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SECTION 1

Intreduction and Summary

T™he work of this repcrt is directed toward the optical
recording of time-sequential information from a spatlial array of
hydrophones or other sensors. The time sequence of s8ignals from
the sensor array 1s initislly & apace-time matrix of data. An
optical recording process is requirced which will convert this
data into a two-dimensglonal spatial matrix.

Such & recording process will require the following elements:

1; A photographic recording film or other medlum

2. A wrlting head capable of simultanesus recording of data
in parsllel columns on the film from many information
channs!l

3. A hydrophone signal distributor to traansfer the gignal
from each hydrophone to the matching channel of the
writing head, with signal amplification or other inrput
matching to asgure compatibility with the writing head.

This report will assess the practicabillity of such a recording
aystem in which the recording medium is photochromic film and the
writing head is an array of luminescent gsemiconductor diodes. The y
dinde arrays considered here will be made by neutron transmutation’
doping since this technique promires high denslty packing of
luminescent diodes with high optical power density par unit area.

The racording medium to be considered will be photochromic film
because it can be repeatadly re-usad, and therefores offers the
poaslbllity of long term use with a ralatively low volume of I'ilm.
It algo offers ths property of high résolution atorage of the

information.
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The importsnt characteristic of photochromic film is its
ablility to change 1ts optical density in a reveraible manner, upon
the absorption of optical radiation of spacified wavelengths. The
thermal fading rate is slow (minutes to hours) and the spatial
regolution can be high -~ theoretically in the 100 angstrom range.

The optical dengity of a photochromic film will vary as s
function of the wavelength - usually expressed in millimicrons
(mp) - of the incident radietion, and of the energy depocsited
(expressed in Joules per ch or mlllijoules per cm?) ana a function
of wavelength. A photochromic film will usually have at least
two wavelength ranges with opposite behavlior: An activation
wavelength range, within which the absorption of energy will
increase the optical density of an initially transparent film;
and a bleaching wavelength range, within whic. the absorption
of energy will decresse the optical density of the film. There
will also be a neutral wavelength which will not affect the film

e ot e m

and which can therefore be used lor optical readlng.

Luminescent diode writing hesds have a number of potent al
advantages for recording on photochromic film: The luminescent
P-N junction area can be in close contact with the fi1lm leading
to afficlient utilization of the radisnt energy. The radlant power
density produced by slectrical pulses can be appreciable, of the
order of milllJjoules per cm2 for short pulse lengths. The size
of the illuminated reglon can be a few square mils, sméll enough
to achleve a8 relstively high packing density of information on the
film without requiring optilcs.

Another 1inportent conaideration 1s the possiblllity of
fabricating luminescent diodes in array configuration. Since
many recording channels are required along the width of the film,
a linear array of diodes 18 needed. Neutron transmutation doplng
wag selected as & promising method for fabricating a luminescent
diode array with relatively close spacing in & alngle atep. This
doping method, which 18 describad in detail in Sectlon 5, has the

RUDT08 (217
C
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capability of fabricating 8 linear array of P-N junctions of
almost arbitrary length, in a single semiconductor crystal, with
a diode-to~diode minimum spacing in the 10 to 30 mll range.

Summary of the Work

In Section 2 of this report the properties of photochromic
films sre described and the characteristics of luminescent diode
writing heads sre briefly revisewad. The sgpecifications for a
multiple-channel photochromic recording aystem are piven. A
detailled discussion is given of the wyatem aspects of photo-
chromic film recording which will emphasize the critical
parametars in assessing such a syatem,

The important characteriatics of photochromlc material are
1) its reversibility, o) its spectral range, 3) the energy
density reguired for bleaching and U) item expected lifatime
in cycles cof use. A program of measurements wag carrlied out on
a number of avallable photochromic materials to determine these
characteristics. The measurements and results are described in

Section 3.

Photochromic material measurement are deacribed in Section
3.1. The results are summarized in Sectlon 3.2. It was Tound
that only one availsble material had the spectral range and low
energy denalty For bleaching that is at all compatible with
luminescent diodes. This 18 the VL-316A film in glass laminate
form, 1t was also f ind that the lifetime 1in uss cyclas »f the
gystem is relatively limited,

The lifetime of the photochromic film is limited by the
deterioration of the chemlical compound in the ultraviolst
activation process. As the deterlioration proceeds, more ultrs-
violat light is8 roquired to produce & given density change,

FUNDAMENTAL METHODS AGSOCIATES, INC.
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Eventually the film is no longer sensitive to either activation
or bleaching light. Measurements on the VL316A film (the moat
satisfactory) lndicate an expected lifetime of 800 cycles,

Experimental attempts were made o incrsage film lifetime
by conducting activations in sevaral chemically different
atmospheres. No significant differences were observed. This
is discusged in Section 3.3.

It is pointed out in Section 3 that the blesching mode in
photochromic films requires radiation in the 50C0 to 7000 angstrom
range., 1t i3 also necessary to achieve an energy density of the
order of 10 to 20 millijoules per ch to obtain bleaching. In
Section 4 we consider the attainability of this wavelength and
energy density with semiconductor luminescent diode arrays which
can be fabricated by transmutation.

Gelliuy arasaenide phosphide can be produced to emit at any
wavelength in the range from about 5900 R to 9100 ® depending
on its cornositior. The required wavelength can be cbtained by
properly apscifying the value x 1in GanAal_xb The greater
the value of x, the lower 1s the wavelangth emitted.

Any semiconductor composition in the famlly GanAsl_x can
be doped in a Junction array configuration by neutron transmutation
tachrniques. At the beginning of this investigatlon it was intended
to select a compogition that 1s compatible in frequency with a
gatisfactory photochromic materisl. When it was found that no
photochromlic materiasl had a sufficiently long 1lire cycle to
satisly the symtem requirsments, it was decided to conduct the
powar compatibility messursments with the most convenlent and
most s88l1ly ootainable semiconductor meterial in thils family,
gallium arsenlde. Results obtained for GaAs would in addition
ba directly applicable for development of &8 dirde array for
mul’' ichannel recording on conventlonal photogra, 'lo 1lms,

FUNDAMENTAL METHODS ABSBOCIATES., INGC.
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Measurements were made on gallium arsenide luminescent
diodes produced by 1) neutron transmutation and 2) by
diffusion. In both cases power densities of 50 to 100 milli-
watts per cm2 were measurad under CW conditions. With good
heat ginking and pulsed power this should permit sub-millisecond

writing speeds on the best photsachromic £ilm.

