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Abstract

This thesis investigated the performance characteristics of a beam fanning nov-
elty filter and designed a switchable optical image adder/subtractor. The filter spa-
tial resolution, contrast ratio, onset time, and velocity response were measured for
both z-cut and 45°-cut BaTiOj; crystals in the beam fanning configuration. Experi-
mental results show that the special 45°-cut crystal produces the best overall beam
fanning novelty filter. In addition, switchable optical image subtraction and addition
were demonstrated for the first time using a modified Michelson interferometer con-
figured with a phase-conjugating mirror and an adjustable length leg. The system
demonstrated addition and subtraction with one-dimensional and two-dimensional
images. The adder/subtractor can be switched from coherent subtraction to inco-
herent addition by biasing a set of e-o crystals which switches the becam in one of
the legs of the interferometer into an extra length. The extra length is greater than
the coherence length of the laser so that incoherent addition results. The thesis
concludes with a brief discussion of industrial and milita:; system applications of

the novelty filter and adder/subtractor.

vii




NONLINEAR INTERFEROMETRY:
OPTICAL IMAGE ADDITION/SUBTRACTION
AND NOVELTY FILTERS

I. Introduction

Nonlinear interferometry has been used in a variety of applications ranging
from optical amplifiers to image processing. Two of these techniques, beam fanning
novelty filtering and optical image addition/subtraction, are investigated in this the-

sis research. Both of these techniques are vital to advanced weapon systems.

Automated weapon systems rely heavily on target classification and identifica-
tion which, in turn, requires the ability to extract moving objects from a scene and
to add and subtract two images during processing. By segmenting an image into
moving and stationary objects, a target classifier can concentrate more processing
time on the smaller image space that moving objects occupy within an entire scenc.
This allows the moving object to be identified more accurately and efficiently. By
adding and subtracting images optically, processing speeds can be increased, while
processor weight and power requirements are reduced. Currently, object scgmenta-
tion and image processing is done using video image subtraction/addition. A video
frame is subtracted or added, pixel-by-pixel, from the previous frame to yicld new

or changing information.

Image processing can be done more efficiently optically because of the parallel
nature of light. Both optical novelty filtering, i.e. the filtering of new or changing
information, and image addition/subtraction have been demonstrated using phase
conjugation, two-wave mixing and beam fanning techniques. However, the impor-

tant issues concerning Air Force weapon systems have not been addressed in the




literature, to date. Therefore, of the three types of novelty filtering, 1) Michelson in-
terferometer, 2) two-wave mixing and 3) beam fanning, the beam fanning technique
was chosen for investigation in this thesis since a specially cut nonlinear crystal with
excellent fanning properties was available. The adder/subtractor will utilize a mod-
ified Michelson interferometer that has an adjustable length leg for coherent image

subtraction and incoherent image addition.

The objective of this thesis is to characterize the beam fanning method of creat-
ing an optical novelty filter and to characterize the switchable adder/subtractor. The
filter will be characterized by its spatial resolution, contrast ratio, onset time, and
velocity response, while the adder/subtractor will be characterized by its ability to
properly add and subtract both one-dimensional and two-dimensional images. From
these results, it can be determined how the filter system is best suited for moving
target recognition preprocessing, signal processing, and other military applications

and also the usefulness of the adder/subtractor in various military systems.

The thesis begins in Chapter I with an overview of optical novelty filtering and
image addition and subtraction. The various BaTiOj crystals and other materials
and equipment are discussed in Chapter III. Chapter IV describes the system pa-
rameters to be measured and the experimental set-up for the beam fanning novelty
filter configuration investigated in the thesis. Experimental results and discussion
of the results are presented in Chapter V. The theory and experimental sctup for
the switchable optical adder/subtractor and experimental results and conclusious
are discussed in Chapters VI and VII, respectively. The final chapter gives an eval-
uation as to how the filter svstem and the optical adder/subtractor investigated in
the thesis can be used in military applications and other conclusions that can be
drawn from the experimental data. Additional references not specifically cited in
the thesis are listed in Appendix A. These sources provided additional background

information necessary to fully understand the concepts discussed in this thesis.




II. Previous Expertmental Work on Nowvelty Filtering and Optical
Image Subtraction/Addition

Current research in optical novelty filters can be categorized into three differ-
ent techniques. These techniques include Michelson interferometers, beam fanning,
and two-wave mixing using either BaTiO3z, BSO or other nonlinear photorefractive

crystals.

2.1 Michelson Interferometer Novelty Filter

Traditionally, a Michelson interferometer is thought of as having two conven-
tional flat mirrors to retro-reflect the interferometer’s legs back upon themselves to
allow coherent interference. The legs of the traditional Michelson interferometer
must be the exact same length with strict tolerance. In addition, the optics in the
interferometer, including flats and mirrors, must be of excellent quality since any
aberration caused by them will be doubled when the beams in the legs pass through

them twice.

In contrast, a Michelson interferometer configured with a phase-conjugating
mirror (PCM), instead of two flat mirrors, compensates many of the restrictions im-
posed on a traditional interferometer. With a PCM, the wave front retraces its path
instead of being retro-reflected and therefore un-aberrate themselves, rceereating the
original phase front at the beam splitter. Since the wavefront at the beamsplitter is
recreated, the length of the legs need not be equal, as long as the difference between
the two legs is within the coherence length of the laser. Compensating for the re-
strictions of the traditional Michelson interferometer allows the PCM interferometer

to be an excellent and easily constructed novelty filter.

The Michelson interferometer using phase-conjugation is the most widely docu-

mented novelty filter. When the legs of the interferometer are phase-conjugated, the
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phase at the entrance to the interferometer can be easily recreated causing destruc-
tive interference necessary for the filter. Phase-conjugation can be achieved cither
by self-pumping (2:640-643) or by externally-pumping (3:652) a nonlincar crystal,
with self-pumping being the most commonly used technique. Jack Feinberg first
demonstrated, in 1982, the simple technique of creating a self-pumped continucus-
wave phase-conjugator using internal reflection within a BaTiOj; crystal (9:487). The
ease of this technique of creating a phase-conjugate beam makes this i1dcal for an
interferometer, since the relative phase matching of the two aterferometer legs is less

sensitive to vibrations, air disturbances, and optical component distortions (10:569).

With a Michelson filter, the input signal or image to be filtered is modulated

using either a phase or polarization modulator as shown in Figure 1. Amplitude

output screen ——=— oulpul screen ——=

}

laser polarizing
spatial phase

beam spitter
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mogdulator modulator
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camera camera
hal’-wave
optical phase optica! polarization pae
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Figure 1. Michelson interferometer novelty filters. (a) Phase modulated inpnt siy-
nal. (b) Polarization modulated input signal. (2:611)

modulation is not applicable in this configuration since it would produce a contrast
reversed image in the steady state condition rather than blocking stagnant objects.

