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(ABSTRACT)

Optical image processing systems using an acousto-optic cell have been studied

previously. However, these previous studies have been limited to two diffracted order in

the Bragg regime and two spatial dimensions. Some comparisons between experimental

data and theoretical predictions have been made.

This dissertation studies image processing by acousto-optic Bragg diffraction to

perform image enhanment. Theoretical results involving two diffracted orders in three

spatial dimensions is presented. Experimental data is presented that confirms the validity

of the theoretical results. Detailed analysis of several optical image processing system

using acousto-optic modulators is presented. Also, the methodology use to derive an

analytically expression in three spatial dimension for the interaction of an arbitrary light

profile and a rectangular  sound column in an acousto-optic cell is presented.

Lastly, the ability to change the characteristics of the derived transfer function that

mathematically represents the interaction of light and sound inside the acousto-optic cell

is discussed and future research topics is given.
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Acousto-Optics, which is the diffraction of laser by ultrasonic waves, was first

predicted independently by Brillouin  and Mandel’shtam  in 1921. The effect can be1 2

described qualitatively as follows: An ultrasonic wave propagating through a solid or

liquid locally causes compression and rarefaction of the medium. This compression and

rarefaction of the medium is known as a photoelastic effect. The photoelastic effect

changes the refractive index of the medium. Periodically alternating layers with different

refractive indices thus form in the medium, since the ultrasonic sound wave is sinusoidal

in nature.  These layers move at the velocity of sound and are separated by half the

acoustic wavelength. When light is incident at a certain angle, called the Bragg angle,

into the medium and propagates through the above mentioned periodic structure, it is

Bragg- diffracted.

This dissertation will investigate an image processing technique based on the above

mentioned acousto-optic effect. Images being amplitude modulated onto a  laser beam

will interact with acoustic waves inside a homogenous, isotropic, flint glass medium. The

image enters the acousto-optic cell at the Bragg angle and the Bragg-scattered light will

carry the processed images.

Several experimental setups will be considered. The heart of the setup will consist of

a system that will contain one acousto-optic cell and a single imaging lens. Another

experimental setup will consist of two acousto-optic cells placed in series with each other

and two imaging lenses. While another system will consist of two acousto-optic cells

placed perpendicular to each other and two imaging lenses. The first two systems will

perform one dimensional image processing while the last system will perform 2-D image

processing.
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In all experimental setups, we will monitor the Bragg diffracted images to see if any

image enhancement can be achieved.

Beside actual laboratory experiments, we have performed computer simulations of all

the above mentioned acousto-optic image processing systems using a transfer function

that will be derived analytically.

In recent years, rapid new developments have been made in optical technology. These

developments in infrared LED inside TV remotes, miniature semiconductors laser

systems inside CD players, laser bar code scanners at supermarkets and complex optical

fiber networks that transmit information. The use of lasers and optics is also wide spread

in fields such as medicine, satellite communication, and manufacturing.

Many signal processing applications require the ability to analyze enormous amounts

of information at very high speeds. Optical information processing techniques are capable

of satisfying these requirements. One particular technique that is capable of meeting this

demand is the diffraction of light by acousto-optic interaction.

Acoustic waves were studied extensively in the past century; surface acoustic waves

were first described by Lord Rayleigh in 1885 as they pertained to earth quakes. As stated

in chapter 1, acousto-optics developed from the original research of Brillouin . His"

original theory predicted a phenomenon closely related to x-ray diffraction in crystals. In

acousto-optic diffraction, plane waves of light striking acoustically induced planes of

compression and rarefaction at a certain critical angle will be partially reflected. Unlike x-

ray diffraction, however he stated that there would be only one critical angle (Bragg

angle) because the spatial structure of acoustically induced density variations is
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essentially sinusoidal and hence contains no space harmonic components. In addition,

Brillouin predicted that reflected light would be Doppler shifted in frequency by an

amount equal to the sound frequency because the reflecting grating moves with the sound

velocity. Unfortunately, it was not experimentally possible, until ten years later, to

confirm his predications due to the lack of optical sources of sufficiently high coherence.

Brillouin , in a second paper, suggested that the multiple orders only occurred with3

the application of high sound intensity (strong interaction), a condition for which his

original weak interaction theory did not apply. He suggested that the multiple order effect

might be interpreted as a rescattering of diffracted light. Although Brillouin did not solve

the strong interaction problem in detail, he showed that it could be formulated in terms of

the Mathieu equation (i.e., differential equations with time-varying coefficients). The

solution of which would contain multiple orders of light scattered into the experimentally

observed directions.

Debye and Sears performed the first experiments that demonstrated the generation of4

many orders of refracted light. These experiments also indicated the presence of a range

of critical angles. In their published papers, Debye and Sears suggested that this was due

to the generation of higher harmonics of the sound. They also derived criteria for single

and multiple order diffraction phenomena know as the Debye-Sears ratio.

Lucas and Biquard  was one of the first researchers to observe the presence of5

multiple diffraction orders experimentally. They, on the basis of calculated ray

trajectories, showed that the ray distribution of light leaving the column of sound was

periodic in space.

The presence of multiple diffraction orders was first explained in a series of classic

papers by C.V. Raman and N. Nath  starting in 1935. Raman and Nath’s analysis was6

based on some of the earlier work done by Lord Rayleigh . They modeled the sound7

column as a two-dimensional thin phase grating moving in the direction perpendicular to

the light. Their theory correctly predicted the Bessel function intensity variation of
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various orders as a function of sound pressure. While in this first analysis the light beam

was assumed to be incident perpendicular to the sound column, a second article  treated8

the case of oblique incidence. Their next publication  examined the frequency change in9

the diffracted light. In a fourth article , they formulated the problem in terms of a wave10

equation defining propagation of incident light in an acoustically perturbed medium.

Raman and Nath went on to derive an infinite set of coupled differential equations which

described the spatial behavior of various orders traversing the sound beam. In deriving

these equations it was assumed that the light field was incident perpendicular to the sound

column. There was no limitation on the interaction length. Raman and Nath showed that

if the sound beam was sufficiently thin, the infinite set of equations led to the same

solution as the phase grating model. Finally, in a fifth article , the authors extended their11

theory to include light incident at arbitrary angles.

Although the infinite set of differential equations was derived by Raman and Nath in

a formal way by applying the wave equation to an acoustically perturbed medium, these

equations may also be derived by an intuitive approach. This was shown by Van Cittert ,12

who treated the thick sound column as an infinite set of infinitesimally thin parallel phase

gratings. Repetitive diffraction of the initial few orders through successive gratings

ultimately led to the generation of infinitely many orders and defined a set of recurrent

differential equations identical to those of Raman and Nath. Hargrove reformulated the13

successive diffraction theory of Van Cittert so that it is easier to implement it on a digital

computer. Similar work in this area was carried out by Nomoto and Torikai .14

Other researchers have used different methods to derive similar sets of equations.

Bhatia and Noble  reformulated the successive diffraction problem using integral15

equation for the scattered field. Phariseau  further developed the Mathieu equation16

approach originally proposed by Brillouin. Extermann  used a method that involved the17

concepts used in the analysis of x-ray diffraction in crystals. Although most of these

theories are considerably more complicated than the Raman-Nath and Van Cittert
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formulation, they still arrive at the same results. It can be shown that an extension of Van

Cittert’s theory to include reflected orders produces results that are identical to those

obtained by Phariseau. Generally, the intensity of the reflected orders is negligible and

the Raman-Nath and Van Cittert equations adequately describe the problem. Many

investigators  have derived specific solutions of these equations applying to various18,19,20

angles of incidence, interaction lengths, and sound pressures.

A more quantitative distinction between  single and multiple order diffraction was

derived by Klien and Cook, who supported their work with numerical computer

simulation.  They derived the so called -parameter. It is interesting to note that -21,22 U U

parameter is simply a constant multiple of the Debye-Sears ratio.

In 1965 a material figure of merit , , was proposed by Smith and Korpel whoQ Ç#
23

also introduced a dynamic measurement technique. Dixon and Cohen  later extended24

this to anisotropic materials.

The vast majority of the theories previously mentioned restrict themselves to a two-

dimensional interaction model where the sound field consists of a single plane wave and

the incident light field is taken to be an infinitely large plane wave. The emphasis of the

previous mentioned theories is on the description of the rescattering process using the

simplest model possible, rather than dealing with the weak interaction of more complex

fields. A majority of the older theories did not include the physical effects of sound-light

interaction as a Bragg angle scattering and rescattering of individual plane wave

components.

A more current topic of research are the weak light-sound interaction formalisms.

These formalisms rose out of the need to accurately describe such diverse phenomena as

Brillouin scattering , beam parameter effects on Bragg diffraction  and Bragg25 26,27

diffraction imaging . After introduction of the laser in the 1960s, quantum mechanical28

considerations regarding energy and momentum in photon-phonon collision processes
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were incorporated into a simple theory . As mention before, earlier theories were29,30,31

presented in terms of ultrasonic phase gratings.

Improvements in the sound column model were introduced by Leroy and Claeys32

and by Pieper et al. , who assumed that the sound field had a constant but, arbitrary33

cross-section profile. The incident light field was still a plane wave and the sound field

had plane-wave fronts. This model is only slightly more realistic than the uniform sound

column model.

The use of a plane wave of light as the incident optical beam was replaced by

Magdich and Molchanov  and by Chu, Kong, and Tamir.  with a two dimensional34 35,36,37

Gaussian beam. Chatterjee et al.  introduced a transfer function approach that was38,39

similar to the Magdich-Molchanov theory. The essential component of this approach was

to convert the input Gaussian beam envelope into its angular plane wave spectrum by use

of the exponential Fourier transform. Once in the spectral domain, a set of coupled

differential equations representing acousto-optic interaction are solved. Their solution

represents the transfer function for an acousto-optic modulator with an optical beam

incident at the Bragg angle. Because the set of coupled differential equations applies

strictly to an ultrasonic plane wave of sound, it is assumed that the input Gaussian beam

is made up of many plane waves, each traveling in a direction slightly different than the

ideal Bragg angle. By multiplying the input angular spectrum with the acousto-optic

transfer function, it is possible to obtain the angular spectrum for each diffracted order.

Note, however, that although the incident light field is arbitrary, the sound field is still a

physically unrealistic uniform sound column.

A more general theory was developed by Korpel and Poon  in 1980, where both40

arbitrary light fields and arbitrary sound fields in two dimensions are assumed. Feynman-

type diagrams are used to describe path integrals that represent the successive scattering

or rescattering of the light field in the interaction region. By interpreting the path integrals

in terms of complex quantum-mechanical probability amplitude densities, these paths
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may be simulated by using a Monte Carlo simulation.  The disadvantages of this method39

are that it is restricted to two dimensions and many paths must be evaluated to produce

accurate results.