The applicatiosn of neutron transmutation technigues to
diode array fabrication in the gallium arsenide phosphide family
of compounds 18 described in Section 5.

Neutron transmutation techniques can make a significant
contribution in the development of multi-chanrel recording on
photochromic film {and alternatively, on photographic films) by
means of the capability for fabricating a high linear density of
diodes on a single wafer of semicorductor, each diode having a
small emitting area. An array of 100 diodes over a l.-inch width
of semliconductor wafer is an atteinable obJective. Thia cor-
reésponds to a 10-mil spacing batwean dindes, each diode having
a radlation-emitting area of 5 to 10 squére mils. In the present
program the more modest objective of 8 3I0.mll diode spaclng was
get. This goal was attalned and a four dinde array with 30-mll
spacing was made. The radiation-emitting ares of each diode was

15 square mils,

Trensmutation technlques have thus been used in this work
to make an Iintegrated linesr optical array fabricsated on a
gingle monolithle slice of gallium arsenide., This integratsd
device includes all electrical connsctlon points and all infra-
red-emitting junctions, PFurthermore, we have shown that desaplts
the small size and compactness of the diode arrey, a sutficisnt
A intensity f'or {ilm recoriing is esvaillarle from each P-N Junction

alement.
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It had originglly been pisnned to perform the nsutron
vransmutation irradiations for production of the diode array
writing heads in the Osk Ridge Reactor, with which we have
extensive ¢ perience. Two capsules were planned, one capsule
to produce individusl diodes and some small srrays (five
junctions or less) and one capsule to produce larger arrays.
However, after the photochromic materisl studies were completed
we were informed that increased usage of the Oak Ridge Reactor
by Oek Ridge National Iaborstory would m&le scheduling of
experiments extremely uncertain., It was therelore decided to
use another availeble resctor, the Air Force Huclear Test
Facility (AFNTF) at Wright Patterson Air PForce Base,

The first capsule was prepared and irrediated. It was
found however that the gallium arsenide specimens had sll been
ovar-irradiatad. Not only had the originally P-type unahielded
regiong teen converted to N-type, but thae ahielded P-type regions,
which should have remsined P-type were sleso convarted Lo N-type,

Dateiled analysi~ of the rirst capsule specimens showed
the reason for this over-irradistion. The non-thermnl (higher
ensrgy) part of the neutron flux gpectrum is significantly
higher ir the AFNT® than {:. the ORR. This 18 particularly
important for gallium arsenids whlch haa neutron absorption
resonances at ths higher neutron ensrgies which are present In
the AFNTF. The significsnce of the lowsr cadmium ratio in the
AENTF 12 presented in detall in Section 6.1.

Onoa this point was realized, & second capsule was prepared
to replace the Firast capsule. This irradiatlion was succesaful
in producing single dlodes and four-element arveys. Thig cepsule
is described 1n datail in Sectlon 6.

FUNDAMENTAL METHODS ASSOCIATES, INC.
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The succesgsful gallium arsenide irradiatisn capsule included
gaveral specimens which had been exposed with radiation dles to
produce four-element arrays. One of these four-junction diode
arrays waa fabricated into 2 four-channel fil‘. ~riting head,
which was tested successfully on 35 mm infrared film. A aimple
four-channel recorder was bullt and demonstrated. The racorder
was delivered to the U,S, Navy Underwater Sound laboratory, New
London, Connecticut. This four-channel diode array film recorder
is described in Section 7 &as typical of larger arrays which can
be built.
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SECTION 2
Photochromic Film Recording for Optical Correlators

The work of this report is directed toward the optiéal
processing of time-sequential informetion from an array of hyd. -
phone heads. Each hydrophone head presents an electrical signal
continuous in time; the hydrophone array may consist of hundreds
of much heads, It is desired to record all signels from the
array gequentially in time on an optical recording medium, e.g.,

a photochromic film, The time sequence of signels from the hydro-
phone array 1s initially a gpace-time matrix of data. The optical
racording process converts it into & two-dimen. lonal aspatial
matrix, for example with the x-coordinate characterizing the
hydrophone array element and the y-coordinate (proportional to

the fi1lm movement speed) characterlizing the time point of the data.

when the Aata ia in this aspstisl matrix form 1t 18 ready for
optical procesgine. The dates at each polnt can be considered an
opaque 8pot in an otherwise transparent medium. In analog
recording the nptical denaity (to be defined below) of the apnt
will bae proportional to the hydrophnns element slgnal intenslty
repregented by that spot st that point in time. In digital recor-
ding, the spot will be elther complately opaque or tranaparent and
a series of such spota will constitute the binary representatlon
of the signal from the hydrophone at a polnt in time. An analog-
to-diglital converter wlll be nsceassary to digltalize the hydrophone
signal.

The apatis)l matrix of data produced in thlas way las suitable
for opticsl correlation proceasing, e.g. 1ts spatial freguéancy
gpectrum can be obtained or 1its sautocorrelation functlon or 1its
crosd-correlation function with various rsference patterns.
Theme calculationsa are necessary for the detection, racogniticn,

and classiflcation procesmes in using the hydr - -phone array. What
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should be emphagized 18 that optical correlation processing is

an extremely elficlent means for performing these calculations.
For a two-dlmensional matrix one can sihiow that optical processing
iy far morea effective than digital computer processing, to the
point where meny extremely significant recognition and clagsifica-
tion processes wrich cannot be attempted by digital computer
analysis are directly amenable to optical correlation processing.
When results &re needsd in real time or in almoat-real time,
optical procesaing is alsc of unique significance.

The operation of such an optical processor depends on a
suitable optical recording process, which will prepare the two-
dimensional spatiasl matrix nf data which 1a required. The
racording process will require the following elements:

A photographic recording fl1lm or other medium

1,

2. A writing head capable of simultaneous recording of date
in parallel columna on the film from many information
channels

3. A hydrophnne aignal distributor to transfer the aignal
from esch hydrophone to the metching channel of the
writing head, with signal ampliflication or other input
matching to assure compatibility with the writing head

This report will assess the practicability of such a recording
system in whlch the recording medium s photochromic f1lm and the
writing haad 1s an array »f luminescant semlconductor dlodes. The
dlode arrayas considered here will be made by nesutron tranamutatinn
doping since this technique promises high density packing of
luminescent tiodes with high optical powsr denaity per unit area.
The recording meltium to be considered will be photachromic film
becsuse it ¢an be repestedly re-used, and théraefore offers the
pomyibility o long term use with a relatively low volume of fllw,
1t also offers the preperty of high remolutlon storage of the

{information.
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s A photochromic miterisl La charecterized by havipg two atates
o with dffrevent sbsorption spaotre, in which abgorptlion at cartalin
& fraquancias causss the materisl to changs from ons state to the
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State A has two absorption bands, as shown, one of which is
called the mctivation band and the othar the reading band. State
B h&a ona absorption band, falling in wavelength between the
activation bvand and the reading band of state A. This is called
the blesching band. When in state A, 1f light irn the acfivation
band 18 absorbed, the material swlitches to state B. wWhen in astate
B, 1f 1light in the blesching band is absorbsd, the material
awitchas to gtate A, In stete A if light in the resding band 1is
sbaorbed, the state does not change. Hence this band can be used
Por senaing the atate wlithout changing it.