A more complete discussion of the coherent image subtraction process is ineluded




in Chapter VI. For the phase modulated signal shown in Figure la, the planc
wave from the laser is split into two legs entering into the interferometer. In one
leg the beam is unaltered, while in the other leg the beam passes through a phase
modulator, such as a Pockels cell or a LCTV with its analyzer removed. Both beains
are phase-conjugated, via self-pumping in the same crystal, and therefore, propagate
back toward the beamsplitter. In steady state conditions, the information on the
phase modulated signal is exactly canceled since the conjugated beam will have
achieved its original phase front at the beamsplitter. The two beams recombine and
exactly cancel each other so no light emerges from the output port. However, if the
image on the modulator should change in a time shorter than the onsct time of the
crystal, the beam retracing back through the phase modulator will not reconstruct
its original phase front. Therefore, when the two beams recombine back at the
beamsplitter, there will be an output signal at the portion of the image where the
wavefront has changed, since the wavefronts no longer exactly cancel cach other at
these points (2:640). The end result at these specific points is incohcerent image
addition as described in Chapter VI with one leg having a coxstant amphtude and
the other leg modulated by the image. The rest of the image (i.c.. the stagnant
portions) remain in phase with the other leg and therefore are coherently subtracted

out of the image.

The polarization modulated signal, shown in Figure 1b, i1s similar to the phase
modulated process described above. In this case, the laser beam is deflected using
a polarizing beamsplitter (which also serves as the output port of the filter). mod-
ulated and then split into the Michelson interferometer using a sccond polarizing
beamsplitter. The half-wave plate in the interferometer i1s used to convert the ver-
tically polarized arm to horizontal polarization so that self-pumping will occur in
the ciystal. In the steady state case, the input signal, after being modulated and
conjugated, returns to the first polarizing beamsplitter with its initial polarization.

and therefore, will be reflected back toward the laser. However, if portions of the




signal in the modulator should change, the polarization of the conjugated signal will
be altered and those portions will be passed by the first beamsplitter as an output
to the filter.(1:124)

Both Michelson interferometer filter techniques described above use a single
crystal for phase-conjugating both legs of the interferometer. An alternate tech-
nique for phase-conjugating each leg has been demonstrated by Ewbank et al and is
shown in Figure 2. Two self-pumped crystals, one for each leg, are used. A sponta-
neously generated self-oscillation between the crystals, as shown in the figure, locks
the relative phase between the two legs. Since the relative phase is locked, total

destructive interference can be achieved at the beamsplitter. (8:282-283)
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Figure 2. A Michelson interferometer using two self-pumped crystals for phase-
conjugation. (8:283)

2.2 Beam Fanning Novelty Filter

Although the majority of the literature concerns the Michelson designs, there

is a second type of novelty filter that was demonstrated by Joseph E. Ford ¢t al




using photorefractive fanout (11:856-858) as shown in Figure 3. This techuique

uses: “ ..a time integrating interferometer that effectively subtracts an exponential

SLIDE
or
LCTV
(Video Signal}

at b T T
L

Laser

Spatial
Filter

Fanning

Figure 3. Beam fanning novelty filter.

weighted lustory of a two-dimensional input field from its current value™ as described

by the equation (11:856):

1+m, \
I(t) = (o) 1_+,noexp(re,,U)L)} N
Teyy = Lol —exp(—t/7)] )

wliere

I(t) = Filter output intensity
I(o) = Incident intensity
m, = Initial scattered fraction of the input beam intensity
I'eyy = Effective gain coefhicient of the crystal
I', = Photorefractive gain coefficient
7 = Photorefractive respounse time (74, )

L = Interaction length




The longer in time the signal beam remains constant, the stronger the expo-
nential subtraction becomes. Therefore, this device can act as a novelty filter, since
the new parts of the image are passed and old information is subtracted out, thus
fulfilling the definition of a novelty filter. Also, the filter is responsive to an am-
plitude modulated signal in addition to phase and polarization modulated signals.
Theoretically, any change in the signal that would disturb the index grating should
cause an output to the filter. (11:856)

This device differs from the Michelson interferometer configurations. in that it
relies on signal depletion rather than destructive interference. The fanning process
in the crystal is a two step process. Ford et al describes the first step as “Scattering
of coherent light from imperfections and impurities in the crystal”™ which is then
followed by amplification of the scattered photons via two-beam coupling. The
noise, i.e. beam fanning, grows at the expense of the signal beam, which eventually

is depleted. (11:856)

In order to achieve complete signal depletion, Equation (1) requires a crystal
with the maximum gain possible. Maximum gain in the BaTiOj crystal occurs when
the input signal propagates through the crystal such that the grating wave vectors
are oriented at 45° to the optic axis. In their experiments, Ford et al used a specially
cut crystal whose c-axis was at 45° to the crystal face. This maximizes the gain for
near-normal signal incidence and reduces reflection and refraction losses. BaTiO;
crystals are normally cut with the c-axis parallel to one of the crystal’s edges. This

is the type which is commonly used in the Michelson configurations described above.

2.3 Two-Beam Couplz'ﬁg Novelty Filter

The third type of novelty filter uses the property of two beam coupling in a
photorefractive aystal (7:1029-1031). Figure 4 shows that a weak modulated signal
and a strong pump are incident upon a aystal causing an interference pattern to

be set up in the crystal with regions of bright and dark fringes. The light and




dark intensity fringes modulates the index of refraction of the crystal. The index
modulation then transfers energy from the signal beam to the pump beam due
to the electro-optic effect (13:64). The end result is a signal beam that is nearly
(or completely) depleted of its energy. For the steady state condition, the constant
signal beam and the pump are tightly coupled, nearly depleting the signal beam of its
energy. As portions of the signal change, corresponding portions of the holographic
grating do not couple the beams as effectively, which temporarily defeats the energy
coupling between the two beams. Since the coupling is less efficient, the changing

portions of the image are transmitted without depletion.

Pump |
Slide or Beam
LCTV +C
H
. m
Ar — ' [_3 f_’_[ Output :
Laser| | L _— ;

Figure 4. Two-beam coupling novelty filter.

2.4 Optical Image Addition/Subtraction

Previous demonstrations of optical inage subtraction and addition have Wl
used a Michelson interferometer configured with a phase-conjugating mirror in place
of one the normal mirrors. In the adder/subtractor demonstrated by Chiou et al and
shown in Figure 5, input images were inserted in each leg. The output signal was

extracted from the phase-conjugate beam with two beamsplitters. BS; picks off the




subtraction of the two input images (Port A) and BS; extracts the addition of the
images (Port B) (4:306). This first demonstration of an adder/subtractor required

two output ports and does not lend itself to being switchable between addition and

subtraction.

