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FOREWORD 

This program was initiated by the Control Systems Resea.ch 
Branch, Flight Control Division, oí the Air Force Flight Dynamics 
Laboratory, under Task 619009, ’’Advanced Display Generation 
Techniques’,’ through the direction and assistance of Major Loren 
A. Anderson, Mr. John H. Kearns, III, Mr. Edward L. Warren 
and Mr. Charles A. Shoals. Captain Carlton J. Peterson served 
as the Task Scientist and Contract Monitor of the high-contrast 
display program since its inception. 

The studies presented began in June 1965,under Contract AF33(615)- 
2841 wltn the Solid-State Display Department of the Instrument 
Division of Lear Siegler, Inc. and were concluded in December 1966. 
The chief contributors were Sidney V. Petertyl, Dr. Paul R. Fuller, 
Chester A. Wysocki, IvanE. Buck, and Robert J. Kurti. 

The manuscript was released by the authors on February 1967 for 
publication as an RTD technical documentary report ami bears the 
LSI report number GRR-67-1268. 

This program has resulted in a significant contribution to the field 
of electro-optics and, as such, represents an important step in the 
development of a whole new family of legible aircraft, spacecraft, 
and ground-based display systems. It has been possible, in effect, 
to successfully take the technology of emission displays from the 
darkroom to the bright ambient conditions of the cockpit in one 
stride. 

Recognition for this development rests solely with the originating 
Air Force Agency and the scientific community of Lear Siegler, Inc. 

This report, has been reviewed and is approved. 

Loren A. Anderson, Major, USAF 
Chief, Control Systems Research Branch 
Flight Control Division 
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ABSTRACT 

This report describes the development, characterization, 
and human factors evaluation of high visibility electrolum¬ 
inescent displays. Through the development of a greatly 
improved contrast filter technique and its combination with 
anti-reflection coatings, it is shown that daylight aircraft 
cockpit EL displays can be made. The importance of both 
specular and diffuse reflections are illustrated. A dramatic 
reduction in the display brightness required for the thresh¬ 
old of rapid readability has been achieved. Improving 
display visibility by use of high contrast rather than high 
brightness means that electrical power dissipation for the 
display can be reduced, and useful display life increased. 

Distribution of this abstract is unlimited. 
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SECTION I 

INTRODUCTION 

The successful development of techniques to greatly improve the contrast 
and visibility of electroluminescent (EL) displays has been achieved. 

The principle discoveries that led to this achievement were: 

• Opaque particle filters are much more effective than optically 
clear, uniformly absorbing filters. 

e Specular reflections from the air-glass and glass-front electrode 
interfaces must be minimized in order to realize the full benefit 
of the contrast filter. 

The effectiveness of the techniques developed in this program were vali¬ 
dated oy the Air Force Flight Dynamics Laboratory through the use of 
high-contrast EL displays in a T-39 aircraft during numerous daylight 
flights. Comments and recommendations resulting from this flight test 
program were invaluable in determining the directions to be taken to 
perfect high-contrast techniques. 

The high-contrast EL display technology produced during this program has 
been applied to two other Lear-Siegler efforts with the Flight Dynamics 
Laboratory. 

Three different high contrast EL displays were used on Contract 
MA.F 33(615)-2538, "Landing Indicators". Two of these utilized rate 
analog, moving EL fields, in conjunction with a null pointer, to display 
vertical velocity and horizontal displacement. The third instrument dis¬ 
played landing event sequence information. 

The other effort to use these high-contrast techniques was "Solid-State" 
Altimeter, Contract #AF33(615)-3871. T ds experimental display uses 
three colors of EL emission — green, wh'te, and amber. The following 
information is presented in this display: 

a. Radar altitude -- bar graph 
b. Vertical velocity - pointer 
c. Command altitude differential - pointer 
d. Barometric altitude - moving scale 
e. Barometric pressure - numeric 
f. Barometric altitude — numeric 
g. Command altitude -- numeric 
h. Vertical velocity — numeric 
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In addition, high-contrast EL display techniques are now being specified for 
flight hardware by NASA for the Apollo program and by the Air Force for the 
MOL. Both of these actions are, at least partly, a direct result of the work 
discussed in this report. 

The principles of contrast enhancing that are discussed in this report should 
be considered for application to other display techniques, such as rear pro¬ 
jection screens and cathode ray tubes. 

1. STATEMENT OF THE PROBLEM 

Objects or patterns are perceived visually because of differences in the 
color and/or intensity of reflected or emitted light. Therefore, detail is 
seen only because it contrasts in color or brightness with its immediate 
surroundings. 

Considering the traditional black and white light absorbing and reflecting 
display, such as this printed page, the above statement about visual 
perception seems almost too simple and obvious to warrant mentioning. 
The contrast relationship in this most familiar case is often taken for 
granted because the contrast between the information and its background 
remains essentially constant through wide variations in the intensity of 
Incident light. The contrast and visibility of such displays only diminish 
as the incident light intensity becomes low. 

With EL and other light emitting displays the visibility situation is 
reversed. Contrast and visibility are highest when intensity of incident 
light on the display is lowest. 

To view an EL display it is necessary to look through a transparent front 
electrode directly at the phosphor-dieltctric and metal counter-electrode 
of the EL lamp capacitor structure. The light emitting phosphor-dielectric 
layer is also a strong diffuse reflector, so the same areas or patterns that 
are emitting light by electrical excitation are also reflecting about half of 
the incident light. 

An EL phosphor powder and its embedding dielectric exhibit very little 
visible light absorption. As a result, they appear off-white in normal 
daylight or in artificial illumination. The effect of increasing the 
intensity of white light incident on an excited green display pattern is to 
reduce the green color saturation, making it progressively more white 
than green, until the eye can no longer discriminate any difference of 
color or intensity between the excited pattern and its background. 
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During recent years EL phosphor materials have been improved consid¬ 
erably In luminous efficiency and maximum attainable brightness. Although 
improvements in phosphors will always be needed and welcomed, the 
solution to the daylight visibility of EL cockpit displays cannot be found 
by merely increasing the brightness of light-emitting display patterns, 
for several reasons. 

Observer fatigue is certainly a fundamental reason for not wanting to 
generate white displays with green emitting information patterns bright 
enough to be discerned in a high intensity daylight illumination environ¬ 
ment. 

Two other basic reasons ruling out the "brute force" approach are the 
increased electrical power dissipation and the loss in useful emission 
lifetime as EL phosphors are driven harder. Such limitations would 
contradict two of the more important basic development goals for solid- 
state displays. 

During the course of this effort it has been proven that the only solution 
to such problems is to improve the optical design of the EL display lamp 
structure, so as to minimize these effects of incident light that cause loss 
of color and brightness contrast between the light-emitting information and 
its background. This means developing a lamp structure that will not only 
reduce the sources of reflection but also provide the maximum neutral 
density absorption of incident environmental illumination with the least 
absorption of display-emitted light. An EL display constructed to meet 
the above criterion will be called a "high-contrast EL display". 

