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The OPIX” Imager:

* 200 MHz analog

» 256 colors or gray scales
» Standard or user-defined patterns
* Battery backed-up memory

High Frequency

Low Frequency

~ Cross Talk

Cross Talk 256 Level Gamma Pattern

RGB Delay Timing

The OPIX"” Imager carries 56 built-in Instant-Expert™ test patterns
that allow anyone to perform sophisticated diagnostic and correlation
tests from day one. It’s the only signal generator on the market that
offers this capability. And you can design your own tests. Or build off
the Instant-Expert patterns by copying a test pattern on disk and modi-
fying it.

The possibilities are endless. The results as exacting as your video
parameters require. Do “what if’’ experiments. Precision test your
monitor specifications when hardware logic is still weeks away. Store
and recall design specifications that have been out of production for
years. You can do it all with the OPIX Imager. Why settle for less? Get
the OPIX Imager and bring your video testing to a point of performance
you can trust.

For technical data, or a hands-on demonstration contact: GQUANTUM
DATA, 2111 Big Timber Road, Elgin, IL 60123. Phone: [312) B88-0450
FAX: [312) 888-2802 Telex 206725
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Panasonic
Delivers...

The DC Advantage.

Panasonic® DC
Plasma Displays

For small-footprint designs where
uniform image and construction qual-
ity are important, consider the ad-
vantages of Panasonic DC plasma
panel technology.

The fixed matrix DC design pro-
duces crisp, clear images with uni-
form brightness and edge-to-edge
consistency. Our panels deliver high
resolution on a super-thin profile, flat
screen. And the ergonomic design
eases strain on the eyes.

Design flexibility
Your design options expand imme-
diately with Panasonic DC plasma

panels. Simple DC construction of-
fers reliable performance, so you
can confidently specify our panels
for the most sensitive medical or en-
gineering systems.

In fact, you can design them into
virtually any system where compact,
light-weight and durable construc-
tion is vital.

Many DC formats

Right now you can choose from a
growing family of full- and half-page
configurations.

Our popular 400 x 640 models of-
fer viewing aspect ratios of 5:8 and
3:4. Both are available with either
two-level or four-level gray scale ca-
pability. Our half-page 200 x 640 has

Circle no. 2

two-level gray scale with a 3:8 view-
ing aspect ratio. And the new 12"
diagonal 350 x 720 features a 3:4
ratio and two- or four-level gray scale.
DC plasma technology is avail-
able now and Panasonic is ready to
deliver OEM quantities. For more in-
formation, contact: Panasonic In-
dustrial Company, Custom Com-
ponents Division, Two Panasonic
Way, Secaucus, NJ 07094.
(201) 392-4710.

Panasonic
Industrial Company




Not all CRTs
are created equal

Equality is an appealing concept.

But not in CRTs.

Because in certain demanding
applications, most notably in photo-
recording, an ordinary CRT often
will not be able to meet the required
specifications.

That’s when you'll want the
enhanced performance of a Litton
tube. And the freedom it gives you
from typical CRT problems.

Freedom from blemishes.

In medical imagery, a blemish or
false shadow can be a life or death
matter. To produce the most blemish-
free screens available, we do all
fabrication in a total clean room
environment using exclusive phos-
phor deposition techniques.

Freedom from uneven color
distribution. In color recording and
film scanning, evenness of color is
crucial. Litton is the only CRT man-
ufacturer to develop a homogeneous,
broad-band phosphor mix. This
creates an absolutely even, full-color
image without color hot spots.

Freedom from poor resolution. In typesetting, equipment has been built that can project
an entire magazine page from a 7-inch tube onto a magazine-sized piece of film with razor sharp
resolution. That’s because our monochrome screens are finer grained than the typical CRT...
and because we offer the smallest spot size available.

We offer fiber optic face plate CRTs with high optical
coupling efficiency.

And a real tour de force—a multi-beam gun technol-
ogy capable of extremely high data recording rates and
display density.

Our full line of recording CRTSs ranges from a palm-
sized l-inch tube to a full 14 inches and more. We can
also design a CRT to your particular application.

All this together makes a powerful statement.

And it explains why so many builders of high-performance systems carry the torch for
Litton CRTs.

If you have an application where resolution,
cleanliness, throughput and uniformity of color are W
critical, contact L%ttgn Electron Devict?é:s, 1215 Lluon
South 52nd St., Tempe, AZ 85281. (602) 968-4471.

TWX: 910-950-0149, Electron Devices
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Ever wish your
CRT screen was just

o alittle lar

C 15-inch, 90-degree,
20 mm cathode ray tube gives
you all the advantages of the popular

14-inch CRT and more! It gives you 18 %
more useful screen area!

The new 15-inch CRT utilizes the same
mechanical mounting and faceplate
dimensions as a standard 15-inch CRT.

[ 18% More Live Screen Area

savings of a 20 mm neck and a

90-degree deflection angle.
You gain the flexibility of using
Clinton’s new 15-inch CRT for low-cost
data display, and a standard 15-inch
CRT for high-resolution graphics. ..
without retooling the terminal housing
or front bezel.

er ° It offers the additional cost

Clinton’s new 15-inch CRT uses 20 mm
deflection components, so it uses less
power and costs less than a standard
15-inch CRT. And it can be driven by
the same electronics in your 14-inch
display. The new 15-inch CRT is
available in your choice of regular or
flat profile faceplates.

1. o R | [
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Flat Profile Standard Profile

Clinton Electronics is a pioneer in the
development of high-resolution,
RFI/EMI emission control and anti-
glare systems for optimum display
performance. g

When you need the
competitive edge for
your display, Clinton
offers the solution.

CLINTON
§=15, ELECTRONICS
CORPORATION
6701 Clinton Road, Rockford, IL 61111
Phone: (815) 633-1444,
Telex: 6871504 CECRK,
Telefax: (815) 633-8712
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Springtime, especially for those of us who live with extremes in climate,
often seems like the real start of the new year. It induces us to think of
where we’ve been and where we should be going in this fresh new world
we’re enjoying.

Perhaps this is as it should be, that spring should be a time for
reflection as well as rebirth and renewal. We’ve certainly done our share
in this spring’s issues of Information Display, including our interviews
with 25 leaders in the display industry, the final installment of which
appears here. But enough of reflections; it’s time we stepped back from
the looking glass and into the future,

If there is one common theme throughout the 25 interviews, it has to
be that the CRT is the dominant technology in its field, the one to beat.
In our first article Al Wittenberg sets yet another challenge for the
competition, in describing recent work in single-crystal CRTs, which
offer distinct advantages over those using amorphous powder phosphors.