Ar LASER
8145 nm

SPATIAL FILYER
BEAM EXPANDER

—
T

IMAGE PLANE
AT QUTPUT PORT 8 AND COLUMATOR
TRANSPARENTY 2
: BEAM
| {:280mm oK
[ ] t l
‘ Py
—

\ 1= 260mm
{IMAGING PLANE

AT OUTPUT PORT A

TRANSPARENCY 1-/

Figure 5. Optical image adder/subtractor with a Michelson interferometer. Port A
contains image subtraction and addition is seen output at Port B. (4:300)

In another variation on the technique. Tomita et al used the polanzation prop-
erties of the beams to produce a variable subtractor/adder. In their configuration.
which is shown in Figure 6, a linearly polarized wave is divided into two separate
beams by a polarizing beamsplitter. The orthogonally polarized beams pass throngh
the images in their respective legs and are conjugated by the crystal. The plise-
conjugate signals retrace the paths of their respective lezs. recombining at the beam
splitter. The output of the beamsplitter then passes through an analyzer at Puint
A in the figure. By mechanically rotating the analyzer. the output can be changed
from image subtraction to image addition (15:425). Being able to vary between ad-

dition and subtraction with one output port provided a greater flexability over the

10




Chiou design. However, the limiting factor in this design was that the output ana-
lyzer was mechanically manipulated. The goal of the research in this thesis was to
extend the state of the art one step further and design an electronically switchable

adder/subtractor with one output port.
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Figure 6. An optical image adder/subtractor using polarization. (15:425)
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III. Materials and Equipment

In this thesis, three BaTiO3 crystals were used to characterize the beam fan-
ning novelty filter. Table 1 lists the c-axis orientation, crystal sizes and ID #'s
used throughout the thesis. The adder/subtractor used crystal 115-F as the phase-
conjugating mirror because of its excellent conjuating properties. Each crystal was

manufactured by Sanders Associates.

Crystal Azis Crystal Size
ID # || Orientation (mm)
115-F 45° 40x43x4.1
119-D z 6.2 x3.9x58
127-K z 5.2 x25x6.0

Table 1. BaTiO; crystals used in the thesis.

The laser used throughout the thesis was an 80 mW Argon-ion laser. operating
at 514.5 nm. In all the experiments, the laser output was horizontally polarized.
spatially filtered and expanded with a Jodon beam expander. A Klinger stepper
motor, model # UE72 served as the motion platform when the input object shdes
had to be moved. The motor can be varied from 0 - 0.4 mm/sec in 0.005 mm/sce
increments. The frame grabber used in the experiments was a CID video camera in
conjunction with the BeamCode software, developed by Big Sky, Inc. The software
had the capability of performing limited data analysis and camecra thresholding in

addition to capturing images.
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IV. System Parameters Which Characterize Novelty Filters and the

Ezperimental Set-up

4.1 Novelty Filter System Parameters

Four parameters were selected to characterize the beam fanning novelty filter.
Three of the parameters, spatial resolution, contrast ratio, and onset time, are com-
mon parameters used in the field. The velocity response i1s a new parameter that

was developed to describe the movement restrictions for the input image.

4.1.1 Spatial Resolution. To determine the spatial resolution of the filter sys-
tem, the Fourier spectrum of an unfiltered (input) and filtered (output) Air Force
(AF) resolution chart were examined. The laser beam passing through the resolution
slide was loosely focused onto the aystal as shown in Figure 7. Two beamsplitters

were used to examine the Fourier planes of the unfiltered image, before the arystal.

Input L
Slide 1 2

—
— .
— Image of |

Q Input

L 1 = 150 mm |
L * 50.8 mm /\ |
L3 " 70.mm i i Fo \| }
) { i
L . :
g " 70 mm Magnified Magnified
Fourier Fourier
(Before) (After)
| @ &

|
|

Figure 7. Experimental set-up to examine the spatial resolution of a beam fanning
novelty filter.
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and the filtered output, after the crystal. The Fourier planes were digitally captured
by a CID camera and analyzed using the BeamCode software. Two sinusoidal com-
puter generated holograms with known spatial frequencies were used to calibrate the
captured Fourier planes. The methodology used to produce the computer generated

holograms is discussed in Appendix B.

4.1.2 Contrast Ratio. Moving and stationary output images were digitally
captured so that the contrast ratio between the brightest enhanced portion of the

image and the brightest stationary background could be calculated using:

I - ]min
C = mar (3)
Imar
where
C = Contrast ratio
Imer = Maximum intensity of the filter with an object moving
I.in = Maximum intensity of the filter output with the input object stationary

As a figure of merit, an ideal novelty filter would have a ratio of C = 100%.
Ratios as high as 93% have been achieved by Anderson ef a/ using a Pockels Cell as

a single pixel image (1:124).

4.1.3 Onset Time. Immediately after an image is first presented at the input
of a novelty filter, the entire image will be passed since everything in the scene is
initially novel. Over a short period of time, however, the crystal adapts to the new
scene, and the stagnant portions of the image begin to fade from the output, until
a steady state is reached (assuming nothing else in the scenc changes). The onset
time of the filter, 7/i.,, is defined as the 1/e point of this decay. To measure 77,,,.
a strip chart recorder, attached to an intensity detector, will record the exponential

decay of a novel input signal.
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4.1.4 Velocity Response of the Crystal. The velocity response of the crystal
determines the detectable minimum and maximum velocity of an object moving
across the input image. Anderson et al have achieved velocities as high as 0.25
mm/sec (2:646). To determine the minimum and maximum velocity for each crystal,
an AF resolution chart was set into motion across the expanded laser beam. The
velocity of the hologram was decreased and increased to find the minimum and
maximum values, respectively for each crystal. A velocity limit is defined as the
speed of an object when there is no longer an output from the filter. For a video
scene of a battlefield, this velocity can be scaled up to an actual velocity of a real
object based on the range of the object to the camera and the field of view of the
camera. For example, consider a scenario with the following parameters and shown
in Figure 8: Camera FOV = £15°, Object Speed = 100 km/hr, Object Range: 5 km.

Modulator transverse dimension = 5 cm. Using these parameters, the object’s speed

100 km/hr
e e AN
i [ /

| \
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Fanning

Figure 8. Scenario relating an object’s transverse speed in the real world to the
input plane of reference of a novelty filter. In this case, an object moving
at 100 km/hr translates to 0.52 mm/sec in the input plane.




in the real world plane of reference would translate to 0.52 mm/sec in the input plane
of reference of the novelty filter. This value can be compared with the experimental

results to be discussed in the next chapter.