It is apparent therefore that change of atate can tske place
either by activation or by bleaching; either of these bands can
be usad for recording the infromation; while the senaing or reading
takes place using light in the reading band.

The writing can take place in one »f two ways, (1) Initislly
the material is8 in state A. Activation i3 used to convert 1t te
state B, and the absence of the reading bvand indlicates that the
film has been written upon., (2) Initially the materisl 1s in
state B. Bleaching is used to convert it to state A, and ths
presenca of the reading band indicastes thaft the film has been
written upon.

The important propesrties o photochromic film as an optical
recording medium may be summarized under the rollowing headlngs:

1. vwrite-read-erase modes

2. apectrel transmittance snd spectral abaorpt °n

3. ssnsitivity of optical denslity changes to en. . gy input
4, reversibility

5. spatial resclution

6. thermal fading rete

Thege propertiea will now be brilelly deacribed.
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The lmportant characteristic of photochromic f1ilm {8 1us
ability to change ites optical density in a reversible manner, upon
the absorption of opticaél radistion of specified wavelengths., The
thermel fading rate is slow {minutes to hours) and the spatial
regolution can be high -~ theoretically in the 100 angstrom range,

The optical denasity of & film (typical films of transgpsrent
plastic are of the order of 3 mils thick) is defined as

I 1
optical density = D = 10g «wte = lOg ~Zme
12 T

where 1; is the Incident radiant flux and I, 18 the transmitted
radiant flux., T 18 the transmittivity of the film. The film will
be considered & transparsent medium in which one loads photochromic
compounda (either in the bulk or on the surfacc) in various concen-
trgtions. We shall messure radlant flux in watts or wil1liwatts per

o
cmoo.

Very of'ten the optical density D 18 expressed in decibels:

D (in db) = 10 log —=

it
ot
(o
P
o
=
|
f

The optical density of & photochromic £film will vary ag a8 function
of the wevelength -~ usually expressed in millimicrons »sr m A
-~ of the incident radistion, and of the energy deposited (expresased
in Joules per cm2 or lllijoules per cm2) as a function of wavelength,
A photochromic ['tlm will usually have &t leasat two wavelength ranges
with opposite behavior: An activation wavelsngth range, within
P which the sbsorption of energy will incresse the optical density of
an initislly treansparent film; and a Elﬁﬁﬁﬁiﬂ§ wgvelength rangs,

within which the absorption of snergy will decreass the optlcal
donsity of the film., Usually there wlll algo ba a nsutral wavelength

e dmmer ey v
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ranga between the activation range and the bleaching rangs, in

which there will ba ne effect on the optical denszity. Tha activetion
range will uaually be in the ultravioclet or deep violet-blue, while
the blesching range will usually be in the green-yellow, orange-red,
or infrarad. For a typical photochromic glass, Megla* gives the
following ranges:

Activation: Between 330 mm and 400 mp
Neutral: Betwesn 430 mp  and 530 my
Bleaching: Between 530 m% and 630 i

The existence of themse three wavalength renges, whoss optical
effacts are widely different from one another, are the basis for
optical racording on photochromic film. The activation wavelength
range and the bleaching wavelength range have opposite effects.

The neutral wevelength range permits a probing beam or probing
function which can read the rscorded data without writing or
erasing. There are two systews of recording with photochromic film:

System 1
Write: Uses the bleaching mode

Read: Uses the neutral wavelength or probling function
Erase: Uses the sctivation mode

System 2
Write: Uses the sctivation mode
Read: Usas the neutral wavelength or probing function
Erase: Uses the bleaching mode

Since solid state writlng heads with high bit resclution
can be made 1in the blesching wavelengths but not (to date) in
the ultraviolst activetion mods, only System 1 will ke usgeful
for optical computer applications.

# ﬁﬂmia 0.K., "Optioml Propertics and Applicetions of Photo-
L8, » F" .
chromic Glass”, Applied Optics, June 1966, p 9L
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Spectral Transmittance and Spectral Absorption

The spectral transmittance is given by a functional relation
between optical density D and wavslength A , of the form

D = D(A)

Thias is called the activation spectrum in the activation range,
and the absorption spectrum in the bleaching range, I¢ ca#n be
measured using 8 scainning monochromator in conjunction with s
xenon &rc lamp. The optical dénsity can be measgured with a
densitomster. Tneé saturation opticsl density will depend on the
film thickness,.

In the actlivation range one can express the spectral tranamltiance
&3 an activation curve:

D, * D(A)

In the bleaching renge one can express the gpectral transmittance
ag an sbsorption curves

Dy = Dg(*)

The bleaching effect at any wavelangth will be proportional to
the optical sbhsorption at that wavelength.

In measuring spectral cransmittance the probing beam should
heve minimal activetion or bleaching effect on ths fllm. The
film, on the other hand, should have & strong sffect on the probing
beam. When there i8¢ a8 large difference in transparency betwean the
blasched and activated (unbleached) portions of the film, a large
signal-to-noise ratio {high contrast ratic) will result, This is
Important in detectien of the optical signal,

Typically, the spectirel absorbance ig messurad by passsing
light from a 1600 watt xenon arc lamp source through a monochrometor.
Ong then detecta the changs In film density with a radiometer.
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Sengitivity of Opticsl Density to Energy Input

The sensitivity of & photochromic fiim to the radiant senergy
deposition 18 given by the functionagl relationship betweean D and
the logarithm of the energy input E, where E 18 the opticsal
power dengity in watts per cmg multipiied by the exposure time.
Thus E 18 measured in jJoules per cmg. The slope of thias curve
ig denoted by - .

ADbp
Alog E

In both the activation range and the absorption range, VT w 1
vary betwesan 0,1 and 1, depending on the film and the wavelength.

