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1.0 Introduction

Three single crystal faceplates were to be integrated into
Cathode Ray Tube (CRT) envelopes with the intent of evaluating
the light output from Ce:YAG (Green), modified Ce:Gd,YAG
(Orange), Ce:BEL (Blue). These CRT's were to be mounted in the
projection test bed developed under Contract N61339-90-C-0047 and
furnished G.F.P. to Trident International, Inc. for use and
delivery during this contract.

Three 3 inch diameter Ce:YAG faceplates were supplied as GFP
from previous contract N61339-90-C-0047. One of these three was
to be used for construction of a CRT, the remaining two were to
be used for coating tests. During the processing of the CRT's
one of the crystals was destroyed. The other two single crystal
faceplates were incorporated in test CRT's. An additional
Ce:Gd,YAG (Red shifted green) faceplate of 1.5 inches diameter
and two Ce:BEL (Blue) crystals of 0.75 inch diameter were
obtained from Allied Signal, Inc. by Trident.

Investigations were made to provide optimum optical coupling
of the CRT light output into a projection lens. Index matching
heat dissipation fluids were used. A wide angle lens was
selected and supplied by the contractor. Filtering of the light
output of the Ce:YAG, Ce:Gd,YAG and Ce:BEL faceplates was
investigated for use in producing green, red and blue light
outputs suitable for a full color video projector.

The green (Ce:YAG) and the red shifted (Ce:Gd,YAG) single
crystal CRTs were tested, evaluated and demonstrated in the high
performance video prOJectlon test bed developed under contract
N61339-90-C-0047. The blue (Ce:BEL) crystal was not incorporated
into a CRT successfully, but tests were performed on them
(Ce:BEL) in a demountable vacuum chamber and with an ultraviolet
laser to indicate efficiency (lumens/watt) and color spectrum
emission. The projection testbed will be delivered with one
green (Ce:YAG) 3" CRT installed.
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2.0 Background

Under contract 61339-90-C-0047 an evaluation of single
crystal faceplate performance when mounted (integrated) on a
cathode ray tube was completed.

Delays in the assembly of the CRTs were encountered;
however, initial test results were sufficiently encouraging to
warrant proceeding with and evaluating equivalent red and blue
faceplates with the goal of generating a full color projected
picture. The data obtained was to establish the feasibility of
producing a high brightness, long life video projection system
for government simulator applications.

The construction of two 3" diameter green (Ce:YAG) CRT's by
Hughes Display Products allowed Trident to perform tests on these
units under various conditions. Early in the test program
cooling was deemed necessary to produce the brightness goals
desired. A liquid cooling chamber was designed and adapted to
the CRT.

Problems with sealing the SCFP's to the glass proved to be
troublesome and were not solved with the Ce:BEL (Blue) crystal
material.

Ce:YAG was modified to red shift its spectral luminescence
in the form of a 1.5" CRT. The test bed projector was used to
evaluate these CRT's.
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3.0 Objectives

3.1 Fabrication of red and blue single crystal faceplate
cathode ray tubes.

3.2 To evaluate interference coatings to improve optical
transmission and anti-reflection capabilities.

3.3 To test filters to shift and utilize the desired

spectral output of the crystal faceplates to produce color
images.

3.4 To test light output and resolution obtainable from
projection test bed developed under Contract 61339-90-C-0047.

3.5 To deliver test bed and remaining CRTs.
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4.0 Manufacturing Attempts and Test of Ce:BEL (Blue)

Three Ce:BEL crystal faceplates were made by Allied Signal
Corp. for Trident International, Inc. in small 3/4" diameter x
.1" thickness. Two Ce:BEL crystals were delivered to Hughes
Display Products to assemble in a working CRT for testing by
Trident. On 15 June 93 Trident was notified that the first CRT
utilizing the Ce:BEL faceplate had failed. It 1is very difficult
to frit seal the small (3/4") Ce:BEL crystal to the larger glass
bulb and appears to be impractical. The fractured pieces were
mailed to Trident for evaluation. Trident utilized a 2 watt
argon laser to perform tests on the fractured Ce:BEL crystal
pieces to determine the color temperature and destructibility of
the material. Although the laser was capable of reaching very
high spot power densities, no noticeable change occurred in the
crystal. The color of the light output on the chromatic scale
was X=.150, Y=.130. Allied Signal Corp. agreed to deliver
Trident one remaining Ce:BEL crystal. It was then decided,
because the power density of the laser in comparison with
electron beam power could not be readily correlated, to ask
Thomas Electronics, Inc. to mount the crystal in their
demountable vacuum chamber for testing.

Mr. Thomas St. John and Mr. A. R. Tucker of Trident
International, Inc. traveled to Thomas Electronics' facility in
Wayne, NJ to run the tests. Thomas Electronics was very
cooperative and aluminized the Ce:BEL crystal and placed it in
the chamber. Testing revealed the crystal in the vacuum could
not dissipate the heat and rapid thermal saturation became
immediately apparent. The crystal was allowed to cool for 80
minutes and retested in short current applications allowing the
Ce:BEL to cool between measurements. The results indicate that
the high temperatures reached in the first attempt did no damage
to the crystal.

The test set-up at Thomas was capable of 28 kv @ .600 ma.
The crystal had to be held by two clips in the vacuum chamber
which apparently caused asymmetrical heat conduction. The
crystal broke during a power application of 28 kv @ .450 ma. It
was noted that the aluminization was being precipitated off the
crystal at those power levels and temperatures. Light outputs
projected by Allied Signal, Inc. of up to 1.2 lumens per watt
could not be verified.

It has not been determined if the Ce:BEL is the desired
chemical composition to produce the optimum blue faceplate at
this time. It has not been determined if the CE:BEL can be grown
in large enough crystals to be useful or if the structure is
stable enough to withstéad the mechanical and thermal stresses.
The expansion coefficient of Ce:BEL (blue) crystal has not been
measured adequately and attempts to seal with gradient frit-to-
glass techniques have not been successful to date.
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Several attempts have been made to frit seal bond the Ce:BEL
(Blue) faceplate onto a ceramic ring which is itself bonded to
the glass bulb. On each occasion an apparent expansion rate
mismatch occurs between the Ce:BEL faceplate and the ceramic
ring.

In order to accelerate the Ce:BEL SCFP evaluation we
attempted to replace the frit seal area with a vacuum grade epoxy
(Torr Seal epoxy made by Varian Company). The advantage of using
this epoxy is that it removes the expansion rate mismatch
differentials by joining at room temperature, not 450 degrees C.
This material is used for vacuum applications at 10% Torr and
below. It is bakeable to 150 degrees C and has a dielectric
strength compatible to the frit it replaces. The expansion rate
of the Torr Seal epoxy is significantly different from the
expansion rate of the Ce:BEL faceplate and ceramic ring; but,
joining and operation of these parts at room temperature
eliminates the deveiopment of thermally induced expansion
stresses. The remaining Ce:BEL: crystal fractured before this
seal could be tried. No successful blue (Ce:BEL) CRT was made.
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5.0 Tests of Blue Single Crystal Faceplates

The cathodoluminescence of Ce:BEL was characterized in a
thin wafer of a Czochralski boule prepared from a melt of 0.5%
cerium content. Ce:BEL proved to be an excellent blue phosphor
with a peak fluorescence at 485 nm and a fluorescence bandwidth
of 80 nm (Fig. #1). Thus, there is significant light energy at
the extremely blue wavelength, 445 nm. The measured
cathodoluminescent efficiency of the available crystal was 0.1
lumen/watt, weighted according to the C.I.E. photoptic curve. It
was found that annealing at 1150 degrees C in a reducing
atmosphere of 10% hydrogen in argon doubles the efficiency of
Ce:BEL to 0.2 lumens/watt (Fig. #2). Annealing also changes the
appearance of the crystals from an orange color to transparent.
It was also found that the light output of Ce:BEL does not
saturate up to an electron beam power of 19 watt/cm squared if
adequately cooled.

Mass spectroscopy of the CE:BEL crystal revealed a cerium
content of 3.9 x 10 to the eighteenth power atoms/cc, as compared
with 23 x 10 to the eighteenth power atoms/cc for YAG. If cerium
content of CE:BEL can be increased to the level of cerium in YAG,
this six-fold increase in concentration could increase the C.I.E.
weighted efficiency of CE:BEL to 1.2 lumens/watt. Since the
refractive indices of CE:BEL are about the same value as the
refractive index of YAG, reticulation or stippling should yield
an increase in external efficiency.

Attempts to incorporate Ce:BEL (Blue) .75" crystals failed
by cracking during bakeout or shortly thereafter. No successful
blue CRT has been constructed. Blue (CE:BEL) crystal fragments
were placed in a vacuum demountable chamber at Thomas
Electronics, Inc. and tested. The light output was an excellent
blue (420 nm), but because the crystal could not be cooled in the
vacuum chamber, saturation was rapidly reached. By pulsing the
current and 2llowing the crystal to cool between tests additional
data was obtained (See Figs. #3, 4 and 5).

Methods of matching the CE:BEL crystals' expansion
coefficient with the frit seal to a glass envelope or possibly a
metal to glass seal need to be tried. Ce:BEL (blue) efficiencies
indicated by Allied Signal, Inc.s' study for Trident
International, Inc. dated Feb. 1992,), Enclosure #12.1) indicate
up to 1.2 lumens per watt are possible. Other blue generating
phosphors need to be tested to fully evaluate their
possibilities.
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6.0 Tests of Red Single Crystal Faceplates

The fluorescent spectrum of cerium in single crystal
faceplates may be shifted toward the red from the green by
incorporating gadolinium and grown to Ce:(Y,Gd) on YAG. The
spectral peak is approximately 50 um toward the red (580 um)
compared to 535 um of green Ce:YAG. LlIght output at the desired
red peak of 650 um is 31% of the spectral peak compared to 19%
for Ce:YAG. Using absorption filters such as Schott 0G 570 (See
Fig. #6) will produce adequate red energy to generate the 29% of
total energy of white to produce a white image. A 1.5" SCFP CRT
was manufactured by Hughes Display Products from crystals
furnished by Trident International, Inc. grown by Allied Signal,
Inc. This CRT was tested by Trldent International, Inc. The
test results as shown in Figs. #7, 8 and 9). The CRT failed
during tests, but sufficient data was obtained to determine its
relative efficiency and color spectrum. The failure was not
related to the crystal composition and the CRT construction
techniques developed in 3" green Ce:YAG faceplates and
successfully integrated onto a CRT will be used in further
manufacturing.

Yellow, Orange and Red Sharp Cut-Off Glass Filters

Correction
Schott Glass AA Factor PRODUCT
Tvpe AT () NUMBER
— - GG 400 0.07 0.91 03 FCG 057
i o , Tyoical Tra~s~utance Curses GG 420 0.07 091 03 FCG 059
w / GG 433 0.07 0.91 03 FCG 06!
L2 GG 455 0.08 0.915 03 FCG 063
g = §58958z0 08234 ] GG 475 0.09 0.915 03 FCG 065
3 6’5’335 §33382 388237
a " [ ] GG 495 0.10 0.915 03 FCG 067
Lz " / 0G 515 0.11 0.915 03 FCG 083
F 0G 530 0.12 0.915 03 FCG 085
E oy / 0G 550 0.13 0.915 03 FCG 087
o i ML, 0G 570 0.14 0915 03 FCG 089
& 0G 590 0.15 0.915
H IN NANOMETERS
' WAVELENGT RG 610 0.16 0.915 03 FCG 101
! RG 630 0.17 0.915 03 FCG 103
KG 635 0.17 0.915 03 FCG 103
RG 665 0.17 0.915 03 FCG 107
A\ is the temperature coefficient of half-power point position shift. in nm’
3T °C. See text.
Figure #6
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layer grown on a YAG substrate.
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Red Shifted Ce:Y,Gd,YAG

Raster Size

High Volt
(kv)

30.28
30.34
30.34
30.35
30.36
30.36
30.37
30.38
30.38
30.39
30.42
30.42
30.43
30.43
30.44
30.47
30.46

N61339-91-C-0052

#11-114-2-1

Test Date 17 August 1992

.6417 sq in (.9055" X .7087")
Aluminized, Non-Reticulated

Beam "I" Light Output Power
(ma) (f1) (W)
.048 269 1.45
.051 304 1.547
.055 359 1.67
.062 465 1.88
.085 786 2.58
.124 1294 3.76
.193 2190 5.86
.301 3540 9.14
.445 5310 13.5
.408 4980 12.4
.503 6170 15.32
.557 6780 16.97
.685 8050 . 20.95
.754 8700 12.00
.142 1600 4.30
.700 8200 21.00
1.08 11240 30.46
Figure 9

13

1.5" Single Crystal Faceplate CKT

Lumens L/W Coolant
Temp o/F

1.1987 .82 78
1.3547 .87 78
1.6 .96 78
2.0 1.1 78
3.5 1.36 78
5.76 1.53 78
9.76 1.66 78
15.77 1.72 78
23.66 1.75 78
22.2 1.79 78
27.5 1.79 79
30.16 1.78 79
35.9 1.71 81
38.77 1.68 82
7.13 1.65 82
36.54 1.74 83
50. 1.64 83
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7.0 Test Results of Deliverable Monochrome Projector (Green)

The raster lire width measurement was measured by projecting
on a screen. The green (CE:YAG) SCFP projector had an HD6 (U.S.
Precision, Inc.) wide angle lens installed and a square image
projected. The image size on the SCFP CRT was 1.626" square.
The projected image was 28.625".
28.625"
1.626" = 17.6 X magnification
The line width at various beam currents and high voltages were
measured. Faceplate brightness was taken using a Tektronix
luminous probe J6523 1 degree spot brightness meter. The CRT
brightness was measured through the lens looking at the CRT.
This measurement does include all the losses of the lens, X-ray
glass, fluid and YAG faceplate. Measurements were then taken at
the screen. A standard magnesium flashed block was used at the
screen surface to measure foot lamberts. The test results are
shown in Figs. 10 through 13. Considerable crystal edge
illumination was noted and also there was noticeable halation on
the highlights. The test setup did not have liquid coupling to
the lens but did have fluid to the X-ray window. The lens was
coated for first surface reflections, but the X-ray window was
not.

The graphs in Figures 10 and 11 were derived from data shown
on Page 17, Figures 12 and 13. The test results shown by Figure
12 were run to measure spot (line width) growth at constant power
with high voltage change. The line width decreased from .0046"
to .0034" with high voltage increase from 20 kv to 30 kv
indicating improved resolution possible with higher anode
voltages. The line width measurements were taken by projecting
the image on a screen to enable the individual scan lines to be
observed. A micrometer was used to measure from skirt to skirt.
Several lines were measured in the center of the image. This
method will give larger line width readings than those normally
quoted when a slit scanner is used. Measurements shown in Figure
13 were an attempt to verify losses through the optical system.
Discrepancies occur because of the poor measurement ability in
taking the faceplate brightness through the projection optics.
The Tektronix one (1) degree spot brightness probe's subtense is
not accurate under these conditions, but the screen measurements
are correct.

Example pertaining to data in Figure 13:

The transmission should be as follows:
(HD6 lens .91)(X-ray glass .894)(Fluid .99) = Total .8054
F:1 lens efficiency .2
113.80 1u at the CRT face should generate 3.5 fl at the screen.
(113.8)(.8054)(.2) = 18.60 divided by screen area 5.3166 sq.ft. =
3.5 fl.

14
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CE: YAG SINGLE CRYSTAL FACEPLATE
RESOLUTION (LINE WIDTH) VERSUS
H.V. @ CONSTANT POWER

RASTER LINE WIDTH IN.

00300

00475+

1.8 WATTS TO ‘E’ BEAM
CRT DIA 2.8 in

i . |

1 i 1 1 4
a0 2t 22 23 24 25 @2 @27 28 29 30

HIGH VOLTAGE KV

Figure 10
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CE: YAG SINGLE CRYSTAL FACEPLATE

SCREEN BRIGHTNESS FL.

