combined impact of all the fore-
going considerations has been hard.
But we seem to have arrived. Automo-
tive engineers have recently turned
to solid state for solutions to clec-
tronic ignition (and therefore reduced
cxhaust pollution), fuel injection, anti-
skid braking, obstacle detectors, pas-
sive restraint sensors, variable specd
windshield wipers, drunk-driver de-
tectors, antispin  systems. automatic
vehicle speed control, and the more
prosaic applications of voltage regu-
lators, alternators, radios and tape
players. And this list of automotive
applications is far from completc. We
can now realistically sce at least 100
solid state devices on every car by the
end of this decade.

More appiications

We scc that same proliferation in
other arcas. The home, for example, is
alrcady being overwhelmed with solid
state devices. Televisions, radios, and
sterco players arc being joined by
electric coffee pots, ranges, washers

blenders,

and dryers,
washers, toasters, heating and air con-
ditioning units, burglar and fire alarms,
light controls, and automatic door
openers. We're doing it all with dig-
ital and linear 1c’s and with power
transistors and thyristors,

mixers, dish-

Evolution of materials and
processes materials

Packaging

Obviously, we simply must learn more
about asscmbling and packaging to
reduce the cost per function. That is
why we have been striving so mightily
with beam leads, sealed junctions, and
film substrates. [t is very clear, for ex-
ample, that we simply cannot develop
solid state memories by using existing
techniques in bonding the literally tens
of thousands of wires that would be
required to build a 128-kilobyte com-
puter memory. Nor can we afford the
hermetic packages of these beastly 12-,
16-, 24- and yes, even 72-lead pack-
ages, which can cost anywhere from
one to four dollars in extreme cases.

Materials

Semiconductor material, understand-
ing and control has been a major factor
in solid state progress. Germanium
was the most widely used since its
propertics were well understood. To-
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ward the end of the decade silicon
began to emerge as a preferred mate-
rial of the *50s.

It was more troublesome to work with
than germanium because of its can-
tankerous nature. It was refractive,
reacted at high temperatures with ev-
erything we tried to grow it from, and
surface properties were very unpre-
dictable. But we learned much about
diffusion, oxide masking, and planar
technology, which led to transistors
with lower cost and higher perfor-
mance than germanium devices, and
then to integrated circuits in the
1960’s.

The quest for new materials has con-
tinued. We are finding many that in-
trigue us with their potential. Yet, we
are amazed by silicon’s lattice as such
an eflective carrier for so much that
we want to do. We understand the ma-
terial, we now know how to produce it
repeatedly and reliably, and we know
how to modify its properties by the ad-
dition of elements in a variety of ways.

In the '70s, then, we must learn how
we can better use silicon. In the past
our interests have been primarily in
silicon in bulk form. We start with
large crystals and shape them to thin-
ner and thinner substrates, discarding
damaged material in the process.
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We now know a great deal about de-
positing silicon directly in film form
without going through the shaping
steps. RCA’s pioneer work in silicon
on sapphire at the Laboratories has
shown how to eliminate the unwanted
parasitic losses in unessential bulk ma-
terials by using the silicon lattice only
where we want it. We should refine
ion implantation techniques—a some-
what controversial subject today. Ton
implantation should become an impor-
tant fabrication tool. The ability to
deposit impurity elements were you
want them, very closely controlled,
and in distributions that might differ
from the classic distributions inherent
in diffusion, will be most important.
Perhaps not as important as diffuston
itself, but not far behind.

New materials

In terms of new devices, the basic
silicon/insulator/metal structure, so
important to Mos devices, will lead to
new device structures. For example,
N-mos looks both attractive and inter-
esting as a simple memory device.

However, it stresses the state of the
art in that it requires very thin insula-
tor layers with known, controlled
properties. We can almost say that we
must quickly learn a great deal about
atom layers—the layers are almost that
thin.

The question of other materials is
most intriguing. Quite clearly, there
is room for new materials. Gallium
arsenide and its subsets, for example,
should become increasingly important.
How large their volume usage will
become is problematic. These mate-
rials are now appearing primarily in
special optical and microwave prod-
ucts. Beyond that we can only conjec-
ture.

Liquid crystals are fascinating almost
everyone, with their intriguing appli-
cations in displays, digital readouts,
and timing devices. But liquid crystals
and gallium arsenide complement,
rather than replace, silicon. We there-
fore are expanding our store of useful
materials rather than developing re-
placements.

We could continue with other mate-
rials that show promise—orthofer-
rites, for example, with their property
of “magnetic bubble” formation which

can be used to represent digital infor-
mation. But such materials are too far
down the road to sze clearly where
their true possibilities lie.

therefore, we

At this point in time,

will continue to stress a combination
of design, material, and process de-
velopments with perhaps our greatest
concentration—and our greatest pros-
pects for success—on silicon materials
and processes during the 1970’s.

e S

e
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Automated design facility uses digitizers and teletypes to feed photomask pattern data to
computer in Princeton.

Solid State D|V|S|on headquarters in Somerwlle New Jersey
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Optics and electron optics
as competitive and
complementary technologies

Dr. E. G. Ramberg

Television became a practical reality when the electron beam became a replacement
for the light beam. With the advent of laser technology, however, light optics has
become competitive in areas which, for a while, appeared reserved to purely elec-
tronic devices. Computer memories and micro-machining and welding are better ex-
amples of this than are television displays. Electron optics has an unchallenged
monopoly only in the recording of patterns with least resolvable elements that are
small compared to the wavelength of light. The competition of optics and electron
optics is, however, more than outbalanced by their complementary roles. This may be
illustrated from all phases of television practice and is accentuated in some of the

more recent developments.

Dr. Edward G. Ramberg, Materials and Device Research, RCA Laboratories, Prince-
ton, New Jersey, received the AB from Cornell University in 1928 and the PhD in the-
oretical physics from the University of Munich in 1932, After working on the theory of
x-ray spectra as research assistant at Cornell, he joined the Electronic Research Labor-
atory of RCA in Camden in 1935. He has been associated with the RCA Laboratories in
Princeton since their establishment in 1942. He has worked primarily on electron optics
as appiied to electron microscopy and television, various phases of physical electronics.
thermoelectricity, and optics. In 1949, he was visiting professor in physics at the Uni-
versity of Munich and, in 1960 and 1961, Fulbright Lecturer at the Technische Hoch-
schule, Darmstadt. Dr. Ramberg is a Fellow of the IEEE and the APS and a member
of Sigma Xi and the Electron Microscope Society of America.
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HE SUBSTITUTION of the electron

pencil for the light beam made
possible the transmission of two-di-
mensional scenes in real time, with
definition limited only by the normal
visual limitations of the viewer. In
brief, it brought television as we know
it today. The design of the electronic
apparatus for attaining this goal was
facilitated by the recognition, ex-
pressed by William Rowan Hamilton
over one hundred years ago, that the
paths of material particles, subject to
external force fields, obeyed the same
mathematical laws as light rays in me-
dia of varying refractive index. Much
later, Hans Busch' showed that free
electrons in a vacuum, moving under
the influence of axially symmetric elec-
tric and magnetic fields, were indeed
converged by these fields in the same
manner as light rays are converged by
lenses. The analogy between the geo-
metrical optics of electrons and light
is best expressed by writing down the
refractive index, n, of an electric and
magnetic field for electrons. Its most
general form is

my  eA

MeC  MoC

n= COS x (1)

=1.978x%10"° (V+0.978x 10 V*) %
—587 Acosx (2)

Here m is the mass of the electron, m,
its rest mass, v its velocity, ¢ the ve-
locity of light in vacuum, e the electron
charge, A the magnetic vector potential
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of the field, x the angle between the di-
rection of the electron path and the
magnetic vector potential, and V the
electrostatic potential of the field (set
equal to zero where the kinetic energy
of the electron vanishes). The numer-
ical coefficients are consistent with V
measured in volts and A in webers/
meter. Thus, knowing the electric and
magnetic fields in which the electrons
move, we can infer the effective refrac-
tive index of the medium, and Fermat’s
law

/AB nds=0 3)

can be used to determine the path of an
electron from an initial point A to a
final point B in the same manner that
the course of a light ray through a
medium of varying refractive index
might be determined,

We are not concerned, at this point,
with the actual determination of the
electron paths from known fields. Nor
are we concerned with the prior prob-
lem of determining the electric fields
from the potentials of electrodes, the
magnetic fields from magnetic field
measurements, or in the (unusual) ab-
sence of ferromagnetics, the magnetic
fields from solenoidal current distribu-
tions. These constitute the art of the
electron optician. We are, however,
concerned with the differences between
light and electrons, which have made
the exploration of electron optics
worthwhile.

Differences between light and
electron optics

These are two. One of them is the ease
of modulating electron-optical ele-
ments, by the simple modulation of
electrode potentials or of magnetic-field
generating currents. The effect of opti-
cal elements—mirrors, prisms, lenses
—on a light beam can, on the other
hand, only be altered by mechanical
displacement or rotation. The differ-
ence can readily be illustrated quanti-
tatively. Let an electron beam of cross
section area A and accelerating voltage
V be deflected through an angle « by
an electrostatic field of length /. The
energy required to establish the deflect-
ing field is readily shown to be

Ei=2 Ve, A/I=1.TTX107" V* *A/I
(in MKS units)
4)
For a magnetic deflecting field we find
instead:

En=(mV/ue) (’A/l) =45X10"° VPA/l

(5)
If a light beam of the same (square)
cross section area A is to be deflected
by a mirror within a deflection period
t, the mirror (of mass M) must be
given an angular velocity v=a/2t, so
that the energy required for the deflec-
tion becomes

Emean=1I10"/2=MA*/961 (6)
Compare the results for

V=20,000 volts. A=10" m* (1 cm®),
«=0.5 (=30°),1=0.05m (5 cm)
M=10" kg (0.1 gram), t=6X10" sec
(period of horizontal television deflec-
tion)

We then find E.,=3.5%X10" joule,
Enepn=4.5%X10" joule, and E,..,=0.29
joule.

These numbers illustrate the tremen-
dous advantage of electric or magnetic
electron-beam deflection over mechan-
ical light-beam deflection at high-fre-
quency aperiodic deflection rates. In
the television application, light-beam
deflection could be made more suitable
by using multifaceted mirrors of much
greater moment of inertia (and hence
stored kinetic energy) and by conserv-
ing kinetic energy from cycle to cycle.
Even so, the great simplification re-
sulting from electron-beam deflection
in the cathode-ray tube was the first
step toward practical home television
reception.

The other important property of elec-
trons compared with light is the possi-
bility of increasing their energy by
acceleration and, correspondingly, in-
creasing the refractive index by a very
large factor. For both light and elec-
trons, the flux density j, in a spot
formed by a source of flux density j, is
limited by the Helmholtz-Lagrange re-
lation,

i‘- S f’ll: Sil’l:ax (7)

Jo 1o° sin‘ao
Here 1, and n, are the refractive indices
at spot and source, respectively, and
a, and a, are the beam divergence an-
gles at these two points. For light, n,
and n, are either equal or differ by a
factor of the order of unity.

The electrons emitted by a hot cathode
of absolute temperature T have a mean
kinetic energy

2kT =T /5800 electron volts )
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As Langmuir® has shown, summing
over the velocity distribution of the
electrons, with a maximum emission
angle «,=7/2, translates Eq. 7 into the
form

71<jo(1+eV/kT)sin® ax 9

Since, at the same time, the kinetic en-
ergy of the electron is increased, on the
average, from 2kT to 2kT+eV, the
power density of the electron beam in-
creases from P, to P,, with

Pi=Po(14+eV/2kT) (1+eV/KT) sin* aa
=V (eV/kT) sin ax
(10)
By comparison, for a Lambertian light
source and image spot in air or vacuum
(n=n,; av=7/2) we find

]'1,<_].oSil'12 a1=i0/(2F)2 (11)

where F=1/(2 sing,) is the effective f-
number of the lens forming the spot.
Furthermore, since the power density
is simply proportional to the photon
flux density

Pi<Py/ (2F)* (12)

Thus with light, the power density at
the spot can never be larger than that
at the source. For electrons, on the
other hand, Eq. 10 prescribes an upper
limit for the power density ratio P./P,
which exceeds 10°, for kT /e=0.1 volt
(oxide cathode), V=25,000 volt, and
«=107 radian (i.e., small enough that
the aberrations of the electron-optical
system need not be a severe limiting
factor).

Let us consider this case more closely,
applying it to the formation of an
image on the screen of a cathode-ray
tube, and compare the highlight
brightness which we might achieve in
this manner with that which we might
realize by scanning a screen of the
same size with a light beam derived
from a high-intensity conventional light
source.

Let the screen size be 30X40 cm (50
c¢m in diameter) at a distance of 25 cm
from the deflection plane, at which
point we assume the beam diameter to
be 0.5 cm. To achieve the resolution
required for a television display, the
spot diameter must be 2r,=0.05 cm.
Eq. 9 can now be used to compute the

~spot current i,=7r,’ j, for j,=1 amp/

cm’, V=25,000 volt, kT/e=0.1 volt,
and «=10" radian and find

[, <50%10°° amp (13)
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This is much larger than the spot cur-
rents realized in actual kinescopes,
which are at best a few milliamperes.
The spot enlargement due to space-
charge repulsion within the beam in
the drift space between the electron
gun and the screen has not been in-
cluded. As Schwartz’ has shown, the
upper limit to the current in the spot
prescribed by space charge can be
written

Lp=a’ V2 F(r/rs) (14)

Here a, is the convergence angle in the
absence of space-charge repulsion (i.e.
10, as before) and f is a universal
function of the ratio of the spot radius
to the radius of an effective beam-de-
fining aperture at the gun, which we
shall set equal to the beam radius in
the deflection plane, making r,/r.=0.1.
Since f(0.1) =5% 10" amp*/volt'* (as
given by Schwartz’s curve),

fp=10X10"* amp 15)
Actual spot currents are somewhat
smaller. This is due, in part, to the cir-
cumstance that an emission current
density of | amp/cm?’ is not maintained
over the entire emitting area of the
cathode and, in part, to the fact that
with the practical restriction imposed
on gun dimensions, the adverse effect
of electron-optical aberrations on beam
concentration may be significant.

To remain conservatively within the
realm of spot currents realized in prac-
tice, assume the high-light beam cur-
rent to be 10~ amp. The power dissi-
pated in the screen then becomes 25
watts. For an aluminized white phos-
phor screen with a (practically real-
ized) conversion efficiency of 15
candles/watt, a high-light brightness

B,=3757/(40) (30) (1.2) =0.82 lambert
(16)

can be obtained, without filterglass!
The factor 1.2 in the denominator ac-
counts for the blanking time.

Next we compute the high-light bright-
ness which might be realized for the
same dimensions of the screen, the
spot, the beam diameter, and the dis-
tance between the deflection plane and
the screen for an H-6 water- or air-
cooled high-pressure mercury arc lamp
as light source, with a maximum sur-
face brightness of 30,000 candles/cm®.
If the (transmission) screen is per-
fectly diffusing and loss-free, its high-
light brightness will be given by

1 (30,000% 10°) (7 6.25x10°) 7
T2 T (40) (30) (1.2)
=0.64% 10 lamberts an

The factor 1/2 results from the fact
that light is scattered backward as well
as forward. The brightness could be
increased in two ways: 1) by increas-
ing the beam diameter in the deflection
plane (at the cost of increasing the
difficulty of maintaining the required
spot size over the entire screen area and
increasing the inertia of the scanning
system) and 2) by using a directional
screen, concentrating the light emission
in the preferred viewing directions.
However, these measures could not be-
gin to overcome the indicated superi-
ority factor of 10° of the electron-opti-
cal system.

Significance of laser technology
For high resolution displays

The preceding analysis would suggest
that, in applications which demand
high energy concentrations in small ele-
ments of area as well as rapid access to
any element, light beams could not
hope to compete with electron beams.
This was, in fact, the situation before
the advent of the laser and various
technological deveopments which
have accompanied its introduction.
The laser beam can, in effect, be ex-
panded or compressed by a telescopic
lens sequence to the diameter desired
in the scanning system and will then
yield a focused spot with a diameter
given, in rough measure, by

2r.==\/sin a: (18)

For a single-mode argon laser with A=
515 nm (2xX10” in.) and a,=10 ra-
dian we find, for our example, 2r,=~
0.005 cm, which is much less than re-
quired. Thus the entire energy of the
laser beam can be utilized for record-
ing the picture. The high-light bright-
ness achieved with the laser is thus
given by

1 P.Cw

B.=3@0) G0y (12)

a9
where P, is the laser power and C is
the luminous efficiency of the laser
light. As before, we assume a perfectly
diffusing, loss-free screen. For A=515
nm we have

C=(0.6) (621) /7
=118 candles/ watt

We thus find from Eq. 16 that, to

(20)
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match the high-light brightness of the
electron-excited phosphor screen (0.82
lambert) , the laser power must be 6.4
watts.

This would suggest that, for television
displays, the laser represents a feasible
light source, but that laser displays are
scarcely competitive with cathode-ray
tube displays. This certainly appears
valid in the entertainment field. How-
ever, for special high-resolution dis-
plays, the great resolution reserve of
the laser display can give it an advan-
tage over the cathode-ray tube display.

For machining and welding

On the other hand, the laser is becom-
ing increasingly competitive with the
electron beam in another area, namely
beam-machining and welding. The
features most desirable for beam-
machining—a very high concentra-
tion of energy on a small area in a
very short span of time—may be
achieved with electronically pulsed
electron beams and with pulsed lasers.
The upper limit to the peak power den-
sity achieved with either has been esti-
mated at 10° watts/cm®.* The short
time span reduces the total energy re-
quired to achieve a prescribed local-
ized temperature rise and, hence, the
extent of thermally induced structural
changes in the surrounding material.
The loss mechanisms for electrons and
light differ greatly; they arise primarily
from nuclear electron scattering in one
instance and reflection and transmis-
sion in the other; hence the relative
efficiencies of the two techniques also
vary greatly from material to material.
However, the basic mechanism for the
removal of material is similar since it
depends primarily on the thermal
properties of the work piece.

The choice between the electron beam
and the laser in machining and welding
applications is thus commonly one of
convenience. The simplicity of the
laser equipment and the possibility of
operating in any kind of atmosphere
may often be the deciding factor. The
avoidance of charging difficulties with
dielectric materials and, in problems
involving the machining of thin films
(e.g.. in microelectronics applica-
tions), the very small penetration of
the laser beam into metallic materials
can be additional advantages of the
laser. Thus lasers currently find appli-
cation in drilling diamond dies for wire
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drawing,’ trimming resistors, balancing
gyroscope rotors, and fabricating mi-
croelectronic devices.’

The electron beam, on the other hand,
has the advantage that magnetic de-
flection permits precise programming
and, hence, the cutting of precisely de-
fined, complex patterns of arbitrary
shape. It is also uniquely adapted for
drilling with very high depth-to-diam-
eter ratios, as exemplified by 0.013 cm
holes in 1.3-cm-thick stainless steel
plate, and for deep vacuum welds, as
applied to airframe structures and nu-
clear fuel elements.’

Electron beams can, furthermore, be
counted on to retain a monopoly in the
recording of patterns with least resolv-
able separations small compared to the
wavelength of light. For example, in
the microrecorder, the controlled mag-
netic deflection of an electron beam
has been used to record gratings of 23
lines/micron and printed matter with
word lengths of the order of a half mi-
cron on thin films of collodion, carbon,
beryllium, and photoresist.** A special
application of such a device is the
preparation of zone plates for x-ray
imaging.” However, it has been shown
that zone plates for soft x-rays can
also be prepared by laser beam inter-
ference, provided that the resolution
to be achieved does not exceed that
attainable with the light microscope.”

Rapid-access computer memories rep-
resent an interesting example of the
transition from an electron-optical to
an optical approach. The earliest such
memories, exemplified by the Selec-
tron,” the Williams tube,” and the MIT
Storage Tube,” employed electron
beams for element selection. These
were presently replaced by magnetic
core memories and other matrix memo-
ries in which electric pulses are used
directly to store and read information,
without the mediation of electron or
light beams. For a discussion of more
recent work on holographic memories,
employing an optical approach to the
problem, we refer to the paper of J. A.
Rajchman which appeared in a pre-
vious issue.”

Optics and electron optics as
complementary technologies

We have, so far, discussed optics and
electron optics as competitors, with the

laser beam taking over, at various
points, the functions of the electron
beam. The more typical situation is
that the two techniques complement
each other, a familiarity with both be-
ing required for the most satisfactory
solution of a given problem.

Many examples of this may be cited
from the field of television. Here the
basic signal-generating and display de-
vices, namely, the camera tube and the
kinescope, are both founded on elec-
tron optics. While there are alterna-
tives which do not rely on electron
optics, it is unlikely that they will chal-
lenge the dominance of the electron-
optical devices for years to come. At
the same time, the zoom lenses" which
form so prominent a part of most tele-
vision cameras are obvious outward
manifestations of the dependence of
electronic television on optics; so are
the modified Schmidt mirror systems”
of theater television projectors employ-
ing conventional kinescopes and the
Schlieren projection optics® of the
light-valve television projectors. The
optics of scattering media play a role in
determining the grain size and thick-
ness of phosphor screens.”

In present-day shadow-mask color
kinescopes, the control of the deposi-
tion of the phosphor dots on the screen
is an optical process which utilizes the
optical simulation®™ of the electron
paths in the finished tube to assure reg-
istration of the electron spots projected
by the scanning beams with the appro-
priate phosphor dots deposited on the
screen. In conventional color television
cameras dichroic prisms, incorporating
wavelength-selective interference fil-
ters,” serve to separate the incident
light into different chromatic compo-
nents and to direct them to the appro-
priate camera tubes. Finally, in single-
tube color cameras,” interference filter
gratings effect a separation of the color
components in the output signal on a
frequency basis—the quality of the
color reproduction relying both on the
precision of the optical filter gratings
and the electron-optical sharpness of
the scanning beam. These are only a
few examples of the role of optics in
current television practice.

An excellent example of the interplay
of optical and electron-optical tech-
niques is provided by the method of
hologram motion picture recording
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and play-back described by Hannan in
an earlier paper.” Such complementary
employment of electron-optical and op-
tical methods, using each where it is
most advantageous, can be expected to
become increasingly general as their
inherent advantages and limitations are
more fully recognized.
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Cathodochromic image
display applications

Dr. 1. Gorog

Cathodochromic materials have been used in image display and storage devices
since the early 1940’s. Recent efforts at the RCA Laboratories have led to new mate-
rials and devices which have improved both the display and the storage capabilities
of these devices. Several of these improvements are described in this paper, and a
two-way communication system that utilizes both the cathodochromic and the photo-

chromic properties of certain materials is described.
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chromism, coloration can be in-
duced in certain materials by electron-
beam bombardment. To emphasize
this analogy, the term cathodochrom-
ism is used in this paper to describe the
latter phenomenon. Earlier literature
employed various terminology, includ-
ing calling the phenomenon of either
electron-beam or x-ray induced absorp-
tion fenebsesence and the materials
exhibiting it scofophors.'! Cathode-ray
tubes employing such materials have
been called skiatrons,” dark trace tubes,
or color-center tubes’ Here we shall

IN A MANNER ANALOGOUS tO phOtO-
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use cathodochromism, cathodochromic
materials and cathodochromic tubes.
Cathodochromism was first observed
in alkali-halides at the end of the last
century.! The first suggestion for a
cathodochromic crT was made by
Rosenthal” He proposed to use a thin
layer of single-crystal alkali-halide as
the screen material in a cathode-ray
tube equipped with an off-axis electron
gun and windows suitable for project-
ing light through the crr screen. In the
original proposal, this crRT was to be
incorporated into a slide-projector op-
tical system, thereby producing a high-
brightness large-viewing-screen televi-
sion display. It has been found, how-
ever, that the contrast achievable with
single crystal alkali-halides is too small
to be practical. During the Second
World War, a systematic examination
of various alkali halides revealed that,
in terms of its absorption proper-
ties and sensitivity, polycrystalline
potassium chloride was the most suit-
able CRT screen material for long-
persistence-display applications.® King
and Gittins® and Nottingham® de-
scribed operational radar display tubes
employing polycrystalline KCI. In the
system of King and Gittins, the tube
was illuminated from the front and the
reflective image projected onto the rear
of a viewing screen. The image persis-
tence was a function of the illumina-
tion level, temperature, exposure
(charge incident per unit area), and
rate of exposure of the crT screen. Low
contrast and brightness of the viewing
screen were the chief limitations of this
system.