Figure 1 shows conventional and high-contrast EL numeric displays side 
by side under identic?»! incident illumination. The numbers on the conven- 
i0™ dispiay are actually about three times brighter than the numbers on 

the high contrast display, but their contrast is so low that they are barelv 
discernible. J 

2. PRIOR STATE OF THE ART 

Jeveral contrast enhancing techniques were known at the start of this 
program. Some of these are: 

a. A perforated opaque overlay on the viewer side of the substrate to 
create an array of tiny viewing tunnels. In order to be effective, 
the viewing angle must be severely restricted. 

b* V3*?*™*^ <*ye in the Phosphor-dielectric layer. Too much 
emitted light is absorbed relative to the incident light absorption. 
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Figure 1. Conventional and High-Contrast EL Under 
Identical Incident Illumination

c. Plastic absorption filter overlays, including polarizing filters.
None of these have neutral density transmission, and interfacial 
reflections cannot be controlled.

d. A "gray glass" substrate. Because it is not made in all thicknesses 
and optical densities, fabrication difficulties arise. Hiding power of 
reflection non-uniformities is poor.

e. Use of vacuum-deposited thin film of a partially oxidized metal as 
a combination contrast filter and front electrode; however, specular 
reflectance is undesirably high.

f. Opeque black particles uniformly distributed in a very thin dielectric 
layer located between the transparent front electrode and the phosphor- 
dielectric layer. This filter has neutral density transmission, 
superior hiding power, and complete fabrication versatility poten
tials.

The last two of these techniques originated at Lear Siegler and were the 
most attractive approaches. They were an inherent part of the lamp 
structure, and they allowed in-house control of light transmission and 
other characteristics.

Both of these techniques presented fabrication problems and were at least 
initially, very difficult to reproduce. It was not known whether they had 
durable enovjgh mechanical characteristics to permit application in aircraft 
environments, and it was not clear why the opaque particle filter appeared 
to work better than other filters of the same percent light transmission.
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SECTION Si 

SUMMARY OF RESULTS 
on 

1. GENERAL PRINCIPLE OF HIGH CONTRAST EL DISPLAYS 

Since frequent use will be made of the term, ’’contrast ratio”, and since 
the term evokes a variety of definitions, it is important to state now that 
by contrast ratio (CR) is meant: 

where 

L ! = the luminance (emission plus reflectance) of an 
energized EL lamp segment 

Lq = the luminance of the background or unlit portion 
of the display 

Maximum contrast ratio for any conditions of environmental illumina¬ 
tion is the goal. It is obvious from the above expression that this goal 
would be achieved if the display had minimum reflectance, maximum 
absorption of incident light, and minimum absorption of light from 
phosphor emission. In addition, any segment or portion of the EL 
display, when not energized, must not be distinguishable from all the 
rest of the unlit areas of the display and its surrounding background. In 
other words, if none of the EL pattern is energized, it must not be 
possible to distinguish any pattern of reflectance non-uniformities, even 
with intense incident light. 

The solution to these requirements is the insertion of some kind of low 
reflectance absorption filter between the diffuse reflecting phosphor- 
dielectric layer and the observer. The effect of this filter is to cause 
the incident environmental light to be doubly absorbed in the process of 
reflecting, while emitted light from the phosphor suffers only a single 
absorption. 

5 
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Taking a specific example: 100% of Incident light enters the EL display 
lamp structure; 30% emerges from the absorption filter, and 47% of this, 
or 14% of the total, returns from diffuse reflection off the phosphor- 
dielectric layer, only to be 70% absorbed during its second pass through 
the filter, leaving about 4% of the original incident light to be reflected 
to the observer. This is an oversimplified example that neglects, for 
the time being, interfacial reflection losses, specular reflection, angle 
of incidence, and electrical loss; it describes only the general condition 
of diffuse reflection. 

If the above example is entered into the contrast ratio equation, and then 
compared to the case of the same display but without the absorption filter, 
the following results are obtained when the incident illumination is 1000 
foot-candles and the phosphors are excited to emit 60 foot-lamberts: 

CR = 0.13 (no absorption filter) 
CR = 0. 43 (70% absorbing filter) 

Since it was assumed that both lamps had their phosphors excited equally, 
the luminance of the lamp with no filter was 3-1/3 times greater than the 
luminance of the lamp with the 70% absorbing filter. Just the reverse 
was true regarding their contrast ratios. The filtered lamp with 1/3 the 
luminance would require about 3.3 times the intensity of incident illum¬ 
ination to destroy the readability of the displayed information. 

The last statement is true only if bilghtness contrast is considered. The 
filtered lamp has a greater color contrast than the conventional lamp, 
and eyes are more sensitive to color discrimination than to brightness 
discrimination. As a result, the improvement in readability of the fil¬ 
tered lamp will be greater than the preceding example indicates. This is 
illustrated later in the Human Factors section of this report. 

2. PROGRAM ACCOMPLISHMENTS 

A black appearing high-contrast filter with good hiding power was 
developed for EL displays. It consists of a uniform dispersion of opaque 
black particles suspended in a very thin transparent dielectric film, 
making a composite having neutral density li¿it transmission, low 
reflectance, and high absorption efficiency. 

In order to realize maximum benefit from potential color and brightness 
contrast provided by the filter, it was necessary to reduce to a minimum 
twc interfacial specular reflections generated on the display substrate 
between the contrast filter and the observer. A three-layer optical 
interference film structure was found to be most satisfactory for the 
air-glass interface. The irridescent reflection from the glass- 
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transparent electrode interface was eliminated completely by increasing 
the optical thickness of the front electrode beyond the interference color 
range with an antireflection coating. 

The EL lamp fabrication process was modified to ^corporate both the 
contrast filter and internal antireñection coating, and good process 
control and reproducibility were developed. The resulting complex EL 
lamp structure can be temperature cycled between minus 55 °C and plus 
100°C without mechanical deterioration. 

Special hard pads were developed to prevent contrast filter damage caused 
by pressure contacts deforming the EL layers during high temperature 
storage. They are fabricated as an integral part of the rear electrode 
configuration. 

A method was developed for displaying complex static patterns, such as 
words, without having to segment the electrodes or alter the completely 
uniform transmission and absorption of the contrast filter. 

The human factors study and Air Force flight test evaluations revealed 
the importance of secondary reflections in the viewing environment. 
The ability of the front air-glass interface of a high contrast EL display 
to reflect confusing images back to the observer was minimized by using 
antireflection coatings and eliminated where practical by control of the 
spectral source. The useful visibility of improved high-contrast EL 
displays in daylight cockpit conditions was demonstrated in flight tests as 
well as in the Terradyne simulator used for the human factors study. 

A large, relatively complex EL display format of an experimental alti¬ 
meter was built to demonstrate all of the advances in high-contrast EL 
display techniques that were developed during the course of this program. 
The display, which used green and amber EL phosphors, had a format 
which was partly active and partly static. The active sections were the 
bar graph, and two small seven-stroke numerics. Figure 2 shows the 
interior of the display’s metal caso next to the EL substrate with its rear 
electrode side showing. Figure 3 shows the assembled display in both 
the ’’off” and ”on” states. 