4.2 Beam Fanning Ezperimental Set-up

4.2.1 Spatial Resolution. Figure 9 shows the experimental set-up used to
measure the spatial resolution achievable using the three aystals. The input image
was reduced by a factor of 0.3 and imaged onto each crystal. Each of the crystals were
oriented such that the minified image intersected the c-axis at approximately 45°, so
that the gain would be optimized. This size reduction was suitable for crystals 115-F
and 119-D since the image size was smaller than the crystal faces. Crystal 127-K
had a smaller face which required a stronger demagnification of the mnput. In this

case a demagnification of 0.1 with L; = 50.2 mm was sufficient for data collection.

The camera was placed at Points A and B in Figure 9 such that the intense DC
component was just outside the field of view of the camera. Since the less intense
high frequency components were the items of interest, placing the camera to one side
of the DC allowed those components to be captured. The input image was sct in

motion with a Klinger stepper motor, model #UE72.

4.2.2 Contrast Ratio. To calculate the contrast ratio, images were captured
with the camera placed at Point C in Figure 9 with the image moving across the
expanded beam and after the steady statc was achieved wilh the object stationary.
The BeamCode frame grabber software can be used to measure I,,,, and I, so

that the contrast ratio, C, can be calculated.

4{.2.8 Onset Time The set-up in Figure 9 was also used to determine the
onset time, Ty, of each crystal. A power detector was placed at Point D to
measure the incident power going into the crystal and at Point E to measure the

exponential decay as the filter responds to the input image. The laser output power
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Figure 9. Experimental set-up to examine the spatial resolution limit of the beam
fanning novelty filter.

was varied so that at least five data points could be taken. A strip chart recorder was
attached to the detector at Point E to plot the response so that the 1/e time could

be measured. The experimental procedure and a sample calculation are discussed in

Appendix C.

4.2.4 Velocity Response. The same set-up shown in Figure 9 was used to
determine the velocity response of each crystal. The camera was placed at Point C
and the Klinger stepper motor speed was varied to deterrune the slowest and fastest

speeds of the object such that the filter would not respond and no output occurred.
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V. Beam Fanning Novelty Filter Results and Discussion

5.1 Spatial Resoluiion

Figure 10 shows the results of the spatial resolution experiments. Pictured in
the figure is half the Fourier plane for an unfiltered AF resolution chart, (a). and
filtered charts for each crystal, (b)-(d). In pictures (b)-(d), the AF chart was moving
to the right at 0.4 mm/sec, the maximum limit of the stepping motor. Not shown
in the figure are two sinusoidal computer generated holograms of known spatial
frequencies of 5.16 and 2.48 cyc/mm that were used to establish a conversion factor
to convert linear distance of Figure 10 in the x-direction to a spatial frequency scale
in cyc/mm. Table 2 shows the highest horizontal spatial frequency obtained for each

of the images pictured in Figure 10.

It is apparent from the data iu Tigure 10 and Table 2 that both the 45°-cut
crystal, #115-F, and the thick z-cut crystal, #119-D, have the best absolute spatial
resolution. The thin crystal, #1%7-k, lacks 1231 high frequency definition and overall

intensity of frequency components resulting in poor unage resolution.

It is also clear that each filter, regardiess of the crystal size or structure. acts
as a high pass filter, as previously reported by Anderson ef al (2:635). In other
words, the novelty filter acts as an edge enhancer. The edge enhancement can be

accentuated by placing the Fourier plane onto the crystal face instead of imaging

Unfiltered | Crystal | Crystal | Crystal
Image #115-F | # 119-D | # 127-

Spatial
Resolution 50 45 44 18
(cyc/mm)

Table 2. Highest spatial frequencies obtained from an unfiltered and filtered AF
resolution chart using a beam fanning novelty filter.
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Figure 10.

Fourier specirums of an AF resolution chart using a beam fanning nov-
elty filter. (a) Unfiltered spectrum. (b) Spectrum after beiug filtered by
Crystal 115- F. (¢) Spectrum fitered by Crystal 119-D. (d) Spectrum
filtered by Crystal 127-K.
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a reduced version of the input image onto the face. In this case, the intense low
frequency compon-nts fan first and therefore are filtered quickly whereas the less
intense high frequency components pass through nearly unattenuated. Since the
filter life time is much longer for low intensity components, as will be discussed in
Section 5.3, the edges remain visible for a longer period of time. In contrast. placing
a 12duced image onto the crystal allows a more uniform filtering to occur. hnaging
spreads the energy more evenly over the crystal face rather than being concentrated
in one spot as with the Fourier plane. This phenomenon was also reported by Ford

et al (11:858).

5.2 Contrast Ratio

Figure 11 shows the experimental results obtained during the measurcment
of the contrast ratio, C, of all three crystals as the incident power was increased
from 1 mW to 25 mW. Each crystal was positioned in the image plane of a nuuified
AF resolution chart with its c-axis at 45° to the image plane. Two output images
were captured, one while the AF chart is moving and the second after the stcaly
state condition was obtained with the object stationary. Capturing a filtered ontput
while the object is stationary provides the amount of intensity that [eaks through
the filter after the steady state condition is achieved. Ideally, this value would be

zero, however, there is a limit in each crystal as to how much intensity 1t can filter.

Figure 11 cdlearly shows that the contrast ratio, C, quickly erodes as the incident
power is increased. The best ratios are in the 1-3 mW range. Not shown in the figure
are the trends of the two intensities that make up the ratio. it should Lo noted that
even though I, ﬂuctuﬁted as much as 50% of it maximum value, it is [,,;,, that
is the dominating factor in driving down the contrast ratio at the higher intensity
levels. For example, I,,;, increased to more than twice its original value for crystal
115-F as the incident power on the caystal was increased from 1 mW to 24 mW.

This leads to the conclusion that the crystal’s ability to fully fan the imput during
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Figure 11. Experimental results for the Contrast Ratio, C. The dotted line repre-
sents a linear interpolation of the curves.

the steady state condition is breaking down at higher power levels. The filter no
longer sufficiently blocks the intense background and therefore I, increases and C

decreases.

The highest (best) contrast ratio was achieved with the thick z-cut aystal.
# 119-D, with C =~ 87%. The 45°- cut crystal followed dosely with a maximum
ratio of C =~ 77%. These two curves also have approximately the samec slope if
linearly interpolated which indicates a relationship for the BaTiO3 material. In other
words, the two curves for crystals 115-F and 119-D are decaying at approximately
the same rate. The rate is represented by the slope of the linearly interpolated linc.
Therefore, if a contrast ratio and its corresponding wmeident power level is known
for any BaTiOj crystal, the contrast ratio response for that crystal for a range of
incident power levels can be easily estimated by using the siwple line equition,
y = mx + b. This conclusion provides a simple. but effective technique for modcling

the contrast ratio. Unfortunately. the thin crystal showed consistently poor results
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in the spatial resolution experiment and this experiment and was not used in drawing

this conclusion concerning the linearity of the material.