In addition to the alkali-halides, a
number of other crystals—e.g. ZrSiO,,
CaF,, BaTiO,—have been known for
some time to be cathodochromic.® The
suitability of sodalite as a cathodo-
chromic screen material was suggested
by Ivey,” and direct-view storage dis-
play tubes employing sodalite have
been constructed.*®

Even though displays remain the most
important practical application of
cathodochromic tubes, a number of
other interesting possible applications
exist. For example, Fyler” suggested
the use of cathodochromic tubes for
digital data storage. In Fyler’s tube,
the screen has a sandwich structure
that consists of successive layers of
phosphor, cathodochromic material,
and a transparent resistive heater for

thermal erasure. Digital information
stored in the cathodochromic layer is
retrieved by detecting the intensity of
the light emitted by the phosphor and
passed through the cathodochromic
layer.

At RCA Laboratories, cathodochro-
mism has been the subject of extensive
investigation during the past few years.
The aims have been to improve mate-
rial properties in terms of their
cathodochromic sensitivity, erasability,
and contrast and to study appropriate
device applications. Important ad-
vances made by materials research
include

1) The synthesis of sodalite:Br and
sodalite:I, in addition to the well
known sodalite:Cl;"

2) The development of new methods of
sodalite preparation that resulted in
materials with very high contrast
ratios;* and

3) The discovery of cathodochromism
in double-doped CaTiO,."

In the device area, we have demon-
strated

1) Improved projection” and direct
view display-tubes;

2) Memory-and-display cathodochromic-
phosphor combination tubes with grey
scale capability;'* and

3) Two-way video systems (suitable for
slow-scan transmission) employing a
single cathodochromic tube for pick-up,
storage, and display.

Mechanism of cathodochromic
color switching

The mechanism of cathodochromic
coloration can be understood in terms
of a model, similar to the one em-
ployed for the explanation of photo-
chromism, involving charge transfer
between two centers. The only differ-
ence is in the details of the charge-
transfer process. In photochromic
switching, a free electron is created by
the absorption of a quantum by one of
the centers; the free electron is then
captured by the other center. In ca-
thodochromic switching, it is more
plausible to assume that an incident
high-energy electron creates a number
of electron-hole pairs; the holes are
captured by one of the centers and the
clectrons by the other. For both,
switching involves the increase of the
valence of one of the centers and the
decrease of the valence of the other.
The characteristic induced absorption
band is primarily due to the center
whose valence has been decreased.
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According to Medved,” the induced
coloration in sodalite is due to an F
center created by the capture of an
electron at a halogen vacancy. The na-
ture of the other center is unclear.” In
CaTiO, the two centers are introduced
by appropriate doping. For example, in
CATiO,:Fe,Mo in the thermally stable
state, iron is trivalent and molybdenum
is hexavalent. Cathodochromic switch-
ing then involves the trapping of a
hole by the trivalent iron, creating
Fe', and the trapping of an electron by
the hexavalent molybdenum, creating
Mo™. The induced absorption band is
due to Mo’ The bleaching process
involves the removal of an electron
from a Mo™ to the conduction band.
The free electron thus created can be
re-captured by either a Mo™ or by an
Fe". The efficiency of the bleaching
process is strongly dependent on the
relative capture probabilities. As a gen-
eral rule, high cathodochromic switch-
ing sensitivity for a given material im-
plies low bleaching sensitivity and vice
versa.

Applications of
cathodochromic tubes

The oldest application of cathodo-
chromic tubes is in displays. A direct-
view cathodochromic storage display
device has the following desirable fea-
tures: contrast independent of light
level, high resolution (resolution lim-
ited primarily by the electron-beam
spot size), grey scale capability, and an
inherent device simplicity that results
in low cost. Cathodochromic projec-
tion displays have been also con-
structed.™ In a typical projection
display, the cathodochromic crr is
placed into a Schmidt optical system of
the type used for television projection.
The tube face is illuminated by a bright
light source located on axis, and the re-
flected light is collected by the optical
system and projected onto the viewing
screen.

A number of interesting applications
exist for crr’s utilizing the phosphor-
cathodochromic sandwich-screen struc-
ture described above. One of these is
the electronic storage tube mode of op-
eration mentioned earlier.**"" Another
is the possibility of displaying simul-
taneously rapidly varying “real time”
information and slowly varying stored
“background” information. Independ-
ent excitation of the phosphor and of

13
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the cathodochromic layers can be ac-
complished by using different ultor
voltages for the addressing of the two
layers. The real time information can
be displayed on the phosphor; ‘“the
background” information to be stored
is written as a dark trace into the cath-
odochromic layer, with an ultor voltage
high enough to penetrate through the
phosphor into the cathodochromic. If
the cathodochromic material used in
this type of tube is also optically sensi-
tive, then the stored information can
also be entered into the cathodochro-
mic by optically projecting it from an
external source. A communication sys-
tem utilizing the dual photo- and
cathodochromic properties of some
materials is described in greater detail
in the following section.

Cathodochromic two-way
video system

A two-way video system that employs
a single cathodochromic CRT for the
pick-up, storage, and display of pic-
torial information has been con-
structed. The tubes used for this
application are built with phosphor-
cathodochromic sandwich-screen struc-
tures. Video information is entered by
first coloring the cathodochromic ma-
terial uniformly by a constant-beam-
current raster and then using a slide
projector to project the pictorial infor-

mation on the screen. The information
is bleached into the precolored screen
and stored there. Transmission is ac-
complished by scanning a uniform
raster on the phosphor with low beam
current and low ultor voltage and using
a photomultiplier to detect the phos-
phor light modulated by the absorption
in the cathodochromic layer. When in-
formation is received, the cathodochro-
mic tube functions in the ordinary
reflective storage-display mode.

A block diagram of the system is
shown in Fig. 1. (The system con-
structed accepts standard 30-frame/sec
15-kHz-line-rate Tv signals. The poten-
tial for arbitrary scan rates, however,
is obvious.) System operation is pro-
grammed by the set-up, transmit, re-
ceive switch. Set-up corresponds to the
uniform coloring of the cathodochro-
mic prior to optically entering infor-
mation from the projector. The T/R
relay switches either the input or the
output end of the system to the main
video cable (composite video infout).
Video processor #1 and y-corrector
#1 together accomplish the correction
for tube non-linearity and optional vi-
deo polarity inversion on the input
signal. (Note that a dark trace display
device produces polarity inversion if
driven by standard Tv-type signal.)
Video processor #2 and y-corrector
#2 operate on the output signal. Era-
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Fig. 1—Block diegram of a cathodochromic wo-way video system.

sure of the information stored on the
tube face is accomplished by a bright
light source not shown on the diagram.
The cathodochromic tube is operated
at 30 kV in the set-up and receive
modes and at 20 kV in the transmit
mode.

Cathodochromic tube

Four types of tubes have been studied
in detail in conjunction with the system
shown in Fig. 1. They are the three
known cathodochromic sodalites: io-
dine, bromine and chlorine, and
CaTiO, double doped with Fe and Mo.
A detailed description of these mate-
rials can be found elsewhere.” Because
of its good relative cathodochromic
sensitivity and high contrast ratio, com-
bined with complete optical erasabil-
ity, sodalite:iodine was found to be
the best cathodochromic material for
this application.

Standard 5-in. kinescope bottles were
used. The screens consisted of 4 mg/
cm’, 10 to 20u particle size, sodalite:
iodine deposited onto the inside of the
faceplace using standard phosphor set-
tling techniques. On top of the cath-
odochromic 1.4 mg/cm® sub 5u particle
size YAG:Ce phosphor was deposited.
The screens were then aluminized (~
1000 A thick). The aluminum serves
the dual purpose of ultor plate and
optical reflector. The phosphor used
has a fast flying spot type of decay
characteristic and an emission spec-
trum that matches well the induced
absorption spectrum of the sodalite.

In Fig. 2 the lower curve, SY-4, shows
the cathodochromic sensitometric data
for the tube used in the two-way sys-
tem. The upper curve, SI-A, corre-
sponds to a sodalite:iodine tube with-
out phosphor. (Here contrast ratio
is defined as the ratio of the light re-
flected from the uncolored screen to
that reflected by the colored screen. All
contrast measurements were made in
white light illumination using a spot
brightness meter with a spectral re-
sponse corresponding to that of the
average human eye.)

The high contrast achieved with the
tube SY-4 is somewhat surprising. The
penetration of electron beams into sol-
ids is governed by the Thomson-Whid-
dington law"

dV./dx=—b/2V. (D
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where V., is the beam energy, x is the
thickness penetrated, and b is a con-
stant proportional to the density of the
solid penetrated. If x is written in units
of mass thickness (mg/cm®} and V in
kilovolts, the value of b is 2.3 x 107°*
According to Eq. 1 then, approximately
25 kV energy loss occurs in the 1.4
mg/cm’ phosphor layer. Fig. 3 shows
the exposure requirement for 2: 1 con-
trast ratio on the tube SI-A having no
phosphor layer. According to Fig. 3,
approximately 20 kV of beam energy
is required at the phosphor-cathodo-
chromic interface to produce the color-
ation indicated by Fig. 1. The apparent
anomaly may be explained in part by
assuming a microscopically non-uni-
form distribution of the phosphor.

The persistence of the stored image
depends on the ambient illumination
and temperature. In a typical 10 foot-
lambert room environment during the
time interval 5 seconds to 100 seconds
after exposure, the contrast decay can
be approximated by an empirical rela-
tion of the form

CR=a—B logut ()

where CR is the contrast ratio, « and 8
constants, and ¢ the time lapse since
exposure. For example, in a given set
of measurements, tube SY-4 yielded
the following results: at t=5 sec, CR=
1.95; at t=10 sec, CR=1.75; and at
t=100 sec, CR=1.43. During the first
few seconds, the decay rate is faster
than Eq. 2 predicts; after approxi-
mately one hundred seconds, it is
slower.

The tube resolution in the display
mode is primarily limited by the elec-
tron beam spot size. If, however, the
cathodochromic material is driven
strongly into the contrast saturation re-
gion (see Fig. 2), the wings of the
current distribution in the spot cause
significant coloration, and the result is
a loss in resolution. The resolution in
the transmit mode of operation is deter-
mined by beam spot size, the screen
thickness and uniformity, and the
phosphor decay time. The limit on
pick-up resolution is currently set by
the high frequency noise caused by
microscopic non-uniformities in the
screen structure, primarily in the phos-
phor layer. In the display mode of op-
eration, the image displayed on the
cathodochromic screen is subjectively
noise free.
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Conclusion

Cathodochromic tubes under current
development are expected to find ex-
tensive applications in the area of data
transmission, display, and processing.
Utilizing the dual cathodochromic and
photochromic properties of certain ma-
terials, information to be stored on the
tube faceplate can be entered either
electronically by writing with the elec-
tron beam or optically from an external
scanned light source or projector. The
stored information can be either
viewed directly as a reflective display
or extracted electronically by the flying
spot scanning method. Long persist-
ence cathodochromic tubes are excel-
lent display devices for narrow
bandwidth transmission channels.
Cathodochromic page composers to
couple electronic transmission links di-
rectly to holographic storage banks are
within reality.
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Holographic recording in crystals

Dr. J. J. Amodei

Dr. W. Phillips | Dr. D. L. Staebler

This paper describes some of the latest advances in materials and techniques for storage of high efficiency phase holograms.
The process relies on the electro-optic properties of crystals, such as lithium niobate or barium sodium niobate, and on the
optical absorption and electron trapping characteristics of impurities and defects in the lattice. The latest materials combine
good sensitivity with diffraction efficiencies that reach well over 50% for sample thickness of a few millimeters. The fixing
techniques described in the paper offer the additional choice of non-destructive readout for images or other information stored

in the material.

Dr. Juan J. Amodei, Solid State Research Laboratory, RCA Laboratories, Princeton, New Jersey,
received the BSEE from Case Institute of Technology in 1956, the MSEE from the University of Pennsyl-
vania in 1961, and the PhD from the University of Pennsylvania in 1968. Dr. Amodei began his career in
1956 with the Philco Corporation, where he worked on transistor radio developments. In 1957, he
joined the Advanced Development Department of RCA's Industrial Electronic Products Division in
Camden, N. J., where he developed a high-accuracy analog-to-digital converter, a novel pressure tele-
metering system for medical applications, and a high resolution sampling oscilloscope system that later
became a product. He transferred to RCA Laboratories in 1959, working on the development of high-
speed computer circuits and subsystems. He later became engaged in research and development of
integrated circuits. Since 1966. he has been working in the investigation and development of materials
and devices for optical information storage. The work included research on the optical storage proper-
ties of doped and pure SrTi0, crystals, and the study of magneto-optic and metaltic thin films for holo-
graphic storage. In 1967, he developed an analytical model for electron migration effects in photochromic
materials that led to the proposal of an electro-optic holographic storage device. He presently has respon-
sibility for a program aimed at developing better materials and techniques for high-sensitivity, erasure-
resistant electro-optic storage systems. Since 1962, Dr. Amodei has been a lecturer at LaSalle College
in Philadelphia, where he has been Chairman of the Electronic Physics Department of the Evening Divi-
sion since 1967. He has authored or co-authored 30 technical papers and has more than 20 U.S. patents
issued or pending. Dr. Amodei is a member of the American Physical Society, the |EEE, and Eta Kappa Nu.
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sequent investigation of photochromic behavior
in CaF,. In 1966, he entered Princeton University,
receiving a PhD in Electrical Engineering in 1970.
His doctoral research involved optical studies of
photochromic CaF, and resulted in the identifi-
cation of a general class of rare earth associated
color centers in CaF,. Upon returning to RCA
Laboratories, he has worked on electric field
coloration of transition element doped titanites,
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materials for holographic storage. Dr. Staebler is
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BEFORE EXPOSURE TO LIGHT

HE POTENTIALLY HIGH INFORMA-
TTION STORAGE DENSITY of optical
techniques has received so much pub-
licity in the past few years that it
scarcely requires further review. The
great promise of this technology is
that the information packing density
is theoretically limited only by the
wavelength of light, and figures of 10*
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ical storage densities are obviously far
from practical for the present or near
future, but nevertheless offer the in-
centive to improve the areas of tech-
nology that could make these tech-
niques useful. One of the most im-
portant areas in need of further devel-
opment is that of storage media
suitable for holographic recording,
and one approach to this problem is
the subject of this paper.

The storage of information in a med-
ium that operates on the phase rather
than the amplitude of the light travers-
ing it has long been recognized as the
more efficient process. Phase modula-
tion of the wavefront permits recon-
struction efficiencies of nearly 100%,
as opposed to about 6% for amplitude
type of holograms where the light is
modulated through absorption. Many
different types of phase holographic
storage media have been investigated
in the past, ranging from dichromated
gelatin that gives up to 90% efficien-
cies when properly developed, to
reversible MnBi films® whose efficien-
cies are below 0.1% but offer the
important feature of reversibility.

An additional advantage of thick
phase-holographic storage media is
that their high angular selectivity per-
mits random access of holograms
within a given volume by simply
changing the angle of the readout
beam. That is, changing the angle of
incidence by a few tenths of a milli-
radian is sufficient to permit a switch
from one hologram to the other. There
is no need for separating spatially the
two beam positions, such as is the
case when reading thin holograms, be-
cause the holograms that were re-
corded at different angles do not meet
the Bragg condition for reconstruction
and thus do not interfere.
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Fig. 1—Schematic description of a plane-
wave interfering pattern.

This paper describes the mode of op-
eration and the latest advances in the
new field of electro-optic holographic
storage—an approach that was dem-
onstrated only a few years ago and
which shows promise of becoming a
most serious contender for many stor-
age applications. This approach repre-
sents the only type of holographic
storage that combines very high effi-
ciency with reversibility. In addition,
newly developed materials have
reached very useful levels of sensitiv-
ity, and techniques have been worked
out that make possible the fixing of
holograms for non-destructive readout.

Principles of Operation

Pattern storage

High efficiency holographic storage in
electro-optic crystals of lithium nio-
bate and lithium tantalate was first
reported by Chen, LaMacchia and
Frazer in 1968 The phenomenon re-
lies on the migration and subsequent
retrapping of electrons that have been
excited from localized centers by the
light.

To clarify the details of the process, it
is best to use the example of the sim-
plest form of holographic pattern—the
sinusoidal grating. This type of grating
is formed when a linear medium is ex-
posed to the interference pattern cre-
ated by the superposition of two coher-
ent plane waves intersecting within its
volume. Since through Fourier decom-
position any arbitrary pattern can be
thought of as the superposition of sin-
usoidal patterns, the results obtained
by using this simplified picture are
quite general. The intensity pattern
created by the intersection of two co-
planar coherent plane waves of light
within the crystal is sinusoidal and is
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Fig. 2—Pictorial representation of hologram
storage by diffusion of photogenerated free
electrons.

shown in Fig. 1. If both beams make
an angle 6/2 with the normal to the
surface, the intensity-interference pat-
tern, which varies only along one di-
rection, x, can be written as:

I(x)j=1, (1+m cos Kx) (H

where I, is the average level of inten-
sity; m is the modulation ratio <1;
K=27/1; 1=2/2 sin(6/2); and X\ is the
wavelength of the light.

The essential features of the storage
process are shown in Fig. 2. A pic-
torial representation of the crystal con-
taining localized traps (e.g., impurity
centers, vacancies, or other defects) is
shown at the top of Fig. 2. Some of the
localized states are assumed to contain
optically excitable electrons, the re-
maining ones should be empty so that
they may act as traps to allow for re-
distribution of the charge. All the traps
are assumed to be thermally stable and
charge neutrality exists throughout the
volume before it is exposed to light.
When the light-interference pattern is
applied as shown in Fig. 2b, its effect
is to generate a free electron concen-
tration of the same shape in the con-
duction band. In the absence of an
electric field, these electrons will dif-
fuse from the regions of high intensity
of the light-interference pattern and
into the regions of low intensity. This
net migration and subsequent retrap-
ping gives rise to a space charge and
accompanying electric field. The polar-
ity of the charge and the resulting field
are illustrated in Fig. 2b. The space
charge build-up continues until the
field completely cancels the effect of
diffusion and makes the current zero
throughout. At this point, the equilib-
rium space<harge field produced by a
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sinusoidal light-intensity pattern can
be shown to be:*

E(x)= (2)
(kT/q) mK [sin Kx/(1+m cos Kx)]
where k is the Boltzman constant; T
is the temperature; and g is the elec-

tronic charge.

A similar effect can take place when
there is a strong DcC electric field, that
is either applied externally or gen-
erated internally in ferro-electric
crystals.** If this field is very large
compared to the fields that can be gen-
erated through thermal diffusion, the
space-charge field that builds up
through drift remains sinusoidal as
long as its magnitude is considerably
smaller than the applied field and is
given by:*

E(x)=—E. cos Kx 3)
where E, depends on the exposure time
and material parameters.

If the material has a high linear electro-
optic coefficient, its index of refraction
would be modulated in accordance
with the electric field. It follows, there-
fore, that exposure to a light interfer-
ence pattern would result in variations
in the index of refraction that would
approximate the shape of the light in-
tensity pattern, and the changes would
persist as long as the space charge re-
mains in its place.

Record and readout processes

The processes of recording and read-
ing out a hologram of a given image in
a crystal medium are illustrated in Fig.
3. Recording is achieved by exposing
the crystal to the interference pattern
of a reference beam and a beam that
has either been reflected from an object
or has traversed a transparency of the
object. Readout is accomplished by
exposing the crystal to the reference
beam only, which in turn gets diffract-
ed by the pattern stored in the crystal,
and reconstructs the object beam with
the image pattern that it contained.

For the case where there is no absorp-
tion and the beams are arranged as
described above, the holographic effici-
ency of a sinusoidal grating is:*

n=sin® (7 n. d/\ cos 6/2) 4)
where n, is the peak value of the as-
sumed sinusoidal variation in index of
refraction, and d is the thickness of the
medium.

For grating thickness of 1 cm, the
above formula shows that a diffraction
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Fig. 3—Experimental setup for recording
and reading out holograms in thick single
crystals of electro-optic materials.

efficiency of 100% can be obtained
with values of n, in the range of 107,
which requires fields of a few thou-
sand volts per centimeter in materials
such as lithium niobate or barium
sodium niobate.

The actual modulation of the light by
the stored pattern is due to the electro-
optic effect of the intrinsic crystal, but
the formation of the field and all the
other performance characteristics de-
pend on the properties and concentra-
tion of the localized centers. The im-
purity or defect concentration that is
needed to support a given field intens-
ity can be calculated easily for a sinu-
soidal field distribution and is given
by:*

N=27 ¢ E./gl (5)
where e is the static dielectric constant
of the material.

For a peak field of 10' V/cm, a fringe
spacing =10 cm, and a relative di-
electric constant of 30, the minimum
trap concentration would be:

N=10* cm™ (6)
Unless the trap density is considerably
larger than the minimum required to
sustain the desired field as given by
Eq. 5, the resolution of the material
will be trap-limited. That is, the min-
imum fringe spacing, I, at which a
given diffraction efficiency can be
maintained will be restricted by the
inability to develop sufficient space
charge to support the field.

In addition, the sensitivity (i.e, the
incident light energy needed to reach
a certain diffraction efficiency) is de-
termined by the concentration and ab-
sorption cross section of the electrons
in the impurity centers and by the
quantum efficiency of the process. The
quantum efficiency is a function of the
average number of times that an elec-
tron must be re-excited before it mi-
grates the required distance. If one
assumes unity quantum efficiency, a
theoretical maximum can be calculated
for the light energy required to reach
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100% diffraction in a given material.
The minimum amount of light energy
that needs to be absorbed works out
typically to be around 0.1 to 1 m]/cm’.
The best measured value so far has
been 1 J/cm® of incident light energy,
to achieve 40% diffraction efficiency
in iron-doped lithium niobate. Crystals
of lithium niobate, as grown, exhibit
storage effects but with very low sensi-
tivity, of the order of 500 J/cm®. This
is due to the low concentration and
optical absorption of the intrinsic de-
fects or residual impurities that are
responsible for the effect. Other ma-
terials, such as barium sodium niobate,
exhibit negligible storage effect when
grown undoped.

Since the concentration and type of
impurities play such a crucial role in
the performance of the crystal, our
materials development program put
major emphasis on experimenting with
different types and concentrations of
impurity ions and induced defects. The
methods used included irradiation
with X-rays and gamma-rays, and dop-
ing during growth with a variety of
impurities. Most of the work was car-
ried out with lithium niobate and bar-
ium sodium niobate.