Some typilcasl photochrowic film sensitivities can be clted as
follows: For a 1 db change in optical density the energy density
required is of the following order for the most sensitive fllma:
-2 -1
-2 1

db
db”

activation ~ 3 to 15 mj cm
bleaching ~ 30 to 50 By om

In comparison, conventional photographic film (ASA 32) resquires

1 lumen m™° for 0.25 aec to obtain 6 db. At 555 m 1 lumen w2

18 0,161 microwatts per ow?. In 0.25 sec the energy deposition
required is 4 x 10"5 o] cm”e for a 6 db change in optical denaity,

ss compared with 18 m} cm‘e for photochromic ilm. Thus photochromic
film is about 10“5 imes less gensitive than conventional photographic
film,

This lower sensitivity can be accepted however, for msny opticsl
racording applications because of the wmany advantages of photochromic
> film, specifically its raversibility and 1ts high resolution., The
important conaideration ia whether it 1a sufficlently sensitive for
optical recording with available high resolution writing heads. Thus
the matching of high resolution writing heada to the photochromic
£film senaitivity 1s the important recording criteriom,.

A A SET
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It is important to know the photochromic sensitivity to
optical denslty change which can be easily measured, With a
spectrometer one can essily distinguish an optical density

change of
D = 0,02 db

(The human eye sensitivity is 0.1 db,)

Thus, even 1f the energy density required for bleaching
were 10 joules cm db 1, the sensitivity of the film for reading
a bit would be only 1/50 of this or 0.2 joule per cme.

Reveraibility, Spatiaml Resolution, Thermal Fading Rate

Photochromic filme will have to be opersted for hundreds of
hours without degradation of properties., Hence, reversibility
fatigue is & very important problem.

Spatial resolution of images appesarsz to be much better than
for conventionsl filw, in which resolution is limited by grain
size. In conventional film the limit of reasolution is 100 to
500 lines per mm, equivelent to 1 to 10 microns. In photochromic
film the limitation ias molecular In size, of the order of 100

angstroms or 1072 miorons.

Thermal fading rates of minutes to hours have bsen obaerved
2t room temperatures for photochromic films, depending on the film,
At refrigerated tempsratures the thermal fading rate is much slower,
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2,2 Luminescent Diode Writing Heads

Luminescent diode writing heads have & number of potentiasl
-advantages for recording on photograpinlic film: The luminescent
P-N Junction area can be in close contast with the film leading

to efficient utilizetion of the radiant energy. The radiant power
density produced by electrical pulses can bs appreciable, of the
order of millijoules per cme for short pulas lengths. The size
of the 1lluminated region can ve & few square mlls, smsall enough
te achleve a relatively high packing density of informstion on the
f1ilm without requiring optice. There is slso the potentiality
that sach dlode will have & large operating range in which the
radisnt energy output will be proportionsl to the current, making
it possible to operate it a3z an 2nalogue racorder as well as a
digital recordar,

Another impor a&nt consideration ias the possibillity of fabricating
luainescent diodes in array oonfiguration. Since many recording
channels sre required along the width of the film, & linear array
of diodes 1s needed. Neutron tranamutation doping was selected &s
& promising method for fabriceting s luminsscent diode array with
relatively cloge spacing in & single step. This doping method,
which 18 dascribed in detall in Section 5, has the capabllity of
fabricating a linear srray of P-.N Junctions of slmost arbitrary
length, in a aingle semiconductor crystal, with & diode-to-dlode
minimuwa gpacing in the 10 to 30 mil range. Thus 8 7O mm film width
(2800 mils) can potentially have 280 channels recorded on it with
a luminescent diode errey produced by trensmutation doping. One-
hundred channels should ecertainly be feasible. Such & luminescent
dlode writing head array produced by transmutation doping is shown
gchematically in Flgure 2. Note that the P-N junctions produced by
transmutation sre normal to the gurface.

FUNDAMENTAL METHODS ASSOCIATES, INC.
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electrical leada

avaporated
ohmic
contacts

8 mils

it
' o

infrared emisaion from
P-N Jjunction reglons

‘ pigure 2. Semiconductor Junction Array
Writing Head
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2.3 Specifications for & Multiple Channel Recording System

The specifications for & multiple channel recording system
include the following:

- 1. Number of channele:- Each channel will consist of a row of
spota &long the langth of the film. Thus the number
of channely must it into the width of the film, which
Will be taken as either 35 mm or 70 mm.

2. Audio bandwidth per channel:- This will be a few thousand
¢ycles per second,

3. Sewmpiing rate peér channel:- Each channel mast be sampled
oné or more tines per secom! for each cycle por second
of bandwidth,

4. Film width

5. Pllm width per channel

6, Flim speed

T. Spacing betweesrn time points on the film i
8. Total recording time for the system uesing a single

real of photochromisz film
g. Total length of film required for the total recording time
10, Number of repeated cyclings reguired for a 1200-foot raeel

ldeal Syatem

A set of ideal system specifications can be calculated for a
1200 channel aystem. A 6000 Hz bandwidth per channel is desired,
If one samples the aignal and records at a rate of 3 samples per
Hz of bandwidth, this will lead to a sampling rate of 1800 per
gecond per chanhel. On & 35 wa film this will lead to a widtn per
channel of about 1 mil., At & spacing beatwesn time points of
1/3 mil this will require a film length per serond of 18000 x 1/3
mil = 6 inches per second.
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A total recording time of 30 days will be assumed for the use
peried of the syatem with a 1200 foot reel of photochromic film,
This will require a totel film length of 1.5 x ao“ feet., The
1200 foot reel must therefore be re-used 1250 times in the coursse

of the 30 day period. This is almost attainable with one photo-

chromic material which was investigated,.