3.750

3.373

3.000

2625

2.250

1.875

1.500

1125

0.750

0.375
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CRT MOUNTED IN TRIDENT
TEST BED PROJECTOR

CRT DIA 2.8 in

SCREEN 22in X 34.8 in

LENS F NO. 1.0, MAGNIFICATION 17.6
SCREEN GAIN 1.0

—e— 27 KV
-4 30 KV

—-©- 34 KV

| SN S U N Y T SN SNOE AU I N N NN B AN N N A A |

1 [N DO | | ] 1 L
4 8 12 16 20 24 28 32 36 40

POWER WATTS

Figure 11
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Ce:YAG Single Crystal Faceplate Resolution (Line Width)
Versus High Voltage @ Constant Power
Epitaxial Thickness 17 um

H.V. Line Width Line Width
Watts Beam Current kv) @ Screen @ CRT
1.8 .09 ma 20 .081" .0046"
1.8 .08 ma 22.5 .079" .0045"
1.8 .072 ma 25 .068" .0039"
1.8 .065 ma 27.5 .060" .0035"
1.8 .060 ma 30 .059" .0034"
Figure 12

Ce:YAG Single Crystal Faceplate CRT Mounted in Trident
Test Bed Projector
CRT Crystal #10212-1-2 3"
Epitaxial Thickness 17 um

Brightness Measurements

Faceplate Image Size: 1.25" Wide x 1.98" High
2.475 sq. in. .0172 sq. ft.

Screen Image Size: 22" Wide x 34.8" High
5.3166 sq. ft.
H.V. Faceplate Faceplate Screen Screen
(kv) Lumens* Watts Brightness (fl) Lu/W** Brightness Lumens*
27 6.88 3.10 400 2.22 .21 FL 1.1 Lu
27 10.32 4.43 600 2.33 .32 FL 1.70 Lu
27 16.03 5.67 932 2.83 .50 FL 2.66 Lu
27 22.36 6.92 1300 3.23 .70 FL 3.72 Lu
27 29,24 9.69 1700 3.01 .90 FL 4.78 Lu
27 58.48 19.84 3400 2.95 1.80 FL 9.56 Lu
30 19.51 6.21 1134 %%* 3.14 .60 FL 3.19 Lu
30 45.50 14.40 2645%** 3.25 1.40 FL 7.44 Lu
30 81.30 26.10 4726%** 3.11 2.50 FL 13.29 Lu
34 25.90 6.80 1511 %%* 3.80 .80 FL 4.25 Lu
34 59.80 17.00 3488*** 3.52 1.85 FL 9.80 Lu
34 113.80 32.00 6616%** 3.55 3.50 FL 18.60 Lu

*  Lumen calculation: Brightness X sq. ft. screen image area
** |u/W calculation: Lumens divided by watts
*** Calculated number based on optical efficiency of .1635

Figure 13
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8.0 Study of Optical Coupling and Anti-Reflective Coatings

A study was contracted from Optical Research Associates in
Pasadena, CA. (Enclosure #12.2), to determine the optical effects
of using single crystal faceplates for CRT's in projection. The
study compared the effects of the high refractive index of YAG
crystal (1.832) to the existing glass faceplate (1.537) used in
powder phosphor CRT's.

The goals were to minimize losses at the refractive index
change boundaries and minimizing the incident reflected ray
causing halation effects and to determine the optimum index
matching fluid as well as optically coupling the faceplate to the
optical system.

Trident International, Inc. has used liquid optical coupling
in its high power, high resolution projectors for many years.
The practicability of this cooling and coupling approach has been
proven.

To accommodate the increased "light piping" (total internal
reflection due to the critical angle effects), a thicker liquid
chamber with black walls (See Fig. #14) is recommended to
minimize internal scattering and contrast reduction.
Interference coatings at the first highly concave element of the
projection lens will aid in collection of energy from the SCFP

CRT. Figure #1 in Optical Research Associate's study shows such
a lens.

Graphs showing selected absorption filters to trim the
spectral output of Ce:YAG, Ce:Gd,YAG and Ce:BEL single crystal
faceplates and peak output versus NTSC standard points are shown
in Figures 15 through 18 from tests taken by Trident
International, Inc.
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9.0 Comparison of a Contemporary Powder Phosphor Versus Single
Crystal Faceplate CRT Projectors

The following is an analysis and a comparison of the power
requirements of a contemporary powder phosphor versus single

crystal faceplate CRT projector with a 2046 faceplate lumen
output as a constant.

A. A typical powder phosphor projector using a CRT with a
6.15" X 4.87" raster (so called 9" CRT) has the following:

31.68 sq.in. area or .022 sq.ft. per tube.

High voltage is 35 kv at an average beam current of 1.5
ma per tube.

The Trident projector is capable of reaching approximately three
times the average power in small scene highlights. Using the
powder phosphor efficiencies of 23 to 30 lu/watt green, 13 to 15
1u/W red and 6 to 8 lu/W blue

Watts Lumens
Green P53 23 Lu/w 52.5 1207
Red P22R 13 Lu/w 52.5 682.5
Blue P22B 8 Lu/w 52.5 420

To obtain white balance the energy needs to be distributed as
follows:

59% Green 1207 lu 52.5 Watts
26% Red 532 lu 41.0 Watts
15% Blue 307 lu 38.4 Watts

Total 2026 Lu 132.0 Watts

or white efficiency of 15.5 lumen/watt. If we use an F:1 lens
system, the optical efficiency will be:

F:1 lambertion cone = 20% of energy collected.

A typical coated lens will have a transmission of 88% or
(.2)(T7.88) = .1760.

The light available at the screen with average power will be 2046
lu (.1760) = 361 1lumens. The peak brightness that is usually
quoted on CRT projectors then can approach 1,000 lumens
equivalent brightness (2.88 X 361 lumens).
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B. Using the efficiencies of single crystal faceplate CRT's
determined by testing and reported in Allied Signal's report to
Naval Training Systems Center Contract N61339-90-C-0046, August,
1991 and AT&T Bell Laboratories' Report AFWAL-TR-84-1185, dated
July, 1984 and Trident International, Inc.'s report under
Contract N61339-90-C-0047 and tests run during this contract, we
can assume that reasonable efficiency expectations are:

Ce:YAG (Green) 4 -5 lu/W
Ce:Gd,Ag (Red) 2.5 - 3.5 lu/W
Ce:BEL (Blue) .7 - 1.2 lu/W;
therefore, to generate the equivalent light output we need:

Efficiency Watts Lumens

Green 4.5 lu/w 268 1207
Red 3 lu/w* 177 532
Blue 1 lu/w 307 307
752 —2046

( * includes absorption filter)

This above comparison concludes that 2.72 lumens per watt
for white balance in single crystal faceplate efficiency versus
15.5 lumens per watt for powder phosphor efficiency.

The possible advantage that single crystal faceplate CRT;s
would have is their ruggedness against electron beam damage and
practically infinite particle resolution versus powder phosphor
grain size. Any image that is repeatedly scanned over the same
screen area will cause reduction of 1light output in powder
phosphor within a few hours particularly at the phosphor loading
used in high power projectors. This is particularly true if the
deflection system uses calligraphic or stroke writing to generate
small bright lines or spots.

To generate the higher electron beam power necessary to
overcome the 5.5 to 1 difference in efficiencies, the electron
beam spot size will increase. To conserve resolution the high
voltage to beam current ratio would have to be changed; such as,
50 kv vs 25 kv. The increase in high voltage will require
additional X-ray shielding as well as increasing the absorption
properties of the optical system.

Nothing in the above discussion precludes the use of single
crystal faceplate projectors in lower light output application
where images require prolonged stationary lines or spots; such
as, maps, rail routes, communication lines or status boards of
reasonable dimensions.

25




N61339-91-C-0052

10.0 Conclusions

A. Powder phosphor faceplates are approximately five (5)
times more efficient per input power than Ce:YAG single crystal
faceplates.

B. Single crystal faceplates appear impervious to high beam
power densities when adequately cooled.

C. Manufacturing problems associated with integrating
single crystal faceplates onto CRT envelopes are not solved to
the extent that practical fabrication processes are available.
While some . success was achieved with the Ce:YAG (Green),
integration for the Ce:BEL was not achieved. Extensive materials
and manufacturing process research would be necessary prior to
any further initiatives in the projector application area.

D. The electron beam power requirements to produce
equivalent light output to a powder phosphor based CRT system are
so great that the electron beam spot size resulting from the
high power input will limit the resolution on the maximum
available faceplate size; therefore, the 1,000 line resolution
specification cannot be met at required brightness levels.

E. Satisfactory spectral responses are attainable in all
three colors (red, green and blue); however, mechanical problems
with Ce:BEL currently preclude its use as a light source.

F. Early data taken indicating the ability to obtain high
levels of brightness without saturation and coulombic destruction
of the phosphor was confirmed; however, scaling of the power
required for obtaining desired 1light output resulted in an
unacceptable loss in resolution due to electron beam spot size
growth.
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11.0 Recommendations

In view of the problems remaining to be solved and the
limited potential for their solution, further development effort
on application of Single Crystal Faceplates to projection cathode
ray tubes is not recommended.
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1.0.0 INTRODUCTION

Conventional CRT faceplates are formed by the deposition of phosphor powder on
the inside of a glass envelope of limited thermal conductivity. The image resolution and
power capabilities of these faceplates are limited, and many applications now require CRT
performance at the limits of phosphor facepiate technology. For example, sunlight-
readable head-up displays (HUDs) for aircraft require a brightness of 10,000 foot-
lamberts, a performance just achieved by conventional CRTs in stroke mode, and a factor
of ten beyond that achieved in raster mode. The resolution of conventional faceplates is
limited by phosphor particle size to twenty micrometers. High intensity operation is limited
by a decomposition threshold of about 1 war/cm2. The phosphor particles will actually
melt at about 5 watts/cm2. High intensity operation also limits phosphor lifetime by a
process called coulombic degradation. This failure mode reduces the imensity of P53, a
standard phosphor, to 50% of its initial value after an electron dosage of 140
coulombs/cm<. This leads to a CRT lifetime in a high luminance application of about 1000
hours under the best conditions.




Gamets are crystalline materials with many technologically useful properties.
Garnets are oxides of the general composition R3T5012 (R and T are large and small metal
or metalloid elements) which are resistant to chemical artack and high temperarures. There
is much diversity in gamet composition since R and T can be combinations of one or
several elements cohabiting a crystal sublattice, and R and T range over much of the
Periodic Table. As an example, the yttrium in Y3A15012 (YAG) can be parually replaced
with neodymium to form the useful laser crystal Nd-YAG. YAG is used not only as a laser
material, but as a substrate for the deposition of other gamet compositions. In particular,
YAG doped with rare-carth elements, when grown as epitaxial layers on YAG substrates,
is a cathodoluminescent material. Such layers can be used as phosphor faceplates in
cathode ray tubes with significant advantages over standard, powder phosphor, faceplates.
The single crystal nature of such epitaxial faceplates allows a higher resolution, and the
intimate thermal contact between the epitaxial phosphor and the thermally conductive
substrate allows operation of cathode ray tubes at power levels which would destroy a
conventional powder phosphor.

Epitaxial phosphors are fluorescent crystalline layers which are grown on
crystalline substrates. The usual case is homoepitaxial growth, in which a fluorescent ion
is substituted for another ion in a host composition epitaxially grown onto a substrate of the
host composition. An example is Ce:YAG epitaxially grown on YAG substrates, where
cerium is incorporated into the layer on yttrium sites. The more unusual case is
heteroepitaxy, in which a layer is grown on a substrate of different crystal structure; for
example, zinc sulphide deposited on sapphire. Since electrons penetrate only a few
microns into epitaxial phosphors, the epitaxial layer need not be very thick, 5-20 microns
are usually sufficient. Epitaxial layers can be grown on top of other epitaxial layers to form
penetration phosphors, in which different colors are excited at different anode potentials.

Epitaxial phosphor faceplates (EPF) have several significant advantages, which are
summarized below:

1) Ulrra-High Resolution. Resolution is limited only by electron beam size.

2) Fast Decay Time. Fluorescence decay of Ce:YAG (10 nsec), a standard epitaxial
phosphor, is an order of magnitude faster than conventional powder phosphors.

3) High Power Operation. Epitaxial phosphors will not decompose at high power levels.
There is no "bum”. Thermal quench temperature is much higher than for powder
phosphors.

4) Superior Ageing Characteristics. No coulombic degradation.

5) Superior Mechanical Properties. Single crystals have high strength. Faceplates resist
scratching.

Since epitaxial phosphors are single crystals with no granulation, resolution is
limited only by the dimension of the electron beam. Prof. Albert Crewe of the Fermi
Institute, University of Chicago, has tested a Ce:YAG epitaxial phosphor faceplate
fabricated by Allied-Signal, Inc. in a high resolution electron microscope and found no
granulation to 0.1 um spot size. This Ce:YAG epitaxial phosphor faceplate was further
tested to a current density of 1000 A/cm? at 5 kV without permanent damage. M.W. van
Tol and J. van Esdonk operated epitaxial phosphor faceplates at power levels of 10 W/cm?
[1]. J.M. Robertson and M.W. van Tol tested epitaxial phosphor faceplates of Ce:YAG,
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To:YAG, and Eu:YAG at power levels 1o 104 W/cm? [2). They found that Ce:YAG is
linear o the highest power levels, but that the light output of Tb:YAG and Eu:YAG
saturates at power levels above 1 W/cm2. Thus, Ce:YAG is preferred as a high intensity
monochrome phosphor. The satration in Tb:YAG arises from excited state absorption and
cross-relaxation processes and it is a general feature of many phosphors, for example
Mn:BaAl}12019 [3,4]). AT&T Bell Laboratories has developed a modified terbium
composition, Tb.2Y(.1Lu2, 7A13Ga2012, with improved saturation characteristic {5].
Such a phosphor has shown a peak line brightness of 28,000 fL at a 25,000 inch/sec
writing speed when excited with a 25 kV, 2 mA beam. This is equivalent to 594 lumens in

a 2.75 inch diagonal raster.

Levy and Yaffe have shown that the thermal quenching temperature of Ce:YAG is
about 400°C, and that a decrease in light output is first evident at 200°C {6]. They
determined that it is safe to operate an EFP at thermal gradients up to 150°C/inch, and that
a three inch diameter epitaxial phosphor faceplate can be operated at 25 watts excitation
with no cooling. Since the thermal conductivity of YAG is high, forced-air cooling is very
effective at higher excitation levels. Forced-air cooling can extract about 60% of the heat,
radiation can dissipate about 20% of the heat, and conduction down the neck can dissipate
the remaining 20%. Coulombic degradation does not occur in epitaxial phosphor
faceplates, whereas 0.5 W/cm? is the conventional limit for projection CRTs. Operation of

P53 at 0.5 W/cm? results in an extremely short lifetime,

The fluorescent spectrum of cerium in gamet crystals is a function of the atomic
spacing in the crystal which is reflected in the lattice constant. It is possible to red-shift the
green emission of Ce:YAG by incorporation of gadolinium. In the extreme case,
Ce:Gd3A15012 can be grown as the analog of Ce:Y3A15012, and the spectral peak is
shifted almost 50 nm towards the red. A blue-shift is possible, by using a small rare-earth
ion in place of yttrium, but the magnitude of such a blue-shift is not sufficient to produce
much energy at blue wavelengths suitable for color CRTs. Although other activators in
YAG, notably thulium, are blue emitters, cerium seems to be the only activator which will
not saturate at high power levels. Two blue cerium emitters, Ce:La2Be20s (Ce:BEL) and
Ce:Y2Si05 (cerium orthosilicate), are candidates for blue faceplates. Ce:Y2SiO5 has
emission extending below blue, so that much of its light output is not visible. Its
performance in CRTSs has been investigated by AT&T Bell Laboratories and elsewhere, and
saturation has been observed in this phosphor. Ce:BEL, however, emits prominently in
the blue, and does not appear to saturate. Thus, Ce:Gd3Al5012 (Ce:GdAG, red),
Ce:Y3AI5012 (Ce: YAG, green), and Ce:La2Be20s (Ce:BEL, blue), appear 10 be an
appropriate trio of epitaxial phosphors for a high intensity color projection display. Figure
1.0.0.1 shows the spectra of these phosphors.
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. 1.0.0.1 Spectra of Ce:BEL (blue), Ce:YAG (green) and Ce:GdAG (red) phosphors.




2.0.0 PROCESS

Table 2.0.0.1 shows the major stages of the process for the production of epitaxial
phosphor faceplates.

