’
g
K

Clyde Flackbert, ¢t al

1 s
iMotorola, Incorporated

Prepared for:

/,

AD-753 438

1

3D VOLUMETRIC DISI—"LAY STUuDY _ \

/,

Cffice of Naval Research ./ .

.
A

5 December 1972 ya

/,
E

/ ! -

DISTRBUTED BY.

National Technical lnformatiou Service '.

U. S. DEPARTMENT '0f COMMERCE
5285 Port Royal.Road, Springfield Va. 22151




Y
.
1
P
, '
, :
¥ &
e
y
rd
/
’
R
-
¥
L
»
e
#
0.‘
. {4
7 s
Ve
.L’
b
S
&
Py
4 4
Vi .
'/’
I
y
. S~
I /f
e d
g e
e ,/'/
P P Reproduced by -
g N

y L 1 NATIONAL TECHNICAL

/ B INFORMATIOMN: SERVICE
L - ] . U § Departnient 2f Commaerce
/ ; Spﬁnqﬁ:!.x' VA 2215)

. —MOTOROLA iNC.

Government Electronics Division




P N e gy

Ls

30 VOLUMETRIC DISPLAY STUDY
FiNA:. REPORT

n !
Laze 732
Confract No. N00014-72-C-018¢C
ONE: Task No. NR215- 9%

Approvad By:

7
Approved By: / %f

3 WS SOOI I

R. Yost, Chfef Engineer

Radar Engineering Depurtment

By Lo e
Motornla Inc. ol
Government Electronies Division
Scottsdaie, Arizona

MOTOROCLA Gove:rmnent Electronic - Divis won

TTE M DO ROAT RCHTTS ME AR, B0Dh,

[ O




e TABLE OF CONTENTS

Paragraph Page

1. INTRODUCTION ¢t et et eoneosonaaraarsnsssnssasancanaseesesll

- Z. THREE-DIMENSIONAL TECHNIQUES, APPLICATIONS, AND HUMAN
FACTORS « - ¢ e .. et e et e e e et ecseaee s P |
. 2.1 Three- Dlmensxonal Techn quies and Potentlal Applications « c o« o« - + 2-1
- 2.1.1 Coding s+ ++ .. et e et ettt ceeeae 2]
P 2.1.2 Perspective and other Motocular CUes « o « « « o o o« « & D |
sl 2,1.3 Stereoscopic Systems «ce.ccsetceann. B
2.1.4 Volumetric Devices «evscrococessns s e s eass e eseas 229
2.1.5 Summary .« .«.cc 0o et ecoveeena s et sene eses 2-2

— 2.2 Potential Applications » -+ ... ¢t ettt Gt e ssacees 2-3
2.2.1 Ships; Surface, and Submersible: (Sonar coupled and radar

: couwpled sensors) + - ..o oa. ccs e ceeaasns s e 2-3

- 2.2,2 Alrcraft: (Radar coupled} + ¢ ¢« v« ¢ 0 v .

2.2.3 Signal ProcesSing « « « + s o e s v revececscsaoosonens o 2-4

2.3 Human Factors Considerations « <+ cccc v c e e cceer 2-4

W
.

DEVILOPMENRT OF A MATHEMATICAL MOOEL OF THE DISPLAY .+ . ... 3-1
3.! Iﬂ&thematl(‘:al N[OCEI LR B R I LR B I A IR ® o s 6 o a8 s @ @« 6 8 s ® O o0 o 3"1

3.2 Proposed Display Hierarchy . ........... ceceaa
3.3 Some Optical Limitations ............ s e e e e R

;(,_T
4
.
E
-
¥

£

-
L
9
E

£

£
E
E
=
E
<
:
B
=
¥
by
E
&
g

&
"

15
3
;
&
z

'E

5

=

=
g
¥
,;.E
E
-
3
|3
E-
=

:
i
£
E
£
<
A
=
3
L3
e
E
= o

3. THE DISPLAY MEDIUM « ¢ ¢ e« v e v et anncesaans et e e - |

4.1 Criteria of 2 Good Dispiay Medivm ............ I I IR IR 4-1

— 4.2 Poientiai Display Media « -+ .- «. ... Tee e e e v e e - 55 |
4.2.1 Trivalent Rare EarthIons . ¢« .- oo o teeecaeae se-04-3

4.2.2 Divalent Rare EartnIons « <« ccovoe. . e seeeean - 4-3

toe 4.2.3 Ot ec Soiid Display Media«» e - e v 00 vt R I - 4-4
4.2.4 Organic Molecules. -« - cneeiio e et 4-5

4.2.5 Monatomic Gases «+++ <. - s s e te e e t e s e . 45

b 4.2.€C DiatomiIcC GASLS  + ¢ « ¢ = v o v 6 o s 68 8 a0 et oesoaesocns " B
4.3 SUMMELY ¢ ¢ s v ca o s nnas e e c e e Ce s e e 4-10

% BEAI? DEFLECIORS ....ccnu.en f et et e T o |

: 5. Criteria «.cee eeeason e e et et e e s et e e eeeee5-1
5.1.1 Two-axisOperation .. ... ... et s e 5-1

3.1.2 Random ACOeSE ¢ « ¢ e« vt o e s s oo v veenneoa e e s e e s e e 5-1

5.7.0 Wavelength <« vt vttt i it ittt ii ittt eannson « 5-1

5.1.' Random AccesSs VNG - v e o eeve.. R L I v o0 e 5=2

5.1.5 ReESOIUTICI « ¢ ¢ s » « 6 6 o e v e e v s oosaeees c e e ae s e es e 5=-2

3.3.6 Peinting Accuracy « « < .00 v e e Cee e 5-2




o el
o o AR ETESPIABIR TR 1%

TABLE OF CONTENTS (CONTD)

Paragraph

6.

Page
5.2 Deflector Technology s e« ot ceceeescctiococcoasosanrasee =L
5.2.1 Mechanically Driven Mirrors « .« «eceeceoos e vececeasess 5-2
5.2.2 Electro-optic Deflectcrs s ¢ e v v e e v v G e s e e e .o E-4
5.2.3 Acousto-optic Deflectors - .. ... ee e se .. e 1 e et ean 5-5
5.3 Summary -+ e e s e s e e s s s s e s e es e s e s s oeess 5-F
ENERGY SOURCES -+ cc ceveen ettt e et . -1
6.1 Criteria - « - « « c e « o e s 6 v s e s s e v s s o s s ace [ e e e s e e 6-1
6.1.1 Wavelength «............ S e e e e e e e 6-1
6.1.2 Linewidth and Stability ... ..«c.... ¢ e e e e e e eae 6-1
6.1.3 PulseRateand Pulse Width . .« « c ¢ ¢ et st e et i et eooonos 6-~2
6.1.4 Optical Quality ... ... .. e e et e esae e .. 6-2
6.1.5 Average POWEr ¢ «+ ¢ ¢ ¢ o v v e et v e e nu e “ e e e e e + - 62
6.2 L3SEIrS » « ¢ ¢ - ¢ s e s s 0 0o o v oo asse P e s e st s e s e e e e eeee 6-3
6.2.1 Fixed Wavelength Lasers - ¢ « « v c o e e et te e vt as eeee 8-3
6.2.2 ParametricOscillators ««¢-<s.. 00 cecees tieeeie. 64
6.2.3 Dye Lasers «s+:ecoceeecaconns e a et e ecesseess 6-5
6.2.4 Other Lasers -+« ««ecas. C e e e s e e s eeecenseoe 6-8
6.3 Summary..-..-.... D T T T S t et e s e e 6--8
SUSGGESTIONS FOR FUTURE DEVELOPMENT OF THE SEF DISPLAVY..... 7-1
i




BN LR B A e e ek $S A n % re A e mewn b

Figure

4-2

LIST OF ILLUSTRATIONS

Energy Levcl Dicgram - o200 -0..  eeen
Excitation Pulse Pattern ¢« e .. .00

$ o 8 ® s 4 0 v &

¢ s o 2 v 0 s e o

Interaction of the Pump Beams With an Ideal Matcrial . .
Typical Organic Module Singlet and Triplet Maaifolds - .
Partial Energy Levels of Atomic Mercury ««««......

Relative Conversioa Efficiency

Typical Stage of a Eiectro-Optic Positi~.n Detector

Refraction of a Light Beam Traversing aa Iterated Llectro-

optic Angular Deflecter

Energy Level Diagram of Typical Laser Dye » s+ « « - . ..

Projected Display Ceveiopment .......

e o

Page

.3-2
.3-2
4-2
-4-6
4-8
5-3

54
-5-5

-6-6
.7-2



e Mol g
ity S

A
5 4

FOREWORD

This report was prepared by Motorola Incorporated, Government Electronics Division
in conjunction with Batte’le's Columbus Laboratories, under Contract N00014-72-C -6180,
ONR Task No. NR215-196, Mr, Carl M, Verber served as principle investigator for
Battelle Columi~us Laboratorizs and Messrs. Clyde Flackber:i and Fred Keiner for
Motorola Inc.
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SECTION 1

1. INTRODUCTION

The increasing sensitivity, resolution and range capabilities of electronic sensors
such as radar, infrared, sonar, and EMW, are providing vastly improved target cigna-
ture data leading to the move eifective detection, recognition, and identification of targets
of interest. To be useful, sensor data must be assimilated, essential data extracted
from nonessential data, management decisions made and actions initiated -~ all in a timely
fashion. This process requires that electrcnic sensor infornation he reduced into its
essentials and he displayed rapidly and 2 ccu-ately to the equipment operator and system
manager on an iuteractive basis, Machine-. an-machine communications must be con-
cise and be accurate to optimize mission effectiveness. The 3-D visual display repre-
sents a potential solution to the problem.

A new technique for implemeating a true 3-D volumetric display was independently ia-
vented by Battelle Memorial Institute in 1970. The Battelle Development Corporation has
submitted a patent application covering the entire three dimensional display system, Dur-~
ing the course of the work on the patent application, szveral examples of relevant prior art
were discovered. In particular, patent No. 3,123,711, issued to Jack Fajans on March 3,
1964, discribes a .uminous spot display device. This patent is now assigned () the Battelle
Development Corporation. The Battelle technique employs two beawn's of electromagretic
energy intersecting at a point iz space. (These beams either will be in the invisible regio>as
of the spectrum or will be rendered invisible through the use of apprepriate filters), When
this is accomplished in the proper medium, visible fluorescence results at the beam inter-
section. The net result is a rapability for creating "points of light in three-dimensional
space. The basic property of Sequentially Excited Fluorescence (SEF) in a medium was
confirmed by laboratory experiments conducted by Batielle, Subsequent research revealed
potential implementations as well as needed areas of exploratior. As a result Motorole
and Battelle Columbus Laboratories formed a team early in 1970 to integrate the ultimate

display, thercby adding development and implementation expertis: to basic research
capabilities.