Effect of radiation on storage
Exposure of most materials to high
energy electromagnetic radiation, such
as X-rays or gamma-rays, is known to
produce defects in the lattice. This oc-
curs when intrinsic ions in their not-
mal lattice sites are dislodged into
interstitial positions. The resulting va-
cancy and the interstitial atom are
both sources of localized states that
can harbor or trap electrons. If their
energy depth is sufficient so as to be
thermally stable, and if the electrons
trapped in such states can be excited
into the conduction band by light of a
convenient wavelength. these defects
can improve the optical storage prop-
erties of the material.

Samples of lithium niobate were ir-
radiated with 40-kV X-rays and with
1.2 MeV gamma-rays with qualita-
tively similar results. The latter is pre-
ferred because of its longer penetra-
tion depth. The fact that gamma-irradi-
ation generates localized centers which
have absorption in the visible is illus-
trated by the two curves of Fig. 4.
They show the optical density of a 0.3-
cm sample a) before and b) after
irradiation. The dosage was about 10
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rads of 1.2 MeV gamma-rays from a
cobalt source.

The large improvement in sensitivity
and diffraction efficiency achieved
through the gamma-irradiation is illus-
trated in Fig. 5. The curves show a
comparison between the recording
rates of grating holograms in the sam-
ple, before and after gamma-irradia-
tion. The test used an Argon laser
operating at 4880 A with a power
density of 0.6 W/cm?®; the grating spac-
ing was 10" cm. The sample was
aligned with its c-axis horizontal and
perpendicular to the bisector of the
two beams; the polarization of the
beams was horizontal also. The im-
provement in sensitivity is seen to be
about 20/1 and the diffraction effici-
ency after 10 minutes of recording is
about 10 times higher in the sample
after irradiation.

Radiation treatment of barium sodium
niobate did not result in significantly
improved storage performance. It ap-
pears that the traps induced by irradi-
ation in this material are too shallow
in energy to give useful storage times.

Improvements through
impurity doping
While the radiation treatment was

shown highly effective in improving
the performance of the materials, it is
largely limited to a single type of cen-
ter. Impurity doping during growth of
the crystal, on the other hand, gives a
much wider range of centers from
which to choose. A variety of dopants
were tried in lithium niobate and bar-
ium sodium niobate, many with good
and some with remarkable improve-
ments of the storage properties of the
crystals.

Iron was found to be the most effec-
tive of the dopants tried in both ma-
terials, with improvements in sensi-
tivity of lithium niobate of more than
two orders of magnitude. With iron
doped lithium niobate diffraction ef-
ficiencies of 60% in a 0.25 cm thick
sample were achieved, and the ex-
posure required to reach 40% diffrac-
tion efficiency was only 1 J/cm’.

Barium sodium niobate, which shows
little or no storage effect in its nom-
inally pure form or even after irradia-
tion, also becomes an excellent storage
material when doped with iron or iron
and molybdenum. The curve in Fig. 6
shows the performance of a 0.3-cm
sample of barium sodium niobate
doped with iron and molybdenum,
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Fig. 6—Diffraction efficiency vs. time during
recording and readout in a 0.3 cm Ba,NaNb;-
0,; sample doped with 0.036 w/o Fe and
0.002 w/o Me.

which was grown by Dr. A.W. Steph-
ens and A. Cafiero. Based on the above
results, it appears that these dopants
provide the right type of centers for
enhancing this phenomenon in a wide
variety of host lattices, and other elec-
tro-optic crystals are now being tried.

Fixing techniques

To take full advantage of the features
of volume recording, it is often neces-
sary or at least highly desirable to
have nondestructive readout capabil-
ities. The electro-optic storage process
described above produces a hologram
that erases optically unless longer
wavelength light is utilized during
readout. Unfortunately, because of the
nature of thick holograms, readout at
a different wavelength is difficult to
implement without introducing distor-
tion. In an effort to find a solution to
this problem, we investigated tech-
niques of “fixing” the holographic pat-
tern in the electro-optic material. The
basic idea behind the various schemes
that were tried consists of using the
optically generated field to produce a
more stable pattern through drift or
reorientation of ions, vacancies, or im-
purity complexes that had been made
temporarily mobile. Some of the pos-
sible mechanisms for achieving this ef-
fect are the following: recording dur-
ing or immediately after high-energy ir-
radiation, sxposure to high-energy ir-
radiation after recording, and heating
above the threshold temperature for
ionic or vacancy migration during or
after recording.

The high energy radiation techniques

have so far been successful only when
recording immediately after gamma-
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irradiation. Here, presumably, the “fix-
ing” is due to short lived ionic defects
that are mobile enough to rearrange
themselves under the influence of the
holographic field. [Irradiation with
gamma-rays after recording, on the
other hand, caused the holographic
pattern to disappear and no fixing was
observed. This was probably duec to
fast erasure of the electric field by the
large number of electrons freed by the
irradiation. Recording while the sam-
ple is being irradiated has not been
tried yet because of the experimental
complexity involved.

Thermal fixing techniques’ have been
the most successful and consist simply
of heating the crystal for 20 to 30 min-
utes to 100°C during or after record-
ing. Because the activation energy for
ionic or vacancy motion appears to
be lower than that for exciting the
trapped electrons, it is possible to allow
ionic migration without erasing the
electronic pattern constituting the hol-
ogram. The sequence for the formation
of a fixed hologram starts with the
creation of a space-charge pattern due
to the optically excited electrons. Sub-
sequent heating increases ionic mobil-
ity allowing the ions to drift and neu-
tralize the “electronic” space charge.
At this point the hologram is nearly
erased but it is quickly brought back
by exposure to readout light, that has
the effect of redistributing the elec-
trons evenly over the volume. This
leaves the ionic space charge unneu-
tralized, and since the ions are not
excited by the light, the new pattern is
resistant to optical erasure. The curves
in Fig. 7 show the decay during read-
out of a normal hologram in lithium
niobate (curve A) and the build-up of
diffraction efficiency of a hologram
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Fig. 8—Photograph showing actual recon-
struction of a fixed hologram in LiNbO,.

fixed by heating in the same crystal
{curve B). The higher diffraction effi-
ciency of the fixed pattern is due to a
self enhancement effect where the fixed
hologram creates an additional elec-
tronic pattern that increases the field.
This effect is described in more detail
in a previous publication.” The photo-
graph in Fig. 8 shows the reconstruc-
tion of one of several holograms stored
and fixed in a gamma-irradiated
LiNb0Q: crystal. The converging beam
coming in from the left is the reference
beam being used for readout. Besides
the reconstructed object beam project-
ing the image, the photo shows the
transmitted (undiffracted) reference
beam and the reflected part of the ref-
erence beam.

Similar fixing results were obtained
with doped barium sodium niobate
crystals, indicating that the technique
is likely to be widely applicable to a
variety of materials. The process is

Fig. 7—Readout of (a) normal (optically erasable) holo-
gram in a 0.3 cm sample of LiNbO, and (b) a hologram
fixed by heating the crystal after recording a normal

hologram.

wwWw.americanradiohistorv.com

made even more attractive by the fact
that it is reversible. A thermally fixed
hologram can be erased by either heat-
ing the crystal to 300°C, or by heating
to 100°C while exposing it to uniform
light of the proper wavelength to ex-
cite the trapped electrons, and the
storage process can then be repeated.

Conclusions

The electro-optic storage phenomenon
has always appeared to be a potentially
attractive approach for holographic
storage. Improvements in material per-
formance over the last year have
changed considerably the practical out-
look and competitiveness of these
media. For any given level of diffrac-
tion efficiency, the sensitivity of the
materials described above is consider-
ably better than that of most photo-
chromics and their storage time is
much longer. At the present state of
development, therefore, these im-
proved electro-optic crystals should be
regarded as serious contenders for dy-
namic storage and read-write memory
applications, where their usage was
precluded in the past by their low
sensitivity.

The successful implementation of fix-
ing techniques have also opened new
application areas for these materials,
such as read-only memories, storage
for display devices, and holographic
optical components.

It is expected that these developments
will greatly spur the work towards
further material improvements and to-
wards the implementation of practical
systems utilizing these media.

Acknowledgements

It is a pleasure to acknowledge the
skillful assistance of Messrs. G. Lath-
am, L. Levin and R. Wer in the experi-
mental work that was carried out.

References

1. Chen, F. S., LaMacchia, J. T., and Fraser,
D. B.. ‘“Holographic Storage in Lithium Nio-
bate,”” Appl. Phys. Letters, Vol. 13 (Oct 1968)
pp. 223-225.

2. Amodei, J. J., ‘“Electron Diffusion Effects
During Hologram Recording in Crystals,”’
Appl. Phys. Letters, Vol. 18 (Jan 1971) pp.
22-24.

3. Chen, F. S., “Optically Induced Change of
Refractive Indices in LiNbOs and LiTaOs,"” ],
Appl. Phys., Vol. 40 (July 1969) pp. 3389-
3396.

4. Johnston, Jr., W, D., “Optical Index Damage
in LiNbOax and Other Pyroelectric Insulators,”
/. Appl. Phys., Vol. 41 (July 1970) pp. 3279-

5. Amodei, J., /. Appl. Phys., to be published.

6. Kogelnik, H., ‘““‘Coupled Wave Theory for

Thick Hologram Gratings,”” Bell System Tech.

/., Vol. 47 (Nov 1969) pp. 2909-2947.

. Amodei, |. |., and Staebler, D. L., Appl.

Phys. Letters, to be published.

-


www.americanradiohistory.com

Inorganic photochromic
and cathodochromic
recording materials

R. C. Duncan, Jr.

Dr. B. W. Faughnan | Dr. W. Phillips

Photochromic materials have the property of changing color under light illumination.
Inorganic photochromic materials are frequently cathodochromic as well, that is, they
can be colored by electron-beam irradiation. This paper describes recent studies at
RCA Laboratories of three classes of inorganic photochromic materials: 1) rare-earth-
doped CaF:; 2) transition-metal-doped SrTiO; and CaTiO,; and 3) iron- or sulfur-doped
sodalite. Photochromic properties of these materials in both single crystal and powder
form, and cathodochromic properties of powders, are discussed.

HOTOCHROMIC MATERIALS change
Pcolor reversibly when illuminated
by light. Typically, they are transpar-
ent or lightly colored in the normal or
thermally stable state, and become
more darkly colored after irradiation
with ultraviolet or blue light. The in-
duced photochromic optical absorp-
tion decays thermally at room temper-
ature in times ranging from seconds to
days depending on the material. The
materials can also be returned to their
original state by irradiation with vis-
ible light. Many applications of photo-
chromic materials are possible. For
example, single crystals may be used
for information storage and optical
processing; powders may be used for
cathodochromic storage tubes and
hard copy applications.

Organic photochromic materials have
been studied for many years, and sev-
eral review articles have been written
about them.** Reviews of inorganic
photochromic materials are also avail-
able.** However, only relatively few
inorganic materials have been studied
in any detail. The earliest examples
are alkali halides containing F-centers.’
For the past several years, a group at
RCA Laboratories has been studying
the photochromic properties of cal-
cium fluoride doped with rare earths
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(CaF.:RE), strontium and calcium
titanate doped with transition metals
(SrTiO.:TM and CaTiO.:TM), and
sodalite doped with iron or sulfur.

In this paper we are concerned with
the properties of these three materials.
In the first part we deal with single
crystals. This is followed by a discus-
sion of photochromic powders. Final-
ly. the cathodochromic properties of
these powders, i.c., their behavior un-
der electronbeam excitation, are con-
sidered.

Single crystals of CaF. used in this
study were grown at RCA Laborato-
ries. Crystals of SrTiO, and CaTiO,
were obtained from National Lead
Company, and CaTiO. was synthesized
in powder form at RCA. Crystalline
sodalite was supplied by Airtron, a
division of Litton Industries.

Photochromic single crystals
Photochromic mechanism and spectra

The photochromic process in inor-
ganic crystals can be understood in
terms of the photo-induced charge
transfer of an electron from one lo-
calized impurity or defect state in the
crystal to another via the conduction
band. This process is illustrated sche-
matically in Fig. 1; A and B represent
two different defect centers in their
thermally stable states. Centers A and
B may or may not have optical absorp-
tion bands in the visible; if not, then
the crystal will be colorless in its
normal state. In the photochromic
process, an ultraviolet photon removes
an electron from A. This electron is
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free to move in the conduction band
until it is trapped by B (if not retrap-
ped by A), thereby producing two new
centers A' and B". Either or both of
these centers must now have absorp-
tion in the visible for the material to
be photochromic. If the incident pho-
ton has an energy greater than the
band gap, then an electron-hole pair
will be created. If the hole is trapped
by A and the electron by B, the final re-
sult will be the same as for direct exci-
tation of the A center. However, if the
photon energy is greater than band-
gap, the light will be absorbed close to
the surface of the crystal because of
the high optical edge absorption.

The photochromic optical absorption
bands observed in CaF.:RE, CaTiO,:
TM, and sodalite are shown in Fig. 2.
In Fig. 2a, the unswitched or thermally
stable absorption arises from the
La* :F-center complex which is created
when CaF.:La is additively colored.™®
The switched curve results after an
electron is removed from this center
by ultraviolet irradiation and is subse-
quently trapped by a La" ion in a cu-
bic site. The optical absorption arises
from both the ionized La*:F-center
complex and the newly created cubic

CONDUCTION BAND

VALENCE BAND

Fig. 1—Photo-excitation and transfer of an
electron from one localized impurity center,
A, to another center, B.
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Fig. 2—(a) Optical absorption spectra of a CaF,.La crystal wafer before
and after photochromic switching with ultraviolet light. {b) Optical
absorption spectra of a CaTiO,:Ni,Mo crystal wafer before and after
photochromic switching with ultraviolet light. (c) Diffuse reflectance
spectra of Fe-doped sodalite before and after photochromic switching

with ultraviolet light.

La* center. Gd-, Th-, and Ce-doped
CaF, also show similar effects.

Fig. 2b shows the photochromic ab-
sorption in CaTiO, doped with Ni and
Mo."*" In the transparent state the im-
purity ion valences are Ni** and Mo®.
The effect of ultraviolet light near the
band edge is to remove an electron
from the Ni** ion. The electron is then
trapped by the Mo’. The net result is
the creation of Ni** and Mo**, both of
which have absorption bands in the
visible. The Ni* absorption band
peaks at 5000 A, while the Mo* ab-
sorption band peaks at 6500 A.

Chloride sodalite has the chemical

formula Na,AlSi,0.Cl.. In place of

the chlorine in the more common
chloride sodalite, bromine or iodine
can also be fully incorporated into the
lattice. The structure consists of an
aluminosilicate cage with the halogen
ion at its center tetrahedrally coordi-
nated with Na ions.” The color center
in sodalite has been identified as an F-
center at a halogen site.”" The photo-
chromic absorption band arising in
bromide sodalite is shown in Fig. 2c.
The donor supplying the electron for
the F-center is a chemical impurity
such as sulfur or iron. The data shown
in Fig. 2c were taken on a sodalite
powder, rather than a single crystal.

Optical density vs concentration

The maximum optical density (OD=
log [I,/1]) that can be obtained in a
photochromic crystal of given thick-
ness is a most important quantity for
applications. A high optical absorption
coefficient allows the use of a thin
crystal wafer to obtain a desired opti-
cal density change. This coefficient is
directly proportional to the number of
switching centers/cm’, which, in turn,
is dependent on the dopant concentra-
tion. All three materials have been
studied in detail to optimize the num-
ber of switching centers. Some results
of this study for typical samples of
SrTiO, and sodalite are shown in Fig.
3. The peak absorption coefficient is
plotted, in each case, against the
weight percent of transition element.
(The sodalite data were taken on pow-
der samples, and the raw diffuse re-
flectance data converted to absorption
coefficients using the theory discussed
below.) The maximum number of cen-
ters that switch has been estimated
from electron spin resonance measure-
ments to be about 10*/cm® for both
CaTiO, and sodalite. The peak absorp-
tion in Fig. 3 occurs for a dopant con-
centration an order of magnitude or
more greater than this.

The situation for CaF,RE is more
complicated since the crystal must be
additively colored before it becomes
photochromic, and this process itself
depends on the rare earth concentra-
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tion. If this concentration is made too
high, undesirable coleration side ef-
fects are produced during the additive
coloration step. However, the same
general conclusion applies: in the best
material the rare earth concentration
is roughly ten times higher than the
actual number of switching centers.

Thermal decay rate

The thermal decay rate is an exponen-
tial function of temperature. The
thermal decay time depends prin-
cipally on the thermal depth of the
relevant electron trap. In general, if
the bandgap is large, the trap depth
will also be large. In CaF., which has
a bandgap of 10.2 eV, the decay times
in the dark are several days to a week.
Sodalite, with a bandgap of 5.2 eV,
has thermal decay times of hours to
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Fig. 3—Photochromic optical absorption
change as a function of transition metal
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tlon for several materials. (For the dotted curve the time
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days. In SrTiO,, with the much smal-
ler bandgap of 3.2 eV, the decay times
vary from seconds to minutes. The
Mo™ trap depth in SrTiO, has been
measured to be 0.7 eV below the con-
duction band."”

Even in the same material and with
the same electron trap, as for example
with Fe,Mo- and Ni,Mo-doped SrTiO,,
the thermal decay times will differ be-
cause the electron capture cross sec-
tions of the different ions differ. If the
charge states of the ions are different,
e.g., Fe" and Ni**, the differences in
thermal decay times can be as large as
a factor of 10. Decays for the three ma-
terials are shown in Fig. 4. Note that
for the dotted curve the time scale
should read in seconds.

Coloring and bleaching efficiency

The photochromic process, unlike the
photographic one, has no built-in gain
mechanism. The unavailability of high
power light sources in the ultraviolet
region of the spectrum frequently
places limitations on the switching
speeds of photochromic crystals. The
growing number of laser sources in
this frequency range is helping to alle-
viate this problem.

A lower limit on the energy required
to switch a photochromic can be esti-
mated from Smakula’s equation for
color centers.” This can be written,

Nf=087%10" [n/ (0" +2)*] kmnazW

where N is the number of absorbing
centers/cm’; f is the oscillator strength
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of the transition; n is the index of re-
fraction of the material; k... is the
absorption coefficient, in cm™, at the
peak of the absorption band; and Wy
is the full width, in eV, of the absorp-
tion band at half intensity.

For a typical F-center-like transition,
f~0.5 and W»~0.4 eV. To produce
an optical density change of 0.3 (a 2:1
contrast ratio) in a crystal thickness ¢,
it is necessary that Nf=4x10" cen-
ters/cm® switch. If we further assume
that every ultraviolet photon incident
on the crystal is absorbed and excites
one color center (unity quantum effi-
ciency), the energy required is approx-
imately 2.5 millijoules/cm®.

This is an optimistic estimate. For the
materials under study here, a quantum
efficiency of approximately 10-15% is
usually found. This means that for
sodalite and CaF. approximately 25
mJ/cm® of energy is required to pro-
duce an optical density change of 0.3.
In SrTiO,, the oscillator strength is
somewhat smaller and the absorption
bandwidths are about twice as great,
so that approximately 40 mJ/cm® of
energy is required. The quantum effi-
ciency can be reduced by so-called
“dead bands” which absorb energy
but do not lead to photochromic
switching.

Photochromic bleaching is accomplish-
ed by irradiation with visible light. In
general, bleaching efficiencies are us-
ually at least ten times lower than
coloring efficiencies. Typically they are
a few percent.
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Photochromic powders
Why powders?

For many applications, photochromic
materials are more useful in powder
form than as single crystals. Several
mechanical, optical and photochromic
properties of these powders are re-
sponsible. First, in powder form, these
materials lend themselves particularly
well to large-area displays. Such dis-
plays are not possible with single crys-
tals except in the form of carefully
polished and fitted mosaics. Second,
the diffuse reflectance of a powder sur-
face is ideally suited to reflective read-
out in ambient light. Third, because of
their large surface-to-volume ratio, the
small powder particles achieve a more
complete and uniform bulk coloration
under greater than bandgap ultraviolet
or electron-beam switching than do
even the thinnest single crystal wafers.
And fourth, the readout contrast of a
recorded image is enhanced by mul-
tiple internal reflection of readout light
trapped within the powder particles.

These properties suggest the use of
photochromic powders on flexible
large-area substrates, such as sheets or
moving belts for semi-hard copy, re-
flective display, and buffer memory ap-
plications. Perhaps the most important
use to date of these powders is in dark-
trace cathode-ray tubes. The cathodo-
chromic properties of these powders
pertinent to that application will be
specifically discussed later in this

paper.

Photochromic SrTiO,, CaTiO,, and
sodalite have all been studied in pow-
der form. Samples were prepared by
direct powder synthesis or by crushing
crystalline or sintered material. The
powders were sized, by mechanical
sieving, into several particle-size
ranges between 20 and 88 sm. Powder
of a single particle size range was used
in the preparation of thick (usually
many particle diameters) loose-powder
samples for study.

Ditfuse reflectance of absorbing powders

A detailed theory for the diffuse reflec-
tance of absorbing powders has been
developed by Melamed.” This theory
relates the diffuse reflectance of a pow-
der to the particle size, its bulk absorp-
tion coefficient, and its refractive in-
dex. Its basic assumptions—

1) A Lambertian (perfectly diffuse) re-

flecting powder surface;

2) A total reflectance given by the Fres-
nel relations for each angle of inci-
dence;

3) An infinitely thick powder; and

4) Spherical powder particles of uni-
form size:

—are generally consistent with prop-
erties of photochromic powder sam-
ples studied. The very nearly Lambert-
ian nature of their surface reflectance
was experimentally verified; their
thickness was essentially infinite; par-
ticle sizes were approximately uniform
(£ 30% or better); and we have as-
sumed, with Melamed, that the spher-
ical particle assumption is a good ap-
proximation to a real powder of
randomly oriented and randomly
shaped particles. The second assump-
tion above has not been explicitly veri-
fied.

For all of the powders studied, the
bulk absorption coefficient (for both
the switched and unswitched states),
k, and the powder particle diameter, d,
lie in the regions 0<k<150cm™ and
0.0020<d<0.0088 cm respectively.
Thus the kd product lies in the range
0<kd<1.4. The index of refraction, n,
is about 2.4 for the titanates and about
1.5 for sodalite.

It is useful to summarize some of the
predictions of the Melamed theory
which are applicable to these pow-
ders:

1) For a given value of k>0, the dif-
fuse reflectance R should decrease mo-
notonically with increasing d.

2) Within the limited range kd<1.4, a
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Fig. 5—(a) Optical diffuse reflectance spec-
tra of a CaTiO,:Fe,Mo powder before and
after photochromic switching with ultraviolet
light. (b) Spectral dependence of the cor-
responding photochromic diffuse reflectance
contrast ratio.
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given photochromically induced change
Ak should produce a diffuse reflectance
contrast ratio. C=Runiwi !rhed/leilrhed,
which increases with increasing d.

3) For very large Ak, or Akd, the value
of C should approach a maximum
which is independent of d but which
decreases with increasing n. This Cmes
should be about 8:1 for the titanates
and about 20:1 for sodalite.

Diffuse reflectance spectra

The photochromic behavior of a pow-
der sample of CaTiO,:Fe Mo is illus-
trated in Fig. 5. The data in Fig. 5a
were obtained using a modified inte-
grating sphere accessory for the Cary
14 Spectrophotometer. Measured dif-
fuse reflectance optical densities
(=log {R.cserenc./R]) are shown for a
MgCO, block “standard” (R.iemdare=
0.97), the CaTiO, powder in its un-
switched state, and the same powder
in its saturated switched state. With
small instrumental and “standard”
corrections applied, these optical den-
sities can be converted directly to ab-
solute reflectances. The ratio of these
reflectances then gives the saturated
diffuse reflectance contrast ratios plot-
ted in Fig. 5b. The broad wavelength
region of high contrast ratio is well
suited for nearly black-on-white visual
readout in ambient light. Sodalite pow-
ders, on the other hand, have consid-
erably narrower visible absorption
bands (See Fig. 2c¢) and produce a
colored image.