Epitaxial Phosphor Faceplate Process

Stage - Example
Grow Cylindrical Crystal YAG Crystal Boule 3-1/4 inch
by Czochralski Technique diameter by 10 inch length

i : YA inch di
Grind and Slice Wafers by oe_;'fzas'?n'ié’t‘,"!ml diameter

Rough polish to remove saw

i dam 0.005 inch); fine polish
Lap and Polish Wafers ge ﬂa?g:s‘s - m,‘mch); ne Qi':h

(epi polish) with silica colloid

Ce:YAG phosphor layer 20 ym

Liquid Phase Epitaxial thickness deposited from PbO-
Coating with Phosphor based flux
B ) Photaiitrogizphy of hexagona!
Reticulation array 2% un: ceniers, followed
by etcting in pioushornc acid {0
give frustrated pyramids
Demountsble faceplate test
Test statior: with 1 inch square NTSC
raster at 25 kV, up to 20 Watt
per square cm beam power
Table 2.0.0.1. Major stages of the process for the production of epitaxial phosphor

faceplates.




2.1.0 Crystal Growth Process of Substrate Wafers

Trere are presently two processes which are suitable for the growth of the substrate
wafers used in epitaxial phosphor faceplates. These are the Czochralski method, which has
produced large single crystals of YAG up to three inches in diameter; and the Heat
Exchanger Method. The Heat Exchanger Method (HEM™) is being used for the
commercial production of 10-inch diameter sapphire crystals of very high quality. It is
possible to grow sapphire by HEM free of scatiering centers for stringent optical
applications. HEM is used also for commercial production of multi-crystalline silicon
ingots for photovoltaic and optical applications. Titanium-doped sapphire (Ti:Sapphire)
boules are grown routinely for cw and pulsed laser applications. A number of mixed
oxides, fluorides and compound semiconductors has also been grown by HEM.

2.1.1 Undoped Crystal Boule

Substrate wafer crystal for epitaxial phosphor faceplates of YAG have been
produced up to three inches in diameter by the Czochralski process. In the Czochralski
process, a melt is produced in a crucible by induction heating. A "seed” crystal is dipped
into the melt and withdrawn with rotation at a slow rate as the melt is cooled. This
produces solidified crystal on the seed with the same crystallographic orientation as the
seed. Usually crystal weight is used as a process variable to control the growth in a

feedback loop.

There are difficulties involved in the growth of large diameter Czochraiski crystals.
The crystal is in contact with the liquid melt, and in the case of YAG it is actually immersed
in liquid. This leads to considerable thermal stress on the crystal which can cause cracking.
Also, scale-up from one diameter to a larger diameter is troublesome, since the exact
parameters for stable crystal growth depend critically on the thermal environment of the

crystal. There is a steep "learning curve.”

In the HEM method, he crucible with the seed positioned at the bottom is loaded
with a material charge and placed on top of a heat exchanger. After evacuation, heat is
supplied by the graphite heater and the material charge is melted. The seed is prevented
from melting by forcing gaseous helium through the heat exchanger.Growth is started after
sufficient meltback of the seed is achieved by increasing the flow of helium and thereby
decreasing the heat exchanger temperature. The liquid temperature gradients are controlled
by the furnace temperature, while the temperature gradient in the solid is controlled by the
heat exchanger temperature. Crystal growth is achieved by controlling the heat input as
well as the heat extraction. After solidification is complete, the gas flow through the heat
exchanger is decreased to equilibrate the temperature throughout the crystal during the
annealing and cooldown stage.

HEM is the only crystal growth process in which both the heat input and heat
extraction are controlled. The heat flow is set up such that the heat input is from the sides
and top of the crucible and the heat extraction is primarily through the heat exchanger at the
bottom of the crucible. Under these conditions a convex solid-liquid interface is set up so
that core-free crystals can be grown. The convexity of the solid-liquid interface can be
controlled by changing the ratio of heat input and heat extraction. The independent liquid
and solid temperature gradients are achieved without movement of the crucible, heat zone
orcrystal. After the crystal is grown, it is still in the heat zone and can be cooled at a
controlled rate to relieve solidification stresses. This unique capability allows the growth of




sapphire up to 32 cm diameter and weighing about 50 kg without cracking due to thermal
stresses associated with such large sizes.

A distinguishing feature of HEM, as compared with the Czochralski, top-seeded
process, is that the solid-liquid interface is submerged beneath the surface and is
surrounded by the melt. Under these conditions the thermal and mechanical perturbations
are damped out by the surrounding molten mass before reaching the interface. This results
in uniform temperature gradients at the interface. In the Czochralski process, growth
occurs at the melt surface where the local gradients vary sufficiently to cause solidification
and remelting of the crystal. Precise control of the fumace and heat exchanger
temperatures, combined with minimized thermal perturbations resulting from the
submerged interface, gives HEM an advantage over the Czochralski techniques for

growing high-quality crystals.

In HEM growth, after the crystal is grown, the temperature of the furnace is
reduced to just below the solidification temperature and the helium flow is reduced at a
desired rate. The whole crystal can, therefore, be brought to high temperatures to anneal the
solidification stresses, followed by uniform cooling at a controlled rate to room
temperature. Because in situ annealing is part of the solidification cycle, HEM can reduce
the defect density. Further the last and most impure material to solidify is along the
crucible walls, where it can be removed. These features of HEM produce uniform, growth
and the only sapphire free of light scatter. In the case of sapphire and silicon, it has been
demonstrated that once crystal growth parameters are established, large crystals can be
grown. The HEM has been adapted for the growth of Ti:A1203. HEM is cost competitive
with Czochralski. The fumace is uncomplicated, automated, and well insulated, which
results in low equipment, labor and energy costs.

2.1.2 Doped Crystal Boule

Single crystal boule may be produced with the activator ion grown into the crystal.
There are both advantages and disadvantages to this technique. The principal advantage is
that the subsequent deposition of the phosphor by liquid phase epitaxy is not required. The
disadvantages relate to the difficulty in achieving as high an activator concentration as
desired, maintaining the proper charge state of the activator, and the usually lower growth
rate required for doped crystals.

One of the problems with doped crystals is the segregation coefficient of dopant in
the host crystal. The segregation coefficient is the ratio of the concentration of a species in
the crystal to that in the melt. If the segregation coefficient is low, there is a gradation in
dopant concentration along the length of the crystal and it is necessary to grow crystals at
low growth rates in order to maintain high quality. These problems are minimized as the
segregation coefficient is higher and essentally there are minimal problems when the
segregation coefficient is unity. For example, the segregation coefficient of Ti in A1203
and Nd in YAG is rather low, approximately 0.16. The growth of Nd-doped YAG for
laser applications proceeds at about one-fifth the rate as for undoped YAG.

Ce-doped BEL has been produced in boule form, so that subsequent epitaxy of a
phosphor layer is not required, but an anneal in a hydrogen atmosphere is required to bring
the cerium into its reduced Ce3+ charge state. Likewise, the blue phosphor Ce:Y2Si05 has
been produced by AT&T Bell Laboratories as doped boule one-inch in diameter.




Researchers from Hitachi Chemical Co. [17] have reported growth of the similar crystal
Ce:Gd2Si0s in diameters to two-inch.

2.1.3 Current Size Limitations

The Czochralski method has produced YAG crystal up to three inches in diameter.
Experience indicates that four inch crystal is a possibility, but only by a flat interface
technique pioneered at Allied-Signal. However, a considerable development effort would
be required to attain a process for the Czochralski growth of four inch YAG.

The Heat Exchanger Method (HEM™) is being used for the commercial production
of 10-inch diameter sapphire crystals of very high quality. The growth of YAG crystal to
this diameter appears possible. These melting point of YAG (1950°C) is lower than that for
A1203 (2040°C): therefore, current HEM™ furnaces are adequate for growing this crystal.
In the case of sapphire (A1203) crystals grown by HEM™, the processing is carried out
under vacuum; however, it is expected that even though the host phosphor materials may
be stable under vacuum, it may be necessary to control the atmosphere during growth of
doped crystals. The candidate phosphor materials are compatible with using a molybdenum
crucible and graphite resistance heat zone of the HEM™ furnace so that these crystals can
be grown with existing HEM™ furnaces. In the case of BEL, it would be necessary to set
up additional safety procedures for handling BeO raw material and BEL crystals because of
their toxic nature.

2.2.0 Optical Fabrication of Wafer Faceplates

Fabrication of wafer faceplates from crystal boule is accomplished by standard
techniques available in most optical shops. This involves centerless grinding of the crystal
boule to diameter, xray orientation, wafer slicing with an ID saw, lapping and polishing.
The requirement of the final polish is severe. This "epi” grade polish involves the use of a
chemical-mechanical colloidal silica polish on a soft pad to produce a surface free of defects
which would interfere with the subsequent epitaxial phosphor growth stage.

2.2.1 Grind and Slice Wafers

The crystal boule is first ground to the required diameter using a centerless grinding
technique. After alignment of the crystal by xray diffraction, wafers are sliced by the type
of saw ("ID" saw) used in processing of semiconductor wafers.

2.2.2 Lap and Polish

The sliced wafers are polished using finer grit until the saw damage has been
removed (about 0.005 inch in the case of YAG) and the required flatness of about 1
pum/inch has been achieved. A final polish ("epi” polish) is done with a colloidal silica
suspension to achieve a polish beyond an optical polish into the regime of a polish on an
atomic scale.

2.2.3 Current Size Limitations

Since the semiconductor industry is now fabricating wafers up to ten and twelve
inches in diameter, it is concluded that wafer fabrication will not constrain the development
of large diameter single crystal faceplates.




2.3.0 Liquid Phase Epitaxy Process

The following is a general procedure for the growth of epitaxial layers of Ce:YAG
on YAG substrates. A YAG wafer, prepared by the processes in the previous sections, is
carefully cleaned and mounted in a substrate holder which allows rotation and translation.
Epitaxy is achieved by dipping the substrate into a platinum crucible holding the molten
constituent oxides of the Ce:YAG composition in the proportions listed in Table 2.3.0.1.

3T TP T T+ 3 + + + ++t ++ P 232t 22222 2 o a2 2 o

Table 2.3.0.1. Melt for the growth of epitaxial layers of Ce:YAG on YAG
substrates at 980 °C. Note that cerium oxide, the dopant, is not
included in the mole fraction calculation.

Oxide MolcFraction @ Moles Grams

PbO 0.90282 3.44684 769.299
AlO3 0.01737 0.06632 6.762
B203 0.07524 0.28724 19.998
Y203 0.00457 0.01745 3.941
CeO2 0.00581 1.000

1.00000 3.82367 801.000

The platinum crucible, 3-inches high by 2.25-inch diameter for epitaxial growth on
one-inch diameter wafers, is placed in a vertical furnace. These powders are heated to
1050 °C, a temperature well above the melting point of the mixture, and allowed to "soak”
for 24 hours. The melt is stirred for one hour at 1050 °C and 200 rev/min just before each
layer growth. After stirring, the melt is cooled to the growth temperature of about 980°C
in 45 minutes (melt saturation occurs at about 990°C).

The YAG faceplate wafers are thermally equilibrated above the melt surface for ten
minutes, dipped to the melt surface, and rotated at 200 rev/min. for about ten minutes. The
Ce:YAG epitaxial phosphor layer grows at a rate of about 1.5 pum/min. After growth, the
substrate with the epitaxial layer is raised above the melt, and the residual flux is spun-off
by rapid rotation of 500 rev/min. Removal of the faceplate from the furnace to room
temperature proceeds over the course of 90 minutes. This slow exit rate prevents thermal
shock and cracking of the wafers. This entire process is done in a class 100 laminar flow
hood. Remaining traces of solidified growth solution on the wafers are removed in a 40%
solution of nitric acid at 90 °C. Layer thickness is measured by weight, using a density of
4.565 g/cc, the density of pure Y3Al15012. Optical thickness measurement is not possible
since there is no refractive index difference between the layer and the substrate.

2.3.1 Equipment

Fig. 2.3.1.1 shows the equipment involved in the liquid phase epitaxy process.
There are motor assemblies to "dip” and rotate the wafers in the solution, but the major




piece of equipment is the large-bore vertical tube fumace which heats and maintains the
solution at about 1100°C £ 1°C.

pull rod
Resistance
Fumace

hoider

Fig. 2.3.1.1. Schematic diagram of system for liquid phase epitaxial growth
of single crystal phosphors of Ce-YAG on YAG substrates.

0 2.3.2 Current Size Limitations

Liquid phase epitaxy is routinely carried out for wafers up to three inches in
diameter in the preparation of magneto-optical materials. These wafers, however, are thin
(0.020 inch) compared with YAG faceplate wafers (0.125 inch). Generally, a slower
withdrawal rate from the epitaxy furnace is required for these thick wafers. Liquid phase
epitaxy has been demonstrated on four-inch diameter by 0.020 inch thick wafers. There
appears to be no fundamental size limitation for the liquid phase epitaxy process.

2.4.0 Photoreticulation

The major factor limiting the external efficiency of Ce:YAG phosphors is the high
refractive mdex of the YAG substrate (1.84), which allows only rays less than a critical

angle of 33° to be emitted from the faceplate. The remaining rays are waveguided to the
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edges, so that only 16% of the cathodoluminescence is emitted from the faceplate. Higher
external efficiencies-can be expected from Ce:YAG through reticulation, a texturing of the
epitaxial phosphor into structures which will focus the cathodoluminescence towards the
observer. Non-reticulated epitaxial phosphors have low external efficiencies, since the
cathodoluminescence is waveguided by the high refractive index of YAG to the edge of the
faceplate.

P.F. Bongers, et al,, [12] have etched grooves in the phosphor to increase the
external efficiency. D.M. Gualtieri, et al. [13] have used a faceted epitaxial layer for the
same purpose. D.T.C. Huo and T.W. Hou [14], have used photolithographic techniques
to pattern a Ce: YAG epitaxial phosphor faceplate with an array of rectangular mesas. They
were able to increase the extemnal efficiency by a factor of three. A truncated cone geometry
can increase the external efficiency by a factor of 5.5, if such a shape can be formed in the
phosphor layer. Such reticulation will not limit the faceplate resolution if a small mesa size
is used. The reticulation concept is shown schematically in fig. 2.4.0.1

Non-reticulated faceplates of Ce:YAG have an NTSC raster efficiency at 25 kV of
1.9 - 2.0 lumens/watt, when measured in our characterization station, so that at a beam
power of 10 wanis/cm2 an NTSC raster of 2.75-inch diagonal on a non-reticulated Ce:YAG
faceplate will have a luminance of 450 lumens. The best reticulated faceplate was found to
give 5.38 lumens/watt at a beam power of § waty/cm2. A beam power of 16 wat/cm? will
be required for 2000 lumen output at such an efficiency. Fig. 2.4.0.2 shows the results of
cathodoluminescent measurements on a reticulated faceplate.

Cathodoluminescence

Direct Rays

Non-Reticulated Faceptate Faceted or Reticulated Faceplate

Fig. 2.4.0.1. Schematic illustration of waveguiding effect in epitaxial faceplates, and the
role of reticulation in directing light into the critical cone.
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Fig. 2.4.0.2. Cathodoluminescent measurements on a reticulated faceplate.

2.4.1 Equipment

Photoreticulation is done by techniques common to fabrication of semiconductor
devices. A mask aligner of micron resolution is required, typically a contact printer as
distinct from a projector. A typical resist coater/developer/stripper line is required. Either a
metallizer, such as an electron beam evaporator, or a plasma reactor for silica deposition are
required to coat the wafers with an acid resisting mask for the etching stage. A phosphoric
acid etcher is required. All this equipment must be sited in a class 100 clean room.

2.4.2 Current Size Limitations
Since the semiconductor industry is now fabricating wafers up to ten and twelve

inches in diameter, it is concluded that this processing step will not constrain the
development of large diameter single crystal faceplates.
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3.0.0 FACEPLATE AND PHOSPHOR MATERIALS

3.1.0 Cerium Activators

Cerium seems to be the only activator which will not saturate at high power levels.
Two blue cerium emitters, Ce:La2Be205 (Ce:BEL) and Ce:Y2Si05 (cerium orthosilicate),
are candidates for blue faceplates. Ce:Y2SiO5 has emission extending below blue, peaking
at about 390 nm, so that much of its light output is not visible. A similar phosphor
Ce:Gd2Si05 has a better spectral overlap with the visible, peaking at 430 nm. The
performance of Ce:Y2SiO5 has been investigated by AT&T Bell Laboratories and
elsewhere, and saturation has been observed in this phosphor. Ce:BEL, however, emits
prominently in the blue, and does not appear to saturate. Thus, Ce:Gd3Al15012
(Ce:GdAG, red), Ce:Y3Al5012 (Ce:YAG, green), and Ce:La2Be20s (Ce:BEL, blue),
appear to be an appropriate trio of epitaxial phosphors for a high intensity color projection
display.