Divde Array - Optimum Parameters

The best diode array which one can expeéct to fabricate
reliably by neutron trsnsmutation technigues will have an inter.
diode apacing of 9 wils, giving 2 300 channel array over the width
of a 70 mm photochromic film. The minimum spacing betwesn diode
lines in the direction of film length will be get by the minimum
Junetion dimensiona normal to the film, which are approximately
2 mils by 2 mila. If one seleocts & bandwidth per channel of
3000 Hz to be sampled twice per cycle per second, this gives &
sampling rate of 6000 par second per channel. For a spacing of
two mils between recording polnte the film speed per second must
be 6000 x 2 mils = 12 inches psr second. For & 30 day period of
uss one will therefore reguire a total film length of 3 x 107 feet,
The number of re-use cyclea reguired for & 120C foot reel of phnto-
chromic film will therefore be 2500. This is gt leasgt 3 times
groater than the maximum number of cycles over which we could opsrate
the begt photochromic meterial,

Diode Array - Achlevable Parameters

We now conaider & diodeé arrasy fabricsted by transmutation
doping whose properties are more representative of what can t
schieved &t present. The inter-junction spacing (width peér channel)
is 27 mila leading to a 100 channel array for TO mm photochromic
film. The spacing between recording points in the tiwme-point
sagquence on & channel will be taken 89 8 mils, since this is the

vidth of the semiconductor wafer on which the diode array is doped.
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Again we assume & handwidth of 3000 Hz per channel, and if two
time samples per Hz of bandwidth are recorded, one cobtainsg a total
of 6000 sample poiniu per second in sach channel. Since these
gample points are 8 mils apart, one requires s film speed of
6000 x 8 mils or 48 inches per senond. In & total use time of
30C days for the system this leads to a total film length of

12 x 107 feet, With & 1200 foot reel of ilm this requires that
the film be re-used 10,000 times. $ince the bast photochromic
meterial examined did not permit more than 800 cycles of re-use,
1t 18 clear that this systeam cannot be operated for the desired
30 day period with the svetilable photochromic materials.

It appears likely however thszt in the future, inorganic
photochromic materials will be available which wiil permit thia
nuwber of re-uses, It 1a Cherefore of interest to point out
(Section 2.4) some of the detailed considerationa on which this

anslysis 18 based,
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€.4 System Design of Recording Photochromic Film for
Optical Croag Correlator

In order to utilize photochromic films in &an optical croas
correlator as a high-dengity recycleable memory, certsin physical
conditions mmst be met. The density or total amount of information
that can be impressed upon the film must be sufficlient to meet
oversll system requirements. The sensitivity of the film to the
recording light must be sufficiently high to match the frequency
and power output of aveilable activating and bleaching light
sourcaes, cnd aufficiently insensitive to the resding light so that
the information may be transferred to the coherent light with
gcceptable degradation. The lifetime or number of cycles of
activation, bleaching, and resadout procesa 1s an important con-
gideration, perhapa thae most criticsl. The various physical
requiremsents upon the photochromic film are not independsnt. The
gensitivity detarminea the ultraviolet exposure which therefore
will bs shown to determine the degradation.

Other properties ara likewise of importance. The thickness
of the film required to obtsin ths sensltivity limits the resolution
end therefore the information capacity of the film. The variation
of index of refraction with changes in optical density must be
miniwal to avoid affecting the coherence properties of the lasar
begm used for readout. Changes in index of refraction would require
the introduction of sn index-metching liquid gate.

System Design sa Related to the Photochromic Film

In the coherent opticsl cross correlator the photochromic
£1lm which is the heart of the system, 1s involved in two staeps:
a writing step and & readout step. The wrlting step putis the
information recsived by the overall aystem upon the film. The
resding step takes the informetion from the [ilm and transfars 1t
to a coherent lessr bsam which subssguently performs the croas-
correlation procgdure. Thess two steps involving the photochromic

FIINNMAMENTAL METHODE ASCOQCGIATES, INC.
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film require three physical processes in the interaction of light
and the photochromic material: 1) An sctivation proceass in which
the photochromic moleculas absordb an ultravinlet photon and become
excited from & colorless-transparent to color-absorbing state,

2) A bleaching process in which the film is exposed to red or
infrared and is returned to unexcited state. 3) The reading
process in which the film is exposed to light at a wavelength which
leaves the state of the photochromic molecule unaltered. These
three processes dstermuine the conditions under which the photo-
chromic film operastes, Ths order in time of these processes 1is
determined by the system design and the light sources available.

In the system conaidered here, the film is sctivated firat
by ultreviclet and the information ia then recorded through writing
by meang of bleaching. fThis mode is chosen since broad-area ultra-
violet sources of any powar outpu: are avallable while point
ultraviolet diodes do not exist. iHowsver, read light-emitting
gallium argenide phosphide diodes do « tist.

It ia saeen from the experimental datn discussed in Section 3
that the most sarious limitation upon the aystem design ilg ths
degradation of the physical characteristics of the photochromlc
waterial iteelf in the course of normal operation, Both the
photochromic properties and the Stransmlasion characteriatics of
the fiis are af'fsctad and one muast design the system under those
limitations., One wust decide frowm such oconslderstions whatber in
fact a system cen be designed at all to satlsfy the opersting
critaris for a particulsr purposs,

Photochromic Filma

The system must go through the three astages »f uliravliolet
sctivation, bleaching by red light, resding by transmission of
inger beam. For theowue steps to be carrled out, the [ilm must be
transported from storage through the various optical steps to ihe
gscond storage bin. When the "{lm reschas the end of the roll, It
agy be rewound and started age' or with appropriate machanical
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oend optical alversations, the system can be aperatad in the ravarse
freot o, The regquirsmsnts upon the film velocity is determined
by tha reguicamonts of the aywbem and tha phyaicel properties of
the Cilm, and the propertles of multi-element writing dlodes. The
raading operation and the ultraviolat aotivation introduce no
further conatraints upon the aystown. Thisg ariases sincs hroad-arsa
ultravioleat sourcens of nwerly any powar are svaillable. The
agpaalty of the lassr likewise to transmit and receive information
{n wuch greater than regquired by system specifications.,

The requirements of tha system are discussed in the previous
gectlon, Jt L apparvent Vrom this anslysis that reuging the film
in suoocassive runy is essentiel. Thus the lifetime, thae number of
cyeles the Cilm can go through while retaining the desired charsc-

toriation, bycowas critleslly lmportant.

In Sactlon 3 we report the detsiled measurements which we
waida on walarials, However, the dsfinition of & lifetime for the
photochrowie f1lm e ambliguous, depending upon the history. The
degradation of meulvity 1i¢ apparently & function both of the total
wlbreviolel sxposure snd the atete of activation of Ghis materiasl.
Thiy wesna that continuows ultraviolet exposure would lead to a
shorter Jifetims than detsrmined through a cycling procegs of the
vltraviolet AXPOBUTE , Thus one 1deally should determine
the litetime wnder the conditliona met by the systewm.

wo shall choose for rengons discussed balow, & 3 db change in
the density of the “4lm, This choice 1s dictated by lifetime
conglderations, Thus & lifetime measurement should bs one in which
the ultraviolet axposure ig sufficlent to cesse a8 3 db change
followed eithar by bleaching or thermal decay. Measuremgnts upon
VLILGA  laminsted glaes give a result of from BOO to 1200 cycles.
The manufscturer reports that under similsr conditions, 1800 cycles
woere pchieved., Mor aovylic filme the lifetimes were far leus. We
ghail choose to considsr 800 cycles as s readgonable estimats. This
“w lmsa by & feachor of 10 than the cycling capabhility roequired in

