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INTRODUCT ION

Optical processing of signals has aroused considerable interest

in the past several years; howaver, its usefulness for real-time processing

: of electrical simals has been 1imited by the lack of instantaneous recording

1.

2.

3.

media. Photochromic naterials appear to offer a solution. Optical techniques

/ offer three advantages:

Optical systems have hich infor-ation capacity, e.g., storage
capacity of ordinary photogcraphic films is on the order of

millions of bits per square inch. Under special conditions,

much hicher densities can be achieved, and similar high capacity

is also obtained if media other than photographic films are used.
Processing of large amounts of information is done efficiently
because a single process can be applied to many signals in

parallel, rather than serially. The same filter functicn can

be simultaneously applied to msai, signals, or a large number of
filter functions can be simultaneously applied to a signal, without
significant increase in system size or complexity over the one-signal,
one~filter case. The correlation processors can also handle many
signals and references in parallel. The combination cf the high
storage ceracity and the parallel processing results in a highly
compact system. ' .

Optieal processors are flexible, i.e., different filter functions

may be inserted into the same space-coherent processor so that a
variety of tasks may be accomplished., Or, in the incoherent rrocessor,
the reference may be changed, and many different signals can then be

correlated.
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If an optical processor is to replace an electronic processor, the
input-output relationships of the two must be identical. This paper describes
two types of optical processors, each corresponding to a broad group of electronic
processors with similar input and output characteristics. Coherent devices operate
on the sirmal to form its Fourier transform or frequency spectrum. The frequency
spectrum can be opersted on, and thus coherent processors are equivalent to
electrical filters. In fact, any linear operation can be implemented in a coherent
opticu’ processor.

Incoherent processor: form the second group to be discussed. These
devices perform correlation between a pair of signals or a signal and a reference.
Thus inccherent processors can be used to substitute for electronic correlators.
Tests of lampe for use with photochromics in optical processors, and improvement
in photochromics will be discissed. Applications to signal processing will be

described, and areas for further development will be reviewed.
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SLIDE 1
SPACE-COHTRENT OPTICAI PROCESSOR

The basic space-coherent processor is shown. A collimated mono-
chromatic source provides the 1ight. The signals to be processed are placed
in the front focal plane (obicct plane) of lens 2, lens 2 then forms the
diffraction pattern cf the object in the diffraction plane. ILens 3, in turn,
produces the inverse of the diffraction pattern. This inverse pattern is
actually an image of the orizinal object, and it appears in the observation
plane.

Coherent processin-s performs, by optical means, operations equivalent
to ¢lectronic filterins. The sisnal and operations are introduced by photo~
grovhie transrarencies, photochromic materials, and similar deviges.

Optically, it is common to speak of the object and its diffraction
pat‘ern. TFor si-nal processinz, the important fact is that the light amplitude
and phase in the diffraction plane is approximately the Fourier transform of the
object in the object plane.

An example will illustrate the use of the transform and its inverse.
Suppose that a pulse train which is received has been contaminated with noise.
As 1s well known, the Fourier analysis of such a square pulse train results in
terms which correspond to a constant value, and to the harmonics of the pulse
frequency. The electrical pulse is recorded on film as alternating opaque and
transparent bars. The Fourier transform of the pulse may be viewed in the
diffraction plane; the spots of 1ight correspond to the constant value, and to
the first. second, third, etc., harmonics of the fundamental frequency of the

pulse.
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If the pulse 1s ccntaninated with noise, the Fourier transform will

be altered. Now, if a maslk is made to correspond exactly to the diffraction

4- pattern of the pulse train, it can be inseried in the diffraetion plane so that
Lfm' only those frequency components of the contaminated signal that correspond to i
9 the oricina) signal will pass throngh. Frequency components corresponding to .
ncise will be blocked out. Thus the sima', free of noise, will be seen in the

observation plane.




SLIDE 2

OPTICAT, CORRELATOR

The opt;ical correlator is vsed to determine the time delay betweon
siznals received at two receivers, or to identify a sigmificant waveform in the
presence of other waveforms. Two signals, printed on semarate films or plates
intercapt a collimated beam. The slide shows a configuration for the identi-
fieation f a particular wvaveform: T2 ies stationary (the waveform of interest)
while “1 is moving. The collecting lens and photomultiplier serve to multiply
and integrate the two sirnals as shown in the equation. If £, and §, are
identical, A(t) is the autoecrrelation function of the imputs. For example,
if S, and S, are random noise functions, A(t) will have a narrow peak vhen the

delay between S; and %, is nero.
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SLIDE 3

PHOTOCHROMIC MEASUREMINT AFPPARATUS

Stidies were initiated to determine the best means for utilizing
photochromic material in an optical processor. The first step was tc measure
the writins, reading, and erusing parameters cf the filme available. A block
disvra:. is shown of the test apparatus.