A proposal to study the basie SEF concept wus prepared by Motorola and submitted to
OXNR on Sept 1, 1971. The effort was considered by ONR to be the beginning of a series
of programs eventially leading to the development of a true volumetric 3D display. This
study program resulted in the initial ONR investigative effort. The intention of this
effort was to uncover the areas necding development empnasis based on technology trends.

With such information at hand, an orderly plan can be developed predicting the essential
construction of prototype hardware.

During tise course of this study an attempt has been made to gather inforination relating
Lo basic volumetric display system clements -~ energy sources, deflectors, and display media.




Because of the extensive work accomplished to date, and the applicability of existing tech-
nology, the display system architecture is not considered s critical area and was not ad-
dressed in tiis study. The study first derives the digplay parformance equations, and then
considers the display media, the energy sources, and the deflectors. Also .ncluded is

a description of specific requirements icxr various classes of potcanial displays, and a
time pha<ca plan tor their realization,

What should be done next ? Two avenues deserve immediate attention. The first is to
study materials which have the potential for a higher ogerating =fficiency (conversion of
pump energy to useful output) than tne present display media. Such a2 program should con-
eentratz on gaseous display media for the following reasons:

1. Ease of fabrication of large volumes, This *ill be {acilitiated by using a buffer gas
to keep the display volume at atmosphteric pressure.

2. Avoida:.ce of ootical problems cauced by an index of refraction mis-match. This
is particulorly important for mnltiple vantage point viewing.

3. Preliminary calculations indicate the possibility of high conversion efficiency.

it is anticipated that the cnd result of this program will be tur: identification and charac-
tervization of a gas suitable for a smail display of several thousard spcts when excited by

one watt lasers. In the past, almost all work on gases for the SEF display has been
thocratical., The first result of such wo~k was the identification of the range cf purareters
to describe a gas suitabie for a kigh performance display. Stuted briefly, the gas should
have a density of 1019 molecules/cm3, or greater, ai tte opera.ing lemparature of tne
display; it shouid have a ground s‘ate absorption lincwidth and ascillatos sirength consistent
witn an absorptioa iength of tens of centimcters at the operating density; and it shculd have
an cacited state avsorption length of several millimeters. A theorelicai 2ffort devoted to
an estimate of the display capabilities of gaseous diatomic 1odin - indicated that 15 shoulil
be capable of supporting a moderate display (several kundred spots ¢r mere) and that IC1
(one of several potentiully useful heteronuclear halogen molecles) shuuld be capable of
supporting a high performance display (sevural thousand spots). To date, experimental
work with the halogen molecules has been lim:ted to preliminacy absorption spectroscopy
and resonance excitation of visible flourscence with a tupable dye laser. Tle second need
is to evaluate 3-D display aprlications and related human factors requirements. ir the
developraent of any aew Jispiay system, ii is important to determine, as carly as possible,
the man-machine parameters inherent in the system. Generally, *here parzmeters are
concerned with operator functions such as detection and tracking, discernment of patterns,

and perception of spatial relationships. To obtain data on such parameters, it is couventional

to construct a laboratory modcl of the display system and conduct human factors tests, as
required, to yicld the requisite information. Motorola has propcsed a program tc satisfy
this need, As proposed, Phase 1 is an exploration of military applications for ’oiumetric
display< and Phase 2 {s a human factors evalua'ion using the data base ottained during
Phase 1.
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SECTION 2
2. THRERE-DIMENSIONAL TECHNIQUES, APPLICATIONS, AND HUMAN FACTORS
2.1 THREE-DIMENSIONAL TECHNIQULS AND POTENTIAL APPLICATIONS.

"Man possesses a highly refined and well practiced sense of depth perception which is
not used when viewing a conventional 2-D disgplay. If a third dimension 15 added to a display,
system capacity is increased. "1

The ideal 3-D display offers the possiblity of presenting complex and/or fast changing
data to an opera.or in a fashion that enhances the operator's ability tc interpret soch data
and to perform resultant mzagement decisions. In the ideal sense -~ '-D d.splay aiso would
render 2-D data portrayals where projections along selected axes are desirable. 1his prop-
erty is vital if the operator's task requires more than a subjective examination of 3-D
data.

At present, four yeneral approaches to the problem of presenting muitidimensional in-
formation are distinguishable: codirg in 2-D presentations, persrective and other monoc~
ular in 2-D presentation, stereoscopic 2-D systems, and volumetric (3-D) devices. The
basic characteristics of each are briefly summarized as follows:

2.1.1 Coding

Coding techniques indicate a tnird-dimension on a two-Cimensional surface by graphi-
cal, numerical, color, or alphabetic symbology. Various schemes have been evaluated over
the years and many are presently in use. A typical example is the cenge-neight display used
to supplement plan position indicators in ground control spproach radars. Aiso supplemen-
tal alpha-numeric data blocks may be placed on a 2-D display to indicate a thiru dimension
(aiver .ft altitude for example). This display technique is adequate for many applications
It suffers the serious disadvantage of display clutter when coding is applied to more than a
few targets at any one time. Dual 2-D presentations have the disadvantage of poor target
correiation if there are more than a very few targets on the display at any one time. In
gzneral, it may be stated that coding is a restrictive system of adding additional informa-
tion to a display; it is best applied on an individual target basis or upon request of the equip~
ment operator.

2.1.2  Perspective and other Monocular Cues

A pseudo 3-D cffect can be obtained by using menccular cues such as size, perspective,
or shading to produce the illusion of depth on a 2-D surface. Examples are the display of an

v
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ooject as an isomerric projection, the use of a trapezoid to represent a runway, simal-
taneous modulation in the Y and Z axis to produce a bas-relief effect on a CRT, ¢tc. While
displays of this nature indicate the presence of a thiru dimension, the indication iz based on
the view from a single vantage point and the measurement of depth is uot readily asailable
to an operator. Coding is required to measure depth. The restrictions of coding as de-
scribed in the previous paragraph apply to this technique. However, a major advantage of
this technique is that both inside-out and outside-in viewing can be portrayed to the
observer.

2.1.3 Stereoscopic Systems

Stereoscopic viewing of separate 2-D displays, one for each eye, employs the use of
binocular disparity as an additional optical cue to enhance the illusion of 3-D. Stere. view-
ing has beeu evaluated for many years from both the device and human factors standpoint.
While “his technique offers a realistic illusion of depth, it generally suffers the basic defi~
ciencies of single vantage point viewing and the wearing of special viewing devices. Recent
computer-generated displays have somewhat relieved the constraint of singie vantage point
viewing by measuring the position and attitude of the observer's head and changing the dis-
played object accordingly. At present, computer generated displays of this nature are con-
fined to "outline drawings" of simple objects such as cubes, Lissajous patterns, spirals,
¢ 2. The elimination of "hidden" lines and generation of complex surfaces both remain dif-
ficult problems. Additional difficulties associated with siereos~opic viewing are the fact
that not all observers can accommedate this type of display. For some, eye strain results
and for others ihe illusion of depth is not evident. A further difficulty is the fact that depth
measurements are not self evident - - that is, some form of "depth coding' must be em~
ployed to assist in measurement.

Again, a major advantage is the feasibility of "inside-out" viewing, in which the
observer seems to be inside the displayed volume.

2.1.4 Volumetric Devices

A volumetric display is the only technmique that presents depth in a real rather than a
synihetic fashion. Thus, all of the optical cues are employed; that is, binocular disparity,
perspective, size, and focus. Viewing in the "depth' axis is more easily accomplished.
Alsvu, simultaneous viewing from multiple vantage points is inherent in the volumetric
display.

2.1.5 Summary

Much re:nains to be investigated in the field of volumetric displays. The fact that data
displayed by light emitting points is "transparent” must be coasidered, although preliminary
experiments have indicated that this will not lead to perception problems. Display size,
inside-out, and outside-in viewing are likewise basic considerations.
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Ferhaps the greatest single advantage of a volumetric display is the possiblity of com-
municating a "whole picture'. As such, it appears a major use could be as a supervisory
display, i.e., adisplay useful to a group - - a Jisplay that would provide an averview of a
situatior. for high level command decisions. Situations of this nature characteristizally in-
volve a multiplicity of complex data with the requirement of fast and accurate management
decision making. Applied to a tactical situation, a volumetric display could enable a com-
mander to view an overall aerial, surface, and undersea situation in a single display with
the freedom to change his view point at will.

2.2 POTENTIAL APPLICATIONS

The follo ving are examples of possikle applications for 3-L displays:

2.2.1  Ships; Surface, and Submersible: (Sonar coupled and radar coupled sensors)

e Combat Iutormation Center: Unified presentation of air, surface, and sub-
marine forces.

e Supervisory Obstruction Avoidance: 3-D portraya! of ice packs; bettom topo-
graphy.

e Fire-Control: Assignment of AAA batteries and missiles (o specific targets or
threat sectors.

e Air traffic control: Supervisory.

e Target Recognition and/or Identification: Form recognition under conditions of
unfamiliar size and distance is enhanced by a 3-D presentation. Target signa-
tore cue combinations such as range, bearing, shape, and spectra, presented
in a 3-D form, may well serve to "organire® the various sgmature data in a
manner to enhance the operator target recog..ition/identification function.

o

.2.2  Alrcraft; Radar coupled)

e Drone Aircraft: Monitor and control of single or multiple drone aircraft pariic-
ularly at the system management level.

e Station Keeping and Rendezvous: Aireraft refueling, formation flight, and col-
lision avoidance are representative of fast changing situations amenable to
display by 3~D techniques.

e Fire Couirol und Weapons Management: The guidance aad monitor;ng of air-
to-air and air-to-ground weaponry is a possible use for 3-D displays.
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2.2.3 Signal Processing:

3-D displays offer the possiblity of enhancing the detection of signals in noise by por-
traying data in a manner so as to best employ the autocorrelation properties of human bino-
cular vision. )

2.3 HUMAN FACTCRS CONSIDERATIONS

Of the four gereral approaches to the problem of presenting 3-D information, the volumet-
ric and stereoscopic 2-D displays most nearly approach the ideal. The volumetric display
frees the observer from encumbrance, and provides a natural view to a large number of
observers. Against these advantages must be counted the transparency factor and the possi-
ble limitation to an "outside-in" view. The stereoscopic 2-D display, in principle, can over-
come these disadvantages by presenting a wide-angle view to each eye separately and caus-
ing the views to change naturally with head movement. This pr=sently implies objectionable
observer encumbrances. Fundamental human factors evaluation material relating to 3-D
volumetric displays is as follows:

o Inside-out vs Outside-1n viewing.
e Transparency of data.
a Multiple vantage point viewing.
e 2-D data projections of 3-D data.
e Number of data points required.
e Measurement accuracy (in 3 dimensions); cursor considerations.
Each of the preceding are related to operational requirements associated with the various

display applications. A human factcrs study in conjunction with an apglications study is re-
quired to evaluate man-machine relations pertinent to 3-D volumetric displays.

o
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SECTION 3

3. DEVELOPMENT OF A MATHEMATICAL MODEL OF THE DISPLAY

3-1. MATHEMATICAL MODEL

This section is concerned with the development of a mathematical model of the display,
starting with the solution of the physical problem of the sequential excitation of flourescauce.
It has proven convenient to discuss the display in terms of the nuncher of flourescent spots
M which can be made to appear simultaneoulsy within the dispiay volume. This number is
determined in part by the characteristics of the display medium. The ¢total number of ad-
dressable locations, or the field of the display, is not so much a function of the material as a
function of the deflectors and optics. We will find it possible to describe the display in teras
of the following parameters: ' '

{

. e
-n

—

M = Number of simultaneously displayed spots.

o it dedi e oL TR L

e,
- R VPO Y K g, },,,,.wm,W\WFWQFWWTMNMWTMWN.a fm"ﬁmm‘ﬁlmm:mmﬂm!mﬂm‘ )

QU

R = The rate at which the display is refreshed (sec'l).