7 
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SECTION III 

TECHNIQUE DEVELOPMENT 

During the early stages of contrast filter development, both the vacuum- 
deposited, partially oxidized metal filter and the opaque particle filter were 
investigated. The vacuum - deposited filter was improved by addition of an 
oxide optical interference film to render its dark gray specular reflection dark 
blue-violet. Additionally, the substrate was etched prior to film deposition in 
order to diffuse its reflectance. In spite of these efforts and improvements, 
the vacuum-deposited fUter had substantially higher total reflectance than the 
opaque particle filter, and the process for making it was becoming too complex. 

Progress on the particle filter was rapid during this same time, and its appear¬ 
ance was consistently better. As a result, the vacuum-deposited filter was 
dropped, so Uat more effort could be devoted to the more promising oarticle 
filter. 

The bulk of this report will be devoted to the opaque parricle filter, and it will 
simply be referred to as the "high-contrast filter" or "contrast filter". 

1. OPTICAL CONSIDERATIONS 

a. Reflections and Their Sources 

One of the primary problems in the development of an electro¬ 
luminescent display panel with an improved contrast ratio is the 
reflection of ambient light from the various surfaces. The normal 
EL lamp without a high contrast layer has four sources of reflection: 

(1) The front surface reflection of the glass substrate. 

(2) The glass-NESA* interface. 

(3) The interface between the Nesa film and the phosphor- 
dielectric layer. 

(4) The interface between the phosphor-dielectric layer and 
the rear dielectric or back electrode configuration. 

♦NESA is a trade name for a transparent, electrically conductive thin film of 
tin oxide. 

10 



The equations for reflection of electro-magnetic radiation are well 
known, ana a comprehensive discussion can be found in any text¬ 
book on physical optics. Some of the important results will be 
stated and applied to this EL panel configuration. 

Maxwell's equations of the electromagnetic field have been applied 
to the boundary between a material and the surrounding medium to 
derive the laws of reflection for a plane surface, with the following 
results : 

tan2 [0-4>\ 

p" = —n— \ ’ 

tan2 (0 + <£| 

where 

sin2 (ô - 4>) 

sin2 (ö + ^>) 
(1) 

0 = angle of incidence 

<f> = angle of refraction 

pu = reflectance for parallel polarized radiation. 

= reflectance for perpendicularly polarized radiation. 

These equations were first derived by Fresnel and are known as 
Fresnel's laws of reflection. 

The angles, 0 and <f> , are related by Snell's law: 

sin <f> = sin 0 (2) 

where 

7)' = index of refraction of the material. 

172 = index of refraction of the surrounding medium. 

For many materials, the index of refraction is complex with tne 
imaginary part being proportional to the absorbing characteristics 
of the material. 

11 



The complex index of refraction, 17, , is written as 

V= T - iK (3) 

where 

K = absorption index 

17 = real part of the refractive index 

The absorption index and absorption coefficient are related as 
follows: 

K 
a X_ 
4ir 

(4) 

where 

a = absorption coefficient 

X = wavelength 

Using Snell's law, Fresnel's equation can be rewritten: 

(5) 

(6) 

12 



For perpendicular incidence {6 = o° ), the relation between re- 
flectance, , and the indices of refraction , and , is 
simple: 

Po - P\\ - Pi - 
(Vz-V\)2 

(7) 

For unpolarized incident light, the reflectance, p , is simply the 
average of />,, and p. : 

P = 1/2 ( P,, + P± ) 

Applying these principles to the air-glass interface of the EL display 
panel will give the reflection factors shown in Table I. The index of 
refraction of the glass substrate is 1.50. Also given are the values of 

p and px for various angles of incidence. As well as the reflection 
factor for unpolarized light at various angles of incidence. 

These principles can also be applied to the interface between the glass 
substrate and NESA film to give Table n. The index of refraction of 
the Nesa film is assumed to be 2.0. 

Shown in the tables are values of 9 at which /),, is equal to zero. 
This angle is known as the polarizing angle, or the principle angle of 
incidence, for which the reflected light is all plane-polarized with the 
electric vector perpendicular to the plane of incidence. 

Table I. Reflection Factors ior Air-Glass Interface for 
Various Angles of Incidence 

0=0° 15° 

px = .040 .044 

Pa = .040 .036 

p = .040 .040 
9 

30° 45° 53.3 

.058 .092 .148 

.025 .008 .000 

.0415 .050 .074 

60° 75° 90° 

.177 .399 1.000 

.002 .107 1.000 

.0895 .253 1.000 

13 



Table IL Reflection Factors for Glass NESA Film Interface 
for Various Angles of Incidence 

B 

P* 

0° 15° 

.020 .023 

.020 .018 

.020 .020 

30° 45° 

.032 .053 

.012 .003 

.022 .028 

53° 60° 

.079 

0 

.040 

75° 90° 

.111 .316 1.000 

.003 .110 1.000 

.057 .213 1.000 

The previous discussion is concerned primarily with the concept of 
specular reflection. The variation of the reflectance, pQ , is 
small for angles of incidence below the polarizing angle but rapidly 
increases as the angle of incidence becomes larger. 

Another situation to consider is that of perfectly diffuse ambient light. 
In this case light incident at all angles is illuminating the surface of 
the display. The reflection factor of a plane boundary between two 
media is computed by the Fresnel formula as a function of the relative 
index of refraction, N = , of the media. 

The average valus of the external reflection coefficient is: 

sin 0 cos 0 0 (8) 

where pQ is the reflectance by the Fresnel formula for un¬ 
polarized light incident on the surface from the rarer medium at 
an angle, 0 . 

If the diffuse light is incident on an interface from the denser medium 
the reflection factor will be considerably different from that for ex¬ 
ternal reflection. 

There is an important optical relation that permits easy evaluation of 
this internal reflection. This is the reciprocal relation which states 
that all changes suffered by a light beam going in one direction are 

14 



suffered equally by a light beam formed by reversing the direction 
of the first. Using this relation and previous notation, the angle 

4> is now the angle of incidence in the dense medium and 0 is 
the angle of refraction in the rare medium. The diffuse light will 
be incident on the interface at all angles, <f> . Snell's law shows 
that - 

sin d> = — sin 6 
Vz (9) 

If 0 , the angle of refraction, is equal to 90° then sin 9 = 1. 
Therefore, at this angle, sin 9C = • The light beam 
incident at this angle is bent parallel to the interface and does not 
penetrate into the less dense medium. Any light incident at greater 
angles is totally reflected. This angle, 9C , is known as the critical 
angle; for the glass-air and the NESA-glass interfaces, the angles 
are 42° and 48. 5°, respectively. 

The reflection coefficient for diffused light incident from the dense 
to the rarer medium can be evaluated from the following equation: 

(1 - sin2 <£c P<f, si“ cos <f> d <t> (10) 

where 

the reflectance by the Fresnel formula for 
unpolarized light incident on the surface from 
the denser medium at angle, <f> , from the 
perpendicular to the surface 

4>c = the critical angle. 