In our second article Larry Hodges and David McAllister give an
overview of current three-dimensional displays. Although they outline
3D’s history from the parlor stereoscopes found in antique stores
everywhere to predictions on tomorrow’s technology, they focus on
devices based on the ubiquitous CRT.

Our third article skirts the CRT issue nicely, for it describes yet
another facet of information display: thermal-transfer printing. Jack
O’Leary cannot say much about its history, because it’s been on the
market for only 12 years. Instead, he concentrates on the widely diverse
applications this technology has had and speculates on its future,
especially in the realm of color displays and copiers.

Because this month’s magazine is larger than usual, Howard Funk’s
column on ‘“Recent Patents’’ will appear in the June issue. Also in that
issue will be an announcement on the classified-ads section we plan to
inaugurate shortly. Shortly, too, we promise to stop ending the editorial
with a plea for your comments, just as public television stations promise
that their pledge drives won’t last forever. Compliments on past articles
are much appreciated, of course, and please do keep sending them in,
but we’d also like to get more cards about stories you’d like to see
published. And unlike public television, your contributions won’t cost
you a cent—we pay the postage on the reader service cards.
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BEAM INDEX MULTI COLOR CRT

THE BEAM INDEX CRT IS MORE THAN AN ALTERNATIVE TO
THE SHADOW MASK COLOR TUBE. IT HAS...

e HIGH BRIGHTNESS

e HIGH RESOLUTION

e HIGH RUGGEDIZATION
e ONE GUN

e NO INTERNAL MASK

® MORE FLEXIBILITY IN NEW DESIGN CONFIGURATIONS
AT LOWER COST

DESIGNED AND MANUFACTURED IN THE USA

THOMAS ELECTRONICS

100 Riverview Drive, Wayne, NJ 07470 / 201-696-5200 / TELEX: 310-685-3326 / FACSIMILE: 201-696-8298
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president’s message

In a few short weeks—and by the time this col-
umn appears in print—it will be time again to
pack our suitcases to attend the SID ’87 Sym-
posium in New Orleans. Already, based on the
number of papers submitted and incorporated
into the technical program and the breadth of
the seminar and exhibits, it will predictably be a
great success.

““‘Success’’ in this instance could be measured
simply by the number of papers presented or
number of attendees, but I believe the impor-

! tance of the SID symposia goes far beyond such
numbers In fact, a recurrent opinion expressed in the ‘‘interviews with
display experts’’ appearing in this and the previous issue of Information
Display, is that the International Symposia are at the core of SID’s
strength and uniqueness.

I personally found it interesting to try to imagine the state of the
display technology in 1962 when Harold R. Luxenberg and his colleagues
first laid plans for a new society ‘‘to encourage the scientific, literary,
and educational advancement of information display . . . to provide
forums . . . periodic publications and regular conferences for the ex-
change and dissemination of ideas . . . *’. Color television was beginning
to take off, but the color CRT was a long way from establishing its
dominance in the many applications that have developed since then. The
urgent need for real-time interactive computer graphics did not yet exist.
Very few optimists believed that flat-panel technologies—mostly elec-
troluminescence in those days—would ever challenge the CRT. Liquid-
crystal displays, as we know them today, and digital watches, portable
calculators, and other analog or digital flat display technologies and ap-
plications had not yet been invented. In retrospect, it is almost surprising

that the need for a display society was sensed by our founders in 1962.

I believe it is safe to say, however, that SID has played a major role
since then in accelerating the development of new display technologies
and applications by establishing an annual forum for the dissemination
of new ideas and results. The annual symposia and IDRC’s (Interna-
tional Display Research Conferences) provide a unique opportunity for
the attendees to hear what is happening elsewhere in the world and to
react to that news. Consequently, history is shaped by these conferences,
not merely retold.

Quite probably, as we look back on this year’s symposium 25 years
from now, we’ll see more clearly how the SID ’87 Symposium in New
Orleans will have affected the display industry in the coming years. I
sincerely hope you will enjoy this conference, both for the opportunities
to learn and to exchange ideas with friends and colleagues, and that you
will find it useful in shaping the future. I look forward to seeing you
there.

Sincerely,

Information Display 5/87 7

e




S=
e 2 proveiypekidsmer for
ietro-condt€iVe designs

Intrex thin film coating technology has

been solving design problems for over 15

years. Our standard polyester based product
line has been used successfully in many highly
sophisticated electronic applications...for
transparent and flexible displays, LCDs, heaters,
touch panels, EMI shields, and as a groundplane in
electrophotography applications.

Our ability to apply uniform and consistent vacuum
deposited coatings to other substrates, such as Teflon and
Kapton, opens up many new design opportunities utilizing
conductive film. A few examples: our new KTC line of thermal
radiation blanket films used on spacecraft and satellites; our copper
and nickel coated polyimide based materials used in the production of
specialty flex circuits and sensors.

The experienced Intrex engineering staff is ready to assist in the design of
your electro-conductive film applications. Just write or call.

Sierracin/Intrex Film
12780 San Fernando Rd., Sylmar, CA 91342 - (818) 364-1511

For prevention of static build-up For high density flexible circuits For transparent touch panels
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the remaining two tumed off are completel ed. The result?
Measurements that reflect act operating conditions. And a true measure of
convergence reality.

Entire Display Characterization — With No Moving Parts. Another EG&G .
exclusive. Without moving the measurement system or the display under Ll t

test, the GS-1000 measures luminance, spot size, color and deflection over an b

entire display. And because it relies solely on display beam motion, under the Irltelhgently
control of your computer, the system can be used by an operator with,

minimum training. MeasurEd
Budget Sensitive? EG&G’s complete line of spatial systems starts off with our - ‘
low priced DR-2550M Scanning Microphotometer. With its internal micro-

processor, the DR-2550M delivers uncompromised measurement accuracy.

Regardless of the application or budget, EG&G continues to set the industry
standards. For solutions to your light measurement needs, contact your
EG&G representative today.

