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FOREWORD 
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fulfillment of the requirements for the degree of Doctor of Philosophy in 
Optical Sciences at the University of Arizona. 
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ABSTRACT 

The object of this study was to determine the utility of polarization -discrimination 
techniques for active optical processing. A baseline of static performance must be 
established before these techniques can be applied to real -time processing. 

The theoretical foundation for an alternative to the Vander Lugt technique of re- 
cording complex spatial filters had been laid by Marathay in 1969. On the basis of 
his theory, a photosensitive Vectograph TM technique was investigated, in which the 
image is produced as a polarization pattern rather than as the silver grain image of 
conventional photography. 

(1) Photographic characteristics of sensitized Vectographs were determined. The 
resolution ( >700 1p /mm) and the gray scale achieved indicate that the Vectograph 
material can also be used for recording Vander Lugt filters. 

(2) Theoretical analysis showed that the technique can be used to image and 
process objects in the same system without removal of the filter. It can also be used 
to generate halfwave plates for the pupil functions described by Toraldo di Francia 
for superresolution. 

(3) The Vectograph can perform addition and subtraction of functions recorded 
on it; it also is suitable for recording real -bipolar filter functions. 

(4) Variable- contrast images can be recorded. A variable- contrast Vectograph tar- 
get (VCVT), developed for optical testing, can not only vary the contrast of the 
recorded image but also reverse its contrast. In a similar fashion, a spatially variable 
birefringent filter (SVBF) was developed that permits spatial control of the wave- 
length of the transmitted light. 

Static and dynamic electro- optical properties of liquid crystal mixtures of cho- 
lesteryl- chloride, cholesteryl -nonanoate, and cholesteryl -oleyl- carbonate were stud- 
ied to determine their feasibility as the modulator in a proposed photoconductor - 
liquid crystal sandwich, which would be used as a reversible recording medium. 

(1) Previous research had indicated that cholesteric liquid crystals are circularly 
dichroic in a narrow wavelength band. The present work showed that light trans- 
mitted within this band is actually elliptically polarized. The degree of ellipticity 
depends on the relationship between the probing wavelength and the wavelength at 
which the sample becomes circularly dichroic. Outside this narrow wavelength band, 
the crystals exhibited pure optical activity. 

(2) The dynamic electro- optical properties of the cholesteric trimixture were 
measured. An alternating electric field applied parallel to the helical axis of the 
liquid crystals resulted in a hysteresis in the electro- optical rotatory power of the 
crystals. The magnitude of the hysteresis would limit cycling of these liquid crystals 
to a maximum frequency of ^0.10 Hz. 

(3) A bias voltage applied to the crystals in an attempt to improve the frequency 
response resulted in a field- induced memory. When the bias voltage was maintained, 
the optical rotatory power failed to stabilize. Prolonged exposure to the bias voltage 
severely diminished the electro- optical rotatory power of the crystals. 
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ACTIVE OPTICAL PROCESSING 

Interest in the field of coherent optical processing has been stimulated by the devel- 
opment of the laser as an intense source of coherent light and by the realization that 
optical systems can be used to perform two -dimensional manipulation of data. A 
typical coherent optical processing system is shown in Fig. 1. The amplitude distri- 
bution F(,n) in the rear focal plane of lens L2 is the Fourier transform of the 
amplitude transmittance f(x,y) of the object in the front focal plane. The process 
of spatial filtering, or coherent processing, consists of placing a mask with complex - 
amplitude transmittance H(t,n) in the transform plane to modify the Fourier spec- 
trum of the object in the input plane. The resultant complex amplitude in the trans- 
form plane will be F( ,n)H( ,n). The imaging lens performs a second Fourier trans- 
formation, and the resulting complex amplitude g(x,y) in the image plane is a modi- 
fied or processed form of the original input data. 

Light 
source 

L1 

Object 

V 

Transform 
plane 

f f 

Image 

V 
L2 L3 

Fig. 1. Coherent optical processing system. 

f 

We may write the filter function for a coherent processor as 

= IH(t,n)I exp[i0(t,n)] 

where IH(E,n)I represents the modulus of the filter and Ø(,n) its phase. The function 
H( ,n) is generally complex and can attain any values on or within the unit circle in 
the complex plane (Cutrona et al., 1960). 
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Media conventionally used for recording the spatial filter respond to incident light 
intensities by changing the complex -valued function that represents the transmission 
of the media. It is possible to record information by changing the absorption of the 
material, the phase of light passing through the material, or both. Because materials 
commonly used to record the filter respond to incident light fluxes, which are real 
and positive quantities, the production of this filter is a complex, time -consuming 
task. 

The conventional method for fabricating the filter has been to make independent 
phase and amplitude masks (Tsujiuchi, 1963). The prime difficulty in this technique 
has been the fabrication of the phase mask in all but the simplest cases. The value of 
the desired Fourier transform must be known before the mask can be fabricated. 
Once the desired transform has been calculated, the fabrication of the filter with the 
desired amplitude and phase changes may present an even more formidable obstacle. 

Another technique, reported in the literature by Holladay and Gallatin (1966), 
uses the properties of VectographTM film and the two -channel capacity inherent 
in polarized light to create real, bipolar filters. Positive and negative values of H(,r1) 
are placed on opposite sides of this material, and the resulting Vectograph transpar- 
ency is placed between crossed polarizers whose axes are oriented -}45° with respect 
to those of the Vectograph. In linearly polarized light, this material appears to be a 

transparency containing both positive and negative quantities. In his analysis of this 
technique, Marathay (1969) established the fact that polarized light , coupled with 
polarization- discrimination media such as the Vectograph film, is also capable of 
supporting a complex filter function. Marathay derived general solutions for realiz- 
ing both the real and complex filters. 

Vander Lugt (1963) proposed that a variation of a holographic recording tech- 
nique could be used to produce the desired complex filters for coherent processing. 
In the Vander Lugt technique, an interference pattern is recorded on photographic 
film. The complex -valued filter function is represented only by an absorption pat- 
tern recorded on film. The principal limitations of the Vander Lugt technique are a 

high resolution requirement for the recording film and the production of the filtered 
image off the axis of the processing system. The Vectograph technique may be used 
to alleviate the latter limitation. 

A serious shortcoming of present coherent optical data processing techniques is 

that the production of the spatial filter is a complex, time -consuming process. These 
filters must be accurately scaled for use in the processing system, and, once they are 
fabricated, their location in the transform plane is critical. In addition to these limi- 
tations, time -consuming scale and orientation searches must often be made, e.g., in 
pattern recognition applications. 

Real -Time Processing 

Several new areas in optical processing would open up if a reversible filter medium 
were available. We could use such a filter medium to process any optical phenome- 
non that changes in time. For example, let Ya be the length of time over which the 
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properties of a dynamic process remain effectively constant, let yf be the time re- 
quired to make a filter available, and let ym be the time to make a desired measure- 
ment, for example, a photographic exposure. We clearly can do "real- time" process- 
ing if the time intervals defined above satisfy the relationship 

7f + 7m <yQ. 

We may also use such a filter to retrieve information stored on film. In this proc- 
ess, the data processing rate is limited primarily by the time required to make the 
filter available. 

Processing that is dependent on a reversible filter medium may be categorized as 
active processing. The need clearly exists for a technique of filtering, or a dynami- 
cally changeable filter medium, to shorten the time span involved in coherent optical 
processing and to make active processing a reality. 

In the processor described above, a linear relationship exists between frequencies 
in the input plane and points in the transform plane. The effect of a finite size limi- 
tation for the filter recording medium is a limitation of the resolution in the input 
plane. The cutoff frequency of the recording medium determines the field of view in 
the input plane. To obtain acceptable input resolution and field of view, tradeoffs 
are generally made between format size and resolution in the transform plane and 
focal length of the Fourier transform lens. 

A desirable active processing system should 

(1) not lead to undesirable phase shifts, 
(2) be capable of sustaining complex filter functions, 
(3) have read -in and erasure times compatible with requirements for real -time 

processing described above, 
(4) have an input field of view not severely limited by the resolution of the re- 

cording medium, 
(5) lead to a filter that is capable of being recycled, 
(6) have high transmission or reflectivity in order to make efficient use of avail- 

able light, 
(7) be stable and insensitive to environment or capable of being made so, and 
(8) have recording material of adequate size for high resolution processing. 

With unconventional recording media, the speed at which the filter function may 
be produced is the primary limitation on processing rates. This speed depends on 
many factors including the power of the writing beam, the sensitivity of the record- 
ing medium, the transmission of the optical system, and the technique chosen for 
recording. Two of the possible techniques for filter generation place different de- 
mands on the storage medium. These two techniques are (1) point -by -point writing 
of the filter function and (2) simultaneous exposure of all points of the filter as in 
the Vander Lugt technique. 

A recording medium sensitivity of at least 0.01 to 1.0 mJ /cm2 is required for 
recycling a filter, generated by either of the above techniques, at TV frame rates. 
This sensitivity is based on an assumption of a writing beam power of 50 mW for 
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point -by -point storage or 1.0 W for simultaneous exposure of all filter points. A re- 
view of unconventional recording media previously used for holographic recording 
showed that reversible recording of the desired filter would be limited to a magnetic 
film (EuO) with a recording sensitivity of approximately 0.1 mJ /cm2. Because re- 
versible recording is a thermal effect rather than a direct photoeffect, other tech- 
niques were sought. 

One possible technique for increasing the sensitivity of storage media is to use 
the electric -field- dependent properties of a medium. A photoconductor can provide 
local control of the electric field and hence can control the material properties. Fig- 
ure 2 shows a design for a proposed electro- optical recording device. This technique 
coupled with such media as ferroelectrics (Keneman et al., 1970; Meitzler et al., 
1970), liquid crystals (Margerum et al., 1970), and photochromics (Robillard, 1970) 
clearly offers an untapped potential for active processing. 

Glass substrate 
Transparent electrode 

Photoconductor 

T 

Photochromic, ferroelectric, 
liquid crystal 

4- Reversing switch 

dc power supply 

Fig. 2. Proposed electro- optical photoconductor 
recording device. 

Previous Research 

A review was made of techniques and media that might be applicable to active co- 
herent optical processing. The summary in this section will include only those tech- 
niques that have the potential for supporting a Vander Lugt filter and that also have 
the desirable characteristic of being able to discriminate between polarization states 
of the incident light beam. Because of these constraints, the discussion of media is 
limited to electro- optical materials and liquid crystals. 
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Electro -Optical Materials 

An electro-optical crystal that is to be used as the filter medium is cut so as to 
operate in the longitudinal mode. An electric field impressed across the material in- 
duces birefringence along the optical axis as a linear function of the applied voltage. 
Local control of this field may be obtained by use of a scanning electron beam. An 
electro- optical material placed between crossed polarizers and scanned in this man- 
ner behaves like a real-time transparency (i.e., the filter function can be changed at 
TV frame rates, a new,filter every 1/30 sec). This technique has been used success- 
fully to perform on -line Fourier transforms of video signals (Poppelbaum et al., 
1968) and to generate binary filters (Wieder et al., 1969). 