Figure 4 shows the average reflection coefficient, pt , as a 
function of the refractive index ratio, ’^/*>7,. For comparison, it 
also shows the average external reflection, p , as well as the 
reflectance p0 for perpendicular incidence. *It is seen from Figure 
4 that approximately 9% of the incident perfectly diffuse light is 
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reflected from the air-glass interface. Further, nearly 60% of the 
diffuse-flux incident internally is reflected; little more than 40% 
emerges. For the glass-NESA interface, the total external re¬ 
flectance is 6. 5%. The glass-NES¿ interface will reflect 47% and 
transmit 53% of internally incident light. 

The reflection of light from the phosphor-dielectric layer is not 
easily treated. In this case the optical medium is composed of EL 
particles embedded in a dielectric medium. 

Consider now what happens when the refracted beam meets a phosphor 
particle. 

If the particle, or cluster of particles, has dimensions larger by a 
factor of about 10 than the wavelength of the light, part of the flux of 
the incident beam will be reflected and part refracted again in accord 
with Fresnel’s equations. But, since the randomly oriented phosphor 
particles present faces at unknown angles to the refracted beam, the 
ic entity of the beam is lost at this point. Part of it is reflected, part 
penetrates the phosphor particles and emerges modified in spectra 
character by any selective absorption within the phosphor particles. 
These parts go on in random courses striking other phosphor particles. 
The net effect is a diffusion of flux more or less uniform in all directions 
at any point in the phosphor-dielectric layer. 

If the phosphor particles are considerably smaller in dimensions than 
the wavelength of the incident energy, the Fresnel laws do not apply. 
As the particle sizes become smaller, the light begins to go around 
the particle in addition to reflection and refraction. In this process, 
some of the flux is absorbed and the rest is scattered, some backward, 
some to the sides, but mostly in the forward direction. The laws of 
scattering are quite complicated and will not be discussed in any great 
detail at this point. The phenomena of scattering are discussed in the 
Appendix and will be applied in more detail to the absorption layer 
used to achieve a high-contrast EL display. 

As pointed out in the Appendix, the extent of the scattering is determined 
primarily by the size of the particles and by the ratio of the index of 
refraction of the phosphor particles to that of the dielectric medium. 
There is a range of phosphor particle sizes in the EL layer; about 95% 
fall between 2 and 20 microns. Also, as the ratio of indices is large, 
the phosphor-dielectric layer is an excellent scattering agent. It is 
difficult to predict the reflectance factors since it is highly dependent 
on both the particle size and particle density. 



Some idea of the magnitudes involved can be derived from our 
previous discussion on reflection of diffused light. Figure 4 
shows that for a ratio of indices of 1.6, approximately 10% of 
the externally incident light is reflected from the surface of the 
phosphor-dielectric layer. The flux penetrating the upper 
boundary of the layer is diffused more or less uniformly in all 
directions. Some of this diffuse flux is reflected back towards 
the upper boundary from the particles in the layer. Since this 
flux is internally incident, only 35% penetrates through the upper 
boundary and 65% is reflected back into the layer. Obviously 
the flux suffers successive reflections similar to that observed 
in a medium bounded by two parallel planar boundaries. 

The flux which does pass through the phosphor-dielectric layer 
reaches the reflecting surface formed by the phosphor-dielectric 
layer and the back electrode configuration. This surface re¬ 
flection will also contribute to the total reflectance. 

b. Methods for Reducing Reflections 

As pointed out in the previous section, most of the reflection 
observed on a normal EL lamp is due to reflections from the 
interfaces formed by the front and back surfaces of the phosphor- 
dielectric layer. 

A promising technique for reducing these reflections is to insert 
neutral density filter of low reflectance between the transparent 
front electrode and the phosphor-dielectric layer. The optical 
requirements of this layer have been considered in some detail 
The layer, as prepared, is a dielectric medium containing 
uniformly dispersed opaque particles; it has a top surface a 
bottom surface and an interior whose thickness is small compared 
to its length and width A portion of the light flux incident on the 
top surface is reflected without penetrating the film. Some of the 
incident light flux penetrates the surface and, is absorbed there 
The rest is either scattered back out through the top surface or * 
reaches the bottom surface where it is reflected from the phosphor- 
dielectric iayer. The power of the absorbing layer to absorb and 
diffuse the light flux penetrating it determines whether the under- 
lying phosphor-dielectric layer is or is not visible to the viewer 
This is known as opacity or hiding power. 

there 18 ™ irltefest 111 a completely opaque film, since 
it is still necessary that the EL segments be visible when activated. 
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The function of the absorbing film, therefore, is to reduce the 
total amount of ambient light striking the light-colored re- 
flecting phosphor particles, and then to further attenuate this 
light after it reflects off the phosphor. The ambient light is at 
least doubly absorbed whereas the phosphor’s emitted light is 
absorbed only once - this results in an increased contrast be¬ 
tween the emitting display and its adjacent background. 

The capacity of the absorbing layer to hide the light-colored 
phosphor layer is dependent chiefly on the number and size of 
opaque particles per unit area and on their light-absorbing and 
light-scattering capacity. ^ 

Studies of the scattering and absorption of light in a heterogeneous 
matenal can be categorized into two basic areas: 1) scattering 
and absorption by individual particles and 2) multiple scattering 
in a medium containing many scattering particles. The first area 
concerns the definition of the scattering and absorption coefficients 
o a single particle from a knowledge of its geometry and physical 
properties and the characteristics of the incident light. The 
theoretica! characteristics of a particle involves obtaining a solution 
rQHl!fHÎ?aXW!.1lu quatl0nS f0r the fraction between the electromagnetic 
radiation and the particle. The rigorous formulation applicable to 
particles of axbitrary size and for spherical particles is known as the 
Mie theory of particle scattering. The formulae of the Mie theory 
are described in the Appendix. ^ 

The second area concerns the definition of radiative transfer within 
and from a scattering system. Differential equations describing 
the radiant flux are formulated in terms of "apparent” absorption 
and scattering coefficients. The radiative-transfer equations are 
thus seen to do nothing toward predicting the absorption and scattering 
are^imown8’ ^ prediCt system performance once these coefficients 

The absorption and scattering coefficients employed by the one- 
dimensional radiative-transfer equations are related to, but not equal 
to, the coefficients defined by single particle theory. The theory of 

scattering by independent particles breaks down when particles 
are brought mto close proximity. Tue precise conditions implied by 
the theory are that each particle must have sufficient room *o form 
its own scattering pattern without interference from neighboring 
particles, and that each particle must be exposed to the original 
beam of incident light. ^ 
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In this case, the multiple scattering taking place makes it impossible 
to quantitatively analyze the neutral density filter. Using some of 
the information available from single-particle theory does allow the 
choice of materials with promising optical characteristics. 

The most important optical characteristics which must be con¬ 
sidered in the single-particle theory are particle size, index of re¬ 
fraction, particle shape, and orientation. 

The quantities of primary interest for application to the problem 
are parameters specifying the fraction of the energy incident on a 
particle that is scattered and absorbed. The quantities Qext , 
Q»co » and Qobs are defined in the Appendix. These are*the 
efficiency factors for extinction, scattering, and absorption, re¬ 
spectively. Another quantity of interest is the ratio of back- 
scattering ( Ô = o° ) to forward scattering ( 0 = 180°). This 
ratio will give some indication of the amount of light reflected toward 
the observer. The efficiency factor and scattering ratio are affected 
primarily by the ratio of the particle size to the wave-length of the 
incident radiation and by the index of refraction of the particle relative 
to the index of refraction of the surrounding medium. 