The write monochromator is a Perkin-Ilmer Model 99 double-pass prism
monochromator with a 60° fused quarts prism. Only the single-pass dispersed
output of the monochromator was used. The spectral width of the monochromatic
1ight output was 408 in the ultrericlet and 808 in the visible. The output
wvas foecussed on the photochromic sample by a quartz lens to forn a circular spot
about 3/32 inch in diameter.

At the ocutput of the monochromator was a custom made, hi h-precision,
electro--echanical shutter. The shutter consisted of a sprinc-driven conventional
shutter for rough exposure control. In tandem with it was a slit wheel driven
by a synchronous motor through a variable-ratio gear drive. The resulting shutter
provided precise exposure times from milliseconds to 6 seconds.

The output of the write monochromator was measured at least once each
day. The exposed materlal then is rotated so that it passes in fromt of the
"read monochromator". The samples were square & to 9-1/2 inches om a side., They
were mounted om an axle so that they could be rotated either manually or at the
fixed speed of 24 r.p.m. b' a synchroncus motor throu:h a gear drive.

The read monochromator is a Perkin-Flmer Model 98~G diffraction crating
monochromator. The 1ight cut of the monochromator is imaged by a lens onte the
photochromic surface to form a spot. This spot is 0.012 inches in diameter
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located in the center of the 3/32 inch width of the 7 inch diameter track
written by the write monochromator. The spot size limits the minimum detectable
variations in the photochromic material alsc to about 0.012 inches in size.

The portion ¢f the read-monochromator light which is tranamitted by
the photochromic sample hits = [romt-surfece mirror, goes through a lens cnto an
"CA 1771 photorultiplier. Thus the voltage cut of the photomultiplier is pro-
portional to the transmiesion of the photochromic sample. The photomaltiplier
lens reimages the output aperture of the read momochromator onto the photomultiplier.
This vay small vibrations of the photochromic sample have little effect on output
voltage. Usin: a .712 inch scannins light spot over the 7 inch radius and the
rotational rate of 24 X.P.M. infer that the upper frequency of the output is
abcut 4 XC. The photomu'tiplier {s followed by a two-stage F=C low-pass filter
with the cutoff frequency of 10 XC.

In general, manufacturers claims of the sensitivity of their photo-

chromics were found to be accurate.
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SLIDE 4
WRITE LAMF TEST

The next test wnieartaken was to determine the rate at whioch information
ean be printed on photochromic material. A block diegrau of the test setup is
shown, 2 modulating lamp driver was designed and built. This modulator drove
a mercury arc lamp in the pulse-simmer mcde. The lamp operates at rated (or
hizher) current whem the mcdulating signal is negative, amd at the ninimum
current required to meintain the arc when the medulating signal is positive,

Since the lizht cutput drops sharply when the lamp is operated below rated
current, the lamp writes a series cf marks and spaces on the photochromic material.

The mercury arc lisht pessed through a bearn splitter, imte the
microscope cbjective, and onte the roteting photechromic plate. (The photo-
multiplier vas shielded during writing.) ILirht roflected by the photochremic plate
wves returned through the beamesplitter tc the microscope objeciive, thus providing
an easy method of focusing. A yellow Tilter allowed alignment and focusing without
writing on the plate.

The meroury lamp light was then allowed to fall om the photochromi~
plate for a period of one revelution, producing a band of information. The mercury
lamp 11luminaticn was blocked off and the beamsplitter reversed, to permit the dc
lamp 117umimation to fall on the photochremic. The de lamp wae positioned so
as to form a spot on the photochromic superimposed on the band written by the
meroury ar¢ lamp. The photommltiplier was used tc observe the modulation of the
de 1ight caused by the spot pattern on the photochromic. Saccessful recording,
storage, and resdout were obtained at rates up to the high amdio range. The
svitching characteristices of the modulating transistor were at least a con-
tributin: cause to preventing higher frequency operation,

it
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°LIDE &

PHOTOCHROMIC MATFRTAl CHAPRACTERISTICS

The photochromic material selected for use in the optical processor
is type 43-540 manufactured by American Cyanamid Company. This material was
chosen as beiny most sensitive to the witraviolet writing 1ight. An additional
advantage, as compared to some alternates, is that the absorption in the cclored
state 1s in the green portion of the spectrum, a region well removed from the
wvritin: spectrum, so that there is no writinz caused by the reading illumination.

In order to take full advantage of the high concentration of ultravioclet
1ight provided by ‘he condenser lens, it was necessary tc obtain a thin, flat
coating of photochromic material on a rigid substrate. The most common formu-
laticns of photochromic material had been either as films of 3 to 5-mil thickness,
or as acrylic sheets with the photochromic material distributed through the
1/16- to 1/4=inch thick plastic.