This chapter will consider two basic types of acousto-optic interaction, Raman-Nath

and Bragg diffraction of light. We will see that in both cases a propagating ultrasonic

sound wave acts as a  diffraction grating. This phase grating can diffract and modulate an

incident laser beam. The laser beam may diffract into only one diffracted order, Bragg

diffraction, or many distinct diffracted orders, Raman-Nath diffraction. In the processes

of describing the two types  of acousto-optic diffraction, we will introduce again a few

acousto-optic figures of merit that will be used in the later parts of this disseration to

quantify the diffraction properties of the acousto-optic modulators.

3.1  Sound-Field Configuration and Plane-Wave
interaction model

 The interaction between the optical field, E S0 , , and sound field, , can> Ç >

generally be described by Maxwell’s equations. It is typically assumed that the interaction

takes place in an optically inhomogeneous, nonmagnetic isotropic medium, characterized

by a permeability  and a permittivity . The time-varying permittivity is written as. %9 Ç >

% % %Ç > é � Ç > $Æ" � "
w

where % % %’ = CS . That is ’  is proportional to the sound field amplitudeÇ > Ç > Ç >
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S  and C, which is the proportionality constant that depends on the material. HenceÇ >

%
w

Ç >  represents the action of the sound field.

 Equation 3.1-1 indicates that the acousto-optic effect is produced by a propagating

ultrasonic wave in an optically transparent media. As stated earlier, the sound wave

propagates through the optical material, it causes periodic variation of the refractive

index. This is caused by what is known as a photoelastic effect, i.e. the media under goes

compression and refraction. This compression and refraction follows the sinusoidal

nature of the ultrasonic acoustic wave.

 The acoustic wave is normally launched into the optical medium by use of

piezoelectric transducers, illustrated in figure . When a voltage is applied to the$Æ" � "41

transducers, the piezoelectric material is deformed which causes an internal strain. This

induced strain is used to convert the electrical signal into an acoustic strain wave that

causes the photoelastic effect in the acousto-optic medium.

 In the sections that follows, I will describe the particular difference between

Raman-Nath diffraction and Bragg diffraction.  

3.2  Raman-Nath Diffraction

 As mentioned before, Raman-Nath diffraction is characterized by the

simultaneous generation of many scattered orders. Raman-Nath diffraction is also

characterized by the operation of the acousto-optic cell with the angle of the incident laser

light beam nearly equal to zeroth and choosing the Cook-Klien parameter to be much less

than one, i.e.,  The Cook-Klien parameter relates the wavelength of the incidentU � "Æ

light beam to the wavelength of sound. This condition ensures that the acoustic column is

thin enough to neglect multiple optical diffraction effects within the sound field. In other

words, the assumption is made that the acoustic column is weak enough to neglect the

bending of the optical rays as they passes through the interaction length. This also implies
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that the interaction length, , must be short enough such that the accumulated degree ofP

phase mismatch between the particular order of interest, , and its neighboring orders is<m

a minimum.

As a side note, Uchida and Niizeki  have suggested in a journal article that for42

operation in Raman-Nath regime, a more pactical figure of merit for the Cook-Klien

parameter is .U ì !Æ$

3.3  Bragg Diffraction

As pointed out earlier, Bragg diffraction is characterized by the generation of two

scattered orders. In terms of the Cook-Klien parameter,  should be far greater one forU

operation in the Bragg regime. The zeroth order can only couple optical power into the

plus or minus first order. That is, there is phase matching between the zeroth and plus or

minus first order. Laser beam light cannot be transferred into the second or higher orders

because there is no phase matching between these orders.

Bragg diffraction can be model using a thick phase grating. This phase grating can be

visualized as a series of parallel, partially reflective planes. The phase grating can be

considered to be stationary during the interaction process, because the velocity of the

acoustic wave is much less than the velocity of light. Multiple diffraction occurs at every

cross section plane throughout the interaction length of the sound column. So, only the

single order that is phase matched will emerge as a diffracted beam of light; the other

orders will be canceled by destructive interference within the acousto-optic modulator.

Another point that should be made about Bragg diffraction is that the interaction length,

P, should be made large so that nearly all of the incident laser beam light is diffracted

into a single order.

Here too, Uchida and Niizeki  have suggested that for operation in the Bragg regime,42

a more practical figure of merit for the Cook-Klien parameter is that . AnU � %1
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additional comment is needed here. Most commercial acousto-optic devices operate in the

Bragg regime except for some low-frequency processors. In certain cases, however the

condition that  does not hold for acousto-optic devices. It is often possible toU � %1

ignore the intensities of higher diffraction orders in comparison with the minus one and

zeroth order, and therefore still assume that the acousto-optic device is operating in the

Bragg regime.
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Figure 3.1-1 : Typical Configuration for a piezoelectric transducers%"
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As a starting point, I will used the scalar wave equation to mathematically model

strong acousto-optic interaction in three dimensions:

f Ç > � é Ç > %Æ! � "
` Ç > ` Ç >

`> `>
# w

9

# #

# #
< % %

< <
. . ,

where refers to an arbitrary polarization component, < Ç > . is the permeability of the
medium and of the medium%9 is the permittivity .

Now, using the scalar wave equation in ( ), let us define ’ as follows:%Æ! � " %

% % Hw
9 /Ç > é GV/ W /B: 4 > � OB %Æ! � #,

where is the complex sound field envelop,  is a material constant,  is theW G/ H

temporal sound frequency, and  is the propagation constant for sound. ( , ) isO ><

assumed to be time harmonic and is defined as

< <

H

, ( )

,

> é V/º ô %Æ! � $
8

7 é � 8

/B: 4 A�7 > � 5 B � 5 D »

/7

7B 7D

where  is a particular order of diffracted laser light,  is the temporal light frequency,7 A

5 5 77B 7D /7 and  are the propagation constants for the  order light field,  is theth <

complex envelope of the  order light field at frequency , and  is equal to .7 A�7 8 _th H

The propagation constants,  and  which are defined mathematically by equation5 57B 7D

%Æ! � & %Æ! � ", can be visualised by reviewing figure . As stated earlier, the laser light

travels in the nominal direction at an angle  with respect to the axis. ThisD � D �9F

means the propagation vector is made up of two components, , and , defined as5 5B D

follows:
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5 é 5 =38 %Æ! � %

5 é 5 -9=
B 9 F

D 9 F

9

9 .

Applying this concept to figure 1, allows us to express the propagation constants%Æ! �

for each diffracted order in a form similar to that in ( ). Looking at figure ,%Æ! � % %Æ! � "

notice that the laser beam is incident at an angle equal to  thereby allowing for� 9F

downshifted interaction. The incident order emerges from the acousto-optic interaction as

the zeroth diffracted order with propagation constants equal to those in equation

( ). From the discussions in chapter 3, we know that the minus one diffracted order%Æ! � %

is deflected in a direction that is  less than that of the zeroth order. This effectively#9F

leads to propagation in the  direction. Due to the finite interaction region, higher� 9F

orders are produced in directions  away from the zeroth and minus one diffracted#9F

orders, respectively. Hence,  and  both travel in directions  with respect to< < 9/ / F1 -2 ÷$

the -axis. Looking at again at figure clearly there is a pattern to the angle of theD %Æ! � "Ç

diffracted orders such that each diffracted order appears at every odd multiple of , i.e.9F

9 9m é #7� " 5 5F 7B 7D. Consequently, the propagation constants,  and can be

represented by:

5 é 5 =38 #7 � " %Æ! � &

5 é 5 -9= #7 � "
7B 9 F

7D 9 F

9

9

Substituting  and  into  yields the  order set of coupled%Æ! � # %Æ! � $ %Æ! � " 7th

differential equations for acousto-optic interaction.

` ` ` `

`B `C `B `D
� � #4 5 �5 %Æ! � '

� 5 GW � 5 GW é !
" "

# #

# #
/ 7 / 7 / 7 / 7

# # 7B 7D

# # ù
9 9 // / 7�" / 7�"

< < < <

< <

The physics behind equation  implies that the  order scattered light in %Æ! � ' 7 Dth

direction depends on the interactions between adjacent orders  with sound field7÷"

and the effect of propagational diffraction. Therefore, re-arranging for  the term  in
`

`D

</ 7a b
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equation we get:%Æ! � '

` ` ` `

`D #5 `B `C 5 `B
é � � � %Æ! � (

4 5

� W � W
45 G

%5

< < < <

< <

/ 7 / 7 / 7 / 7

7D 7D

# #

# #

7B

#
9

7D
/ / 7�" / 7�"

ù
/

Next, we normalize -variable using D '=  and introduce the peak phase delay,D
P Ç

! é %Æ! � & Ç5 GlWlP
#

9 ,  and equation  we get

` ` `

` #5 -9= #7 " `B `C
é � � %Æ! � )

4P

� P>+8 #7 "
`

`B

� W � W
4

#-9= #7 "

< < <

9

9
<

!

9
< <

/ 7 / 7 / 7

9 F

# #

# #

F
/ 7

F
/ / 7�" / 7�"

ù
/

' +

+

+

Restricting the coupled system of equations in 8 to four diffracted orders, %Æ! � 7

= ,  =  , and  leads to:� # 7 � "Ç 7 é ! 7 é "

` ` `

` #5 -9= � `B `C
é � � %Æ! � +

4P

� P >+8 �
`

`B

� W BÇ CÇ D � W BÇ CÇ D
4

#-9= �

< < <

' 9

9
<

!

9
< <

/ �" / �" / �"

9 F

# #

# #

F
/ �"

F
/ / �# / !

ù
/

9

` ` `

` #5 -9= `B `C
é � � %Æ! � *,

4P

� P >+8
`

`B

� W BÇ CÇ D � W BÇ CÇ D
4

#-9=

< < <

' 9

9
<

!

9
< <

/ ! / ! / !

9 F

# #

# #

F
/ !

F
/ // �" / "

ù
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` ` `

` #5 -9= $ `B `C
é � � ¸%Æ! � *-¹

4P

� P >+8 $
`

`B

� W BÇ CÇ D
4

#-9= $

< < <

' 9

9
<

!

9
<

/ " / " / "

9 F

# #

# #

F
/ "

F
/ / !

` ` `

` #5 -9= � $ `B `C
é � � %Æ! � *.

4P

� P >+8 � $
`

`B

� W BÇ CÇ D
4

#-9= � $

< < <

' 9

9
<

!

9
<

/ �# / �# / �#

9 F

# #

# #

F
/ �#

F
/ / �"

where  and we assume that  has a maximum amplitude of unity.! é W BÇ CÇ D5 GlWlP
# /

9

The focus of the following chapter will be to solve the coupled acousto-optic

differential equations using a transfer function approach. The mathematical tools used to

accomplish this goal will include the Fourier and Laplace transform techniques. These

transfer functions will become part of the foundation for the result of the work presented

in this dissertation.
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Figure : Geometric configuration for acousto-optic interaction%Æ! � "
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 The primary focus of this chapter is to solve the coupled acousto-optic differential

equation, derived in chapter four, using a transfer function approach. The mathematical

tools used to accomplish this goal will include the Fourier and Laplace transform

techniques. The first section of this chapter will present acousto-optic transfer functions

that exist in two spatial dimensions and one space dimension, i.e., L 5 57 B C, , . The'

second section of this chapter will take this result and using a Fourier transform table to

write the transfer function in three spatial dimensions, i.e., , , . These transferL 5 5 57 B C D

functions will become part of the foundation for the result of the work presented in this

dissertation.