2\ EGzG GAMMA SCIENTIFIC

Intelligent Solutions for Today’s Light Measurement Needs

3777 Ruffin Road * San Diego, California 92123 « (619) 279-8034 » Telex: 69-7938 « Fax: (619) 576-9286 ¢ (,dhlt GAMSISDG
ENGL AND ?\;el.« Limited « Tel: SHE{‘)} 892-46533 k\PA\J: Midoriya Electric Company

1-8i

ETHERLANDS: Koning en H 1 | *chniek I’- \ « Tel: 015-609906
) : 1 (49) 07243-6040 SWEDEN: C. R. Hintze Trade AB 767 ¢

Electronic Instruments S.R.L. » Tel: (02) 646934 1 SWITZERLAND: GMPS. /
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Our smallest performer
gives a brilliant display.

Among special purpose cathode ray tubes, the Hughes
Model H-1401 one-half inch tube for helmet-mounted
displays outclasses and outsells any similar tube in the
industry. lts high brightness and fine resolution charac-
terize our entire line. Hughes is the leader in the design
and production of special
purpose CRTs—a leadership
position maintained by on-
going research and develop-
ment that sets industry
standards for innovation and refinement in CRT
technology.

Hughes special-purpose CRTs range in size from one-
half inch diameter to thirteen inch diagonals. They serve
avionics, ground vehicles, manportable displays, helmet-
mounted displays and high-performance commercial
applications such as photo-typesetting and medical
research.

Model 1401, actual size.

Hughes has one of the world's finest engineering and
technical facilities devoted to CRT production. High man-
ufacturing and testing standards result in the production of
tubes of consistent performance, outstanding brightness
and resolution factors, low power consumption and high
reliability.

For total CRT capability off
the shelf or custom—look to
Hughes. You are invited to
examine our facilities and
discuss your exact requirements. Call (619) 931-3587 or
write: Hughes Aircraft Company, 6155 El Camino

Real Carlsbad, CA 92009
HUGHES

See us at SID 87
Booth 73
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Ellinor Peripherals
distributes in U. S.

Personal Touch Corp. of San Jose, CA,
has announced an exclusive European
distribution agreement with Ellinor
Peripherals, Ltd., of Reading, England.
The two-year agreement is expected to
result in wholesale touch-screen monitor
sales of at least $4 million. Ellinor’s sister
company in the Sintrom Group, Perex,
Ltd., will assemble the Personal Touch
membrane screens and interface elec-
tronics into the European line of 10-, 14-,
and 20-inch Sony monitors for Ellinor’s
distribution to VARs, OEMs, and system
integrators.

Ellinor is located at 4 Arkwright Rd.,
Reading, RG2 OLU, England. (0734)
863417. The Personal Touch Corp. is
located at 4320-290 Stevens Creek Blvd.,
San Jose, CA 95129. 408/246-8822.

MicroTouch and Detector reach
an agreement

MicroTouch Systems, Woburn, MA, has
reached an agreement with Detector Elec-
tronics Corporation, subsidiary Intech
Systems, Minneapolis, MN, to supply
touch-screen systems, service, and support
to the Intech customer base. According to
Detector Electronics chairman Ted
Larsen, ‘“We are pleased to be able to of-
fer our touch screen customers the con-
tinuity of service and support which will
be delivered by MicroTouch.”

Peer Protocols
announces formation

Peer Protocols, Inc., has formed in Costa
Mesa, CA, to provide small computer
system interface (SCSI) support tools,
products, and consulting to the SCSI
community. Peer is a closely held cor-
poration and will announce its first pro-
duct in May at the SCSI Forum in Santa
Clara, CA. Funding has been provided by
private investors. Venture capital will be

sought for production and marketing later
this year. For further information, con-
tact Herbert W. Silverman, 3176 Pullman,
Suite 101, Costa Mesa, CA 92626.
714/662-1929,

Colorado Video
relocates headquarters

Colorado Video, Inc., manufacturer of
scientific video instruments, teleradiology
equipment, and freeze-frame video com-
munications systems, has moved to new
facilities at 5490 Spine Road within
Boulder, CO. The new building will allow
for the expansion of research and manu-
facturing facilities. Colorado Video’s
mailing address will remain the same:

P. O. Box 928, Boulder, CO 80306. Their
new telephone number is 303/530-9580,
and their new facsimilie machine
telephone number is 303/530-9569.

Olive Electronics
changes site and name

Chelsea Industries” Olive Electronics,
Inc., has moved its electronic components
distribution operation to a new facility in
Maryland Heights, MO, and will now
operate as Chelsea Industries Electrical
Distribution Group. Chelsea is a broad
line distributor of industrial electronic
components which are sold primarily to
industrial organizations, OEMs, and
dealers. The new facility will be located at
2555 Metro Blvd., Maryland Heights, MO
63043. The new telephone number is
314/997-7709.

Genisco Systems and Westward
Technology to share technology

Genisco Peripheral Systems, Cypress, CA
and Westward Technology Ltd.,
Tewkesbury, England, have signed a
memo of understanding exchanging
technology efforts granting mutual
distribution rights for a variety of trend-

setting computer graphics products. “We
expect this agreement to greatly impact
the industry because Genisco’s superior
software expertise will complement
Westward’s outstanding experience in
custom hardware and VLSI circuit
design,”’ said Michael Boice, Genisco
marketing and sales vice president. The
agreement will include mutual
maintenance service and customer sup-
port, exclusive distribution rights and
sales force training.

People

CompuServe, Inc., Columbus, OH, an-
nounces the following executive changes
at its corporate headquarters and at its
new software services business unit. Three
new executive vice president posts have
been created and filled by Maurice A.
Cox, information services; Robert J.
Massey, business services; and G. Clark
Woodford, network services. Joseph R.
Beauchamp is now vice president,
systems, in charge of operations,
languages, utilities, and network software.
Barry R. Berkov is now senior vice presi-
dent, product marketing and support, for
the Information Services Division. Tom
Carr is now controller and assistant
secretary. Bruce MacNaughton is now
director, computer operations and
monitor software. Charles W. Terry is
now software services business unit vice
president in Cambridge, MA. Gergory T.
Tillar is now national commercial sales
vice president. Alexander B. Trevor has
been appointed head of CompuServe's
Support Services Division.

Interstate Electronics Corp., Anaheim,
CA, has appointed Robert Conrad direc-
tor of business development for Army
programs.

Lenco, Inc., Jackson, MO, has ap-
pointed Paul D. Gerlach vice president
and general manager, Electronics
Division.