(Sh Lo e

Al AT

: L = The length of the display along the direction of the
e ground state pump (cm).
a = The spot diameter (cm).

B = The spot brightness (foot Lamberts),

The physical problem to be solved is depicted in Figure 3-1 which is a generalized three
level energy-level diagram showing excitation by the ground and excited state pumps and
the various loss mechanisms. In a Battelle Columbus Labs internal report 1, it was shown
that the most efficient way to use a given average pump power is in the form of a sequencr.
of two short pulses as shown inFigure 3-2. This mode results in maximum utilization of
the excited state pump and therefore the highest overall efficiency, provided the pulse se-
quence is delivered in a time significantly less than the lifetime of the first eazited state. If
neither of the pump pulses is sufficiently intense to saturate ihe electronic system, the solu-
tion of the rate equations under the short pulse approximation leads to
f3l =N IG'-G 0 1olgty 093 LEY] photons/cm3 per pulse, 1)
for the flourescent output per pulse. The quantity il is the density of potential emitters and
Mgy is the quantum yield for visibie flourescence from the emitting level. The remaining
quantities are defined in Figures 3-1 and 3-2.

It is more useful to deal with average pump powers than with energy per pulse, This is
easily done by defining the prmap powers Iy and Ip3 in terms of the energy per pulse and the




L

vy

&

. MMH‘.J“

5 550

Figure 4-1. En.rgy Level Diagram %

, Energy lgvel diagrem showing absorption, stimulated emission, nonradiative .nd radi-
alive decays. Pump intensities zre Ilj t), abenrption crcss sections, Cij» nonradiative decay 22
rates Ryj and radiative decay rates A;;. The desired output at Ag) nccurs at the rate NgAgq i

photons/cm3 - sec.
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Figure 3-2. Excitation Pulse Pattern

The two excited pulses of intensities Ig and i ard durations {G ano <}, respectively ~re
shown appiied sequentially in a time less than 7,. The changc in populatioa of the first ex-
cited state, nj, and ithe second excited state, ng, in response to trece pualses indizated.
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number of pulses per second. Thus,

I12 = IGtGM R. {2)
and
Izz = ILEM R, B

Substituring into equaiion 1 yields

; T

, N11a02%3 993 T3y photons/cm® per sec. @
F _-Ri = 5 -
31 31 e

The ground state pump nisst be exponantially attenaated as it traverses the cisp:ay medier:,
Therefore, the ene.gy depusited per unit length wil’ reach a minimum at the point ia the
display fartherest fuom the peint at which this pump eara enters tle disploy. We wisu to
maximize the excited sitare populaticn a¢ this point. After traversirg a distance x throrch
the displ .y msdium the m.umber ¢! centers which a grcund state pump puls~ will be shle to
elevate to the first ercited state -ill be

-g. Nx
x) =NI t . 5)
Nz\x) NI, : alZe 12 5B

Maximnizing N_ at the far side of a display cf }2ngib L yirlds

L=1/ ' N. (o}

It should be pointed out that unless the value uf i indicated oy cipiation 4 ecceedi 2 certan
mirimum v:inz, the materi.! in question will prohably ne* he suituble for » <& i~ *he Jisplay.
“er a given brightness, it is evident (bat vi/2 density of emittars in the upo=r :xcite ! stale is
given by

¥ ln‘m) =5 q. /R,

5 T3 ©
-1, -
Assuming nonsaturstion implies the: N 5 <00 ?\'2‘(11(’) N . 50 ve require that
N =W >1007 2 331/11 3

The spot diamneter car be ircluced as ax exslirit paraimetsr Ly a~fining tho ovtput
flux F' 31 ana the pump flux<s i i; in terms of the outhut and inout photor uersities,

4 3
T - n ca 3
a1 3 " (d/2 Fa onetoas/s 3¢, 9
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1 i =X /2 Ii' photons/3es, (16)

Suhotiteting Fq.. 5, 9 1nd 10 into Eq. 4 we get

H 1

I I

2 ! 2
MLRY @2 =T T390 7 o

AT IS

=Z. (11)

Herc, the ejuation has teen separated into parameters which desciibe the aquality cf rhe
cispiay aud parcmeters which deacribe the light sources and the display medium. The
constast 7:, therefore, represents a measure of the gquality =f the display, and at thc same
fime 1 measure of the ditilcuity cf achieving the materiale and light sources to construct
the display.

Ag firal steps ln the development ot the =ystem equation, the bi‘ghtness will be expressed

in photornetric urits using to: conversion

t

5 Wlwgtt r, I331 b z-31
- < " < y
D w20t x 00 -»;“-33‘: Vi ® 5011 x1i° - 3 v, (12)
& fewy” d

ard the sanws ‘ntenzivies Py, and Fgo will ke espressed in terms of watts rather than it
L O0NS DAX Suoemrl,  Thae finad resua iz

" P F

b | LRBda 4 32 23

T e e e s T e s . ar_\rj ﬂ31 = 7 (13)
N % 0 hy : 2 < . -

4.3z 0 Ly 33 \ N V4i2 oo

wiere ¥y 1 the visual spectral sensitivity coefficient which is anily at ihe seraitivity peak
(0. 53 p ) an\ faiss to zero in the i and UV 1 :gions o7 the sp~orrum.

3-2. A PROPOSED TaSPLAY ‘EXARCHY

H:ving developed ~n expression by whick a given display ~an bc ¢iaracterized, it is now
possivie io tavilate the propert es of a proposed hierarchy of displavs and calculate the
characieristic parameter Z wkhich 1> a measure of the difficulty of constructing cach of these
displays. Thix is done inTable 3--1. To reduce t:e numuer of variables inTable 3-1, it was
assumed that all of the displays had areer (A 31 0,36 r Vv cutpets. Thus

«
bt
Ny

3-4

I coiviut B G

AT
-

A
v

L

E“Wﬁ'

Wiay
Ao

S S o

t:tm »

vt e g




o W

10 g AP N

Y
R R Ll L g £ R,
+
|

Vo b4
e

E«uw.- 'v
PEURTR

The lowest order displav described inTable 3-1 is the bench model which Battelie Colum-
bus Laboratories plans to construct for the Air Force Avioaics Laboratory. The most ad-
vanced display is the ONR goal which was discussed in Motorola's proposal to ONR resulting
in the current project. As can be seen, the Z values for these two displays diffec by some
nine orders of magnitude. In the following section equation 13 will be discussed in terms of
some specific material parameters. It also will be shown that it is reasonable to spaa this
range of Z with improved display materiais.

3.3 SOME OPTICAL LIMITATIONS

InTable 3-1, the display siz’- and the spot size have been kept relatively constant. Equa-
tion 15 defines tradeoffs between d, L and the other display parameters. However, these
parameters may not be varied without limit. The restrictions stem from the fact that true
collimation of a light beam is not poseible, and the smaller the minimum beam diameter,
the larger the divergence. The specific L to d ratio achievable is a functicn of a number of
parameters including initial laser beam diameter and beain quality, the tolerable spot varia-
tion and the focal length of the lens which is used. For example, it can be shown that for a
2mm difraction limited laser beam, ¢ 1 rieter focal leagth lens will produce a beam of 0.5

mm diameter which will vary by no more ihan 10% over a 20 cm path length 2, The achiev-
able L./d is, in this case, 400.

The L/d values for the four displays in the proposed hierarchy are given inTable 3-1.
These values as well as the time per event are also relevant to deflector characteristics
and will be rcierred to again in the discussion of deflectors.
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SECTION 4
4. T:E DISPI.AT MEDRUM
4. CXiTERIA Of A GOOD DISPLAY MEDIUM

The function of the disolay medium is to coavert the energy of the pump beams into fluo-
reszence at a wavelength different from either incideat beam. I order to produce suffi-
cient inteasity, the density of the active centers must exceed a minimum value. The mins-
mum value is a function of the required brightness, the refresh rate and the intrinsic con-
version efficiency of the material. In addition, the lifetime of the first excited state must ex-
ceed a certain minimum value so that there is no difficulty in timing the excitation pulses.,
and yet this lifetime must be short enough so that no unwanted spots are formed. 1 These un-
wanted spots, or ghosts, occar when the ground staie pump beam intercepts the path of the
excited state pump which has nol yet had time to decay. In some materials, and particularly
in gases, this phenomen w can e controlled to some extent by introducing quenching mat-
erals so that the life time of the metastab’e state can be controlled to lie within a suitable
range. In a Ilquid or gas, the flucrescence lifetime should be short endugh to nrevent dif-
fusion of the fli;o1 escing spot. In addition, neither of the exciting beains should be able to ex~
cite the desired fluorescence without the cooperative action of the other beam.

A mumber of addit.ona’ criter:: relating to the use of potential materials in the actual
display must be kept in “nind. For example, materials which present apparently unsolvable
containment problems 21 unusually difficylt preparation problens should not be considered.

In Figure4-1 the interaction of an ideal display matesial with the pump beam is depicted.
The ground state pump, entering from the left, is attenuated exponentiallv as it traverses
the disgplay volume. The attenuation coefficient can be ~djusted by appropriately choosing the
concentiation of ansorbers. It has been shown that the ~ntimum absorption leugth is tha x-
dimeusion cf the disnlay.

The excited state heam, cutering {rom the bottom, traverses the display with no attenu-
ation until it interse=is th: region previously traversed by the ground state pump. As shown,
it then suffers severe attenuation in the prepumped region. Achizsving this benaviour in a
ye1l material requires groand state anc excited state absorption cross sections which differ
in many orders of magnitude.

4.2 POTENTIAL DISFLAY MEDIA
The follewing diccussion deals with specific classes of materials which have been con-
sidered as display media. Specific possikilities are iden.ified and an attempl has been made

to precict the perforn:ance expected of these materials and to indicate preferred research
paths,

1-4
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4,2.1 Trivalent Rare-Earth Ions

Trivalent rare-earth ions present as dopants in various solid matrices were selected by
Battelle as the first materials for study. The basis for this choice was that a significant
amount of work on the use of these materials as infrared quantum counters had been done
and that the quantum counter and SEF mechanisms are basically the same.