5.1  2-D Solution of Acousto-Optic Interaction Equations

 In the following section, I will attempt to solve the coupled partial differential

equation that govern acousto-optic interaction inside a homogenous, isotropic medium for

two diffracted orders. During my first attempt to solve the coupled partial differential

equations for acousto-optic interaction, I will use some trigonometric simplification and

assume that some of the diffracted order are equal to zero.

 Next, I find the solution to the coupled partial differential equations for acousto-

optic interaction using only the assumption that some of the diffracted order are equal to

zero. Finally, after deriving the solutions for acousto-optic interaction under these two

situation, I will compare and contrast the solutions.
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  5.1.1  Using Exponential Fourier Transform Theory

Using equation 9 as a starting point with %Æ! � < </ " / �# and , we have£ ! £ !

` ` `

` #5 -9= � `B `C
é � �

4P

� P >+8 �
`

`B

� W BÇ CÇ D
4

#-9= �

< < <

' 9

9
<

!

9
<

/ �" / �" / �"

9 F

# #

# #

F
/ �"

F

ù
/ / !

&Æ"Æ" � "

` ` `

` #5 -9= `B `C
é � �

4P

� P >+8
`

`B

� W BÇ CÇ D
4

#-9=

< < <

' 9

9
<

!

9
<

/ ! / ! / !

9 F

# #

# #

F
/ !

F
/ / �"

&Æ"Æ" � #

where  and  are the complex envelopes of the zeroth and< ' < '/ ! / �"BÇ CÇ BÇ CÇ

minus one diffracted orders.  is the sound field envelope inside the acousto-W BÇ CÇ D/

optic cell, AOC, which has a maximum amplitude of unity.  is the length of the AOC,P

59 is propagation constant for the laser light inside the AOC,  is called the! é 5 GlWlP
#

9

peak-phase delay, and = . If we assume that the sound field envelope is planar in' D
P

nature, i.e. , then equation  and  becomeW BÇ CÇ D é W BÇ CÇ D é " &Æ"Æ" � " &Æ"Æ" � #/
ù

/

` ` `

` #5 -9= � `B `C
é � �

4P

� P >+8 �
`

`B

�
4

#-9= �

< < <

' 9

9
<

!

9
<

/ �" / �" / �"

9 F

# #

# #

F
/ �"

F
/ !

&Æ"Æ" � $
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` ` `

` #5 -9= `B `C
é � �

4P

� P >+8
`

`B

�
4

#-9=

< < <

' 9

9
<

!

9
<

/ ! / ! / !

9 F

# #

# #

F
/ !

F
/ �"

&Æ"Æ" � %

Taking the Fourier transform of equation  and  w.r.t and gives&Æ"Æ" � $ &Æ"Æ" � % B C

the following result

`

` #5
é &Æ"Æ" � &

4P

ô 5 � 5 � #5 =38 5

�
4

#

G

'

G

!
G

/ �"

9
# #
B C 9 B / �"

/ !

-9= �

�

-9= �

9

9

9

F

F

F

`

` #5
é &Æ"Æ" � '

4P

ô 5 � 5 � #5 =38 5

�
4

#

G

'

G

!
G

/ !

9
# #
B C 9 B / !

/ �"

-9=

-9=

9

9

9

F

F

F

In an attempt to simplify equations  to , let ,&Æ"Æ" � & &Æ"Æ" � ' é#�" #
!

-9= �9F

# "! �" 9 B# #5
P # #

B Cé é 5 � 5 � #5 =38 5!
-9= -9= � F9 9F F

,  and
9

� 9

"! 9 B
P

#5
# #
B Cé 5 � 5 � #5 =38 5

9-9= F9F
9 . Doing this, we arrive at the following

simplified acousto-optic interaction equations:

`

`
é 4 � 4 &Æ"Æ" � (

G

'
" G # G

/ �"
�" �"/ �" / !

`

`
é 4 � 4 &Æ"Æ" � )

G

'
" G # G

/ !
! !/ ! / �"

 Now, applying the Laplace transform to equations  and  and&Æ"Æ" � ( &Æ"Æ" � )

performing some algebraic manipulations, we obtain the following results



20

G
G '

"

#
G

"

6

6

/ �" B C
/ �" B C

�"

�"
/ ! B C

�"

5 Ç 5 Ç = é &Æ"Æ" � *
5 Ç 5 Ç é !

= � 4

� 4
5 Ç 5 Ç =¹

= � 4

(

G
G '

"

#
G

"

6

6

/ ! B C
/ ! B C

!

!
/ �" B C

!

5 Ç 5 Ç = é &Æ"Æ" � !
5 Ç 5 Ç é !

= � 4

� 4
5 Ç 5 Ç =

= � 4
,

1

where ,  and ( orG G G G G '6 6
/ ! / �"/ ! / �" / !B C B C B Cé 5 Ç 5 Ç = é 5 Ç 5 Ç = 5 Ç 5 Ç é !¹

G '/ �" B C(  is the appropriate boundary condition. After taking the inverse5 Ç 5 Ç é !¹

Laplace Transform and using some linear system theory, we arrive at the following

acousto-optic transfer function for the minus one and zeroth diffracted orders:

L � 4 /B: 4 &Æ"Æ" � "
�

#

=38
�" �"

! �"
5 Ç 5B C;' # '

" " ('

(
= 1

L é /B: 4 -9= &Æ"Æ" � #
�

#

� 4
�

#

=38

!
! �"

! �"

5 Ç 5B C;' ' ('
" "

" " ('

(
,

1

where , , ,( # #é é é" " " " # # ! !! �" ! �" ! �"
#� �% �

% # #�" !-9= � -9=9 9F F

"�" 9 B
P

#5
# #
B Cé 5 � 5 � #5 =38 5

9-9= � F9F
� 9  and

"! 9 B
P

#5
# #
B Cé 5 � 5 � #5 =38 5

9-9= F9F
9 .

   5.2  3-D Solution of Acousto-Optic Interaction
Equations
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  5.2.1  Using Exponential Fourier Transform Theory

Our next task is to find the 3-D spatial acousto-optic transfer function for the minus

one and zeroth diffracted order. This can be done by taking equations 1  and&Æ"Æ" � "

&Æ"Æ" � #1  which are the 2-D spatial acousto-optic transfer function with a space

parameter, i.e., ;  and ; , and apply the appropriate FourierL 5 Ç 5 L 5 Ç 5�" B C B C' '0

transform  the  variable. We then have the Acousto-Optic transfers functions in67 AÆ<Æ>Æ '

three spatial dimension for the zeroth and minus one diffracted orders, i.e.,

L 5 Ç 5 Ç 5 L 5 Ç 5 Ç 5�" B C D B C D and . Therefore, if we do this we arrive at the following0

results:
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After considerable algebraic manipulations, equations and can be&Æ#Æ" � " &Æ#Æ" � #

simplified to the following
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where  ( # #é é é" " " " # # ! !! �" ! �" ! �"
#� �% �

% # #�" !, , ,-9= � -9=9 9F F

"�" 9 B
P

#5
# #
B Cé 5 � 5 � #5 =38 5

9-9= � F9F
� 9  and

"! 9 B
P

#5
# #
B Cé 5 � 5 � #5 =38 5 &Æ#Æ" � $

9-9= F9F
9 . The only restriction on equations 

and  is that .&Æ#Æ" � % ! � � "'

The acousto-optic transfer functions that we derived in this chapter will be used to

model the effect that the acousto-optic cell, AOC, has on laser light that is incident into

the AOC at the Bragg angle. Therefore, these transfer functions form the conerstone of

this research.
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The ultrasonic sound wave in an acousto-optic cell, AOC, plays an important role in

the ability of the AOC to perform image enhancements. The following sections describe

the important parameters that allow one to control the AOC image processing abilities.

The following sections also give a detailed analysis of the effect of these parameters on

the acousto-optic cell image processing abilities.

 6.1 Calculation of the Peak Phased Delay
The peak phase delay, , can be determined experimentally by using the following!

relation:

>+8 é ¸ Æ � "¹
# M

M# �"

!

!
, 6 1

where I and I are the minus one and zeroth order intensities, respectively. Solving�" !

equation 6  for  we arrive at the following resultÆ" � " !

! é #>+8 Æ � #
M

M
�" �"

!
. 6 1

The minus one and zeroth order intensities can be obtained by using a photodetector

to measure the intensities and  (see figure 6 1 ). The photodetector produces aM M Æ � "! �"

voltage that is directly proportional to the magnitude of each diffracted orders light

intensities. Therefore, equation 6 1 can be modified to the followingÆ � #

! é #>+8 Æ � $
Z

Z
�" �"

!
, 6 1
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where and . Tables  to  list the calculated peak phaseZ � M Z � M 'Æ" � " 'Æ" � $" �" ! !

delay, , using IntraAction ADM-40, serial number 1932, acousto-optic modulator!

connected to a IntraAction DE-40M, serial number 2238, voltage controlled oscillator.

The data contained in tables  and  was obtained using a IntraAction AOM-'Æ" � % 'Æ" � &

802 acousto-optic modulator connected to a IntraAction DE-80 voltage controlled

oscillator.

.2 Calculation of the Cook-Klien Parameter

The acousto-optic cells that are simulated in this paper are an AOM-40 and AOM-80

from the IntraAction Corp.. The RF center frequency of operation for the AOM-40 is

40MHz with a usable RF frequency range from 30 MHz to 50MHz. The RF center

frequency for the AOM-80 is 80 MHz with a usable RF frequency range from 65 MHz to

95MHz. Therefore, the lower and upper limits for the Cook-Klein parameter for each

AOM cell is approximately 8 to 22 for the AOM-40 and approximately 38 to 82 for the

AOM-80. The velocity of the ultrasonic sound wave inside the acousto-optic cells is

3960 . The acousto-optic cells are made of flint glass. Bounded to the acousto-optic7/>/<=
=/-98.

cell are Lithium Niobate piezoelectric transducers which generate the RF ultrasonic

acoustic wave. The height of the sound field or active aperture is approximately  .# 77

The index of refraction for both the AOM-80 and AOM-40 is approximately .8 é "Æ')*

The equation that connects the Cook-Klien parameter, , to the frequency of the soundU

wave is the following equation:

U é é 'Æ# � "
# P

8

# PJ

8Z

1-

A

1-
#

=9?8.
#

#
=9?8.

where is the length of the acousto-optic modulator, is the index of refraction,  is theP 8 -

wavelength of light in free-space,  is the frequency of the sound wave,  is theJ Z=9?8. =9?8.
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velocity of the sound wave,  is the wavelength of sound inside the modulator. A plot ofA

the Cook-Klein parameter versus the RF acoustic wave frequency, using equation

'Æ# � " 'Æ# � ", is shown in figure . To obtain this plot, the following constants were

used: =0.632 , 60- .7 P é 77Æ

6.3 Effect of the Peak Phase Delay Parameter and the
Cook-Klien Parameter on the AO transfer function

By using experimental image processing results and the acousto-optic spatial transfer

function developed in chapter five, we can make some conclusions about the effect of the

ultrasonic sound wave on the abilities of an acousto-optic system to perform image

enhancements. Looking at the experimental results shown in figure : (a) is the'.3-1

photograph of the original picture to be processed; figure (b)  through figure'Æ$ � "

'Æ$ � "(d) are the photographs of the experimental results of the zeroth order and the

minus one order from an acousto-optic system that contains one AOM and one imaging

lens when  (b) ( )=10, , when (c) ( )=28, , and whenU ¸W¹ é !Æ'& U ¸W¹ é !Æ'&A ! 1 A ! 1

(d) ( )= , , respectively. The effect of the edge enhancement in figureU #) ¸W¹ é !Æ$A ! 1

' '.3-1 .3-1(c) is clearly stronger than that in figure (b) and (d) since the curves of

L ¸5 Ç 5 È é "¹ U ¸W¹ é !Æ U0 B C ' A ! 1 A when ( )=28, 65  are sharper than when ( )=10,

! 1 A ! 1¸W¹ é !Æ$ U ¸W¹ é !Æ$ 'Æ$ � ' and ( )=28,  see figure 2 through .3-4.