Although the technique has an inherent capability of operation at TV frame rates, 
an exact mathematical description of the filter function must be known before the 
filter can be generated. 

An image storage device reported by Requa and Hanlet (1964) may also be appli- 
cable to active processing. The basic device consists of a sandwich of ferroelectric 
and photoconductive films between conductive outer electrodes. The presence of an 
input image on the photoconductor results in a modulation of the field across the 
ferroelectric layer. This variation of field in a ferroelectric material results in a varia- 
tion of the spontaneous polarization of the crystal. Once established, the internal 
polarization pattern may be maintained without the presence of the electric field. 
Images have been recorded in 25 msec with an input of approximately 5 to 40 
µW /cm2 on a device consisting of a barium titanate ferroelectric and cadmium sul- 
fide photoconductor. 

A similar device utilizing evaporated zinc selenide as the photoconductor has been 
used by Keneman et al. (1970) to store holograms. A recording sensitivity of ap- 
proximately 1 mJ /cm2 at 514.5 nm was used to produce gratings with spacings as 
fine as 1.26 pm. Erasure is accomplished by simultaneous application of a uniform 
beam of light and a reversed polarity voltage. 

Electric -field- induced birefringence in a ferroelectric ceramic appears to offer 
properties that surpass those of other electro- optical materials for active optical 
processing. With this material, however, once the information is written it is main- 
tained until erased. The ferroelectric ceramic, lanthanum -doped lead zirconate titan - 
ate (PLZT), is transparent and is reported to have an electro- optical coefficient 12 
times that of potassium dihydrogen phosphate (KDP). Bell Laboratories has devel- 
oped a ceramic that normally transmits no light when placed between crossed polar - 
izers. The presence of an electric field induces birefringence, and the material 
becomes transmissive. 

Meitzler, Maldonado, and Fraser developed at Bell Laboratories in 1970 an image 
storage and display device utilizing the ferroelectric ceramics (Fig. 3). The device 
consists of a sandwich of ferroelectric ceramic, transparent electrodes, and an or- 
ganic photoconductor, polyvinyl carbazole (PVK). In operation, a uniform strain is 
induced in the plate in order to establish a preferred orientation of the polarization 
in the plane of the plate. The material becomes birefringent, and the amount of this 
birefringence may be controlled by the magnitude of an electric field across the 



ceramic. An optical image projected onto the photoconductor causes local modula- 
tion of the field across the ceramic. In operation, white -light fluxes of approxi- 
mately 10 mW /cm2 for 1 sec were sufficient to write an image. A basic gray scale 
and a resolution of more than 50 1p /mm were produced. 

Incident 
light - 

r 

-- 
4-- 

Ceramic plate 
Photoconductive film 

Transparent electrodes 

TWriting voltage supply 

Fig. 3. Ferroelectric picture device. 

Liquid Crystals 

A class of structures called mesomorphic or liquid crystals occupies an inter- 
mediate position between liquids and crystalline solids. Although fluid like a liquid, 
this state of matter shares some electrical and optical properties with crystals. To 
form the liquid crystalline state, the material must have elongated, relatively straight 
molecules. Liquid crystals are divided into the following three classes based on mo- 
lecular arrangement: (1) smectic, (2) nematic, and (3) cholesteric. Only the choles- 
teric phase shows polarization discrimination, so this class alone will be discussed. 

Interest in liquid crystals has been aroused recently by the formulation of com- 
pounds that exhibit liquid crystalline properties at room temperature and by the 
fact that the optical properties such as reflection, transmission, birefringence, optical 
rotation, and color all undergo drastic changes due to external disturbances (e.g., 
electric and magnetic fields, temperature, vibration, and chemical vapors) that can 
interfere with the weak forces existing between molecules. 

To explain some of the optical properties of the cholesteric phase, De Vries 
(1951) postulated that this class of liquid crystals consists of thin anisotropic (ne- 
matie) layers, with the preferred direction of molecular orientation of each layer 
rotated through a small angle (see Fig. 4). Like the helical structure of quartz, this 
structure leads to optical activity, with rotations greater than 104 degrees /mm hav- 
ing been reported (Brown and Shaw, 1957). The cholesteric materials have a single 
optical axis normal to the layers and are optically negative (Fergason, 1966). The 
cholesteric structure scatters incident white light to give iridescent colors, and the 
structure is circularly dichroic for some wavelength region. 
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Fig. 4. Proposed cholesteric structure (from Hansen 
and Schneeberger, 1967). 

The variation with temperature of the optical properties of cholesteric liquid 
crystals has been used to produce infrared holograms in real time (Simpson and 
Deeds, 1970). The storage medium was a cholesteric liquid crystal sandwiched be- 
tween glass and sodium chloride plates. If this sandwich is placed between crossed 
polarizers, the amount of light transmitted through the sandwich depends on the 
local temperature of the liquid crystal. If polarized light from a helium -neon laser is 
used as one polarizer, the sandwich structure acts as a medium whose density for red 
light depends on the crystal temperature. The differences in temperature in the in- 
terference pattern between two plane waves of CO2 laser radiation were sufficient to 
cause the desired modulation. The rise time and decay time for the holographic re- 
cording were each approximately 0.25 sec. Decay was due to the thermal diffusion 
of the hologram pattern through the liquid crystal. 

Day and Gaddy (1968) observed that the plane of polarization of linearly polar- 
ized light may be rotated by applying a field across a cholesteric liquid crystal sand- 
wich. The presence of a longitudinal field changes the indices of the liquid crystal by 
means of a change in the pitch of the helical structure. This electro- optical effect 
offers the possibility of light modulation at low voltages and could be used for active 
optical processing. 
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Overview 

The objectives of the research reported here are to determine (1) the capabilities and 
limitations of the polarization -discrimination technique of optical processing, and 
(2) the feasibility of active optical processing using the proposed sandwich of Fig. 2 

with a cholesteric liquid crystal as the electro -optical material. 
Before research can be done on a reversible filter medium that uses polarization - 

discrimination properties of materials, the capabilities of the technique should be 
determined for the static case; thus the Vectograph technique was investigated first. 
This technique was shown to have the desirable properties, and the research was 
then extended to determine the dynamic properties of cholesteric liquid crystals. 
The results of the Vectograph and liquid crystal investigations, respectively, are dis- 
cussed in the next two chapters. 

During the course of the experimentation to determine the properties of the Vec- 
tograph material relevant to optical processing, it became apparent that this material 
offered a potential in other areas of optics. The properties were significant enough 
to warrant further research, and an additional chapter is devoted to this work. 

The final chapter of this report discusses the conclusions to be drawn from the re- 
search and recommends areas for future investigation. 
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THE VECTOGRAPH TECHNIQUE 

In a paper to the Optical Society of America, Dr. E. H. Land (1940, p. 230) said, 
"The Vectograph promises to have numerous practical applications in optics...." The 
principal new uses of the Vectograph resulting from the present research are for op- 
tical processing and optical testing. This chapter delineates the characteristics of the 
Vectograph pertinent to optical processing. A description is first given of a tech- 
nique for direct photosensitization of the Vectograph. A Jones calculus analysis of 
the effect of a Vectograph filter on linearly polarized light is followed by an analytic 
description of ,the application of the Vectograph to optical processing. An experi- 
mental verification of the utility of the photosensitized Vectograph for optical proc- 
essing concludes the chapter. 

Optical Processing 

In the Vectograph technique used by Holladay and Gallatin (1966) for symmetrical 
shape detection, the desired filter function was real, and the Vectograph material 
was used to control the phase of the filter. This technique was limited by the re- 
quirement that the negative and positive portions of the desired spectrum had to be 
separately recorded on film, subsequently transferred to a matrix transfer film, and 
finally transferred to the Vectograph film. The quality of the filter produced was 
severely limited by the resolution attainable in the transfer process. 

The technique to be reported here alleviates the above limitations by means of a 

simple theoretical specification of the filter (Marathay, 1969) coupled with direct 
photosensitization of the Vectograph to produce the desired spatial filter. 

Photosensitive Vectograph Film 

Polaroid Vectograph film consists of two layers of oriented polyvinyl alcohol 
(PVA) applied to the opposite sides of an inert cellulose acetate -butyrate substrate. 
The stretch axes of the two PVA layers are perpendicular to each other. 

The basis for the photosensitization of the Vectograph is that cupric chloride acts 
as an oxidizing agent in an iodide solution. In the process reported here, the cupric 
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chloride is added to a 2% ammonium dichromate solution used to sensitize the PVA 
layers. The cupric chloride also yields an increase in the sensitivity of the dichro- 
mated PVA layers (Kosar, 1965, p. 91). A detailed description of the procedure and 
chemical formulations involved in the photosensitization are included in the Appen- 
dix. The present chapter contains an outline of the procedure. 

In a fashion similar to that of other dichromate photographic processes, the di- 
chromated PVA layer hardens in those areas that have been exposed to light. A 
potassium iodide solution used as a developing agent reacts with the cupric chloride 
of the sensitizer and free iodine is released. The amount of developer absorbed by 
the selected portions of the PVA layers depends on the degree of hardness of the 
layers. A photographic gray scale may be generated as a result of this absorption of 
the iodine dye by the dichromated PVA layer. The iodine molecules, aligned by the 
PVA layer, form an image as a polarization pattern rather than as the silver grain 
pattern in a common photographic emulsion. The developed Vectograph film now 
acts like a medium whose transmission depends on the polarization of the incident 
light; i.e., the Vectograph material has been made linearly dichroic. 

The high resolution (700 1p /mm) and the gray scale attained in the dichromate 
process indicate that this procedure could be used in the technique developed by 
Vander Lugt (1963) to record a complex spatial filter. The chief limitation of the 
dichromate process is a lack of recording sensitivity. Satisfactory recordings were 
made using a mercury-vapor source at an average exposure of approximately 100 
mJ /cm2. 

Because of the lack of sensitivity of the dichromate technique, experiments were 
conducted to investigate a direct photosensitization technique with a higher sensi- 
tivity. Two other techniques- sensitization with a photoresist and with a dichro- 
mated gelatin (see Appendix for details)--failed to produce a process with a signif- 
icant increase in absolute sensitivity. 