James J. McFalls and Eugene J.
Ridings have been appointed Sylvania
sales vice presidents at N.A.P. Consumer
Electronics Corp., Knoxville, TN, H
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Sophisticated
Deflection Components

| DiSplay SOlUtiOHS to maximize the

. performance of
ﬁ' 0)00! SYHU'OIHC. your display!

As your displays become
increasingly complex,
Syntronic yokes deliver the
sophistication you need.
Whether your challenge is
a miniature display, military
cockpit display, or a high

resolution display, Syntronic
Instruments will help you
attain optimum display

performance.
Syntronic is the largest
custom designer and manu-

‘g"

e ‘,r facturer of CRT deflection
\ u‘_,"‘_"‘ y components in the industry.
v, i These sophisticated
. components include
. flecti kes, f coils,
- - deflection yokes, focus coi

S beam alignment and beam
e shaping coils, micrometer-

o controlled alignment devices

II'\

and related CRT mounting
devices. Syntronic deflection
components offer the
; sophistication you need.
. ' - When you need ultimate
d performance from your

/

=

3 . display, sophisticated
> § deflection components from
e = J Syntronic Instruments are
7 /' the answer!

syntronic

Syntronic Instruments, Inc.
100 Industrial Road
Addison, IL 60101

Phone (312) 543-6444
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g edge of display technology, the Supertex family of HVCMOS*
drivers & muiltiplexers permit major breakthroughs in computer graphics,
electroluminescent, gas plasma, LCD & vacuum fluorescent displays. This advanced
technology also opens up a wide range of applications in ultrasound imaging, robotics,
telecommunications, test systems and high performance printers.

High density HVCMOS drivers combine high speed with low power consumption to
produce bright, high-resolution images. Investigate HVCMOS . . . a most attractive
alternative to cumbersome boards or hybrids.

For complete specifications, application data or custom information, write or call:
Supertex, Inc., 1225 Bordeaux Drive, Sunnyvale, CA 94088 [408) 744-0100. Telex 6839143 SUPTX

PRODUCT
ANO1

APO1

HVO01
HV02
HV03 & 05
HV04 & 06
HV10-18
HV30
HV51 & 52
: ; HV53 & 54
£ {’3 (__ﬁ‘z ==y

VOLTAGE

160 to 400V
160 to 400V
60V

250V

200 & 300V
40, 60, & 8OV
140 & 160V
180V

225 & 300V
40, 60, & BOV

DESCRIPTION

8 N-Channel Low Leakage Common Source Driver

8 P-Channel Low Leakage Common Source Driver

16 Channel, 16 Level Gray Shade Push-Pull Output Driver

16 Channel, High Current Open-Drain Output Driver

64 Channel Serial to Parallel Converter with Open-Drain Outputs

64 Channel Serial to Parallel Converter with Push-Pull Outputs

4 or 8 Channel Bilateral Analog Switch

7 Segment Decoder with Open-Drain Outputs

32 Channel Serial to Parallel Converter with High Voltage Open-Drain Outputs
32 Channel Serial to Parallel Converter with High Voltage Push-Pull Outputs

*HVCMOS is a registered trademark of Supertex, Inc.
Circle no. 10
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Single-crystal garnet phosphors

BY ALBERT M. WITTENBERG

EVEN with the fierce competition

from the newer display systems such as
plasma, liquid crystal, and electrolumines-
cent, the cathode ray tube (CRT) is still
the dominant display source for video and
multiline alphanumeric displays. The CRT
has the advantage of presenting megabits
of data at high writing speeds with good
resolution, intensity, and contrast.

But there is no such thing as an ideal
system, and crucial components do fail
over time. Often, the CRT is limited in
performance by the cathodoluminescent
phosphor screen. This screen generally
consists of a loosely formed conglomera-
tion of crystalline powder settled onto the
CRT faceplate from a liquid suspension.
It is mechanically fragile and a poor ther-
mal conductor. In addition, because of
the incomplete mechanical contact to the
tube faceplate, heat transfer to the outside
world is low. Thus the powder phosphor
screen is prone to thermal damage by
heating from the electron beam. Although
a function of material, thickness of the
layer, and other physical factors, a
general limit of 1 W/cm? of continuous
beam power is considered the maximum
allowable power density a powder
phosphor can withstand before it becomes
damaged. At 3-4 times this power level,
the phosphor is usually destroyed
completely.

Albert M. Wittenberg is a member of the
technical staff in the Advanced
Technology Development Laboratory at
AT&T Bell Laboratories, Murray Hill,
New Jersey, where he has responsibility
Jor the development of CRT devices for
commercial and military applications.
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Under normal operation a phosphor
tends to produce less light as a function
of the total amount of charge that strikes
the screen. For many CRTs operating at
their normal rated values, screen efficien-
cy will drop as much as 50% within
1000-2000 hours of operation. This reduc-
tion in screen intensity (often termed
coulombic degradation) is accentuated
when the electron beam traces a repetitive
figure on the same area of the screen,
eventually producing annoying voids in
subsequent presentations. This is par-
ticularly noticeable in stroke-written
operation, where a visible effect often ap-
pears after only 100-200 hours.

Besides the permanent damage that oc-
curs from both normal usage and overex-
citation, temporary loss in efficiency can
occur with lesser power input. As the
power level is increased on the phosphor
and its temperature rises, the output in-
tensity saturates and eventually begins to
drop, until a point is reached at which the
material may no longer emit any light,
becoming completely quenched. This ef-
fect reverses itself when the beam is
turned off and the phosphor is allowed to
cool.

The porous nature of the powder
phosphor also contributes to a limitation
in both resolution and contrast. Before
the light produced in a phosphor crystal
by the electron beam passes through the
faceplate, it scatters within the individual
illuminated particles and eventually also
within particles outside of the beam area.
Thus the emitted-light region can be ap-
preciably larger than the exciting electron
beam. Even under the best circumstances,
this effect increases the beam diameter by

at least 20 pm, limiting the resolution that
can be obtained with a powder phosphor
screen. The scattering of the light by the
phosphor crystals also tends to increase
the background emission, thus reducing
the contrast of the display.

In quest of a better phosphor
Obviously, overcoming these phosphor
limitations is desirable. One approach has
been to use activated epitaxial films of
transparent single-crystal garnet
cathodoluminescent phosphors on
miniature CRTs. Initial studies on these
phosphors were performed by workers at
the Philips Research Laboratories in
Eindhoven.! This effort was subsequently
taken up by a group at AT&T Bell
Laboratories.?