The result of the work on the trivalent rare-earth ions was that a number of possible
display schemes were irentified and characterized. It was realized during the course of this
work that the efficiency of these materials in converting the energy of the pumping beams to
the desired visible fluvrescence was very low. This low efficiency is due entirely to the fact
that the trausition beiween the first and second excited states is a forbidden transition and
therefore results in a very inefficient utilization of the excited state pump. There are two
possible approaches to improving the situation with the trivalent rare earths. The first of
these, which has been pursued to some extent by workers at the RIAS laboratory of Martin-
Morietta, is the control of the conditions under which the crystals are growa in such a way
as to minimize the number of crystallographically different sites in which the rare earth
ions find themselves. This is expected to result in narrower absorption lines and a conse-
quent increase in the absorption coefficient for the excited state pump. However, these ef-
forts are not expected to produce more than an order of magnitude increase in the excited
state abscrption cross-~section. A second approach which also is directed toward improving
material characterization by controlling the local environment around the rare earth ions is
to use host materials other than the fluorides which have been used to date. Experiments at
the Battelle Columbus Laboratory with Y2C3 host powders have shown the potential of a fac-
for of 2 or 3 improvement over the CaFg host. Ne ther of these properties seem to have a
sufficient payoff to warrant an extensive research program.

4.2.2 Divalent Rare-Earth Ions

The infrared and visible transitions of the trivalent rare-earths are due to normally for-
bidden transitions between levels of the 4f® configuration. They usually are made possible
by crystal field admixture of components of opposite parity in the wave functions and have
oscillator strengths in the order of 10~5. Allowed transitions do not occur until ultraviolet
energies are reached, Cn the other hand, in the divalent rare-earths, the energy difference
between the bottom of the 4f?~1 5d and 40 configuraticns spans 2 range varying from the in-
frared through the visible and into the ultraviolet. There is, therefore, a possibility of find-
ing a divalent RE ion with a forbidden ground state absorption and an allowed excited state
absorption. This is the ideal combination for the SEF display. For these reasons some ef-
fort was spent in the investigation of the divalent rare earth ions.

It was found that of the fourteen rare earths, only 4 of the divaleut ions fluoresce in the
visible region of the spectrum. These are Sm2*, Eu2*, Tm2* and Yb2*. Neither EuZ* nor
Yb2* have an infrared metastable level which would be suitable for use as the first excited
state in the SEF scheme. Tm2% is the only divalent rare-earth ion in which quantum counter
or SEF action has been demonstrated. As was expected, due to the allowed excited state
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transition, its quantum efficiency was some 3 orders of magnitude higher than that exhibited
by the trivalent ions. However, ti.c output wavelength in the material investigated {SrCla:
'I‘mz”) was 0.72u which is too far into the infrared region to be useful in a display system.

The work on the SrClZ:Tm2+ system was performed at RCA durirg 196C under a con-
tract from the U.S. Army Engineer Research and Developmeut Laboratories. This work is
described in detail in a series of reports which do not contain any information suggesting any
modification of this system to make it a suitable display medium. The most discouraging
facts are that the host is not easily prepared in iarge single crystals and that the mechanism
of the fluorescence is not understood. This means there is nc rational basis to search fer
hosts which might push the fluorescence wavelength furiker intn the visible.

The potential of Sm2*t is not clear, and deserves some additional sttenticn. It is known
that Sm2* has 4f — 4f absorptions at 2.47u and 4.37u4.1 These lines are relatively narrow
{ ~20A) and have oscillator strength of ~35 x 10~7. They have been cbserved in CaFg, bat
because they are 4f —{f transitions they should be relatively insensit ve to the particular
host used. There is no data available on the lifetime, or even the spectroscopic labeling of
those levels. An additional line is predicted at 3. 1 but has not been observed. If this Jine
is present, we can expect in most hosts a multiphonon decay of the 2,47 level t2 the 3.1u
level. This will limit the lifetime of the 2.47u level to less than 1075 sec. If the 3,1y level
does not exist, the 2,47 lifetime probably will be determined by radiative processes and will
be in the millisecond range.

The excited statc pump probably will be in the 80004 range and wili pump a transition
whose oscillator strength is expected {0 be about 102,

It is anticipated that the Stokes shift will be such that the tluorescence will occur at a
wavelength sufficiently longer than the red end of the absorption band and that no rc¢absorp-
tion will occur. This should be verified experimentallv.

The situation with respect to the output wovelength of Sm2* is not ciear. In CaFo, there
is a large body of experimental data which indicates that the flrorescence peaks at 710CA
for low temperatures ana shifts towards the infrared as the temperature increases. The
room temperature fluorescence peai is about 1500.:‘;, which s clearly unsuitabie for the
display. However, according to Pringsheimz, Sm2* fluoresces at 62004 for which V) = 0,58,
This would be a perfectly suitable wavelength, bui Pringsheim's book is not clear .vuich host
material results in this fluorescence wavelength, although it is probably one of the alkali
halides. It is currently felt that the Sm2* jon offers the only worthwhile possibility 1or use as
a display material among the RE2" jons. However, no definite conclusions can be drawn
without further investigatioas,

4.2.3 Other Solid Display Media

It is known that a number of other ions, particularly thosc in the 3d period, fluoresce in
various solid matrices. However, no reasonable SEF scheme was found for these ions and
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no experimental display work has been done on them. An article by M. R. Brown and
W. A. Shand discussed these ions but presented no hope for tleir use in the SEF display. 3

4.2.4 Organic Mclecules

Organic molecules offer certain clear advantages in any device application. Sufficiently
small changes can be made in molecular structure to provide virtually a continuum of prop-
erties withir a range reasonable for organics. The organic modules are convenient for gas
phase work since their vapor pressures are high whea comparae with that .7 inorgani. sne-
cies of similar molecular weight. This is a consequence of weak bonding in organic molec-
ular crystals versus the bonding in covalent or ionic crystals.

The spectral properties of organic molecules can be described in terms of the generic
energy level diagram of Figure4-2. The S <512 S and Ty 2 Ty transitions are allowed.
The S;- S, decay usually is responsible for fluorescence. This is because nonradiative de-
cays within the singlet manifold and intersystem crossing from the triplet to singlat levels
depopulate all hut the S; and Ty levels. The TS, decay and §;- S, decay both can pro-
duce visible radiation. However, since almost any excitation of the molecule results in these
outputs, they are not suitable outputs for an SEF scheme. Ouly one case of So +S] floures-

cence has been reported (in the azulene compounds), however, no reasonable SEF scheme
exists.

The only other viable scheme for utilizing organic molccules is to use the T2 - Ty fluo--
rescence. This has been observed in rubrene. Two excitation schemes are possible, both
using the Tj level as the metastable state. This can be populated by direct So —+ Ty absorp-
tion or by the addition of a sensitizer to the molecule. As shown in the figure, the second
step is a Ty~ T2 abscrption. By virtue of nonradiative decay in the Ty manifold the Tg —» Ty

emission is separated from the pump wavelength by several hundred angstroms. This sys-
tem should be investigated.

4.2.5 Monatomic Gases

Because of their superior optical quality, ease of preparation, and reduced cost, it be-
came evident that gases were to be preferred over solids or liquids as the ultimate display
medium. In addition, each of the spectroscopic characteristics required of a superior dis-
play medium are individually realized in many gases. Careful analysis and consul-
tation with a number of eminent spectroscopists (most extensively with H. Broida, Univ. cf
California and K. N. Rao, Olio State Univ.) resulted in the conviction that there was no in-
trinsic prohibition against these characteristics existing in the proper combination in a sin-
gle gas. Sixce there ~as virtuaily no cohercat background of literature on excited state ex-
citation meckacisms in gases allcwing for cnaracterizatior of SEF eiiicieccies, with a
screening process was initiated. This screcuing process was d=signed i etiminate from
further consideration those gases shown (@ e unstitahle on the basis of o her well kaow
properties. This screen.ng prozess utilized as basic crite-ia the density of the gas at

reasaaable temperatures, the energy of tuc first excited state, ancd the presence of viable
fluorescence.
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Figure 4-2. Typical Organic Module Singlet and Triplet Manifoids
Diagram of the singlet and triplet manifolds of a typical organic molecule showing the SEF

scheme suggested for rubrene. The width of the electronic levels is due to a vibrational and
rotational substructure which is not shown explicitly.
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Among the monatomic vapors, the minimum density critcria 21iminated al! but the noble
gases and Hg. The noble gases h:ve their first excited state i the vacuum ultraviolet re-
gion and must therefore be discarded since no corresponding 1~».sers exist. Na, K, Rb, and
Cs have similar chemical and spectroscopic properties. Based on several argumcats all
may be eliminated from counsideration. First of ail, temperatires on the order of 500K are
required to reach the necessary density. Since these elements are highly reactivc, the cle-
vated temperatures are expected to result in severe contzinment problems. Furtnermouze,
sodium is the only member of this group with a bright visible fluorescence. Since this fluo-
rescence originates from the first excited state, severc single beam excitation protleres are¢
likely. Consideration of the sodium energy level diagram rzveadls no promising SEF sckeme.

Marcury is the only remaining monatomic vaper. E previously had been dropped rom
consideration fog a number of reasons. Tine most uctable [act is that-its lowest excited state,
63Po, lies 2656 A above the ground state and is'therefore well beyond the range of availalgle
lasers. However, the advent of a tunable dye laser with a short wavelengih limit of 2350A
{Chromatix Model 1050) makes it advisable to reconsider this material.

The vapor pressure of mercury is such that the minimum required density is exceedad
at 30°C. The spectroscopy is exceedingly well known, and the formation of a visible spat by \
the SEF process was demonstrated in 1963.4 The excitztion schene used is illustrated in
Figure4-3. The 25 537A line excites the atom from tae 615 o ground state to tas 63P1 excited
state. A collisional deexc1tat10n to the metastable 63P leve1 then occurs, followed by the
second excitation with 40474 radiation exciting the aiom to the 7381 2vel. Tha output at
54614 accompanies the decay to the 63P,, level. Zito ard Schrasder report a conversion ef-
ficiency for this scheme which is several orders of magnitude better than we have obtained
with the rare-earth ions. This is due to the fact that the 63P0 - '7381 transition is highly
allowed.