One advantage of the photoresist technique is worth noting. The basis for sensiti- 
zation with a photoresist is again the hardening of a layer by the action of light. A 
commercially available photosensitive resist (KPR -3) was placed on the Vectograph 
substrate. Exposure with a mercury arc to energy levels comparable to the exposures 
of the dichromated Vectograph was followed by normal development in Kodak 
Ortho Resist developer and by an acetone rinse. The layer was then dyed with a 
solution of cupric chloride and potassium iodide. Although this procedure does not 
produce a gray scale, the resolution achieved is comparable to that achieved with the 
dichromate technique. In addition, however, it has the distinct advantage of being 
able to produce a higher extinction ratio (a density difference of 2.56) than can be 
obtained with the dichromate process. This property is desirable in the Lohmann 
and Paris (1967) method of recording a complex filter by means of binary transmit- 
tance values. 

Theoretical Analysis 

Many possible methods exist to describe the interaction of light with a polariza- 
tion device such as the Vectograph. Because we deal with the complex amplitude of 
the field in coherent optical processing, the natural method for the theoretical anal- 
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ysis of the Vectograph process is the Jones calculus (Jones, 1941). We assume a 
monochromatic plane wave that propagates in the positive z direction of the right - 
handed coordinate system shown in Fig. 5 and represent the x and y components of 
the incident field by a two-component vector 

E0 = 

Input polarizer Vectograph 

Fig. 5. Polarizer -Vectograph train. 

Output polarizer 

Any polarization device can be represented by a 2 by 2 matrix, which we denote by 
the symbol L. As a result of transmission through the device, the output Jones vec- 
tor is obtained from the relation 

E' = LEO. (1) 

Formulation of the interaction in this fashion allows us to determine the state of 
polarization and intensity resulting from the interaction of a plane electromagnetic 
field with any number of polarizing devices. 

The exposed and processed Vectograph film can be represented by the Jones ma- 
trix 

V(0) = 
0 t2 

This matrix represents a device that has an amplitude transmittance of t1 for light 
polarized in the x direction and t2 for light polarized in the y direction. An expres- 
sion for the Vectograph rotated through an arbitrary angle, w, in our coordinate 
system may be obtained by use of the rotation matrices, i.e., 
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V(w) = S( -w) V(0) ,(w) 

where S(w) is the rotation matrix defined by 

S(w) = 
cosw sines 

-sines cosw 

If we perform the multiplication indicated above and choose w = Tr /4, we have 

1(7114) = 1/2 

ti 
+ t2 

ti - t2 

ti - t2 

ti + t2 

(2) 

This expression represents a Vectograph with its principal axis at +7r/4 as defined 
by Fig. 5. Although it appears that this angle was arbitrarily chosen, the results of 
the following discussion indicate the useful properties that arise from this choice. 
The Vectograph is placed between an input and output polarizer whose orientations 
are to be determined. 

To simplify the mathematics, we choose the orientation of the input polarizer so 
that horizontally polarized light is transmitted. We can represent the output Jones 
vector from our system as E'(a), where a specifies the orientation of the output 
polarizer. For our system consisting of two polarizers and the Vectograph, we have 

E'(a) = P(a) 1/-(7r/ 4) E0 

where P(a) is the projection operator given by 

and 

cose a sina cosa 
P(a) = 

sina cosa sine a 

E0 

If we perform the indicated operation, we have 

(ti + t2) costa + (ti - t2) sina cosa 
E'(a) = 1/2 

(t1 + t2) sina cosa + (ti - t2) sine a 

12 
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Proper orientation of the output polarizer will now allow us to choose a number of 
interesting mathematical functions. 

With the output polarizer at r/ 4, we have 

E'(rr/4) = 

If we rotate the output polarizer to 3rr /4, 

E'(3rr/4) = 
t2 

2 

(4) 

(5) 

By proper choice of the output polarization, we have been able to choose what- 
ever transmission function we desire. Proper choice of the output polarizer orienta- 
tion, coupled with the recording of two Vander Lugt filters on the film, will enable 
us to perform two -channel processing. We can perform the filtering operation repre- 
sented by t1 with one orientation of the output polarizer and in a similar manner 
perform the operation represented by t2 . 

Between parallel polarizers, we have 

E'(0) - tl+t2 1 

2 0 

and between crossed polarizers 

E'(rr/2) _ 
tl - t2 

2 

(6) 

(7) 

We can see from Eqs. (6) and (7) that suitable orientation of the output polarizer 
will enable us to obtain either addition or subtraction of the two transmittance func- 
tions. 

These mathematical operations were verified by recording a contact print of two 
single slits on the film. Figures 6a and 6b show the transmittance functions recorded 
on each side of the Vectograph. The sum and difference of these two functions are 
shown in Figs. 6c and 6d. 
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(a) Analyzer set at 7r/4. (b) Analyzer set at 37r/4. 

(c) Analyzer set at 0 (sum of two 
functions). 

(d) Analyzer set at 7r /2 (difference 
of two functions). 

Fig. 6. Transmittance functions recorded on Vectograph film. 
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Vectograph Technique of Optical Processing 

Equation (7) is the basis for the utility of the Vectograph technique of optical 
processing. To use the sensitized Vectograph film for optical processing, we must 
suitably select the functional relationships for t1 and t2. For a real, bipolar spatial 
filter, we normalize the filter function to satisfy the relationship 

-1 c h(x,y) c 1. 

Because the sensitized Vectograph film is a square law detector, as are normal photo- 
graphic recording media; it can produce only positive values of transmittance 

0 < t(x,y) c 1. 

We then specify (Marathay, 1969) 

t1(x,y) _ 1/2(1 + h(x,y)) (8) 

t2(x,y) = 1/2(1 - h(x,y)). (9) 

With the Vectograph placed between crossed polarizers and the transmittances as 
specified in Eqs. (8) and (9) we have the desired filter function 

E'(n./2) = 1/zh(x,y) 
(ç). 

(10) 

A useful consequence of the above selection is that, between parallel polarizers, the 
output will be 

E'(0) = 1/2 

1 

0 . 

Equation (10) shows that it is possible to perform the processing operation repre- 
sented by h(x,y) at one setting of the output polarizer, and Eq. (11) shows that we 
can obtain an image of the original object at a second orientation of this polarizer. 
Electro -optical rotation of the output polarization will provide near "real- time" 
switching between a processing and an imaging operation. 

Another useful consequence of the above analysis is the photographic production 
on Vectograph film of haifwave plates. If in Eq. (7) we choose 

tl(x,y) = 1 -f(x,y) (12) 

t2 = f(x,y) (13) 
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with f(x,y) a real function normalized to remain between zero and one, then the 
output will be 

E'(zr/2) _ (1/2 - f(x,y) ) (14) 

This analytic expression represents a halfwave plate, with f(x,y) specifying the func- 
tional relationship of the region with the desired halfwave phase difference. Because 
the technique developed by Toraldo di Francia (1952) for image processing requires 
only pupil functions with halfwave phase variations, the above process will allow for 
the direct generation of the required pupil function on Vectograph film. 

Experimental Verification 

To demonstrate the capability of the dichromate- sensitized Vectograph to sup- 
port a real, bipolar function, we recorded on the film the transmittance functions 
shown in Fig. 7. For simplicity, the discussion will be limited to a one -dimensional 
analysis. The functions ti (x) and t2(x) were realized by recording 12 -1p /mm Ronchi 
rulings on the sensitized Vectograph. The resultant function formed by the subtrac- 
tion of the two functions should be the square wave h(x) with no zero -frequency 
component. The Vectographs containing ti and t2 were then placed in a coherent 
processor, and the distribution of irradiance in the transform plane was recorded on 
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Fig. 7. Theoretical transmittance of functions used in verification 
of bipolar recording on Vectograph film. 



film. With either t1 or t2 alone as objects, the resultant diffraction pattern was as 
shown in Fig. 8a. The two Vectographs were then placed together in the processor 
between crossed polarizers, with the result shown in Fig. 8b. It can be seen that the 
zero -order component has been reduced significantly. 

Fig. 8a. Diffraction pattern of square wave 
with added bias. Arrow indicates 
zero order intensity. 

Fig. 8b. Diffraction pattern of pure square 
wave. Zero order intensity has been 
reduced significantly. 

Because it is known that phase effects in a coherent processor can significantly 
alter the irradiance distribution in higher orders (Leith, 1962), an experimental pro- 
gram was designed to test whether this was the case in the observations above. The 
recording obtained on the Vectograph could be (1) a pure amplitude filter with 
transmittance other than zero or unity (this is the desired filter function), (2) a pure 
phase filter, or (3) a complex filter containing both amplitude and informa- 
tion (this is the case commonly encountered in processing without the use of an 
index- matching liquid gate). 

Let the transmittances of the two images recorded on the Vectograph be as shown 
in Fig. 9. 

,(X) 

4--Z1 - 
12( 

4u 2+ 

a exp(jka3) 

b 

a exp(jka3) 

b 

Fig. 9. Transmittances recorded on Vectograph film. 
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The most general mathematical specification of the transmittance functions 
would be 

where 

ti (x) = a exp(jka3) rect(x/ai ) * (1/0) comb(x/A) + b 

t2(x) = a exp(jka3) rect(x/a2) * (1/0) comb[(x - 0/2)/A] +b 

rect(x/a) = 
1 , if ix i < a/2 

0, ifkxl >a /2 

comb(x /0) = IAI 2 5(x - nA) 

and * denotes the convolution operation. 

In the expressions above, 0 is the period of the ruling, a is the maximum ampli- 
tude transmittance, b is the minimum transmittance, al and a2 are the widths of the 
clear areas, and ka3 is the over -all phase retardation introduced into the plane wave 
by the index and thickness variations of the rulings recorded on the Vectograph. 

If the Vectograph were not performing the desired vector operation (the subtrac- 
tion of the two functions), the transmittance of the combination would be the 
product of the two transmittance functions. The irradiance in the transform plane 
would not have a minimum at the origin, and the spacing of the pattern for Fig. 8b 
would be twice that of Fig. 8a. Because this did not occur, the Vectograph did per- 
form a vector operation on the two quantities represented by ti(x) and t2(x). If this 
were an addition operation, there would be no minimum at the origin and the spac- 
ing of the pattern in Fig. 8b would again differ from that of Fig. 8a. 

The transmittance function resulting from the combinations is therefore 

or 

t(x) = ti(x) - t2(x) 

t(x) = a exp(jk2a3) rect(x/ai) * (1/0) comb(x/0) 

-a rect(x/a2) * (1/0) comb[(x - 0/2)/0]. 

The effect of the phase retardation on the irradiance pattern remains to be seen. The 
irradiance distribution in the transform plane is directly related to the magnitude 
squared of the Fourier transform T(t) of the transmittance function t(x) 

Ta) = a exp(jk2a3) (a1 /0) 2 sinc(nai /0) 
o 

[1 - (-1)n exp(-jk2a3) (a2lai) 
sinc(na2/0) 1 - n/A) * P(t), sinc(nai/0) J 
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where P(E) is the Fourier transform of the pupil function of the transform lens. The 
separation of the orders in the experimental setup (Af /0) was large compared with 
the width of a single pattern, so we may neglect any cross terms arising in the squar- 
ing operation. The widths of the clear areas (a1 and a2) on both images, as measured 
with a filar eyepiece attachment to a microscope, were approximately equal. This 
indicated that 

a2 sinc(na2/A) 
a1 sinc(na1 /0) 

The nth order term in the diffraction pattern may be obtained from the above ex- 
pression for T(E) by replacing n with the desired order number. This leads to the 
expression for the zero -order term 

lo [a(a1 /0)]2 2[1 - cos(2ka3)]. 