The first material studied to any extent
by both organizations was yttrium
aluminum garnet activated with cerium
(Ce:YAG). It was observed that this
material overcame all the shortcomings
described above for the powder
phosphors. The single-crystal phosphor
can be excited with a high-power electron
beam to provide a display of uniform out-
put and exceptional brightness with very
little coulombic degradation. In fact, it
appears to have a lifetime many orders of
magnitude greater than that of powders.
The crystal has an extremely high melting
point and good thermal conductivity.
Thus it is able to withstand very high
beam power levels without noticeable
deterioration. Also, temperature satura-
tion occurs at considerably higher incident
power than with powder materials. The
material is capable of resolution equal to
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that of the exciting electron beam, and
because of its nonscattering nature, it pro-
duces a very high contrast image.

The transparent phosphor, although
having these unique qualities, has some
drawbacks. At present, it is not technical-
ly feasible to produce YAG single crystals
larger than 75 mm in diameter. In addi-
tion, the external efficiency of the
phosphor is significantly less than an
equivalent powder phosphor, and
although it can sustain unusually high
power excitation to produce more light
output than any powder phosphor, the
electron beam at these current levels
becomes broadened. Recent improvements
in CRT gun design, however, have shown
that this limitation can, to a large extent,
be overcome.

Also, because the light generated by the
electron beam is produced within the
crystal, which makes up the entire
faceplate, a large fraction of this light is
trapped and not able to pass through the
front surface to the viewer. In fact, all
rays that strike the air side of the
faceplate at a half-cone angle greater than
33° are totally internally reflected and
eventually exit the crystal at its edges or
dissipate themselves by absorption. Thus
only 16% of the light produced in the
epitaxial phosphor layer is transmitted
through the front face of the CRT. This
implies that in order to obtain the same
light intensity as an equivalent powder
phosphor, one would have to supply over
six times the input power to the single
crystal.

The single-crystal CRT is, however,
capable of operating at extremely high
power. These tubes have been run at con-
tinuous average incident beam power
levels in excess of 1x 10 W/m? without
significant degradation. Under pulsed
conditions, the tubes have been operated
at more than 10'° W/m?2.

This characteristic of YAG phosphors
to withstand large amounts of input
power to overcome their low external effi-
ciency is illustrated in Fig. 1, where the
output light intensity as a function of in-
cident beam power is compared for a
Ce:YAG single-crystal phosphor and a
typical TV-screen powder phosphor. At
low beam power the powder phosphor is
clearly brighter. But as the power in-
creases, the powder output intensity
reaches its saturation limit and finally
becomes completely thermally quenched.
The crystal continues to increase in inten-
sity, passing the powder and continuing
on for a number of decades.
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Fig. 1: Curves of total light intensity as

a function of input beam power for a
single-crystal garnet phosphor and a
powder phosphor. The solid lines repre-
sent performance under continuous
power, while the dotted line is for pulsed
operation.

Single-crystal phosphor growth

The single-crystal phosphor consists of a
base layer of pure YAG grown by the
Czochralski technique. In brief, the pro-
cedure is to immerse a seed crystal of
YAG into a solution of the same material,
which is held at a temperature very close
to its melting point (1975°C). As the seed
is withdrawn, material crystallizes on it
and forms into a boule whose dimensions
are controlled by various process
parameters. The boule is sliced into
wafers of from 1.25 to 2.25 mm thick.
Because the wafer will eventually be the
faceplate of a CRT, its thickness is chosen
so that it will not deform appreciably
under atmospheric pressure.

The phosphor layer is obtained through
the liquid-phase epitaxial (LPE) process.?
This entails inserting a YAG wafer into a
bath consisting of a mixture of oxides of
lead, boron, yttrium, aluminum, and the
particular rare earths that are to activate
the layer. The liquid mixture is first
heated to about 1250°C and then slowly
allowed to cool to form a supersaturated
solution. The YAG wafer is inserted into
the bath and held there until the proper
thickness of doped layer has deposited on
the substrate.

The thickness of the LPE film is con-
trolled in large part by the requirement
that the electron beam not completely
penetrate the layer. For 30-kV electrons in
YAG, this penetration depth is about
3.5 um. Thus to ensure complete absorp-
tion of the electron beam, the epitaxial
film is grown to a thickness of approx-
imately 5 pm.

As previously mentioned, 75-mm-
diameter YAG boules are the largest that
have been made to date. This size limita-
tion is dictated primarily by technical dif-
ficulties in growing large defect-free
crystals. Currently, work on rare-earth
garnet materials for lasers has increased
the attention being given to the growth of
large-diameter crystals. This added in-
terest leads us to believe that if an ap-
preciable demand for larger YAG wafers
should arise, the size limitation could
almost certainly be overcome.

Phosphor performance

To achieve an optimal transparent
phosphor, one searches for a material
having the following characteristics:

1. It should have a high thermal con-
ductivity to adequately transfer heat from
the point of incidence of the electron
beam to adjacent areas.

2. Its melting point should be suffi-
ciently high so that excessive beam
heating will not cause it to deteriorate.

3. It should have a low index of refrac-
tion so as to minimize light trapping.

4, It should be manufacturable with a
minimum of defects, and these should be
negligibly small.

5. It should be available in a large
enough size to allow for an adequate
display area.

6. It should be readily adaptable to ac-
cept a variety of activator ions.

Epitaxially grown monocrystalline YAG
meets most of these requirements. It has
good thermal conductivity, roughly one-
third that of steel, its melting point is
about 2000°C, and it can be grown
almost defect free. Its index of refraction,
1.84, is higher than one would like, but
this is not a fatal problem.

The LPE growth of rare-earth garnets
provides a means of adding activators in a
uniform and reproducible fashion. The
process is well understood and adaptable
to a number of different ionic species. In
the case of YAG these are rare-earth ions
and are the same as those used as ac-
tivators in powder phosphors. Almost all
the lanthanum series of rare-earth
elements have been studied in single-
crystal YAG, with varying degrees of
success.