Our initial calculations indicated an apsorption lengch of less than 0. 2 cm for the 2537X
pump at room temperature. Efficient pumping of a reasomable volume is possible only by
utilizing the wings of the absorption line, the approach used b) .,xto. A better apprcach '

sight be to populate the 63P0 level directly, smce the 61° - P transition at 2650A is
weaker than the 615, — 63P1. Unlike the 25374 line, i hdS the addluonal advantage of lyving
within the range of the Chromati:. laser. We have not been able to find a value for the
strength of this transition in the liter aiure reviewed te date Lut we have not yet iale 2 com-
plete search,

There are a number of difficuities 7 ssorinted with the nise of atoin’c mercury as a 4dieplay
medium. The most obvicus problems resvif frv.n very nar:ow ebscrption linewicrhs (~ 5§ =
109 Hz or 10-23 at room temperawrs). This m2acs that a spectraliy very uarrow purp
beam with a high degree n’ statil.ty mus: he ueced, The use of a spectrally broader ;amp
would, of course, resw't in inefficiencier since vsoet cf the pump energy would lie ¢utside
the absorption line. Uy: lasers of the requirad <iobi’ity ard licewidth dc exist at longer
wavelengths, but not yet at the u.v, waeiength reqiared 3y mercury,
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Anotlier pot.:ntial problem with merciry is tlie pussibility of the photanheounsdcar forma-
ticn of dimers with ap atiendent emissior of visidle radiation, Selection of a suitabte buffer
gas probably will nminimize this problem. fhe basic questions t¢ be arsvwered in the evaluz-
tion of mercury as aa £EF display medium: are; Can the 63}’0 leval be poyulaved dir<ctly,
and what is the proper buffer gas, The major expex‘in‘ental problein is exnestad to be the
consiruction :>f a suitabse ultraviolet vump. At 29‘37A, fig lairg s probably il: kave Lo be
us:c, At 26562 the only commercial source is the $40,009 Claxcmatix 2ve iaser. It ~-ay ba
possible to construct a 1ess expensive laser. Because of the very car-ow linewidthe, the=~
mal sources are not expected to he useful even for <rper menial work,

4.2.6 Diatomic Tases

The paucit;- uf suitable row-‘omic gasez led us to extond tle rearch for 3% dispay mCig
to the a’atom:ies. The same sort of screening orocedure was ucea, az3d 4 num’er of poter-
tial display media have been ideatified. An immediate advartage of ‘ne dialomic: is ‘hat tle
vibrational and rotational degrees of freedom add sufficien:? effective width te the etertronin
transitions sigri‘icantly reducing che licor grobjem

The groups or dictomic molecules “vhich werz origiraliv wwinsidered were:
. Diatoraic halogens, Brz - 19s Ci.h,, anG y » .
e Diatemic mixed kalcguens sved as IC:, Ibr, ara CIF
e Diztoni:c ilkall metals, (‘sz, ha. ‘-;2, and Nag
o Diatomic faived alka:® metals such us CsRb and Nak

e Diatymie mercuvy, Hg.. and 1excary L1kali netal diatc mes sech a2 CsHg, RbFg,
acd wHz

s Diatomic 32, Se2, aund T2,
& Diatomic N2, Hg, ;32, CC, and NG,

Becanse of ease of handling, chemical stohility, aveilability and known visible ileores-
cences, the diatrmiic nzlogens were selected for initiel sudy. The iodine molecule was cho-
sen for the {i1st detailec calcolations since its soectroscopy is best *movn of all the diaton.ic
halogens. It was cemeluded that, within the limnits of reliaoility set by the eslimotes of
certain urmeasured spectroscopic paruneters, the iodine molecule has a high probability of
being successfully used s« *he dicplay mediuvm n a moderate size display. The maiu draw-
back cf the jodine molecrle seemed i Le a rather low excited state transitica s.cobsbilicy.

This problem r.n be rlleiviated by the subsequent use of 2 heteronucleas molecule such as
)

-9
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The results of the calculatiors and the fact that the I, and IC1 molecales require pump
wavelengths in the infrared region covered by available turable lasers (e.g., the Chromatix
parameiric oscillator;, #udicate that these molecales should be in-estigated. ‘
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4,3 SUMMARY

Salids dopad with trivaism rare earth sons are the only materials for 'vhich we have com- :
piete SEF 2ata. These are velatively poor display maicrials since the ground and excited i
state absorptions are forbidder: transiticas with approximately equst ~bsorption cross-
sections. For examply, 1f used with 1 wart la-.rs, CaF«a:r.r?’ Las a Z-value of 2 x 1016, i
The oscillatcer etrength, which is the basic ineasure ot transition probabiiity. is about 10-6 for {
trivaient rare earth. Oscinnu‘nr strengths of umty are possile and ave observed in many
materiale, Fwrtherimiore, the line vidrh or the (otic ahsorption in solids 1s on the order of !
hurilreds ~f Ap’,strom units. The aUsorpticn >rocs-scction i proportionzl to the line width, :
ang idthe of ¥, 1A are possisie in gases: ‘iterefore, 8 or 9 orders of magnitude improve-
rerut in in-sterial chucacteristics should be cbtainable zo that it is reasonable to think of Z ]
vaiues ¢: 1052 nei~g exceeded by several orders of magnitude with 1 watt of average pump ¢
pGwW X<

Tae pozsibilities fur coutiauad materials research are summarized ia Tabte 4-1. a1l shauld
Le einphasized thai in estimatiat the ultimate porformance of the materials listed, appro-~
priate iasers La e been assumed.

’n makipn3 recommendaiions for the optimum path to fuilow in continuing the material re-
searcaorogram. ‘'t is necessary to define specific goals or a set of ground rules to aid in the .
deessicn making process. These goals muct be established with matarials research consid-
erec as past of a system dovelopment program. Consequently, research priorities
aust be inflvenced Ly the projected availability of compatible components. Therefore, the rec-
ommended path may change drastically as the state of knowledge of materials, lasers, and
deuflectors advances.

A meterials research program should be guided by the short range goal of achieving the
Tirst Interim Display (500, 2 ft-Lambert spots) while at the same time demonstrating the
capacity of the materials tc achieve at least the performance ievel of the Second Interim
Dispsay (5000, 30 ft-iambert spots). It is apparent that the trivalent rare-earths and TM
should be elirainated from cersideration. Mercury, a material in which SEF behavior has
been demonstrated, presents severe light source difficulties both for ex erimental work and
for the ultimate display. Theicfore, experimental work on mercury should be deferred.
However, since the literature on mercury is extensive, a man month of literature work
and caiculations pcobably will allow an accurate assessment of the potential of this material.
Attention shnuld be paid to estimating the magnitude of deliterious effects resulting from
<hemi-al in‘eractions of exciten states, After this preliminary study, the decision to
pursue an cxperimeatal program could be made when light sources tecome available.

4-10




"POWINSSE S1 SIASE] PJEM [ 9{GEIMS JO ANIGE[IEAE oYL 4]

1

s S o

saayio - -
Jtoded 220T X 8 101 ‘%1
y3ry Inq £doosoxyoads jrnopid Y31H oe9poIN 000 ‘0¥-00% - 40T X3 saodep
oluvield
warqoad
29S®B] 949498 Alxe[nonTed Mo ydig 0001 gr0T X I 8K
saodep
DTWOJBUOIAL
STIYMYLIOM JINS Mo 03
~-and seyew jjofed Y3y o[qIissod 918 I9POIN 918 U9POIN 000 ‘02-000¢ 1201 X 1 auaaqny
SI[NO3ON
onedan
elrymyjaom s
Apms Axeuywiroad yuowr uewW y Mo Mor] 0008-000¢ 20T X2 +zWs
Bumsand
y3a0m jou - yoroxdde snoiaqo oN ydy M0 £IBA 00¢ gT0T X 1 +zWL
suojg
_ Ay uerealq
_
Adoosoajoads awos YIIM walq UOIIBdLIPCIN
-0ad Suimoasd [83sAI0 B AUIBA 91EAIPON i y31H 002 40T % 9 1SOH -8U0]
_ dY jusreAlLL
!
[e1I97BW I[qB[IeAR A[juazand - { urejaa) Ge 9101 X 2 +m,~mnmhmo
|
SIUDWWOD) Ayoa _ﬁ ssooong jJo | sjodg jroqureT *Y o¢l(3jewixoadde; | retaajen
Aniqeqoad | ¥ wiw ¢ Jo Jaquiny * Z
SoTII[IqISsod Yoxeasay [ .J9jeW Jo Arewwmg *I-§ 9lqelL
wornd meed nd Ll ] e L J S . ;

R DN SR 3w Y iy b AL T T R LI AR Tl K s e

b kbt sl b et s gk

\ 4t

a2 i b

o S Rk g D6 kst e e

S e A A M L

4-11




ik DLl

el Hitegtadd)

FEATY

ikt Mo s L

L

WA

AT TSI O ATES T e e T T

R e s e e

Another man month could be well spent in assessing the patential of Sm2*. The experi-
ments are not difficult and the potential payoff is quite high, especially since a solid display
medium could be quite suitable for a panel mounted cockpit display. The experimental pro-
gram would consist of verifying the results alluded to in Pringsheim's book, and searching
for the metastable excited state of Sm2™ in those hosts in which the ion exhibits visible fluo-
rescence. Some time and/or money would, of course, have to be devoted to material prep~
aration. This should not exceed the equivalent of a man month of effort.

The organic molecules represent an area with a high potential, but one in which the prob-
lems are relatively poorly defined. Modifications of the rubrene structure should be inves-
tigated as well as appropriate sensitization procedures. Calculations have not yet been done
on a specific molecule and our state of knowledge is rather primitive. The decision to under-
take a fuli experimental program should be preceded by two man months of preliminary mea-
surements a'.d calculations.

The preliminary work suggested for the organic molecules already has been done for I
and tte results are quite favorable. A display of several hundrea spots should be possible
using 1,, and several thousand using IC1. The reason for including I, in the experimental
program when we feel that IC1 has a higher potential, is that the spectroscopy of Is is bet-
ter known and its inclusion in the program will allow a more systematic procedure to be
followed. The major component problem in a display utilizing the halogen molecules will be
the two to th»ee micron Jasers which are expected to be required for the excited state pump.
However, currently available parametric oscillators will be suitable for the experimental
work, aund the reasonably broad linewidths encountered in these molecules at room tempera-
ture should facilita.e the development of lasers suitable for the display. Major effort should
therefore be devoted to the study of these molecules at the present time.
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SECTION 5

5. HFAM DEF.ECTORS*
.1 CRITERIA

‘The fnnction of (he bsam deflectors *s to cause the outpits of the encrgy sourccs to
arrive at th- proper peint of iatersection within the display volume. There are a variety of
phvsical mechanisms which inay be employed to create the required deflectivn, They may
be evsluated acecrding to the following criteria.

5.1.1 Two-axis Operatinn

ke sysiem requires that each of the pump beams be able to be scanned in both azimuth
and elevatica. The d-flector therefore must he iutrinsically capabie of two-uxis deflection
or it mus! be poss:lie to ciscade two erthngonally oriented, single-axis deflectors.

5.1.2 Randorm Access

The deiieciors mu:t be designed for raador access rether thaa raster seun operation,
The reasc. for this zas ha se<a from the following example, Corsider a dispiay with 200
resolution elements per axis or $ x 10° possible writicg locations in the volume. Assume
that 1€4 of these are being written in. If a raster scan is usad and the display is refresaed
39 times per second, then esch <lement ic allotied 4 x 1079 cecond per writing event. The
laser pulses must therefore be synchronized to nanosecond accuracy which is not a reason-
able ) equireisent. ln eddition, <incv onlv a small fractior of the possiole spoi locations
are bzing written in, either rlie laser must Lo pulsed irregularly or an attenuator musrt be
used to block off the beam when an "empty" location is addressed. The irregular pulsing
situation probably will result in m.stacle Yasev outputs., The use of an attenvaior in the pres-
.nt example, wi:l waste 99. 9% of the lacer light.