Rectioh 2.9,
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It hes been demonstrated that e glass laminate is greatly
guperior to the acrylic film, However, the use of glasgn laminate
waually precludes the employment of & continuous strip reeled and
unreeled ag are the Pilme. Gless laminete ahosi could in principle
ba ewployed through the wee of vwo right angle traversing
wechanisms so that the entire surface ig moved through the active
aref., This procedure is restricted by mechanical and space
limitstions. We therefore propose & method which could take
advantage of both the properties of the glass and of the acrylic
£ilm. VWe suggest mounting the glsse laminate upon fleribie belts
in gsulficiently thin snd sa&ll sections so thot the belt could be
driven exsctly as would flexible film. The actusl mechanical
nyvangament o ingure proper transport between adjacent lacets
would introduce some complexity. Trua the longsr lifetime of the
zlass laminate could be employed.

Since the degradation lifetime is so important, experiments
have been conducted in this laboratory upon the possibility of
increasing the lifetime for photochromic activity. It has been
puggested that the longer lifetime for the glass laminate as
compared to the acrylic film is due to oxygen being kept away from
the photochromic molecules, A photochemical process involving
oxygan in the presence of ultravioclet 1s a possible mechanism.
Therefore 8 comparison of lifetime of photochromic acrylic films
wag mede in normal atwosphere, vacuum conditions, and nitrogen
stmosphare. The rather surprising resulf was found that the
lifetime under the three conditions is the sgme, This may be due
to one of two cauges. Either oxymen does not affect the degradation
or @lse oxymen was stlll supplied to the photochromic molescules
through the accion >f the ultraviolet upon the solvent for thes
photoehromic moleculss or from the acrylie film itself.
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Power Requirements for Writing Diode

We heve determined for the VL316A glaess that the power density
for a 1 db bleaching chenge for red light at 6000 | is 14
millijoulem/cme. For & spot size of area 20 square mils, an
energy of 17.5 x 10"ls miliijoules is required; and for 300 channels
one therefore requires 5.2 x 107 Joules per cycle., For 6000
rapetitions per second one obtains about 3 watts of radiant power
required. Finally the maximum power for a 3 & change gives an
approximate upper limit of Q watts,

Writing Mode

The writing mode reguires that the photochromic materiasl be
darkened by exposure to ultraviolet light to a desired denalty
and then tranasported to the writing station. The radiastion from
the diode Jjunctlon then bleaches the film. The amount of blasching
that takes place depends upon the total energy delivered by the
diode, This will be proportional to the pulse height and duration,
the velocity of the film, the density to which the f1lm has been
darkened, and the previous history of the photochromic film. The
amount of information required as well as the scattering and
background fluorsscent light alao affect the bleaching required.
In particular a requirement for ten levals of intensity psr channel
seta up stringert considerations upon the intensities employed and
the allowsble cross-telk and as wall on the denglity and background
fluctustions. We have imposed tha condition in order to allow
practical lifetime that the dynamlc renge bietween activation and
bleached densities should be no more than 3 'b. This is to be
divided into ten levels, the intenaity changes 1s only 3 db so that
fluctustliona in denslty or light intenaity must be such aa to glve
a denslty of change in the fila of no wmore than 7%. Thua the entire
process muat be controllisd to 7T%. The antira procesta must be

monitored as shown in Figure 3.
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Digitel representation in three channsls splits the information
into three parts with & 1 db chénge per level corresponding to a
tolerance of fluctustions of 20%. Thus the stringency of the
moniltoring is greatly reduced. Sinces the bleasching does not affect
the lifetime and the fillwm is irradlated uaniformly with ultraviolet,
only one meagurement 18 reguired o monlitor the film rather than
oné at each c¢channsl, To ensure that the £ilm returns to a uniform

before underge ing ultravioclet sctivation. This syatem requires
6lso that the Jilm proporties are individually uniform over the

gctive grea,

Another considsration involved in the writing mode is the
effact of the film motion upon the writing action., This 18 a
i _ function of both the filn spsed and the durations of the writing
Jhd pulgss. For & pulss of finite duration and a non-zero film valocity,
the pulse would not produce & circulsr spot but & line of variable
thickness and density. 7This may cause difficulty, especlally since
the pulse heights are veried. To minimize this effect offsetting
the image may be useful., Houwever the dlode is to be operated in
cloge proximity to the film for meximum effect aso that offsetting
may not be practicable. Keeping the pulse duration constant and
verying only the helight would give rise to relatively uniform shape
g0 th&t it could be allowed for in the readout, An alternative
method would be to bring the film to a stop before a pulse,
this would 8dd mechanlcal complications. Halétion of the gaussian
enargy distributions across the diameter of the spot would result
in the spot size increasing with beam intensity. This 18 unavoidable
and must be considered in the readout. The effeacts of variations
in spot slze and shape with intensity must be investigated
experisentally under operating conditions,

b5 A
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Activation Mode

The activations eor darkening of the film is accomplished by
uniform {llumination by an ultrasviolet long wave lamp through
lenses and slits so that only the aresa corresponding to ths image
gize of the multi-element diode i3 exposed. The density change
ap discusaed above may require monitoring st the beginning and
snd of the -rocess, Either the intensity of the ultraviolet lamp
or the duration of the exposure may be controlled to exactly
maintain the 3 db dynamic range indepsndent of the hiastory of the
film.

Reading Mode

After the film is activated and written upon, it is trans-
ported to the resding station. The film im exposed to & laser
beam of fraguency about 5000 & that does not bleach or activate,
Two types of readout are possible, One 18 carried out by
scanning the beam across the 300 channsla so that the beam is
modulated by the film. Thle modulated beam then translfers the
information. The other method utilizes a spatially uniform lager
besm and trensmits a pattern of light and derk spots asuch that
each channel 1s displayed simultaneously. The lstter method
would involve & mosaic of detectors as well as circuits adapted
to simultaneous (&8s opposed "o serial) transmission, This would
require new techniques but permit greater use of the information
capacity of the laser beam and may be of gome future interes!.