Cerium, added to YAG as Ce?*,
substitutes for a fraction of the yttrium in
Ce,Y;_,Al;0),, where x has been varied
from about 0.005 to 0.020. Higher con-
centrations exhibit greater luminescence.
But as the concentration of cerium oxide
in the liquid phase is increased, an
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Fig. 2: Spectral curve of Ce:YAG single-
crystal phosphor under electron-beam
excitation.
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Fig. 4: A 3-in.-diameter single-crystal CRT imaged onto an AT&T Targal6 image cap-
ture board and then transferred, along with the scale, onto a 1-in.-diameter single-crystal
CRT. The picture on the 1-in. tube is a standard 525-line TV raster display; resolution is

Fig. 3: Spectral curve of Ce:Tb:YAG
single-crystal phosphor and electron-
beam excitation.

unidentified cerium compound precip-
itates and produces serious defects in the
crystal, impairing it as a CRT material.

Ce:YAG luminesces with a broadband
spectrum ranging from about 460 to 700
nm, with peak intensity near 550 nm [Fig.
2], which is close to that of the human
eye. The color is rated as yellow-green,
quite satisfactory for CRT displays. It is a
fast phosphor, having a persistence of on-
ly 70 nsec.

Ce:YAG exhibits an overall internal ef-
ficiency, i.e., the direct conversion of
beam power to visible light within the
crystal, of about 6.5%. Internal light
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Fig. 5: Schematic of a virtual image viewing system that uses a I-in.-diameter single-

crystal CRT as the display source.

trapping reduces the overall external effi-
ciency (the measure of the light that
leaves the front surface of the crystal) to
about 1%.

A fairly large number of rare-earth-
activated garnet phosphors have been
studied, some of which are listed in Table
1. The intensity of each phosphor, relative
to a standard maintained in our
laboratory, is presented for two electron-
beam power-density levels, one well below
saturation and the other near or into
saturation. This allows for evaluation of
the material over its generally useful in-
tensity range. The values for phosphor ef-

ficiency presented in the table are deter-
mined at the lower input power level, so
that the data are not influenced by the ef-
fects of saturation.

Terbium-activated YAG (Tb:YAQG),
which exhibits a sharp-line spectrum, is
more efficient than Ce:YAG, but it is also
appreciably slower, having a decay time
of 3 msec. Terbium, in the mixed ac-
tivator phosphor Ce:Th:YAG, acts as a
sensitizer ion to transfer electronic energy
from terbium to cerium, increasing the
Ce:YAG light output by 70%.* The spec-
trum of this material, shown in Fig. 3, is
a composite of the broad-band Ce:YAG




spectrum and the sharp-line spectrum of
Tb:YAG. The overall color is described as
a saturated green.

Adding gallium as a partial substitution
for aluminum in YAG is another way of
enhancing the radiation emitted by the
crystal. This is evident from the table for
both Tb:YAGG and Ce:Tb:YAGG, where
the second G represents gallium in each of
the compounds. Ce:Tb:YAGG is the
most-efficient single-crystal garnet
phosphor we have studied to date.

It has also been possible to develop
phosphors having colors other than green
from YAG-based crystals by the LPE pro-
cess. Europium added to YAG results in
an orange-red emission, whereas thulium
substitution produces a blue emission.
These are both relatively low-efficiency
materials, but they have been found to be
useful in those applications where resolu-
tion and color, not intensity, are a
primary concern. A very useful white
phosphor has recently been developed and
is finding considerable application in
areas where black-and-white video imag-
ing is required. This phosphor [see Table
1] is designated as Pr:Tb:YAG, where
praseodymium and terbium are partially
substituted for yttrium in the garnet
structure.

Single-crystal CRTs

We have had over 100 CRTs fabricated
with single-crystal phosphor faceplates.
The diameter of the faceplates has ranged
from 25 to 75 mm. These CRTs have
been used for laboratory tests or have
been incorporated into operating elec-
tronic systems. The devices produced with
these crystals are well suited for direct-
view applications in which the tube is the
source in a virtual image optical system;
i.e., the tube faceplate, which for the case
described here is a single crystal, is viewed
through a magnifying lens. An example of
such a system is shown in Fig. 4 and in
the sketch in Fig. 5.

Although the dimensions vary, the
tubes all have the same general structure.
The tube envelope is formed from SBW
glass manufactured by Glaswerke Wer-
theim oHG (Schott Group). It has a coef-
ficient of thermal expansion closely
matching that of the YAG crystal. (The
coefficient of expansion of YAG is
7.5%10-¢ °C~! at 25°C). The metal wire
used for electrical contact is VACON 70
manufactured by Vacuumschmelze
GmbH.,

The crystal is sealed to the glass with an
intermediate crystallizing solder glass. The

Table 1: Single-Crystal Garnet Phosphors
Relative Intensity Efficiency

Phosphor (1x10*W/m?) (1x10""W/m?) (%) Color
Ce:YAG 0.68 0.74 6.5 yellow-green
Tbh:YAG 0.93 0.62 9 saturated green
Ce:Th:YAG 1.17 1.08 11 green
Tb:YAGG 0.97 0.97 9 green
Ce:Tb:YAGG 1.20 1.29 12 green
Pr:Tb:YAG 0.41 0.24 4 white

inner surface of the YAG crystal is coated
with about 50-100 nm of evaporated
aluminum and the tube assembled and
processed according to standard practices.

A variety of electron guns have been
used with these tubes. These have been
both electrostatic and electromagnetic
focusing types, with the deflection systems
in all cases being electromagnetic.

One example of the use of these tubes
has been in a virtual imaging system that
incorporates a 25-mm-diameter single-
crystal CRT to form a 20-mm-diagonal
image [see Fig. 5]. This tube is capable of
presenting 1000 clearly resolved lines, with
1500-2000 lines a reasonable possibility.
The resolution limit of the system is en-
tirely dependent on the performance of
the electron gun. At low-input power, for
instance at currents of a few microamps
and acceleration voltages of 7 kV, the
crystal can produce sufficient brightness
to be clearly viewable even in a moderate-
ly high-ambient-light environment. At
these power levels, a well-designed elec-
tron gun can produce a beam whose
width (at half-peak intensity) is 10-13 pm,
which will give the resolution indicated
above,

The single-crystal phosphor CRT has
also been used as a projection tube in a
thin-profile CRT video monitor. The
system, shown in Fig. 6, is 5.5-in. thick
and contains a screen having an 11-in.-
diagonal viewing area. The image is pro-
jected onto the screen from a 2-in.-
diameter CRT by means of a lens and
three mirrors that fold the optical path.
The tube image is magnified approximate-
ly six times to produce a display having a
brightness of over 50 fL.