To provide the configuraticn required, it was decided to use 1/4~inch
thick microflat plate glass as a substrate, and to coat the glass with a thin
layer of photochromic material. OCravity flow coating was tried but wedging
occurred becauss the photochromic material dried as it flowed down the plate,
Spin coating was then used, with muech better results. The ultimate configuration
was a photochromic layer aprroximetely 10 microns thick on a 1/4-inch selected
flat plate. Tests had shown that the microflat quality (0.00002 inch/linear inch)
was not necessary; selected flat (0.001 inch/linear inch) was sufficient.

Noise inherent in the prepared plates was reduced by taking precautions
to prevent dust particles from fallin: on or beinz attracted to the photochromic
surface during the drying period, and to prevent secratches and other surface
blemishes from occurring during handling prior to use. “ince the coating is quite




N
1 soft even after dryins, this requires careful handling.
£




ERASE LAMPS

Although far from ideal spectrally, xenom flash tubes and compact
arc lamps were tested first. The plastic base in which the photochromic dye
is dissolved absorbs infrared radiation; it was thought that the resulting
heat would help in erasure. The flash tubes showed some erasing capability,
but were quickly eliminated because of the inconvenience of pulsed operation
in a continuous system.

A deep half-ellipsoid was fabricated to comcentrate the compact
arc's radiation onto the photochromic piate. Good focusing was obtained.
However, as an erase lamp the xenon arc was not effective; when well focussed,
the infrared energy burned the plastic film, and when defocussed to prevent
burning, the erasins was poor.

Further examination of the test results showed that erasing was
being accomplished by the heatin- of the plate. With an unfiltered xenon arc
in the ellipsoidal reflector, three regions could be distinguished. At the
focus, the film discolored due to overheating. Near the focus, erasing took place,
while further from the focus writin- wae observed. Since the spectrum of the
radiation will not vary in space in a reflecting system, the cause of the
differences must have been the different temperatures caused by the decrease
in irradiance as a function of distance from the focus. Vhere the temperature
was higher, the bleaching reaction predominates; where the temperature remains
low, the writing reaction is stronger.

Attempts to use filters with the xenon lamp to absorb the ultraviolet
radiation were unsuccessful. The sharp-cut yellow filters absorb a good deal of

1
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near infrared rediation. This prevented the terperature at the photochromic

from reachinz the level required for erasing. Also. the filters cracked from
overheatins uniess cooled. The need for a better erase lamp was evident.

Both the lucelex (Ceneral Flectric) and CSI (Phillips) are relatively
new and became available durins 1965. As is evident from their spectra they
are much better suited to erasing photochromic than the xemon lamp. lot only
is their more radistion in the 530 to 610 mu band, but very little in the
infrared, so that burning of the photochromic and cracking of filters is less
of a problem.

Both lamps were tested, a 400-latt ILucalox and a 250-Watt CcI.
Flliptical cylinder reflectors and sharp-cut ye)low filters were used. Taking
acoount of the differin; power levels, the erasing effectiveness was about equal.
The CSI was chosen because its luminous tube length is about 1" as compared to 4"
for the Lucalox. The shorter arc makes for a more compact lamp housing.

e Ty e




SLIDE 7

COHERFNT PROCESSOR TEST

A laboratory test program was conducted to see how well photochromics

can be applied to coherent processing. The major area of concern was that the

non-uniformities in the photochromic coating may show up as noise in the output
plane. Hence the major purpose of the program was to measure output signal-to-
ncise ratios. As a test pattern, fionchi rulinrs were used. The Ronchi rulings
were contact printed onto the photochromic material, which were then placed into
a coherent processor. The resulting output was scanned by a microscope-photo-
multiplier combination and recorded by an X-Y recorder. From the recordings,
the sirmal-to-ncise ratios were computed.

The test setup is shown. It consists, first, of the collimator to
supply the coherent light. The collimator is followed by a 1000 cps chopper
vhich, in conjunction with the 1000 cps band-pass filter at the output of the

photomul tiplier, discriminates against prevalent low (temperal) frequency ncises.

After the chopper, the photochromic input transparency is inserted, to be followed

by the Fourier transformins lens. The DC Fourier transform (sero-order diffraction |

pattern) is blocked out at the Fourier transform plane to avoid damaging the

photomultiplier. The rest of the 1ight pattern representing the Fourier transform

is scanned by a moving microscope-photomultiplier combimation. The filtered output

of the photomultiplier was applied to one axis of an X-Y recorder. The other

axis was controlled by a potentiometer so that it indicated the position of the

scanner. The recult was a direct plot of light intemsity versus position in

the Fourier plane, or the actual, optically-derived Fourier power spectrum. .
Photochromic film offers an advantage over photographic film: in ‘

photographic film, the unexposed emulsion is washed away during development, \

-
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leaving a transperency of uneven thickness,

These compensation methods are not ne
chromic material does not change thickness as a functi

resulting in phase disto.uions in

the coherent light. Phase compensation mst be used to obtain correct outputs.
eded with photochromics, since the photo-

on of exposure.