Random accesc op-eration, o1 the other hand, allows 3 wsec per writing event and
regaiar laser uperation with no waste of laser power,

A possible method Jor avoiding ghosts in the display volume would be to vse a semi-
raster scan, This weuld mirimize the possiuvility of the excited state pung overlapping the
region previously pumped by tae grour¢ state purmp, btt wowd reyuire pre-sorting of the data.

5.1,3 Wavelengtn

The defllector must gperate a' the optical wavelength required by the display material.
Scine deflectors are exceedingly breadband. Others have a wavelength range wiich may be

*

———

fome of the iaformation in this «27tion was developed by Battelle Columbus Laboratories

}:gdgr fr;é?ilsﬂrsi.ip i the Asr Force Avionics Loboratory under Contract Number F 32615-
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limited by absorption in the deflector or the power required to deflect the beam is a function
of the wavelength.

5.1.4 Random Access Time

The number of evenis per second is MR, so the time per event is [MR]'I. As indicated
in Table 4-1, this tim> ranges from 5 msec t> 0.67 psec. In each case the random access
time must be somewhat less than [MR]~1 to allow time for the writing to occur.

5.1.5 Resolutica

Again referring to Table 4-1, it can be seen that resolution of up to 300 resolved spots
per a:is (s reqlirea.

5.1.6 Fointing Accurucy

Th= pointing accuracy stould be considerably better than a spot diameter. There are
two reasons for this, The firat is that when angle deflection is used, angles intermediate
to those defining thae spot locatirn c2uters on the entrance {ace, must be used to address
locations deeper within tiie volume of the display. Second, and most important, is the
requirement that the pointing accuracy be sufficient to guarantee good registration of the
twu pumping heams.

The registration problem has been investigated quantitatively by assuming two beams of
Gaussian energy cross section. For orthogonal beams, the spot size and shape is independ-
ent of beam misregiztration, The effect of misregistration on brightness is shown in Figure
5-1, It can be sten that the brightuess is a rather insensitive function of registration. In
general, pointing accuracies of 0.1 spot dianieter should be quite sufficient.

5.2 DJEFLECTOR TECHNCLOGY
5.2.1 Mechanically Driven Mirrors

Mechenically drivea mirrors are the <implest of the available beam deflectors. They
have the advantage of being essentially lossless, but suffer from a rather slow respoise
timc. Two basic types are available, galvanometer driven and piezoelectrically driven.
Since he lowest natural frequency of a unit is some measure of its time response in random
access operation, it is of interest to note that available piezoelectrically driven units have a
lowest natural frequency of approximately 12 KHz compared to approximately 3 KHz for gal-

vanoraeter units. For a2 30/sec refresh rate, this corresponds to 400 and 100 svot maximum
canability, respectively.

A complicating factor in the galvanometer drive is its susceptibility to hysteresis effects
which in some units are as large as 4 percent. Since the higher response galvanometer units
lack some internal means of position sensing to overcome the hysteresis induced error,

o
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it is necessary to always approach a newly commanded deflection angle from the same
direction, This has the effect of reducing the hysteresis induced error to acceptable
levels at the expense of nearly doubling randon: access time of the galvanometer drive.
In the piezoelectric drive, this complication is circumvented by active position sensing.

Another usual characteristic of high response mechanical mirror drives is highly under-
damped operation. This has the effect of producing slowly decaying oscillations a)out the
mean orientation. The effect of such osciliation would be to enlarge the apparent size of
the generated spot and decrease its boundary definition or cause misregistration. Since
this would degrade the viewing characteristics of the display, additional damping would be
required, decreasing the drive response.

5.2.2 Electro-optic Deflectors

Both analog and digital electro-optic deflectors are now under development. In the
digital type 1 each stage is composed of a polarization switch and a birefringent element
as in Figure5-2. The switch chooses one of two orthogonal polarization states which have
different paths in the birefringent crystal.

For a system with n spots per axis, there must be p binary stages wheren = 2P, Thus
for a display with 256 spots/axis, an eight stage per axis deflector is required, so each

beam must go through 16 deflection stages to effect two-axis deflection. The losses and
the problem in cascadirg the two deflectors using such an approach may be prohibitive.

ELFCTRO-OPTIC BIREFRIWNGENY
CRYSTAL MATERIAL

. +24___3_,ff§;
® LI©O)

51564
2v

Figure 5-2. Typical Stage of a Digital Electro-Optic Position Deflector

al,l

One form of analog electro-optic deflector which has been successfully demonstrated 2 is
illustrated in Figure 5-3. Through a series arrangement of electro-optic prisms, a light
beam is deflected by varying the refraction index of each prism. The deflection of the prism
is controlled by applying an electric field to its top and bottom electroded faces. Alternating
the clectro-optic polarity of the prisms allows all prisms to be excited from a single potarity




electric field providing alternate index variations. This configuration vields an output contin-
uously controllable in position beam, in contrast to the discrete beam positioning capability
of the previously discussed digital electro-optic deflector.

HIGH VULTAGE
ELECT":%CDE

RAY

1

HIGH VOLTAGE
ELECTRODT 5156 3

Figure 5-3. Refraction of a Light Beam Traversing an Iterated Electro-optic Angular
Deflector

Both types of electro-optic deflectors have inherent limitations for SEF use. Although
multistage digital deflectors have been built with resolutions in excess of 250 selectable
heam positions and random access response of less than 10 microseconds, they are prinei-
pally limited by relatively low optical transmission efficiency and the necessity for high-
voltage drive electronics for each deflector stage. Similariy, hetter than 300-spot resolu-
tior has been demonstrated in ihe Lrism wype of electro-optic defltector. Although the prism
type of deflector exhibits a respectable optical efticiency of 6C percent, it suffers trown high
load capacitance. This both limits random aczess times and increases ti.e complexity.

3.2.3 Acousto-optic Deflectors

Several types of acousto-optic beam deflectors {AOBD) are commercially available which
are well suited for use in most of the SEF displays described in Table 4-1. The AOBD con-
sists of an ultrasonic transducer bonded to 2 suitable transparent material. The transducer
sets up ar ultrasonic wave in the material which causes a periodic variation of the index of
refraction of the acousto-optic medium, This so-called “'phase grating" is useu to diffract the
incident light wave via the Bragg effect. The scattering angle is determined by the ultrasonic
wavelength in the cell. The fraction of the incident light scattered is determined by the am-
plitude of *he ultrasonic waves. The AOBD therefore may be used both as a deflector and as
a modulator.

Deflector resolution and bandwidth are interrelated by

. Td
N = —— af, 1)

where T is ihe acoustic tiansit time across the optic aperature d, and Af is the available

.
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handvidth of ulirasonic excitation. For uniform illumination of the deflector aperiur: @ = i,
while for a circular Gaussian bean: profile clipped at its 1'e2 intensity points, a =~ 1.3. ’L

The close relationship between deflector resolution and the sonic transit time across the
optical aperture, which is directly related to random access time, results in a tradeoff in b
AOBD desig. Acousto-optic deflectors are commercially available for operation in the visi-
ble spectrum having random access times as short as 1 microsecond and resolutions of 100
equivalent Rayleigh spots. At the other end of the spectrum are commercially available .
units having resolutions of 575 spots and random access times of approximately 10 micro-
seconds.

The fractional light intensity of the deflected beam I compared to the iaput beam intensity
I, depends both upon acoustic pewer Py and the wavelength A of the light beine detlected: 3

I

I . sinz(-i— JPa ) @) .
Light deflection efficiencies are a reasonubly linear function of power u~ to 70 to 75 percent
after which the nonlinearity of the sin2 function becomes important. Also, for deflection of
longer wavelength cptical beams, as indicated by equation 2, the acoustic power drive musi
increase as the square of the wavolength optical beams. as indicated to maintain the same
defiection efficiercy, all other things being equal.

As a consequence of the interdependence of power and wavelengih, acoustic power drive
must be increased ior efficient defiec'ion of iufrared beams. Minimum deflection efficiencies
of 50 percent ar: available - irrently in commereial cells of 200-<pot resolution, ~ver the
iairared wavelength range up to 1.364 . Cells suiianie Yor deflection of beams with wave-
lenaths as lung as 2u -een. to be well within th: honds of existing technology. Tor longer wave
«~ ¢lengihs, the use of germanimis as a dcflector matzrial is be:ug explored.

5.8 SUMMARY

The acousto-optic beam defiector currently has carabslities sufficient *o implem=at the
first three dispiays in the hierarchy., The requirements of the S0, 000 spet display will not
be met by the curreat generation of AOBus. To mieet these specificacicns with a saagle AOBD,
a i2flec.or material witis greatly improved characteristics will be required. If this material
ig rot fartheceming, a cascaded system consisting «f 3 AOBD for gress detleclion ava an
electro-optic dctlector for rapid character cr short line genexatizr could be considered.
Such a syc<ten: shovld be sufficiently fast to satisfy even the rejuirimien: s of the 56, 000 sgot
display. Cf coarse, us:ng the characier generator to some extent will zacrifice compliete
ranacm “«ccess opeiation but this should net be a serious nreblem,
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SECTION 6

EMERGY SOURCES

<

6.1 CRITER:A

Tte “unctior. of the energy sources is to excilc a well defini:d spct in the display medium
to the proper fluorescent level. To do thic, the energy sources raust satisfy a .umber of ¢vi-
eria, These will depsad, to some extent, upon the sperific display 1-ed.umn ana the desirad,
display chacacteristics, However, zome geueral criteria can be ared to -Jefine tho energy
sour«e problem.
6.7.1 Warziength ,

It is dexirable to use rump heams which ar> net in the isibl» region ¢f he spertrum,
Furtbermore, the auinicer of unlesirable .vocesses which may occur vl b2 minin:izada if tne
lowes: possitle photon 2nergv is used. The lowers Jimit is scl by two factec s, Sirst, if wwe
stntes are s parated in ecergy by less thw about 7 kT, thers wil: Ye sigaiziczat thermal poy-
ulation of the tnver level whie™ will lead in unwvarted fluorescezcn. The wavaleugth 2orves-
ponding to this er: rgy (1400 em™ 4 ic T ‘nicrons.

A slighly more s:vere upper limit on the wavelength is set by the requir.n:ent that the
nutput wavelength be sufficiently far removed from either of the pumy wavelengths so that
they may be ezsily separated by abzorption filters. If a minimum value of 500A is chosen,
then e luagest pump wavelength for a display emitting green light, must be less than 6, 4u.
Tb.s will, of coarse, allow the other pump to be in the visible region., The requirement that
neithe¢ pump be visible means that the shortest wavelength is 0.7y, so for a green display
the largest will be 2. 4u. The range 0.7u to 2.4p therefure is the ideal range. Waveleagths
out to J.4p msay be utilized if the concomitant disadvantage of having one visible pump can be
tolarated. The specific wavelengths, of course, will be determined by the displéy medium,

H

§.1.2 Lincwidth and Stability -

The linewidth and wavelength fiuctuation of the pump beams must be less than the width
o: the absorption line. Excessive spectral width will result in part of the beam being unab-
sorbed and therefore wasted. Lack of stability will result both in wasted energy and fluctua-
tions of display brightness.