Conclusion

We have desoribed a2 photochromic aystem which appesrs
feanible for short opera“ing periods of up to 30 hours. Longer
periods would require increased lifstime for the photochromic
material. The fllm suggested 1s VL316 or equivalent, This
moterial is availaeble only as & glass laminate, whilch might feor
sxsmple bea mounted in na&rrow strips on & flexible belt to approximste
the handling esse which is8 characteristic of roll films. PFurther
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investigation should be directed to determination of factors
which & fect lifetime of the photochromic materiel., It has been
suggasted for example that oxygen may be responsible t'sr shortensd
lifetime. Discovery and removal of such factors could lead to a
syastem with extended operating lifetime,




T A R TG N VO
AR T e

SECTION 3
Photarhromic Materials Asscosment

The important characteristicy of photochromic wmaterial sre
1) 1ts reversibility, 2) 1ts spectral renge, 3) the energy
donsity required for bleaching and U4) ite expected lifetime in
cycles of use, A program of mesgurement® wesg carried out on a
number of available pholochromic materizls to determine these
characteristics, The wmessurementis and resuits are deacribed in

this section.

Fhotochromic material wmeasursments sre described in Section
3.1. The results are pummarized in Section 3.2. It was found
that only one available material hed the spectral range and low
energy density for bleaching that is at 811 compatible with
Juminescent diodes. It was also found that the lifetime in
uce cycles of the gystem 1s relatively limlted.

The lifetime of the photochromic film is limited by the
deterioration of the chemical compound in the ultraviolet activation
process., Blsaching and reading do not lead to the aging effmct,
Deterioraticn of the photochromic material s observed as a residusl
darkening of the film, not removable through the bleaching process
and apperently permansnt. As the detarioration proceeds, more
ultravicolet light is required to produce a given density change.
Eventually the film is no long :r sensitive to elther activation or
biesching light. Since the dsterioration is proportiocnsl to the
ultraviolet exposure, the minimum exposure compatible with the
operating condition of' the system is desirable. We have selected
a 3 db dynamic range for our system considerations. Measurements
on the UL316A film (the most matisfactory) both for laminated and
scrylic films indicate &n expected lifetiws of B0O cycles. This
means that the Film in our ayetem can be cycled through activation,
blesching, and resding for 800 repetitions while retaining the 3 db

dynamic range.
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Because of the importance of the limlited lifetime of ths film,
an axperimental investigation was made of the posaibilility of
incregssing this lifetime by changing the chemicsl environment of

the pho.ochromic material during the activetion. This i1s described
in 8Section 3.3.
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3.1 Photochromic Materiale Messurement Methods

Qualitstive and guantitetive meagurewents have been carried
out to inves! igate the photochromic effect on variouvs filws as a
function of wavelength. The propertiss o intereat & the
behavior with intenslity at the wevelengths of activation, blesching,
and non-destructive rasdout. The activating wavelengths are in the
wltraviolet and sre gupplied by & low pregsure mercury iawp,
Spectralight Black Light, flltered to give only long wave ultra-
violat transmitted through the glass. The blesching wavelengthas
which have been studied range from 575 m micron {center rrequency)
to 900 m micron, The desired wevalengths for bleaching are in the
{nfrared *“rom 600 to 900 m wnicren. (These wavelengths are emitted
by gallium arsenide, gallium phosphide, or gallium arsenide-phosphide
light-smitting diodes.)

The photochromic filme invesiigeted are supplied by American
Cysnamid and Vari-Light. The Amgrican Cyanimid types 43-540, 43-540A4,
51-142, and 63-071 are polyaster films coated on one surface by &
photochromic compound. The Vari-Light types UL-204A and UL-316A
are supplled as laminated glags with the coated film mounted between
the laminations which do not interfere with the uwltraviolst
gctivation,

Exparimental Procedure

The filws were activated through exposura to the Spactraline
ultravicolet lsmp. The exposures were for two minutes, which was
& sufficient time to produce saturation ss detarmined through
rgmoval of sll detall produced by previeus dbleaching.
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Bleaching was prodused through two distinect experimental
arrsngenents:

1. Direct illumination frow the lamp through & red filter. Ths
lampe uvssd were the Bausch and Lomb Miorocscope Lamp with tungsten
A bulk or the ylvania Movielight Sun Gun IXI. ‘“%he light was filterad
with & Tiffen Photar No. 25 (Red 1, Series C color correction) filter.
The light waa focugsed wpon the film by & lens. This arrangement
possessens the advantage of permitting high intensities over a wide
range of wavelengths. The filter essentially absorbs in the blue
anvd of the spectrum while transmltting the red-yellow,

2, To investigate the wavelength dependence of the bleaching
process, the Jarrell-Ash grating monochromstor B2.421 is employsd,
with £/3.6 and & dispersion of 33 %/mm. The photochromic film
is placed at the exit 8lit of the monochrometor, Since the

o intengity of the light svailable at the exit aperture of the
monochromstor is extremely smoll as ¢ upared to direct gxposure,
only the Sylvenia .un Gun with & focussling lens was omployed,
Algo, the entrancs siit of the monochromator was removed, reducing
the wavelength resolutiom of the monochromator, Long eéxposure
times are required. The rad color correction filter is placed
vefore the entrarce apsriure to remove the sscond order apectrs of
the blue light. The experimental sstup is ghown in Pigure 4,
Since the sntrance slit is removed, the wavelength spread at the
exit slit is &pproximately 300 f as calculated from the charac-
teriestics furnished by the menufacturser of the monochromator.

Power Mesgurements

The reletive power 1s measured by &n Internationsal Light Corp,
IL600 photometer with & vacuum photo-diode calibrated so that the
responge &t 910 m microns is known to be 174 microwatts per cm2 pér
microamp of photometer reading. A calibreted relative spectral
responsad curve is furnished with the device.
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Figure 4, Schematic Test Setup for
Photochromic Film




Detalled results of the measurements on the various photo-
chromic films are given in Section 3.2.

Obgervations and Techniques

A seriss of measurements was carried out with American Cyanamid
films 63-071, 51-142, 43.540, and 43.540A. The first film samples
had been atored for approximetely four months before any extenasive
testing. The reaspongss of the samples to bleaching and activatlon
differed widely with respect to each other and with the curves
supplisd by the meanufacturer. Although bleuching was obsesrved,
i1t was noted only at high light intensities with the Sylvania
Sun Gun II. The conclusion to ba drawn here is that the samples
of the films used were unstable with reaspect tc time, i.e., shelf

life is limited.

Film freshly srrived from the manufacturer wes tested. All
demonstrated bleaching effects with the Bausch and Lomb Microscope
Lamp. Howsver, 43-.540A showsd ble&ching efrects with white light
as well as with red. The contrast due to bleaching was noted to
remain after days in darkness. The beat response was shown by

f1lm type 51-142.