3.2.0 Red Phosphors
3.2.1 Ce:(Y,Gd)AG on YAG

It is possible to epitaxially grow a red-shifted garnet composition on YAG wafer
substrates. This gamet compositon, Ce:Y2Gd]Al5012, is strained with respect to the
YAG wafer, and its red-shift is only about a third as large as that of Ce:Gd3A15012. This
composition has a lattice constant (measured perpendicularly at the (444) reflection) about
0.4% greater than YAG, which is just under the typical facet limit of 0.5%. Figs. 3.2.1.1
and 3.2.1.2 show cathodoluminescence measurements for this composition. There is a
red-shift of 20 nm, and, most importantly, almost a two-fold increase in the luminance at
the red wavelength of 650 nm. The light output at 650 nm was 31% of the spectral peak
for this composition, as compared to 19% for Ce:YAG. The cerium emission in the fully
substituted gamnet, Gd3A15012 , would exhibit a larger red-shift, but it cannot be grown as
an epitaxial layer on YAG.
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. 3.2.1.1 Cathodoluminescent spectrum of a Ce:Y2Gd1Al5012 phosphor layer
grown on a YAG substrate.
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3.2.1.2. Cathodoluminescent spectrum (detail) of a Ce:Y2Gd1Al5012 phosphor
layer grown on a YAG substrate.
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3.2.2 Ce:GdAG on GdAG

Epitaxial layers of Ce:Gd3Al5012 could be grown on Gd3Al5012, and they
would be good red faceplates in color projection systems since they would have a red-shift
of about 50 nm.

120 l l ]
1004 Ce:GdAG Calculated
) Cathodoluminescent

intensity (%)
3

400 450 500 550 600 650 700 750 800
s Wavelength (nm)

Fig. 3.2.2.1. Calculated spectrum of Ce:Gd3Al5012.

3.3.0 Green Phosphors

3.3.1 Ce:YAG

Cerium YAG is the material of choice for green epitaxial phosphors. Its
cathodoluminescent spectrum appears as fig. 3.3.1.1.
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Fig. 3.3.1.1. Spectrum of Ce:Y3Al5012.

Non-reticulated faceplates of Ce:YAG have an NTSC raster efficiency at 25 kV of
1.9 - 2.0 lumens/watt, when measured in our characterization station, so that at a beam
power of 10 watts/cm2 an NTSC raster of 2.75-inch diagonal on a non-reticulated Ce:-YAG
faceplate will have a luminance of 450 lumens. The best reticulated faceplate was found to
give 5.38 lumens/watt at a beam power of 5 wat/cm2. A beam power of 16 wat/em? will
be required for 2000 lumen output at such an efficiency.

3.4.0 “Blue Phosphors

3.4.1 Ce:BEL

The cathodoluminescence of Ce:BEL was characterized in a thin wafer of a
Czochralski boule prepared from a melt of 0.5% cerium content [16). Ce:BEL proved to
be an excellent blue phosphor with a peak fluorescence at 485 nm and a fluorescence
bandwidth (FWHM) of 80 nm (fig. 3.4.1.1). Thus, there is significant light energy at the
extremely blue wavelength 445 nm. The measured cathodoluminescent efficiency of the
available, as-grown Czochralkski crystal was 0.1 lumen/watt, weighted according to the
C.LE. photoptic curve. It was found that annealing at 1150 °C in a reducing atmosphere of
10% hydrogen in argon doubles the efficiency of Ce:BEL to 0.2 lumens/watt (fig.
3.4.1.2). Annealing also changes the appearance of the crystals from an orange color to
transparent. It was also found that the light output of Ce:BEL does not saturate up to an

clectron beam power of 19 wat/cm2.
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Mass spectroscopy of the Ce:BEL crystal revealed a cerium content of 3.9 x 1018
atoms/cc, as compared with 23 x 1018 aoms/cc for YAG. If the cerium content of Ce:BEL
can be increased to the level of cerium in YAG, this six-fold increase in concentration could
increase the C.LE. weighted efficiency of Ce:BEL to 1.2 lumens/watt. Since the refractive
indices of Ce:BEL are about the same value as the refractive index of YAG, reticulation will

yield the same increase in external efficiency.
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Fig. 3.4.1.1. Cathodoluminescence spectrum of Ce:BEL.
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Fig. 3.4.1.2. Cathodoluminescent efficiency of Ce:BEL after hydrogen anneal.

3.4.2 Ce:Y2SiOs and Ce:Gd2SiOs

Fig. 3.4.2.1 shows the cathodoluminescent spectrum of the blue emitting cerium
activated phosphor Ce:Y28i0s. Since the spectrum of Ce: Y2SiO5 peaks at about 390 nm,
much of its light output is not visible, reducing its efficiency. The similar phosphor
Ce:Gd2SiO5 has a spectrum which peaks at 430 nm.
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Fig. 3.4.2.1. Cathodoluminescent spectrum of the blue emitting cerium activated
phosphor Ce:Y2SiOs. '
4.0.0 SCALE-UP CONSIDERATIONS

Table 4.0.0.1 summarizes the actual performance of two inch Ce:YAG faceplates
and the predicted performance of three and four inch faceplates.

SSEESSETRD 2

Table 4.0.0.1. Performance data for Ce:YAG faceplates.
Demonstrated )  Predicted 3™ Predicted (47
Faceplate Luminance, fL - 62,700 86,750 86,750
Faceplate Efficiency, L/IW 4.84 4.84 4.84
Raster Size, in2 (cm?) 1 (6.45) 363 (234) 5.88 (37.9)
Beam Power, W 90 413 413
Beam Power Density, W/cm?2 14 18 10.9
Faceplate Output, L 435 2000 2000
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4.1.0 Crystal Growth Process of Substrate Wafers

The Czochralski method has produced YAG crystal up to three inches in diameter.
Experience indicates that four inch crystal is a possibility, but only by a flat interface
technique pioneered at Allied-Signal. However, a considerable development effort would
be required to attain a process for the Czochralski growth of four inch YAG.

The Heat Exchanger Method (HEM™) is being used for the commercial production
of 10” diameter sapphire crystals of very high quality. The growth of YAG crystal to this
diameter appears possible. These meltinﬁ_g?im of YAG (1950°C) is lower than that for
A1203 (2040°C): therefore, current HEM™ furnaces are adequate for growing this crystal.
In the case of sapphire (A1203) crystals grown by HEM™, the processing is carried out
under vacuum; however, it is expected that even though the host phosphor materials may
be stable under vacuum, it may be necessary to control the atmosphere during growth of
doped crystals. The candidate phosphor materials are compatible with using a moybdenum
crucible and graphite resistance heat zone of the HEM™ fumnace so that these crystals can
be grown with existing HEM™ furnaces. In the case of BEL, it would be necessary to set
up additional safety procedures for handling BeO raw material and BEL crystals because of

their toxic nature.

Crystal Systems Inc. (Dr. Chandra P. Khattak, 27 Congress Street, Salem, MA
01970, Telephone (508)-744-5059) is proposing a program for development of the HEM™
method for crystal growth of candidate phosphor materials. The first phase is a feasibility
phase followed by the development phase. During the feasibility stage it is intended to
develop procedures so that the growth characteristics of these materials can be established.
Crucibles approximately two inches in diameter would be utilized for this effort. Itis
expected that single crystal material samples would be available for testing for high
resolution, high brightness video projection CRT applications. Close cooperation would
be maintained with the user so that optimization of this material for the application can be
achieved. The problems involved with growth of larger crystals would also be identified
during this phase. The development phase will be undertaken depending upon the results
of the feasibility phase.
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Crystal Systems Inc. expects that the feasibility phase could be completed in
approximately a six-month time frame. The cost of their effort would be $50,000 per
candidate phosphor material. This cost does not include the raw materials, installation of
additional safety features required for beryllium crystal growth, or crystal characterization.

4.2.0 Optical Fabrication

Since the semiconductor industry is now fabricating wafers up to ten and twelve
inches in diameter, it is concluded that wafer fabrication will not constrain the development
of large diameter single crystal faceplates.

4.3.0 Liquid Phase Epitaxy

Liquid phase epitaxy is routinely carried out for wafers up to three inches in
diameter in the preparaton of magneto-optical materials. These wafers, however, are thin
(0.020 inch) compared with YAG faceplate wafers (0.125 inch). Generally, a slower
withdrawal rate from the epitaxy furnace is required for these thick wafers. Liquid phase
epitaxy has been demonstrated on four-inch diameter by 0.020 inch thick wafers. There
appears to be no fundamental size limitation for the liquid phase epitaxy process.

4.4.0 Photoreticulation
Since the semiconductor industry is now fabricating wafers up to ten and twelve

inches in diameter, it is concluded that this processing step will not constrain the
development of large diameter single crystal faceplates.
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5.0.0 COST ESTIMATES

The following cost estimates for the production of 100 and 200 faceplates per year
are calculated on the basis of minimal dedicated facilities being constructed to accomplish
each siep necessary for the production of faceplates at these quantites. At the 100 and 200
faceplate per year levels, such minimal facilities would still be significantly under-utilized,
and the cost per faceplate is high. Section 5.5.0 below contains estimates of faceplate cost
with the assumption of 100% utilization of facilities. These costs for 100% utilization will
be lower that those which can be anticipated from tolling these steps to outside vendors,
perhaps by as much as 25%.

5.1.0 Crystal Growth Process of Substrate Wafers

The following table is an estimate of cost per wafer of substrate wafer growth for
three inch and four inch diameter wafers at a 100 and 200 wafer per year production level.
Note that the facility is not fully utilized at even the 200/year level.

Cost of YAG Substrate Wafer Crystal Growth at 100% and 80% Yield
for Dedicated Facility (maximum facility utilization at 400 faceplates/year)

Three-Inch Wafers Four-Inch Wafers
100/year 200/year 100/year 200/year

Capital Equipment (5 yr. amort.) 500 250 700 350
Laboratory Facility 600 300 600 300
Materials 150 150 300 300
Fabrication & Maintenance 35 35 50 50
Labor & Employee Overhead 175 175 225 225
Electrical Power 25 25 30 30
Environmental/Toxic Disposal 20 20 30 30
Cost per Wafer at 100% Yield 1505 955 1935 1285
Cost per Wafer at 80% Yield 1881.25 1193.7§ 2418.75 1606.25

5.2.0 Fabrication

The following table is an estimate of cost per wafer of substrate wafer polishing for
three inch and four inch diameter wafers at a 100 and 200 wafer per year production level.
Note that the facility is not fully utilized at even the 200/year level.
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Cost of Wafer Polishing at 100% and 80% Yieid
for Dedicated Facility (maximum facility utilization at 800 faceplates/year)

Three-Inch Wafers Four-Inch Wafers

100/year 200/year 100/year 200/year

Capital Equipment (5 yr. amort.) 400 200 450
Laboratory Facility 600 300 600
Supplies 20 20 25
Maintenance 5 5 S
Labor & Employee Overhead 50 50 50
Environmental/Toxic Disposal 10 10 15
Cost per Wafer at 100% Yield 1085 585 1145
Cost per Wafer at 80% Yield 1356.258 731.25 1431.25

5.3.0 Liquid Phase Epitaxy

The following table is an estimate of cost per wafer of phosphor epitaxy for three
inch and four inch diameter wafers at a 100 and 200 wafer per year production level.

Cost of Unreticulated Epitaxial Phosphor Faceplates at 100% and 50% Yield
for Dedicated Facility (maximum facility utilization at 200 faceplates/year)

225
300
25
5
50
15

620

778

375
300
245
20
1485
225
30
20

2700

5400

Three-Inch Wafers Four-Inch Wafers
100/year 200/year 100/year 200/year
Capital Equipment (5 yr. amort.) . 600 300 750
Laboratory Facility 600 300 600
Materials (less substrate wafer) 160 180 220
Fabrication & Maintenance 15 15 20
Substrate Wafer 1115 1115 1485
Labor & Employee Overhead 175 175 225
Electrical Power 40 20 60
Environmental/Toxic Disposal 20 15 25
Cost per Wafer at 100% Yield 2725 2120 3385
Cost per Wafer at 50% Yield 5450 4240 6770
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5.4.0 Photoreticulation

The following table is an estimate of cost per wafer of wafer reticulation for three
inch and four inch diameter wafers at a 100 and 200 wafer per year production level. Note
that the facility is not fully utilized at even the 200/year level.

Cost of Faceplate Reticulation at 100% and 80% Yield
for Dedicated Facility (maximum facility utilization at 1000 faceplates/year)

Three-Inch Wafers Four-Inch Wafers
100/year  200/year 100/year 200/year
Capital Equipment (5 yr. amort.) 1150 575 1150 575
Laboratory Facility 800 400 800 400
Supplies (Chemicals, Photomasks) 400 200 450 225
Labor & Employee Overhead 60 60 75 75
Environmental/Toxic Disposal 20 15 25 20
Cost per Wafer at 100% Yield 2430 1250 2500 1295
Cost per Wafer at 80% Yield 3037.5 1562.5 3128 1618.75

5.5.0 Cost Summary
The following table is an estimate of cost per wafer of fully processed faceplates of

three inch and four inch diameter at a 100 and 200 wafer per year production level. Note
that these cost include idle equipment/workspace expenses at even the 200/year level.

Summary Costs of Epitaxial Phosphor Faceplates for Dedicated Facility

Three-Inch Wafers Four-Inch Wafers
100/year 200/year 100/year  200/year

Cost per Unreticulated Faceplate §450 4240 6770 5400
Cost of Reticulation 3037.5 1562.5 3125 1618.75

Cost per Reticulated Faceplate 8487.5 5§802.5 9895 7018.75
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The following table is an estimate of cost per wafer of fully processed faceplates of
three inch and four inch diameter at a 100% utilization of facilites.

Summary Costs of Epitaxial Phosphor Faceplates for 100% Facility
Utilization

Three Inch Four Inch
YAG Wafer Crystal Growth 850 1200
YAG Wafer Polishing 2658 285
Bare YAG Wafer Ready for Epitaxy 1115 1485
Epitaxial Phosphor Faceplate (Unreticulated) 4240 §400
Photoreticulation 600 650
Reticulated Epitaxial Phosphor Faceplate 4840 6050
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_assembly, so that its suitability as a faceplate material is still unknown. Research on such

6.0.0 RECOMMENDATIONS AND CONCLUSIONS

Ce: YAG epitaxial phosphor faceplates are capable of 2000 lumens light output in
cither their reticulated or facet-textured form in a 2.75-inch diagonal raster. Higher ligh:
outputs can be obtained from larger diameter faceplates, but the largest available YAG
crystals are presently three-inches in diameter. Single crystals of YAG greater than three
inches in diameter can be obtained only after a further development of either the
Czochralski or HEM™ techniques.

Wafer flamess is a requirement for photolithographic reticulation over a large
diameter faceplate. Epitaxy requires a surface which is free of even the smallest scraich or
defect. Thus, polishing of YAG wafers to higher flatness and perfection would be a
suitable area for research.

The reticulation process involves etching in hot phosphoric acid. A rapid etching
rate has to be used to effect the reticulation before the etching mask is dissolved. This
technique is marginally successful, and defects are introduced into the faceplate as the mask
is undercut in some areas. Further research on alternative masking materials and etching
methods is necessary.

Reticulation is most effective when there is a minimum in the ratio of the mesa top
to bottom area, but this pointed reticulation gives "ghost” images of the raster in the six-

fold s try of the reticulation. This "ghosting” effect must still be quantified.
Ce:Gd3Al15012 (Ce:GdAG, red), Ce:Y3A15012 (Ce:YAG, green), and

Ce:La2Be205 (Ce:BEL, blue), appear to be an appropriate trio of epitaxial phosphors for a

high intensity color projection display. Ce:BEL has not as yet been bonded to a CRT neck

bonding would be appropriate.

‘The growth of Targe crystals of Gd3A15012 as
faceplates would be a suitable area for research.

Further research on alternative masking materials and etching methods, and
quantification of the reticulation "ghosting effect, is also required.