In discussing extinction, scattering and absorption factors, it will 
be helpful to employ the particle size factor, x, defined in the 
Appendix, 

In order to obtain some insight into the effect a of particle size and 
index of refraction on these factors, a program was prepared for 
the IBM 360 in the Lear Siegler Computing Center. Representative 
values of the index of refraction and particle size were inserted into 
the program, Figures 5, 6 and 7 are typical examples of the results 
obtained from these computations. 

When the particle size is small relative to the wavelength, the domain 
of Rayleigh scattering is encountered. Scattering efficiency is very 
low and proportional to the fourth power of the ratio of particle size 
to wavelength. In the Rayleigh domain, an isotropic particle has a 
backscatter ratio of 0. 5 for incident unpolarized light. 

As the particle size is increased, the scattering efficiency continues 
to increase, but the rate of increase is diminished from a fourth-power 
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Figure 6. Efficiency Factor for Absorption as a Function of X, the Particle 
Size Factor and the Absorption Coefficient, K. (N = 1.5-iK) 
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Figure 7. Efficiency Factor for Scattering as a Function of X, the Particle 
Size Factor and the Absorption Coefficient, K. (N = 1. 5-iK) 
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dependence on particle size to a second-power dependence. This 
region is known as the Rayleigh-Gans domain. As particle size 
is increased in this domain, the backscatter ratio decreases from 
0. 5 to lower values, continually decreasing as the particles are 
made larger. Most of the scattering now take place in the forward 
direction. 

A further increase in particle size places the scattering in the range 
where so-called Mie scattering takes place. The physical effect 
now becomes one of interference between transmitted radiation and 
diffracted radiation. As particle size is increased in this region, 
scattering efficiency continues to increase until a maximum efficiency 
is reached at a particular particle size. From the curves for efficiency 
factors, it can be seen that generally the most efficient scatter er is a 
particle whose diameter is of the order of the wavelength of incident 
light. At this point there is a favorable interference between the 
various wave fronts involved. Still larger particle sizes result in un¬ 
favorable interference and the scattering efficiency decreases. A 
pattern of maxima and minima occurs as the particle size is con¬ 
tinually increased. The complete curve oscillates with a decreasing 
amplitude about an efficiency value of 2. 

In the upper limit of the anomolous-diffraction domain, interference 
effects diminish and the scattered radiation can be separated into 
two components. The first component is radiation transmitted es¬ 
sentially according to the laws of geometric optics. 

The second component is radiation diffracted around the particle. 
The sum of the two is equal to twice the geometric area of the 
particle so that 

<rext 2 Tr r2 
Qexf = - = - = 2 

irr“ irr2 

Throughout the anomolous-diffraction domain, scattering remains 
predominantly in the forward direction. 

Another important optical characteristic which was examined was 
the refractive index and its influence on efficiency and back- 
scattering. Of particular interest is the index of refraction of the 
scattering particle as well as the ratio of the indices of the particles 
and embedding medium. Figure 5 indicates the effects of varying 
the ratio of indices. Scattering efficiency increases with increasing 
N. The backscatter ratio also increases with increasing N. It was 
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mentioned earlier that for a fixed index ratio, the backscatter 
ratio decreased as the particle size was increased. It can now 
be seen that if the particle size is fixed and the index ratio is 
increased, the backscatter ratio is increased. 

A layer with non-absorbing particles does not necessarily give 
a desirable filter. It is true that the backscatter from the layer 
may be reduced to a low value, but most of the incident light flux 
will be scattered in the forward direction where it will reach the 
phosphor layer and, in turn, be reflected back through the filter. 
This light flux will, in turn, be scattered primarily in the forward 
direction back towards the observer. The filter, therefore, must 
also contain highly absorbing particles which will tend to absorb 
most of the scattered light. 

As pointed out in the Appendix, direct absorption is defined in terms 
of efficiency factor Qobs . The absorption index will also have an 
effect on the efficiency factor for scattering. Figures 6 and 7 were 
plotted to show the effect of increasing absorption index on these 
two efficiency factors. These show that the dominant effect of the 
absorption index is to reduce the scattering efficiency of the layer. 
This is desirable in this filter in order to reduce the magnitude of 
the backscattering. It is also quite obvious from these curves that 
particle size has very little effect when the absorption index is large. 

When the concentration of the particles in the layer is large (as in 
this filter), multiple scattering occurs. The problem of analysis 
becomes extremely difficult and the results discussed above can 
be used only as a guideline to choose promising materials and particle 
concentrations for the filter. Some attempts have been made in the 
literature to study multiple scattering systems, but they leave a lot 
to be desired. 

The above single particle characteristics, therefore, were used as 
guidelines to develop the absorption filter used in the high-contrast 
EL lamp. LSI found these guidelines to be of extreme usefulness in 
this program. 

Specular reflection from the front glass surface of the EL display 
can also cause considerable trouble. This type of reflection can be 
reduced by applying antireflection coatings to the glass surface. 

There are several methods which can be used to produce such 
coatings. Since there are several types available commercially 
most of the work was concerned with testing the various coatings 
in finished EL samples. 
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2. TECHNIQUES AND MEASUREMENTS 

a. Measuring Techniques 

Reflection measurements were made with simple set-ups using a MgO 
block as a standard. ** light source was mounted on a movable arm 
which allowed the angle of incidence to be varied. The reflecting 
surface was mounted on a rotating table which permitted the viewing 
angle to be varied. This arrangement made it possible to study the 
front surface reflections in detail. 

Also available was a test set-up which used a ring-shaped fluorescent 
tube as a light source. This tube was centered around an axial line 
from the photometer to the sample. The fluorescent tube was position¬ 
ed to give an illuminance of 300 foot-candles on a surface placed at the 
sample position. 

Luminance and luminance factors were measured with photo-multiplier 
photometers. 

Typical diffuse reflectance curves for a MgO surface are shown in 
Figures 8 and 9. Curves were obtained for the light source at various 
angles, but most measurements were made at the angles. 6=0° and 
d = 45°. 

b. Contrast Filter Measurements 

Figures 10 and 11 are directional reflectances for conventional EL 
lamps. As indicated on the curves, each is for a different type of 
phosphor. The curves show that nearly 50% of the incident light is 
reflected from the lamp. Further, the directional reflectance from 
the front surface of the lamp is extremely high when the viewing angle 
is equal to the angle of incidence. This indicates that any images 
formed on the front surfaces will give extremely high directional 
reflectance. The phosphor layer itself is a very good diffusing sur¬ 
face as indicated by the curves obtained with the light source normal 
to the lamps. Although not obvious from these curves, other data 
indicate that there is some vp^iaLon in diffuse reflectance with the 
type of phosphor used. This is due to both a variation in particle 
size and index of refraction. 
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Figure 8. White Diffuse Standard (98% Reflectance) 
Light Source Normal to Surface 
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Figure 10. Percent Reflectance of Conventional EL Lamp 
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Figure 11. Percent Reflectance of Conventional EL Lamp 
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Samples were prepared which enabled us to measure the reflect¬ 
ances from the various surfaces present in the EL display. 
Measurements were made in the test set-up using a fluorescent 
light source. The diffuse reflectance of the rear dielectric 
layer on an aluminum surface ranged between 60 and 70%. The 
diffuse reflectances of phosphor layers on black opaque substrates 
typically fell between 45 and 50%, while that of phosphor layers 
sprayed on rear dielectric layers ranged from 60 to 65%. The 
directional reflectance of the glass-NESA combination varies 
from 10 to 15%. Variations in the optical tMckness and refractive 
index of the tin oxide film (NESA) caused this latter variation. 