The zero order irradiance term will therefore be zero only for 

cos(2ka3) = 1. 

Now 

2ka3 = (27r/A) (T .An -ñ Ot), 

where An and At are the index and thickness variations existing on the Vectograph 
and 17 and T are the average index and thickness of the layers. The indices of refrac- 
tion for sodium light of various sensitized dichromate layers on the PVA substrate 
were measured with an Abbe refractometer to an estimated accuracy of ±0.0004, 
with the results shown in Table 1. Any thickness variations on the recording may be 
eliminated by immersing the exposed Vectograph in an index -matching liquid. A 
solution was made to match the third index shown. 

Table 1 

Indices of Refraction of Dichromate on PVA 

Index of 
Medium refraction 

2% dichromate on substrate 1.4773 
Solution, no exposure, 1.4782 

developed and processed 
Solution exposed, 1.4798 

developed and processed 

The experiment was performed again, and the irradiance distribution in the trans- 
form plane was observed with the same results as in Fig. 8. This experiment elimi- 
nated the possibility of thickness variations as the cause of the observed effect. 
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Index of refraction measurements were made on the steps in a step wedge recorded 
on the Vectograph material. The maximum index difference observed was 0.0015 
from an average index of 1.4800. The thickness variations were eliminated with the 
liquid gating experiment. The effect caused by the maximum index difference ob- 
served with the stated thickness (Land, 1948) of the PVA layer (7.6 pm) would 
produce 

(27r /X) T An = 0.0427T, 

which results in 

cos(2ka3) = 0.992. 

This result indicates that phase effects caused by the Vectograph recording tech- 
nique are negligible. The experimental results observed in Fig. 8b were indeed caused 
by amplitude variations as desired. It has been shown that the sensitized Vectograph 
can directly record a real bipolar function with a minimum of phase distortion and 
can therefore be used as a polarization -discrimination recording medium for coher- 
ent optical processing. 
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FEASIBILITY OF ACTIVE 
OPTICAL PROCESSING USING 
CHOLESTERIC LIQUID CRYSTALS 

At the beginning of this report, the need was cited for the development of a re- 
cyclable recording medium for the filter function in the transform plane of the co- 
herent processor. Marathay's (1969) paper had shown that media with polarization 
discrimination properties are capable of supporting a complex filter. The discussion 
in the second chapter showed that the capabilities of polarization discrimination 
techniques were exhibited in the static case by the use of Vectograph material. Be- 
cause of the advantages inherent in the direct generation of complex filters optically 
by means of the Vander Lugt technique, the need has been clearly established for 
the development of recyclable recording media. The electro- optical photoconductor 
sandwich appears to offer this capability. To determine the feasibility of this con- 
cept, it is necessary to know the pertinent properties of the electro- optical material 
in the sandwich. The aim of this chapter is to develop the theory necessary for the 
utilization of cholesteric liquid crystals as a modulator medium and to determine 
experimentally the electro- optical properties of selected liquid crystals. 

Liquid Crystal Modulator 

To use a liquid crystal as the modulator medium of the sandwich, we must have a 
description of the effect of the liquid crystal on an incoming electromagnetic field. 
De Vries (1951) was successful in explaining some of the optical properties of the 
cholesteric phase of liquid crystals by assuming that the structure of this phase con- 
sisted of thin anisotropie layers with the preferred direction of molecular orientation 
of each layer rotated through a small angle (see Fig. 4). A consequence of this treat- 
ment is the high optical rotatory power exhibited by cholesteric liquid crystals. If 
we neglect the ellipticity introduced by the liquid crystal and only consider the 
liquid crystal as an optically active medium, the cholesteric liquid crystal behaves as 
a polarization rotator, with the matrix operator representation 

L1c = 
cos0 -sin i/i 

sin>!i cos>/i 
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This operator represents a device that rotates the plane of polarization of an incom- 
ing linearly polarized beam through the angle (in the positive direction as defined 
previously). If we wish to have the electro- optical sandwich perform as a conven- 
tional recording medium, i.e., become optically dense upon exposure to light, we 
can place the liquid crystal rotator between crossed polarizers. In this case, use of 
the coherency matrix formulation leads to an intensity transmittance of the liquid 
crystal -polarizer train 

/out = Ii sin' 4i. (15) 

Rotation of the input polarization from it /2 to 7 yields a device theoretically cap- 
able of 100% modulation, i.e., a high contrast recording medium. When white light is 

incident parallel to the helical axis of a liquid crystal, it has been found (Fergason, 
1966) that a small band of wavelengths is totally reflected. De Vries (1951) has 
shown that the peak wavelength of this reflection band is related to the pitch and 
mean index of the cholesteric layer. Based on the assumed helical structure for the 
cholesteric phase, De Vries determined that the optical rotatory power (or the rota- 
tion per unit length) of the liquid crystals is given by 

lp 
_ 

27r a 2 

az p 8X'2(1 - X'2) 
(16) 

where p is the pitch of the helix in the helical structure, a is the relative birefrin- 
gence of the liquid crystalline layers 

a - 
n 

n2 - n, 

n is the mean index of the layer 

and 

n - ni +n2 

X' = X/Xo 

where X0 is the mean wavelength of the total reflection band of the cholesteric 
phase. De Vries has shown that 

Xo = np. 
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There are three limits of interest in Eq. (16): 
(1) X' = 1. In this region, the rotation becomes infinite. The light transmitted by 

the liquid crystal is circularly polarized, and no modulation results. 
(2) X'2 > 1. In this limit the rotatory power reduces to 

31P/az = - (7r/4) (an2 /X2 ) 2 p3. 

(3) X'2 << 1. In this limit, the rotatory power of Eq. (16) is linearly related to the 
pitch 

atP/az = +(7r/4)(an/A)2p. (17) 

If we wish to have the rotatory power of our modulator linear in pitch, we choose 
item (3) as the design for our modulator. Proper choice of the thickness of our 
liquid crystalline layer will lead to an initially transparent sample. With Eq. (15) 
representing the output intensity, we choose 

;Do = + (7r/4) (an/A)2 po zo = + 7r/2, (18) 

where po is the zero -field pitch of the liquid crystal sample. From Eq. (18) we ob- 
tain the desired thickness of our sample 

zo = (2 /P0)(X/c n)2 (19) 

With this value for the thickness of our sample, the output intensity varies with the 
pitch of the sample according to 

lout = lin sine [(ir /2)(P /Po)] 

The above equation shows that we can produce 100% modulation of the input light 
intensity by changing the pitch of the liquid crystal sample by a factor of 2 from its 
zero -field value. 

If we place the liquid crystal between parallel polarizers, Eq. (15) becomes 

lout = lin cost 

The thickness of the sample for an initially transparent sample becomes twice that 
obtained from Eq. (19). The output intensity in this case becomes 

lout = lin cost [7(P/Po)] 
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We now can obtain 100% modulation of the input intensity by changing the pitch of 
the sample a factor of 1.5 from its zero -field value. Electrical properties of the liquid 
crystal samples should determine which of the choices above leads to a more practi- 
cal modulator. 

In his work at Bell Laboratories, Kahn (1970) has shown that a longitudinal elec- 
tric field (parallel to the helical axis) applied to certain mixtures of cholesteric liquid 
crystals may induce pitch changes on the order of a factor of 3 from the zero -field 
value. Kahn's work indicates that the desired percentage modulation is attainable 
and that further research to determine the electro- optical rotatory properties of the 
cholesteric liquid crystalline phase is warranted. 

Electro -Optical Properties of Cholesteric Liquid Crystals 

Material Selection 

The selection of the cholesteric liquid crystal for the modulator is fundamental to 
the design of the electro- optical sandwich. Liquid crystal compounds containing 
halogens have been found to be sensitive to electric or magnetic fields (Hansen and 
Schneeberger, 1967). With this fact in mind, the electro- optical properties of the tri- 
mixture cholesteryl chloride (CC), cholesteryl nonanoate (CN), and cholesteryl oleyl 
carbonate (COC) were examined. These compounds were generally combined by 
mixing a certain proportion of CC with a 60:40 weight ratio of COC to CN. The per- 
centage of CC determines the pitch of the cholesteric helix and hence most of the 
optical properties. Melamed and Rubin (1971) reported that the pitch of the result- 
ing compound monotonically increases with increasing percentage of CC. In addi- 
tion, the trimixture has the desirable property of exhibiting its liquid crystalline 
phase at room temperature. 

Sample Preparation 

The resistivity of the liquid crystal sample should be as high as possible so that a 

potential problem of impedance matching to the photoconductor of the electro- 
optical sandwich will be avoided. The following sample preparation technique was 
determined to yield clean samples. The desired quantity of each of the three com- 
pounds was placed in a flask that had been previously cleaned and given a distilled 
water rinse. The amount was carefully weighed into the beaker placed on a micro - 
balance. The substrates between which the liquid crystal was to be sandwiched had 
to be cleaned prior to exposure to the sample. The substrate chosen for all mea- 
surements was a commercially available glass with a transparent tin oxide coating 
(NESATM glass obtained from PPG Industries). This substrate was cleaned using 
common thin -film techniques and given several rinses with distilled water in an ultra- 
sonic cleaner. A thin (-4 µm) mylar spacer with a 2 cm by 2 cm opening served to 
determine the thickness of the active liquid crystal layer and acted as an insulator 
between the electrodes. The liquid crystal sample was heated until it became an iso- 
tropic liquid, and it was then placed on the prepared substrate. The second electrode 
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was placed on top of the sample and clamped into position, and the sample was 
allowed to cool to room temperature. 

Resistivity measurements made with a General Radio impedance bridge and an 
external low voltage dc power supply demonstrated the success of the above proce- 
dure. Typical resistivity values for the samples were on the order of 1012 2cm, a 
value that indicates that the samples were as clean as desired. 

Table 2 shows the composition of the liquid crystal samples chosen for study. 