Ce:Gd3A15012 (Ce:GdAG, red), Ce:Y3Al5012 (Ce: YAG, green), and
Ce:La2Be205 (Ce:BEL, blue), appear to be an appropriate trio of epitaxial phosphors for a
high intensity color projection display. The growth of large crystals of Gd3Al5012 as
substrates for epitaxial red phosphor faceplates would be a suitable area for research.

The HEM™ method seems to be the most appropriate path to large diameter
crystals. This would require further development, as proposed by Crystal Systems, Inc.
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1.0 BACKGROUND

Trident International, Inc (TII) has funded Optical Research Associates (ORA) to undertake
a study to determine the effects on the performance of a CRT of a change in faceplate mate-
rial from a relatively low index of refraction glass (Nd = 1.537) to Ytrium Aluminum Gar-
net (YAG) crysial with relatively high index (1.832). The two primary goals of the study
are to (1) evaluate the effect of anti-reflection coatings in reducing reflection losses at the
glass boundaries and halation effects and (2) to determine the optimum index matching
fluid and analyze its effectiveness in producing an optically coupled system. Since ORA’s
primary area of expertise is optical design and optical system engineering, and not coating
design, ORA sub-contracted the services of Bruce Reinbolt of Santa Barbara Applied
Optics (SBAO) to perform the coating portion of the study.

2.0 PROJECTION SYSTEM CHARACTERISTICS

Since the phosphor is deposited or grown directly on the faceplate material, it is in optical
contact with the faceplate, eliminating most of the losses in injecting the emitted energy into
the faceplate material. However, since the phosphor emits over a wide angular range, a
significant portion of the energy can fall outside of the critical angle of the faceplate mate-
rial. For the older faceplate materials (index = 1.537), the critical angle is 40.6° into air.
Energy at angles greater than 40.6° is “waveguided” (totally internally reflected through
multiple bounces) radially out to the edge of the faceplate and lost to the system.

CRT projection systems commonly are designed for f numbers approaching F/1.0, and

possibly faster. In addition, due to the geometry of typical projection systems, the required

field of view is often 25° -30° half-angle, with an apertwre stop location central to the pro-

jection lens to reduce distortion and aid field correction. As a result, chief ray angles (the
“central” ray of the optical bundle) are often steep at the focal plane (phosphor surface). It
is normal for the chief ray angle at the faceplate to exceed the object field chief ray angle for
air-coupled systems, and for optically coupled systems, for the chief ray angle to be nearly
twice as steep as the object field chief ray angle. Thus, for CRT projection systems with a
half field projection angle of 25°, the chief ray angle at the phosphor would be greater than
50°, if it were in air, and is reduced to between 30° and 40° in the faceplate material. To this
must be added the angle due to the f number of the lens system, bringing the steepest ray
angle to greater than 70° equivalent in air or nearly 40° in the faceplate glass.
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From this quick analysis, it can be seen that the CRT projection system works at very stecp
angles, and that air-glass boundaries can have a profound effect on the system perfor-
mance. It also indicates the reason why optically coupled or fluid coupled systems are in
use for projection systems. Fluids are often used to cool the CRT faceplate when very high
luminous output is required. In order to reduce the angles at which rays enter the faceplate-
coolant-window assembly, the strongly negative, rearmost field lens is used as the window
of the coolant chamber. The steepest bundles from the edge of the field are incident upon
the curved front surface of the field lens at an incidence angle much closer to normal than is
the case with a flat coolant window. This benefits the transfer of energy, as the fluid then
reduces the index difference between the faceplate and the adjacent lens (no glass to air

boundary).

Several effects take place at the boundary of the faceplate and coolant fluid which affect
system performance. These are all related to the reflection and scartering losses at the inter-
face. Energy scattered or reflected at the faceplate/coolant boundary are manifested as hala-
tion of the image or as contrast decrease due to broad angle scattering. Halation is probably
due 10 the first reflection from the boundary to the phosphor surface and back to the bound-
ary, where it is mostly transmitted as a defocused image of the source. Optimization of the
characteristics of this boundary is discussed in section 5.0.

3.0 OPTICAL EFFECTS OF YAG FACEPLATES

When the index of the faceplate is increased from the original 1.537 to that of YAG
(1.832), the critical angle becomes approximately 33°. This would imply that a YAG face-
plate in air would tend to put out significantly less power than a lower index faceplate,
since the angular distribution of the energy inside the faceplate is similar, but the part which
can pass through into the air is limited to 33° instead of the 40°+ of the lower index face-
plate. Stating it differently, for the same f number optical system, the solid angle in the
faceplate is smaller for the higher index material, and therefore, a smaller cone of the emit-
ted energy is injected into the optical system. The magnitude of this decrease in screen
irradiance is N12/N52 = 0.70, or a drop of 30%.

This would only hold true if the source in both faceplates were perfectly matched to the
faceplate index, so that no boundary was encountered in passing from the phosphor into
the faceplate. However, if a boundary (differential index) exists, then the difference in
screen irradiance would not be seen, as the source output characteristics would be modified
equivalently to the lens f number, cancelling the effect.
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It would seem that this effect is independent of whether the lens system is optically coupled
or not and this would indicate that the optimum faceplate material is the one with the lowest
possible index, in order to maximize the collected energy.

The effectiveness of fluids in coupling the faceplate to the optical system is also dependent
on the faceplate index, with higher index fluids required to efficiently couple higher index
faceplates. This will be discussed in more depth later in this report.

4.0 PROJECTION LENS SYSTEMS

In order to evaluate the effects of the high index faceplate material on the optical system,
ORA requested that TII supply a typical lens system from an existing projection system to
use for the analysis. TTI forwarded a patent supplied by US Precision Lens Corporation to
be used for this purpose. TII expressed interest primarily in optically coupled systems, in
which the CRT faceplate is coupled to the lens system through the use of a index matching
fluid.

ORA used the patent (U.S. Patent 4,900,139, included as Appendix A) to generate models
of lens systems for analysis. Two different configuration were modeled: one with an air
gap between the field lens and the flat faceplate/coolant assembly, and the other with the
field lens in optical contact (through a fluid) with the faceplate. Both lenses from the patent
were poorly corrected from the patent data, but were reoptimized by releasing the aspheric
coefficients and several variable airspaces to hold first order properties (focus and magnifi-
cation).

Figure 1 shows the optically coupled model and Figure 2 shows a projection lens with a
flat window on the coolant chamber and an air gap to the field lens. Correction is signifi-
cantly better with the second, air-spaced design due to the fact that it has three aspheric,
plastic elements and an additional degree of freedom in the bending of the field lens. How-
ever, both are representative of types of lenses used in fast CRT projection systems. Ray
angles are steeper in the faceplate for the optically coupled system, but incidence angles are
shallower at the coolant window interface. These designs are used in the analysis which
follows.

5.0 ANALYSIS OF YAG FACEPLATE PERFORMANCE

In order to reduce reflection loss at the YAG faceplate fluid interface, two approaches were
investigated. This involved (1) varying the refractive index of the coolant fluid, or (2)
coating the faceplate with a matching layer. It will be seen that either adding a matching
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layer or increasing the index of the cooling fluid can reduce the reflection losses to that of
the current 1.537 index faceplate systems or better.

The spectral performance of the original faceplates are calculated, as well as the perfor-
mance of the YAG faceplates with various index fluids and coatings. The nomenclature

used is as shown below:

Faceplate | Fluid ' Window
nl | n2 | n3
Rl<-- : R2<.-- :
alpha 1 ---> : alpha 2 --> :

where R1 is the reflection at the faceplate/fluid boundary, and
R2 is the reflection at the fluid/window boundary.

The index of the current phosphor faceplate is 1.537 used with a fluid of index 1.41 and a
front panel of 1.572. The reflections at the interfaces for this system are R1 = 0.2% and
R2 = 0.3%. Changing the faceplate to YAG increases the index to about 1.83, which
results in an Rl = 1.6%. By changing the index of the fluid, the value of R1 can be
reduced as shown in Figure 3. An index of at least 1.6 would be required to restore the R1
values of the current system. The reflection losses for the YAG system become worse with
angle as shown in Figure 4, but again can be improved with increasing fluid index. An
alpha 1 of 33° was used as the incidence angle at the faceplate fluid interface based on
information from Trident.

Since it may be difficult to attain an appropriate fluid with the proper index, the other option
is to coat the faceplate with a single layer matching film. A film of index nf would be posi-
tioned as shown below:

Faceplate Fluid Window
nl : nf : n2 : n3
Rl<—-- : : R2<--- :

alpha 1 -—-> : : alpha 2 --> :

where nf is the matching single layer coating.
EHFR04 4




Choosing an index of approximately 1.6 will reduce the reflection at one wavelength as
shown in Figure S and 6. The performance of a thin film interference coating varies as a
function of wavelength, which is shown in Figure 7 for nf = 1.6 at 0 and 33° incidence on
the YAG/ilm interface. A film of this type is normally deposited at temperatures of 200°C
10 300°C to improve its durability. It would be more efficient to deposit this film prior to
bonding the faceplate if processing conditions are not hostile to the coating. A possible
candidate for the film would be Al203. There are other materials between 1.5 and 1.7
which may also be possibilities. For instance, the performance of SiO, which has an index
of 1.7 and is very durable, is shown in Figure 8. This material may be even more appro-
priate for the optically coupled systems with steeper angles than those modeled here.

6.0 CHROMATIC FILTERS

An additional question was raised as to whether thin film spectral filters could be used to
modify the performance of the YAG faceplate, shown in Figure 9 (provided by Trident via
fax on 10/09/91), to an F-53 (green) or a P-22 (red). Figure 10 shows the spectral distri-
bution of the the current, lower index faceplate, also provided by Trident (fax, 10/11/91).

It is possible to produce distributions similar to the P-23 (blue) in Figure 10 for the red and
green filters. This would require that the spectral range performance for the green and red
filters be defined with wavelength and transmittance tolerances for system-to-system varia-
tion. Filter glasses would, however, be the best choice for this application, as they would
not suffer from the angular dependem!,.mm film filters. They would also be measurably
less expensive to produce in the required 4 inch diameters than their thin film counterparts.

Using optical thin film filters, it is possible to divide and/or isolate certain portions of the
YAG spectral response. Shown as sketched lines on the Figure 9 YAG spectral distribu-
tion curve are two edge filters. These are simple thin film designs, but they have several
drawbacks in this application. The incidence angles on filters with current designs will
range over at least 30°. The cut-off edge of any thin film filter shifts toward shorter wave-
length as the angle increases, resulting in a color variation of the output. This phenomenon

does not occur with filter glass.

The surface to be coated would be at least 4 inches in diameter, and if a narrow spectral
spike is required, such as that shown in Figure 10 for the P-22 (red) band, with rigid spec-
tral requirements, it would result in a low volume, low yield (expensive) part.
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To reduce non-uniformity in the coating thickness, it is desirable that the filter be coated on
a flat surface. If the optical design requires that the coating be placed on a swongly curved
surface, cost can be expected to increase. Coating yields for multilayer filters are are typi-
cally lower than those for anti-reflection coatings.

7.0 CONCLUSIONS

ORA, with the help of Bruce Reinbolt of SBAO, has analyzed the characteristics of CRT
faceplates to evaluate the effects of using a high index YAG material. Uncoated and with
poorly index-matched fluids, reflection losses at the faceplate/fluid interface are nearly an
order of magnitude greater than for current, low index faceplates.

From an optical performance viewpoint, low index faceplates may perform better than high
index faceplates in energy collection, if the phosphor is index matched to the faceplate.

The halation effects that were seen in the original test plates were probably caused by the
high reflection losses at the YAG/fluid (or YAG/air, if observed) interface. Reduction of
this reflection can be accomplished by increasing the fluid index from 1.41 to between 1.58
and 1.75. It can also be improved by using the existing fluid if a film of index 1.5 10 1.7 is
placed on the YAG faceplate. Implementing either of these solutions will increase the effi-
ciency of the system to some degree by reducing reflection losses and decreasing halation
effects.

‘Cliromatic filtering of the spectral output of the phosphor is probably accomplished most
effectively by filter glass materials, which are much less angularly sensitive than thin film
filters.
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Optically Coupled CRT Projection Lens
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4,900,139

1
COLOR CORRECTED PROJECTION LENS

RELATED APPLICATION

This is a conunuauon of applicanon Ser. No.
07/048,026 filed May 1, 1987 now abandoned.

FIELD OF THE INVENTION

This invention relates to projection lenses for cathode
ray tubes and. more parucularly, relates to such lenses
which are color corrected.

BACKGROUND OF THE INVENTION

In projection television systems, it is common prac-
tice 10 utlize three cathode ray tubes (CRTs) of differ-
‘ent colors. namely, red. blue and green. Utilizing three
monochromauc CRT's does not require a color cor-
rected jens for normal usage. Examples of such lenses
are shown in U.S. Pat. Nos. 4,300,817, 4.348.08] and
4,526,442

In pracuce. the phosphors of the three differenily
colored CRT's emnt poiychromaucally with the green
phosphor having significant side bands in blue and red.
This chromanc spread can effect the image qualuy,
particularly in situations where high resolution 1s of
prime concern. Where there is to be a data displsy or
large magnification. this color spread manifests iself as
lowereo image contrast and visible color fhinging.

The degree of color correction required in the lenses

for these applications depends on the intended appiica- 3

tion of the lenses.

In general. for lower resolution svstems. such as for
the projecuon of typical broadcast television, good
color optical performance out to three cycles per miili-
meter as measured by the modulation transfer function
(MTF) is adequate. In these cases. parual color correc-
ton may be adequate. For data display via red. green
and blue inputs (RGB). and for high definition televi-
sion, §ood performance out 10 ten cvcies per millimeter.
&3 measured by the MTF, may be required. and total
color correction then becomes necessary.

The requirement for parual or total color correction
always complicates an optical design probiem. In pro-
Jecuon televasion, it is of vital concern not to alleviate
this difficuity by relaxing imponant svstem specifica-
uon, such as field coverage. lens speed. and relative
illumination. Additionally. 1t 1s often desirable that the
lenses be capable of high periormance over a significant
range of magnifications. A typical front projecuon re-
quirement might be from a magmficaton of .0X to
60x. This further comphicates the opucal design.

A_ccordxngly. the present invention provides 3 new
l{ld improved projection lens for a cathode ray tube of
high definiuon while siantaining a wide field angie and
large relative aperture. The invenuon also provides a
CRT projection lens that maintans a high level of
image quality over a wide range of magnificauons. for
example. 10X to 60x or greater.

SUMMARY OF THE INVENTION

Briefly stated. a lens embodving the invenuon 1n one
f°f§ﬂ thereof consists rom the image side a tirst lens unit
which is 2 positive element with at ieast one asphenc
surface: 3 three element lens unit consisuing of a bicon-
Cave element. a biconvex eiement and another positive

.
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component. in that order: a third lens unit having a .

strongly concave image side suriace and which serves
s a field flauener and to correct the Petzval sum of the

2

lens: and 3 weak power corrector lens element having at
least one asphenc surface that significantly improves
the higher order sag:iul flare aberrauon 15 posiucned
between the second and third lens unus.

The first two elements of the second lens umit form a
color correcung doublet of overall menicus shape con-
cave to the iumage side.

An object of this invenuon is to provide a new and
umproved color corrected lens for cathode ray tube
projection which provides enhanced image qualty
while maintuning a large relauve aperture and wide
field.

Another object of this invention is 10 provide s new
and improved color corrected lens for cathode ray tube
projection which maintains enhanced image quality
thoughbout s wide range of magnifications.

The features of the invention which are believed 10 be
novel are parucularly pownted out and disuncily
clamed 1n the concluding portion of the specification.
The invention, however. together with further objects
and advantages thereof. may best be appreciated bv
reference to the following detailed descnption taken 1n
conjuncuon with the drawings.

BRIEF DESCRIPTION OF THE DRAWINGS

FIGS. 1-3 are schematic side elevations of lenses
which may embody the invenuon.

DETAILED DESCRIPTION OF PREFERRED
EMBODIMENTS OF THE INVENTION

Different projection lenses embodwving the invenuon
are set forth in Tables I-X and exemplified in the draw-
ngs.

In the drawings, the lens units are identified by the
reference G followed by successive arabic numerals.
except that a corrector lens unit 1s designated by the
reference CR.: lens elements are idenufied by the refer-
ence L followed by successive arabic numerals from the
image to the object end. Surfaces of the lens eiements
are identified by the reference S foliowed by successive
arabic numerals from the image to the object end. The
reference SC denotes the screen of a cathode ray tube.
while the reierence C denotes a liquid opuical coupler
between the screen SC and the overall lens. In the em-
bodiments of FIGS. 1 and 2. the coupler C contrioutes
optical power as heretnarter expiamned.