The wavelength dependence of the
photochromically induced change Ak
in the bulk absorption coefficient can
be obtained from data such as that of
Fig. 5a by using the Melamed theory.
Induced absorption spectra obtained
in this way have been compared with
those of single crystal samples of the
same material. The close similarity in
the shapes of these spectra tends to
confirm both the applicability of the
theory to these photochromic powders
and the similarity of the photochromic
processes in the crystal and powder
forms of the materials. Generally,
however, the powder data yield larger
values of Ak. This discrepancy will be
discussed later.

Saturated photochromic contrast ratio

The saturated photochromic contrast
ratio is the ratio of the diffuse reflec-
tances of a powder in its normal or un-
switched state and its saturated
switched state, C,=R./R,.. The value
of C. depends on the wavelength at
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which the appropriate diffuse reflec-
tances are determined; the spectral de-
pendence of C, for a CaTiO,:Fe,Mo
powder sample was shown in Fig. 5b.

Saturated contrast ratios at 5500 A for
CaTiO,:Fe, Mo powder samples of
several different particle-size ranges
are given in Table 1. These values are
among the highest observed to date for
SrTiO, or CaTiO, powders. Values of
C, between 2:1 and 3:1 are exhibited
by typical sodalite powders of 20-40
pm particles.

The values of C, given in Table I ex-
hibit a progressive increase with in-
creasing particle size. This again is
consistent with the predictions of the
Melamed theory, and illustrates the
contrast enhancement that can be
achieved in display applications where
large powder particle sizes do not con-
flict with resolution requirements.

The diffuse reflectances used in de-
termining the values for C, in Table I
can also be used, in conjunction with
the Melamed theory, to compute the
change Ak in the bulk absorption co-
efficient for each powder sample. The
results, shown in the last column of
Table I, are essentially independent of
particle size. This observation lends
still further support to the applicabil-
ity of this theory to these photo-
chromic powders and, at the same
time, tends to confirm that the Ak so
determined is indeed a bulk property
of the material.

Table |I—Saturated diffuse reflectance con-
trast/ratios for powder samples of CaTiO,:Fe,
Mo. (Readout A==5500 A)

Particle Saturated Bulk absorption

Diameter contrast ratio coefficient
d{(um) (Cs) Akmes (cm-?)
20-30 3.1 £ 0.1 140 = 15
30-37 34 £ 0.1 125 = 15
33.44 3.6 = 0.1 135 £ 15

It is interesting, therefore, to compare
this deduced value, Akn..=135*15
cm™, with bulk values deter-
mined by direct transmission mea-
surements on single crystal samples of
CaTiO,:Fe,Mo. The largest values so
determined are Akn..=90 cm™, and
are only observed for very thin crystal-
line samples in which the greater-than-
bandgap switching radiation reaches
a larger fraction of the sample volume.
The greater Akn., observed for pow-
der material may, then, represent a
still more efficient penetration of this
switching radiation into the small par-
ticles.

Photochromic switching sensitivity

The photochromic switching sensitiv-
ity of good quality CaTiO,:Fe,Mo
powder sample is illustrated in Fig. 6.
About 8 mW/cm® of switching radia-
tion near 3650 A was used. The initial
rate of diffuse reflectance optical den-
sity change with exposure is about
0.08 OD/m]/cm’®. The optical-density-
versus-log-exposure format of Fig. 6
places major emphasis on the middle
exposure range in which the greatest
optical density changes occur and cor-
responds to the standard display for-
mat used for sensitometric data for
photographic film.

The effective threshold for significant
photochromic coloration is about 1
m]/cm’. Saturation becomes important
at exposures of somewhat less than
100 mJ/cm®. The approximately 10
mJ/cm® exposure necessary to achieve
a contrast ratio of 2:1 is less than the
40 mJ]/cm’ required to produce the
same contrast in transmission in a sin-
gle crystal, and considerably closer to
the 2.5 mJ/cm® estimated for an ideal
crystal (see the discussion of Photo-
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chromic Single Crystals above; SrTiO,
and CaTiO, have similar oscillator
strengths) . This is consistent with the
previously noted higher efficiency with
which switching radiation is absorbed
in powder samples and increased uni-
formity and completeness of colora-
tion of such samples.

The effective slope or y of the nearly
linear portion of the switching curve
of Fig. 6 is y=0.3.

Photochromic erase sensitivity

The photochromic erase sensitivity of
the same material is also shown in
Fig. 6. Here the powder was switched
to near saturation with 3650 A radia-
tion and subsequently erased in about
20 mW /cm® of 5000 A to 6400 A light.
The data has been corrected for the
thermal decay in coloration which is
assumed to proceed independently
during optical erasure and which is
easily measured (see below).

The exposures corresponding to the
effective threshold and effective com-
pletion are each nearly a factor of ten
greater for erasure than for switching.
This is consistent with the behavior of
single crystal photochromics and is
common (qualitatively) to all inor-
ganic photochromics we have studied.
The effective y of the erase mode is
approximately y=-0.3.

Switched-state lifetimes

The lifetimes of the switched states of
photochromic powders vary, as do
those of their single crystal counter-
parts, for different host crystals and
different dopants. The decay rates of
bulk absorption coeflicients appear to
be identical for the two forms of the
material (see Fig. 4). The resulting
decay of the diffuse reflectance con-
trast ratios for powder samples of
three materials are shown in Fig. 7.

Cathodochromic excitation
of powders

Cathodochromic mechanism

When powdered photochromic mate-
rials are bombarded by an electron
beam, they undergo a color change that
closely resembles the photochromic
color change induced by ultraviolet
irradiation, and in fact differs from the
latter only in the way in which elec-
trons are transferred from the A-cen-
ters to the B-centers (see Fig. 1). In the
cathodochromic process the electron
beam creates electron-hole pairs in the
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material.”" Electrons are trapped at B-
centers and holes at a-centers, exactly
as in the case of greater-than-bandgap
ultraviolet irradiation (refer to the dis-
cussion of Photochromic Single Crys-
tals), producing the colored state of
the material. Thermal decay of opti-
cally induced bleaching of the cath-
odochromic coloration proceeds in the
same manner as for photochromic
coloration.

Interest in the cathodochromic mode
of excitation stems from the fact that
it provides a relatively simple solution
to the problem of addressing photo-
chromic materials. One can, for ex-
ample, construct cathode-ray tubes
having cathodochromic screens in-
stead of phosphor screens.” These
tubes constitute inexpensive display-
storage devices having a number of
unique attributes.

Fabrication and properties of screens

Cathodochromic screens are made by
settling powdered material from aque-
ous suspension onto glass substrates,
using well-known phosphor settling
techniques. The screens are then alu-
minized to eliminate light transmission
and increase reflectivity. Most of the
data presented here were obtained
using 5-cm square glass slides in a de-
mountable electron-beam apparatus.

The powder particle size used is deter-
mined by a compromise. Larger parti-
cles are capable of greater contrast
ratios for a given Ak (refer to the dis-
cussion of Photochromic Powders),
while smaller particles can be more
fully and more uniformly colored by
an electron beam of given energy. The
empirically determined optimum size

is several times larger than tne es-
timated eclectron-beam penetration
depth.” For sodalite screens excited by
28-kV electrons, this optimum is ap-
proximately 25 microns.

The screen weight (mass of material/
cm’® of screen surface) used also repre-
sents a compromise. As much material
as possible should interact with the
readout light, yet the electron beam
should completely penetrate the screen
to color the particles in direct view of
the observer. Optimum screen weights
have been found by D. R. Bosomworth
to be equivalent to between one and
two monolayers of particles.

Although the parameters of particle
size and screen weight are usually opti-
mized to produce the maximum con-
trast capability, they also influence the
sensitivity (defined below) of the
screens. There are applications in
which sensitivity considerations take
precedence over contrast capability.

Performance of screens

Measurements are made by exciting
screens with known clectron beam ex-
posures and observing the changes in
diffuse reflectance with a spot bright-
ness meter. The results are conve-
niently represented as curves, such as
those in Figs. 8 and 9, showing the
contrast ratio achieved for a given
electron beam exposure. From such
curves one determines both the sensi-
tivity and the maximum contrast ca-
pability of the screen. In the present
discussion, the term sensitivity is used
in a relative sense to refer to the
amount of coloration achieved for a
given electron beam exposure. A use-
ful practical measure of sensitivity is
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Fig. 7—Room temperature thermal decay of the photochromic
diffuse reflectance contrast ratio for sodalite:/, sodaltie:Br,

and CaTiO,:Fe,Mo.
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the exposure (in units of microcou-
lombs/cm®) required to reach a con-
trast ratio of 2:1. Lower required ex-
posures, of course, imply higher
sensitivities.

The cathodochromic materials that
have been studied in the greatest detail
are the sodalites and calcium titanate.
These are the materials with the
greatest cathodochromic as well as
photochromic absorption coeflicients.
The behavior of CaTiO, and sodalite
screens differs in a number of impor-
tant respects, one of which is sensitiv-
ity. Fig. 8 shows electron beam
exposure curves for representative
sodalite (in this case, iodide sodalite)
and CaTiO, screens. Sodalite screens
usually require between one and two
microcoulombs/cm® to reach a 2: 1 con-
trast ratio. Calcium titanate screens
are less sensitive, typically requiring 8
microcoulombs/cm® to reach 2:1.

The most significant practical differ-
ence between sodalite and CaTiO,
screens is the way in which they ap-
proach their maximum reversible con-
trast. The contrast that can be achieved
by a CaTiO, screen is limited
by the onset of saturation (see Fig. 8).
When the maximum coloration at a
given electron-beam voltage has been
reached, additional exposure at that
voltage will not increase the contrast.
When the excitation is removed, ther-
mal decay commences in the normal
manner. In practical screens optimized
for voltages of 30 kV, saturation oc-
curs at contrasts of somewhat greater
than 2.5: 1.

On the other hand, sodalite, particu-
larly chloride and bromide sodalites,
usually show an increase in contrast
with increasing electron-beam expo-
sure until considerably higher contrast
ratios are achieved. Once the material
is colored beyond a certain point, how-
ever, the image can no longer be com-
pletely erased with light. The situation
for chloride sodalite is illustrated in
Fig. 9. The upper curve indicates the
total contrast, while the two lower
curves show the portions of this total
which are and are not erasable with
light. At higher contrast levels, the
total coloration curve and the optically
irreversible curve tend to converge.

The advantages of sodalite are that
both its ultimate contrast capability at
any given accelerating voltage and its


www.americanradiohistory.com

ZQI‘_ — — ﬁ

22|
zol- SODALITE: I
° 28 kv
5 g
e
« CaTiOy: Fe, Mo
:'-, 31 kv
< IGL'
&
(=
z
]
(%]

14

i

ol | 1 b L1
oz 05 I 2 s 1 2 5 10 20
ELECTRON BEAM EXPOSURE (micracoulombs /cm?)

Fig. 8—Diffuse reflectance contrast ratio as a

function of electron beam exposure for an io-
dide sodalite and a CaTi0,:Fe,Mo screen.

50

—r T T —

24} SODALITE:Cl q
] o0 — TOTAL COLORATION
22 © —REVERSIBLE COLORATION 1
* —RESIDUAL COLORATION . |
o
29| - |
7 |
[ 4
1.8~
n
s
@«
Ziel
°I 6
(%)

w1 4 L, ——en N G W
005 ol 02 as 1o 2 s 10 20 s0 100

ELECTRON BEAM EXPOSURE (microcoul/cm?)
Fig. 9—Diffuse reflectance contrast ratios correspond-
ing to the total coloration, reversible coloration, and
irreversible coloration of a chloride sodalite test screen,
as functions of the electron beam exposure.

sensitivity are higher than those of
CaTiO,. CaTiO, screens, on the other
hand, are virtually immune to opti-
cally irreversible coloration effects
produced by excessive electron beam
exposures. The appearance of irrevers-
ible coloration represents a potentially
serious weakness of sodalite screens,
since it is difficult to operate them
without sometimes exceeding the
threshold for permanent coloration.
This problem has been pursued on two
fronts. On one hand, efforts have been
made to produce materials with re-
duced permanent coloration sensitiv-
ity. We have developed iodide sodalite
materials with contrast capabilities
exceeding 3: 1 in which the irreversible
coloration sensitivity has been reduced
to nearly negligible values. When these
materials undergo continuous electron
beam exposure, they gradually develop
a small amount of residual coloration.
This can be removed, however, by
exposure to crase illumination for a
period of one half hour.

Another approach to the problem is to
make use of the fact that the optically
irreversible coloration bleaches ther-
mally when the screens are heated to
about 200°C. The thermal erase tech-
nique can, in fact, be applied to opti-
cally reversible materials as well.

Applications of cathodochromic
materials

As mentioned previously, cathodo-
chromic crT’s have a number of val-
uable attributes which are not found,
or are achieved with difficulty, in other

display-storage systems. They can be
made in almost any size. Because no
separate storage structure is involved,
the resolution is limited by the elec-
tron beam optics or the powder parti-
cle size. In direct view display tubes,
the electron-beam spot size typically
exceeds 50 to 75 microns diameter and
defines the minimum resolution ele-
ment,

The most striking attribute of these
tubes is that the contrast of the display
is independent of ambient illumina-
tion. Phosphor crt displays tend to
be completely washed out in direct
sunlight, for example, whereas catho-
dochromic screens exhibit essentially
the same contrast in direct sunlight
and at low light levels. A more de-
tailed discussion of cathodochromic
CRT applications appears elsewhere in
this issue.”
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Low-light-level color

photography

E. Hutto, Jr.

Muitistage image intensifier tubes have extended the ability of monochrome photogra-
phy to be effective at starlight illumination levels. Consideration has been given to
color photography at moonlight conditions but most methods become too complex to
be practical. The use of three intensifier tubes can be ruled out because of severe
registration problems. Single-tube cameras using rotating color filter discs are unat-
tractive because of mechanical components and the necessity to relay the output
image to the film. This paper describes an experimental low-light-level camera using

a color encoding technique.

E. Hutto, Jr.

Electro-Optics Laboratory

Advanced Technclogy Laboratories

Camden, New Jersey

received the BSEE from Clemson College in 1847
and joined RCA as a member of the engineer
training program. From 1948 to 1953, he was with
the Home Instrument Optical Group working on
optical components for Schmidt projection tele-
vision systems and in colorimetry for home color
TV receivers. In 1353, he joined the Optics, Sound,
and Special Engineering Section, responsible for
an electronic lens bench for the evaluation of tele-
vision and photographic lenses. His work has also
included optical systems for color tefevision cam-
eras and projectcrs. Mr. Hutto has participated in
studies involving aerial reconnaissance by televi-
sion and photographic techniques. He was project
engineer on two programs utilizing image tubes in
photographic cameras and a study program inves-
tigating techniques for low-light-level color photog-
raphy. He is currently engaged in the development
of a camera in wnich color information is encoded
on black-and-white film. Mr. Hutto has been ac-
tively concerned with optical systems for use with
injection and gas lasers in illuminator and scan-
ning devices.

HE COLOR ENCODING TECHNIQUE
Tusing multicolored gratings has
been investigated by several RCA
groups concerned with single-tube
color television cameras and at Stan-
ford Research Institute under RCA
sponsorship. Its application to color
encoding on black-and-white film has
been described by Mueller.! The en-
coding filter is placed in contact with
the input fiber optics faceplate of the
image tube; otherwise, there is no
modification of the monochrome cam-
era.

The encoding filter

The encoding filter shown in Fig. 1
was prepared on Eastman color print
film. It consists of a cyan grating at
0°, a magenta grating at 90°, and a
yellow grating at 120°. When black-
and-white film is exposed at the output
faceplate by contact printing, the grat-
ing structure is superimposed upon the
image of the scene photographed. The
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Fig. 1—Encoding filters.

presence or absence of the particular
grating structure is dependent upon
the color of the object photographed.
A positive transparency is produced
from the negative and color informa-
tion is restored using a color retrieval
projector such as shown in Fig. 2. In
the retrieval projector, a decoding fil-
ter is placed in the Fourier plane where
the diffracted orders appear. Apertures
in the decoding filter permit the pas-
sage of the diffracted orders but the
central zero order common to the three
color information channels is either
completely blocked or a small fraction
is transmitted. Red, blue, and green
filter segments are placed over the ap-
propriate apertures to impart color to
the three information channels. This
results in a reconstructed color image
at the viewing screen.

Camera description

The details of the low-light-level color
camera utilizing the encoding tech-
nique are shown in Fig. 3, and the
camera itself is shown in Fig. 4. The
camera consists of:

ENCODED
POSITIVE COLOR
TRANSPARENCY '/lmAcs

u—1\_|

/U

ARC

Ll L2

DECODING B
FILTER L3

COLLECTOR~-
COLLIMATOR

Fig. 2—Color retrieval projector.
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ENCODING FILTER MODIFIED 8606 IMAGE TUBE

1/95
50 mm LENS

porfmel ~20K =

OSCILLATOR

GAIN
STAGES I-2

28v
CHMARGER NICKEL

[ —

— )
— ZI8kV r_ _ __L_ _
VOLTAGE MULTIPLIER =

FILM MAGAZINE

+15kv
POWER
SUPPLY

SHUTTER

CADMIUM
BATTERY

Fig. 3—Block diagram of camera.

1) A modified RCA 8606 three-stage (or
RCA 8605 single-stage) electrostatic
image tube with a 12-line/mm encoding
filter,

2) A 50-mm f0.95 Canon lens,

3) A battery-operated power supply,
and

4) 70-mm, roll and sheet film Hassel-
blad magazines.

The encoding filter is held in contact
with the fiber optics input faceplate by
a glass plate and plastic fixture. Sili-
cone oil is used at the film glass inter-
faces to prevent Newton’s rings. A
conductive coating on the inner sur-
face of the glass plate is connected to
the photocathode flange to protect the
fiber optics faceplate from electrical
breakdown. For the three-stage tube,
the potting extends over the glass plate
and the encoding filter cannot be
changed without repotting. For the
single-stage tube, the photocathode is
at ground potential and there is no
conductive coating and no potting.

The three-stage tube is operated with
the interface between the second and
third stages at ground. The third stage
is operated as a shutter and is turned
on by a positive pulse applied to the
output phosphor screen electrode.
Stages one and two operate continu-
ously at =30 kV and —15 kV from the
multiplier units potted in the tube
housing. A 1500-Hz, 2800-volt oscilla-
tor located in the power supply drives
the voltage multipliers.

A 0.5-inch-long fiber optics plug in
contact with the output faceplate of
the image tube transfers the image to
the film magazine. It also provides
electrical isolation. A conductive coat-

PULSE
CIRCUITRY GAIN
STAGE 3

Fig. 4—Camera.

ing on the inner face of the plug is
connected to the output flange of the
image tube in order to protect the face-
plate. When the single-stage tube is
used, it is operated as a shutter in the
same manner as the last stage of the
three-stage tube.

The film magazines are attached to
the camera by catches and light seals
which are identical to those of the
Hasselblad camera. The mounting sur-
face is moved relative to the tube by a
knurled ring. In this manner, the film
is brought into contact with the fiber
optics plug for exposure and is with-
drawn for film advance or insertion of
the dark slide.

The power supply unit contains these
major components:
1) An operating panel with controls
for turning on and varying the gain of
stages one and two or stage three, and
setting cxposure time at intervals of
0.04, 0.02, 0.01, 0.004, 0.002, 0.001 sec-
ond or continuously on,
2) A 28-wvolt nickel-cadmium battery
and a charging circuit,
3) An oscillator for driving the voltage
multipliers, and
4) A shutter pulse circuit which drives
a fast rise time high-voltage supply.

The luminance gain of the 8606 image
tube was 120,000 prior to the installa-
tion of the fiber optics plug at its out-
put faceplate. With a transmittance of
0.3 for the encoding filter and 0.5 for
the fiber optics plug and transparent
coatings required for faceplate protec-
tion, the effective luminance gain of
the three-stage tube is estimated to be
18,000. Other test data on the 8606
before mounting the fiber optics plug
were:

WwWwWWw.americanradiohistorv.com

Center resolution 36 line pair/mm;
Resolution at 11 mm from center 30 line
pair/mm:

Contrast transfer function at center
48% at 12 line/mm;

Magnification at center 0.845;
Magnification 16 mm from center 1.004
(which gives 18.8% distortion at 16
mm) .

The 8605 single-stage tube had a lumi-
nance gain of 90 prior to installation
of the fiber optics plug. The estimated
gain in the camera is 17. Its center
resolution of 80 line pair/mm was re-
duced to 56 with the attachment of the
fiber optics plug. The center magnifi-
cation is 0.946, the edge magnification
is 1.001 which gives a distortion of
5.81%.

Performance tests

Camera performance tests were made
with Panatomic-X film rated at ASA
100 when developed in Acufine. With
the single-stage tube, an illumination
level of 50 footcandles, a lens aperture
of f8 and exposure times from 0.02 to
0.004 second were used. For the three-
stage tube, exposures were made at
0.01 footcandles illumination. This
simulated full moon light was ob-
tained by attenuating a daylight fluor-
escent lamp. Lens apertures of {2 to f4
were used with 0.02 to 0.004 second
exposure times.

The color performance of the camera
is dependent upon the fidelity of the
reproduction of the grating at the pos-
itive transparency that is placed in the
color retrieval projector. The three-
stage tube contrast transfer function is
48% at the grating frequency. The
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Fig. 5—Microphotographs of grating struc-
ture images: (a) encoding filter in direct
contact with film, (b) imagery through single-
stage tube, and (c) imagery through three-
stage tube.

fiber optics plug and contact losses at
the encoding filter input faceplate and
film output faceplate further degrade
imagery. This is illustrated in Fig. 5.
A microphotograph of an encoded pos-
itive is shown in Fig. 5a when the
encoding filter was in direct contact
with film in a press camera. In Fig. 5b
is shown the imagery through the sin-
gle-stage tube: and Fig. 5c¢ shows the
imagery through the three-stage tube.

Fig. 6 is a print made from the encoded
negatives exposed with the single-stage
tube at the 50-footcandle illumination
condition. The retrieved color image
of the cat in Fig. 6 gave reasonably
faithful color reproduction over about
two-thirds of the area of the tube. The
area within the picturc frame contains
good color reproduction. The cat’s tan
and white fur as well as green eyces are

well reproduced. In the outer positions
of the tube, large red and green areas
occur. This color shift is due in part to
off-axis aberrations in the image tube
which tend to favor certain orienta-
tions of the grating lines. In general
the reproductions are blue deficient.
This can be attributed to imperfections
in the yellow grating in the encoding
filter and 1o the low luminosity of the
blue decoding filter in the retrieval
projector.

The reproduction in Fig. 7 was made
from the encoded negatives made at
the 0.01 foot candle illumination con-
dition with the three-stage tube and
shows the lower resolution and in-
creased distortion given by this tube;
also. the effects of noise are apparent
at the low illumination level. The
colors are correct but subdued. In field
tests with the camera, photographs
were made with the multistage tube
three nights prior to full moon. Re-
trieved color imaging was obtained
from cxposurcs made at 0.01 second
and f4.