5.8 Onset Time

Figure 12 shows onset times, 7y, for each of the three crystals as the incident
power was varied from ~ 1.0 mW to ~ 35 mW. Crystal 115-F had the overall fastest
time. The thin crystal, # 127-K, was almost as fast as # 115-F, but it began
to show an unusual behavior at high powers. As the power was increased above
26 mW, crystal 127-K showed an initial exponential decay to the half power point
and then a slight nise followed by a slower decay as shown in Figurce 13. This
unusual response was very different form a normal exponential decay exhibited by
the other two crystals. Crystals 115-F and 119- D both showed a smooth, consistent
exponential decay with a single time constant. An example of a typical response is
shown in Figure 24 in Appendix C. It was not determined in this thesis the exact
mechanism causing this phenomenon. However, coupled with the poor results in the
previous two experiments, these results indicate defects in both the crystal material

and structure.

Crystal 119-D had the longest onset time of the three crystals. This was
expected since the propagation distance within the crystal is ~ 6.2 mm as opposed
to 5.2 mm for # 127-K and 4.0 mm for # 115-F. According to Pepper ¢t al, the beamn
fanning phenomenon is related to the number of charge carriers present within the
crystal (13:64). With a longer propagation distance, there are more mobile carriers
to move, and therefore, a longer onset time for the filter. In addition. # 119-D is
also a z-cut crystal and therefore access to the peak gain is hindered. even when
oriented at 45° as opposed to the 45°-cut crystal with normal incidence, as explained
in Chapter II. It is predicted that this crystal will also have a low velocity response
since its Tfier 15 low. Since this crystal requires more time to achieve the steady

state condition, the index grating will be written slower resulting in a lower minimun

22




25— - e

—*— Crystal # 115-F :

i
2 ] ‘K S -+ Crystal # 119-D )
—¥- Crystal # 127-K

0 1 1 e
0 10 20 30 40
Incident Power on Crystal (mW)

Figure 12. Experimental results for the Onset Time experiments.

— T‘» '
0 6 12 18 24 30
Time (ac)

Figure 13. Unexplained onset behavior of aystal 127-K at powers greater than
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velocity to prevent an output of the filter (see Section 5.4).

This difference in onset times for the z- and 45°-cut crystals begins to diminish
as the incident power is increased, as shown in Figure 12. At powers greater than
30 mW, the onset time of the 45°-cut aystal reaclies a plateau at approximately
0.3 sec. However, in both the z-cut caystals the onset times continued to decrease.
with caystal # 119-D approaching 0.5 sec at 36 mW. Most likely at higher powers,
(> 40 mW), the number of crystal mobile carriers becomes saturated and all the
carriers are moving and thus the onset times level off to a constant value as discussed
by Pepper (13:64). Therefore, if Figure 12 were expanded off the nght side of the
page, the expected result would be three curves flattening off to three steady state

values; 0.3 sec for # 115-F, 0.4 sec for # 119-D, and 0.25 sec for # 127-K.

The special 45°-cut crystal had the shortest, most consistent onset time:
whereas crystal 119-D had the greatest variation as the incident power is increased.
The consistently quick response of # 115-F makes it the best choice for detecting
relatively fast objects regardless of the incident power. The termn relatively is stresscd
here since the onset time of the crystal is based on the speed of an object moving
in the input image plane of reference and not in the real world plane of reference.
A fast onset time is necessary in order to filter out tlie ghost that trails behind the
moving object. An example is shown in Figure 14 which shows an output of the filter
as an object “T” moved to the right followed closely by its ghost. The ghost ocenrs
at the previous position of the object as seen by the crystal. If the crystal has a fast
Ttiter, the ghost will quickly fade as the crystal attempts to attain a steady statc
condition. Suppressing the ghost causes a higher resolution since only onc object is
present rather than the object plus its trailing ghost, which causes a blurring cffect
to the eye. As was seen in Section 5.1, crystal 115-F also had the lughest spatial

resolution.

On the other hand, a variable onset time, like that demonstrated by # 119-D.

also has its advantages when 7. can be tuned by adjusting the input power. A
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Figure 14. A filtered output of a “T” as it moved to the nght followed dosely Ly
its ghost.

brighter trail, and thus a history of the motion of a moving object, can be obtained.
The spatial resolution would in turn decrease, but the streaking nature of a time
elapsed snapshot of the moving object could help in locating and tracing moving

objects.

The thin crystal. # 127-K, could offer the speed of a 45°-cut crystal withont the
added expense of fabricating a z-cut. However, the irregular performance at lughcr
powers, as shown in Figure 13, may preclude this particular crystal from becoming

a good novelty filter candidate.

5.4 Velocity Response

Shown in Figure 15 are the velocity respouse curves showing the nunimmm
velocities detectable for each aystal as the power was increased from 1 m\V to 25
mW. Maximum speeds were unattainable due tc the hmitations of the stepper moter

used (the maximum velocity of the stepper motor was 0.4 mun/sec which was still
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within the upper response range of the aystal, i.e. at the maximum speed there was
still a well defined output from the filter). Even the minimum velocity for crystal
127-K was greater than the stepper motor capacity beyond 17 mW, as shown in the

figure. A motion platform with a range greater than 3.0 mm/sec is recommended.

0.5~~~ s e e e

—e— Crystal 115-F
—+— Crystal 127-K
=¥~ Crystal 119-D

Minimum 0-4
Object

Speed
(mm/sec) 03[

0.2r
0.1+
o i " 1 L )
0 S 10 15 22 25 30

Power Incident on Crystal |

Figure 15. Minimum velocities for each of the three crystals. Maximum velocitics
were unattainable due to the limitation of the stepper motor.

This was a value obtained in an uncontrolled experiment by manually moving the
object at different rates. The stepper motor was sufficient. however. to find minimum

object velocities shown in the figure.

Crystal 119-D showed the most stable and slowest minimum velocities for the
intensity range used in the experimert. The slow velocity was predicted from the
Tiiter Measurements in Section 3.3. since that crystal has the lonzost onset time.
approxdmately 2 sec. With a long 7. the input object needs caly to move at a
slow rate to cause an output of its image and ghost image. since the filter requires a
relatively long time to reach the steady state. As mentioned previously in Section 5.3.
this crystal would be excellent for tracking objects. including extremely slow objects

due to its low minimum velocity response and long vy,
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The 45°-cut crystal also shows a relatively stable minimum velocity through
out the experimental intensity range. Coupled with its fast 7j,,. as shown in
Figure 12, this crystal is excellent for filtering a wide band of velocities. with the
band remaining constant over a wide range of input intensities. In contrast, the thin
crystal, # 127-K, showed the most erratic behavior, exhibiting a parabolic response
in minimum velocity. Since its 7y, Tesponse is nearly the same as crystal 115-F
(see Figure 12), it is expected that the maximum velocities for these two crystals
would be dosely matched. [Note: The maximum velocity that the crystal responds
to is cdosely related to the onset time of the filter; as 7., decreases (faster). the
maximum velocity increases.] Therefore, by changing the input intensity on the thin
crystal, a selective velocity range could be tailored to a narrower band than with the

45°-cut crystal.
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VI. Switchable Optical Adder/Subtractor: Theoretical Analysis and

Ezperimental Set-up

The system described in this section relies on coherent destructive interference
between two signal beams for image subtraction and incoherent addition of images for
image addition. The experimental setup shown in Figure 16 is based on a Michelson
interferometer. The interferometer has been modified by using a phase conjugating
mirror (PCM), two electro-optic arystals, and two polarizing beam splitters in one of
the legs of the interferometer. This is a variation of the image subtractor described

by Chiou, et al (4:306-308)(5:385-392).

output Port €o
modulators
r— -
T
Al’+ )\ B.E
Laser -
2
{
L

Figure 16. Schematic diagram of the switchable optical image adder’subtractor
designed in the thesis.