Other systems for which we have
designed single-crystal phosphor tubes in-
clude a stereo viewer, which incorporates
two tubes as virtual imaging devices, a
military binocular helmet-mounted
display, and a number of demonstration
units. As the demand for higher-

Fig. 6: Video monitor containing a
2-in.-diameter single-crystal CRT. The im-
age from the tube is projected onto an
11-in.-diagonal screen.

resolution displays increases, especially in
the medical, reprographic, and avionic
areas, significantly more applications
should arise where the single-crystal CRT
stands out as the device of choice.
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True three-dimensional

CRT-based displays

BY LARRY F. HODGES AND DAvVID F. MCALLISTER

T:m PHRASE ‘‘three-dimensional

display’’ is often interpreted to mean a
two-dimensional representation of a three-
dimensional scene on a display device that
uses cues such as shading, shadows, and
linear perspective to give the observer an
illusion of depth in the image. On the
other hand, true 3D displays present an
image in which the viewer perceives
depth. This is accomplished either by
producing a ““solid’” 3D image using
holographic techniques or multiplanar
displays in which the viewer obtains a
different view of the scene by head move-
ment; or by creating a ‘“virtual’’ 3D im-
age by presenting the observer’s left and
right eyes with different views. In this
case the image is normally fixed and does
not change with head movement. True 3D
display techniques are becoming increas-
ingly important in applications where
depth perception is an important part of
understanding relationships between ob-
jects in the scene. Examples include med-
ical imaging, remote positioning, cartog-
raphy, CAD, flight simulation, flight con-
trol, molecular modeling, and visualiza-
tion of complex data sets such as point
clouds which occur in seismic applications.
This article surveys recent developments
in true 3D display of computer-generated

Larry F. Hodges is a visiting instructor
and David F. McAllister a professor in
the Department of Computer Science at
North Carolina State University, Raleigh,
North Carolina. Both authors have
presented short courses in 3D display and
raster graphics at major conferences and
Sor private companies.
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or synthetic images that are based on
CRT technology. Our interest is in real-
time interactive manipulation of true 3D
images, and hence we do not treat the
equally interesting area of holography
here. Although early 3D display systems
were often of poor quality and did not
allow interactive manipulation of the im-
age in real time, recent advances in com-
puter graphics, processing power, and
electro-optical shutter devices are making
possible the development of true 3D
displays that are of a quality comparable
with other information display systems.
But before surveying the current
technology, we should give a brief
description of the perception issues that
make these displays different from stan-
dard 3D information display systems.

Accommodation,

convergence, and parallax

Static flat images can convey depth to the
observer by using visual cues that exploit
his experience and knowledge of the real
world. These cues are image size, linear
perspective, aerial perspective, overlapp-
ing, shading, and shadows. In image size
we use our experience and knowledge of
the relative sizes of objects to judge the
relative positions of objects in a scene.
Linear perspective refers to the gradual
reduction in size and apparent con-
vergence of parallel lines as objects move
into the distance away from the viewer.
Aerial perspective is the hazy effect of
distant objects caused by the scattering of
light by small particles in the air. The
overlapping of objects or the obscuration
of one object by another helps to dis-
ambiguate relative distances from the

observer, as do object shading and
shadows in a scene.

True 3D images, however, provide one
or more of the following additional depth
cues: accommodation, convergence, and
binocular parallax. Accommodation is the
muscular tension nceded to adjust the
focal length of the crystalline lens in the
eye in order to focus on an object in
space. Convergence refers to the muscular
tension for rotating each eye when focus-
ing on an object in space. The angle be-
tween the two rays from each eye to the
object is usually referred to as the con-
vergence angle. When an observer looks
at a scene, because the eyes are set apart,
the images formed at the back of each eye
are different. The brain uses the dif-
ference to produce depth perception in the
observer. This effect is referred to as
binocular parallax.

Categorization of

three-dimensional displays

There are several ways in which to
organize a categorization of true 3D
display technologies [Fig. 1]. Most 3D
displays fit into one or more of three
broad categories: holographic,
multiplanar, and sfereo pair. For our pur-
poses holographic and multiplanar images
are “‘real’”” or “‘solid’’. Solid images pro-
vide the observer with binocular parallax,
convergence, and accommodation cues
that are consistent with the apparent
depth in the image. Stereo-pair techniques
create ‘‘virtual’”’ 3D images. In a stereo
pair each eye sees a different perspective
view of the image. The views are com-
puted and presented so that parallax and
convergence cues are present but, because
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each eye is actually looking at a flat im-
age, accommodation cues are not consis-
tent with the apparent depth in the image.

Another way to categorize is whether
the observer must wear some type of
viewing apparatus. Displays that do not
require viewing devices are referred to as
autostereoscopic. Holographic, multi-
planar, and some stereo-pair displays are
autostereoscopic, but many stereo-pair
displays require some kind of viewing ap-
paratus, such as electro-optical shutters or
eyeglasses with either specially colored or
polarized lenses.

The CRT-based stereo-pair systems are
further divided into two categories: time
parallel and time multiplexed. Time-
parallel systems present left- and right-eye
views simultaneously and require special
apparatus to deliver the correct perspec-
tive view to each eye. Time-multiplexed
systems alternate the left- and right-eye
perspective views on a single CRT display
and use a shutter mechanism to syn-
chronize the views to the correct eye.

All stereo-pair systems create a virtual
3D image by delivering different perspec-
tive views of an image to each eye of the
observer. The way in which the two views
differ is based on the horizontal displace-
ment between the right and left eyes of
the human viewer, which is called the in-
terocular distance. The two views are
often computed using two different
centers of projection that differ only in
the x direction (horizontal parallax), or by
a rotational difference between the two
views of approximately 6° about a vertical
axis. (Although rotation is a common
technique, it can create vertical disparity
in a given point in the left- and right-eye
images. This effect is called keystoning
and can cause fatigue and headaches if
viewed over a long period of time. In ad-
dition, approximately 10% of the popula-
tion cannot fuse stereo pairs. In certain
applications these factors should be
considered.)