Some of the above test chips were sprayed with contrast filters 
which had a transmission of 30%. The diffuse reflectances of 
these samples were reduced to values less than 8%. 

Additional measuremenis were also made in the variable test 
set-up. Typical results obtained for samples similar to those 
above are shown in Figures 12 and 13. The sample in Figure 12 
consists of a phosphor layer and contrast filter over a black 
opaque substrate. In Figure 13 the sample has a rear dielectric 
layer between the phosphor and black, opaque substrate. The 
curves indicate that, although there is a 15% difference in diffuse 
reflectance from the two samples, the reflectance factors for the 
contrast filter surface are approximately the same. 

The curves obtained for the light source at 45° show that the 
contrast filter absorbs and scatters the incident light. The 
reflectance, with the light source normal to the filter surface, 
is a maximum in the back direcüon. With the light source at 
45° from the normal, the reflectance keeps increasing as the 
angle of view increases. This result, in particular, indicates 
that scattering of the incident light does occur at the filter sur¬ 
face. 

Figure 14 shows transmission curves obtained for a 30% trans¬ 
mitting contrast filter for the incident light nor ma I to the surface 
and 45° from the normal. In both cases, maximum transmission 
occurs in the direcüon of incident light. The parücle size is such 
that light is predominanüy scattered in the forward direcüon. 
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Figure 12. Percent Reflectance From Surface of High-Contrast Layer With 
No Insulating Layer Behind the High-Contrast Layer 
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Figure 13. Percent Reflectance From Surface of High-Contrast Layer With 
Insulating Layer Behind The High-Contrast Layer 
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Figure 14. Percent Transmission vs Viewing Angle for 
EL Lamp With High-Contrast Layer 

34 



Some attempts were made to apply the classical single particle theory to 
these results, but multiple scattering introduces coasiderable error into 
the equations. The problem is much too complex to be considered in any 
great detail in this project. 

Sample EL lamps were made using the contrast filter developed previously. 
The results obtained above in the analysis indicated that this contrast layer 
was quite satisfactory and very little improvement could be achieved by 
further analysis of particle size. Shown in Figure 15 are reflectance 
curves for a typical EL lamp with the contrast filter between the front 
electrode and the phosphor layer for light incident normal to the surface 
and 45° from the normal. Two facts are quite obvious when compared 
with the reflectance curves obtained for the contrast filter on the phosphor 
layer. These results were shown in Figures 12 and 13. First, the 
reflectance values are lower for the lamp due to a smaller difference in 
refractive indices between the glass-front electrode-contrast layer com¬ 
bination as compared to that between air and the contrast layer. Second, 
we do not see the increasing reflectance values with angle of view. This 
is due to the fact that light reflected from the contrast layer back through 
the glass window is scattered in all directions. When the reflected light 
is incident on the glass-front electode interface at an angle greater than 
the critical angle, it is totally reflected back into the interior of tlie lamp 
where it is absorbed. This reduces considerably the amount of light 
reflected at large viewing angles. 

The reflectance curve for light incident at 45° also shows a very high 
peak when the viewing angle is 45°. This obviously is due to front 
surface reflection, since no such peak was observed when light is 
reflected directly from the surface of the contrast filter. It was also 
observed in these lamps that the specular reflection from the front 
electrode gave an objectionable color to the display panel. 

A series of EL high-contrast lamps, with contrast layers having differ¬ 
ent transmittance factors, were prepared. The reflectance curves for 20¾ 
30% 40% and 50% transmitting filters are shown in Figures 16, 17, 18, 
and 19, respectively. The results point out the fact that the reflectance 
factor is predominantiy dependent on the absorption coefficient of the 
contrast layer. Each of the samples in Figures 16 through 19 also 
utilized an internal anti-reflection coating. This coating virtually 
eliminated the specular reflection from the NESA front electrode. 
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Figure 15. Percent Reflectance of EL Lamp 
With High-Contrast Layer 
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Figure 16. Percent Reflectance of EL Lamp With 
20%-Transmitting High-Contrast Layer 
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Figure 17. Percent Reflectance of EL Lamp With 
30%-Transmitting High-Contrast Layer 
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Figure 18. Percent Reflectance of EL Lamp With 
40%-Transmitting High-Contrast Layer 
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Figure 19. Percent Reflectance of EL Lamp With 
50%-Transmitting High-Contrast Layer 
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Since there are other possible locations for the contrast filter in the 
EL panel, it was decided to run a series of tests to investigate this 
problem. Accordingly, test lamps were built composed of five 
different goemetries. The first section had the contrast layer 
between the front electrode and the phosphor layer. The second 
section had a contrast layer between the phosphor layer and rear 
dielectric layer. The contrast layer was put between the dielectric 
layer and back electrode in the third section. The fourth section was 
a conventional EL lamp with no contrast layer. The contrast layer 
was deposited on the front surface of the fifth lamp. Brightness 
readings were taken on all five lamps. Reflectance measurements 
were also made. Figure 20 shows a plot of brightness vs. voltage 
for all five lamps. Table HI gives the contrast ratios for these 
lamps at 250 volts, 400 cps. 

Table III. Contrast Ratios for Various Positions 
of High-Contrast Layer in An EL Lamp 

Lamp No. Contrast Ratio 

1 
2 
3 
4 
5 

7.6 
1.7 
1.9 
2. 0 
3.9 

It is quite obvious from these results that the best position for the 
contrast filter is between the front electrode and the phosphor layer. 
The contrast ratio has a maximum value when this geometry is used. 

The results of this investigation were also useful for analyzing the 
loss in brightness in the high contrast lamp. The loss in brightness 
is due to two mechanisms. There is an optical loss due to the 
absorption of the contrast layer and an electrical loss due to a 
capacitive voltage division caused by the insertion of the contrast 
filter between the electrodes of the EL configuration. The optical 
loss of a normal high contrast display is about 70%. The electrical 
loss is slightly over 10%. 
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Figure 20. Luminance vs. Voltage High Contrast Layer Position Variable 
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A sample EL panel was fabricated using a gray glass substrate 
which lias a transmittance of 31%. The reflectance curves are 
plotted in Figure 21. The reflectance factors are slightly higher 
than those obtained for a normal high contrast lamp. The trans¬ 
mittance factor was also investigated. The transmittance of the 
gray glass is a maximum in the direction of incident light and 
very little scattering is observed as compared to the contrast 
layer. Essentially, the gray glass is a solid colloidal system, 
i. e., a glass matrix containing very small absorbing particles 
with diameters probably less than . 05 micron. In this range of 
particle size, the primary extinction mechanism occurring is 
absorption and the scattering coefficient is very low. 