SLIDE 8

PHOTOCHROMIC CPTICAT. CCRRELATCR « BLOCK DIAGRAM

»
Slide ¢ is a biock diagram of a correlator built for the Navy ,

The following functions are performed:

e Two signals, A and B, are recorded as a hands of marks and ’
spaces on two rotating photochromic plates,
. The B plate is stopped. The A plate continues to rotate.
Tight from an i1luminator passes through the B signal band,
the semicircular slit, and the A signal band, and is detected
by a photomultiplier. The photomultiplier output is the ‘
correlogram of ‘the two signals, A microswitch actuated by
Flate / allows the correlogran features tc be interpreted
in terms of time delay between the two signals,
o After the correlogram has been observed, the erase lamps
are irnited, and the signals are removed from the plates.

The sequence can now be repeated.

* U.S. Navy, Ship Systems Command, Contract NObsr 93299
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! SLIIE 9
PHOTOCHROMIC OPTICAL CORRELATOR

A photocraph of the correlator is shown. The elements corres-

ponding to the block diagram are identified.




SLIDE 10

CORRELATOR TEST

A complete circle of signal was written. A pertion of the circle
vas printed at the test frequency, F1, while cther portions were printed at
higher and lower frequencies F2 and 3. The test frequency wes printed on
the stationary photochromic plate. Results are shown. The photo shows three

successive traces. "he writing on the moving disk was

Box Irequsnoy (cpg)
0-10 n

10-18 R

1825 i |

2528 F3

28 n

The sine wave correlogram is seen as expected. In addition, beat frequencies

are seen during the 2 and I3 intervals.




SLIDE 11

PHOTOCHROMIC FXPONENTIAI. INTEGRATOR

The input signal function % modulates the mercury arc light source
with the aid of an amplifier and lamp driver. The photochromic disk rotates,
and the signal may be read out by read lamp R and photomultiplier P. The erase
lamp F reduces the level of the recorded siznal by a factor. such that the
remaining signal is (Kkl)'. The second signal segment is written superimposed
on the first signal. If the sum is now read out, the total is

e Bt

and after n iterations of the process

K'h, rETEH -~ r KA., + By
Thus exponential summin- of signal functions is accomplished with a minimum of
electronics.
Eventually the erase lamp will reduce Al to below the noise level
of the photochromic and Al vill be eliminated from the integration. By adjust-
ing the erase rate, the factor K can be varied. In this scheme the integrator
can be used comtimuously over relatively long periods.
The advantages are as follows:
a) In an optical correlator using photochremic material, this integrator
is more easily implemented than an electronic integrator.
b) The optical integrator can integrate lomger period signal segments
than electronic intesrators commonly used for this purpose.
¢) The optical imtegrator has the poseibility of being more compact and
less expensive than the electronic integrators of oomparable or lesser
performance.
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ULTRAVIOLET LASERS

The principal candidates for the most efficient ultraviolet laser
are the following:

a. Krypton -« There is a strong line at 350'7: in doudbly ioniszed
krypton (Kr III) which has produced the highest published output power in this
range, 300 mw. This fact alone makes this line worthy of study, even though it
was achieved in a tube which showed bore erosion and cas evolution at the required
ocurrent denaities.

o °

b. Argon - There are two strong lines in Ar III at 3511A and 3638A.
These lines do not share common levels and, hence, oscillate independently. TFor
those applications which can use both wavelengths simul taneously, such as writing
on photochromic materials, this simultaneous operation offers the prospect of
doubdling the useful output power,

6. Neon - There is a strong line in singly ionised neon (Ne II) at
IM3A. This 1ine 1s the analog of the 4580k 1ine in Ar II videh gs the most
efficient ion laser line. In addition, Ne II has a cluster of three strong

° ° °
1ines at 3324A, 3378A, and 3393A, However, the 33?4: and 3393: lines share a

° °
common upper level and the 2378A and 3393A 1ines share a common lower level, which

means that very 1ittle can be gained from simultaneous operation and competition
effeots may be harmful. Nevertheless, the 33243 1line has the lowest published

threshold.

N




CCNCLUSION

\

N

Our work shows that photochromic material can be used sucoessfully
in optical signal processors. Ultraviolet 'asers will provide higher energy
densities at the photochromic surface. These energy densities are obtained
without the neceseity for hich mmerical aperture optical elements, thus
permitting greater design flexibility. These lasers, combined with further
work in improved photochromics, will widen the area of useful applications.
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