Conclusions

Tests made with the camera have
shown that encoding with multispec-
tral gratings can provide color photog-
raphy at low light levels with image
tubes. Improvements must be made in
the imagery of the grating structurc at
the film in order to enhance perform-
ance with multistage tubes. Areas of
possible improvement include: use of
an interference type encoding filter to

Fig.6—Retrieved display, single stage camera.
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replace the absorption filter (this will
have a better defined grating structure
and higher light transmission); elimi-
nating the fiber optics plug and con-
ductive coating at the output and
replacing with a thick fiber optics face-
plate. Magnetic image tubes which
have high resolution over a greater
area, more gain, and less distortion
than electrostatic tubes should be con-
sidered if magnet weight and the more
stringent power supply performance
requirement can be tolerated. Second
generation tubes employing micro-
channel multipliers should be consid-
ered for the color camera when their
performance exceeds that of the three-
stage clectrostatic tubes.
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The ideographic composing

machine

W. F. Heagerty

This article reports the work being done at Advanced Technology Laboratories on
the Ideographic Photocomposing Machine.' This effort, which started with Dr. S. H.
Caldwell's design of the Sinotype,” has expanded on two fronts. First, the language
studies have resulted in a machine vocabulary of over 10,000 characters, including
Chinese, Japanese, and Korean. Second, the use of a holographic memory system
has resulted in a machine capable of rapid access to the characters while maintain-

ing reasonable machine size and reliability.

William F. Heagerty

Electro-Optics Laboratory

Advanced Technology Laboratories

Camden, New Jersey

received the BEE from Syracuse University in
June, 1960 and the MSEE from the University of
Pennsylvania in August, 1967. Upon completion
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group responsible for the development of a pro-
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1965, Mr. Heagerty was made project engineer,
partially responsible for the construction of two
engineering models of the photocomposing ma-
chine. Since completion of this assignment he
has been involved with classified programs. Mr

Heagerty is a member of Tau Beta Pi, Eta Kappa
Nu, Pi Mu Epsilon, and IEEE.

MAJORITY of the people in the

world communicate in writing
by the use of ideographs. The most
common ideographic language is Chi-
nese; however, Japanese and Korean
also make use of this form of writing.
When considering the intricacy of the
ideographs shown in Fig. 1 and the
fact that the current Chinese-Japanese
Dictionary® contains 48,902 unique
characters (and these are not all in
use). The immensity of the communi-
cation problem becomes more ap-
parent.

Language studies

The complex structure of the charac-
ters (ideographs), plus the highly
developed sense of taste for good cal-
ligraphy among the readers, necessi-
tates that the characters be stored in
machine memory in total rather than
in the subcharacters. As the number of
stored characters increases to provide
composition flexibility, the problem of
addressing the memory becomes more
formidable. This had been the stum-
bling block in the development of an
ideographic printing machine.

Traditionally the characters have been
ordered in a number of ways,* all with
difficulties:

1) Telegraphic code number—In this
system a character is assigned an ar-
bitrary number. The coders who use
this method can remember about 2500
code groups. This level of performance
is achieved after a long training period.
2) Alphabetical order by Romanization
of pronunciation—Within this listing
there is no direct relationship between
character form and pronunciation.
Also, a single pronunciation may con-
tain a long list of characters.
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Fig. 1—Typical ideographs.

3) Radical index—This index orders
the characters under 214 radicals. The
character radical may be difficult to lo-
cate and sometimes does not exist in
the structure of the character. Further
subdivision by residual stroke count is
helpful, but the residual stroke count
may be difficult to determine.
4) Total number of strokes—Since a
character may contain more than 36
strokes, determining the count is diffi-
cult. Then, long lists of characters ap-
pear under various counts.
5) The four corner system—This sys-
tem is based on the form of the corners
of the character. Here many forms are
ambiguous.
The efforts of Dr. Caldwell resulted in
another cataloging system. Twenty-one
basic strokes that are used to hand-
write the characters were determined.
Characters were then cataloged by the
stroke sequence used in handwriting.
Fig. 2 illustrates the stroke sequence
concept with Romanization of strokes.

This cataloging method has the dis-
tinct advantage of being easily learn-
able. Chinese students are taught the
stroking sequence in a fairly rigid
manner in school. Hence, the compacs-
ing machine operator need not learn
a new indexing method. The unique-
ness of the stroking sequence as a cat-
aloging method has been ascertained
as a result of the language studies.
Within the 10,000 characters there are
271 pairs, 15 triads, and a single quad
of “ambiguous” characters. The ideo-
graphic composing machine (ICM) is
designed to handle these cases.

One form of Korean writing uses
ideographs. The Korean ideographs
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Fig. 2—Stroke sequences.
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Fig. 3—Ideographic composing machine.

are interchangeable with the Chinese
except the meanings change. Since
some current Korean characters are
not current on the Chinese list, a por-
tion of the machine memory is alloted
to these characters. The remainder of
the memory is reserved for Japanese.

Japanese uses ideographs as the Ko-
rean language does. That is, the ideo-
graphs are written as the Chinese
except meanings change. Some ideo-
graphs in current usage in Japanese
are not current in either Chinese or
Korean. The Japanese Kana forms are
also included in the machine vo-
cabulary.

The results of the language studies are

STROKE INPUT

that 3865 characters are common to
all languages. The total ICM character
count for the various languages are
as follows:

Total

Language characters
Chinese 9958
Japanese 5394
Korean 4834

System description

To use the ICM (see Fig. 3) an oper-
ator familiar with the language to be
composed enters the proper stroke se-
quence at the keyboard. Along with
the 21 basic strokes, the keyboard has
punctuation, ambiguous character se-
lection, operational, and entity keys.
The entities are stroke sequences or
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Fig. 4—System block diagram.
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“phases” frequently used in the con-
struction of ideographs.

All outputs from the keyboard enter
the gating logic shown in the system
block diagram of Fig. 4. The code
groups entering the gating logic are
sorted into four categories. Opera-
tional codes such as “photograph” are
gated to perform their function. Punc-
tuation and strokes enter the shift
register as 5-bit codes. Entities are con-
verted to their equivalent stroke se-
quence and are gated into the shift
register.

The shift register stores the 5-bit
stroke codes as they are entered from
the keyboard. A maximum of twenty
strokes are stored and sent to the
coincidence detector. The coincidence
detector also receives all legitimate
stroke combinations from a magnetic
drum. When coincidence is detected,
the contents of a drum counter are
gated to the storage register; the en-
tered stroke sequence has been identi-
fied as a legitimate character. This
sequence has been assigned a number
which identifies its position in the op-
tical memory. The optical memory is
read out and displayed on a kinescope
for operator verification. When veri-
fied, the character is recorded on film
by operation of the keyboard photo-
graph bar. The operational keys (pho-
tograph, line shift, space shift) can
cause the film camera to perform in a
manner analogous to a typewriter. The
erase key allows correction of errone-
ous stroke sequences. The characters
are recorded on 5-inch film in any of
four font sizes. An engraved plate is
made from the film for the final step
of printing.

Optical memory

The ideographs used in the photo-
composing machine are stored in the
optical memory as holograms. The
storage medium is a Kodak 649 silver
halide emulsion on a glass disc as
illustrated in Fig. 5.

The hologram is addressed as shown
in the optical memory block diagram
of Fig. 6. The digital address store
contains 14 bits to select one of 10,000
characters. This word is broken into
three parts consisting of 3 bits, 7 bits,
and 4 bits. The first 3 bits are used to
address the galvanometer driver and
cause selection of one of five disc
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tracks. The 7 bits are compared with
a disc position detector. When coin-
cidence occurs the laser is triggered
and the proper hologram is thereby
read out. A photograph of the readout
appearing on the vidicon faceplate is
shown in Fig. 7.

The laser used to perform the readout
is a TRW model 83A. This pulsed
laser generates a 6*1 pus pulse. A
wavelength selector (TRW model
92A) selects the 5145 A line having a
power content of 2.5 watts.

The laser beam from the wavelength
selector is diverted by a mirror an-
gled at 45° to reduce packaging re-
quirements of the system. A lens then
focuses the beam onto the track se-
lector galvanometer. This galvanom-
eter is also located at the focal point
of a second lens. The beam leaving the
second lens is therefore always paral-
lel to the optical axis of the lens. This
assures the proper incident angle on
the hologram disc for readout regard-
less of the track selected. The holo-
grams recorded on the glass disc are
made redundant to reduce speckle
noise;" hence a third lens is used to
focus the disc output onto the vidicon
faceplate.

The last 4 bits in the memory address
store are used to position the vidicon
scanning raster over the desired ideo-
graph. The raster is generated by a
9600-Hz horizontal oscillator and a
60-Hz vertical synchronization signal.
Vertical synchronization is derived
from the coincidence pulse that causes
laser firing. When coincidence is not
present, a normally locked-out oscil-
lator maintains vertical deflection. The
video generated by the 3.2-mm-square

BEBE 5 558 155 [k B R 19 STL ok 8t 138

raster on the vidicon faceplate is dis-
played on the verification kinescope.
The geometry is such that the charac-
ters arc displayed on the verification
kinescope with approximately 110 vi-
deo lines. A sample of the display is
shown in Fig. 8 where the characters
were magnified to fill a 5-cm square.

When the machine operator verifies
the character displayed. he can cause
exposure of film by shuttering the sys-
tem camera kinescope with the same
video. An example of the machine out-
put is shown in Fig. 9. Exposure of
film is effected with four video frames.
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Fig. 8—Verification kinescope display.

33


www.americanradiohistory.com

34

Color decoding projector for low-light-level
color photography

Dr. L. J. Nicastro | E. Hutto, Jr.

A color decoding projector has been designed to retrieve color images from encoded monochrome transparencies obtained with
the low-light-level camera described in this issue.! The method of color encoding monochrome transparencies uses the Fourier
transform property of lens systems in the decoding process. Thus, in the encoding-decoding system described, storage of
the encoded image on the transparency provides the transition mechanism between an incoherent optical recorder (a camera
used with ordinary illumination) and a coherent retrieval device (the color decoding projector which utilizes a spatial filtering

system).
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N RECENT YEARS, stimulated by the

discovery of the laser, studies in
coherent light techniques have uncov-
ered or rekindled interest in several
optical phenomena. One of these is
the Fourier transformable property of
lens systems.* That is, just as one-
dimensional electrical signals can be
looked upon as having an integrally
related time domain and frequency do-
main, two-dimensional optical images
can have two-dimensional spatial fre-
quencies which have similar integral
relationships. The front and back fo-
cal planes of lenses possess the desired
Fourier transform relationship.

In electrical communication systems,
frequency multiplexing allows many
information signals to exist on a single
link by having each signal modulate a
different carrier frequency. When this
same powerful technique is applied to
optical images, it offers the potential
for storing many images on a single
two-dimensional surface. For exam-
ple, one image can be stored on a
transparency by exposing the film
through a vertical diffraction grating
held in contact with the film, while
another image can be superimposed
through a horizontal diffraction grat-
ing. From a spatial frequency view-
point, each image contains only pc
and relatively low spatial frequencies.
Each image also amplitude-modulates
the relatively high spatial frequency
due to the grating, so that the resultant
spectrum contains the original low-
frequency signal plus a modulated
high-frequency signal.

If collimated light is passed through
the transparency and focused by a
lens, the Fourier transform of the
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transparency’s spatial frequency spec-
trum is obtained at the focal plane of
the lens; in terms of diffraction grating
theory, the Fraunhofer diffraction pat-
tern of the transparency is displayed
at the focal plane. The most signifi-
cant feature of the Fourier transform
plane is that the two superimposed
images are spatially separated, and
can be reimaged to recreate each
image separately. Using this tech-
nique, Mueller®* has devised a method
of recording and retrieving full color
images with panchromatic black-and-
white film. Hutto® also has used the
technique in developing a camera for
low-light-level color photography. In
fact, the color decoding projector de-
scribed below was designed to retrieve
color images from encoded mono-
chrome transparencies obtained with
Hutto’s low-light-level color camera.

Color encoding and decoding

Color encoding of black-and-white
film is carried out by placing a spe-
cific set of gratings in contact with the
film to be exposed. The gratings that
are used are similar to Ronchi rulings,
which are made up of alternate clear
and opaque bars of equal and con-
stant width. When an exposure is
made through a Ronchi ruling held
in contact with the recording film, the
image obtained contains alternating
bars of low and high density. If colli-
mated light is passed through ecither
the original Ronchi ruling, or one of
the gratings produced on film, some
fraction of the transmitted light is dif-
fracted. When the diffraction pattern
is observed at the transform plane, it
appears as a linear array of spots ori-
ented perpendicular to the direction
of the grating bars (see Fig. 1). The
bright central spot of the array, which
represents the light that is not dif-
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Fig. 1—lilustration of diffraction by a grating.

fracted by the grating, is referred to
as the pc or zero order. The spots
symmetrically distributed on either
side of the central maximum are the
first, sccond, third, etc. orders. For
Ronchi rulings, all the even orders
(2, 4. 6, ctc.) are missing. This comes
about because the distance between
clear bars is twice the width of a clear
bar, and this is just the condition for
having all cven orders missing.*

When the grating is rotated, the or-
ders of the diffraction pattern arc ang-
ularly displaced from their original
positions in the transform plane. Thus
it can be seen that if Ronchi rulings
of different angular orientation are
overlapped, the various sets of orders
will be spatially separated in the
transform plane. To achieve a color
system, three gratings must be con-
structed such that cach has the capa-
bility of modulating a single primary
color. The required gratings have
clear bars alternating with bars of a
subtractive color: cyan to modulate
red, magenta to modulate green, and
yellow to modulate blue.

The encoding filter used in the low-
light-level color camera was fabri-
cated by superimposing three gratings
at different angles on a single sub-
strate of Eastman color print film.
This filter, depicted in Fig. 2, consists
of a cyan grating oriented at 0°, a
magenta grating oriented at 90°, and
a yellow grating at 120°; cach grating
has 12 line pairs per millimeter. When
black-and-white film is exposed, the
encoding filter is held in contact with
it, so that the grating structurc is su-
perimposed upon the image of the
photographed scene. The presence or
absence of a particular grating struc-
ture in the exposed film is determined
by the color of the object photo-
graphed: the cyan grating produces
alternate light and dark bands at 0°
if the object is red; the magenta grat-
ing produces alternate light and dark
bands at 90° if the object is green;
and the yellow grating produces al-
ternate light and dark bands at 120°
if the object is blue. Other colors pro-
duce structures corresponding to a
combination of the gratings. Thus the
color of the photographed scene is
stored on the exposed black-and-white
film by the superimposed structure of
the gratings. For retrieving the color,
a positive transparency must be ob-
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Fig. 2—Encoding fitter.

tained from the negative of the photo-
graphed scene, and this in turn is used
in the color decoding projector.

To reconstruct the original color
scene, an intense collimated beam of
white light is passed through the en-
coded film transparency. The beam is
diffracted and a spatial separation of
the diffraction patterns due to the
three gratings superimposed on the
transparency is obtained at the trans-
form plane. An example of the diffrac-
tion pattern obtained from an encoded
transparency is shown in Fig. 3. In the
figure, the central pc order is sur-
rounded by several diffraction orders
for each of the three gratings; the even
orders of the diffraction patterns are
missing, just as is required for Ronchi
rulings.

In encoding the transparency, the cyan
grating was oriented at 0°. Therefore,
from Fig. 1, the diffraction pattern at
the transform plane due to the red
information is oriented at 90°. Simi-

Fig. 3—Fourier transform (Fraunhofer dif-
fraction pattern) of a color encoded trans-
parency.
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Fig. 4—Decoding filter.

larly, because of the orientations of
the magenta and yellow gratings in
the encoding process, the diffraction
pattern at the transform plane due to
the green information is oriented at
0°, and that due to the blue informa-
tion is oriented at 30°. Since all three
gratings superimposed on the trans-
parency diffract all the colors of the
collimated white light source, the pri-
mary color information at 0° (green),
30° (blue), and 90° (red) must be ex-
tracted by means of filters. This is
accomplished by placing at the trans-
form plane a specially designed mask
with apertures oriented at 0°, 30°, and
90°. When the apertures at the appro-
priate angles are fitted with green,
blue, and red filters, the mask is called
the decoding filter. One of the decod-
ing filters used in the projector is
shown in Fig. 4. This figure shows
that the central pc order is prohibited
from passing through the filter. When
all of the pc order is allowed to pass,
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ARC LAMP L

I JEp—
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<R DECODING
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SEREEN 2 ook
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a black-and-white projection of the
transparency is obtained because the
weaker color information is com-
pletely desaturated. When the pc or-
der is not allowed to pass, a color
image of the original scene is pro-
jected onto the screen.

Detailed description

The essential components of the spa-
tial filtering system of the color de-
coding projector are illustrated in Fig.
5. In the projector, a planc wave il-
luminates the color encoded positive
transparency. and the Fourier trans-
form of the transparency is producad
at the back focal plane of the focusing
lens. The images encoded on the trans-
parency are spatially filtered at the
transform plane, then projected onto
the screen. The mirrors in the system
are used for folding the optical path,
so that the length of the projector does
not become cumbersome.

The projector was designed for use
with transparencies obtained with the
low-light-level color camera. These
transparencies have a diameter of 1.65
inches and are encoded at a grating
frequency of 12 line pairs per milli-
meter. Provisions have also been made
for accommodating transparencies en-
coded with higher grating frequencies.

Referring to Fig. 5, two 100-mm focal
length lenses image the 450-watt xe-
non arc lamp at unity magnification
on a pinhole aperture. A 0.05-inch
diameter pinhole is used for the trans-
parencies encoded at 12 line pairs per
millimeter; larger pinholes are also
available for transparencies encoded
at higher frequencies. Identical 191-
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T m T
G Tﬂﬁ;;#:'\Q-- — :&
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Fig. 5—Schematic diagram of color decoding projector.
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mm focal length doublet lenses are
used for the collimating and focusing
lenses. Thus an image of the pinhole
with unit magnification is formed at
the decoding filter-transform plane.

The decoding filter has green, blue,
and red absorption filters covering
1/32- by V4-inch slotted apertures ori-
ented at 0°, 30°, and 90°. The slots,
which allow the diffracted orders to
pass through, extend radially from the
center of the decoding filter beginning
at a radius of 0.033 inch. If the slots
were brought any closer to the center,
then some of the light from the zero
order might pass through them.

The positions of the diffracted orders
at the transform plane can be deter-
mined from the grating equation:
mi=d sin 6= (1/F) sin 8, e}

and the equation that determines the
lateral displacement of the diffracted
order at the focal plane:

s=ftan 4. 2)
In these equations, m is the order of
diffraction, A is the wavelength, d is
the grating spacing, F is the grating
frequency, @ is the angle of diffrac-
tion, [ is the focal length of the
focusing lens, and s is the lateral dis-
placement of the diffracted order.
Since the diffraction angle is small,

sin #=tan 6 6.

Therefore, Eq. 1 and 2 may be com-
bined to give

s=mfFx. (3)
With m =1, f = 191-mm, F = 12 line
pairs per mm, and A = 5000 A, the
maximum of the first diffraction order
will fall at a distance of 0.045 inch
from the center of the decoding filter
when it is properly positioned at the
transform plane. Since the slotted
apertures of the decoding filter begin
at a radius of 0.033 inch, the maxima
of the first diffraction orders fall at
a position only 0.012 inch inside the
cdges of the decoding filter slots.
These considerations dictated the de-
sign of the decoding filter. The dif-
fracted orders could have been made
to fall further out from the center by
selecting longer focal length collimat-
ing and focusing lenses, but then the
light collection efficiency of the sys-
tem would have been lower.

The decoding filter is provided with
rotational, horizontal, vertical, and
longitudinal motions so that align-
ment with the diffraction image may
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Fig. 6—Cotor decoding projector.

be easily optimized for maximum
light transmission. A plug at the cen-
ter of the filter normally prevents the
undiffracted zero order from being
transmitted. However, a small frac-
tion of the zero order may be passed
to desaturate the projected display.
This is done by removing the plug
and covering the hole with a neutral
density filter that passes 1 or 2% of
the zero order. The decoding filter
that has been described can be used
for transparencies encoded with grat-
ing frequencies up to about 60 line
pairs per millimeter. For use with en-
coded transparencies having even
higher grating frequencies, decoding
filters with larger apertures can also
be accommodated in the filter mount.

A prism located in the optical path
beyond the decoding filter can be ro-
tated to direct the light through either
of two projection lenses. When di-
rected to the 500-mm focal length lens
(L, of Fig. 5), the color decoded
image of the (ransparency is projected
onto a rear projection screen and en-
larged 2.6 times to a diameter of 4.35
inches. In the other position, the prism
directs the light to a 55-mm focal
length lens (L;) which projects a 0.48-
inch diameter image at 0.29 times
magnification onto a small high-reso-
Tution screen. At this screen the small
image may be photographed with
color film or viewed with a micro-
scope.

Results and conclusions

The color decoding projector is shown
in Fig. 6, where the components are

[ FocusinG

(% /&

[

labeled the same as in Fig. 5. A
closeup view of a projected color
image obtained from an encoded
transparency is shown in Fig. 7. The
principal difficulty with this projec-
tion system, low light efficiency, is
clearly illustrated in this last figure,
where it may be noticed that the
brightness of thc projected image is
low compared to the brightness at the
encoded transparency. Using a high-
gain screen, the highest brightness ob-
tained with a projected color image is
about 10 footlamberts. This low
brightness is due to the small pinhole
aperture and the long focal length col-
limating and focusing lenses, both of
which are required because of the 12
line pairs per millimeter grating fre-
quencies. Since it is cstimated that

only about 10% of the lamp light is
collected, significant improvement in
brightness could be obtained by en-
coding the transparencies with higher
grating frequencies. This would allow
the use of a larger pinhole aperture
and shorter focal length collimating
and focusing lenses, thus increasing
the amount of collected light. Another
large loss in light is due to the fact
that four mirrors and a reflecting
prism are used for folding the optical
path to keep the size of the projector
within recasonable limits. This loss
could be reduced by using antireflec-
tion coated prisms in place of the me-
tallic mirrcrs. When these improve-
ments are made, the brightness of pro-
jected images should increase by as
much as 10 times.
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Measuring optical properties of water in situ

Dr. L. E. Mertens | W. H. Manning, Jr.

An underwater instrumentation system has been developed to permit virtually simultaneous in situ measurement of those optical
parameters useful in predicting performance of long-range underwater imaging and communications systems. This paper describes
the basic design and performance of this instrumentation system.
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RANSMIsSION of optical images in

water is controlled by a large num-
ber of parameters which determine the
photon level, contrast, and resolution
of the image. The basic parameters de-
scribing the optical properties of water
are well known and include the vol-
ume attenuation, scattering, and ab-
sorption cocfficients as well as the
volume scattering function which de-
scribes the angular distribution of the
scattered light.

Conventional instrumentation for mea-
suring these parameters is not entirely
adequate for studying image transmis-
sion and communications over long
water paths. The principal difficulty is
associated with the very strong narrow-
angle scattering of light produced by
water. Scattering at angles as small as
a hundredth of a dcgree or less can be
important for image propagation, and
conventional instrumentation does not
respond appropriately in this narrow-
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angle region. In addition, measure-
ment accuracy must be exceptionally
high. This is particularly true for prop-
agation over long paths since many of
the relations describing light transmis-
sion in water are exponential in na-
ture. Small errors in the propagation
constants become very significant
when operation is atlempted over
many attenuation lengths. For exam-
ple. a 0.0lm' measurement error in
the volume attenuation coefficient
leads to an error of a factor of nearly
3 in transmission loss over a 100 meter
path.

In principle, appropriate measure-
ments of the above basic quantities
are sufficient for analysis and predic-
tion of image transmission in water.
In practice, however, it is desirable to
also have additional measurements of
a) thermal and salinity microstructure
and b) the water path transmission
for certain conceptually simple signals
such as a point sources, collimated
beams, and spatial squarewave or sine-

s



www.americanradiohistory.com

wave patterns. It is well known that
small thermal and salinity fluctuations
(inhomogeneities) produce gradients
in the refractive index of the medium
and are thus responsible for a signifi-
cant portion of the scattering in the
narrow-angle region. Microstructure
measurements can be used to supple-
ment conventional volume scattering
mcasurements for predicting image
resolution.