In 3ll disclosed embodiments of the invention. the
first lens unit G1 compnses an element L1 of positive
power and has at least one asphenc surface defined by
the equation:

t e o —— - DV -
el =4« KC-Y-) -

EV < F « G0 = Hy'd - 11

where x 1s the surface sag at a semi-aperture distance v
from the axis A of the lens. C is the curvature of a lens
surface at the opucal axis A equal to the reciprocal of
the radius at the opucal axis. K is a conic constant and
D. E. F. G. H and | are asphenc coefficients of corre-
spondingly fourth through fourieenth order.

Reference is now made 1o FIG. 1, which discloses a
lens embodyving the invenuon. The lens of FIG. 1 com-
pnses three lens units, G1, G2, and G3, as seen from the
image side or the projection screen (not shown). Lens
unit G1 consists of a single eiement L1 having two
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asphenc surfaces. Lens unit G2 consists of a color cor-
recung doublet L2 and L3 of weak 1otal optical power
which 1s closely spaced 1o a piconves eiement L4, Lent
unit G compnses an element having a concave image
side surface. and a liquid coupler which opuically cou-
ples the lens to the facepiate CS ol 3 cathode ray tube
The construcuon of the coupler 1s disclosed and
clamed 1n co-pending U.S. apphicauion Ser. No. §20.266
filed Jan. 17. 1986. The coupler C compnses a housing
which defines a penipheral wall which 1s sealed against
CRT facepiste CS. The housing has a window at the
other side which 1s closed by 3 memscus element Lé
having a sirongly concave image side surface. Lens unit
G2 provides correction for field curvature and contnb-
utes to reduction of Petzval sum. Coupler C 15 filled
with a iquid having an index of refraction close 10 the
index of refraction of element L6 and the CRT face-
plate. Thus. surface S12 of eiement L6 does not have 1o
be highly finished. The matenal of element L6 may be
a plasiic matenal such as acryhe or. as specified in Table
1. may be glass having sphencal surfaces. Element L5 1s
a corrector. which 1s posiioned between lens units G2
and G3 and as exemplified 1n Table 1. has two aspheric

surfaces.

Corrector element LS 1s posiioned with respect to 2

lens unit G2 such that the marginal axial rays OA inter-
sect surface S9 thereof at a height substannally less than
the clear aperture of the lens. while allowing the dimen-
sion above the height H 10 be configures to correct for
aberratons due to off-axis rays. In FIG. 1. the marginal
axial rayvs AR are indicated in full line, while the off-axis
tays OA are indicated in shor broken line. The correc.
tor element LS 1s configured and spaced from lens unut
G2 10 permit the central poruion thereof up to the height
H 10 be utilized 10 aid in correction of apenture depen-
dent sberratons and for this reason. LS shouid be
within a distance Dy¢c/Fo where Dicis the axial spacing
between lens unit G2 and corrector element LS. and Fo
is the equivalent focal length (EFL) of the lens.

In al! cases. The corrector lens unit CR where used 1s

shaped to contribute to correcuon of sphencal aberra-
tion in the center and to contnbute to correction of
off-axis aberrations toward the ends. These off-axis
aberrauons are sagital oblique sphencal. coma and
asugmatism.
Lenses as shown in FI1G. 1 are described in the pre-
scripuons of Tables | and I1. The lens of Table 111 has
the same form but 1s not optically coupled to the CRT
screen SC.

Lenses as shown in F1G. 2 are described in the pre-
scripuons of Tables IV, V, VI, VIl and VIIL In the
Jenses of Tables V1 and VI the coupler C has no optical
power.

. as shown in F1G. 3 are described in the pre-
scripnons of Tables IX and X. These lenses are air
spaced from the CRT screen SC. The screen SC is
shown as comprising two outer plates with 3 coolant
therebetween.

A lens as shown in F1G. 4 is described in the prescrip-
tion of Table X]. Here. there s no corrector CR. and
the second biconvex element of the second lens unit is
split into two elements.

In the following sbles. the lens elements are identi-
fied from the 1mage end 10 the object end by the refer-
ence L followed successively by an arabic numeral
Lens surfaces are identified by the reference S followed
by an arsbic aumeral successively from the image to the
object end. The index of refraction of each lens element

0
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1s given under the heading Np The dispersion of each
lens element as measured by 115 Aboe numper 15 given
by Vp. EFL 1s the equivalent iocai iengin o1 tne tens
and the semi-field angle 15 set forth. F/No s the relauve
aperture of the lens. and the aperture siop is ingicated in
relauion to a suriace. The aspheric suriaces of the lens
elements are in accordance with the coefficients set
forth n the foregoing aspheric equation

The following Tabies also set forth the magnificanion
(M) of the image as an inverse funcuon of tne object.
and the diagonal of the CRT for which the lens is de-
signed. The dimension for the diagonal 1s for the phos-
phor raster of the CRT screen. The raster mayv vary for
different CRT's having a nominal diagona!

TABLE 1
ANIAL
DISTANCE
SURFACE BETWEEN
LENS RADI imm)  SURFACES emn . N\ \
S! 26387
L 21 [ B g
S =10% s>
FLE T
S: ~197%
L2 T i - -
< 13° %24
n*a
S 142 Swa
L S0 ‘. elle
Se g
224
s° 1331
[ 3w LAY S S
LY -2%3 90
62 100
S ~1%9002
LS 10 (e (IR YR
Si0 Joos.023
e dl0
sh -094M
Le § 000 T R = I
s12 -70013
C 18.00n Pdm st
si: Plane
/No & 12 CRT Dugonai = 101 mm
EFL @ 190 mm Magmificanon = - Ou 0
Semrfield = 23° Aperiure s10p i © U) mm atier S¢
Asphenc Surisces S1. S2. 9. $10
Si S2 S¢
D =02310 x 10=* -01%01 « 10"  -02313% . 10-°
E =0J3115 < 10-'C Q23 . 10-° -03120 . 0=
F 0117 x10=1 0180 - 10~ —0)e04 » 10~
G =—04&4%4 x [0~ _039N8 > 10~ 0.2514 « 10~ !
H 07641 x 10-3 04081 x 10~ 02123 « 10~
1 ~0387% » 10=% _Q0Me: « 10-F Q06 . |0-7¢
Si10
D 0.1728 x« 10-*
E ~0.6890 » 10~ 1C
F 0.15%8 & 10+
G 0.1647 x 10-1"
H 0.10% x 10-
1 =0.1013 x 10-124
TABLE 11
AXIAL
DISTANCE
SURFACE SETWEEN
LENS RADImm)  SURFACE imm, N, \
St 195212
L 17.300 1491 &2
§2 ~1)18000
4).340
3] -235.34)
L2 $.89%0 1689 Ji.16

o
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TABLE li-conunued TABLE Ill-conunued
5 AL G 0163 - 107 T cGess - 107 uleie - v
1030 H 0470 . 10-:: Otld0 - i0° - gleve . 1c- -
s 131 08: I <0307 - 10=i"  —QHII - ncct Qe a et
L 29 o0 Posu pp2f 8 .
Se =177 % -
(510 [} CETE IR L
L3 109 od2 E -01j00 - 107"
L4 30280 1517 20 F Ol - 10 -
S -208 312 G ~veolis +
; Ds 10 H et - i0m T
. ¢~ 127290 1 ~0lase - 0=
L 9 60! 1497 72
si0 -21149% -
i 1 .
. L1} - 58478 TABLE N
i Le 6,000 182 &0} )5 AXIAL
! s12 -60.201 DISTANCE
i c 7000 SURFACE BETWEEN
i si Plano LENS RADH imm: SURFACESimm- N 1\
i /%0 & 11 CRT Dugonal = 124 mm S| 6411
EFL » 1330 mm Aperiure siop 1 00U mm alter S Lt 1000 Laup -
Semafield = 2V 20 S 484 20
Asphenc Surfsces S1. S2. §9. 510 .o
~ Se S3 -t
5! 5 - L o Lol ot
D ~0J0T « 10°° =021% » 10-" ois - 10" S4 [T
E  -0881 » 10-1" 07388 » 10-"  -02080 . 10°" 2 se
F o o0es98 » 10°' 08120 « 0= —QIFTE . 1A e 2K st 133 sus
G ~0as . 10° 1 ~0330e » 10-17  Oadi2 . 0-” L: 1400 RS
H o OBelB 1077 07248 . 10-° o1o3! . 10- 7T $o =M
1 «06304 + 10-°° —087% - 103 QT3 . 'n-°’ onn
s et
Focusing Daiu b N .. .
Ls o HE S S
S10 EFL imm) D¥imm) DIOimm M 0 s - 148 27
D 01483 x 10-° 11 .
E -03031 x 10-° 1303 “y? 960 -0 s¢  -BI0
: F -08927 x 10-% 1350 a8 3009 -~ 0500 Ls 5000 [FCTIE L
G -03e x 107 182 5178 212 =016t S10 ~es972
H  0Jead x 10-'* 19 wp?
108032 x 10-3* 38 L -25.200
" Le 3.200 e e dv
. S12 - 125000
t c 1830 1410 000
; TABLE 111 sn Plano
: AXIAL /No = 10 CRT Diagosal = 304 mm
DISTANCE 40 EFL = 67.9mm Aperiure siop 15 11.0¢ mm after 8¢
SURFACE BETWEEN Semvfield = 29°
‘ LENS RADN imm) SURFACES tmm) N, V, Asohenc Surfaces S1. 9. 10
i pi] Srpan [ 5 (318
L 21.700 1491 872
S —1207.840 D ~010% x 10=° 01209 . 10-° 02301 - 10-°
47.7%0 ‘ «s E ~01105 x 10" 0136l v 10~} 0.2393 . 10-*
S -3 F 08360 x 10=!°  0.18%1 « 10="* 01305 . 0=t
L 7400 163 321 G -0.1193 x 10-% 06228 .- 10~ 09t . 10-
S4 131.720 H 0670 x 10-!' o)} . 10~ QM - 1077
0.740 1 02118 x 10='  0.1%) v 10-39 oty . 10-"
Ss 142.9%
L 30.000 1389 o126 g Loceuns Day.
So -8 EFL tmm) DI0 tmm: M
0.2%0 I 298¢ -0
s$? 133.119 .46 99% - 098
Le 32.400 1.517 &4.20
S8 -293%8
» 1 $14% ss TABLE V
Ls 10.00 1an 812 AXIAL
$10 479.40) DISTANCE
31.400 SURFACE SETWEEN
[ 1)) -~ 9.7 LENS RADH tmm) SURFACEStmm) N, V.
™.
H si2 Plane 20 ™ s %.197
L1 13.000 140) &3
{/No. = 1.2 CRT Dugonst = 131.8 mm S —a72a8
EFL = 165. mm Magaification = = 0314 10.3M
Sem-finid » 24° Aperture stop 13 22.3 mm after §$ 3] -31.63¢
Asphenc Serfaces S1. S2. $9. $10 L 4000 1630 3630
! ) 50 65 S4 90.54) oo
D ~0240t x 10-* ~0.19% x 10-* 0.2%1 x 10=* 1] 91.468
E 02852 x 10~ 02302 x 10-¥ 0488 x 10-¥ L 21.100 1517 €417
F o «006% x 10-" 0130 x 10-¥ 0.4407 x 1012 $6 ~91.468
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TABLE V.continued TABLE Vi.conunued
01 Foo0did . 10-2  gyemto - 10 88 -7 oY
s ¥ 10 G ~04s . 10~ *  Q1sF . in-Ue gaet; cllo
Ls . 19200 PR et O H 0 gentt —0aat0 - 0l _uins -
s -120°23 12 e Sl ~008m . n-C¢ oMEY . In B B LRI = |
5o 804 i Fogusire Dy
L (YL 149] 22 $10 EFLime Diume A
SIu -108053 D 0%lia . 10-"
Din E 04129 . 10" 108 L
S ~d0 812 10 '3 00202 - 10~ oo .
Le dom LTI D I : -t podh T
i . ¢ on: - to- 10°: -1
c 00 14} %0U 1 o"g'nin' s
s Plann b
f/No = 10 CRT Dugonal = 121 n e
EFL ::l:w‘n‘m Aperiure stop is 6.3 mm after S¢ . TABLE VIi
Asphenc Surfaces $1. 2. §9. §10. S1! ANJAL
o - - DISTANCE
N s _ SURFACE BETWEE™N
D ~06%S , 10-" 03N . W0-" 03387 . 10" LENS RADH tmm1  SURFACES imm. \
E =030 - 10°" 0188 . 10=° 0011 - W7 20 si 90 401
F ~0.124% » 10°31 00000 - 10-" ~0Na . =82 L .
G =011, 10-' 000U « 10-"  Q1it . 10-' s: ) e awe %
H 0497, 10='  ogoOW . 10-" 0272 . 10=" ) Hine Caie
) =0230 - I0-°1 ooon . 10-" porer . 0=l s — 14 350 1882
Siv si: . L: nins Qe :
N i ey e
D 03 . 10" YT - s 1o g .
E 04 107" 012t « v S¢ g o
F-08a44 . 10- ¥ o114 « 10- ¢ L ‘ - 8- .
G 0)%e -« 10- 1 02181 . jo- % X Were e
H  -0M% « 10-" 021 . 10-°" e -l
- o2 - y . an- 2 X 02m
1 0bied « IO 0133 - 10 30 < 88 0s¢
Focuung Daia Lé (T T T
EFLimm) D10 imm) A 5§ -309e0 ’
28 3ev
;:i: 3;9: - t::; Ls S9 - 188481
7.0 M0 - 1000 s ’ $10 <11230° son e
js HE
S ~$7.39]
TABLE VI Lo 40m el e
AXIAL L L .
DISTANCE {/No = 1.2 CRT Deagonal - 122 mm
) SURFACE BETWEEN 0 EFL = 1047 mm  Aperture stop % @ % mm anter S°
LENS RADII (mm)  SURFACES tmm) N, V, Semi-field o 28
T, Ty Asphenc Surisces S1. S2, S°. S0
L s 16.000 1491 872 1 s: 8.
b
s2 482087 D <0225 x 10-®* 0469 : I10-" 0.203 . 0~ =
$ e 13205 45 E <0158 x 10  _01695 - 10~  pge-3 . a--
L 3 ] . Fooomlex 10" 0383 .10-" _oase . 10- °
- - $.000 1620 3630 G <0387 » 10=t*  pagry . jo-1" Oasg™ . 0= -
1221 L2 H o 0917 x 10~ _078s . 10-7  —0jpos . n- -
st 13 K -o'ml’:;o 107 emo . 10mE -0r - g0
L 12.500 LS 20 -
S =11).48 50 Focusng Daty
- ‘s 0.200 $10 EFL imm: D10 imm, M
w 25000 L 620 D 08827 x 1.-0
S5 - 1933298 - - E 04826 x w-* 1043 3040 -1
F 06637 x 10-1¢ 105 Js8 — e
1947 N o
$  -205.908 8 G =087 x 10~! 1036 31.30 -123
Ls 9.000 101 $12 Mo oo x 101
310 <123 1 06838 x 101
Di0
$1l =570
Le . 5.500 160 6o TABLE VIII
o Lo AXIAL
/No DISTANCE
BFL = 1050 . SURFACE BETWEEN
Semv-field = 3O LENS RADII imm)  SURFACESimmi N,
Apertere 210p 6 6.50 mm afier $$ s % .89 - -
Asphenc Sarfsces S1. S2. $9. $10 6$ L1 14.000 1401 ¢
St s2 s0 LY 380 482 -
D 019 x10-* 02117 x10-° 02250 x 10-* 14450
E -0 xi0-° -0s " - $5 =~
04171 x lo- 0.4003 x 10 L €300 1620 34
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TABLE Vlll-conunued TABLE IN-continues '
[ e [ =00 - BN J e
01 E 0218t . n- ’ PIENE -
st Si e Foo-poml L nn I R
L 310 HET R T S Y 5.5 CHPE VR SRS RN S -~
e 931 H o =01e™s . v 1 opans L Ll
0200 ' [P LT LR 0 . e o v
s 2100t .
L4 2000 1491° o Si St 5
S =708 e 8] Udia . 10" LT
16 470 10 £ -01%w . 1n- Do™sr - IN”
Sy -S4 08¢ Fonia . 10- = Odetl - IC”
L s taoy 172 G -01801 . W 0wl - g0-
sl -8307 H  0edW . 10~  <04uM . 10° gees,
S -84 o | c0IaM L - s 0fes - In- —01ew
Le 478 1620 2d g Fo.wung Da:s
c $12 - 130000 +000 Lt 00 EFL imm. D2 rmm. Dilim~ X
s1t plann - :":“ :"‘ " v - e
R » 0 - FE Y - 6,
/N = 12 CRT Dugonst = 12s.0 mm 1337 4.
EFL « GV Apenure sop 18 0.20 mm aner S* -
Sewn-Neld = 2% 20
Asphenc Sumaces S1. 2. §9. S10 R
= - ™ TABLE N
D 00015 . 1h-°  02sed s 10-" 001w . 10°" Dnzi\'.l:\;c-
E 04387 . 10-°  ~0l8e - 10" 0049 . 10" . \NCE
FoooMa® . 10 S Q183 . =i <00 T pEN. asiS.'.'T,ffi Dlsl;ET\\EEE\
G ~01%11 - I0-°  Qaddd o 10T 01107 - 10- : il ANCES i m- &
H  OMST . 0" —Oemn - 10°'Y —U4md . IR 5. ed B0
b =03878 L a0-T 01T .00 S 0.5810 « 10 °" L 1= e Jan e
3 3% I ~ds0)eill
D:
Focuuing Data 0 s T
$10 EFL tmm); D10 (tmm) M L e Lose f1im
D o01:2 «10°} S 123481
E o878 x 10-° %5 4521 - 109 103
F 03840 x 10~4 500 .1 - 5t 131085
G  «09903 a 10" "o’ 4,08 -on L: N 18en oot
H 0008 « 10-1¢ 1 So  -1T7080
I —0.1801 « l0=%: . 020!
s* 109.042
L 30.200 1817 o
TABLE IX St - oo
AXIAL % so W13 -
DISTANCE L¢ 10 139y ¢
SURFACE BETWEEN Sio 6%.2%0
LENS RADH imm)  SURFACES¢mm)  N. V, o021
[ 175.8% L Sii -d§ 88¢
L 13.000 1e91 %2 ° o rasi et2
s:  0ms T s S -3
D2 1300
S1 -288.341 Si3 Plana
L o » 5.4% Lel9 312 Di:
123.581 f/No. = 1} CRT Dugonal 2
by l = JJd mm
58 11,081 1.030 © EFL ;;35.7"?!" Aperiure siop 13 0.0 mm after S*
2y o m‘ - g A
L % -1 28.640 1589 613 Asohenc Surfaces S1. 52. $9. S10. S11. S12
0.300 $1 [ s
L) 109.648 D =02911 x 10-° 0.1943 x 10~° 0.3 -
-0 -0.3018 + 10
L 5 30835 30.280 1517 W2 E  ~07792 x 10-1° _08934 x 10-'C 0835 - 101"
2033 10 ss F 076 x10°10 011 x 104 ~0.1079 x 10- -
o et g 7:&13“ x 10:: =03414 x 107} 04778 x 10=1*
X - -2 - -1
LS 8.830 1491 312 1 -0 );ng“:o-:.‘ om,x ‘?o-:s o1er : w---
si0 I . - x ~0.8726 » 10-°"
. 20634 $10 L33 S1z
11} -30.21¢ D 0.2018 - -t - v
© « 10 O.11el > 10-° 0°3%¢ . 10-
Le s -8 4.000 1491 3572 E  ~0328 x 12-1:0 -0.60628 x 10=° 03860 - 10-°
oi2 F o.no: ~ 10 . 04292 » 1012 0.2%97 . 10~
T S S
/No = 1.1 CRT Dugonsi = 124 mm 1 -01084 + 103 01811 v 10-5  Q6ile . IA=i4
EFL=iMimm  Apemeresiops 00 @msher S5 g3 Eocuyng Dans
Asphenc Suriaces S1. $2. $9. $10. S11. S12 EFLume)  D2imm)  Dilmen M
St " 135.51 an n «.1000
52 13467 a0 s - 03¢
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TABLE X-conunued
134 3 41t ru - 01"
TABLE XI
ANIAL
DISTANCE
SURFACE BETWEEN
LENS RADIEimx:  SURFACESimm: N\ V|
st 1oe il
L 9000 1eae) o
| S TR L
20 1000
13 - 900 $30
L: 6.000 1788 2t
S4 132 e%2
0080
st 13 202 )
L) 15340 180C 9!
Sa -
0.200
- 1120
Le s 7.000 [ LTI
S 100 %14
1.200
Sv 11w
LS 19 450 IRLLU I Y
S - 142 00!
LR
st - 08 40>
Le - 400V 1av) e
S12 20007
(/N0 = 13 CRT Dugonal = 128 s mm
EFL = Il Magnificaion = 0261
Semuficld » W° Apenure stop 15 .05 mm after S¢
Asphenc Surfaces S1. 2. $?, 8. S11. §12
3] s2 57
D  «0%i - 10-* _0XM . 10~ 06027 « i0-¢
E -0t . 107°  _oMeT , 10-*  ~0ie3l v 1O-K
F =010 x 101" ~03718 « 10=1'  03ies x 10~
G 0109 x 107" 0126l « 10-' 06897 « 10+!
H G830 x 10770 02801 x 10-7° Q408 x 10-3!
1 02021 % 10-3" 01241 x 1031 07613 v 10-34
Sé St S12
D 0130« 10-" <0}E x 10 08632 ~ 10-°
E 0713 «10-  p2e9 x 10-° 0.1616 x 10~
F o ~0187 » 107! _0206 v 10-11  ~0.478$ « 10- b
G ~08127 ~ 1071r 013 v 0= paess s 10!
H 06405 » 10-5 003 « 10-1 01630 » 10-7!
1 ~08106 « 10~%  _04f3i ~ 10-33  _01)us - V034