Although the measured parameters would appear to indicate that 
the high contrast layer EL panel and the gray glass EL panel 
are similar, other considerations make them different. The 
color difference between the high contrast filter and the EL 
segment is much greater than that between the gray glass and 
EL segment, when filters of equal transmittance are compared. 
Also the high-contrast filter with its dispersion of opaque parti¬ 
cles has a diffusion power and hiding power greater than exhibited 
by gray glass. 

c. Anti-reflection Coating Measurements 

As can be seen from the reflectance curves, the front surface 
reflection is very high when the angle of view equals the angle of 
incidence. Much of this directional reflectance is due to reflect¬ 
ions from the glass substrate front surface and the glass-NESA 
interface. It was pointed out earlier that this problem can be 
alleviated by using some type of anti-reflection coating on these 
surfaces. 

Samples were prepared using commercially available anti¬ 
reflection techniques. Three types were used, (1) ”HEA”, 
(Figure 22), (2) ’’Trucite”, (Figure 23), and (3) ’’Velvetone", 
Figure 24). HEA is a trade name for an anti-reflection coating 
composed of three vacuum deposited optical films. This combi¬ 
nation is chosen to give less than 1/4% reflectance. The Trucite 
coating is just an etched glass surface to form a diffusing layer. 
The Velvetone coating also is a diffusing surface. 

♦ 
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Figure 21. Percent Reflectance of EL Lamp With 
30%-Transmitting Gray Glass Substrate 
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Figure 22. Percent Reflectance of High Contrast EL Lamp 
With HEA Coating on Front Surface 
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Figure 23. Percent Reflectance of High Contrast EL Lamp 
With Trucite Coating on Front Surface 
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Figure 24. Percent Reflectance of High Contrast EL Lamp With 
Velvetone Coating on Front Surface 
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Figures 22, 23, and 24 show reflectance curves for EL displays 
with these three anti-reflection coatings. 

The sample with the HEA coating also has an internal coating which 
removes the specular reflection from the NESA-glass interface. 
All three samples used 30% transmission contrast filtering. Both 
the HEA and Trucite coatings have reduced the directional reflect¬ 
ance considerably, however, the Trucite coating has a very high 
backscatter coefficient and a high reflectance factor over a wide 
range of viewing angle. The Corning Velvetone has done very little 
in reducting the directional reflectance and also has a high back¬ 
scatter coefficient similar to the Trucite. Obviously, both the 
Trucite and Velvetone coatings are good scattering media but they 
do introduce increased reflectance in the back direction. As a 
result, the HEA coating has been chosen for use in EL displays 
fabricated for this project. 

The application of the HEA coating underscores the problem of 
iridescent specular reflection from the glass transparent electrode 
interface. A special coating must be used to eliminate the specular 
reflectance of this interface when applied over the transparent front 
electrode surface. This addition does not appear to change other 
optical and electrical parameters of the EL configuration to any 
great extent. 

Figure 25 depicts reflectance curves for a completed landing 
sequence display. The lamp has a 27% transmitting contrast 
filter with a coating to eliminate the objectionable specular 
reflectance of the front electrode, and an HEA anti-reflection 
coating to eliminate the specular reflectance of the glass 
surface. 
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Figure 25. Percent Reflectance of EL Landing Sequence Lamp 
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SECTION IV 

HUMAN FACTORS STUDY 

1. METHODS AND RESULTS 

The basic problem of the human factors study was to determine the vis1'- 
bility and legibility of EL numeric displays under a wide range of en¬ 
vironmental illumination. 

Test apparatus consisted of a fixed base part-task simulator, Figure 26, 
which is referred to as the Terradyne. Both subject and experimenter 
sat in the Terradyne such that the subject could not observe the experi¬ 
menter’s control actions, but the experimenter could observe and verify 
the subject's responses. 

The subject sat facing an 18-inch by 18-inch square glare screen located 
about 30 inches in front of and level with the subjects head. This glare 
screen consisted of twelve 20-inch daylight fluorescent tubes mounted 
with their sides touching, and it simulated an aircraft windscreen with 
a view of a cloud mass reflecting direct sunlight. 

Directly below the glare screen was a black instrument panel, Figure 
27, containing three EL numeric displays. The numeric displays con¬ 
sisted of a plus or minus sign and five seven-stroke digits. The five 
digits were selected by the experimenter from a table of random numbers 
and controlled manually by means of five rotary switches. The experi¬ 
menter controlled the voltage and luminance of the long life displays, 
operated individually, with a variac, and he recorded voltages required 
for the thresholds of legibility and rapid readability. Later, in reducing 
his data, the experimenter referred to voltage-luminance curves that 
had been prepared for each display. 

Located a few inches above and to either side of the subject's head 
were two 750-watt daylight photo flood lamps and reflectors that were 
aimed at the glare screen and the EL displays. When these were turned 
on, and the glare screen fluorescents were turned on, a "worst condition" 
was created representing direct sunlight coming over the subject's 
shoulders and illuminating a cloud bank in front of the windscreen. This 
condition was painful to the subject's eyes. 
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Figure 26. Terradyne Part-Task Simulator



Figure 27. Regular, High-Contrast, and Improved 
High Contrast Displays
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Four experiments using 45 subjects yielded over 7000 measure¬ 
ments using this apparatus. Four illumination conditions were 
used during each experiment. Three basic EL display construct¬ 
ions were tested: 

a. Normal EL construction having a white appearance with 
approximately 47% diffuse reflectance and 6% specular 
reflectance at near-normal incidence. 

b ’’Original” high contrast EL construction having a 30% 
transmitüng filter giving about 4-1/2% diffuse reflect¬ 
ance and 6% specular reflectance at near-normal 
incidence. 

c. ’’Improved” high contrast EL construction having a 30% 
transmitüng filter giving about 5% diffuse reflectance 
and with external and internal anU-reflection coatings 
giving about 1/2% specular reflecüon. 

The four conditions of illuminaüon used in the last two experi¬ 
ments are shown in Table IV. 

Table V is a summary of the median threshold of numeric 
luminance required for rapid and accurate reading as determined 
in the last two experiments, represenüng 30 subjects and 3000 
data points. These luminance values represent total luminance 
minus the reflected luminance, yielding EL emission luminance 
only. 

Table VI is the same as Table V except that luminance values 
have been converted to actual contrast raüos, based on luminance 
factors measured in the test apparatus using a magnesium oxide 
reflectance standard. Luminance measurements were made using 
a Spectra Pritchard Model 1973 PR Spot Photometer having a 
corrected photopic response. 