For image subtraction. Switch 1 is left open which leaves the two e-0 cryvstals
unbiased so that horizontally polarized light passes through unaltered. Light crigi-
nating from the laser and reaching point A in Figure 16 will have an amplitude of

(rEt;) before reaching the PCM. where r is the reflectance of the beam splitter (BS)
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from left to right, E is the amplitude of the oniginal laser beam, and ¢, is the ampli-
tude transmission coefficient of the first object. Upon being phase conjugated. the
beam will retrace its phase front, becoming (tpr=E~T)) at the output port after the
beam splitter, where T} = |t;|* and t and p are the beam splitter transmittance and
PCM reflectivity, respectively. The beam tracing through the upper leg of the inter-
ferometer passes through the first e-o crystal, retaining its horizontal polarization, 1s
transmitted by the two polarizing beam splitters and transmitted through the scc-
ond e-o crystal, again unaltered. At point B, just before the PCM, the amplitude of
this beam is (t Et;), assuming that the losses in the e-o crystals and polarizing beam
splitters are neglected. After being conjugated and retracing back through the heam
splitter, the amplitude of the upper leg is (r' pt* E*T3), where 7 is the reflectance of
the beam splitter from right to left. At the output port, just after the beam sphtter,
the two beams recombine. Since each beam has been phase conjugated and the path
length difference is within the colierence length of the Ar-ion laser (~ 3 cm). the two

beams are mutually coherent and add coherently:

It = |tor" E*T\ + r ot BTy (4)

The use of the Stokes relations (12:242):
ettt = 1 (5)
rt+ttr = 0 (6)

allows the reduction of Equation (4) to:
Iowt= RT |pE"[' T, = Th[’ (M)

where R = |r*|* and T = |t[*, as was shown previously by Chiou ef al (4:306). Equa-

tion (7), above, shows that the resultant intensity of the output image is proportional
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to the square of the difference of the two input images.

To obtain image addition, Switch 1 is activated so as to bias the crystals with
a A/2 voltage, which rotates the polarization 90°. This effect causes the polarizing
beam splitters to divert the Light into an extra length chosen to extend well beyond
the coherence length of the laser beam. Light re-enters the interferometer wherce its
original polarization is restored by the second e-o aystal, suitable for self-pumped
phase-conjugation in the BaTiO; crystal. Light in the lower leg travels the exact
same path described for image subtraction. However, since the upper leg was delayed
outside the coherence length of the laser, the return beam in the upper leg is no longer
mutually coherent with that in the lower leg. With the two beams being incolierent.

their intensities add. yielding the addition of the two input iinage intensities:

Lue = |torE*Ti|* + |r ot E°T;
RT |oE"[* [T} + 13| 8)

’ 2

This technique allows the output to be easily switched between addition aud
subtraction. It should be noted, however, that the subtraction is actually an absolute
value subtraction, as described by Equation (7). Thereforc, the operation 1-0 and

0-1 yeild the same result of 1 instead of 1 and -1, respectively.
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VII. Switchable Adder/Subtractor Results and Discussion

Two experiments were conducted on the adder/subtractor, shown in Figure 16.
to evaluate its capability to properly coherently subtract two images and incoherently
add them, as described by Equations (7) and (8), respectively. Both experiments
were conducted with the 45°-cut BaTiOj; crystal, # 115-F, as the PCM. The spccially
cut crystal was oriented for maximum self-pumped phase-conjugation by both legs
of the interferometer, ~25° to the c-axis. For image subtraction, the mirrors in both
legs were adjusted such that the two beams where incident on the crystal at the same
point, overlapping one another. An alternate method for producing phasc-conjugate
beams would be to have the two beams mutually pump the crystal (16:16-21). Each
of these two methods were tested and both produced a proper phase-conjugate beam.
Since there was no noticeable difference between the two methods, the first method

was chosen for the adder/subtractor.

When the system was switched to image addition, the mirrors in the adjustable
length leg and the polarizing beamsplitters were adjusted such that the two beams
incident on the crystal did not overlap. It was noticed that the legs conjugated more

efficiently when the beams did not overlap during image addition.

In the first experiment, the transparencies f, and ¢, were removed, which
represents two images with {; = t; = 1. The interferometer output was detected
using a power meter connected to a strip chart recorder. The chart recorder trace
is shown in Figure 17. At the starting point of the recording, on the right end of
the trace, the beams in both legs of the interferomcter are blocked, i.e., T} = |t; [2 =
T, = |t2|* = 0. The output shows the zero detected by the power meter [0-0=0]. In
=1

Step (a), the beam in the lower leg was unblocked, implementing a 77 = |/,
and T; = 0 state. Thus, the level of the output represents the power of the heam
in the lower leg, corresponding to an algebraic opcration [1-0=1]. In Step (b). the

beams in both legs are unblocked, ie., Ty = T, = 1, with Switch 1 open. I this
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Figure 17.

Intensity detected at the output port of the switchable adder/subtractor.
(a) Lower leg full intensity, (b) Image subtraction. (c) Upper leg full
intensity. (d) Image addition.




state, the interferometer acts as a subtractor, and produces an output corresponding
to [1-1=0]. The subtraction is coherent subtraction and is susceptible to table and
e.r vibrations as shown by the modulated subtraction level. However, regardless of
the noise, the output in this state is still well below 50% of the original level in
Step (a), yielding an accurate subtraction of the two one-dimensional images. When
the beam in the lower leg is blocked in Step (c), which implements 7} = 0 and
T; = 1, the output is increased to a level comparable to that in Step (a) according to
the operation [0-1=1]. Finally, in Step (d), the beams are unblocked and Switch 1 is
closed, causing the upper leg beam to be diverted through the extra length. For this
case, the interferometer acts as an adder in accordance with {14+1=2] and thc output
1s seen to be nearly two times that in Step (c). The modulation seen in Step (d) is
similar to that in Step (c) and may be due to light leaking through the polarizing
beam splitters and causing coherent image subtraction. The leak in the polarizing
beam splitters is due to the e-o crystals not rotating the light to a perfect vertical
polarization which is needed to divert the light into the extra length for addition.
However, even with the small modulation on top of the addition, the average is
still well above the original levels in Steps (a) or (c). Therefo.e, with appropriate
thresholding on a detector, image subtraction and addition can be achieved using

this technique.