Table XII se1s forth the powers K¢). Ko, Kgy. and
Kcn of the lens unns of each of the examples as a ratio
of the power of the overall lens.

TABLE XI1
TASLE Kov/ko  Ka'Ko Kgvko Ker/Ko

] Jn 9 - 1.032 - 068
[H] m 1.000 -~1.149 -.203
m iy 948 -1.189 124
v 482 438 - 1021 - 011
v 3% 438 -.438 -.108
Vi 47 758 -.538 -.212
vil 488 203 - 1 080 139
v 478 A} - 978 08}
X 340 1.000 -~ L1149 - 004
X 3 .47 - L.O% - .09

X1 s 1.000 ~1.01) - -

It will be seen that the corrector element CR has little
optical power. Its pri purpose is to provide
aspheric surfsces for correction of aberrauons.

In all embodiments. except that of Tabie XI. all ele-
ments of lens unit G2 are glass with spherical surfaces,
and thus avoid focus drift with temperature.

45
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In the examples of Tables IV-V11I the opuical nower
of the first lens unit K,/Ka s greater than 04 Truc i
Permussable 1n view of the spacing D2 Fouwhion s iess
than 0.2. Thus the spacing D1:/ Fawall be 3 tunciion of
the axial opucal power of the first lens unit The 1esser
Ihe opucal power of the first lens unit. the gresicr tng
spacing D::/Fomay be.

The opucal power of the doublet consisting of L2 and
L3 1s all embodiments 1s very weak

The axial spacing between L3 and the power c:emen:
L4 15 very small. less than one tenth of one per cent of
the EFL of the jens

The power of the corrector element CR as a rano N
the power of the iens i1s weak and

01> Acrrkg 03

Thus any change in index of refraction of the corrector
element due 10 temperature does not adversiy artest the
focus of the lens.

Table X111 sets forth the spacing of element L1 ang
L2. D;:/Fn. and also the spacing of the correcior cie-
ment from the second lens unit Ds¢/Fu.. togetner with
the rato of the powers of L2 and L3 10 the power of the
lens.

TABLE X1II

TABLL L. b D:c | LY N oA
] Jed e - te. 1
1 ;e e =113 .ol
i pe ¥ M2 -1 18 e
n 1"ne loo - Qe L
v 134 a0 - 90l [
Vi 148 20 - 00y e
Vi 141 2 -1031 .
vin It 1°s | i
&Y ] - L o tege
\ .32 0%0 ER A il
X1 181 - 13 - 8" wee

The color correcung doublet of the second lens unni
15 designed 10 provide the necessary color correction
without introducing uncorreclable aberrations. The
lenses of Tables 1. 11. 11. Vi1 and VIi} provide modula-
tion transfer funcuons of ten cvcies/millimeter over
most of the field. In these exampies. the absolute opucal
power of the biconcave element L2 and the first bicon-
vex eiement L3 are greater than the opucal power of
the overall iens.

The lens of Table X1 provides an MTF of 6.3 cycles/-
millimeter and the embodiments of Tables 1V-VIi]
provide 5.0 cveles/millimeter.

The lens of Table XI and FIG. 4 utilizes 3 two ele-

ment power component L4 and LS where L4 1s acrvlic
and has two aspheric surfaces, and has an axial power
which is about 215 of LS. The EFL's of the lenses as
set forth in the prescriptions may vary as the lens 1s
focused for various projection distances and magnifica-
tions.
The ienses of Tables 1 and I11 are designed for {ront
projecuon at predetermined distances snd provide
image/object magnifications of 16.4x and 31.5 « re-
spectively.

The lens of Table 11 is also designed for front projec-
tion and has a range of magnifications 10x 10 60 ... To
focus for varying image distances elements L1-158
move in the same direction with the corrector LS mov-
ing differentially 10 correct for aberrations mtroduced
by movemeat of lens units G1 and G2. In FIG. 1. the
focusing movement of elements L1-L4 is shown by the
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arrow F and the focusing movement of element LS |5
shown by the artom F/.

The lenses of Taoles IN and N are aiso designed ana
have magnificanons of 10 10 60 - Here elemens
L1-LS move amally for focusing with L1 moving dif-
ferenually at a iesser rar=. This differenuial movement
corrects for sberrauons introduced by the focusing
movement of elements L1-LS. In FIG. 3. the focusing
movement of elements L2-L5 1s shown by the arrow F
while the differenual movement of element L1 1s shown
by the arrow Fp

The ienses of Table 1V-VIIl are designed for rear
projection and n some cases are provided with focusing
capability dependent on the magnification required for
the size of the viewing screen. That is. the same lens
may be used for a forty or fifty inch diagonal viewing
screen.

The lens of Table X1 does not use a correcior element

CR as shown in the other embodiments. but does n- .

clude a weak memiscus L4 having two aspheric surfaces
as 8 pan of the second lens unit G2

It may thus be seen that the objects of the invention
set forth as well as those made apparent from the fore-

going descnpuion are efficiently attained. While pre- .

ferred embodiments of the invenuon have been set forth
for purposes of disclasure. modificauon of the disciosed
embodiments of the invenuion as well as other embods-
ments thereof mav occur 10 those skilled in the an
Accordingly. the appended claims are intended 1o
cover all of the embodiments of the invention and mods-
ficauons 10 the disclosed embodiments which do not
depart from the spint and scope of the invenuon.

Having described the invention. what 1s claimed 1s:

1. A projecuon lens for use in combination with 3
cathode ray tube where the projection lens is closely
coupled to the cathode ray tube, said lens compnsing
from the image end a first lens unnt of positive optical
power having at ieast one asphenc surface and contnb-
uting to correction of aperture dependent abertations. a
second lens unit providing a majorty of the positive
power of said lens. and a third lens unit having a
strongly concave image side surface which provides
correcuon for field curvature and Petzval sum of other
units of said lens. said second lens uni consisung from
the image end of a biconcave element. a biconvex ele-
ment and a positive component. said biconcave element
and said biconvex element forming a color correcting
doubiet and being of overall meniscus shape concave to
the mmage end. said color correctuing doublet being axi-
ally spaced from said positive component a distance less
than 0.0] of the equivalent focal iength of said lens.

2. The lens of claim 1 where said doublet is axially
spaced from said first lens unit at least 0.1 of the equiva-
lent focal length of said lens.

3. The lens of ciaim 1 further including a corrector
lens unit of weak optical power having two aspheric
surfaces positioned between said second and third lens
units. said corrector lens unit being axially spaced from
said second lens unit a distance

04> Dxc/Fo>0.14

where Dac is the axial spacing distance between said
second lens unit and said corrector element and Fois the
equivalent foca! iength of said kens.

4. The lens of ciaim 3 where said lens has a variable
magnification. said first and 1aid second lens units move
axially in fixed relation to focus said lens and said cor-
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rector iens unit moves axally in the same direction but
at 3 differenual rate ] R

5 The lens of ciaim 3 where said element of ~3i0 firs:
lens uni has two aspheric surfaces

6. The lens of ciaim 3 where the axial marzinal ravs
traced {rom the (Ong Conjugate 1RtErset 4 surtage o
said corrector lens uni substanually peiow tne crear
aperture of sa1d 1mage sige surface

7 The lens of claim | where said eiement of said fire
lens unit has 1wo asphenc suriaces

8 The lens of ciaim 1 where said first and second lens
units move axiaily 1n the same girection 3t dilierentia.
rates 1o vary the iocus of said lens

9. The iens of ciaim 8 where the axial spacing be-
tween said first lens unuit and said second lens unit in

04>D . Fun0

where D215 the distance between the first ang second
lens units and Fa s the equivalent jocal lengtn of sand
lens.

10. The iens of claim 1 where said positine lens com-
ponent 1s also biconvex

11. The lens of claim 1 where all elements of sant
second lens unit have spherical suriaces

12. The lens of ciaim 1 wherein saig corrector jens
has two aspheric suriaces. said correcior lens unit being
axially spaced from said second lens uynit a aistance

DES Y TR S I

where Dic1s the axial distance between said biconves
element and said biconvex iens and Fnis the equivaient
foal length of said lens.

13. A projecuion lens for use 1n combination with 4
cathode ray tube where the projection lens 1s ciaseis
coupled 10 the cathode ray tube. said lens comprising
from the image end a first iens unit of positive opucal
power having at least one asphenc surface and coninb-
uting to correction of aperiure dependent aberrations. 4
second lens unu providing a majonty of the positve
power of smd lens. and a third lens unit having a
strongly concave image side surface which provides
correcuon for field curvature and Petzval sum of other
units of said lens. said second lens unnt consisting from
the image end of 2 biconcave element. a biconvex ele-
ment and 3 positive component. said biconcave eiement
and said first biconvex element forming a color correct-
ing doublet and being of overall meniscus shape con-
cave to the image end. said positive component com-
prising two elements. one of said elements of said posi-
uve component having two asphenc surfaces and being
of meniscus shape.

14. The lens of claim 13 where said doublet 1s spaced
from said first lens unu at least 0.1 of the focal length of
said lens.

15. A projection iens for use in combination with a
cathode ray tube where the projection lens is closelv
coupled to the cathode ray tube. said lens compnsing
from the image end a first lens unit of posiive opucal
power having at least one asphenic surface and contrib-
uting to correction of apenure dependent aberranions.
said first lens unit consisung of a single element. a sec-
ond lens unit providing a majority of the posive power
of said lens. and a third lens unit having a strongly
concave image side surface which provides correction
for field curvature and Petzval sum of other units of said
lens. said second lens unit comprising from the image
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end a biconcave element. a biconvex element and 3
positive element. said biconcave eiement and s_md -
conves element forming 3 coior correcung doubiet and
being of overall meniscus snape concave to the image

end. and a corrector iens unit of weak optical power

having at least one aspnenc suriace positioned between
sa1d second and third jens unis. sad correcior lens unn
being axislly spaced from said second lens umit a dis-
tance

04> D:c Fa>0 1"

where Dsc 15 the axial spacing distance between sad
second lens umit and said corrector element and FO s
the equivalent focal length of said lens

16. The lens of claim 15 where said element of said
first lens unit has two asphenc surfaces.

17. The lens of claim 13 where said lens has a vanable

magnification. 5310 first and said second lens units move

axiallv in fixed relation to iocus said lens and said cor-
reclo; jens element moves asially sn the same direction
but at a differenual rate.