Table 2 

Composition and Optical Properties of Liquid 
Crystal Samples 

Sample % CC % CN % COC X0(nm) po(nm) 

1 29.97 27.96 42.06 655 434 
2 37.49 25.00 37.50 924 612 
3 32.00 27.19 40.80 757 501 
4 29.98 28.06 41.94 617 408 
5 37.47 25.05 37.47 818 542 
6 48.05 20.90 31.05 1680 1111 

Optical Properties 

Previous research on cholesteric liquid crystals has emphasized their reflection 
properties. Little exists in the literature that describes their polarization discrimina- 
tion properties. Although reports indicate (Fergason, 1966) that, in the wavelength 
band of maximum reflectivity, light of one circular polarization is reflected and 
the orthogonal circular polarization is transmitted, little research has been directed 
toward determining the state of polarization of transmitted light at wavelengths out 
of this critical region of maximum reflectivity. 

Spectrophotometer traces of the spectral intensity transmittance of the six sam- 
ples chosen for study exhibit minima at the wavelengths X0 listed in Table 2. These 
wavelengths correspond to the X0 of De Vries' theory and are related to the pitch of 
the helical structure by X0= pn. The values of the pitch listed in Table 2 correspond 
to a measured mean index of 1.5 for the samples. The width of the reflection band 
as given by Kahn (1971) is 

AX = 2aX0. 

The width of the band is defined by 

AX = X1-X2 

X1 = p (n + An/2) 

X2 = p (n - An/2). 
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Refractometer measurements indicated that the value of 2a for the samples under 
consideration remained approximately a constant value of 0.028. The width of the 
reflection band is linearly related to X0 or to the pitch. The widths observed on the 
spectrophotometer traces exhibited the expected broadening as the pitch of the 
samples increased. 

Experimental Procedure 

Two classes of measurements must be made on the liquid crystal samples to eval- 
uate their potential as a reversible recording medium. The first of these is concerned 
with static measurements, which must be made to determine (1) the nature of the 
light transmitted by the liquid crystal, (2) the extinction ratio attainable with the 
samples, and (3) the zero -field rotation induced by the sample. The extinction ratio, 
defined as the ratio of the maximum light intensity transmitted to the minimum, is a 

measure of the contrast that may be obtained with the recording medium. 
The second class of measurements that must be made is concerned with the dy- 

namic electro- optical rotation of the samples. The experimental apparatus shown in 
Fig. 10 (page 28) allowed both the static and dynamic measurements to be made 
without disturbing the sample. 

Static Measurements. The He -Ne laser light source and the range of pitch avail- 
able in the samples allowed measurements of the polarization properties of liquid 
crystals to be made both inside and outside the critical reflection region. For the 
static case, the Stokes parameters of the light being transmitted by the liquid crystal 
were measured. These are linearly related to the elements of the coherency matrix 
through (see, for example, Born and Wolf, 1965, p. 554) 

So 

Si 

S2 

= Jxx + Jyy 

= Jxx - Jyy 

= Jxy+Jyx 

S3 = i(Jyx - Jxy). 

In the above equations, J represents the elements of the coherency matrix (Mara - 
thay, 1965) 

J = 
((Ex Ex ) (ExEÿ ) 
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where C.) stands for the time averages of the quantities in the brackets, and * stands 
for the complex conjugate of the quantity indicated. It may be shown that the ele- 
ments of the coherence matrix, and hence the Stokes parameters, may be obtained 
through a simple series of four intensity measurements (O'Neill, 1963, pp. 141 -142). 
These measurements consist of the intensity transmitted through (1) a horizontal 
polarizer, (2) a vertical polarizer, (3) a polarizer at 7r/4, and (4) a quarterwave retar- 
dation plate with its slow axis in the horizontal direction followed by a polarizer at 
7r/4. From the four intensity measurements we obtain 

I1 = JXx 

12 = Jyy 

13 = 1/2[(1 + Jyy ) + (Jyx Jx y ) ] 

14 = '/2[(JXx + Jyy) + i(Jyx - xy)] 

From these measurements, we can now obtain the normalized Stokes parameters 

So = 1.0 

S1 = (I1- I2)1(I1 +12) 

S2 = 213 /(11 +12) - 1.0 

S3 = 214 1(11 +12) - 1.0. 

The degree of polarization of the transmitted light may be obtained from 

(S12 +S22 +532)1/2 P= 
So 

A Babinet- Soleil compensator (item 6 of Fig. 10) was chosen as the retardation 
plate for the fourth intensity measurement described above. The first three measure- 
ments may be made with the compensator set for an integral multiple of 27r retarda- 
tion. Once the compensator is calibrated, it may be set to a quarterwave retardation 
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and the fourth intensity measurement may be made. This technique enables all 
measurements to be made without subsequent corrections for the transmittance of a 
waveplate added to the system. 

A removable motor -driven polarizer (item 8 in Fig. 10) added to the system en- 
abled determination of the linearity of the photo field- effect transistor (10), which 
was used as the detector in the system. Rotation of this polarizer yields a sinusoidal 
output from the detector. If the function generator (13) drives the horizontal axis of 
the storage oscilloscope (12) at the same frequency as the output of the detector, a 
direct representation of the linearity of the detector will be displayed on the oscillo- 
scope. The pitch dilation to be expected (Kahn, 1970) from the present samples, 
and the observed zero -field rotations (Table 3), indicated that linearity over a range 
of 75° would be adequate for the proposed measurements. A load resistor placed in 
series with the detector provided the required linearity and prevented detector satu- 
ration at high intensities. 

1 
11 12 

6 
7 

8 9 10 13 

Fig. 10. Experimental setup for liquid crystal measurements: (1) laser, (2) microscope objective, 
(3) collimating lens, (4) chopper, (5) liquid crystal sample, (6) compensator, (7) analyzer, (8) 
motor -driven polarizer, (9) focusing lens, (10) detector (photo FET), (11) resistance bridge, 
(12) storage oscilloscope, (13) function generator, (14) dc supply, (15) power amplifier. 
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Table 3 

Static Polarization Properties of Cholesteric Liquid Crystals 

Sample So S1 S2 S3 
Zero -field 

rotation (1'10) 
Extinction 

ratio 

1 1.0 -0.56 -0.73 -0.29 26.1 117 
2 1.0 -0.99 -0.15 -0.00 4.2 1800 
3 1.0 -0.98 -0.15 -0.01 4.2 3150 
4 1.0 -0.61 + 0.88 -0.24 -27.7 3.8 
5 1.0 -0.99 -0.23 -0.08 6.6 1243 
6 1.0 -0.99 -0.26 -0.09 7.2 987 

Static Polarization Properties. Once the ellipticity of the sample is compensated, 
the zero -field rotation may be obtained either from a measurement of the Stokes 
parameters or directly from the orientation of the analyzer required to minimize the 
output of the detector. The zero -field rotation values listed in Table 3 were obtained 
from the Stokes parameters for 

o = 1/2 tan 1(S2 /Si ) 

A zero value of S3 would indicate that the light emerging from the sample is com- 
pletely linearly polarized. Within experimental error, the values of S3 in Table 3 

indicate that the light transmitted by samples 2, 3, 5, and 6 was linearly polarized. 
The wavelength of the laser was outside the critical region for these samples, and 
they exhibited almost pure optical activity. The critical region for samples 1 and 4 
contained the laser wavelength; for both samples the optical rotatory power was 
large, the extinction ratio was small, and the transmitted light was no longer linearly 
polarized. For sample 4, X was greater than X0 , and the rotation was negative as was 
to be expected. The remainder of the samples exhibited the expected positive rota- 
tions. To within experimental error, the transmitted light for all samples was fully 
polarized. Little depolarization occurred owing to scattering within the samples. 

Dynamic Measurements. Because the pitch of the samples is known to be field 
dependent, the sample thickness should be kept as small as possible to minimize the 
magnitude of the voltage applied to the samples. The static measurements above 
indicate that a modulator of minimum thickness can be obtained from the samples 
with a high zero -field rotation, i.e., samples 1 and 4. The drawback to the use of 
these samples is the low extinction ratio observed. This would limit the contrast of 
the recording medium. If this initial ellipticity is compensated, these samples could 
be used with great success for the modulator section of the electro- optical sandwich. 
The electro- optical properties of the liquid crystals to be measured include (1) the 
magnitude of the field- induced rotation of the samples, (2) the maximum frequency 
at which the liquid crystal can be cycled, and (3) the maximum extinction ratio that 
can be attained with the ellipticity of the samples compensated. 
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To measure field- induced rotation, the samples were placed at the location indi- 
cated in Fig. 10, and the electrodes were attached. The intensity measurements 
necessary to specify the Stokes parameters were made so that the zero -field rotation 
was known. With the ellipticity compensated with the Babinet- Soleil compensator, 
the extinction ratios were measured. After these measurements, the analyzer was set 
parallel to the major axis of the polarization ellipse of the samples, and the electric 
field- induced rotation was measured. 

The electric field applied to the samples induced a change in the pitch of the 
liquid crystal (i.e., a compression or elongation of the helical structure). This leads 
to a rotation of the major axis of the polarization ellipse without a change in the 
nature of the ellipse. This pitch change, and subsequent rotation of the plane of 
polarization of the transmitted light, leads to a measurable intensity change by 
means of Eq. (15). The intensity displayed on the oscilloscope is therefore directly 
related to the field- induced rotation of the liquid crystal samples. 

A triangular- shaped voltage waveform from the function generator was applied to 
the liquid crystal samples. The maximum voltage excursion applied to the samples 
varied from zero to 220 V peak to peak. Simultaneous application of this waveform 
to the horizontal axis of the oscilloscope resulted in a display of the sine squared of 
the rotation angle (by means of Eq. (15)) versus the voltage applied to the sample. 

Figure 11 shows the rotation induced by the application of a 200 -V peak -to -peak 
triangular waveform at 0.5 Hz across one of the samples exhibiting a large zero -field 
rotation. The maximum field- induced rotation in this sample was 28.3 °, approxi- 
mately equal in magnitude to the zero -field value of rotation. 

Fig. I1. Electric -field- induced rotation (degrees) versus applied 
voltage of sample 4, containing 29.98% cholesteryl chloride. 
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It can be seen from the figure that the peak rotation lags the peak voltage by ap- 
proximately 40 msec. A lag, or hysteresis, such as observed here will severely limit 
the utility of the liquid crystal for any processing in which the filter must be 
changed rapidly. Additional measurements were performed to determine the maxi- 
mum frequency at which a voltage waveform could be applied to the samples. This 
maximum was taken to be that value at which no lag was observed in the field - 
induced rotation of the samples. The maximum was experimentally measured by 
decreasing the frequency of the waveform applied to the sample until no hysteresis 
was observed in the rotation. At the minimum frequency available from the function 
generator, 0.01 Hz, this sample still showed a slight amount of hysteresis, as shown 
in Fig. 12. Similar values of the frequency were required to reduce the hysteresis in 
the other liquid crystal samples. This lag was apparently a characteristic of the liquid 
crystals chosen here for study. 

Fig. 12. Hysteresis measurement of sample 4, containing 29.98% 
cholesteryl chloride. Triangular waveform at a frequency of 
0.01 Hz was applied to the sample. 