The physical meaning of a large and  can be seen from equations U '! Æ# � " and

! é 'Æ# � " U5 GlWlP
#

9 . Looking at equation , the Cook-Klien parameter, , is proportional

to the square of the frequency of the ultrasonic sound wave. Therefore, to increase U

means that physically the frequency of the ultrasonic sound wave is increased. Next, look

at the equation , the peak phase delay , , is proportional to the amplitude of! !é 5 GlWlP
#

9

the ultrasonic sound wave given that all other parameters are fixed. So, to increase the

peak phase delay means physically that the amplitude of the ultrasonic sound wave is
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increased or more specifically the voltage applied to the transducers bound the acousto-

optic modulator is increased.

Plots of the two dimensional and one dimensional transfer functions for the zeroth

order, given the values of  and  above, are plotted in figures  to . TheU 'Æ$ � # 'Æ$ � %!

experimental results and plots show that the parameters of the sound wave in the acousto-

optic image processing system plays an important role. Also, it is possible to obtain better

image enhancement results by changing the parameters, and . Next, let us examine inU !

more detailed the cases where 1)  is zero and all other parameters are fixed and 2)  is! U

zero and all other parameters are fixed.

The case when the peak phase delay, , was equal to zero has been mentioned in a!

previous chapter. But, in this section we will examine this case in more detail. The

physically meaning of  being equal to zero  is that the amplitude of the ultrasonic sound!

wave is equal to zero. Therefore, since it is the propagation of the ultrasonic sound wave

through the acousto-optic modulator that causes the incident light to diffract. When

! é !, no diffracted orders are produced by the modulator. This fact can be confirmed by

letting  be equal to zeroth in the acousto-optic transfer function from chapter five.!

Doing this gives the following result:

L 5 Ç 5 È é " é /B: � 45 P>+8 'Æ$ � "

¾-9= 5 P >+8

� 45 P>+8 =38- 5 P >+8 ¿

! B C B F

B
# # #

F

B F FB
# # #

' 9

9

9 9

( )

L 5 Ç 5 È é " é ! ¸'Æ$ � #�" B C ' )

As you can see from equation , the minus one order is not produced when'Æ$ � #

! é !. Looking at figure , the magnitude of equation  is unity when'Æ$ � & 'Æ$ � "

! é !, which means physically the incident light field propagates through the modulator

undiffracted.
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Next, we examine the case when the Cook-Klien parameter, , is equal to zero. TheU

physical meaning of  being equal to zero is that the frequency of the ultrasonic soundU

wave is equal to zero or conversely the wavelength of the sound wave is infinite.

Basically, what the former statement is saying is that a DC voltage is being applied to the

transducers bonded to the acousto-optic modulator. Therefore, the acousto-optic medium

is not under going any compression or refraction since this stress is caused by the

sinusoidal nature of the sound wave. So, as in the previous case where the peak phase

delay was equal to zero, we would expected the magnitude of the transfer function for the

zeroth order to be equal to unity, while the magnitude of the transfer function for the

minus one order is zero. So, substituting  in the acousto-optic transfer functionU é !

derived in chapter five we have

L 5 Ç 5 È é " é " 'Æ$ � $! B C ' ( )

L 5 Ç 5 È é " é ! 'Æ$ � %�" B C ' ( )
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Figure : Experimental Configuration to measure Peak Phase Delay, .'Æ" � " !
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Figure .2-1: Plot of Cook-Klien Parameter, Q, versus Acoustic Wave Frequency, .' A
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Figure .3-1: Photographs of the original picture (a), and the images of the zeroth-order'
(left one) and the minus one order (right one) when  Q¸,¹ é "!Ç W é !Æ'& È ¸-¹A ! 1"

Q and when QA ! 1 A ! 1é #)Ç ¸W ¹ é !Æ'& È . é #)Ç é !Æ$#
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Figure .3-2: Plot of transfer function for 2-D transfer' U é "!Ç é !Æ'& Ç ¸+¹'=1, ! 1
function, ( ) 1-D transfer function,
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Figure .3-3: Plot of transfer function for 2-D transfer' U é #)Ç é !Æ'& Ç ¸+¹'=1, ! 1
function, ( ) 1-D transfer function,
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(a)

(b)

Figure .3-4: Plot of transfer function for 2-D transfer' U é #)Ç é !Æ$ Ç ¸+¹'=1, ! 1
function, ( ) 1-D transfer function,
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Table 6.1-1: Measured Data to Calculate the Peak Phase Delay, .!

Sound Frequency=50 MHz
Trial No. VCO dial |S|( ) I I Tan

1 10 128.8 1.98 5.68 1.69 118.80 0.6600
2 9

@:: ¸@96>=¹ ¸@96>=¹ ¸./1<//=¹ ¸<+.3+8=¹9 � #1
! ! !

1
128 2.02 5.77 1.68 118.70 0.6594

3 8 112 2.25 5.56 1.57 115.07 0.6393
4 7 96 2.93 4.9 1.29 104.57 0.5809
5 6 84 3.92 3.92 1.00 90.00 0.5000
6 5 64 4.9 2.96 0.7

1
1
1
1

7 75.70 0.4206
7 4 52 5.91 1.98 0.57 60.12 0.3340
8 3 40 6.91 1.1 0.39 43.50 0.2417
9 2 25.2 7.52 0.55 0.26 30.21 0.1678

10 1 10.4 7.93 0.14 0.13 15.31 0.0851

1
1
1
1
1



36

Table 6.1-2: Measured Data to Calculate the Peak Phase Delay, .!

Sound Frequency=40 MHz
Trial No. VCO dial |S|( ) I I Tan

1 10 128 3.08 5.22 1.3 104.94 0.5830
2 9 121

@:: ¸@96>=¹ ¸@96>=¹ ¸./1<//=¹ ¸<+.3+8=¹9 � #1
! ! !

1
.6 2.82 5.58 1.41 109.18 0.6066

3 8 118.4 2.25 6.5 1.7 119.05 0.6614
4 7 97.6 2.42 6.4 1.63 116.82 0.6490
5 6 80.8 3.18 5.55 1.32 105.75 0.5875
6 5 68 4.48 4.

1
1
1
1

54 1.01 90.38 0.5021
7 4 52 5.9 3.58 0.78 75.83 0.4213
8 3 36 7.15 1.90 0.52 54.54 0.3030
9 2 24 8.09 1.05 0.36 39.62 0.2201

10 1 11.04 8.70 0.45 0.23 25.57 0.

1
1
1
1

14211
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Table 6.1-3: Measured Data to Calculate the Peak Phase Delay, .!

Sound Frequency=28 MHz
Trial No. VCO dial |S|( ) I I Tan

1 10 126 3.02 4.66 1.22 101.1 0.5617
2 9 121

@:: ¸@96>=¹ ¸@96>=¹ ¸./1<//=¹ ¸<+.3+8=¹9 � #1
! ! !

1
.2 2.84 4.88 1.31 105.3 0.5850

3 8 104 2.28 5.8 1.6 115.84 0.6436
4 7 92 2.45 5.75 1.53 113.73 0.6318
5 6 76 3.1 5.28 1.31 105.08 0.5838
6 5 60 4.15 4.16 1.01 9

1
1
1
1

0.06 0.5003
7 4 45 5.51 2.89 0.72 71.83 0.3991
8 3 35 6.8 1.84 0.52 54.97 0.3054
9 2 24 7.72 0.98 0.34 37.31 0.2073

10 1 9.4 8.44 0.28 0.18 20.65 0.1147

1
1
1
1
1
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Table 6.1-4: Measured Data to Calculate the Peak Phase Delay, !

Sound Frequency=80 MHz
Trial No. VCO dial |S|( ) I I Tan

1 10
2

@:: ¸@96>=¹ ¸7@96>=¹ ¸./1<//=¹ ¸<+.3+8=¹

"!% !Æ#*# (Æ# !Æ"&(! "(Æ)%) !Æ!**"
9 � #1

! ! !

1
9

3 8
4 7
5 6
6 5

*' !Æ%&$ (Æ% !Æ"#() "%Æ&'( !Æ!)!*
)! !Æ)$" 'Æ( !Æ!)*( "!Æ#'" !Æ!&(!
(# "Æ# &Æ* !Æ!(!" )Æ!## !Æ!%%'
&# "Æ& %Æ* !Æ!&(" 'Æ&%# !Æ!$'$
%) "Æ) $Æ( !

1
1
1
1

Æ!%&$ &Æ"*# !Æ!#))
$) #Æ"% #Æ* !Æ$')" %Æ#"' !Æ!#$%
#) #Æ$ #Æ# !Æ!$!* $Æ&%$ !Æ!"*'
"' #Æ'* "Æ) !Æ!#&) #Æ*'$ !Æ!"'%
(Æ# #Æ'! "Æ' !Æ!#%) #Æ)%# !

1
1
1
1

7 4
8 3
9 2

10 1 Æ!"&(1
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Table 6.1- : Measured Data to Calculate the Peak Phase Delay, & !

Sound Frequency  MHz connected to PA-4 InterAction Amplifier
Trial No. VCO dial |S|( ) I I Tan

é )!

@:: ¸@96>=¹ ¸@96>=¹ ¸./1<//=¹ ¸<+.39 �" #
! ! ! +8=¹

%% (Æ%% 'Æ#& !Æ*"' )&Æ!$ !Æ%(#
%% (Æ") 'Æ"" !Æ*## )&Æ$) !Æ%(%
$' (Æ%* &Æ") !Æ)$" (*Æ%* !Æ%%#
$' (Æ'' %Æ$( !Æ(&& (%Æ"# !Æ%"#
#) (Æ)* #Æ*

1 10
2 9
3 8
4 7
5 6

1
1
1
1

' !Æ'"$ '#Æ*) !Æ$%*
## )Æ#" "Æ*(" !Æ%)* &#Æ#" !Æ#*!
") )Æ$! "Æ#)) !Æ$*$ %$Æ!! !Æ#$)

"#Æ*' )Æ%$ !Æ(") !Æ#*# $#Æ&% !Æ")"
(Æ% )Æ'" !Æ#)" !Æ")" #!