In Table VI the reason that the ’’Original” high-contrast numeric 
requires consistently higher contrast raüos for rapid readability, 
than even the normal EL numeric, is that specular reflections 
from the subject and apparatus represent a larger fracüon of the 
total display reflectance in the former case. The effecüveness of 
the anü-reflecüon coatings is improving performance is clearly 
shown. 
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Table V. Summary of Median Threshold of Numeric Luminance 
Required for Rapid and Accurate Read!ng 

Condition I 

Condition IT 

Condition IE 

Condition TV 

Improved High 
Contrast EL 

1.31 Ft. L. 

. 12 Ft. L. 

. 05 Ft. L. 

.015 Ft. L. 

High Contrast 
EL 

9.6 Ft. L. 

1.7 Ft. L. 

. 12 Ft. L. 

. 05 Ft. L. 

Conventional 
(Clear) EL 

36. 0 Ft. L. 

6. 5 Ft. L. 

1. 2 Ft,, L. 

. 3 Ft. L. 

Table VI. Luminance Values From Table V Converted Into Contrast Ratios 

Condition I 

Condition H 

Condition HI 

Condition IV 

Improved High 
Contrast EL 

0. 018 

0. 019 

0. 019 

0. 010 

High Contrast 
EL 

0.16 

0. 33 

0. 057 

0. 056 

Conventional 
(Clear) EL 

0. 056 

0.12 

0. 055 

0. 032 
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2 CONCLUSIONS 

The results of the human factors experiments are exceptionally clean- 
cut. The differences observed among the different type displays are 
of both practical and statistical significance. The original high 
contrast display is superior to the conventional clear display, parti¬ 
cularly at high incident illumination levels, and the improved high- 
contrast display is — in turn — significantly superior to both the 
original high contrast and clear conventional displays. 

Since, at normal operating voltages, the improved high-contrast 
disp^y will emit 10 to 20 times the luminance required for rapid 
reading under the worst condition tested (condition 1), there is every 
reason to be confident that an EL display utilizing this construction 
will be seen clearly and read accurately in an aircraft cockpit during 
all daylight lighting conditions. 



EXTINCTION AND DISPERSION IN A MEDIUM 
CONTAINING PARTICLES 

APPEND DC 

When light passes through the surface of a layer containing dispersed 
particles, it enters a region containing small particles or clusters of 
particles with optical properties more or less different from those of 
the vehicle; this region is, not homogeneous to a bundle of light energy. 
Once within the confines of the layer, the light must either re-emerge 
or be dissipated as some other form of energy, since energy jannot be 
destroyed. The conversion of light energy into some other form is 
known as absorption. It may occur either in the medium containing the 
particles or in the particles themselves. 

The other mechanism by which light may be affected within the layer is 
scattering, a sort of reflection occurring at the interface between the 
medium in which the light is traveling and a particle of different 
refractive index. Scattering is fundamentally an interaction cf electro- 
magentic radiation with a particle to produce a redirection of energy. 
If the particle is large compared with the wavelength of incident 
radiation, reflected and refracted energy can be distinguished from 
diffracted energy; but for small particles, no such distinction is possible. 

Both scattering and absorption remove energy from a beam of light 
traversing the medium, i.e., the beam is attenuated. This attenuation 
is called extinction. Thus defined we can write 

Extinction * Scattering + absorption 

The scattering of electromagnetic radiation by a particle is discussed in 
many texts 1, 2, 3, 4. Scattering processes are traditionally described 
by the differential cross-section which is defined as the time-averaged 
outgoing flux per unit time per unit solid angle divided by the time- 
averaged incident flux. For the case of electromagnetic radiation (light) 
the flux is described by Poynting*s theorem. 

The differential cross-section may be integrated over a solid angle to 
yield the total cross-section. Thus the total cross-section may be 
expressed in terms of an absorption cross-section, <robt , the 
scattering cross-section, cr9c„ ; and the incident energy. If the total 
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extinction cross-section aait , is set equal to the total energy removed 
from the incident beam, the conservation of energy requires that 

“ ^.co ♦ ^tib* 

The basic Mie equations for the extinction, scattering, and absorption 
cross-sections of particle systems are: 

00 

I 
n = 1 

(2 n + 1) Re (an + bn ) (1) 

and 

^b» *“ ^«eo (3) 

where 

r 

X 

Re 

K 

radius of particle 

2ir r 
-* size parameter 

X* 

Mie coefficients 

real part of complex number 

wavelength of incident light in medium 



The Mie coefficients are analytically represented by: 

f * 

j(Nx) [xjn (x) ] - jn (x) [Nxjn (Nx)] 

jn (Nx) [xhB2 (x) ]/ - h„2 (x) [Nxjn (Nx)] 

/ * 

jn (x) [Nxjn (Nx)] - N2 j„ (Nx) [xjn (x)] 

h„2 (x) [Nxjn (Nx)] - N2 jn (Nx) [xhn2 (x)]" 

where N is the refractive index of the particle,t;| , relative to that of 
the medium, . 

jB ( ) * a spherical Bessel function 

h2 ( ) = a spherical Há'nkel function of the second kind 

(4) 

(5) 

The primes on the brackets denote differentiation with respect to the 
argument of the Bessel function within the bracket: 

[xjB (*)] 
d_ 
dx [xj„ (x)] 

We can also derive a backscattering cross-section: 

f CO 

2irr2 
Or « 

b»eo ) (2n + 1) (- 1)" 
n = 1 

(6) 

In Mie theory, calculations are made for efficiency factors which are 
cross-sections divided by the geometric cross-section of the scattering 
particle. The expressions obtained are: 

Extinction Efficiency '««t 

w r 
(7) 

t 
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Scattering Efficiency 

and 

' sea 
sea 

irr 

Backscattering Efficiency = Qbsco * 
bsca 

ir r 

Qab« + Q, •st ^abs ^sca 

(8) 

(9) 

(10) 

We are also interested in the amplitude and intensity of the scattered 
light as a function of the scattering angle. From Mie's theory the 
equations for the amplitude function are: 

S, (N, X, 6 ) 

Sj (N, X, fl ) 

I 
n * 1 

oo 

I 

2n + 1 

n (n + 1) { a„ K n n 
+ b„ 

2n + 1 

n (n + 1) 
ir. + a. 

(ID 

(12) 

where S, and S2 are the dimensionless, complex amplitude functions 
related to the components polarized in the planes perpendicular and 
parallel, respectively, to the Fcattering plane. The quantities irn and 
t„ are functions of the scattering angle and are known as associated 
Legendre polynominals. 

If we take the squares of the complex amplitudes we have 

i, (N, X, 0 ) l2(N, X, 0) (13) 

For incident unpolarized light, the intensity of scattered light, l, is 

I 
5 ¢. + l*> 

U> 
2 (14) 
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where u> is the wave number, hj -. 

particle. X 
and R is the distance from the 

It must be emphasized that the discussion above applies only to particle 
systems in which the concentration of particles is low. This would 
allow each individual particle to formulate its own reflection and re¬ 
fraction wave pattern. As soon as the particle concentration is such 
that the wave front developed by each particle interferes with the wave 
fronts from neighboring particles, multiple scattering takcõ place and 
it is no longer possible to use the above equations to calculate extinction, 
scattering and absorption coefficients for the particular system. 
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