A large fraction of the total voltage applied to the samples was required to pro- 
duce an initial rotation in the samples (approximately 30% as shown in Fig. 11). It 
was thought that a suitable dc bias applied to the samples might possibly overcome 
the initial sluggishness of the liquid crystals and lead to an improved frequency re- 
sponse. Figure 13a shows the electro- optical rotation induced in sample 1 with a 
160-V peak -to -peak waveform (no bias) applied to the sample. This sample exhibits 
a peak field- induced rotation of 25.5 °. 

A 40-V bias added to a 60 -V peak -to -peak triangular waveform at 0.5 Hz produces 
the rotation shown in Fig. 13b. The rotation observed in this sample levels off to a 
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Fig. 13. Rotation versus applied voltage for sample 1, containing 
29.97% cholesteryl chloride: (a) no bias, (b) 40 -V bias, (c) 90 
mm after bias voltage applied. 
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nonzero value; i.e., the zero -voltage intensity now no longer corresponds to zero 
degrees. The sample exhibits a memory of the bias voltage. 

If such a sample is to be used as the modulator medium for the electro- optical 
sandwich, this field- induced memory must stabilize to some value that may be com- 
pensated. The 40 -V bias was maintained on the sample to see whether stabilization 
occurred. After 90 min of exposure to this bias, the rotation shown in Fig. 13c re- 
sulted. It may be seen that the exposure to the bias voltage has severely limited the 
electro- optical rotatory power of the liquid crystal. 

Discussion of Dynamic Results. Table 4 summarizes the dynamic properties of 
the liquid crystal samples. (Sample 2 is not included because it did not lead to repro- 
ducible results.) The maximum field- induced rotation is shown as llimax The ratio 

max Po is a measure of the change in pitch that was caused by the application of 
the voltage to the liquid crystal samples. In all cases, this maximum was limited by a 
voltage breakdown that occurred in the thin liquid crystal samples at high fields. The 
maximum frequency at which the sample could be cycled and still exhibit no lag in 
rotation is shown as fol. The extinction ratio (ER) is the ratio observed with the 
ellipticity of the samples compensated. 

Table 4 

Dynamic Electro- Optical Properties of Cholesteric 
Liquid Crystals 

Sample O rnax IP max /o fnh 
(Hz) ER 

1 36.36 1.47 0.06 1180 
3 7.69 1.42 0.08 1050 
4 30.60 1.01 0.01 540 
5 6.34 1.36 0.03 1000 
6 10.12 1.92 0.10 1030 

The magnitude of the field- induced rotation in the liquid crystals studied under 
this program indicates that a recyclable electro- optical photoconductor recording 
medium of high contrast could be fabricated using liquid crystals. The hysteresis and 
the field- induced memory exhibited by the samples severely limit the potential use 
of such a device for active optical processing. 

Further research should be conducted to determine the exact cause of the hys- 
teresis observed and to develop methods for reducing or eliminating it. The present 
author believes that the observed effect is due to molecular motion within the sam- 
ple cell. The liquid crystal materials tend to be viscous compounds and hence react 
slowly to external forces. A large percentage of the voltage applied to the sample 
must be used to initially align the molecules so that they may cooperatively react to 
the field. Kahn (1970) reported that, at field strengths on the order of the maximum 
fields applied in the present experiment, the helical axes of the liquid crystals tend 
to be aligned parallel to the electrodes. If this is the case, the rotatory power of the 
liquid crystals would diminish and vanish completely when all of the helical axes are 
aligned parallel to the electrodes. This conclusion is further strengthened by the 
results of the present experiment. 
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VECTOGRAPHY: A NEW 
TOOL FOR OPTICAL TESTING 

During the course of the investigation to determine the properties of the Vectograph 
material for optical processing, it became apparent that this material could also be 
used as a valuable tool in optical testing. The Vectograph material lends itself ideally 
to the creation of variable contrast and spatially variable color images. Because it is 

important in optical processing to be able to fully characterize the properties of the 
recording medium, further research to develop the properties of the Vectograph was 
indicated. A variable contrast Vectograph target (VCVT) and a spatially variable bi- 
refringent filter (SVBF), two new devices developed as a result of this research, are 
described in this section. Analytic expressions for the transmission through the 
VCVT and the SVBF, along with experimental verification of the theory and the 
resulting devices, are presented. 

The familiar Jones calculus was used in an earlier chapter to describe the proper- 
ties of the Vectograph technique of optical processing. Because the optical testing 
contemplated uses noncoherent light rather than coherent light as in optical process- 
ing, the Jones matrix method is not suitable to describe the observed effects. For the 
cases under consideration, the coherency matrix formulation (CMF) of the inter- 
action of polarized light with physical devices has advantages. 

Coherency Matrix Formulation 

In the coherency matrix formulation (Marathay, 1965) physical devices are repre- 
sented by two -by -two matrices. The incoming plane wave field is represented as a 
two -by -two matrix with its trace proportional to the total intensity in the field. As 
before, we restrict ourselves to monochromatic plane wave fields and assume that 
the plane wave travels in the positive z direction of a right- handed coordinate sys- 
tem. In the CMF, the field is represented by the symbol J defined as 

J _ 

(1-xx Jxy 

Jyx Jyy 
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where 

Jij = TiEj*> 
> (i,l = x,Y ), 

and (...) stands for the time averages of the quantities in the brackets. 
The incoming field interacts with a physical device represented by the matrix L, 

the circumflex denoting an operator. In the CMF, the transformation law may be 
written (Marathay, 1965) 

J' = LJLi' 

where the prime refers to the outgoing coherency matrix and Lt is the complex 
conjugate transpose of the matrix L, 

Lt _ (L *)T. 

The total intensity in the field is 

I = TrJ 

where TrJ denotes the trace of J 

TrJ = J + Jyy. 

The CMF may be used to describe the output of any series of devices if we know 
the operator representation of these devices. Because the ultimate input for all the 
devices to be described is unpolarized, we will use as the input coherency matrix to 
our system 

!_p_ 1 

J - 
0 

0 

or simply a constant multiple of the unit matrix. The convenience of the CMF is 
that it directly treats observables rather than the field components of the Jones 
matrix formulation. 

Variable Contrast Imagery 

One consequence of the application of the CMF to the analysis of the Vectograph 
process is the realization that it is possible to produce images that not only may be 
varied in contrast but also may have their contrast reversed so that negatives may be 
turned into positives and vice versa. 
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We can represent a Vectograph rotated through an angle 7r/4 in our coordinate 
system (Fig. 14) as 

tl t2 
I'7'(704) = 1/2 

t1 - t2 

ti - t2 

tl+t2 

For convenience, we may decompose the above matrix into the sum 

147r/4) = t2(x) I 
0 

f + (tl(x) - t2(x)) z ( 
1 1 ) 

which simply is the representation of an isotropic plate of transmittance t2(x) and a 
polarizer with transmittance (t1(x) - t2 (x)) rotated through 7r/4. If we now select 
unity transmittance for one side of the Vectograph, say t1(x), then 

i(7r/4) = t2(x) 
C 

O + (1 t2(x) 1/a 
( 

1 1 ) 

We may write as the representation for our image on the Vectograph 

L = Li + Lb 

where we choose to let the product of t2(x) and the unit matrix denote our image 
(subscript i) and the other matrix denote the background. If we place the Vecto- 
graph between two polarizers as shown in Fig. 14, we may consider this series of 
instruments as an optical device, a variable- contrast target, Lvc , with its own matrix 
representation 

Lv c = 152 («)LPl (e ) 

where P is the projection operator used previously. 

Jin 
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Fig. 14. Coherency matrix formulation of Polarizer -Vectograph train. 



Without loss of generality, we choose to let the input polarizer select the horizon- 
tal component of the input radiation 

1 0 

Pi (0) 
0 0 

The output coherency matrix from our variable contrast imagery will therefore 
obey the transformation law 

fout = LvcJinLvet = (P2 (a) L Pi) Jin (Pit it P2t (a) ) 

The quantity of interest is the output intensity that is transmitted by the instru- 
ment 

/out = TrJout = Tr(LvefinLvct) 

Under the trace operation, the operators may be cyclically permuted, and we have 

/out = Tr (Lvc Lvcfin) 

Using the properties 

132t(a) = 132(a) 

and 

132 (a) 1)2 (CO = 1)2 (CO, 

we obtain 

/out = Tr (Pi t it 1,2 (a)L Pi Jin) 

= Tr(P, t Li i Jin + Lb t P2(«)Li + Lb 131 40. 

For simplicity, we choose the transmittance t2(x) to be one or zero in order to elim- 
inate cross terms. We now have 

/out = Tr(Pit Lit P2(a)LiPi )Jin + Tr(Pi t LbfiP2(a) Lb Pi )Jin 
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To see that this expression represents variable contrast imagery, we define a visibility 
function 

or 

I - Ib 
V - II+Ib 

V = 
IZ/Ib-1 
II/Ib+1. 

Substituting the analytic expressions for the operators above, we obtain 

V= 2[(1 + cos2a)/(1 + sin2a)] - 1 

2[(1 + cos2a)/(1 + sin2a)] + 1 

It is also convenient to define the contrast C as 

C = log 
2(1 + cos2a) 

1 + sin2a 

Figures 15a and b plot the visibility and contrast, respectively. 
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Fig. 15. Visibility (a) and contrast (b) versus analyzer orientation 
for variable contrast Vectograph target. 



From Fig. 15a it can be seen that the visibility becomes negative for 

45° < a < 108°. 

This is the region of contrast reversal of the images recorded on the Vectograph film. 
The contrast as defined is the density difference between bright and dark areas of 
the images. We can plot this contrast versus the orientation of the output polarizer. 
From Fig. 15b we see that, with the variable contrast Vectograph target (VCVT), it 
is possible to obtain all of the desired contrasts for U.S. Air Force three -bar resolu- 
tion testing in a much simpler manner than is currently used. Rather than involving 
the production of many targets of varying contrast for transfer function analysis of 
lens systems, the testing could be performed with the VCVT by simple manipulation 
of the output polarizer. A presently available commercial device (marketed by 
Ealing Corp.) provides a variable contrast test target but does not have the VCVT's 
capability of contrast reversal (Fig. 16). 
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Fig. 16. Contrast reversal with variable contrast Vectograph target (VCVT). 