1
1
1
1

6 5
7 4
8 3
9 2 Æ%) !Æ""%

$Æ% )Æ&' !Æ!"!) !Æ!$& %Æ!') !Æ!##'
1
110 1
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 This chapter will present a detailed mathematical formalism for each of the

proposed acousto-optic image processing systems. The analysis will model the effect of

the systems on images as they propagate through the systems. The first section in the

chapter will derive coordinate transformations needed for the development of the

formalisms.

7.1  Coordinate System Transformations

 Looking at figure , you will notice that the light field, ’’’, , incident(Æ" � " B C<38-

onto the acousto-optic cell (AOC) is not in the same coordinate system as the AOC.  In

fact the coordinate system that the incident light field is in is rotated by an amount

� é " �9 $ 938- , with respect to the defined AOC coordinate system. The diffracted

light field, minus one order, is rotated by an amount  with respect to the AOC and� 9,

rotated by an amount with respect to the zeroth order. The undiffracted light,� #9,

zeroth order, coordinate system is rotated by an angle  with respect to the AOC.� 9,

 These observations will be taken into account when I derive analytical formalisms

for the various acousto-optic image processing systems in the next sections. But as aÇ

practical matter it is not really necssary for me to include these coordinate system

changes due to the fact that the incident angle, , is very small such that you can938-

approximate as one and the  as zero. But, I will include the effect-9= =389 938- 38-

coordinates system changes in an effort to maintain a certain level of  mathematical

rigour.
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 It is assumed that the acousto-optic modulator is parallel to the  plane withB � D

the acoustic wave, ’, ’ , propagating in the positive ’ direction. The light field,W B CÇ D B �/

< B C D’’’, , ’’’ , propagates in the positive ’’’ direction. With this configuration in mind,D �

let us derive coordinate system transformation that will allows us to map the input image

coordinate system,  to the coordinate system of the acousto-optic cell, ’ ’ .BÇ CÇ D Ç B Ç CÇ D

Looking at figure , the correct coordinate transformation to accomplish this goal(Æ" � #

is:

B é -9= B � =38 D Æ" � +9 9, ,’ ’ 7 1

D é =38 B � -9= D Æ" � ",9 9, ,’ ’ 7

 Next, let us derive the coordinate system transformation that will allows one to

map the acousto-optic cell coordinate system, ’ ’  to the coordinate system of theB Ç CÇ D Ç

zeroth order, . Looking at figure  again, the correct coordinateBÇ CÇ D (Æ" � #

transformation to accomplish this goal is:

B é -9= B � =38 D Æ" � #+’ 79 9, ,

D é � =38 B � -9= D Æ" � #,’ 79 9, ,

  Next, let us derive the coordinate system transformation that will allows

one to map the acousto-optic cell coordinate system, ’ ’  to the coordinate systemB Ç CÇ D Ç

of the zeroth order, ’’’ ’’’ . Looking at figure , the correct coordinateB Ç CÇ D (Æ" � $

transformation to accomplish this goal is:

B é -9= B � =38 D Æ" � $+’’’ ’ ’ 79 938- 38-

D é =38 B � -9= D Æ" � $,’’’ ’ ’ 79 938- 38-

 Now, let us derive the coordinate system transformation that will allows one to

map the minus one order coordinate system, ’’ ’’  to the coordinate system of theB Ç CÇ D Ç

acousto-optic cell, ’ ’ . Looking at figure , the correct coordinateB Ç CÇ D (Æ" � %

transformation to accomplish this goal is:
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B é -9= B � =38 D Æ" � %+’’ ’ ’ 79 9, ,

D é � =38 B � -9= D Æ" � %,’’ ’ ’ 79 9, ,

 Now, let us derive the coordinate system transformation that will allows one to

map the zeroth order coordinate system,  to the coordinate system of the minusBÇ CÇ D Ç

one order, ’’ ’’ . Looking at figure , the correct coordinate transformation toB Ç CÇ D (Æ" � &

accomplish this goal is:

B é -9= # B � =38 # D Æ" � &+9 9, ,’’ ’’ 7

D é =38 # B � -9= # D Æ" � &,9 9, ,’’ ’’ 7

 Let us derive the coordinate system transformation that will allows one to map the

minus one order coordinate system, ’’ ’’  to the coordinate system of the zerothB Ç CÇ D Ç

order, . Again, looking at figure , the correct coordinate transformation toBÇ CÇ D (Æ" � &

accomplish this goal is:

B é -9= # B � =38 # D Æ" � '+’’ 79 9, ,

D é � =38 # B � -9= # D Æ" � ',’’ 79 9, ,

 In the Parallel Acousto-Optic image processing system, f  AOM_1 isigure 7.1-6,

parallel to the  plane. But, AOM_2 is parallel to the  plane. Because, AOM_2B � D C � D

is oriented differently. The coordinate system transformation must be modified to account

for this factor.  Lets first derive the coordinate system transformation that will allows me

to map the input image coordinate system, ’’’ ’’’  to the coordinate system of theBÇ C Ç D Ç

acousto-optic cell, ’ ’ . Looking at figure 7, the correct coordinateBÇ C Ç D (Æ" �

transformation to accomplish this goal is:

C é -9= C � =38 D Æ" � (+’’’ ’ ’ 79 938- 38-

D é =38 C � -9= D Æ" � (,’’’ ’ ’ 79 938- 38-
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 Next, let us derive the coordinate system transformation that will allows one to

map the zeroth order coordinate system,  to the coordinate system of theBÇ CÇ D Ç

acousto-optic cell, ’ ’ . Looking at figure , the correct coordinateBÇ C Ç D (Æ" � )

transformation to accomplish this goal is:

C é -9= C � =38 D Æ" � )+9 9, ,’ ’ 7

D é =38 C � -9= D Æ" � ),9 9, ,’ ’ 7

 Now, lets derive the coordinate system transformation that will allows one to map

the acousto-optic cell coordinate system, ’ ’  to the coordinate system of the zerothBÇ C Ç D Ç

order, . Looking at figure , the correct coordinate transformation toBÇ CÇ D (Æ" � )

accomplish this goal is:

C é -9= C � =38 D Æ" � *+’ 79 9, ,

D é � =38 C � -9= D Æ" � *,’ 79 9, ,

 Again, lets derive the coordinate system transformation that will allows one to

map the minus one order coordinate system, ’’ ’’  to the coordinate system of theBÇ C Ç D Ç

acousto-optic cell, ’ ’ . Looking at figure , the correct coordinateBÇ C Ç D (Æ" � *

transformation to accomplish this goal is:

C é -9= C � =38 D Æ" � "!+’’ ’ ’ 79 9, ,

D é � =38 C � -9= D Æ" � "!,’’ ’ ’ 79 9, ,

 One more, lets derive the coordinate system transformation that will allows one to

map the zeroth order coordinate system,  to the coordinate system of the minusBÇ CÇ D Ç

one order, ’’ ’’ . Looking at figure , the correct coordinate transformation toBÇ C Ç D (Æ" � "!

accomplish this goal is:

C é -9= # C � =38 # D Æ" � ""+9 9, ,’’ ’’ 7

D é =38 # C � -9= # D Æ" � "",9 9, ,’’ ’’ 7
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 Next, lets derive the coordinate system transformation that will allows one to map

the minus one order coordinate system, ’’ ’’  to the coordinate system of the zerothBÇ C Ç D Ç

order, . Looking again at figure , the correct coordinate transformation toBÇ CÇ D (Æ" � "!

accomplish this goal is:

C é -9= # C � =38 # D Æ" � "#+’’ 79 9, ,

D é � =38 # C � -9= # D Æ" � "#,’’ 79 9, ,

7.2 Image Separation

For a better explanation of the experimental arrangement , we derive the separation of

the two images corresponding to the zeroth order and the minus one order on the output

imaging plane 1. According to Snell refraction law , the distance between AOM and[29]

the virtual image, O’, formed by the two parallel planes of the AOM, see Figure (Æ# � "Ç

can be written as

. é , � " � P ¸ � "¹
"

8
" . 7.2

on the basis of lens imaging formula  and  referring to Figure 4 , we have)Æ � "

" " "

. W 0
� é (Æ# � #

"
w
,

where

W é . � P � - (Æ# � $".

Using equation ,  becomes(Æ# � " W

W é , � � - (Æ# � %
P

8
" ".

Employing equation  and equation , we can determine the quantities (Æ# � # (Æ# � % ,"

 and  once we have chosen the desired separation distance between the zeroth order and-"

the minus one order images on the output  plane.
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Assuming the width of the object along the direction is , the frequency and theB � 6

velocity of the plane wave of sound passing through the Acousto-Optic Modulator, also

in the direction, to be  and . The diffraction angle of light, (Bragg angle), can beB � 0 @ 9b

described according to Bragg diffraction equation[45]

9
-

b é (Æ# � &
0

@2
.

Considering the secondary refraction due to the two surface planes of the AOM, which

the light field passes through, the separation ’between two centers of the O’ and O’’EE

corresponding to the zeroth order and  the minus one order images is (see Figure )(Æ# � "

EE é 8 . (Æ# � 'w 2 9b

Now, the separation  between two centers of the zeroth order and the minus oneFFw

order images, if we express the magnification of the lens as , isQ

FF é Q ø EE é 8 . (Æ# � (
.

W
w w " 2 .9b

Substituting for and , and using equations ,  and , the.Ç W (Æ# � " (Æ# � % (Æ# � &9b

separation  may be written asFFw

FF é . (Æ# � )
8 0

@

, � " � P

, � � -
w "

"
8

" "
P
8

"
-

.

From equation , methods for increasing the separation  of two images(Æ# � ) FFw

corresponding to the zeroth order and the minus one order are: 1) increasing the

frequency of sound wave through the AOM;  2) increasing the distance and  decreasing,"

- (Æ# � ) - é ! FF" "
w if other quantities in equation  are fixed. When , the separation 

attains a  maximum since   takes on its maximum value, Æ"

In addition, the two images of the zeroth order and the minus one order diffracted by

the AOM are separated or "resolved" when the following condition is satisfied
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FF � 6 ø (Æ# � *+
.

W
w "

or

FF � (Æ# � *,
6 .

, � � -
w "

" "
P
8

.