The minimum possible absorption {inewidth is that due tc the Doppler brcadening of an
atomic transition of a room teinperaturc moaatomic gas. This linewidth is given a: by the
expression,

230 f2rT w2}/
Mp =

c M } t




where A, is the wavelength of the center of the line and ¢, R, T and M are the spced of
lighe, Lniversal ga's constart, absolute temperature und molecular weight respectively. It s
can easily he ezon that, for alomic mercury at room temperature a 25003 absorption line
will have a width of 2.2 x 10° 32. For molecular iodine, the Doppler width of an 3000A line
would be 6,2 x 1673,

The next broadoning mechanisni which must be considered is pressure broadening, Add-
iz one atmospasre of arzon t% a rooin temperature mercury vapor 2 has the effect of in-
creysirs the livewidth of . C2A. Larger effects are expected in iodine or more complicated
niolecu’2s with linewidths up to several hundred angstroms being observed in solids. Thus
che mivin.un: pump linewidih required will be on the order of 0.0IX, with larger valves be-
ing accantable for othey materisls.

€.1.3 Pulse Rate and Fals. Width

Tulsed excitation is desired both because it is the most efficient way to perform the se-
cuertial ¢ scilation aad because there is a pause between pulses during which the deflectors
Lub be swi.ched 7c a new position. The required pulse rate is MR pulses/sec and obviously
depends ugpon ile specific display. Values of MR in Table 4-1 range from 200 to 1.5 x 10
per second.

The entire piilce seguers-e must be over in a time less than the shorter of Ty OT (MR)"l.
6.1.4 Optical Qual'ty

‘The pump beams mast ce of suflicient optical quality to ailow the formation of a spot by
sie SET process at any point iu the di:play volume with minimal variation in the spot size,
If, as previcusly disciisgred, 2 minimur spot size of 6.5 mm is desired and 310% increasc in .-
this diameter is allow=d over the displ.iy volunie, then for a 2 mm diameter gaussian laser
bcam, a 1 meter lens will allow the use of a 20 ¢m display volume, This gives 400 resolv-
abie spots which is a re~sonabie valae fur the upper limit of the display resolution.

The use of 2 beam of lcac than pevi=ce guality (i.e., diffraction limited) will result in
cevere losses upon collimation and will limit the effiziency of several types of beam deflec-
tors. It is pussible to zet a diffraction iiznited beam only frem a high quality lacer
operating it or close to a single trzasversc mode (TEMgy,).

6.1.53 Average Pcwer

it ic anticipated that, for au efficieui display mediumn, one watt of pump power inciaent
upor the medivam will cuifive for a high capacity display. The losses in the system wmowi
nct cxceed 50'%, vu a iase:s power ¢f several waits should suffice. As the rativ or 4.9 %0 T 95
becomzs smaller, ii can b» shown that the maximem utilizable excited state ruxp povar
<Nreases. Do a good dicplay modium, Ti2 should be several watts while Inq is senar
mifsiwaits,

6-2
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7.2 LASERS

I 13 evident frem the precediug Giscunsicn thag the FREIRY Sedlee T/ ziiont un he
satisfied only by a laser. Ever if the bewt. qu dlity peoldam 2cu'd we s¢-ved, the linewidip
and averag: powe™ reqgiranents coniking to give » gpeciral puwer <ensity whick is in ger-
eral urobfmnahle frore vy otker type o1 o *ce. Tha most u- o ful lasers are thuse which can
ce tur'd since it is varearanable to e4ucet Loneideace H~tween 2 no=ar fixad-wavelengtil
laser line and the spezi<i- wavels gth raquired Ly u given displey inaterial. For ¢cony ete-
ness fixea wavelength iasers «ill ¢ 2 ficLussed nriefly. The uzveral ¢! csee of tunable la<ors
wilt then e dealt with md) ‘daallv,

€.2.1 Fixea Wavelragth { asers
In Tabie( -1 are histu: thote iaser nes which ave woram . idlly avaiizble witi average
pawers greater (A.a "0 mwatis aué sgve waynais wglhs nelweon 0.6: aL.. Uk, Yalse rates of ‘ae
I~ lasers and cw-pumgped solid s*ate lorers ranging *ora cw io lu MHz 235 he obtaine’ Ly
cavity dumping techniques. 3 v ihe table only one mamufactures was infica.z2d for ssck lasew
althougli in s7pa2 ¢~ ses several sources ave availaiie. The ruby lac: » was not 1nzluded since
i Ic difficuli to prlse rapidly.

Tah'a -1, Potertizlle (sseful 'ixed~ijaveleagths Lasers

r Wave'length, Tawer, .‘ —]
Micron Nowales | Tyre , Manuf..cturer i
T U S N S B i
| 2.1 -; 1€, 000 Ho YAG Hughes (AFAL)
; 1078 : €6 | Nd:YAG Chromatix
{ 1358 200 | N&YAG Chromatix
; 1,387 300 Nd:;TAG Chromiatis
i 1.2y 200 NA:YAG Chromatix I
. i.153 50 He-Me Spectra Physics i
1,223 225 Nd:YAG Chromatix
1 1,116 295 NJ:YAG Chromazrix
1.112 240 ! Nd:YAG | Chromatix ]
1.G74 200 Nd:YAG Chromatix
1.9€4 [ i,500 NJ:YaG Chromatix
| 1.061 220 Lld:UAG ! Ciromatix
{ 1.652 150 Nd:YAG Chromatix
7.946 50 Nd:YAG Chromatix ;
0.749 66 Kerypton Colierzat Radistion !
0.752 2C0 Krypton Cohe:ent Radiation !
0.679 170 Na:(AG Chromaiix f
; 0.676 150 Kryptor Coberent Raciation
| 0.667 150 Nd:YAG Chromatix l
6-3




Tah'e 6-1. Potentially Useful Fixed-Wavelengths Lasers (Contd)

{ ' _

; Wavelzuyth, | Power,

l micron l mwatts Type Manmufacturer
T i

! 0.65 | 150 Nd:YAG Chromatix

i 0.64” i 1,000 Krypton Coherent Radiation

) 0.633 1 50 He-Ne Spectra Physics

b = o e e e v —

£.2.2 Parametrie Oscillators

The optical parametric oscillator (OPO) is a device which utilizes the nonlinear pelariza-
rility of 2 noncertrosymunetric cxystal to convert an incident laser beam into two bean's at
longer wavelengthe. The successtul operation of an OPO was first reported in 1965.  Sub~
sequeat worl: resuited in extended *tuning ranges and the demonstration of OPO action in ma-
fv1.als other thua the prototype materiai LiNbOg. The OPO field is one in which a good
deal of research is stiil being done. A very recent publication deals with a CdSe, OPO
vwiih outputs arcund 2.2y sad in tne 9, to 10.4u region with anticipated 2u to 4u and 8u to
154 uning runges.

The cutput wavelength A g of the 0?0 is accompanied by an idler at A ;. These are related
to the pump wavelength A p v
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An acdidinal constraint “'for cumulative parametric interaction and thus significant gain is
that the gersrated poiarization wave at each of the three frequencies travel at the same velo-
2ity as a freely propagating electromagnetic wave''. The angle of incidence of the purp
Leam and the ‘cmperatuce of the QPO crystal determine the specific wavelengths which sat-
i5tr these conciiions. The OPO therefore can be tuned by angle or temperature variation,

Trasently, only one commercial OPO manufacturer cxists. The available OPO has a tun-
ing reuge of 9.65u to 3u, but average powers are limited to less than 10 mwatts and pulse
rates are limited to 1200 pps. The tuning range is limited by the characteristics of the OPO
arystal (LiNoQg) and the range of pump wavelengths available from the Nd:YAG laser used
to purap *Le OPO. The power and pulse rate limitaticn arise from damage problems in the
LiNl:O3 an¢ from the characteristics of the Nd:YAG laser. Currently up to 30% optical con-
version efficizncies are possible, and not much increase in this figure is anticipated. How-
ever. average powers of up to 1 watt are predicted within a five year time period, probably
by increasing tne size of the parametric interaction region and increasing the damage resis-
tanc2 of the crystals.

o]
T2 the 1, 7u to 3u range the current OPO bandwidth is above 0.604A, If the average power
ind pualse rate of this device are increased as expected, it will make an ideal pump for the
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SEF display. Its only drawback is the cost, which currently exceeds $40,000. This cost is
expected to diminish over the next few years, although not tc the extent which the price of
simpler lasers have decreased in the five year period following their introduction. It is en-
couraging that many variations of the parametric oscillator are currently under investiga-
tion. New operating modes, 8 and additional materials such as BagNaNb;O15 9 and Lig
GeOg 10 are the subject of recent publications,

6.2.3 Dye Lasers

The first operational dye laser was reported in 1966. 11 Since then, an enormous
amount of work has been done on various types of dye lasers, much more than has been done
on optical parametric oscillator. A recent review 12 of the dye laser area contains a list

of over a hundred references. This is by no means a complete list of the publications in the
field,

The primary reason for the relative amounts of activity in the dye laser and OPO fields
is that a useful dye laser can be built in a rather inexpensive, unsophisticated manner as
E opposed to the sophisticated engineering and expensive componenis required for the OPO.

The operation of the dye laser is depicted in Figure6-1. The dye molecule is character-
ized by singlet and triplet manifolds. Pumping is effected by optical excitation of the Sy~eS;
and/or S =S, transitions. The output is always a transition between levels in the S; and S,
manifolds. Since the electronic levels are broadened to several hundred angstroms by vibra-
tional and rotational interactions, the normal S;-=S, fluvrescence occurs over a wide band-
width. Lasing action can be enhanced at a given wavelength in this band by putting a disper-
sive element in the laser cavity permitting only the desired wavelength to be amplified. Tun-
ing is effected by adjusting this dispersive element.

The triplet levels have two deleterious effects. First, nonradiative decays from the S;
to the Ty level drain the upper lasing state. Second, and more serious, once the T1 popula-
tion becomes high enough, the lasing action is quenched since the T1—+To absorption usually
corresponds to the Syj—S, emission. A major advance in dye laser technology came when
quenching agents were introduced to depopulate the T levcl thereby allowing dye lasers to
operate in a continuous as well as a pulsed mode.

There are currently a number of dye lasers and dye laser components commercially
available. These are pumped in a variety of ways, anc will be discussed in terms of their
potential use in the SEF display in groups according to the excitation mechanism.