18. The Jens of claim 15 where said first and second
lens units move axially in the same direction a1 differen-
nal rates 1o vary the focus of sud lens

19. The lens of ciaim 15 where said positive element
18 8lso biconvex.

20. The lens of claim 15 where all elements of said
second lens unit have sphencal suriaces.

21. The lens of claim 15 where the axial marginal rays -~

traced from the jong conjugate antersect the image side
surface of said correcior lens umt substantually below
the clear aperture of said image side surface.
22. A projection lens for use in compinanon with a
cathode ray tube where the projecuon lens 1s closely
coupled to the cathode ray tube. said lens compnising
from the image end a first lens unit of postive optical
power having at least one asphenc surface and contnb-
uting to correction of aperture dependent aberranions. a
second lens unit providing a majonty of the positve
power of said jens. and a third lens unit having a
strongly concave mmage side surface which provides
correction for field curvature and Petzval sum of the
other units of said lens. sad second lens unit compnising
from the image end a biconcave eciement. a biconvex
element and a2 positive lens element. said biconcave
element and said biconvex eclement forming a color
correcting doublet and being of overall meniscus shape
concave to the image end. a corrector lens unit posi-
tioned between said second and third lens unns, said
lens having s variable focus and said first lens unit, said
second lens unil. and said corrector lens unit being mov-
able axially in the same direction to change the focus of
said lens, one of said first lens unit and said corrector
lens unit moving differentially with respect to the other
movsble lens units.

23. The lens of claim 22 where said biconcave ele-
ment has an absolute optical power greater than the
power of said lens.

34. The lens of claim 22 where said first lens unnt
consists of 3 single element having two asphenc sur-
faces.

25. The lens of claim 22 where the axial spacing be-
tween said first lens unit and said second lens unit 15

0.4>Dy2/Fp>0.1
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where Di: 13 the distance berween the first and second
lens units and F-1s the equivalent focal iength o LN
iens

26. The lens of claim 22 where $310 positine Cempe:
nent 1s also biconves

27 The iens of ciaim 22 whnere all eiements ! sai
second lens unit pave SpRErcal surlaces

28. The lens of claim 22 where said first iens uni
moves differenually

29. The lens of claim 22 whnere s21d COTTECION fens uny
moves difierentially

30. A projection lens ior use 1n combinalion with 4
cathode ray tube where the projection iens 1s ciosely
coupled to the cathode ray tube. said lens comprising
from the image end a first lens unit of positive optical
power having at ieast one asphernic suriace and coninb.
uung to correction of aperiure dependent aderranons. 4
second iens unit providing a majority of the poutine
power of said lens. and a3 third lens unnt having o
strongly concave image side surface which provides
correction for field curvature and Petzval sum of other
units of said lens. said second lens unit compnising frem
the image end a biconcave elementi. 3 bicanvex eiement
and a posiuve element. said biconcave element and said
biconvex element forming 3 color correcune doublc:
and being of overall memiscus shape concave 10 th
image end. and a corrector lens unit O wWeah oplicas.
power having at ieast one asphenc surface posiuoncd
between said second and third lens units. said correcior
lens unit being axially spaced from said second lens unit
a distance

035> Dre Fo>018

$ where Dac 1s the axial spacing distance between sad

second lens unit and said corrector eiement and Fous the
equivalent focal length of said lens.

31. The lens of clam 30 where said first lens unn
consists of a single eiement having two asphenc sur-
faces.

32. The lens of ciaim 30 where said positive element
1S also biconvex.

33. The lens of claim 30 where all elements of said
second lens unit have sphencal surfaces.

34. A projecuion lens for use 1n combination with a
cathode ray tube where the prorection lens 1s closely
coupled to the cathode ray tube. said lens comprising
from the image end a first iens unit of weak opucal
power having at least one aspheric surface and contnbd-
uting to correction of aperture dependent aberrauons. 3
second lens unit providing a majority of the positive
power of said lens. said second lens unit being spaced
from said first lens unit at least 0.1 of the equivaient
focal length of the lens. and a third lens unit having a
strongly concave image side surface which provides
correction for field curvature and Petzval sum of other
units of said lens. said second lens unit compnising from
the image end a biconcave element. a biconvex element
and a positive element. said biconcave element and said
biconvex element forming 3 color correcung doublet
and being of overall memscus shape concave to the
image end. and a corrector lens unit of weak opucal
power positioned between said second and third leis.
said corrector lens unit having at least one aspheric
surface, the configurauion and the posiuoning of sad
corrector Jens element from said second lens unit being
such that the axial margina] rays from said second lens
unit as traced from the long conjugate intersect a sur-
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face of said corrector iens unit at 2 height H from the
opucal axss of 331d lens tnat is Jess than the ciear aper-
ture of sa1d surface of sud correcior lens unit, said cor-
rector lens surface being coniigured 1o contnbute 10
cofrection of aperture gependaent aberrauons within
said height H. sa1d suriace of saia corrector iens bevond
said height H oeing coniigured 10 contrioute to corre. -
uon of aberrations due 10 off-axis rays

35. The lens of claim 34 wherein said positive eiemen:
of said second iens umit 13 biconvex

36. The lens of claim 34 where said corrector lens unit
conusts of a singie eiement.

37. The lens of clum 38 where all elements of said
second lens unit have sphencal surfaces.

38. A projection lens for use 1n combinauon with a
cathode ray tube where the projection lens is closely
coupled to the cathode ray tube. said lens compnsing
from the image end a first lens unit of positive optical
power having at least one asphenc suri>~= and contnb-
uting to cerrecuion of aperture dependent aberrauons.
said first lens unit compnsing a front meniscus eiement
convex toward the image end. a second lens unit pro-
viding a majomty of the positive power of said lens. said
second lens unit being spaced from said meniscus cle-

ment at least 0.} of the equivaient focal length of the 2

lens. and 3 third lens umit having a strongly concave
image side surface which provides correction for field
curvsture and Petzval sum of other umts of said lens.
said second lens unit consisung irom the image end of a

biconcave ciement. a biconvex element and a positive 3

element. said biconcave element and said biconvex ele-
ment forming a color correcung doubdlet and being of
overall memscus shape concave to the image end. and 2
corrector lens unit of weak optical power positioned
between said second and third lens. the configuration
and the posinoning of said corrector lens element from
said second lens unit being such that the axial marginal
rays from said second lens unit as traced from the long
conjugate intersect a surface of said corrector lens unnt
at 2 height H irom the optical axis of said lens that is less
than the clear aperture of said surface of said corrector
lens unit. said corrector lens suriace being configured to
contribute to correcuon of apenture dependent aberra-
tions within said height H. saud surface of smd corrector
lens beyond said height H being configured to contrib-
ute to correction of aberrations due 10 off-axis rays.

39. The lens of claim 38 wherein said positive element
of said second lens unit 1s biconvex.

40. The lens of claim 38 where said corrector lens unit
consists of a single element.

41. A projection lens for use.in combination with a
cathode ray tube where the projection lens is closely
coupled 10 the cathode ray tube. said lens comprising
from the mmage end a first lens unit of weak positive
optical power having at least one aspheric surface and
coatributing to correction of aperture dependent aber-
rations, s second lens unit providing a majority of the
posixivepowerofaidleu.mdnhitdlensunixhaving
a strongly concave image side surface which provides
correcuon for field curvature and Perzval sum of other
units of said lens. said second lens unit comprising from
the image end a biconcave element. a biconvex element
and a positive element. said biconcave element and said
biconvex element forming a color correcting doublet
and being of overall meniscus shape concave 1o the
tmage end. and a corrector lens unit of weak optical
power positioned between said second and third lens,
the configuration und the positioning of said corrector
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lens unit from said second iens unit being such tRat the
axal marginas ravs from s10 second lens unnt s razes
ifrom the long conjugale MIErsest 4 suUrtyce OF sais oo
recior lens unit at a he:gnt H trem tne opucal aus .
Sa1d iens that 1y iess 1nan the Ciear anerture Ot said ot -
13Ce Of 8310 COrrector iens UNIL 3d1d SOPTESION tens i~
face being contigured o contrioute (O correction .
aperiure depenaent aberrauons wiutmin said heign: H.
$21d surface of said corrector lens pevond sad heiznt M
being coniigured 10 contribule 10 correction of ager:.-
uons due to off-axis rave

42. The lens of claim 41 wherein saig positin ¢ eiemer:
of said second lens unit 1s oiconven

43. The lens of claim 41 where said corrector iens uni:
consists of a single eiement

4. The lens of ciaim 41 where said Biconcare eic-
ment has an absolute opnical power greater then tne
power of said lens ana said biconven eiement nus an
optical power greater 1nan the opucal power of saie
lens

45. The lens of ciaim 41 where said biconcase cic-
ment has an absolute opucal power greater than ine
power of said jens

46. The lens of ciaim 41 where all ciements 1 it
second fens unn nave spnerical suriaces

47 The lens of ciaim 41 where s310 coior Correctn,
doubiet 15 0F weua nezanve optical power

48 The lens of ciaim 41 where the apeolute [ TTTEN
power of said biconcarve eclement 1n Sreater thgn the
optical power of said biconvex element

49. The lens of claim 41 whers said lens has 3 vanable
magnification. said first and said second lens units mos e
axally in fixed rejanion 1o focus said lens and saig cor-
rector lens element mos es axially 1n the same airection
but at a differenuial rate.

50. The lens of clam 41 where said first and second
lens units move axially in the same direction at difieren-
ual rates 10 vary the focus of said lens

S1. A projection lens svstem for use in combmation
with 2 cathode ray tube compnsing:

(a) a first lens at the image end of said lens svsiem
wherein the surface of said first lens cn the image
side 1s convex to the image on the axis of said first
lens and 15 concave 10 the 1mage at and near the
Clear aperture of said first lens and the other sur-
face of smd first lens 15 concave 10 the image.

(b) a second lens adapied to be closely coupiecd 10 a
cathode ray tube. said second lens having a con-
cave image side surface;

() a color correcung doublet located beiween said
first and second lenses. said color correcting dou-
blet being compnsed of a biconcave lens and a
biconvex lens:

(d) & biconvex lens located between said color cor-
recting doublet and said second lens: and

{e) a corrector lens located berween said biconvex
lens and said second lens. said corrector lens being
shaped and posinoned 1o coninbute to correction
of sphencal aberrauons 1n the central portion
thereof and to contnibute 10 the correcuion of aber-
rauons due to ofl axis ravs bevond said central
partion.

52. The lens of claim 51 where both elements of said
color correcing doublet and said biconvex lens are
glass having spheric surfaces.

53. The lens of claim 81 where said color correcting
doublet is of weak negative optical power.
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4. The lens of ciam S1 where said doublet 15 spaced
from said first Jens umt at least 0.1 of the equivalent

focal length of sad lens
§S. The lens of claim 51 where said first lens has two

asphenic surfaces.

86. The lens of claim 31 where said color correctng
doublet ts axially spaced irom said biconvex element no
more than 0.01 of the equivalent focal length of said
lens.
$7. The lens of claim $1 where said doublet is con-
cave to the images.

88. A projecuion lens sysiem for use in combination
with a cathode ray tube compnsing

(a) a first lens st the image end of said lens sysiem

wherein the surface of said first lens on the image
side 13 convex 10 the image on the axs of said first
Jens and is concave to the image at and near the
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clear apenure of said first lens and the other sur-
face of said first lens 1s concave to the image.

(b) a second lens adapted 1o be closely coupled 10 the
cathode ray tube. said second lens having a con-
cave image side aspheric suriace:

(c) a color correcung doublet located between said
first and second lenses. the color correcung dou-
bler being compnsed of a biconcave lens and a
biconvex lens.

(d) 3 biconvex lens located between said color cor-
recting doublet and sa1d biconvex lens: and

(e) a menuscus lens convex 10 the image located be-
tween said doubiet and said biconvex lens.

59. The lens svsiem of claim 58 wheren both surfaces

of said second lens are asphenc.




HUGHES DISPLAY PRODUCTS

TO: Thomas St. John FROM: Chuck Martino
COMPANY: Trident International DIRECT DIAL: (606) 243-5519

FAX: (606) 243-5555
FAX NO.: __407-282-3343 DATE: February 13, 1992

NUMBER OF PAGES (INCLUDING COVER PAGE)
SUBJECT: Estimation of Costs for the Development of YAG CRTs

In Reply Refer to 952AM085:

Following our telephone conversation, we are attaching the first breakdown
of tasks and estimated costs to develop YAG faceplate CRT’s with delivery

of 5 samples as described in the paragraph "Goal".

These costs are a first estimate which may be subject to revision up or
down according to our findings. We have thought it much safer to attack

the basic CRT envelope problems prior to making sample tubes.

Sincerely yours,

. it

André Martin
Manager, Color Programs

1501 Newtown Rd., Lexington, KY 40511
(008) 243-5500 » FAX (806) 243-5855




TRIDENT DEVELOPMENT PROGRAN
(ROM PRICING)

GOAL: Manufacture five (5) sample tubes with YAG or BEL
faceplates supplied by Trident International.

3 - 3" CRT’s with YAG green faceplate
1 - 1.5" CRT with YAG red faceplate
1 - 3/4" CRT with BEL faceplate

Development Program Projected:

Because of the nature of the faceplates, whose axpansion
coefficients are 75.107 for YAG and 80.107 for BEL, the color
television 94X’ expansion standard frit sealing materials and
glass cannot be used. As these tubes have to be operated at 35 KV
4mA beam current, 140 watts have to be dissipated in the faceplate.
The faceplate to bulb frit seal, if not properly cooled, may
develop a conductive path through the seal. Breakdown will occur
with the corresponding loss of vacuum in the tube. Another
difficulty lies in the anode to faceplate contact, because of the
nature of the materials required to make a glass to metal seal, and
of the 4mA current. Last thing is the graded glass seals needed to
accommodate a glass neck whose expansion coefficient is in the
90.107range.

All these problems need to find a solution before even a CRT is
built. We hence propose the following program.

1, Study of a frit material compatible with the mataerials of
funnel and faceplate.

Manufacture of full sjize samples for high temperature high
voltage testing.

This study has to be made in close touch with Trident for the
cooling system to be used.

2. Anode contact development

This will require experimentation of various metal glass seals
and of faceplate to anode contact, with temperature testing.

3. When 1 and 2 are complete, start the manufacture of ten (10)
bulbs with the final configuration decided.

4. Using part of these 10 bulbs, build first 3 3" YAG faceplate.
CRT’s seal.




TRIDENT DEVELOPMENT PROGRAM
(ROM PRICING)

Page 2 of 2

5. Make guns and seal, exhaust and test 3 each, 3" YAG CRT'’s.
6. Make the same steps than 4 and 5 for the 1.5 YAG red tube.
7. Make the same steps than 4 and 5 for the 3/4" BEL CRT.

Budgetary Costs, Estimated;

1l $ 23,000 8 Weeks
2 13,000 + 3
3 12,000 (20 X 1200) + 3
4 8,100 (3 X 2700) + 2
S5 11,000 + 3
6 5,000 + 3
7 4,000 + 3

$ 76,100 25 Veeks

HDP Q92057 -




Optical Research Associates

5§50 NORTH ROSEMEAD BOULEVARD
PASADENA. CALIFORNIA 91107
TELEPHONE (818) 7959101

FAX (818) 7959102

February 3, 1992

Mr. Tom St. John

TRIDENT INTERNATIONAL, INC
Central Florida Research Park

3280 Progress Drive

Orlando, FL. 32826

Subject:  Final Report for the Study of the Performance of a YAG Faceplate.
Reference: Trident International, Inc. Purchase Order 9159, Fax Copy Received 11/15/91.

Dear Tom:

Enclosed is the final report on the YAG Faceplate Swdy. Iam still investigating the source
coupling efficiency as a function of faceplate index, and will forward any new information
that I can find. At this point in time, a majority of our engineers take the position that the
phosphor index of refraction is the determining factor, and that if the same phosphor is
used for both faceplates, the same brightness will be observed.

If I can confirm the source issue either way, I will contact you. I have enjoyed the oppor-
tunity to help in your CRT faceplate development project. If the opportunity comes to
develop a new CRT projection lens design, we would be pleased to help. If you have any
questions or suggestion, please feel free to contact me.

This completes Optical Research Associates' efforts on the Referenced purchase order.
Sincerely,

OPTICAL RESEARCH ASSOCIATES
Eee

Eric H. Ford, Director
of Optical Engineering Services

EHF:cmn:R04:fed ex

cc:  B. Reinbolt/SBAO
K. Thompson/ORA

enc: Final Repont