In fact, in order to obtain a clear image separation, one should choose the focal length of

the imaging lens  and the location of the object to be processed carefully.
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Figure .1-1: Diagram of Acousto-Optic cell for Coordinate System Transformation(
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Figure .1-2: Coordinate system for the Acousto-Optic Cell i.e. ’ ’ , superimposed( Ç B Ç CÇ D
onto the coordinate system for the Zeroth Diffracted Order, i.e. ( , , ).B C D
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Figure .1-3: Coordinate system for the Acousto-Optic Cell i.e. ’ ’ , superimposed( Ç B Ç CÇ D
onto the coordinate system for the Input Image, i.e. ( ’’’, , ’’’).B C D
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Figure .1-4: Coordinate system for the Acousto-Optic Cell i.e. ’ ’ , superimposed( Ç B Ç CÇ D
onto the coordinate system for the minus one Diffracted Order, i.e. ( ’’, , ’’).B C D
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Figure .1-5: Coordinate system for the Zeroth Diffracted Order i.e. , and minus( Ç BÇ CÇ D
one Diffracted Order, i.e. ( ’’, , ’’) superimposed onto the coordinate system for theB C D

AOC, i.e. ( ’, , ’).B C D
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Figure - : Parallel Acousto-Optic Image Processing System(Æ" '
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Figure .1- : Coordinate system for the Acousto-Optic Cell i.e. ’ ’ , superimposed( ( Ç BÇ C Ç D
onto the coordinate system for the Input Image, i.e. ( , ’’’, ’’’).B C D
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Figure .1- : Coordinate system for the Acousto-Optic Cell i.e. ’ ’ , superimposed( ) Ç BÇ C Ç D
onto the coordinate system for the Zeroth Diffracted Order, i.e. ( , , ).B C D
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Figure .1- : Coordinate system for the Acousto-Optic Cell i.e. ’ ’ , superimposed( * Ç BÇ C Ç D
onto the coordinate system for the minus one Diffracted Order, i.e. ( , ’’, ’’).B C D



56

Figure .1- : Coordinate system for the Zeroth Diffracted Order i.e. , and( "! Ç BÇ CÇ D
minus one Diffracted Order, i.e. ( , ’’, ’’) superimposed onto the coordinate system forB C D

the AOC, i.e. ( , ’, ’).B C D
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Figure  Diffraction by Acousto-Optic Modulator and Image formation by(Æ# � " ¨
imaging lens
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 This chapter will present a detailed mathematical formalism for each of the

proposed acousto-optic image processing systems. The analysis will model the effect of

the systems on images as they propagate through the systems.

8.1 Realization of image processing using the zeroth diffracted order

Figure  represents the experiment setup for image edge enhancement using the)Æ" � "

zeroth diffracted order. The object (a transparency), ’’’ , is placed on the input plane3 B Ç C

and the Acousto-Optic Modulator, AOM, is located between the object and an imaging

lens. Note that the AOM has been rotated in the -  plane counterclockwise by .B D 9inc

During the rotation of axes, we keep the -  plane fixed. The distances from the object toB D

the AOM, and from the AOM to the imaging lens are and , respectively. The length, -" "

of the AOM is denote by . The distance between the image lens and the output planeP

(image plane) is       . Æ"

Assuming the light field distribution on input plane to be ’’’  (amplitude3¸B Ç C¹

distribution of the transparent picture), the light field distribution at plane 1 after

propagating the distance  is described as,"

<" " @ "¸B Ç C D é , ¹ é 3¸B Ç C¹ ù 2 ¸B Ç C D é , ¹ )Æ" � "’’’ ; ’’’ ’’’ ; ,

where  denotes convolution operation and ’’’, ; is theù 2 ¸B C D é , ¹ é /@ "
5

4# ,

�4 B �C@ #,

"

5@

"

# #

1

’’’

free-space impulse response  function with  denoting the propagation constant in free5@

space. So the spatial frequency spectrum distribution of  ’’’;  is<" "¸B D é , ¹

G Y <

Y
" B C " " "

@ "

B C @ B C "

¸5 Ç 5 D é , ¹ é ¾ ¸B Ç C D é , ¹¿ ¸)Æ" � #¹

é ¾3¸B Ç C¹ ù 2 ¸B Ç C D é , ¹¿

é M 5 5 L 5 5 È D é ,

’’’

’’’ ’’’

; ’’’ ;
’’’ ’’’ ;

, ,
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where ,  Before applying the result in equationL 5 5 È D é , é /B: Æ@ B C "

4 5B �5C D

#5’’’
’’’ # #

@

)Æ" � # to the AOM, one must use a coordinate transformation so that  is in the sameG"

coordinate system as the AOM. Using the coordinate transformation in equation (Æ" � "+

with ’= , equation  becomesD ! )Æ" � "

< 9

9
" " 38-

@ 38- "

¸B Ç C D é , ¹ é 3¸-9= B Ç C¹ )Æ" � $

ù 2 ¸-9= B Ç C D é , ¹

’ ; ’
’ ; .

Therefore, the spatial frequency spectrum distribution of  ’ ;  is<" "¸B Ç C D é , ¹

G Y < Y 9

9

9

" B C " " " 38-

@ 38- "

5
-9= C

38-

@
5

-9=

¸5 Ç 5 D é , ¹ é ¾ ¸B Ç C D é , ¹¿ é ¾3¸-9= B Ç C¹

ù 2 ¸-9= B Ç C D é , ¹¿

é
M 5

l-9= l

ô
L

’ ; ’ ; ’
’ ;

,B

38-

B

’

’

9

938-
,

.
5 È D é ,

l-9= l
¸)Æ" � #¹

C "

38-9

Using a transfer function, equation , to model the effect of the AOM on the&Æ"Æ" � "#

incident light field. The light field distribution of the zeroth order on plane  can be#

written as
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where ’, ; , ; is called the spatial impulse2 ¸B C D é P¹ é L ¸5 5 D é P¹ Ç0 ’Y�"
! B B

response function of the zeroth diffracted order of the AOM;  the subscript !

corresponds to the zeroth order light. As the light exits the AOM, it must be mapped to

the coordinate system of the zeroth diffracted order. Therefore, the result in equation

)Æ" � $ must be mapped to the coordinate system of the zeroth order. This can be done

using the coordinate transformation in equation 7  with . Therefore equationÆ" � #+ D é !
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)Æ" � $ becomes
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The light field distribution at the input plane of the imaging lens is
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where as the light field distribution at the output plane of the imaging lens is
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The term  expresses the phase change when the light field passes through/
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the imaging lens; where  is the focal length of the imaging lens. Finally, the light field0 w



61

distribution at the output plane is given by the following formalism
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8.2 Realization of image processing using the minus one diffracted
order

Figure  represents the experimental setup for high frequency noise reduction)Æ# � "

using the minus one diffracted order. The object (a transparency), ’’’ , is placed on3 B Ç C

the input plane and the acousto-optic Modulator, AOM, is located between the object and

an imaging lens. Note that the AOM has been rotated in the -  plane counterclockwiseB D

by . During the rotation of axes, we keep the -  plane fixed. The distances from the9inc B D

object to the AOM, and from the AOM to the imaging lens are and , respectively., -" "
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The length of the AOM is denote by . The distance between the image lens and theP

output plane (image plane) is . Æ"

Assuming the light field distribution on input plane to be ’’’  (amplitude3¸B Ç C¹

distribution of the transparent picture), the light field distribution at plane 1 after

propagating the distance  is described as,"
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Using a transfer function, equation , to model the AOM, the light field&Æ#Æ" � ""

distribution of the minus one order at plane 2 is written as
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The light field distribution at the input plane of the imaging lens is
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Where as the light field distribution at the output plane of the imaging lens is
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the imaging lens; where  is the focal length of the imaging lens. Finally, the light field0 w

distribution at the output plane is given by the following formalism
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.  Results from Single Acousto-Optic Image Processing System

 Our first experimental results are from a single cell acousto-optic image

processing system shown in figure .2 . This experimental setup will use an AOM) � "

with a RF center frequency of 80  connected to an InterAction Corp. PA-4QLD

amplifier. The distances in figure .2-1 are set to the following values: =) , *Æ"-7ÇP é '"

-7 - é $Æ& -7Æ )Æ% � # .,  Now using the lens formula, equation ,  we  can determine ." "

The focal length of the imaging lens used in this particular experimental setup is equal to

"&Æ& -7 . *$ -7Æ, therefore  is approximately equal to  The value of the peak phase delay,"

! 1, was measured to be equal to , see table 6.1-5.!Æ%(#

 The first image that is processed using the above mention system is a rectangle.

Figure  shows the result of high pass filtering of the rectangular image. The result)Æ$ � "

shown in figure a was obtained when the laser beam is position approximately)Æ$ � "

"77 from the piezoelectric transducers that create the ultrasonic wave in the AOM.

Taking a moment to look at figure a, the piezoelectric transducer are contained in)Æ$ � #

the four black rectangular squares at the rear of the acousto-optic modulator. Figure

)Æ$ � "b is again a rectangular image that has under gone the high pass filtering

operation, but the position of the laser beam from the transducers in this case is 11 77Æ

Lastly, figure c is again the result of high pass filtering of the same rectangular)Æ$ � "

image, but the laser beam is position approximately 21  from the transducers. The77

ability to obtained the similar image processing results, although the laser be is positioned

at different distances from the transducers, indicates that the diffraction of the sound

beam envelope, using this particular case, does not have an adverse impact on the image

processing abilities of the AOM when using one with an RF center frequency of )!

QLD. Previous research has assumed that as the position of the laser beam moves

further and further from the AOM transducers that the diffraction of the sound wave

would have an detrimental effect on the ability of the AOM to perform image processing.
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Another interesting result is, the images in figure a,b,c were measured at)Æ$ � "

approximately 10  apart which is a whole multiple of the wavelength of sound. In77

fact, these processed images were spaced at approximately , where  is the#!#A A

wavelength of the ultrasonic sound wave.

Figure a shows the original image of a finger print, while figure b)Æ$ � $ )Æ$ � $

shows the high pass filtered result. In figure b, most of the low frequency noise,)Æ$ � $

which in this image are the smudges, has been removed and the finger print ridges are

clearly enhanced. Real-time processing of images like these would be useful to law-in-

forcement officials. Also, banks which now require a person who is not a customer to

give thumb prints when cashing bank checks could find some usefulness with a system

similar to the ones presented in this thesis.

The above mentioned processed images were obtained using the zeroth diffracted

order of the acousto-optic modulator. The following results were obtained using the

minus one order of the AOM. Figure a shows the original image of another finger)Æ$ � %

print and figure b shows the result of image processing using the minus one order.)Æ$ � %

Recall that the minus one order acts as a low pass filter on the incident image for the

range of and  under consideration here. Therefore, all the ridges that are visible inU !

figure a have been smudge over in figure b.)Æ$ � % )Æ$ � %

All the processed images discussed in the previous paragraphs were obtained using a

optical image processing system that contained a single AOM with a  centerVJ

frequency of 0  The results that are discussed in the following paragraphs were) QLDÆ

obtained using an AOM with a  center frequency of 40VJ QLDÆ

Figure a shows the original image of a 17 that we will process using an optical)Æ$ � &

system that will contain a single acousto-optic modulator. Figure b shows both the)Æ$ � &

high pass and low pass result of the image processing operation. The image on the left of

figure b contains the edges of the 17, while the image on the left is a blurry image)Æ$ � &

of the seventeen which indicates that it has undergone a low pass filter operation. Figure
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)Æ$ � ' )Æ$ � 'a is the original image of another finger print. Figure b is the low pass

filtering result using the minus one diffracted order of the acousto-optic modulator.