In the second experiment, two images were used to demonstrate the capability
of the system to process two-dimensional images. In this erperiment. {; was a
square and ¢; was a drcle. The results are shown in Figure 18. Figure 18a is the
difference of the two images when Switch 1 is open, allowing for coherent destructive
interference at the output port, as seen by the dark region where the arcle overlaps
the square. In the overlapping region the equal intensities from the darcle and square
destructively interfere to produce the dark area. The subtraction can also be scen
in the cross-sectional profile in (b). When Switch 1 is turned on, causing light to be

diverted through the extra length, the sum of the two images is obtained as shown
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in Figure 18c. Here the overlapping region is now approximately two times brighte

than the remainder of the images as shown by the addition cross-sectional profile

in (d).

These experiments successfully demonstrated the ability of the switchable op-
tical adder/subtractor to properly add and subtract two images in a switchable
configuration. This type of device offers considerable flexibility in performing opti-
cal computing and matrix algebra, as well as optical image processing, all under the

control of a computer.

This device has many potential industrial and nilitary applications as well as
scientific uses. By placing a reference image in one leg and a spatial ight modulator
in the other, various forms of quality control can be performed on mass production
assembly lines. Various modulators are applicable to the adder/subtractor. The least
expensive modulator could be a LCTV. I more resolution is required, magneto-
optic and liquid crystal light-valve modulators can also be used but at a higher
cost. Military applications include, optically adding aircraft and situation awarcness
information to the outside scene in head-up displays (HUDs), target tracking. image

segmentation, and target recognition pre/post processing in subsystems.

In addition, the parallel nature of this addition and subtraction operation offers
increased speed over its electronic serial counterparts. It should be noted that the
overall speed of the system is limited by the phase conjugating mirror, the switching
response of the e-o crystals and any sort of image input device (LCTV) and not by

the algebraic nonlinear interferometry operation of the light.
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Figure 18. Optical image addition and subtraction. (a) A crele and square are
subtracted when Switch 11is open. (b) cross-sectional profile showing the
subtraction, (c) image addition with Switch 1 dosed. (d) cross-sectional
profile showing addition.
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VIII. Conclusions & Recommendations

8.1 Beam Fanning Novelty Filter

This thesis research successfully characterized the beam fanning configuration
for novelty filtering using both z-cut and 45°-cut BaTiO; crystals. The research
determined trends and relationships among the four filter characteristics defined in

Chapter IV. These characteristics are qualitatively summarized in Table 3. One

Crystal Spatial C Tfilter Minimum
ID # | Resolution Velocity
#115-F || Excellent Good Quickest Slow
(linear) (flat) (flat)
#119-D Good Excellent Slow Slowest
(linear) | (variable) (flat)
#127-K Poor Poor Quick Variable
(irregular) (flat)

Qualitative summary of the beam fanning novelty filter portion of the

thesis.

important quality not depicted in the table, is the simplicity of the beam fanning
configuration as opposed to the Michelson interferometer or two-wave mixing tech-
niques. Those two techniques require greater beam control and alignment and are

more susceptible to vibration than the beam fanning technique.

Based on the results given in Table 3, the beam fanning filter can be tailored to
different military applications. For example, if the system designer requires a filter
with high spatial resolution, high contrast ratio, low laser power, and broad band
velocity selection, then the 45°-cut crystal would be the most logical choice. On
the other hand, the thick crystal could be used to track moving objects, creating a
ghost that trails the object for efficient locating and tracking. The idea of a velocity
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analyzer, synonymous to a spectrum analyzer, could be supported by the thin crystal

which has a variable minimum velocity by adjusting the input intensity.

The beam fanning novelty filter would also be applicable to an intrusion alarm
or surveillance system. For example, a low light TV (LLTV) or an infrared camera
could be used as the remote sensing device. Inmitially, the entire scene from the
camera is novel and will be passed by the filter. However, after the filtcr has reached
its steady state condition, only moving objects in the field of view of the camera
will cause an output to the filter system. A simple intensity detector at the output
port could then be used as the triggering mechanism to set off an alarm or alert
authorities. The detector would sense the high intensity of moving objects being

passed by the filter.

It 1s strongly recommended, however, that prior to applying the beamn fanning
novelty filter to applications mentioned above, additional research be performed on
additional novelty filter configurations as well as additional crystals in the beam fan-
ning configuration. Additional novelty filter configurations and crystals will provide
the system designer with a more complete synopsis of novelty filtering and other
options that may not have appeared in the experiments performed in this thesis

research.

In addition, it is recommended that a liquid crystal TV (LCTV) replace the
moving slide used in this thesis. The LCTV can be used as either an amplitude
modulator (equivalent to the slides) or as a polarization modulator (2:640-642).
Using a second type of modulation, other than amplitude modulation, could provide
a more complete characterization of the beam fanning novelty filter. The LCTV also
offers the convenience of replaying a standardized video tape of a moving object.
providing more control over the experimental parameters, and thus increasing the
repeatability of the experiments. An LCTV would also offer a wider range of object
velocities than the stepper motor used in this thesis. The spatial resolution of the

LCTV may be a Limiting factor for the filter (rather than the crystal), but the TV
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could be removed for spatial resolution experiments.

8.2 Switchable Adder/Subtractor

In this thesis an electronically switchable optical adder/subtractor was success-
fully designed and demonstrated. The Michelson interferometer performed coherent
image subtraction and incoherent image addition as a consequence of the PCM and

an extra length used in one leg.

It is recommended that additional research be conducted to fully characterize
the switchable adder/subtractor. Additional research is required to investigate the
duty cycle of changing images, set-up time for adding and subtracting. and the
spatial resolution of the system. In addition, phase and polarization modulations of
input images should be evaluated and compared to the amplitude modulation used

in this thesis.

It is also recommended that spatial light modulators or hquid crystal TVs
(LCTVs) replace the two input transparencies to investigate the system's abil-
ity to handle grey scale images. Two grey levels (black and white) were used in
this thesis, but the theoretical analysis presented in Chapter VI indicates that the
adder/subtractor will properly handle grey scale images.