The complex multiple scattering of
light which occurs in water is very
difficult to describe accurately in terms
of the basic absorption and scattering
paramcters. As a result. it is desirable
to perform a number of measurements
over relatively long paths. These mea-
surements can be used to confirm the
various transmission models and are
also more easily and accurately ex-
tended to the actual imaging system
geometry.

It would be most convenient if suitable
optical measurements could be made
on water samples in either shipboard
or shore-based labs. Unfortunately,
such measurements are Subject to
many sources of error due to contami-
nation in sampling and handling and
changes in particle concentration. Bio-

Fig. 1—Instrumentation cluster.

logical particles arc known to be re-
sponsible for a significant portion of
the optical scattering and absorption
in scawater. The relative concentra-
tion of the various biological particles
is subject to large change in periods of
only a few hours. Even with special
storage and handling procedures, the
accuracy of data from water samples
is subject to question. Furthermore,
the very narrow-angle scattering prop-
erties of water are largely due to the
thermal and salinity microstructure,
which we have no practical way to
preserve in the sampling procedure.
Consequently it is essential to measure
the important optical parameters in
situ.

Furthermore since the water properties
are subject to change with time and
location it is desirable to make the nec-
cssary measurements as near simulta-
neously as possible.

The original goal was to develop a sin-
gle cluster of instruments for measur-
ing the above quantities to depths of
approximately 300 meters. Practical
problems associated with the size of
the instruments, the number of meas-
urements, and deployment at sea made
it desirable to divide the instrumenta-
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tion into two separate systems. One of
these instrumentation systems, called
the cluster, measures the more or less
conventional optical and oceanic pa-
rameters; it is relatively small and
readily deployed. The second instru-
mentation system, called the long op-
tical bench, is used for measurements
requiring longer optical paths. The
long bench requires a larger ship such
as the Deep Look support vessel for
deployment.

Cluster

The cluster (Fig. 1) is-basically a com-
bination of conventional optical and
oceanic instrumentation. It weighs ap-
proximately 125 pounds in air and is
normally adjusted for slightly negative
buoyancy in water. A mechanical
damper is used in conjunction with the
cluster to decouple it from wave action
on the support vessel.

The cluster measures volume attenua-
tion coefficient, «; volume absorption
cocfficient, a; diffusc attenuation coef-
ficient, k; salinity; temperature; cur-
rent direction; current speed; and
depth. Resolution of the salinity and
temperature measurements is sufficient
for measuring the microstructure fluc-

LASER ALPHA
DETECTOR

JUNCTION BOX

DIRECTION SENSOR

- CURRENT SPEED €
il

LASER ALPHA
TRANSMITTER

SALINOMETER (STD)
CONDUCTIVITY, SALINITY,
TEMPERATURE &
DEPTH SENSORS

Fig. 2—Schematic drawing of the instrumentation cluster
showing location of the various sensors.
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Fig. 3— Typical data printouts.

tuations as well as gross profiles. A
multiconductor video cable is used to
transmit data from the sensors to the
instrumentation processing units on
deck. A low-noise multiconductor slip
ring is employed so that data can be
recorded while the cluster is being
raised and lowered.

Data recording

Data is recorded in real time on an
8-channel analog recorder. Certain of
the quantities such as temperature, sa-
linity, and depth can be recorded with
expanded rescolution and automatic
scaling. The expanded resolution per-
mits display of 0.01°C full scale, and
the automatic recycling feature keeps
the pen recorder from exceeding full
scale by changing the zero reference in
known steps. The resulting recordings
are, of course, ambiguous to within
integral multiples of the full cycle
value, but absolute measurements can
be reconstructed by tracing the record
from a known absolute value or by ref-
erencing the time point to digital rec-
ords which are also made.

All of the instrumentation data is digi-
tized for input to a XDS-CF16 mini-
computer. The computer records data
points on a magnetic tape at a nominal
1 per second rate but has the capability
of recording certain quantities such as
the microstructure fluctuations at rates
up to 10 per second. The computer can
print out in near real time any desired
combination of the optical or oceanic
parameters. The print outs are nor-
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mally made in either a time or depth
mode. The time mode prints out the
selected parameters at equal time in-
tervals—normally 10, 20, 30, 40, 50 or
60 seconds. In the depth mode, a print-
out is made for equal increments in
depth—normally 5, 10, 15, 20, 25 or
30 meters. Certain simply derived func-
tions of the parameters such as the
scattering coefficient and rms fluctua-
tions of the parameters can also be
printed out.

An analog magnetic recorder is also
available as a backup to the digital
data rceorder. Either of these record-
ers can be played back through the
shipboard computer to check system
performance or for quick look data
analysis. The digital magnetic record-
ing is used for post-tests reduction on a
XDS Sigma-7 computer.

Volume attenuation coefficient

Two types of instrumentation are avail-
able on the cluster for measuring «, the
volume attenuation coefficient. One in-
strument employs a pulsed Xenon flash
tube with reference and data paths of
0.25 and 1.25 meters respectively. The
light beam is shaped by a series of
apertures and is on the order of 1%
inch. Wratten filters are used in the de-
tectors to obtain a peak response in
either the 480 or 530-nm spectral
ranges. Infrared filters are employed
to block any red or infrared light
passed by the Wratten filters. The elec-
tronics associated with the a-meter
computes the « and displays the result
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on direct digital read outs, as well as
supplying electrical signals to the ana-
log and digital recorders. Considerable
effort has been employed to make the
electronics drift free, insensitive to
background ambient light, and inde-
pendent of source intensity. The
a-meter can be simply calibrated on
deck using an air path for reference.
Calibrated neutral density filters are
available to confirm system accuracy
and linearity.

The second « measurement is made
with a small pulsed Argon laser. The
laser output is collimated with a sim-
ple optical system and projected over
a 1.5 meter path. Longer paths are not
normally employed in view of the de-
sire to keep the system small and easily
deployed. Individual spectral lines of
the Argon laser can be selected by
means of interference filters. The laser
c-meter is normally calibrated in air.
However, calibration in water by mov-
ing the detector position is occasionally
performed to verify the in-air calibra-
tion. The major calibration factor is
due to a change in reflection from the
optical windows when the device is
immersed in water. A beam splitter and
reference cell are employed to compen-
sate for any drift in the laser power
output.

Volume absorption coefficient

The volume absorption coefficient is
measured with a pulsed Xenon system
based on a design of Gilbert and
Honey of SRI. The absorption instru-
mentation is actually the same physical
system as used for the pulsed Xenon
a-meter. The only difference is that the
beam-forming baffles are removed and
the system then responds to light scat-
tered from the nearly omni-directional
source. The principal difficulties en-
countered with the absorption mea-
surement involve reflections from
nearby instrumentation. Reflections
can be calibrated out by measurements
made on deck before or after testing.
The accuracy of the absorption mea-
surements is also degraded in shallow
water where surface or bottom reflec-
tions cause additional light input to the
photo cells. The accuracy goals for the
« and a measurements of the cluster
are * .0lm™. Extensive testing indi-
cates that the instrumentation can
achieve this accuracy with the excep-
tion of absorption in shallow water.
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Diffuse attenuation coefficient

The cluster also contains upward- and downward-looking
irradiance detectors which are used to determine the diffuse
attenuation coefficient of ambient light. A reference cell on
deck is employed to correct for the changes in ambient
light. The digital computer system can fit and smooth the
observed irradiance data to determine its slope and thus
the diffuse attenuation coefficient. The diffuse attenuation
coefficient is compared with the absorption meter readings
for possible calibration errors.

Temperature

Temperature is measured by Hewlett-Packard 2801A
Quartz thermometer. This thermometer has excellent ac-
curacy and great flexibility for microstructure measure-
ments. Pushbutton controls permit selection of 0.01, 0.001,
and 0.0001° Celsius resolution. The sampling times asso-
ciated with these resolutions are 0.1, 1, and 10 seconds
respectively. The thermometer has two probes and the
temperature indicated by either probe or the temperature
difference between the probes can be selected for display
and recording. The probes have a thermal time constant
on the order of 1 to 2 seconds and thus limit the frequency
response on the lower resolution scales. The sampling rate,
however, is the basic frequency response limitation for
the high resolution scale.

Salinity and depth
Salinity and depth are measured by a CM* Model 513 in-
strument. With slight modification, resolutions of a few
parts per million in salinity have been obtained. The salino-
meter computes the salinity from conductivity, tempera-
ture, and pressure measurements. The
temperature probe used in the salinom-
eter has a relatively long time constant,
and it is preferable to compute salinity
in the digital computer from conduc-
tivity and depth measurements of the
salinometer and temperature measure-
ments from the Quartz thermometer
described above.

Depth is measured with the pressure
transducer in the CM? salinometer. Res-
olution of the depth channel can be
increased as desired so that fluctua-
tions less than one foot can be moni-
tored to determine decoupling from
wave action,

Current speed and direction

Current speed and direction are mea-
sured with a Hydro Products Model
460/465A current meter. This data is
useful in analyzing the microstructure
and in directing the support vessel.

Long optical bench

The long optical bench has been con-
figured around a high-power cw Argon
laser. The ionized Argon laser can be
operated at a number of discrete wave-
lengths in the blue-green transmission
window of oceanic water. Long mea-

Fig. 4—Photograph of the long optical bench used for a measure-
ment. Spherical balls attached io tower are used to adjust buoyancy.

Fig. 5—Close-up of the underwater laser and mount on the !ong optical bench.
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surement path lengths are desired for
this instrument so that high accuracy
measurements can be performed with
instruments having only modest accu-
racy. Fig. 4 is a photograph of the long
optical bench being used to measure «.
The bench is constructed of triangular
aluminum tower sections approxi-
mately two feet on a side and 20 feet
long. As normally used, the bench pro-
vides an optical path length of approxi-
mately 20 meters. Additional sections,
however, can be readily added so that
the optical path length can be extended
as desired to approximately 100 me-
ters. Flexure of the bench provides a
practical limit for path length for cer-
tain of the experiments. The 20-meter
path has less than 1-cm laser-beam de-
flection when operating in three-foot
seas with no special attention to de-
coupling from wave motion.

The basic performance objective for
the long optical bench was to obtain
the spectral transmission characteris-
tics of water to an order of magnitude
better accuracy than achieved by the
cluster. The 20-meter configuration is
adequate for this objective. The high
accuracy measurements of the long
bench measurements can be used to
check the performance and calibrate
the instrumentation on the cluster. The
Argon laser provides a convenient
method of generating collimated and
monochromatic beams of light. The
Argon laser is capable of emitting a
number of discrete wavelengths in the
blue-green band of water. Normally,
we use the 4579, 4727, 4880, 5017,
5145A lines which are very nearly
equally spaced in wavelength across
the band. For some purposes, addi-
tional lines at longer wavelengths
would be desirable but unfortunately
are not obtainable with an Argon laser.
The 2-watt RCA LD2101 laser has
been used for most of the long baseline
measurements for the past year. A
higher power laser with special anodic
bore is planned for future measure-
ments since it is easier to package for
deep oceanic operation and can be op-
erated in a vertical orientation. High
power output of the laser is not essen-
tial for the « measurements even for
the 20-meter path. The high power be-
comes desirable when measuring off-
axis irradiance.

A number of sensors can be used in
conjunction with the laser. The Cintra
Model 101 radiometer has proven both

convenient and accurate. This instru-
ment can measure power levels down
to 107 watts and its output is digital
and the automatic ranging feature sim-
plifies operation over the very wide
power ranges encountered. As nor-
mally configured, the optical bench
uses sensors close to the laser window
and at 10 and 20 meter ranges along
the tower. The laser is collimated for
the wavelength employed and is aimed
to irradiate each of the detectors in
turn. The detector area is sufficiently
large to collect the entire direct beam
of the laser. Some care must be exer-
cised since the present detectors have
relatively wide field of view. Ambient
light level is monitored and corrected
as necessary in shallow water daylight
conditions. In addition, a series of
manually inserted apertures and blocks
along the beam are available to insure
that appreciable scattered light is not
collected. Early versions of the long
bench required manual (diver) opera-
tion of the wavelength and collimating
controls. Planned modifications will
permit remote control from the support
vessel. By rotating the laser assembly, it
is possible to measure the off-axis beam
irradiance as a function of both angle
and wavelength. Appropriate volume
integration of this data can be used to
determine the absorption coefficient.

Volume scattering function

By employing an additional detector
with suitable optics to produce a nar-
row field of view, it is also possible to
measure the volume scattering func-
tion (vsF). The vsF sensor is presently
mounted on a 1-meter rotatable arm so
that the beam can be viewed from for-
ward direction to within approxi-
mately 10° of the back direction. The
Cintra radiometer is used for the vsr
as well as the other measurements. The
laser output is linearly polarized and
is normally polarized perpendicular to
the observation plane of the vsF instru-
ment. When desired, the laser polariza-
tion can be rotated 45° and 90° and
linear polarizing filters and quarter-
wave plates can be used in conjunc-
tion with the vsF detector to investigate
the effect of polarization on scattering.

Image transmission

As previously indicated, other optical
measurements are frequently used in
the prediction of image transmission.
Most common of these measurements
are the images produced by an impulse
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or point source and the images pro-
duced by bar or sinewave spatial pat-
terns. Cameras mounted on the long
bench make it possible to record
images from point and resolution chart
sources. A Mercury Arc “point” source
and a strobe back-illuminated USAF
resolution chart are employed for these
measurements. By combining the vsF,
impulse response, and resolution chart
response data, the modulation transfer
function of the water path over a very
wide range of spatial frequencies can
be determined.

Temperature and particle sampling

The long optical bench is being modi-
fied to contain a series of Quartz tem-
perature transducers similar to those
used for the cluster. The greater sepa-
ration possible with the long bench
makes it possible to measure the struc-
ture function of the turbulences over a
greater range of separation.

Water-sample bottles will also be in-
cluded on the bench to provide sam-
ples for particle analysis using a Coul-
ter counter and/or phase contrast
microscope.

Summary and Conclusions

The cluster permits convenient mea-
surement of profiles of conventional
optic and oceanic parameters with
depth. Conventional accuracies are ob-
tained for most of the measurements,
but extremely high resolution is pro-
vided for the microstrucutre measure-
ments. The long optical bench features
high accuracy and spectral resolution
due to its long path length and colli-
mated monochromatic laser source.
The instruments can be operated si-
multaneously or independently. Long
bench measurements have been valu-
able in calibrating and assessing the
accuracy of the cluster instrumenta-
tion. Operation of both instrumenta-
tion systems permits near simultaneous
in situ measurements of the important
optical parameters useful in predict-
ing performance of long range imaging
systems and communications systems.
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The advent of the laser has been closely followed by its applications in film

recording,’ in micro-machining,’ and

“non-photographic” data systems.'***

Material removal as described in Refs. 2, 3, 4, is an occurrence common to many
of these processes. Advanced Technology Laboratories is developing a technique
in which a focused laser beam is used not only to remove material from a substrate
but also to transfer it to a recording medium. No other processing is required; the
recording is fully formed merely by material transfer and is instantly available for
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has been made across gaps of several mils without evidence of line spread. Transfer

has also been made in the reverse direction.
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HE DISCOVERY of the material

transfer technique of laser writing
is a classic example of serendipity.
Experimants were being conducted on
the removal of material from a dye-
coated mylar strip. The coated mylar
was wrapped around a solid alum-
inum shaft. Lines of removed material
were created by rotating the shaft
relative to a stationary laser beam,
focused at the mylar surface. Prepar-
ing the sample for one test sequence,
the experimenter happened to inad-
vertently place the dye-coated surface
facing the shaft surface rather than
facing the laser source. On completing
the test. the experimenter noticed a
line formed on the metal surface of
the shaft corresponding perfectly with
the clear line created on the dye-coated
mylar. Intentional repetition of this
assembly “mistake” produced consis-
tent transfers of material.

Although in its relative infancy as a
recording process, the foremost appli-
cations for the new technique include
the recording of line scanned imagery,
the printing of letters and numbers in
communications systems and in com-
puter peripheral equipment, the opti-
cal recarding of data, and the selective
marking of process materials. Featur-
ing instant viewability, near-real-time
high-resolution “moving-window”” dis-
play systems become feasible with ma-
terial transfer recording. Requiring no
process chemicals, the material trans-
fer method may be used in operating
environments in which sloshing of
fluids and replenishment of chemicals
would be unacceptable. Not being
light sensitive in the usual sense, ma-
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Fig. 1—Early experimental setup.

terial transfer images may be created
in open, well-illuminated areas. Being
inherently a non-contact, non-impact
printing system, material transfer
printers can be built featuring acousti-
cally quiet operation.

These applications and features will
become practical realities as further
research and development establishes
gray-scale capability and decreases
laser power requirements while main-
taining the achieved high writing rate.
This article relates some of the ob-
served phenomena associated with
transfer recording, presents represen-
tative test data, and offers suggested
physical models to explain the ob-
served transfer action.

Experimental test setup

A cylindrical mandrel was used to sup-
port the recording media in the early
experiments. A polyethylene-backed
typewriter ribbon was the most regu-
larly used ink source material, and a
number of colored dyes applied to a
mylar base were also successfully
transferred. The basic arrangement for
material transfer recording is shown in

COUNTERBALANCE

{ USED ONLY WITH CONTINUOUS

Fig. 1. The first experiment used small
argon lasers,” but as higher power
was desired to permit faster writing
speed, the laser source was changed to
Nd’:YAG. The substitution of laser
sources and improvement in test setup
increased the writing rate from several
centimeters per second to over 3500
cm/s; subsequent refinements and im-
proved laser-material combinations in-
creased the writing rate to 15,000
cm/s.

Later experiments used a 1.06-um
Nd*”:YAG laser with a maximum out-
put power of 22 joules/s (22W) as
the energy source. Because of losses
through the optical system, the highest
power available at the recording spot
was 11 joules/s (11 W).

The latest expermental test setup de-
veloped (see Fig. 2), employs a 5-watt
argon laser as the power source. High-
reflectivity dielectric mirrors are used
wherever possible to maintain overall
laser power efficiency at 48%. A “fly-
ing spot” scan has been accomplished
by directing the focused cone of light
coaxially into a single-faced rotating
mirfor. The transfer material was de-
veloped at RCA Laboratories and is
designated EBER.

Experiments were performed by trans-
ferring material either in the forward
or reverse directions as shown in Figs.
3 and 4.

Summary of the observed
phenomena

In order to transfer material either in
the forward or reverse directions, in

STARTING POSITION OF SAMPLE
FOR FREE SWINGING PENOULUM

ROTATION OF THE SAMPLE HOLDER ) MODE.

AXIS OF \ROTATION

714:\_-

7

ELECTRIC MOTOR WITH AN AIR
BEARING SUPPORTED ROTOR.

Lot

£

SIDE VIEW

Fig. 2—Principal experimenta! setup.
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L
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contact or out of contact, an energy
density level ranging from 1 to 3
joules/cm® was required, for the Nd*:
YAG-carbon ribbon combination,
while only 0.1 joule/cm® was needed
for the more effective Argon-EBER
combination. (“In contact” refers to
the transferrable material being in con-
tact with the accepting medium at the
time of laser beam impact.) In the
earlier systems, the focused spot diam-
eter was calculated to be 80 um and a
depth of focus of 200 pm was pre-
dicted. The spot diameter was experi-
mentally confirmed by the width of
the recorded line. The depth of focus,
a distance over which the recorded
line width remained approximately
constant, was measured to be about
300 pum. In the latest system (Fig. 2),
the calculated diffraction-limited spot
diameter is 10 um, while the depth of
focus is 64 um.

Forward transfer

The test setup for forward transfer is
shown in Fig. 3. Magnified recorded
lines made both in and out of contact
are shown in Fig. 5a and 5b. The out
of contact recording was made with a
100-um gap. Interestingly, the line pro-
duced by the forward transferred ma-
terial from the carbon ribbon consisted
of fine granules, similar to exposed
and developed film, as well as
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“chunks of melt” randomly distrib-
uted. The observed “chunks of melt”
appeared as particles substantially
larger than the previously described
granules. It is postulated that the “melt
chunks” consist of incompletely vapor-
ized carbon material transferred along
with the other vaporized particles.

Reverse transfer

The test setup for reverse transfer is
shown in Fig. 4. Magnified recorded
lines made both in and out of contact
are shown in Fig. 5¢ and 5d. The
reverse-transfer recorded line has a fine
granular structure without evidence of
“melt chunks” as shown in Fig. 5b and
5c. The line starts to lose definition
and spreads when the transfer gap ex-
ceeds 130 um. At a gap of 300 um the
definition of the line is almost com-
pletely lost. Fig. 5e shows the latest
results using the 5-watt argon laser and
EBER recording materals. The words
MATERIAL TRANSFER were written
through an opaque mask stencil.

Dlscussion of experimental results

The absence of the “melt chunks”
when transferring material in the re-
verse direction may be explained as
follows. In the forward direction, the
transferrable material to be heated first
is located at the common boundary
with the ribbon. This implies that the
material closest to the transferrable
surface will be vaporized last. The
locally heated region would resemble
a pressurized bubble with a hard shell.
Once the shell fractures, before it has
an opporunity to vaporize, solid par-
ticles will be set in motion. This con-
dition, however, does not exist in the
reverse direction. Here the transfer-
rable material is struck by the laser
beam directly and removed gradually
until all has been removed clear
through to the ribbon. The amount of
material removed can be controlled by
controlling the energy density supplied
to the area of interest. As would be
expected, when transferring material
in the forward direction, the area on
the ribbon where the material was re-
moved usually appears clean (all ma-
terial removed) . However, when trans-
ferring material in the reverse direc-
tion, only an excess amount of power
would result in removal of all of the
material. In the forward direction, the

75um

| S

(a) Forward transfer, in contact.

7S5um

75um

(b} Forward transfer, across 100-4m gap.

75um

(c) Reverse transfer, in contact.

transferrable material was either com-
pletely removed or not removed at all,
but in the reverse direction small
amounts of material could be removed
gradually. When all of the material
was not removed, a groove in the
transferrable material could be ob-
served.

If an excessive amount of power was
supplied to the ribbon when transfer-
ring material either in the forward or
reverse directions, the center of the
transferred line was usually partially
or completely “blown out” with the
edge material remaining.

In order to determine whether a re-
corded line could be erased, some ma-
terial was transferred onto a glass
slide. Next, the transferred lines on
the glass slide were scanned with a
focused laser beam of the same inten-
sity as was utilized for the original
transfer. The end results were etched
lines in glass with no apparent trace
of the transferred material. Subsequent
tests indicated that etching did not
occur in the glass when the original
transfer was made. However, further
experiments have shown that when-
ever mylar is used as the medium upon
which the transferred material is de-
posited, line etching can be made to
occur during the original recording.
Throughout all of the tests conducted,
it was obvious that the energy density
needed to transfer material is highly
dependent upon the light energy ab-
sorption capability of the transferrable
material.
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(d) Reverse transfer, across 100-#m gap.
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Fig. 5—Photomicrographs of lines formed by
transferred material.

Physical models

A proposed model must account for
the results observed for cases of high-
and low-energy absorption, and also
for effects of contact and separation.
The conditions, which represent limits
on the range of possible interactions,
are steady-state with low energy den-
sity witk the surfaces in contact, and
higher energy density with the surfaces
separated.

