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AFFIDAVIT OF Pamela Stansbury 

STATE OF NEW YORK ) 
) ss. 

COUNTY OF TOMPKINS ) 

Pamela Stansbury being of full age and duly sworn, deposes and says as follows: 

1. I am an employee of the Cornell University Library, and specifically Library Technical 
Services, located at Cornell University, Ithaca, New York 14853. I have personal 
knowledge of the facts set forth below. 

2. I am the Administrative Supervisor in Library Technical Services, which maintains 
bibliographical and processing information for many historical documents. I have held 
such position since 1996. 

3. Included in the Library's historical collection are various publications. As part of that 
collection, the Library maintains custody of an original issue of Applied optics, Volume 
10, Number 1, January 1971, which includes the paper Photoluminescent conversion 
of laser light for black and white and multicolor displays. 1: Materials I by L.G. Van 
Uitert, D.A. Pinnow, and J.C. Williams. 

4. Mr. Richard F. Moncrief requested information about Applied optics, Volume 10, 
Number 1, January 1971- specifically when this item was first made publicly available 
by the Library. As best I can determine, the publication was publicly available at the 
Cornell University Library as January 5, 1971. 

ANDREA DENISE SMITH COLON : 
NOTARY PUBUC-STATE OF NEW YORK: 

Tompkins County \ 
Registration #01SM6276256 
Commission Exp. 02/11/201.7 
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Photoluminescent Conversion of Laser Light for 
Black and White and Multicolor Displays. 1: Materials 

L. G. Van Uitert, D. A. Pinnow, and J. C. Williams 

.\ number. of pbo~olurninet!Ce~~ materials have been found w have properties that make them extremely 
u•eful ~or ~mprovm~ the quahty of laser display liS well liS offering ~implification~ for mult ioolor systems. 
~he ~rtnCJpal funcl•on of the~~e materials is that or oolor conversion when coated onto a l&>er illuminated 
Vlt'~u·~ R~recn. A I!('()OOdary, yet significant, role is that. or rendering the converted light incoherent. 
Tht~ elurunate<~ .the unpl~t granular or epeckly texture Ill "<>cia ted with direct viewing of diffW;e.ly acat
tt>red co~erent light. It •~ oo~cluded that virtually any vi•ible color may be achieved by photolumine~~cent 
('flnvent•on of a monorhromall~ blue or ultraviolet la..«er beam. 

I. Introduction 

~n a recent review of hll:!or diHplay technology Baker• 
pomted out that conRidcmblo motivation in this field 
stcmH from the promi~ of producing a cathode ray tube 
type of display with e.•l.'lCntinlly unlimited screen ~izc. 
He concluded that although ndequate light benm modu
lation and scanning tc<'hniquc~; ure prc~nllv available 
brol\dly applicable 0<1uipment awaits the development 
of an efficient mult icolor lasor l!ourcc. 

Although liuch a mult icolor source would indood be 
der~irable, the pro!lpcctH for its renlization evrn in the 
distant future, arc !!pcculativc. Howeve'r, it U; clear 
that etficil•nt monochromatic or limited color mngc lnser 
sources can and will be developcd.1 The purpot<C of the 
prc.'ICnt work is to show thnt a monochromatic lnser 
R?urce iK Kati.Hfactory for white light and multicolor 
dtl!plnyli when advantage is taken of photoluminescence 
tho nbtmrption of light of ouo wtwelongth and t,ho sub~ 
scqurnt <>missions at another wavelength. By prop
erly coating a viewing HCr(l('ll with exi11ting organic and 
inorganic pho~phors it i!! po~<sible to efficiently convert 
n~onochromatic blue or ultraviolet hvlor light into 
Vtrtually any vi~<ible C(llor in<'ludiug white. Au addi
tional benefit of thi!! conv<>n-ion iii the elimination of 
the unplca.'lnnt grauulnr texture generally Ill ociAtcd 
with direct viewing of diffusely scattered coherent 
light ,• becau.'!C the converted I ight is incoherent. 

The bllllic phyt~ics of pbotolumineBCent convrrsion is 
quite simple. Photon!! from a light beam such ruJ a 
laecr beam are absorbrd in n material which is thereby 
rail!(l<l to un excited state. Tlds excitation equilibrates 
in a brit'f interval, typicully w-• sec to w-s sec. Equil-

The autho111 are with Bell Telephone Laborat.oril'l!, Inc., Mur
ray Hill, New Jeraey 07974. 

Received 16 March 1970. 
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ibration CIUl proceC<l both rudiatively by tho emission of 
a photon and nonmdint ivcly by, fo r· example, a series of 
phonon interactions. A material is considered to be a 
phosphor if radiative emission is observed. The rela
tive trcngth of radiative transitions i pceified in terms 
of the phosphor's quantum efficiency, defined as the 
ratio of emitted photons to ab ·orbed photons. In 
general, the rnergy of the emit wd photons is le.«s than or 
equal to the energy of the ttbsorbed photon ( tokes's 
law). That is, the color of the emitted Light is either 
unchanged or shifted in the direction of longer wave
lengths. In certain limited en~' anti- tokes (shorter 
wavelength) emission is also pos~ible when additional 
ent>rgy is !lupplicd to the single photon e.-'<cited state by 
other means such as thermal excitation or multiple 
photon absorption. 4 In tho pre,.,ent work we will con
sider only Stokes emitting phosphors which have suf
ficiently high quantum efficiencies to be of interest for 
laser display applications. Some emphasis will be 
placed on those materials that can be excited by the 
argon ion IIUler which is presently the most suitable 
source for a laser display sy tern. 