Finally. alternate Michelson interferometer configurations. an example is shown
in Figure 19, should be evaluated and compared to the configuration used in this the-
sis. Alternate configurations offer reduced optical components which could mcrease

the efficiency and performance of the adder/subtractor.
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Fienre 19 An alternate confiznuration for the switchable optical adder/subtractor.
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Appendix B. Computer Generated Holograms

The generation, photoreduction, and usage of the computer generated holo-
grams are detailed in this Appendix. The FORTRAN program used to generate the
holograms is discussed followed by the process of reducing the holograms onto glass
slides. Finally, a few tips on using the holograms in optical systems is presented at

the end of this appendix.

B.1  Program

The foilowing program is a modified version of the computer generated holo-
gram program written by Robinson (14:37). The program was modified to allow
sinusoidal holographic patterns to be generated and the ability to allow the user to

specify plot filenames.

R R L

c
¢ Demonstration of Detour Phase CGH

¢ Written by Vicki Robinson

¢ Edited by Gordon Hengst

c

c ok o ok ok o ok 3k 3 3k ak ok ok ok ok ok ok ok ok ok ok ok ok ok 3k ok ke ok k3 ok ok ok ok sk a3k ok ok ok 3k ok ok ok ok ok ok ok ok ok 3k 3k ok ok 3k Xk ok ok k
character*25 filename
integer cycles

Parameter (D=64, p1=3.14159265, P=1, Q=0)

write (6,3000) “Plot filename to be created: ”
3000 format (a30)

read (5,2000) filename

2000 format (al0)




”

write (6,3000) “Number of cycles per an:
read (5,4000) cycles
4000 format (i14)

Call Setplot(filename,1,0,.false.)
Call mapxy(0.,1.,0.,1.,0.,1.,0.,1.,0,1)
Do3m=1D

Do20n=1,D

hmag = (sin(2*pi*cycles*m/D) + 1)/2
Call box(m,n,hmag)

2¢ Continuc

30 Continue

Call Endplot

Stop

End

o FERERRR R Rk KKk K
Subroutine box(m,n,hmag)
Parameter (iboxw=35iw=17,ihmax=35,i0sx=500,i0sy=90)
icx = m*iboxw - (iboxw/2) + iosx
icy = n*iboxw - (iboxw/2) + iosy
ih = thmax * hmag

ilx = icx - (iw/2)

ly = icy - (ih/2)

Do 10 1 = ilx,ilx + 1w

Call drv(i.ily.i.ily+ih)

10 Continue

Return

End

The program uses METALIB, a program library on GALAXY, to create the plot
file. The file will contain the specified number of cycles in the x-direction while

maintaining a constant value in the y-direction.
To compile the program on GALAXY, use the command
f77 filename.f -ofilename -Imetalib

The ‘-0’ option allows the user to specify the name of the *.exe file (default is

aout.exe). The alternate library used by the program is specified by the 1" option.
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The

The program is run by typing the name specified at the ‘-0’ option.

program will create the plot file pltneme.plt NOTE: The program does not check

to see if a plot filename already exists; it will over write the file.

To print the plot files on GALAXY, use the command:

mit pltname —Ipr -Pimagen

er will be similar to Figure 20 which shows 4 cycles.

t

The files are very large and usually take about 15 minutes to plot. At the time of
this thesis, the printer IMAGEN was located in the second floor printer room, Bldg

642. The ouiput from the prin

Figure 20. A sinusoidal computer generated hologram showing 4 cycles

Photoreduction of Holograms

B.2

Once the hologram is printed. it will need to be reduced onto glass for use

in the optical system. The equipment used to photoreduce the computer generated
holograms is located in the Cooperative Electronics Materials Processes Laboratory.




room 1065, in building 125. Prior to photoreducing, the printed hologram s trans-
ferred to an overhead transparency with either a XEROX copici wi a Lhermofax
transfer machine. The Thermofax is recommended since the contrast is better than

the copier. The transparency will serve as the negative for the r'...oreduction pro-

CESS.

The Dekacon photoreduction system shown in Figure 21 can reduce the original
hologram from 10X to 60X depending on the settings chosen from the camera manual.
For this thesis, two holograms were made using the 60X setting and a 1 min exposure
time. To further reduce the hologram, the original hologram was shrunk by 50% on
a copier before the Thermofax transfer was made. Using this technique allows a
reduction of cdlose to 120X possible. After exposure, the film plate was developed
using 2 min in the developer and 1 min each for the stop and fixer. The final product

resolutions of the glass slides is shown in Table 4.

Object

Screen front rear

g “box box

A \ /

e film

n O < plate
/

| [ —

1 .

g Dekacon

h

.t

Figure 21. Dekacon photoreduction system. (14:43)




Final
# of cycles | CGH size | Resolution
4 0.161 cm | 24.8 cyc/cm
8 0.155 cm | 51.6 cyc/cm

Table 4. Resolutions of computer generated holograms obtained using a 50% rc-
duced transparency and 60X photoreduction

B.8 Tips On Hologram Usage

1. Since the original hologram consists of discrete blocks, the fourier trans-
form is periodic. As the photoreduction of the original hologram is in-
creased, the period between transforms also increases. These extra, peri-
odic transforms can be ~.sily filtered out by placing an iris in the fourier
plane to allow only the fundameral trausform to pass through.

2. T - glass slides are sensitive to high power densities. The photo 1esist
coatings on the holograms begins to discolor when approximately 3 W
is focused onto the hologram. It is recommended that the holograms Le
placed in an expanded beam where the power density is low.

3. The laser beam should be expanded well beyond the aperture limits of the
hologram. This will alleviate the underlying gaussian profile that occurs
if the beam is not c: panded enough as shown in Figure 22.
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Intensity profile of a 4 cycle computer generated hologram showing the
sinusoidal profile. The gaussian profile of the laser beam incident on the

Figure 22.
hologram is shown by the dotted line.
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Appendix C. Ezperimental Procedure for Determining Onset Time

The experimental process discussed below was used in the thesis to determine
Tyiter for each crystal sample. Figure 23 shows the experimental set-up. An iris was
inserted behind the crystal to shield the output signal from the beam fanning. Each
crystal was oriented such that the signal beam intersected the crystal axis at 45° and
the fanning would spread away from the detector (note: if the crystal fans toward
the detector, flip it end-for-end, i.e., point the +c in the opposite direction). Various
chart recorder speeds were selected depending on the response of the crystal and the

mnput power.

Ezperimental Procedure

1. With the signal beam on, erase any gratings in the crystal by orienting it
at any angle other than 45°.

Block the signal beam and orient the crystal to 45°.
Set the incident intensity level.
Start the chart recorder and unblock the signal beam.

BT o N 2

When steady state has been reached, measure the intensity just prior to
the crystal surface.

. 6. Repeat steps 1-5 for each intensity level. The chart recorder traces will
be similar to the one shown in Figure 24.

7. Tfiner is determined by the 50% point on each trace as shown in Figure 24.
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Figure 23. Experimental set-up to determine the onset time for each crystal.
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Figure 24. Sample filter trace to determine the crystal’s onset time. Thiter-
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