Low energy Input

Assume the existence of a transparent
substrate, which forms an infinite
plane boundary in space (see Fig. 6).
Assume the entire boundary to be
coated with a thin opaque substance
with uniform properties throughout
and with constant thickness normal to
the interface. At time t,, the coating is
illuminated from within the substrate


www.americanradiohistory.com

COATING

TRANSPARENT
SJBSTRATE

R
et
[N N B P ILLUMINATING
I, el Bt z)_ BEAM
P g -
T CIRCLE
" | OF LEAST e
5 .| CONFUSION S
i 6.0 o ot
/’INTéF;FAC;\ - _/l -
SUBSTRATE  COATING et
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by a beam with energy density E at the
interface and with a pulse width 7. If
the incident energy is completely ab-
sorbed without reflections, the follow-
ing series of events occur: At time
t=t,, the temperature of the opaque
material within the beam at the inter-
face begins to rise as a linear function
of time. (This assumes that the coating
is insulated from the substrate and is
thin in relation to the spot size.) The
dividing line between the “thin” and
“thick” coating designations is the
penetration depth, which defines the
region within which the energy is as-
sumed to be uniformly physically ab-
sorbed. For metals, this is roughly 10~
to 10° ¢cm or 1 to 10 um.® For dis-
persed dyes, using translucent binders,
the penetration depth is probably
larger than this value. The temperature
will rise until either the beam is turned
off or a change of state of the material
is observed. For extremely high energy
levels, a change of state can easily
occur within an area of the order of
that defined by the diameter of the
beam; for very low levels, a steady-
state temperature can be obtained
with a continuous beam, without state
change.

If no change of state occurs, classical
thermoelastoplastic relations can be
applied. In general, the area surround-
ing the beam expands with a positive
surface curvature.

If the energy and temperature are
raised until melting begins, it may be
possible to capture a pool of molten
material situated roughly within the
beam. The shape of the pool meniscus
depends in part on whether or not the
molten material wets the substrate.
Under these conditions, it would be
possible to generate a drop of fluid

with a radius several times the thick-
ness of the original coating if the sub-
strate is non-wettable. Transfer can
then be made if the receiving substrate
is in contact with the fluid drop; or
nearly so if the fluid is in a turbulent
state. It is worth pointing out that
elastic deformation of the interface
can shift the relative location of the
focus of the optical system, and cause
an increase or decrease of incident
energy density.

Consider next a substantial rise in en-
ergy flux, which causes boiling and/or
vaporization of the molten surface. If
the change in state of the surface ma-
terial involves chemical reactions, the
mechanism is complicated in detail,
but qualitatively, vapor will be emitted
with an attendant buildup in pressure.
If the emission is sufficiently violent,
fluid will be ejected along with the
vapor. If the surface fractures due to
thermal strains, solid particles may
also be included in the emission. The
existence of the latter (liquid and solid
particles) is contingent upon a “suffi-
ciently” thick coating, which allows
the formation of these products before
complete vaporization occurs.

If the incident energy is retained long
enough, the opaque material and its
residues will be removed, and the tem-
perature of the substrate will return
(relatively slowly) to that value which
it would attain alone. At this point, a
hole in the opaque coating has been
formed. The amount of thermal pene-
tration into the substrate depends on
the time of exposure and energy level
of the beam. The opaque coating acts
as the heat source on the boundary of
the interface; the temperature is as-
sumed low enough that the thermal
energy is transferred primarily by
conduction.

wWWW americanradiohistorv com

High energy input

Although the literature shows experi-
mental evidence that strong acoustic
shock waves can be produced by
thermal shock,*" it seems likely that
the vaporization of the material with
consequent high local pressures is the
principal contributor to the develop-
ment of the momentum of the mass
that is transferred. Surface pressures
of the order of 10° atmospheres have
been measured, with plasma velocities
in the supersonic range.” In fact, once
gross material particles have been sep-
arated from the present surface, they
remain in the path of the beam for an
appreciable time, and are further acted
upon.”

For high energy rates, most of the heat
absorbed resides in the molten and
gaseous material, ejected outwards by
the vaporization of the surface. The
vapor forms at the interface. If the
opaque coating has a thickness of the
order of the penetration depth, vapor-
ization will occur virtually instantane-
ously at the surface. If the coating is
sufficiently thick, the vapor will liter-
ally blast a hole in the opaque material
before the surface has time to vaporize
completely. The ejected particles will
assume trajectories which depend on
the pressure gradient and momentum
of the expanding gas. Pressures of the
order of 10° atmospheres can be ob-
tained at the surface. As the ejected
mass moves outward, the portion that
remains within the energy beam con-
tinues to be heated. A reaction force
can perhaps be generated which will
propel the particles away from the
beam.”

A physical model based on shock wave
propagation was initially proposed by
Braudy.” The existence of a shock
wave generated by the intense, nearly
instantaneous thermal expansion of a
point area at the surface of the illumi-
nated material was theoretically inves-
tigated by Ready, et al." Typical laser
pulse widths of 30 ns were assumed,
and high peak stresses of the order of
700 kg/cm’ were shown to result for
an input of roughly 1.2 joules/cm’. In
fact, stress amplitudes approaching the
material yield stress are possible. Wave
shapes are more or less material inde-
pendent. The stress wave is reflected
at the interfaces and may produce a
standing wave of short duration. The
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time of transit of the wave depends on
the material properties and thickness,
but is typically less than the duration
of the pulse if the specimen is very
thin. The suggestion was made, there-
fore, that the acoustical shock wave
thus generated would provide the re-
quired bursting of the surface and
initial momentum of the dye particles.

Effect of receptor surface

If an opposing surface is placed near
the opaque surface, the quality of the
transfer is affected by the intensity and
duration of the beam. For slow heat-
ing, it is possible for a liquid drop to
contact the opposing surface and be
deposited as previously noted. As the
drop contacts the receiving surface the
latter is heated by conduction, and
thermal fixing can be accomplished.

For rapid heating, the ejected material
is driven towards the receptor surface,
and whether or not the portion of the
mass which is not vaporized will tend
to adhere to the opposing surface de-
pends on the character of the receptor
surface. Fixing may be aided by the
transmitted beam. If the beam illumi-
nates the transferred material for an
additional time, the vaporization pro-
cess may continue with further removal
of material and burning of the oppos-
ing surface. The presence of vapor
near the receiving surface will cause
transfer by condensation, again de-
pending on the condition of the
surface.

The fixing of the material which re-
mains in the beam will yield an appar-
ent focusing of the ejected material.
Although natural focusing arises from
a notch or crater, it is unlikely that
ejected material from a thin coating
will tend to focus unaided.

Two other accompanying forces may
contribute to focusing: pressure gradi-
ent and vortex action. The pressure
gradient will cause accelerations of the
gas-fluid mixture which are propor-
tional to the gradient, and in the same
direction. The pressure field associated
with an exploding surface of the type
contemplated is difficult to define ana-
lytically due to the absence of suitable
known boundary conditions. Similarly,
vortex action, which may provide stab-
ilization of the particle jet (e.g., smoke
rings) is also difficult to account for

analytically. It might be noted in pass-
ing that an excellent example of a fluid
jet originating in a liquid bath is given
by the thermal mud pots of Yellow-
stone Park. The jets are initiated by
steam percolation through the viscous
bath, and the jet so resulting is ex-
tremely well collimated. Whether these
mechanisms are applicable to the case
in point is pure speculation at this
level of investigation, however.

Summary of model

Contact—Low-level heating causes a
droplet of molten or softened material
to form, and contact is made with the
transfer surface, aided by thermal dis-
tortion of the substrate. Fixing is en-
hanced by further heating by the beam,
and the properties of the transfer sur-
face. This is the most probable expla-
nation of the observed results at the
present state of knowledge.

Out of contact—High-level heating
causes fracture of the surface by shock
wave and gas formation. Solid and
liquid particles mixed with vapor are
ejected in a dispersion pattern charac-
teristic of an explosion. Those particles
encountering the transfer surface
within the beam are heat-fixed. Those
particles outside of the beam migrate
away as condensed dust. Some parti-
cles in the transition region may ad-
here weakly to the transfer surface, but
will be extremely vulnerable to erasure
by mechanical wiping of the surface.
Vaporized material near the transfer
surface will tend to condense on the
surface, in a manner dependent on the
conditions of the surface.

Out of contact (beam reversed)—If
the receiving substrate is transparent,
it is possible to illuminate the opaque
coating, shown in Fig. 6, by a beam
which first penetrates the receiving
surface. In this mode, the opposite side
of the coating is heated, with conse-
quent vaporization of the surface with-
out buildup of pressure between the
coating and its carrier.

The action is primarily sublimation
and condensation on the receiving sur-
face. It is also possible that violent
surface boiling may cause sputtering
of the receptor as well.

Conclusions

Three basic transfer modes have been
examined: 1) transfer with supply and
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recording surfaces in contact; 2) for-
ward transfer across an air gap; and
3) transfer across a gap in the reverse
direction. Each of these three modes of
transfer has practical applications, and
each has somewhat unique transfer
characteristics.

As evidence of the potential practi-
cality of material transfer recording,
recording was accomplished with a
variety of dyes and “ink” materials
over a range of speeds from zero to
15,000 cm/s. Line widths from less
than 30 um to more than 130 um have
been recorded. Energy density require-
ments have been in the range of 0.1
joule/cm® for most effective combina-
tions of laser and recording material.
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Sortion of LM, Rover tracks Fadley Deltz in
background.

VHF antenna on rght, Jdocking antemna on
left, St. George Crater in center »>ackground
during SEVA.

Apallo 15 Hadley-Apennine landirg area from

RCA & Apollo 15

T HE PHOTOGRAPHS on these pages document the most ambitious and successful space
venture in the history of man. RCA played a major role in this success. Our con-
tributions were:

The Ground Commanded Color Television Assenbly provided color TV :zoverage of
the Astronauts at work. The Assembly, consisting of a camera and control ur it,was built
by the Astro-Electronics Division. It contains a revolutionary Silicon Intenzifier Target
tube developed by the RCA Laboratories.

The Lunar Communications Relay Unit transmitted voice, telemetry and colcr television
directly from the moon, and received transmissions directly from earth. It consists of a
pressurized housing contzining the S-band and VHF-band systems. The _CRU was
built by the Communications Systems Division. The S-band antenna that zllowed the
astronauts to operate independently from the Lunar Module was designed by the Mis-
sile and Surface Radar Division.

The VHF System linked the Lunar Module and Command when the two spaceships
were separated in space, handling vcice and astronaut biomedical data. In acdition, the
sets provided the CM pilot with the range between the two spacecraft.

The Extra Vehicular Communications Systems provided communication for the astro-
nauts exploring the Moon. It linked the Astronauts with one another, with the LM and
(via LM) with mission controllers on earth. In addition, the system transmitted bio-
medical data and telemetry information on the condition of the spacesuit systems. The
VHF and EVCS systems were built by the Communications Systems Divisicn.

The Laser Altimeter provided precise determination of the Moon’s topography, measur-
ing the altitude above the Moon’s surface to within one meter. The Laser Altineter was
built by the Aerospace Systems Division.

The Rendezvous Radar/Transponder System was a critical source of data fcr the ren-
dezvous of the Lunar Module and the Command/Service Module. The X-band radar,
mounted on LM determined range, direction and velocity of the LM relative to the CSM.
The rendezvous radar is the first gimballing radar ever flown in space. These Lnits were
built by the Aerospace Systems Division, and the Missile and Surface Radar Division.

The Lunar Module Landing Radar provided continuous measurements of the LM alti-
tude and velocity relative to the lunar surface during the final phases of the descent and
landing. It used a three-beam doppler velocity sensor and a single beam altimeter. The
radar information was integrated with other LM sensors, computers and contrcl systems
to aid the astronauts in making a gentle touchdown on the Moon. The landing radar is
the responsibility of the Aerospace Systems Division. Electronic Components tuilds the
solid-state transmitter for the landing as well as a similar solid-state transmitter for the
rendezvous radar.

The Descent Engine Control Assembly provided on and off and throttling signals to the
Lunar Module descent engire, which can operate from 10% thrust to full capability.
(This is the first throttlable rocket engine ever flown.) The DECA was built oy Aero-
space Systems Division.

The Attitude Translation and Control Assembly sent control signs to the LM’s 16 reac-
tion-control jets. When the automatic systems or astronauts dictated an attitude or trans-
lation change, ATCA selected the proper jets to fire. Since a host of combinaticns were
possible among the 16 jets, ATCA had extensive logic circuits. The ATCA was built by
the Aerospace Systems Division.

The Two Saturn Countdown Computers checked out the Saturn launch vehicles during
the countdown leading to lift off. The mobile launcher computer checked out thz rocket
by commanding it to exercise valves, engines, relays, etc., and measuring the resultant
performance. It monitored more than 3.000 parameters in this way. The LCC computer
controlled the sequence of checkout and launch countdown programs performec by the
mobile launch computer. The Saturn countdown computers are built by the Electro-
magnetic and Aviation Systems Division

Tracking Radar Support of Apollo was provided at NASA and DoD land stations and
aboard ships around the globe to track Apollo/Saturn during powered flight and earth
orbit. The radars are the AN/FPS-16, including a special shipboard version; tte AN/
FPQ-6 and the CAPRI (Compact All-Purpose Range Instrument). The Miss:le and
Surface Radar Division built the radars.

Photo credits: Scott and Irwin, NASA.



www.americanradiohistory.com

50

Fourth RCA Engineer
readership survey

P. C. Farbro

Readership surveys were conducted in 1956 (the second year of publication), in 1959,
and in 1968. Now, in the sixteenth year of publication, it was felt advisable to assess
again the acceptance and value of the journal among the readership to further guide

editorial decisions.

AST READERSHIP SURVEYS have

furnished the Editors and the Edi-
torial Board with information for their
planning in achieving the aim of the
publication—a journal “by and for
the RCA engineer.” The Editors sug-
gested that the readers of the publica-
tion may be interested in a summary
of the results of the recent survey and
asked that this article be prepared to
feedback the findings.

A questionnaire was developed by the
RCA Staff Personnel Research func-
tion and was distributed with the
February-March and April-May, 1971
issues of the RCA Engineer. Instruc-
tions accompanying the questionnaire
asked that it be answered and then re-
turned anonymously to the Editor.
Close to 1500 questionnaires (approxi-
mately 20% of the distribution) were
returned voluntarily which is consid-
ered a very good reply for mailed
surveys.

Reprint RE-17-2-17
Final manuscript received July 30, 1971

Several findings from the survey indi-
cated that the RCA Engineer is well
accepted by the engineering popula-
tion as follows:

In answer to the question, “How would
you rate the RCA Engineer?”, 82%
rated the publication “excellent” or
“good”. Fig. 1 shows the response to
this question.

In answer to the question, “From
which of these sources (11 sources
were listed) do you get the major
amount of your technical information
about RCA?”, 65% indicated the RCA
Engineer—showing the publication as
the primary source. Fig. 2 shows the
response to this question.

Image of the RCA Engineer

Several statements describing the jour-
nal were developed in an attempt to
establish an “image” of the RCA En-
gineer as held by the engineer reader-
ship. For each of these statements, the
questionnaire asked the respondent to
indicate whether or not he strongly
agreed, agreed, was neutral, disagreed,
or strongly disagreed with it. From

Patrick C. Farbro, Director

Personnel Policy and Research

RCA Staff

Camden, New Jersey

received the AB and MS in psychology from the
University of Tulsa (1947) and Purdue University
(1948) respectively. His occupational experience
includes work as a graduate teaching assistant in
psychology at Purdue University, 1947-1948; Per-
sonnel Research Analyst, RCA Victor General
Office, 1948-1949; Employment Supervisor, Lan-
caster Plant, 1949-1951; Manager, Personnel Re-
search, RCA Staff, 1951; Manager, Training and
Personnel Research, 1957: Manager, Professional
Personnel Programs, 1959; and Director, Profes-
sional Personnel Programs 1965. Mr. Farbro was
appointed to his present position this year. He is
a member of the American Psychological Associ-
ation, the N.J. Psychological Association, the N.Y.
Academy of Science, the American Assoc. for the
Advancement of Science, the American Personnel
and Guidance Assoc., the Industrial Relations Re-
search Assoc., the American Society of Training
and Development (1967 National President), the
International Assoc. of Applied Psychology, Psi
Chi (honorary in Psychology), and Sigma Xi. Mr.
Farbro is also listed in American Men of Science
and Who's Who in the East.
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these responses a “‘composite image”
of the magazine as viewed by its read-
ers was developed.

These “image” statements were scored
by giving a weight of +2 or -2 if
the reader checked strongly agree or
strongly disagree, respectively, in re-
sponding to the statement; +1 or —1
if he checked agree or disagree, re-
spectively, to the statement. A weight
of zero was given to the neutral re-
sponses.

Table I is made up of those image
statements which reflect the opinion
of more than one-half of the respon-
dents. The statements are listed in
order of the strength of the engineers’
feelings based on the scores for each
statement described above.

Diverse interests of readers

The population for which the RCA
Engineer is written is one of widely
varying interests. Even though the
readers are engineers, the businesses
of RCA to which they apply their
engineering disciplines are diverse—
space programs, home entertainment
products, defense and commercial sys-
tems, information processing, etc. Of
natural concern to the Editors and the
Editorial Board is the development of
a journal that can serve this broad
interest.

It appears that the publication is serv-
ing well this diversity of interests.
Table II shows that in each of the
major operating units of the Company
shown, over three-quarters of the en-
gineers rated the RCA Engineer as
“excellent” or “good.”
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Table |—Readers' “image" of the RCA Engineer.

Table Il—Per cent who rate the RCA Engl-
neer excellent or good.

¢ Distributing the RCA Engineer outside
the company would enhance the techni-
cal image of RCA.

¢ The journal has a professional char-
acter.

¢ The publication helps the company’s
engineers to be better informed.

o The RCA Engineer is valuable to
younger engineers.

e The RCA Engineer is valuable to the
experienced engineer.

o The RCA Engineer encourages “profes-
sionalism”.

¢ The reputation of RCA and its engi-
neers is increased by the journal.

* As a source of information, the RCA
Engineer compares favorably with ex-
ternal nonspecialized journals (e.g., Spec-
trum, Electronic Design, Electronics).

o The RCA Engineer provides an open
communication channel for the entire
technical staff.

¢ The publication encourages engineers
to write.

¢ Papers published in the RCA Engineer
would be of interest to scientists and
engineers outside of RCA.

e The RCA Engineer is helpful in fur-
thering my insight into RCA as a corpora-
tion.

Statements presented in order of strength of response; statements shown reflect the
opinion of more than one-half of the respondents.

Major Operating Unit* %
RCA Service Company 87
Aerospace Systems 86
Missile & Surface Radar 86
Globcom 86
RCA Limited 86
Communications Systems 84
Astro-Electronics 83
TV Picture Tube 83
Solid State 82
Government Engineering 81
Electromagnetic & Aviation Systems 79
Computer Systems 79
Consumer Electronics 79
Industrial Tube 78
Receiving Tube 77
Laboratories 76

*Only Major Operating Units with
twenty or more questionnaire returns
are listed.

Future articles

Two items in the questionnaire at-
tempted to assess among the readers
ideas and subjects that the Editors
and Editorial Board might use in plan-
ning future issues.

The questionnaire asked the respon-
dents to suggest articles which would
be of interest to them and to suggest
possible authors for these articles. A
large proportion of the respondents
suggested ideas for articles and au-
thors. These are on file in the Editorial
office and will be used by the Editors
and the Editorial Board in conceiving
future issues.

In addition, the following shows the
per cent of readers who responded to
the item, “The RCA Engineer should
have more about:

Company plans and objectives 62%
Company policy 44%
Research activities 28%
Product Engineering 24%
The balance is about right 23%

Social implications of engineering 22%

Well known RCA “personalities” 13%
It appears that the substantial response
concerning company plans, objectives
and policy indicates a desire for more
management-oriented articles. Expan-
sion of the “Engineer and the Corpo-
ration” articles which have appeared
in the publication may be a way to
accomplish this.

Engineers’ comments

Two “open-ended” items were in-
cluded in the questionnaire:

“I like the RCA Engineer because ...”
“T would like to see the following
changes made to the RCA Engineer:”

Following is a sample of the com-
ments given. They are reported here
verbatim and are typical:

Like “RCA Engineer” because . ..

“It is well written.

It informs me about developments out-
side my specialty.

It has professional character.

It is a high quality technical magazine.
It is informative from a research view-
point and provides some insight into fu-
ture business endeavors.

Different format than usual journals—
gives better ‘feel’ for RCA Corporation.
Extremely well-edited and shows real
quality in layout and assembly.

It keeps me in touch with progress
throughout the Corporation.

It gives me contacts with people in RCA
that are doing similar work as myself.
Keeps me informed on other design work
performed within RCA.

= PERCENT
10 20 30 40 50 60 70 -- 100
reaenonesr
s aons e |
Associates
TREND [
S E ]
3 Supervisian
TR's and EM's i1
Company Seminars —
and Lectures
RCA Annual Report [ ]
RCA REVIEW .
e e — After—Hours Courses -
EXCELLENT aCoo FAIR FOOR  LMACCERTABLE ecectronic Ace (I
29% 53% 15 % 2% | % TECHNICAL ABSTRACT i

Fig. 1—Rating of the RCA Engineer by the Readership.

BULLETINS

Fig. 2—Choice of eleven sources of technical information from which
the readers receive the major amount of technical information about

RCA.
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It is done in a very professional manner,
the technical level is just right, and the
variety of subjects.

It shows where the research and the
highly specialized engineering is aiming
—the end result they are reaching for/or
new business areas to be developed.

It’s informative, reasonably well-balanced
and a credit to RCA.

There is more emphasis on the techno-
logical breakthroughs that are expected
to have the greatest impact on the Com-
pany’s objectives and goals.

It is thoroughly professional in nature
and most importantly it provides the only
real source of corporate technology avail-
able to me.

I enjoy reading it.

It keeps me up with what’s going on else-
where in RCA, and gives me an occa-
sional look at the work of people I know
or have known.

It helps me to be part of RCA.

Since 1 work overseas, it is my main
source of information about the overall
technical and engineering progress.

1t is informative, current and broad based
in its reporting of engineering articles.

Information is presented in a ‘highly
readable® manner—if a highly mathemat-
ical treatment is desired, the IEEE can
provide.

[t covers a wide variety of technical areas
in electronics and physics.

It’s an easy reading, yet informative pub-
lication. It’s a good way to keep up with
the broad front of RCA’s engineering ac-
tivities.

It provides good interchange of ideas for
engineers.

[t groups a related segment of the indus-
try into the articles of each issue. The
presentations are clear and well edited.
Important technical papers are presented.

It is one of the channels reminding the
engineer that RCA is still a technically
oriented company in spite of its recent
emphasis on a purely business image.

[t presents state of the art applications of
electronic engineering and important cur-
rent major projects.

Fairly large range of subject material.
Obviously presents a ‘quality’ appear-
ance. The sincerity of the staff in helping
authors. The editorials.

The educational value of the technical
articles.

It also allows me to keep up to date re:
promotions and changes in activities of
my old friends.

I like issues dedicated to particular sub-
jects or disciplines.

It gives me a company-wide picture of
the types of activities going on at RCA
and a chance to see how real world prob-
lems are solved by our engineers.

Induces ideas for design and instills a

friendly competitive feeling to accom-
plish.

[ like information on papers, patents, etc.
by RCA engineers. | like articles on new
RCA developments; e.g., laser recording,
Apollo Mission, etc.

It informs me of the RCA ‘Big Picture’.
I recently came from DuPont and they
have nothing that approaches the RCA
Engineer.

[ save the back issues and read some
papers several years later.

It is a research and theoretical type.

[t 1s a quality publication presented on a
professional level.