Spatially Variable Birefringent Filter 

A second consequence of the analysis of the Vectograph process using the CMF is 
the development of a spatially variable birefringent filter (SVBF). If the transmit- 
tances of the Vectograph are so chosen that ti (x) is unity and t2 (x) is binary, we 
may independently analyze the intensity transmitted through the two layers of the 
Vectograph. One side is an isotropic layer with 
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0 1 

and the other side contains the images as polarization patterns 

1 

1 

The relative retardation introduced between the x and y components of radiation 
incident on a waveplate is frequency dependent. The use of polarizers in conjunction 
with waveplates allows frequency selection of the output radiation from an instru- 
ment containing such components. This concept has been well established in the 
types of birefringent filters that are available (Evans, 1949). The use of the photo - 
sensitization technique described for the Vectograph, coupled with the birefringent 
filter concept, indicates that the design of an SVBF is feasible. We choose to deter- 
mine the output intensity transmitted by a chain of devices as shown in Fig. 17. The 
input radiation is chosen to be noncoherent white light with a flat spectrum. 

In Fig. 17, let P1 represent an ideal linear input polarizer with its transmission 
axis horizontal. Let R1 and R2 represent uniaxial plates of retardation yi and 72, 
respectively, where 

yi = (2w/A)(noi -nei)di, (i = 1,2). 

In this equation, no and ne represent the ordinary and extraordinary indices of re- 
fraction of the retarder material, and d is the thickness of the retarder. The orienta- 
tion of the fast axes of the plates with respect to the positive x axis is given by Pt 
and p2. As before, V represents the Vectograph and P2 (a) is an output polarizer at 
an angle a with the positive x axis. 
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Fig. 17. Polarizer- retarder -Vectograph train for spatially variable birefringent filter. 



Mathematical Preliminaries 

In order to simplify the analysis of the SVBF, some mathematical results should 
be obtained. If we designate the operator for a retarder as 

exp(iyi) 0 

Ri (yi) = (i = 1,2), 
0 exp( -iyi) 

then we may express the operator for a retarder at an arbitrary angle pi (defined 
as positive as shown in Fig. 17) by the use of rotation matrices, or 

Ri(7i,pi) = S(- po)Ri(7i)S(pi), (20) 

where the S matrices are as defined previously in Eq. (2). 
Any two -by -two matrix may be expressed in terms of a complete set of matrices, 

e.g., the Pauli spin matrices. The analysis may be simplified considerably by using 
the spin matrices because their properties are well known (O'Neill, 1963, pp. 
151 -153; Marathay, 1965). The definitions of the matrices and some of their prop- 
erties are 

ao 
1 0 

al 

1 0 

0 1 0 -1 

U2 a3 
0 i 

1 0 -ì 0 

aiaj + / = 0, 

2 ai = ao 

aiap = aoai = ai, 

(i,j = 1,2,3; i j) 

(i = 0,1,2,3) 

(i = 0,1,2,3). 

Performing the multiplication indicated in Eq. (20) and making use of the Pauli 
matrices, we can rewrite the expression representing a retarder at an arbitrary angle 
as 

Ri(7i,pi) = coni [ao + iXi S(2pi)al 
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where we have defined 

X1 = tanyi - 
cos-yi 

(i = 1,2). 

We may then represent two retarders in series as 

R21(72,71,P2,P1) = cosy]. cosy2 [1 -xlx2S2(P2 - P1 )160 

+i[xS (pi ) +x2S2(P2)1al 

In the equation above, 

R2(72 ,P2 )R1 (71 ,P1 ) = R21(72,71,P2431) 

and we have defined 

S2(P) = S(249) 

in order to simplify the notation. 

The resultant retarder, R21, provides a flexibility that cannot be achieved with a 

single retarder. The coefficients of the spin matrices may be varied, and this leads to 
frequency selection of the light transmitted by the train. With the above definition 
of the operator for a combination of two retarders at arbitrary angles, we can now 
separately look at the intensity transmitted through the nonpolarizing and the polar- 
izing areas on the Vectograph transparency. Let us now consider only the case of 
binary transmittance values for the Vectograph. The coherency matrix for the non - 
polarizing areas of the Vectograph is given by 

JI = Lt Jo Lit 

where Li is the operator for the train consisting of the Vectograph, the two polar - 
izers, and the two retarders, i.e., 

L1 = 152(a) V= R21 P1 

As before, the quantity of interest is the intensity transmittance 

Ig = TrJ1. 
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If we make use of the property 

P2(a)P2(a) = P2(a) 

and also the facts that 

S2(P2)S2(P1) = S2 (P2 +P1) 
and 

S2(Pi)QI = vl S2(-Pi), 

we obtain 

(i = 1,2) , 

I= I cos cos2 
1+ cos2a 

2 yl 72 2 

;[ 1 - x1x2A(a,P2,P1)] 2 + B2(a,Pl )[xl + x2D(a,P2,P1 )1 21 (21) 

where we have defined 

A(a,P2,P1) = cosa 
cos[a + 2(p2 - Pi )1 

B(a,pl) - 
cos(a + 2p1) 

cosa 

cos(a + 2P2) 
D(a,p2 ,P1) - cos(a + 2Pi ) 

The A, B, and D were defined as above in order to put the equation in a form 
suitable for plotting using a digital computer. If we perform an analysis similar to 
that above to determine the intensity transmitted through the polarizing areas, we 
obtain 

Ib = 
I2 

cos2yl cos 2y2 
(1+sin2a)[1 -xtx2A(4,P2,PI)2 

+B214ePíJ Ixi +x2D(4,P2,P1J2} (22) 

When yt = 72 = 0 and pi = p2 = 0, Eqs. (21) and (22) reduce to the expressions 
previously obtained for the variable contrast Vectograph images. 
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Equations (21) and (22) may be written in the alternative forms 

I 
IZ = 2 { cosa cosys cosy2 - cos[a + 2(p2 - p1)] siny1 sinyZ 

}2 

Ib 

+ [cos(a + 2p1) sing, cosy, + cos(a + 2p2) cosys sinyZ ] 2 (23) 

Io 1 + sin 2a 
t 

it 

2 2 
cos 4 cosy, cosy2 

- cos 
[4 

+ 2(p2 - pl )1 silly' sinyZ 12 

+ (cos( 4 + 2p1) sinyl cosy2 + cos(- 
4 

+ 2p2 ) cosyl siny2121 . (24) 

Equation (23) shows that the spectral intensity transmitted by the nonpolarizing 
areas is not only dependent on the orientation of the retarders but also dependent 
on the orientation of the output polarizer. Equation (24) shows that the spectral 
intensity transmittance of the background areas is fixed by choice of the retarder 
angles. 

Experimental Verification 

An experiment was performed to determine the accuracy of the above equations. 
If we choose 

PI = 7r/4 

P2 = 7r /2 

and let R1 and R 2 be fullwave and quarterwave plates, respectively, designed for 
wavelength Ao, the above expressions reduce to the special cases below. In these 
equations, Ano is the birefringence of the retarder material at Ao, and An is the bi- 
refringence at A. 

(I) a = 0 

= 
2 

cos2 ( A On 0 

b = 
1.0 

1 (- 2 (37T Ao On l 2 / 57r X0 On 11 
( ) I 

2 4 
cos 

4 A Ano 
+ sin 

4 A Ano JJ 25 
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(II) a 

I 

Ib 

= r/2 

A 

l 57r ñ \-1 
(26) 

= sin' ( An 0 

Io 
1 

= 2 4[cos2( 4 ñ An l+ sin' 
4 A Ano 

(III) a = 37r/4 

I; = 
Io 1 

2 4 
4 An 2 sin 

4 X 

Anl 
A Ano /+ Ano/ 

(IV) 

Ib 

a 

= 

= 

0 

r/4 

(27) 

Io 
1 ? 2 57r Ao An l 

II = 2 
[cos2( 

4 X Ano 
+ sin 

4 A Ano 

Ib = IZ (28) 

Equations (25) through (28) are plotted in Figs. 18a through d for Xo = 560 nm. 
The spectral dispersion of the birefringence of the chosen retarder material, stretched 
PVA (West and Makas, 1949), is included on the first two graphs, but because this 
birefringence has little effect on the predicted transmittances of the polarizing and 
nonpolarizing areas on the Vectograph, it was neglected in further calculations. 

Color photos taken with the Polarizer- retarder -Vectograph train showed quali- 
tatively the transmittance of the spatially variable birefringent filters represented 
by Eqs. (25), (26), and (27). 

The SVBF will have its greatest impact in the area of optical testing, where it 
now will be possible to test a lens system using color film and systematically vary 
the color of the bars with respect to the background. Further uses of the SVBF 
include the construction of filters that will enable astronomers to perform simul- 
taneous observation of the sun and its corona in two different spectral bands. 
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Fig. 18. Spectral intensity transmittance of Vectograph- retarder train. 
Graphs show the theoretical specification of transmittance. Ii is transmittance of the image 
(bars of the three -bar target); Ib is transmittance of the background. The data points represent 
the transmittance including dispersion of the retarder material; the curves are transmittances 
ignoring the dispersion of the retarder material. 
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CONCLUSIONS AND RECOMMENDATIONS 

Discussion of Results 

Vectograph 

The objective of the research reported here was to determine the capabilities and 
limitations of polarization -discrimination techniques for active optical processing. In 
the static case, a photosensitized Vectograph technique was shown to be a viable 
technique for optical processing and optical testing. The significant results from the 
present investigation are as follows: 

(1) The photographic characteristics of a dichromate -sensitized Vectograph were 
determined. The resolution ( >700 1p /mm) and gray scale achieved indicate that the 
Vectograph material can be used for the recording of complex filters by the Vander 
Lugt technique. 

(2) The photographic sensitivity of the sensitized Vectograph, determined to be 
approximately 100 mJ /cm2 to produce a density of 1.0 on the Vectograph, limits the 
direct recording of filters with conventional light sources. The availability of lasers 
with high -power output in the blue end of the spectrum relaxes this limitation. 

(3) A theoretical analysis of the Vectograph technique showed that this material, 
coupled with Vander Lugt filters recorded on the Vectograph, can be used for two - 
channel optical processing. It was also shown that, with the two -channel capacity 
inherent in polarized light, it is possible to image and process objects in the same 
system without removing the filter. 

(4) Theoretical analysis and an experimental verification showed that the Vecto- 
graph is capable of performing linear vector operations (addition and subtraction) on 
the functions recorded on the material. 

(5) It was experimentally verified that the Vectograph can be used for direct re- 
cording of real bipolar functions. This capability, along with the simple theoretical 
specification of the filter as derived by Marathay (1969), indicates that the Vecto- 
graph can be used for symmetrical shape detection or any other processing operation 
in which the desired filter function is real. 

(6) A theoretical specification was derived for the direct generation of halfwave 
plates on the Vectograph. This capability can be used in optical processing for the 
recording of the pupil functions described by Toraldo di Francia (1952) for super - 
resolution. 
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(7) Theoretical and experimental research demonstrated the capability of the 
Vectograph to record variable- contrast images. Based on the research reported, a 

variable- contrast Vectograph target (VCVT) having potential application to optical 
testing was developed. This target is capable not only of varying the contrast of 
the recorded image but also of reversing its contrast. This capability for testing has 
not been available previously. 