Flashlamp excitation of dye lasers is the least expensive and, in many ways, the easiest
method of excitation. The prime requisite is that the flashlamp deliver sufficient energy to
the dye at a high enough rate te overcome the rapid S; S, decay. Commercial systems are
available which produce 1 to 2 mj/pulse at rates up to 50 pps. The major problem in using a
flashlamp pumped dye laser in the SEF display is that no major increzse in the pulse rate
seems likely.
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Figure 6-1. Energy Level Diagram of Typical Laser Dye

The obstacle to high pulse rates ultimately boils down to a heat dissipation problem in the
flashlamp/dye-cell system. Even if we allow a tradeoff between energy per pulse and pulse
rate, keeping the average powe coastant, the problem remains since a reduction in energy
pe~ pulse is achieved by reducing the flashlamp and dye-cell size and consequeuntly their
heat dissipation capabilities. Maintaining a large laser size and running at low energy out-
puts is very inefficient since the threshold energy still has to be overcome for each pulse.

A possible way around this problem is to pump continuously and pulse the dye output by
other means, The cw pumping technique has been discussed 13 but has not been achieved
with incoherent pumps.

Arnother limitation on high flashlamp pulse rates has been pointed out, 14 In order to get
high-performance, high-brightness lamps, the internal gas pressure is critical, At the re-
quired pressures the recombination time after pulsing is about a millisecond. Pulse rates
exceeding 1000 Hz are therefore not possible with these lamps.
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There are several reasons for prefercing to pump dye lasers with other types uf {escrs
rather than with flashlamps. The repetition rate and rise time problems can be ¢vercome
with a number of Q-switched or possibly with mode-locked lasers. In addition, the spectza:
purity of the laser output makes it possible in many cases to puinp directly into the propsr
absorption band of the dye. In gencral, pumping with a wavelength several bundred angstroms
shorter than the dye output is the preferred mode of operation. However, Ly utilizing tie nv
absorption band (generally So—*5y of many dyes, the Nzolaser (33;.«'1An kas been usad to pum
dye lasers which completely cover the range from 3600A to 6500A. Ir aadition, it iias beon
shown 15 that by introducing suitable mixtuces of dyes inte the laszr cavity, this range can
be extended to longer wavelengths. This is accomplished by utiiizing the fransfes ¢f exeita~
tion from a uv absorbing dye to a dye which doez not absorb at the pamp wavel¢ngih, but
where absorption band overlaps the fluorcscence hand of the first dye. Pulse ratss cf the
Ng-laser pumped dye laser are currently limited to 500 pps by the pulse rate »f 2vailable Ng
lasers.

The ruby laser also has been used to pun.p a wide variety of dyes. Because of its longer
wavelength (6943A as compared to 3371K for the Ny iaser) the cuby is capable cf pumping
dyes whose output extends into the niear infrared reginn. However, the use of the ruby laser
as a dye pump is again not suitable for the SEF display because of puise cate lim.tatioas.

A more promising approach, especially at wavelengths exceeding 1 micron, is to use the
solid state neodymium laser as a pump. Excitation with a Q-switched Nd: rlass laser {(output
at 1.06u) has resulted 16 jp lasing over the range 1.0810u to 1.1815y using a variety of
dyes. The Nd: YAG laser is capable of inuch higher pulse rates than the Nd: glass lasez,
which means that a usable system, tunable in 1.1 to 1.2y range, should be possible.

As aresult of increased understanding of the fluorescence properties of the dyes and bet-
ter optical cavity construction techniques dye lasers have been bnile with greater efficieury
and improved operating characteristics. As u result of these advances, crmtinudts operation
of a dye laser was achieved in 1970 17 using a 1 watt argon laser to excite th* dye.

Dye lasers have several advantages for use as sources for the SEF display. Theooptical
quality can be made quite high and the linewidths can be narrcwed 10 less than 0.01A. In addi-
tion, they probably can be pulsed at high rates by usirg a cavity dumped argon ion laser or
by using a cw ion laser and mode locking the dye laser. 1l¢ Mode locking produces pulses
at the rate of ¢/2L where L is the cavity length, and is therefore suitable only for very high
pulse rates.

Dye laser wavelengths are available up to about 1. 2., and it is probably uaceasonable to
expect dye lasers with outputs at much longer wavelengths in the near futire. 'n fact, the
upper wavelength limit of laser dyes is expected to be about 1.5u 19 due to the rapid trans-
fer of energy from excited electronic states to molecular vibrations. On iche okor hand, bet-
ter pumping techniques for near IR dyes can be anticipated. It should b« possihle to use the
0.647y output of the krypton ion laser to pump dyes which emit in the ¢, 7u to C. 85u region,
just as the 0.5145y argon line is used to pump 0.58u to 0. 70u dve rasers. Therz is even the
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woseibility o1 pumping with the G, 7H2u xrypton live to get further into ‘ne .. Another possi-
hility, whica chicild reault ir & compict tunable laser with a very high osvera'l efficiency, is
‘6 pump wiith an arzay of LED's whose ouiput is chio32n Lo mztch the absorption krand of the o
dy=a,

Dye .aser systems can be uszd o genercfe coacren: radiatron nutside the emitting region -~
of the . ;v hy empioying ¢ vaviety of nonlinear optical =ffects. Frequezucy Coublers ~an he
used tn extrud the Zye laser ravge into the uvs. To geaerate tunalile TR usimg visible dye laser
outputs, Deway and Eoexker 20 miixed the turable lagey cadiatron with the Jixed warelength -
pump i a LiNbOg crystal, Uicy were alle to tuue ihe differunce {requeacy in the 3 t2 4u
region. Ancther spproach cuggested by Herbst © {s *p use tie dye to pumr a parametric og-
cillator {~ 3¢t tunable racdtation in the 0.7 to 1.6p range, Progresc in many of these areas
is expected fu the raxt few years.

6.2.4 Other Lasers

The narametric sscillator and the dye laser are the only commernialiy available tunable .

vs2rs waich are pofentivlly aseful as energy s—arces {or the SEF display. However, a num-
ber of other trpes o1 tunable lasers should He me atirma€ becsuse of their potential spplica-
tion in the future.

There 2re a variety of semiconducting lasers with outputs in the n sr infrared region.
The lasing sction occurs in a very narrow junction rogion and, until recently, the output was
claracterized by Deing diffraction limited perpendicrlar to the plare of the juaction and some
two orders of magnitude worse thar diifraction limited in the plane of the lunction. This very
poor optical .juality made the injection lasers unsuitsble for use as an SEF display pump. An
advance in diode laser technology which may remedy this situation was the recent achieve~
ment 21 of single mode operation of a GaAs laser by placing the active material in & well -
designed opticzl cavity. The dinde laser now may be thought of as a potential SEF pump in
the 0.7 to 0. % range.

There are also a variety of Raman lasers which may piove useful. These are devices
which have the ability to effectively shift a portion of the energy of a pumping laser to longer
wavelengths. The amount of the shift is determined by the amount of energy absorbed by the
Raman material during the process of being driven from its initial state to a different dis-
crete higher-energy state. Raman laser technology is not yet sufficiently well developed for
its potential to be estimated. However, it has been shown that spin-flip Raman laser 22
pumped by a CO9 laser could be tuned over the range 10. 9 to 13u by varyiug the magnetic
field in which the laser was situated.

6.3 SUMMARY

The light source situation might best be summarized by saying that each of the criteria
previously discussed may be satisfied individually or possibly in pairs by some particular
laser, however, that there are only a few discrete wavelengths at which all of the criteria
can be simultaneously met. U is anticipated that shoul@ the ne=d zxist, all of the criteria
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except average power currently could be satisfied over most of the dye laser wavelengthk
range (0.5 to 0.7 micron). Furthermore, this range should be extended out to 1 micron or
longer wavelengths within the next few years. Average powers of several hundred milliwatts
are within reason,

The OPO is the only broadly tunable source which currently has an outprt at wavelengthbs
beyond one micron. Its average power will certainly be increased beyond the present 10 mil-
liwatts within the next few years. It is not clear whetber its pulse rate will be pushed mu=h
beyond several thousand pps. It must be pointed out however, that in addition to the tunable
dye laser-heterodine system mentioned previously there is a variety of less broadly tuncd
lasers available in the infrared .

The continuing progress in the laser field makes accurate prediction of the srtate of the
art very diificult. Due to the diversity of approaches possible, the best tactic for the devel-
opment of the SEF display is to look for better display materials. Then if the materials are
good enough to warrant the effort, the specific lasers required by with these improved
materials should be developed.
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SECTION 7

7. SUGGESTIONS FOR FUTURE DEVELOPMENT OF THE SEF DISPLAY

Although the attainment of the 50, 000 spot system will require advances in the state of
all three of the major display system components, the key to any major advance iies in the
discovery of improved display materials. This beco:es evident from a brief consideration
of the range of Z-values involved from going ‘rom the present state of the art to the 59, 00C
spot display.

Currently using Can:Er3+ as the display mediu1 and 100 milliwatt lasers at the appro-
oriate vavelengths a 19 to 20 spot system having a Z-value in the 1013 ¢ 1014 range caa be
constructed. To attain the Z = 10%2 goal some eight orders of magcitude improvemert are
required. For reasons of safety, size, power consumption, and to keep within presently
accepted bounds of reality, we are seeking 1 watt lasers for the final system. Therefore,
according to equation 3-13 we can expect to attribute only 2 orders of magnitude increase in
Z to l=ser improvements. On the other hand, as has been discussed at the end of the Diaplay
Medium Section an & or 9 order of magnitude increase in Z by virtue of the discovery of
imprc ved materials is within reason.

Therefo.e it is evident that progression through the hierarchy must be lead by advances
in the efficiency in the display medium which, of course, requires tbe discovery of better
display materials. The projected development is predicted inFigure7-1. The bench model
based on 1971 materials will be constructed after a suitable delay for the completion of the
system engineering work. Further limited advsaces may be achieved through additional
laser development. InFigure 7-1 sufficient effort in the materials area is assumed so that
significant advances in the materials will be made in 1973 and 1975. In order to cagitalize
on these advances, some time must be allowed for the construction of appropriate lasers.
However, the long system engineering effort probably will not be r_quired for later systems
because of the experience gained during the construction of the bench model. Finally, for
the achievement of the ONR goal system a suitable length of {ime has been left for the {inal
deflector development, As can be seen, assuming a sufficient rate of effort, this system is
predicted for 1978.
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Definition of Terms

time (sec)

3
(Brightness of Display Element (Photons/cm pex ser
Output of Display Element (Photons/sec)

Number of Simuitaneously displayed spots

Refresh Rate (S€¢ )
Display Length (cm)
Radius of Display Element (cm)

2
Pump Intensities (photons/cm -sec) (statesi to j)

Absorption cross-section for excited state pump

Fluorescence quantum efficiency.
Lifetime of the first excited state

-3
o¥n L total molecular concentration of active medium, (CM )

1 . -
in general nlz N

Minimum {luorescence center concentyation n(min.}

Spot dia (cm)

Spot brightness (ft - L amberts)

N
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absorption coefiicient i —j (states)
radiative decay rate (j—~—1i) (sec_l)
nunradiative decay rate (sec-l) .

Charsucteristic display paraneter a maasure of °
display capability

Visual spectral sensitivity coocdinate
Planks constant
Freq (Hz) of optical radiation

Wavelength of optical radiation
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