[ like the idea of using one issue to cover
one subject thoroughly rather than hav-
ing articles on many subjects in the same
issue.

Excellent format—easy reading—right mix
of articles and general interest items.

It is highly informative in detail, innova-
tion, presentation, and insight not found
in other sources.”

Would like to see the following changes . . .

“Have tutorial papers, less highly specific
technical papers.”

How about management and relation to
economics.

Review articles dealing with major areas
of interest to RCA but including the busi-
ness as well as technical aspects; e.g.,
competition, volume, rank in the industry.

More articles by top management out-
lining the future direction of RCA in the
electronics industry.”

None that I can think of. I like it very
much just the way it is.

Publish only review articles on a variety
of subjects. Most articles are too specific
and directed toward a rather small audi-
ence of specialists.

More non-technical articles dealing with
RCA projects and plans.

More emphasis on communications and
more interest in technical relations be-
tween science and ecology and relevant
social implications.

As an ME, 1 find relatively little of tech-
nical interest. Most EE articles are too
advanced for me.

More details on Company objectives and
achievements.

Articles tend to be too technically ori-
ented.

My opinion is that the magazine should
reflect the times of RCA and its relation
to the socio-economic climate nationally
and internationally. What is RCA doing
for mankind? How can it do more? What
can the RCA engineer do in his com-
munity, etc.”

A much greater emphasis on manufac-
turing. This would be especially signifi-
cant since manufacturing is more com-
mon to all RCA Divisions than any other
engineering activity.

More articles on RCA Systems.
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Expand ‘Engineering and Research Notes’
feature.

Change to a monthly publication.

A general discussion of RCA’s role in
different technical fields such as space,
communications, TV, radio, Consumer
Products.

Additional articles on Management,
Management Philosophy, and the Proper
Interaction between Management and En-
gineers throughout the Corporation.
(Planning, Control, etc. to get the job
done.)

Since every piece of electronics or theory
has mechanical aspects and/or problems,
therefore 1 feel it would be beneficial to
include more articles involving mechan-
ical engineering.

Editorials on new developments in the
field of electronics.

Stop single-discipline issues or single-di-
vision issues.

More articles that have state of art tech-
niques instead of articles which have lit-
tle or no new developments.

Additional chemistry-oriented articles.
One tutorial paper per issue, for product
line engineer’s need.

More communication from management
to the engineers.

Would like to see more emphasis on the
theoretical or mathematical applications
to the solution of engineering problems.

There is a strong need for marketing in-
formation at the engineers level. Could
this gap be filled through this medium?
More articles on engineering management.
Research projects from Princeton.

More papers on fundamentals.

More articles dealing with semiconductor
technology.

Cover software design—operating sys-
tems, communication systems, graphic
systems.

More articles concerning manufacturing
areas; e.g., value analysis, quality control,
manufacturing assembly techniques, in-
dustrial engineering.

To present more articles (scientific and
popular) on RCA computer products.
Fewer ‘pure research’ reports and more
‘practical engineering’ reports—research
is fine, but products sold to customers pay
the bills.

[ am a systems programmer; [ would like
to see software-related articles.

I would like to see more articles on com-
puter hardware, logic design and software
(operating systems, communications, real
time) .

More theoretical articles having practical
potential.

Less concentration on highly theoretical
subjects and more about RCA as an or-
ganization.

More theoretical papers.

Additional space should be given to
changes in corporate organizational struc-
ture in terms of the goals involved.
Regular feature on social implications of
engineering.”
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Laser Beam Image
Reproducer (LBIR)

S. M. Ravner

The Laser Beam Image Reproducer has evolved into an extremely high-performance
reproduction device. The present design can generate hard-copy image reproduc-
tions from high-resolution video signals with excellent fidelity. The high degree of
stability and repeatability, as well as the simplified operating requirements, make the
LBIR well suited for field operational applications.

Editors’ Note: This paper was orig-
inally presented by Mr. S. Ravner at
the SPSE Symposium on Electronic
Imaging Systems in April 1970.
Since that time the continuing LBIR
developmental effort at AED has led
to a third generation LBIR which
faithfully reproduces imagery with a
resolution of 20,000 picture ele-
ments per scan at a scan rate of a
thousand lines per second and with
a video bandwidth of 10 MHz. The
basic design and the major portion
of the actual LBIR are the same as
the one described in this paper.

Continuing efforts in LBIR design
will be described by Mr. Ravner in
another article in a forthcoming
issue of the RCA Engineer.

pucer (LBIR) was developed at
RCA in 1967 to produce faithful, large
format (9”%9”), hard copy reproduc-
tions of high-resolution (6000 TV
lines), single-frame television images
generated by the RCA 2-Inch Return-
Beam Vidicon (rBV) camera. The
prototype LBIR demonstrated the high-
quality capabilities of laser image re-
cording, and was used extensively for
laboratory testing and field demon-
strations.

THE LASER BEAM [IMAGE REPRO-

A design effort was started in late 1968
to build a second generation LBIR that
would be suitable for use as opera-

Reprint RE-17-2-16
Final manuscript received April 17, 1970.

Stephen M. Ravner, Mgr,, High Resolution Displays, Astro-Electronic Division,

Princeton, New Jersey

received the BSEE and the MSEE from the Polytechnic Institute of Brooklyn in 1959
and 1963, respectively. He has been active in the design and development of ad-
vanced television and display devices at RCA during the past nine years and was
responsible for the development, at AED, of a high resolution Laser Beam Image
Reproducer (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. Ravner 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 responsible for the study and design of a high-
resoiution line-scan kinescope display for a dielectric-tape camera system. After his
promotion to Leader, Engineering in 1965, Mr. Ravner 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 efforts
toward directing the LBIR advanced development program at AED. Mr. Ravner is a

member of the IEEE.
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Fig. 1—Prototype Laser Beam Image Re-
producer.

tional ground equipment, This effort
produced the LBIR currently in use at
RCA.

Background—the prototype LBIR

The prototype LBIR has been described
in several published papers.”* How-
ever, a brief description is given here
to provide a basis for comparison in
the following discussion of the second-
generation LBIR.

Description

Fig. 1 shows the prototype LBIR. The
upper portion (under the black, light-
tight shroud) consists of the laser,
optics, scanner, and film transport
while the lower portion houses the
electronics, control panel, power sup-
plies, and the air pressure and vacuum
systems for the scanner and film platen.

The basic components of the prototype
LBIR are shown in Fig. 2. The laser, a
15-mW, continuous-wave, helium-neon
unit, provides a constant intensity col-
limated beam of light (about 1 mm in
diameter) to the light modulator. The
light modulator is an electro-optic de-
vice which, when driven by the pro-
cessed video signals, modulates the
intensity of the incoming laser beam.
The intensity-modulated beam then
passes through beam-enlarging optics
in order to fill the 50-mm aperture of
the imaging lens. The scanning mirror
intercepts the focused beam and de-
flects a portion of the beam perpendic-
ularly to the film on the film transport.
The imaging spot thus formed at the
film is diffraction-limited to about 20
micrometers.
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Fig. 2—Prototype LBIR, functional block diagram.

The scanner consists of a precision,
foursided, pyramidal beryllium mir-
ror, an air-bearing motor, and the as-
sociated servo electronics. The scanner
rotates at 18,000 rpm, synchronous
with the incoming video line rate. A
focused spot traverses the film, pro-
ducing 1,200 lines-per-second de-
flection. The film transport, which
provides the vertical deflection, holds
the film curved to a precise radius
concentric with the scanner and op-
tical axis. Thus, the beam is focused
uniformly across the full scan line,
and a constant scanner rotational
speed yields a linear scan.

Before each exposure the film transport
is manually loaded. It has a vacuum
film-hold-down system, and is driven
at a constant speed, under servo con-
trol, parallel 1o the optical axis during
an exposure cycle.

The video electronics provide pc res-
toration, gain control, gamma correc-
tion, and polarity reversal for positive
or negative hard-copy output. An elec-

Fig. 3—View of Salton Sea reproduced by RBV/LBIR from Gemini V
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tronic test pattern generator is in-
cluded for self-test purposes.

Performance

The prototype LBIR performed as
shown in Table I. It was designed to
appear as a ‘“transparent” element in
the total video chain from input scene
to hard copy output: it was to faith-
fully reproduce the images as they
were generated by the 2-inch RBV
camera, without introducing any ad-
ditional distortion. For example, while
the original rRBV camera had limiting
resolution of about 4500 elements per
scan, the LBIR response was better than
90% at that resolution, and was still
75 percent at 6000 elements per scan.
The limiting resolution (limited by the
optics) was measured in excess of
25,000 elements per scan.

The prototype LBIR reproduced images
which were generated by the rBV cam-
era from live scenes as well as from
rear-illuminated, high-resolution glass
plate and film transparencies. Exam-

by RBV/LBIR.

i
o

Table |—Prototype LBIR performance.

Parameter Value

single frame, 9%9 in.
image

Image format

Image quality
Resolution 75% response at 6000

elements per scan

Tone reproduction 13 \/E'gray steps
Density uniformity 2%

Linearity 0.5 %
Recording rate
Scanning 1200 lines/second

Frequency response 5 MHz within =1.0 dB

ples of these are shown in Figs. 3
and 4.

In addition to the conventional im-
agery shown in Figs. 3 and 4, color
separation experiments were done for
the U.S. Department of the Interior.
A set of different black and white
negatives (LBIR output) for various
spectral regions of a full color scene
were made by successively exposing
the RBvV camera to a color transparency
through different spectral filters, and
generating the corresponding LBIR out-
put for each exposure. The LBIR neg-
atives were then recombined in a
photographic darkroom by a dye-
transfer color printing process to re-
construct the original color scene.
Different color combinations were
used with these negatives to construct
a set of various false color pictures.
Fig. 5 shows a typical color separation
negative set. Since color cannot be
reproduced in this printing, the color
separation prints are shown instead.

Areas for improvement

Although the prototype LBIR produced
relatively good imagery, it lacked
many of the essential functions and

Fig. 4—View of Dayton, Ohio from 15th floor of hotel. Reproduced
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capabilities required for operational
use. Some of these were:
Automatic film handling and rapid
sequencing of frames,
Automatic calibration and exposure
control,
High stability for repeatable drift-free
operation,
Manufacturable and adaptable design,
Spot shaping for raster line merging,
and
Simple operation, alignment, and main-
tenance.
In addition, there were a few objec-
tionable patterns which appeared in the
images: film-transport-induced “band-
ing”, scanner-servo drift, and scanner-
induced “four-line banding.”

Transport banding was visible to the
naked eye as faint horizonal streaks
running across the full width of the
image. These streaks were caused by
slight errors in the film transport
motion, which in turn caused slight
errors in the spacing of scan lines in
groups of 10 to 50 scan lines. Although
the errors never exceeded * 30 percent
of the 38-micrometer line-to-line spac-
ing (the lines were not displaced
enough to touch each other), the effect
was quite obvious.

Scanner servo drift caused a low-
frequency shift (over a few hundred
scan lines) of the scanner phasing
relative to the incoming video synchro-
nization pulse train. This caused a
waviness to appear in vertical straight
lines. Peak-to-peak drift was on the
order of one picture element (1/6000
of the picture width), yet it was ob-
vious to the naked eye.

The scanner four-line banding pattern

AUTOMATIC
CaLIBRATION
CIRCUITS

TEST PATTERN
GENERATOR

VIDEQ CIRCUITS _ 'NTENSITY
POLARIZER AND

iy WAVE PLATE

LIGHT
MODULATOR

1) WAVE
PLATE
q\Qtoﬂ
\“?\)

Fig. 5—Color separations and composite
images produced by RBV/LBIR from color
transparency: a) red, b) blue, c) green, d)
composite.

Fig. 7—LBIR, functional block diagram.
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Fig. 6—Laser Beam Image Reproducer.

was caused by excessive tolerance
errors in the scanner mirror face-to-
axis angles and depth of cut. This
effect was only noticeable under mag-
nification.

Second generation LBIR

Based on the experience gained from
system tests with the prototype LBIR,
and the operational requirements sum-
marized above, new performance and
component specifications and opera-
tional concepts were established for
the second generation LBIR. This led to
design and fabrication phases which
resulted in the present LBIR configura-
tion shown in Fig. 6. A few of the
improvements and modifications are
worth noting:
Adjustable imaging spot size and shape,
for optimum raster merging and rese-
lution;
Greatly improved geometric fidelity;
New film transport configuration, capa-
ble of single or multiple frame expo-
sure, or continuous strip recording;
Transport banding reduced to an un-
detectable level; and

AUTO-CAL aFew
SAMPLING SEANNER S

SCANNER
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SCANNER
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\

FOCUSING
LENS
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HORIZONTAL SCAM DIRECTION —
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Fig. 8B—LBIR composite test pattern.

Automatic exposure calibration for

predictable, repeatable output quality.
A pictorial diagram of the LBIR is
shown in Fig. 7. The new components
shown are the test pattern generator,
the automatic calibration circuits and
photomultiplier, the vertical aperture
mask, and the continuous film trans-
port.

Test pattern generator

The test pattern generator provides a
variety of highly stable, electronically
generated gray scale, resolution, and
geometric test-pattern video signals to
the video input. These test signals are
useful in evaluating LBIR performance
during routine calibration checks, and
for trouble-shooting. The test-pattern
generator also generates various sSyn-
chronizing signals, including simulated
frame cycle modes.

An example of an LBIR test pattern
output is shown in Fig. 8. (Note:
Moiré patterns may appear in the reso-
lution areas of the image as printed in
this publication due to the interaction
of the fine bar pattern with the screen
used in the half-tone printing process.)

Automatic calibration system

The LBIR exposure level is self-cali-
brated by an automatic, closed-loop
system. This system generates test sig-
nals which are fed to the input of the
video circuits and samples the resul-
tant modulated light reflected from
the scanner; it compares the two, and
generates the control signals necessary

to maintain proper exposure param-
eters (contrast and intensity levels).

The auto-cal system is active whenever
the LBIR is “on”’, but it is automatically
switched “off” during an incoming
video frame. The auto-cal control
levels which were present just prior to
an input frame are maintained during
the frame exposure cycle and the rela-
tive maximum and minimum exposure
levels for which the LBIR is calibrated
are indicated on front panel meters.

Horizontal Scan Direction ——a

a)

b)

Fig. 9—Vertical expansion of
LBIR spot in 6000 TVL bar
pattern: a) un-merged raster;
b) merged raster.
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Fig. 10—LBIR scanner banding: a) Prototype
scanner with 3-and-1 banding; b) desired
scanner performance.

These levels are initially adjusted man-
ually, and may be changed for differ-
ent photometric characteristics.

Raster line merging

The vertical aperture mask allows ad-
justment of the vertical dimension of
the imaging spot independent of the
horizonal dimension. This permits the
vertical spot dimension to be expanded
for optimum raster line merging with-
out degrading horizontal resolution.
Without the vertical aperture mask,
the limiting aperture in the diffraction-
limited focusing system is the scanner
face. The adjustment is continuous, so
that raster merging and vertical resolu-
tion may be optimized.

The effect of the vertical aperture
mask is demonstrated in Fig. 9. The
images shown are magnifications of
actual LBIR high-resolution test pattern
outputs. The black dots in Fig. 9a are
the areas of film exposed in a 6000 Tv
line, horizontal resolution bar pattern.
The spaces between adjacent scan
lines can be clearly seen. Fig. 9b shows
the same pattern, but with the vertical
aperture readjusted for a merged
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Table {I—Current LBIR performance.

Parameter Value

Resolution (MTF)
Imaging spot

6000 Tv lines at 80% for 9-inch image.
Nominally 20 gm horizontal by 38 um vertical, independently

adjustable in both dimensions.

Gray scale
Video bandwidth
Film type
Geometric fidelity:
Linearity
Geometric Distortion
Repeatability
Signal-to-noise ratio (electronics)
Image format
Horizontal deflection

Greater than 100: 1 dynamic range.
pc to 5 MHz, =1 dB.
Kodak RAR 2496 or equivalent.

0.01% of raster width, maximum.

0.05% of raster width, maximum.

0.02% of raster width, maximum.

50 dB, minimum.

9.inches wide on 9Vs-inch-wide film, up to 125 feet long.

Rates Continuously selectable between 1000 to 1500 lines per second.
Jitter 0.01% of raster width, maximum.
Vertical deflection (film motion)
Rates Continuously selectable up to 4 inches per second.
Length Intermittent (frame) or continuous up to 125 feet.

Line spacing (banding)

Within 5% of nominal line-to-line dimension,

raster. The horizontal resolution is not
affected by the defocusing of the im-
aging spot in the vertical dimension.
In normal operation, the degree of
raster merging is optimized for maxi-
mum vertical resolution.

Scanner

The minor angular errors present in
the prototype scanner mirror caused
objectionable banding (as shown in
Fig. 10a) because one of the four faces
was slighty undercut, and another face
had an excessive face-to-axis angular
error.

An optimum raster, free of all banding
is shown in Fig. 10b. The line-to-line
dimension, shown greatly magnified in
these pictures, is 38 micrometers.

The current LBIR scanner specification
calls for face-to-axis angular accuracies
on the order of 5 seconds of arc, and
depth of cut accuracies on the order of
+1.3 micrometers.

The scanner servo was redesigned to a
three-loop system. The new scanner
servo is capable of rapid synchroniza-
tion and maintains long-term phasc
accuracies on the order of *1/4 ele-
ment (better than one part in 10,000),
eliminating the problem of waviness
in the vertical direction of an image.

Fig. 11—Aerial scene () reproduced by
RBV/LBIR from high-resolution transpar-
ency.

The line-to-line phase stability is too
good to be measured.

The high servo accuracy is related to
the narrow bandwidth (high inertia)
of the scanner servo system. A future
addition to the LBir will be an elec-
tronically variable delay line (EVDL)
to maintain high performance with an
input having poor line rate stability
(e.g., a tape-recorded video signal
input).

The EvpL can advance or retard the
incoming video signal with respect to
a fixed delay. The scanner is synchro-
nized to the average line rate of the
incoming signal, while the precise
phase is achieved by instantaneously
shifting the video phase line by line,
to coincide with the scanner phasing.
This technique is commonly used in
transverse-scan video tape recorders.

Continuous film transport

The continuous film transport can
record individual images, a rapid se-
quence of images, or a continuous strip
image. In the current LBIR design, the
film transport operation is completely
automated. A supply roll of 125 fect
of film (or 250 feet of special thin-base
film) is manually loaded, and the
transport automatically cycles for each
frame; the exposed images are stored

Fig. 12—Aerial scene (Il) reproduced by
RBV/LBIR from high-resolution transpar-
ency.

in a take-up cassette, and may be re-
moved at any time (in ambient room
light) for processing. The transport is
currently designed to run at speeds
between 0.9 and 4 ips, with the nom-
inal speed of 1.8 ips for the 2-inch
RBV camera rates.

The transport performance is well
within specifications, which call for
film positional accuracies on the order
of =1 micrometer. This tolerance al-
lows less than =3 percent positional
displacement of the scan lines, nom-
inally spaced 38 micrometers, and pro-
duces images that are virtually free of
banding.

Performance

The overall appearance, accuracy, and
repeatability of the LBIR output imag-
ery has greatly improved over that of
the prototype. In addition, operational
features such as alignment, calibration
and general operating procedures have
been greatly simplified. The LBIR has
operated in a virtually hands-off mode
for days at a time, and with only minor
adjustment over a period of weeks.
Current LBIR performance is given in
Table IT.

Recently, the NASA feasibility model
2-inch rRBY camera was interfaced with
the LBIR, and several images were re-
produced through the system. Some of
them are shown in Figs. 11, 12, and 13.

Conclusion

The techniques developed for the LBIR
are directly applicable to higher-per-
formance systems. As imaging sensors
provide higher resolution, wider dy-
namic range, and better geometric
fidelity, the LBIR technology will be
extended to provide maximum utiliza-
tion of these systems.
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Videovoice

S. N. Friedman

Two-way television communication devices similar to telephones have long held the
imagination of the public. The Videovoice system is the only currently available sys-
tem which can be used in conjunction with existent telephone lines and switching
equipment. Because it uses a slow-scan transmission system, the Videovoice system
can deliver a single picture in 30 seconds using no more than the 3-kHz audio band-
width for telephone lines. Where the subject is live, a frame-freeze unit stops all
motion; a silicon-target storage tube then allows the receiver to retain single frames
for fifteen minutes or more. Potential applications of the Videovoice system include
transmission of faces, objects, and scenes; documents; or graphic data for business
or medical use; identification and verification of signatures; and transmission of

educational materials for a lecture-by-wire.

ONVENTIONAL TELEVISION has

been accepted as a ‘“‘one-way”
communication system, where indi-
viduals have their own receivers but
transmission is restricted to major
broadcasting facilities. The absence
of a “two-way” capability restricts the
individual to the role of viewer and
precludes the exchange of information
which is vital to total communication.
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Although a picture is recognized to be
“worth a thousand words,” up to now
we have not used our television know-
how and facilities to the full advantage
of the communicator.

Whatitis

A brief comparison of Videovoice and
conventional Tv highlights some of the
performance characteristics of the
slow-scan version. In standard Tv, 30
full pictures, or frames, are trans-
mitted every second; that is, a full pic-
ture is displayed on the screen and
then erased, and the next picture is
displayed in its place. This sequential
display of full frames at 30 frames per
second produces the illusion of motion
in the picture. The price we pay for
this illusion of motion is the amount
of spectrum space required for trans-
mission. Video signals typically fill a
bandwidth of 4 MHz, more than 1000
times the bandwidth of a voice circuit
and, in addition, pose problems of
transmission and recording.

The visual telephone system presently
under development by the telephone
company appears to be a video system
utilizing standard telephone lines. Ac-
tually it has a signal bandwidth of 1
MHz: more than 300 times the ca-
pacity of the telephone line. This
means that new cables and switching
systems will be required domestically,
and that international use of these
systems may be prohibitive.

On the other hand, Videovoice is com-
pletely compatible with standard
voice-grade circuits and, in addition,
allows the user to hold a single desired
frame of video; in regular Tv, a mov-
ing sequence would pass on and be
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lost. It is this one-frame-at-a-time trans-
mission capability that allows us to
achieve video transmission by tele-
phone line. We can, at the same time,
realize additional benefits from the
conversion of video to the audio
range: video information can be stored
on standard audio tape; voice and
video can be recorded on stereo tape;
and video can be transmitted over
standard voice-grade leased circuit fa-
cilities alternating with voice, data
and teletype.

What it does

Videovoice can transmit standard tele-
vision video signals over a voice-band-
width network or over a C2-condi-
tioned (FCC “C2” specifications for
tariffed voice-grade telephone lines)
voice-grade circuit. The system can be
used to photograph a subject with a
television camera operating at the
standard Tv scanning rate, convert to
a much lower rate for transmission
over voice-bandwidth circuits, store
the received picture at the slow rate,
and then present it for display on a
standard Tv screen. Videovoice signals
are also compatible with closed-circuit
Tv and can, therefore be retransmitted
at the “receive” terminal over a local
closed-circuit Tv system.

Videovoice, unlike broadcast Tv, does
not present motion in the display.
Many video requirements, however,
can be met without the need for in-
stantaneous transmission, and many
users do not require motion in the dis-
play received.

The Videovoice transmission process
takes between thirty seconds and one
minute for each frame of video, de-
pending on the amount of detail de-
sired. Still subjects can be transmitted
with a live Tv camera. Subjects in
motion must have the motion stopped
for the duration of the transmission
period. To accomplish this, a “frame-
freeze” unit has been developed to
stop the action in a single frame period
and hold that frame for transmission.
This frame-freeze capability is made
possible by the novel silicon target
storage tube designed and developed<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>