(8) The theoretical and experimental specification for a spatially variable bire- 
fringent filter (SVBF) was obtained. The analysis showed that it is now possible to 
control locally the wavelength of the light transmitted by a train of retarders and the 
Vectograph. 

Liquid Crystals 

A theoretical design of the modulator section of a proposed photoconductor - 
liquid crystal sandwich showed that 100% modulation of linearly polarized light 
could be obtained using the electro- optical properties of a mixture of cholesteryl 
chloride, cholesteryl nonanoate, and cholesteryl oleyl carbonate. The static and 
dynamic electro -optical properties of this trimixture were studied to determine the 
feasibility of fabricating a practical recording device with these cholesteric liquid 
crystals as the modulator section. The significant results of this study are as follows: 

(1) Previous research had indicated that cholesteric liquid crystals are circularly 
dichroic in a narrow wavelength band, the location of which depends on the pitch 
and birefringence of the cholesteric mixture. In the current investigation, the exact 
state of polarization of the transmitted electromagnetic field (at normal incidence to 
the cholesteric liquid crystals) was studied through measurement of the Stokes pa- 
rameters. This study showed that the light transmitted within this narrow band is 

actually elliptically polarized, the degree of ellipticity depending upon the relation- 
ship between the probing wavelength and the wavelength, X0, at which the sample 
becomes circularly dichroic. Outside this narrow wavelength band, the cholesteric 
liquid crystals exhibited pure optical activity. The sense of the polarization rotation, 
the extinction ratio, and the magnitude of the optical activity were shown to depend 
on the location of the wavelength of the incident radiation with respect to X . 

Within experimental accuracy, the output was shown to be completely polarized. 
(2) The dynamic electro- optical properties of the cholesteric trimixture were 

measured. Large field- induced rotations of the plane of polarization were observed. 
A previously unreported hysteresis in the electro- optical rotatory power was exhib- 
ited by the samples in the presence of an alternating electric field applied parallel to 
the helical axis of the liquid crystals. The magnitude of the hysteresis was such that 
cycling of the liquid crystals studied would be limited to a maximum frequency of 
approximately 0.10 Hz. 

(3) Research was conducted in an attempt to reduce the hysteresis and improve 
the response time of the liquid crystals. A bias voltage, applied to the samples in an 
attempt to improve the frequency response, resulted in a field- induced memory 
exhibited by the liquid crystals. The bias voltage was maintained on the samples, and 
the optical rotatory power failed to stabilize. Prolonged exposure to the bias voltage 
severely diminished the electro- optical rotatory power of the liquid crystals. 
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Recommendations for Future Research 

Vectograph 

The theory developed for the SVBF correctly described the spectral content of 
the light transmitted by the train of polarizers, retarders, and the Vectograph. The 
more difficult synthesis problem must be solved to realize the full potential of the 
SVBF. This problem consists of deriving a method by which the retardations and 
orientations of the components of the SVBF may be systematically chosen so that a 

desired spectral band will be transmitted. The groundwork has been laid in the pres- 
ent work. 

Liquid Crystals 

The hysteresis and field induced memory exhibited by the liquid crystals limit the 
utility of a reversible recording medium with the trimixture as a modulator. Re- 
search should be conducted to determine whether an initial alignment of the liquid 
crystal molecules on the NESA substrate will help maintain alignment at the high 
fields required for large electro- optical rotations. Other field -sensitive liquid crystals 
should also be examined to determine whether the hysteresis observed is a property 
of cholesteryl chloride compounds only or a fundamental property of cholesteric 
liquid crystals. 
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APPENDIX. 
PHOTOGRAPHIC CHARACTERISTICS 
OF SENSITIZED PVA LAYERS 

Mahler (1963) described a technique for the photosensitization of oriented poly- 
vinyl alcohol (PVA) layers. This article, patterned after Land, Mahler, and Hyman's 
patent (1948), said little about the photographic characteristics of the sensitized 
layer. It is the purpose of this Appendix to fill this gap in the literature and present 
the pertinent details required for the utilization of the photosensitive Vectograph 
for optical processing and optical testing. 

Processing Technique 

The basic theory of the photosensitization technique is as follows. The dichromated 
PVA layer of the Vectograph hardens upon exposure to light. The actual nature of 
this process is unknown but is thought to be a complex cross -linking of the PVA 
molecules. This hardening serves to protect selected areas of the PVA layer from an 
iodide dye that causes the layer to become linearly dichroic in those areas that have 
not been exposed. 

The chemical makeup of the processing chemistry is given in Table 5. The actual 
formulation of the sensitizer solution differs from that of Mahler in two important 
respects. First, the sensitizer is prepared as two separate solutions that are mixed in 
equal parts prior to sensitization. This was found to lead to more uniform coverage 
of the solution on the substrate and a better gray scale rendition. Second, rather 
than the 1% ammonium dichromate solution, a 2% dichromate solution was chosen. 
Because it is known that the sensitivity of a dichromate layer is directly proportional 
to the percentage of dichromate present (Kosar, 1965), the 2% figure was chosen as 
a compromise between sensitivity and the crystallization of the dichromate, which 
occurs at higher concentrations. 

After the chemicals are prepared in accordance with Table 5, the processing pro- 
cedure follows the steps outlined below. All of the steps may be performed in red 
safelight because of the inherent spectral sensitivity of the dichromate process. All 
solutions are filtered before being placed in contact with the Vectograph. 

1. Sensitization. The PVA layers of the Vectograph must be separately sensitized 
and processed. The Vectograph layer was placed in a specially designed holder that 
had a rubber gasket to protect the side of the film that was not being processed. The 
50:50 dichromate- cupric chloride solution was flow coated onto the PVA layer and 
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allowed to remain for 3 min. After a 20 -min vertical drying period, the sensitized 
layer was ready for exposure. 

2. Exposure. The spectral sensitivity and speed of the dichromate technique ne- 
cessitated the use of a high- pressure mercury arc for exposure. The exposure time is 
determined by the characteristics of the light source available. The D -log E curves of 
the following section (Fig. 20) will enable the user to determine the optimum expo- 
sure for his experimental setup. Heat should be avoided in the process because ex- 
posure to high temperatures (^'43 °C) for prolonged periods will cause an irreversible 
separation of the PVA layer from the substrate. Although sunlight will give a satis- 
factory image, a more controlled light source is required for critical work (high 
resolution). 

3. Development. The exposure step is followed by a development time that may 
be varied (as shown in Fig. 20) to meet the requirements of the user. 

4. Fix. The development is followed by a 3 -min fix. After this step, the second 
layer of the Vectograph may be sensitized and processed. 

Table 5 

Processing Chemistry for Dichromate Sensitization 

Sensitizer Solution A 

Distilled water 
Cupric chloride (anhydrous) 
Wetting agent 

Sensitizer Solution B 

Distilled water 
Ammonium dichromate 
Wetting agent 

Developer Solution 

Distilled water 
Potassium iodide 
Boric acid 
Magnesium acetate 

500 ml 
20 g 

3 drops 

500 ml 
20 g 

3 drops 

1000 ml 
50 g 
20 g 
10g 

Fix Solution 

Distilled water 1000 ml 
Boric acid 50 g 
Borax 5 g 

Photographic Characteristics 

Spectral Sensitivity 

The spectral sensitivity of the dichromated PVA layer extends from the ultra- 
violet end of the dichromate absorption band to approximately 500 nm. Figure 19 
gives an indication of the relative sensitivity of the layer. The curve extends farther 
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into the uy than is shown, to approximately 210 nm ( Kosar, 1965). Because of this 
sensitivity, sources with a high output in the uy are preferred, and the amount of 
glass in the system should be kept to a minimum. The helium- cadmium and argon - 
ion lasers may provide the answer to the direct production of filters on the Vecto- 
graph material. 

280 320 360 400 440 
Wavelength (nm) 

480 

Fig. 19. Relative sensitivity versus wavelength of dichromate - 
sensitized PVA layer. 

Resolution Capability 

Resolution tests made by microprinting a USAF 1951 high contrast target onto 
the sensitized layer indicate that the medium is capable of supporting at least 700 
1p /mm. Because the dichromate technique is molecular in nature and because of 
the success achieved in the field of holography utilizing dichromated gelatins, this 
author believes that the sensitized Vectograph is capable of supporting higher res- 
olution than is indicated by the limit obtained in the present experiment. The 
molecular nature of the dichromated PVA layers will also decrease the granularity 
noise commonly encountered in spatial filters recorded on photographic film. 

Exposure Characteristics 

As in other photographic processes, the results obtained with the dichromate sen- 
sitized Vectograph depend on processing. In Fig. 20 are plots of the D -log E curves 
of the medium as a function of the development time. All densities reported were 
obtained with a polarizer (Polaroid HN -22) placed on the densitometer so that maxi- 
mum contrast was obtained on the Vectograph. The maximum density difference 
obtained on the dichromate -sensitized Vectograph was AD = 2.10 after 16 min of 
development. 
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Fig. 20. Density versus log exposure of dichromated 
Vectograph for four different development times; 
8 -min mercury arc exposure. 

Discussion 

The chief limitation of the dichromate technique reported here is a lack of sensi- 
tivity of the layer. In an attempt to increase the sensitivity, a dichromated gelatin 
was placed on the surface of the Vectograph. Exposure was followed by a warm 
water rinse to remove the unhardened gelatin, and then the Vectograph was dipped 
into an iodide dye. Sodium hypochlorite (household bleach) was used to remove the 
remainder of the gelatin after the dying process. Although this technique produced 
an acceptable gray scale, severe distortion of the PVA layer occurred because of the 
heat necessary to remove the unhardened gelatin. For this reason, no further at- 
tempt was made to perfect this procedure. 

A second attempt to increase the sensitivity, utilizing a photoresist (KPR -3) gave a 

sensitivity similar to that for the dichromate technique but did not produce an ac- 
ceptable gray scale. It did, however, lead to a higher density difference (OD = 2.56) 
than could be obtained with the dichromate technique. This second technique con- 
sisted of flow coating the resist onto the substrate, drying the resist, exposing as be- 
fore with the mercury arc, and then developing using Kodak Ortho Resist developer. 
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An acetone rinse then removed the remainder of the developer. The PVA layer, suit- 
ably protected by the remaining hardened resist, was then dyed with a solution con- 
sisting of equal parts of sensitizer solution A and the developer. This solution 
remained on the Vectograph for 3 min and led to the density mentioned and a reso- 
lution comparable to that from the dichromate process. This technique has applica- 
bility whenever it is desirable to have Vectograph imagery with maximum contrast 
but no gray scale, e.g., in the production of a high- contrast resolution target or in 
the Lohmann and Paris method (1967) of optical processing in which the complex 
filter is fabricated using only binary transmittance values. 
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