Figure c, shows the image that is contained in the zeroth order which has been)Æ$ � '

edge enhanced. Again the images presented in figure  were obtain using a AOM)Æ$ � '

with a center frequency of 40 .QLD

Figure a is the original image of an amplitude grating. Figure b are the)Æ$ � ( )Æ$ � (

results of processing using a single cell acousto-optic image processing system. The

image on the left is the zeroth order processed image, while the image on the right is the

minus one order image. You can see that in the minus one order the fringes had been

completely removed due to the low pass filtering nature of the minus one diffracted order.

Figure a is the original image of a 17. Figure is b is the processed image of)Æ$ � ) )Æ$ � )

the 17 using the zeroth order of a single cell acousto-optic system like in figure .)Æ# � "

Looking at the processed image, one can see that edge detection was achieved. This result

compares well with the experimental image processing result discussed in section 9.1.1.

Another analytical result shown in figure , uses the minus one order to process a)Æ$ � *

"constructed" amplitude grating. Figure a is the original image. Figure b is)Æ$ � * )Æ$ � *

the low pass filter result. If the black bands, in figure a, represent high frequency)Æ$ � *

noise then figure b the noise is removed.)Æ$ � *

 Comparing figure  to figure c, it appears that the edge enhancement)Æ$ � " 'Æ$ � "

in figure  is more pronounced than in figure . In an effort to clarify this'Æ$ � "- )Æ$ � "

situation, let us use the acousto-optic transfer functions derived in chapter five. The value

of and  used in the experiment to obtained the result in figure .3-1 was  and ,U ' #) !Æ'&! 1

respectively. The value of and  used in the experiment to obtained the results in figureU !

)Æ$ � " &) !Æ%(# )Æ$ � " was  and  respectively. The image processing results in figure 1

we obtained using an AOM with an RF center frequency of 80 . The results inQLD

figure .3-1 were obtained using an AOM with an RF center frequency of 40 .' QLD
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A plot of the zero order of acousto-optic transfer function that corresponds to the U

and  for the results in figure .3-1 is shown in figure .3-3. Figure , shows the! ' ' )Æ$ � "

zeroth order acousto-optic transfer function for the  and  that corresponds to figureU !

)Æ$ � ". The above mentioned graphs of the acousto-optic transfer function confirm the

experimental data in figures .3-1c and . The graph in figure .3.-3b has a sharper' )Æ$ � " '

transition region, from the pass band to stop band, than the graph in figure . A)Æ$ � "

sharper transition region means that the edges from the high pass filtering operation will

be thinner. So, this is why  edges in figure .3-1c is thinner than those in figure .' )Æ$ � "
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Figure 8.1-1: Light path used in image processing experiment
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Figure 8.  Single Cell Acousto-Optic Image Processing System# � " ¨
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         (a)       (b)

(c)

Figure 8.3-1: Photos of the result of  AOM image processing system using an AOM with
an RF center frequency equal to 80 : (a) image 1 from transducers, (b) image QLD 77 ""

77 #"77 from transducers, (c) image  from transducers
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(a)

(b)

Figure 8.3-2: Color photos of an Acousto-Optic Modulator
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(a)

(b)

Figure : Photos of the result of  AOM image processing system using an AOM)Æ$ � $
with an RF center frequency equal to 80 : (a) original image, (b) high pass filteredQLD

image
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(a)

(b)

Figure : Photos of an image of a finger print using an AOM with an RF center)Æ$ � %
frequency equal to 80  (a) original image, (b) low pass filtered imageQLD
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(a)

(b)

Figure : Photos of an image of a 17 using an AOM with an RF center frequency)Æ$ � &
equal to 40 , (a) original image, (b) high pass filtered image(  and low passQLD 6/0>¹

filtered image(<312>¹
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(a)

(b)

(c)

Figure : Photos of an images of a finger print using an AOM with an RF center)Æ$ � '
frequency equal to 40  (a) original image, (b) low pass filtered image, (c) high passQLD

filtered image
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(a)

(b)

Figure : Photos of an image of amplitude grating using an AOM with an RF)Æ$ � (
center frequency equal to 40  (a) original image, (b) low pass filtered image( )QLD 6/0>

and high pass filtered image(<312>¹
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(a)

(b)

Figure : Results of a computer simulation using an AOM with RF center)Æ$ � )
frequency equal to 40  (a) original image, (b) high pass processing of image throughQLD

Bragg diffraction (the zeroth order).



79

(a)

(b)

Figure : Results of a computer simulation using an AOM with RF center)Æ$ � *
frequency equal to 40  (a) original image, (b) low pass processing of image throughQLD

Bragg diffraction (the minus one order).
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(a)

(b)

Figure : Graph of the Acousto-Optic transfer function for the zeroth order )Æ$ � "! +
three dimensional  two dimensional when = ,  and , U &) é !Æ%(# P é '!77! 1
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 9.1 Realization of  zeroth order image processing

Figure  represents the experiment setup for image edge enhancement using the*Æ" � "

zeroth diffracted order from two acousto-optic cells placed in series. The part of the

image processing system from object plane to image plane  has already been analyzed" "

in section 8.1. Therefore the only thing that is left to be done is to analyze the system

from object plane through image plane 2. This can be done by first assuming that image#

located at image plane  is the same as at object plane 2. So the result in equation " )Æ" � *

will be the image , ’’’ , at input plane . The acousto-optic Modulator,<(0)
input plane 2 B Ç C #

AOM, is located between the object and an imaging lens. As stated earlier, the AOM has

been rotated in the -  plane counter clockwise by . During the rotation of axes, weB D 9inc

keep the -  plane fixed. The distances from the object to the AOM, and from the AOMB D

to the imaging lens are and , respectively. The length of the AOM is denote by ., - P# #

The distance between the imaging lens and the output plane (image plane) is . Æ#

Assuming the light field distribution on input plane  to be ’’’# B Ç C<(0)
input plane 2

(amplitude distribution of the transparent picture), the light field distribution as the image

enters the AOM after propagating the distance  is described as,2
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5

4# ,

�4 B �C@ #,

#

5@

"

# #

1

’’’

free-space impulse response  function with  denoting the propagation constant in free5@
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space. So the spatial frequency spectrum distribution of  ’’’ ;  is<#
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*Æ" � # to the AOM, one must use a coordinate transformation, so that  is in the sameG"
#

coordinate system as the AOM. Using the coordinate transformation in equation (Æ" � "+

with ’= , equation  becomesD ! *Æ" � "
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Using a transfer function, equation , to model the AOM, the light field&Æ"Æ" � "#

distribution of the zeroth order as the light field exits the AOM is written as
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where ’, ; , ; is called the spatial impulse response2 ¸B C D é P¹ é L ¸5 5 D é P¹ Ç0 ’Y�"
! B B

function of the AOM;  the superscript or subscript  corresponds to the zeroth order!
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diffracted light. Next, the result in equation  must be mapped to the coordinate*Æ" � &

system of the zeroth order. This can be done using the coordinate transformation in

equation  with . Therefore equation  becomes(Æ" � #+ D é ! *Æ" � &
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where as the light field distribution at the output plane of the imaging lens is
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The term  expresses the phase change when the light field passes through/
4 B �C
5

#0w
# #0

the imaging lens; where  is the focal length of the imaging lens. Finally, the light field0 w

distribution at the output plane is given by the following formalism
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  9.2 Realization of minus one order image processing

Figure  represents the experiment setup for image high frequency noise*Æ" � "

reduction using the minus one diffracted order from two acousto-optic cells placed in

series. The part of the image processing system from object plane to image plane  has" "

already analyzed in section 9 . Again, the only thing that is left to be done is to analyzeÆ#
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the system from second object plane through second image plane. This can be done by

first assuming that image located at image plane  is the same as at object plane 2. So the"

result in equation  will be the image , ’’’ , at input plane . The)Æ# � "" B Ç C #<( )
input plane 2
�"

second acousto-optic modulator, AOM, is located between the object plane 2 and the

second imaging lens. As stated earlier, the AOM has been rotated in the -  planeB D

clockwise by . During the rotation of axes, we keep the -  plane fixed. The distances9inc B D

from the object to the AOM, and from the AOM to the imaging lens are and ,, -# #

respectively. The length of the AOM is denote by . The distance between the image lensP

and the output plane (image plane) is . Æ#

Assuming the light field distribution at input plane  to be ’’’# B Ç C<( )
input plane 2
�"

(amplitude distribution of the picture), the light field distribution as the image enters the

AOM after propagating the distance  is described as,2
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So the spatial frequency spectrum distribution of  ’ ; after the<#
" #¸B Ç C D é , ¹

coordinate system transformation is
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Using a transfer function, equation , to model the AOM, the light field&Æ"Æ" � ""

distribution of the minus one order as the light field exits the AOM is written as
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response function of the AOM   The superscript or subscript  corresponds to theÆ � "

minus one order diffracted light. The result in equation 2  must be mapped to the*Æ � &
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The spatial frequency spectrum distribution of   is<#
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where as the light field distribution at the output plane of the second imaging lens is
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the imaging lens; where  is the focal length of the imaging lens. Finally, the light field0 w
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distribution at the second output plane is given by the following formalism
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 9.3 Results from Series Acousto-Optic Image Processing
System

 The image processing system used in chapter 8 contained a single acousto-optic

modulator and a single imaging lens. This section will present results from an optical

image processing system that includes two AOMs and two imaging lenses (see figure

*Æ" � " Æ)  In this particular experimental setup the following AOMs will be used: AOM_1

will have a  center frequency of 80  and AOM_2 will have an  centerVJ QLD VJ

frequency of 40 . Figure  shows the result of edge enhancement of aQLD *Æ$ � "
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rectangular image using this optical system. Figure a is the result of high pass*Æ$ � "

filtering after the image passes through AOM_1. Figure b is the result of high pass*Æ$ � "

filtering after the image passes through AOM_2. As you can see by looking at figure

*Æ$ � ", the edges of the rectangular image have been enhanced when you compare figure

*Æ$ � " *Æ$ � "a to figure b. This is an expected result since the second acousto-optic

modulator is reinforcing the effect of the first AOM. The  and  values for the twoU !

AOMs are as follows: AOM_1:  and , AOM_2: 2  andU é &) é !Æ%(# U é )! 1

! 1é !Æ65 .