Purther investigation of blsaching was carried out with
the monochromator. In order to obtain sufficlent intensity in
& speotral line, the entrance slit to the wonochromstor was removaed
while the exit elit was replgced by & longer slit. Since the
apertura was open the wavelength focuased on the plane of the exit
gperture, The bend of wavsliengths about the center 1s approximstely
300 B or 30 m wicrons. The red rilter was used over the entrance
apsrture to sliminate effects from higher order spectra, Bleachling
measurenents were carried oubt on Afmerice. Cysnamidfa fllm type 51142
at variocus wavelengths and varylng times of exposure (up to 1 heur).
For exposures longer than 1 hour, heating problems devslop in the
gonochromator which then reqguires shielding. Wavelengths studied
ware 575, 600, 650, 700, B0O, snd 00 w wicrons,
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The relative power impinging on the film through the mono-
chromator at settings of S75 and 900 m microns ware measursd by
the photometer, taking into account the response curve of the
vacuum photo diode. This gives the expression

Power 900 mp _ photometer reading at 900 X gengitivity at 575
Ratio 575 mpu photometer reading &t 575  se&naitivity &t 900

This ratio was found to be 1.77. The power at Q00 is therefore
almost double that at 575, The sxposgure time to obtain spproxi-
mately 3 db of density change at 575 i3 30 minutes, When no
bleaching was obaerved after 1 hour exposura at 900 m p4 , one
could conclude that the power required for bleaching is greater
than four times that at 575, (The manufecturer gives a figurs of
4 Joulas/cm2 for bleaching at 575 8o that the conclusion is
drawn that the power required st 900 m p 18 greater than

D
16 Joules/cm” .

2

Thus we have se . an approximate lower limit of 16 joules/cm
for bleaching at Q00 wmm with & similsr filgure for the wavelengths
from 650 to 900 muo.
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Verl Light VI J16A Lawingtaed 0lnsy

Aotivationy On ultraviolet asctivation, the film chaenges rom
' ceolorlass Lo purpla,.  The activation deoayes within 30 minutsse

af'ter which (U 1e ingensitive to blesching., However, itsa
rasidunl color, 8 reddish hue, remeing for over 72 hours.

Meaching: Dleaching cccurs a6t 575 to 600 W, Al HOO h A
a1 db chunge raquires an energy density of about 1% millljoules
per mm“, Strong blemohing tokes place up to 650 mm , but no
blasoching 1s obaerved at HO6O mp . Nons Lw observed from 7L

ta YO0 m g

Tho decay of gangltivity Lo bleaching is fsirly rapid.
Aftar 30 winutes Prom tlme of ultraviclet sactivaetion, the dleaching
alfact 1o gmall aven though the color remeinps. Thig gives riss to
& fallure of roclproclty and indlcates that @n Improvement of
sens{tivity abould srime when pulasd dicdes a’re to be ugsed
fwmediately aftor actbivation.

Thea waterinl Cluworascens uader ultraviolet. This orangd
Fluoreseanced 1s sn indiontion of sengitivity to bleachidng., One
pomple bacame Inachive salter several cycles and a perlod of

storepe and likewise cepped to {lucraeacs.

This filwm type eppedrd to be mogt suitable of all photochremic

pmrtarinls tested,.
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Vari-Light Vi-204 Leminabted Glases

Aotivation: Color change. upon wloraviolet excitation Prom yellow
o gray-black,

Bleaching: Shows no gign of hleaching at any wavelengih,

The two samples tested veried widely in charscteristics,
One aded elmost immedistely upon activation sither by ultraviolet
or visible light, so it was impossitle to determime if blesching
cccurred., The otter sémple remsinsd activated long encugh to show
that no blewenlag ocourred, One sample became Insctive after sone
teats and storegs Liwe.

Thig material 1s not sultable.

American Cyspemid 51-142

Aetivation: Upon altraviolet exposure, color changed from
colorisss to dark blue,

Blegching: Blesching ter »a plece Crom 575 to 600 mar . At
600 e a 3 db chenge reguired 13.5 J@ulem/cmg. Betweaaen
600 and 650 i A bleaching occurred, falling off with
increasing wavelength. No blessching occurred f{rom 700 to
900 m 4 .

The film retsing sensitivity to blesching st times greataer
than 1 hour from time of activation., The Film suffsrs irrsveraible
change &fter exposure to intense visible light. It also loaen
genpgltivity for activeating and bleaching processes after cyclic

teatw, retaining a permanent bluish color.

This film has bleaching propertiss above 600 mu but
raquires too high power densities to we useful,
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Americen Cyanamid 43-540%

Activetions Upon ultraviolet exposure, color changed from
coloriess to purple,

Bleaching: From 575 to 600 mpu the £ilm I8 sensitive to bleaching.
At 600 mp Jor 8 3 dh chang. 13.% joule@/cma is required.
Batwesn 600 and 650 mp bleaching cocurs, falling off with
incressing wavelength, DBetween 700 and G900 wi  no bleaching
oceurs,

The film becomes irgengitive within 30 minutes after activetion.
Urdsr ultraviolet sxposure, derk red <luorescence occurs. When the
vetivatlon propertiesa of the film sre deagtroyed, the fluoregcence
in wealt or non-existent. One ssmple had no resgponse to uwltraviolet
aftar one month of storsge.,

thia £ilm “lesches &bove 600 mpm but requires to high
powar densitlies for bleaching to be ugeful.

Ausrican Cyanamid 43-540

Activation: VUpon ultraviclet expcosure, coleor changea from light
yellow to red-orange.

Blwaching: No bleaching was observed.
This rilm loses sensitivity to activaetion after sither storege
or activation cycles. It retains orange coloration permanently.

Thia film is not sultable since no bleaching was observed.
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Americaen Cysnamid 63.-071

Activation: Upon ultraviolet exposure, tha film color changss
from yallow to blue-gray.

Blesching: From 575 to 60 m M faint bleaching talkes place,
At 575 m p for & change of approximately 3 db, 20 Joules/cm2
is raquired. From 650 to 900 m )t no bleaching was observed,

This fillm showed diminished activation properties with atorags.

Its bleaching action 1s wemk. The material is considered
unsetisfactory.

Conclugiona

The conclusion drawn from the measurements discuss~d above
18 the following: The Vari-Light type VIL316A lsminated glass
material appears to be moderately promising in conjunction with
the propoaed use of gallium arsenide phoaphide diodes having 8
frequency of emission varying from 600 m 4 to TO mpe
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3.3 Study of Ultraviolet Deterioration of Photochromic Activity
in Alr, Nitrogen, and Vacuum Envirorments

It hos been suggest