II. Characterization 

There are four basic proportie· that characterize 
photoluminescent materials. They are (1) ab orption 
and emi ion spectra, (2) conver:;ion lifetime, (3) 
qunntum efficiency, and (4) absorption cross section. 
It should be noted that the last three properties can be 
functions of the exciting wavelength. The features 
that make a phosphor desirable for application in laser 
display ystems can be related to these properties. 
First, the phosphor must have a high absorption cross 
section for the exciting laser wavelength so that nearly 
total absorption can take place iu a thin layer of mate
rial that is coated onto a screen. The phosphor should 
have an emission spectrum in a dcsil'ed wavelength 
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range with a high quantum efficiency, say, 50% or 
greater, since the display screen size is limited by avail
able light intensity. In addition, the conversion 
lifetime should be sufficiently shot·t so that the screen 
will not be overly persistent; there is no perceptible 
consequence if the lifetime is exceptionally short_$ 
Finally, the phosphor should be inexpensive, stable, and 
preferably nontoxic. 

Ill. Materials 
Rather than attempting to cover the broad field of 

phosphors, we will discuss, b:1 way of particular ex
amples, those materials that we consider to be par
ticularly suitable for laser display systems. They 
generally fall into two categories, inorganic rare-earth 
phosphors and orgauic dye phosphors. To a lesser ex
tent we will also consider inorganic compounds that are 
activated by transition metals and other organic mate
rials such as the aromatic hydrocarbons. 

A. Inorganic Phosphors 

According to Pringsheim, 6 practically all molecules 
that are photolutninescent in condensed states are 
rather complex. The only exceptions are the positive 
ions of some rare-earth metals. The optical properties 
of these ions are so little perturbed by the surrounding 
medium that, even in crystals, they behave almost like 
isolated atoms, and their energy levels arc well known.7 

The rare-earth Tb!+ is a particularly useful ion since 
the wavelength for maximum absorption of its 6D4 

manifold corresponds quite closely to the blue (4880 
A) emission of the argon ion laser. When this ion is 
embedded in a properly chosen host, such as a tungstate 
or a molybdate, it will emit upon excitation a strong 
greenish-yellow color which has a peak at approximately 
5440 A.7 The lifetime is approximately 0.5 msec, 
and the quantum efficiency is high, approaching 100%. 
We have examined the performance of Na9.6Tb0.5W04 
under excitation by an argon laser ( 4 80 A) and find 
that 1-mm thick sample absorbs approximately 50% 
of the incident beam. This absorption cross section is 
substantially lower than optimum since a considerable 
thickness of material would be required to coat a display 
screen. 
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Fig. I. Relative absorption spectra of TbH and EuH and the 
emission spectra of Eua+. When these two rare-earth ions are 
inrluded in the same host, such as NauTbe.uEuo.uWO,, a.bsorp
lion of-argon lru;er radiation at 4_880 A is du.e to Tbl+wh.ile excita
lion transfer to Eua+ results in the characteristic Eua+ emission 

spectrum which peaks in the red at 614.0 A. 
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Fig. 2. Relative absorption and emission spectra of YAG:Ce. 
The broad absorption band is due toad-baud excitation. 

It is possible to achieve other colors by photolumines
cent conversion using different rare-earth ions. For 
exam11le, Sm~+ has a peak emission at 59 0 A, EuH at 
6140 A, Dy!+ at 5740 A, and Era+ at 5520 A..7 How
ever, none of these transition!-' other than those for TbH 
can be directly excited to any extent by the 4 0-A line 
of the argon laser. Generally, shorter wavelength · 
excitation is required. However, indirect excitation of 
Eu!+ is possible through an intermediate Tb!+ ion.8 

For example, excitation transfer from TbH to EuH in 
Nao.,Tbo.2SEuo.2sW04 causes this material to emit a 
strong red color under 4 0-A illumination. The ab
sorption bands of TbH and EuH and the emission of 
EuH are displayed as a function of wavelength in Fig. 
1. The absorption cro s section, quantum efficiency, 
and lifetime of this material nre s.imilar to Nao.~Tbo.~
W04 discussed above. 

The Ce!+ and EuH ions are exceptions to the general 
observation that the fluorescence of rare-earth ions is 
little affected by the host. This is so because their 
emissions are from d-bands which strongly interact with 
the crystal field.$ A rather unusual but useful material 
is made by adding cerium to Ya.Als01s (Y AG). The 
lower excited states of the crystal field components of 
tue 5d configumtion of the YAG: Ce composition are 
sufficiently low in energy that absorption of 4 80-A 
light hecomes appreciable. 1° Figure 2 shows the ab
sorption and emission spectra in detail. Note that the 
peak of the etnission spectrum occurs at 5500 A, the 
wavlength at which the eye is most sensitive. We 
have found that at 4 0 A the absorption cross section 
is approximately 30 dB/ mm/ wt %of Ce added to the 
Y AG host. In addition to this relatively large absorp
tion cross section, this compound has a very short life
time of approximately 0.07 ~sec (Ref. 11) and a quan
tum efficiency of approximately 70%. 10 These proper
ties make YAG:Ce very attractive for display screen 
applications. Furthermore, this material may be 
tuned for a particular Ube. By replacing some Y with 
Gd the peaks of the absor·ption and emission spectra 
shift to somewhat longer wavelengths, while replacing 
Al with Ga causes the opposite cffect. 10 Other Ce8 + and 
Eu2+ compositions that .have been investigated9•10 

require excitation at wavelengths substantially shorter 
than 4 0 A, general!y in the ultraviolet. 4 

In addition to the rare-earth compounds, there are 
large clas8es of inorganic phosphors ~which have II-VI 
hosts such as ZnS and activators such as Bi, 1\In, Cu, 
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