A graph of the acousto-optic transfer function that corresponds to the result in figure

*Æ$ � " )Æ$ � "!a is plotted in figure . A graph of the combined transfer function for the

AOM_1 and AOM_2 from figure  that would yield the result in figure  is*Æ" � " *Æ$ � "

given in figure .*Æ$ � #
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Figure : Series Acousto-Optic Image Processing System*Æ" � "
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(a)

(b)

Figure 9. : Photos of a rectangular image processed using a series acousto-optic$ � "
system (a) processed image after first AOM , (b) processed image after second AOM
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(a)

(b)

Figure 9. : Graph of the Acousto-Optic transfer function for the zeroth order for a$ � #
series system three dimensional and  two dimensional when AOM_1 has = ,+ , U &)

! 1 ! 1é !Æ%(# # U #) é !Æ'& P é '!77, AOM_  has = ,  and 
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10.1 Realization of  zeroth order image processing

 Figure  represents the experiment setup for image edge enhancement"!Æ" � "

using the zeroth diffracted order. The part of the image processing system that includes

AOM_1 has already been analyzed in section 8.1. Therefore, this section will only

analyze the light path that includes AOM_2 and combine this formalism with the

formalism from section 8.1. The object (a transparency), ’’’ , is placed on the object3 BÇ C

plane and the Acousto-Optic Modulator, AOM_2, is located between the object and an

imaging lens. Note that the AOM_2 has been rotated in the -  plane counter clockwiseC D

by . During the rotation of axes, we keep the -  plane fixed. The distances from the9inc C D

object to the AOM_2, and from the AOM_2 to the imaging lens are and, é , � ," "" "#

- é - � - P" "" "#, respectively. The length of the AOM_2 is denote by . The distance

between the image lens and the output plane (image plane) is . é . � . � . Æ" "" "# "$

Assuming the light field distribution on input plane to be ’’’  (amplitude3¸BÇ C ¹

distribution of the transparent picture), the light field distribution at the entrance of the

AOM_2 after propagating the distance is described as, é , � ," "" "#  
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where  denotes convolution operation andù
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response  function with  denoting the propagation constant in free space. So the spatial5@

frequency spectrum distribution of  , ’’’;  is<"¸B C D é ¹, � ,"" "#
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Using a transfer function, equation , to model the AOM_2, the light field&Æ"Æ" � "#

distribution of the zeroth order as the light exits the AOM_2 is
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light. The result in equation  must be mapped to the coordinate system of the"!Æ" � &

zeroth order. This can be done using the coordinate transformation in equation a(Æ" � *

with . Therefore equation  becomesD é ! "!Æ" � &
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The light field distribution at the input plane of the imaging lens is
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the imaging lens; where  is the focal length of the imaging lens. Finally, the light field0 w
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distribution at the output plane is given by the following formalism
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As mentioned earlier, equation  represents only one path of the parallel"!Æ" � ""

image processing system. Therefore, equation   must be added to equation"!Æ" � ""

)Æ" � * to form the complete mathematically formalism for this particular image

processing system.



97

10.2 Realization of  minus one order image processing

 Figure  represents the experiment setup for high frequency noise"!Æ" � "

reduction in two dimension using the minus one diffracted order from each Acousto-

Optic Modulator, AOM. The part of the image processing system that includes AOM_1

has already been analyzed in section 8.2. Therefore, this section will only analyze the

light path that includes AOM_2 and combine this formalism with the formalism

developed from section 8.2. The object (a transparency), ’’’ , is placed on the object3 BÇ C

plane and the AOM_2 is located between the object and an imaging lens. Note that the

AOM_2 has been rotated in the -  plane clockwise by . During the rotation of axes,C D 9inc

we keep the -  plane fixed. The distances from the object to the AOM_2, and from theC D

AOM_2 to the imaging lens are and , respectively. The, é , � , - é - � -" "" "# " "" "#

length of the AOM_2 is denote by . The distance between the image lens and the outputP

plane (image plane) is       . é . � . � . Æ" "" "# "$

Assuming the light field distribution on input plane to be ’’’  (amplitude3¸BÇ C ¹

distribution of the transparent picture), the light field distribution at the entrance of the

AOM_2 after propagating the distance is described as," 
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is the free-space impulse response  function with  denoting the propagation constant in5@
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same coordinate system as the AOM_2. Using the coordinate transformation in equation

(Æ" � "+ D ! )Æ$Æ#Æ# with ’= , therefore equation -1 becomes
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Using a transfer function, equation , to model the AOM_2, the light field&Æ"Æ" � ""

distribution of the minus one order as the light exits the AOM_2 is
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response function of the AOM_2;  the superscript or subscript  corresponds to the� "

minus one diffracted order light. The result in equation  must be mapped to the"!Æ# � &

coordinate system of the zeroth order. This can be done using the coordinate
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transformation in equation .1- a with . Therefore equation  becomes( * D é ! "!Æ# � &
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The light field distribution at the input plane of the imaging lens is
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the imaging lens; where  is the focal length of the imaging lens. Finally, the light field0 w
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distribution at the output plane is given by the following formalism
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As mentioned earlier, equation  represents only one path of the image"!Æ# � ""

processing system. Therefore, equation   must be added to equation  to)Æ# � "" "!Æ# � ""

form the complete formalism for this particular image processing system.

10.3 Results of the Parallel Acousto-Optic Image
Processing System

 The optical image processing systems discussed in sections 8.1 and 8.2 performs

only one dimensional image processing. The physical reason for this is due to the fact that
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the ultrasonic sound wave travels only in the direction. Therefore, the imageB �

processing effect is in the direction.C �

The purpose of this section of the dissertation is to develop an acousto-optic image

processing that will perform two dimensional image processing. Figure  shows a"!Æ$ � "

proposed optical image processing system that is designed perform two dimensional

image processing. As stated earlier, a single AOM is capable of performing one

dimensional image processing. The AOM effect on the image is perpendicular to the

direction of the sound wave. Therefore, if orientated the two AOM such that AOM_1

sound wave propagates in the direction and AOM_2 sound wave propagates in theB �

C � direction. The processing of the image that passes through AOM_1 is in the

C � direction  and the  processing of the image that passes through AOM_2 is in the

B � direction. By combining these two results, I am able to produce an image that has

been processed in two dimensions. Figure a is the original image of a rectangle"!Æ$ � #

and figure b shows two dimensional edge enhancement. Figure a is the"!Æ$ � # "!Æ$ � $

two dimensional edge enhancement of an image of a "2" and figure b is the two"!Æ$ � $

dimensional edge enhancement of an image of a "5". Figure a is the two"!Æ$ � %

dimensional edge enhancement of an image of a "17" and figure b is the two"!Æ$ � $

dimensional edge enhancement of an image of a "7".

 Figure  shows the plot of the acousto-optic transfer function for the"!Æ$ � &

image processing system shown in figure . Figure a was obtained by"!Æ" � " "!Æ$ � &

graphing the magnitude of the mathematically formalism developed in section 10.2.

Figure  shows that the that the parallel image processing system developed in"!Æ$ � &

this chapter , gives us the ability to processes image in two spatial dimensions. This

ability was lacking in the two previous optical image processing systems presented in this

dissertation.  Figure 10.3-5  shows that processing in both directions,  and , is equal.B C

Since the two acousto-optic modulators operator independently. They can be set to have

two different processing characteristics.
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Figure : Parallel Acousto-Optic Image Processing System"!Æ" � "
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Figure : Photo of the parallel AOM image processing system"!Æ$ � "
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(a)

(b)

Figure : Photos of rectangular image using two AOMs with RF center frequency"!Æ$ � #
of 40  (a) 2-D low pass image, (b) 2-D high pass filtered imageQLD
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(a)

(b)

Figure : Photos of edge detection using two AOMs with an RF center frequency"!Æ$ � $
of 40  (a) image of a 2 (b) image of a 5QLD
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(a)

(b)

Figure : Photos of edge detection using two AOMs with an RF center frequency"!Æ$ � %
of 40  (a) image of a 17 (b) image of a 7QLD
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(a)

(b)

Figure : Three dimensional graph of the Acousto-Optic transfer function for a"!Æ$ � &
parallel system zeroth diffracted order and  minus one diffracted order when+ ,

AOM_1 has = , , AOM_  has = ,  and U #) é !Æ'& # U #) é !Æ'& P é '!77! 1 ! 1
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(a)

(b)

Figure : Three dimensional graph of the Acousto-Optic transfer function for a"!Æ$ � '
parallel system zeroth diffracted order and  minus one diffracted order when+ ,
AOM_1 has = , , AOM_  has = ,  and U #) é !Æ'& # U &) é !Æ%(# P é '!77! 1 ! 1
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11.1 General Discussion

This dissertation presents several acousto-optic systems that perform image

processing. Each two-dimensional method agreed qualitatively with previously verified

analytical results. This is the first time an analytical three-dimensional transfer function

for strong acousto-optic interaction has been presented.

This dissertation presented an image processing technique based on the acousto-optic

effect. Images were amplitude modulated onto a  laser beam that  interacted with acoustic

waves inside a homogenous, isotropic, flint glass medium. The image entered the

acousto-optic cell at the Bragg angle and the Bragg scattered light carried the processed

images.

Several experimental setups were considered. The heart of each setups consisted of a

system that contained one or two acousto-optic cell and a one or two imaging lenses. The

first system consisted of an acousto-optic cell and an imaging lens. The second system

consisted of two acousto-optic cells placed in series and with two imaging lens. The last

experimental setup consisted of two acousto-optic cells place in parallel and

perpendicular to each other with two imaging lenses. The first two systems performed

one-dimensional image processing while the last system performed two-dimensional

image processing.

In the image processing systems, we monitored the Bragg diffracted images and

notice image enhancements. Laboratory experiments were performed and various image

processing results were collected. These experimentally results were compared against
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computer simulations of all the acousto-optic image processing systems using the transfer

function that was derived by analytical means in chapter five.

11.2    Summary of Original Contributions

For the first time, we have presented analytical solutions to the three-dimensional

strong acousto-optic interaction problem consisting of an arbitrary light envelope and

rectangular sound column. In addition to solving the problem for interaction, I discussed

in detailed the effect of the ultrasonic sound wave on the abilities of the acousto-optic

systems to process images. I was also able to develop analytical formalism to describe the

three acousto-optic image processing systems taking into account the effect of the

different coordinate systems that the various system components are in. We were able to

match the results of the analytical model to experimental results obtained. This

achievement helped to validate the analytical spatial transfer function developed in

chapter five.

11.3     Future Research Directions and Goals

Although we have modeled the three-dimensional strong interaction problem with the

spatial transfer function developed in chapter 5, additional insights into the acousto-optic

process is still needed. For example, the increasing use of acousto-optic cells in the area

of image processing demands accurate three-dimensional models that predict how two-

dimensional images will interact with sound fields of arbitrary profile. We need a

generalized three-dimensional transfer function formalism similar to what is presented in

chapter five  for higher diffracted orders. Once the model is completed, diffracted orders

and their prospective profiles can be immediately obtained from the knowledge of the

transfer function. The major complication to date is that an analytically mathematically

technique to solve the acousto-optic interaction problem and model the arbitrary three-
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dimensional transfer functions is difficult to achieve. In addition to the mathematical

modeling process, the need for the manufactor of acousto-optic cells capable of

producing sound fields with arbitrary profiles must be achieved to accurately validate

future theoretical methods. As for the work in this dissertation, additional experimental

results need to be obtained for varying values of  and  to identify cases where! U

bandpass and bandstop image processing occurs. These results need to be compared with

analytically results presented in this dissertation.
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