The history of stereo-pair display goes
back to the early 1800s. Early devices in-
clude the Wheatstone stereoscope [Fig. 2]
and the Brewster stereoscope [Fig. 3].
With the Wheatstone stereoscope, two
photographs or stereo drawings were
taken and displayed on a viewer which
used mirrors to deliver the correct per-
spective view to each eye. The Brewster
stereoscope replaced the mirrors with
prisms (and later with convex lenses) and
became popularly known as the parlor
stereoscope. In the early 1900s people
began to consider the idea of 3D images
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Fig. 3: Brewster stereoscope (1849).
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without viewing apparatus. F.E. Ives pro-
posed a method known as the parallax
stereogram [Fig. 4]. A parallax
stereogram consists of a fine vertical slit
plate and an image, with left- and right-
eye perspectives printed in narrow stripes
and placed behind the slit plate. The slits
force each eye to see only the correct
perspective view of the image. A second
early autostereoscopic display technique
replaced the parallax barrier with a linear
array of cylindrical lenses known as a len-
ticular sheet [Fig. 5]. It is usually made in
such a thickness that its rear surface coin-
cides with the focal plane of the lenses, so
that the correct perspective view is
directed to each eye.

Time-multiplexed stereo pairs
Time-multiplexed systems that require a
viewing shutter present the stereo-pair im-
age by alternating right- and left-eye
perspective views of an object on a CRT.
Until recently, most implementations have
had an alternation rate of 60 Hz (30 left-
eye views and 30 right-eye views per sec-
ond). This is easily done on a 30-Hz in-
terlaced monitor by writing one perspec-
tive to the even scan lines and the other
perspective to the odd scan lines. On a
60-Hz noninterlaced monitor, two com-
plete views must be stored in the frame
buffer memory so that the refreshed im-
age switches between views at the beginn-
ing of each vertical refresh cycle. Both of
these approaches suffer from flicker,
because each eye sees an image that is be-
ing updated only 30 times per second.
Commercial systems based on 120-Hz
noninterlaced monitors have been
developed by Stereographics Corporation
and Tektronix.

To view the stereo image, the alter-
nating left- and right-eye perspectives
must be synchronized with a shutter
system that occludes the left eye when the
right-eye view is displayed and occludes
the right eye when the left-eye view is
displayed. Early systems used a rotating
cylinder with right- and left-eye slits or
other types of mechanical shutters. Later
systems replaced the mechanical shutters
with electro-optical shutters based on lead
lanthanum zirconate titanate (PLZT)
ceramic wafers. Each shutter assembly
consists of front and rear dichroic
polarizers wtih a PLZT ceramic wafer in
between [Fig. 6]. The axes of polarization
of the polarizer are rotated 90° with
respect to each other and are oriented at
45° with respect to an electric field ap-
plied to the ceramic wafer. In the off

20 Information Display 5/87

Allernating
Lelt and
Right Eye

Pearspective
Stripes

Right Eye

Left Eye

Alternating
Left and
Right Eye

Perspectlive
Stripes

Lenticular

Alght Eye

Left Eye

Fig. 5: Lenticular sheet display.

state of the shutter, light traversing the
front polarizer is blocked by the rear
polarizer. With the application of a suffi-
cient voltage potential, the PLZT ceramic
wafer acts as a half-wave retarder, and
light passing through the front polarizer is
rotated 90° so that it passes through the
rear polarizer. The shutters are designed
to resemble eyeglasses in size and weight.
The major disadvantages are that a cable
is attached to the shutter glasses, and the
shutters transmit only about 15-17% of
the light energy.

During the past two years, PLZT shut-
ters have been almost entirely replaced by
shutter systems based on liquid-crystal -
cells. Two types of liquid-crystal shutters
have been developed [Fig. 7]. One uses
viewers that are identical in operation to
those described for the PLZT shutters ex-
cept that the PLZT wafer is replaced by
liquid-crystal n-cells. Liquid-crystal-based
shutters transmit approximately twice as
much light energy as PLZT shutters,
resulting in a much brighter image.
Tektronix is currently marketing a pair of
liquid-crystal shutter glasses and a con-
troller for the Atari microcomputer for
$150. Liquid-crystal shutters can also be
produced that are large enough to be
mounted on the front of a CRT screen.
The shutter in this case is designed using

Linear

Linear Electro- Polarizer

Polarizer Optical
Material

Fig. 6: Shutter glasses lens assembly.

liquid =-cells and one circular polarizer so
that the left- and right-eye perspectives
displayed on the screen are circularly
polarized in opposite directions. The
observer wears passive glasses with the
left and right lenses circularly polarized to
allow the proper views to be seen. The
best-quality stereo-pair systems now
available use this method in conjunction
with 120-Hz CRTs to produce a 3D
display that is comparable in image quali-
ty to raster graphics images.

An autostereoscopic stereo display
system within the time-multiplexed
category incorporates an electro-optical or
mechanical slit that moves across the
screen of a CRT at approximately 20 Hz
[Fig. 8]. The slit is positioned 2-3 in. in
front of the screen. Right- and left-eye
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perspectives are displayed on the screen
on opposite sides of the slit. The image
on the screen is changed as the slit is
moved across the CRT so that a different
scene can be presented to each eye. In ad-
dition, images can be produced on the
screen that can be seen from wide angles,
up to 40° on each side of the slit. Thus,
more than two views can be seen from
different angles, which provides look-
around capability for several viewers at
the same time. An adaptation of the slit
system uses a relay lens pair to project the

image so that it appears to float in space.
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A display based on this method has been
developed and demonstrated by SOCS
Management Company.

Time-parallel stereo pairs
Time-parallel systems present left- and
right-eye views simultaneously on either a
single or separate CRT screens. Such
systems normally require special viewing
devices to deliver the correct perspective
view to each eye. Time-parallel systems
include anaglyph displays, certain types of
polarized displays, displays using lenses
and barriers such as the Star system, and
chromostereoscopic displays.

In anaglyph displays the right- and left-
eye perspectives are filtered with com-
plementary or near-complementary colors
and are superimposed on a CRT screen.
The observer wears glasses with filters
that match the projection filters. For
black-and-white images, red and green
filters are usually used. For color images,
red and cyan or green and magenta filters
are used. A problem with this technique is
that it distorts the colors of an image.

Polarized time-parallel displays have
been developed using two CRTs arranged
at right angles to each other and a partial-
ly silvered mirror [Fig. 9]. Polarizers are
placed on each monitor, with the filters
arranged at right angles to each other.
The half-silvered mirror is placed between
the monitors so that it refelcts one
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Fig. 9: Dual-CRT time-parallel display.

[—Actual Object Distance —|
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perspective view and transmits the other.
The observer wears corresponding polar-
ized glasses so that each eye sees the cor-
rect perspective view,

The Star system is an autostereoscopic
system that uses dual CRTs to produce
the left- and right-eye images, a
dynamically changing baffle system for
each CRT, and 